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A series of Cy, isoprenoid 20-bis-16,16'-biphytanyl tetraacids has previously been found to be
responsible for calcium naphthenate scaling in crude oil processing. This paper describes the structure
elucidation by high-field NMR spectroscopy of the structures of the series of homologous Cy, tetraacids
containing 4-8 five-membered rings. In addition, the structures of methyl-substituted Cq, and Cy,
analogues containing 7 and 8 five-membered rings have been determined for the first time. The

biosynthetic implications are discussed.

Introduction

In a previous communication, we described the first structure elu-
cidation of the Cg, isoprenoid 20-bis-16,16'-biphytanyl tetraacids,
which are responsible for the formation of naphthenate deposits
in crude oil production.! The tetraacids were assigned the general
structure 1, Scheme 1, with the side groups a and b present in
various amounts to give a mixture of tetraacids with 4, 5 and 6
rings. The main tetraacid, that contained 6 rings was assigned the
structure 2 (1; R, = R; = a, R, = R, = b), but other combinations
of the side groups, giving other regioisomers could not be ruled
out.
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Scheme 1

Calcium naphthenate formation in production equipment is
among the most challenging obstacles to high production reg-
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ularity for oilfields where acidic crude oils are produced and
water breakthrough has occurred.? Therefore, offshore oilfields
are particularly affected. The solution today is to add chemical
inhibitors to the well stream to prevent calcium naphthenate
deposition. Still, production shut-downs are required for manual
cleaning of the oil-water separators and other affected production
equipment.

The presence of similar C,, isoprenoid hydrocarbons, in
petroleum and crude oils is well documented,? as is shorter-chain
degradation products of these.*

However, until the structure determination of the tetraacids 1
from naphthenate deposits,' similar Cy, isoprenoid structures had
only been reported as cell-wall lipids in the thermophilic archaea
Methanothermus fervidus,® Pyrococcus horikoshii OT3,%7 Thermo-
coccus celer,” T. guaymasensis” and T. waitopuensis,” although even
then without a complete structure assignment. The Cg, isoprenoid
lipids may constitute up to 50% of the total lipid content in the
organism.” Therefore, and because of the abundance of similar C,,
isoprenoids in the membrane lipids of Archaea, it was concluded
that the Cy, tetraacids 1 responsible for naphthenate deposition
were of archaeal origin.!

Recently, the isomeric composition of the tetraacids 1 has been
studied in more detail.* Separation of isomers of permethylated
tetraacids was achieved by both high-temperature GC and prepar-
ative HPLC. The HPLC fractions were analysed by ESI-MS, and
it was found that in addition to the tetraacids with 4, 5 and 6
five-membered rings, analogues containing 7 and 8 rings were also
present. In addition, Cy; and Cy, analogues of the tetraacids with
7 and 8 rings were detected for the first time.?

The relative stereochemistry was assigned based on coupling
constants and NOEs for the rings. The absolute stereochemistry
was assigned from the structures of 16,16'-biphytanes found in
archaeal lipid membranes, for which the stereochemistry of all
chiral carbons have been proven by total synthesis for the acyclic’
and the tetracyclic’ compounds (GDGT-0 and GDGT-4).

In this paper, we describe the structure elucidation of the
individual Cg, 20-bis-16,16'-biphytanyl tetraacids containing 4—
8 five-membered rings and of the novel Cq; and Cs, analogues,
using high-field NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2007
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Results and discussion
Structures of Cg, 20-bis-16,16'-biphytanes

In the preliminary communication, the Cg, tetraacids were
assigned the general structure 1 based on 2D NMR tech-
niques (COSY, ROESY, HSQC, HMSC, HSQC-TOCSY and 1,1-
ADEQUATE).! The relative stereochemistry of the cyclopentane
rings was assigned from the ROESY spectrum and coupling
constants.

The major 20-bis-16,16’-biphytane, containing 6 five-membered
rings, was illustrated with the structure 2, which is one of four
possible regioisomers, with the rings differently located in the
molecule.

The general structure assigned to the hexacyclic compound
was confirmed by the NMR data (‘H, “C, DEPT135, NOESY,
multiplicity-edited HSQC, HMBC and H2BC'") obtained for
the corresponding fraction obtained by preparative HPLC of
the tetramethyl esters.® The NMR data for the hexacyclic Cy,
isoprenoid tetramethyl ester are shown in Table 1 in the ESIf.
Since the amount of material available in the purified fraction
was much lower than in the original study of the tetraacid
mixture, the 1,1-ADEQUATE technique, which had proved very
useful, was replaced by the H2BC technique; H2BC offers the
advantage that only coupling to vicinal carbons are observed.
Another advantage of this technique is higher sensitivity, as the
magnetization is transferred between protons (COSY-HSQC),
rather than between carbon atoms as in 1,1-ADEQUATE. The
disadvantage is that quaternary carbon atoms cannot be detected,
and that the resolution is much lower.

However, as was observed in the spectra of the mixture, there are
two sets of signals for most of the carbon atoms, with an intensity
ratio of ca. 2 : 3, see Fig. 1b. The difference in chemical shifts
between the two sets were largest for the carbon atoms around
the C10-C11/C10-C11’ bonds. Three possible reasons were
envisaged, i) there are two rotamers with different conformation
around the C-10-C-11 bond, ii) there are stercoisomers with
inverted stereochemistry probably at C-10 or C-11, and iii) there
are regioisomers with the bicyclic end-unit located close to, or
away from, the bridge cross-linking the two biphytane moieties.
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Fig.1 150 MHz DEPT135 spectra (CDCl;, 298 K) of selected regions for
a) tetracyclic, b) hexacyclic, and c) octacyclic Cy, isoprenoid tetramethyl
esters. Signals from CH, are phased positive and CH; negative.

If the two sets of signals were caused by the existence of two
stable conformers, it was expected that the population of these two
conformers would be dependent on the temperature.

Therefore, experiments at higher temperature (323 K) were
carried out. No changes in the populations of the two signals were
observed. The experiments revealed, however, that the temperature
change resulted in changes in the *C chemical shifts, particularly
of the central carbon atoms C-15, C-16 and C-20 of ca. 0.3 ppm,
indicating changes in the spatial arrangement of the molecules.

The second explanation cannot be probed for the acyclic parts of
the molecule without total synthesis of the possible stereoisomers.
However, a prerequisite for the third possible explanation to hold
true is that the two sets should have equal intensities for the pure
tetracyclic compound 3 and the octacyclic compound 4, Scheme 2,
as regioisomers is not possible for these compounds, since all the
side chains have 1 or 2 five-membered rings, respectively. If, on
the other hand, these compounds showed the same intensity ratio
between the two sets of signals as the tetraacid mixture, it would
leave only the second explanation.
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The 'H and " C chemical shifts of 3 and 4 were assigned from the
HSQC spectra combined with the assignment for the hexacyclic
compound, Table 1 in the ESIf. This also made it possible
to unambiguously assign some signals within the spectrum of
the hexacyclic compound, for which overlapping in the HSQC
spectrum made differentiation impossible, e.g. at C-12, Fig. 1.
Fig. 1 also shows the signals due to the methyl groups at ca.
17.74 ppm (C-18/18"). While the intensity of the two sets of signals
is 2 : 3 for the hexacyclic compound, it is 1 : 1 for 3, in agreement
with the third explanation, that the double set of signals is caused
by regioisomerism.

The low S/N ratio in the DEPT135 spectrum of 4 makes
integration of the signals inaccurate. However, combined with
integrals from the HSQC spectrum, it became clear that the
presence of the Cg; and Cg, analogues affects the intensities of this
signal. The lower intensity of the signal at 35.738 ppm compared to
that of the signal at 35.676 ppm identified this signal as belonging
to the methylene group that is close to the bridge between the two
biphytane moieties, vide infra.

In the spectrum of the hexacyclic compound, the intensity of
these two signals is approximately 3 : 2, with highest intensity
for the signal at 35.739 ppm. This implies that two out of five end
groups with the bicyclopentyl moiety are located close to the cross-
linking bridge, and thereby that three out of five end groups with
only one cyclopentyl moiety are located close to the bridge. The
hexacyclic compound is thus better represented with structure 5,
Scheme 3, than with the originally assigned structure 2. Assuming
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a statistical distribution of the four side groups, structure 5
accounts for 34% and structure 2 only 6% of the hexacyclic com-
pound. Compounds 6 and 7 contribute 30% each. The presence of
pentacyclic and heptacyclic tetraacids demonstrate that different
lengths of the two biphytane moieties are possible, but whether the
different length of the biphytane moieties in 6 affects the probabil-
ity for formation of this compound is not known. Thus, it is also
possible that only 2 and 5 are present in the mixture, in a 2 : 3 ratio.
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The chemical shifts for the pentacyclic and the heptacyclic Cy,
bisbiphytanes were also assigned from their HSQC spectra, and
the integrals of the signals were a linear combination of the signals
from 3 and 5, and 4 and 5, respectively, as expected.

Structures of Cy, and Cy, 20-bis-16,16'-biphytanes

The presence of minor amounts of Cg, and Cg, compounds in the
mixture of 20-bis-16,16-biphytanyl tetraacids was first discovered
in the fractions of the Cy, tetraacid with 7 and 8 rings.* Minor
amounts were also present in the fractions containing 6 and 5
rings. To the best of our knowledge, such analogues to the archaeal
membrane tetracther lipids have not been reported in the literature.

However, a Cy 16,16"-biphytane compound containing an extra
carbon atom has been reported previously in immature crude oil
from the Be'eri seep.’ The extra carbon atom, found to belong to
a methyl group, was located between C-11 and C-11", but the exact
position could not be determined. Unpublished results regarding
the presence of an extra methyl group at C-13 in acyclic biphytane
from a methanogenic bacterium were also mentioned."

The HPLC fractions of heptacyclic and octacyclic (4) tetraacid
methyl esters contained Cg, Cg; and Cy, compounds in 1:0.75 :
0.15 and 0.75 : 1 : 0.15 ratios, respectively, as judged from ESI
MS data. The ESI MS spectrum of the mixture of octacyclic 20-
bis-16,16'-biphytanyl tetraacid methyl esters is shown in Fig. 2.
Assuming that the extra carbon atom is located at a specific
position, the intensity of the signals from the side-chain containing
the extra carbon atom should be only approximately 15% of that
of side chains without the extra carbon atom.

Indeed, the 800 MHz HSQC spectra of the two fractions
containing the Cy, and C,, compounds did only show one set of
extra signals, in addition to those expected for the Cy, compound.

13205
100 —

90
13215

80

70

1306.5

60 | 1307.5
50 3224
40 |
30 -| 1308.5
= 13234
13344
0 3 h30g.5 18244 o0, | 13363
12846  qpg40 12989 13015 ‘1311.5 1337.3 ‘ 1348.5
o At et gl L] R CLp Ll et
et VR b b B e
1280 1290 1300 1310 1320 1330 1340 1350

miz

Fig. 2 ESI MS spectrum of the mixture of Cyy (m/z 1306 [M + Nal),
Cyy (m/z 1320) and Cy, (m/z 1334) octacyclic 20-bis-16,16-biphytanyl
tetraacid methyl esters.

The most obvious differences were the presence of two methylene
groups at 41.4 ppm and 44.5 ppm and a methyl group at 21.4 ppm.

The parts of the HSQC spectra of tetracyclic compound 3,
hexacyclic compound 5, the 7-ring fraction and the 8-ring fraction
containing the signals due to the methylene groups in the C-13 and
C-13 positions are shown in Fig. 3.
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Fig. 3 Parts of HSQC spectra (800 MHz, CDCl;, 298 K) showing the
C-13/C-13' methylene groups at ca. 24.1 and 24.4 ppm, respectively,
a) the tetracyclic Cy, compound 3; b) the hexacyclic Cy, compound 5;
¢) the heptacyclic Cy, Cy,, Cy, mixture, and d) the octacyclic Cy, Cy,, Cy,
mixture. The sum projections of the signals are shown to the left.

The two last of these contain the Cg and Cg, analogues in
addition to the Cy, compounds. For these compounds, the intensity
of the signals at 24.1 ppm, originating from the C-13 methylene
group close to the bridge between the two biphytanes, is clearly
lower than that of the C-13 methylene group further away from
the bridge. The same was observed for the methylene groups in the
C-14 position.

These observations support a structural change in the C-12-C-
14 region rather than in the C-12'~C-14' region of the octacyclic
compound.

The situation is more complex for the methylene groups in
a C-12/C-12" position. Due to the additional proximity to the
cyclopentyl or bicyclopentyl moiety, the carbon atoms in this
position give rise to four different *C chemical shifts, as shown
in Fig. 1. Because of the small difference in chemical shifts of
these four signals, they could not be differentiated by 2D NMR

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1873-1877 | 1875





methods at 600 MHz. At 800 MHz, however, it was possible
to distinguish between the various signals from the C-12/C-12'
methylene moieties, as shown in Fig. 4.
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Fig. 4 Part of HSQC (298 K, CDCl;) spectrum showing the resolution
obtained at 800 MHz of the signals from the C-12/C-12' methylene
moieties, a) hexacyclic Cy, compound at 600 MHz, b) hexacyclic C,
compound, ¢) tetracyclic Cy, compound, and d) octacyclic Cy,, Cy;, Cy,
mixture, all at 800 MHz. The projections show the DEPT135 spectrum of
the hexacyclic Cy, compound, which was recorded at 150 MHz for *C. The
signals are assigned in Fig. 1.

Since there is only one extra set of signals in the HSQC spectrum
of the mixture containing both the Cy, and Cg, compounds, the
extra carbon atom must be located in a chemically equivalent
position in the Cy; and the Cy, analogues.

Finally, the presence of the extra methyl group was assigned by
a 2D HSQC-TOCSY spectrum of the fraction containing the Cy,
and Cy, analogues of the octacyclic compound (8 and 9, Scheme 4).
Correlations were observed between the new methyl group, the
methine group (C-13) it was attached to, and the downfield-shifted
methylene groups C-12 and C-14. The C-12 methylene group also
showed further correlations to the C-19 or C-19" methyl group.
Combined with the intensity data above, the additional methyl
group was assigned to the C-13 position close to the bridge between
the two 16,16-biphytanes.

Biosynthetic implications

The current picture for the biosynthesis of C,, biphytane moieties
in archaeal tetraether lipids is not clear, but the data suggest a
radical mechanism, where two digeranylgeranylglyceryl phosphate
(DGGGP, 10, Scheme 5) moieties are coupled in a radical
mechanism.*®

Later, it was shown that inhibition of the central coupling by
addition of the allylamine terbinafine leads to accumulation of
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glycerophophatidylcaldarchaetidylglycerol (11), and not 10.* This
may suggest that 10, or its unsaturated analogue, is the reactive
species in the coupling reaction.

This reduced form of 10, which contains no double bonds, was
also claimed to undergo central coupling to yield the C,, biphytane
moiety. This result appears to be in contradiction with the finding
of Eguchi et al.,” that 14,15-dihydroDGGGP dimethyl ester (12),
with a saturated terminal double bond, cannot react to give the
unsaturated 72-membered ring compound corresponding to 11.

Regardless of whether the radical is in a stabilised allylic
position, both these reaction paths may explain the cross-linking
of two biphytanes to form the Cg, bisbiphytanes, subsequent to the
cyclisation to give the 72-membered ring, a consecutive formation
of radicals on the central methyl groups provides an opportunity
for a central cross-linking to the Cg, bisbiphytane determined for
the tetraacids.

Other hypotheses that the formation occurs in a reductive
coupling, i.e. requiring an unsaturated substrate and resulting in a
saturated product, seem less likely to explain the formation of the
Cy, compounds, as the unsaturated reaction sites required for the
cross-coupling are consumed in the first coupling.

The enzymatic reduction of the double bonds in DPPPG (10)
to form the saturated isoprenoid chain found in archeal lipid
membranes has recently been investigated.” It was found that
a single enzyme is responsible for the enantioselective reduction,
and that both FAD and NADH were required for the activity.

The NMR data obtained here suggest that there is only one
epimer of each individual tetraacid present, as there is only one
set of signals in each of the *C spectra. This is also supported by
the HPLC data, since a single chromatographic peak is obtained
for each, whereas epimers might be expected to be separable by
chromatography. However, it cannot be entirely ruled out that
epimers might have overlapping *C spectral signals and identical
chromatographic behaviour.

Scheme 5
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Indeed, further knowledge about the presence of epimers might
provide important information about the origin of the tetraacids.
Partial or even complete epimerisation might be expected if the
tetraacids were present during the petroleum-formation process.
It is possible that epimerisation at some or all of the chiral centres
in the acids might occur with increasing geological maturity — as
is well known for other chiral isoprenoids. If, on the other hand,
the tetraacids are of a more recent biological origin, epimerisation
may not yet have occurred and the presence of a single or restricted
number of epimers would then be expected.

Thermophilic archaea are known to biosynthesise tetraether
lipids with a number of different cyclopentane rings, and the
number seems to increase with increasing growth temperature.'®”
If the present tetraacids are assumed to derive from such ethers,
the identification and measurement of the different proportions of
4-8 ring acids, such as that established herein, may allow estimates
of past geological temperatures to be made, which is important for
geological reconstructions in petroleum prospecting and perhaps
for helping to establish the temperature maximum of the ‘deep

> 18,19

biosphere’.

Experimental
Samples

Samples of tetraacids from oil fields in West Africa and the
Heidrun field on the Norwegian continental shelf used for the
elucidation of the general structure for the Cy, tetraacids' were
methylated by heating the samples in dioxane after addition of
methanol and BF;—diethyl etherate. The yield of tetraacids in the
extraction of the naphthenate deposit was approximately 15%.
However, optimisation of the yield was not attempted.

The permethylated tetraacids were fractionated according to
the number of rings (5 samples with 4-8 rings), in addition to two
fractions of the 7-ring and 8-ring compounds, which were enriched
in the novel Cy, and Cy, analogues by semi-preparative HPLC as
described previously.? The HPLC-ELSD chromatograms shown
in Fig. 13 in the ESIT demonstrates the purity of the fractions
analysed by NMR and MS.

NMR spectroscopy

600 MHz 1D 'H and DEPT135 spectra of all samples, as well as
NOESY, 1D "C, multiplicity-edited HSQC, HMBC and H2BC"
spectra of the hexacyclic compounds (2, 5-7), and a 2D HSQC-
TOCSY (75 ms mixing time) of the fraction containing the Cy,
and Cy, analogues, were recorded on a Bruker Avance 600 NMR
instrument equipped with a TCI CryoProbe. 800 MHz 'H and
"H-"C HSQC spectra of all samples were recorded on a Varian
Inova 800 NMR instrument using a TXI probe.

All spectra were recorded at 298 K in CDCl;. Signals were
calibrated against residual CHCl; at 7.27 ppm for 'H and 77.2 ppm
for C.

Processing and analysis of all spectra were performed using
the Bruker TopSpin 1.3 software. All 2D spectra were zero-filled
in both dimensions. In addition, forward linear prediction was
employed in the indirect dimension.

Conclusions

Establishing the structures of the tetraacids is important not
only from a geological and biological perspective, for helping
to establish the palacotemperatures of petroleum systems and
for studying the temperature of the deep biosphere (vide infra),
but also in an engineering perspective for predicting the phase
behaviour of the troublesome naphthenate (tetraacid) salt de-
posits. Clearly the structural features of the acids may influence
their conformations (¢f. ref. 1) and this in turn may influence
the cross-linking behaviour of the acids with metal cations and
even the accessibility of the protic head groups during titrimetric
estimations, particularly if the conformations are influenced by
temperature, which seems likely.
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Introduction

The year 2007 marks the 100" anniversary of Eduard Buchner
winning the Nobel Prize in Chemistry (1907) for describing
that dead extracts of yeast could catalyse the fermentation of
sugars into alcohol. Buchner’s seminal discovery, published just
10 years earlier,' hinted that even the complex reactions of life
had an underlying chemical basis. The debate of chemical versus
enzyme catalysis raged for years within the scientific community,
as demonstrated in a report by the National Research Council of
1928:2

“At times it has been held by some that the two divisions of
chemical action have little or nothing in common beyond certain
superficial resemblances; others have maintained the opposite view,
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and believed that fermentation and inorganic catalysis were varying
instances of the same mode of operation of chemical activity.”
However, it was soon accepted that chemical catalysis has
much in common with nature’s own catalysts: enzymes. It is
beyond doubt that Buchner greatly contributed to the modern
interdisciplinary fusion between chemistry and biology. Further,
Buchner’s discovery may be considered in retrospect to mark
the birth of “biomolecular chemistry”. Indeed, by the 1950s, the
synergism of homogeneous catalysis and enzyme chemistry was
demonstrated in the first use of “model substances having enzyme-
like activity” to investigate the mode of action of natural enzymes.*
Our increased understanding of chemical and enzymatic catal-
ysis over the last 100 years, especially since the advent of genetic
engineering and recombinant technology, has led the scientific
community to attempt the development of new enzymes and
catalysts with modified activities, specificities and activities.
Many types of catalysts have been described and, although it is
beyond the scope of this article to present them comprehensively,
they can be categorized as heterogeneous, organometallic, organic
or enzymatic.*” This article is chiefly concerned with one area
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Terminology

Artificial metalloenzymes, as used here, are catalysts resulting from the introduction of a metal ion-complex with catalytic activity into
macromolecular hosts, such as a protein or DNA, which control the second coordination sphere and thus the selectivity of the reaction.

Protein scaffold is the 3-D structure formed by motifs and domains that serves as a framework for evolution of protein activities, including
the evolution of catalytic activity through the modification of key amino acids. The (strept)avidin protein scaffold has been extensively used as
a host for artificial metalloenzymes: the genetic modification of the (strept)avidin scaffold forms the basis for the designed evolution of these
artificial metalloenzymes.

Protein fitness is a measure of protein function as defined by particular properties (normally beneficial properties that are sought), such as
catalytic activity, enantioselectivity, thermostability or tolerance to organic solvents. Fitness is often measured by comparison to the wild-type
protein: e.g. a variant may have a 300% increase in catalytic activity compared with the wild-type.

Protein sequence space is defined as all the possible protein neighbours that can be obtained by a series of single point mutations. For
example, an » residue long protein would be an » dimensional object with 20 possible values (the 20 naturally occurring amino acids) in each
dimension.

Protein fitness landscape is, conceptually, the protein-fitness of each protein in sequence space. It is noteworthy that the sequence space of
proteins is immense and that its associated fitness landscape is, in practice, impossible to explore exhaustively.

Functionally enriched protein-space is the region of protein space where the proportion of proteins with the desired fitness is greatly
increased compared with surrounding regions.

Red biotechnology is biotechnology applied to medicine, such as the use of genomic manipulation for the treatment and cure of inherited
diseases.

White biotechnology is biotechnology applied to industrial processes, such as the genetic engineering of an enzyme or an organism to
produce a useful chemical. White biotechnology tends to consume less in resources that traditional processes when used to produce industrial

goods.

in which the fields of organometallic catalysis and enzyme
chemistry overlap: hybrid catalysts. Hybrid catalysts result from
the complementation of biomolecules (e.g. proteins or DNA) and
organometallic catalysts to form increasingly sophisticated artifi-
cial enzymes.® In specific, this particular “fusion” of chemistry and
biology will be illustrated by focusing on artificial metalloenzymes
in the field of asymmetric catalysis.

Enantioselectivity of homogeneous catalysts

Some non-biological metals such as palladium, rhodium and
ruthenium have been used for many years in synthetic chem-
istry as very efficient homogeneous catalysts. A pioneering
example was the discovery by Wilkinson et al. that chlorotris-
(triphenylphosphine)rhodium [RhC1(PPh;);], was a soluble hy-
drogenation catalyst for unhindered olefins.® Shortly thereafter,
William S. Knowles extended the use of Wilkinson’s transition
catalysts to asymmetric hydrogenation, showing that transition
metals could be placed within a chiral environment (provided by
enantiopure ligands) to carry out asymmetric catalysis (Fig. 1C).1°
Knowles rationalised the phenomenon of asymmetric catalysis by
using Pauling’s postulate' that the chiral catalyst stabilised one
diastereomeric transition state over the other, leading to preferred
formation of one enantioenriched product over the other.

Many other examples of asymmetric metal-catalysis have
been developed since,* including those of Noyori er al.'»"* and
Sharpless.'* However, is it possible to rationally design enantiose-
lective catalysts? Knowles himself acknowledged the difficulty of
this task:*

“Since achieving 95% ee only involves energy differences of about
2 kcal, which is no more than the barrier encountered in a simple

catalytic
hemisphere
selectivity
channel
(A) (B)

© (D)

Fig.1 Schematic representation of an enantioselective homogeneous cat-
alyst (A) and of an enzyme (B); structure of Knowles’s {Rh(DIPAMP)}*
bound to its substrate (yellow), emphasizing the limited space (hemisphere)
occupied by the enantiopure ligand (CSD ref. code: VERYAS). Note
the orientation of the phenyl groups bound to phosphorus: the o-anisyl
presents its face while the phenyl group presents its edge (C); structure of
cytochrome P450 cam with its substrate (camphor, yellow), emphasizing
the “lock and key” complementarity between the enzyme and its substrate
(pdb ref. code: 2CPP) (D).

rotation of ethane, it is unlikely that before the fact one can predict
what kind of ligand structures will be effective.”
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Can one routinely design catalysts that give predictably enan-
tioenriched products? One should hesitate to provide a “yes” as
an answer in the foreseeable future, because subtle experimental
parameters (solvent, counterion, added salts, and so forth), which
influence weak contacts between a catalyst and its “nonbonded”
environment (the second coordination sphere) often have a
significant and unpredictable influence on the enantioselectivity
of a reaction.’ Nevertheless, those asymmetric catalysts that
are most successful must exert considerable control over the
second coordination sphere of a reaction, presumably by defining
the local factors that determine the outcome of catalysis whilst
“shielding” the active site from variable experimental parameters.
We speculate that, whereas the catalyst may exert considerable
control over one of the hemispheres around the catalytically active
metal (i.e. chiral ligand hemisphere), the limited size and “reach”
of many enantiopure ligands restricts their influence over the
more “distant” hemisphere where the enantiodiscriminating event
occurs (Fig. 1A). Therefore, the most successful catalysts may well
be those that control the largest part of the catalytic hemisphere.
However, even with a tight control of the entire second coor-
dination sphere, the extent and direction of enantioenrichment
of a catalytic reaction will remain hard to predict, for which
a combinatorial and screening approach is warranted for the
identification of new asymmetric catalysts."”™

Recapitulating, two conclusions arise: (1) the size and “reach”
of catalysts may be a limiting factor for maximizing control of the
second coordination sphere and (2) due to the unpredictability of
enantiodiscrimination, a screening approach is likely to continue
to be necessary for the identification of new asymmetric catalysts.

It is interesting to note that one of the first enantioselective
hydrogenation catalysts was derived from impregnating silk with
palladium dichloride with a subsequent reduction step. The re-
sulting hybrid (heterogeneous) catalyst, formed by embedding the
palladium within a large, insoluble assembly of fibrous proteins,
gave rise to appreciable ee’s (up to 25% for phenylalanine);* this
may well be the first example of an artificial metalloenzyme.

Enantioselectivity of enzymes

It is estimated that around one third of all enzymes are metallo-
proteins and that some of the most difficult biological reactions
are mediated by these.® In addition to supplying a chiral first
coordination sphere, the protein scaffold is exquisitely suited to
provide a well defined second coordination sphere. Evolution
appears to have tailored the 2nd coordination sphere of enzymes
to maximise the efficiency and the selectivity of the catalyzed
reactions. For this purpose, the catalytic site of many enzymes can
be accessed only via a narrow channel (which we coin a “selectivity
channel,” reminiscent of the potassium channels),” which ensures
selectivity (Fig. 1B and 1D). This latter feature is particularly
difficult to master in homogeneous catalysis and a source of much
frustration in catalyst design.

State-of-the-art protein chemistry has reached the point where
we can “evolve” enzymes at a whim by directed evolution,
rationally modify the activity of enzymes and even attempt to
design metal-containing enzymes de novo.**?¢ Notwithstanding
recent progress in explaining the mechanism and selectivity of
enzymes,”?’ will we be able routinely to design or evolve enzymes
that satisfy all of our requirements? The challenge lies in the

immenseness of biomolecular space, in the intrinsic constraints
of biological molecules (such as a limited array of reactive groups)
and in the added difficulty of controlling several characteristics
simultaneously (for example, finding an enzyme with high thermal
stability and high catalytic activity for the generation of an
enantioenriched product). These challenges are likely to slow the
success of enzyme design and evolution.

To circumvent some of the current problems in asymmetric
catalysis, a promising complementary approach to the barrage of
new technologies is the use of hybrid catalysts, which make use of
the unmatched activity of non-biological catalysts, together with
the potential for chiral enantioselection of a biomolecular scaffold.

Enantioselectivity of artificial metalloenzymes

In the case of asymmetric synthesis using artificial hybrid metal-
loenzymes, the homogeneous catalyst is a metal complex, whereas
the chiral environment is provided by a macromolecular host
or “scaffold” (typically a protein®* or nucleic acid**). The
catalyst can be bound covalently to the protein scaffold,**® as
well as non-covalently (Fig. 2). A well-known special case of
non-covalent binding is the use of antibodies against the catalyst
as the biological host;***' however, recently antibodies have also
been linked covalently to form “antibodies with infinite affinity”,
providing the potential to make improved antibody-based artificial
metalloenzymes.** An excellent review of alternative supramole-
cular complexes for transition metal-catalysis appeared in this
journal recently.®

X
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Fig. 2 General scheme of artificial metalloenzymes for enantioselective
catalysis based on the incorporation of a catalytically active metal fragment
within a host protein. Chemical optimisation can be achieved either by
varying the spacer (square) or the metal chelate moiety (MX,). Saturation
mutagenesis at a position close to the metal moiety (*) can be used for
genetic optimisation.

What are the main advantages of using artificial metalloen-
zymes?

New catalytic properties

Non-biological metals, such as those used in many homo-
geneous metallocatalysts, display catalytic properties that are
seldom present in enzymes or that could not be easily accom-
plished, if at all, using conventional biochemistry. Enantiose-
lective hybrid catalysts have already been designed for a wide
range of reactions, including ester hydrolysis,* hydroxylation,*
epoxidation,***” sulfoxidation,**>? hydrogenation,*#"***° transfer
hydrogenation,®*¢! and Diels—Alder reactions.?3>62
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Protein design

It is much harder to create a stable enzyme de novo than to
evolve a catalytic function from an existing scaffold. Artificial
metalloenzymes take advantage of existing protein scaffolds with
attractive properties, to which a new catalytic activity is added
extraneously.

Enantiodiscrimination

As discussed above, in homogeneous catalysis, the chiral ligand oc-
cupies one hemisphere and the enantiodiscriminating event occurs
on the opposite hemisphere. In contrast, in most metalloenzymes,
the metal is embedded within a chiral cavity (compare Fig. 1A
and 1C with Fig. 1B and 1D). The macromolecular nature of
artificial metalloenzymes is expected to lead to a more efficient
chiral discrimination than a homogeneous catalyst alone, much in
the spirit of a glove (the protein) being able to distinguish a hand
(the substrate).

Functional discrimination

In asymmetric catalysis, the artificial enzyme activity is largely
determined by the metal complex, whereas the enantioselectivity
is largely determined by the protein environment. The unique
separation of catalyst and host-protein allows distinct control
of functional characteristics with little effect on the other, such
as selection of a thermostable scaffold and an active catalyst,
independently. In contrast, in enzyme design and evolution,
characteristics are often linked and, for example, there are cases
where evolution of thermostability may lead to lowered activity.*®

Itis noteworthy that the protein scaffold of a hybrid catalyst may
lead to protein-induced increases in the rate of catalysis, perhaps by
providing a “hydrophobic cavity”; an asymmetric conformation
induced by the second coordination-sphere interactions of the
ligand-metal complex may in itself lead to considerable enantios-
electivity. Finally, there may exist interactions of functional groups
from the protein framework with the “cofactor” for covalent
catalysis.**

The origins of artificial enzymes based on
biotin-(strept)avidin technology

In the 1970s, Whitesides and Wilson® pioneered the concept of
introducing a homogeneous catalyst within a protein environment
to guide enantioselectivity (Fig. 2). Whereas Knowles’s innovative
approach consisted of finding a useful and well-known catalytic
activity and to provide this catalyst with a chiral environment
to direct enantioselectivity, Whitesides’ insight consisted in the
biomimetic approach of embedding a homogeneous catalyst
within a protein environment, to form a hybrid catalyst. Using
this system for hydrogenation, modest but definite enantiomeric
excesses of products were achieved (44% ee).

By following the pioneering work of Whitesides,”® we endeav-
our to use the modern tools of genetic engineering to control
the second coordination sphere of the homogeneous catalyst.”’
Whereas genetic engineering has been enormously successful in
elucidating and modifying enzyme mechanisms, including for the
directed evolution of the enantioselectivity of enzymes, one of
us was the first to show that an artificial metalloenzyme could
be modified genetically** to improve its “fitness” (in this case,
its enantioselectivity), thus paving the path for further directed
evolution of artificial metalloenzymes.” The general strategy that
we employed initially was a “chemogenetic approach”,* whereby
both the various components of the metal complex (e.g. the
metal, the first coordination sphere and the “spacer” linking it
to the protein) as well as the protein “scaffold” were subjected to
optimization (Fig. 3).

An evolving story: the concept of designed evolution of
artificial enzymes

The chemogenetic approach to artificial enzymes has the potential
for providing hybrid protein catalysts “made to order”. Our
preferred methodology is a combination of rational design and
combinatorial screening® leading to the “evolution” of the en-
zyme, for which we borrow the term designed evolution.®” Designed
evolution incorporates the need for rational decisions on choices

H, (5 atm)
ligand (1.0 %) + [Rh(COD),]BF 4 (0.9 %)
__ A0 __F%H streptavidin S112X (0.33 mol %) szH N CHOZH
NHAc  Ph NHAc MES buffer (0.1 M), pH = 5.5 NHAc Ph NHAc
RT,15h
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H H s ; :
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Fig. 3 Operating conditions used for the chemogenetic optimization of artificial hydrogenases for the reduction of e-acetamidoacrylic acid and
a-acetamidocinnamic acid, including two of the ligands used for the catalysis results shown in Fig. 5. Adapted from Klein ez al. (2004).%° Right insert:
structure of tetrameric streptavidin with biotin bound (space-filling model); residue S112 is highlighted in white.
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of scaffolds and elements to combine, followed by several rounds
of screening to perfect those elements that cannot be predicted «
priori.

One of the first examples reported in the literature for a design
of the power of combining rational and evolutionary design was
the failed attempt to develop a new catalytic activity using an
o—B-barrel scaffold, converting an indole-3-glycerol synthase into
a phosphoribosylanthranilate isomerase.®® Recently, Park et al.
have successfully used a similar approach, with emphasis on a
“modular” design, for the introduction of a B-lactamase activity
into the af—Ba-metallohydrolase scaffold of glyoxalase.®®

When designed evolution is applied to hybrid metalloenzymes,
the first decision in the scheme is an appropriate choice of homoge-
neous catalyst (Fig. 3 and 4). For example, it is well established that
Ru, Rh and Ir complexes can catalyse the hydrogenation of alkenes.
The general reaction conditions (e.g. temperature, buffer, pH) may
be known or can be defined using the homogeneous catalyst alone.
The second decision is the choice of second coordination sphere
(protein scaffold) that is compatible with reaction conditions. It
is noteworthy that the reaction conditions, such as a requirement
for high temperatures or extreme pH, may impose evolutionary
restrictions on the protein scaffold and that for extensive screening
it is preferable to start with an appropriately robust scaffold.”™
Due to the number of possible combinations of protein hosts, it is
also convenient to limit the variations to a few designed choices:
e.g. avidin and streptavidin. Further, in the absence of selection
or high-throughput screening methods, then amino acid residues
closest to the active site and within the range of the “second
coordination sphere” (e.g. 10 A) can be mutagenised.”>” Finally,
chemogenetic screening is used to identify hybrid variants with
improved “fitness”, such as high ee and selectivity for substrate at
a chosen turnover number.

It is envisaged that as we learn more about the reaction
mechanisms of these particular hybrid catalysts, particularly as
concerns the second coordination sphere, we will be able to make
wiser choices for “designed evolution”, optimally leaving the really
“fine-tuning” to genetic, evolutionary approaches (Fig. 4).

protein scaffold diversity chemical diversity

An example of designed evolution: artificial
hydrogenases based on biotin-(strept)avidin

Our experience in artificial metalloenzymes has shown that the
chemogenetic “fine-tuning” of the second coordination sphere can
have dramatic effects on selectivity, even leading to an inversion
of enantioselectivity (Fig. 5).

In the first published example from our lab (Fig. 5), the hy-
drogenation of acetamidoacrylic acid using diphosphine rhodium
complexes [Rh(Biot-1)COD]*, yielded 94% ee in favour of the (R)-
product when using wild-type streptavidin, whereas this enantios-
electivity could be improved to 96% ee by using a protein variant
containing the single mutation S112G:** [Rh(Biot-1)COD]* C
S112G. In contrast, the use of avidin as a scaffold using the same
ligand reversed the enantioselectivity to the (S)-product (39-44%
ee).”*** Chemical optimization by introduction of achiral spacers
between the biotin anchor and the diphosphine moiety led to the
identification of a meta-substituted aromatic amino acid spacer
(4) [Rh(Biot-4-1)COD]* ¢ WT Sav, which also affords (S)-
reduction products using streptavidin (Fig. 5).5

Having identified a promising spacer, we proceeded to geneti-
cally optimize the artificial metalloenzyme. The best mutants iden-
tified in this context had a cationic (or polar) residue at position
112, which suggest that enantioselectivity can be explained by
mechanisms reminiscent of Knowles’s quadrants (Fig. 6)."* We
hypothesize that the position of the biotinylated ligand, which
is largely determined by the spacer, favors one enantioenriched
conformation of the rhodium-diphosphine chelate ring. In the
quadrant spirit (i.e. face-edge array, see Fig. 1C)," the resulting
orientation of the diphenylphosphine moieties dictates the pre-
ferred approach of one prochiral face of the substrate. That the
introduction of a spacer with Biot-4"-1 leads to an inversion of
the enantioselectivity suggests that the ligand scaffold has inverted
its conformation; further, we hypothesize that ionic hydrogen-
bonding of a cationic (or polar) group as position 112 with the
carboxylate group of the substrate contributes further to favour
the production of (S)-reduction products. The speculative model
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Fig. 4 Designed evolution of an artificial metalloenzyme for asymmetric catalysis based on the biotin-(strept)avidin technology. Starting with a subset
of appropriate protein scaffolds and chemically diverse homogeneous catalysts, a chemogenetic diversity matrix can be used to screen for improved
characteristics. Designed evolution consists of iterative rounds of screening and selection of the chemogenetic diversity that is introduced, at least
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Fig.5 Fingerprint display of the results for the chemogenetic optimization of the (.S)-enantioselective reduction of a-acetamidoacrylic acid (top triangle)
and a-acetamidocinnamic acid (bottom triangle) in the presence of eighteen biotinylated ligands and twenty streptavidin proteins obtained by saturation
mutagenesis at position S112X. Inset: using wild-type streptavidin (WT-SAV) combined with Biot-1 as a starting point, two steps of the evolution of the
artificial enzyme (first step: chemical diversity; second step: genetic diversity) lead to reversal and improvement of enantioselectivity for the hydrogenation
of o-acetamidocinnamic acid from 94% ee in favour of (R) to 88% ee in favour of (S).

(A) (B)

Fig. 6 Schematic representation of the proposed enantiodiscrimination step in the artificial hydrogenases based on the biotin-avidin technology.
Streptavidin homo-dimer, emphasizing the loops which make up the biotin binding site (L3,4; L5,6 and L7.8), the critical W120 (hydrophobic lid)
provided by the adjacent monomer and the position 112 subjected to saturation mutagenesis (violet cubes). Incorporation of Biot-spacer-ligand (green,
blue and red respectively) enforces an enantioenriched conformation of the rhodium-diphenylphosphine chelate (see Fig. 1). The quadrants (red squares)

depict the steric demand imposed by the ligand, determining the preferred approach of the substrate: green leading to (R)-products (A) and red leading
to (S)-products (B).

presented in Fig. 6 awaits structural confirmation and forms the selective transition-metal catalysis has also led us to explore

working hypothesis for future studies. The detailed structural
characterisation of our artificial enzymes, at present a major
emphasis of our laboratory, is likely to be extremely informative
in explaining how the second coordination sphere influences this
catalytic reaction.

In addition to the hydrogenation of N-acylamido dehydro-
aminoacids,***%%  our group has extended the biotin-
(strept)avidin system to carry out transfer hydrogenation®*®! and
oxidation™ reactions. Moreover, the vast potential for enantio-

carbon-carbon bond formation, which is difficult to achieve using
“biology” alone. These new reactions represent current on-going
efforts in our laboratory.

What are the evolutionary advantages of (strept)avidin
as a protein host?

Having illustrated in previous sections how the strept(avidin)-
biotin system can be exploited for the design of artificial
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metalloenzymes, this section explores some of the less-obvious
factors that have contributed to the success of these evolutionary
studies.

As for natural enzymes with industrial applications, the success
of artificial metalloenzymes is dependent on a series of charac-
teristics other than the catalytic performance per se. There is a
great emphasis in searching for thermostable or solvent-tolerant
enzymes for industrial application; on designing artificial enzymes,
it will also be advantageous that a robust scaffold is found as
a starting point for evolution, which can resist strong selective
pressures.

The following are some of the attractive features of using
(strept)avidin as scaffolds for artificial enzymes:

Expression

Both avidin™ and streptavidin®7%"" are available as recombinant
proteins at relatively high yields (our lab routinely expresses more
than 200 mg L' of E. coli culture). Furthermore, both proteins
are easy to purify to homogeneity by affinity chromatography with
immobilised 2-iminobiotin.

Strong non-covalent binding to biotin

The extreme binding affinity for biotin (K4 around 10~"* M) means
that the protein—catalyst hybrid complex forms very efficiently and
spontaneously. Furthermore, although the affinity for biotinylated
catalysts is lower than for biotin, a wide range of biotinylated
derivatives are specifically inserted into the biotin-binding site.”

Stability

Streptavidin is one of the most thermally-stable proteins identified
to date. The biotin-bound tetramer resists more than 110 °C
for several minutes.” Further, denaturation of the protein re-
quires extreme conditions,* such as prolonged exposure to 6 M
guanidinium chloride at pH 1.5. Streptavidin is stable at high
concentrations of organic solvents, such as 50% ethanol, and to
detergents, such as sodium dodecyl sulfate (SDS),** leading to the
possibility of carrying out reactions in the presence of organic
solvents and detergents.

Structure

The crystal structure of many variants of avidin and streptavidin
are known;** since the biotin-binding amino acids are well-
defined, the amino acids closest to the putative active site of
the artificial enzymes can be modelled. The “active site” of the
artificial enzymes is predicted to be a cleft at the interface between
monomers, thus allowing for many interactions of the second
coordination sphere.

Mutagenesis

The modelled active site of streptavidin is surrounded by many
residues on flexible loops at the surface of the protein whose
mutation in most cases does not appear to hinder biotin binding
or greatly affect the stability of the protein. Moreover, avidin
and streptavidin show high sequence variation (only about 30%
sequence identity), whilst still binding biotin effectively. Thus,

the protein scaffold is robust and amenable to extensive genetic
modification®® of the second coordination sphere.

Fusion partners and macromolecular complexes

Streptavidin has been used extensively as a fusion partner for
other proteins, which opens up the possibility of a “modular
construction”™* of an artificial enzyme, for example by incor-
porating new domains® for specific binding to target molecules.
Furthermore, the tetrameric structure of streptavidin can be used
for immobilisation or to form supramolecular complexes.

In addition to the above, a general advantage of using a protein
scaffold over, for example, molecular imprinting of polymers, is
that protein flexibility appears to be crucial in effective catalysis.®
The fact that extensive “loops” are found close to the active
site may be beneficial in evolving streptavidin-based artificial
catalysts, even as compared to other protein-based systems
that have had limited success, such as catalytic antibodies. For
the (strept)avidin artificial metalloenzymes, we reported protein-
accelerated catalysis;* we speculate that protein flexibility may
contribute to this phenomenon.

It is noteworthy that in the structurally-related lipocalin (B-
barrel) superfamily of proteins, to which the avidins belong,
there is only one protein recognised as an enzyme: prostaglandin
D synthase.*” Although suggestive of a possible evolutionary
limitation to this kind of scaffold for catalytic activity, it nev-
ertheless shows that nature has already successfully used this
general scaffold for enzyme activity. Therefore, it will be interesting
to explore how accurately artificial metalloenzymes based on a
(strept)avidin scaffold are able to exploit the beneficial features of
natural enzymes.

Some avidins have been reported to have promiscuous®® pseu-
docatalytic esterase activity and been suggested as good structural
models for the study of enzyme catalysis.*” Because of their subtle
conformational changes and of their complex and dynamic second
coordination sphere, we suggest that artificial enzymes such as the
ones described here may be much better model systems for the
detailed understanding of enzymes than homogeneous catalysts.

The concept of protein space in artificial
metalloenzymes

The recent introduction of evolutionary approaches for the design
of artificial enzymes, as illustrated above, raises one final hitherto
unexplored possibility: that the exploration of protein sequence
space®™* in artificial enzymes may be quite different to the
directed evolution of enzymes. The chemogenetic approach and
designed evolution allow great leaps through the fitness landscape
that are not possible through directed evolution methods that
are commonly used (Fig. 7).”* For example, changing the metal
complex, protein scaffold or a domain in the host can confer
drastically new properties (e.g. selectivities) by leaping through
functionally enriched®*” protein space.

Further, enzymes that have been designed by evolution may have
intrinsic constraints such that, to achieve a sought level of “fitness”
for a trait that has already been partially-selected, requires an
initial decrease in fitness and an extensive exploration of protein
space. In contrast, the protein scaffold of a hybrid catalyst will have
experienced little of the evolutionary pressures that, in enzymes,
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Fig. 7 Diagrammatic representation of a hypothetical landscape of
catalyst fitness. Dotted lines: contours with respect to adaptiveness. Yellow
circles: starting points of the “wild-type” catalysts. Blue and red lines:
pathways of improved fitness of a catalyst via directed evolution and
via designed evolution by chemogenetic optimisation, respectively. Note
that two possible pathways are depicted for each type of evolution and
that all pathways aim toward maxima (“peaks”) represented by plus
signs. Directed evolution moves by small incremental steps toward a
local maximum, but cannot cross extended regions of local minima (the
“valleys” represented by negative signs). By contrast, designed evolution
makes great leaps across the landscape and can explore a much wider region
of fitness space with fewer steps, including leaping over local minima.
Adapted from Wright (1932).%

lead to putative structural constraints; thus already largely free of
constraints, directed evolution of artificial enzymes may be able to
find advantageous mutations through quick “broad exploration”
of large sections of protein space. As an example, one can imagine
that changing the specificity of a natural enzyme to another, very
different, substrate may first involve an initial “opening” of the
active site (which evolved due to its natural substrate) that does
not change the reactivity of the active site, quickly followed by
minor adjustments to confer the new specificity. A hybrid artificial
enzyme, however, is largely unconstrained by the possible effect
of any mutations on the activity of the enzyme, first, because the
rate of activity of the homogeneous catalyst is largely independent
of the second coordination sphere; second, the “active site” is
already likely to be open and accessible to substrates; third, by
starting further away from the “optimum”, more protein space
can be explored, possibly reaching higher local maxima with small
additive effects. In anthropocentric terms, it is better to start from
“scratch” than to try to make amends to a system that is not
working! Therefore, intuitively, finding improved variants may
be easier for hybrid catalysts than for conventional enzymes; it
remains to be seen whether this prediction is met in practice.

Conclusion and perspectives

Artificial enzymes at present appear largely restricted to the
field of research. But where does the potential of artificial
(metallo)enzymes lie? What will be the limitations of their use?
In the first instance, we envisage that hybrid catalysts will
provide excellent model systems for the development of new
catalysts and for the understanding of reaction mechanisms.

As concerns industrial application of artificial metalloenzymes,
their current high cost of development does not warrant their
immediate use. Hybrid catalysts may first be viably implemented
in cases where cost is low in relation to the high value of the
product of the reaction they catalyse, despite their limited turnover
numbers. The first practical use of artificial metalloenzymes could
be envisaged in very specialized applications in the biomedical
field, in the synthesis of specialized and expensive products. In
this context, P450-catalysed reactions offer encouraging examples:
already some excellent results have been achieved with these
difficult and relatively low-turnover, but industrially attractive
reactions.”® We trust that artificial (metallo)enzymes will follow
the example of P450 enzymes and be applied, eventually, in the
pharmaceutical industry.

Although the “white” biotechnology industries could profit
from the practical application of artificial metalloenzymes, for
example in the synthesis of new high-value products, the possibility
of genetic engineering and the “modular” design of artificial
enzymes gives rise to a further intriguing possibility: the future use
of artificial (metallo)enzymes in the “red” biotechnology industry,
also in vivo, for example, to target macromolecules such as DNA
for cancer therapy.”” Already, (strept)avidin has been considered as
a delivery vehicle of diagnostic radioactive metals in vivo;' protein
variants of (strept)avidin with lower antigenicity are being sought
for repeated administration in humans' and the incorporation of
targeting domains for entry into cells has started to be explored.'*

In conclusion, artificial metalloenzymes have great potential for
application in very diverse fields of the white and red biotechnol-
ogy industries; both biology and chemistry will contribute to their
development.

What are the perspectives for artificial enzymes? One hun-
dred years after Buchner’s Nobel Prize for a discovery that “fused”
chemistry and biology, we are still only just beginning to explore
the potential of hybrid artificial enzymes; in the next few years,
we look forward to seeing great developments in this broad,
interdisciplinary field of biomolecular and organic chemistry.
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In a time of emerging bacterial resistance there is a vital need for new targets and strategies in

antibacterial therapy. Using uropathogenic Escherichia coli as a model pathogen we have developed a

class of compounds, pilicides, which inhibit the formation of virulence-associated organelles termed
pili. The pilicides interfere with a highly conserved bacterial assembly and secretion system called the
chaperone—usher pathway, which is abundant in a vast number of Gram-negative pathogens and serves
to assemble multi-protein surface fibers (pili/fimbriae). This class of compounds provides a platform to

gain insight into important biological processes such as the molecular mechanisms of the

chaperone—usher pathway and the sophisticated function of pili. Pili are primarily involved in bacterial

adhesion, invasion and persistence to host defenses. On this basis,

new antibacterial agents.

Introduction

To meet the important need of innovation in antimicrobial therapy,
bacterial virulence factors have gained attention as new targets."™
By inhibiting virulence-associated functions, the rationale is to
deprive the pathogen of its infectious ability and thus make it
susceptible to host immune responses. There is a reason to believe
that this strategy, as compared to traditional antibiotics that either
kill the pathogen or prevent its growth, would induce bacterial
resistance at a much slower rate, since non-essential genes and/or
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(0)9078669 25

pilicides can aid the development of

functions that are under less selective pressure to mutate are
inhibited. Another speculative advantage of impairing virulence
is that the host will be subjected to intact but harmless bacteria,
allowing the host to develop an adequate immune response against
the virulent pathogen. This would increase the host’s chances to
efficiently respond to and eradicate the intruder in case of recurrent
exposure.

Bacterial virulence factors vary between pathogens and range
from adhesive surface fibers such as pili/fimbriae to invasins,
toxins and different secretion systems (Fig. 1). Bacteria also benefit
from the ability to communicate via ‘quorum sensing’ and establish
intracellular bacterial communities (IBCs) and biofilms. Several of
these virulence factors, e.g. quorum sensing,”” type I1I secretion,?
biofilm formation®**!® and the assembly of adhesive organelles,!
have been recognized as interesting targets.
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Fig. 1 Pathogenic bacteria can express a range of virulence factors, which initiate and set the course of a disease process. The virulence factors are often
important for host attachment and invasion but can also play a critical role for the persistence and spread of the pathogen via, e.g., quorum sensing and

matrix (biofilms/intracellular bacterial communities) formation.

Virulence factors are often involved in several events and
at different stages in the infectious process. They can mediate
attachment and invasion and can also be essential in subsequent
events in the pathogenic cascade and thereby often set the course
of an infection. With the help of virulence factors the pathogen
can withstand innate defenses and in some cases antibiotics, thus
facilitating its persistence and spread in the host. Hence, inhibition
of virulence factors may not only prevent the initial (and crucial)
pathogen—host interaction, but could also change the course of an
infection by hampering the following, highly dynamic interplay
either between pathogen—host or pathogen—pathogen (quorum
sensing). The latter inter-bacterial communication is essential for a
sustained infection and allows the formation of a critical bacterial
density (quorum) and bacterial networks, e.g. biofilms and IBCs,
which facilitate the escape from innate defenses.'>!3

To date, several reports of small molecules with inhibitory
activity on virulence factors have been presented. In addition to the
novelty of the targets and the anti-pathogenic approach, the use
of small molecules is in itself intriguing since chemical attenuation
of virulence would be a more clear-cut approach than genetics.'***
The apparent drawbacks of genetic manipulation of gene clusters
are first, that other genes may unfavorably be affected and second,
limitations in terms of fine-tuning. Chemomodulation, on the
other hand, offers the opportunity of a selective (and at the
same time dose-dependent) regulation of virulence factors. In
addition, it provides means to interfere in a reversible manner with
dynamic biological processes in real-time. Thus, small molecules
that inhibit virulence-associated mechanisms open up possibilities
to gain, alongside their encouragement of future applications
as therapeutics, fundamental insights into disease processes at a
molecular level. Consequently, chemical up- or down-regulation
can serve to study the roles of different virulence factors in
important disease processes such as adherence, invasion and
evasion from host defenses. For example, small synthetic molecules
have been applied to block virulence by inhibiting type I1I secretion
in different strains of Yersinia, Pseudomonas, Escherichia coli and
Chlamydiae.**™ In the latter case, the chemical approach is the
only alternative, owing to the impossibility of the use of genetics on
Chlamydiae. Small molecules have also been utilized to disrupt the
expression of ToxT,*! which is a virulence factor in Vibrio cholerae,

and as inhibitors of quorum sensing and biofilm formation of
Pseudomonas aeruginosa.®*

Pilicides regulate the chaperone—usher pathway
in E. coli

We have designed and synthesized small synthetic compounds,
pilicides, which inhibit the assembly of bacterial pili. Pili/fimbriae
are multi-protein fibers, which commonly serve as sophisticated
virulence factors for a vast number of pathogens. Pili/fimbriae
are often assembled via a highly conserved mechanism called
the chaperone-usher pathway utilized by Gram-negatives such
as E. coli, P. aeruginosa, Yersinia enterocolitica, Haemophilus
influenzae and Bordetella pertussis.®* Thus, pilicides directed
against conserved targets (see below) of pilus biogenesis have the
potential for broad-spectrum activity as virulence inhibitors. The
pili assembly machinery has been well studied in uropathogenic
E. coli (UPEC) in view of the function and structural details
of implicated proteins.”** Consequently, UPEC has served as a
prototype pathogen in our studies of both type 1 and P pili.

Pili—function and assembly

Pili consist of a number of repeating protein subunits (PapA, E,
F, G, H and K in the case of P pili and FimA, F, G and H in
type 1 pili) that are arranged in a helical structure (Fig. 2a). The
subunits PapA and FimA are the major subunits in P and type |
pili, respectively.

The assembly of pili relies on periplasmic chaperones (PapD
or FimC) and on outer membrane protein complexes, ushers
(PapC or FimD). The chaperones are essential for the folding,
stabilization and transport of the subunits and chaperone-deficient
or dysfunctional strains are unable to assemble pili.”** The
usher is required for the incorporation of the subunits into the
growing pilus fiber. Both the usher C- and N-terminal have been
reported to be crucial for the assembly.*** The N-terminal of
the usher essentially recognizes and associates with incoming
chaperone—subunit complexes, while the C-terminal is critical for
the subsequent processing.
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Fig. 2 (a) Model of P pilus assembly via the chaperone—usher pathway.
Newly translocated subunits are folded (step 1) and stabilized (step 2) by
the chaperone PapD. Two invariant chaperone cleft residues, Arg8 and
Lys112 (shown in Fig. 2b), are critical for the chaperone-subunit complex
formation. The chaperone-subunit complex targets the outer membrane
assembly site, i.e. the usher PapC (step 3). The pilus subunit is incorporated
into the pilus rod in a top to bottom fashion (step 4), starting with the
PapG adhesin. PapD is then released (step 5) and recycled (step 6). In
cases of chaperone deficiency or dysfunction, the premature subunits are
proteolytically degraded (step 7). The assembled subunits form a surface
pilus fiber consisting of PapG at the distal end, followed by PapF, E, K,
A and finally PapF as the anchoring subunit. PapA is the major subunit
in the complete P pilus rod. (b) Structure of the chaperone PapD.* The
two immunoglobulin (Ig)-like domains form the characteristic boomerang
shape with the two invariant cleft residues Arg8 and Lys112, which anchors
the subunit’s C-terminal carboxylate. A second conserved binding site is
located near the F1-G1 loop of PapD and binds to the N-terminal of
the usher (PapC) in the process where the subunit is released from the
chaperone.

At the distal end of each pilus fiber there is an adhesin (PapG
or FimH),**7 which recognizes and binds to specific carbohydrate
receptors (galabiose®* on the kidney, or mannose***' on bladder
cells) on host cells. Type 1 pili also mediate the invasion* of bladder
epithelium cells and, furthermore, are involved in the formation
of biofilms* and IBCs** where UPEC mature into a biofilm-
like state. Both biofilms and IBCs facilitate the escape of innate
defenses and allow bacteria to persist and spread in the urinary

tract.”** Since pilicides block the formation of type 1 pili, one
could speculate that a pilicide has the potential to interfere not
only with the establishment of an infection, but also with biofilm
and IBC formation.

In addition to the adhesive function of pili, which aids the
initial attachment and invasion, recent studies have revealed more
sophisticated functions of the pilus fibers and, for example, the
structure of the pilus appears to affect the binding specificity of
the adhesin.*® In addition, pili have a quaternary, helical structure
that, when subjected to external forces such as urine flow, has the
ability to elongate and contract.*? These mechanical properties
have proved to be ideal for maintaining attachment to the host,
as they govern flow-enhanced cell adhesion®%* (catch bonds) and
sustained host contact via the elongation possibilities of the pilus
rod.

Development and utility of pilicides

Creating a chemical platform and establishing SARs.
Structure-based design was initially applied to outline the syn-
thesis of a first generation of potential pilicides that was directed
against chaperone function.* The strategy was to target the
chaperone family, which has as high level of structural preservation
in a variety of Gram-negative pathogens utilizing the chaperone—
usher pathway.?*> In addition, the prototype UPEC chaperones
PapD and FimC had been extensively studied and characterized by
NMR spectroscopy and X-ray crystallography.?¢*-6%° Based on
the known molecular details of the subunits’ interactions with the
chaperones, we envisioned that substituted bicyclic 2-pyridones
would serve as dipeptidomimetics and competitively inhibit the
highly conserved cleft site on the chaperone (Fig. 3a-b).

a
G

F1-G1 loop

b

Conserved hydrophobic motif

Anchored fo Arg8 and
Lys 112 in PapD cleft

(__%
Me
N

Hydrophobic R? and carboxylate
mimic important features of PapG

Me.

«'I{Vrm O\L\/
N
:OH

Qo

; o] CO,H
Me  Me/ o CO:H

Hal

Gin108 Lys110

PapG C-terminus
Val310-Leud11-Ser312-Phe313-Prod14

2-pyridones as PapG mimetics

Fig. 3 (a) Crystal structure of the chaperone PapD and the 19-mer
C-terminal peptide of PapG.* The C-terminal carboxylate of PapG is
anchored to Arg8 and Lys112 in the chaperone cleft-site. (b) Substituted,
bicyclic 2-pyridones were initially designed™ to inhibit chaperones as
C-terminal mimetics of the subunit PapG. Hydrogen bonds between PapG
and PapD are illustrated with dashed lines.

The cleft site has two essential and invariant residues, Arg8 and
Lys112, to which the subunit C-terminus anchors as a key step in
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the assembly process (Fig. 3a). Competitive pilicide binding to the
chaperone cleft would thus prevent the formation of chaperone—
subunit complexes and consequently inhibit the formation of pili.

Computer-based modelling>* supported the hypothesized bind-
ing, and a synthetic route® to bicyclic 2-pyridones that offered
valuable variability in the substitution pattern was developed
within our group. The synthesis of the di-substituted scaffold C
(R'" and R? = aryl/alkyl, Fig. 4) is straightforward via a two-
component building block synthesis suitable for combinatorial
chemistry. The building blocks are thiazolines A and acyl Mel-
drum’s acid derivatives B, which are derived from nitriles and
carboxylic acids, respectively (Fig. 4). Conveniently, this gives
access to substituents R' and R? and, if desired, position R' can
be left unsubstituted. The developed synthetic routes have been
shown to be efficient both in solution, using either conventional®
(i) or microwave heating® (ii), as well as on the solid-phase®
(iit) (Fig. 4). In addition, the cyclocondensation reaction has later
been developed and applied to imines other than thiazolines,
rendering multi ring-fused 2-pyridones.** Moreover, an efficient
and reagent-free microwave-assisted decarboxylation procedure
has been developed that provides the 2-pyridone scaffold C with a
hydrogen in position 3 (Fig. 4).%

R! j.f\
B
eN 2" OH
R! l HOl R?
\
K\TS + Oﬁifo i: Conventional heating
N
VoM 0,0 ii: Microwave heating R!
A 2Me B R27 \9 =y
1 ol N’
RK\/S R Gy e @
5 COR
HOMO \ iii: Solid-phase
A N o C:R=Me RO=H.
—, rolysis
F 4 9 D:R=H, RO=H YIS
H q
N
N F
2 @ ?}r”

N
¢ Q

Fig. 4 We have reported three synthetic procedures to 2-pyridones
C employing conventional heating® (i: 64 °C, 14 h, HCI (g) in
1,2-dichloroethane), a microwave-assisted technique®* (ii: 140 °C, 120 s)
and solid-phase supported chemistry®® (iii). The building blocks, thiazo-
lines A and Meldrum’s acid derivatives B, can be derived from simple
starting materials (nitriles, L-cysteine, carboxylic acids and Meldrum’s
acid). Subsequent alkaline hydrolysis (aq. LiOH in MeOH-THF) of C
yields carboxylic acids D as C-terminal dipeptide mimetics. Note that
route (iii) gives D directly after cleavage.

Encouragingly, several of the di-substitued 2-pyridones in class
D bound to the chaperones PapD and FimC, as determined by
relaxation-edited "H NMR-spectroscopy and surface plasmon
resonance (SPR).**% Out of 22 compounds, four pilicides (1-4)
were further identified as hits, which with millimolar activity were
able to prevent pilus assembly in UPEC without causing growth
defects (Fig. 5).56¢7

The following chemistry on the 2-pyridone scaffold was outlined
based on three main objectives. First, to introduce hydrophilic
functionalities in the open R*-position (Fig. 4) in order to increase
the water solubility, second, to improve the peptide mimicking
properties of the identified hits and third, to establish structure—
activity relationships (SARs) regarding pilicide activity. The R*-

O xS \\Se

0 CO.H 0

CO,H
3 4

Fig. 5 Di-substituted 2-pyridones 1-4 display pilicide activity. 1 and
2 were the most potent inhibitors of pilus biogenesis and were thus
considered lead compounds.

position has mainly been investigated using structures 1 and 2
(Fig. 5), which were the most potent pilicides among the four hits.

A number of useful key intermediates could be synthesized via
facile electrophilic aromatic substitution of position R? (framed
with dashed lines, Fig. 6). Halogenations® (E), formylations®
(T) and nitrations™ (N) could be performed and further trans-
formations of these functionalities yielded additional interesting
precursors such as nitriles® F, alcohols® J and carboxylic
acids® K.

Next, to address the solubility issue, the scaffold was substituted
with primary, secondary and tertiary methylamines. The primary
methylamines G were synthesized either from the nitriles F via
borane reduction or directly from C via Vilsmeyer formylation (I),
oxime formation (L) and subsequent reduction.®® The oxime-
route could be performed advantageously without loss in enan-
tiomeric purity. Symmetrical, tertiary amines H could be obtained
via a microwave-assisted Mannich-type reaction,*® whereas both
secondary and tertiary methylamines M were synthesized by
reductive amination® of aldehydes I.

The solubility increased for most of the amino methyl deriva-
tives, which significantly facilitated biological evaluation. Several
of the secondary and tertiary methylamines in classes H and
M also displayed a retained or improved ability to inhibit pilus
biogenesis.”* On the other hand, the primary methylamines G
were shown to lose potency and were less active than the parent
di-substituted lead compounds in class D.” Collectively, the results
demonstrated that the R? position could be substituted to increase
solubility, while activity was maintained or improved.

To enhance the resemblance of the mimicked peptide sequence,
the R? position was utilized to design and synthesize extended pep-
tidomimetics (classes P, Q and R) via the key-intermediate amines
O (Fig. 6).” Tt should be noted that bicyclic scaffolds similar to O
have previously been recognized as dipeptide mimetics in the liter-
ature and that application areas other than as pilicides have been
presented.”” Nitration of C to N followed by reduction gave O
and next, traditional amino acid couplings rendered the extended
peptidomimetics P.” SARs of the extended peptidomimetics were
further investigated by including structures Q and R obtained via
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Fig. 6 A chemical synthesis platform has been created from the bicyclic 2-pyridone scaffold C. A number of useful key intermediates (framed with

dashed lines) can be synthesized and utilized for further transformations.

sulfonylation and acylation of O, respectively. In addition, the
formylated derivatives I gave access to peptidomimetics S, with a
reversed order of the amide bond compared to R.

From the biological evaluation of the compounds in classes N,
0,P,Q,RandS, it could be concluded that, except for class P, the
affinities for the chaperone PapD were retained or even increased
as compared to the lead of class D. In spite of this, the ability
to inhibit pilus formation in E. coli was substantially reduced for
all derivatives within all classes N-S. We speculate that the poor
potencies are due to permeability problems of these substances.

Finally, the importance of the carboxylic acid functionality
of D has been investigated by synthesizing and evaluating a
series of analogues with selected physico-chemical properties
(classes T-AC, Table 1).”* The analogues, in which hydrogen-
bonding properties, size, lipophilicity and spatial location of the
carboxylate were varied, exhibited chaperone affinities for PapD

that were clearly dependent on the introduced R-substituents
(Table 1). The ability to prevent pilus biogenesis in E. coli was
strictly restricted to the carboxylate-bearing derivatives (D, T
and U). Since the carboxylic acid functionality also proved to
be critical for solubility reasons, we are at present investigating
this position using isosteric replacement. The amine V inhibited
bacterial growth, and bactericidal and/or bacteriostatic properties
have occasionally been observed in the biological evaluations.
Compounds causing these effects are discarded as pilicides but
could still be interesting antibacterial agents.

Altogether, our synthetic routes provide a solid chemistry
platform to synthesize, substitute and functionalize rigid 2-
pyridone scaffolds, which from a more general point of view can
serve as building blocks in peptidomimetic related research. At
present, synthetic routes to further derivatize the scaffold are under
development in our laboratories.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1827-1834 | 1831





Table 1 Carboxylic acid derivatives (R! = phenyl or cyclopropyl, R*> =
—~CH,-1-naphthyl, in total 17 compounds)™

R2 ; 8 € g S‘

6 I
Class R' R Inhibits pili assembly”
D Ph/Cyclopropyl -CO,H Yes
T Ph/Cyclopropyl (S)-CO,H Yes
U Cyclopropyl —CH,CO,Li Yes
v Cyclopropyl —CH,NH, No*
X Ph/Cyclopropyl ~CH,OH No*
Y Ph/Cyclopropyl -CHO No¢
Z Cyclopropyl -CH,OMe No*
AA Ph/Cyclopropyl —-CO,Me No¢
AB Ph/Cyclopropyl —CH; No*
AC Ph/Cyclopropyl -H No“4

“(R)-Configuration unless otherwise stated. ® Published data of HA-
assay.”®’® < Precipitated. ¢ Synthesized from D according to a published
decarboxylation procedure.®

Mode of action and biological effects. The pilicides had
been shown to bind to chaperones, which are key proteins in
the chaperone—usher pathway. However, more detailed studies
to elucidate the pilicide mode of action at a molecular level
led to reconsideration of the initial hypothesis of pilicides as
competitive inhibitors of chaperone-subunit association. First,
the binding location was investigated using NMR spectroscopy

Untreated

Pilicicle treated

and chemical shift mapping with *N-labelled chaperone FimC.”
As anticipated, binding of the pilicides induced chemical shift
changes in the cleft region of FimC through which the pilus
subunits are anchored to Arg8 and Lysl12, but unexpectedly
the pilicides also affected a second location near the flexible F1-
G1 loop of the chaperone (Fig. 2b). This site was known to be
part of a preserved hydrophobic surface that is involved in the
interactions with the N-terminal of the usher and could thus
be targeted to block the subunit delivery process. Subsequent
X-ray crystallography of a pilicide-PapD complex® verified this
latter binding site and the competitive binding to the N-terminal
of the usher was further confirmed by a binding assay using
surface plasmon resonance (SPR), showing that binding between
chaperone-subunit complex FimC-FimH and the N-terminal of
the usher FimD was prohibited in the presence of a pilicide.*’
This interaction is critical in the pilus assembly process and
accordingly, the ability of pilicides to interfere with this event
could be monitored as reduced pili abundance. The relevance of the
proposed mechanism of action was further supported by a single-
site mutation of Arg58 in the pilicide binding site in PapD. The
Arg58 deficient PapD mutant was indeed able to bind and stabilize
subunits, while it was incapable of pilus assembly in vivo.

An overview of the biological evaluation is presented in Fig. 7.
Hemagglutination®”*"%7 and biofilm assays®” have shown that
the formation of both type 1 and P pili could be inhibited.
Consistently, the impaired pili biogenesis was also reflected by
the loss in UPEC’s ability to colonize bladder cells.”

The pilicides exhibit a dose-dependent regulatory effect on
pilus assembly, as shown by their titratable effects on biofilm
formation and HA and also using Western immunoblot analysis
and electron- and atomic force microscopy.>”® Thus, pilicides
display a potential utility as chemical tools to study the role of

‘ Atomic force microscopy ]

e

-
N\

——

00:
0
L
™
o0
50
40
3
=

% Inhibition of of biofilm formation

3600 07 0360 0180 00W 0045
Pllicide Cancentration (m)

| Inhibited hemagglutination, biofilm formation
| and bladder colonization

Pilicide
(mM): 0

oo [ T
X

aieanc S - ==
o 2l

pap genotype:  —
Rel.amountPapAPapC: 1.0 0.59 025 032

Western Immunoblot analysis ‘

Optical tweezers force measurements

Fig.7 Schematic illustration of how pilicides have been demonstrated to regulate pilus biogenesis using electron microscopy, atomic force microscopy,®’

Western immunoblot analysis™

and assays of hemagglutination,® %77 biofilm formation and adherence.” In addition, optical tweezers force

measurements have verified that sub-inhibitory concentrations of pilicides suppress pili abundance, but do not affect the biofunctional properties of
assembled pili.”® (See text and references for details.) Electron micrographs courtesy of Jana Jass.
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pili at stages important for the establishment and persistence of an
infection. A prerequisite for this application was that the pilicides
did not affect the properties of the pilus rod, which had previously
been demonstrated by other research groups to influence adhesion
and adaptive ability to shear forces. We addressed this issue by
comparing the biophysical properties of individual pilus fibers
expressed either on pilicide-treated or normal, untreated, E. coli.”
The expression of P pili in E. coli was first suppressed by
pilicide treatment and, next, the biophysical properties of the
pilus rod were investigated using force measuring optical tweezers.
The biodynamic properties of pili fibers (formed in suppressed
amounts under pilicide treatment) were found to be intact and
the presented results establish a potential use of pilicides as
chemical tools to study important biological processes such as
pilus biogenesis and the role of pili in critical events during an
infection cascade.

Future

Our research on pilicides represents one example of how small
synthetic molecules can serve as tools to elucidate fundamental
knowledge of bacterial virulence. A robust chemical platform
for synthesis of highly substituted, bicyclic 2-pyridones has been
created to give access to compounds that have already shown
value as chemical tools to gain insights into molecular details of
the chaperone—usher pathway, an essential virulence mechanism
in a number of pathogenic bacteria. In a future perspective, these
studies could aid the identification of new antibacterial targets and
thus, the development of new therapeutics. Given the pilicides’
mode of action, a prospective broad-spectrum activity can be
anticipated and remains to be investigated.

From a more general viewpoint, finding antibiotics with novel
functions, such as inhibitors of virulence, must be considered
crucial. The industrial downscaling of antibacterial research in
past years has slowed this process at the same time as the level
of scientific challenge becomes increasingly obvious. The hurdles
and limitations of target based screening approaches were recently
described in a report from GlaxoSmithKline, presenting largely
unfruitful results over a period of seven years.” Here, they also
emphasize the benefits of performing whole-cell screening assays,
since their experience suggests that it is easier to identify the
cellular target of an antibacterial compound than it is to engineer
permeability into an enzyme inhibitor. Interestingly, they also
clearly stress the need for more chemists in the antibacterial
therapeutic area, an area that has been dominated by genomics
during the past decade.

With very few exceptions, marketed antibiotics originate from a
prevailing “me-too” concept where derivatives of already existing
drugs are directed against the same bacterial targets. This is
accompanied with a great risk, since derivatives within one
class of antibacterials can be undermined by a single resistance
mechanism. In contrast, chemical attenuation of virulence would
not only offer new targets but is also believed to induce resistance at
amuch slower rate. The utility and efficiency of virulence inhibitors
remain unknown until their impact has been investigated in
relevant model systems or, ideally, in vivo where adequate host
defenses are present. Presumably, the potency of anti-virulence
inhibitors will be acknowledged first when acting synergistically
with innate defenses. Another prospective is co-administration

together with traditional antibiotics. Finally, although the envi-
sioned therapeutic value of small-spectrum virulence inhibitors
depends on the development of new and efficient tools to identify
the disease causing pathogen in clinics, the potential applications
are intriguing and remain to be further explored.
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The four diastereomers of 2,5-bis[(3-guanidino)propyl]-1-[3-(4-hydroxyphenyl)propionyl]-7-(2-
naphthylacetyl)-1,4,7-triazacycloundec-9-en-3-one (54-57) and of 2,5-bis[(3-guanidino)propyl]-
1-(4-hydroxyphenylacetyl)-7-(2-naphthylacetyl)-1,4,7-triazacycloundec-9-en-3-one (58-61) were
synthesized by a divergent methodology from L- and D-glutamic acids. The 11-membered ring core was
made by ring closing metathesis of linear bis(allylamines), and the guanidyl functions were introduced
by a simultaneous double Mitsunobu reaction using bis(Boc)guanidine. These compounds were
designed to mimic cyclic pentapeptide FC131 (c[Gly-D-Tyr-Arg-Arg-Nal)).

Introduction

CXCR4 chemokine receptor is involved in HIV-1 infection of T
cells. Attachment of virus envelope glycoprotein gp120 onto cell
surface proteins CD4 and CXCR4 leads to membrane fusion and
subsequent virus entry into the cell.'? Thus, CXCR4 is considered
an important therapeutic target. Several potent CXCR4 antago-
nists have been developed so far. Among these, we have previously
identified a B-sheet-like 14-residue peptide®* T140, and its down-
sized analogues, cyclic pentapeptide FC131* (c[Gly-D-Tyr-Arg-
Arg-Nal)]) as potent and specific CXCR4 antagonists. These were
characterized as HIV-1 entry inhibitors (Fig. 1).° Several other
non-peptidic, low-molecular-weight CXCR4 antagonists have also
been reported to inhibit HIV-1 infection through CXCR4, such
as KRH2731¢ and AMD3100.” AMD3100 was abandoned as an
anti-HIV drug® because of a lack of in vivo efficacy and undesirable
side effects; nevertheless, AMDO070, an orally-available derivative
of AMD?3100 has recently been described to be as potent as
AMD?3100, and it will be further investigated as an HIV drug
in clinical trials.>'

The use of constrained peptides or peptide mimics has become
popular for increasing receptor affinity, for the development of new
drugs, to investigate bioactive conformations, and to increase du-
ration of action. On native peptides, constraints can be introduced
by linkage between two points of the peptide (NH to NH," NH
to CO,H" or disulfide bridge") to fix a large secondary structure,
generally a helix or sheets. The small secondary structures (turn,
small helix, hairpin and E- or Z-amide bonds) can also be induced,
stabilized or fixed by introduction in the sequence of one or several
small constrained (Freidinger lactams™ or azabicycloalkanes''¢),
bulky (alkylprolines'”) or rigid (dipeptide isosteres'®!?) unnatural
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Fig. 1 Down-sizing CXCR4 antagonists.

amino acids. Finally, small peptides or parts of peptides can
be converted to small semi-peptidic or peptide-like structures,
synthesized to mimic peptide backbones, and possessing all the
necessary functional groups for activity.?
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In our research on the development of new CXCR4 receptor
antagonists, we are looking for compounds with a lower molecular
weight than our current active peptide FC131, and with a more
stable and active structure. Our previous studies on FC131 led us
to modify its sequence and to use a linkage between two points
of the peptide by replacing Gly' by an alkyl chain or disulfide
bridge."** Unfortunately these modifications resulted in significant
loss of activity. Unnatural amino acids were also introduced to
the peptide sequence to perform structure-activity relationship
studies on the peptide backbone. For example, the replacement
of Arg* by constrained amino acids cis- or trans-4-guanidino-Pro
furnished peptides with similar activities to that of the parent pep-
tide, showing the importance of the constrained structure of the
peptide backbone.® On the other hand, introduction of E-alkene
dipeptide isosteres in positions 4-5 (Arg-Nal) and 5-1 (Nal-
Gly) led to peptides with similar pharmacophore orientations and
distances, and revealed the importance of amide bonds on the
backbone of the peptide.”” We are also interested in the synthesis
of small semi-peptidic compounds containing pharmacophores of
FC131. We have recently reported that a 3,6-dihydropyridin-2-one
analog containing two guanidine residues and a naphthyl group
retains moderate activity as a CXCR4 antagonist.”’ We are now
interested in a less-rigid backbone structure, on which it would be
easy to vary side-chain length and chirality. Design of compounds
of type A was performed by removing Gly from the parent peptide
and making a linkage between the nitrogens (bold) of Arg and Nal
(Fig. 1). Such a structure could possess a propionyl or acetyl (n,
m =0 or 1) side chain to replace tyrosine and naphthylalanine, and
propenyl linkage between nitrogens 1 and 7 to constrain dipeptides
and form 11-membered ring compounds.

Retrosynthetically, the ring can be closed by ring closing
metathesis (RCM) between two allylamine residues. RCM has
been shown to be a useful method for synthesizing constrained
peptides and forming 8-10-membered rings**** and 13-20-
membered ring cycles.!'%2*<¢ Nevertheless, the only reported
example of RCM on an 11-membered, ring-constrained peptide
failed,' but we expected that cyclization would be possible with
a new generation of catalysts. Cyclization of these peptides was
reported to be possible without protection of the amide bond to
increase cis conformation for cycles of up to 10-membered rings.
To simplify the synthesis, the two nucleophilic guanidyl groups
should be introduced in the last steps by the Mitsunobu reaction
with corresponding alcohols (Scheme 1). Our two fragments
were N-substituted 5-hydroxynorvaline acids 3 and diamines 4.
Both of these could be synthesized from the same precursor,
L- or D-glutamic acid, to give easy access to the four possible
diastereomers.

Results and discussion

Synthesis of 5-hydroxynorvaline, also called pentahomoserine, has
been reported many times in protected and unprotected forms.®
We chose to use the procedure described by Kokotos** from
glutamic acid (Scheme 2). L- and D-Glu were efficiently mono-
benzylated using benzyl alcohol, H,SO, and pyridine;* the amine
was protected with Boc; the a-acid was converted to a methyl ester,
and the benzyl ester was removed by hydrogenation with Pd/C to
give the free acids 5, on a large scale. Reduction of acids to alcohols
using the mixed anhydrides and protection with TIPSCI provided

OH

RCM

)n /
N’\“'tﬁ
HoN N;/\)\/O

Mitsunobu A——‘

reaction

HoN OH
o
L- or D-Glu

Scheme 1 Retrosynthesis of compounds A.

¢OH ) BnOH, H,S0, CO,H
2) pyridine, EtOH
H% co, 3) Boc,0, EtzN, DMF  BocHN™ ~CO,Me
4) Mel, K,CO3, DMF
L- or D-Glu

5) H,, Pd/C, EtOH L-5:39% (42 g)

D-5 : 38% (35 g)

1) BuOCOCI, Et;N
2) NaBH,, MeOH, THF

TIPSO + TIPSOH

P
:

3) TIPSCI, EtzN, DMAP,
DMF BocHN COzMe

L-6 : 46% (30 g)
D-6 : 54% (14 g)

Scheme 2 Synthesis of protected L- and D-5-hydroxynorvaline.

the fully protected L-5-hydroxynorvaline L-6 at a yield of 46% (82%
brsm), and the D-5-hydroxynorvaline D-6 in a similar manner and
yield. Both amino acids 6 were obtained as inseparable mixtures
with TIPSOH, but this alcohol did not interfere with the next steps,
and yields were estimated by comparing 'H-NMR integration of
TIPS and other signals.

For the synthesis of diamines L- and D-4, esters 6 were
reduced to alcohols 7 using DIBAI-H in THF (Scheme 3). Pro-
tected amines 8 were obtained by the Mitsunobu reaction be-
tween alcohols 7 and ortho-nitrobenzenesulfonyl allylamine (Ns-
allylamine) 9, with moderate yields. Boc removal to form both
amines L- and D-4 in TFA-DCM (2 : 3) were carried out just
before coupling with acids 3.

For the synthesis of acids 3, conversion of Boc carbamate to allyl
amine was carried out on a small scale with a two-step procedure.
Boc removal with TFA and selective mono-allylation of the free
amine using the Kim protocol gave allyl amine 10.2¢ Unfortunately,
we were not able to obtain a good yield of monoallylamine on the

1916 | Org. Biomol. Chem., 2007, 5, 1915-1923

This journal is © The Royal Society of Chemistry 2007





OTIPS OTIPS

_DIBAHH %V
BocHN"~CO,Me 0°C pocHn~~-OH DIAD. PPhs
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BocHN" N HNTNS
L-8:61% L-4: 96%
D-8 : 66% D-4 : 96%

Scheme 3  Synthesis of amines 4.

5 g scale (35%) by this method, and diallylamine became the major
product. We decided to use a longer but more reliable method using
an ortho-nitrobenzenesulfonyl (Ns) protecting group (Scheme 4).
Boc carbamate was removed with TFA and replaced by a nosyl
group by reaction with NsCl and Et;N in DMF. Nosyl amine
was easily allylated using allyl bromide and potassium carbonate
in DMF, and the nosyl group was removed using mercaptoacetic
acid under basic conditions to give 10, with a 63% yield, from 6 on
a 5 g scale. Allylamine 10 was then coupled with acids 11 and
12 using O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU)? in DMF to give allylamides 13a
and 13b, with 95 and 86% yields, respectively. Saponification of
the methyl esters with LiOH furnished the desired acids L-3a and
L-3b.

OTIPS OTIPS
EL _TFADCM
BocHN"~CO,Me ” 1,0°C CO,Me
L-or D-6
CFSCO?
4A MS, AllylBr OTIPS

LiOH, DMF

or 110r12

— >

> HN" CO,Me

1) NsCl, Et3N, DCM HATU, Et;N
2) allylBr,K,CO3,DMF | DMF
3) HSCH,CO,H,
LiOH, DMF L-10
64% for 2 steps
63% for 4 steps
CO,H
%O\TIPS COH
NNCOR' (5
R0 OBn
R'=Me : 13a: 95% 1 12

R'=Me : 13b : 86% LiOH
THF/H,0 a: R =BnOPh(CH,),
R'=H:L-3a:88% MeOH b :R=BnOPhCH,

R'=H: L-3b: 88%

Scheme 4 Synthesis of acids 3a and 3b.

The amino acid coupling of acid L-3a and amine L-4 proceeded
completely using HATU, 1-hydroxy-7-azabenzotriazole (HOAt)
and DIEA in DMF, but gave a 1 : 1 mixture of two inseparable
diastereomers, 14 and 15 (Scheme 5, Table 1, entry 1). We were
not able to suppress epimerization of the acid during the coupling
step. We decided to use this epimerization to our advantage for the
synthesis of the different diasterecomers. Acid L-3a was coupled

Table 1

Amino acid coupling of compounds 3 and 4

Acid Amine R Products (yield)
1 L-3a L-4 BnOPh(CH,), 14/15 (88%)
2 L-3a D-4 BnOPh(CH,), 16/17 (91%)
3 L-3b L-4 BnOPhCH, 18 (43%)
19 (48%)
4 L-3b D-4 BnOPhCH, 20 (37%)
21 (53%)
TIPSO TIPSO
+ Ns
A Y H\/ )
i COZH H2N N\/\
R™"0
L-4 or
L-3aor
L-3b b-4
HATU, HOAt
DIEA, DMF
OTIPS OTIPS
H * H
NN N N SN N NF
R0 © \gNs r 00 \gNs
TIPSO TIPSO
14 to 21

Scheme 5 Synthesis of dienes 14 to 21.

with amine D-4 using the same conditions and gave a mixture
of 16 and 17. Acid L-3b was coupled with amines L-4 and D-4 to
give separable mixtures of diastereomers 18/19 and 20/21 in good
yields.

RCM of allylamines has been reported to react differently
depending on the temperature and the catalyst used. Grubb’s I and
Grubb’s II catalysts have been reported to lead to partial or total
isomerization of the olefin, depending on reaction temperature
and substrates, to give cyclic or acyclic enamides.”?** This
isomerization process does not seem to be general, indeed normal
reactivity has also been reported on similar substrates with both
catalysts.?® We first attempted RCM on the diene mixture 14/15
using 0.2 eq. of Grubb’s catalysts of first and second generation, in
CH,Cl, at reflux and high dilution (6 to 3 mM, Scheme 6). Reaction
with Grubb’s I catalyst proceeded slowly and was not completed
within 24 h. A low yield of the desired separable 11-membered
ring diastereomers 22 and 23 was nevertheless obtained (Table 2,
entry 1). Surprisingly, in contrast to the reported observation
of RCM with allylamines, reaction with Grubb’s II catalyst was
completed after 12 h and gave a good yield of diastereomers 22 and
23. (Table 2, entry 2). The structures of 22 and 23 were confirmed
using COSY NMR spectra of 22 and 39 (derived from 23). Both

Table 2 RCM of linear dienes

Diene n Grubb’s catalyst Product (yield)
1 14/15 1 I 22 (13%) + 23 (25%)
2 14/15 1 11 22 (43%) + 23 (42%)
3 16/17 1 11 24 (38%) + 25 (35%)
4 18 0 11 26 (69%)
5 19 0 1T 27 (65%)
6 20 0 11 28 (71%)
7 21 0 11 29 (67%)

This journal is © The Royal Society of Chemistry 2007
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2210 29 isomerization products

- not observed

Scheme 6 RCM of diallylamines 14-21 to 11-membered rings 22-29.

compounds had the desired but-2-ene-1,4-diamine structure, but
enamide structures coming from olefin isomerization anticipated
for the reaction with Grubb’s II catalyst at high temperature were
not observed.*!

The diastereomeric mixture 16/17 and the single diastereomers
18-21 were then cyclized using Grubb’s II catalyst in DCM at
40 °C, to give products 24-29 in good yields. All the compounds
appeared to have E-olefins; Z-olefins were not observed.

Introduction of naphthylacetyl side chains was easily achieved
by removal of nosyl groups using mercaptoacetic acid under
basic conditions on cycles 22-29 to form the free amines, which
were directly acylated with naphthylacetic acid using HATU and
triethylamine, to give compounds 30-37 (Scheme 7, Table 3). These
compounds were then submitted to tetrabutylammonium fluoride
(TBAF) solution at —20 °C to remove both TIPS groups. The
first TIPS group was completely removed in less than 24 h (by
TLC), but removal of the second TIPS appeared to be very slow
and needed a large excess of TBAF. Increasing the temperature
up to —20 °C accelerated the rate of deprotection but led to
formation of unidentified side products on TLC and coloration
of the solution. After 72-96 h at —20 °C with 6 eq. TBAF, diols
38-45 were isolated in moderate to good yields. The structures
and relative stereochemistry of diastereomers were established
based on the known stereochemistry at carbon 5 and one- and
two-dimensional NMR experiments. The majority of the NMR
signals were well resolved at distinct chemical shifts for product

Table 3 Introduction of naphthyl side chain and TIPS deprotection

R
PN 1) HSCH,CO,H
O”°N 2C0oH,
m LiOH, DMF
‘Ns >
HN 2) HATU, Et;N, DMF
OTIPS
C02H
TIPSO
22t029

R O‘ R
OJ\N/\/\ BUNF OJ\N/\/\
O N ualt O N
HN o} HN o}

THF, -20°C
OTIPS H
TIPSO HO
30 to 37 38 to 45
Ar Do ',::\\‘
R
W H A
o NVO—Q,HJ\N O
N @
HO HoH \
Lo oH 58
known
(2R,55)-39 stereocenter
— characteristic

NOE observed

Scheme 7 Introduction of naphthylacetyl side chain and removal of
TIPS protecting groups. Expected structure of compound 39 using NOE
correlation.

39. All protons were assigned using the COSY experiment, which
established their linear sequence around the macrocycle. A large
coupling constant for NH proton (Jyy 9.5 Hz),*? indicating a
dihedral angle of —130° or —110°, and observation in the NOESY
spectra of a correlation between C, proton and NH allowed us
to attribute the (2R,5S) stereochemistry to compound 39, and
therefore to other diastereomers. Unfortunately, we were not able
to get clearer proof of the stereochemistry at C,.

Introduction of a guanidyl group via the Mitsunobu reac-
tion can be achieved using bis- or tris-Boc- or Cbz-guanidine
(Scheme 8).2“** We decided to use the bis-Boc-guanidine for the
acidic cleavage of the Boc group and because bis-Boc has only one
reactive site while tris-Boc has the possibility to react twice. The
reaction worked well with simple alcohols, with yields up to 90%,**
but gave average results on amino acids, with yields of 40-63%. In

Ns amine R Acyl product (yield, 2 steps) Diol (yield)
1 (25,55)-22 BnOPh(CH,), 30 (63%) 38 (78%)
2 (2R,55)-23 BnOPh(CH,), 31 (80%) 39 (74%)
3 (2R,5R)-24 BnOPh(CH,), 32 (44%) 40 (72%)
4 (2S,5R)-25  BnOPh(CH,), 33 (65%) 41 (72%)
5 (28,55)-26 BnOPhCH, 34 (63%) 42 (59%)
6 (2R,55)-27 BnOPhCH, 35 (66%) 43 (98%)
7 (2R,5R)-28 BnOPhCH, 36 (58%) 44 (89%)
8 (2S,5R)-29 BnOPhCH, 37 (68%) 45 (78%)
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Scheme 8 Synthesis of final compounds.

our case, the double reaction occurred, but products 46-53 were
isolated as inseparable mixtures with triphenylphosphine oxide.
The reaction was not completed in the case of products 38 and
41 (Table 4, entries 1 and 4). Starting materials were recovered
and resubmitted to Mitsunobu conditions. Enantiomers 42 and
44 were not soluble in THF, so the reaction was carried out in
THF—-toluene-DMF (6 : 1: 1) solutions (Table 4, entries 5 and 7).
The mixtures of products and Ph;PO were directly submitted to
acidic cleavage of the protecting groups. All protecting groups,
including benzyl ether, could be cleaved in acidic conditions
using TFA-CH,Cl, (3: 1), with a large excess of anisole and
pentamethylbenzene as scavengers of benzyl cations.** Products
54-61 were purified by semi-preparative HPLC and were isolated
in 9-40% yields from diols 38-45.

These compounds were tested as CXCR4 receptor antagonists
using inhibition of ['*I]-SDF-1 binding to CXCR4 transfectants.
Compounds 54 and 55 retained activity against CXCR4 receptor
(ICsy 3.4 and 3.2 uM), despite significant loss of activity when
compared to the native peptide (FC131, IC5, 0.004 uM).* As
observed in cyclic pentapeptides, diastereomers 56 and 57, con-

Table 4 Introduction of guanidyl groups and final deprotection

taining a D configuration for the second Arg, showed no activity.
This confirms the importance of this chiral center for antagonist
activity. The four compounds containing the less flexible phenol
side chain, 58-61, lost all antagonist activity.

Conclusion

We report here the divergent synthesis of tetra-substituted 11-
membered ring compounds 54-61 from L- and D-glutamic acids.
Two of these compounds, 54 and 55, showed antagonist activity
against CXCR4 receptors, and could be potential scaffolds for the
development of novel low-molecular-weight CXCR4 antagonists.

Experimental

Methyl (S)-2-(/V-Boc-amino)-5-(triisopropylsilyloxy)pentanoate
(1-6) [Boc-Hnv(TTPS)-OMe]

Methyl (S)-2-(N-Boc-amino)-5-hydroxypentanoate (18.4 g,
74.5 mmol) was dissolved in DMF (100 ml) and was treated with
triethylamine (20.8 ml, 2 eq.) and TIPSCI (19.1 ml, 1.2 eq.) and
stirred for 5 h at rt. The reaction was partitioned between ether
and HCI 0.5 M. The organic layer was washed twice with HCI
(0.5 M). The combined aqueous layers were extracted with ether.
The combined ether fractions were washed with water and brine,
dried over MgSO, and concentrated. The oil was purified by flash
chromatography using 90 : 10 hexane—cthyl acetate to afford an
inseparable mixture (3 : 1) of L-6 and TIPSOH (29.9 g, 87%). 'H
NMR (CDCl;)05.20 (d, IH, J =7.8 Hz),4.30 (q, 1H, J = 7.5 Hz),
3.73 (s, 3H), 3.70 (t, 2H, J = 6.3 Hz), 1.90 (m, 1H), 1.75 (m, 1H),
1.59 (m, 2H), 1.44 (s, 9H), 1.06 (m, 27 H (21H + TIPSOH)). “C
(CDCly) 0 174.3,156.2,80.1, 62.8, 53.6, 52.4,29.2, 28.8, 28.4, 18.0,
17.8,12.3, 12.0. FTIR (cm™') 2941, 2865, 1717, 1503, 1462, 1365,
1166, 1104, 1012, 881. MS (FAB*) : m/z = 404 (M + H").

(S)-2-(N-Boc-amino)-5-(triisopropylsilyloxy)pentan-1-ol (L-7).
The 3 : 1 mixture of L-6 and TIPSOH (10 g, 24.8 mmol of 6) was
dissolved in THF (250 ml) and cooled down to —5 °C. DIBAI-H
IM in toluene (87 ml, 4 eq.) was added dropwise over 20 min. The
reaction was stirred for an hour at 0 °C. The reaction was quenched
by AcOH (5 ml), diluted with HCI 0.5 M (200 ml) and extracted
3 times with EtOAc (100 ml). The combined organic layers were
washed with brine, dried over MgSO, and concentrated. The oil
was purified by flash chromatography using hexane-EtOAc (80 :
20 to 50 : 50) to furnish L-7 (6.46 g, 79%). '"H NMR (CDCl;) 6 4.89

Diol n Final product Yield (2 steps) m/z (caled), (MH") m/z (MH")
1 (25,55)-38 1 54 9% 684.3986 684.3984
2 (2R,55)-39 1 55 19% ” 684.3992
3 (2R,5R)-40 1 56 26% ” 684.3993
4 (2S,5R)-41 1 57 10% ” 684.3973
5¢ (25,55)-42 0 58 40% 670.3829 670.3822
6 (2R,55)-43 0 59 19% ” 670.3821
7 (2R,5R)-44 0 60 27% ” 670.3820
8 (2S,5R)-45 0 61 15% ” 670.3835

“ Mitsunobu reaction was done in THF-toluene-DMF (6: 1 :

1.
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(br's, 1H), 3.70-3.56 (m, SH), 2.71 (br s, 1H), 1.62 (m, 3H), 1.44
(m, 10H), 1.06 (m, 21H). *C (CDCL) & 157.6, 80.0, 66.7, 63.2,
53.1,29.3, 28.5, 27.8, 18.1, 12.0. FTIR (cm™') 3339, 2942, 2866,
1687, 1506, 1461, 1390, 1365, 1246, 1170, 1102, 881. [al* —7.9
(¢ = 5.0, CHCL), MS (FAB*) m/z 376 (M + H*); HRMS calcd
for C,,H,,NO,Si* (MH") 376.2883, found 376.2887.

N-Allyl(o-nitrobenzene)sulfonamide. Nosyl chloride (5.54 g,
25 mmol) was dissolved in DCM (25 ml) and was cooled down
to 0 °C. Allylamine (4.7 ml, 62.5 mmol) was added dropwise.
The reaction was stirred at rt for 2 h. The solution was washed
twice with 10% citric acid solution, with brine, dried over MgSO,
and concentrated to give pure N-allyl(o-nitrobenzene)sulfonamide
(4.42 g, 73%). "HNMR (CDCl;) 6 8.13 (m, 1H), 7.88 (dd, I1H, J =
3.4 Hz, J = 5.6 Hz), 7.75 (m, 2H), 5.74 (ddt, 1H, J4 = 17.1 Hz,
Jo = 10.5 Hz, J, = 5.6 Hz), 541 (br s, 1H), 521 (d, 1H, J =
17.1 Hz), 5.11 (d, 1H, J = 10.2 Hz), 3.78 (t, 2H, J = 6.0 Hz).

(S)-N"'-Allyl-N2-Boc-N"-(o-nitrobenzenesulfonyl)-5-(triisopro-
pylsilyloxy)pentane-1,2-diamine (L-8). To a stirred mixture of
alcohol L-7 (6.40 g, 17 mmol), triphenylphosphine (5.36 g, 1.2 eq.)
and N-allyl(o-nitrobenzene)sulfonamide (8.26 g, 2 eq.) in toluene—
THF (7 : 1, 40 ml) at 0 °C was added dropwise DTAD solution
1.9 M in toluene (11.7 ml, 1.3 eq.). The reaction was warmed up to
rt and stirred for 3 h. The reaction was concentrated and purified
by flash chromatography using hexane—EtOAc (90 : 10 to 70 : 30)
to furnish product -8 (6.25 g, 61%). '"H NMR (CDCl;) ¢ 8.03 (d,
1H, J = 6.8 Hz), 7.65 (m, 3H), 5.61 (m, 1H), 5.25 (d, 1H, J =
17.0 Hz), 5.16 (d, IH, J = 10.2 Hz), 4.62 (d, 1H, J = 9.0 Hz), 4.09
(m, 1H), 3.92 (dd, 1H, J = 7.5 Hz, J = 16.3 Hz), 3.83 (m, 1H),
3.68 (m, 2H), 3.45 (dd, 1H, J = 10.2 Hz, J = 14.4 Hz), 3.21 (dd,
1H, J = 4.9 Hz, 14.6 Hz), 1.61 (m, 3H), 1.41 (m, 10H), 1.05 (m,
21H). "C (CDCl;) ¢ 155.8,147.9,134.0, 133.4,132.0, 131.7, 130.9,
124.1,119.9,79.2,62.8, 50.4,49.6,47.6,29.3,29.1, 28.3, 18.0, 12.0.
FTIR (cm™') 2942, 2866, 1707, 1545, 1509, 1454, 1365, 1244, 1163.
MS (FAB*) m/z 600 (M + H*); HRMS calcd for C,sHs,N;0,SSi*
(MH*) 600.3133, found 600.3146. [a],* —22.3° (¢ = 1.04).

Methyl (.5)-2-(/V-allylamino)-5-(triisopropylsilyloxy)pentanoate
(L-10) [allyl-Hnv(TIPS)-OMe]. Method 1: 1-6 (500 mg,
1.24 mmol) was dissolved in DCM (9 ml) and cooled down to
0 °C. TFA (8 ml) was added dropwise and the reaction was
stirred for an hour at 0 °C. The reaction was diluted with toluene
and was concentrated. The oil was diluted again in toluene and
concentrated to give the TFA salt, which was used without further
purification. Dried, powdered 4 A molecular sieves (2.5 g) were
suspended in DMF (13 ml). LiOH (100 mg, 2.13 eq.) was added
and the mixture was it stirred for 20 min. Amine was added and
the reaction was stirred for 45 additional min. Allyl bromide
(100 pl, 1.0 eq.) was finally added and the reaction was stirred
overnight. The reaction was filtered, diluted in EtOAc and washed
3 times with water. The combined aqueous layers were extracted
twice with EtOAc. The combined organic layers were washed with
brine, dried over MgSO, and concentrated. The oil was purified
by flash chromatography using DCM-EtOAc (90 : 10) to furnish
L-10 (246 mg, 64%).

Method 2: the 3 : 1 mixture of L-6 L-6 and TIPSOH (5.5 g,
13.6 mmol of L-6) was dissolved in DCM (70 ml) and cooled
down to 0 °C. TFA (60 ml) was added dropwise and the reaction
was stirred for an hour at 0 °C. The reaction was diluted with

toluene (60 ml) and DCM was removed under reduced pressure.
To the solution was carefully added saturated NaHCO; solution.
The aqueous layer was extracted twice with ethyl acetate. The com-
bined organic fractions were washed with brine, dried over MgSO,
and concentrated. The oil was used without further purification.
The free amine was dissolved in DCM (20 ml) and was treated with
Et;N (1 ml, 1.2 eq.) followed by nosyl chloride (2.92 g, 1.1 eq.)
in solution in DCM (20 ml). The reaction was stirred overnight
and was then washed twice with 10% citric acid solution, with
brine, dried over MgSO, and concentrated. The oil was purified
by flash chromatography using hexane-EtOAc (90 : 10 to 60 :
40) to furnish methyl (S)-2-[N-(o-nitrobenzenesulfonyl)amino)-
5-(triisopropylsilyloxy]pentanoate [Ns-Hnv(TIPS)-OMe] (4.95 g,
85%). '"H NMR (CDCl;) ¢ 8.07 (m, 1H), 7.92 (m, 1H), 7.73
(m, 2H), 6.10 (d, 1H, J = 9.0 Hz), 4.22 (ddd, 1H, J = 5.4 Hz,
J = 8.0 Hz, J = 13.2 Hz), 3.70 (t, 2H, J = 6.1 Hz), 3.47 (s,
3H), 1.99 (m, 1H), 1.82 (m, 1H), 1.63 (m, 2H), 1.05 (m, 21H).
BC (CDClLy) 0 171.6, 136.5, 133.6, 132.9, 130.5, 125.6, 125.3,
62.1, 56.6, 52.3, 29.9, 28.4, 18.0, 12.0. FTIR (cm™") 2943, 2866,
1742, 1542, 1441, 1358, 1170, 1104.MS (FAB*) m/z 489 (M +
H*); HRMS calcd for C, H;;N,0O,SSi* (MH*) 489.2085, found
489.2096. Nosyl amide (4.90 g, 10 mmol) was dissolved in DMF
(40 ml). Allyl bromide (1.3 ml, 1.5 eq.) and K,CO; (1.80 g,
1.3 eq.) were successively added and the reaction was stirred
for 3 h at rt. The reaction was partitioned between ether and
water. The aqueous phase was extracted twice with ether. The
combined organic phases were successively washed with water
and brine, dried over MgSO, and concentrated. The oil was
purified by flash chromatography using hexane—EtOAc (90 : 10 to
80 : 20) to furnish methyl (25)-2-[N-(o-nitrobenzenesulfonyl)-N-
allylamino]-5-(triisopropylsilyloxy)pentanoate (4.34 g, 82%). 'H
NMR (CDCl;) ¢ 8.06 (m, 1H), 7.67 (m, 2H), 7.59 (m, 1H), 5.93
(ddt, 1H, J, = 6.8 Hz, J4, = 10.2 Hz, J4,, = 17.1 Hz), 5.21 (dd,
1H, J = 1.2 Hz, J = 17.1 Hz), 5.10 (d, 1H, J = 10.2 Hz), 4.66
(dd, 1H, J = 5.4 Hz, J = 10.0 Hz), 4.10 (dd, 1H, J =59 Hz,J =
16.3Hz),3.92(dd, IH,J =7.2Hz,J =16.3Hz), 3.71 (t,2H, J =
5.7Hz), 3.57 (s, 3H), 2.14 (m, 1H), 1.83 (m, 1H), 1.66 (m, 2H), 1.05
(m, 21H). *C (CDCl;) 6 171.4, 148.4, 134.9, 133.4, 131.4, 131.2,
124.0, 118.0, 62.3, 60.4, 52.1, 48.8, 29.5, 26.5, 18.0, 11.9. FTIR
(cm™") 2943, 2865, 1743, 1544, 1461, 1437, 1354, 1164, 1101. MS
(FAB*) m/z 529 M + H*); HRMS calced for C,,H,N,0O,SSi*
(MH*) 529.2398, found 529.2396. The allylnosylamide (4.34 g,
8.21 mmol) was dissolved in DMF (95 ml) and was treated
with mercaptoacetic acid (2.8 ml, 5 eq.) and LiOH-H,O (3.40 g,
9.85 eq.). The reaction was stirred for an hour at rt. The reaction
was diluted in EtOAc and NaHCO;. Aqueous layer was extracted
twice with EtOAc. Combined organic layers were washed with
brine, dried over MgSO, and concentrated. The oil was purified
by flash chromatography using hexane-EtOAc (80 : 20) to furnish
L-10 (2.55 g, 90%, 63% from L-6). "H NMR (CDCl;) § 5.85 (ddt,
IH, J4 = 16.8 Hz, J4, = 10.2 Hz, J, = 6.1 Hz), 5.17 (dt, 1H, J, =
17.3 Hz, J, = 1.5 Hz), 5.08 (dt, 1H, J; = 10.2 Hz, J, = 1.5 Hz),
3.72 (s, 3H), 3.68 (t, 2H, J = 6.0 Hz), 3.31-3.24 (m, 2H), 3.11
(ddd, 1H, J = 1.2 Hz, J = 6.1 Hz, J = 13.7 Hz), 1.79 (br s, 1H),
1.72 (m, 2H), 1.59 (m, 2H), 1.05 (m, 21H). *C (CDCl;) ¢ 175.9,
136.3, 116.2, 62.9, 60.4, 51.6, 50.7, 29.9, 29.0, 18.0, 11.9. FTIR
(cm™") 2943, 2865, 1737, 1462, 1196, 1171, 1103. MS (FAB*) m/z
344 (M + H*); HRMS calcd for C,sHixNO,Si* (MH*) 344.2615,
found 344.2620.
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Methyl (5)-2-|V-allyl-3-(4-benzyloxyphenyl)propamido]-5-(tri-
isopropylsilyloxy)pentanoate (13a). Amine 1L-10 (1.97 g,
5.73 mmol), 3-(4-benzyloxyphenyl)propanoic acid 11 (2.94 g,
2 eq.) and HATU (4.36 g, 2 eq.) were dissolved in DMF (55 ml).
Et;N (2.4 ml, 3 eq.) was added dropwise and the reaction was
stirred for 3 h at rt. The reaction was partitioned between ether
and HCI 0.5M solution. The aqueous phase was extracted twice
with ether. The combined organic phases were successively washed
with water and brine, dried over MgSO, and concentrated. The
oil was purified by flash chromatography using hexane—EtOAc
(90: 10 to 80 : 20) to furnish 13a (3.18 g, 95%). '"H NMR (CDCl;)
0 7.43-7.26 (m, 5H), 7.12 (m, 2H), 6.89 (m, 2H), 5.78 (m, 1H),
5.19-5.13 (m, 2H), 5.03 (s, 2H), 4.87 (dd, 1H, J = 6.1 Hz, J =
9.0 Hz), 3.95(dd, 1H, J =5.6 Hz, J = 17.6 Hz), 3.81 (dd, 1H, J =
5.4 Hz, J = 17.8 Hz), 3.68 (m, 5H), 2.92 (m, 2H), 2.62 (dd, 1H,
J=06.6Hz,J=8.8 Hz), 2.06 (m, 1H), 1.82 (m, 1H), 1.53 (m, 2H),
1.06 (m, 21H). *C (CDCly) ¢ 173.4, 172.1, 157.2, 137.1, 134.1,
133.6, 132.9, 129.3, 128.6, 127.9, 127.4, 117.2, 114.8, 70.0, 62.7,
57.3, 52.0, 48.8, 35.6, 30.4, 29.8, 25.6, 18.0, 11.9. FTIR (cm™)
2943, 2865, 1738, 1649, 1611, 1510, 1455, 1238, 1175, 1105.

(S)-2{N-Allyl-3(4-benzyloxyphenyl)propanamido}-S-(triisopropyl-
silyloxy)pentanoic acid (3a). Ester 13a (3.18 g, 5.46 mmol)
was dissolved in THF-H,O0-MeOH (3 : 1 : 1, 55 ml), cooled
down to 0 °C and treated with LiOH-H,O (688 mg, 3 eq.). The
reaction was stirred for 3 h at 0 °C and was diluted with EtOAc
and 0.5 M HCI solution. The aqueous phase was extracted with
EtOAc. The combined organic phases were washed with brine,
dried over MgSO, and concentrated. The oil was purified by
flash chromatography using hexane-EtOAc (90 : 10 to 60 : 40)
to furnish 3a (2.72 g, 88%). '"H NMR (CDCl;) 6 7.43-7.29 (m,
5H), 7.10 (m, 2H), 6.89 (m, 2H), 5.78 (ddt, 1H, J4, = 17.1 Hz,
Jo = 10.2 Hz, J, = 4.9 Hz), 5.18 (m, 2H), 5.02 (s, 2H), 4.64 (dd,
IH, J = 6.3 Hz, J = 8.5 Hz), 3.96 (dd, 1H, J = 5.6 Hz, J =
17.6 Hz), 3.80 (dd, 1H, J = 5.4 Hz, J = 17.6 Hz), 3.69 (m, 2H),
2.92 (m, 2H), 2.63 (dd, 1H, J = 7.3 Hz, J = 9.0 Hz), 2.12 (m,
1H), 1.87 (m, 1H), 1.56 (m, 2H), 1.05 (m, 21H). *C (CDCl;) ¢
175.7,174.2,157.2, 137.1, 134.1, 133.6, 132.9, 129.3, 128.6, 127.9,
127.4, 117.2, 114.8, 69.9, 62.6, 59.0, 50.0, 35.7, 30.4, 29.8, 25.5,
18.0, 11.9. FTIR (cm™') 2942, 2865, 1731, 1649, 1610, 1545, 1510,
1462, 1239, 1176, 1105. MS (FAB*) m/z 568 (M + H*); HRMS
caled for Ci3Hy NO;Si* (MH*) 568.3453, found 568.3454.

(2R,S)-2-| N-Allyl-3-(4-benzyloxyphenyl)propanamido]-N-[(2.5)-
1-(N-allyl-o-nitrophenylsulfonamido)-5-triisopropylsilyloxypentan-
2-yl]-S-triisopropylsilyloxypentanamide [(2R,S,2'S)-(14/15)]. L-8
(3.00 g, 5 mmol) was dissolved in DCM (30 ml) and cooled down
to 0 °C. TFA (20 ml) was then added dropwise and the reaction
was stirred for an hour at 0 °C. Toluene (30 ml) was added and
DCM and TFA were removed under reduced pressure. Toluene
solution was diluted with EtOAc and saturated NaHCO; solution
was carefully added. Aqueous phase was extracted twice with
EtOAc. Combined organic phases were washed with brine, dried
over MgSO, and concentrated as an oil. L-4 (2.40 g, 96%) was
used without further purification. Acid 3a (2.00 g, 3.50 mmol),
amine L-4 (2.29 g, 1.3 eq.), HOAt (0.815 g, 1.70 eq.) and HATU
(2.68 g, 2.00 eq.) were dissolved in DMF (35 ml) and DIEA
(1.23 ml, 2.00 eq.) was added dropwise. The reaction was stirred
overnight at room temperature. The reaction was partitioned
between ether and HC1 0.5 M. The ether phase was washed again

with HC1 0.5 M. The combined aqueous phases were reextracted
twice with ether. The combined organic phases were washed with
water, brine, dried over MgSO, and concentrated. Purification by
flash chromatography using hexane-EtOAc (75 : 25) furnished
(14 + 15) (3.24 g, 88%) as a 1 : 1 mixture of two diastereomers. MS
(FAB*) m/z 1049 (M + H"), 1071 (M + Na*); HRMS calcd for
CssHgN,O,SSi,* (MH*) 1049.5889, found 1049.5879. Analytical
HPLC on CHIRACEL OD-H 0.46 x 25 cm in hexane—iPrOH
(90 : 10 to 5 : 95 in 30 min) give r71 = 9.27 min and r2 =
10.61 min.

(2R)- and (2S5)-2-|N-Allyl-(4-benzyloxyphenyl)acetamido]-/V-
[(2S)-1-(/V-allyl-o-nitrophenylsulfonamido)-5-triisopropylsilyloxy-
pentan-2-yl]-5-triisopropylsilyloxypentanamide [(2S,2'S)-18 and
(2R,2S)-19]. Acid 3b(1.38 g, 2.49 mmol) and amine .-4 (1.62 g,
1.3 eq.) were coupled as described for the synthesis of 14/15.
Purification by flash chromatography using hexane-EtOAc (75 :
25) furnished two diastereomers (2S5,2'S)-18 (1.11 g, 43%) and
(2R,2'S)-19 (1.23 g, 48%). First to elute (25,2'S)-18: '"H NMR
(CDCl,) 6 (signal for major rotamer) 8.01 (m, 1H), 7.66 (m, 3H),
7.46-7.32 (m, SH), 7.15 (d, 2H, J = 7.5 Hz), 6.93 (d, 2H, J =
7.5 Hz), 6.52 (br d, 1H, J = 9.0 Hz), 5.77 (m, 1H), 5.55 (m, 1H),
5.25-5.08 (m, 4H), 5.04 (s, 2H), 4.57 (br s, 1H), 4.13-3.87 (m, 4H),
3.65 (m, 7H), 3.45 (dd, 1H, J = 10.0 Hz, J = 14.9 Hz), 3.16 (dd,
IH,J=49Hz,J =149 Hz),2.01 (m, 1H), 1.89 (m, 1H), 1.48 (m,
6H), 1.05 (m, 42H). MS (FAB*) m/z 1035 (M + H*), 1057 (M +
Na*); HRMS caled for CssHg;N,OoS1,S* (MH*) 1035.5727, found
1035.5726. Second to elute (2R,2'S)-19: '"H NMR (CDCl;) 0 7.96
(m, 1H), 7.68-7.60 (m, 3H), 7.43-7.31 (m, SH), 7.17 (d, 2H, J =
8.5 Hz), 6.91 (d, 2H, J = 8.5 Hz), 6.28 (d, 1H, J = 9.8 Hz), 5.86
(m, 1H), 5.50 (m, 1H), 5.28 (m, 3H), 5.14 (d, 1H, J = 10.3 Hz),
5.07 (t, 1H, J = 7.8 Hz), 5.03 (s, 2H), 4.12 (m, 2H), 3.99 (dd, 1H,
J=8.0Hz,J=16.3Hz),391(dd, 1H,J =4.6 Hz, / = 18.0 Hz),
3.78-3.60 (m, 7H), 3.44 (dd, 1H, J = 10.5 Hz, J = 14.4 Hz), 3.11
(dd, 1H, J = 4.1 Hz, J = 14.4 Hz), 2.01 (m, 1H), 1.74 (m, 1H),
1.50 (m, 6H), 1.04 (m, 42H). MS (FAB*) m/z 1035 (M + H*), 1057
(M + Na*); HRMS calcd for CssHg;,N,O,SSi,* (MH™) 1035.5732,
found 1035.5743.

(25,5S,6E)-2,5-Bis|3-(triisopropylsilyloxy)propyl]-1-|3-(4-ben-
zyloxyphenyl)propionyl]-7-(o-nitrobenzenesulfonyl)-1,4,7-triazacy-
cloundec-9-en-3-one [(2S5,5S,6E)-22] and its (2R,5S5,6E)-isomer
(23). The diastereomeric mixture 14/15 (3.2 g, 3.05 mmol) was
dissolved in DCM (500 ml, 6 mM). The solution was degassed
5 min by bubbling argon and Grubb’s I catalyst (250 mg, 0.1 eq.)
was added. The reaction was stirred for 12 h under reflux. The
catalyst (250 mg, 0.1 eq.) was added again and the reaction was
stirred for 12 h under reflux. Volatile compounds were removed
and the products were purified by flash chromatography using
hexane-EtOAc(70:30to 60 :40) and furnished two diastereomers,
(2S5,5S,6E)-22 (0.406 g, 13%) and (2R,5S,6F)-23 (0.752 g, 25%).
First to elute (25,55,6F)-22 : '"H NMR (CDCl;) 6 7.91 (d, 1H,
J =17.6 Hz), 7.71-7.60 (m, 3H), 7.44-7.29 (m, 5H), 7.13 (d, 2H,
J =83 Hz), 691 (d, 2H, J = 8.5 Hz), 6.21 (d, 1H, J = 5.9 Hz),
5.57(d, 1H, J = 16.1 Hz), 5.45 (m, 1H), 5.13 (t, 1H, J = 7.8 Hz),
5.05 (s, 2H), 4.30 (d, 1H, J = 11.5 Hz), 3.92 (d, IH, J = 9.3 Hz),
3.76 (dd, 1H, J = 5.1 Hz, J = 17.8 Hz), 3.68-3.51 (m, 5H), 3.29
(m, 2H), 3.14 (dd, 1H, J = 9.8 Hz, J = 12.9 Hz), 2.96 (t, 2H,
J = 8.5 Hz), 2.65 (t, 2H, J = 8.5 Hz), 2.00 (m, 1H), 1.77 (m,
1H), 1.40 (m, 6H), 1.05 (m, 42H). MS (FAB*) m/z 1021 (M"),

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1915-1923 | 1921





977 (M* — iPr). Second to elute (2R,5S,6E)-23: '"H NMR (CDCl;)
0 795 (dd, 1H, J = 7.5 Hz, J = 1.7 Hz), 7.71-7.56 (m, 3H),
7.41-7.30 (m, 5H), 7.15 (d, 2H, J = 8.5 Hz), 6.91 (d, 2H, J =
8.5 Hz), 5.58 (d, 1H, J = 8.0 Hz), 5.50 (dt, 1H, J, = 15.8 Hz,
J, = 8.0 Hz), 5.36 (dd, 1H, J = 15.4 Hz, J = 5.1 Hz), 5.20 (t,
1H, J = 7.7 Hz), 5.01 (s, 2H), 3.92 (m, 2H), 3.71-3.63 (m, 7H),
3.54(d, 1H, J =49 Hz), 3.42 (d, 1H, J = 14.1 Hz), 3.05 (m, 2H),
2.93 (m, 1H), 2.67 (t, 2H, J = 7.5 Hz), 1.85 (m, 1H), 1.72 (m,
2H), 1.48 (m, 5H), 1.05 (m, 42H). MS (FAB*) m/z 1021 (M*), 977
(M* — iPr).

(285,58,6E)-2,5-Bis|3-(triisopropylsilyloxy)propyl]-1-[3-(4-benzyl-
oxyphenyl)propionyl]-7-(2-naphthylacetyl)-1,4,7-triazacycloundec-
9-en-3-one [(25,5S,6E)-30]. (2S,5S,6E)-22 (612 mg, 0.6 mmol)
was dissolved in DMF (6 ml) and was treated with mercaptoacetic
acid (0.25 ml, 6 eq.) and LiOH-H,O (280 mg, 11 eq.). The
reaction was stirred for an hour at rt. The reaction was diluted
in EtOAc and NaHCO;. The aqueous layer was extracted twice
with EtOAc. The combined organic layers were washed with
brine, dried over MgSO, and concentrated. The product was used
without further purification. It was dissolved in DMF (6 ml) and
naphthylacetic acid (223 mg, 2 eq.) and HATU (456 mg, 2 eq.)
were added. Et;N (0.25 ml, 3 eq.) was then added dropwise and
the reaction was stirred overnight at rt. Reaction was partitioned
between ether and sat. NaHCO; solution. Aqueous phase was
extracted 3x with ether. The combined organic phases were
washed with water, brine, dried over MgSO, and concentrated.
Purification by flash chromatography using hexane-EtOAc (70 :
30 to 65 : 35) furnished (25,5S,6E)-30 (382 mg, 63%): '"H NMR
(CDCl) ¢ for major rotamer 7.79 (m, 3H), 7.64 (s, 1H), 7.46-7.29
(m, 8H), 7.03 (d, 2H, J = 8.5 Hz), 6.89 (d, 2H, J = 8.7 Hz), 5.93
(d, 1H, J = 6.3 Hz), 5.43 (br d, IH, J = 19.0 Hz), 5.03 (m, 3H),
431 (d, 1H, J = 13.7 Hz), 3.92-3.65 (m, 9H), 3.43-3.32 (m, 3H),
3.23 (dd, 1H, J = 10.7 Hz, J = 14.9 Hz), 2.79 (m, 2H), 2.48 (m,
1H), 2.28 (m, 1H), 1.98 (m, 1H), 1.73 (m, 1H), 1.54 (m, 3H), 1.36
(m, 3H), 1.03 (m, 42H). MS (FAB*) m/z 1004 (M + H*), 960
(M* — i-Pr); HRMS calcd for CgHgyN;0,Si,* (MH*) 1004.6368,
found 1004.6376.

(28,5S8,6E)-2,5-Bis(3-hydroxypropyl)-1-[3-(4-benzyloxyphenyl)-
propionyl]-7-(2-naphthylacetyl)-1,4,7-triazacycloundec-9-en-3-one
[(2S,5S5,6E)-38]. (2S5,55,6E)-30 (383 mg, 0.38 mmol) was dis-
solved in THF (3 ml) and was cooled down to —20 °C. TBAF
solution (1M, 2 ml, 4 eq.) was added and the reaction was stirred
for 48 h. TBAF solution (1M, 1 ml, 2 eq.) was added again and
the reaction was stirred for 48 additional hours. The reaction was
diluted with EtOAc and was quenched with water. The organic
phase was washed twice with water. The combined aqueous phases
were extracted 3x with EtOAc-hexane (9 : 1). The combined
organic phases were washed with brine, dried over MgSO, and
concentrated. Purification by flash chromatography using hexane—
EtOAc (50 : 50), hexane-EtOAc-MeOH (48 : 48 : 4) and EtOAc—
MeOH (92 : 8) furnished (25,5S,6E)-38 (206 mg, 78%): '"H NMR
(CDCl;, 40 °C) 6 7.78 (m, 3H), 7.59 (s, 1H), 7.45-7.29 (m, 8H),
7.00 (d, 2H, J = 8.8 Hz), 6.87 (d, 2H, J = 8.5 Hz), 5.47 (m,
1H), 5.07 (m, 1H), 5.01 (s, 2H), 4.26 (d, 1H, J = 13.7 Hz), 3.83
(s, 2H), 3.77 (m, 2H), 3.61-3.50 (m, 5H), 3.31 (m, 3H), 3.20 (dd,
1H, J = 10.7 Hz, J = 14.1 Hz), 2.75 (m, 2H), 2.45 (m, 1H), 2.23
(m, 1H), 1.87 (m, 1H), 1.69-1.40 (m, 7H). MS (FAB*) m/z 692

(M + H*); HRMS calcd for C,,H5,N;O4" (MH*) 692.3700, found
692.3712.

(2S,5S,6E)-2,5-Bis|(3-guanidino)propyl]-1-[3-(4-hydroxyphenyl)-
propionyl]-7-(2-naphthylacetyl)-1,4,7-triazacycloundec-9-en-3-one
[(2S,55,6E)-54]. (2S,5S5,6E)-38 (150 mg, 0.22 mmol), PPh;,
(171 mg, 3 eq.) and N,N’-bis-Boc-guanidine (337 mg, 6 eq.) were
added in a round-bottom flask and submitted to a vacuum/argon
(3x). The products were dissolved in THF (3 ml) and the
reaction was cooled down to 0 °C. DIAD solution (1.9M, 450 ul,
3.9 eq.) was added dropwise and the reaction was stirred for
24 h at rt. The reaction was partitioned between water and
EtOAc. The organic phase was washed with brine, dried over
MgSO, and concentrated. Purification by flash chromatography
using hexane-EtOAc (70 : 30 to 30 : 70) furnished 46 (approx.
25 mg by NMR) as an inseparable mixture with Ph;PO and
mono-guanidylated product (166 mg). The mono-guanidylated
product was resubmitted to Mitsunobu conditions and furnished
22 (approx. 47 mg by NMR) as an inseparable mixture with
Ph;PO. Mixtures of product 46 and Ph;PO were dissolved in
DCM (1.5 ml), treated with anisole (23 eq. based on approx.
calculated mass) and pentamethylbenzene (34 eq.). TFA (4.5 ml)
was added dropwise and the reaction was stirred for 8 h. The
solvent was evaporated and oil was partitioned between water
and ether. The water phase was lyophilized to give a yellowish
foam which was purified by RP-HPLC in water—acetonitrile (90 :
10 to 40 : 60 in 33 min) to give (25,55,6F)-54 (13 mg, 9%). MS
(FAB*) m/z 684 (M + H*); HRMS calcd for C;;HsyN,O,* (MH*)
684.3986, found 684.3984. [a]p* —51 (¢ = 0.1, AcOH).

Biological testing. Stable CHO cell transfectants expressing
the CXCR4 variant were prepared as described previously.** CHO
transfectants were harvested by treatment with citrate saline, and
then washed in cold binding buffer (PBS containing 2 mg ml™!
BSA). For ligand binding, the cells were resuspended in binding
buffer at 1 x 107 cells ml~!, and 100 pL aliquots were incubated
with 0.1 nM of ['*I]-SDF-1 (Perkin-Elmer Life Sciences) for 1 h on
ice under constant agitation. Free and bound radioactivities were
separated by centrifugation of the cells through an oil cushion,
and bound radioactivity was measured with a gamma-counter
(Cobra, Packard, Downers Grove, IL). The inhibitory activity of
test compounds was determined based on the inhibition of ['*]-
SDF-1 binding to CXCR4 transfectants (IC50).
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Three conformationally preorganised host molecules based on the [3]polynorbornyl framework and
incorporating di-urea receptors were synthesised and their interaction with a series of anions
investigated by '"H NMR spectroscopy. A high affinity of each host molecule for dihydrogenphosphate
(H,PO,") and dihydrogenpyrophosphate (H,P,0,>") was identified. In addition to binding to the urea
receptors of the host molecules, evidence for an interaction involving the non-polar C-H groups within

the binding cavity of the framework and guest anions was also discovered. Furthermore, an unusual
2 : 1 host-to-anion stoichiometry was indicated when binding H,P,0,>, and a model for the

anion-mediated self-assembly of this complex species is proposed.

Introduction

In the rapidly maturing fields of anion binding, recognition and
sensing’™ (and recognition in general) the use of a conformation-
ally rigid host has several major advantages over the use of flexible
ones. Firstly, the entropy penalty associated with such an organised
bound state is paid during synthesis and not during anion binding.
Therefore AG for binding will be greater for more rigid hosts.>>¢
Secondly, and perhaps more importantly, the receptor geometry
is well defined, and a better selectivity for specific anions can be
achieved.”

We have previously developed several examples of fluorescent
and colorimetric anion sensors® and recently we have focused on
the synthesis of structurally defined hosts for anion recognition.*
When compared to conformationally rigid scaffolds that have
been explored for anion-recognition purposes, such as steroids®
and calixaranes,’ the fused [n]polynorbornane frameworks (Fig. 1)
have been largely overlooked. Nevertheless, this simple system has
several features that are desirable for host-guest investigations.
For instance, they can: i) be synthesised with a wide range of
sizes and shapes,'® and therefore offer the potential to target
a variety of guest species selectively; i) be prepared with a high

COpeptide,
0 Nv~peptide; < Hetero
peptide3WW‘/ ~~~peptide, < End
COpeptide, {1 Edge

Fig. 1 Structure and sites for attachment to fused [#]polynorbornanes.
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degree of symmetry thereby simplifying characterisation and
binding studies employing '"H NMR spectroscopy, and; iii) be
easily functionalised at a variety of framework positions, Fig. 1.
Indeed, previous studies on the [n]polynorbornane framework
have involved the attachment of peptides and DNA-intercalating
agents onto the structure at one or both ends of the scaffold.'"*
The key reaction in the synthesis of the frameworks is a (4 +
2m) 1,3-dipolar cycloaddition reaction in which the thermal
(~130 °C) ring opening of a cyclobutane epoxide generates a
carbonyl ylide which subsequently cycloadds to the n-bond of
a second norbornene."® This reaction is tolerant to a wide range
of functional groups including esters, amides and carbamates,'""
which makes this system extremely attractive for the formation
of novel supramolecular hosts. We detail herein the synthesis
and use of a symmetric [3]polynorbornane framework, terminally
functionalised with thiourea-based receptors, for the purpose of
anion recognition.’ We also investigated this rigid pre-organised
structural motif for the development of novel anion-mediated
supramolecular self-assembly structures using di-anions such as
pyrophosphate, and show that anion-templated dimerisation is
possible. Full synthetic details for the receptors are given, as is
spectroscopic evaluation (using "H-NMR) of their ability to bind
anions and to construct self-assembled structures.

Results and discussion
Design

Inorganic phosphate and pyrophosphate play key roles in both the
environment and molecular biology." Tt is therefore no surprise
that molecules capable of recognising and binding such oxyanions
have become the focus of several research groups.'®!” As phosphate
anions are tetrahedral, it is often difficult to recognise them
without the use of metal ions such as Zn(11).' For a charge-neutral
receptor for phosphate, in order to maximise the interaction of the
receptor with the target species, a “staple-like’ design was chosen
(Fig. 2), comprised of a polynorbornane backbone to which two
thiourea units were attached to form the ‘staple’. This design
should enable both recognition motifs to co-operate® in binding
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Fig. 2 New hosts 1 and 2 showing general ‘staple-like’ design.

the target. A short, flexible, two-carbon spacer was included
in the design in order to allow some ‘induced fit' between the
host and the guest. Based on the above, two symmetric targets,
1 and 2 were chosen (Fig. 2). Compound 1 possesses dual o
plane and C,, symmetry and 4 H-bond donors whilst compound
2 has only C,, symmetry but offers a total of 6 potential H-
bond donors. A qualitative molecular modelling study identified
the [3]polynorbornyl system to be of a suitable length (see later
discussion) and the Nj.—Nimie distance for 1 was calculated as
7.1 A; a distance more than sufficient to capture phosphate that
has an effective radius of 2.38 A 2

Synthesisof 1. Heating endo-norbornene-2,3-anhydride 3 with
1,2-diaminoethane overnight afforded an imide in 51% yield, the
nitrogen of which was protected with the terz-butoxycarbonyl
(Boc) group to form 5 in 65% yield (Scheme 1).

Formation of the cyclobutane epoxide is crucial for the
final cycloaddition step to form the fused polynorbornane
framework and is achieved in two steps: /) the Mitsudo
reaction of norbornene with dimethyl acetylenedicarboxylate
(DMAD)," followed by ii) Weitz—Scheffer epoxidation using
tertbutylhydroperoxide (TBHP)."

In the current study, the Mitsudo reaction of 4 with DMAD
afforded the cyclobutene diester 5 in 67% yield, and epoxidation of
this alkene diester using TBHP furnished the requisite epoxide 6 in
45% yield after chromatographic purification. The migration of the
resonance assigned to the syn-bridgehead proton was indicative of
oxirane formation (shown in red, Scheme 2).

The crucial cycloaddition to form the symmetric polynorbornyl
framework was accomplished by heating epoxide 6 and the alkene
4 in a sealed tube overnight. The desired compound, 7, was
isolated in 71% yield following flash silica-column chromato-
graphic purification. Once again, the resonance assigned to the
bridge proton syn to the central oxygen of the framework of
7 was observed downfield (6 = 2.58 ppm, Scheme 2) from the
corresponding proton of epoxide 6 (0 = 2.11 ppm). For the
[3]polynorbornyl framework, the proton is locked into a pseudo
H-bonding arrangement with the central oxygen and hence strong
deshielding is observed. Removal of the Boc protecting groups

CO,Me 3=211H CO,Me 6=2.58 H CO-Me
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i, i };
— 0 0 Y 0
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Scheme 1 Synthesis of hosts 1a and 1b. Reagents and conditions: (i) 1,2-diaminoethane, 120 °C, 12 h, 51% (ii) di-tert-butyldicarbonate, DMAP, NEt;,
CH,Cl,, 12 h, 65% (iii) DMAD, RuH,(CO)(PPh;), PhH, 80 °C, 12 h, 67% (iv) TBHP, KO'Bu, THF, 0 °C, 12 h, 45% (v) 4, CH,Cl,, sealed tube, 130 °C,
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NEt;, CH,Cl,, 12 h, 34% (iii) DMAD, RuH,(CO)(PPh;), PhH, 80 °C, 12 h, 90% (iv) TBHP, KO'Bu, THF, 0 °C, 12 h, 17% (v) 9, CH,Cl,, sealed tube,
130 °C, 12 h, 66% (vi) 1 : 5 TFA-CH,Cl,, 12 h (vii) p-trifluoromethylphenylisothiocyanate, NEt;, 24 h, 94%.
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was readily achieved using dilute TFA and the resulting diamine,
without further purification, was divided into two portions
and reacted with p-trifluoromethylphenylisothiocyanate and p-
nitrophenylisothiocyanate, to afford the two new receptors la
and 1b in 70% and 45% yields, respectively. The new compounds
were fully characterised and the "H NMR spectrum of compound
la (Fig. 3) clearly illustrates the inherent symmetry of the large
framework.

I
L@wawj “WJ‘JJ‘UMLJM_J

5 50 45 40 35 30

20 15 10 05

Fig.3 Proton NMR spectrum of new host 1a in CDCl;, showing the high
degree of structural symmetry.

Synthesis of 2. Hosts 1 and 2 are very similar and hence the
required synthetic approach to the construction of 2 was similar
to that discussed above for 1a and 1b. Methodology to synthesise
compounds related to 2 has been previously outlined.”? Starting
with endo-norbornene-2-carbonyl chloride 8,' reaction with one
equivalent of ethylene diamine followed by Boc protection af-
forded the mono-amide 9 in 34% yield. The Mitsudo reaction
and the epoxidation of 9 was accomplished in exactly the same
fashion as that for 1a and 1b, and the desired epoxide 10 was
isolated in low yield following chromatographic purification. The
1,3 dipolar cycloaddition of this material to alkene 9 afforded an
isomeric mixture of the meso adduct 11a and both enantiomers
of the C,, adduct 11b.*! Whilst formation of such a mixture
can be obviated through the use of chiral starting materials'
the mixture was deemed suitable for further functionalisation
and qualitative evaluation. Indeed, whilst the region in the 'H
NMR spectrum containing the C-H residues contained many
overlapping resonances making assignment difficult, the region of
interest containing the polar N—H groups was clean and indicated
the presence of two sets of isomers (both the meso compound and
the enantiomers).

Evaluation of anion recognition for new hosts 1a, 1b and 2.
The ability of 1a, 1b and 2 to bind anions was investigated by
monitoring the changes in the '"H NMR spectra of DMSO-d;
solutions of each host upon addition of AcO~, F~, CI-, Br-,
H,PO,  and H,P,0,* (as their tetrabutylammonium salts). The
addition of C1~ and Br~ to 1a, 1b or 2 afforded only minor changes
in the "H NMR spectra and it was concluded that very weak, if any,
binding of these anions occurred and they will not be discussed
further.

Acetate, AcO~. As anticipated, the interaction of AcO~ with
the structurally complimentary thiourea receptor? was strong,
as a significant downfield shift in the resonances of the thiourea
protons of each host was observed during the titration, Fig. 4.
To exemplify this, the thiourea protons of la shifted by 2.86
and 3.15 ppm respectively, while those for 1b shifted by 3.04 and
3.16 ppm respectively, whereas for 2 they shifted by ~2.8 ppm.?
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Fig.4 Plot of the change in chemical shift of the Ar—NH thiourea protons
of 1a, 1b and 2 against successive additions of acetate.

The stoichiometry of this binding is worth commenting upon
as the combination of the two topographically well-separated
thiourea receptors within these structures favours independent
thiourea-to-acetate binding i.e. 1 : 2 host-AcO~ binding stoi-
chiometry. Such a result is not altogether unexpected given the fact
that these compounds were designed to bind larger anions such
as H,PO,~ and H,P,0,>". From the isotherms, binding constants
for the 1 : 2 host-AcO~ complexes were determined as (logK, and
logK,): 1a (3.9 and 2.5); 1b (3.7 and 2.8), and 2 (~4.1 and ~2.9).**
Whilst the binding constants are reasonably high for each host,
they all show similar affinity for the acetate anion.}

Fluoride, F~. In our experience, fluoride is one of the more
difficult anions to reliably investigate using 'H NMR spectroscopic
techniques due to the potential of fluoride-induced receptor
deprotonation.®*? Indeed, significant changes were seen in the 'H
NMR spectra of each host upon titration with F~. Unlike those
changes induced by acetate, both upfield and downfield shifts were
observed with F~, clearly indicating that more complex behaviour
than simple 1 : 1 or 1 : 2 host—fluoride interactions were occurring.
Moreover, the thiourea N-H proton resonances broadened to the
point of being unrecognisable after the addition of ca. 1 equivalent
of F~. Hence, the only reasonable titration curve was obtained
when following one of the aromatic protons. Nevertheless, even
this isotherm was unsuitable for calculation of a binding constant.
Indeed after 2.5 equivalents of anion had been added, the telltale
triplet peak attributed to [HF,]™ and indicative of deprotonation
began to appear and became fully established at 16.13 ppm after
4.0 equivalents had been added.” The significant colour changes
observed in the NMR tube (Fig. 5) were also consistent with
deprotonation, which gives rise to visible colour changes due to
the enhancement in the internal charge-transfer (ICT) character
of the chromophore.

Some evidence suggesting the cooperative binding of F~ by both
thiourea units of 1a may be gleaned from observing the changes to
the resonances assigned to the C—H protons (Fig. 6) at positions
2, 10, 12 and 20 of the framework (see Fig. 10). These hydrogen
atoms face ‘downward’ and as such are positioned neatly within
the receptor cavity. These resonances experienced a very slight
downfield shift before 1 equivalent of F~ was added, although
the trend was reversed after the addition of one equivalent of F~,
suggesting that until this time the anion was residing within the

1 Binding constants for 1a and 1b were accurate to £15% whereas those
for 2 are approximations only, as 2 was not isomerically pure.
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Fig. 5 The colour changes observed in the NMR tube for 1b following
the addition of 0 (a), 0.5 (b) and 5 (c) equivalents of fluoride.
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Fig.6 Change in chemical shift of the C—H protons of 1a upon successive
additions of fluoride.

binding cleft and both thiourea units participated in the binding
event. As a result, the cavity C—H protons were initially slightly
deshielded but this trend was subsequently reversed once more
than one equivalent of F~ had been added. If two anions were to
reside within the cavity, electrostatic repulsion would occur and the
more favoured arrangement would be for both thiourea units to
function independently and for the fluoride anions to exist outside
the cavity (see ESIT). It can also be seen from Fig. 6 that a second
change occurs between the addition of 2—4 equivalents of F~ and
this reflects the actual deprotonation event and is consistent with
the growth of the triplet assigned to [HF,]~, and the concomitant
colour changes shown in Fig. 5.

Dihydrogenphosphate, H,PO,~. Significant changes were ob-
served in the "H NMR spectra of 1a, 1b and 2 upon titration
with H,PO,”. In particular, substantial shifts of the thiourea-
proton resonances were observed and although some broadening
occurred, they could be tracked up to the addition of five
equivalents of anion, Fig. 7. The thiourea protons of 1a shifted by
1.82 and 2.26 ppm, respectively, while those for 1b shifted by 1.77
and 2.07 ppm ,respectively, whereas for 2 the shift was ~2.0 ppm.
Inspection of the titration isotherms (Fig. 7) clearly supports 1: 1
host-H,PO,~ stoichiometry for 1a, 1b and 2, and these curves
showed excellent agreement with theoretical 1 : 1 models (see
ESIt). From these data, binding constants for each host were
determined as (logK): 1a (3.9); 1b (3.6), and 2 (3.1). Whilst these
are of similar magnitude to that observed for AcO~, typically
binding constants for H,PO,™ to simple urea or thiourea receptors
are usually /ess than those of AcO~. The binding here is unusually
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Fig. 7 Change in chemical shift of the CH,NH urea protons of 1a, 1b
and 2 upon successive additions of H,PO,".

strong in comparison and attests to our design strategy whereby
two receptors are incorporated within the one host molecule and
both are utilised in binding the H,PO,~ guest. It should also be
noted that the non-polar cavity C—H proton resonances also follow
similar behaviour upon titration with H,PO,~ and supportthe 1: 1
host-H,PO,~ stoichiometry (see ESIT). These results suggest that
a single anion is bound within the cavity from the outset and
remains in place throughout the titration.

Dihydrogenpyrophosphate, H,P,O,~. As anticipated, large
changes were seen in the thiourea protons upon titration with
H,P,0,*. However, the thiourea N-H resonances were only
discernable up to the addition of 2 equivalents of anion, Fig. §.
Nevertheless, the resultant binding curves clearly indicate the
formation ofa2: 1 host-H,P,0,>~ arrangement for both 1aand 1b.
The isotherms are indicative of strong binding and fitting of these
changes gave logK, values of 7.4 and 7.8 for 1a and 1b, respectively.
The binding constants for these hosts to H,P,0,* are remarkably
large, and indicate strong cooperative binding by two hosts i.e.
2 : 1 host-H,P,0,*". These binding constants are significantly
greater then those calculated for H,PO, . This remarkably strong
binding is suggestive of additional interactions between host and
guest (or host and host) and similarly impressive binding has been
observed by Molina et al.*” for the binding of phosphate and also
in dynamic combinatorial systems where multiple host units are
used.? In the case of compound 2, whilst a 2 : 1 host-H,P,0,*~
arrangement was also indicated by the titration data, the strength
of binding was orders of magnitude weaker with logK, ~ 5. When
compared to 1a and 1b, the endo-functionality of compound 2
has additional flexibility as the link to the framework is a single
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Fig. 8 Change in chemical shift of the urea protons of 1a and 1b upon
successive additions of H,ppi®~.
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C to amide bond (as opposed to the more rigid imide) and it
is this additional flexibility that is thought to be responsible for
the differing results observed. Nevertheless, these results clearly
illustrate the remarkable affinity of these hosts for the H,P,0,*~
anion, and the attractiveness of such preorganised cleft molecules
as anion receptors.

To test the feasibility of such a 2 : 1 host-H,P,0,* complex
formation, we performed a qualitative molecular modelling study.
To this end, host 1a was found to minimise with a cleft conforma-
tion, as expected given the rigid nature of the [3]polynorbornane
framework. Indeed, the flexibility of the ‘arms’ is then ideal
for the complexation of the guest within this cleft. Moreover,
when the pyrophosphate anion was placed within the host and
it again allowed to minimise, the thiourea receptors were found to
converge upon the guest and form the classic “Y’-shaped H-bond
interaction, Fig. 9a. Furthermore, this disposition permits the
approach of a second ‘staple-like’ molecule, and again subsequent
minimisation allowed additional H-bonding to occur between the
host and the anion, Fig. 9b. Whilst these models are qualitative,
they do show that the 2 : 1 host-H,P,0,*~ complex formation is
structurally possible and therefore supports the conclusion drawn
from the titration study above.

®)

Fig. 9 Molecular models showing the proposed interaction of H,P,0,>~
with lain 1: 1 (a) and 2 : 1 (b) host-H,P,0,>" stoichiometry.

Conclusions

A family of fused [3]polynorbornane anion receptors la, 1b and
2 have been synthesised and characterised. These new hosts show
that the binding of phosphate is significantly favoured asa 1 : 1
host-guest binding event and that 1a and 1b show remarkably
strong 2 : 1 binding to H,P,0,*", as determined from 'H NMR
titration experiments (Table 1). An organised self-assembled struc-
ture is proposed to account for this unusual binding stoichiometry.
We are currently investigating structurally related molecules for
the use in colorimetric and fluorescence sensing of anions and for
transporting anions across cell membranes.

Table 1 Binding constants (logf) and host—guest stoichiometry for new
hosts against a range of anions*

host-guest 1la 1b 2
AcO~ 1:2 39,25 3.7,2.8 4,3
H,PO,~ 1:1 3.9 3.6 3
H,ppi* 2:1 7.4 7.8 5

“Binding constants determined by WinEQNMR.* Errors less than 15%
except those for host 2 which are estimates only."

Experimental

AIINMR spectra were recorded on a Bruker Spectrospin DPX-400
spectrometer. Melting points were recorded on a Electrothermal
digital melting point apparatus. All solvents were AR grade or
higher, reagents were obtained from Aldrich and used as supplied.
Dry THF was obtained by distillation from sodium benzophe-
none ketyl. Thin layer chromatography was performed using
aluminium-backed Kieselgel 60 (230-400 mesh), and compounds
visualised using a KMnO, oxidising dip. Compounds were named
using the von Baeyer system® and numbers correspond to those
shown in Fig 10.

Fig. 10 Numbering system for frameworks 1a and 1b.

(1a,20,60,70)-4-(2'-tertButoxycarbonylaminoethyl)-4-
azatricyclo[5.2.1.0*¢|deca-8-ene-3,5-dione (4)*

A solution of endo-norborn-5-ene-2,3-anhydride 3 (500 mg,
3.0 mmol) and 1,2-diaminoethane was heated at 120 °C overnight.
The reaction mix was cooled and diluted with H,O (10 mL). This
aqueous solution was saturated with NaCl and extracted using
CHCI; (4 x 50 mL). The organic extracts were combined, dried
(MgS0,) and the solvent removed under reduced pressure. This
material was of sufficient quality for the next step. Yield 321 mg
(51%).

To a solution of the above amine (321 mg, 1.6 mmol) in
CH,Cl, (10 mL), the following reagents were added: di-tert-
butyldicarbonate (500 mg, 2.3 mmol), triethylamine (0.24 g,
0.34 mL, 2.05 mmol) and DMAP (10 mg, 0.08 mmol). The
reaction mixture was stirred overnight then washed with 10%
citric acid solution (30 mL), and the organic layer separated,
dried (MgSO0,), filtered and the solvent removed under reduced
pressure. The resultant crude product was subject to column
chromatography using 50 : 50 EtOAc-hexane as eluent. Fractions
containing the desired product (R; = 0.45) were combined and
the solvent removed under reduced pressure. Complete dryness
was attained using high vacuum. Yield 307 mg (65%) of white
crystalline material that recrystallised to fluffy, fine needles from
EtOAc-hexane. Mp 129.2-131.5 °C; 64(400 MHz, CDCl;, Me,Si):
1.43 (9H, s, ‘Bu), 1.53 (1H, d, J 8.6 Hz, H10), 1.72 (1H, d, J
8.6 Hz, H10), 3.23 (2H, m, CH,), 3.27 (2H, s, H2,6), 3.39 (2H, s,
H1,7), 3.48 (2H, m, CH,), 4.71 (1H, brs, NHBoc), 6.12 (2H, m,
H8.9); m/z (HRES) 329.1484 (IM + Na]*. C;sH,,N,O,Na requires
329.1477).

Dimethyl(10,20,60,70,88,118)-4-(2'-tertbutoxycarbonylamino-
ethyl)-4-azatetracyclo[5.4.1.0%¢.0%""|dodeca-9-ene-3,5-dione-9,10-
dicarboxylate (5)*

A solution of Boc alkene 4 (300 mg, 0.98 mmol), RuH,(CO)(PPh;)
(30 mg) and dimethyl acetylenedicarboxylate (300 mg, 2.1 mmol)
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in benzene was refluxed overnight. The reaction mixture was
cooled, filtered (Whatman No. 1) and the solvent removed under
reduced pressure. The resulting crude material was purified by
column chromatography using 1 : 1 EtOAc-hexane as eluent. The
third product (R; 0.3) to elute was the desired compound (first
DMAD (R; = 0.7), second starting alkene (R; = 0.4)). Fractions
containing the desired product were combined and the solvent
removed under reduced pressure. Complete dryness was obtained
using high vacuum. Yield 292 mg (67%) of an extremely viscous
oil that crystallised upon standing under vacuum. Mp 152.6—
153.9 °C; 64(400 MHz, CDCl;, Me,Si) 1.29 (9H, s, ‘Bu), 1.42
(1H,d, J 11.5Hz, H12), 1.66 (1H, d, J 11.4 Hz, H12), 2.71 (2H, s,
HS,11), 2.74 (2H, s, H1,7), 3.17 (2H, s, H2,6), 3.19-3.27 (2H, m,
CH,), 3.50-3.55 (2H, m, CH,), 3.68 (6H, m, CO,Me), 4.91 (1H,
brs, NH); d-(100 MHz, CDCl;, Me,Si) 27.87, 33.74, 35.47, 37.79,
38.42, 41.95, 45.32, 47.03, 51.52, 79.01, 140.69, 160.12, 176.51;
m/z (HRES) 471.1740 (M + Na]*. C,HxN,O¢Na requires
471.1743).

Dimethyl(10,20,60,70,80,90,11,12p)-4-(2'-tertbutoxycarbonyl-
aminoethyl)-4-aza-10-oxa-pentacyclo[5.5.1.0%6.0%'2.0*""|tridecane-
3,5-dione-9,11-dicarboxylate (6)*°

An argon-flushed solution of alkene diester 5 (292 mg, 0.65 mmol)
in dry THF (50 mL) was cooled to 0 °C in an ice bath and
tertbutylhydroperoxide (0.05 mL, 5.5 M in hexanes, 1.0 mmol)
was added by syringe with rapid stirring. After a further 10 min.
at 0 °C, potassium tertbutoxide (20 mg, 0.02 mmol) was added
in one portion with rapid stirring. After another 10 min., the
ice bath was removed and the reaction allowed to stir overnight.
After this time, 10% aqueous sodium thiosulfate solution (10 mL)
was added and stirring continued for 30 min. The reaction
mixture was then concentrated to approx. 1/3 of its volume
and extracted with chloroform (3 x 30 mL). The organics were
combined, dried (Na,SO,), filtered and evaporated under reduced
pressure. This material was purified by column chromatography
using 1 : 1 EtOAc-hexane as eluent. Fractions containing the
desired product (R; = 0.35) were combined and the solvent
removed under reduced pressure. Complete dryness was attained
using high vacuum. Yield 138 mg (45%) of white powder that
could be recrystallised from EtOAc-hexane to produce crystals
suitable for X-ray crystallographic analysis.” Mp 191.2-192.7 °C;
0u(400 MHz, CDCl,, Me,Si) 1.39 (9H, s, ‘Bu), 1.73 (1H, d,
J 11.5 Hz, H13), 2.11 (1H, d, J 11.4 Hz, H13), 2.37 (2H, s,
HS,12), 3.19 (2H, s, H1,7), 3.22-3.28 (2H, m, CH,), 3.29 (2H, s,
H2,6), 3.53-3.56 (2H, m, CH,), 3.79 (6H, s, CO,Me), 4.78 (1H, s,
NHBoc); 6-(100 MHz, CDCl,, Me,Si) 27.85, 36.40, 38.43, 38.56,
38.72, 45.63, 47.11, 52.47, 63.00, 79.05, 155.49, 163.31, 176.21;
m/z (HRES) 487.1714 (M + Na]". C,,HxN,OyNa requires
487.1693).

Dimethyl(10,2p,30,40.,80.,90,108,110,12p,130,140,180,190,20)-
6-16-(2',2"-ditertbutoxycarbamatoethyl)-6,16-diaza-21-oxaocta-
cyclo[9.9.111.139.1131° 0210 048,022, 0" ] tricosane-5,7,15,17-
tetraone-1,11-dicarboxylate (7)

A screw-cap pressure vessel was charged with epoxide 6 (73 mg,
0.16 mmol), alkene 4 (50 mg, 0.16 mmol) and CH,Cl, (2.0 mL).

A stirrer bar was added, the tube sealed then heated for 24 h at
140 °C with stirring. After this time, the tube was cooled, opened
and the contents transferred to a round bottom flask and the
solvent removed in vacuo. This crude material was purified by
column chromatography using 1 : 1 EtOAc-hexane as eluent.
The third product to elute (R; = 0.1) was the desired material
(first is alkene (R; = 0.45), second is epoxide (R; = 0.35)) and
fractions containing this product were combined and concentrated
to dryness under reduced pressure. Complete dryness was attained
using high vacuum. Yield 86 mg (71%) of white powder. Mp
>178 °C (slow decomposition); 0,;(400 MHz, CDCl;, Me,Si) 1.19
(2H,d, J 10.6 Hz, H22,23), 1.41 (18H,s,'Bu), 2.02 (s, H2,10,12,20),
2.56 (4H, s, H3,9,13,19) 2.58 (2H, d, J 10.6 Hz, H22,23), 2.97
(4H, s, H4,8,14,18), 3.25 (4H, m, CH,), 3.59 (4H, m, CH,), 3.84
(6H, s, CO,Me), 4.87 (2H, brs, NHBoc); (100 MHz, CDCl;,
Me,Si): 27.85, 37.44, 38.43, 40.57, 47.71, 49.61, 52.12, 79.18,
89.68, 155.50, 197.20, 176.28; m/z (HRES) 793.3291 (M + Na]*.
CysHsN,O;Na requires 793.3272).

Dimethyl(1a,28,30,40,80,90,108,110,12f,130,140,180,190,20p)-
6-16-bis(2',2"-diaminoethyl)-6,16-diaza-21-oxaoctacyclo-
[9.9.1%11,13° 11319 0210 048,022 048] tricosane-5,7,15,17-
tetraone-1,11-dicarboxylate (12)

To a solution of cycloadduct 7 (114 mg, 0.15 mmol) in dry CH,Cl,
(10 mL), trifluoroacetic acid (2.5 mL) was added and the mixture
stirred overnight under an argon atmosphere. After this time, the
solvents were removed under reduced pressure and the product
dried for a further 24 h under high vacuum. This material was not
characterised fully and was used directly in the following steps.
Yield 84 mg (~100%) of a glassy, slightly yellow solid; m/z (HRES)
571.2411 (M + H]*. CxH1sN,OyH requires 571.2404).

Dimethyl(10,2$,30,40,80,90,10p,110,12f,130,140,180,190,20p)-
6-16-bis((2’,2”-di-(4" trifluoromethylphenyl)thioureido) ethyl)-6,16-
diaza-21-oxa-octacyclo[9.9.1.13°.1'3°,0219,0*8,0'22 0" *]tricosane-
5,7,15,17-tetraone-1,11-dicarboxylate (1a)

The above amine 12 (56 mg, 0.098 mmol) was dissolved in
DMF (10.0 mL) and the following were added: triethylamine
(0.27 mL, 0.21 mmol) and 4-trifluoromethylphenylisothiocyanate
(44 mg, 0.21 mmol). The reaction was then stirred, under an
argon atmosphere, at room temperature, for 24 h. After this time,
the solvent was removed under reduced pressure and the crude
material purified by column chromatography using EtOAc as
eluent. The second product to elute (R; = 0.65) was the desired
compound. The fractions containing this product were combined
and concentrated to dryness. This material was further dried under
high vacuum for 24 h. Yield 67 mg (70%) of a slightly yellow, glassy
solid. Mp >300 °C; §,4(400 MHz, CDCl;, Me,Si) 1.21 (2H, d, J
10.2 Hz, H22,23),2.28 (4H, s, H2,10,12,20), 2.54 (4H, H3,9,13,19),
2.68 (2H, d, J 10.2 Hz, H22,23) 3.02 (4H, s, H4,8,14,18), 3.77
(6H, s, CO,Me), 3.76-3.79 (4H, m, CH,), 3.97-4.00 (4H, m, CH,),
6.59 (2H, t, J 5.5 Hz, CH,NH), 7.45 (4H, d, J 8.8 Hz, ArH,),
7.71 (4H, d, J 8.8 Hz, ArH,), 8.37 (2H, s, ArNH); (100 MHz,
CDCl,;, Me,Si) 38.72, 38.90, 40.61, 40.75, 43.03, 48.00, 48.16,
48.25, 49.61, 52.02, 90.27, 123.31 (q, J 270 Hz), 124.07, 128.11
(q, J 33 Hz), 139.02, 167.63, 177.33, 180.31; 6:(376 MHz, CDCl;,
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Me,Si) —62.92; HRMS: 1015.1947 (M + K]*. C,,H,,NgO,F,S,K
requires 1015.1996).

Dimethyl(1a,2p,3a,40,80,90,108,11a,128,130,140,180,190,20p)-
6-16-bis((2',2”-di-(4"nitrophenyl)thioureido)ethyl)-6,16-diaza-21-
oxaoctacyclo[9.9.1.13°.1'3°,0%1°,0*8,0'>%,0'**]tricosane-5,7,15,17-
tetraone-1,11-dicarboxylate (1b)

Synthesised in an analogous fashion to la. R; = 0.6, EtOAc;
yield 62 mg (45%) of flaky yellow solid. Mp 197 °C (decomposed
with evolution of gas bubbles); (400 MHz, CDCl;, Me,Si)
1.25 (2H, d, J 10.8 Hz, H22,23), 2.23 (4H, s, H2,10,12,20), 2.58
(4H, s, H3.,9,13,19), 2.68 (2H, d, J 10.8 Hz, H22,23), 3.06 (4H, s,
H4,8,14,18), 3.81 (6H, s, CO,Me), 3.80-3.84 (4H, m, CH,), 4.10—
4.16 (4H, m, CH,), 6.87 (2H, t, J 5.4 Hz, NHCH,CH,), 7.55
(4H, d, J 8.9, ArH,), 8.31 (4H, d, J 8.9 Hz, ArH,), 8.41 (2H, s,
ArNHC(S)NHCH,); 6-(100 MHz, CDCl,, Me,Si) 38.54, 38.64,
40.64, 43.46, 48.19, 49.71, 52.17, 90.17, 122.75, 125.17, 142.03,
144.41, 167.57,177.33, 180.11; m/z (HRES) 953.2245 (M + Na]*.
C,Hy;uNgOp3S;,Na requires 953.2210).

Endo,exo-2-(2'-tertbutoxycarbamatoethyl)-
carboxamidonorborn-5-ene (9)

To an ice cold solution of 1,2-diaminoethane (3.5 g, 3.85 mL,
5.5 mmol), triethylamine (4.4 g, 6.0 mL, 4.2 mmol) and DMAP
(10 mg, 0.08 mmol) in dry CH,Cl, (20 mL), endo,exo-norborn-
5-ene-2-carbonyl chloride 8 (4.5 g, 2.8 mmol) was added slowly.
Visible clouds of HCl were noted during the addition. The reaction
mixture was allowed to stir for 24 h whereupon it was diluted with
CHCI,; (50 mL), transferred to a separating funnel and washed
with H,O (25 mL). The aqueous layer was extracted with CHCl,
(2 x 30 mL) and all organics combined and washed with brine
(10 mL). The organics were separated, dried (MgSO,), filtered
and the solvent removed under reduced pressure. The resulting
crude oil (3.0 g, 57%) was not purified but used directly in the
following step.

To a solution of the above amine (500 mg, 2.7 mmol) in CH,Cl,
(10 mL) the following reagents were added: dizertbutyldicarbonate
(500 mg, 2.3 mmol), triethylamine (0.42 g, 0.57 mL, 4.05 mmol)
and DMAP (10 mg, 0.08 mmol). The reaction mixture was stirred
overnight then washed with 10% citric acid solution (10 mL) and
the organic layer separated, dried (MgSO,), filtered and the solvent
removed under reduced pressure. The resultant crude product
was subject to column chromatography using EtOAc as eluent.
Fractions containing the desired product (R; endo 0.40 R; exo 0.45)
were combined and the solvent removed under reduced pressure.
Complete dryness was attained using high vacuum. Yield endo-
isomer 294 mg (34%) and exo-isomer 120 mg (20%) both of which
were white crystalline material. For the desired endo isomer Mp
116-118 °C; CsH,N,O; requires C 64.26 H 8.63 N 9.99; found
C 64.12 H 8.80 N 9.90; 6,4(400 MHz, CDCl;, Me,Si) 1.27 (1H,
d, J 8.3 Hz, H7s), 1.29-1.41 (1H, m, H3endo), 1.39 (10H, s, ‘Bu,
obscured H7a), 1.89 (1H, ddd, J 12.0 Hz, J 9.5 Hz, J 4.0 Hz,
H3exo), 2.82-2.87 (2H, m, H2 and H4), 3.12 (1H, s, H1), 3.22-
3.32(4H, m, NCH,CH,N), 5.06 (1H, brs, NHBoc), 5.93-5.96 (1H,
m, H6), 6.18-6.21 (1H, m, HS), 6.24 (1H, br s, NH); 6(100 MHz,
CDCl;, Me,Si) 28.31, 29.55, 40.21, 40.62, 42.62, 44.66, 46.05,
49.88, 79.54, 132.19, 137.65, 156.92, 175.03.

Dimethyl-7p-[ N-(2'tertbutoxycarbonylaminoethyl)carboxamido]-
(1a,2p,50,6p)tricyclo[4.2.1.0>°|nona-3-ene-3,4-dicarboxylate (13)

Synthesised in an analogous fashion to 5 starting with the endo
Boc adduct 9. Yield 403 mg (89%) of an amorphous solid.
R = 0.45 (EtOAc); 64(400 MHz, CDCl;, Me,Si) 1.14 (1H, d,
J 10.9 Hz, H9s), 1.34 (9H, s, ‘Bu), 1.39 (1H, d, J 10.9 Hz, H9a),
1.55(1H, d, J 12.3 Hz, H8endo), 1.68 (1H, dt, J 10.9 Hz, J 4.8 Hz,
HS8exo0), 2.24 (1H, d, J 4.1 Hz, H2), 2.43 (1H, d, J 3.4, H5), 2.67—
2.74 2H, m, H1,H7), 2.83 (1H, d, J 2.7 Hz, H6), 3.17-3.32 (4H,
m, CH,CH,), 3.68 (6H, s, CO,Me), 5.44 (1H, br s, NHBoc), 6.84
(1H, br s, NH); 6.(100 MHz, CDCl;, Me,Si) 27.83, 28.99, 31.82,
33.67, 37.58, 39.85, 40.09, 42.37, 45.52, 46.23, 51.32, 51.36, 78.87,
141.11, 141.43, 156.45, 160.81, 160.99, 173.03; m/z (ES) 845.36
(IM + HJ*. [C, H3N,O4], H requires 845.42).

Dimethyl-7p-[ N-(2'tertbutoxycarbonylaminoethyl)carboxamido]-
(10,2B,30,50,6p,70)-4-0xa-tetracyclo[5.2.1.0%¢.0**|decane-3,
5-dicarboxylate (10)

Synthesised in an analogous fashion to 6 starting with the above
alkene diester. Product purified by column chromatography using
1 : 1 EtOAc-hexane as eluent. The third product to elute (R; =
0.35) was the title compound. Yield 68 mg (17%); 6x(400 MHz,
CDCl;, Me,Si) 1.39 (9H, s, ‘Bu), 1.46 (1H, d, J 11.04 Hz, H9a),
1.54 (1H,d, J 10.4 Hz, H9¢ndo), 1.69 (1H, td, J 11.5Hz, J 4.5 Hz),
1.86 (1H, d, J 11.0 Hz, H9s), 2.41 (1H, d, J 4.0 Hz, H6), 2.47 (1H,
d, J 3.5 Hz, H2), 2.68 (1H, dt, J 11.5 Hz, J 4.5 Hz, HS), 2.75
(1H, d, J 4.5 Hz, H1), 2.93 (1H, d, J 4.0 Hz, H7), 3.21-3.29
(4H, m, CH,CH,), 3.75 (6H, s, CO,Me), 5.27 (1H, br s, NHBoc),
6.70 (1H, br s, NH); d.(100 MHz, CDCl;, Me,Si) 27.86, 29.07,
34.72, 36.38, 39.95, 40.09, 40.16, 45.26, 45.59, 48.97, 52.16, 63.34,
63.41, 78.99, 156.51, 164.16, 172.75; m/z (ES) 877.20 (M + H]*.
[C,1H3N,Oq],H requires 877.41).

Mixture of dimethyl-4p,11p-di-|/V-(2'tertbutoxycarbonylamino-
ethyl)carboxamido]-16-oxa(10,2p,3a,60,7f,80,98,100,130,14f)-
hexacyclo[6.6.1.1%¢.1'%3,0%7.0>'“|heptadeca-1,8-dicarboxylate and
the 4B,12f-meso isomer (11a and 11b)

Synthesised in an analogous fashion to 7 using epoxide 10 (60 mg,
0.14 mmol) and alkene 9 (50 mg, 0.18 mmol). Crude material was
purified by column chromatography using 1 : 1 EtOAc—hexane
as eluent. The third product to elute (R; = 0.2) was the desired
material and fractions containing this product were combined and
concentrated to dryness under reduced pressure. Complete dryness
was attained using high vacuum. Yield 86 mg (66%) of white
crystalline solid. Due to the mixture of stereoisomers produced,
this material was not fully characterised. 0,(400 MHz, CDCl;,
Me,Si) 0.97 (2H, d, J 9.9 Hz, H15,17), 1.42 (18H, s, ‘Bu), 1.50—
1.55(4H, m, H5endoH5exoH12endoH12ex0), 2.04-2.06 (2H, br d,
H6H13),2.17 (4H, dd, J 13.5 Hz, J 6.6 Hz, H2,7,9,14), 2.23-2.25
(2H, brt, H3,10),2.31 (2H, d, J 9.8, H15,17), 2.42-2.47 (2H, br m,
H4,11), 3.21-3.45 (8H, m, CH,CH,), 3.81 (s, CO,Me meso), 3.83
(s, CO,Me enant.), 3.84 (s, CO,Me meso), 5.34 (2H, br s, NHBoc),
6.32 (br s, NH); 6.37 (br s, NH); m/z (HRMS) 741.3651 (IM +
Na]*. C;sH5N,O,,Na requires 741.3687).
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Mixture of dimethyl-4f,11p-di[/V-(2'aminoethyl)carboxamido-
16-oxa(1a,2p,30,60,7p,80,98,100,13a,14f)hexacyclo-
[6.6.1.1%6.1'%13,0>7.0*“|heptadeca-1,8-dicarboxylate and

the 4p,12f-meso isomer (14)

Synthesised in an analogous fashion to 12 starting with framework
11. Slightly yellow glassy solid (62 mg, ~100%) was used directly
in the next step; m/z (HRES) 519.2813 (M + H*. CxH;;N,OH
requires 519.2819).

Mixture of (£) dimethyl-4f,118-di[/V-(2'(4”-trifluoromethylphenyl-
ureido)ethyl)carboxamido]-16-oxa-(1a,2p,3a,60,7p,80,98,10a,
13a,14p)hexacyclo [6.6.1.136.1'13,0%>7.0**|heptadeca-1,8-
dicarboxylate and the 4f,12f-meso isomer™ (2)

Synthesised in an analogous fashion to 1a starting with diamine
14. R; = 0.7, EtOAc. Yield 104 mg (94%) of a clear glassy solid.
Mp 179.5 °C (decomposed with evolution of gas); 0,(400 MHz,
CDCl;, Me,Si) 0.96 (2H, d, J 10.0 Hz, H15,17), 1.39-1.50 (4H,
m, H5,12 C,, H5,11 meso), 1.53-1.62 (2H, m, H5,12 C,,), 1.95
(2H, d, J 4.1 Hz, H7,14), 2.03-2.07 (2H, m, H5,11 meso), 2.09
(2H, d, J 4.1 Hz, H2,9), 2.19 (2H, d, J 6.8 Hz, H2,14 meso),
2.25 (2H, d, J 9.8 Hz, H15,17), 2.27-2.33 (6H, m, H6,13 C,,
H4,7,9,12 meso), 2.37 (2H, d, J 4.1 Hz, H3,10), 2.44-2.57 (2H,
m, H4,11), 3.36-3.57 (4H, m, CH,), 3.63-3.76 (2H, m, CH,), 3.81
(6 + 3H, CO,Me C,, and CO,Me meso), 3.83 (3H, s, CO,Me
meso), 4.32 (2H, m, CH,), 6.45 (2H, t, J 6.1 Hz, CH,NH C,,),
6.59 (2H, t, J 4.8 Hz, CH,NH meso), 7.07 2H, t, J 4.8 Hz,
CH,NH C,,), 7.50 (2H, t, J 5.5 Hz, NHCH2 meso), 7.63 (8H,
d, J 9.6, ArH meso), 7.65 (8H, s, ArH C,,), 8.89 (2H, s, ArNH
meso), 9.22 (2H, s, ArNH C,,); (100 MHz, CDCl;, Me,Si)
28.28, 30.24, 30.39, 35.21, 35.39, 38.51, 38.61, 38.91, 39.49, 42.05,
44.07,44.17, 46.03, 46.28, 50.15, 51.72, 51.97, 54.72, 54.81, 89.71,
122.13, 89.71, 90.05, 90.33, 123.27, 123.49 (q, J 272 Hz), 126.05,
126.09, 126.83 (q, J 33 Hz), 145.50, 168.94, 169.97,170.11, 173.71,
174.04, 180.62, 180.74; 0:(376 MHz, CDCl;, Me,Si) —62.72;
m/z (HRES) 947.2656 (M + Na]*. C,,;H,NsO,F¢S,Na requires
947.2671).

Molecular mechanics modelling studies

Molecular mechanics calculations on 1a, 1a-H,P,0,* and (1a),—
H,P,0,* were undertaken with Hyperchem Version 7.52. Molec-
ular mechanics was carried out using MM+ with the Polak-
Ribiere algorithm of Hyperchem and guided by the '"H NMR
spectroscopic data. The target configuration was arranged roughly
by eye and the energy minimised at an RMS gradient of 0.01.
Molecular dynamics was also used (simulated heating to 3000 K)
to ensure that the true energy minima had been reached.
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The indenyltriptycenes, 1 and 2, where the 3- or 2-indenyl, respectively, is attached at the 9-position of
the triptycene, are attractive prototypes of molecular gearing systems that can also incorporate a brake.
These molecules have been prepared from their respective indenylanthracenes, 3 and 4, by the [4 + 2]
cycloaddition of benzyne to the anthracene fragment, and the rotational barriers about the
indenyl-triptycenyl single bonds in 1 (12 kcal mol™') and 2 (<9 kcal mol~") have been measured. The
precursor anthracenes, 3 and 4, were prepared by using palladium-catalysed coupling reactions.
Unexpectedly, the Heck-type reaction of 9-bromoanthracene, 5, with indene leads to the formation of
3-indenylanthracene 3; moreover, this process is accompanied by a novel palladium-catalysed
carbocyclisation reaction leading to the indenophenanthrylene 9. The addition of benzyne to
9-(3-indenyl)anthracene, 3, yields the corresponding indenyltriptycene, 1, and, surprisingly, the
anthracenyl methano-bridged phenanthrene 16. It has been demonstrated that 2-arylindenes can act as
1,3-dienes in the [4 + 2] cycloadditions of benzyne. The products 2, 7a, 9 and 16 have been characterised

by X-ray crystallography.

Introduction

Our zest to miniaturise everything in this world meets, unfortu-
nately, a stern and impenetrable limit when it comes to the molec-
ular world. That is, possibly, why nearly a generation of chemists
has been involved in the design and preparation of exemplars of
the ultimate microscopic machinery: molecular shuttles,' motors,?
gears,’ ratchets,* turnstiles® and even a nano-car!® From a chemical
point of view, the function of a given molecular machine involves
the interconversion of several stereoisomeric forms by internal
thermal molecular motion. Since the relative stability of stereoiso-
mers can be controlled by applying a chemical, electrochemical
or photochemical stimulus, the predominant configuration of
the molecular machine can be controlled in solution and on
the surface. Although fast thermal molecular motion provides
dynamic linkage between the states of the molecular machine,
it has been shown* that, without the means to slow down or
stop this process, the more complex functions (directional travel,
sorting, etc.) are not attainable. Referring back to the macro-world,
a machine, for example a car with no brakes, is not a marketable
commodity.

In recent years, we have sought to prepare and test molecular
gearing systems (Chart 1) incorporating a paddlewheel-shaped
triptycene fragment P attached to the “stationary” molecular
shuttle moiety S.” The rotational barrier about the P—S'single bond
is determined in this case by the steric interactions of groups X at
the C(1), C(8) and C(13) positions of the triptycene blades with
the nearest adjacent group Y of the shuttle S. It is anticipated that
by dynamically modifying the position of the sterically demanding

School of Chemistry and Chemical Biology, University College Dublin,
Belfield, Dublin 4, Ireland. E-mail: michael.mcglinchey@ucd.ie, kirill.
nikitin@ucd.ie; Fax: +353-(1)-716-1178; Tel: +353-(1)-716-2880

Chart 1 Molecular gearing system with brake: free rotation of the
paddlewheel P is controlled by the “latch” Y of the shuttle S.

group Y it should be possible to control the rate of rotation of the
triptycene moiety.

An interesting approach to the construction of the shuttle S
involves the introduction of a migrating metal fragment Y to
control the rotational barrier of the paddlewheel moiety P. For
example, the protonation of n’-indenyl-ML, (or deprotonation of
n’-indene-ML,) complexes results in haptotropic migration of the
metal between the five- and six-membered rings.*** Consequently,
an indenyl-ML, unit attached to the triptycene moiety could, in
principle, fulfil the desired function of a ‘molecular brake’. We
have previously reported the synthesis and characterisation of 9-(3-
indenyl)triptycene, 1, (Scheme 1), and also a tricarbonylchromium
derivative.” However, the relatively high (12 kcal mol™") rotational
barrier in 1, precludes its use as a molecular brake which requires
that the one of the states allows free rotation of the paddlewheel
moiety. Herein, we describe convenient routes to both of the
isomeric indenyl-triptycenes, 1 and 2, and also compare their
internal rotational behaviour. Moreover, we discuss several novel

1952 | Org. Biomol. Chem., 2007, 5, 1952-1960

This journal is © The Royal Society of Chemistry 2007





and fascinating reaction pathways that have been unveiled during
the search for effective routes to couple anthracene and indene
moieties.

Results and discussion
Indenyl-anthrancenes

Since the preparation of 9-(3-indenyl)triptycene, 1, via the Stille
coupling of 1-(tributylstannyl)indene and 9-bromoanthrancene
to yield 3, with subsequent addition of benzyne, has been
described previously,” we chose to focus on the synthesis of the
corresponding 2-indenyl-anthracene isomer, 4. On the assumption
that 9-(2-indenyl)triptycene, 2, should likewise be preparable by
the [4 + 2] cycloaddition of benzyne® to 9-(2-indenyl)anthracene,
a straightforward route to 4 was required. Based on earlier
precedents,' it was decided that the best approach would involve a
Heck-type, palladium-catalysed reaction of indene with a 9-halo-
anthracene, 5, as depicted in Scheme 1.

It has been reported that the arylation of indene with iodoarenes
leads predominantly to the formation of 2-arylindenes, and to
a lesser extent 3-arylindenes.'® These isomeric products were
characterised on the basis of their "H NMR spectra since the
chemical shift of the o-methylene protons is sensitive to the
position of the aryl group; specifically, in 2-arylindenes this
chemical shift is typically in the range 3.7-3.9 ppm, whereas in
3-arylindenes it is ~3.4 ppm.

To provide unambiguous confirmation of the regioselectivity of
the palladium-catalysed indene arylation, we ran the reaction of 1-
bromo-4-iodobenzene, 6, with indene in the presence of palladium
acetate as catalyst and triethylamine as base. After separation
of the products by column chromatography, the structure of the
major isomer, 2-(4-bromophenyl)indene, 7a, was established by
X-ray diffractometry (Fig. 1)." Interestingly, the indenyl and
bromophenyl rings are not coplanar; there are two independent
molecules in the unit cell with quite different torsion angles

0 A
0

Stille coupling
(known approach)

5 X=Brorl

Heck reaction ?
(anticipated route)

Scheme 1

4

Fig. 1 Molecular structure of 2-(4-bromophenyl)indene, 7a. Atoms are
drawn with 50% ellipsoids.

—13.6° and 27.3°. X-ray crystallographic data on indenyl-arenes
are sparse,'? but it is perhaps relevant to note that the X-ray crystal
structures of many biphenyls have been reported,’® and it has been
shown that not only their photophysical properties,™ but also their
biological activities,”® are determined by this inter-planar twist
angle.

Asexpected, the methylene protons of 7a resonated at 3.76 ppm,
while those in the minor product, 7b, were found at 3.5 ppm.
Interestingly, 2-(4-iodophenyl)indene was not found in the reac-
tion mixture, leading to the conclusions that (a) the arylation
of indene with aromatic iodides catalysed by palladium acetate
leads selectively to the formation of 2-isomers, and (b) that, as
anticipated, iodoaromatic substrates are more reactive than are
the corresponding bromides towards indene under the specified
conditions.

Nevertheless, because of the relatively low availability of
aryl iodides, we investigated the practicability of palladium-
catalysed indene arylations using aryl bromides as the source
of the aryl group (Scheme 2). It was found that the reaction of
bromobenzene with indene in the presence of dichloro-bis(tri-o-
tolylphosphine)palladium(1r) (DMF, 100 °C, 6 h) led regiospecifi-
cally to the formation of 2-phenylindene, 8, in high yield.

In light of the observed excellent selectivity of the palladium-
catalysed arylation of indene with aryl bromides, we then ran the
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Proposed approaches to the isomeric triptycene molecular gearing systems.
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Scheme 2 Palladium-catalysed formation of arylindenes. Reagents and conditions: (i) indene, Pd(OAc),, Et;N, DMF, 100 °C; (ii) as for (i), but using

PACL(0-Tol,P),.

arylation of indene with 9-bromoanthracene (Scheme 2) with the
aim of preparing the desired 2-indenyl-anthracene isomer, 4. In
this case the reaction was carried out at 100 °C for 24 h, but did not
proceed to completion (12% of the unreacted 9-bromoanthracene
starting material, 5, was found). Unexpectedly, while the observed
chemical shift of the methylene protons of the major product was
3.87 ppm, careful scrutiny of its NMR spectrum, in combination
with single-crystal X-ray diffraction measurements, indisputably
proved that this product was identical to the already known 9-(3-
indenyl)anthracene, 3.” Moreover, and completely unexpectedly,
the minor product, 9, of the palladium-catalysed arylation of
indene with 5 did not contain an indenyl substituent; however, the
elemental composition of 9 matched the expected formula, C,;H,4,
of both isomers 3 and 4. A detailed 'H and *C NMR examination
of this material by standard 1D, 2D and NOE techniques
indicated that the former indenyl fragment was now attached to
the anthracene system by two newly-formed C-C bonds as the
result of a palladium-catalysed annulation.'® This assignment was
subsequently confirmed by X-ray crystallography,"” as shown in
Fig. 2 which emphasises the folded nature of the molecule about
the common bond between the two five-membered rings. The third
product found in the reaction mixture was shown to be anthracene.

Fig.2 Molecular structure of the indeno-dihydroaceanthrylene, 9. Atoms
are drawn with fixed radii.

Apparently, despite the precedents noted above, the Heck-type
reaction of 9-bromoanthracene with indene is not a suitable
route to 9-(2-indenyl)anthracene, 4, but does provide a more
convenient route to the 3-indenyl isomer, 3. Moreover, the reaction

is significantly different from other indene arylation reactions in
terms of rate (vide supra) and selectivity, and a possible rationale
for the observed results is offered in the stepwise mechanism
illustrated in Scheme 3.

It is suggested that the formation of all three products proceeds
via the key intermediate arylpalladium complex 10.*'¢ One might
postulate that this intermediate can undergo two major reactions:
either (a) relatively slow insertion of indene by one of the two
alternative pathways leading to the intermediates 11 and 12 (note
that the addition of complex 10 across the C(2)=C(3) double
bond of indene is a stereospecifically cis-process), or (b) base-
promoted hydride reduction with DMF leading to anthracene.
The formation of 11 is followed by a relatively fast cis-elimination
of HPdL,Br giving rise initially to 9-(1-indenyl)anthracene, 3a,
and subsequent, possibly catalytic, isomerisation of 3a into 3.
In contrast, lack of a suitably positioned hydrogen in interme-
diate 12 precludes the cis-elimination of HPdL,Br. Instead, this
complex undergoes an intramolecular palladation leading to the
six-membered palladacycle, 13, which subsequently undergoes
reductive elimination of the product 9, in which the protons at
the junction of the two five-membered rings are cis to each other.
We note that, although intramolecular aromatic palladation and
the formation of palladacycles is well documented,'® there are very
few previous cases leading to the construction of a fused aromatic
and aliphatic ring system by this mechanism."

Having established that the Heck-type reaction of indene with
9-bromoanthracene was a convenient route to the 3-indenyl-
anthracene, 3, rather than to the desired 2-indenyl isomer, 4,
we chose to try a palladium-catalysed Suzuki-type cross-coupling
reaction. Since it has been shown previously that 2-indenylboronic
acid, 14, and aryl iodides react to give cross-coupling products,®
we decided to use this approach for the preparation of 9-(2-
indenyl)anthracene.

A test experiment using bromobenzene as the substrate and
dichloro-bis(triphenylphosphine)palladium(ir), PdCL(Ph;P),, as
the catalyst precursor, verified that the boronic acid, 14, was a
useful coupling reagent. The reaction was carried out at 75 °C
in ethanol-toluene in the presence of Na,CO; as base. The ana-
logous reaction of 9-bromoanthracene with 14 was run, but instead
using  dichloro-bis(diphenylphosphinoferrocene)palladium(ir),
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Scheme 3 Possible mechanistic routes for the indenylation of 9-bromoanthracene, 5 (L is a phosphine ligand).

(dppfH)PdCl,, as the catalyst. Gratifyingly, this led to the desired
9-(2-indenyl)anthracene, 4, in 52% yield (Scheme 4), and the
product was readily separated from unreacted 5, and co-formed
2,2'-diindenyl, 15, by column chromatography on silica. An X-ray
diffraction study of 9-(2-indenyl)anthracene, 4, revealed that,
in the solid state, it exhibits a substantial degree of interlayer
packing disorder, which prevents determination of the molecular
parameters.

Qe — LD

8 (43%)
- - o0
Br ﬁ 15 (9%)
O 4 (52%)

Scheme 4 Palladium-catalysed coupling of aryl bromides with 2-indenyl-
boronic acid (14). Reaction conditions: (i) 14, (Ph;P),PdCl, (1 mol%),
ethanol-toluene, Na,COs, 30 h, 75 °C. (ii) as for (i), but using (dppf)PdCl,.

However, a simple molecular orbital calculation® at the
extended Hiickel level indicated that rotation of the indenyl
fragment towards coplanarity with the anthracenyl moiety was
electronically disfavoured, and indicated that the indenyl and
anthracenyl rings adopt a dihedral angle of approximately 70°.
Further calculations at the DFT level are planned and may provide
a more quantitatively reliable and clearer rationale. Nevertheless,
this finding, as discussed later, is relevant to the reactivity of
the isomers in cycloaddition processes. Interestingly, as had been
shown earlier, in the isomeric 9-(3-indenyl)anthracene, 3, whose
structure was well resolved, the corresponding interplanar angle
was 74°.

Indenyl-triptycenes

As noted above, we have previously reported the preparation of
9-(3-indenyl)triptycene, 1, in 29% yield, by a [4 + 2] cycloaddition
of in situ generated benzyne to 9-(3-indenyl)anthracene, 3.7 Since
typical yields of triptycenes in reactions of this class can reach
60-70%,” we attempted to improve the process by varying the
solvent, temperature and reagent addition rate. Thus, when 1,2-
dichloroethane and 1,4-dioxane were used as the bulk- and the
co-solvent, respectively, at 80 °C, addition of anthranilic acid to
a mixture of 3 and excess isoamyl nitrite over a 15 minute period
furnished 9-(3-indenyl)triptycene, 1, in 42% yield, as characterised
by comparison with its known NMR spectroscopic and X-ray
crystallographic data (Scheme 5).”

Having achieved such a significant improvement in the overall
yield, it was also possible to separate from the reaction mixture
a previously unknown second product, 16, apparently resulting
from the [4 + 2] cycloaddition of benzyne at the C(2) and C(7a)
positions of the original indenyl moiety in 3. The identity of the
product 16 was established by standard NMR techniques, and by
X-ray crystallography.? The structure of 16 appears as Fig. 3, and
reveals that, at least in the solid state, the dihedral angle between
the anthracene system and the plane defined by atoms C(9), C(10)
and C(10a) is 56°.

This conformation appears to be determined by multiple steric
repulsion interactions of the anthracenyl hydrogens at positions
C(12) and C(20) with those at C(9) and C(1), respectively, in
the methano-bridged phenanthrenyl fragment. Consequently, the
anthracenyl moiety in 16 is constrained, and is also twisted
such that the interplanar angle between the opposite aromatic
systems C(12)-C(15) and C(17)-C(20) is 9°. Accordingly, in
solution (CDCl;, 25 °C) all the protons and carbons of the
two opposite anthracene blades are unique as a result of the
rotational barrier about the C(10)-C(20B) single bond. Nuclear
Overhauser measurements on molecule 16 suggested that its
solid state and solution conformations were very similar. Strong
NOE interactions between the protons at the C(1) and C(20)
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Scheme 5 Additions of benzyne to 9-(3-indenyl)anthracene, 3, and to 9-(2-indenyl)anthracene, 4. Reagents and conditions: (1) anthranilic acid, isoamyl

nitrite, CH,CICH,Cl, 80 °C.

Fig. 3 Molecular structure of the Diels-Alder adduct 16. Atoms are
drawn with 50% ellipsoids.

positions were observed, and also H,, was significantly shielded
by the nearby aromatic system, originally derived from benzyne.
Furthermore, the variable-temperature 'H and *C NMR spectra

of 16 (CDC1,CDCl,, at 500 MHz and 125 MHz, respectively) over
the temperature range 25-90 °C showed no significant changes,
indicating slowed rotation about the C(10)-C(20B) single bond
on the NMR time-scale. Thus, one can only calculate a minimum
rotational barrier on the basis of the chemical shift difference
between two non-coalescing signals, such as C(13) and C(19), that
would have been equilibrated at 90 °C, if rotation were to have
occurred. These data yield a minimum value for the rotational
barrier of 18 kcal mol™', but it is undoubtedly substantially higher.

Although we are unaware of any previous reports of benzyne
adding in such a fashion to indene, resulting in loss of aromaticity
in the six-membered ring, the analogous reaction of dimethyl
acetylenedicarboxylate (DMAD) to form 17 has been reported,?
as in Scheme 6. Moreover, DMAD can add a second time, in a
[2 + 2] process to yield 18 and, under more forcing conditions, a
third time in yet another Diels—Alder reaction to produce the
triple adduct 19.22* Likewise, there is a report of the double
addition to benzofuran in which, according to the NMR data,
the benzyne units have added to give the anti-isomer 20.%

We have shown that benzyne can undergo [4 + 2] cycload-
dition to either the anthracenyl or indenyl fragments of 9-(3-
indenyl)anthracene, 3, to form the triptycene, 1, or the previously

E =-CO,Me 17

oy

18 19

Scheme 6 Cycloaddition reactions to indene and benzofuran.
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unknown adduct, 16, respectively. In contrast, the reaction of
benzyne with 9-(2-indenyl)anthracene, 4, furnished the desired 9-
(2-indenyl)triptycene, 2, in excellent yield (81%). The molecular
structure of 2, as determined X-ray crystallography,® appears in
Fig. 4; the molecule has a crystallographically imposed mirror
plane passing through one of the triptycene blades and bisecting
the indenyl moiety. This gives rise to a minor disorder since the
CH and CH, units can be either side of the five-membered ring
which straddles this pseudo-mirror plane. The C(9)-C(17) single
bond (1.514(4) A) linking the indenyl and triptycenyl moieties
is not significantly different from the corresponding distance
(1.520(4) A) in the 3-indenyl-triptycene system, 1. However, unlike
the situation in 1, whereby the proximity of the six-membered ring
of the indenyl moiety to the paddlewheel engenders a 12 kcal mol ™!
rotation barrier,” the variable-temperature NMR spectra of the 2-
indenyl-triptycene, 2, are unchanged down to 193 K indicating
essentially free rotation on the NMR time scale.

Fig. 4 Molecular structure of the triptycene 2. Atoms are drawn with
50% ellipsoids.

As depicted in Scheme 5, it is evident that the trajectory of
approach for a potential [4 + 2] cycloaddition of benzyne to
the five-membered ring of 4, is blocked by the 2-anthracenyl
moiety which, according to the molecular orbital calculations
noted above, is rotated through ~70° relative to the plane of
the indene. This may account for the formation of the 2-indenyl-
triptycene, 2, as the sole product in such high yield.
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The simplicity of the 'H and “C NMR spectrum of 2 at
303 K, and also at 193 K, clearly demonstrates the chemical shift
equivalence of the three blades of the triptycene, indicating a low
rotational barrier about the C(9)-C(17) single bond. On the basis
of the previously observed chemical shift differences within the
triptycene blades for the 3-isomer, 1, under conditions of slowed
rotation on the NMR time-scale, one can estimate probable peak
separations for the 2-indenyl-triptycenyl, 2. Thus, in 1 the chemical
shift difference between H(2) and H(14) is 0.3 ppm (150 Hz on a
500 MHz spectrometer); if one were to assume a similar value for
2, and if decoalescence had become evident at 193 K, this would
have indicated a rotation barrier of approximately 9 kcal mol;
since there is no indication of decoalescence, the barrier in 2 is
presumably considerably less than this estimated value.

Cycloaddition reactions of 2-phenylindene

Stimulated and intrigued by the unexpected cycloaddition of
benzyne to the indenyl unit of 3, we chose to extend this study by
investigating the reactivity of benzyne towards 2-phenylindene. In
this case, the majority (88%) of the 2-phenylindene was recovered
unchanged; however, the reaction furnished significant amounts
of two products, 21 (3.7%) and 22 (6%) (Scheme 7). The former
was characterised by NMR spectroscopy as the known indeno-
phenanthrene, 21,” apparently the result of the addition of one
benzyne unit to 2-phenylindene. The latter was identified from its
one- and two-dimensional 'H and *C NMR spectra as the double
benzyne adduct, 22.

One might speculate that 21 resulted from the [4 + 2] cycload-
dition of benzyne to 2-phenylindene to give the dihydrophenan-
threne, 23, which, in the presence of excess isoamyl nitrite, was
oxidised into the fully aromatic system 21 The second product,
22, is formally the result of a [2 + 2 + 2] cycloaddition of
2-phenylindene with two benzynes; however, in the absence of
a template, such a trimolecular process is rather improbable.
Another, perhaps more reasonable, pathway invokes successive
[4 + 2] and [2 + 2] additions of benzyne, somewhat analogous to
the previously described behaviour of DMAD with indene,® or
of benzyne with benzofuran.”® However, because of the presence
of the phenyl substituent at the 2-position of the original indene,
it is hypothesised that the double benzyne adduct adopts the syn,

13 1
21 (3.7%)

f\3514
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8
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Scheme 7 Cycloaddition reactions of benzyne to 2-phenylindene, 8.
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24, rather than the anti configuration, as depicted in Scheme 7.
Subsequent thermolysis could then cleave the benzyne-indene-
C(7a) linkage, open the four-membered ring and rearrange to
form the observed product 22. The thermodynamic driving force
for such a process would be the relief of cyclobutane ring strain
in 24 and the recovery of aromatic character in the original six-
membered ring of the indene.

Conclusions

The palladium-catalysed coupling of indene with 9-bromo-
anthracene under Heck conditions led to 9-(3-indenyl)anthracene,
3; the reaction also yields the novel cyclic product, 9, via an
aromatic cyclisation process. In contrast, Suzuki coupling, catal-
ysed by dichloro-bis(diphenylphosphinoferrocene)palladium,
yielded 9-(2-indenyl)anthracene, 4. While the 2-isomer, 4, re-
acted smoothly with benzyne to furnish the required 2-
indenyltrypticene, 2, in good yield, the 3-isomer 3, unexpectedly,
formed two isomeric benzyne adducts—the previously described
3-indenyltriptycene, 1, and the [4 + 2] adduct to the indenyl moiety
of 3. Subsequently, the addition of benzyne to 2-phenylindene
was shown to yield unexpected products of one and two-fold
benzyne cycloaddition. The structures and dynamic behaviour of
the isomeric triptycenes 1 and 2 have been studied; in the former the
barrier to rotation about the indenyl-triptycene linkage is 12 kcal
mol~' whereas in the latter system there is essentially free
rotation on the NMR time-scale, making it a potentially attractive
molecular machinery prototype system.

Experimental

All reactions were carried out under a nitrogen atmosphere.
Column chromatography separations were carried out on a Buchi
Sepacore machine with UV absorbance detector using silica
gel particle size 40-63 mm. NMR spectra were acquired on
Varian Inova 300 MHz and 500 MHz spectrometers. Assignments
were based on standard 'H-'H and 'H-"C two-dimensional
techniques, and NOE measurements. 2-Indeneboronic acid (14)
was prepared in 86% yield according to a literature procedure.*

2-(4-Bromophenyl)indene (7a)

To a solution of p-bromoiodobenzene (0.308 g, 1.09 mmol), indene
(0.29 g, 2.5 mmol), and triethylamine (0.6 mL) in DMF (5 mL)
was added palladium acetate (10 mg, 4%). The reaction mixture
was stirred at 100 °C for 4 h after which it was concentrated under
reduced pressure and separated by chromatography, eluting with
3% dichloromethane in cyclohexane to give the 2-isomer 7a as a
pale yellow solid (0.122 g, 42%): mp 158 °C; dy (300 MHz, CDCl;):
7.5 (4H, m), 7.40 (1H, d, J 7.3), 7.25 (4H, m), 3.76 (2H, s); the
3-isomer 7b was obtained as a glass (6 mg, 2%):* dy (300 MHz,
CDCl,): 7.4-7.6 (SH, m), 7.3 (3H, m), 6.60 (1H, s), 3.50 (2H, s).

2-Phenylindene (8)

To a solution of bromobenzene (0.314 g, 2 mmol), indene (0.29 g,
2.5 mmol) and triethylamine (0.6 mL) in DMF (5 mL) was
added bis(tri-o-tolylphosphine)dichloropalladium (16 mg, 1%).
The reaction mixture was stirred at 100 °C for 6 h, after which

it was concentrated under reduced pressure and separated by
chromatography eluting with 3% dichloromethane in cyclohexane
to give the 2-isomer, 8 as a pale solid (0.344 g, 90%):® mp 165 °C;
Jn (300 MHz, CDCly): 7.63 (2H, d, J 7.1), 7.47 (1H,d, J 7.1), 7.4
(3H, m), 7.24 (4H, m), 3.79 (2H, s). The 1-isomer, a colourless oil,
Jn 3.50 (2H, s),” was not found.

9-(Inden-3-yl)anthracene (3); indeno|1,2-4]-10,16-
dihydroaceanthrylene (9)

To a solution of 9-bromoanthracene, 5 (2.06 g, 8§ mmol), indene
(1.16 g, 10 mmol) and triethylamine (2.2 mL) in DMF (25 mL)
was added dichloro-bis-(tri-o-tolylphosphine)palladium (100 mg,
1.6%). The reaction mixture was stirred at 100 °C for 24 h,
after which it was concentrated under reduced pressure and
separated by chromatography eluting with 3% dichloromethane in
cyclohexane to give anthracene (200 mg, 14%), 3 (1.2 g, 51%) and
9 (0.34 g, 14%) in order of elution. The 3-isomer 3 was obtained
as a yellowish solid:” mp 141 °C. The compound 9 was obtained
as yellow needles: mp 158 °C (Found: C, 93.71; H, 5.76. C,;H,
requires C, 94.48; H, 5.52); oy (500 MHz, CDCl;, numbering in
accord with Fig. 2): 8.19 (1H, s, Hs), 8.11 (1H, d, H,, J 8.8), 8.05
(1H,d,H,,J 8.3),7.70 (1H, H,, J 8.3), 7.64 (1H, d, H,,, J 7.5),7.50
(4H, m, H,, H;, H;, Hy), 7.20 (1H, pseudo-t, Hy,, J 8.5), 7.11 (2H,
m), 5.43 (1H, d, Hy,, J 7.5), 5.05 (1H, m, Hy,), 3.93 (1H, dd, Hys,
J 16.5 and 10.5), 3.42 (1H, dd, Hys, J 16.5 and 4.0); 6. (CDCl;,
125 MHZ)Z 148.6 (C()), 144.8 (Cl()a); 143.8 (Clo)s 142.6 (Cl4a)a 135.6
(Coa), 134.2 (C,,), 129.8 (C,), 129.7 (Cs,), 127.8 (C,), 127.2 (C}3),
126.9 (Cy,), 126.9 (C)y), 125.3 (Cyy), 125.0 (C5), 124.9 (C,), 124.6
(C)), 124.3(C,)), 123.1 (Cy), 122.4 (Cy), 117.1 (Cy), 56.6 (C,y), 46.9
(Cio), 38.9 (Cis).

9-(1H-Inden-2-yl)-anthracene (4); 2,2’-biindenyl (15)

9-Bromoanthracene, 5 (0.257 g, I mmol), boronic acid 14 (0.12 g,
0.75 mmol), and sodium carbonate (0.212 g, 2 mmol) were stirred
in a mixture of ethanol (6 mL) and toluene (3 mL) for 0.5 h, af-
ter which bis(1,1-diphenylphosphinoferrocene)dichloropalladium
(8 mg, 1%) was added. The reaction mixture was stirred at 75 °C
for 30 h, filtered, concentrated under reduced pressure, extracted
with dichloromethane and separated by chromatography eluting
with 3% dichloromethane in cyclohexane to give the 2-isomer 4
(0.115 g, 52% with respect to the boronic acid 14) as a off white
solid (Found C, 94.23; H, 5.66. C;H,, requires: C, 94.48; H, 5.52);
mp 211 °C; o4 (500 MHz, CDCl;): 8.48 (1H, s, H,,), 8.05 (2H, d,
H,, J 8.4), 797 (2H, d, H;5, J 8.7), 7.58 (1H, d, H,, J 7.8), 7.56
(1H, d, Hy,, J 7.5), 7.48 (2H, dd, H;, J 8 and 6.5), 7.43 (1H, dd,
Hy;, J 7.5and 7.0), 7.41 (2H, dd, H,, J 8.5 and 7.0), 7.32 (1H, dd,
H,, J 8.0 and 7.8), 7.07 (1H, s, H,,), 3.81 (2H, s, Hy(); d (CDCl;,
125 MHz): 145.3(Cy4,), 145.3(C1,), 143.9 (Cys,), 133.3(C,)), 133.3
(Cy), 131.3 (Cy,, Cipa), 130.2 (Cg,, Coy), 128.5 (C,y, Cs), 126.7 (Cy3),
126.6 (Cy), 126.4 (C)), 126.4 (Cy), 125.5 (C,, Cy), 125.2 (C;, Cy),
124.8 (Cy), 123.8 (Cy5), 121.1 (Cyp), 44.5 (Cyp).

15 (10 mg, 9%) was obtained as a colourless solid (Found C,
93.42; H 6.14. C,sH,, requires: C, 93.91; H, 6.09); mp 225 °C;¥* o4
(300 MHz, CDCly): 7.44 (2 H,d, J 7.5),7.36 2 H, d, J 7.5), 7.25
(2 H, pseudo t, J 7.5), 7.17 (2 H, pseudo t, J 7.5), 6.93 (2 H, s),
3.74 (4 H, s).

1958 | Org. Biomol. Chem., 2007, 5, 1952-1960

This journal is © The Royal Society of Chemistry 2007





9-(1-Indenyl)triptycene (1) and 10-(anthracen-9'-yl)-
|4a,9]-methano-4a,9-dihydro-phenanthrene (16)

To a hot (80 °C) stirred solution of 3 (292 mg, 1 mmol) and
isopentyl nitrite (380 mg, 3.2 mmol) in dichloroethane (6 mL)
was added a solution of anthranilic acid (440 mg, 3.2 mmol) in
dioxane (2.5 mL) over a period of 30 min. The reaction mixture was
extracted with dichloromethane and separated by chromatography
eluting with 5% dichloromethane in cyclohexane to give 3 (82 mg,
28%), 16 (42 mg, 11%) and the triptycene 1 (156 mg, 42%).” The
adduct 16 as a yellow solid (Found C, 94.11; H, 5.51. CxHy,
requires C, 94.53; H, 5.47); mp 155 °C; J, (500 MHz, CDCl;,
numbering in accord with Fig. 3): 8.41 (1H, s, Hs), 8.24 (1H, d,
Hy,, J9.9),8.06 (1H, d, H,s, J 9.6), 7.92 (1H, d, 1H, H,;, J 8.8),
7.52 (2H, m, H,,, H}3), 7.31 (1H, pseudo-t, Hs, J 7.6), 7.23 (1H,
d, Hs, J 6.7), 7.12 (1H, pseudo-t, Hy, J 6.8), 7.11 (1H, d, Hy, J
7.2),7.03 (1H, pseudo-t, H,, J 7.2), 6.95 (1H, ddd, H,y, J 9.2, 6.5,
1.6), 6.62 (1H, d, H,, J 9.5), 6.55 (1H, dd, H;, J 9.5 and 6.5), 6.45
(1H, d, Hy, J 9.2), 6.05 (1H, dd, H,, J 9.2 and 5.2), 5.95 (1H, d,
H,,J9.2),4.46 (1H, s, Hy), 2.94 and 2.89 (CH,, each d, 1H, H,,, J
7.2); ¢ (CDCls, 125 MHz): 156.2 (Cy,), 149.6 (Cyp,), 145.9 (Cs,),
144.7(Cyy), 131.9 (Cypp), 131.7 (Cy40), 131.5(Ci50), 130.6 (C,), 130.2
(Cae), 129.4 (Cypn), 128.7 (Cy5), 128.1 (Cy), 126.8 (C3), 126.4 (Cyy),
126.3 (Cy), 125.6 (C;), 125.5 (Cyy), 125.2 (Cy3), 125.1 (Cyg), 125.1
(Cy), 124.8 (Cy), 124.1 (C,), 123.4(Cy), 121.4(Cy), 121.4(C)), 78.5
(Ci), 60.6 (Cy,), 57.9 (Cy).

9-(2-Indenyl)triptycene (2)

To a hot stirred solution of 4 (117 mg, 0.4 mmol) and isopentyl
nitrite (187 mg, 1.6 mmol) in dichloroethane (3 mL) was added a
solution of anthranilic acid (205 mg, 1.5 mmol) in dioxane (1 mL)
over a period of 30 min. The reaction mixture was extracted with
dichloromethane and separated by chromatography eluting with
5% dichloromethane in cyclohexane to give starting 4 (14 mg,
12%), and triptycene 2 (120 mg, 81%) as a white solid (Found C,
94.25; H, 5.59. Cy,H,, requires: C, 94.53; H, 5.47); mp 308 °C; dy
(500 MHz, CD,Cl,, numbering in accord with Fig. 4): 7.70 (1H,
d, Hy,, J 7.5), 7.62 (1H, d, H,o, J 7.5), 7.56 (3H, d, H,5,s, J 6.9),
7.49 3H, d, Hz,3, J 7.5), 7.48 (1H, s, Hys), 7.45 (1H, pseudo-t,
H,, J 7.5), 7.37 (1H, pseudo-t, H,,, J 7.5), 7.08 (3H, pseudo-t,
H,;., J 7.5), 7.04 (3H, pseudo-t, Hy45, J 7.0), 5.48 (1H, s, H),
4.36 (CH,, s, Hy;); dc (125 MHz, CD,Cl,): 146.9 (Cyy10011), 146.4
(Cyagar2), 143.9 (Cig,), 143.3 (Cyy), 143.3 (C,y,), 136.1 (Cyg), 126.6
(Cy), 125.3 (Cy7.14), 125.0 (Cy)), 124.8 (Cs415), 123.8 (c4516), 121.1
(Ci), 59.0 (Cy), 54.8 (Cyp), 42.9 (Cy).

13a-Phenyl-13,13a-dihydro-8b H -indeno-[1,2-/]-phenanthrene (22),
and 13H-indeno|1,2-/]-phenanthrene (21)

To a hot stirred solution of 8 (96 mg, 0.5 mmol) and isopentyl
nitrite (234 mg, 2 mmol) in dichloroethane (4 mL) was added a
solution of anthranilic acid (274 mg, 2 mmol) in dioxane (1.5 mL)
over a period of 30 min. The reaction mixture was extracted with
dichloromethane and separated eluting with 3% dichloromethane
in cyclohexane to give 8 (84 mg, 88%), 21 (5 mg, 3.7%) and 22
(10 mg, 6%); 21 as a white solid (Found C, 94.54; H, 5.40. C,;H,,
requires: C, 94.70; H, 5.30); mp 158 °C;¥ 6, (500 MHz, CDCl;,
numbering in accord with Scheme 7) 8.85 (1H, d, Hy, J 8.0), 8.79
(1H,d,H;,/8.2),8.75(1H, m), 8.39 (1H, d, H,, J 7.8),8.07 (1H, m,

H,), 7.74 (1H, pseudo-t, H,, J 8.0), 7.68 (1H, pseudo-t, Hg, J 8.0),
7.67 (1H, d, H,, J 8.0), 7.63 (2H, m, H,, H;), 7.49 (1H, pseudo-t,
H,, J 8), 7.35 (1H, pseudo-t, H,;, J 8.0), 4.23 (CH,, s, H3); dc¢
(125 MHz, CDCl): 142.8 (Cy.), 142.2 (C,5,), 139.0 (C}3,), 133.6
(Cg), 129.9 (Cy), 128.9 (Cy,), 128.7 (C\3,), 128.3 (Cs,), 126.0 (C,),
126.0 (C,), 126.0 (C)y), 125.5 (Cy), 124.9 (Cy), 124.7 (C,)), 123.8
(Cyy), 123.7 (C)), 123.5 (Cy), 122.7 (Cs5), 122.4 (C,), 36.8 (C,3). 22
as a white solid (Found: C, 93.80; H, 6.15. C,;H,, requires: C,
94.15; H, 5.85); mp 145 °C; 6y (500 MHz, CDCl;, numbering in
accord with Scheme 7) 7.84 (1H, d, Hy, J 9.2), 7.74 (1H, d, Hs, J
9.2),7.56 (1H, d, Hy, J 7.6), 7.40 (1H, d, H,, J 8.8), 7.37 (2H, m,
H,;),7.27 (2H, d, H,s 9, J 7.2), 7.20-7.10 (6H, m, H,, H,, Hy, Hy,
Hy, Hy;) 7.06 (1H, pseudo-t, H,y, J 7.8), 7.00 (1H, pseudo-t, H,,,
J 7.6), 6.82 (1H, d, H,,, J 7.6), 4.04 and 3.85 (CH,, each 1H, d,
H,,,J 15.2);6c (125 MHz, CDCL,): 146.9 (C,,), 144.5 (C5,), 141.1
(Ciap), 139.8 (Cy,), 134.8 (C3p), 133.4 (Cyp), 132.9 (Cy), 129.8 (C)),
128.3 (Ci15), 128.1 (Cy), 127.7 (C,3), 127.0 (Cy), 126.8 (Cyy), 126.6
(Cis9), 126.5(Cyy), 126.3 (Cyy), 124.2 (C,), 123.6 (C5), 123.5 (C)y),
123.5(Cy), 56.6 (Cy3,), 56.4 (C}3), 46.2 (C.y).

Crystal data

Crystallographic data were collected using a Bruker SMART
APEX CCD area detector diffractometer. A full sphere of the
reciprocal space was scanned by phi-omega scans. A semi-
empirical absorption correction, based on redundant reflections,
was performed by the program SADABS.** The structures were
solved by direct methods and refined by full-matrix least-squares
on F? for all data using the program library SHELXTL.3"*¢ In
16, all hydrogen atoms were located in the difference Fourier map
and allowed to refine freely. In 2 and 7a, all hydrogen atoms were
added at calculated positions and refined using a riding model.
Their isotropic temperature factors were fixed to 1.2 times the
equivalent isotropic displacement parameters of the carbon atom
the H-atom is attached to.t
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Sialic acid is the terminal sugar found on most glycoproteins and is crucial in determining serum
half-life and immunogenicity of glycoproteins. Sialic acid analogs are antiviral therapeutics as well as
crucial tools in bacterial pathogenesis research, immunobiology and development of cancer diagnostic
imaging. The scarce supply of sialic acid hinders production of these materials. We have developed an
efficient, rapid and cost effective fermentation route to access sialic acid. Our approach uses low cost
feedstock, produces an industrially relevant amount of sialic acid and is scalable to manufacturing
levels. We have also shown that precursor directed biosynthesis can be used to produce a N-acyl sialic
acid analog. This work demonstrates the feasibility of engineering manufacturing-friendly bacteria to

produce complex, unavailable small molecules.

Introduction

Sialic acid encompasses a large family of acidic sugars found on
the surfaces of eukaryotic cells." The most common sialic acid
is N-acetylneuraminic acid (1, NeuSAc), a carboxylated nine-
carbon monosaccharide. Sialic acid has key roles in glycoprotein
stabilization, cell signaling, cell adhesion, cellular immunity and
human diseases.” For example, excess sialylation on malignant cells
has been shown to promote invasiveness® and reduce intercellular
interactions,* which are features of tumor metastasis. Sialic acid
analogs are currently being investigated for the non-invasive
imaging of cancer tissue in vivo.> Analogs of sialic acid have found
important therapeutic roles, especially as influenza neuraminidase
inhibitors (e.g. Relenza®). The scarce supply of sialic acid and
analogs has hindered advancement in basic research, diagnostic
development and therapeutic production.

Because sialic acid is an unusual nine-carbon carbohydrate with
numerous stereocenters, it is challenging to chemically synthesize.
Sialic acid does not play a role in energy storage and is therefore
difficult to produce via fermentation or cultivation. An in vitro
enzymatic process is the current state of the art for sialic acid
production.® This process is inherently costly and challenging to
scale to the manufacturing level. To provide a low cost, scalable
process for sialic acid production we have developed an Escherichia
coli based fermentation route to produce sialic acid and N-acyl
analogs.

In vivo production of sialic acid is an appealing alternative
to in vitro production because it eliminates costly and dif-
ficult protein purification. Since cellular metabolism provides
the building blocks for product formation, low cost carbon
and nitrogen sources can be converted into product. This is
particularly advantageous in sialic acid production because the
in vitro process requires costly N-acetylglucosamine (GlcNAc)
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as the substrate. Industrial experience with manufacturing small
molecules via fermentation (e.g. B-lactams) attests to the scalability
and economic viability of large-scale metabolite production via
fermentation. The main drawback of in vivo production is the
increased difficulty associated with product purification. In vivo
systems generate more complex mixtures of products, including
excreted proteins, cellular debris and cellular waste products.
Because sialic acid can be efficiently crystallized from aqueous
solution at concentrations above 150 g L~!,7 sufficiently high sialic
acid titer will facilitate direct crystallization from the fermentation
broth, simplifying purification.

In this study we demonstrate that sialic acid can be produced
in vivo via fermentation of a metabolically and genetically engi-
neered E. coli. By removing the sialic acid catabolism pathway
and expressing sialic acid biosynthesis genes, multiple grams of
sialic acid per liter of E. coli fermentation were produced. This
in vivo system can be used to generate N-acyl sialic acid analogs.
The ability to access analogs represents a major improvement in
engineering fermentation-friendly organisms to produce complex
molecules.

Results and discussion

An E. coli strain capable of producing sialic acid was generated by
disabling the native sialic acid catabolic pathway and adding an
exogenous synthetic pathway (Fig. 1). Native E. coli utilize sialic
acid as a carbon source in cellular metabolism. Two key genes
involved in sialic acid catabolism are nanT and nanA.® NanT is
a major-facilitator transporter and is responsible for sialic acid
uptake from the periplasmic space, and NanA is an aldolase that
cleaves sialic acid 1 into pyruvate 3 and N-acetylmannosamine
(2, ManNAc). A nanT- strain (FB27101) was obtained from
the E. coli Genome Project (University of Wisconsin-Madison).
This strain was generated via TnS insertion into nanT of E. coli
K-12 MG1655 and therefore did not possess a T7 RNA poly-
merase gene, which enables high levels of recombinant protein
expression. A ADE3 lysogen that encodes a T7 RNA polymerase
under a lac-promoter was inserted into the chromosome of
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Fig. 1 Sialic acid production by metabolically engineered E. coli was achieved by removing the endogenous NanT and NanA proteins and introducing
the NeuB and NeuC enzymes from N. meningitidis group B. The over-expression of E. coli GImS was necessary for high sialic acid yields from inexpensive
carbon sources including glucose, fructose and glycerol. Abbreviations: GImM: glucosamine mutase, GImS: glucosamine synthase, GImU: GIcNAc-1-P
uridyltransferase/GlcN-1-P acetyltransferase, Pgi: phosophoglucose isomerase.

nanT~ strain FB27101 to generate strain BRLO1. This enabled
inducible expression of recombinant proteins in BRLO1 using
standard E. coli expression vectors. The nanA4 gene was inactivated
using a gene-replacement strategy to generate a nanT ~
E. coli strain, BRLO2.

The sialic acid biosynthetic genes, neuC and neuB, of Neisseria
meningitidis group B were identified as suitable candidates for
a sialic acid synthesis pathway. The NeuC and NeuB enzymes
catalyze the de novo biosynthesis of intracellular sialic acid in N.
meningitidis group B.” NeuC is a hydrolyzing epimerase that con-
verts UDP-N-acetylglucosamine (5, UDP-GIcNAc), a common
metabolite in bacteria, to ManNAc 2. NeuB then catalyzes the
condensation of ManNAc 2 with phosphoenolpyruvate (4, PEP)
to generate sialic acid 1. NeuC and NeuB were used as the primary
synthetic enzymes because their in vivo and in vitro chemistry has
been well established.'™** Both neuC and neuB, were amplified
from genomic DNA of N. meningitidis group B by polymerase
chain reaction (PCR) and subsequently cloned into an expression
vector under the control of an inducible T7 promoter. Induced
expression of the neuBC pathway in BRL02 yielded an E. coli
strain capable of producing sialic acid from all carbon sources
tested. Sialic acid titers ranged from 20-100 mg L' of E. coli
fermentation broth. Without induction of the neuBC pathway,
sialic acid production was at least ten fold lower.

To identify a feedstock for optimizing sialic acid production,
we evaluated carbon sources that span the metabolic chemistry
of E. coli (Fig. 2). Using GIcNAc as the feedstock generated the
highest sialic acid titer of 104 mg L~'. Extracellular GIcNAc is
readily transported into E. coli and subsequently converted into
UDP-GIcNAc 5 by a single enzymatic reaction.” In contrast,
the disaccharide maltose produced the lowest sialic acid titer
of 22 mg L. Intracellular maltose must first be broken down
into glucose by a maltose phosphorylase.'* The liberated glucose
can then be transformed into fructose-6-phosphate (8, Fru-6-P),
which is the native substrate for the UDP-GIcNAc biosynthetic
pathway in E. coli.® The necessity of the phosphorylase likely
reduces sialic acid production by limiting the availability of
intracellular glucose for UDP-GIcNAc biosynthesis, and thus
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Fig. 2 Results of a feedstock comparison. Mean and standard deviation
of sialic acid titers for triplicate 250 mL shake-flask cultures at 48 h are
shown. The relative cost of the feedstock is indicated above each column.
GlcNAc feeding generated the highest sialic acid titer from BRL02/neuBC
fermentation. Due to its low cost and high titer glucose was identified as
the best carbon source for further optimization.

making maltose a poor feedstock for sialic acid production.
Glycerol, a common industrial carbon source, yielded a sialic acid
titer of 51 mg L™". Intracellular glycerol is predominantly oxidized
to dihydroxyacetone, which is then converted into Fru-6-P 8
via gluconeogenesis. Therefore, glycerol feeding promotes sugar
biosynthesis including that of UDP-GIcNAc 5 and is expected to
perform well.

Inexpensive glucose and fructose, which are excellent substrates
for the aerobic growth of E. coli, were also evaluated as feedstocks
for sialic acid production. Glucose and fructose feeding produced
sialic acid at 70 and 46 mg L', respectively. These non-amino
sugars must first be committed into UDP-GIcNAc biosynthesis
by the action of the glucosamine synthase, GImS."”> GImS is the
key regulatory enzyme in UDP-GIcNAc biosynthesis in E. coli
where it transforms Fru-6-P 8 into glucosamine-6-phosphate (7,
GIcN-6-P). GIcN-6-P 7 is then transformed into UDP-GIcNAc 5
by three enzymatic reactions. Upon intracellular transport, both
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glucose and fructose are phosphorylated. Fructose-6-phosphate
8 readily enters UDP-GIcNAc biosynthesis whereas glucose-6-
phosphate (9, Glc-6-P) has to be converted into Fru-6-P 8 by
a phosphoglucose isomerase (Pgi). This isomerization occurs
rapidly, as it is the first step in glycolysis. The comparable and
relatively high titers for sialic acid production from glucose and
fructose were consistent with rapid entry into the glucosamine
biosynthetic pathway.

The level of sialic acid production from each carbon source
varied inversely with the length of the metabolic pathways required
to convert the feedstock into the key metabolite UDP-GIcNAc 5.
This metabolite is the substrate for the neuBC pathway and the rate
of sialicacid production should be proportional to the intracellular
concentration of 5. Thus carbon sources that are rapidly converted
into UDP-GIcNAc 5 via a short metabolic pathway provided the
highest sialic acid titers. While GIcNAc was found to be the most
productive feedstock in generating sialic acid, it was also the most
expensive (Fig. 2). The high titers of glucose coupled to its low
cost made it the feedstock of choice for optimization.

To optimize our sialic acid titers from glucose and fructose,
we modified the production strain. Over-expression of the key
enzyme in the biosynthesis of UDP-GIcNAc"® 5, GImS, was
expected to direct more of the feedstock sugar into UDP-GIcNAc
5 biosynthesis. The increased levels of UDP-GIcNAc 5 should lead
to greater flux through neuC and neuB, providing higher sialic
acid titers. Simultaneous over-expression of glmS with the neuBC
pathway in BRLO2 increased sialic acid production 2- to 3-fold.
The average sialic acid titer from fructose feedings increased from
46 to 130 mg L' with the addition of glmS. With glucose feedings,
the average sialic acid titer increased from 70 to 170 mg L.

Sialic acid production under shake-flask conditions was further
optimized with multiple feedings of glucose. Multiple feedings
are expected to sustain elevated UDP-GIcNAc 5 levels for longer
periods of time, leading to a net increase in sialic acid titer. A
titer of 1.7 g L™ was obtained with 0.5% glucose feedings every
12 hours post induction for 3 d (Fig. 3). A maximum ODy, of
2 AU was obtained during the course of this experiment. Fed
batch high-density E. coli fermentation is known to increase cell
density upwards of 10 fold from shake-flask culture conditions
with maximum ODy,, of greater than 50 AU.® Application of this

600’ AU

.16 ‘proe dljers
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Fig. 3 Sialic acid production reached 1.7 g L~' with multiple feedings
of glucose in BRLO2/neuBCglmS fermentation. Mean and standard
deviation of triplicate 250 mL shake-flask results are shown.

technology to our system should substantially increase sialic acid
production to generate industrially relevant titers (>10 g L™").

A strength of our fermentation-based system is that sialic acid
analogs can also be produced via precursor-directed biosynthesis.
N-Acylglucosamine analogs can be transported into the cell and
metabolized in place of GlcNAc. Conversion of these compounds
into N-acyl analogs of N-acetylmannosamine 2 provides sub-
strates for NeuB that can be converted into sialic acid analogs
(Fig. 4). Multiple feeding of the BRL02/neuBCglmsS strain with
N-butanoylglucosamine led to production of N-butanoyl sialic
acid at a titer of approximately 20 mg L' (Fig. 5).

0

HEY )LR OHon €Oz
HO 9 HO—HN
HO OH—s_ o _, _HO! 07 OH
NH —=HO OH NH
0= HO 0= OH
R R
N-acyl- N-acyl- N-acyl-

glucosamine mannosamine sialic acid

Fig. 4 Because the N-acyl group (shaded) from glucosamine is re-
tained during the biosynthesis of sialic acid, feeding our E. coli system
N-acylglucosamine analogs should lead to N-acyl sialic acid analog
production.

The low titer of sialic acid analog production is likely due to high
substrate specificity of GImM or GlmU. GlmM converts GIcN-
6-P 7 into the activated 1-phosphate sugar and GImU generates
the UDP-activated sugar 5 from the 1-phosphate sugar. This is
the principle route for UDP-GIcNAc 5 formation. In vitro studies
suggests that these enzymes are substrate specific and may not
be able to efficiently process N-acyl analogs of glucosamine,'”!®
leading to low levels of UDP-activated N-acylglucosamine. Low
levels of UDP-activated N-acylglucosamine decreases the flux
through our sialic acid biosynthetic pathway as well as inhibiting
cell growth and slowing cell wall biosynthesis. Because NeuB and
NeuC orthologs are known to be broadly substrate tolerant, NeuB
and NeuC are expected to process N-acyl analogs of their native
substrates.'*?

Broadening the substrate tolerance of GiImM and GImU should
dramatically increase analog product titer. This should facilitate
large scale production of analogs such as N-azidoacetyl- and
N-levulinoyl sialic acid, which have been used in in vivo tumor
imaging and modulation of cell-cell interactions, respectively.?

Conclusions

We have successfully engineered E. coli to produce sialic acid
and N-acyl sialic acid analogs, complex, biologically important
molecules that have significant applications in both medicine and
biotechnology. The cost of sialic acid production from metabol-
ically engineered E. coli (<$1 per gram) is substantially lower
than that of chemical synthesis (retail value >$400 per gram?),
and unlike enzymatic synthesis, metabolically engineered E. coli
are more readily scalable for industrial production. From low-
cell density shake-flask cultures, sialic acid production reached a
maximum of 1.7 g L~". High-cell density fermentation coupled
with strain optimization should substantially increase sialic acid
production.
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Fig.5 Sialicacid analogs could be produced when cultures were fed with modified glucosamine derivatives. LCMS (ESI positive) analyses of fermentation
broths from shake flask feeding experiments are shown. All experiments were performed in duplicate. Acid catalyzed esterification was used to generate
the methyl esters of the products for improved HPLC separation. HPLC conditions: Alltima C,; LC-MS, 3 u, 150 mm x 2.1 mm; Mobile phase A, 5.0%

acetonitrile, 0.05% formic acid in H,O; Mobile phase B, 5.0% H,0 0.05% formic acid in acetonitrile: Flow rate, 0.100 mL min~

B then a linear gradient from 0% B to 95% B over 10 min.

There are a limited number of examples of rationally engineered
fermentation friendly organisms (E. coli and Saccharomyces
cerevisiae) that produce substantial amounts of non-native com-
plex molecules.® A herculean effort enabled production of the
antimalarial isoprenoid artemisinin (C,4, 7 stereocenters) in S.
cerevisiea with a titer of 0.10 g L~".2* High-cell density fed-batch
E. coli fermentation has been used to produce the polyketide
6-deoxyerythronolide B* (C,,, 10 stereocenters) at a titer of
0.70 g L™ and the primary metabolite shikimic acid* (C,, 3
stereocenters) at a titer of 52 g L™'. Our system compares favorably
with these studies. While sialic acid (C,, 6 stereocenters) is less
complex than artemisinin and 6-deoxyerythronolide B, it is more
complex than shikimic acid. Our multigram per liter titers from
low density shake-flask cultures are superior to artemisinin and
6-deoxyerythronolide B titers and with high-density fermentation
techniques may be comparable to the shikimic acid titers. This
work thus represents a major contribution to the field by demon-
strating that fermentation friendly organisms can be rationally
engineered to produce complex, non-native carbohydrates.

Our ability to access an analog as well as the natural product
is a major advance in the engineering of fermentation-friendly
organisms to produce complex molecules. We have demonstrated
in this study that precursor-directed biosynthesis?” can be used to
introduce limited diversity into the N-acyl group of sialic acid. This
is an important site for diversity in sialic acid since N-acyl sialic
acid analogs have been shown to differentially modulate cell-cell
interactions.”®? Future studies will determine if this method is a
general approach for introducing diversity into the N-acyl group
of sialic acid. Additionally our fermentation strategy should be
sufficiently plastic to permit the introduction of product tailoring
enzymes. Because many sialic acid tailoring enzymes have been
characterized,’** we anticipate being able to generate even greater
sialic acid diversity through this approach. Because of the high
demand and limited availability of sialic acid analogs, access to

'; gradient, 10 min at 0%

these compounds will have a large, positive impact on sialic acid
biology.

Experimental

Reagents were purchased from Fisher Scientific/Aldrich and were
used without further purification. NMR spectra were recorded
on a Bruker DPX-300 spectrometer calibrated using residual
undeuterated solvent as an internal standard. LC-MS was per-
formed on a Shimadzu LCMS 2010 A single quadrupole mass
spectrometer using electrospray ionization.

Construction of metabolically engineered Escherichia coli strain
BRL02

Genomic DNA from Neisseria meningitidis ATCC® BAA-335D
and XL1 Blue Escherichia coli (Stratagene, La Jolla, California)
were used for PCR. Pfu Turbo® DNA polymerase (Stratagene, La
Jolla, California) and the thermocylcer Mastercycler® personal
(Eppendorf, Hamburg, Germany) were used for all PCR reactions.
The neuB and neuC genes were amplified from N. meningitidis
MCS58 group B genomic DNA by Polymerase Chain Reaction
(PCR). The glmS gene was amplified from E. coli genomic DNA
by PCR. The neuB, neuC and glmS primers used for PCR are
listed in the electronic supplementary informationf. Touchdown
and hotstart PCR were performed for all amplifications, and the
thermocycler conditions were as follows: one cycle of 95 °C for
5 min, 15 cycles of 30 s at 95 °C, 30 s at 72-57 °C (—1 °C per
cycle), and 90 s at 72 °C, 15 cycles of 30 s at 95 °C, 30 s at
57 °C, and 90 s at 72 °C, and one cycle of 10 min at 72 °C. PCR
products for neuB, neuC and gimS were cloned into pCR-Blunt
(Invitrogen, Carlsbad, California) following the manufacturer’s
instructions. Cloned genes were sequenced (DNA Core Facility,
Upstate Medical University, Syracuse, New York). An internal
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EcoRI site in neuB was removed through the Quikchange® site-
directed mutagenesis kit (Qiagen, Valencia, California). Genes
were subsequently subcloned under the T7-promoter of the vector
pKH?22 to generate the plasmids pBRL22 (pKH22-neuBneuC)
and pBRL47 (pKH22-neuBneuCglmsS) using standard molecular
cloning techniques.** Plasmids have ampicillin resistance markers.

A nanT knockout E. coli K-12 strain MG1655 named FB21071
was requested from the Blattner laboratory (E. coli Genome
Project) at the University of Wisconsin, Madison, WI. This
strain has a Tn5 insertion into the nanT gene that confers
kanamycin resistance. To allow for gene expression from T7-
promoter plasmids, a T7 RNA polymerase gene under a lac-
promoter was inserted into the chromosome of FB21071 using
the ADE3 lysogenization kit (Novagen, San Diego, California)
to generate the strain BRLOI. The lambda Red system®* was
used to knockout the nand gene of BRLO1 to generate the
nanT~ nanA~ E. coli strain BRLO2. Briefly, a cassette encoding
tetracycline resistance was amplified from the vector pBR322
(New England Bio Labs, Ipswich, Massachusetts) using the
primers 5-atggcaacgaatttacgtggcgtaatggetgeactectgactcctitigate
atgtttgacagcttatcatcgat-3' and 5'-tcacccgegetctigeatcaactgetggge
cagcgcectteagtictggeatccaattettggagtggtgaatceg-3'. Primers con-
sisted of 50 nt homology with nanA (italicized) and 25 nt with the
tetracycline resistance gene (not italicized). The thermocycler con-
ditions used are identical to those stated above. The tetracycline-
resistance cassette was gel purified from the PCR reaction and
then concentrated by ethanol precipitation. BRLO1 transformed
with pKD46, which harbors the lambda Red proteins necessary
for recombination, were grown in Luria—Bertani (LB) media at
30 °C with shaking, 150 rpm, until an ODy, = 0.1. Expression
of the lambda Red genes was then induced with 0.1% arabinose,
and the induced cells continued to grow until an ODy,, of 0.5 was
reached. The cells were made electrocompetent and transformed
with 100 ng DNA per 50 pL cells of the tetracycline-resistance
cassette. Transformed cells were recovered in LB for 1 hourat 37°C
with shaking and then plated on LB supplemented with kanamycin
(50 pg mL™") and tetracycline (10 pg mL™"). Transformants were
screened for nanA and nanT deletions by PCR.

Shake-flask experiments of metabolically engineered E. coli

F1 minimal media consisting of per liter, 6.62 g K,HPO,, 3.0 g
KH,PO,, 4.0 g NH,SO,, 170.5 mg MgSO,, and 0.5% filtered-
sterilized carbon source was used for all shake-flask experiments.?
All media was supplemented with the appropriate antibiotics
unless otherwise noted: kanamycin (50 pg mL™"), carbencillin
(50 ug mL~") and tetracycline (10 ug mL™"). All experiments were
done in triplicate. Per replicate, a 10 mL starter culture was grown
in LB media at 37 °C for 18 h with shaking, 250 rpm. Cells
from the starter culture were harvested and diluted into 50 mL
of Fl in a 250 mL Erlenmeyer flask. The inoculated cultures
were grown at 30 °C with shaking, 150 rpm, and were induced
with 0.1 mM isopropyl-p-D-thiogalactopyranoside (IPTG) when
their ODygy = 0.6-0.8. The induced cultures were grown for 48 to
98 h (depending on the experiment, see below), and samples of
1 mL were taken at spaced intervals. Cells were removed from the
samples by centrifugation, and the supernatants were boiled for
10 minutes. The boiled supernatants were quantified for sialic acid
activity by the NanA/LDH assay (see below).

Two types of experiments were conducted: single feeding and
multiple feedings. For single feeding experiments, a single initial
carbon source at 0.5% was fed to the culture. Cultures were grown
for 48 h post induction, and the sialic acid titers were determined.
Single-feeding experiments were used to screen carbon sources
or feedstocks for sialic acid production and included GlcNAc,
glucose, fructose, maltose, and glycerol. Production of sialic
acid was optimized for BRL0O2/pBRL47 cells through multiple
feedings of 0.5% glucose. Doses of 0.5% glucose and ammonium
hydroxide were added at 0, 12, 24, 36 and 48 h post induction,
and the induced BRL02/pBRLA47 cells were grown for 98 h. The
ammonium hydroxide served to maintain the pH 6.9-7.1 and as a
nitrogen source.

Production of sialic acid was confirmed by proton NMR in
D,O0. Sialic acid was purified from a cultural broth by removing
the cells via centrifugation and then isolating the sialic acid in
the supernatant by ion-exchange chromatography as described.®
Sialic acid: "H NMR (300 MHz, D,0) ¢ = 3.98-3.91 (m, 2H, H6
and H4), 3.82, (dd, J = 10, 10 Hz, 1H, HY), 3.74 (dd, J = 11.5,
1.5 Hz, 1H, H9), 3.68-3.62 (ddd, J = 9.0, 6.0, 2.5 Hz, 1H, HS),
3.52(dd,J=11.5,6.5Hz, 1H,H9'),3.45(J =9.0, 1.0 Hz, 1H, H7),
1.77 (dd, J = 13.0, 4.5 Hz, 1H, H3p), 1.95 (s, 3H, COCH,), 1.77
(dd, J =13.0, 11.5 Hz, 1H, H3a); MS (ESI) calc’d for C,,H,)NO,
(M + H*) 310.1, observed 310.0, calc’'d for C,;H,;NOyNa (M +
Na*) 332.1, observed 332.0. Purity was calculated to be >90%
based on "H NMR. Product characterization agreed with literature
characterization.’

NanA/LDH assay for measuring sialic acid concentration

Sialic acid concentrations were determined using the sialic
acid aldolase-lactate dehydrogenase (NanA/LDH) assay as
described.’” LDH was purchased from Roche (Penzberg, Ger-
many), and NanA was isolated from recombinant E. coli. Ab-
sorbances were measured in a GENESYS 20 spectrophotometer
(Thermo Electron Corporation, Madison, Wisconsin). The dy-
namic range of the assay was found to be 0.035 to 0.002 mg mL"!
(0.11 t0 0.006 mmol L") sialic acid. Reaction conditions consisted
of 100 mM Tris buffer (pH 8.0), 0.15 mM NADH, 2.5 ug mL™'
LDH, 5 pg mL~" NanA, and 0.010-0.030 mg mL~" of sialic acid.
Reactions were carried out with all the above components except
NanA at 37 °C for 1 h. Initial absorbances at 340 nm were then
recorded. NanA was then added to the reactions, and the reactions
were incubated at 37 °C for 3 h. The final absorbances were
measured, and the differences between initial and final absorbance
values were fitted against a standard curve to quantify the sialic
acid concentration in the samples.

Synthesis of N-butanoylglucosamine

Glucosamine hydrochloride (5.0 g, 23 mmol, 1.0 equiv.) and
triethylamine (16 mL, 115 mmol, 4.8 equiv.) were suspended
in DMF (48 mL) at room temperature. The reaction mixture
was stirred for 30 minutes at which butyric anhydride (4.5 mL,
27 mmoL, 1.2 equiv.) was added dropwise. The reaction was
stirred for 18 h at room temperature. Ethyl acetate and hexane
(800 mL, 1 : 3 v : v) was added to precipitate the product.
The mixture was stirred for 30 minutes, filtered and the solid
was repeatedly washed with hexane. The solid was dissolved in
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methanol (200 mL) filtered and dried under vacuum to afford
5.1 g (20 mmol, 87% yield) of a 1 : 1 mixture of the o.: B anomers
of N-butanoyl glucosamine. '"H NMR (300 MHz, D,0) 6 = 5.09
(d, J = 3.5 Hz, 0.5H, o-H1), 4.60 (d, J = 8.0 Hz, 0.5H, B-H1),
3.84-3.57 (m, 4H, H3, H4, HYS), 3.40-3.32 (m, 1H, H2), 2.18
(t, J = 7.0 Hz, 1H, COCH,CH,CH,), 2.17 (t, J = 7.0 Hz, 1H,
COCH,CH,CH;), 1.52 (sextet, J = 7.0 Hz, 2H, COCH,CH,CH,),
0.82 (t, J = 7.5 Hz, 1.5H, COCH,CH,CH), 0.81 (t, J = 7.5 Hz,
1.5H, COCH,CH,CH;); MS (ESI) calc'd for C,,H,,NO, (M +
H*) 250.1, observed 250.0. Product characterization agreed with
literature characterization.®®

Enzymatic synthesis of NV-butanoyl sialic acid

Enzymatic synthesis of N-butanoyl sialic acid was carried out
in 60 mM Tris, pH 8.0, 20 mM ATP, 20 mM MgCl,, 15 mM
N-butanyolglucosamine, 750 mM pyruvate, 0.2 mg mL~' NanA
and 0.2 mg mL™' NanE (N-acetylmannosamine-6-phosphate
epimerase). The NanA and NanE proteins were prepared as
described.*” The enzymatic reaction was incubated at 37 °C. After
3 h a 20 pL sample was removed and quenched with 200 uLL of
methanol. Catalytic amounts of Amberlyst 15 (5 mg) were added
and the mixture was shaken for 18 h at room temperature. Mixtures
were centrifuged at 16000 x g for 10 min. The supernatant was
removed and dried under vacuum. The sample was suspended
in 50 pL water and analyzed by LC-MS (Analysis performed in
duplicate. Stationary phase, Alltima C;3 LC-MS, 3 u, 150 mm x
2.1 mm; Mobile phase A, 5.0% acetonitrile, 0.05% formic acid in
H,O; Mobile phase B, 5.0% H,0 0.05% formic acid in acetonitrile:
Flow rate, 0.100 mL min~'; gradient, 10 min at 0% B then a
linear gradient from 0% B to 95% B over 10 min). MS (ESI)
calc’'d for C,H,xNO, (M + H*) 352.2, observed 352.1; calc’d for
C,HsNOyNa (M + Na*) 374.1, observed 374.0.

N-Butanyol sialic acid production from BRL02/pBRL47 E. coli

Analog production experiments were done as described
(see “Shake-flask experiments of metabolically engineered
E. coli”). N-Butanoyl sialic acid production was optimized from
BRLO0O2/pBRL47 cells by multiple-feedings of 0.3% glycerol
and either 0.3% N-butanyolglucosamine or N-acetylglucosamine
(negative control). Doses of feedstock and ammonium hydroxide
were added at 0, 12, 24, 36 and 48 h post induction, and the induced
BRLO02/pBRL47 cells were grown for 98 h. The ammonium
hydroxide served to maintain the pH 6.9-7.1 and as a nitrogen
source. Combined sialic acid and N-butanoyl sialic acid titers
were determined by the NanA/LDH assay (see above). Average
combined titer from N-butanoylglucosamine feedings was 67 +
26 mg L~'. Average combined titer from N-acetylglucosamine
feedings was 822 + 23 mg L~'. N-Butanyol sialic acid product
was verified by LC-MS (in duplicate) using the following protocol.
From 50 mL of cell-free broth, a 2 mL aliquot was dried under
vacuum and suspended in 100 pL. H,O. Methanol (3 mL) and
Amberlyst 15 (50 mg) were added and the reaction stirred for
12 h. A 200 pL aliquot was dried under vacuum, resuspended in
50 uL water and analyzed by LC-MS (Stationary phase, Alltima
Cis LC-MS, 3 u, 150 mm x 2.1 mm; Mobile phase A, 5.0%
acetonitrile, 0.05% formic acid in H,O; Mobile phase B, 5.0%
H,0 0.05% formic acid in acetonitrile: Flow rate, 0.100 mL min~';

gradient, 10 min at 0% B then a linear gradient from 0% B
to 95% B over 10 min). A 2 : 1 ratio of sialic acid to N-
butanoyl sialic acid (from the N-butanoylglucosamine feeding
experiment) was approximated from the LC-MS analysis. MS
(ESI) calc’d for C,H,xNO, (M + H*) 352.2, observed 352.0; calc’d
for C,H,sNOy,Na (M + Na*) 374.1, observed 374.0.
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A calix[4]phyrin-(1,1,1,1) substituted with a 4-isothiocyanatophenyl group has been synthesised and
used to attach the macrocycle to a solid support. The NCS group can also be used to further
functionalise the calix[4]phyrin-(1,7,1,]) by reaction with amines and amino acids. Stability constants
for anion binding by the calix[4]phyrin-(1,/,7,1) are reported and these show a clear ability to
differentiate F~ and HSO,~ from Cl-, Br~, I~ which can be detected by both NMR and UV-visible

spectroscopy.

Introduction

The last decade has seen a growing interest in the chemistry of
tetrapyrrolic macrocycles with mixtures of sp®> and sp® carbon
atoms bridging the four pyrroles. These molecules, which can be
regarded as partially reduced porphyrins, have shown interesting
properties as sensors for anions and neutral substrates.! The
cation binding properties of these macrocycles have also been
studied in detail.? This class of molecules as a whole is referred
to as calixphyrins, with those containing four pyrrole rings
being sub-classified as calix[4]phyrins® to differentiate them from
the so-called “expanded” or hetero-calixphyrins, such as those
introduced by Sessler et al.** Macrocycles in which four pyrroles
are linked exclusively by sp® hybridised carbons are termed
calixpyrroles.®

Calix[4]pyrrole Calix[4]phyrin(1,1,1,7)  Calix[4]phyrin(1,7,1,7)

Perhaps the most studied property of these molecules has been
their ability to bind anions, which can be exploited in sensing
mode’ or for purification/removal of anions from mixtures when
bound to solid supports.! The majority of these studies have been
performed on the calix[4]pyrroles, as these molecules present four
hydrogens bound to pyrrolic nitrogens in a suitable orientation
for interaction with the anionic species. Only one report, to our
knowledge, has mentioned anion binding ability for the related
calix[4]phyrin-(1,1,1,7)s, however this short communication® pro-
vided no stability constant data and reported qualitative changes
in UV-visible spectra linked to mass spectral evidence for binding.
In a further study, Sessler ar al’® also attached calixpyrroles to
silica gel by carbodiimide coupling and demonstrated their utility

Department of Chemistry, University of Hull, Kingston-upon-Hull, E. Yorks,
UK HU6 7RX. E-mail: rw.boyle@hull.ac.uk; Fax: +44 1482 466410;
Tel: +44 1482 466353

in HPLC separation of nucleotides, oligonucleotides, N-protected
amino acids and perfluorinated biphenyls.

Few reports have appeared on calix[4]phyrin-(1,7,7,1),> and
only recently have Kral er al.'® published a rational synthesis of
this class of calixphyrin bearing functional groups suitable for
further modification. Here we present for the first time an efficient
synthetic route to 4-isothiocyanatophenyl calix[4]phyrin-(1,7,1,1)
and demonstrate how this molecule can be used as a common
intermediate to generate a range of substituted derivatives. We
also show that the isothiocyanato group allows facile attachment,
without the requirement for carbodiimide activating groups, of the
calix[4]phyrin-(1,1,1,1) to an amino substituted tentagel resin and
demonstrate the ability of the resulting material to bind fluoride
anions.

Results and discussion

In order to synthesise 4-isothiocyanatophenyl calix[4]phyrin-
(1,1,1,1) (4), 5,5-dimethyldipyrromethane (1)" was condensed
with 4-nitrobenzaldehyde in the presence of trifluoroacetic acid
to give 5-(4-nitrophenyl)-10,15,20-tris-(dimethyl)-calix[4]phyrin-
(1,1,1,1) (2) in 35% yield. The reaction mechanism in-
volves partial “scrambling” of the dipyrromethane (1) as
described by Kral er «al' Catalytic hydrogenation of 2
over palladium on charcoal gave 5-(4-aminophenyl)-10,15,20-
tris-(dimethyl)-calix[4]phyrin-(1,7,7,7) (3) in 90% yield. Fi-
nally, 3 was treated with 1,1’-thiocarbonyldi-2,2-pyridone in
dichloromethane to give 5-(4-isothiocyanatophenyl)-10,15,20-
tris-(dimethyl)-calix[4]phyrin-(1,7,1,7) (4) in 92% yield (Scheme 1).

In order to investigate the utility of 4 for generating a variety
of functionalised calix[4]phyrin-(1,7,7,1)s, a small number of
representative amines was selected and reacted by stirring in a
2 : 1 ratio with 4 at room temperature for 1 hour. All amines
reacted as expected to give derivatives 5-8 (Scheme 1) in good to
excellent yields (76-95%).

In addition to being an efficient group for reaction with
amines to form covalent thiourea bonds under ambient conditions,
isothiocyanates are also known to react with amino acids to
give heterocyclic products. In order to investigate if this was a
viable route to calix[4]phyrin-(1,7,/,1) heterocyclic conjugates, 4
was reacted with the methyl esters of phenylalanine and valine
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Scheme 1 Synthesis and reactions of 5-(4-isothiocyanatophenyl)-10,15,
20-tris-(dimethyl)-calix[4]phyrin-(1,1,1,1).

respectively. In both cases, efficient reaction occurred to give the
corresponding thioxoimadazolidine derivatives 9, 10 (Scheme 1)
in 84 and 95% yields.

The chemistry of calix[4]pyrroles has been widely reported,
along with their anion and neutral substrate binding proper-
ties; however, there are relatively few reports of the related
calix[4]phyrin-(1,1,1,1) systems, probably due to the lack of
efficient synthetic routes to this macrocycle. To our knowledge,
there are no reports of anion binding by calix[4]phyrin-(1,7,1,1)s.
We were therefore interested to determine if the calix[4]phyrin-
(1,1,1,1) core, which is significantly structurally and electronically
different from calix[4]pyrroles and calix[4]phyrin-(1,/,1,1), also
possessed anion binding ability. A solution of the free base
of 2 in CD,Cl, was prepared and titrated with a solution of
Bu,N*F~ in CD,Cl,. Following the signal from the inner NH
protons at 7.9 ppm as the number of equivalents of Bu,N*F~ was
increased showed a significant downfield shift, associated with
formation of hydrogen bonding interactions between the anion
and calix[4]phyrin-(1,7,7,1) core (Fig. 1a).

We have previously demonstrated that the isothiocyanato group
can be used as an efficient conjugation “handle” for attach-
ing porphyrins to solid supports.”* It was therefore of interest
to investigate if the structurally related 4-isothiocyanatophenyl
calix[4]phyrin-(1,7,1,1) (4) could similarly be used to introduce
anion binding ability to solid supports bearing amines. Tentagel S
NH, was selected to investigate this potential application. 4 was
stirred with the solid supported amine in dichloromethane for
two hours at room temperature (Scheme 1). After filtration and
washing of the resin, the conjugate (11) was investigated using
diffuse reflectance UV-visible spectroscopy, which clearly showed

(@

NH
|

[ /]
[ /]
[ ][]

1 105 10 95 9 85 8

8 4 [ppm

/
/ NH\
/

Fig. 1 (a) Partial '"H NMR spectra for 2 showing effect of increasing
concentrations of Bu,NF (0, 0.25, 0.5, 1, 2, 4 equivalents from front to
back); (b) 'H magic angle spinning spectra of tentagel resin (lower), 11
(middle) and 11 in the presence of fluoride anions (upper). Upon addition
of fluoride anions, peaks at 10.2 and 8.35 ppm are both shifted downfield
by about 1.5 ppm. In an analogous situation to that seen in the liquid state
spectra, peaks at 7.4 and 7.8 ppm are significantly broadened and shifted
upfield by over 4 ppm. Spectra were collected at 500 MHz with 10 kHz
sample spinning, at 293 K and externally referenced to TMS at 0 ppm.
Spectra are the sum of § scans.

the absorbance band at 470 nm associated with the chromophoric
calix[4]phyrin(1,7,7,1) unit (Fig. 2).

Having successfully loaded 4 onto a solid support, it remained to
investigate if the resin-bound 4 retained the ability to bind fluoride
anions already demonstrated in solution. In order to ascertain this,
a series of solid phase NMR experiments was performed with the
conjugate (11) before and after addition of a soluble fluoride salt.
Characteristic shifting in the peak at 7.8 ppm assigned to the inner
NHs demonstrated the ability of 4 to bind fluoride anions after
conjugation to a solid support (Fig. 1b).

In order to determine the relative binding properties of different
anions to the calix[4]phyrin-(1,7,7,1), a CD,Cl, solution of 2 was
titrated with tetrabutylammonium fluoride, chloride, bromide and
iodide, respectively, and chemical shift values were fitted using
the WIinEQNMR program.®® Stability constants generated in this
way clearly show that 2 binds fluoride, chloride and bromide,
but not iodide; however, while minor differences in these values
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Fig. 2 Diffuse reflectance UV-vis. spectra of tentagel (lower), the
isothiocyanate calixphyrin (upper) and the calixphyrin immobilized on
tentagel (middle).

were seen for chloride and bromide, comparison with fluoride
indicates binding for this anion that is approximately two orders
of magnitude greater (Table 1). A non-halogen anion, hydrogen
sulfate, was also investigated and this gave a stability constant of
0.689 M.

Finally, it was of interest to determine whether the large differ-
ence in stability constants found for fluoride relative to the other
halogens, combined with the optical properties of calix[4]phyrin-
(1,1,1,1), could be used to discriminate between halogens using
UV-visible spectroscopy. In order to investigate this, equimolar so-
lutions of 2 were treated with excess tetrabutylammonium fluoride,
chloride, bromide and iodide respectively. Molar absorptivities
were then calculated at two wavelengths, 458 nm and 433 nm,
corresponding to the 4, for 2 before and after addition of fluoride
(Fig. 3). Comparison of ¢ values at these two wavelengths, before

149
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07 {
08
0.5 |
04 1.
03 -
02

014

350 400 450 500 550 600 650 700
Fig. 3 UV-visible spectra of 2 before (solid) and after addition of tetra-
butylammonium fluoride (dashed) and tetrabutylammonium hydrogen
sulfate (dotted).

Table 1 Stability constants and UV-visible spectroscopic data for com-
plexes of 2 with anions in CD,Cl, at 293 °K

Anion Stability constant/M™" AG°/kJ mol™" & (458 nm) & (433 nm)

None — — 14400 11700
F 63.9 —10.2 11200 11800
Cl 0.9 0.413 13400 11100
Br 0.4 2.41 13300 10900
I 0 0 13500 11500

and after addition of halogen anion to 2 (Table 1), indicates that
fluoride undergoes a significantly larger decrease in this value
(—3200 M™" em™') compared to chloride (—1000 M~ cm™),
bromide (—1100 M~' cm™") and iodide (—900 M~' cm™); this,
combined with the 433 nm value, which for fluoride is virtually
unchanged, suggests potential applications for calix[4]phyrins-
(1,1,1,1) in ratiometric sensing of fluoride. Interestingly, treatment
with tetrabutylammonium hydrogen sulfate resulted in a smaller,
but significant, bathochromic shift (12 nm). The hypsochromic
shift in absorption maxima, which only occurs for fluoride binding
(25 nm) with calix[4]phyrin-(1,7,7,1) and bathochromic shift for
hydrogen sulfate binding (12 nm) is in contrast to the behaviour for
calix[4]phyrin-(1,1,1,1) as reported by Sessler ez al.,® who observed
no shift in 4,,,, but rather a minor increase in absorption value
for chloride and fluoride and no change for bromide; binding of
iodide was not investigated.

Conclusions

In conclusion, we have demonstrated that the calix[4]phyrin-
(1,1,1,1) core can be derivatised with an isothiocyanatophenyl
substituent in excellent yield, and that this group is a versatile
functional group, which can be used to attach a variety of amine
bearing substituents, including amino presenting solid supports,
and fabricate calix[4]phyrin-(1,7,7,7)s with attached heterocycles.
We have also shown, for the first time, that the calix[4]phyrin-
(1,1,1,1) macrocycle demonstrates significantly different stability
constants for anion binding with fluoride compared to chloride,
bromide and iodide and that this can be detected by both NMR
and UV-visible spectrometry. Finally, the calix[4]phyrin-(1,7,1,1)
core represents an interesting hydrid between calix[4]pyrrole,
which binds anions but has no absorption in the visible spectrum,
and calix[4]phyrin-(1,7,1,7), which absorbs light in the visible
region, but shows no variation in wavelength of absorption on
anion binding.

Experimental
General

"H NMR and “C NMR spectra were recorded on a JEOL JNM-
LA-400 spectrometer and are referenced downfield to tetram-
ethylsilane. Solid-state NMR measurements were performed on
a Bruker Avance 500 at 500 MHz with 10 kHz sample spinning.
UV-vis spectra were recorded on an Agilent 8453 UV-visible
spectrophotometer. Accurate masses were obtained from the EP-
SRC Mass Spectrometry Service, Swansea, Wales. All commercial
chemicals and solvents were of reagent grade or higher and
were used as received, unless otherwise specified. All experiments
with moisture- or air-sensitive compounds were performed in
anhydrous solvents under a nitrogen atmosphere. TLC analyses
were performed on Merck silica gel 60 plates (F,s,, 0.2 mm thick).
Flash column chromatography was performed with MP silica gel
60 (32-63) with all of the crude reaction mixtures being pre-
adsorbed onto silica gel prior to separation, unless otherwise
stated. All purified compounds were found to contain only one
component by TLC analysis. Stability constants were determined
by NMR using the WinEQNMR program.'
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5-(4-Nitrophenyl)-10,15,20-tris-(dimethyl)-calix[4]phyrin-(1,7,
1,1) 2). To a degassed solution of 5,5-dimethyldipyrromethane
(2.65 g, 15 mmol) and p-nitrobenzaldehyde (1.13 g, 7.5 mmol)
in CH,Cl, (500 mL) under argon, was added TFA (0.11 mL,
1.5 mmol) and the mixture was stirred at RT for 72 h. DDQ
(3.41 g, 15 mmol) was added, the reaction mixture stirred for 2 h
and then filtered through a fritted funnel. The organic layer was
washed with saturated aq. Na,CO; solution (3 x 100 mL) and
dried over anhydrous MgSO,. The solvent was removed under
vacuum and the crude residue was purified by silica gel column
chromatography (hexane-EtOAc (5 : 1)) to give the product as
a dark red solid (35%, 1.36 g). '"H NMR (CDCl;, 400 MHz) ¢
(ppm): 1.63 (s, 12H, Hy.), 1.66 (s, 6H, Hy.), 6.02 (t, 2H, J =
2.7Hz, Hy), 6.08 (t, 2H, J = 2.7 Hz, Hy), 6.26 (d, 2H, J = 4.4 Hz,
H,), 6.35 (d, 2H, J = 4.4 Hz, Hy), 7.56 (d, 2H, J = 8.8 Hz, H,,),
7.91 (br s, 3H, Huu), 8.26 (d, 2H, J = 8.8 Hz, H,,). "C NMR
(CDCl;, 100 MHz) ¢ (ppm): 28.76, 28.94, 35.68, 37.08, 103.49,
104.35, 115.15, 122.71, 128.91, 131.51, 135.93, 136.14, 138.94,
139.16, 144.62, 165.98. HRMS(ESI): calculated 520.2707; found
520.2706.

5-(4-Aminophenyl)-10,15,20-tris-(dimethyl)-calix[4]phyrin-(1,7,
1,1) (3). To asolution of 2 (0.26 g, 0.5 mmol) in ethanol (10 mL)
were added hydrazine hydrate (1.5 eq.) and a catalytic amount
of palladium on carbon. The reaction mixture was heated under
reflux overnight, cooled and filtered through a pad of celite. The
solvent was removed under vacuum and the residue purified by
silica gel chromatography (CH,Cl,—EtOAc (9 : 1)) to give 3 as a
red solid (90%, 0.22 g). '"H NMR (CDCl;, 400 MHz) 6 (ppm): 1.63
(s, 12H, Hy), 1.64 (s, 6H, Hyy.), 3.47 (br's, 2H, Hyp), 5.99 (t, 2H,
J = 5.9 Hz, Hy), 6.03 (t, 2H, J = 5.9 Hz, H;), 6.34 (d, 2H, J =
4.2 Hz, Hy), 6.50 (d, 2H, J = 4.2 Hz, Hy), 6.63 (d, 2H, J = 8.4 Hz,
H,,), 7.18 (d, 2H, J = 8.4 Hz, H,,), 11.58 (br s, 1H, Hyy). *C
NMR (CDCl;, 100 MHz) 6 (ppm): 28.99, 29.09, 35.70, 37.08,
103.38, 104.10, 113.86, 114.04, 128.12, 129.58, 132.67, 138.94,
139.84, 147.12, 164.26. HRMS(ESI): calculated 490.2965; found
490.2959.

5-(4-Isothiocyanatophenyl)-10,15,20-tris-(dimethyl)-calix|4]phy-
rin-(1,1,1,1) (4). To a solution of 3 (0.24 g, 0.5 mmol) in CH,Cl,
(10 mL) was added 1,1’-thiocarbonyldi-2,2"-pyridone (TDP)
(2 eq.) and the solution was stirred for 1 h. The solvent was
removed under vacuum and the solid residue was purified by silica
gel column chromatography (hexane—EtOAc (9 : 1)) to give 4 as
a red solid (92%, 0.24 g). '"H NMR (CDCl;, 400 MHz) 6 (ppm):
1.63 (s, 12H, Hy), 1.66 (s, 6H, Hy..), 6.01 (t, 2H, J = 6.2 Hz, Hy),
6.06 (t, 2H, J = 6.2 Hz, Hy), 6.33 (d, 2H, J = 4.2 Hz, Hy), 6.35 (d,
2H, J = 4.2 Hz, Hy), 7.24-7.27 (m, 2H, H,,), 7.36-7.39 (m, 2H,
H,.), 7.92 (br's, 2H, Hyy). "C NMR (CDCl;, 100 MHz) 6 (ppm):
28.91,29.01, 35.73, 37.13, 103.52, 104.31, 114.79, 124.84, 129.15,
131.59, 131.99, 136.14, 137.09, 137.64, 138.94, 139.64, 165.48.
HRMS(ESI): calculated 532.2529; found 532.2525.

Reaction of 5-(4-isothiocyanatophenyl)-10,15,20-tris-(dimethyl)-
calix[4]phyrin-(1,1,1,1) (4) with amines. To a solution of 4
(0.2 mmol) in CH,Cl, (5 mL) was added amine (2 eq.) at RT with
stirring. Progress of the reaction was monitored by TLC. Solvent
was removed under vacuum and the crude solid purified by silica
gel column chromatography to give the product in 76-95% yield.

Table 2
Entry Substrate t/h Yield (%)
5 Allylamine 1 76
6 t-Butylamine 1 90
7 Benzylamine 1 95
8 Aniline 0.5 82

5. 'H NMR (CDCl,, 400 MHz) 6 (ppm): 1.63 (s, 12H, Hy,.),
1.66 (s, 6H, Hy.), 4.35 (t, 2H, J = 5.3 Hz, Heyp), 5.21-5.26 (m,
2H, CH,=), 5.91-5.96 (m, 1H, Hey,o), 6.01 (t, 2H, J = 3.1 Hz, Hy),
6.07 (t, 2H, J = 3.1 Hz, Hy), 6.22 (br s, 1H, Hyy), 6.35 (m, 4H,
H,), 7.25 (d, 2H, J = 8.1 Hz, H,,), 7.45 (d, 2H, J = 8.1 Hz, H)),
7.86 (br s, IH, Hyy), 7.95 (br s, 2H, Hyy,) *C NMR (CDCL,, 100
MHz) 6 (ppm): 28.92, 29.01, 35.73, 37.13, 48.05, 103.51, 104.32,
114.76, 117.45, 123.54, 129.21, 132.68, 133.18, 136.15, 136.31,
137.74, 138.97, 139.68, 165.50, 180.76. HRMS(ESI): calculated
589.3108; found 589.3108.

6. 'H NMR (CDCl,, 400 MHz) 6 (ppm): 1.63 (s, 12H, Hy,.),
1.65 (s, 6H, Hy,), 6.00 (t, 2H, J = 3.1 Hz, Hy), 6.05 (t, 2H, J =
3.1 Hz, Hy), 6.34 (d, 2H, J = 4.2 Hz, Hy), 6.39 (d, 2H, J = 4.2 Hz,
H,), 7.30-7.40 (m, SH, H,,), 7.44-7.48 (m, 4H, H.,,), 7.87 (br s,
1H, Hu), 7.96 (br s, TH, Hyy), 8.01 (br s, 2H, Hyy). *C NMR
(CDCL, 100 MHz) & (ppm): 28.94, 28.99, 35.72, 37.11, 103.45,
104.27, 114.62, 115.15, 123.17, 125.42, 127.53, 129.45, 129.97,
131.87, 136.18, 136.71, 137.79, 138.31, 138.99, 139.67, 160.00,
179.63. HRMS(ESI): calculated 625.3108; found 625.3104.

7. "H NMR (CDCl,, 400 MHz)  (ppm): 1.56 (s, 9H, Hy), 1.63
(s, 12H, Hy,,), 1.66 (s, 6H, Hy), 6.01 (t, 2H, J = 3.1 Hz, Hy), 6.06
(t.2H, J = 3.1 Hz, Hy), 6.17 (brs, 1H, Hyy), 6.35 (m, 4H, Hy), 7.22
(d,2H, J = 8.1 Hz, H,,), 7.43 (d, 2H, J = 8.1 Hz, H,,), 7.54 (br s,
1H, Hyy), 7.96 (br s, 2H, Hyy). *C NMR (CDCl,, 100 MHz) 0
(ppm): 28.93, 28.98, 35.73, 37.13, 54.31, 103.51, 104.30, 114.72,
123.05, 129.20, 132.55, 136.16, 136.28, 137.11, 137.93, 138.97,
139.70, 165.43, 179.24. HRMS(ESI): calculated 605.3421; found
605.3422.

8 '"H NMR (CDCl,, 400 MHz) 6 (ppm): 1.62 (s, 12H, Hy.),
1.65 (s, 6H, Hy.), 4.93 (d, 2H, J = 5.4 Hz, Hew), 6.00 (t, 2H,
J = 3.1 Hz, Hy), 6.11 (t, 2H, J = 3.1 Hz, H,), 6.32 (m, 4H, H,),
6.44 (brs, 1H, Hyy), 7.22 (d, 2H, J = 8.1 Hz, H,,), 7.30-7.36 (m,
SH, H,,), 7.41 (d, 2H, J = 8.2 Hz, H,,), 7.95 (br s, 3H, Hyy). °C
NMR (CDCl,, 100 MHz) 6 (ppm): 28.91, 29.00, 35.73, 37.12,
103.50, 104.30, 114.73, 123.44, 127.69, 128.93, 129.24, 132.69,
136.14, 136.33, 137.15, 137.75, 138.97, 139.63, 165.46, 180.86.
HRMS(ESI): calculated 639.3264; found 639.3259.

Reaction of 5-(4-isothiocyanatophenyl)-10,15,20-tris-(dimethyl)-
calix[4]phyrin-(1,7,1,1) (4) with amino acids. To a solution of
4 (0.2 mmol) in CH,Cl, (5§ mL) was added amino acid-OMe-—
HCI (2 eq.) and NEt; (3 eq.) at RT with stirring. The progress
of the reaction was monitored by TLC. A facile intramolecular
cyclisation was observed via attack of amine nitrogen on the ester
carbonyl to give a five membered thioxoimidazolidinone system.
Solvent was removed under vacuum and the crude solid purified by
silica gel column chromatography to give the product in 84-95%
yield.

9. '"H NMR (CDCl;, 400 MHz) ¢ (ppm): 1.63 (s, 12H, Hy,.),
1.66 (S, 6H, HMe), 3.10 (dd, lH, J=14.0 Hz, 7.9 Hz, HCH2)> 3.37
(dd, 1H, J =79, 3.9 Hz, Hey), 3.73 (br, 2H, Hyy), 4.53 (dd, 1H,
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J=17.9,39Hz, Hey), 6.01 (t,2H, J =3.1 Hz, Hy), 6.34 (d, 2H, J =
4.2 Hz, Hy), 6.41 (d, 2H, J = 4.2 Hz, Hy), 7.12 (d, 2H, J = 4.8 Hz,
H,.), 7.27-7.41 (m, 5H, H,,), 7.42-7.46 (m, 2H, H,,), 7.98 (br s,
2H, Hyy). "C NMR (CDCl;, 100 MHz) 6 (ppm): 28.96, 29.03,
35.73, 37.13, 37.76, 60.87, 103.46, 104.27, 114.69, 127.17, 127.97,
129.16, 129.40, 129.68, 132.61, 134.20, 136.23, 138.06, 138.80,
138.97, 139.65, 165.39, 172.49, 183.42. HRMS(ESI): calculated
679.3214; found 679.3212.

10. '"H NMR (CDCl;, 400 MHz) ¢ (ppm): 1.07 (d, 3H, J =
6.8 Hz, Hy,.), 1.16 (d, 3H, J = 6.8 Hz, Hy.), 1.63 (s, 12H, Hy;.),
1.66 (s, 6H, Hy,.), 2.40 (m, 1H, Hey), 4.04 (br, 2H, Hyy), 4.19 (d,
1H, J=3.9Hz, Hey), 6.01 (t, 2H, J = 3.1 Hz, Hy), 6.06 (t, 2H, J =
3.1 Hz, Hy), 6.34 (d, 2H, J = 4.5 Hz, H;), 6.44 (d, 2H, J = 4.5 Hz,
Hyg), 7.32-7.35 (m, 2H, H,,), 7.48-7.52 (m, 2H, H,,), 7.98 (br s,
2H, Hyy). “C NMR (CDCl;, 100 MHz) 6 (ppm): 16.31, 18.70,
28.95, 29.04, 31.28, 35.73, 37.13, 64.91, 103.46, 104.28, 114.70,
127.24, 129.68, 131.41, 132.73, 136.23, 138.06, 138.78, 138.97,
139.68, 165.39, 172.86, 184.02. HRMS(ESI): calculated 631.3214;
found 631.3210.

Procedure for loading of 5-(4-isothiocyanatophenyl)-10,15,20-
tris-(dimethyl)-calix[4]phyrin-(1,7,1,1) (4) onto a solid support. To
a suspension of tentagel S NH, resin (100 mg, 0.27 mM g™') in
CH,Cl, (5 ml) was added 4 (15 mg, 0.028 mmol) and the resulting
suspension was stirred at room temperature for 12 hours. The
reaction mixture was filtered and the resin washed with CH,Cl,
(5 ml), then dried under vacuum to give 11 as a dark red-orange
solid (115 mg).

Solid state NMR

Magic angle spinning proton NMR spectra were collected on a
500 MHz, Avance 500 widebore instrument (Bruker biospin) with
a MAS DVT 500 probe. Approximately 20 mg of sample were
packed into a 4 mm CRAMPS rotor. The samples were spun at
10 kHz, the temperature outside the sample rotor was maintained
at 293 K. Proton spectra were collected with a single /2 pulse of
3 us and an acquisition time of 200 ms. Each spectrum is the sum
of 8§ scans separated by a 4 second delay. Spectra were referenced
to TMS at 0 ppm.

Reflectance UV-visible spectroscopy

Diffuse reflectance spectra were recorded on samples (1 mg)
diluted in BaSO, (50 mg) using a Harrick praying mantis diffuse
reflectance accessory mounted in a Varian CarySE UV-Vis—NIR
spectrophotometer. BaSO, was used as the reference material.

Determination of stability constants

"H NMR spectra were recorded on a Jeol INM-LA-400 in CD,Cl,
and referenced to tetramethylsilane (0 0). Aliquots were added

for each anion as their tetrabutylammonium salt in CD,Cl, to
a 0.4 M solution of 5-(4-nitrophenyl)-10,15,20-tris-(dimethyl)-
calix[4]phyrin-(1,1,1,1) (2). The change in chemical shift of the
three equivalent NH resonances (0 7.91) was recorded. The
total amount of each anion added was: fluoride (10 equiv-
alents), chloride (18.2 equivalents), bromide (20 equivalents),
iodide (20 equivalents) and hydrogensulfate (20 equivalents). The
WIinEQNMR?® least squares fitting procedure was employed to
obtain the stability constant for a 1 : 1 complex; errors were
estimated to be less than 15%.

UV-visible binding studies

Spectra were recorded on an Agilent 8453E diode array UV-
visible spectrophotometer. Aliquots (10 ml) of a solution of 2
in dichloromethane (70 uM) were titrated with a solution of
tetrabutylammonium anion in dichloromethane (10 mM) until
no further spectral change occurred.
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Water-soluble carbosilane dendrimers protect phosphorothioate
oligonucleotides from binding to serum proteins
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Treatment of dendriplexes formed between water-soluble carbosilane dendrimers and phosphorothioate
oligodeoxynucleotides (ODN) with the anionic detergent sodium dodecyl sulfate disrupted the
complexes indicating that the nature of the union in such dendriplexes is merely electrostatic. However,
dendriplexes were not dissociated by serum proteins like bovine or human serum albumins, as assessed
by gel electrophoresis and fluorescence experiments. This would imply a dendrimer-mediated protective

effect able to prevent ODN interactions with serum proteins and additionally could translate into a
reduction of the ODN doses needed to achieve the biological effects. The employment of carbosilane
dendrimers as carriers may solve the problem of ODN kidnapping by plasmatic proteins as a key
drawback for therapeutics involving ODNSs. As examples, transfection processes on normal primary
peripheral blood cells and diagnosis of HIV infection in the presence of serum have been assayed.

Introduction

In the last few years, many anti-viral drugs have been developed
to fight HIV infection, and proven to control infection. However,
many phase IT and III trials have reported severe side effects (i.e.,
liver toxicity), but particularly the emergence of drug-resistant
strains. Moreover, all the current therapies do not reach all target
cells (i.e., inside tissues and the central nervous system) and are
not able to eradicate latently infected cells." The existence of viral
reservoirs makes viral eradication nearly impossible with the drugs
available to date. All of this makes necessary the development of
new alternative therapeutic approaches to achieve better efficiency
with less adverse effects. Gene therapy (GT) represents one of
those new therapeutic approaches. However, GT is undergoing
some troubles due to the problems that viral vectors present
as vehicles for delivery of nucleic acids.*> For instance, the use
of viral vectors suffers from adverse effects, such as immune
reaction against the viral vector or lymphoproliferative syndromes
associated with oncogene deregulation. Besides, the consequences
of the incorporation of non-human genetic material into human
cells are still difficult to predict. An additional problem is the
oligonucleotides’ tendency to bind non-specifically to serum pro-
teins that decreases their bioavailability, making necessary higher
doses for accomplishing a desired therapeutic effect. In some cases,
such non-specific binding to proteins can induce toxic effects,
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especially for the phosphorothioate oligodeoxynucleotide (ODN)
derivatives.* Bovine serum albumin (BSA) and human serum
albumin (HSA) bind ODNS, inducing their uptake by cells of the
reticulo-endothelial system and not allowing them to reach the
extravascular space. Serum protein binding to ODN avoids thus
the overall interaction of oligonucleotides with cells.*** Several
other proteins also bind ODNSs, and the physiological state of the
cell influences the binding patterns.® Some strategies have been
proposed to avoid ODN binding to serum proteins, for instance,
the use of vehicles such as cationic lipid carriers (lipoplexes)® or
dendrimers (dendriplexes).” One of the crucial impediments for
successful systemic ODN or DNA transfer with lipoplex exhibiting
a positive global charge, seems to be their inactivation because of
the non-specific binding of such liposomes with anionic serum
proteins® as well as side-effects like lung inflammatory reactions.’
Dendrimers emerge as an alternative approach to liposomes and
polymeric systems for drug delivery. Their major advantages
are the uniform structure, multiple sites of attachment and the
versatility to modify their skeletons and surfaces, allowing a
precise characterization of the interaction of dendrimer—drug.
Potential transfecting agents based on PAMAM," phosphorus-
containing' dendrimers or some small amphiphilic dendrimers'?
have shown transfecting activity even in the presence of serum.
Although several studies have been published concerning the
interaction between PAMAM dendrimers and BSA," however, as
far as we know, there is only one study reporting on the interaction
between PAMAM-containing dendriplexes and serum proteins.'

Water-soluble carbosilane dendrimers containing ammonium
or amine groups at their periphery have been recently described
by our groups as biocompatible molecules with good perspectives
as non-viral carriers for ODN." In this work, we describe
the interactions between albumin and the dendriplexes formed
between ODN and second generation carbosilane dendrimers
having ammonium groups at their periphery (see Fig. 1) by gel
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Fig. 1 Molecular representation of the ammonium-terminated carbosilane dendrimers 1-4.

electrophoresis and fluorescence spectroscopy. Here we prove a
dendrimer-mediated protection of ODNs from binding to serum
proteins to evaluate their use in some biomedical applications for
HIV infection research.

Results and discussion

‘We have published that second generation ammonium-terminated
carbosilane dendrimers have shown good toxicity profiles in
PBMCs primary cell culture models and erythrocytes over ex-
tended periods, employing different approaches such as evalu-
ation of cell membrane integrity, metabolic activity, apoptosis
induction, cellular morphology, and cell mobility.’® In addi-
tion, the existence of Si-O bonds in their architecture opens
the way to use them as drug delivery system by means of
the corresponding hydrolytic process. Dendrimers 2G-[Si(OCH,-
CH,NMe;*I")] (1), 2G-[Si(OCH,CH,NMe;*I),); (2) and 2G-
[Si{O(CH,),N(Me)(CH,),NMe,*I" }]; (3) were prepared accord-
ing to the reported methods.”” Dendrimer 2G-[Si{O(CH,),-
N(Me),*(CH,),NMe;*(I7), }]s (4) containing 8 groups of doubled
methylated outer fragments was prepared by addition of 16 equiv-
alents of Mel to the corresponding amine-terminated dendrimer
2G-[Si{O(CH,),N(Me)(CH,),NMe, }]s** (see Experimental sec-
tion). Dendrimer 4 exhibits similar toxicity profiles to those shown

by dendrimer 3. The structures of the all dendrimers used in this
work are depicted in Fig. 1. First generation dendrimers were
too water-sensitive for chemical evaluation while those of the
third generation were not tested due to solubility problems. These
features precluded data rationalization on the basis of different
generations.

Dendriplexes were prepared as published elsewhere."® Phos-
phorothioate ODNS5s used for binding studies were PPT and TAR,
15 or 16 bases in length respectively (see Experimental section)
and both ODNs showed identical behaviour. The interaction of
the dendriplexes, formed by dendrimers 1-4 and ODNs, with
BSA has been studied by agarose gel electrophoresis showing no
dissociation of the complexes in any case as is shown in Fig. 2.
For a more detailed study, dendriplex 3-ODN was chosen as an
example. The interactions of dendriplex 3-ODN with BSA and
with the anionic detergent sodium dodecyl sulfate (SDS) have
been studied by electrophoresis (see Fig. 3). The electrophoregram
showed different patterns of migration depending on the agent
used. ODN migration was retarded in the presence of BSA (sce
entry 9) as indirect evidence of the formation of a complex between
ODN and proteins. The ODN migration pattern was also altered
in the presence of dendrimer 3 (entry 1) due to the formation
of a complex between the cationic dendrimer and the anionic
ODN as had been expected.'® Interestingly, when the dendriplexes
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Fig. 2 (A) Electrophoresis on a 3% agarose gel (stained with ethidium
bromide) of dendriplex formed by different carbosilane dendrimers and
TAR ODN in a ratio (+)-(—) 2 : | in the presence of increasing
concentrations of BSA. (B) The same gel stained with Blue Paragon
showing the protein migration. (1) ODN; (2) ODN + 10% BSA;
(3) 1-ODN + 10% BSA; (4) 3-ODN + 10% BSA; (5) 2-ODN + 10%
BSA; (6) 4-ODN + 10% BSA.

Fig. 3 (A) Electrophoresis on a 3% agarose gel (stained with ethidium
bromide) of dendrimer 3, ODN (TAR) or dendriplex 3-ODN in a ratio
(+)~(—=) 2 : 1 in the absence or presence of increasing concentrations of
BSA or SDS. (B) The same gel stained with Blue Paragon showing the
protein migration. * denotes 100 bp DNA ladder as reference; (1) 3-ODN;
(2) 3-ODN + 2% BSA; (3) 3-ODN + 5% BSA; (4) 3-ODN + 10% BSA;
(5) 3-ODN + 0.5% SDS; (6) 3-ODN + 1% SDS; (7) 3-ODN + 2% SDS;
(8) 3-ODN + RPMI 1640 supplemented with serum (10% FCS);
(9) ODN + 10% BSA; (10) ODN.

3-ODN were challenged with increasing concentrations of BSA,
no changes in this migratory pattern were found (see entries 2-4)
proving that under these conditions, BSA was not able to dissociate
the complex. However, the treatment with SDS in all the tested
concentrations disrupted the complex, allowing the ODN to be
electrophoresed and analyzed by its mobility in the gel (entries
5-7), also indicating that the nature of the complex union is based
on electrostatic interactions.

Further studies were conducted to evaluate ODN interactions
with proteins of AB human serum when the ODNs were naked
or alternatively complexed with dendrimers. Fig. 4 shows the
results of interactions between ODN and proteins of human
serum. Entries 2-4 clearly show the half migration of the ODN
in the presence of human AB serum with respect to the ODN
alone (entry 5). These results reveal the ODN union to human
serum proteins, which is confirmed by the migration pattern of
the proteins (see Fig. 4B): proteins and ODN migrated at the
same level. Regarding the dendriplex 3-ODN, this was incubated
for 20 min prior to the addition of increasing amounts of serum
(see Fig. 5). When the dendriplex 3-ODN was challenged with
increasing concentrations of human AB serum, no changes in
this migratory pattern were found. ODN did not migrate towards
the positive pole (entries 3—5) and at the same time, the pattern of

Fig. 4 (A) Electrophoresis on a 3% agarose gel (stained with ethidium
bromide) of ODN (TAR) in the absence or presence of increasing
concentrations of AB human serum. (B) The same gel stained with Blue
Paragon showing the protein migration. * denotes 100 bp DNA ladder as
reference; (1) AB human serum; (2) ODN + 20% AB; (3) ODN + 10% AB;
(4) ODN + 5% AB; (5) ODN.

7 89101112 12 343565758910 11 12

Fig. 5 (A) Electrophoresis on a 3% agarose gel (stained with ethidium
bromide) of dendrimer 3, ODN (PPT) or dendriplex 3-ODN in a ratio
(+#)-(—) 2 : 1 in the absence or presence of increasing concentrations of
AB human serum. (B) The same gel stained with Blue Paragon showing
the protein migration. * denotes 100 bp DNA ladder as reference; (1) 20%
AB human serum; (2) 3-ODN; (3) 3-ODN + 5% AB; (4) 3-ODN + 10%
AB; (5) 3-ODN + 20% AB; (6) ODN + 5% AB; (7) ODN + 10% AB;
(8) ODN + 20% AB; (9) ODN; (10) 3 + 5% AB; (11) 3+ 10% AB; (12) 3 +
20% AB.

protein migration was just the same as that displayed by proteins of
the control (absence of ODN and dendrimer, entry 1) and the same
as the one exhibited by proteins in the presence of ODN (entries
6-8) or dendrimers (entries 10—12). These features indicate again
a protective effect of the dendrimer towards ODN from binding
to serum proteins. Only in the dendriplex challenged with 20%
of total serum (entry 5), a slight change in the ODN migration
was observed: most of the ODN did not migrate but a small part
did, to an intermediate position, similar to the pattern shown
for ODN in the presence of serum (entries 6-8). This could be
a consequence of the competition between dendrimer and serum
proteins for the ODN, resulting partially in ODN releasing from
the ODN-dendrimer complex and further formation of the ODN-—
protein complex when a high concentration of proteins is present
in the medium. Finally, dendrimers without ODN did not change
the migratory pattern of the proteins, evidencing no interactions
between them, although a weak electrostatic interaction cannot
be ruled out (vide infra). Serum albumin has a net negative
charge but it is not uniformly charged within the structure and,
at physiological pH, domains I and II are negatively ionized while
domain IIT is weakly positively charged. Hence, the ODN can
interact with this domain I1I enabling the formation of a complex
between albumin and ODN. In the case of ammonium-terminated
dendrimers, they may theoretically interact with both domains I
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and II. The interacting ability of PAMAM with albumin has been
reported®”!¢ and due to the low isoelectric point of albumin, it
interacts better with low protonated dendrimers than with the
highly protonated ones. The poor interaction of PAMAM with
albumin may indicate that the less polar sites of the dendrimers
are probably not accessible to the albumin hydrophobic residues,
and the weak polar interactions between the albumin hydrophilic
residues and the dendrimer surface would not allow any significant
structural alteration of the dendrimer and albumin. Moreover,
it has been published that the binding of the dendrimers with
proteins mainly occurs when both electrostatic and hydrophobic
interactions take place.'® Perhaps a similar behaviour is occurring
in the case of the carbosilane dendrimer, showing a high charge
surface along with a high degree of hydrophobicity inside. Finally,
the electrostatic interaction between the ODN and the carbosilane
dendrimers may prevent the interaction of the former with domain
III of the albumin.

In this study, both types of ODNs showed similar results as
mentioned. Although special attention was focused on detecting
possible differences, no changes were observed as described. The
presence of six guanines in the oligonucleotide against the PPT
element could cause different behaviour compared with that of
TAR, due to the possible formation of the G-tetrads. We believe
that the PPT oligonucleotide is probably not forming a very stable
quadruplex. All the guanines are at the 3’-end and are situated
in a row, so in order to form a quadruplex, four strands are
needed to bind each other to form an intermolecular quadruplex.
This type of quadruplex has been described to be less stable
than intramolecular quadruplexes."” An oligonucleotide having
the six guanines separated in two groups of 3 guanines by 1-3
nucleotides will form a very stable quadruplex and hence, a more
stable bimolecular quadruplex may be formed.

Electrophoresis experiments were confirmed by spectrofluori-
metric results. Since ODNSs were labelled with fluorescein, it was
possible to study changes in its rotational freedom in the presence
of BSA or dendrimers and in the system dendriplex + BSA. Again
the dendriplex 3-ODN has been elected as a representative
example. The rest of the dendriplexes formed by dendrimers 1,
2 and 4 afforded analogous results and a more detailed physico-
chemical study will be published separately.'”® The increase of
the fluorescence polarization of fluorescein in the presence of
dendrimers (Fig. 6A) or in the presence of BSA (Fig. 6B) indicates
that ODNs were located in a more rigid environment. This is an
indirect proof that ODNs created complexes with both dendrimers
and BSA. However, it is worth mentioning that upon addition of
dendrimers, the enhancement of polarization was bigger than after
adding BSA. This may mean that the dendrimer—-ODN union is
stronger than that of the protein—-ODN. Moreover, the process of
forming complexes occurred at lower concentrations in the case of
dendrimers. Therefore, a lower number of molecules of dendrimers
were needed to complex ODN, compared to BSA. When ODN and
dendrimer 3 were preincubated for 15 minutes in a charge ratio
(+)-(—) 5 : 1 at different concentrations and then the complexes
were added to the BSA sample of constant concentration, no
changes in the polarization of fluorescein (Fig. 6C) were observed.
The value of the polarization equalled the level of the plateau from
Fig. 6A. It means that the dendrimer-ODN complexes were stable
and, additionally, they were not disrupted by the protein presence.
Thus, this fact constitutes further evidence of the protective role of
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Fig. 6 (A) Changes in the polarization of labelled ODN (TAR) upon
addition of dendrimer 3, Copy = 0.1 pM. (B) Changes in the polarization
of labelled ODN (TAR) upon addition of BSA, Copy = 0.1 uM.
(C) Changes in the polarization of labelled ODN (TAR) upon addition of
complex 3-ODN (ratio (+)—(—) 5 : 1) to BSA at a constant concentration
of 10 uM.

the carbosilane dendrimers for ODNs by preventing the formation
of complexes between ODNs and serum albumin.

It is possible that weak electrostatic interactions between BSA
and dendrimers can occur. In order to analyze them, BSA
labelled with Alexa Fluor 488 (AF488) was used. We observed
that dendrimer 3 quenched the fluorescence of AF488 that was
attached to the surface of BSA (Fig. 7). Nevertheless, dendrimers
were not able to change the intensity of intrinsic fluorescence of
BSA (Fig. 7). It means that the environment of the two trypto-
phans remained unchanged. Quenching of AF488 fluorescence
might occur via direct contact between the dendrimer and the
fluorophore. However, no changes in the intrinsic fluorescence of
BSA means that dendrimers did not cause any conformational
disturbances within the protein molecule.

To confirm the protection effect described above, a preliminary
biomedical study (toxicity, transfection and HIV inhibition assays)
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Fig. 7 Quenching of fluorescence of tryptophans (Cgsy = 5 uM) and
AF488 (Cysa = 20 uM) by dendrimer 3. Fy—the initial fluorescence
intensity, F—the fluorescence intensity after adding dendrimer 3.

of the use of dendriplexes in the presence of serum has been per-
formed in order to evaluate its consequences. In this study, we have
used dendrimers 3—4 and oligonucleotide sequences of different
length (TAR, GEM91 and REV) as potential inhibitors of the
HIV-1 virus (see Experimental section). The toxicity evaluation
of dendrimers 3—4 has been carried out by means of MTT and
LDH assays (see Fig. 8). For MTT, peripheral blood mononuclear
cells (PBMCs) treated with 3 and 4 at 1 uM in the presence of
10% of fetal calf serum (FCS) at 18 and 36 h presented similar
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Fig. 8 (A) MTT assay at different times; (1) control; (2) DMSO 15%;
(3) dextran 5 uM; (4) dendrimer 3, 1 uM; (5) dendrimer 3, 5 uM; (6) dend-
rimer 4, 1 pM; (7) dendrimer 4, 5 uM. (B) LDH assay at different times;
(1) control; (2) triton x-100, 0.5%; (3) dextran 5 uM; (4) dendrimer 3, 1 uM;
(5) dendrimer 3, 5 uM; (6) dendrimer 4, 1 uM; (7) dendrimer 4, 5 uM.

mitochondrial activities (MA) to the control. However, toxicities
were increased around 20% when concentration was raised to
5 uM. In another toxicity approach, cell membrane damage was
measured by a lactate dehydrogenase (LDH) cytotoxicity assay.
Two different concentrations (1 and 5 uM) were tested over 1
and 18 h exposure. At the lower concentration, dendrimers 3—4
did not induce significance LDH release (<5%). However, a 20%
increase of membrane damage was observed at 5 pM. To sum up,
both assays indicate the lack of toxicity of the dendrimers in the
presence of serum below 5 uM concentration.

Transfection of the dendriplex formed by 4 and fluoresceinated
ODN (TAR) in PBMCs with a RPMI culture medium containing
10% of FCS was performed by confocal microscopy. Fig. 9
shows internalization and intracellular distribution of the ODN,
illustrating that the dendriplex is not deactivated before the
internalization process.

| — Membrane =—=3/0DN —— Nucleus |

Fig. 9 (A) Confocal projection of six images of a representative T
lymphocyte incubated with 3-ODN-FITC (TAR) dendriplex (green) for
24 h. The plasma membrane and the nucleus are stained with CD45 (red)
and DAPI (blue), respectively. (B) Intensity profile along the depicted line
in A (yellow). Note that most of 3-ODN is accumulated inside the nucleus.

Finally, HIV-1 inhibition assays using dendrimers 3—4 and the
corresponding dendriplexes formed with single ODNs or cocktails
(see Experimental section) were determined via ELISA through
the evaluation of the p24 antigen release into culture supernatants
of MT-2 and PBMC:s (see Fig. 10). Dendrimers by themselves
were not able to inhibit infection against HIV-1 (data not shown).
With respect to the MT-2 cell, higher inhibitions were found when
dendriplexes 4-ODN (TAR, 45%), 4-ODN (cocktail 1, 25%) and
4-ODN (cocktail 2, 53%) were used compared to ODNs alone
(see Fig. 10A). All these dendriplexes did not cause significance
LDH release (<10%) (see Fig. 10B) indicating that the dendrimer
increases the inhibition efficiency without increasing toxicity in the
presence of 10% of FCS. Analogous results have been observed
in primary lines as PBMCs, more representative of physiological
systems and at the same time less resistant to in vitro treatment.
For instance, increased inhibition was found in the systems 3-
ODN (TAR, 18%) or 4-ODN (cocktail 1, 43%) with respect to
those observed for the ODN alone, both in the presence of serum
(Fig. 10C and D respectively). All these features are consistent
with a protective effect of the carbosilane dendrimers on the ODN
action in the presence of serum. It is worth noting from Fig. 10C
that inhibition was similar with the three sequences (antisense,
sense, random), showing a diminution of around 1/3 in the p24
levels with respect to the control of infected non-treated cells.
Thus, the inhibitory effects were due to non-sequence specific
effects, as described previously.’ However, the results observed in
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Fig. 10 (A) ELISA assay for p24 antigen release in MT-2 cells after 24 h incubation with dendriplexes. (B) The corresponding LDH cytotoxicity assay
after 1 and 24 h. For A and B: (1) control; (2) dextran; (3) TAR; (4) 4-TAR; (5) cocktail 1; (6) 4—-(cocktail 1); (7) cocktail 2; (8) 4—(cocktail 2). (C) and
(D) ELISA assay for p24 antigen release in PBMCs after 24 h incubation with dendriplexes. (C) (1) Control; (2) TAR; (3) TARs; (4) random; (5) 3-TAR;
(6) 3-TARs; (7) 3—random. (D) (1) Control; (2) dextran; (3) cocktail 1; (4) 4—(cocktail 1). Cocktails were an equimolecular mix of TAR + GEMO91

(cocktail 1) or TAR + REV (cocktail 2) of final concentration 0.5 uM.

the corresponding dendriplexes suggest some degree of specificity
when the dendrimer is present.

Conclusion

In conclusion, when ODNs form complexes with the carbosilane
dendrimers, the nucleic acid material is protected from binding to
proteins. Such protection could provide a meaningful advance for
therapies based on short nucleic acids. This could translate into a
reduction in the dose of ODN necessary to achieve the biological
effect. When a naked ODN is administered, it is necessary to
saturate all the possible binding sites within serum proteins to
have a fraction of free ODN able to reach the extravascular
space and perform the desired activity. If these interactions could
be prevented by the formation of a complex of ODNs with
a carbosilane dendrimer, presumably the saturation of binding
sites would no longer be necessary, resulting in the possibility
of administering smaller amounts of ODN. In addition, this
could reduce the toxic effects related to these unspecific unions
of the ODN to serum proteins. The toxicity measurements of
the dendrimers and the transfection of nucleic material using
the corresponding dendriplexes cultured in the presence of serum
show no alteration of such processes. The HIV inhibition assays,
also in the presence of serum, show an increase of 25-50% on going
from naked ODN to the corresponding dendriplex as evidence of
the protective effect mentioned above. Therefore, the carbosilane
dendrimers presented here are good candidates as carriers in

the context of biological applications of short nucleic acids and
perhaps even other anionic drugs.

Experimental
Dendrimers and ODNs synthesis

Dendrimers 1-3 were prepared according to reported methods.'
Oligonucleotides were purchased from Eurogentec S.A. (Belgium).
The ODNSs sequences correspond to antisense (complementary)
sequences of different HIV mRNAs: the HIV polypurine tract
(PPT) element mRNA 5'-fluoresceine-TTT TCT TTT GGG GGG
3, 15 bases; TAR 5-GCT CCC GGG CTC GAC C-3, 16 bases;
GEM 91 5-CTC TCG CAC CCA TCT CTC TCC TTC T-3, 25
bases; REV 5-TCG TCG CTG TCT CCG CTT CTT CCT GCC
A-3, 28 bases. TARs (sense) 5-GGT CGA GCC CGG GAG C-
3, 15 bases. Random 5-GCC TCA CGC GCG CTC-3/, 15 bases.
Cocktails were a mix of TAR + GEMO91 (cocktail 1) or TAR +
REYV (cocktail 2).

Synthesis of 2G-[Si{ O(CH,),N(Me),*(CH,),NMe;*(I"), }]s (4).
Over a diethyl ether (10 mL) solution of 2G-[Si{O(CH,),N-
(Me)(CH,),NMe, }];** (0.11 g, 0.04 mmol), a large excess of Mel
(0.06 mL, 0.91 mmol) was added. The resulting solution was stirred
for 48 h at room temperature and then evaporated under reduced
pressure to remove residual Mel. The residue was washed with
Et,O (2 x SmL) and dried under vacuum to give 4 as a white solid
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(0.18 g, 86%). "H NMR (DMSO): 6 = 4.00 (16H, t, OCH,), 3.93
(32H, m, CH,N(Me,)*), 3.59 (16H, t, CH,N(Me),*), 3.21 (120H, s
br, N(Me),* and N(Me);*), 1.35 (24H, m, SiCH,CH,CH,SiO and
SiCH,CH,CH,Si), 0.72 (16H, m, SiCH,CH,CH,SiO), 0.56 (32H,
m, rest of the groups —~CH,Si), 0.13 (48H, s, OSiMe,), —0.07
(12H, s, SiMe); *C NMR (DMSO): 6 = 64.7 (OCH,), 56.3,
56.0, 55.7 (CH,N(Me,)* and CH,N(Me);*), 52.6 (NMe;*), 50.9
(NMe,*), 21.2-17.2 (groups —CH,— of the carbosilane skeleton),
—2.5 (OSiMe,), —5.5 (SiMe). Elemental analysis calcd (%) for
CsHi16116N104Si;: C, 33.40; H, 6.92; N, 4.87; found: C, 32.90;
H, 6.75; N, 4.57.

Electrophoresis measurements

(i) Formation of dendrimer—ODN complexes (dendriplexes): com-
plex formation between dendrimers and ODNs was carried out
using an electrostatic approach. Mixtures were achieved with an
excess of positive charge to provide enough positive charges to
be able to interact with the ODN. Consequently, dendrimers 1-4
were complexed with ODNs at an electrostatic charge ratio (+)-
(=) of 2 : 1. Ratios of ODN to dendrimer were based on the
calculation of the electrostatic charge present on each component,
e.g. the number of S~ groups in the ODN vs. the number of
terminal ammonium groups on the dendrimer. As an example,
ODN and dendrimer 3 were diluted in sterile distilled water at
1 and 2 mg mL" respectively. 2.43 ul of ODN solution were
mixed with 3.25 pl of 3 solution in RPMI medium at a final
volume of 60 ul, with an incubation time of 20 minutes at
room temperature. After this period of incubation, parts of the
mixtures of dendrimer-ODN were further exposed to increasing
concentrations of AB human serum in a final volume of 100 ul of
RPMI medium (5%, 10%, 20%). (if) Evaluation of dendrimer—ODN
complex formation and stability: after incubation of dendrimer and
ODN in the presence or absence of human AB serum, complex
formation and stability were assessed by evaluation of migration
retardation of fluoresceinated ODNs during electrophoresis of
dendriplexes on 3% agarose gels. A 100 bp DNA ladder was used as
reference (Gibco BRL™). Fluorescein enhances the ODN signal
markedly, facilitating the visualization of dendriplex migration
during electrophoresis. Additionally, the gel was polymerized
in the presence of ethidium bromide (EB) in order to make
more evident the ODN migration. (iii) Protein staining: after
electrophoresis was performed, a digital photo of the gel stained
with EB was taken; the same gel was later stained to evidence the
protein migration by treatment with Blue Paragon (Beckmann
Coulter™) protein staining. Finally, the gel was washed by
immersion in a solution of 10% glacial acetic acid and a second
digital photo was taken.

Spectrofluorimetric measurements

Fluorescent measurements were carried out with a Perkin-Elmer
LS-50B spectrofluorometer. The excitation and emission wave-
lengths were 485 and 516 nm for ODNs labelled with fluorescein;
295 and 350 nm for BSA intrinsic fluorescence measurements; and
487 and 520 nm in the case of BSA labelled with Alexa Fluor 488
(AF488). The excitation and emission slit widths were set to 10
and 5 nm, respectively. Changes in the steady-state fluorescence
polarization were monitored for fluorescein that was a label in

ODN. Additionally, the intensity of intrinsic fluorescence of BSA
and the intensity of the probe AF488 that was covalently attached
to BSA were measured.

Cells

PBMC:s cells were derived from healthy voluntary donors, and
obtained from leukophoresed blood by Ficoll™ gradient and
elutriation centrifugation. Prior to investigation with dendrimers,
PBMCs were stimulated for 48 h with phytohemagglutinin
(2 pg mL™") and interleukin 2 (IL-2, 100 TU mL™"). On the day
of the investigation, PBMCs were recovered and washed with
phosphate buffered saline (PBS), and then seeded in RPMI 1640
(Gibco) medium supplemented with 10% of fetal calf serum,
1% vL-glutamine, antibiotics, and 50 TU mL™" of IL-2, in a 5%
CO, environment and 95% r. h. (relative humidity) (100 000 cells
per well in 96-well plates for the toxicity curve of dendrimer
concentrations). The final volume in each well was 200 uL for
the 96-well plates and 500 pL for the 24-well plates. MT-2 is a cell
line transformed by human T-cell leukemia virus type 1 (HTLV-1)
and cells were seeded in the same conditions as PBMCs.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay

This method was selected to analyze detrimental intracellular
effects on mitochondria and metabolic activity. After 18 and
36 h of incubation of PBMCs with different concentrations of
dendrimers in a 96-well plate, culture medium containing the
dendrimers was replaced with 200 puL of serum-free Optimem.
20 pL of sterile filtered MTT (Sigma) stock solution in PBS
pH 7.4 (5 mg mL™") were added to each well to achieve a final
concentration of 0.5 mg MTT mL~". After 4 h, unreacted dye was
removed by aspiration and the formazan crystals were dissolved in
dimethyl sulfoxide (200 pL per well) (Sigma). The concentration
of formazan was then determined spectrophotometrically in a
plate reader (Biowhittaker microplate reader 2001, Innogenetics®)
at a wavelength of 550 nm (test) and 690 nm (reference).
The spectrophotometer was calibrated to zero absorbance using
Optimem medium without cells. The relative cell viability (%)
related to control wells (cells with no dendrimer) was calculated
by [A4] test/[A4] control x 100. Each dendrimer concentration was
tested in triplicate, according to ATCC directives.

Lactate dehydrogenase (LDH) assay

The LDH concentration in these samples was assayed utilizing a
commercial kit (Cytotoxicity Detection Kit, Roche), allowing the
spectrophotometric determination of the nicotinamide adenine
dinucleotide (NAD) reduction at 490 nm in the presence of
lactate and LDH according to the manufacturer’s protocol. After
1 and 24 h of incubation of cells with different concentrations
of dendrimers in a 96-well plate, the supernatant was recovered.
Controls were performed with 0.1% (w/v) Triton X-100 and set
as 100% LDH release. The relative LDH release is defined by the
ratio of LDH released over total LDH in the intact cells. Less than
10% LDH release was regarded as a non-toxic effect level in our
experiments. All samples were run in triplicate.
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Confocal microscopy

Cells for fluorescence microscopy were treated with 0.8% Trypan
Blue (Sigma™) for 5 min and then again washed twice with
PBS. TB positive cells exhibited membrane damage. In addition,
TB is an extra-cellular fluorescence quenching agent. After TB
staining, cells were seeded on glass slides coated with poly-L-lysine,
fixed with 3% paraformaldehyde, and labelled with a primary anti-
CD45 purified mouse anti-human monoclonal antibody (Becton
Dickinson™). Samples were washed twice with PBS and then
incubated with a secondary antibody labelled in red (Texas
Red dye-conjugated AffiniPure F (ab), fragment goat anti-mouse
1gG + IgM (H + L), Jackson ImmunoResearch™). Cells were
washed again twice with PBS. Finally, cells were treated for nuclear
staining with 4',6'-diamidino-2-phenylindole (DAPI, Vysys™) for
10 min and washed three times with PBS. Samples were mounted
and images captured by a Leica TCS SP2 confocal microscope
using different lines of excitation: 405, 488 and 514 nm.

Enzyme immunoassay

The ODN concentration for complexes with carbosilane den-
drimers was 0.5 uM (1.27 ug). The concentrations of the den-
drimers were approximately 1 pM for ODN alone, and 2 pM
when complexed with cocktails (final concentration in well). All
complexes were formed in 50 uL of PBS, with an incubation time of
20 min at room temperature. Cells were infected at 0.05 multiplicity
of infection (MOI) with HIV isolate NL4-3 for 2 h. Then, cells were
washed twice and maintained in the same culture medium as above,
supplemented with IL-2 (50 U mL™") (300 000 cells per well in 24-
well plates). The final volume for each well was 500 pL. ODN
alone and complexed with dendrimer were added to the wells.
The supernatant was collected at 24 h to evaluate antigen p24
by INNOTEST™ HIV antigen mAB (Innogenetics®). Dextran
sulfate was purchased from Sigma (USA) and it was used as a
macromolecule control (polycation).
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Complexation of B-cyclodextrin with flexible nitroxide biradicals linked by a polyethylene glycol chain
was monitored by EPR spectroscopy. The EPR spectra of the uncomplexed biradicals show an
exchange interaction due to the flexibility of the polyethylene glycol chain. Complexation with
cyclodextrin leads to the disappearance of the exchange interaction in the EPR spectra. The
complexation can be reversed by the addition of competing guests (e.g., adamantane derivatives). At
high concentration, the inclusion complexes precipitate, and differential scanning calorimetry (DSC) of
the precipitates proved the formation of complexes. Elemental analysis data revealed that the complexes
contain several cyclodextrin units per biradical but that the composition was not stoichiometric.

Introduction

Cyclodextrins (CDs) are oligomers of glucose, composed of six
or more glucose units bound through an a-1,4-glycosidic linkage
which determines a toroidal geometry. The cavity of CDs is ca.
7.8 A deep, while the minimum internal diameter is 4.4 and 5.8 A
for a-CD and B-CD, respectively.! Due to their ability to form
inclusion complexes with various organic molecules, cyclodextrins
are often used as building blocks in supramolecular structures.”
We were interested in applying spin labelling methods and EPR
spectroscopy to study host-guest interactions in such systems.
The advantages of this method include its high sensitivity and
the ability to probe interspin distances and molecular dynamics.
Additionally, EPR spectra are very sensitive to the molecular
environment in the immediate vicinity of the spin label.* Of course,
EPR spectroscopy can only be used if at least one component of
the supramolecular system is paramagnetic.

Complexes of unlabelled cyclodextrins with different types of
paramagnetic compounds (stable free radicals such as TEMPO
derivatives,*’ or short-lived organic radicals®) have been suc-
cessfully studied by EPR spectroscopy. Functionalisation of
cyclodextrin with a suitable spin label can in principle broaden
the scope of such studies to include complexes of CDs with any
unlabelled guests. We and others reported the synthesis of several
spin-labelled cyclodextrin derivatives.'™'> While the sensitivity
of spin-labelled B-CDs to complexation with small molecules
was in some cases limited, these compounds were well-suited to
probe larger supramolecular assemblies, such as functionalized
dendrimers and concentrated PEG solutions.'™"" Acyclic TIPNO-
type nitroxide-functionalised permethylated cyclodextrin reported
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by Tordo and co-workers showed better sensitivity to host—guest
interactions, including formation of self-inclusion complexes and
self-association.'?

Here, we report the EPR study of interactions of cyclodextrins
(e.g, a- and PB-cyclodextrin and hydroxypropyl-p-cyclodextrin)
with flexible biradicals linked by a polyether chain. Both structural
fragments of biradicals used in this study can interact separately
with the cyclodextrin cavity. It is well known that cyclodextrins
form strong inclusion complexes with polyether-type polymers*!®
generating rotaxanes or pseudorotaxanes."** The paramagnetic
TEMPO fragment present in our biradicals can also form inclusion
complexes with the cyclodextrin cavity, and the thermodynamic
parameters of this complexation have been reported.*” The
feasibility of using EPR spectroscopy to probe the interactions
in biradical/CD systems has been shown in an early literature
report." The exchange interaction between paramagnetic moieties
of polyethylene glycol biradicals was found to be sensitive to the
presence of some metal ions and y-CD. A recent elegant report
used a similar approach to monitor formation of a-CD-based
rotaxanes with a persistent biradical linked by an alkane chain."

Results and discussion
Polyethylene glycol biradicals

Spin-labelled polyethers (Scheme 1) were synthesised by dicyclo-
hexylcarbodiimide coupling of polyethylene glycols with carboxy-
TEMPO.

The purified mono- and biradicals thus prepared were charac-
terised by mass-spectroscopy and EPR. In aqueous solution P3T1
showed a three-line spectrum typical of a nitroxide monoradical.
The biradicals PnT2 showed five-line spectra due to the exchange
interaction between the paramagnetic fragments linked by the
polyether chain, as the exchange coupling constant between
unpaired electrons, J, is greater than the hyperfine splitting, ay.'>'
This exchange interaction, which leads to the appearance of extra
lines in the EPR spectra, depends on the frequency of collisions
between the paramagnetic moieties. The complexation of the
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biradicals with the CDs should significantly reduce the probability
of collisions of the nitroxide termini. Therefore, the complexation
of the biradicals with the CD units was expected to result in the
disappearance of the exchange peaks in the EPR spectra.

EPR spectra of biradicals PnT2 were recorded in solutions of
B-CD, 0-CD and hydroxypropyl-B-CD (HPB). The concentration
of biradicals was kept constant at 10~* M, while the concentration
of CDs was varied in the range 10~#-10-* M for f-CD, 10*-0.1 M
for o-CD and 10*-0.3 M for HPB.

Biradical complexes with §-CD

Fig. 1 shows the EPR spectra of P3T2 in an aqueous solution
and in the presence of B-CD. Addition of B-CD leads to several
changes in the EPR spectra. The high-field line (h,,) decreases
upon addition of CD. This is due to the slower tumbling of the
nitroxide moiety, caused by the complexation with the CD unit.
Similar broadening of the high field line was observed for the
interaction of P3T1 with B-cyclodextrin; the rotational correlation
time 7 increased from 0.49 x 107! s in water to 0.86 x 107" s in
1.5 x 10* M B-CD.

3x10% M B-CD

4.5 x 10° MB-CD

6x10° M B-CD

e N\ e\ -

10 M B-CD, 10“ M AA

e

Fig. 1 EPR spectra of P3T2 in water (a), in the presence of different
concentrations of -CD (b-e), and in mixtures of p-CD +AA (f-h).

The exchange lines in the spectra of P3T2 (h_, and h,,) also
decrease continuously with increased CD concentration until
complete disappearance at around 6 x 10~ M (Fig. le). This is
consistent with the complexation with the CD unit which reduces
the exchange interaction (vide supra).

By increasing B-CD concentration still further, the solutions
of biradicals became turbid and a precipitate appeared. This is
accompanied by the reduction of the overall intensity of the EPR
spectra, and the appearance of the broad features typical of the
completely immobilised nitroxide in the solid complex (Fig. le,f).
In the case of the P3T2/B-CD system, formation of precipitate
was very rapid, while with the other biradicals some induction
period was noticed.

The precipitate did not appear when B-CD was reacted with
P3T1. The formation of the precipitate is most likely due to poor
solubility of the B-CD/PnT2 complexes. This is rather unusual.
It is known that a-CD forms solid threaded complexes with
polyethylene glycols; however, formation of insoluble complexes
of B-CD and y-CD take place with polypropylene glycols but not
with low molecular weight polyethylene glycols."”

In order to check if the observed changes in the EPR
spectra are indeed caused by host-guest interactions and are
not due to increased viscosity of the solution, we mixed the
solutions/suspensions of the complexes with adamantane amine
(AA). Adamantane amine has very strong affinity for the -CD
cavity'® and can be expected to release the biradical molecule from
the complex into the solution. This assumption was confirmed
by the re-appearance of the five-line pattern of the biradical
in adamantane amine-containing solutions (Fig. 1g,h). Visual
inspection also showed the disappearance of the precipitated
complexes and formation of clear solutions. We can therefore
confidently assign the changes in the EPR spectra to host-guest
interactions.

In order to estimate the stoichiometry of the solid precipitates
formed upon mixing PrT2 with f-CD, we characterised these
materials by elemental analysis. The analysis was complicated
by the fact that the complexes were hygroscopic, and complete
removal of water proved difficult. The molar ratios of B-CD to
PnT2 were therefore calculated by least-squares fitting of the
composition of the tricomponent mixtures (B-CD, PnT2, and
water) to the elemental analysis data. We believe these calculations
to be very reliable as nitrogen is only present in the PnT2 molecules.
The B-CD:PnT2 ratios established from the elemental analysis
data were as follows: 1.4 : 1 (P2T2), 1.95 : 1 (P3T2), 3.65 : 1
(P4T2) and 1.6 : 1 (P5T2); the samples also contained ca. 5%
water.

Although no clear trend emerged from the composition data
for different biradicals, it is worth noting that all complexes were
non-stoichiometric but contained more than one CD unit per
biradical. We speculate therefore that 1 : 1 complexes are more
soluble and are preferentially formed at low CD concentrations. At
higher CD concentrations, several CD units bind to the biradicals,
until the non-stoichiometric mixture of complexes precipitates.
As no more than 2 CD units can complex the TEMPO units of
the biradical, the high B-CD:P4T2 ratio unambiguously shows
that the ethylene glycol units are also involved in the complexa-
tion.

Fig. 2 shows EPR spectra of neat P3T2 (a) and its insoluble
complex with B-CD (b). The collapse of the hyperfine interaction
in pure P3T2 (which results in the appearance of a single broad
line in the spectra) indicates very short interspin distances in the
neat biradical. The much broader appearance of the spectrum of
the precipitate (Fig. 2b) is consistent with the increased distance
between the nitroxides in the complex.
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Fig. 2 EPR spectra of neat P3T2 (a) and the insoluble complex with
B-CD (b).

In order to further confirm that the insoluble complex is not a
co-precipitated mixture of the cyclodextrin and biradical, we have
used DSC to evaluate the thermal stability of these compounds.
Fig. 3 shows DSC traces for -CD, P4T2, their physical mixture
and their insoluble complex.

P4To + p-CD

(physical mixture)
= P4To — p-CD (complex)
3 L
=3
S ~ P4To
= o e L
[}
I

p-CD

300 350 400 450 500 550 600 650

Temperature / K

Fig. 3 DSC traces for P4T2, B-CD, their physical mixture and their
insoluble complex.

The DSC curve profile for B-CD shows an endo peak in the
range 325-400 K attributed to water loss (this was confirmed
by the absence of this peak at the second scan). A small endo
peak between 500 and 530 K is attributed to a molecular
reorganisation of f-CD.**2 The peak above 550 K corresponds to
the thermal decomposition of B-CD. In the case of PnT2, thermal
decomposition occurs below 550 K (e.g., endo peak at 500-550 K
in Fig. 3 for P4T2). The DSC traces of physical mixtures exhibit all
the peaks present in $-CD and PnT2 curves. The DSC traces for
the insoluble complex, however, are distinctly different from the
physical mixture. The peak corresponding to water loss from the
complex is very broad, the peak corresponding to reorganization
of B-CD is completely absent and the decomposition occurs at
a higher temperature. The presence of the broad peak in DSC
diagrams of complexes due to water loss support the results
from elemental analysis. These results confirm that the insoluble
material is a true complex between the biradical and cyclodextrin.

Atlow B-CD concentrations, the changes in the EPR spectra can
be used to estimate the equilibrium constants for the complexation
with biradicals PnT2. This was achieved by fitting the ratios of the

lines h,,/h, (see Fig. 1) at different B-CD concentrations with the
speciation equation for a 1 : 1 complex. This approach is a clear
simplification, as the EPR spectra are affected by the presence of
higher stoichiometry complexes (e.g., 2 : 1 etc.). Unfortunately,
accurate separation of the contributions of complexes of different
stoichiometry was not possible. Nonetheless, the simple assump-
tion of 1 : 1 stoichiometry makes it possible to estimate the values
of'equilibrium constants. Fig. 4 shows the dependence of the h,,/h,
ratio on the B-CD concentration for P3T2 and the line of best fit.

0.95 -

0.75 .

0.7 T T ‘ )
0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03

[p-CD]

Fig. 4 Experimental h,,/h, values and fitted curves as a function of
[B-CD] for the P3T2/B-cyclodextrin system.*

The insensitivity of the EPR spectra to the low concentration
of CD (first 2 points in Fig. 4) was found for all biradicals and
is not due to experimental error. We believe that this is caused
by formation of higher stoichiometry complexes (e.g., 1 : 2 etc.),
which cannot be accounted for in our simple model.

The binding constants for all biradicals were close to 10° I mol~".
For comparison, the equilibrium constants for complexation
of TEMPO unit and B-CD are usually around 10° I mol~'."
The complexation of oligoethylene glycols with B-CD is usually
characterised by a higher equilibrium constant, around 10° 1
mol~".2 Tt is therefore likely that the initial complexation of
PnT2 with B-CD involves formation of a pseudorotaxane, with
the oligoethylene glycol chain threading the CD cavity. At higher
B-CD concentration, the terminal TEMPO units associate with
the CD cavity, which leads to precipitation of the complexes.

Complexes with other cyclodextrins

The addition of a-CD to the biradical solutions showed no changes
until very high concentration (e.g., 0.1 M). At these concentrations,
the EPR spectra of the biradicals showed only three lines; however,
this effect is at least partially due to the increased viscosity of the
solution, and cannot be unambiguously linked to the complexa-
tion. This behaviour is consistent with the weaker complexation
of most guests with the smaller a-CD cavity.”® Additionally, we
believe that the TEMPO unit cannot pass through the o-CD
cavity, and hence complexation with the ethylene glycol units is
impossible. The smallest ring the TEMPO unit can pass through
is ca. 6 nm in diameter. Geometrical characteristics of CDs"*
suggest that the TEMPO unit can only thread through - but not
a-CD. Similar conclusions were reached by Lucarini et al.; these
authors were able to prepare stable rotaxanes using TEMPO as a
capping group for a- but not B-CD.*

EPR spectra of biradicals in the presence of hydroxypropyl-
B-CD (HPB) showed the gradual disappearance of exchange
lines at concentrations around 10-> M. (Fig. 5). However, HPB
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a H,0

b 1x10% M HPB
C 3x10°MHPB
d 6% 10° M HPB
e 1x10" M HPB

3x10" M HPB

Fig. 5 EPR spectra of P3T2 in water (a) and in aqueous solutions of
HPB of varying concentration (b—f).

solutions are quite viscous and the effect of viscosity can mask the
complexation.

The high field line in the EPR spectrum of biradicalsina 10~' M
solution of HPB shows asymmetry which suggests the presence of
two components (Fig. Se). This is likely due to complexation. At
higher HPB concentrations, the solution became very viscous and
the presence of two components in the systems was no longer
visible (Fig. 5f). Unfortunately, it was not possible to obtain
quantitative information about HPB complexation.

In order to separate the effect of viscosity from the com-
plexation, we have carried out competitive experiments with
adamantane amine (AA). We noticed that biradicals are released
completely from the complexes by increasing the concentration of
AA from 1073 to 10" M.

Fig. 6 shows spectra of biradicals PrT2 in the presence of
10" M HPB in the absence of AA (A) and with 0.1 M AA
(B). In the presence of 10> M AA, the high-field line was still
asymmetrical, but the lines due to exchange interactions became
observable. At 10" M AA, the high-field line became symmetrical
for all biradicals and the exchange interactions were prominent.
This indicates that biradicals are released from the complexes with
HPB (Fig. 6B). Comparison of the spectra in Fig. 6A and B clearly
shows how the EPR spectra are affected by both increased viscosity
of the HPB solutions and host-guest interactions.

Conclusions

We have found that nitroxide biradicals linked by a polyether chain
form complexes with cyclodextrins. The complexation process can
be conveniently monitored by EPR spectroscopy as the exchange
interaction between the nitroxide units in the biradicals disappears
in the complex. Reversibility of the complexation process was
confirmed using competitive reaction with adamantane derivative.
The complexes have poor aqueous solubility and are non-
stoichiometric. The binding constants were estimated as ca. 1000
1 x mol™'. Complexation with a-CD is much weaker which is
probably due to the inability of the TEMPO unit to pass through
the a-CD cavity.

P2T2

P3T2

P4T2

P5T2

10G

P2T2

Fig. 6 EPR spectra of PnT2 (A) in HPB (0.1 M), and (B) in a mixture of
HPB (0.1 M) and AA (0.1 M).

Experimental

EPR spectra were recorded on JEOL JES-REI1X spectrometer
with 100 kHz modulation frequency, 1 mW microwave power, 0.1
mT modulation amplitude, 328 s scan time, 100 G scan width for
spectra at room temperature and 200 G scan width for spectra at
120 K, and 9.49 GHz microwave frequency.

ESI mass spectra were measured on VG Autospec mass spec-
trometer. Elemental analysis was performed by M. Jennings, Micro
Analytical Laboratory, Department of Chemistry, University of
Manchester, Manchester, UK.

DSC was performed by using a DSC-2 Perkin—Elmer apparatus
connected to a Tektronix TX3 multimeter and optically coupled
to the interface RS 232. The scan heating rate employed was
10 K min~! in the range 300-650 K under an argon atmosphere,
the apparatus sensitivity was 5 mcal s and the multimeter had
a maximum display at 50000 with a 0.03% error on the work
domain.

The procedure for biradical synthesis is described for biradical
P3T2. Carboxy-TEMPO (440 mg, 2.2 mmol) was added to a
solution of triethylene glycol (0.150 g, 1 mmol) in dichloromethane
(20 ml) in the presence of dicyclohexylcarbodiimide (500 mg,
1.2 mmol) and 4-(dimethylamino)pyridine (60 mg, 0.5 mmol).
After stirring for one day at room temperature, the reaction
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mixture was washed successively with 0.1 M HCI and satu-
rated NaHCO; aqueous solutions. The organic layer was dried
(Na,S0,). The solution was concentrated and purified by column
chromatography using 10% ethyl acetate—dichloromethane as
eluent. Monoradical P3T1 and other biradicals were obtained in
a similar way. TLC (10% ethyl acetate—dichloromethane, silica
gel), Ry 0.47 (P2T2), 0.40 (P3T2), 0.33 (P4T2), 0.33 (P5T2),
0.45 (P3T1). Yields: 40% (P2T2), 35% (P3T2), 30% (P4T2), 42%
(P5T2) 47% (P3T1). All biradicals have five-line EPR spectra,
while monoradical shows a three-line spectrum. ESI-HR-MS data
for P2T2: calc. for [C,,H,,O,N, + H]* 471.3070, found for [M +
H]J" 471.3065. ESI-HR-MS data for P3T2: calc. for [C,sH,OsN, +
H]* 515.3332, found for [M + H]* 515.3327. ESI-HR-MS data for
P4T2: calc. for [C,xH50OoN, + H]* 559.3594, found for [M + H]*
559.3589. ESI-HR-MS data for P5T2: calc. for [C;,H5, O, N, +
HJ" 603.3857, found for [M + HJ* 603.3851. Preparation and
characterisation of P3T1 has been reported earlier."

Preparation of complexes for elemental analysis and DSC: the
complexes were prepared by mixing an aqueous 10~* M solution of
PrT2 in water with a 10~ M B-CD solution (in a 1 : 2 molar ratio);
the precipitates were isolated by filtration, washed with water and
dried.
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Dioxapolyaza cyclophanes derived from resorcinol and different polyamine chains have been studied in
aqueous solution as abiotic receptors for nucleotides. The presence of the additional ethyleneoxy
subunits is reflected in a higher basicity and in a significant increase in the log K values for the
interaction with nucleotides relative to that of related polyazacyclophanes.

Introduction

Recognition of nucleotides is an essential event in many biological
processes. Accordingly, a great deal of experimental effort has been
addressed to designing abiotic selective receptors for nucleotides in
order to establish the molecular basis of such events.'* Nucleotide
recognition needs to take into account the existence of different
structural components: the purine or pyrimidine base, the sugar
fragment and the phosphate terminal chain (Fig. 1). Although
in aqueous solutions, charge—charge interactions between the
anionic phosphate chain and oppositely charged receptors will
represent the main contribution to the binding, other interactions
like hydrogen-bonding between complementary hydrogen bond
donor—acceptors of the nucleotide and the receptor as well as
n—n and solvophobic interactions can also contribute significantly
and modulate the selectivity patterns.* In this respect, we have
recently prepared a series of receptors in which a resorcinol-
derived aromatic fragment is linked to different polyamine chains
(Fig. 1).> The charge—charge contribution will be provided by
the interaction of the protonated polyamine fragment with the
phosphate chain while the electron rich aromatic fragment can
give rise to m-7 interactions with the electron poor aromatic
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T Electronic supplementary information (ESI) available: NMR titrations,
distribution diagrams, suggested protonation sequences, calculated min-
imum energy structures for the ligands and their complexes. See DOI:
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Fig. 1

rings of the protonated nucleobases. The oxygen atoms can
eventually contribute to the binding as hydrogen acceptors, while
the protonated nitrogen atoms of the base or the hydroxyl groups
of the sugar act as the donors.

Results and discussion
Acid-base properties

Compounds Re33, Re222, Re323 and Re343 (see Chart 1) were
efficiently prepared according to a synthetic procedure we have
previously reported.*

O_\_H‘N/_’}_H O_\—Nﬁ_n@N?m

O_/_H’N\_) o/ NQ_é%N

n

Re33

m=1 n=1 Re222
m=1 n=2 Re323
m=3

m=1 n=1 B222
m=1 n=2 B323
m=3 n=2 B343

Structural components of receptors: the purine or pyrimidine base, the sugar fragment and the phosphate terminal chain
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Table 1 Logarithms of the successive protonation constants for compounds in Chart 1 measured potentiometrically at 298.1 K in NaCl 0.15 mol dm™*

Reaction* Re33 B33 Re222 B222 Re323 B323¢ Re343 B343¢
H+L=HL 1008  10.13(1)  10.21(2) 9.392)  10.12(1) 993(1)  10.84(2)  10.39(2)
H+HL=HL 8.29(1) 8.34(1) 8.75(2) 8.45(2) 9.09(1) 9.09(1) 9.82(1) 9.54(2)
H+HL=HL 6.74(1) 6.82(3) 7.66(3) 5.38(2) 7.44(1) 7.44(1) 7.73(2) 7.54(2)
H+HL=HL 3.09(4) 2.51(1) 5.03(2) 3.61(1) 6.87(2) 6.64(2)
nH+L=H,L 25.33 25.29 29.72 25.73 31.67 30.07 35.26 34.11

“ Charges omitted for clarity. * Standard deviations given in parenthesis. ¢ See ref. 5.

In the work with polyamine ligands, an appropriate study of
the acid-base properties is essential. The previous determination
of their protonation constants is required in order to obtain the
corresponding constants for the interaction of those receptors
with different guests in aqueous media. On the other hand, the
knowledge of the protonation degrees and that of the nature of the
protonated species at the pH values of interest is essential in order
to understand and rationalize their coordinating ability towards
either cationic substrates or anionic species such as nucleotides.

Potentiometric measurements

In our case, protonation constants for macrocycles Re33, Re222,
Re323 and Re343 were obtained by potentiometric measurements.
The methodology used and the experimental set-up have been
described in detail elsewhere.® All potentiometric measurements
were carried out at 298.1 K. Table 1 gathers the successive stability
constants calculated for the protonation of those macrocyclic
compounds. For comparison, the corresponding constants for
related polyazacyclophanes previously studied by our group and
containing the same polyamine chains have also been included.®

As can be seen in the table, all the ligands show a significant
decrease in the values of the successive protonation constants
as the protonation degree increases. This is always the expected
trend resulting from the electrostatic repulsions originated when a
new proton is added to a previously protonated (charged) species.
For the larger macrocycles (Re343 and Re323), the difference
between the first and the second protonation constants is small
(AlogK = 1.02 and 1.03 respectively) showing that those large
macrocycles are able to accommodate two protons without paying
any significant cost in terms of electrostatic repulsions. AlogK
values are slightly higher for the smaller macrocycles. In general,
it is to be expected that, for this kind of polyazamacrocycles,
introduction of the third proton is accompanied by a more
significant decrease of the values for the respective stability
constants.” This is particularly relevant for the relatively small
macrocycle B222, for which the third protonation needs to occur
adjacent to one protonated nitrogen separated through a short
ethylenic spacer. Such a drastic decrease is not observed, however,
for receptor Re222 that shows a log K value for this step two
orders of magnitude higher than that measured for B222. The
fourth protonation step shows, for the three tetraazamacrocycles
(Re222, Re323, Re343), a log K value much lower than that for
the formation of H;L. This occurs as H,L requires location of
the incoming proton between two adjacent protonated (charged)
nitrogen atoms. Nevertheless, the decrease observed for Re323 is
again less marked than that for B323 giving place to a fourth log
K value significantly higher for Re323.

According to the former considerations, except for the smallest
macrocycle of the series, the overall basicity of the new macrocycles
is higher than that of the corresponding polyazacyclophanes, in
particular for the Re222 (four orders of magnitude). Those trends
indicate that the structural modifications, with the substitution
of two methylene groups by two ethyleneoxy groups provide
ways to increment the basicity of the resulting macrocycles.
This can be generated either by the participation of the oxygen
atoms, via hydrogen bonding, in the protonation process, or by
providing additional conformational flexibility so that electrostatic
repulsions are better accommodated. This increase in basicity is
an interesting feature for the use of those compounds as receptors
for anions as is the case of nucleotides.

As in other cases, the basicity of these oxaaza macrocycles is
directly related to the length of the aliphatic spacers linking the
nitrogen atoms, the larger spacers giving rise always to higher
protonation constants. This is also reflected in the prevalence of
different protonated species at a given pH value. Thus, for instance,
at pH values of biological relevance (pH ~ 7), H,L and H;L are
the dominant species in solution for Re343,} while for Re222 and
Re323 no tetraprotonated species can be detected and a mixture
of H;L and H,L species is present at this pH (see Fig. 2 and ESI
for distribution diagramst). Similar trends are observed at more
acidic pH values. At pH = 4, only H,L species are present in
solution for Re343 and Re323. However, for Re222, H;L is the
major species at this pH while H,L is present only to a very minor
extent.

re343
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Fig. 2 Distribution diagram for the protonated species of Re343. For
other ligands, see ESI.

NMR spectroscopy

In order to gain further insight into the nature of the different
species involved, we recorded the NMR spectra of the ligands
at different pH values. All the assignments were made on the

1 Throughout the text, charges have been omitted for clarity in H, L species.

1936 | Org. Biomol. Chem., 2007, 5, 1935-1944

This journal is © The Royal Society of Chemistry 2007





3.600 A

3.400 4 —a—h5

3.200 A —a—h9
“ 3,000 1 —e—h6

2.800 A —e—t8

2.600 A

2.400 -

2 4 6 8 10 12

Fig. 3 Variation of the ¢ values with pH for the protons in the aliphatic
region for compound Re323.

basis of 2D '"H-'"H and '"H-"*C correlation experiments. Thus, for
instance, Fig. 3 shows the variation of the signals corresponding to
the aliphatic protons of the '"H NMR spectra obtained for Re323
at different pH values.

According to the distribution diagram, for this compound H;L
is the predominant species in the pH range 4-7 (see Fig. S1 in
the ESIT). As can be seen in the figure, only protons 8 and 9
show significant changes below this pH range, which suggests that
the first deprotonation mainly affects a proton located at one of
the central nitrogen atoms. Diprotonated species are prevalent at
pH = 7-9 and the changes in the chemical shifts that accompany
their formation mostly affect protons 5 and 6, suggesting that the
second deprotonation is preferentially associated with the nitrogen
atoms closer to the aromatic subunit. In this case, however, the
other possible diprotonated species seem to be also present, even
if to a minor extent. Finally, the monoprotonated species only
exist in a much reduced pH range (9-10) and their formation is
accompanied by changes in the chemical shifts of all the aliphatic
protons, indicating the coexistence of the two possible species.
The overall protonation scheme for this compound is depicted in
Scheme 1.

o/_:l&/j o/_\H
HN HN
- Q HN:| - HN]
o i) o A
_/ NEAW

Scheme 1 Protonation sequence for Re323 according to NMR data.

On the other hand, the study of the aromatic region of the
'"H NMR spectra for this compound reveals that only the H
atom ortho to both ether moieties (H1) is clearly affected by the
protonation process (see Fig. 4). The singlet signal corresponding
to this proton experiences significant downfield shifts upon
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Fig.4 Variations observed in the aromatic region of the "H NMR spectra
for Re323.

protonation (Ad ~ 0.2 ppm). These J shifts in H1 can be attributed
to field effects due to conformational changes associated with the
participation of the lone pairs of the oxygens in hydrogen bonding
or dipolar interactions (see Scheme 2).

QOMN\& %‘HE ™,

+2 Ht T
H N\ /DH
H
HN/I]: CDH- s
O‘t/\/ L /@
Scheme 2

Similar analyses were carried out for the other ligands (see
ESI for the suggested average protonation sequences and NMR
datat). Thus, for Re33 all the aliphatic protons show similar
variations in their chemical shifts throughout the whole pH range,
revealing that the two possible species coexist for both H,L
and H,L. For the macrocycle Re222, containing three ethylenic
spacers, triprotonated species are prevalent over a broad pH range
(4-8). The loss of the first proton from H,L is accompanied by a
variation in the chemical shifts of the protons in the vicinity of the
central nitrogen atoms, clearly showing that the first deprotonation
takes places preferentially at this site. Nevertheless, for the second
and third deprotonation steps, variations in the ¢ values affect all
protons located next to both kinds of nitrogen atoms. Accordingly,
it can be deduced that again the two alternative structures coexist
for the mono and diprotonated species. Finally, for Re343 the first
deprotonation takes place at pH 6-7 and the NMR data indicate
that the nitrogen atoms located closer to the aromatic ring are the
ones essentially involved in this step. When the formation of the
diprotonated species, which is prevalent for the pH range 8-10,
takes place, NMR data suggest that the species with the protons
located at the two central nitrogen atoms is mostly present. In the
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same way, the monoprotonated species seems to have the proton
mainly located at one of the central nitrogen atoms.

Molecular modelling

In order to better rationalize the role played by the ethyle-
neoxyphenyl moieties on the acid base behaviour of those com-
pounds, we carried out an extensive set of molecular modelling
calculations on the different possible protonated species for all the
macrocyclic compounds considered. For that purpose, we made
molecular mechanics calculations using the MACROMODEL 7.0
software package.® According to our previous experience with
related systems,” all calculations were made with the AMBER*
force field as implemented in the former package.'® The simulation
of water as the solvent was carried out using the GB/SA method."
For each protonated species, a conformational search was carried
out through the variation of the torsional angles according to
the Monte Carlo method, so that for each species, 1000 structures
obtained by the automatic variation of the angles were minimized.
Fig. 5 shows the minimum energy conformers obtained for the
protonated species of the four macrocycles. In those structures,
hydrogen bonds are depicted using a dashed black line, while
favourable electrostatic interactions are shown by a dotted grey
line. It can be seen that hydrogen bonding patterns follow the
usual trends for this kind of structure,”” but only favourable
electrostatic interactions can be detected between the oxygen

HsRe33"

HiRe222?

H4Re222*
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{ )

/

XX
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H4Re323™ HsRe323"
HsRe343* H:Re343"3

H:Re33"?

atoms and the adjacent ammonium groups. This could have an
effect on the stabilization of highly protonated species as it has
been shown to happen in some oxaazamacrocycles.” Such an
interaction could help to explain the large constant obtained
for the third protonation step of Re222. Although in order
to minimize electrostatic repulsion third protonation yields an
expansion of the cycle, only in this case all the possible favourable
electrostatic interactions between electron pairs of donor atoms
and ammonium are preserved (see dotted lines in Fig. 5).

On the other hand, molecular dynamics calculations using also
the AMBER* force field and the GB/SA method reveal that, as in
other cases, the protonated species present a much higher degree
of preorganization. This is clearly illustrated in Fig. 6 that shows

Fig. 6 Superimposition of 100 structures found during MD simulation
of L and H,L species for Re323.

HRe33"

HRe222*
X
‘ r oy ¢
v
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H.Re323" HRe323"
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Fig.5 Minimum energy conformers for protonated species of oxaaza cyclophanes. Dotted blue lines are ammonium-lone pair contacts. Solid red lines

represent hydrogen bonds.

1938 | Org. Biomol. Chem., 2007, 5, 1935-1944

This journal is © The Royal Society of Chemistry 2007





a superimposition of 100 structures found during the simulation
for the L and H,L species for Re323.

Molecular spectroscopy

UV-VIS measurements also confirm that oxygen atoms do play
a role in the protonation process. This is exemplified for Re323 in
Fig. 7. As can be seen in the figure, an increase in the pH value
of an aqueous solution of this macrocycle is accompanied by a
bathochromic shift for the band characteristic of the aromatic
subunit. This can be easily monitored (see inset in the figure) by
recording the variation with pH of the absorbance at 300 nm.
The observed change is minor for the pH range 2-7, but a steady
increase occurs for higher pH values. This can be associated with
the fact that at acidic pH values, where H; L. and H,L predominate,
the nitrogen atoms adjacent to the ether moieties are protonated
at a higher extent and a strong interaction of the oxygen atoms
with those ammonium groups is present as suggested by molecular
modelling. Thus, the increase in absorption above pH 7 reflects the
progressive deprotonation of the lateral nitrogen atoms, modifying
the location of the lone pairs of the oxygen atoms in order to
maximise the conjugation with the aromatic system (see Scheme 2).
Analysis of fluorescence spectra provides a similar outcome.
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Fig. 7 (a) Absorption spectra for Re323 at different pH values (a: 1.7;
b: 9.8; c: 11.3). The inset shows the variation of the absorbance at 300 nm
as a function of pH. (b) Fluorescence spectra (irradiation at 275 nm) for
Re323 at different pH values (a: 2.2; b: 11.2). The inset shows the variation
of the position of the fluorescence maximum as a function of pH.

Interaction with nucleotides

Potentiometric measurements. pH titrations show that all
receptors significantly interact with nucleotides, in particular

Table 2 Log K values for the association constants obtained for receptors
1-4 and ATP, determined at 298.1 K in NaCl 0.15 mol dm?

Reaction® Re33 Re222 Re323 Re343
L+A+H=HAL 13.50(5)"  14.81(7)  13.38(4)
L+A+2H=H,AL 22.71(3) 23.92(7)  23.00(2)  25.26(3)
L+ A +3H = H;AL 30.21(3) 31.96(6) 31.17(2) 34.52(3)
L+A+4H =H,AL 36.52(3) 38.23(7)  38.13(2) 42.08(4)
L+ A+ 5H=H;AL 40.66(4) 42.92(7) 43.41(3) 48.50(4)
L+A+6H=HAL 42.93(8) 45.8(1) 47.004)  52.57(4)
L+A+7H=H,AL 48.5(2) 49.7(1)

LH + A =HAL 3.20 4.59 3.27

LH, + A=H,AL 4.12 495 3.80 4.6
LH, + AH = H,AL 4.95

LH; + A = H,AL 4.88 4.53 6.13
LH; + AH = H,AL 4.52 5.93 4.82 7.02
LH, + AH = H;AL 5.07 6.57
LH; + AH, = H,;AL 4.58 5.51

LH; + AH; = H;AL 5.58

LH, + AH, = H,AL 5.3 4.55 6.56

“ Charges omitted. * Values in parentheses are standard deviations in the
last significant figure.

Table 3 Log K values for the association constants obtained for receptors
1-4 and ADP, determined at 298.1 K in NaCl 0.15 mol dm™3

Reaction® Re33 Re222 Re323 Re343
L+A+H=HAL 13.1(1) 12.48(5) 13.3(2)
L+A+2H=H,AL 21.172* 22.18(8) 22.03(2) 23.66(5)
L+A+3H=H;AL 28.37(2) 30.01(7)  30.03(2) 32.11(4)
L+A+4H =H,AL 35.82(8)  36.79(2)  39.30(4)
L+ A +5H =H;AL 40.37(7)  41.75(2)  45.33(5)
L+ A +6H = HAL 45.34(2)  48.93(9)
LH + A =HAL 2.88 2.37 2.47
LH, + A=H,AL 2.58 3.21 2.83 3.00
LH, + AH = H;AL 3.22 4.88

LH; + A= H;AL 3.03 3.38 3.38 3.72
LH; + AH = H,AL 3.03 3.99 4.36
LH; + AH, = H,;AL 3.68

LH, + AH = H;AL 3.96 3.52
LH, + AH, = H,AL 3.60 3.0

“ Charges omitted. ® Values in parentheses are standard deviations in the
last significant figure.

ATP and ADP (see Tables 2 and 3). The nucleotide : receptor
stoichiometry of the adducts detected is always 1 : 1. The extent
of protonation of the species formed range from 1 to 6 for the pH
range under study (3-10). The values for the stepwise formation
constants of the adducts show that ATP is always the substrate
interacting strongest with all the receptors. On the other hand,
receptor Re343 is the one forming the most stable adducts either
with ATP or ADP.

Taking into consideration that both the ligands and the
nucleotides can participate in several overlapped protonation
equilibria, care has to be taken in order to decide the equilibria
representative of the formation of a given nucleotide-receptor
adduct. Some years ago, our group proposed a method, based on
the use of the classical conditional effective stability constants, to
overcome those difficulties in the analysis of this kind of system.'

At a given pH value, for each ligand L, a conditional stability
constant can be defined according to the equation:

S[LAH|]
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These conditional stability constants are very useful when, at
a given pH value, different equilibria can be considered for the
formation of the same species. Thus, for instance, at pH = 7 the
logarithm of K, for the interaction of Re323 with ATP is 4.49.
At this pH value, H;LA and H,LA species are present and their
formation can be described in terms of two different equilibria:

H,L* + A,* < H,LA log K = 6.09

H,L* + HA* < H,LA log K = 4.82

Taking into consideration the individual stability constants for
both equilibria and the value of the conditional stability constant
for that pH (4.49), it is clear that the participation of the first
equilibrium can be discarded.

The use of the conditional stability constants also allows for
a simple graphical comparison of the selectivity trends in those
systems. This is illustrated in Fig. 8 for the interaction of the
different receptors with ATP over the whole pH range. The
representation of the conditional stability constants at the different
pH values allows us to observe that Re343 is the receptor providing
the most intense interaction with ATP except for the more basic
pH region. This could be ascribed to the higher basicity of this
compound (see Table 1) that favours the presence of more highly
charged species for a given pH value. Nevertheless, other factors,
such as the preorganization of the receptor and the host-guest
complementarity must be also considered. Thus, when comparing
Re323 and Re222, it is the smaller macrocycle, and accordingly
the less basic, the one interacting more strongly with ATP. In this
regard, Re323 behaves in a similar way to the smallest macrocycle
Re33.
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Fig. 8 Plots of the conditional stability constants vs. pH for the
interaction with ATP of oxaaza macrocycles.

As a matter of fact, Re343 is able to interact with ATP stronger
than other related polyaza cyclophanes of significantly larger size
such as m-B33233. Fig. 9 shows how Re343 presents conditional
stability constants that are up to 3.5 orders or magnitude higher
than those for m-B33233.

In general, it seems that the presence of the resorcinol derived
subunit provides, according to the basic principles in the design
of these oxaaza macrocycles, some favourable features for the
interaction with ATP, and the values of the conditional stability
constants determined for them are higher than those found
for polyaza cyclophane receptors having the same number and
arrangement of nitrogen atoms. This can be seen in Fig. 10 for the
case of Re323. The conditional stability constants for this receptor
are at least one order of magnitude higher, for the entire pH range,
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Fig. 9 Plots of the conditional stability constants vs. pH for the
interaction with ATP of Re343 and B33233.
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Fig. 10 Plots of the conditional stability constants vs. pH for the
interaction with ATP of Re323, B323 and B323-4Me.

than the ones corresponding to B323. Only when the ligand B323
is N-alkylated (B323-4Me) do the constants become comparable.?

When considering the interaction with the different nucleotides,
ATP, AMP, ADP, the general trends are similar to those obtained
with related systems and the strength of the interaction follows
the order ATP > ADP > AMP."* In our case, the low values
for the association constants of AMP with the different receptors
precluded their accurate determination except for the more basic
ligand Re343 (see Table 4).
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Table 4 Log K values for the association constants obtained for receptors
Re343 and AMP, determined at 298.1 K in NaCl 0.15 mol dm™*

Reaction® Re343
L+A+H=HAL 14.30(6)
L+ A +2H =H,AL 24.29(5)
L+ A +3H = H;AL 32.39(4)
L+A+4H =H,AL 39.37(4)
L+ A+ 5H=H;AL 45.16(4)
LH + A =HAL 3.46
LH, + A=H,AL 3.63
LH, + AH = H,AL 541
LH; + A=H;AL 4.0
LH, + A=H,AL 4.11
LH, + AH = H;AL 3.58

“ Charges omitted. ® Values in parentheses are standard deviations in the
last significant figure.

In the case of Re343, Fig. 11 shows how this ligand is able to
selectively interact with ATP in the presence of ADP and AMP,
the selectivities observed always being above 100 in the acidic
pH range (851 at neutral pH). Rather surprisingly, no significant
differences are observed between ADP and AMP in the pH
range 4-7. At lower pH values ADP interacts more strongly, while
AMP complexes are predominant (over those of ADP) at basic
pH values.
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Fig. 11 Plots of the conditional stability constants vs. pH for the
interaction of Re343 with ATP, ADP and AMP.

NMR measurements

Additional information on the nature of complex species formed
was obtained through the use of NMR spectroscopy. As an
example, Fig. 12 shows the aromatic (a) and aliphatic (b) regions
at pH = 8 of the NMR spectra for free Re343, ATP and for
the corresponding complex species. The spectra show how the
formation of the complexes is accompanied by a significant
broadening of the signals of both the receptor and the nucleotide.
This can be ascribed to the conformational restrictions that take
place upon formation of the complex species. On the other hand,
the aromatic signals of receptor and substrate experience an
upfield shift, which is consistent with the formation of complex
structures with stacked aromatic rings.?

This is a general behaviour for the different receptors considered
in this work. Thus, Fig. 13 shows the variation in the chemical shift
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Fig. 12 '"H NMR spectra for the aromatic (upper traces) and aliphatic
(lower traces) regions for Re33, ATP and an equimolecular mixture of
both at pH = 8.5.
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Fig. 13 Chemical shifts observed, at different pH values, for the aromatic
proton H; in macrocylces Re33, Re323, Re323 and Re343 upon interaction
with ATP.

observed for the aromatic proton H; of the macrocycles Re33,
Re323, Re323 and Re343 upon interaction with ATP at different
pH values. In the same way, Fig. 14 gathers the information about
the variation in the chemical shift observed for the aromatic proton
H, of ATP under the same conditions (for the atom labelling, see
Fig. 12).

Ascan be seen, shielding of the aromatic signals of both receptor
and ATP occurs for the whole pH range for which complex species
formation is significant and this shielding is similar for all the
receptors considered. Thus, for the system Re323-ATP at pH =
3, for which the complex species H¢LLA is predominant, the signal
corresponding to H; is observed 0.1 ppm shielded relative to that
of the free macrocycle at that pH value. For pH values close to
7, where the predominant complex species is H,LLA, a maximum
shielding of ca. 0.2 is observed. For higher pH values, the ob-
served shielding decreases to essentially disappear after reaching
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Fig. 14 Chemical shifts observed, at different pH values, for the aromatic
proton H, of ATP upon interaction with macrocylces Re33, Re323, Re323
and Re343.

pH = 10. Very similar trends can be described for the H, proton
of the adenine fragment.

The formation of complex structures presenting some degree
of stacking for the aromatic rings occurs for the three nucleotides
studied. This is illustrated in Fig. 15 that shows the variation of the
chemical shift for the H, proton of the free macrocycle Re343 at
different pH values and for the complex species formed with ATP,
ADP and AMP. It can be observed how the shielding is essentially
the same for ATP and ADP but is clearly reduced for AMP. This
suggests that for AMP, stacking interactions can be less efficient.
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Fig. 15 Chemical shifts observed, at different pH values, for the aromatic

proton H, of Re343 upon interaction with ATP, ADP and AMP.

Complementary information can be obtained through the use
of *'P NMR spectroscopy. In this regard, Fig. 16 displays the *'P
NMR spectra of ATP free and complexed with Re323 at pH =
7. A significant downfield shift, accompanied by a broadening of
the signals, is observed for the peaks corresponding to P, and
Py, the effects on P, being larger. On the contrary, the signal
for P, remains essentially unchanged. The changes in the shift
of the signals for P, and P; reflect the change in the extent of
protonation of ATP and the conformational changes required
to optimize the electrostatic interaction. This occurs when ATP
increases its negative charge density and the receptor increases
its protonation degree (as can be seen at the bottom traces in
Fig. 12, complexation is always accompanied by an increase in
the protonation degree of the nitrogen atoms that is reflected in a
downfield shift of the methylene groups close to them).
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Fig.16 *'PNMR spectra of ATP free and complexed with Re323 at pH =7.

Molecular modelling

Molecular dynamics simulations and molecular mechanics cal-
culations for the different complexes were carried out in a
similar way to that previously reported for protonated receptors.
The conformational search for each individual complex species
always provided minimum energy conformers containing stacked
geometries for the aromatic rings of the macrocycle and the
nucleotide. The minimum energy conformer calculated for the
system H,Re343-HATP (the predominant species at pH around
5) is depicted in Fig. 17 and shows an excellent complementarity
between ATP and the macrocycle. In this regard, optimization of
the m-—m and electrostatic interactions takes place without intro-
ducing any significant conformational stress in the components.
The situation is, however, different when the interaction of ATP
with the smaller macrocycles is considered or for the interaction
of Re343 with ADP or with AMP, which could justify the lower
stabilities observed for the corresponding complex species.

e
-«

—

Fig. 17 Minimum energy structure for H,Re343*-HATP?".

Molecular dynamics studies allow evaluation of the relative
receptor—substrate mobility of the corresponding complex species.
Fig. 18 shows the superimposition of the structures found during
a 5 ns molecular dynamics simulation for the systems Re343-ATP
and Re343-AMP. It can be seen how the first complex species, the
one being more stable, is much more rigid than the second one as
a consequence of the better complementarity shown by the two
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Fig. 18 Superimposition of 50 structures found during the MD simula-
tion of Re343-ATP and Re343-AMP species.

components. It is noteworthy that stacking of the aromatic rings
is maintained throughout the whole simulation process.

Molecular spectroscopy

UV-Visible measurements were carried out in order to detect any
potential electronic interaction of the aromatic rings. No such
interactions could be, however, detected, but a significant increase
in the absorption above 300 nm was observed in some cases. This
phenomenon is associated with the formation of turbidity in the
samples that is visible to the naked eye in the pH range 4-6. As can
be seen in Fig. 19 for Re323, this is associated with the formation
of 1 : 1 complex species that present a low solubility in aqueous
solutions. An analysis of the whole pH range reveals, as shown in
Fig. 20, this turbidity can be ascribed to the presence of the neutral
species H,LA or the monocation HsLA. The low solubility of these
species with low charge could be potentially used in purification
processes for nucleotides.
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Fig. 19 UV-VIS spectra for Re323 (5¢-4M) in water at pH = 5.0
upon addition of ATP: (a) 0 mol dm°ATP; (b) 3e-4 mol dm>ATP;
(c) 4e-4 mol dm—ATP; (d) 5e-4 mol dm~— ATP. Inset: variation of the
absorbance at 350 nm as a function of the concentration of ATP.

Conclusions

The presence of oxygen donor atoms and electron-rich aromatic
rings in oxaaza cyclophanes derived from resorcinol provides some
interesting properties to the resulting abiotic receptors. In general,
the overall basicity of the present macrocycles is higher than
that observed for related systems not containing the ethyleneoxy
subunits. This s particularly significant for Re222 having an overall
basicity constant four orders of magnitude higher than that of
B222. According to our results, the presence of the ethyleneoxy
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Fig. 20 Distribution diagram for Re323 (5e-4 mol dm~?) + ATP
(5e-4 mol dm~?) species. The values of the absorbance at 350 nm at different
pH values are given by black dots (@). The dotted line represents the sum
of HsLA and H,LA species.

subunits can contribute to increase the conformational flexibility
of the system (and favouring the release of charge—charge inter-
actions) and through the participation of oxygen atoms in the
stabilization of protonated species.

All receptors interact significantly with nucleotides to form 1 :
1 adducts in aqueous solution. In all cases, ATP is the nucleotide
interacting the most strongly. From the different macrocycles,
Re343 is the one forming the most stable adducts either with ATP
or ADP. As a matter of fact, Re343 is able to interact with ATP
stronger than other related polyaza cyclophanes of significantly
larger size such as m-B33233 having up to six nitrogen atoms
in the macrocyclic structure. In this regard, only N-methylated
polyaza cyclophanes seem to behave in a similar way. According
to the basic features for the design of this family of receptors,
the presence of an electron-rich aromatic ring seems to clearly
contribute to this behaviour. NMR data are consistent with the
formation of complex structures with stacked aromatic rings. This
phenomenon is much weaker for adducts formed with AMP which
reveals a worse structural complementarity in this case, as has been
confirmed by molecular modelling studies.

Finally, UV-visible experiments reveal that formation of com-
plex species of low charge, as is the case of H,LA (neutral) or H;LA
(monocation) species for Re323, is accompanied by a marked
decrease in solubility. This opens the way for developing new
protocols for nucleotide purification.

Experimental

All the oxaaza cyclophanes were obtained as previously
described.®

EMF measurements

The potentiometric titrations were carried out at 298.1 + 0.1 K in
NaClO, 0.15mol dm~. The experimental procedure used (burette,
potentiometer, cell, stirrer, microcomputer, efc.) was the same as
one that has been fully described elsewhere.’® The acquisition of
the emf data was performed with the computer program PASAT."
The reference electrode was an Ag/AgCl electrode in saturated
KClI solution. The glass electrode was calibrated as an hydrogen-
ion concentration probe by titration of previously standardized
amounts of HCI with CO,-free NaOH solutions and determining
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the equivalent point by Gran’s method,'” which gives the standard
potential, E”, and the ionic product of water (pKw = 13.73(1)).
The concentrations of the different metal ions employed were
determined gravimetrically by standard methods.

The computer program HYPERQUAD,' was used to calculate
the protonation and stability constants.

NMR measurements

The 'H and "“C spectra were recorded on a Varian INOVA 500
spectrometer operating at 500 MHz for 'H and 125.75 MHz for
BC. The NMR experiments involving *'P were recorded on a
Varian Unity 300 spectrometer equipped with a switchable probe.

Molecular modelling

For the molecular modelling studies, the Macromodel 7.0 software
package was used.® The simulation of water was carried out using
the GB/SA method." For each studied species, the conforma-
tional search was carried out through variation of the torsional
angles according to the Monte Carlo method: 1000 structures were
obtained and minimized for each case.
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Bridgehead lithiations have successfully been carried out on substrates derived from catechinic acid,
which possess the core bicyclo[3.3.1]Jnonane-1,3,5-trione structure present in garsubellin A. Using an
external quench method, various electrophiles have been incorporated at the C-5 bridgehead position in
a one-step process that appears to be sensitive to the substitution pattern on the bicyclic system.
Regioselective lithiation at the C-3 sp® centre was achieved by changing the base used from LDA to
LTMP. Following the introduction of a prenyl substituent by bridgehead substitution, annulation of a
THF ring, analogous to that in garsubellin A, was possible via an epoxidation—-ring opening sequence.
Oxidative modification of the catechol substituent of the catechinic acid core was possible to give
systems with muconic acid, ortho-quinone or furan 2-carboxylic acid side chains.

Introduction

The natural products known as polyprenylated acylphloroglu-
cinols (PPAPs) have emerged as an important class of com-
pounds due to their broad range of biological activities.! These
compounds, isolated from various plants and trees from the
family Clusiaceae, are characterised by the presence of a common
bicyclo[3.3.1]nonane-1,3,5-trione core, decorated with prenyl (or
geranyl) and acyl groups. Important examples include garsubellin
A, hyperforin and clusianone, Fig. 1.

These challenging structures, together with promising thera-
peutic potential have made these molecules attractive targets for
total synthesis.*> As a result, a number of research groups have
described synthetic approaches to these compounds, and recently
garsubellin A (1) has succumbed to total synthesis by the groups
of Shibasaki, and Danishefsky.**

We recently described the first total synthesis of clusianone
(3),° and also a formal synthesis of garsubellin A.® This work,
inspired by a previous approach of Spessard and Stoltz,” employed
a malonyl dichloride (5) annulation (Effenberger cyclisation)® of
a cyclohexanone-derived enol ether 4 to set up the [3.3.1] trione
core structure 6, Scheme 1. Subsequent elaboration to the target
natural product was then possible by regioselective metallation—
substitution reactions at both the bridgehead C-5 and C-3 sp?
hybridised positions.

Although this approach enabled a rapid access to clusianone,
and has the potential to deliver other PPAPs, it has a number
of deficiencies. First and foremost is the consistently modest
efficiency of the type of annulation shown in Scheme 1 which,

“School of Chemistry, The University of Nottingham, University Park,
Nottingham, NG7 2RD, UK. E-mail: nigel.simpkins@nottingham.ac.uk
*Medicinal Chemistry, Psychiatry Centre of Excellence for Drug Discovery,
GlaxoSmithKline, New Frontiers Science Park, Third Avenue, Harlow,
Essex, CM19 5AW, UK

T Electronic supplementary information (ESI) available: Experimental
procedures and/or full spectroscopic data for compounds 19-26, 3242,
44, 46-50. See DOI: 10.1039/b704311b

1 Garsubellin A 2 Hyperforin

3 Clusianone

Fig. 1 Representative PPAP natural products.

at least in our hands, rarely provides more than 25-30% yields.’
Secondly, and in line with most other synthetic work in this area,
the method has provided only racemic intermediates to date.'

In parallel with our synthetic investigations summarised above,
we also surveyed the literature for alternative promising entries to
enantiopure starting materials for PPAP synthesis. We identified
a little-known, and remarkable, rearrangement of the naturally
occurring, readily available, flavanoid (+)-catechin (7) into the
bicyclo[3.3.1]nonane-1,3,5-trione derivative catechinic acid (8)
under alkaline conditions (Scheme 2)."!

Reported over thirty years ago by Sears et al. this highly
stereoselective transformation has not attracted much interest
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(1 equiv.)
Et,0, -20 °C, 24h

OH o
OH
NaOH,H,0 HO\Z OH
—— 3
Reflux, 1 h

(+)-Catechin (7) Catechinic acid (8)

(ii) KOH(q), BnEtzNCI
RT5h

MeSOy, K,CO3

—_—
Acetone, reflux
18 h
58% from 7
MeO OMe MeO OMe
10 (R=H)

TIPSOTY, lutidine 9+
CH,Cly, 0°C, 75%

11 + 12(R=TIPS)

Scheme 2 Preparation and protection of catechinic acid.

since. For our purpose, catechinic acid (8) constituted a promising,
enantiopure entry into the bicyclic core of PPAP type structures,
and might even constitute a chiral pool starting material for
natural products such as garsubellin A.

As a prerequisite to a synthetic study towards 1 using 8 as a tem-
plate, two key issues needed to be addressed: (i) the introduction
of appropriate substituents at both bridgehead positions C-1 and
C-5, as well as at position C-3; (ii) the conversion of the catechol
ring at position C-8 of 8 into the gem-dimethyl group present in 1.

The solution to the substitution problems at C-1, C-3 and
C-5 were explored in parallel to our studies using the Effenberger
derived materials (Scheme 1). In this regard the catechinic acid
derived bicyclic systems could function as useful, and readily
available, model systems to probe the scope and regiocontrol of
substitution chemistry. Clearly, if the catechinic acid system was to
provide access to the natural products themselves then degradation
of the C-8 catechol unit was a key issue. In this regard the oxidative
degradation of an aromatic ring into a carboxylic acid derivative is
a well known transformation.’ In turn, a C-8 carboxylic function
would allow introduction of the desired gem-dimethyl through a
methylation-reduction sequence. In order to address these issues,
a systematic study was initiated on suitably protected derivatives
of 8.

In this paper we describe in full detail our results concerning
the bridgehead substitution of catechinic acid derivatives through
the selective formation of bridgehead enolates. Also reported is
the selective introduction of various substituents at the C-3 sp*
position of 8. Additionally, the formation of the THF ring present
in 1 is reported starting with a prenylated derivative, involving
an epoxidation-ring opening sequence. Finally, some interesting
results obtained by the oxidative degradation of the aromatic
moiety of intermediates derived from 8 are described.

Results and discussion

(i) Regioselective bridgehead substitution

Our study began with the protection of the acidic residues present
in catechinic acid (8). Following literature precedent, methylation
under basic conditions afforded regioisomers 9 and 10 in 58%
overall yield from 7 (Scheme 2). The mixture of secondary
alcohols was then treated with TIPSOTS and lutidine to afford
the corresponding silylated vinylogous ester derivatives 11 and
12 in 75% yield (3 : 1 ratio), which were separated by column
chromatography.

With suitable substrates in hand, initial studies of bridgehead
substitution reactions were undertaken. Initial attempts to de-
protonate major regioisomer 11 using excess LDA or LTMP (1
to 5 eq.) in THF at —78 °C in the presence of Me;SiCl (in situ
quench) failed to give any silylated product and starting material
was recovered, Scheme 3.

Although previously this in situ quench technique had proved
highly effective for bridgehead silylation of various substrates,'®
it proved singularly unsuccessful in this case, starting with either
regioisomer 11 or 12. Similar lack of product formation was also
observed when more conventional external quenching reactions
were attempted, using similar excess of base at low temperature
for up to 3 hours, followed by addition of D,0, or reactive alkyl
halides. After some experimentation under these external quench
conditions, we found that increasing the amount of LDA to 10
equivalents allowed the bridgehead deprotonation of 11 to occur,
and after a quench with prenyl bromide, derivative 13 was isolated
in 42% yield, Scheme 3.

Despite this preliminary success, the modest yield of 13 ob-
tained, together with the fact that the reaction was less effective

This journal is © The Royal Society of Chemistry 2007
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LDA-LICl or LTMP (5 eq)

THF, -78 °C
11 or 12 No reaction

Electrophile

in situ or external quench

1) LDA-LICI (10 eq), THF

TIPSO
-78°C,3h
1
2) prenyl bromide (10 eq)
-78°C,3h
42%
MeO OMe
13

Scheme 3 Initial metallation attempts.

Fig. 2 X-Ray structure of 16 (ellipsoids are shown at 50% probability).

with a number of other electrophiles, prompted us to modify  ¢onditions, various C-5 derivatives 18-26 were furnished in
the structures of our substrates in order to make bridgehead moderate to good yield (Table 1).

lithiation more facile. We were interested to probe the effect
of modifying the bridging ketone, especially since reduction or Table 1 Bridgehead alkylation of ketal 16

protection could generate slightly less rigid structures that might MeQ OMe
better accommodate the ‘bridgehead enolate’ character of the 1) LDA-LICI (5 eq), THF TIPSO R o
reactive intermediate. The first modification tested was to convert 16 -78°C, 3h b
the bridgehead ketone into the corresponding dimethylketal. Thus, 2) Electrophile (10 eq)

under acidic conditions, ketones 9 and 10 were converted into 78°C. 3h O OMe
intermediate ketals, and the secondary alcohols were then directly

silylated as previously described to afford the regioisomeric ketals MeG oMe

16 and 17 (Scheme 4).

We were able to clarify any regiochemical ambiguity as X-ray 18-26
crystallography confirmed the structure of the major isomer 16 Electrophile R Yield Compound
(Fig. 2).

Further studies focused on the lithiation of the major regioiso- Prenyl bromide Prenyl 75 (89)¢ 18
meric ketal 16. As observed with ketone 11, the use of an excess Me;SiCl Me:Si 46 (59)° 19

o " . ) Allyl Br Allyl 46 20
of LDA or LTMP under in situ quench conditions with various BnBr Bn 56 21
electrophiles failed to give any bridgehead substituted products Mel Me 48 (55) 22
when using ketal 16. In contrast, the use of 5 equivalents of PhCHO PhCH(OH) SL(L:1y 23
LDA-LiCl under external quench conditions (Scheme 3), enabled E;%I:IO ‘PI:}:SC H(OH) 2; @2y gg
efficient bridgehead deprotonation—substitution of 16 to afford "Bu;SnCl Bu:Sn 63 26

prenylated product 18 in a very acceptable 75% yield. The use

“Yield in parentheses is based on recovered starting material.

of external quench conditions opened up the opportunity to » Diastereomeric ratio

use various electrophiles, and pleasingly, under our optimised

HC(OMe)s, pTSOH RO o RO ‘ OMe
9+10 +

MeOH, reflux, 16 h

OMe (e}
=gt O

MeO OMe 3:1 MeO OMe
TIPSOTT, Lutidine 14 + 15 (R=H)
CH,Cly, 16 h
78% L 16 + 17 (R = TIPS)

Scheme 4 Synthesis of [3.3.1] systems with bridging ketal functions.
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The origin of the requirement for a large excess of base is
unclear but lower yields of the products were obtained when
fewer equivalents of base were employed. We saw no evidence
for substitution at the alternative C-1 bridgehead position, and
fortuitously for our planned natural product work quenching
with prenyl bromide proved to be most effective. Heteroatom
substituents such as Si, Sn or S groups could also be efficiently
introduced at the bridgehead position, although attempted iodine
quenching led to intractable mixtures, probably involving C-3
substitution. When benzaldehyde was used as electrophile, the
aldol product 23 was isolated as an equimolar mixture of diastereo-
isomers, whereas the use of isobutyraldehyde resulted in a single
isomer 24, albeit in modest yield.

Surprisingly, reaction of 16 with the acylating agent EEOCOCN
gave product 27, in which substitution had occurred at both the
C-3 and C-5 positions, Scheme 5. This behaviour appears unlikely
to be due to dianion formation (little or no disubstituted product
was observed in most other cases) and could be the result of
activation of the system at C-3 following initial acylation at the
bridgehead.

1) LDA-LICI (5 eq), THF

o
16 -78 °C, 3h

2) EtOCOCN (10 eq)
-78°C,3h

27 (45%)

Scheme 5 Double acylation of 16.

In order to further probe the metallation chemistry of these
systems we also prepared a catechinic acid derivative in which
the bridging ketone was converted into a protected alcohol. Thus,
diastereoselective reduction of ketone 11, using NaBH,, provided
alcohol 28, which was then protected as the corresponding TES
ether (Scheme 6).

In this case, our standard metallation—quenching conditions
furnished the prenylated product 30 in a very modest 26% yield.
This result contradicts our early hypothesis that an sp*-hybridised
bridging atom might prove superior to a more rigid bridging
ketone. The bridgehead substitution is clearly viable in each of
11, 16 and 29, but the overall efficiency of the process is difficult to
predict. It is possible that chelation with the ketal oxygen atoms
plays a part in facilitating lithiation in the case of ketal derivative
16, whereas steric effects may have the opposite effect in the bulky
OTES compound 29.

(i) Regioselective sp” substitution

So far, our successful results relied on the use of LDA, and
only bridgehead substitution was observed, with no isolable
quantities of side products from substitution at either C-1 or
C-3. It was interesting to study whether the nature of the base
could allow us to modify this selectivity, and based on literature
precedent it appeared that substitution of the vinylogous ester
at C-3 should be possible." When changing LDA for the more

ro M
TIPSO i) LDA-LICI (5 eq)
NaBH,4, MeOH b O THF, -78°C, 3 h
"M — » N
e o R )
78 °C, 94% OMe ii) prenyl bromide
26%
MeO OMe
TESOTY, lutidine [ 28 (R=H)
CH,Cly, 78 °C
86% 29 (R = TES)

30

Scheme 6 Synthesis and lithiation of reduced derivative 29.

sterically encumbered LTMP, ketal 16 failed to give any bridgehead
substitution product when the lithiated intermediate was quenched
with prenyl (or allyl) bromide. In contrast, the use of Me;SiCl as
electrophile gave a new product in a modest yield, which proved
to be the vinyl silane 31. Thus by using a bulkier lithium amide,
the site of deprotonation on ketal 16 could be altered. This trend
was further exemplified by reaction of the lithiated species with
different electrophiles (Table 2).

Disappointingly, allyl or prenyl substituents could not be
introduced at this position by this method (we later developed
the use of cuprates to effect this type of substitution®). The
use of iodine or diphenyl disulfide as the electrophile led to
complex mixtures. In the case of benzoyl chloride, the benzoylated
derivative 33 was isolated in 50% yield. Increasing the amount

Table 2 C-3 substitution of ketal 16

MeO OMe
1) LTMP (5 eq), THF
) (5 ea) TIPSO o
-78°C,3h
16
2) Electrophile (10 eq) OMe R
-78°C,3h O
MeO OMe
31- 34

Electrophile R Yield Compound
Me;SiCl Me;Si 45 31
Mel Me 36 32
PhCOCI PhCO 50 33
"Bu,;SnCl Bu;Sn 61 34
Allyl bromide Allyl — —
Prenyl bromide Prenyl — —

“No reaction, starting material was recovered.
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of LTMP to 10 equivalents resulted in the isolation of the di-
substituted product 35 in 55% yield. As with the previously
described acylation leading to 27 this last result could be due
to sequential substitution or may indicate the intermediacy of a
dianion. However, we were unable to provide further evidence that
the reactive species may be a dianion in this system (for example
quenching with D,O did not give double incorporation).

Thus far, various substituents had been selectively introduced
at positions C-3 and C-5 by altering the base employed. However,
it was also of interest to introduce substituents at bridgehead
position C-1, as most natural PPAPs have substituents at both
their bridgehead positions. We thought that using the minor
regioisomeric ketal 17 might allow lithiation to occur at position
C-1 by analogy with previous results. Thus, isomer 17 was sub-
jected to our optimised conditions. In this case, bridgehead
substitution was not observed, only vinylic substitution (Table 3).

Table 3 Lithiation-substitution of regioisomeric ketal 17

MeO OMe
1) LDA-LICI (5 eq), THF
TIPSO
78°C,3h OMe
17
2) Electrophile (10 eq) o) R
787C,3h O
MeO OMe
36 - 38

Electrophile R Base Yield Compound
Me;SiCl Me;Si  LDA-LIiCl 3134 36
Mel Me LDA-LiCl 60 37
Prenyl bromide  Prenyl LDA-LiCl  25(33) 38
Prenyl bromide ~ Prenyl LTMP 51 38

“Yields in parentheses based on recovered starting material.

i) DMDO, CH,Cl,

0°C,25h
—_—

ii) TMSCI, CH,Cl,
0°C,2h

93%
° MeO

18 TMSCI, Im

DMAP, DMF

0°C, 95%

It is likely that the steric bulk of the aromatic residue at C-8
hinders deprotonation at C-1 in this case, although it should
be noted that Danishefsky accomplished metallation at this
position during the aforementioned garsubellin A synthesis.*
Using TMSCI, Mel or prenyl bromide as electrophiles, derivatives
36-38 were isolated in moderate to good yields. It is worth noting
that changing the base to LTMP did not change the selectivity,
but allowed us to improve the yield of prenylation at the vinylic
position. Having established that the selective introduction of
substituents at the C-5 bridgehead and C-3 sp® positions was
possible through the use of an appropriate base, we decided
to further advance key intermediates by constructing the five-
membered THF ring present in 1.

(iii) Synthesis of the THF ring

In contrast with the methodologies used previously by the groups
of Danishefsky and Shibasaki during their total synthesis of
1, we wanted to form the THF ring through the epoxidation
of the C-5 bridgehead prenyl residue, followed by a S5-exo-tet
cyclisation involving the C-4 oxygen atom. This cyclisation would
be accompanied by the cleavage of the vinylogous ester. Our first
attempts to form the epoxide of 18 using mCPBA resulted in
very low mass recovery. In contrast, the use of freshly prepared
dimethyldioxirane (DMDO) allowed the epoxidation to proceed
smoothly, affording a diastereomeric mixture of two epoxides.
Due to instability of the epoxides on silica, we explored methods
to directly cyclise the crude diastereomeric mixture, and we
established that reaction with TMSCI effected their conversion
into the separable THF derivatives 39 and 40 (Scheme 7).%

Trimethylsilyl chloride was found to be much more effective
than the corresponding iodide for this cyclisation, which we
assume proceeds via silicon-mediated activation of the epoxide.
Surprisingly, however, we have not been able to directly isolate the
silicon protected alcohol derivatives from this reaction.

The relative stereochemistry of the major diastereoisomer 40
was determined through NOE studies and proved to have the
unnatural side chain configuration. The alcohols 39 and 40 were
readily converted into the corresponding silyl ethers 41 and 42. We
decided to use the major silyl ether 42 to probe the feasibility of
the direct installation of a prenyl residue at the C-3 sp? position, a
result that had eluded us with compound 16. Once again we were
unable to effect C-3 allylation or prenylation using either LDA or
LTMP under the conditions described previously, Scheme 8.

—— 39 + 40 (R=H)

L——»41 +

42 (R = TMS)

Scheme 7  Side chain epoxidation and cyclisation.
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i) LDA or LTMP
THF, -78 °C, 3 h

2 ——F

ii) prenyl bromide

i) nBulLi
ii) prenyl bromide

MeO OMe H
| OTMS
TIPSO
NBS, CCl, 0
65% Br

MeO OMe 44

Scheme 8 Attempted C-3 prenylation of 42.

The facile synthesis of vinyl bromide 44 enabled us to try
the same type of substitution, originating with a halogen-metal
transfer process, but again no product was obtained. The problem
here is certainly one of poor reactivity of the intermediate
organolithium and, as mentioned earlier, we eventually solved this
problem by allylation of a mixed cuprate generated using thienyl
copper cyanide.® This chemistry was not explored on the catechinic
acid systems.

(iv) Ocxidative degradation of the catechol ring

As shown before, in order to set up a synthesis of 1, the aromatic
moiety at position C-8 needed to be converted into the gem-
dimethyl group present in 1. The use of a ruthenium based
oxidation on a suitably protected derivative of catechinic acid 8
was attempted to degrade the aromatic ring to a carboxylic acid
(11 — 45, Scheme 9).

RuCl3, NalO4 TIPSO 0

11

MeCN / AcOEt/ H,0 0} OMe
OH

45

Scheme 9 Attempted oxidative cleavage of 11.

In our case, however, a variety of conditions failed to provide any
quantities of acid 45. Use of Sharpless conditions rapidly led to
decomposition of the starting material.’® Alternative conditions
for the in situ formation of the active species RuO, were tried,
including the use of RuO, or the complex cis[Ru(bpy)],Cl, with
NalO, but in each case only decomposition was observed.'”*®
Ozonolysis of 11 followed by an acidic work up also failed to
provide derivative 45.%

At this stage, a system bearing a free catechol unit was prepared
as a means to make the aromatic moiety more easily oxidisable.

Catechol derivatives 46 and 47 were prepared from 8 as depicted
in Scheme 10.

TBSO

1) TBSCI, DMAP

DMF, rt HO  OH
2) Mest4, K2C03
Acetone, reflux

3) (HF)s EtN o
MeCN TBSO OMe
41%
46:47=3:2 O o
a7

HO OH

Scheme 10 Synthesis of systems with a free catechol unit.

Initial silylation of the secondary alcohol as well as the two
phenolic positions of 8 led, after methylation of the 1,3 diketone
moiety to an inseparable mixture of tris-silylated derivatives. Selec-
tive deprotection of the phenolic hydroxyls was easily performed
under acidic conditions to provide catechols 46 and 47 which were
then separated by chromatography.

As seen for 11, the use of RuO, based oxidation led to
the rapid decomposition of the starting material. However, the
presence of a free catechol function opened up the possibility
of a more step-wise strategy, for example via muconic acid or
quinone intermediates. To explore the first of these we followed
the procedure of Gilheany, which involved reaction of catechol 46
with Pb(OAc), in MeOH, and were pleased to isolate the muconic
acid diester derivative 48 in very high yield (Scheme 11).

(0]
|
TBSO o
Pb(OAc),
MeOH / Toluene
46 — OMe
rt, 92% MeO,C
MeO,C
48
Scheme 11  Oxidative cleavage of 46.

With this new intermediate, we were hoping to be able to reach
an acid derivative similar to 45 by the simultaneous oxidative
cleavage of the two conjugated olefins in 48. However, 48 proved
to be completely inert towards dihydroxylation. In the case of
ozonolysis, the substrate reacted with the initial cleavage of the
disubstituted olefin but no products resulting from the cleavage
of both C-C double bonds of the muconic acid moiety could be
isolated.

Another potential route for the degradation of the aromatic
part was explored using the minor regioisomer 47, as depicted in
Scheme 12.
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TBSO OMe
Ag,CO, / Celite

a7
THF, 60 °C 0
96%

49

1) OsO4, NalOy
iPrOH / H,0

TBSO OMe

2) MGQSO4, K2C03 g (0]
acetone o~

47%
CO,Me
50

Scheme 12 Formation of side chain quinone 49 and furan 50.

Oxidation of 47 using Ag,CO; on Celite (Fetizon’s reagent)*!
resulted in an extremely clean conversion to the corresponding
ortho-quinone 49. Then, a one pot dihydroxylation—diol cleavage
sequence was attempted, using a mixture of OsO, and NalO,.
To our surprise, under these conditions, 49 was converted into
a furan carboxylic acid derivative, which was isolated as the
corresponding methyl ester 50 after methylation under basic
conditions. On further checking the literature we established a
reasonable precedent for this transformation in the work of Gierer
and Imsgard.”

Further attempts to cleave the furan ring using ozonolysis failed
to give any usable products.?*

Conclusions

In conclusion, the regioselective lithiation of derivatives of cate-
chinic acid (8), possessing the bicyclo[3.3.1]nonane-1,3,5-trione
core has been achieved. In the case of bridging ketal 16, the
use of LDA promoted selective bridgehead substitution, whilst
LTMP enabled metallation—substitution at the C-3 sp? centre.
With reactive electrophiles, such as acylating agents, we observed
a tendency towards double substitution at both the C-3 and C-5
positions.

With regioisomer 17, the use of either LDA or LTMP led to
lithiation at the sp? center. These lithiations have been shown to be
dependent on the nature of substitution at the bridging atom with
the bridging dimethylketal proving superior to either a bridging
ketone or a reduced and silicon protected variant.

A THF ring, resembling that present in garsubellin A, was
appended to the catechinic acid system through an epoxidation—
ring opening sequence. Oxidative degradation of the aryl group
of our catechinic acid derivatives to give a carboxylic acid
derivative did not succeed as predicted, although an interesting
transformation of an ortho-quinone intermediate into a furan
derivative was achieved. Although we have not yet been able to
use catechinic acid to achieve an asymmetric synthesis of 1, this
template has provided us with a very rapid access to a wide range
of enantiomerically pure bicyclo[3.3.1]Jnonane derivatives. Some

of these new compounds have been tested for their biological
properties; results will be reported in due course.

Experimental
General methods

All reactions were performed under an atmosphere of nitrogen in
flame dried glassware unless otherwise stated. Organic solvents
and reagents were dried by distillation from the following as
required: THF (sodium-benzophenone), DCM, TMSCI (CaH,).
Allyl bromide, prenyl bromide, benzaldehyde, benzyl bromide,
ethyl cyanoformate, iodomethane, and triethylamine were all
distilled before use. Lead tetraacetate was freshly recrystallised
before use from AcOH-Ac,0. All other solvents and reagents
were used as received from commercial suppliers unless otherwise
stated. RT relates to the temperature range 20-25 °C. Reaction
progress was monitored by thin layer chromatography (TLC)
performed on Merck aluminium plates coated with kieselgel F,s,.
Visualisation was achieved by a combination of ultraviolet light
(254 nm) and anisaldehyde or acidic potassium permanganate.
Flash chromatography was performed using silica gel (Merck
7734 grade), eluted with the indicated solvent. Melting points
were recorded on a Stuart Scientific SMP3 apparatus and are
uncorrected. Infrared spectra were recorded on a Perkin-Elmer
1600 FT-IR spectrometer as dilute solutions in spectroscopic grade
chloroform within a NaCl cell. NMR spectra were recorded on
a Bruker AV400 or DRX500 machine, using CDCI; as solvent
at 298 K. Chemical shifts are given in ppm downfield from
tetramethylsilane, using residual protic solvent as an internal
standard. J values are reported in Hz and rounded to the nearest
0.1 Hz. Where required, assignments were confirmed by two-
dimensional homonuclear (‘"H-'H) and heteronuclear ('H-"C)
correlation spectroscopy on a Brucker AV400 spectrometer. Mass
spectra were obtained using a VG Micromass 70E spectrometer,
using electron impact (EI) at 70 eV or chemical ionisation (CI) or
electrospray ionisation (ESI). Optical rotations were recorded as
dilute solutions in the indicated solvent in a 100 mm cell using a
JASCO DIP370 digital polarimeter at a wavelength of 598 nm.

(18,5R,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-7-hydroxy-2-
methoxybicyclo[3.3.1]non-2-ene-4,9-one 9 and (15,5R,7S,8R)-
(+)-8-(3,4-dimethoxyphenyl)-7-hydroxy-4-methoxy-
bicyclo[3.3.1]non-3-ene-2,9-one 10

Solid KOH (600 mg, 6.90 mmol) was added to a solution of
(+)-catechin (7) (2.00 g, 25.0 mmol) in water (80 ml) and the
reaction mixture was then heated under reflux for 105 min. The
reaction mixture was allowed to cool, filtered through a pad
of Amberlite IR-120 and concentrated in vacuo to give a dark
red solid (2.0 g, quantitative). Crude catechinic acid (8) was
used without purification. Dimethyl sulfate (25.0 mL, 36.9 mmol,
7.7 eq.) and K,CO; (15.7 g, 15.8 mmol, 3.3 eq.) were added
to crude 8 (10.0 g, 4.8 mmol) in acetone (500 mL), and the
solution was heated under reflux for 18 h. The reaction mixture was
allowed to cool, diluted with H,O (200 mL), and extracted with
EtOAc (4 x 100 mL). The organic extract was dried (MgSO,)
and concentrated in vacuo to give the crude product as a fluffy
orange solid. Purification by column chromatography (petroleum
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ether—EtOAc 3 : 7) gave regioisomers 9 and 10 in a 3 : 1 ratio
(6.4 g, 58% over two steps) data for 9; [a]Z +147 (¢ 1.0 in CHCL,);
Vmax (CHCI;) 3463 (br), 2906, 1652, 1603, 1516, 1452, 1379, 1230,
1105, 1068 cm™'; "H NMR (400 MHz, CDCl;) 6 1.89-1.97 (m, 1H,
CHH),2.23 (brs, 1H,OH), 2.57 (ddd, J 13.0, 8.8, 5.3, |H, CHH),
3.08 (dd, J 11.0, 3.9, 1H, ArCH), 3.29 (m, 2H, 1-CH, 5-CH),
3.57 (s, 3H, OCH;), 3.85 (s, 3H, OCH,), 3.86 (s, 3H, OCH,;), 4.40
(ddd, J 11.0, 11.0, 5.3, 1H, CHOH), 5.70 (s, 1H, C=CH), 6.66 (d,
J 2.0, 1H, ArH), 6.69 (dd, J 8.2, 2.0, 1H, ArH), 6.84 (d, J 8.2,
IH, ArH); "C NMR (100 MHz, CDCl;) 6 37.2 (CH,), 53.2 (CH),
56.5 (CH,;), 56.5 (CH;), 57.1 (CH;), 58.9 (CH), 59.4 (CH), 66.1
(CH), 105.1 (CH), 111.0 (CH), 111.3 (CH), 119.8 (CH), 129.7 (C),
148.7 (C), 149.2 (C), 174.5 (C), 194.9 (C), 203.9 (C); HRMS (EI)
m/z 333.1362 [M + HJ*, [C;sH, O4]* requires 333.1338; 10: [a]¥
+67 (¢ 0.5 in CHCL); v, (CHCI;) 2936, 1736, 1657, 1602, 1462,
1365, 1142, 908, cm™'; 'H NMR (400 MHz, CDCl;) 6 1.96-2.05
(m, 1H, CHH), 2.63 (ddd, J 13.4, 8.6, 5.3, 1H, CHH), 3.09 (dd,
J 10.8, 4.0, 1H, ArCH), 3.33-3.40 (m, 2H, 1-CH, 5-CH), 3.86—
3.89 (m, 9H, OCH;, 2 x ArOCH,), 4.46 (ddd, J 10.8, 10.8, 5.3,
1H, CHOH), 5.79 (s, IH, C=CH), 6.67-6.72 (m, 2H, 2 x ArH),
6.84-6.87 (m, 1H, ArH); "C NMR (100 MHz, CDCl;) ¢ 35.3
(CH,), 51.6 (CH), 53.3 (CH), 55.8 (CH,), 55.9 (CH;), 56.5 (CH;),
57.1 (CH,;), 66.5 (CH), 66.8 (CH), 105.3 (CH), 111.3 (CH), 112.1
(CH), 120.1 (CH), 128.4(C), 149.0 (C), 149.3 (C), 175.5(C), 191.9
(C), 203.8 (C); HRMS (ESI) m/z 333.1316 [M + HJ*, [C\sH, O4]*
requires 333.1338.

(1S,5R,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-2-methoxy-7-
triisopropylsilanyloxy-bicyclo[3.3.1]non-2-ene-4,9-dione 11 and
(1S8,5R,7S,8R)-(+)-8-(3,4-dimethoxyphenyl)-4-methoxy-7-
triisopropylsilanyloxy-bicyclo|3.3.1]non-3-ene-2,9-dione 12

Triisopropylsilyl trifluoromethanesulfonate (2.06 mL, 7.68 mmol,
1.5eq.) was added to a solution of bridged ketones 9and 10 (1.70 g,
5.10 mmol) and 2,6-lutidine (1.79 mL, 15,4 mmol, 3 eq.) in dry
CH,CI, (10.0 mL) at 0 °C. The mixture was allowed to warm to
RT over 3 h, then stirred at RT for 16 h. After this period, the
crude reaction mixture was washed with 2 M HCI (2 x 5 mL)
and extracted with CH,Cl, (2 x 10 mL). The organic extracts
were combined and dried (Na,COs), then concentrated in vacuo.
Purification by column chromatography (petroleum ether-EtOAc
4: 1) gave firstly 11 as a pale yellow solid (1.4 g, 56%); mp 128 °C;
[a]; +109 (¢ 1.0 in CHCL3); v,y (CHCLy) 2939, 1736, 1657, 1604,
1374,1118,907 cm™'; "H NMR (500 MHz, CDCl;) ¢ 0.63-0.75 (m,
21H, OSi(CH(CH,),);), 1.83-1.91 (m, 1H, CHH), 2.48-2.52 (m,
1H, CHH), 3.00 (dd, J 10.3, 3.8, 1H, ArCH), 3.17-3.22 (m, 2H, 1-
CH,5-CH),3.54(s,3H,0CH),3.73 (s, 3H, ArOCH;), 3.75 (s, 3H,
ArOCH,;), 4.40 (ddd, J 10.3, 10.3, 5.2, 1H, CHOSi(CH(CH;),)s),
5.67 (s, IH, C=CH), 6.52-6.53 (m, 1H, ArH), 6.55 (dd, J 8.2, 1.9,
1H, ArH), 6.70 (d, J 8.2, 1H, ArH); *C NMR (125 MHz, CDCl;)
0 12.8 (CH), 17.5 (CH,;), 39.0 (CH,), 54.6 (CH), 55.8 (CH,),
55.9 (CH;), 56.4 (CH;), 59.1 (CH), 59.4 (CH), 67.6 (CH), 105.1
(CH), 111.0 (CH), 111.6 (CH), 120.4 (CH), 131.5 (C), 148.5 (C),
148.7 (C), 174.9 (C), 194.8 (C), 204.1 (C); HRMS (CI, NH;) m/z
489.2633 [M + HJ*, [C,;H4, O(Si]* requires 489.2671 and secondly
12 as a yellow oil (0.42 g, 19%); [a]y +6.0 (¢ 1.0 in CHCL); vy
(CHCI;) 2942, 1743, 1650, 1594, 1462, 1373, 1123 cm™'; '"H NMR
(500 MHz, CDCl;) 6 0.75-0.90 (m, 21H, OSi(CH(CHs),)s), 1.96—
2.04 (m, 1H, CHH), 2.53-2.59 (m, 1H, CHH), 3.06 (dd, J 10.5,

4.1, IH, ArCH), 3.24-3.26 (m, 1H, 5-CH), 3.34-3.37 (m, 1H, 1-
CH), 3.83 (s, 9H, OCH., 2 x ArOCH,), 4.54 (ddd, J 10.5, 10.5,
5.2, IH, CHOSi(CH(CHa),),), 5.80 (s, |H, C=CH), 6.60-6.65 (m,
2H, 2 x ArH), 6.78 (d, J 8.0, 1H, ArH); *C NMR (125 MHz,
CDCl,) 6 12.5 (CH), 17.5 (CH,), 37.1 (CH,), 51.6 (CH), 55.8
(CH,), 55.9 (CH,), 56.2 (CH,), 57.0 (CH) 67.8 (CH), 68.3 (CH),
105.1 (CH), 110.9 (CH), 112.5 (CH), 120.9 (CH), 130.5 (C), 148.5
(C), 148.6 (C), 175.4 (C), 192.5 (C), 204.0 (C); HRMS (CI, NH,)
m/z 488.2585 [M]", [C,y HO,Si]* requires 488.2594.

(18,5R,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-2-methoxy-1-
(prenyl)-7-triisopropylsilanyloxy-bicyclo[3.3.1]non-2-ene-4,
9-dione 13

A solution of LDA-LiCl was prepared by treatment of a suspen-
sion of DIPA-HCI (256 mg, 2.04 mmol) in THF (4 mL) at —78 °C
with "BuLi (1.6 M solution in hexanes; 2.56 mL, 4.08 mmol).
The solution was allowed to warm to RT and after 10 min re-
cooled to —78 °C. This LDA-LIiCl solution was added dropwise
via syringe to a solution of bridged ketone 11 (100 mg, 0.20 mmol)
in THF (1 mL) at —78 °C resulting in a deep yellow-coloured
solution. The solution was stirred at —78 °C for 3 h, followed
by addition of prenyl bromide (0.25 mL, 2.04 mmol, 10 eq.) and
stirring for a further 3 h at —78 °C. The reaction mixture was
quenched after this period with H,O (5 mL) followed by extraction
with EtOAc (3 x 5 mL). The organic layers were combined and
washed with saturated aqueous NaCl (5 mL), dried (MgSO,), and
concentrated in vacuo. Purification by column chromatography
(petroleum ether-EtOAc 4 : 1) gave the title compound 13 as a
yellow oil (47 mg, 42%); [a]y +82 (¢ 1.0 in CHCL,); vy, (CHCL;)
2940, 2258, 1736, 1650, 1095 cm™'; '"H NMR (400 MHz, CDCl;)
0 0.82 (m, 21H, OSi(CH(CH,;),)3), 1.64 (s, 3H, CH;), 1.69 (s, 3H,
OCH,), 1.74-1.78 (m, 1H, 8-CHH), 2.32 (dd, J 12.7, 5.3, 1H, 8-
CHH), 2.52 (dd, J 15.0, 7.0, 1H, CHHCH=C), 2.56 (dd, J 15.0,
7.0, 1H, CHHCH=C), 3.07 (dd, J 10.3,4.3, IH, ArCH), 3.33 (dd,
J4.3,1H, 5-CH), 3.61 (s, 3H, OCH), 3.84 (s, 3H, OCH), 3.86 (s,
3H,0CH;),4.46(ddd, J 10.3,10.3, 5.3, 1H, CHOSi(CH(CH,),),),
4.95-5.01 (m, 1H, CH=C(CH;),), 5.75 (s, 1H, C=CH), 6.63 (d, J
2.0, 1H, ArH), 6.66 (dd, J 8.2, 2.0, 1H, ArH), 6.80 (d, J 8.2, 1H,
ArH); "CNMR (100 MHz, CDCl;) 6 12.5 (CH), 17.8 (CHj;), 18.0
(CH;), 25.9 (CH;), 29.4 (CH,), 45.8 (CH,), 54.9 (CH,), 55.8 (CH,),
56.0 (CH), 56.2, (CH;), 59.3 (CH;), 62.6 (C), 68.2 (CH), 105.2
(CH), 110.0 (CH), 117.0 (CH), 119.1 (CH), 120.5 (CH), 122.2
(CH), 131.6 (C), 134.5 (C), 148.5 (C), 148.7 (C), 173.8 (C), 196.8
(C),205.9 (C); HRMS (EI) m/z 557.3293 [M + H]*, [C5,H,OSi]*
requires 557.3298.

(18,5S,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-7-hydroxy-2,9,9-
trimethoxy-bicyclo[3.3.1]non-2-en-4-one 14 and (1R,5R,7S,8R)-
(—)-8-(3,4-dimethoxyphenyl)-7-hydroxy-4,9,9-trimethoxy-
bicyclo[3.3.1]non-3-en-2-one 15

Trimethyl orthoformate (0.50 mL, 4.50 mmol, 1.5 eq.) and pTsOH
(57 mg, 0.30 mol, 0.1 eq.), were added to a solution of bridged
ketones 9 and 10 (1.00 g, 3.0 mmol) in MeOH (20 mL), and
the mixture was heated under reflux for 24 h. After this period,
the solution was allowed to cool then concentrated in vacuo.
Purification by column chromatography (EtOAc—petroleum ether
7 :3) gave a mixture of ketals 14 and 15ina 3: 1 ratio (898 mg, 79%);
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data for 14: [a]?} +169 (¢ 0.9 in CHCL); vy, (CHCI;) 3463, 2906,
1652, 1603, 1516, 1230, 1105, 1068, cm™'; "H NMR (400 MHz,
CDCl3)0 1.84-1.92 (m, 1H, CHH), 2.17 (ddd, J 12.8, 8.8, 5.6, 1H,
CHH), 2.92 (m, 2H, 1-CH, 5-CH), 3.13 (s, 3H, OCH>), 3.21 (dd,
J10.4, 3.6, 1H, ArCH), 3.31 (s, 3H, OCH,), 3.50 (s, 3H, OCH,),
3.86 (s, 3H, ArOCH,), 3.87 (s, 3H, ArOCH,;), 4.17-4.29 (m, 1H,
CHOH), 5.51 (s,IH,C=CH), 6.67 (d,J 2.0, 1H, ArH), 6.70 (dd, J
8.0,2.0, 1H, ArH), 6.84(d, J 8.0, 1H, ArH); *"C NMR (100 MHz,
CDCl,) 6 32.0 (CH,), 47.4 (CH), 48.7 (CH;), 48.8 (CH;), 49.3
(CH), 49.8 (CH), 55.7 (CHj;), 55.8 (CH3), 55.9 (CH,), 66.4 (CH),
101.3(C), 103.4 (CH), 111.3 (CH), 111.6 (CH), 120.0 (CH), 131.4
(0), 148.4 (C), 149.2 (C), 175.7 (C), 190.0 (C); HRMS (ES) m/z
379.1768 [M + H]*, [CH,,0,]* requires 379.1757; data for 15: [a]¥
—5 (¢ 0.5 in CHCL); va (CHCLL) 2939, 1650, 1611, 1462, 1375,
1108, 1068, 1027, cm™'; "H NMR (400 MHz, CDCl;) 6 1.94-2.00
(m, 1H, CHH), 2.21 (ddd, J 12.9, 8.8, 5.5, 1H, CHH), 2.94-2.99
(m, 2H, 1-CH, 5-CH), 3.12 (dd, J 10.9, 4.0, 1H, ArCH), 3.15 (s,
3H, OCH,;), 3.33 (s, 3H, OCH,;), 3.78 (s, 3H, OCH,;), 3.85 (s, 3H,
ArOCH,), 3.87 (s, 3H, ArOCH,), 4.24 (ddd, J 10.9, 10.9, 5.5, 1H,
CHOH), 5.55 (s, IH, C=CH), 6.65-6.67 (m, 2H, 2 x ArH), 6.81-
6.83 (m, 1H, ArH); "C NMR (100 MHz, CDCl,)  30.4 (CH,),
42.4 (CH), 47.2 (CH;), 48.7 (CHj;), 48.7 (CH), 55.8 (CHj;), 55.8
(CH,), 56.4 (CH,;), 56.5 (CH), 67.2 (CH), 101.0 (C), 103.1 (CH),
111.3 (CH), 112.5 (CH), 120.2 (CH), 130.3 (C), 148.4 (C), 149.1
(C), 176.9 (C), 196.5 (C); HRMS (ESI) m/z 379.1756 [M + HJ*,
[CyH,;,0,]" requires 379.1757.

(18,5S,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-2,9,9-trimethoxy-7-
triisopropylsilanyloxy-bicyclo[3.3.1]non-2-en-4-one 16 and (1R,
5R, 7S, 8 R)-(+)-8-(3,4-dimethoxyphenyl)-4,9,9-trimethoxy-7-
triisopropylsilanyloxy-bicyclo[3.3.1]non-3-en-2-one 17

2,6-Lutidine (0.64 mL, 5.55 mmol, 3 eq.) and triisopropylsilyl
trifluoromethanesulfonate (0.75 mL, 3.70 mmol, 1.5 eq.) were
added to a solution of 14 and 15 (0.7 g, 1.85 mmol) in dry CH,Cl,
(10 mL) at 0 °C. The reaction mixture was allowed to warm to RT
over 1 h then stirred at RT overnight. The reaction mixture was
washed with 2 M HCI (3 x 7mL) and saturated aqueous NaCl (1 x
10 mL), extracted with CH,Cl, (2 x 10 mL), dried (MgSO,), then
concentrated in vacuo. Purification by column chromatography
(petroleum ether—EtOAc 85 : 15) gave firstly bridged ketal 16 as
a white solid (480 mg, 56%); [a]y +154 (¢ 1.0 in CHCL); Vi
(CHCl;) 2941, 2865, 1650, 1604, 1462, 1379, 1106 cm™'; '"H NMR
(500 MHz, CDCl;) 6 0.83-0.93 (m, 21H, OSi(CH(CH),)s), 1.90—
1.97 (m, 1H, CHH), 2.19 (ddd, J 12.8, 5.6, 3.7, 1H, CHH), 2.93~
2.94 (m, 2H, 1-CH, 5-CH), 3.15 (s, 3H, OCHs), 3.19 (dd, J 10.6,
3.7, 1H, ArCH), 3.35 (s, 3H, OCH,), 3.60 (s, 3H, OCH,), 3.87
(s, 3H, ArOCH,), 3.39 (s, 3H, ArOCH,), 4.33 (ddd, J 10.7, 10.7,
5.6, 1H, CHOSIi(CH(CHj;),)3), 5.58 (s, IH, C=CH), 6.66 (d, J 1.8,
1H, ArH), 6.68 (dd, J 8.2, 1.8, 1H, ArH), 6.82 (d, J 8.2, 1H,
ArH); "C NMR (125 MHz, CDCl;) 6 12.8 (CH), 17.9 (CHj;), 34.0
(CH,), 47.3 (CH,), 48.3 (CH), 48.6 (CH;), 49.5 (CH), 49.9 (CH),
55.6 (CHj;), 55.7 (CH;), 55.9 (CH,;), 68.2 (CH), 101.3 (C), 103.12
(CH), 110.8 (CH), 111.9 (CH) 120.8 (CH), 133.2 (C), 147.9 (O),
148.5 (C), 176.6 (C), 198.9 (C); HRMS (ES) m/z 535.3069 [M +
HJ*, [C,H,;O,Si]* requires 535.3091; and secondly bridged ketal
17 as a yellow oil (250 mg, 22%); [a]¥ +81 (¢ 0.9 in CHCL;); vy
(CHCI;) 2941, 2865, 1650, 1604, 1462, 1379, 1106 cm™'; '"H NMR
(500 MHz, CDCl;) ¢ 0.77-0.87 (m, 21H, CHOSiI(CH(CH;),)),

1.93-1.99 (m, 1H, CHH), 2.13 (ddd, J 12.8, 5.4, 3.7, 1H, CHH),
2.89-2.92 (m, 2H, CH, CH), 3.06 (dd, J 10.7, 3.7, 1H, ArCH),
3.12 (s, 3H, OCHL), 3.21 (s, 3H, OCH.), 3.75 (s, 3H, OCH,), 3.81
(s, 3H, ArOCHS), 3.82 (s, 3H, ArOCH.), 4.31 (ddd, J 10.7, 10.7,
5.4, |H, CHOSi(CH(CH.),),), 5.56 (s, |H, C=CH), 6.57-6.60 (m,
2H,2 x ArH), 6.75(d, J 7.9, ArH); *C NMR (125 MHz, CDCl,)
3 12.6 (CH), 17.9 (CH,), 32.4 (CH.), 42.5 (CH), 47.2 (CH.,), 48.6
(CH,), 49.3 (CH), 55.7 (CH,), 55.9 (CH,), 56.4 (CH.,), 57.0 (CH),
68.9 (CH), 100.9 (C), 103.0, (CH), 110.8 (CH), 112.9 (CH), 121.0
(CH), 132.3(C), 147.9 (C), 148.4 (C), 176.6 (C), 197.4 (C); HRMS
(ES) m/z 535.3086 [M + HJ*, [CoyH,;O,Si]* requires 535.3091.

Crystal data for 16. C, H,,O,Si, M = 534.75, monoclinic, a =
8.2824(6), b = 13.7389(10), ¢ = 12.7110(10) A, = 91.2840(10)°,
U = 1446.04(19) A3, T = 150 K, space group P2, (no. 4), Z =2,
#(Mo-Ka)=0.124mm', 12515 reflections measured, 6307 unique
(R, = 0.031) which were used in all calculations. The final wR(F?)
was 0.100 (all data) and the Flack parameter refined to 0.09(9)
confirming the determination of the absolute configuration.

Typical procedure A for lithiation substitution using LDA (Table 1
and Table 3): (15,5S,7S,8R)-(+)-8-(3,4-dimethoxyphenyl)-
2,9,9-trimethoxy-5-(prenyl)-7-triisopropylsilanyloxy-
bicyclo[3.3.1]non-2-en-4-one 18

A solution of LDA-LiCl was prepared by treatment of a suspen-
sion of DIPA-HCI (180 mg, 1.31 mmol) in THF (2.5mL)at =78 °C
with "BuLi (1.64 mL, 2.62 mmol, 1.6 M solution in hexanes).
The solution was allowed to warm to RT and after 10 min re-
cooled to —78 °C. This LDA-LiCl solution was added dropwise
via syringe to a solution of bridged ketone 16 (140 mg, 0.26 mmol)
in THF (1.4 mL) at —78 °C resulting in a deep yellow-coloured
solution. The solution was stirred at —78 °C for 3 h, followed
by addition of prenyl bromide (0.30 mL, 2.62 mmol, 10 eq.) and
stirring for a further 3 h at —78 °C. The reaction mixture was
quenched after this period with H,O (5 mL) followed by extraction
with EtOAc (3 x 5 mL). The organic layers were combined and
washed with saturated aqueous NaCl (5 mL), dried (MgSO,), and
concentrated in vacuo. Purification by column chromatography
(petroleum ether—EtOAc 4 : 1) gave the title compound 18 as a
light brown oil (118 mg, 75%); [a]5 +150 (¢ 0.9 in CHCL,); vy
(CHCl5) 2940, 2865, 1649, 1615, 1462, 1381, 1132, 1055cm™'; 'H
NMR (500 MHz, CDCl;) 6 0.77-0.88 (m, 21H, OSi(CH(CH>),);),
1.62 (s, 3H, CH,), 1.67 (s, 3H, CH), 1.82-1.84 (m, 2H, 8-CH,),
2.47 (dd, J 15.0, 7.0, 1H, CHHCH=C(CH,;),), 2.60 (dd, J 15.0,
7.0, IH, CHHCH=C(CH,),), 2.92 (d, J 4.0, 1H, 5-CH), 3.07 (dd,
J10.4,4.0, 1H, ArCH), 3.22 (s, 3H, OCH,), 3.47 (s, 3H, OCH),
3.54 (s, 3H, OCH), 3.82 (s, 3H, ArOCH), 3.84 (s, 3H, ArOCH,),
4.22 (ddd, J 10.4, 10.4, 7.0, 1H, CHOSi(CH(CH,),)s), 5.47-5.52
(m, 1H, (CH;),C=CH), 5.53 (s, 1H, C=CH), 6.60 (d, J 1.9, 1H,
ArH), 6.64(dd, J8.2,1.9, 1H, ArH), 6.77 (d, J 8.2, 1H, ArH); “C
NMR (125 MHz, CDCl;) J 12.6 (CH), 17.9 (CH;), 25.9 (CHs,),
30.2 (CH,), 41.1 (CH,), 48.2 (CH), 49.7 (CH,), 50.6 (CH), 51.1
(CH;), 55.5 (CH,), 55.7 (CHs;), 55.9 (CH;), 57.1 (C), 68.7 (CH),
103.6 (CH), 103.9 (C), 110.8 (CH), 111.9 (CH), 121.0 (CH), 122.3
(CH), 131.5 (C), 133.2 (C), 147.9 (C), 148.4 (C), 174.7 (C), 201.2

1 CCDC reference number 641180. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b704311b
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(C); HRMS (EI) m/z 603.3712 [M + H]*, [C3,HssO,Si]* requires
603.3717.

(18,5R,7S,8R)-(+)-8-(3,4-Dimethoxyphenyl)-4-0xo0-2,9,9-tri-
methoxy-7-triisopropylsilanyloxy-bicyclo|3.3.1]non-2-ene-3,5-dicar-
boxylic acid diethyl ester 27. Isolated as an amorphous yellow
solid (55 mg, 45%); [a]¥ +173 (¢ 0.5 in CHCL); '"H NMR
(500 MHz, CDCl;) 6 0.75-0.90 (m, 21H, OSi(CH(CH;),);), 1.29
(t,J 7.1, 3H, CH;), 1.33 (t, J 7.1, 3H, CH;), 2.26 (t, J 12.9, 1H,
CHH), 2.39 (dd, J 12.9, 5.3, 1H, CHH), 3.15(d, J 4.5, IH, CH),
3.22 (s, 3H, OCH,), 3.28 (dd, J 10.6, 4.5, 1H ArCH), 3.3 (s, 3H,
OCH,;), 3.37 (s, 3H, OCH), 3.86 (s, 3H, ArOCH;), 3.89 (s, 3H,
ArOCH;), 4.21-4.38 (m, SH, CHOSIi(CH(CHs;),);), OCH,CHj,
OCH,CH,), 6.77-6.83 (m, 3H, ArH, ArH, ArH); *C NMR
(125 MHz, CDCl;) ¢ 13.9 (CH;), 14.2 (CH;), 12.5 (CH), 18.0
(CH;), 38.9 (CH,), 48.8 (CH), 49.0 (CH,;), 49.3 (CH,), 49.4 (CH),
55.8 (CHj;), 56.0 (CH;), 56.8 (CHs;), 61.6 (CH,), 61.7 (CH,), 62.9
(C), 68.0 (CH), 101.8 (C), 111.0 (CH), 111.1 (CH), 115.1 (O),
121.6 (CH), 132.2 (C), 148.2 (C), 148.8 (C), 165.4 (C), 170.3 (O),
171.9 (C), 192.7 (C). IR v,,, 2913, 2847, 1729, 1614, 1463, 1373,
1249, 1089, 1051 cm™'; HRMS (ES) m/z 679.3508 [M + HJ*,
[CisHss0,,Si]* requires 679.3513.

(1R,58,75,8R,9R)-(+)-8-(3,4-Dimethoxyphenyl)-9-hydroxy-2-
methoxy-7-triisopropylsilanyloxy-bicyclo[3.3.1]non-2-en-4-one 28

Sodium borohydride (60.0 mg, 1.54 mmol, 1.5 eq.) in CH;OH
(4 mL) was added to a solution of 9 (500 mg, 1.02 mmol) in 2 :
1 CH;OH : CH,Cl, (15 mL) at —78 °C. The reaction mixture
was stirred at —78 °C for 1 h. After this period the reaction was
quenched with aqueous NaOH (2 mL, 2 M), extracted with EtOAc¢
(3 x SmL). The organic extracts were combined and washed with
saturated aqueous NaCl (aq.) (1 x 10 mL), dried (MgSO,), then
concentrated in vacuo. Purification by column chromatography
(petroleum ether-EtOAc 3 : 7) gave the title compound 28 as a
fluffy white solid (470 mg, 94%); mp 178-180 °C; [a]y +163 (¢
0.5 in CHCL,); v (CHCI) 3606, 2940, 1646, 1597, 1463, 1378,
1116, 1026, 882 cm™; '"H NMR (400 MHz, CDCl;) 6 0.79-0.88
(m, 21H, OSi(CH(CH;),);), 1.99-2.20 (m, 2H, 8-CH,), 2.32 (d, J
3.5, 1H, OH), 2.78 (m, 2H, 1-CH, 5-CH), 3.29 (dd, J 10.2, 4.1,
1H, ArCH), 3.56 (s, 3H, OCH,), 3.83 (s, 3H, ArOCH,), 3.86 (s,
3H, ArOCH,;), 4.20-4.27 (m, 2H, CHOSIi(CH(CH5;),);, CHOH),
5.55(s, IH, C=CH), 6.62-6.65 (m, 2H, 2 x ArH), 6.78 (d, J 8.7,
IH, ArH); "CNMR (100 MHz, CDCl;) 6 12.6 (CH), 17.9 (CH,),
18.1 (CH;), 31.7 (CH,), 45.7 (CH), 49.9 (CH), 50.4 (CH), 55.6
(CH,), 55.7 (CH,), 56.0 (CH5;), 68.3 (CH), 68.3 (CH), 104.0 (CH),
110.9 (CH), 112.2 (CH), 120.8 (CH), 133.6 (C), 147.8 (C), 148.5
(C), 178.7 (C), 200.2 (C); HRMS (ESI) m/z 491.2811 [M + HJ*,
[C,;Hy306S1]* requires 491.2828.

(1R,58,75,8R,9R)-(—)-8-(3,4-Dimethoxyphenyl)-2-methoxy-
9-triethylsilanyloxy-7-triisopropylsilanyloxy-bicyclo[3.3.1]non-
2-en-4-one 29

Triethylsilyl triflate (0.33 mL, 1.3 mmol, 1.5 eq.) was added to a
solution of 28 (470 mg, 9.56 mmol) and 2,6-lutidine (0.33 mL,
2.6 mmol, 3 eq.) in dry CH,Cl, (10 mL) at —78 °C and the
solution stirred at —78 °C for 1 h. The reaction was quenched
with aqueous HCI (10 mL, 2 M) and extracted with CH,Cl,
(3 x 8 mL). The organic extracts were combined and washed

with saturated aqueous NaCl (10 mL), dried (MgSO,), then
concentrated in vacuo. Purification by column chromatography
(petroleum ether—EtOAc 8 : 2) gave the title compound 29 as a pale
yellow oil (500 mg, 86%); [a]}Y —50 (¢ 1.0 in CHCL,); vy, (CHCLs)
2918, 1660, 1612, 1462, 1107, 831 cm™'; 'H NMR (400 MHz,
CDCl;) 0 0.64 (q, J 7.9, 6H, OSi(CH,(CHj;),);), 0.77-0.89 (m,
21H, OSi(CH(CH),)5), 1.01 (t,J 7.9, 9H, OSi(CH,(CH;),)s), 2.04
(ddd, J 12.4,8.6,5.2, 1H, CHH), 2.14-2.18 (m, 1H, CHH), 2.61-
2.67 (m, 2H, 1-CH, 5-CH), 3.28 (dd, J 10.5, 3.8, 1H, ArCH),
3.55(s, 3H, OCH,), 3.82 (s, 3H, ArOCH), 3.85 (s, 3H, ArOCH),
4.09 (t, J 3.6, 1H, CHOSIi(CH,CH5;)), 4.21 (ddd, J 10.5, 10.5, 5.2,
IH, CHOSIi(CH(CH,),);), 5.53 (s, IlH, C=CH), 6.59 (d, J 1.9, IH,
ArH), 6.63(dd, /8.2,1.9, 1H, ArH), 6.78 (d, J 8.2, 1H, ArH); *C
NMR (125 MHz, CDCl;) 6 4.8 (CH,), 6.9 (CH,), 12.7 (CH), 18.0
(CH,), 18.1 (CHs;), 31.8 (CH,), 45.7 (CH), 50.8 (CH), 51.3 (CH),
55.6 (CHj;), 55.7 (CHs), 55.9 (CHjy), 68.2 (CH), 68.7 (CH), 104.1
(CH), 110.8 (CH), 111.9 (CH), 121.0 (CH), 134.0 (C), 147.7 (C),
148.4 (C), 178.8 (C), 200.7 (C); HRMS (ESI) m/z 605.3724 [M +
H]*, [C33H5,04S1,]" requires 605.3694.

(1R,5S,75,8R,9R)-(+)-8-(3,4-Dimethoxyphenyl)-2-methoxy-5-
(prenyl)-9-triethylsilanyloxy-7-triisopropylsilanyloxy-
bicyclo[3.3.1]non-2-en-4-one 30

A solution of LDA-LiCl was prepared by treatment of a suspen-
sion of DTPA-HCI1 (141 mg, 1.03 mmol) in THF (2.5mL) at —78 °C
with "BuLi (1.28 mL, 2.05 mmol, 1.6 M solution in hexanes).
The solution was allowed to warm to RT and after 10 min re-
cooled to —78 °C. The LDA-LIiCl solution was added dropwise
via syringe to a solution of bicyclic compound 29 (124 mg,
0.20 mmol) in THF (2 mL) at —78 °C resulting in a yellow-
coloured solution. The solution was stirred at —78 °C for 3 h,
followed by addition of prenyl bromide (0.25 mL, 2.05 mmol,
10 eq.) and stirring for a further 4 h at —78 °C. The reaction
mixture was quenched after this period with H,O (5 mL) followed
by extraction with EtOAc (3 x 5 mL). The organic layers were
combined and washed with saturated aqueous NaCl (15 mL),
dried (MgSO,), and concentrated in vacuo. Purification by column
chromatography (petroleum ether—EtOAc 4 : 1) gave the title
compound 30 as a pale yellow oil (35 mg, 26%); [a]5 +73 (c
0.15 in CHCLy); v (CHCI;) 2256, 1816, 1793, 1380, 1095, 947,
888, 641 cm™'; '"H NMR (400 MHz, CDCl;) 6 0.66-0.74 (m, 6H,
OSi(CH,CH;);), 0.78-0.88 (m, 21H, OSi(CH(CH;),)s), 1.06 (t, J
8.0, 9H, OSi(CH,CH),), 1.64 (s, 3H, C=C(CH,),), 1.65 (s, 3H,
C=C(CH,),), 1.74 (dd, J 12.0, 5.2, 1H, CHH), 1.93 (t, J 12.0,
10.3, 1H, CHH), 2.20 (dd, J 15.0, 7.0, 1H, CHHCH=C(CHs;),),
2.56 (dd, J 15.0, 7.0, 1H, CHHCH=C(CH,;),), 2.69 (dd, J 4.0,
4.0, 1H, 5-CH), 3.20 (dd, J 10.3, 4.0, 1H, ArCH), 3.54 (s, 3H,
OCH;), 3.81 (s, 3H, ArOCH), 3.85 (s, 3H, ArOCH,), 4.07 (d,
J 4.0, 1H, CHOSi(CH,CH,);), 4.16 (ddd, J 10.3, 10.3, 5.2, 1H,
CHOSI(CH(CH,;),)3), 491 (t, J 7.0, 1H, CH=C(CHs;),), 5.54 (s,
1H, C=CH), 6.60 (d, J 1.9, 1H, ArH), 6.63 (dd, J 8.2, 1.9, 1H,
ArH), 6.78 (d, J 8.2, 1H, ArH); "C NMR (100 MHz, CDCl;)
0 5.1 (CH,), 7.0 (CH;), 12.7 (CH), 18.0 (CH,), 18.2 (CH;), 25.8
(CH,), 26.9 (CHs;), 31.3 (CH,), 39.4 (CH,), 45.8 (CH), 51.2 (CH),
53.4 (CH), 55.4 (CH;), 55.6 (CHs;), 55.9 (CH;), 68.8 (CH), 70.0
(CH), 104.5 (CH), 110.9 (CH), 111.9 (CH), 119.7 (CH), 121.0
(CH), 133.5(C), 147.7(C), 148.4 (C), 177.0 (C), 201.4 (C); HRMS
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(ESI)m/z 557.3293 [M — OSi(CH,CH, ):]*, [CsHy O, Si]* requires
557.3298.

Typical procedure B for lithiation substitution using LTMP
(Table 2): (15,5S,7S,8R)-(+)-8-(3,4-dimethoxyphenyl)-2,9,9-
trimethoxy-7-triisopropylsilanyloxy-3-trimethylsilanyl-
bicyclo[3.3.1]non-2-en-4-one 31

A solution of LTMP was prepared by adding "BuLi (0.59 mL,
0.93 mmol, 1.6 M solution in hexanes) to tetramethylpiperidine
(0.19 mL, 0.93 mmol, 5 eq.) in THF (1 mL) at —78 °C. The
solution was allowed to warm to RT and after 10 min re-cooled
to —78 °C. This LTMP-THF solution was added dropwise via
syringe to a solution of bridged ketone 16 (100 mg, 0.19 mmol)
in THF (1 mL) at —78 °C resulting in a deep yellow-coloured
solution. The solution was stirred at —78 °C for 3 h, followed
by addition of trimethylsilyl chloride (0.24 mL, mmol, 10 eq.)
and stirring for a further 3 h at —78 °C. The reaction mixture was
quenched after this period with H,O (5 mL) followed by extraction
with EtOAc (3 x 5 mL). The organic layers were combined and
washed with saturated aqueous NaCl (5 mL), dried (MgSO,), and
concentrated in vacuo. Purification by column chromatography
(petroleum ether-EtOAc 4 : 1) gave the title compound 31 as a
clear viscous oil (53 mg, 45%); [a]l5 +169 (c 1.0 in CHCL); vy
(CHCI;) 2941, 2866, 1634, 1565, 1462, 1366, 1141, 1108, 1027,
881 cm™'; "H NMR (500 MHz, CDCl;) ¢ 0.22 (s, 9H, Si(CH;)s),
0.72-0.89 (m, 21H, OSi(CH(CH;),);), 1.81-1.87 (m, |H, CHH),
2.13 (ddd, J 12.5,9.2, 5.3, 1H, CHH), 2.80-2.82 (m, 1H, 1-CH),
2.86 (s, 3H, OCH,;), 3.11 (s, 3H, OCH,), 3.16 (dd, J 10.9, 3.0,
1H, ArCH), 3.22-3.24 (m, 1H, 5-CH), 3.31 (s, 3H, OCH,), 3.83
(s, 3H, ArOCH,;), 3.86 (s, 3H, ArOCH), 4.25 (ddd, J 10.9, 10.9,
5.3, 1H, CHOSi(CH(CHs),);), 6.76-6.81 (m, 3H, 3 x ArH); “C
NMR (125 MHz, CDCl;) ¢ 0.82 (CH,), 12.6 (CH), 17.9 (CH,),
18.1 (CH;), 34.4 (CH,), 44.3 (CH), 47.3 (CH,), 48.5 (CH,), 48.7
(CH), 49.7 (CH,), 54.4 (CH,), 55.7 (CHs;), 56.0 (CHj;), 56.1 (CHs),
68.1(CH), 101.2(C), 111.1 (CH), 116.8 (C), 132.9(C), 148.2 (CH),
148.7 (C), 180.9 (C), 201.9 (C); HRMS (ES) m/z 607.3461 [M +
HJ*, [C,Hs50,S1,]* requires 607.3486.
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Oligonucleotides forming an i-motif: the pH-dependent assembly of individual
strands and branched structures containing 2’-deoxy-5-propynylcytidine;
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Non-branched and branched oligonucleotides incorporating consecutive runs of
2'-deoxy-5-propynylcytidine residues (2) instead of 2'-deoxycytidine (1) were synthesized. For this,
phosphoramidite building blocks of 2'-deoxy-5-propynylcytidine (3a—c) were prepared using acetyl,
benzoyl or N,N-di-n-butylaminomethylidene protecting groups. The formation of the i-motif assemblies
incorporating 2'-deoxy-5-propynylcytidine residues was confirmed by temperature-dependent CD- and
UV-spectra as well as by ion-exchange chromatography. The low pK,-value of nucleoside 2 (pK, = 3.3)

compared to dC (pK, = 4.5) required strong acidic conditions for i-motif formation. Branched
oligonucleotide residues with strands in a parallel orientation lead to a strong stabilization of the
i-motif allowing aggregation even at non-optimal pH conditions (pH = 5). The immobilization of
oligonucleotides incorporating multiple residues of 2 on 15 nm gold nanoparticles generated
DNA-gold nanoparticle conjugates which are able to aggregate into i-motif structures at pH 5.

Introduction

Cytosine-rich regions are frequently found in the human genome
located near or within regions of functional or regulatory impor-
tance including the centromer and telomer domains as well as
the insulin minisatellite.”® They are assumed to play an important
biological role in genetic regulation processes.*®* The formation of
parallel duplexes stabilized by hemiprotonated cytosine—cytosine
base pairs was reported for the crystals of polycytidylic acid
even forty years ago.'"’ Later, NMR studies and X-ray analyses
of cytosine-rich oligonucleotides showed that the formation
of a four-stranded molecule is stabilized by the intercalation
of non-canonical hemiprotonated cytosine-cytosine base pairs
(dCH*-dC) of two parallel-stranded duplexes (Fig. 1).""* Due
to the intrinsic cytosine intercalation this structure was named an
“i-motif”. Consistent with the hemiprotonation of the cytosine
residues, the i-motif assembly occurs under weakly acidic or even
under nearly neutral conditions.® i-Motif structures are formed by
association of four separate strands, by two hairpins or branched
oligonucleotides containing two cytosine-rich stretches, or by
intramolecular folding of a single strand employing four dC
stretches.*!!-1¢

Branched oligonucleotides are important components of RNA
molecules. It is well known that branching points act as struc-
tural key points in pre-mRNA splicing and as protein binding
sites.”"® The construction of “V”-shaped branched cytosine-
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Fig. 1 Schematic representation of a hemiprotonated duplex (a), a

tetrameric i-motif (b), a two-fold branched i-motif (c¢) and an i-motif
structure conjugated to gold nanoparticles (d). The assemblies are
stabilized by hemiprotonated cytosine base pairs (e). S corresponds to
the 2'-deoxyribofuranosyl sugar moiety.

rich DNA-oligonucleotides employing a riboadenosine linker was
reported earlier.’*?* Several backbone modifications have been
performed to probe the structural features of the i-motif including
those of (i) phosphorothioates,*** (ii) 3'-S-phosphorothiolates,?
(iii) methylphosphonates®?** and (iv) 3'-N-phosphoramidates.®*
However, only in the case of the 3'-S-phosphorothiolate was a
considerable stabilization of the i-motif structure observed.?® Very
little is known about cytosine nucleobase analogues forming an
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i-motif."*?*> However, the crystallographic data of the i-motif
structure indicates that the position-5 of the cytosine residues has
steric freedom and therefore modifications at that position should
be tolerated.

As a part of our studies on multi-stranded DNA structures,
we became interested in introducing cytosine analogues carrying
a side chain modification such as the propynyl group into
the i-motif structure. However, it was unclear whether the i-
motif is able to accept such a bulky residue. This manuscript
reports on i-motif structures of oligonucleotides incorporating
consecutive runs of 2’-deoxy-5-propynylcytidine (2) instead of
2'-deoxycytidine (1). For this purpose, the phosphoramidites
of 2’-deoxy-5-propynylcytidine (3a—¢) were synthesized (Fig. 2).
Particular attention was focused on i-motif structures formed
by four individual strands as well as on i-motifs formed by
branched oligonucleotides or immobilized on gold nanoparticles
(Fig. la—d). The formation of the modified i-motif structures
(Fig. le) was directly proved by spectroscopic techniques, ion-
exchange chromatography and the reversible aggregation of the
nanoparticle-DNA conjugates.

Results and discussion
1. Synthesis of the monomers

The 2'-deoxy-5-propynylcytidine (2) is well known to stabilize
duplex and triplex nucleic acids.?** Thus, numerous reports on
the application of 2'-deoxy-5-propynylcytidine as a T,,-enhancer
have been published.?* However, to the best of our knowledge
no detailed information on the synthesis of the phosphoramidite
of 2’-deoxy-5-propynylcytidine (2) is available in the literature.®
As we encountered certain problems during synthesis, we now

NRiR2

)j;]//)\)j/
g o

1 2 NCCH2CH,0” N(4-Pr)z

3a:R; =H,R,= Bz
b: R1 H Rz—AC
¢: Ry{R; = =CHN(n-Bu);

Fig. 2 Structures of nucleosides and the corresponding phosphora-

midites.

Table 1

report on the full details of the synthesis of the phosphoramidite
building blocks 3a—c. 2’-Deoxy-5-iodocytidine (4) was converted
to the propynylated nucleoside 2 under standard conditions via the
palladium(0)-catalyzed Sonogashira cross-coupling reaction in the
presence of copper iodide and propyne gas (88% yield, Scheme 1).
The propynylated nucleoside 2 shows a strong downfield shift for
carbon C5 compared to the starting material 4, while only minor
changes are observed for the other carbon signals (Table 1).

For the amino group protection, the acetyl, benzoyl and N, N-di-
n-butylaminomethylidene groups were chosen to fulfil the various
requirements of oligonucleotide synthesis including (i) fast depro-
tection, (ii) standard oligonucleotide synthesis or (iii) introduction
of lipophilic residues. Although the reaction could be monitored
by TLC, very little material was obtained after flash chromatogra-
phy. This was different from the 2’-deoxycytidine nucleoside, which
afforded the acetylated derivative in sufficient yield.*! The electron-
withdrawing property of the propynyl side chain increases the
amide character of the amino group. This is indicated by the lower
pK,-value of the modified nucleoside thereby the stability of the
amino protecting groups is affected. Thus, the 5'-hydroxyl group
of 2 was blocked first (4,4'-dimethoxytrityl chloride in pyridine)
giving the DMT-derivative 5 in 80% yield. Afterwards the more
lipophilic 5 was protected with the acetyl, benzoyl or N,N-di-n-
butylaminomethylidene residues (69% for 6a, 80% for 6b, 67%
for 6¢). The stability of the amino protecting groups increases in
the order acetyl < benzoyl < N,N-di-n-butylaminomethylidene in
aqueous ammonia or methanol at room temperature as indicated
by TLC monitoring. Phosphitylation of the intermediates 6a—
¢ with (2-cyanoethyl)diisopropylphosphoramido chloridite af-
forded the phosphoramidites 3a—c (63-68% yield). All compounds
were characterized by their UV spectra, *C-and 'H-NMR spectra,
as well as by elemental analysis (see Table 1 and the Experimental
section).

2. Properties of the monomers

The single-crystal X-ray analysis of S-propynyl-2'-deoxycytidine
(2) revealed that in the solid state the propynyl side chain is linear
and rigid.** We noticed that the introduction of the propynyl group
at position-5 of the pyrimidine moiety lowers the pK, value from
4.5 (2’-deoxycytidine) to 3.3 (nucleoside 2). This phenomenon has
already been discussed for triplex-forming oligonucleotides in-
corporating 5-propynyl-2'-deoxycytidine residues.?® For this, UV-
spectra of the nucleosides 1 and 2 were measured in a 0.3 M NaCl,
10 mM phosphate buffer solution at pH 3.5 and pH 7 (Fig. 3). The
canonical nucleoside 2'-deoxycytidine shows a characteristic UV
maximum at 279 nm at pH 3.5, whereas under neutral conditions

BC-NMR chemical shifts (in ppm) of the nucleosides and their derivatives measured in d,-DMSO at 298 K*

C2) C@ C6 C6) C=C CH,

C=0/N=CH C(I) C@2) C@3) C@) C&)

OMe

1* 1552 1655 94.1 141.1 — — —
2 153.4 1643 90.7 143.4 71.1,91.8 4.4 —
4 153.8 163.6 56.5 1472 — — —
5 153.3  164.3 90.8 144.7 70.7,91.5 4.2 —
6a n.d. n.d. 90.8 144.7 71.2, n.d. 3.9

6b 1523 160.7 933 144.7 69.7,93.3 253,42

6c 1534 170.1 879 144.8 73.3,98.8 39,135

« Systematic numbering is used, n.d. = not detected. ® From ref. 32. < Tentative.

167.2
170.2
157.3

85.0 40.4 70.5 87.2 61.5 — —
85.2 40.4 70.1 87.4 61.0 — —
85.2 40.7 69.8 87.3 60.8 — —
85.2¢  40.7 70.5 858  63.6 85.6 55.0
85.8¢ 404 70.1 86.1¢ 634 n.d. 55.0
85.9¢ 404 70.1 86.7° 633 86.2 55.0
85.7¢ 409 70.5 858  63.6 n.d. 55.0
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Reagents and conditions: (1) propyne, Pd(0) catalyst, Cul; (i) DMTr-Cl, pyridine, overnight, r.t.; (iii) Bz,O, pyridine, overnight, r.t.;

(iv) Ac,O, DMF, overnight, r.t.; (v) N,N-di-n-butylformamide dimethylacetal, methanol, 3 h, r.t.; (vi) (2-cyanoethyl)diisopropylphosphoramido chloridite,

N,N-diisopropylethylamine, anhyd. CH,Cl,, 20 min, r.t.

(pH 7) the maximum is hypsochromically shifted to 271 nm. In
contrast, the UV maxima of the 5-propynylated nucleoside 2 are
bathochromically shifted at both pH values compared to the non-
functionalized 2'-deoxycytidine, as indicated by Fig. 3. At pH 3.5,
the UV maximum of nucleoside 2 is centred at 308 nm (Fig. 3a)
and at pH 7 it is located at 290 nm (Fig. 3b).

3. Synthesis and characterization of the oligonucleotides

Next, a series of oligonucleotides was prepared as shown in
Tables 2-4. The oligonucleotides 10-19 and 21 were synthesized
by solid-phase synthesis employing the regular phosphoramidites
and the phosphoramidite 3b.** Some oligonucleotides were func-
tionalized with a thiol linker group at their 3'- or 5'-termini which

(a)

3,04

2,54 /

dC

Absorbance

0,54

0,0

T T T T T
260 280 300 320 340
Wavelength [nm]

T
220 240

makes them suitable for the immobilization on the surface of gold
nanoparticles.®® For the 3'-thiol modification of 12, 16 and 18
a 3'-thiol-modifier-C3 S-S CPG was used (Glen Research, US)
whereas a 5'-thiol-modifier-C6-phosphoramidite (Glen Research,
US) was employed for the 5'-thiol modification of 19 and 21. The
syntheses of the 3'-thiol and 5'-thiol modified oligonucleotides
were carried out according to the standard procedure for solid-
phase synthesis of oligonucleotides. The purification of the 3'-
thiol modified oligonucleotides was performed by reversed-phase
HPLC (RP-18) in the DM T-on modus, followed by deprotection
with 80% acetic acid and precipitation with 1 M NaCl and ethanol
in an ice-bath (for details see the experimental section). The 5'-thiol
functionalized oligonucleotides 19 and 21 were only purified in the
trityl-on modus (RP-18).

(b) 35

3,0
2,54

2,0

Absorbance

0,54

0,0 4

-0.5 T
220 240

T T T T
260 280 300 320 340

Wavelength [nm]

Fig.3 UV spectra of nucleosides dC and 2 measured in a 0.3 M NaCl, 10 mM phosphate buffer solution at pH 3.5 (a) and pH 7 (b) at a concentration

of 1.4 x 10~* mol I,
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Table 2 The molecular masses of selected non-branched oligonucleotides determined by MALDI-TOF mass spectrometry

M + H]* (Da)
Non-branched oligonucleotides Calc. Found
5-d(T-T-2-2-2-2-T-T) (11) 2465 2466
5/-d[(T-T-2-2-2-2-2-2-T-T)-(CH,),-S-S-(CH,),-OH] (12) 3363 3363

3558 3558

5'-d{[Trityl-S-(CH,);-O(PO,H)O]- T-T-2-2-2-2-2-2-T-T} (19)

5'-d{[Trityl-S-(CH,),-O(PO,H)0]-(A-G-T-A-T-T-G-A-C-C-T-A),} 21) 7790 7790

For the syntheses of the branched oligonucleotides 13-18
the synthesis protocol was modified. The introduction of the
branching residue (Glen Research, US) led to the formation of
two parallel-stranded oligonucleotide chains. The elongation of
the two growing oligonucleotide chains is performed in a parallel
way, leading to identical sequences of both strands. Double-
concentrated solutions (0.2 M instead of 0.1 M) of the phos-
phoramidite building blocks were employed during solid-phase
synthesis, and the coupling time for each residue was extended.
The purification was performed as described for the 3'-thiol-
modified oligonucleotides. All oligonucleotides were characterized
by MALDI-TOF mass spectra. The calculated masses were in
good agreement with the measured values (Table 2 and Table 4).
The composition of selected oligonucleotides was determined by
HPLC (RP-18) after tandem enzymatic hydrolysis with snake-
venom phosphodiesterase followed by alkaline phosphatase in
0.1 M Tris-HCI buffer (pH 8.9) at 37 °C. The HPLC profile of the
hydrolysis products clearly demonstrates that the propynylated

(a)

=
@
°
E
=
(=]
o
T T T T T T
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Wavelength [nm]
(c)
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o
E
=
8 s
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T T
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nucleoside 2 is much more hydrophobic compared to the non-
functionalized dC (see Supporting informationy).

4. i-Motif formation of non-branched oligonucleotides

In the following discussion, non-branched oligonucleotides con-
taining 2'-deoxycytidine or 2'-deoxy-5-propynylcytidine are com-
pared. They were characterized by temperature-dependent circu-
lar dichroism (CD) spectra, ion-exchange chromatography and
T, measurements (for oligonucleotide sequences see Table 3).
Cytosine-rich oligonucleotides forming i-motif structures such
as 5-d(T-T-C-C-C-C-T-T) (8) and 5-d(T-T-C-C-C-C-C-C-T-T)
(9) can be identified by their characteristic CD spectra. Both
oligonucleotide assemblies produce positive Cotton effects around
280 nm which are accompanied by concomitant negative effects
around 260 nm (for 8 see Fig. 4a). These spectral characteristics
appear at pH 5 and disappear at elevated temperature due to
the disassembly of the i-motif and are not formed under slightly

(b)

CD [0¢/mdeg]

T T
220 240 260 280 300 320 340

(d)

204
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-
o
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CD [6/mdeg]
‘Q L]
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&
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T T T
220 240 260 280 300 320 340
Wavelength [nm]

Fig. 4 CD spectra of the tetrameric i-motif structure formed by (a) 5'-d(T-T-C-C-C-C-T-T) (8; solid line) and 5'-d(T-T-2-2-2-2-T-T) (11; dashed line) at
pH 5; (b) 5'-d(T-T-C-C-C-2-C-C-T-T) (10) at pH 5; (c) the single-stranded species of 5'-d[(T-T-2-2-2-2-2-2-T-T)-(CH,);-S-S-(CH,);-OH] (12) at pH 5 after
20 days incubation time; (d) the tetrameric i-motif assembly of 12 at pH 3.5 after 18 h incubation time. For the CD measurements, the oligonucleotides
were dissolved in 0.3 M NaCl, 10 mM sodium phosphate buffer.
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alkaline conditions (pH 8).>** The i-motif formation was
next probed on oligonucleotides containing 2'-deoxy-5-propynyl-
cytidine (2). The replacement of one dC residue in oligonucleotide
9 by compound 2 led to the oligonucleotide 10. The CD spectra
obtained from oligomer 10 measured under the same conditions
resemble those of oligonucleotide 9 as shown in Fig. 4b. Thus,
the introduction of one propynylated nucleoside residue does not
cause significant changes in the CD spectra and does not effect
i-motif formation.

Next, the oligonucleotide 12 was studied which contains a
complete run of propynylated dC-residues (2) in place of dC. In this
case, a disulfide chain was linked to the oligonucleotide suitable
for the immobilization on gold nanoparticles after reduction.
This oligonucleotide was incubated at the same pH value (pH =
5) as used for the experiments described above. Although the
incubation time was extended to 20 days, no characteristic spectra
indicative for the i-motif structure could be detected (Fig. 4c).
The spectra were identical to those obtained for the random state
at pH 8 (data not shown). Due to the lower pK, value of 5-
propynyl-2'-deoxycytidine (2; pK, = 3.3) compared to the parent
2'-deoxycytidine (1; pK, = 4.5) we reasoned that oligonucleotides
incorporating the propynyl derivative 2 require lower pH values
for i-motif formation. Thus, it seemed to be essential to use more
acidic conditions to achieve the formation of the hemiprotonated
S-propynyl-2'-deoxycytosine base pair as indicated by motif I
(Fig. le). Consequently, the propynylated oligonucleotide 12 was
incubated at pH = 3.5. Within several hours the CD spectra
showed the pattern indicative of i-motif formation of the oligomer
12 (Fig. 4d). It should be noted that the CD spectra of oligonu-
cleotides incorporating 2'-deoxy-5-propynylcytidine residues are
significantly different to those obtained from oligonucleotides
incorporating unmodified dC residues. This is not surprising, as
even 2'-deoxy-5-propynylcytidine (2) shows UV spectra signifi-
cantly different from those of 2'-deoxycytidine (Fig. 3), causing
the changes in the CD spectra (Fig. 5). The strong Cotton
effects near 265 nm (negative), and around 240 nm and 320 nm
(positive) observed for the i-motif assembly of 12 (10-30 °C)
change significantly at elevated temperature due to the disassembly
of the i-motif. At higher temperatures (12: 40-70 °C) the negative
lobe becomes indistinct and the spectra adopt the shape of those
measured at pH 5 or pH 8. Next, the CD spectra obtained from
5-d(T-T-C-C-C-C-T-T) (8) and its fully propynylated derivative
11 were compared, as shown in Fig. 4a. At pH 5, the CD spectra

154 dc

CD [6/mdeg]

104

-15 T T T T T T
220 240 260 280 300 320 340
Wavelength [nm]

Fig.5 CD spectra of the nucleosides dC and 2 measured in a 0.3 M NaCl,
10 mM phosphate buffer solution at pH 7 and at a concentration of 1.4 x
10~ M.

of oligomer 8 show the characteristic signature of the i-motif.
Consistent with the results obtained from oligomer 12, no i-motif
structure could be detected for oligomer 11 at pH 5 (Fig. 4a).
However, the incubation of the propynylated oligonucleotide 11 at
pH 3.5 led to i-motif formation as proved by the CD spectra (data
not shown). Nevertheless, the i-motif formation of 11 required a
longer incubation time (5 days) and led to a low content of i-motif
assemblies as indicated by the CD spectra (data not shown).

Earlier, the multimer stoichiometry of cytosine-rich oligonu-
cleotides was analyzed by non-denaturing gel electrophoresis
as well as by gel-filtration chromatography.'**-*® However, ion-
exchange chromatography can also be used to separate single-
stranded oligonucleotides from their multimer assemblies due to
a change in the negative charges of the four-stranded complex.
This phenomenon has already been used to analyze the formation
of dG-quartets and isoGy-oligonucleotide assemblies.** Under
acidic conditions (pH 5) the single-stranded oligonucleotide 9 can
be well separated from the tetrameric structure (Fig. 6a). The fast
migrating peak (fx = 13 min) was assigned to the single strand
while the slower one (zz = 19 min) represents the tetrameric
assembly. This is a direct consequence of the large increase of
negative charges of the i-motif assembly compared to the single-
stranded species. When the eluting buffer was changed from pH 5
to pH 8 the tetrameric i-motif structure was not detected and
only the single-stranded species appeared with a retention time
(tx = 14 min) almost identical to that obtained for the fast-
migrating peak detected at pH 5 (Fig. 6d). The same experiment
was performed with oligonucleotide 10 incorporating one residue
of the propynylated nucleoside 2. This led to a similar result
(single strand of 10: 7z = 12 min; multi-stranded 10 assembly:
tx = 19 min). The mixture of the oligonucleotides 9 and 10
carrying the same number of charges shows an almost identical
chromatographic behaviour, indicating that the propynyl group
has a minor influence on the mobility. The fully propynylated
oligonucleotide 12 chromatographed at pH 5 shows a strong peak
formed by the single strand (#z = 15 min) and only a small peak
for the i-motif assembly (/x = 20 min). This is indicative for
the restricted i-motif formation caused by the low pK, value of
protonation for compound 2 (pK, = 3.3).

Next, temperature-dependent melting studies were performed
to evaluate the stability of the i-motif structures formed by the
non-branched oligonucleotides 7-12 (Table 3). As 5-propynylated
nucleosides have been shown to increase duplex and triplex
stability significantly,*? the effect of the propynyl group on
the i-motif structures was now investigated and compared to

Table3 T, values (in °C) of i-motif-forming non-branched oligo-
nucleotides®

Oligonucleotide pH3.5 pHS
5'-d(C-C-C-C-C)** (7) — 30
5'-d(T-T-C-C-C-C-T-T) (8) —* 47
5-d(T-T-C-C-C-C-C-C-T-T) (9) —* 21/594
5'-d(T-T-C-C-C-2-C-C-T-T) (10) 45 <23/554
5-d(T-T-2-2-2-2-T-T) (11) 28 —

5'-d(T-T-2-2-2-2-2-2-T-T)-(CH,);-S-S-(CH,);-OH (12) 33/65¢ —*

“Measured at 235 nm as heating curves (0.5 °C min™") in 0.3 M NaCl,
10 mM phosphate buffer with 12.9 uM single-strand concentration. ® Not
measured. ¢ No i-motif formation observed. ¢ Biphasic melting.
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Fig. 6 Ion-exchange HPLC eclution profiles with detection at 260 nm; for compound 12 at 270 nm: (a) 5-d(T-T-C-C-C-C-C-C-T-T) (9),
(b) 5-d(T-T-C-C-C-2-C-C-T-T) (10) and (c) d[(T-T-2-2-2-2-2-2-T-T)-(CH,);-S-S-(CH,);-OH] (12) with an elution buffer system at pH 5; (d) oligonucleotide
9, (e) oligonucleotide 10 and (f) a mixture of 9 and 10 with an elution buffer system at pH 8. The ion-exchange chromatography was performed on a
4 x 50 mm NucleoPac PA-100 column using the following buffer system: (A) 25 mM Tris-HCI containing | mM EDTA and 10% MeCN; (B) 25 mM
Tris-HCl containing 1 mM EDTA, 1 M NacCl, and 10% MeCN. Eluting gradient: 3 min 20% B in A, 30 min 20-80% B in A.

corresponding unmodified species. At first, the oligonucleotides
7-9 containing consecutive dC residues were incubated in 0.3 M
NaCl, 10 mM phosphate buffer at pH 5 for several days, and
the melting experiments were performed in the heating mode
(dissociation of the i-motif) with a temperature increase of
0.5 °C min~'. The melting of i-motif structures was detected by a
hyperchromic transition at 235 nm and a hypochromic transition
at 295 nm. The T, value of the i-motif formed by dC;s (7)***
at pH 5 was 30 °C (0.3 M NaCl, 10 mM phosphate buffer).
Although the i-motif formed by oligonucleotide 5'-d(T-T-C-C-C-
C-T-T) (8) contains only four dC residues, the T, value of 47 °C
is significantly higher than that of the the i-motif of 7. This T\,
value for 8 is consistent with that obtained from the temperature-
dependent CD measurement (Fig. 4a). It seems that the additional
dT residues at the 3'- and 5'-ends have a stabilizing effect on the
i-motif structure.

The i-motif assembly of 5'-d(T-T-C-C-C-C-C-C-T-T) (9) con-
taining six dC residues reveals a biphasic melting with a low and
a high T, value at pH 5. The higher melting temperature of 9
(T, = 59 °C) is consistent with the value previously reported for
the i-motif structure formed by the comparable sequence 5'-d(T-
C-C-C-C-C-C) (T, = 59 °C) measured in 50 mM sodium citrate,
pH 4.6 within the same concentration range (11.5 pM).*" As this
T., value was assigned to i-motif melting, it can be concluded
that the higher 7, value of 9 corresponds to the melting of the
fully paired tetrameric i-motif structure (Fig. 1b) whereas the
lower T, value might be caused by the formation of a hemi-
protonated duplex (Fig. la). Moreover, the CD spectra of 9
obtained from temperature-dependent CD measurements reveal
a significant change in their shape between 55 °C and 65 °C
due to the disassembly of the i-motif (data not shown). These
findings are also supported by melting experiments performed in
the cooling mode (75 °C — 15 °C) or with only a few hours of
incubation time resulting only in a low 7, value. This phenomenon
was also reported for other i-motifs.*** Interestingly, the same
biphasic melting phenomenon was also observed for the i-motifs
formed by the modified oligonucleotides 5'-d(T-T-C-C-C-2-C-C-
T-T) (10) and 5-d(T-T-2-2-2-2-2-2-T-T)-(CH,);-S-S-(CH,);-OH

(12) incubated in 0.3 M NaCl, 10 mM phosphate buffer (pH 5 for
10 and pH 3.5 for 12). The introduction of one modified residue
2 instead of dC leads to a destabilization of the i-motif assembly
of 10 by 5 °C at pH 5 (10: T\, = 55 °C), whereas at pH 3.5 the
complete replacement of the dC residues by 2 causes a strong
stabilization of the i-motif structure of 6 °C (12: 7', = 65 °C). The
i-motif formed by oligonucleotide 11 employing four 2'-deoxy-5-
propynylcytosine residues (2) is significantly less stable at pH 3.5
(T, = 28 °C). According to the low number of 5-propynyl-dC
residues it is likely that the 7', value of 28 °C represents the melting
of a mixture (hemi-protonated duplex and i-motif).

5. i-Motif formation of branched oligonucleotides

Several structural features make cytosine-rich branched oligonu-
cleotides highly attractive candidates for i-motif formation. The
group of Dambha et al. synthesized “V”-shaped branched oligonu-
cleotides employing a riboadenosine branching point connecting
the chains via the 2',3'-hydroxyl groups.”? The cytosine-rich
oligonucleotide chains are of equal strand polarity and are forced
into close proximity thereby facilitating parallel cytosine base pair-
ing. The molecularity of this process is reduced from a four-fold
assembly to a two-fold assembly leading to a favourable entropy
change during i-motif formation. However, the introduction of
a branching unit decreases the conformational freedom of the
oligonucleotide strands. We decided to utilize the concept of
branched structures to increase the stability of i-motifs. For this,
the modified branched oligonucleotides 17 and 18 incorporating
2'-deoxy-5-propynylcytidine residues were synthesized and their
stability was compared to the unmodified branched oligonu-
cleotides 13-16 (for sequences see Table 4). As a branching unit,
a commercially available flexible linker originally reported by
Shchepinov* was used. Other branching units have already been
used for various purposes by the groups of Damha'*?*% and
Chattopadhyaya**" as well as by our group.”® Table 4 displays
branched oligonucleotides which are used in this study and shows
the corresponding masses determined by MALDI-TOF mass
spectrometry.
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Table 4 Branched oligonucleotides 13—18 and their molecular masses determined by MALDI-TOF mass spectrometry
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NH
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Branched oligonucleotides

[M + HJ* (Da)
Calc. Found

5'-d(C-C-C-C-T-T)
% SLA(T-T-T-T)-3' (13)
5-d(C-C-C-C-T-T)

5'-d(T-T-C-C-C-C-T-T)
% 5-d(T-T-T-T)-3' (14)

5'-d(T-T-C-C-C-C-T-T)

5'-d(C-C-C-C-C-C-T-T)
>7 5'-d(T-T-T-T)-3' (15)

5'-d(C-C-C-C-C-C-T-T)
5'-d(T-T-C-C-C-C-C-C-T-T)
§'-d(T-T-C-C-C-C-C-C-T-T)
5.d(2-2-2-2-2-2-T-T)

>— 5-d(T-T-T-T)-3' (17)
5-d(2-2-2-2-2-2-T-T)
5-d(T-T-2-2-2-2-2-2-T-T

5'-d(T-T-2-2-2-2-2-2-T-T)

% 5-d[(T-T-T-T)-(CH,)3-S-S-(CH,);-OH]-3' (16)

)>— 5-d[(T-T-T-T)-(CH,)3-S-S-(CH,);-OH]-3' (18)

5038 5038
6255 6255
6194 6195
7655 7655
6652 6651
8112 8113

Temperature-dependent CD measurements of the oligonu-
cleotides 13-18 performed in the heating mode confirmed the
formation of i-motif structures under acidic conditions in all
cases (0.3 M NaCl, 10 mM phosphate buffer, pH 5 or pH 3.5).
From the temperature-dependent spectra of the dC-containing
oligonucleotides 13-16 (Fig. 7 and Fig. 8) the formation of the
i-motif assembly was deduced by the large positive Cotton effect
observed around 280 nm and the negative lobe at 260 nm (Fig. 7a).
The spectra changed upon heating, resulting in the final curves
of the non-assembled strands, which look almost identical to
those measured at pH 8. A similar phenomenon was observed
for the propynylated branched oligonucleotides 17 and 18. Also,
their CD spectra changed significantly during the temperature
increase; however, due to spectral differences of the UV-spectra
of dC and compound 2 the temperature-induced changes of the
Cotton effects are now shifted to longer wavelengths (Fig. 7b:
320 nm, 240 nm, 280 nm).

Two additional points have to be mentioned. (i) The i-motif
formation of the propynylated oligonucleotides formed within
a branched structure occurs even at pH 5, which is distinctly
higher than the pK, value of the monomeric nucleoside 2. This
phenomenon is not observed with non-branched propynylated
oligonucleotides incorporating a 5-propynyl-dC-rich region. This
might be explained by local pK, changes of protonation between
individual strands and branched structures. Such an observation

has already been reported for branched and non-branched i-motifs
containing consecutive dC-moieties.' Furthermore, the branching
residue clamps two strands together. Accordingly, a separation
of the i-motif formed by the branched strands is retarded in
comparison to the non-branched i-motif even when the same
number of dC-residues are protonated. (ii) The propynylated
branched oligonucleotides 17 and 18 form extremely stable i-
motifs (see next paragraph). Thus, the temperature-dependent
CD spectral changes obtained for compound 17 at pH 3.5 do
not lead to the fully disassembled motifs thereby not showing
the final hypsochromic CD change (Fig. 7b) as observed for
the corresponding oligonucleotide 15 containing unmodified dC
residues (Fig. 7a). A complete change occurs at pH 5 due to the less
stable i-motif structure (Fig. 7¢). These results clearly show that i-
motif formation is not only possible for branched oligonucleotides
incorporating the canonical 2’-deoxycytidine constituent, but also
for branched oligonucleotides incorporating consecutive runs of
the 2'-deoxy-5-propynylcytidine (2) carrying a bulky side chain in
the 5-position. The introduction of a branching residue leads to a
stabilization of the modified branched oligonucleotides 17 and 18
even at pH values significantly higher than the pK, value of the
monomeric nucleoside (pH 5 vs. pH 3.5).

Next, ion-exchange chromatography was performed with the
branched oligonucleotides 13-18 as described for the non-
branched oligonucleotides (Fig. 9). At pH 5 the elution profiles
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Fig. 7 CD spectra of the tetrameric i-motif assembly formed by two branched units of 15 measured in 0.3 M NaCl, 10 mM sodium phosphate buffer,
pH 5 (a) and the tetrameric i-motif assembly formed by two branched units of 17 measured in 0.3 M NaCl, 10 mM sodium phosphate buffer at pH 3.5

(b) and at pH 5 (c); the monomeric species of 17 at pH 8 (d).
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Fig. 8 T, values of the branched oligonucleotides 15 (A), 17 (B) and 18 (C) determined by temperature-dependent CD measurements in 0.3 M NaCl,

10 mM phosphate buffer at pH 5.

of compound 15 and its propynylated derivative 17 show a peak
each with a similar retention time around 20 min (15: z; = 20 min;
17: tx = 19 min; Fig. 9a,b). Nevertheless, in both cases the peak
is significantly broadened, indicating the elution of an aggre-
gate. This finding is supported by comparison with the elution
profile of the non-branched oligonucleotide 9 obtained under the
same conditions (pH 5). As oligonucleotides 9, 15 and 17 have
the same overall charge while forming the i-motif (per i-motif
structure: 40 negative charges for the phosphate groups vs. 12
positive charges of the hemiprotonated cytosine base pairs), very
similar retention times can be expected. Indeed, the elution profile
of 9 shows the migration of the i-motif assembly at 7z = 19 min
(Fig. 6a). The branched oligonucleotides show additional small
peaks at higher retention times (#x = 22 min and 7z = 24 min) which
are not found in the profiles of the non-branched oligonucleotides.

These peaks probably refer to higher aggregates. When the eluting
buffer was changed from pH 5 to pH 8 only the single-stranded
species appeared, showing a strong peak with a retention time of
tx = 21 min for 15 and #; = 20 min for 17 (Fig. 9d.,e). However,
the injection of a mixture of both oligonucleotides carrying the
same number of charges revealed that the completely propynylated
compound 17 migrates only slightly faster than the unmodified
oligonucleotide 15 (Fig. 9f).

Next, T, studies were performed with the oligonucleotides 13—
18 (Table 5). The melting refers to the dissociation of the i-motif
structures while association of the i-motif structures occurs upon
cooling (rate of 0.5 °C min™'). In contrast to the non-branched
oligonucleotides, at pH 5 dissociation of the i-motifs formed
by the unmodified branched oligonucleotides 13-16 followed by
their re-association could be detected by cycling the temperature
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Fig. 9 Elution profiles of ion-exchange HPLC with detection at 260 nm. (a—c): Elution buffer system at pH 5: (a) branched oligonucleotide 15,
(b) branched oligonucleotide 17 incorporating 2 and (c) branched oligonucleotide 13. (d-f): Elution buffer system at pH 8: (d) branched oligonucleotide
15, (e) branched oligonucleotide 17 and (f) mixture of the branched oligonucleotides 15 and 17. The ion-exchange chromatography was performed on a
4 x 50 mm NucleoPac PA-100 column using the following buffer system: (A) 25 mM Tris-HCI containing | mM EDTA and 10% MeCN; (B) 25 mM
Tris-HCl containing 1 mM EDTA, 1 M NacCl, and 10% MeCN. Eluting gradient: 3 min 20% B in A, 30 min 20-80% B in A.

Table 5 T, values (in °C) of i-motif-forming branched oligonucleotides*

Branched oligonucleotides pH3.5 pHS
5'-d(C-C-C-C-T-T) — 37
>7 5-d(T-T-T-T)-3' (13)

5-d(C-C-C-C-T-T)

5"-d(T-T-C-C-C-C-T-T) _» 49
% 5-d(T-T-T-T)-3' (14)

5'-d(T-T-C-C-C-C-T-T)

5'-d(C-C-C-C-C-C-T-T) 31 57
>7 5-d(T-T-T-T)-3' (15)

5-d(C-C-C-C-C-C-T-T)

5-d(T-T-C-C-C-C-C-C-T-T) - 40
>* 5'-d[(T-T-T-T)-(CH,);-S-S-(CH,);-OH]-3' (16)

5-d(T-T-C-C-C-C-C-C-T-T)

5'-d(2-2-2-2-2-2-T-T) 77 37

>7 5-d(T-T-T-T)-3' (17)
5-d(2-2-2-2-2-2-T-T)
5-d(T-T-2-2-2-2-2-2-T-T 70 39

5'-d(T-T-2-2-2-2-2-2-T-TY

)% 5'-d[(T-T-T-T)-(CHy);-S-S-(CH,);-OH]-3' (18)

“Measured at 235 nm as heating curves (0.5 °C min™") in 0.3 M NaCl, 10 mM phosphate buffer with 4.3 uM single-strand concentration. * Not measured.

(heating/cooling rate: 0.5 °C min™'). As indicated by Fig. 10a,
a hysteresis can be observed, which is indicative for the slower
kinetics of the i-motif formation. Nevertheless, i-motif forma-
tion of branched oligonucleotides is faster compared to i-motif
formation of the non-branched oligonucleotides, as indicated by
the immediate formation of the branched i-motif structures; the
assembly of non-branched oligonucleotides into i-motif structures
required several hours. The non-branched oligonucleotides did not
re-associate at this cooling rate.

Interestingly, the branched oligonucleotides 17 and 18 incor-
porating 2 instead of dC also could not re-associate at this
cooling rate (Fig. 10b). This phenomenon is consistent with an
arrangement process of the modified branched oligonucleotides
into the final i-motif structure whereas the formation of a

hemi-protonated duplex should occur much faster due to rapid
protonation and deprotonation. Moreover, the 7', studies of the
branched oligonucleotides (13-18) always revealed a monophasic
transition. A biphasic transition as found for the non-branched
oligonucleotides 9, 10 or 12 was never detected.

Upon heating, a T, value of 37 °C was detected at pH 5 for
the i-motif of the branched oligonucleotide 13. Increasing the
numbers of dC residues from four to six leads to a significant
stabilization of the i-motif structure (15: 7, = 57 °C). A strong
influence on the i-motif stability is also observed by the 5-dT
residues. For the shorter oligonucleotide 14 a strong stabilization
could be detected (37 °C for 13 vs. 49 °C for 14) whereas for the
longer oligonucleotide 16 a severe destabilization was found (57 °C
for 15 vs. 40 °C for 16). The branched oligonucleotides 17 and 18
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Fig. 10 Dissociation and association of the i-motif structure formed by
the branched oligonucleotides 15 (a) and 17 (b). [J First heating, 20 °C —
80 °C; O Cooling, 80 °C — 20 °C; A Second heating, 20 °C — 80 °C
(heating/cooling rate: 0.5 °C min™").

incorporating 2 instead of dC form i-motif structures at pH 3.5
which are significantly more stable than their parent unmodified
assemblies (pH 5) (70 °C for 18 vs. 40 °C for 16, and 77 °C for
17 vs. 57 °C for 15). Thus, even under non-optimal pH conditions
(pH = 5) 17 and 18 form stable i-motif structures as indicated
by their T, values (37 °C for 17 and 39 °C for 18). However,
it has to be kept in mind that the most stable i-motif structures
are formed when a hemi-protonated base pair is present. Below
and above this pK, value the i-motif structure is destabilized.
This is underlined by the fact that for the non-propynylated
oligonucleotide 15 a T, value of 57 °C is observed at pH 5 which
decreases to 31 °C at pH 3.5. The situation is reversed in the
case of the propynylated oligonucleotide 17. Here, the more stable
i-motif is formed at pH 3.5 (7, = 77 °C), being less stable at
pH 5 (T, = 37 °C). The results show that the incorporation of
multiple propynyl groups at the 5-position of the 2'-deoxycytidine
moieties has a stabilizing effect on the i-motif structure. The
stabilization is much more pronounced for the i-motifs formed
by branched oligonucleotides compared to the i-motif assemblies
of non-branched oligonucleotides.

6. Preparation and properties of DNA—gold nanoparticle
conjugates

To visualize i-motif formation of oligonucleotides incorporating
consecutive 2'-deoxy-5-propynylcytidine residues (2) bound to
gold nanoparticles, the 5'-thiol-modified oligonucleotide 19 was
prepared and conjugated to the surface of the nanoparticles

Table 6 Gold nanoparticles of 15 nm diameter functionalized with an
arbitrary number of oligonucleotides

DNA-gold nanoparticle conjugates

5-d{[Trityl-S-(CH,)s-O(PO,H)O]-T-T-2-2-2-2-2-2-T-T} (19)
5-()-[S-(CH,)-O(PO,H)O-d(T-T-2-2-2-2-2-2-T-T), (20)
5-d{[Trityl-S—(CH,);~O(PO,H)O]-(A-G-T-A-T-T-G-A-C-C-T-A), } (21)
5-()-S-(CH,)-O(PO,H)O-d(A-G-T-A-T-T-G-A-C-C-T-A),], (22)

© = 15 nm diameter gold nanoparticle

(Table 6). For this, a 15 nm diameter gold nanoparticle solution
was prepared from a HAuCl, solution by citrate reduction accord-
ing to the procedure of Turkevich.*** The UV/VIS spectrum of
the unmodified gold nanoparticle solution shows the characteristic
plasmon resonance at 520 nm (Fig. 11A-a). The immobilization
of 19 on the 15 nm gold nanoparticles was performed as
described recently.® Prior to functionalization, the pH of the
gold nanoparticle solution was raised from pH 5.5 to pH 9.5
avoiding i-motif formation of the non-bound oligonucleotides.
The DNA-modified gold nanoparticle sample 20 was prepared by
mixing the alkaline gold nanoparticle solution (6.4 ml) with the
oligonucleotide solution of 19 (3.5 ml) obtained after trityl group
removal and purification.’*° The coupling reaction was performed
at slightly elevated temperature. The resulting DNA-gold conju-
gate 20 (Table 6) shows the expected plasmon resonance at around
525 nm under alkaline conditions (Fig. 11A-b), indicating a non-
aggregated state. The number of oligonucleotides immobilized on
each individual gold nanoparticle is arbitrary.

A

Absorbance
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T T
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Fig. 11 A: UV/VIS spectra of (a) the alkaline solution (pH = 9) of 15 nm
diameter gold nanoparticles; (b) the DNA-gold nanoparticle conjugate 20
measured in 0.1 M NaCl, 10 mM phosphate buffer solution at pH = 8.0;
(c) 20 measured in 0.1 M NaCl, 10 mM phosphate buffer solution at pH =
5 after i-motif formation and (d) the DNA-gold nanoparticle conjugate
22 measured in 0.1 M NaCl, 10 mM phosphate buffer solution at pH =
5.0. B: Representation of the reversible aggregation process of DNA—gold
nanoparticles conjugates forming i-motif assemblies.

Earlier, Mirkin and Alivisatos developed a colorimetric assay
based on the reversible aggregation of DNA-modified gold
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nanoparticles followed by the colour change of the gold nanopar-
ticle solution from red to blue.*’** Our laboratory was the first to
show that gold nanoparticle aggregation can also be achieved by
other unusual DNA assembly structures such as the dG-quartet
and the i-motif.**** We reported on the ability of cytosine-rich
DNA-gold nanoparticle conjugates to respond to pH changes
within a narrow range due to the assembly and disassembly of
i-motif structures.®® Above pH 6.5 these DNA-modified gold
nanoparticles are disperse in solution, corresponding to the
disassembly of the i-motif. The i-motif structure is formed at
pH values below 5.5, leading to the assembly of the DNA-gold
nanoparticles. Accordingly, it was expected that a similar principle
should also be valid for the DNA-gold nanoparticle conjugate 20
incorporating consecutive 2'-deoxy-5-propynylcytosine residues.
However, on the surface of the gold nanoparticles the immobilized
oligonucleotides are forced into close proximity, leading to a
steric situation similar to that of branched oligonucleotides
with parallel-stranded oligonucleotide chains. As the branched
oligonucleotide 18 forms an i-motif structure even at non-optimal
pH values (pH = 5) that are distinctly higher than the pK, value of
the 5-propynyl-2'-deoxycytidine nucleoside (2), it can be expected
that the i-motif formation of DNA-gold nanoparticle conjugates
incorporating multiple residues of nucleoside 2 should be possible
at pH 5. Consequently, the DNA-gold nanoparticle conjugate
20 was incubated in phosphate buffer at pH 5. Within 24 h,
aggregation of the DNA-modified gold nanoparticles occurred,
which was indicated by a red shift of the plasmon resonance
from 525 nm to 545 nm accompanied by a colour change of the
solution from red to blue (Fig. 11A-c). A DNA-gold nanoparticle
conjugate of random nucleobase composition (22) stayed red
under the same conditions and no shift of the plasmon resonance
band was observed (Fig. 11A-d).

The aggregation of the DNA-gold nanoparticle conjugates 20
can be attributed to i-motif formation of immobilized oligonu-
cleotides derived from different gold nanoparticles (Fig. 12¢). The
colour change from red to blue as a consequence of irreversible
particle growth can be excluded. Upon i-motif formation, the
total amount of negative charges per unit is sufficient to cause

i
3
10 negative
charges per
oligonucleotide

no positive
charges

total: 20 negative charges

per unit per ul

(a

total: 8 negative charges
nit

(b)

&

electrostatic repulsion of the gold nanoparticles. Even the forma-
tion of hemiprotonated duplexes of oligonucleotides which are not
involved in i-motif formation leads to a total of 8 negative charges
per unit (Fig. 12b). This corresponds to DNA-gold nanoparticles
modified with octamers. The high stability of the DNA-gold
nanoparticles forming i-motif structures can be attributed to a
high local concentration of oligonucleotides on the surface of
the particles. In the case of standard duplex formation of DNA-
gold nanoparticles, the higher local surface concentration on the
particle surfaces leads to significant higher 7', values and AG°
values compared to the free oligonucleotides.”

Conclusion and outlook

Cytosine-rich non-branched and branched oligonucleotides that
are able to form i-motif structures under slightly acidic con-
ditions were synthesized. The replacement of 2'-deoxycytidine
by 2'-deoxy-5-propynylcytidine (2) caused the formation of i-
motifs. These i-motif assemblies were formed by four individual
strands, branched oligonucleotides or DNA- gold nanoparticle
conjugates. This was proved by temperature-dependent CD mea-
surements and UV measurements, as well as by ion-exchange chro-
matography. However, due to the lower pK, value of nucleoside
2 compared to dC, stronger acidic conditions were required for
i-motif formation of the non-branched oligonucleotides (pH 3.5).
A strong stabilization of the modified i-motif structures at pH 3.5
was observed when branching residues linking two oligonucleotide
strands in a parallel orientation were introduced. Thus, i-motif
formation of the modified branched oligonucleotides and of the
DNA-gold nanoparticle conjugates was also possible at non-
optimal pH values (pH 5). It can be anticipated that other side
chains such as octa-1,7-diynyl should also be accepted at this
position.*® The introduction of these linkers into i-motif structures
allows the attachment of various reporter groups by the Huisgen—
Meldal-Sharpless [2 + 3] cycloaddition (“click chemistry”),* as
well as formation of large oligonucleotide assemblies via cross-
linked nucleobases that are part of the i-motif device.

40 negative
charges per
i-motif
3
3

24 positive

charges per

i-motif

33

total: 16 negative charges
per unit

20 negative
charges

12 positive
charges

(c)

Fig. 12 Schematic representation of modified gold nanoparticles. (a) Single-stranded oligonucleotides conjugated to gold nanoparticles, (b) formation
of hemiprotonated duplexes on the surface of gold nanoparticles and (c) aggregation of DNA-gold nanoparticles due to i-motif formation.
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Experimental
General

All chemicals were purchased from Aldrich, Sigma, or Fluka
(Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). Sol-
vents were of laboratory grade. TLC: aluminium sheets, silica gel
60 F,5, 0.2 mm layer (VWR International, Darmstadt, Germany).
Column flash chromatography (FC): silica gel 60 (VWR Interna-
tional, Darmstadt, Germany) at 0.4 bar; sample collection with
an UltroRac II fractions collector (LKB Instruments, Sweden).
The 5-sulfanyl modifier 6-[(triphenylmethyl)sulfanyl]hexyl(2-
cyanoethyl) N,N-diisopropylphosphoramidite and the 3'-sulfanyl
modifier 1-O-dimethoxytrityl propyl disulfide 1’-succinyl-CPG
were obtained from Glen Research (Virginia, USA). UV/VIS
spectra were recorded with U-3000 and U-3200 spectrophotome-
ters (Hitachi, Tokyo, Japan); A, (¢) in nm. CD spectra were
measured as accumulations of three scans with a Jasco 600 (Jasco,
Japan) spectropolarimeter with a thermostatically (Lauda RCS-
6 bath) controlled 1 cm quartz cuvette. NMR spectra: Avance-
250 or AMX-500 spectrometers (Bruker, Karlsruhe, Germany),
at 250.13 MHz for '"H and "C; ¢ in ppm relative to Me,Si
as internal standard, J values in Hz. Elemental analyses were
performed by Mikroanalytisches Laboratorium Beller (Gottingen,
Germany). The melting temperatures were measured with Cary-
1/3 UV/VIS and Cary 100 Bio spectrophotometers (Varian,
Australia) equipped with a Cary thermoelectrical controller. The
temperature was measured continuously in the reference cell with
a Pt-100 resistor.

Synthesis, purification and characterization of the oligonucleotides

The oligonucleotides 10-19 and 21 were synthesized in an
automated DNA synthesizer (ABI 392, Applied Biosystems,
Weiterstadt, Germany) on a 1 umol scale employing standard
phosphoramidites as well as the phosphoramidite 3b. For the 3'-
thiol modification of 12, 16 and 18 a 3'-thiol-modifier, C3 S-S CPG
(Glen Research, US), was used, and for the 5'-thiol modification
of 19 and 21 a 5-thiol-modifier, C6-phosphoramidite (Glen
Research, US), was employed. The syntheses of the 3'- and 5'-
thiol-modified oligonucleotides were carried out according to the
standard procedure for solid-phase synthesis of oligonucleotides.?*
The purification of the 3'-thiol-modified oligonucleotides was
performed by reversed-phase HPLC (RP-18) in the DMT-on
modus with the following solvent gradient system [A: 0.1 M
(Et;NH)OAc (pH 7.0)-MeCN 95 : 5; B: MeCN]: 3 min, 20%
B in A, 12 min, 20-50% B in A and 25 min, 20% B in A
with a flow rate of 1.0 ml min~'. The solutions were dried
and treated with 80% CH;COOH (250 pl) for 30 min at r.t.
to remove the 4,4'-dimethoxytrityl residues. The acetic acid was
evaporated and the detritylated oligonucleotides were precipitated
with 1 M NaCl solution (300 pl) and ethanol (1 ml) while cooling.
After precipitation the oligonucleotides were lyophilized. The 5'-
thiol-modified oligonucleotides 19 and 21 were only purified by
reversed-phase HPLC (RP-18) in the DMT-on modus. For the
syntheses of the branched oligonucleotides 13-18 employing the
phosphoramidite of a dendrimeric branching residue (symmetric
doubling modifier, Glen Research, US) the synthetic protocol
was modified. The introduction of the dendrimeric branching

residue led to the formation of two parallel-stranded oligonu-
cleotide chains. The elongation of the two growing oligonucleotide
strands was performed in a parallel way, leading to identical
sequences of both strands. For that purpose, double-concentrated
solutions (0.2 M instead of 0.1 M) of the regular phosphoramidite
building blocks and of 3b were employed during solid-phase
synthesis. Thus, the coupling time for each residue was prolonged
during synthesis. The purification was performed as described for
the 3'-thiol-modified oligonucleotides. The oligonucleotides 10-18
were characterized after precipitation whereas oligonucleotides 19
and 21 were characterized after HPLC purification in the trityl-
on level. The molecular masses were determined by MALDI-
TOF with a Biflex-III instrument (Bruker Saxonia, Leipzig,
Germany) and 3-hydroxypicolinic acid (3-HPA) as a matrix
(Tables 2 and 4). The enzymatic hydrolysis of the oligonucleotides
was performed as described by Seela and Becher® with snake-
venom phosphodiesterase (EC 3.1.15.1, Crotallus adamanteus)
and alkaline phosphatase (EC 3.1.3.1, Escherichia coli from Roche
Diagnostics GmbH, Germany) in 0.1 M Tris-HCI buffer (pH 8.9)
at 37 °C and was carried out on reversed-phase HPLC (RP-18;
gradient: 20 min A; 40 min 0-65% B in A; flow rate: 0.7 ml min~';
A: 0.1 M (EtNH)OAc (pH 7.0)-MeCN 95 : 5; B: MeCN).
Quantification of the constituents was made on the basis of the
peak areas, which were divided by the extinction coefficients of the
nucleosides [(&,): dT 8800, dC 7300, 2 5200].

Ion-exchange chromatography

Ton-exchange chromatography was performed on a 4 x 50 mm
DNA NucleoPac PA-100 column (Dionex, USA) using a Merck
Hitachi HPLC apparatus with a pump (L-6200) and a UV/VIS-
detector (L-4200) connected with an integrator (D-2000). The
oligonucleotide samples were dissolved in 0.3 M NaCl, 10 mM
phosphate buffer at pH 5 or pH 8 and stored in a refrigerator at
6 °C for 4-24 h before injection. The oligonucleotides were eluted
using the following solvent system: A: 25 mM Tris-HCI containing
1 mM EDTA and 10% MeCN, pH 5 or pH §; B: 25 mM Tris-HCl
containing 1 mM EDTA, 1 M NaCl, and 10% MeCN, pH 5 or
pH 8. Eluting gradient: 3 min 20% B in A, 30 min 20-80% B in
A. Theelution profiles were detected at 260 nm; for oligonucleotide
12 at 270 nm.

Preparation of the DNA-modified gold nanoparticles 19 and 21

The trityl protecting groups of 19 and 21 were removed immedi-
ately before modification with the gold nanoparticles, by treatment
of the dry oligonucleotide sample with a 50 mM AgNO; solution
(150 ul). A milky suspension was formed which was allowed
to stand for 20 min at room temperature. Then, a 10 ug ml™!
solution of dithiothreitol (200 pl) was added over 5 min. A yellow
precipitate was formed which was removed by centrifugation
(14000 rpm) for 30 min.’**-% Aliquots of the sample were purified
on a NAP-10 column (Sephadex G-25 Medium, DNA grade;
Amersham Bioscience AB, S-Uppsala; equilibrated with 15 ml
of nanopure water). The effluents from 0 to 2.5 ml were collected
and the volume was adjusted to 3.5 ml with nanopure H,O.

The 15 nm gold nanoparticle solution was prepared as reported
by Turkevitch and later described by Letsinger and Mirkin.***
Prior to modification, the gold nanoparticle solution was brought
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to pH 9.5° The oligonucleotide-modified gold nanoparticles
were synthesized by derivatizing 6.4 ml of the alkaline gold
nanoparticle solution with 3.5 ml of the 5-(sulfanylalkanyl)-
modified oligonucleotide solution. The solution was allowed to
stand for 20 h at 40 °C followed by the addition of 4.8 ml of
a 0.1 M NaCl, 10 mM phosphate buffer solution (pH 7). The
solution was kept for further 2 days at 40 °C. The sample was
centrifuged using screw cap micro tubes for 30 min at 14 000 rpm.
The clear supernatant was removed and the red oily precipitate was
washed two times with 8.4 ml of 0.1 M NaCl, 10 mM phosphate
buffer solution (pH 7) and redispersed in 9.6 ml of a 0.1 M NaCl,
10 mM phosphate buffer solution (pH 8.5).

4-Amino-1-(2-deoxy-p-p-erythro-pentofuranosyl)-5-(prop-1-
ynyl)pyrimidin-2H-2-one (2)

2'-Deoxy-5-iodocytidine (6.0 g, 17 mmol) (4) was dissolved
in dry DMF (80 ml) under argon. Copper(1) iodide (99.99%,
652 mg, 3.3 mmol), tetrakis(triphenylphosphine)palladium(0)
(1.7 g, 1.5 mmol) and triethylamine (4.8 ml, 3.4 g, 34.5 mmol)
were added. The mixture was cooled in an ice-bath and propyne
gas (99%) was introduced over 20 min under cooling. The reaction
mixture was stirred overnight at r.t. TLC (silica gel, CH;CN-H,O0,
95 : 5, containing 25% aq. NH; (2 ml) in 100 ml of solvent)
showed a homogenous zone (2 developments) moving slightly
faster than the starting material. The solvent was evaporated
(70 °C) and co-evaporated with toluene (3 x 50 ml). The solid
residue was suspended in CH,Cl, and precipitated. The solid
material was filtered and washed carefully with CH,Cl,, furnishing
compound 2 (3.9 g, 86%) as a crude product. It was used in the
next step without further purification. TLC (silica gel, CH,Cl,—
MeOH, 9 : 1; 2 developments): R; 0.30; ,.,(MeOH)/nm 297
(¢/dm® mol™" em™' 4800), 227 sh (14 700) and 215 (16900); oy
(250.13 MHz; [d,]DMSO; Me,Si) 2.0 (5 H, m, CH; and 2 x 2'-H),
3.57 (1 H, m, 5-H), 3.78 (1 H, m, 4-H), 4.19 (1 H, m, 3-H), 5.07
(1 H, m, 5-OH), 5.20 (1 H, m, 3-OH), 6.11 (1 H, ‘t’, J 6.0, I'-H),
6.94and 7.72 (2 H, 2 brs, 2 x NH), 8.08 (1 H, s, 6-H).

4-Amino-1-[2-deoxy-5-0-(4,4' -dimethoxytrityl)-B-p-erythro-
pentofuranosyl)|-5-(prop-1-ynyl)pyrimidin-2 H-2-one (5)

Compound 2 (5.0 g, 18.8 mmol) was dissolved in dry pyridine
(20 ml) and treated with 4,4'-dimethoxytriphenylmethyl chloride
(6.0 g, 17.7 mmol). The reaction mixture was stirred overnight,
diluted with CH,Cl, (30 ml) and the reaction was quenched with
5% NaHCOj; solution (40 ml). The aqueous layer was extracted
with CH,Cl, (3 x 40 ml) and the combined organic layers were
dried (Na,S0O,), filtered and the solvent evaporated. The oily
residue was co-evaporated with toluene (3 x 50 ml) and purified
by FC (silica gel, column 15 x 4 cm, CH,Cl, — CH,Cl,-Me¢OH,
98:2—95:5—9:1) furnished a colourless solid (5; 8.5 g, 80%).
(Found: C, 69.90; H, 5.81; N, 7.36%. C;;H3;N; O, requires C, 69.83;
H, 5.86; N, 7.40%); TLC (silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.5;
Amax(MeOH)/nm 296 (¢/dm® mol~' cm~" 11 000), 284 (11 200), 236
(38300) and 214 (40 600); 6, (250.13 MHz; [d,]DMSO; Me,Si)
1.84 (3 H, m, CH;), 2.11 (2 H, m, 2 x 2’-H), 3.11 and 3.23 (2 H,
2m,2 x 5-H),3.74 (3H, s, OCHs;), 3.93 (1 H, m, 4-H), 4.26 (1 H,
m, 3-H), 5.32 (1 H, m, 3-OH), 6.14 (1 H, ‘t’, J 5.9, I'-H), 6.90

(5 H, m, arom. H and NH of NH,), 7.32 (9 H, m, arom. H), 7.72
(1 H, brs, NH of NH,), 7.88 (1 H, br s, 6-H).

4-Benzoylamino-1-[2-deoxy-5- O-(4,4'-dimethoxytrityl)-f-D-
erythro-pentofuranosyl)]-5-(prop-1-ynyl)pyrimidin-2 H-2-one (6a)

Compound 5 (1.7 g, 3.0 mmol) was dissolved in anhyd. pyridine
(20 ml). Then, N-ethyldiisopropylamine (1.8 ml, 10.4 mmol) and
benzoic anhydride (1.15 g, 5.1 mmol) were added and the solution
was stirred overnight at r.t. The solvent was evaporated and the oily
residue was co-evaporated with toluene (3 x 20 ml). The resulting
foam was purified by FC (silica gel, column 15 x 4 cm, CH,Cl, —
CH,Cl,-acetone,9:1— 4:1— 1:1), furnishing a colourless solid
(6a; 1.4 g, 68%). (Found: C, 71.43; H, 5.67; N, 6.07%. C, H;;N;0;
requires C, 71.52; H, 5.55; N, 6.26%); TLC (silica gel, CH,Cl,:
acetone, 1 : 1): R; 0.7; J(MeOH)/nm 298 (¢/dm?® mol~! cm™!
7400), 282 (8300), 232 (41 600) and 211 (47 400); 6 (250.13 MHz;
[ds]DMSO; Me,Si) 1.69 (3 H, s, CH;), 2.29 (2 H, m, 2’-H), 3.24
(2H, m, 2 x 5-H), 3.74 (3 H, s, OCH,), 4.00 (1 H, m, 4-H), 4.29
(1 H, m, 3-H), 5.38 (1 H, m, 3-OH), 6.12 (1 H, m, 1’-H), 6.90,
7.32,8.01 (19 H, 3 m, arom. H and 6-H), 12.56 (1 H, br s, NH).

4-Benzoylamino-1-[2-deoxy-5- O-(4,4'-dimethoxytrityl)-f-D-
erythro-pentofuranosyl)]-5-(prop-1-ynyl)pyrimidin-2 H-2-one
3'-(2-cyanoethyl)diisopropylphosphoramidite (3a)

Compound 6a (750 mg, 1.1 mmol) was dissolved in dry CH,Cl,
(10 ml). The mixture was treated with N-ethyldiisopropylamine
(0.4 ml, 2.3 mmol) and (2-cyanoethyl)diisopropylphosphora-
midochloridite (0.4 ml, 1.8 mmol) for 20 min at r.t. The solution
was diluted with CH,Cl, (10 ml) and poured into 5% aq. NaHCO,
(50 ml). The aqueous layer was extracted with CH,Cl, (3 x 50 ml),
and the combined organic layers were dried (Na,SO,), filtered
and evaporated. The residual foam was purified by FC (silica gel,
column 10 x 5 cm, CH,Cl,—acetone, 9 : 1). Evaporation of the
main zone afforded a yellowish foam (3a; 600 mg, 62%). (Found:
C, 67.65; H, 6.29; N, 7.80%. Cy,H3,N5sOxP requires C, 67.49; H,
6.24; N, 8.03%); TLC (silica gel, CH,Cl,~acetone, 9 : 1): R;0.7.
(CDCl;) 149.8, 150.3.

4-Acetylamino-1-[2-deoxy-5-0-(4,4'-dimethoxytrityl)-B-p-erythro-
pentofuranosyl)]-5-(prop-1-ynyl)pyrimidin-2 H-2-one (6b)

Compound 5 (5.0 g, 8.8 mmol) was dissolved in dry N,N-
dimethylformamide (50 ml). Then, acetic anhydride (1.0 ml,
10.6 mmol) was added and the solution was stirred overnight at r.t.
The solvent was evaporated and the oily residue was co-evaporated
with toluene (3 x 20 ml). The resulting foam was purified by FC
(silica gel, column 15 x 4 cm, CH,Cl, — CH,Cl,—acetone, 9 :
1 - 4:1— 1:1) furnishing a colourless foam (6b; 4.3 g, 80%).
(Found: C, 69.00; H, 5.70; N, 6.76%. C;sH3sN;O, requires C, 68.95;
H, 5.79; N, 6.89%); TLC (silica gel, CH,Cl,~acetone, 1 : 1): R;0.5;
Amax(MeOH)/nm 309 (¢/dm?® mol~' em™' 6300), 282 (61 100), 236
(41300) and 212 (38 500); 4 (250.13 MHz; [d,]DMSO; Me,Si)
1.84 (3 H, s, CH;), 2.20 (2 H, m, 2’-H), 2.35 (3 H, s, CH;), 3.24
(2H, m, 2 x 5-H), 3.74 (3 H, s, OCH,), 4.02 (1 H, m, 4-H), 4.28
(1 H, m, 3-H), 5.37 (1 H, d, J 4.25, 3-OH), 6.06 (1 H, ‘", J 6.2,
1'-H), 6.90 and 7.32 (13 H, 2 m, arom. H), 8.20 (1 H, s, 6-H), 9.2
(1 H, brs, NH).
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4-Acetylamino-1-|2-deoxy-5-0-(4,4 -dimethoxytrityl)-p-D-erythro-
pentofuranosyl)]-5-(prop-1-ynyl)pyrimidin-2H-2-one
3'-(2-cyanoethyl)diisopropylphosphoramidite (3b)

Compound 6b (4.1 g, 6.7 mmol) was dissolved in anhyd. CH,Cl,
(10 ml). The mixture was treated with N-ethyldiisopropylamine
(3.1 ml, 17.8 mmol) and (2-cyanoethyl)diisopropylphosphora-
midochloridite (3.1 ml, 14.0 mmol) for 20 min at r.t. The solution
was diluted with CH,Cl, (10 ml) and poured into 5% aq. NaHCO,
(50 ml). The aqueous layer was extracted with CH,Cl, (3 x 50 ml),
and the combined organic layers were dried (Na,SO,), filtered
and evaporated. The residual foam was purified by FC (silica
gel, column 10 x 5 cm, CH,Cl,—acetone, 4 : 1). Evaporation of
the main zone afforded a white foam (3b; 3.7 g, 68%). (Found:
C, 65.18; H, 6.39; N, 8.70%. CyH;,N5sOxP requires C, 65.25; H,
6.47; N, 8.65%); TLC (silica gel, CH,Cl,—acetone, 4 : 1): R; 0.7. dp
(CDCl;) 149.8, 150.4.

4-[(Dibutylaminomethylidene)amino]-1-[2-deoxy-5-O-(4,4'-
dimethoxytrityl)-p-D-erythro-pentofuranosyl)]-5-(prop-1-
ynyl)pyrimidin-2H-2-one (6¢)

Compound 5 (250 mg, 0.44 mmol) was dissolved in MeOH (5 ml).
Then, N,N-dibutylformamide dimethylacetal (500 pl) was added
and the reaction mixture was stirred for 3 h at r.t. The solvent was
evaporated and the oily residue was co-evaporated with toluene
(3 x 20 ml) and acetone (1 x 10 ml). The resulting oil was purified
by FC (silica gel, column 12 x 4 cm, CH,Cl,—acetone, 9 : 1 —
4:1— 1:1) furnishing a colourless foam (6¢; 195 mg, 62.7%).
(Found: C,71.38; H, 7.28; N, 7.78%. C,,H5,N,O, requires C, 71.36;
H, 7.13; N, 7.93%); TLC (silica gel, CH,Cl,—acetone, 1 : 1): R; 0.5;
Jmax(MeOH)/nm 340 (¢/dm® mol™! em™' 21 200), 257sh (17 800),
236 (38400); oy (250.13 MHz; [d,]DMSO; Me,Si) 0.92 (6 H, m,
2 x CH;), 1.27 (4 H, m, 2 x CH,), 1.57 (4 H, m, 2 x CH,),
1.79 (3 H, s, CH;), 2.12 (1 H, m, 2-H), 2.29 (1 H, m, 2’-H),
3.15 (2 H, m, NCH,), 3.46 (4 H, m, NCH, and 5-H), 3.74 (6 H,
s, 2 x OCHj;), 3.96 (1 H, m, 4-H), 427 (1 H, m, 3-H), 5.33
(1 H,d, J4.09, 3-OH), 6.14 (1 H, ‘t’, J 5.8, 1"-H), 6.89 (4 H,
m, arom. H), 7.32 (9 H, arom. H), 7.99 (1 H, s, 6-H), 8.58 (1 H,
s, N=CH).

4-[(Dibutylaminomethylidene)aminol]-1-[2-deoxy-5-O-(4,4 -
dimethoxytrityl)-p-p-erythro-pentofuranosyl)]-5-(prop-1-
ynyl)pyrimidin-2H-2-one 3'-[(2-cyanoethyl)-/V,/V-
(diisopropyl)|phosphoramidite (3c)

Compound 6¢ (100 mg, 0.14 mmol) was dissolved in anhyd.
CH,Cl, (10 ml). The mixture was treated with N,N-diisopropyl-
ethylamine (48 pl, 0.21 mmol) and (2-cyanoethyl)diisopropyl-
phosphoramidochloridite (48 pl, 0.23 mmol) for 20 min at r.t.
The solution was diluted with CH,Cl, (10 ml) and poured into
5% NaHCO; solution (50 ml). The aqueous layer was extracted
with CH,Cl, (3 x 50 ml), and the combined organic layers were
dried (Na,SO,), filtered and evaporated. The residual foam was
purified by FC (silica gel, column 10 x 5 cm, CH,Cl,-acetone,
85 :15). Evaporation of the main zone afforded a colourless foam
(3¢; 81 mg, 63%). TLC (silica gel, CH,Cl,—acetone, 9 : 1): R; 0.7.
Jp (CDClL;) 150.1, 149.5.
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A mass spectrometric approach for rapid and simultaneous detection of several single nucleotide
polymorphisms (SNPs) is reported. Oligonucleotide single base extension (SBE) primers, labelled at the
5’-end with photocleavable, quaternised and brominated peptidic mass tags, are extended by a mixture
of the four dideoxynucleotides of which one is biotinylated. The 3'-biotinylated extension products are
captured by streptavidin-coated solid phase magnetic beads, whilst non-biotinylated extension products
and unreacted primers are washed away. Quaternised and brominated mass tags, cleaved from captured

extension products during analysis by matrix-assisted laser desorption/ionisation-time-of-flight
(MALDI-TOF) MS, are detected at pmol levels. This method is applied to the analysis of
mitochondrial DNA polymorphisms for the purpose of human identification.

Introduction

Genotyping of single nucleotide polymorphisms (SNPs), the most
common human genetic variation, is widely used for identifying
disease genes, in forensic identification of individuals, and genetic
mapping.! The search for a rapid and inexpensive technique for
determining SNP variation is ongoing.*

Single base extension (SBE) is commonly used for genotyping
SNPs.** In this method a primer is annealed to the DNA template
and extended by a single dideoxynucleotide that is complementary
to the nucleotide at the variable site. Fluorescently-labelled
dideoxynucleotides and solid-phase capturable SBE primers,
with slab gel electrophoretic detection, have been employed for
multiplexed SNP genotyping.? The multiplexing capabilities of this
approach are limited as spectral differentiation between large num-
bers of fluorophores is not possible. In contrast, matrix-assisted
laser desorption/ionisation-time-of-flight (MALDI-TOF) mass
spectrometry (MS) can be used to simultaneously analyse multiple
SBE products.”® Direct analysis of DNA is difficult due to
its negatively charged sugar-phosphate backbone which forms
adducts with alkali metal ions such as sodium and potassium.
Stringent purification is therefore essential to obtain unambiguous
results.

The GOOD assay resolves some of the incompatibilies between
DNA and MALDI-TOF MS by chemical modifications of the
SBE primers. Primers are partially modified with up to three phos-
phorothioates, followed by extension with quaternised ddNTPs
and the unmodified segment is digested by phosphodiesterase
II. The negative charges on the remaining phosphorothioate
segment are neutralised by an alkylation reaction, leaving a single
positive charge from the quaternary ammonium ion for MALDI-
TOF MS detection.!

“School of Chemistry, University of Southampton, Southampton, UK SO17
1BJ. E-mail: th2@soton.ac.uk; Fax: +44 (0)2380 592991, Tel: +44 (0)23
8059 2974

"The Forensic Science Service, Trident Court, 2920 Solihull Parkway,
Birmingham Business Park, Birmingham, UK B37 7YN

Alternatively, SBE products can be indirectly detected by
MALDI-TOF MS by labelling them with a photocleavable
mass marker, which is detected instead of the DNA products.
Photocleavable peptide-DNA conjugates have also been used as
hybridisation probes.’> The peptides are released during photo-
cleavage induced by the nitrogen laser pulse (337 nm), greatly
simplifying detection. This provides a wide range of available mass
tags that are not restricted by the masses of unmodified DNA
strands.

In this novel approach (Fig. 1), SBE primers are labelled at the
5-end with photocleavable, quaternised, and brominated peptidic
mass tags. These are extended by a mixture of the four dideoxynu-
cleotides of which one is biotinylated.’® The 3'-biotinylated
extension products are captured by streptavidin-coated solid phase
magnetic beads, whilst non-biotinylated extension products and
unreacted primers are washed away. Quaternised, brominated
mass tags are photocleaved from the captured extension products
during MALDI-TOF MS analysis for detection. Detection of
mass tags is automatable if cluster pattern recognition software
is used for analysis of the brominated isotope patterns.

This procedure differs from the existing SBE assays using
MALDI-TOF MS, predominantly in that the photo-released
peptide mass tags are used and not DNA based ones. Peptides are
more readily detected by MALDI-TOF MS than DNA. A wide
range of commercially available standard and isotopically labelled
amino acids can be used, eliminating the need for expensive and
time consuming chemical modification of the SBE primers. As the
ddNTPs are biotinylated and not the SBE primers, all unextended
primers are removed and no background signals, except from
matrix ions result.

Results and discussion

The o-nitrobenzyl based photocleavable linker, similar to that of
Holmes," was synthesised according to Scheme 1. It was coupled
to the 5-end of three SBE primers using standard automated
solid phase DNA synthesis methods. Mass tags were manually
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Fig. 1 SBE assay. (i) The derivatised mass tagged primer anneals one base upstream of the SNP site and is extended by a ddNTP. The reaction

is carried out four times, each time replacing one of the four ddNTPs with a biotinylated version. (ii) Biotinylated extension products are captured
on streptavidin-coated beads whilst non-biotinylated extension products are washed away. (iii) Captured extension products are directly cleaved and
the peptide moiety analysed by MALDI-TOF MS. The genotype is determined by the molecular ion of the brominated mass marker. PL denotes

photocleavable linker, BrPEP denotes brominated peptide.
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Table 1 Single base extension primer sequences and characterisation by mass spectrometry and UV melting analysis

Location of 3’ Mass® m/z T, /°C? with/without
insertion Sequence: 53 (calcd/found) mass tag

HO00073 Quat“BrPheGlyGly-PL*~CCAGCGTCTCGCAATGCTATCGCGTGCA 9551/9550 74.6/75.1

H00247 Quat’BrPhePheGly-PL*~CTGTGTGGAAAGTGGCTGTGCAGACATT 9815/9812 73.1/72.2

H16129 Quat*BrPheGly-PL*~GTACTACAGGTGGTCAAGTATTTATGGTAC 10244/10241 67.5/67.1

“Quat denotes derivatised with a quaternary ammonium. * PL denotes photocleavable linker. ¢ Molecular weights are reconstructed from the multiply

charged peaks. ¢ Melting studies were performed with exact complements.

conjugated to the photocleavable linker-oligonucleotide, each
primer having its own unique mass tag (Table 1)."

The mass tag was designed to have well resolved peaks (~60 Da
apart) and to contain a single bromine atom to allow for
subsequent automated spectral analysis. The amino terminus of
the peptide was derivatised with a quaternary ammonium salt,'
to allow mass tag detection at the pmol level.

Each allele of a particular SNP requires a separate reaction,
i.e. to detect a G insertion, biotinylated ddCTP is added along
with non-biotinylated ddATP, ddGTP and ddTTP. All ddNTPs
are required to eliminate any possibility of false extension. The
method has been evaluated with just one biotinylated ddNTP
(biotin-11-ddCTP) and this adequately demonstrates its efficiency
and selectivity.

The method described has been successfully validated by prob-
ing three substitution polymorphisms from two human mitochon-
drial DNA samples, and extension with biotin-11-ddCTP. The
base compositions of each SNP investigated for both samples are

the melting temperature of the primers. Photocleavage product
masses are shown in Table 3.

When the assay was tested with DNA source 1 (Table 2),
three mass tags were detected, as all SBE primers were extended
with biotin-11-ddCTP. With DNA source 2, just one mass tag
(corresponding to H00073) was detected (Fig. 2). Any primers not
extended by the biotinylated dideoxynucleotide are washed away
during solid phase capture providing unambiguous detection of
all C-extended nucleotides.

Single nucleotide deletions can be detected (Table 2, H00247)
by designing the 3'-end of a primer to be complementary to the
base at which the deletion is positioned. If the target sequence
has a deletion at this point, the primer does not fully hybridise

Table 3 Cleaved mass tag

Location of 3’ insertion Mass tag m/z (caled/found)

shown in Table 2. SBE primer-mass tag conjugate sequences? and HO00073 695.3/695.3
, , ; ; , H At HO00247 785.4/785.3
masses are shown in Table 1 along with 7', data. The presence of
. . H16129 638.3/638.3
the 5'-photocleavable linker mass tags does not appreciably effect
Table 2 SNP genotype of two DNA samples analysed at three different sites
Target sequence of template: 5—3'
Location of 3’ insertion Source 1 Source 2

HO00073 GTGCACGCGATAGCATTGCGAGACGCTGG
HO00247 GAATGTCTGCACAGCCACTTTCCACACAG
H16129 GGTACCATAAATACTTGACCACCTGTAGTAC

GTGCACGCGATAGCATTGCGAGACGCTGG
GD*ATGTCTGCACAGCCACTTTCCACACAG
AGTACCATAAATACTTGACCACCTGTAGTAC

“ D denotes a deletion. As the primer is mismatched at the 3'-end, extension does not occur. The SNP genotype is highlighted in bold.

100 6382 8402 — 7873
:h:lau_ve %] 6412 895.3 g7 T
ntensity || a4
o T g4 0 SR s b Sah o ' miz
620 640 660 6a0 700 T20 740 T80 800
100 8953 697.3
Relative
Intensity % 98.4
miz
620 640 680 630 700 T20 740 T80 800

Fig. 2 Reflectron MALDI-TOF MS of photocleaved mass tags after SBE, demonstrating selectivity of assay. Top spectrum from DNA source 1:
expected bromine isotopic mass (M)* 638.3, 695.3 and 785.4 m/z units. Lower spectrum from DNA source 2: expected bromine isotopic mass (M)* 695.3

m/z units.

1880 | Org. Biomol. Chem., 2007, 5, 1878-1885

This journal is © The Royal Society of Chemistry 2007





and extension does not occur. If the deletion is part of a homo-
oligomer repeat region (i.e. GGGGG), the 3'-end of the primer can
be designed to be complementary to the last base in the region. A
deletion would stop full hybridisation and extension (Fig. 3).

31 ddTTP  5v cageccceT 3¢
51— 3' CTCGGGGGATC 5'

a) 5' GAGCCcCcC
3' CTCGGGGGATC

p)5' GAGCCCCO 3v ddTTP
3‘

CTCGGGGATC  5' X

No Extension

o' GAGeCeee 31 ddCTP 5+ cageccece 3
3' CTCGGGGGEGATC 5'C—> 3' CTCGGEEGGATC 5'

Fig.3 Application of the assay to the detection of deletions and insertions
in a homo-oligomer repeat region (bold). The 3'-end of the primer is
designed to anneal to last base of the repeat region, assuming no deletions
or insertions. a) Primers which anneal to a template containing no deletions
or insertions are extended by a ddNTP complementary to the next base
after the repeat region. b) As primers do not fully hybridise to templates
containing a deletion, extension does not occur. ¢) Templates containing
an insertion are extended by a ddNTP complementary to the repeat region.

Single nucleotide insertions in a homo-oligomer repeat region
can be genotyped in a similar manner, by designing the 3'-end
of a primer to anneal to the last base in the region (assuming no
insertions). If the target sequence has an insertion, the biotinylated
base added will be complementary to that of the repeat region, but
different if no insertions are present (Fig. 3).2

Typing deletions or insertions of homo-oligomer repeat regions
could prove difficult, although this has not been experimentally
determined. It may be possible for either the primer or template
to loop out and form a stable hybridised duplex for SBE, giving
false typing results.

To quantify the assay for application in forensic science, the
percentages of total DNA present in one tube from sources 1
and 2 were varied pre-PCR. Mass tag peak height ratios from
SNPs H00073 and H00247 (Table 3), of 695 and 785 m/z units
respectively, were calculated from each set of spectra obtained
(Table 4). The mass tags generated from SBE of H00073 are present
in both sample types, whilst the tags from H00247 are only present
in sample 1. Low background levels of the H00247 mass tags
are detected during analysis of 100% source 2. When total DNA
consists of <0.5% source 1, peaks from the tag are reduced to the
background level. As the percentage of source 2 increases, the peak
ratios increase almost proportionally (see theoretical peak height
values, Table 4). Therefore, the proportion of two different DNA
sources in a single sample can be factored into the interpretation
of a forensic result by analysing two SNPs, if the two alternative
allele types are present for one of the SNPs.

Mass tag mass spectral peaks were well resolved, supporting
the capability to extend the multiplex much further, by utilising
suitable amino acids or non-natural amino acid derivatives.

Experimental

Chemical synthesis

Solvents and reagents were purchased from Aldrich or Fisher.
Derivatised peptides were purchased from Activotec. All reactions

Table 4 Quantification of the assay

HO00073 : H00247 Theoretical peak

Source 1(%)*  Source 2(%)*  peak height ratios® height ratios*
100 0 1:1.82 n/a

0 100 1:0.06 1:0.00

25 75 1:0.67 1:0.46

2.4 97.6 1:0.14 1:0.04

0.5 99.5 1:0.06 1:0.01

“% of total DNA present in PCR sample. ® Both peak heights from each
data set are obtained from the same spectra. ¢ Theoretical values are
calculated from the 100% source 1 H00247 peak height.

were carried out under an argon atmosphere in oven-dried
glassware.

4-(4-Acetyl-2-methoxyphenoxy)butyl acetate (1). A slurry of
acetovanillone (15.36 g, 92.4 mmol), 4-bromobutyl acetate
(18.84 g, 96.6 mmol), and K,CO; (20.00 g, 144.9 mmol) in DMF
(100 mL) was stirred at room temperature for 17 hours. Water
(50 mL) was added to the reaction mixture, dissolving the majority
of K,CO;. The mixture was poured into saturated NaCl (100 mL)
and the aqueous phase extracted with EtOAc (3 x 100 mL). The
combined organic phase was washed with H,O (2 x 50 mL) and
brine (100 mL), dried (Na,SO,), filtered and the solvent removed
in vacuo to afford the keto-ester 1 (25.35 g, 94%) as a pale yellow
crystalline solid; mp: 60-61 °C (ethyl acetate) (Found: C, 64.2; H,
7.2. C;sH,O5 requires C, 64.3; H, 7.2%); vu/cm™' 2961m (CH,,
CH,), 1732s, 1721s, 1667s (C=0), 1359s (CO-CH;) and 1255s (C—
0);0y (300 MHz, CDCl;) 2.00-1.80 (4 H,m, 2 x CH,),2.04 (3 H,s,
CH,CQO,), 2.56 (3 H, s, CH;COC), 3.92 (3 H, s, OCHj;),4.11 (2 H,
t,J5.9,CH,),4.15(2H,t,J6.2,CH,), 6.88 (1 H,d, J 8.2, CH,,),
7.55-7.52 (2 H, m, CH,,); ¢ (75 MHz, CDCl;) 20.92 (CH,CO,),
25.28 (CH,), 25.65 (CH,), 26.17 (COCH,;), 56.02 (C,,OCHy;), 63.96
(CH;CO,CH,), 68.36 (COCH,), 110.54 (CH), 111.19(CH), 123.16
(CH), 130.50 (C), 149.29 (C), 152.74 (C), 171.06 (CH, CO,), 196.75
(CH,;COC); LRMS (ES*) m/z 303.2 (M + Na)* (100%), HRMS
(ES*) m/z281.1387 (M + H)*, C;5H,,0s requires 281.1384.

4-|4-(1-Hydroxyiminoethyl)-2-methoxyphenoxylbutyl  acetate
(2). Keto-ester 1(25.74 g, 91.9 mmol) and H,NOH-HC1 (9.57 g,
137.7 mmol) were dissolved in a 2 : 1 v/v pyridine : H,O mixture
(120 mL) forming a yellow solution which was stirred at room
temperature for 18 hours. The work-up procedure was the same as
described for compound 1. Final traces of pyridine were removed
by co-evaporating with toluene (4 x 30 mL) to afford oxime 2
(23.68 g, 87%) as a pale yellow solid (Found: C, 60.95; H, 7.2;
N, 4.6. C,sH, NO;s requires C, 61.0; H, 7.2; N, 4.7%); Vpu/cm™
2961m (CH,, CHj;), 1732s, 1721s, 1667s (C=0), 1360s (CO—-CH,)
and 1254s (C-0); Jy (300 MHz, CDCl;) 1.71-1.91 (4 H, m, 2 x
CH.,), 1.97 (3 H, s, CH;CO,), 2.20 (3 H, s, CH;CNOH), 3.82
(3 H, s, OCH;), 399 2 H, t, J 6.2, CH,), 4.07 (2 H, t, J 6.3,
CH,), 6.78 (1 H, d, J 8.4, CH,,), 7.06 (1 H, dd, J 8.4 and 2.1,
CH,,), 7.19 (1 H, d, J 2.2, CH,,); . (75 MHz, CDCl;) 11.98
(CH,CNOH), 20.95 (CH,;CO,), 25.32 (CH,), 25.77 (CH,), 55.99
(OCH;), 64.11 (CH;CO,CH,), 68.39 (COCH,), 109.14 (CH),
112.37 (CH), 119.17 (CH), 129.42 (C), 149.34 (C), 149.57 (O),
155.67 (CH;CNOH), 171.18 (CH;CO,); LRMS (ES*) m/z 318.2
M + Na)* (100%), HRMS (ES*) m/z 296.1496 (M + H)*,
C,sH, NO; requires 296.1493.
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4-|4-(1-Aminoethyl)-2-methoxyphenoxy|butyl acetate (3). A
suspension of oxime 2 (20.58 g, 69.7 mmol) and palladium (10%)
on activated carbon (2.0 g) was made in glacial acetic acid
(200 mL). The mixture was degassed by placing under reduced
pressure, refilled with hydrogen and placed under a pressure of
1.1 atm via a balloon. The mixture was stirred vigorously at
room temperature, refilling the balloon with further hydrogen as
required. An additional 1 g of catalyst was added after 48 hours.
After 12 hours the mixture was filtered through Celite and the
solvent reduced in vacuo to ~10 mL. Water (100 mL) was added
and the solution acidified to pH 1 with 6 M HCI. The aqueous
phase was washed with Et,O (2 x 50 mL), basified to ~pH 12 with
Na,CO; and extracted with EtOAc (3 x 100 mL). The combined
organic phases were washed with H,O (50 mL) and saturated
NaCl (50 mL). The organic phase was dried (Na,SO,), filtered
and evaporated in vacuo, and purified by column chromatography
on silica gel using an eluent system of EtOAc + 8% MeOH +
1% Et;N to yield the amine 3 (8.15 g, 42%) as an orange—brown
oil; vy /cm™' 2956m, 2871m (CH,, CHj;), 2361w, 1732s (C=0),
1678w (C=0), 1365m (CO-CH,), 1235s (C-0); J (300 MHz,
CDCl,) 1.36 3 H, d, J 6.6, CH;CH), 1.61 (2 H, s, NH,), 1.71-
1.92 (4 H, m), 2.02 (3 H, s, CH;CO,), 3.86 (3 H, s, OCH,),
3.99-4.15 (5 H, m), 6.79-6.86 (2 H, m, CH,,), 691 (1 H,
d, J 1.5, CH,); dc (75 MHz, CDCl;) 20.94 (CH,;CO,), 25.34
(CH,), 25.76 (CH;CHNH,), 25.87 (CH,), 51.02 (CHNH,), 56.00
(COCH,;), 64.14 (CH,CO,CH,), 68.61 (CH,), 109.65 (CH), 113.30
(CH), 117.66 (CH), 140.78 (CCHNH,), 147.22 (COCH,), 149.57
(COCH,;), 171.09 (CH;CO,); LRMS (ES*) m/z265.2 (M — NH; +
H)* (100%), 304.2 (M + Na)* (14), HRMS (ES*) m/z 304.1517
(M + Na)*, C;sH;;NaNO, requires 304.1519.

4-(2-Methoxy-4-[1-(2,2,2-trifluoroacetamido)ethyl|phenoxy)butyl
acetate (4). Amine 3 (8.15 g, 29.0 mmol) was dissolved in
pyridine (80 mL), cooled to 0 °C. TFAA (12.3 mL, 56.9 mmol)
was added forming a light orange solution. The mixture was
stirred at 0 °C for 1.5 hours after which time the dark orange
solution was poured into saturated NaCl (200 mL, cooled to
0 °C) whilst stirring and the organic phase extracted with EtOAc
(3 x 100 mL). The combined organic phases were washed with
H,0 (50 mL) and saturated NaCl (50 mL), dried (Na,SO,),
filtered and evaporated in vacuo. The product was purified by
column chromatography on silica gel using an eluent system
of EtOAc : hexane 2 : 1 affording amide 4 (10.02 g, 92%) as
a light yellow—off-white powder (Found: C, 54.2; H, 5.9; N,
3.7. C,;H,,F3NO;s requires C, 54.1; H, 5.9; N, 3.7%); Vpu/cm™!
3296m (N-H), 2956w, 2878w (CH,, CHj;), 2361w, 1736m (C=0),
1693s (C=0), 1366m (CO-CHj;), 1232s (C-O) 1148s (C-F); oy
(300 MHz, CDCl;) 1.57 (3 H, d, J 7.0, CH;CH), 1.77-1.94 (4 H,
m, 2 x CH,), 2.03 (3 H, s, CH;CO,), 3.86 (3 H, s, OCH,), 4.02
(2H,t J6.1,CH,), 413 (2 H, t, J 6.2, CH,), 5.09 (1 H, quin,
J 7.2, CHCH,), 6.83-6.85 (3 H, m, CH,,), 6.49 (1 H, s, NH);
dc (75 MHz, CDCl;) 20.93 (CH,;), 21.07 (CH;), 25.46 (CH,),
25.92 (CH,), 49.67 (CHCH;), 56.21 (COCH;), 64.22 (CH,), 68.69
(CH,), 110.61 (CH), 113.44 (CH), 115.56 (q, J 277.8, CF;), 118.37
(CH), 133.82 (C), 148.48 (COCH;), 149.93 (NHCO), 156.26 (q,
J 38.9, COCF,), 171.29 (CH;CO,); Jr (282 MHz, CDCl;) 76.13;
LRMS (ES*) m/z 400.1 (M + Na)* (100%), 777.4 (2M + Na)*
(13), HRMS (ES*) m/z 400.1345 (M + Na)*, C;;H,,NaF;NO;
requires 400.1342.

4-(2-Methoxy-5-nitro-4-[1-(2,2,2-trifluoroacetamido)ethyl]-
phenoxy)butyl acetate (5). Benzyl amide 4 (7.37 g, 19.5 mmol)
was slowly added to 70% HNO; (150 mL), cooled to 0 °C, forming
a light yellow solution. The solution gradually turned orange in
colour and after 2 hours the reaction was quenched by pouring
into iced water (1500 mL). The resultant slurry was chilled at
4 °C overnight, and filtered whilst cold, resulting in a pale yellow
solid. The solid was dissolved in EtOAc and the residual aqueous
phase removed. The organic phase was dried (Na,SO,), filtered
and evaporated in vacuo to afford the nitrated amide 5 (6.57 g,
80%) as a pale yellow crystalline solid; mp: 134-135 °C (ethyl
acetate) (Found: C, 48.45; H, 5.1; N, 6.5. C;H,, F;N,O; requires
C, 48.3; H, 5.0; N, 6.6%); v, /cm™' 3341m (N-H), 2951w, 2890w
(CH,, CH;), 1730m (C=0), 1698s (C=0), 1525s, 1512s (NO,),
1177s (C-F); oy (300 MHz, CDCl;) 1.62 (3 H, d, J 7.4, CH;CH),
1.78-1.98 (4H,m),2.05(3 H, s, CH;CO,), 3.94 (3H, s, OCH;), 4.08
(2H,t,J6.2,CH,),4.14(2H,t,J 6.3,CH,), 5.52 (1 H, quin, J 7.2,
CHNH), 6.87 (1 H, s, CH,,), 7.39 (1 H,d, J 7.3, NH), 7.59 (1 H, s,
CH,,); dc (75 MHz, CDCl;) 20.24 (CH;CO,), 21.07 (CH;CH),
25.41 (CH,), 25.68 (CH,), 48.69 (CH;CH), 56.58 (CH;CO), 64.10
(CH,), 69.10 (CH,), 110.36 (CH), 111.34 (CH), 115.56 (q, J 276.7,
CF;), 130.95 (C), 140.74 (C), 147.93 (C), 154.20 (C), 156.31 (q,
J 38.8, COCF;), 171.33 (CH;CO,); dr (282 MHz, CDCl;) 76.21;
LRMS (ES*) m/z 4452 (M + Na)* (100%), HRMS (ES*) m/z
445.1199 (M + Na)*, C\;H, NaF;NO; requires 445.1193.

4-[4-(1-Aminoethyl)-2-methoxy-5-nitrophenoxy]-1-butanol (6).
Nitro-amide 5 (6.57 g, 15.6 mmol) was dissolved in MeOH
(200 mL) and 1 M NaOH (60 mL, 60 mmol) added, forming
an orange solution which was refluxed for 6 hours. Upon
cooling to room temperature, the resultant dark red solution was
concentrated to ~50 mL, water (200 mL) added and acidified
to pH 1 with 2 M HCI. The solution was washed with Et,O
(4 x 40 mL) and the aqueous phase basified to pH 10.5 with
saturated Na,CO;. Saturated NaCl (20 mL) was added to the
aqueous phase and extracted with DCM (3 x 60 mL, 9 x 30 mL).
The combined organic phases were dried (Na,SO,), filtered and
evaporated in vacuo to afford the nitro-amine 6 (3.96 g, 89%) as an
orange oil; vy, /em™' 3359w, 3288w (O-H), 2922w, 2862w (CH,,
CH,;), 1503s (NO,), 1263s (O-H), 1045s (C-OH); 6y (400 MHz,
CDCl;) 143 3 H, d, J 6.4, CH;CH), 1.72-1.81 (5§ H, m, 2 x
CH, overlapping OH), 1.92-1.97 (2 H, m), 3.72 2 H, t, J 6.2,
CH,0OH), 3.97 (3 H, s, OCH,), 4.10 (2 H, t, J 6.2, CH,00),
4.80 (1 H, q, J 6.4, CHNH,), 7.31 (1 H, s, CH,,), 7.47 (1 H, s,
CH,,); ¢ (100 MHz, CDCl;) 24.81 (CH,;), 25.69 (CH,), 29.59
(CH,), 46.02 (CHNH,), 56.43 (CH;0C), 62.36 (CH,OH), 69.38
(CH,00), 108.99 (2 x CH,,), 137.48 (C), 140.91 (C), 146.78 (O),
153.78 (C); LRMS (ES*) m/z 268.1 (M — NH; + H)* (100%),
2852 (M + H)* (51), 307.1 (M + Na)* (23), HRMS (ES*) m/z
285.1439 (M + H)*, C;;H,, N,O; requires 285.1445.

11-(4-Methoxytritylamino)undecanoic acid (9). To a solution
of 1l-aminoundecanoic acid (7.15 g, 35.5 mmol) in pyridine
(100 mL), p-monomethoxytrityl chloride (10.00 g, 32.3 mmol)
was added and stirred at room temperature for 3 hours. The
solution was concentrated to ~20 mL in vacuo, DCM (600 mL)
added and subsequently washed with saturated KCI (5 x 75 mL)
and H,O (1 x 100 mL). The organic phase was dried (Na,SO,),
filtered and evaporated in vacuo to afford a pale yellow oil. The
product was purified by column chromatography on silica using
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an eluent system of DCM + 8% MeOH + 1% Et;N to afford acid 9
(7.25 g, 43%) as a pale yellow 0il; vy, /cm™" 3348br (O-H), 2922m,
2852m (CH,, CH;), 1737w (C=0), 1508s (NH), 1268s (C-O); dy
(400 MHz, CDCl;) 1.16-1.29 (13H,m, 6 x CH,, NH), 1.40-1.49 (2
H,m,CH,), 1.57-1.64 2H, m, CH,), 2.12(2H,t,J 7.0, CH,NH),
2.23(2H,t,J 7.6, CH,COOH), 3.79 (3 H, s, OCH,), 6.79-6.84 (2
H, m, CH,,), 7.25-7.30 (6 H, m, CH,,), 7.36-7.41 (2 H, m, CH,,),
7.47-7.48 (4H, m, CH,,); . (100 MHz, CDCl;) 26.17 (CH,), 27.52
(CH,), 29.63 (CH,), 29.67 (CH,), 29.72 (2 x CH,), 29.78 (CH,),
31.02 (CH,), 36.88 (COOHCH,), 43.71 (NCH,), 55.28 (OCH,),
70.48 (NHC), 113.12 (2 x CH), 126.49 (2 x CH), 128.00 (4 x CH),
128.70 (4 x CH), 129.92 (2 x CH), 138.73 (C), 146.78 (2 x C),
157.87 (COCH;), 179.78 (COOH); LRMS (ES*) m/z 496.3 (M +
Na)* (5%); HRMS (ES*) m/z 474.3012 (M + H)*, C;;H, NO;
requires 474.3003.

11-(4-Methoxytritylamino)-/N-{1-[4-(4-hydroxybutoxy)-3-meth-
oxy-6-nitrophenyl]ethyl jundecanamide (7). A solution of acid 9
(4.47 g, 9.4 mmol), nitroamine 6 (2.24 g, 7.9 mmol) and EDC-HCI
(1.81 g, 9.4 mmol) in pyridine (80 mL) was stirred at room
temperature for 3 hours. Pyridine was removed in vacuo and
final traces coevaporated with toluene. The product was purified
by column chromatography on silica using an eluent system of
EtOAc + 1% Et;N to afford the coupled amide 7 (5.00 g, 86%)
as a yellow crystalline solid; mp: 64-65 °C (ethyl acetate) (Found:
C, 71.32; H, 7.75; N, 5.6. C,.H5;N;O; requires C, 71.4; H, 7.8; N,
5.7%); v /cm™' 2925s (CH,, CHj;), 2851w (CH,, CH;), 1713w
(C=0), 1508s (NO,), 1247s (O-H), 1033s (C-OH); dy (400 MHz,
CDCl;) 1.21-1.28 (13 H, m, 6 x CH,, CH,NH), 1.53 3 H, d, J
7.0, CH,CHNH), 1.45-1.60 (4 H, m, 2 x CH,), 1.76 (2 H, app
quin, J 6.7, CH,), 1.96 (2 H, app quin, J 6.7, CH,), 2.12-2.17
(5H, m, 2 x CH,, OH), 3.72 2 H, t, J 6.2, CH,0OH), 3.78 (3
H, s, CH;0), 3.93 (3 H, s, CH;0), 4.09 2 H, t, J 6.2, CH,0C,,),
5.49 (1 H, quin, J 7.1, CHNH), 6.32 (1 H, d, J 7.0, CHNH),
6.81 2 H,d, J88,2 x CH,,), 6.90 (1 H, s, CH,,), 7.17 2 H, t,
J 73,2 x CH,), 727 (4 H,t,J 77,4 x CH,), 7.38 (2 H, d,
J 88,2 x CH,), 747 (4 H, d, J 7.8, 4 x CH,,), 7.55 (1 H, s,
CH,,); ¢ (100 MHz, CDCl;) 20.91 (CH;CHNH), 25.52 (CH,),
25.62 (CH,), 7.35 (CH,), 29.25 (CH,), 29.30, (CH,), 29.39 (CH,),
29.45 (CH,), 29.51 (CH,), 29.58 (CH,), 30.86 (CH,), 36.68 (CH,),
43.60 (CH,), 47.67 (CHNH), 55.17 (OCHj;), 56.33 (OCH5;), 60.37
(CH,), 62.25 (CH,OH), 69.29 (CH,0C), 70.41 (C), 109.85 (CH),
111.06 (CH), 113.02 (2 x CH), 126.07 (2 x CH), 127.69 (4 x CH),
128.59 (4 x CH), 129.82 (2 x CH), 133.71 (C), 140.65 (2 x C),
146.05 (C), 147.05 (C), 153.65 (C), 157.78 (C), 171.12 (C); LRMS
(ES*) 740.5 (M + H)* (100%), HRMS (ES*) m/z 740.4261 (M +
H)*, C,,HxN;O; requires 740.4270.

11-(4-Methoxytritylamino)-N-(1-{4-[4-O-(2-cyanoethoxy-diiso-

propylaminophosphinoxy)butoxy]-3-methoxy-6-nitrophenyl } ethyl)-
undecanamide (8). Amide 7 (1.00 g, 1.4 mmol), 2-cyanoethoxy-

(0]
(0]
)J\/\/\/Br
N\O
(0]

10

Trlmethylamlne THF

Ar (84%)

N,N-diisopropyl chlorophosphine (0.34 mL, 1.5 mmol) and
DIPEA (0.59 mL, 3.4 mmol) were dissolved in freshly distilled
THF (10 mL) and stirred at room temperature for 2 hours under
an argon atmosphere. Degassed DCM (30 mL) and degassed
saturated KCI (8 mL) was added and the organic phase extracted,
dried (MgSO,), filtered and evaporated in vacuo to afford a yellow
oil. The product was purified by column chromatography on
silica using an eluent system of 7 : 3 EtOAc : toluene + 1% Et;N
to afford phosphoramidite 8 (0.96 g, 73%) as a yellow oil; oy
(400 MHz, DMSO) 1.16-1.22 (25 H, m, 6 x CH,, 4 x NCHj,
1 x CHNH), 1.44-1.48 (7 H, m, 2 x CH,, CH,;CHNH), 1.75
(2 H, app quin, J 6.7, CH,), 1.85 (2 H, app quin, J 6.6, CH,),
2.00-2.02 (2 H, m, CH,), 2.13(2H,t,J 6.9, CH,),2.79 2 H, t, J
5.9, CH,), 3.77 (3 H, s, CH;0), 3.56-3.82 (6 H, m, 2 x CH,, 2 x
CHNP), 3.93 3 H, s, CH;0), 4.10 2 H, t, J 5.5, CH,0C,,), 5.43
(1 H, quin, J 7.0, CHNH), 6.89 (2 H, d, 2 x CH,,), 7.20-7.24 (4
H, m, 4 x CH,,), 7.29-7.35 (S H, m, 5 x CH,,), 744 (4 H, d, J
8.0,4 x CH,,), 7.52 (1 H, s, CH,,), 8.49 (1 H, d, J 7.8, CHNH); 6
(121 MHz, DMSO) 147.76; LRMS (ES*) 940.7 (M + H)* (100%),
HRMS (ES*) m/z 940.5362 (M + H)*, C5;H;sN;O4P requires
940.5354.

6-[(N-Succinimidyl)oxy]-6-oxohexyl(trimethyl)Jammonium bro-
mide (11)*. Following the procedure of Bartlet-Jones,'
trimethylamine (1.45 mL, 15.4 mmol) in anhydrous tetrahydrofu-
ran (THF) (3 mL) was added to a solution of (N-succinimidyl)oxy-
6-bromohexanoate 10 (1.48 g, 5.1 mmol) in anhydrous THF
(3 mL). The reaction mixture was stirred for 12 hours under
an atmosphere of argon (Scheme 2). The resulting white solid
was filtered and recrystallised in hot ethanol to yield ester 11
(1.14 g, 84%) as a white solid; mp: 185-186 °C; v,,,./cm~' 2929br
(CH,, CH,), 1810m, 1720m (C=0), 1717s (C=0), 1480m (C=0),
1420w (C=0), 1369m (C=0), 1209s, 1050s, 1003w; 6; (300 MHz,
CD;0OD) 1.52-1.64 (2 H, m, CH,), 1.80-1.97 (4 H, m, 2 x CH,),
2.78(2H,t,J7.0,COOCH,),2.91(4H,s, COCH,CH,CO),3.21 (9
H,s, 3 x N(CH,)), 3.41-3.45 (2 H, m, CH,); d (75 MHz, CD;0D)
23.43 (CH,), 25.04 (CH,), 26.39 (CH,), 26.54 (COCH,CH,CO),
31.24 (COOCH,), 53.60 (3 x N(CH,)), 67.63 (CH,N), 170.19
(CO0), 171.92 (2 x NCO); LRMS (ES*) 270.9 (M)* (100%),
HRMS (ES*) m/z 271.1649 (M)*, C;3H;;N,O, requires 271.1652.

Synthesis of oligonucleotides

Standard DNA phosphoramidites, solid supports and additional
reagents were purchased from Link Technologies or Applied
Biosystems Ltd. All oligonucleotides were synthesised on an
Applied Biosystems 394 automated DNA/RNA synthesiser using
a 0.2 or 1.0 umole phosphoramidite cycle of acid-catalysed
detritylation, coupling, capping and iodine oxidation. All -
cyanoethyl phosphoramidite monomers were dissolved in anhy-
drous acetonitrile to a concentration of 0.1 M immediately prior

)W/|/ Br

1

Scheme 2 Synthesis of derivatising reagent.
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to use. Monomer 8 was coupled for 300 seconds rather than
the standard 25 sec. Stepwise coupling efficiencies and overall
yields were determined by the automated trityl cation conductivity
monitoring facility and in all cases were >98.0%. Cleavage of
oligonucleotides from the solid support was achieved by exposure
to concentrated ammonia solution (30 min at room temp) followed
by heating in conc. aqueous ammonia, 55 °C for 5 hours in a
sealed tube. SBE primers were manually functionalised with the
appropriate peptides prior to cleavage from the solid support (see
below).

All oligonucleotides were purified by reversed phase HPLC
on a Gilson system controlled by Gilson 7.12 software using an
ABI Aquapore column (C8), 8 mm x 250 mm, pore size 300 A.
The following protocol was used: Run time 30 min, flow rate
4 mL min~', binary system, gradient: time in min (% buffer B)
0 (0); 3(0); 5(20); 21 (100); 25(100); 27 (0); 30(0). Elution buffer
A: 0.1 M ammonium acetate, pH 7.0, buffer B: 0.1 M ammonium
acetate with 35% acetonitrile pH 7.0. Elution of oligonucleotides
was monitored by ultraviolet absorption at 295 nm. After HPLC
purification oligonucleotides were desalted using disposable NAP
10 Sephadex columns (Pharmacia), aliquoted into Eppendorf
tubes and stored at —20 °C in the dark.

Synthesis of derivatised mass tagged SBE primers

Oligonucleotides with phosphoramidite 8 at the 5'-end were pre-
pared on a 1 pmol scale by standard solid-phase phosphoramidite
methods. The columns were removed from the synthesiser and
manually washed according to the method of Zaramella et al.’®
with morpholine (1 mL, 2% in MeCN) for 1 minute, followed by
MeCN (8 x 1 mL)and DMF (3 x 1 mL) prior to the addition of the
photocleavable amino linker. Solid phase coupling of derivatised
peptides to the amino-modified oligonucleotide was achieved with
peptide-HBTU-N-methylmorpholine (25 : 25 : 108) in DMF
(300 pL) overnight. The resultant yellow coupling solution was
removed and the column washed with DMF (4 x 1 mL), ether
(2 x 1 mL) and dried. The oligonucleotides were cleaved from
the solid support, deprotected and purified by HPLC as described
above.'

The molecular masses of the conjugates were verified by ESMS
in negative mode as solutions diluted 5-fold in MeCN-H,O-TPA
(100 : 100 : 1). Molecular weights were reconstructed from the
m/ z values of the multiply deprotonated molecules using the mass
deconvolution programme MassEnt (Maximum Entropy).

UV-melting studies

The UV absorbance vs. temperature profiles were obtained
simultaneously at 260 nm using an intra-cuvette temperature
probe on a ChemCary 400 UV Visible spectrometer in Hellma®
SUPRASIL synthetic quartz, 10 mm pathlength cuvettes. The
SBE primers, with or without conjugated mass tags, and their
exact complements were each at a concentration of 1 uM in
52 mM Tris, 13 mM MgCl, pH 9.5 in a volume of 1.5 mL. The
samples were filtered with Kinesis regenerated cellulose 13 mm,
0.45 uM syringe filters and rapidly heated from 20 °C to 80 °C at
10 °C min" then cooled to 20 °C prior to analysis. The UV melting
curves were recorded for three consecutive heat and cool cycles.
The temperature was increased in increments of 0.5 °C min~' and

the T, values determined from the maximum of the first order
derivative of the average of three cycles.

PCR amplification

DNA (4 ng) containing the polymorphic sites H00073, H00247
and H16129 were amplified from mitochondrial DNA in a total
volume of 20 pL, containing 10 pmol each primer (L16048,
5-TCATGGGGAAGCAGATTTGG-3; HO00326, 5-CAGA-
GATGTGTTTAAGTGCTGT-3), 200 uM dNTPs (Promega,
Madison, WI), 1.5 mM MgCl, (Promega, Madison, WI), 1.5 U
Tag DNA polymerase in storage buffer B (Promega, Madison,
WI) and 1X PCR buffer B (10 mM Tris-HCl, 50 mM KClI,
0.1% Triton®X-100, pH 9.0). Using an Eppendorf Mastercycler
gradient PCR system, the reactions were initiated with denatur-
ation at 95 °C for 2 min, followed by 30 cycles of 94 °C for 30 s,
58 °C for 30 s, 72 °C for 60 s and subsequently held at 72 °C for
3 min. Excess dNTPs and primers were degraded by adding 2 U
Escherichia coli exonuclease I (USB, Cleveland, Ohio) and 2 U
shrimp alkaline phosphatase (Roche Diagnostics, Indianapolis,
IN) in 1 x shrimp alkaline phosphatase buffer (50 mM Tris-HCI,
5 mM MgCl,, pH 8.5). The samples were incubated at 37 °C
for 45 min followed by enzyme denaturation at 95 °C for
15 min.

Single base extension

The sequence and masses of the mass tagged SBE primers used
for detecting the three SNPs are shown in Table 1. Optimised SBE
reactions contained 3 pL Exo I and SAP treated PCR product,
80 pmol each primer, 100 pmol biotin-11-ddCTP (PerkinElmer,
Boston, MA), 100 pmol each ddATP, ddGTP, ddTTP (all Roche
Diagnostics, Indianapolis, IN), 4 uL Thermo Sequenase reaction
buffer (260 mM Tris-HCI, 65 mM MgCl,, pH 9.5), 1.92 U
Thermo Sequenase (Amersham Biosciences) in a total volume
of 20 uL. Reactions were cycled 35 times at 94 °C for 30 s and
52 °C for 30 s.

Solid phase purification

20 puL of Dynabeads M-270 streptavidin (Invitrogen) were pre-
washed with binding and washing (B-W) buffer (0.5 mM Tris-
HCI, 2 M NH,CI], 1 mM EDTA, pH 7.0), and resuspended in
20 uL B-W buffer. 20 uL SBE products were added to the beads
and bound by incubating at 48 °C for 45 min. Captured products
were washed with B-W buffer (x3), with distilled water (x3) and
resuspended in 2 pL deionised water.

MALDI-TOF MS analysis

1 uL of the suspended purified captured extension products were
directly pipetted onto a MALDI sample platen followed by 1 uL
matrix (DHB in MeCN : H,O 1 : 1, 0.1% TFA) and air dried.
Samples were analysed using a Micromass TofSpec2E MALDI-
TOF MS spectrometer. Positive ion reflectron data was acquired
at an accelerating voltage of 20 kV, a 3000 V pulse voltage, and a
39 ns delay time. Approximately 100 laser shots were averaged to
produce the final mass spectrum in each case.
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Conclusions

A novel, indirect method to genotype SNPs, employing MALDI-
TOF MS detection, is described. The use of peptidic mass tags
avoids problems present with direct detection of DNA by MS,
whilst extension with biotinylated ddNTPs allows solid phase
capture and removal of unextended mass tag-SBE primers. The
multiplexed assay can be easily extended to genotype many more
SNPs simultaneously.
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The diastereoselective conjugate addition of homochiral lithium amides to methyl
4-(N-allyl-N-benzylamino)but-2-enoate has been used as the key step in a simple and efficient protocol
for the preparation of 3,4-substituted aminopyrrolidines. This protocol provides a complementary and
stereoselective route to both anti- and syn-3-amino-4-alkylpyrrolidines as well as anti- and
syn-3-hydroxy-4-aminopyrrolidines, in high de and ee via f-amino enolate functionalisation. This

methodology has been applied to the synthesis of anti-(3S5,4S5)- and

syn-(3R,4S)-3-methoxy-4-(N-methylamino)pyrrolidine.

Introduction

Nitrogen-containing heterocyclic products are prevalent in a
multitude of natural and unnatural products.! Pyrrolidines and
piperidines are among the most common core heterocyclic struc-
tures included within these series, with a plethora of synthetic
methodologies having been utilised for their synthesis or the prepa-
ration of their derivatives? Aminopyrrolidines are particularly
attractive synthetic targets within this arena. While polyhydrox-
ylated aminopyrrolidines are of widespread interest due to their
potential role as glycosidase inhibitors,® 3-aminopyrrolidines are a
useful subset of this molecular class that have been used widely as
chiral ligands* and as common building blocks in the preparation
of bioactive compounds.®® Typical routes to aminopyrrolidines
employ resolution of racemates,” radical cyclisation,® or utilise
the chiral pool with carbohydrates® or amino acid derivatives' as
starting materials.

Previous investigations from this laboratory have shown
that the conjugate addition of homochiral secondary lithium
amides, derived from o-methylbenzylamine, to o,B-unsaturated
esters may be used for the asymmetric synthesis of B-amino
acids." This methodology has been utilised in a number of
synthetic applications, such as the kinetic and parallel kinetic
resolution of racemates,'” the asymmetric synthesis of natural
products,” and rearrangement protocols," and has recently been
reviewed.” As part of our continuing synthetic applications
of this versatile methodology we wished to use this attractive
and operationally simple transformation for the stereodivergent
asymmetric synthesis of enantiomerically pure 3,4-anti- and 3,4-
syn-substituted aminopyrrolidines. We report herein our full inves-
tigations within this area, part of which has been communicated
previously.'®

Department of Organic Chemistry, Chemistry Research Laboratory, Uni-
versity of Oxford, Mansfield Road, Oxford, UK OX1 3TA. E-mail: steve.
davies@chem.ox.ac.uk

T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b704932¢

Results and discussion
Model studies: asymmetric synthesis of 3-aminopyrrolidines

Germinal studies were directed towards the delineation of
a simple and high yielding route to the 3-aminopyrrolidine
scaffold 1 in homochiral form. The direct preparation of
the 3-aminopyrrolidinone skeleton by conjugate addition of
lithium (S)-N-benzyl-N-(e-methylbenzyl)amide to N-benzyl-1,5-
dihydropyrrol-2-one 2" failed, returning only starting material.
The lack of conjugate addition in this system is attributed to the
enforced s-trans enone conformation, as it has previously been
demonstrated that the s-cis conformation of an a,B-unsaturated
system is necessary for lithium amide conjugate addition to occur
(Scheme 1)."®
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)
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L

Ph

(o e T
& X

Scheme 1 Reagents and conditions:
(ormethylbenzyl)amide, THF, —78 °C, 2 h.

(1) lithium (S)-N-benzyl-N-

An alternative, stepwise process for the synthesis of the 3-
aminopyrrolidinone skeleton was therefore envisaged via conju-
gate addition of a homochiral lithium amide to an N-protected
4-aminobutanoate, followed by selective N-deprotection and
cyclisation. The ability to deprotect an N-allyl functionality in the
presence of an N-benzyl tertiary amine was anticipated to fulfil
the criteria necessary for this protocol to succeed.” Following
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this rationale, conjugate addition of lithium (S)-N-benzyl-N-(a-
methylbenzyl)amide to methyl 4-(N-allyl-N-benzylamino)but-2-
enoate 4 (readily prepared on a multigram scale by addition
of N-allyl-N-benzylamine to methyl 4-bromocrotonate) gave the
corresponding B-amino ester (3R,0.5)-5 in >98% de, and 81% yield
and >98% de after chromatographic purification.? Chemoselec-
tive N-deallylation of 5 could be achieved on a small (<1 g) scale
using either Pd(PPh;), and 1,3-dimethyl barbituric acid (DMBA)*
or Wilkinson’s catalyst? with equal efficacy, with concomitant
intramolecular cyclisation furnishing the desired aminopyrro-
lidinone 6. However, upon scale-up, the use of Pd(PPh;), and
DMBA proved optimal, allowing the preparation of 6 in 94%
yield on a 20 g scale. Aminopyrrolidinone 6 was inferred as being
of >98% ee by NMR studies on the corresponding Mosher’s
amide® of aminopyrrolidinone 7, obtained via hydrogenolysis of
6 (Scheme 2).

Ph

(\/COZMe ph
(i)

iz

N \/\ . (\/COZMe
Ph N
4 5,81%
Ph . 98% de
\ (i)
Ph
HoN

~
R
W

=

(0]

Ph k
Ph
7, 89% 6, 94%
>98% ee >98% de

Scheme 2 Reagents and conditions: (i) lithium (S)-N-benzyl-N-
(o-methylbenzyl)amide, THF, —78 °C, 2 h; (ii) Pd(PPh;),, DMBA, DCM,
rt, 16 h; (iii) H, (5 atm), PdA(OH),/C (50% w/w), MeOH, rt, 40 h.

The preparation of differentially N-Boc-protected 3-amino-
pyrrolidine 11 was achieved from aminopyrrolidinone 6 via a
four-step procedure. Selective N-debenzylation using sodium in
liquid ammonia gave 8 in 74% yield after recrystallisation, with
sequential LiAlH, reduction, N-Boc protection and hydrogenol-
ysis giving 11 in 50% yield over three steps, with spectroscopic
properties consistent with those of the literature?** {[a]} —3.3
(¢ 0.2 in CHCL); lit.” [a]¥ —2.0 (¢ 1.0 in CHCl;)} (Scheme 3).

The global N-deprotection of aminopyrrolidinone 6 to the par-
ent diamine dihydrochloride salt 13 was achieved following a two-

> Ph

Ph Ph
N (6]
§ N
P 8, 74%
g 0
6, >98% de >98% de

step protocol, with LiAlH, reduction followed by hydrogenolysis
and treatment with HCI giving the dihydrochloride salt 13 in 40%
overall yield (Scheme 4). The spectroscopic properties of 13 {[a]%}
—4.7 (¢ 0.9 in H,0)} were consistent with those of an authentic
sample {[a]; —4.7 (¢ 1.3 in H,0)} derived from commercially
available (R)-(+)-3-aminopyrrolidine 1.2

~, % (ii) 7
Ph & Ph C — [ \2Hol
. $ ”
Ph P
12, 89% 13, 45%
6,>98% de >98% de >98% de

Scheme 4  Reagents and conditions: (i) LiAlH,, THF, reflux, 12 h; (ii) H,
(5 atm), Pd(OH),/C (50% w/w), MeOH, rt, 40 h then HCI, Et,O.

Asymmetric synthesis of 3,4-anti-substituted aminopyrrolidines

With a simple protocol in hand for the preparation of the desired
3-aminopyrrolidine motif, the extension of this methodology to
allow the preparation of 3,4-anti-substituted aminopyrrolidines
via enolate alkylation of aminopyrrolidinone 6 was investigated.
A variety of bases have been used in the literature for the
alkylation of pyrrolidinones, with NaH* or BuLi*® commonly
used. Application of these bases to the benzylation of 6 gave only
low conversions to the desired product, so a range of lithium
amide bases were screened for their ability to promote the desired
alkylation. Treatment of 6 with LDA or LIHMDS and alkylation
with benzyl bromide at —78 °C for 4 h gave 11 and 18% conversion,
respectively, to the desired 3-benzyl pyrrolidinone 14, while the
use of LiTMP under identical conditions gave 76% conversion to
14. Further optimization led to a convenient reaction protocol,
whereby deprotonation at —78 °C with LiTMP and alkylation
at —78 °C for 16 h gave complete conversion to anti-3-benzyl-
4-aminopyrrolidinone 14 in >98% de, giving 14 in 94% yield
and >98% de after purification (Scheme 5). The relative 3.4-
anti configuration within 14 was confirmed unambiguously by X-
ray crystallographic analysis.”” Following the optimised protocol,
alkylation of aminopyrrolidinone 6 with both methyl iodide and
allyl bromide proceeded readily to give the corresponding anti-3-
alkyl-4-aminopyrrolidinones 15 and 16 as single diastereoisomers
(>98% de) which were isolated in 95 and 80% yield respectively
(Scheme 5). The anti configurations within 15 and 16 were assigned
by analogy to that established for 14, and the anti preference upon
enolate alkylation may simply be ascribed to preferential reaction

Ph

W N, W)
_w F,h//

o

HaN,

N h Boc
H Boc
9, 87% 10, 95%
>98% de >98% de 11,61%

Scheme 3  Reagents and conditions: (i) Na, NH; (1), —78 °C, THF; (ii) LiAlH,, THF, reflux, 12 h; (iii) Boc,O, NaHCO;, MeOH, e))), rt, 12 h; (iv) H,

(5 atm), Pd(OH),/C (50% w/w), MeOH, rt, 16 h.
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N~ O N O
kPh kF>h
6, >98% de 14-16

Scheme 5 Reagents and conditions: (i) LITMP, THF, —78 °C, 2 h, then
RX, -78°Ctort, 16 h.

on the face of the enolate anti to the adjacent N-benzyl-N-(o-
methylbenzyl)amino group.

Having established a route to anti-3-alkyl-4-amino-pyrroli-
dinones 14-16, the further extension of this methodology
to the preparation of the corresponding anti-3-hydroxy-4-
aminopyrrolidinone 17 via enolate oxidation was investigated.
Deprotonation of aminopyrrolidinone 6 with LiTMP followed
by addition of 2-phenylsulfonyl-3-phenyloxaziridine proceeded to
~25% conversion to furnish an inseparable 61 : 39 mixture of
anti-17 : syn-18, isolated in 23% yield and 22% de (Scheme 6). The
use of both antipodes of (camphorsulfonyl)oxaziridine (CSO) as
enolate oxidants in this pyrrolidinone system was next probed.*
Deprotonation of 6 with LiITMP followed by treatment with (—)-
CSO gave an inseparable 58 : 42 mixture of alcohols anti-17 : syn-
18, which was isolated in 80% yield, while addition of (+)-CSO to
the lithium enolate of 6 gave anti-17 in 96% de, and in 97% isolated
yield (>98% de) after chromatographic purification (Scheme 6).
The anti configuration within 17 was assigned by analogy to that
within 14-16, and also on the basis of '"H NMR NOE data.

)

Ph Ph Ph

o ) )

“ N ‘ “ N OH 2N  OH
/™ O et
Ph —— Ph + Ph
then (ii) or
N O (i) or (iv) N~ O N~ O
kPh kPh kF’h
6, >98% de anti-17 syn-18

(ii). anti-17:syn-18 61:39 (22% de)

(iii). anti-17:syn-18 58:42 (16% de)

(iv). anti-17:syn-18 98:2 (96% de)
o[

anti-17, 97%, >98% de

Scheme 6 Reagents and conditions: () LITMP, THF, —78 °C, 2 h; (ii) 2-
phenylsulfonyl-3-phenyloxaziridine, THF, —78 °C to rt; (iii) (—)-CSO,
THF, —78 °C to rt; (iv) (+)-CSO, THF, —78 °C to rt; (v) chromatographic
purification.

Differential N-deprotection of aminopyrrolidines 14-17 was
next investigated using 3-benzyl 14 as a model system. Following
the protocol previously applied to 6, attempted selective debenzy-
lation of 14 furnished a 90 : 10 mixture of anti-19 : syn-20, indi-
cating that partial epimerisation of the C(3) centre had occurred
under the reaction conditions (Scheme 7). Separation via column
chromatography and recrystallisation allowed isolation of anti-
19 as a single diastereoisomer whose relative stereochemistry was
proven unambiguously by single crystal X-ray analysisi, with the
absolute (3R,4R,aS) configuration being assigned from the known

1+ CCDC reference number 629877. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b704932¢

(S)-o-methylbenzyl stereocentre (Fig. 1). Due to this unwanted
epimerisation, the global N-deprotection of 14 was probed via
sequential LiAlH, reduction and hydrogenolysis, giving 3-amino-
4-benzyl 24 in >98% de and 56% yield over 2 steps (Scheme 7).
An analogous sequence of reactions applied to 3-methyl 15 and
3-hydroxy 17 gave the corresponding aminopyrrolidines 25 and 26
as single diastereoisomers in 73 and 54% yield, respectively, over
2 steps (Scheme 7).

Ph
> Ph Ph
. 0 N> N>
%, i 7 Ph 7 ~—FPh
4 s . 3 R
o Ph/, a3 ' Ph/, 43
0 {
N N~ O
k H H
Ph
14,R = Bn, >98% de anti-19 syn-20

15,R = Me, >98% de
17,R = OH,>98% de

‘a»

anti-19:syn-20 90:10

Ph
21,R = Bn, 94%, >98% de
22,R = Me, 90%, >98% de
23,R = OH, 82%, >98% de

24,R = Bn, 60%, >98% de
25,R = Me, 81%, >98% de
26, R = OH, 66%, >98% de

Scheme 7 Reagents and conditions: (i) Na, NH; (1), —78 °C, THF;
(ii) LiAlIH,4, THF, reflux, 12 h; (iii) H, (5 atm), Pd(OH),/C (50% w/w),
MeOH, 16 h.

Fig.1 Chem 3D representation of the X-ray crystal structure of 19 (some
H atoms removed for clarity)i.

Asymmetric synthesis of 3,4-syn-substituted aminopyrrolidines

Having established that enolate functionalisation of aminopy-
rrolidinone 6 proceeds with high levels of anti-stereoselectivity
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and allows access to a range of 3,4-anti-substituted aminopy-
rrolidines, the development of methodology for the synthesis
of the corresponding 3,4-syn-substituted aminopyrrolidines was
established. Previous investigations from this laboratory have
shown that either tandem lithium amide conjugate addition
and enolate functionalisation, or stepwise deprotonation of a
B-amino ester and subsequent enolate functionalisation can be
used to access a-functionalised-B-amino esters with moderate
to high levels of anti-stereoselectivity.®! It was envisaged that
the application of these methods to either methyl 4-(N-allyl-N-
benzylamino)but-2-enoate 4 or B-amino ester 5 would give the
corresponding anti-B-amino esters, which after selective N-allyl
deprotection and cyclisation would give the corresponding 3,4-
syn-substituted aminopyrrolidines. Using alkylation with benzyl
bromide as a model, conjugate addition of lithium (S)-N-benzyl-
N-(a-methylbenzyl)amide to a,B-unsaturated ester 4, followed by
in situ alkylation of the resulting (Z)-f-amino enolate™® with
benzyl bromide gave anti-2-benzyl-3-amino 27 in 94% de, and
in 94% yield and 94% de after purification. The generality
of this approach was then established. The tandem conjugate
addition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide to
o,B-unsaturated ester 4, followed by alkylation with methyl iodide
gave anti-2-methyl-3-amino 29 in 92% de, and in 83% yield and
>98% de after purification, while using allyl bromide gave anti-
2-allyl-3-amino 31 in 81% de, and in 82% yield and 81% de after
purification. Conjugate addition of lithium (S)-N-benzyl-N-(o-
methylbenzyl)amide and enolate oxidation with (+)-CSO gave
anti-2-hydroxy-3-amino 33 in >98% de, and in 88% yield and
>98% de after purification (Scheme 8).

- Ph H Ph - Ph
K:\/coznne (z\l/coznne N Kz\/cone
N N_ R N_ R
r [ r
Ph 5 h N Ph .
anti-27, R =Bn syn-28, R = Bn
anti-29, R = Me syn-30, R = Me
anti-31, R = allyl syn-33, R = allyl
anti-33, R = OH syn-34, R = OH
RX Products anti:synratio Yield anti (de) %
BnBr anti-27, syn-28 92:8 89 (84)
Mel anti-29, syn-30 95:5 90 (>98)
allyl bromide anti-31, syn-32 81.5:18.5 83 (63)
(+)-CSO  anti-33, syn-34 >99:<1 92 (>98)

Scheme 9  Reagents and conditions: (i) LDA, THF, —78 °C, 2 h, then RX,
—78°Ctort, 16 h.

was next studied. Deallylation of 2-benzyl 27 (94% de) and cyclisa-
tion promoted by SiO,, followed by chromatographic purification,
gave syn-3-benzyl-4-aminopyrrolidinone 35 92% yield and 96%
de. LiAIH, reduction of 35 and purification to homogeneity by
chromatography gave 38 as a single diastereoisomer in 86% yield,
with subsequent hydrogenolysis giving 4-benzyl pyrrolidine 41
in 64% yield and >98% de. Cyclisation and deprotection of 2-
methyl 29 and 2-hydroxy 33 gave the corresponding pyrrolidines
syn-3-amino-4-methyl 42 and syn-3-hydroxy-4-amino 43 as sin-
gle diastereoisomers in 40 and 38% overall yield, respectively
(Scheme 10).

A
v

)

rN R
h j\
27, R=Bn, 94% de

29, R = Me, >98% de
33, R=0OH, >98% de

35, R =Bn, 92%, 96% de
36, R = Me, 94%, >98% de
37, R = OH, 94%, >98% de

: )Ph : j’h
X COMe PN Ph N
N ) A_-COMe , 2 _CO,Me
Ph . I/ N R r N R
Ph N Ph NN
anti-27, R = Bn syn-28, R = Bn
anti-29, R = Me syn-30, R = Me
anti-31, R = allyl syn-33, R = allyl
anti-33, R = OH syn-34, R = OH
RX Products anti:syn ratio Yield anti (de) %
BnBr anti-27, syn-28 97:3 94 (94)
Mel anti-29, syn-30 96:4 83 (>98)
allyl bromide anti-31, syn-32 90.5:9.5 82 (81)
(+)-CSO  anti-33, syn-34 >99:<1 86 (>98)

Scheme 8 Reagents and conditions: (i) lithium (S)-N-benzyl-N-
(o-methylbenzyl)amide, THF, —78 °C, 2 h, then RX, =78 °C to rt, 16 h.

Alternatively, via a stepwise procedure, deprotonation of f-
amino ester 5 with LDA and alkylation with benzyl bromide
also gave anti-2-benzyl-3-amino 27 as the major diastereoisomeric
product in 84% de, and in 89% yield and 84% de after purification.
Application of the stepwise protocol to enolate methylation,
allylation and oxidation was next probed. Deprotonation of f3-
amino ester 5 with LDA and functionalisation proceeded with
comparable yields and stereoselectivities for enolate methylation
and oxidation as the tandem procedure, but with a slightly de-
creased level of stereoselectivity for enolate allylation (Scheme 9).

Cyclisation and deprotection of these o-functionalised-f-amino
ester derivatives to the corresponding 3,4-syn-aminopyrrolidines

HN R

41, R = Bn, 64%, >98% de
42, R = Me, 48%, >98% de
43, R = OH, 43%, >98% de

.

Ph

38, R=Bn, 86%, >98% de
39, R = Me, 89%, >98% de
40, R = OH, 94%, >98% de

Scheme 10  Reagents and conditions: (1) PA(PPh;),, 1,3-DMBA, DCM, rt,
16 h, then SiO,, DCM; (ii) LiAlH,, THF, reflux, 12 h; (iii) H, (5 atm),
Pd(OH),/C (50% w/w), MeOH, 16 h.

Synthetic applications: asymmetric synthesis of anti-(3S,4S5)- and
syn-(3R,45)-3-methoxy-4-(/N-methylamino)pyrrolidine

With an efficient and general route to anti- and syn-3-hydroxy-
4-aminopyrrolidine demonstrated, attention turned to the
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application of this strategy to the synthesis of anti-(35,4S)-
and syn-(3R,4S)-3-methoxy-4-(N-methylamino)pyrrolidine, anti-
44 and syn-45, fragments of a series of recently reported
quinolinone- and naphthyridinone-derived synthetic products, of
which AG-7352 46 and 47 are representative. These compounds
have high in vivo and excellent in vitro antibacterial activity against
Gram positive and Gram negative bacteria, and show potent
cytotoxic activity against Murine P388 leukaemia cells (Fig. 2).%

CO,H
/Me 7 2
HN, OMe | |
%, ™
S|~
N N7 s
HN_ \—/
Me
anti-44 AG-7352 46
NH, O
Me F CO,H
HN, OMe |
{ § MeOun@ N
N A
HN,
N\
Me
syn-45 47

Fig. 2 Structures of anti-(35,4S)- and syn-(3R,4S)-3-methoxy-4-
(N-methylamino)pyrrolidine anti-44 and syn-45, 46 and 47.

Rather than use a deprotection and subsequent N-methylation
strategy in this synthesis, it was envisaged that the N-methyl
fragment within both 44 and 45 could be directly installed through
the use of the lithium (S)-N-methyl-N-(o-methylbenzyl)amide
in the conjugate addition step, with the anti diastereoisomer
44 targeted initially. Thus, conjugate addition of lithium (S)-N-
methyl-N-(o-methylbenzyl)amide to a,p-unsaturated ester 4 gave
the corresponding B-amino ester (3R,0.5)-48 in >98% de, and
in 91% yield and >98% de after purification. N-Deallylation
and cyclisation gave aminopyrrolidinone 49 in 89% yield, with
deprotonation of 49 with LiITMP followed by enolate function-
alisation with (+)-CSO giving 50 in 86% yield and >98% de
after purification. Completion of the synthesis of anti-44 was
achieved by sequential O-methylation, LiAIH, reduction and
hydrogenolysis, giving the target as its di-p-toluenesulfonic acid
salt 53 in 65% over 3 steps (Scheme 11). The spectroscopic
properties of 53 were in good agreement with those in the literature
{[al} +10.1 (¢ 1.1 in MeOH); lit.** [a]3 +10.3 (¢ 1.0 in MeOH)}.

The synthesis of syn-(3R,4S)-3-methoxy-4-(N-methylamino)-
pyrrolidine 45 was achieved using a complementary route. Conju-
gate addition of lithium (S)-N-methyl-N-(o-methylbenzyl)amide
to 4 and in situ enolate oxidation with (+)-CSO gave o-
hydroxy-B-amino ester 54 in 92% yield and >98% de. Sequen-
tial O-methylation and cyclisation via selective N-deallylation
gave pyrrolidinone 56 in 41% yield over 2 steps, with sub-
sequent LiAlH, reduction and hydrogenolytic N-deprotection
followed by acidification giving syn-(3R,4S)-3-methoxy-4-(N-
methylammonio)pyrrolidinium dichloride 58 in 84% yield over
2 steps {[a]y} —52.4 (¢ 1.0 in MeOH); 1it.* [a]Z —52.0 (¢ 0.75 in
MeOH)} (Scheme 12).
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N
H

53, 73%
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Scheme 11 Reagents and conditions: (i) lithium (S)-N-methyl-N-
(o-methylbenzyl)amide, THE, —78 °C, 2 h; (ii) Pd(PPh;),, 1,3-DMBA,
DCM, rt, 16 h, then SiO,, DCM; (iii) LITMP, THF, —78 °C, 2 h, then
(+)-CSO, THF, —78 °C to rt, 16 h; (iv) NaH, THF, 0 °C, 1 h, then Mel,
0°Ctort, 12 h; (v) LiAlH,, THF, reflux, 12 h; (vi) H, (5 atm), Pd(OH),/C
(50% w/w), MeOH, 48 h, then TsOH.

Conclusion

Lithium amide conjugate addition can be used as the key step in a
simple and efficient protocol for the preparation of 3,4-substituted
aminopyrrolidines. This methodology provides a route to both
anti- and syn-3-amino-4-alkylpyrrolidines, as well as anti- and
syn-3-hydroxy-4-aminopyrrolidines, in high de and ee via f-amino
enolate functionalisation, and has furthermore been applied to
the synthesis of anti-(35.,4S)- and syn-(3R,4S)-3-methoxy-4-(N-
methylamino)pyrrolidine in >98% de.

Experimental
General experimental

All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum-line techniques and glassware that was
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Scheme 12 Reagents and conditions: (i) lithium (S)-N-methyl-N-
(o-methylbenzyl)amide, THF, —78 °C, 2 h, then (+)-CSO, —78 °C to
rt, 12 h; (ii) NaH, THF, 0 °C, 1 h; then Mel, rt, 12 h; (iii) Pd(PPh;),,
1,3-DMBA, DCM, rt, 16 h, then SiO,, DCM; (iv) LiAlH,, THF, reflux,
12 h; (v) H, (5 atm), Pd(OH),/C (50% w/w), MeOH, 48 h, then HCI.

flame dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.* Water was purified by an Elix® UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO,. Thin
layer chromatography was performed on aluminium plates coated
with 60 F,, silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq. KMnO,, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica.

Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin—Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10™' deg cm? g™' and
concentrations in g per 100 mL. IR spectra were recorded on
Bruker Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm™'. NMR spectra were recorded on
Bruker Avance spectrometers in the deuterated solvent stated.
The field was locked by external referencing to the relevant
deuteron resonance. Low-resolution mass spectra were recorded
on either a VG MassLab 20-250 or a Micromass Platform 1
spectrometer. Accurate mass measurements were run on either a

Bruker MicroTOF and were internally calibrated with polyanaline
in positive and negative modes, or a Micromass GCT instrument
fitted with a Scientific Glass Instruments BPXS column (15 m x
0.25 mm) using amyl acetate as a lock mass.

General procedure 1 for pyrrolidinone alkylation. BuLi was
added dropwise to a stirred solution of 2,2,6,6-tetramethyl-
piperidine in THF at —78 °C. After 1 h, a solution of the requisite
pyrrolidinone in THF was added dropwise via cannula, and the
reaction mixture stirred at —78 °C for 2 h, after which a solution
of the requisite electrophile in THF was added via cannula. The
reaction mixture was allowed to warm slowly to rt over 16 h
before being quenched with saturated aq. NH,CI. The mixture was
then partitioned between DCM and brine, dried and concentrated
in vacuo.

General procedure 2 for tandem lithium amide conjugate addition
and enolate alkylation. BuLi (2.5 M in hexanes, 1.55 eq.) was
added dropwise via syringe to a stirred solution of the requisite
amine (1.6 eq.) in THF at —78 °C. After stirring for 30 min, a
solution of 4 (1.0 eq.) in THF at —78 °C was added dropwise via
cannula. After stirring for a further 2 h at —78 °C, the reaction
mixture was quenched with the requisite alkyl halide and allowed
to warm to rt over 12 h. The reaction mixture was concentrated
in vacuo and the residue was partitioned between DCM and 10%
aq. citric acid. The organic layer was separated and the aqueous
layer was extracted twice with DCM. The combined organic
extracts were washed sequentially with saturated aq. NaHCO,
and brine, dried and concentrated in vacuo.

General procedure 3 for /V-deallylation and concomitant cyclisa-
tion. Pd(PPh;), (10 mol%) was added to a stirred solution of the
requisite substrate (1 eq.) and 1,3-DMBA (3 eq.) in DCM at rt.
After stirring for 12 h, SiO, was added to the reaction mixture and
stirring continued for a further 6 h before the reaction mixture was
concentrated in vacuo.

General procedure 4 for reduction of pyrrolidinones with LiAIH,.
LiAIH, (1.0 M in hexanes) was added to a solution of the requisite
substrate in THF at 0 °C, and then heated under reflux. After
16 h, the reaction was cooled to rt and quenched with ‘wet’
Et,0. Saturated aq. sodium potassium tartrate solution and DCM
were added, the organic layer was separated and the aqueous layer
was extracted twice with DCM. The combined organic extracts
were dried and concentrated in vacuo.

General procedure 5 for hydrogenolysis. Pd(OH),/C (50% w/w)
was added to a stirred solution of the requisite substrate in
degassed MeOH, and placed under a hydrogen atmosphere. After
16 h, the reaction mixture was filtered through Celite® (eluent
MeOH) and the filtrate was concentrated in vacuo.

(3R,4R,0.5)-N(1)-Benzyl-3-benzyl-4-| N'-benzyl- V'-(a-methyl-
benzyl)amino]pyrrolid-2-one 14. BuLi (1.6 M in hexanes,
0.60 mL, 0.94 mmol), 2,2,6,6-tetramethylpiperidine (0.17 mL,
0.96 mmol) in THF (5 mL), 6 (300 mg, 0.78 mmol) in THF (5mL),
and benzyl bromide (0.18 mL, 1.56 mmol) in THF (5 mL) were
reacted according to general procedure 1 to give 14 in >98% de.
Chromatography (silica, eluent 30-40° petrol-Et,O 3 : 2) gave 14
as a white crystalline solid (348 mg, 94%, >98% de); C,,H,0,
requires C, 83.5; H, 7.2; N, 5.9%; found C, 83.3; H, 7.1; N, 5.9%;
mp 164-165 °C (DCM); [a]Z +61.1 (¢ 1.0 in CHCLy); v,,, (KBr)
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3085, 3061, 3029, 2921, 2851, 1952, 1811, 1683, 1603, 1584, 1494,
1452, 1373; 04 (400 MHz, CDCl,) 1.19 (3H, d, J 6.5 Hz, C(a)Me),
2.60 (1H, dd, J 11.0, 5.0 Hz, C(3)CH ), 2.69 (1H, app t, J 8.9 Hz,
C(5)H,), 2.86 (1H, q, J 5.2 Hz, C(3)H), 3.05 (1H, dd, J 11.0,
5.2Hz, C(3)CHsy), 3.14 (1H, dd, J 8.9,4.7 Hz, C(5)H}), 3.29-3.32
(1H, m, C(4)H), 3.63 (1H, d, J 8.3 Hz, NCH,), 3.75 (1H, d, J
8.3 Hz, NCHy), 3.81 (1H, q, J 6.5 Hz, C(a)H), 4.19 (1H, d, J
9.9 Hz, NCH,), 4.51 (1H, d, J 9.9 Hz, NCH}), 6.60-7.40 (20H,
m, Ph); dc (100 MHz, CDCl;) 14.6, 34.5, 46.4, 47.5, 48.1, 50.0,
52.9, 56.9, 126.2, 126.7, 127.1, 127.4, 128.0. 128.2, 128.3, 128.6,
128.9,129.6,129.9, 136.0, 138.0, 140.3, 143.9, 174.6; m/z (CT*) 475
(IM + HJ]*, 100%); HRMS (CI*) C;;H;sN,O* (IM + H]*) requires
475.2745; found 475.2749.

(3R,4S,0.5)-N(1)-Benzyl-3-[ V' -benzyl- V' -(a-methylbenzyl)-
amino|-4-benzylpyrrolidine 21. LiAlH, (1.0 M in THF, 1.3 mL,
1.3 mmol) and 14 (200 mg, 0.42 mmol) in THF (10 mL) were
reacted according to general procedure 4. Chromatography (silica,
eluent Et,0) gave 21 as a yellow, viscous oil (183 mg, 94%); [a];
+11.2 (¢ 1.0 in CHCL); v (film) 3061, 3027, 2930, 1602, 1494,
1452; 0y (400 MHz, CDCl;) 1.32 (3H, d, J 6.8 Hz, C(a) Me), 1.88—
1.92 (1H, m, C(5)H ), 2.09 (1H, dd, J 13.6, 10.7 Hz, C(4)CH ),
2.33 (1H, app t, J 4.5 Hz, C(2)H,), 2.39-2.45 (1H, m, C(4)H),
2.77 (1H, app t, J 9.1 Hz, C(5)H}), 2.74 (1H, dd, J 13.6, 10.1 Hz,
C(4)CHp),2.93(1H,dd, J9.8,4.3 Hz, C(2)H3), 2.96-3.02 (1H, m,
C(3)H), 3.43 (1H, d, J 13.3 Hz, NCH,), 3.64 (1H, d, J 14.8 Hz,
NCHy), 3.80 (1H, d, J 14.8 Hz, NCH,), 3.93 (1H, q, J 6.7 Hz,
C(w)H), 4.19 (1H, d, J 14.7 Hz, NCH}y), 7.20-7.51 (20H, m, Ph);
dc (100 MHz, CDCl;) 13.3, 38.6, 46.0, 50.4, 55.8, 56.6, 58.4, 60.6,
61.8, 126.7, 126.8, 128.6, 128.8, 127.8, 128.1, 128.3, 128.4, 128.7,
139.3,141.6,141.9,144.7;m/z (CI*) 461 (IM + H]*, 100%); HRMS
(CI*) C;3Hy;Ny* ([M + HYY) requires 461.2957; found 461.2965.

(3R ,4S5)-3-Amino-4-benzylpyrrolidine 24. Pd(OH),/C (50 mg,
25% w/w), 21 (200 mg, 0.43 mmol) in MeOH (5 mL) and
H, (5 atm) were reacted according to gemeral procedure 5.
Chromatography (basic alumina, eluent MeOH) gave 24 as a
colourless crystalline solid (70 mg, 60%); mp 65-67 °C; [a]} +35.0
(¢ 1.6 in MeOH); v, (film) 3406, 1604, 1495; dy (400 MHz, d,-
MeOH) 2.23-2.33 (1H, m, C(4)H), 2.60 (1H, dd, J 11.4, 6.1 Hz,
C(5)H,), 2.83-2.93 (2H, m, C(2)H,, C(4)CH,), 3.01 (1H, dd,
J 11.1, 5.4 Hz, C(5)H}), 3.20-3.32 (2H, m, C(3)H, C(4)CHy),
3.39 (1H, dd, J 10.4, 5.7 Hz, C(2)H}), 7.11-7.32 (5H, m, Ph); d¢
(100 MHz, CDCl,) 37.3, 48.7, 50.3, 55.5, 56.1, 126.5, 128.6, 128.7,
128.9, 140.4; m/z (ESI*) 177 (IM + HJ*, 100%); HRMS (ESI*)
C, H;;N,* (IM + H]") requires 177.1392; found 177.1395.

Methyl (2S,3R,0.5)-2-benzyl-3-[ N-benzyl- N-(a-methylbenzyl)-
amino]-4-(N’-benzyl-/V'-allylamino)butanoate anti-27. Tundem
procedure: BuLi (2.5 M in hexanes, 0.63 mL, 1.58 mmol), (S)-N-
benzyl-N-(a-methylbenzyl)amine (0.34 mL, 1.63 mmol) in THF
(5mL), 4 (0.25 g, 1.02 mmol) in THF (5 mL), and BnBr (0.6 mL,
5.10 mmol) were reacted according to general procedure 2 and gave
a 97 : 3 mixture of anti-27:syn-28. Chromatography (silica, eluent
30-40° petrol-Et,O 20 : 1) gave anti-27 as a yellow oil (522 mg,
94%, 90% de); [a]Z —4.1 (¢ 1.0 in CHCL,); vy, (film) 1644, 1733,
2834, 3441; 0y (400 MHz, CDCl;) 1.34 (3H, d, J 6.8 Hz, C(a) Me),
2.37(1H,dd, J 17.0,2.9 Hz, C(4)H »),2.72 (1H, dd, J 10.8,3.2 Hz,
C(2)CH,), 2.78 (1H, dd, J 17.0, 2.4 Hz, C(4)H};), 2.91-3.01 (2H,
m, C(2)CHy, CH,H;CH=CH,), 3.03-3.12 (1H, m, C(2)H), 3.17

(1H, dd, J 14.2, 5.8 Hz, CH,H;CH=CH,), 3.21-3.26 (1H, m,
C(3)H), 3.32 (3H, s, OMe), 3.48 (1H, d, J 12.8 Hz, NCH,), 3.73
(1H, d, J 12.8 Hz, NCHy), 3.77 (2H, s, NCH,), 3.98 (1H, q, J
6.8 Hz, C(w)H), 5.10-5.19 (2H, m, CH=CH,), 5.71-5.92 (1H, m,
CH=CH,), 6.85-7.42 (20H, m, Ph); 6 (100 MHz, CDCl,) 14.8,
35.6, 50.3, 50.8, 50.9, 55.4, 56.7, 57.0, 57.2, 58.9, 117.7, 125.7,
126.7,126.9, 127.8, 128.0, 128.1, 128.2, 128.4, 128.7, 128.9, 129.1,
135.5, 138.8, 140.7, 141.0, 144.1, 173.3; m/z (CI*) 547 (IM + H]*,
100); HRMS (EI*) Cy,H;N,O,* (IM + HJ*) requires 547.3325;
found 547.3328.

Data for syn-28. oy (400 MHz, CDCl,;) [selected peaks] 1.42
(3H, d, J 6.7 Hz, C(a)Me), 2.30 (1H, d, J 14.0 Hz, C(4)H,),
2.55-2.62 (2H, m, C(2)CH ,, C(4)H), 2.82-3.01 (3H, m, C(2)H,
C(2)CHy, CH\H;CH=CH,), 3.25 (3H, s, OMe), 3.36-3.52 (3H,
m, C(3)H, CH,H;CH=CH,, NCH,), 3.68 (1H, d, J 12.6 Hz,
NCH,), 3.80 (1H, d, J 12.7 Hz, NCH,), 3.91 (1H, d, J 12.7 Hz,
NCHsy), 4.07 (1H, q, J 6.7 Hz, C(0)H).

Stepwise procedure. BuLi (2.5 M in hexanes, 1.72 mL,
4.30 mmol) was added dropwise to a solution of di-iso-
propylamine (0.62 mL, 4.40 mmol) in THF (5 mL) at 0 °C. After
1 h, the LDA solution was added to a solution of 5 (1.00 g,
2.20 mmol) in THF (5 mL) at —78 °C. The reaction mixture
was stirred for 2 h before being quenched with BnBr (1.60 mL,
13.2 mmol), and allowed to warm slowly to rt overnight. Saturated
aq. NH,Cl (25 mL) was added, the reaction mixture was extracted
with CHCI; (3 x 25 mL) and the combined organic extracts were
washed sequentially with saturated aq. NaHCO; (25 mL) and
brine (25 mL), dried and concentrated in vacuo to give a 92 : 8
mixture of anti-27 : syn-28. Chromatography (silica, eluent 30-40°
petrol-Et,0 20 : 1) gave a mixture of anti-27 and syn-28 as a yellow
oil (1.07 g, 89%, 84% de).

(3S,4R,a.5)-N(1),3-Dibenzyl-4-| N'-benzyl-N'-(a-methylbenzyl)-
amino|pyrrolid-2-one 35. Pd(PPh;), (451 mg, 0.39 mmol) was
added to a rapidly stirred solution of anti-27 (2.0 g, 3.7 mmol,
94% de) and 1,3-DMBA (2.01 g, 13.0 mmol) were reacted
according to general procedure 3. Chromatography (silica, eluent
30-40° petrol-Et,O 30 : 1) gave 35 as a clear oil (1.60 g, 92%,
96% de); [aly +5.9 (¢ 1.0 in CHCL,); vy, (film) 3062, 3028, 2968,
1733, 1687, 1603, 1494; 6, (400 MHz, d,-MeOH) 1.22 (3H, d,
J 7.0 Hz, C(a)Me), 2.66-2.74 (1H, m, C(4)H), 2.95 (1H, dd, J
14.7,5.3 Hz, C(5)H,), 3.11 (1H, dd, J 14.7, 7.4 Hz, C(5)H3), 3.29
(2H, s, NCH,Ph), 3.32-3.41 (2H, m, C(3)CH,), 3.60-3.67 (1H,
m, C(3)H), 3.80 (1H, q, J 7.0 Hz, C(0)H), 4.24 (1H, d, J 14.3 Hz,
NCH HyPh), 4.59 (1H, d, J 14.3 Hz, NCH,HPh), 6.90-7.41
(15H, m, Ph); dc (100 MHz, d,-MeOH) 12.8, 29.4, 46.4, 47.6,
48.0, 50.3, 53.5, 56.1, 125.7, 127.0, 127.3, 128.1, 128.2, 128.3,
128.5, 128.8, 136.6, 139.7, 141.4, 142.7, 176.8; m/z (CI*) 475
(IM + HJ*, 100%); HRMS (CI*) C;;H;;N,O* (IM + HJ*) requires
475.2749; found 475.2757.

(BR,4R,0.5)-N(1),4-Dibenzyl-3-| N'-benzyl-N'-(a-methylbenzyl)-
amino]pyrrolidine 38. LiAlH, (1.0 M in THF, 3.16 mL,
3.16 mmol) and 35 (500 mg, 1.05 mmol, 96% de) in THF (10 mL)
were reacted according to general procedure 4. Chromatography
(silica, eluent Et,O) gave 38 as a colourless oil (418 mg, 86%,
>98% de); [a]Z —53.5 (¢ 1.0 in CHCL); vy, (film) 3084, 3061,
3026, 2965, 2795; 64 (400 MHz, CDCl;) 1.41 (3H, d, J 6.8 Hz,
C(a)Me), 2.32-2.43 (2H, m, C(4)H, C(5)H ), 2.54-2.62 (1H, m,
C(4)CH,), 2.66 (1H, dd, J 9.1, 7.2 Hz, C(5)H3), 2.74 (1H, dd, J
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9.4, 7.6 Hz, C(2)H,), 2.83 (1H, dd, J 9.4, 7.3 Hz, C(2)H}), 3.32
(1H, dd, J 11.8, 1.7 Hz, C(4)CH}), 3.54 (1H, q, J 7.5 Hz, C(3)H),
3.61 (2H, s, NCH,Ph), 3.99 (2H, s, NCH,Ph), 4.08 (1H, q, J
6.8 Hz, C(0)H), 7.10-7.62 (20H, m, Ph); é. (100 MHz, CDCl;)
13.6, 36.2, 44.4, 53.1, 56.0, 56.6, 58.7, 59.3, 60.8, 125.7, 126.7,
126.9, 128.0, 128.1, 128.3, 128.4, 128.6, 128.9, 139.4, 141.3, 142.5,
143.8; m/z (CI*) 461 (IM + H]*, 100%); HRMS (CI*) C3;;Hj N, *
(IM + H]*") requires 461.2957; found 461.2957.

(3R,4R)-3-Amino-4-benzylpyrrolidine 41. Pd(OH),/C (140 mg,
50% w/w), 38 (280 mg, 0.61 mmol) in MeOH (5 mL) and H,
(5 atm) were reacted according to general procedure 5. Chromatog-
raphy (basic alumina, eluent MeOH) gave 41 as a colourless oil
(103 mg, 64%); [al; —39.1 (¢ 1.1 in CHCLy); vy, (film) 3358, 2928,
1495; 6 (400 MHz, d,-MeOH) 2.53-2.66 (1H, m, C(4)H), 2.69
(1H, dd, J 11.5, 3.8 Hz, C(4)CH,), 2.93 (1H, dd, J 11.5, 7.6 Hz,
C(4)CHyp), 3.16-3.23 (3H, m, C(2)H,, C(5)H,), 3.40 (1H, dd, J
12.1, 6.8 Hz, C(2)H3), 3.62-3.65 (1H, m, C(3)H), 4.89 (1H, br s,
NH,),7.16-7.34 (SH, m, Ph);d. (100 MHz, d,-MeOH) 33.6, 44.9,
48.9, 52.3, 52.7, 126.6, 128.7, 128.8, 139.8; m/z (CI*) 177 (IM +
H]*, 100%); HRMS (CT*) C,;H;;N,* (M + H]*) requires 177.1392;
found 177.1393.
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Selected 5-ethynyl derivatives of 2'-deoxyuridine are shown
to fluorometrically respond to hybridization and selectively
base-pair to adenine whilst maintaining duplex stability.

With advances in genome sequencing, there is an increasing need
for probes and other molecular tools for clincal diagnostics,
environmental and agricultural monitoring, and research use.
Of the various techniques used for detection of hybridization
events, fluorescence-based methods are popular because of their
sensitivity, rapidity and possibility of automation.

Over the last several years, there has been much research into
fluorescent derivatives of nucleosides for use as hybridization
probes. Nucleoside derivatives that remain capable of recognition
of a complementary base have been termed “base discriminating
fluorescent” nucleosides,' or fluorescent DNA base replacements.”
Within the various and diverse structures of fluorescent nucleo-
sides possessing a modified nucleobase, two general subclasses
of fluorophores can be differentiated based on the nature of
the chromophore. One manifestation is achieved by appending
a relatively large fluorophore to the nucleobase® while the other
approach relies on transforming the base-pairing moiety itself into
afluorophore.* Potential advantages of the latter approach are that
the chromophore is minimized and one can also take advantage of
the predictable change in environment of the nucleobase between
the single-stranded state and duplex states.

Recently, there has also been some interest in minimized
chromophores based on derivatization of uracil, such as the
compact 5-biaryl derivatives, used for the detection of abasic
sites.® It has long been recognized that the bicyclic uracil derivative
furanouracil, that is prepared from 5-alkynyluracil, is fluorescent,
Fig. 1. However, upon formation of the fused ring, its hydrogen
bonding properties change such that it is no longer complementary
to adenine. Only quite recently has it been clearly described
that structurally simple 5-phenylethynyl-derivatives of uracil are
intrinsically fluorescent and that a large extrinsic chromophore is
not a structural requirement.”® Although structurally modest 5-
alkynyluracil derivatives (e.g. alkyl, phenyl) have been extensively
studied in nucleic acid analogs, their fluorescence properties and
use as fluorescent labels has been largely overlooked. Herein, we
report that simple, compact acyclic precursors to furanouracil
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Fig. 1 Structure of 5-alkynyluridine and its proposed base-pairing (left)
compared to the cyclic derivative furanouridine. dR = 2'-deoxyribose.

are fluorescent, that the fluorescence is responsive to the state
of hybridization and the modified bases maintain the fidelity of
base-pairing, Fig. 1.

Previously, we have reported that N1-unsubstituted and N1-
alkyl derivatives of 5-alkynyluracils are potential fluorophores for
use in the oligonucleotide analog peptide nucleic acid (PNA).?
Since the chemistry and use of oligodeoxynucleotides are much
better developed and more accessible to the research community,
as compared to PNA chemistry, we pursued the study of the same
modifications in DNA. These fluorophores are readily prepared
according to Scheme 1.
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Scheme 1 Synthesis of the (2'-deoxy-B-D-ribo-pentofuranosyl)-5-alkynyl-
uridine derivatives suitable for oligonucleotide synthesis, via the bis-
(acetylated) nucleoside. (i) Ac,O, py, 24 h. (ii)) RC=CH, Pd(PPh;),, Cul,
Et;N, DMF, rt, 24 h. (iii) py—EtOH (1 : 5, v/v), 1| M NaOH, 4 °C.
(iv) DMT-CI, py, 5 h. (v) Cl(i-Pr,N)POCH,CH,CN, CH,Cl,, NEt;. Overall
chemical yield from the common intermediate 5-iodo-5',3'-O-bis(acetyl)-
2'-dexoyuridine, is shown.

Firstly, the commercially available 5-iodo-2'-deoxyuridine was
acetylated and then employed as a substrate in the Sonogashira
coupling with a small selection of terminal alkynes.” Subsequent
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saponification gave the nucleoside derivative, which, after standard
transformations, yielded the phosphoramidite reagent.

Although these conditions worked well, the coupling with
methyl propargyl ether gave a product with better aqueous
solubility than the corresponding 5-phenylethynyl nucleosides and
this resulted in losses during the aqueous workup. To circumvent
this difficulty, dimethoxytritylation of 2’-deoxy-5-iodouridine was
done first, followed by cross-coupling as previously reported,
Scheme 2. This method gave a better yield of 1a, was one step
shorter and was suitable for the other alkynes used, leading to
improved overall yields as compared to the approach in Scheme 1.§
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Scheme 2 Synthesis of the (2'-deoxy-B-D-ribo-pentofuranosyl)-5-alkynyl-
uridine derivatives suitable for oligonucleotide synthesis via the 5'-di-
methoxytrityl nucleoside (i) DMT-CI, py, 5 h. (ii) CH;OCH,C=CH,
Pd(PPh;),, Cul, Et;N, DMF, rt, 24 h. (iii) CI(i-Pr,N)POCH,CH,CN,
CH,Cl,, NEt;.

The three modified nucleosides were incorporated into
oligodeoxynucleotides, using standard conditions with the excep-
tion of extended coupling time (3 min), Table 1. Each modification
is tolerated, having a negligible effect on the overall duplex stability
while maintaining excellent mismatch discrimination—properties
that are in accord with literature precedent."

The base-modified nucleosides were also placed at either the
3- or 5-terminus and showed no deleterious effect on duplex
stability, Table 2. The thermal denaturation temperature (7'm)
data support the conclusion that the expected hydrogen bonding
is in operation and that the S-substitution does not substantially
affect the tautomeric form of the uracil.

Table 1 Thermal denaturation data for DNA sequences®

Tm/°C*

Target strand (3’ — 5')

Central modification GCG-TTA-X-ATT-GCG

DNA sequence (5 — 3') X=A X=G X=C X=T

6 7 8 9

CGC-AAT-T-TAA-CGC 51.5 425 395 405
CGC-AAT-Y™FU-TAA-CGC 52.0 420 40.0 415
CGC-AAT-""U-TAA-CGC 51.5  40.0 405 39.0
CGC-AAT-YO"™U-TAA-CGC 49.5 39.5 39.5 38.5

NN WN

In bold: modified nucleobase and complement. Ionic conditions: 100 mM
NaCl, 10 mM Na,HPO,, 0.1 mM EDTA, pH 7.0. Y*U = (2'-deoxy-p-
D-ribo-pentofuranosyl)-5-methoxymethylethynyluridine. " U = (2'-deoxy-
B-D-ribo-pentofuranosyl)-5-phenylethynyluridine. M°*"U = 2'-deoxy-B-D-
ribo-pentofuranosyl)-5-(para-methoxy)phenylethynyluridine.

Table 2 Thermal denaturation data for DNA sequences®

5" Terminus modification Target strand (3' — 5')

5 —-3) AGG-TCG-CGT-TG

10 TCC-AGC-GCA-AC 53.0
11 “™EUCC-AGC-GCA-AC 525
12 "™UCC-AGC-GCA-AC 53.5
13 MOPUCC-AGC-GCA-AC  53.0

Target strand (3' — 5')
CGG-ATT-GAA-GGC-CTC-TAC-A

3’ Terminus modification

14 GCC-TAA-CTT-CCG- 63.0
GAG-ATG-T

15 GCC-TAA-CTT-CCG- 63.0
GAG-ATG-"™FU

16 GCC-TAA-CTT-CCG- 62.0
GAG-ATG-""U

17  GCC-TAA-CTT-CCG- 63.0
GAG-ATG-M°"U

In bold: modified nucleobase and complement.“ See Table 1, footnote.

Table 3 Spectral data for modified 2'-deoxyuridines

& A/nm® A/nm
Modification (260 nm) Excitation Emission
la MMETT 4100 350 450
1b i) 14075 320 400
1c MeOPRJ 19450 330 450

“ Extinction coefficients were determined for the nucleoside by Beer’s plot.
b Excitation and emission data are reported for single-stranded oligomers
3,4 and 5, representing the modifications 1a, 1b, and 1c, respectively.

The fluorescence properties of the oligomers were subsequently
examined according to the parameters shown in Table 3, under
identical conditions as the thermal denaturation studies (concen-
tration and ionic strength) to maintain the same 7m value as
observed in the thermal denaturation experiments.

From our earlier synthetic studies on cytosine nucleobase
derivatives,'> we expected the 5-methoxymethylethynyl-derivatized
uracil (1a) to demonstrate relatively poor fluorescence emission in
comparison to the phenylethynyl cogeners (1b,¢). Although this
was found, oligomer 3 also demonstrated an excellent ability to
fluorometrically report hydridization. As illustrated in Fig. 2, at
2 uM strand concentration, the single-stranded species (grey line)
has little fluorescence, whereas in the presence of complementary
DNA (6), a six-fold increase in fluorescence intensity is observed.

We reasoned that we could improve on the weak fluorescence,
yet maintain a compact fluorophore by employing an unsaturated
substituent on the alkyne. Thus, compound 1b was prepared
and incorporated into an oligomer (4). Indeed, compared to 3,
the emission is more intense, yet a loss in the fluorescent-based
discrimination between the single-stranded 4 (grey line) and its
matched complex (4 + 6, black line) was observed (2-fold change),
Fig. 3.

To maintain the compactness of the overall chromophore, we
were inspired to investigate the p-methoxyphenylethynyl sub-
stituent (1c). This substituent proved to impart the combined
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Fig. 2 Steady state fluorescence response of a 5-methoxymethylethyny-
luracil-containing oligonucleotide (3) in the presence of complementary
oligonucleotide 6 (black) as compared to single-strand (grey). Oligonu-
cleotides at 2.0 uM in 100 mM NacCl, 10 mM Na,HPO,, 0.1 mM EDTA,
pH 7.0,22°C.
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Fig.3 Steady state fluorescence response of a 5-phenylethynyluracil-con-
taining oligonucleotide (4) in the presence of complementary oligonu-
cleotide 6 (black) as compared to single-strand (grey). Oligonucleotides
at 2.0 uM in 100 mM NacCl, 10 mM Na,HPO,, 0.1 mM EDTA, pH 7.0,
22 °C.

desirable properties of relatively high emission and a large change
in fluoresence upon hybridization. In this instance, a six-fold
increase in fluorescence intensity was observed when oligomer
5 bound complementary DNA (6), Fig. 4.
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Fig. 4 Steady state fluorescence response of a 5-(p-methoxyphenyl-
ethynyl)uracil-containing oligonucleotide (5) in the presence of comple-
mentary oligonucleotides 6 (black) as compared to single-strand (grey).
Oligonucleotides at 2.0 uM in 100 mM NaCl, 10 mM Na,HPO,, 0.1 mM
EDTA, pH 7.0, 22 °C.

The fluorescence reporting ability of these nucleobases was
examined when placed at either 5'- or 3'-terminal positions
(oligomers 10-17). Generally, the fluorescence signal of the
terminally modified oligonucleotides was unresponsive to state

of hybridization. Taken altogether, the fluorescence response is
consistent with the idea that the modified base experiences less
quenching in the rigid, hydrophobic base stack environment
compared to the unstructured and solvent exposed single-strands
or terminal positions that are susceptible to end-fraying.

The fluorescence response of the centrally modified oligomers
to mismatches is interesting.t Even though the experimentally
determined thermal denaturation data (Table 1) and calculated
Tm data® indicate roughly equal thermodynamic stability of
the mismatched hybrid duplexes, irrespective of the nature of
the mismatch, the fluorescence data infers different environments
for the chromophore. For each mismatched duplex, when the 5-
modified nucleobase is across from guanine (e.g. duplexes 3 + 7,
4 + 7,5+ 7), the emission spectrum is more similar to the single-
strand spectrum than the duplex, that is, it suffers from an almost
equivalent amount of quenching. Whereas, for the oligomers
bearing the phenylethynyl-modified bases (4, 7), a mismatch to
thymine produces less quenching. Finally, a mismatch to cytosine
produces spectra that are more similar to the fully matched duplex
than any other mismatch or the single-strand. These results suggest
that the chromophore is sensitive to its local environment and may
be useful for examining changes in structure that are more subtle
than complete denaturation/renaturation. Currently, we present
a phenomenological description of the fluorescence response;
further studies are needed to characterize the photophysical basis
of these observations.

In conclusion, we show that structurally simple and compact
S-alkynyl-derivatized 2'-deoxyuridines are fluorescent reporters
of hybridization events when placed at internal positions in
oligodeoxynucleotides. In addition, the chromophores are re-
sponsive to their local structure/environment and therefore have
potential use in the examination of nucleic acid conformation or
nucleic acid-ligand interactions.
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RNA oligomers having multiple (2 to 4) pyrenylmethyl substituents at the 2'-O-sugar residues were
synthesized. UV-melting studies showed that the pyrene-modified RNAs could form duplexes with
complementary RNA sequences without loss of thermal stability. Absorption, fluorescence, and
circular dichroism (CD) spectra revealed that the incorporated pyrenes projected toward the outside of
A-form RNA duplexes and assembled in helical aromatic arrays along the minor grooves of the RNA
duplexes. Results of computer simulations agreed with the assembled structures of the pyrenes. The
helical pyrene arrays exhibited remarkably strong excimer fluorescence, which was dependent on the

sequence contexts of RNA duplexes.

Introduction

DNA and RNA can be used to arrange chromophores in
defined spaces and distances. Their self-assembling properties,
into duplexes, triplexes, and quadruplexes, may be useful in
forming specifically arranged structures.” Such nanoscale space
arrangements are anticipated to be applicable in materials science
research and in biotechnology.

Pyrene has attracted particular interest among various aromatic
chromophores because of the ease of synthetic conversion and
its high quantum efficiency in both monomer and excimer
fluorescence.’*'? Attempts to incorporate multiple pyrenes into
DNA and RNA chains have been made using organic or enzymatic
synthesis methods.”*" n-Stacked structures between pyrenes can
be formed in double-stranded or even in single-stranded DNA,
which results in characteristic excimer fluorescence due to the
interaction between pyrenes in electronically excited states and
ground states. Such fluorescence may be utilized in homogeneous
biological assays.

We have previously reported that multiple-pyrene-modified
oligo(rU,y)-oligo(rA,)) duplexes at consecutive 2'-positions ex-
hibit unusually strong excimer fluorescence.** The modified du-
plexes exhibit exciton-coupled CD signals in the region of the
pyrene absorption band (300 to 380 nm), whereas the single-
stranded pyrene-modified oligo(rU,,) RNAs exhibit only negative
induced CD signals. On the basis of the CD and other spectral
data, we tentatively determined the pyrene structure to be a helical
arrangement of m-aromatics along the RNA double helix. How-
ever, the detailed structural features of multiple-pyrene-modified
RNA duplexes and the effects of RNA sequences on pyrene
association have not yet been determined. This determination
is necessary to gain insight into pyrene-modified RNAs for the
development of new materials and biotechnological applications.

We describe the structures of the multiple-pyrene-modified
RNA duplexes that were characterized by spectroscopic analyses,
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molecular dynamics (MD) calculations, and CD simulations, and
we discuss the pyrene associations along the RNA duplexes.

Results
RNA synthesis

The pyrene-modified RNAs and their complements that were
used are shown in Chart 1. Introduction of pyrene moieties (U,,,
A,,, and C,, residues) into RNA sequences was carried out by
a conventional phosphoramidite method using protected phos-
phoramidite derivatives of 2'-O-(1-pyrenylmethyl)ribonucleosides.
U,, was synthesized as previously described.” A, and C,, were
prepared from unprotected ribonucleosides and pyrenylmethyl
chloride using a base promoted reaction, as shown in Scheme 1.
The protected pyrene-modified ribonucleosides were converted by
a standard method into their phosphoramidite derivatives. The
pyrene-modified RNAs Pns (n = 1-4) have a U,, domain in the
middle of the strand. The RNAs Qns (n = 1-4) have a mixed
sequence of five bases at each end of rU,, containing the U,
domain displaced 1 to 4 bases from the edge of the rU,,. The
RNAs Rns (n = 1-3) have U,,, A,,, and C,, units in the middle of
the strand.

Thermal dissociation

Helical stability of pyrene-modified RNA duplexes was evaluated
by UV-melting studies in a buffer of pH 7 containing 0.1 M
NacCl, 0.01 M NaHPO,, and 1 mM EDTA. The melting profiles
for all the pyrene-modified RNA duplexes exhibited single-phase
transitions similar to those of unmodified RNA duplexes. The
melting temperatures (7,) of the pyrene-modified RNA duplexes
are summarized in Table 1. The 7', values of Pn-X differ by 1.5-
2.5 °C from those of corresponding unmodified RNA duplex
P0-X. Qn-Ys (n = 1-4) melt at temperatures 2.0-3.9 °C higher
than QO0-Y and Rn-Zs (n = 1-3) and melt at temperatures 3.9—
7.8 °C lower than RO0-Z. Pyrene-modified RNA duplexes are
therefore stable under conditions for structural observation at
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PO: 5-UUU UUU UUU UUU UUU UUU UU-3' B

P1: 5-UUU UUU UUU U,,UU UUU UUU UU-3'

P2: 5-UUU UUU UUU Uy, U,,U UUU UUU UU-3' :

P3: 5-UUU UUU UUU U, Uy, U, UUU UUU UU-3' 6

P4: 5-UUU UUU UUU,, U,,U,,U,, UUU UUU UU-3' .

P2’ 5-UUU UUU UUU U,,UU,, UUU UUU UU-3'
X: 5-AAA AAA AAA AAA AAA AAA AA-3' o o

Q0: 5-CGU CAU UUU UUU UUU CAG AC-3' : \’5
Q1: 5-CGU CAU UUU UUU UUU,, CAG AC-3' i =/

Q2: 5-CGU CAU UUU UUU UU,, Uy, CAG AC-3'

Q3: 5-CGU CAU UUU UUU U, U, U, CAG AC-3'

Q4: 5-CGU CAU UUU UUU,, U, U, U, CAG AC-3 ;
Y: 5-GUC UGA AAA AAA AAA UGA CG-3' &

RO: 5'-ACA AGU UUA CUC AAC GCG AG-3'

B ™
B : Base

(o]
o-
o

R1: 5-ACA AGU UUA CU,,C AAC GCG AG-3 Sl O—CHs e ca L B
R2: 5-ACA AGU UUA C,,U,,,C AAC GCG AG-3 0=P—0 0—||>70‘
R3: 5-ACA AGU UUA,, C,,U,,C AAC GCG AG-3 B
Z: 5-CUC GCG UUG AGU AAA CUU GU-3'
Chart 1 Sequences of pyrene-modified RNAs.
Cl 1) TMS-CI
HO X O Ho o X 2) BzCl
(0] NaH # 3) NH3aq
+ T 1 I
DMF HO (6] idi
HO OH \I Pyridine
Py
1: X = adenine -
5: X = cytosine Py = pyreneyl
HO X DMTFO x DMTrO o X
o o}
DMT-CI \/J (i-PraN),POCH,CH,CN, tetrazole
— ) ! -0 (e}
HO (6} o—P
j Pyridine HO O CH,Cl, /\/ lll \'l3
Py Py NC ‘< \( y
2: X = N-benzoyladenine 3: X = N-benzoyl f
oz h : yladenine
6: X = N-benzoylcytosine 7: X = N-benzoylcytosine 4: X = N-benzoyladenine
8: X = N-benzoylcytosine

Scheme 1

Table 1 T, values for pyrene-modified RNA duplexes”

Table 2 Absorption maximums (4,,,) of pyrene-modified RNAs*

Pn-X T,./°C Qn-Y T,/°C Rn-Z T,./°C RNA Amax/ I RNA Dmax/ RNA -~
P0-X 45.0 Q0-Y 50.0 RO-Z 73.7 P1 348 Q1 349 R1 349
P1-X 46.5 Q1-Y 53.9 R1-Z 69.8 P1-X 353 Q1-Y 352 R1-Z 352
P2-X 47.5 Q2-Y 53.9 R2-Z 68.9 P2 348 Q2 349 R2 348
P3-X 46.6 Q3-Y 52.9 R3-Z 65.9 P2-X 347 Q2-Y 350 R2-Z 345
P4-X 42.7 Q4-Y 52.0 P3 349 Q3 350 R3 349
P3-X 349 Q3-Y 350 R3-Z 345

“ Measurements were carried out at 260 nm for a 1 : 1 mixture of P4 349 Q4 349

oligonucleotides with increase in temperature from 20 to 80 °C at a rate P4-X 350 Q4-Y 349

0f 0.5 °C min~". Buffer contained 0.01 M sodium phosphate, 0.1 M NaCl, P2 348

and 1 mM EDTA-2Na adjusted to pH 7.0. The concentration of RNA P2-X 352

was 5 x 107 M.

room temperature. The introduction of multiple pyrenes barely
affected the thermal stability of the RNA duplexes.

Absorption spectra

In the absorption spectra of pyrene-modified RNAs, a short-
wavelength (about 260 nm) absorption band attributed to the
overlapping of nucleobases and pyrenes, and a long-wavelength
(300-370 nm) absorption band attributed to the 0-0 absorption for
the 'L, transition of pyrene, were observed.?? Table 2 summarizes

“ Absorption spectra were measured at room temperature in a buffer
containing 0.01 M sodium phosphate, 0.1 M NaCl, and | mM EDTA-2Na
adjusted to pH 7.0. The concentration of RNA was 5 x 10~° M.

the absorption maximums of the pyrene 'L, transition. The single-
stranded pyrene-modified RNAs (Pns) exhibited an absorption
maximum at a wavelength of 348 to 349 nm. Upon hybridization
with complementary RNA, the absorption maximum of P1 shifted
by about 5 nm to a lower energy. In contrast, the pyrene absorption
maximum of Pns (n = 2-4) barely shifted upon hybridization.
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Similarly, the absorption maximum of single-stranded Q1
appeared at 349 nm and shifted by about 3 nm to a lower energy
upon hybridization with Y. The absorption of single-stranded Qns
(n = 2-4) and double-stranded Qn-Ys (n = 2-4) appeared near
349 nm. In the cases of Rns, the absorption maximum of R1 shifted
to longer wavelengths, but the absorption maximum of R2 and R3
shifted to shorter wavelengths upon hybridization with Z.

When two pyrenes were separated by one nucleotide in P'2, the
pyrene absorption band appeared at 348 nm and shifted to 352 nm
upon hybridization.

Fluorescence spectra

In the fluorescence spectra of Pn-Xs reported previously,? the
monomer intensity of P1-X was about 20 times higher than that
of P1, and the excimer intensities of Pn-Xs (n = 2-4) were about 1
to 10 times higher than that for single-stranded Pns (n = 2-4).

The fluorescence behavior of Qns and Rns was similar to that
of Pns. The mono-pyrene-modified Q1 exhibited only monomer
fluorescence in both single-stranded and double-stranded forms,
and the monomer fluorescence intensity in double-stranded Q1-
Y was about 10 times higher than that in single-stranded Q1.
The multiple-pyrene-modified Qns (n = 2-4) exhibited weak
monomer and excimer fluorescence. The double-stranded Qn-
Ys (n = 2-4) also exhibited monomer and excimer fluorescence
similar to corresponding Qns (n = 2-4) in spectral features, but
their fluorescence intensities were about 2 times higher than that
of Qns (Fig. 1). Similarly, the fluorescence intensities of Rn-Zs
were about 1 to 10 times higher than that of Rn (Fig. 2).
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Fig.1 (a) Fluorescence spectra of Qns (n = 1-4). (b) Fluorescence spectra
of Qn-Ys (n = 1-4). The measurements were carried out at a strand
concentration of 2.5 x 107® M at room temperature in a buffer containing
0.01 M sodium phosphate and 0.1 M NaCl, adjusted to pH 7.0. The
excitation wavelength was 350 nm.

The fluorescence behavior of P'2 was different from that of
other multiple-pyrene-modified RNAs. Monomer and excimer
fluorescence were observed in single-stranded P'2. The monomer
fluorescence intensity was more than 10 times greater, however,
the excimer fluorescence disappeared upon hybridization with Z
(Fig. 3).

Circular dichroism spectra

CD spectroscopic analyses of the pyrene-modified RNAs were
performed to investigate structural preferences. The CD spectra of
Pns (n = 1-4) exhibited positive CD signals at wavelengths shorter
than 300 nm and negative induced CD signals in the region of 300
to 360 nm.? On the other hand, the CD spectra of double-stranded
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Fig.2 (a) Fluorescence spectra of Rns (7 = 1-3). (b) Fluorescence spectra
of Rn-Zs (n = 1-3). The measurements were carried out at a strand
concentration of 2.5 x 10~ M at room temperature in a buffer containing
0.01 M sodium phosphate, 0.1 M NaCl, and 1 mM EDTA-2Na adjusted
to pH 7.0. The excitation wavelength was 350 nm.

Intensity
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Fig. 3 Fluorescence spectra of P2" and P2'-X (strand concentration of
2.5 x 107* M) at room temperature in a buffer containing 0.01 M sodium
phosphate, 0.1 M NaCl, and 1 mM EDTA-2Na adjusted to pH 7.0. The
excitation wavelength was 350 nm.

Pn-Xs (n = 2-4) exhibited CD signals due to right-handed A-
form RNA below 300 nm and positive Cotton effects attributed to
exciton coupling between pyrenes in the region of 300 to 360 nm.**
The profiles of the exciton coupled CD signals for Pn-X (n = 2-4)
were very similar to each other, and the intensities of the signals
increased with the number of incorporated pyrenes.

Fig. 4 shows the CD spectra of Qn-Ys (n = 1-4) and Rn-Zs
(n = 1-3) at room temperature. The CD profiles below 300 nm for
all the pyrene-modified duplexes were similar to that of a typical
right-handed A-form RNA. The exciton-coupled CD signals in
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Fig.4 (a) CD spectra of Qn-Ys (n = 1-4). (b) CD spectra of Rn-Zs (n =

1-3). The measurements were carried out at a strand concentration of

2.5 x 107 M at room temperature in a buffer containing 0.01 M sodium
phosphate, 0.1 M NaCl, and | mM EDTA-2Na adjusted to pH 7.0.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1945-1951 | 1947





the region of 300 to 360 nm were observed for multiple-pyrene-
modified Qn-Ys (n = 2-4) and Rn-Zs (n = 2-3).

Discussion

For the mono-pyrene-modified RNAs, the pyrene absorption band
shifted to longer wavelengths and the pyrene-monomer fluores-
cence was enhanced upon hybridization. These results indicate
that the pyrene was free of interactions with nucleobases and
that the environment changed from hydrophobic to hydrophilic by
hybridization. Hence, the pyrene was located outside of the double
helix without intercalation.”® For the multiple-pyrene-modified
RNA, the excimer fluorescence was enhanced upon hybridization,
and the pyrene absorption band in double-stranded form appeared
at shorter wavelengths than that of the corresponding mono-
pyrene-modified RNA duplex. These spectroscopic behaviors
suggest that the pyrenes in the multiple-pyrene-modified RNA
duplex were located outside the double helix and were associated
with each other as an H-aggregate, which induces hypsochromic
shift of the absorption band.> On the other hand, the two
pyrenes were located outside the duplex, without association in
P2-X, because the pyrene absorption band appeared at longer
wavelengths than that of single-stranded P2 and the excimer
fluorescence observed in P2" disappeared upon hybridization.

We ran simulations of the MD of multiple-pyrene-modified
RNA duplexes to clarify the structural features of the assembled
pyrenes. The model structure for pyrene-modified RNA duplexes
was constructed based on an A-form RNA duplex using the
sequence of P4-X. The modified duplex was then optimized,
thermalized (300 K), and equilibrated usingan AMBER module.?
Fig. 5 shows the energy-minimized structure of P4-X. It can be
seen that the four pyrenes of P4-X projected into the minor groove
and were associated approximately parallel with each other. The
average center-to-center distance between the two neighboring
pyrenes was 6.5 A. The MD simulations were then performed
with an appropriate force field in which the equilibrated structures
were subjected to 1 ns (1000000 steps) in the simulations at
constant temperature (300 K) and pressure (1 atm) with standard
relaxation times of 1 fs. We found that whereas the multiple-
pyrene-modified RNA duplex rigidly retained its original A-form

Fig. 5 MD minimized structure of P4-X.

structure, the center-to-center distances between two adjacent
pyrenes changed considerably.

The experimentally observed CD assigned to the exciton cou-
pling among the pyrenes in P4-X was theoretically evaluated using
the exciton-chirality method,””* where the structural parameters
for P4-X were obtained from the MD minimization. The overall
CD was estimated as a sum of exciton interactions between each
pair of pyrenes, yielding the simulated CD shown in Fig. 6.
This spectrum closely resembled the shape of the experimentally
observed CD. Therefore, the CD simulations strongly suggest that
the covalently attached pyrenes can associate helically along the
minor groove of the RNA duplex.
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o

-2
-4
-6
-8
300 320 340 360 380
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Fig. 6 Simulated CD spectrum of P4-X obtained from the exciton-chi-
rality method using four Gaussians to simulate the absorption band of the
pyrenyl group.

Since the CD observation and the CD simulation revealed that
the exciton-coupled CD signal of the multiple-pyrene-modified
RNA duplexes depended on the number of associations and the
manner of association, the following is suggested for the pyrene
association in Qn-Y (n = 2-4) and Rn-Zs (n = 2-3) systems.
The shape of the exciton-coupled CD for Qn-Y (n = 2-4) was
similar to that for Pn-X (n = 2-4), indicating that the manner of
association of pyrenes in Qn-Y was similar to that in Pn-X. Hence,
the manner of association of pyrenes in consecutive U,, domains
was independent of the position of the domains and the context
sequence of the consecutive U,, domains. In the Rn-Z system, the
pyrene-modified duplex R2-Z containing U, and C,; also showed
similar exciton-coupled CDs to those of P2-X and Q2-X. This
indicates that the manner of association of pyrenes in the C,,U,,
domain was similar to that in the U, U,, domain because U,, and
C,, have a pyrimidine nucleobase. On the other hand, the shape
of the exciton-coupled CD signal of R3-Z containing U, C,,
and A, differed from those of other multiple-pyrene-modified
RNA duplexes. Because the manner of association of pyrene in
purine nucleotides such as A, is probably different from that in
pyrimidine nucleotides, such as U,, and C,,, the addition of A,, to
the C,,U,, domain will probably induce changes in exciton-coupled
CD signals. Further research is necessary to confirm this.

Conclusions

We demonstrated that multiple-pyrene-modified RNA duplexes
had pyrene structures in helical association along the minor
groove of the RNA duplexes. The pyrene association showed that
the exciton-coupled CD signals and pyrene excimer fluorescence
had intensities depending on RNA sequences and contexts.
These findings will improve insight into sequence design of
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pyrene-modified RNAs for the development of new materials and
biotechnological applications.

Experimental
General methods

'"H NMR spectra were recorded on a Bruker DRX-500 spec-
trometer, in which chemical shifts (0 ppm) were determined on
the basis of a residual peak of solvent (2.49 for DMSO-d;).
Absorption spectra in solution were recorded on a Hitachi U-3500
spectrophotometer, steady-state fluorescence spectra in solution
were measured on a Hitachi F-2500 spectrofluorometer using
excitation and emission slits of 5 nm and corrected. Thermal
denaturations of RNA duplexes were carried out using a Bechman
Coulter Du800. CD spectra were recorded on a JASCO 715
spectropolarimeter.

Syntheses of pyrene modified phosphoramidite monomer according
to Scheme 1

2'-O-(Pyren-1-ylmethyl)-adenosine (1). 1-Pyrenyl methyl chlo-
ride (1.3 g, 5.16 mmol) was added to a solution of adenosine
(2.1 g, 7.74 mmol) and NaH (0.28 g) in DMF (40 ml). The reaction
mixture was stirred overnight at room temperature and then 10 ml
of water were added to the solution. Dichloromethane (150 ml) was
then added to the solution and the solution was washed with water.
The organic layer was dried over Na,SO, and then evaporated
to near dryness. The residual material was purified by silica
gel column chromatography with dichloromethane containing
methanol (9 : 1, CH,ClL,-MeOH, v/v). Yield, 23% (0.57 g); TLC
(9:1, CH,Cl,-MeOH, v/v), R; 0.29; "H-NMR (DMSO-d;): 3.59
(m, 1H, 5-CH,), 3.78 (m, 1H, 5-CH,), 4.07 (m, 1H, 4-CH), 4.50
(m, 1H, 3'-CH), 4.79 (dd, 1H, 2’-CH), 5.16 (d, 1H, CH,-pyrene),
5.43 (d, 1H, CH,-pyrene), 5.52 (d, 1H, 3-OH), 6.11 (d, 1H, 1'-
CH), 7.30 (s, 2H, NH,), 7.95-8.24 (m, total 9H, pyrene), 8.32 (s,
1H, adenine) and 8.51 (s, 1H, adenine).

2'-0-(Pyren-1-ylmethyl)-N-benzoyl-adenosine (2). Trimethyl-
silyl chloride (0.66 ml, 5.19 mmol) was added to a solution
of 1 (0.5 g, 1.04 mmol), which was dried by coevaporation
with pyridine three times, in pyridine (10 ml). After stirring for
30 min, benzoyl chloride (0.36 ml, 3.1 mmol) was added to the
solution. The solution was stirred for 7 h at room temperature, and
10 ml of 28% NH; aqueous solution was added to the solution.
After stirring for 1 h, the solution was concentrated to near
dryness. The residual material was dissolved in dichloromethane
(150 ml) and was then washed with water. The organic phase
was dried over Na,SO, and then evaporated to near dryness. The
product 2 was purified by silica gel column chromatography with
dichloromethane containing methanol (9 : 1, CH,Cl,-MeOH,
v/v). Yield, 93% (0.90 g); TLC (9 : 1, CH,Cl,-MeOH, v/v), R;
0.56; "H-NMR (DMSO-d,): 3.61 (m, 1H, 5-CH,), 3.69 (m, 1H,
5-CH,), 4.09 (m, 1H, 4-CH), 4.53 (m, 1H, 3-CH), 4.83 (dd, 1H,
2'-CH), 5.19-5.21 (m, total 2H, 5-OH and CH,-pyrene), 5.50 (d,
1H, CH,-pyrene), 5.60 (d, 1H, 3'-OH), 6.23 (d, 1H, 1'-CH), 7.56
(dd, 2H, aromatic of benzoyl), 7.62 (dd, 1H, aromatic of benzoyl),
7.96-8.26 (m, total 11H, aromatic of benzoyl and pyrene), 8.54 (s,
1H, adenine), 8.59 (s, 1H, adenine) and 11.09 (s, IH, amide).

5’ -Dimethoxytrityl-2’'- O-(pyren-1-ylmethyl)- NV -benzoyl-adeno-
sine (3). 4,4-Dimethoxytrityl chloride (0.43 g, 1.28 mmol) was
added to a solution of 2 (0.43 g, 0.73 mmol), which was dried
by coevaporation with pyridine three times, in pyridine (4.3 ml).
After stirring for 6 h at room temperature, the solution was
concentrated to near dryness. The residual material was dissolved
in dichloromethane (150 ml) and then washed with water. The
organic phase was dried over Na,SO, and evaporated to near
dryness. The product 3 was purified with silica gel column
chromatography with dichloromethane containing methanol (9 :
1, CH,Cl,-MeOH, v/v). The appropriate fractions were pooled
and then evaporated to near dryness. The residual solution was
poured into cooled hexane and the precipitate was collected. Yield,
56% (0.29 g); TLC (9: 1, CH,Cl,-MeOH, v/v), R;0.78; "H-NMR
(DMSO-d,): 3.68 (s, 6H, OCH;), 4.19 (m, 1H, 4-CH), 4.60 (m, 1 H,
3'-CH), 4.96 (dd, 1H, 2’-CH), 5.26 (d, 1H, CH,-pyrene), 5.49 (d,
1H, CH,-pyrene), 5.60 (d, 1H, 3-OH), 6.25 (d, 1H, 1'-CH), 6.79
(d, 4H, aromatic of DMT), 7.15-7.23 (m, total 7H, aromatic of
DMT), 7.33 (d, 2H, aromatic of DMT), 7.56 (dd, 2H, aromatic of
benzoyl), 7.62 (dd, 1H, aromatic of benzoyl), 7.99-8.26 (m, total
11H, aromatic of benzoyl and pyrene), 8.43 (s, 1H, adenine), 8.47
(s, 1H, adenine) and 11.08 (s, IH, amide).

5’ -Dimethoxytrityl-2’'- O-(pyren-1-ylmethyl)- NV -benzoyl-adeno-
sine, 3'-{(2-cyanoethyl)-(V,/V-diisopropyl) }-phosphoramidite (4).
2-Cyanoethyl-N, N,N', N'-tetraisopropylphosphateamidite (0.07 ml,
0.2 mmol) was added to a solution of 3 (0.13 g, 0.15 mmol) and
tetrazole (0.01 g, 0.15 mmol) in dry dichloromethane (1 mL).
The solution was stirred for 2 h at room temperature and
then dichloromethane (5 ml) was added to the solution. The
solution was washed with 10% NaHCO; aqueous solution,
dried over Na,SO, and then evaporated to near dryness. The
product 4 was purified by silica gel column chromatography with
dichloromethane containing ethyl acetate and triethylamine (45 :
45:10, CH,Cl,~AcOEt-Et;N, v/v). Yield, 89% (0.31 g); TLC (45 :
45: 10, CH,CL-AcOEt-Et;N, v/v), R; 0.75.

2'-O-(Pyren-1-ylmethyl)-cytidine (5). 1-Pyrenyl methyl chlo-
ride (2.0 g, 8.0 mmol) was added to a solution of cytidine (2.9 g,
12.0 mmol) and NaH (0.43 g) in DMF (60 ml) at 0 °C. The reaction
mixture was stirred overnight at room temperature and then 10 ml
of water were added to the solution. Dichloromethane (150 ml) was
then added to the solution and the solution was washed with water.
The organic layer was dried over Na,SO, and then evaporated
to near dryness. The residual material was purified by silica
gel column chromatography with dichloromethane containing
methanol (9 : 1, CH,Cl,-MeOH, v/v). Yield, 44% (1.62 g); TLC
(9 : 1, CH,Cl,-MeOH, v/v), R; 0.33; '"H-NMR (DMSO-d): 3.60
(m, 1H, 5-CH,), 3.69 (m, 1H, 5-CH,), 3.93 (m, 1H, 4-CH), 4.07
(dd, 1H,2’-CH), 4.19 (m, 1H, 3'-CH), 5.11 (m, 1H, 5-OH), 5.22 (d,
1H, 3-OH), 5.24 (d, 1H, CH,-pyrene), 5.39 (d, 1H, CH,-pyrene),
5.67 (d, 1H, cytosine), 6.06 (d, IH, 1’-CH), 7.16 (s, 2H, NH,), 7.90
(d, 1H, cytosine) and 8.08-8.31 (m, total 9H, aromatic of pyrene).

2'-O-(Pyren-1-ylmethyl)-V-benzoyl-cytidine (6). Trimethylsi-
lyl chloride (0.69 ml, 5.45 mmol) was added to a solution of 5
(0.5 g, 1.1 mmol), which was dried by coevaporation with pyridine
three times, in pyridine (10 ml). After stirring for 30 min, benzoyl
chloride (0.38 ml, 3.3 mmol) was added to the solution. The
solution was stirred for 7 h at room temperature, and then 10 ml of
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28% NH; aqueous solution was added to the solution at 0 °C. After
stirring for 1 h, the solution was concentrated to near dryness.
The residual material was dissolved in dichloromethane and then
washed with water. The organic phase was dried over Na,SO, and
evaporated to near dryness. Silica gel column chromatography of
the residual material gave pure 6 with dichloromethane containing
methanol (9 : 1, CH,Cl,-MeOH, v/v) as eluent. Yield, 47%
0.29 g); TLC (9 : 1, CH,Cl,-MeOH, v/v), R, 0.49; '"H-NMR
(DMSO-d,): 3.63 (m, 1H, 5-CH,), 3.75 (m, 1H, 5-CH,), 4.01 (m,
1H, 4-CH), 4.16 (dd, 1H, 2’-CH), 4.24 (m, 1H, 3-CH), 5.21 (m,
1H, 5-OH), 5.32 (d, 1H, 3-OH), 5.43 (d, 1H, CH,-pyrene), 5.52
(d, 1H, CH,-pyrene), 6.12 (d, 1H, 1'-CH), 7.44 (d, 1H, cytosine),
7.52 (dd, 2H, aromatic of benzoyl), 7.62 (dd, 1H, aromatic of
benzoyl), 7.85 (d, 1H, cytosine), 8.00-8.30 (m, total 1 1H, aromatic
of benzoyl and pyrene) and 11.18 (s, 1H, amide).

5'-Dimethoxytrityl-2'- O-(pyren-1-ylmethyl)- V-benzoyl-cytidine
(7). 4,4-Dimethoxytrityl chloride (0.36 g, 0.82 mmol) was added
to a solution of 6 (0.46 g, 0.82 mmol), which was dried by
coevaporation with pyridine three times, in pyridine (4.1 ml).
The solution was stirred for 6 h at room temperature and then
concentrated to near dryness. The residual material was dissolved
in dichloromethane and then washed with water. The organic
phase was dried over Na,SO, and evaporated to near dryness. The
product 7 was purified with silica gel column chromatography with
dichloromethane containing methanol (9 : 1, CH,Cl,-MeOH,
v/v). The appropriate fractions were pooled and then evaporated
to near dryness. The residual solution was poured into cooled
hexane and then the precipitate was collected. Yield, 50% (0.35 g);
TLC (9: 1, CH,Cl,-MeOH, v/v), R; 0.88; '"H-NMR (DMSO-d;):
3.70(s,6H, OCH;), 4.11-4.18 (m, total 2H, 2’-CH and 4-CH), 4.43
(m, 1H, 3-CH), 5.44 (m, 1H, 3-OH), 5.55 (s, 2H, CH,-pyrene),
6.13(d, 1H, I'-CH), 6.86 (d, 4H, aromatic of DMT), 7.21-7.30 (m,
total 9H, aromatic of DMT), 7.36 (d, 1H, cytosine), 7.53 (dd, 2H,
aromatic of benzoyl), 7.63 (dd, 1H, aromatic of benzoyl), 7.97 (d,
1H, cytosine), 8.02-8.32 (m, total 11H, aromatic of benzoyl and
pyrene) and 11.21 (s, 1H, amide).

5’-Dimethoxytrityl-2'-O-(pyren-1-ylmethyl)- N-benzoyl-cytidine,
3'-{(2-cyanoethyl)-(V,/N-diisopropyl) }-phosphoramidite ~ (8). 2-
Cyanoethyl-N,N,N', N'-tetraisopropylphosphateamidite (0.17 ml,
0.53 mmol) was added to a solution of 7 (0.35 g, 0.41 mmol)
and tetrazole (0.03 g, 0.41 mmol) in dry dichloromethane
(1 mL). The solution was stirred for 2 h at room temperature
and then dichloromethane (5 ml) was added to the solution.
The solution was washed with 10% NaHCO; aqueous solution,
dried over Na,SO, and then evaporated to near dryness The
product 8 was purified by silica gel column chromatography with
dichloromethane containing ethyl acetate and triethylamine (45 :
45 : 10, CH,CL-AcOEt-Et;N, v/v). Yield, 88% (0.39 g); TLC
(45:45:10, CH,Cl,-AcOEt-Et;N, v/v), R; 0.67.

RNA syntheses

All the RNAs were prepared by conventional phosphoramidite
chemistry using an automated DNA synthesizer. After the
recommended workup, they were purified by reversed-phase
HPLC and characterized by UV-vis absorption and fluorescence
spectroscopy.

MD simulation

The modified nucleoside, 2'-O-(1-pyrenylmethyl)uridine, was con-
structed using a support program for AMBER on the basis of our
originally developed molecular graphics program. Formal charges
for the modified nucleoside were calculated by MOPAC, and each
atom in the pyrenyl residue was defined for molecular model
building using “parm94” for AMBER.* The starting model for
P4-X was optimized, thermalized (300 K) and equilibrated before
MD simulation. The equilibrated structures were neutralized by
adding a suitable number of Na* ions and solvated in rectangular
boxes containing about 5400 of TIP3P water molecules such that
the minimum distance from the duplex to the periodic boundary
was 10 A. The MD simulation of P4-X was performed using the
“sander” module of the AMBER 7.0 software package with an
appropriate force field.

Theoretical CD calculation

In this work, the absorption bands of pyrene were deconvoluted
into four vibronic peaks. Each vibronic peak was regarded as
a separate transition and fitted with a Gaussian function.” The
transition dipole moment for the 'L, band was assumed to be
polarized in the direction of the long axis as an 'L, band and
to be common among all the vibronic peaks in the 'L, band.
The magnitude of the transition dipole moment for each vibronic
peak was determined from UV absorption. Each transition dipole
moment vector was placed in the center of the pyrene ring.
The mutual orientation of the transition dipole moments of the
neighboring pyrene groups and their positions were determined
from the geometries obtained by the MD minimized structure.
Only the interactions between the like transitions were taken into
consideration and the overall CD was estimated as a sum of exciton
interactions between various pairs of pyrenes.
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An efficient method for the synthesis of enol ethers and
enecarbamates has been developed based on catalytic hy-
drosilane reduction of o-phosphonoxy enol ethers and o-
phosphonoxy enecarbamates. This method has been applied
to the total syntheses of two isoindolobenzazepine alkaloids,
lennoxamine and chilenine.

Enol ethers and enecarbamates play significant roles in organic
synthesis as useful reactants in a variety of fundamental trans-
formations including the Heck reaction,! radical cyclisation,?
olefin metathesis,® Diels—Alder cycloaddition,* and oxidation.?®
We have recently found that a-phosphonoxy enol ethers and o-
phosphonoxy enecarbamates act as versatile reactants in several
palladium(0)-catalysed transformations and we have developed
efficient strategies for the synthesis of marine polyether natural
products® and nitrogen-containing heterocycles.” In this communi-
cation, we describe a palladium(0)-catalysed hydrosilane reduction
of a-phosphonoxy enol ethers and a-phosphonoxy enecarbamates
as a new, mild method for the synthesis of enol ethers and enecar-
bamates. Its application to the total syntheses of (+)-lennoxa-
mine and (4)-chilenine, isoindolobenzazepine alkaloids, is also
demonstrated.

It is well known that enol triflate (e.g., 1) can be reduced with
n-Bu;SnH and a catalytic amount of Pd(PPh;), to give an olefin
(e.g.,2) (Scheme 1, eqn 1).® However, instability of enol triflates is
sometimes problematic, and it is generally difficult to synthesise
a-heteroatom substituted acyclic enol triflates.® In addition, their
preparation requires expensive reagents such as trifluoromethane-
sulfonic anhydride or N-phenyl bis(trifluoromethanesulfonimide).
On the other hand, the phosphate counterpart is much easier
to handle due to its stability and can be prepared by the less
expensive diphenylphosphoryl chloride.f Greene and co-workers
have reported that treatment of acyclic a-phosphonoxy enol ether
3 with Et;Al and Pd(PPh;), gave enol ether 4 in moderate yield
(eqn 2).** This method has been applied to the synthesis of a
cyclic enecarbamate.®” On the other hand, we envisioned that
a-phosphonoxy enol ethers 5a and o-phosphonoxy enecarba-
mates Sb can be reduced with a combination of hydrosilane
and palladium catalyst under neutral conditions to provide the
corresponding enol ethers 6a and enecarbamates 6b, respectively
(eqn 3).1°
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Scheme 1 Concept of the present work.

As a model substrate, we used a-phosphonoxy enol ether
7, which was derived from the corresponding propionate by
treatment with LDA followed by (PhO),P(O)Cl. Reduction of
7 was screened with several hydrosilanes in the presence of a
palladium catalyst under various conditions, and the results are
summarised in Table 1. Treatment of 7 with 5 equiv. of Et;SiH
and catalytic Pd(PPh;), in DMF at 60 °C provided (Z)-enol ether
8a along with its (E)-isomer 8b in 86% combined yield (8a—8b =
: 1) (entry 1). Unfortunately, stereochemical scrambling of
the double bond was significant in this case. We then surveyed
several reaction conditions. Among the hydrosilanes examined,
Me,PhSiH provided the best result (entry 2). Thus, exposure
of 7 to 5 equiv. of Me,PhSiH and 10 mol% of Pd(PPh;), in
DMF at 50 °C gave enol ethers 8a,b in 89% yield as a ca.
5.6 : 1 mixture of stereoisomers. The stereoselectivity of the
reduction was increased by the use of the less bulky Me,PhSiH
and was significantly reduced using the more bulky MePh,SiH
or Ph;SiH (entries 3 and 4). (Me;Si);SiH was ineffective as a
hydride source (entry 5). An attempt to use Ph,SiH, resulted in
significant isomerisation of the double bond (entry 6). When the
reaction was performed using Me,PhSiH at room temperature,
isomerisation of the double bond was further suppressed, but
the yield of 8a,b declined slightly (entry 7). Although we have
also attempted the reduction of 7 with n-Bu;SnH or n-Bu;GeH,
these hydride sources proved to be ineffective; we only observed
extensive homocoupling of these reagents under the conditions

ca. 2
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Table 1 Screening of conditions

o
|_OPh
- hydrosilane
07 “oph P)(lj(PPII13)4 MPMO._~ o
MPMO -
\/\/\O)ﬁ DMF, 60 °C sa: . /\g
a: (Z)-isomer
7 8b: (E)-isomer
Entry Hydrosilane Cone angle/deg D (Si-H)/kJ mol™! Yield (%) Z-E°
1 Et;SiH 132 398.0 86 2.0:1
2 Me,PhSiH 122 364.0 89 5.6:1
3 MePh,SiH 136 359.2 78 25:1
4 Ph;SiH 145 354.8 87 1.3:1
5 (Me;Si);SiH 182 351.0 Trace N/A
6 Ph,SiH, 377.8 89 14:1
7 Me,PhSiH 122 364.0 70 9.1:1

“Ratio of 8a and 8b was determined based on '"H NMR spectra (500 MHz) of a purified mixture of 8a,b. * The reaction was performed at room

temperature.

established for Me,PhSiH. In addition, we examined the use of
additives such as LiCl or Cul, but these additives were found to
inhibit the reaction completely.* Screening of catalysts including
Pd(PPh;),, Pd(OAc),—(2-furyl);P, Pd(OAc),—Cy;P, and Pd(OAc),—
(o-dicyclohexylphosphino)biphenyl revealed that Pd(PPh;), was
the catalyst of choice.

We postulated a plausible reaction mechanism of the present
process based on several related literature precedents' (Scheme 2).
Thus, the present catalytic reaction starts with oxidative addition
of a hydrosilane (R;Si—H) into a palladium(0) complex to form
a R;Si-Pd(1i1)-H intermediate. Two pathways are possible for
association of the intermediate with R'—X (e.g., 7) and subsequent
o-bond metathesis. Finally, reductive elimination affords the
product R'-H (e.g., 8) and regenerates the initial palladium(0)
complex.

oxidative addition

R3Si-H
f RsSi—Pd(Il)—H
path A OPh
Pd(0) X= o—ﬁioph
H-Pd(ll)-SiRy 0
reductive : : path B
elimination R'-X
R'-Pd(Il)—H ~ H—Pd(IN—SiR;
X-Pd(Il)—SiRs R-X
\
o-bond
metathesis

Scheme 2 Plausible mechanistic considerations.

Interestingly, it seems that the degree of isomerisation of the
double bond moderately correlates with the steric bulkiness of
hydrosilanes, except for Ph,SiH,."* The steric bulkiness of the
R group should be detrimental for association of R;Si-Pd(i1)-H
with R’X and subsequent c-bond metathesis, thereby lowering
the rate of these steps and possibly resulting in unfavourable
isomerisation. It can be considered that re-addition of the R,Si—
Pd(11)-H complex to the product R'—H followed by elimination
would also cause isomerisation of the double bond. Thus, the

degree of isomerisation may also depend on the activity of the
R;Si-Pd(11)-H complex adding to the product R'~H. We speculate
that the observed isomerisation may be attributed to these two
factors. The bond strength of hydrosilanes is another factor that
might influence the stereochemical outcome, because the catalytic
cycle of the present reaction should start with oxidative insertion of
a palladium(0) catalyst into an Si-H bond. However, as shown in
Table 1, the bond strength of the hydrosilanes' does not correlate
with the observed stereoselectivity.

It should be noted here that another catalytic cycle that involves
oxidative addition of 7 into a palladium(0) complex to form a
R-Pd(m)-X intermediate, followed by transmetallation with a
hydrosilane, may also be possible. At present, we cannot rule out
the possibility of this catalytic cycle operating in our case, although
Masuda et al. have demonstrated that oxidative addition of a silane
bond into a palladium(0) complex must be the key for the catalytic
silylation of aryl halides with triethoxysilane.'*

We next applied the optimal conditions for the reduction
of a series of a-phosphonoxy enol ethers and o-phosphonoxy
enecarbamates, which were prepared from the corresponding
esters and imides, respectively, by treating them with KHMDS—
(PhO),P(O)CI (Table 2). A variety of cyclic and acyclic enol ethers
and enecarbamates could be synthesised in good to excellent yields
according to our method. Reduction of 10a,b (ca. 1 : 1 mixture
of stereoisomers) in DMF at 60 °C gave enol ethers 11a (36%)
and 11b (9%), and 10b was recovered in 43% yield (entry 1). In
DMF at 135 °C, the reduction proceeded smoothly to provide
a mixture of 11a and 11b in 58% and 19% yields, respectively
(entry 2). These results were attributable to the reactivity difference
between 10a and 10b, the latter of which was less reactive due
to steric hindrance. The vinyl ether 14§ was synthesised from the
corresponding acetate 12 in 82% yield for the two steps (entry 3). In
this case, no potentially competitive intramolecular Heck coupling
was observed. Sterically encumbered 1-adamantyl acetate 15 was
efficiently delivered to vinyl ether 17" in 63% overall yield (entry
4). The medium-sized lactam 18 was efficiently transformed to the
corresponding cyclic enecarbamate 20 in 68% yield (entry 5). In
the case of 22, a moderate reactivity difference between the aryl
bromide and the o-phosphonoxy enecarbamate functionalities
was observed (entry 6). This selectivity was further enhanced by

1850 | Org. Biomol. Chem., 2007, 5, 1849-1853

This journal is © The Royal Society of Chemistry 2007





Table 2 Application to a variety of substrates

Entry Substrate Phosphate Product(s) Yield (%)
14 o} 11a: 36; 11b: 9¢
H,OPh
0 07 SoPh
Ph
Y (0] . 07X . o/ﬁ - ON
/‘\ Ph /:\ Ph /'\ Ph /'\
9 10a (E) : 10b (2) = ca.1:1 11a 11b
2b 11a: 58; 11b: 19
3 P 82
l\:\
‘., PN
oo SpoPn
13
44 o) J\ ﬁ 63
OJ\ 0~ o ™ oph
OPh
15 16
54 68
N N _OPh
PhO,C o) PhO,C O_ﬁ\OPh
18 19 o
6“ Br. o Br. o Br. 23:55;24: 11
T O oy .
N N~ 071 0Ph N N
Boc Boc OPh Boc Boc
21 22 23 24
7¢ 23:73

“Reaction conditions: KHMDS, (PhO),P(O)Cl, THF-HMPA, —78 °C; then Me,PhSiH (5 equiv.), Pd(PPh;), (10 mol%), DMEF, 60 °C. ® The reduction
was performed at 135 °C. ¢ The reduction was performed at room temperature. ¢ 10b was recovered in 43% yield.

performing the reaction with 1.2 equiv. of Me,PhSiH and 10 mol%
of Pd(PPh;), in DMF at room temperature, giving 23 in 73%
yield for the two steps (entry 7). In some cases, a small amount
(ca. 5%) of over-reduced product was also isolated, although the
mechanism underlying its formation is elusive.'®

Finally, we applied our methodology to the total syntheses of
(%)-lennoxamine (25)'"* and (£)-chilenine (26),'** isoindoloben-
zazepine alkaloids isolated from Chilean barberries Berberis
darwinii and Berberis empetrifolia, respectively. Our synthesis
plan is illustrated in Scheme 3. The enamide 27 was envisioned
as the common intermediate for 25 and 26. The isoindolinone
systems of 25 and 26 were to be constructed by radical cyclisation
and palladium-catalysed cyclisation, respectively. Chemoselective
reduction of a-phosphonoxy enamide 28 would provide 27. This
reaction was planned based on the observed reactivity difference
between the aryl bromide and a-phosphonoxy enecarbamate
functionalities of 22 (Table 2, entry 7).

The synthesis started with treatment of 3,4-methylenedi-
oxyphenylacetic acid 29 with thionyl chloride followed by coupling
with aminoacetaldehyde dimethylacetal to provide amide 30 in
good yield (Scheme 4). The Pomeranz—Fritsch-type cyclisation®
of 30 afforded enecarbamate 31 in 59% yield. Hydrogenation
of the double bond within 31 gave lactam 32 in 83% yield.
Despite several attempts, N-acylation of 32 under the standard

OMe
o’ OH

26: chilenine OMe
-
¥
o} o
N
<O / OMe
27:X=H X Br OMe

28: X = OP(OPh),

Scheme 3  Synthesis plan toward lennoxamine and chilenine.

conditions (n-BuLi or LiN(SiMe;),, HMPA, THF; then 2-bromo-
5,6-dimethoxybenzoyl chloride') met with failure. However,
treatment of 32 with 2-bromo-5,6-dimethoxybenzoyl chloride in
the presence of 4 A molecular sieves (CICH,CH,Cl, 65 °C) gave
imide 33 in a near-quantitative yield. After conversion of 33 into
a-phosphonoxy enamide 28, chemoselective hydrosilane reduction
was executed by exposing 28 to Me,PhSiH and Pd(PPh;), catalyst
in DMF at 80 °C, affording enamide 27'% in 61% yield for the
two steps. Finally, according to Funk ef al.’s procedure, radical
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< o CO,H < NH
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O Br OMe
33 J g
0.
( i
-~ 27
o OMe
h
l ref. 19a OMe l
26 25

Scheme 4  Reagents and conditions: (a) SOCIl,, reflux; (b) aminoacetalde-
hyde dimethylacetal, pyridine, CH,Cl,, room temperature, 99%; (c) con-
centrated HCI, AcOH, room temperature, 59%; (d) H,, 10% Pd/C, MeOH,
room temperature, 83%; (¢) 2-bromo-5,6-dimethoxybenzoyl chloride, 4 A
molecular sieves, CICH,CH,Cl, 65 °C, 99%; (f) KHMDS, (PhO),P(O)Cl,
THF-HMPA, —78 °C; (g) Me,PhSiH, Pd(PPh;),, DMF, 80 °C, 61% (two
steps); (h) n-Bu;SnH, AIBN, benzene, 105 °C, 67% (+ debrominated 27,
25%); (i) Pd(PPh;),, KOAc, n-Bu,NCl, DMF, 110 °C, 84% (+ recovered
27, 9%).

cyclisation of 27 under tin hydride conditions (n-Bu;SnH, AIBN,
benzene, 105 °C)"**? furnished (£)-lennoxamine 25 in 67% yield
along with 25% yield of debrominated 27. The spectroscopic data
('H, “C NMR, HRMS) of synthetic 25 were in full accordance
with those reported in the literature."” Thus, the total synthesis of
(£)-lennoxamine was accomplished in seven steps (20% overall
yield) from commercially available 29. On the other hand,
palladium-catalysed cyclisation of 27 was smoothly achieved using
10 mol% of Pd(PPh;),, KOAc, and n-Bu,NCl in DMF at 110 °C
for 14 h,” affording dehydrolennoxamine 34 in 84% yield along
with 9% of recovered 27. Since the spectroscopic data ('H, *C
NMR, HRMS) of 34 matched the reported data,'® and since 34
has already been converted to 26 by Danishefsky and Fang,*
the present synthesis constitutes the formal total synthesis of
(£)-chilenine 26 (seven steps, 25% overall yield from 29).

In conclusion, we have developed a new method for the synthesis
of enol ethers and enecarbamates based on a catalytic hydrosilane
reduction of a-phosphonoxy enol ethers and enecarbamates,
respectively. The present method is applicable to the synthesis
of a variety of cyclic and acyclic enol ethers and enecarbamates.
In addition, we found that this reaction displays an interest-
ing functional group selectivity between aryl bromides and o-
phosphonoxy enecarbamates. The short and highly efficient total
syntheses of isoindolobenzoazepine alkaloids (#4)-lennoxamine
and (%)-chilenine have been accomplished based on the catalytic
hydrosilane reduction of the a-phosphonoxy enamide 28 and sub-
sequent radical cyclisation and palladium-catalysed cyclisation,
respectively, as the key transformations. Further application of

the present method to the total synthesis of natural products is
currently under investigation.
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a,b

Two distinct economical catalysts for intramolecular hydroaminations of electronically unactivated
alkenes with basic amines are described, which are based on (a) group 4 metal halides under basic

reaction conditions or (b) Bronsted-acid organocatalysts.

Introduction

Saturated N-heterocycles are ubiquitous in natural products as
well as biologically active compounds.! Their synthesis through
direct intramolecular additions of basic amines to alkenes are
attractive, because of their atom-economical nature.> Recently,
significant progress has been achieved through the use of group
4 metal complexes, previously developed for elegant hydroam-
inations of alkynes and allenes.* Thus, cyclizations of both
secondary*s and primary® aminoalkenes were reported, and for
the latter transformations strong evidence was provided for
a mechanism involving group 4 metal imido complexes.” We
proposed comparable imido species as intermediates for the use
of the inexpensive Lewis-acid TiCl, (99.9%, Acros 2006, 0.01
EUR mmol™')* (and HfCl,) in hydroamination reactions.” Given
the importance of economical heterocycle syntheses, we became
interested in probing preparatively useful group 4 metal halide-
based catalysts for intramolecular addition reactions of basic
alkylamines to unactivated olefins. Additionally, as Brensted-acids
have thus far only been employed as catalysts for addition reactions
of significantly less basic amides!®!! or anilines,'”* we explored
their use in organocatalytic additions of basic alkylamines to
unactivated alkenes.

Results and discussion
Group 4 metal halide catalysts

At the outset of our studies, we probed various additives for
TiCl,-catalyzed intramolecular hydroamination reactions using
aminoalkene 1a (Table 1). Previously employed -BuNH,*° pro-
vided unsatisfactory results (entry 1). In contrast, excess of a basic
pyridine or amine gave rise to more efficient conversion of amine la
(entries 2 and 3, respectively). A significantly increased reactivity
was achieved with catalysts comprising a group 4 metal halide
and LDA as additive, particularly when using HfCL,** or ZrCl,
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Universitaet, Tammannstr. 2, 37077, Goettingen, Germany. E-mail: Lutz.
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Muenchen, Butenandtstrasse 5—13, Haus F, 81377, Muenchen, Germany

T Electronic supplementary information (ESI) available: Full experimental
procedures and analytical data for hydroamination products. See DOI:
10.1039/b706301f

Table 1 MCl,-catalyzed hydroamination of an unactivated alkene
o)
Ph NHz 1) Mcl, (20 mol %), additive Ph NJ\CF3
Ph>C\ PhMe, 18 h, 120 °C Ph>QM
A\ 2) (CF3C0),0 e
1a 2a
Entry” MCl, Additive (equiv.)? Yield (%)
1 TiCl, t-BuNH, (1.2) 11¢
2 TiCl, t-BuNH, (1.2), 2,6-(+-Bu),CsH;N 29
3 TiCl, TMP (1.2) 26
4 TiCl, LDA (0.8) 37¢
5 HfCl, LDA (0.8) 59
6 7:Cl, LDA (0.8) 87
7 — LDA (0.8) 6

“ Reagents and conditions: 1a (1.0 mmol), MCl, (20 mol%), PhMe (2.0 mL),
18 h, 120 °C; (CF;C0),0 (2.0 mmol), 20 °C, 15 min. * TMP: 2,2,6,6-
tetramethylpiperidine; LDA: lithium diisopropylamide. ¢ GC conversion.

(entries 5 and 6, respectively). Importantly, these transformations
proceeded in the presence of an excess of either a sterically
hindered pyridine (entry 2)"* or a basic amide (entries 4-6),
rendering Bronsted-acid catalysis less likely. Based on a control
experiment a base-catalyzed' hydroamination is also unlikely
(entry 7).

Further, the catalysts were probed using secondary amine 1b.
Interestingly, formation of heterocycle 2b was not observed using
catalytic amounts of either TiCl,, HfCl, or ZrCl, in combination
with LDA (Scheme 1). This lack of reactivity suggests that alkene
hydroamination is catalyzed by in situ-generated group 4 metal
imido complexes, which subsequently undergo an intramolecular
[2 + 2] cycloaddition reaction with the alkene.

Bn
/
Ph NH MCly (20%%)/@/;\ ®Omol%)  pp ><:'[Bn
Ph \ PhWO °c Ph

1b M =Ti or Zr or Hf: No reaction 2b

Scheme 1  Test reaction using secondary amine 1b.

This Bergman mechanism is well established for alkyne
hydroaminations® and has been postulated for alkene hydroami-
nations.®’
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Bronsted-acids as organocatalysts

Intramolecular hydroamination reactions of unactivated alkenes
with basic alkylamines are often employed to evaluate the
performance of metal-based catalysts. As studies on the use of
Bronsted-acids as catalysts in these important transformations
have not previously been reported, we probed the efficacy of
such reagents in the challenging conversion of basic primary and
secondary aminoalkenes.’* We observed unprecedented Bronsted-
acid-catalyzed hydroamination reactions with basic alkylamines
(Table 2). Particularly, salts of weakly coordinating anions'®
enabled efficient catalysis. While PhMe,NH* “B(C,Fs), (98%,
Strem, 120.16 EUR mmol~") proved highly active (entries 13 and
14), the use of NH,* ~O,CCF; (98%, Aldrich, 0.12 EUR mmol )"’
constitutes an economically attractive, preparatively simple, yet
efficient alternative (entries 15 and 16).

With two highly promising catalysts in hand, we studied the
scope of the methodology (Table 3). The mild reaction conditions
allowed for the use of substrates bearing a variety of valuable
functional groups, such as a chloro- (entry 2), an ester- (entry 3),
a nitro- (entry 4) or a cyano-substituent (entry 5). Further,
a hydroxy-substituted substrate was chemoselectively converted
to pyrrolidine 2h in high yield (entry 6). Importantly, gem-
disubstitution’® is not a stringent requirement for the success of
the protocol, and more challenging substrates were converted with
high efficacy (entries 9 and 10). Finally, it is noteworthy that this
methodology is not limited to secondary aminoalkenes, but also
proved applicable to primary alkylamines (entry 11).

Conclusions

In summary, we have presented herein two distinct economical
catalysts for intramolecular addition reactions of basic amines to

Table 2 Bronsted-acid-catalyzed hydroamination with a basic amine

Bn
Bn

/
Ph NH cat. (10-20 mol %) ph><11\i
Ph \ 1,4-dioxane, 80 -130 °C, 24 h Ph Ve

b 2b
Entry” Catalyst T/°C Yield (%)
1 — 130 —
2 (NH,),SO, 120 —
3 NH,* ~0,CCH; 120 7t
4 NH,F 120 <5
5 NH,CI 120 5t
6 NH,Br 120 5b
7 NH,I 120 10°
8 NH,* ~O;SCF; 130 20*
9 (NH,)BF, 120 25°
10 BINOLP(O)OH 130 33
11 NH,PF, 120 39
12 130 44
13¢ PhMe,NH* ~B(CFs), 120 83
14 80 76
15 NH,* ~0,CCF; 120 56
16 130 74

“ Reagents and conditions (unless otherwise indicated): 1b (1.0 mmol),
catalyst (20 mol%), 1,4-dioxane (2.0 mL), 24 h.® GC conversion. ¢ Reagents
and conditions: 1b (0.5 mmol), catalyst (10 mol%), 1,4-dioxane (1.0 mL).

Table 3 Hydroamination of unactivated alkenes with basic amines

RZ
RsNHX (20 mol %) R1>C,[
1
1,4-dioxane R

/
R1 NH
\

Me
1 2
Entry Substrate Product Yield (%)
/—< >—R /—<: :)—R
PDQNH XL
Ph
Ph Me
A
14 R = OMe 2¢ 63
24 R=Cl 2d 84
3a R = CO,Me 2e 93
4 R =NO, 2f 80
54 R=CN 2g 82
6" R =OH 2h 84
7 Bn _Bn 2i 75
N/H Me>@
Me. Me
Me><:\ Me
N
8° JBn _Bn 2j 84
NH NN N
Me
AN
9t JBn N/Bn 2k 82(2.6: 1)
A
1074 S~y B <:'\[Bn 21 74
H
Me
L )CL 2a 83
Ph Ph N~ TCFs
\ XL
Me

“ Reagents and conditions: 1 (1.0 mmol), NH,* ~O,CCF; (20 mol%), 1,4-
dioxane (2.0 mL), 24 h, 130 °C. * Reagents and conditions: 1 (0.5 mmol),
PhMe,NH* ~B(CFs), (10 mol%), 24 h, 120 °C. ¢ Diastereomeric ratio.
?Reaction conducted at 130 °C. ¢ Reagents and conditions: 1 (0.5 mmol),
PhMe,NH* ~B(CFs), (20 mol%), 18 h, 120 °C; (CF;CO),0 (2.0 mmol),
20 °C, 15 min.

unactivated olefins. Under basic reaction conditions, group 4
metal halides were employed for efficient hydroamination reac-
tions of primary aminoalkenes, which likely proceed through
in situ generation of group 4 metal imido complexes. Further,
we have described the unprecedented use of Brensted-acids
for generally applicable and efficient catalytic hydroamination
reactions of unactivated alkenes with basic alkyl-substituted
amines. Generally, these findings are of fundamental significance
for the evaluation of metal-based hydroamination catalysts.
Form a preparative viewpoint, NH,* ~O,CCF; represents an
economically attractive catalyst with a broad functional group
tolerance.
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Experimental ¥

Representative procedure for MCl,-catalyzed intramolecular
hydroaminations of unactivated olefins

1-Trifluoroacetyl-2-methyl-4,4-diphenylpyrrolidine (2a, Table 1,
entry 6). An oven-dried sealed tube was charged under a positive
pressure of nitrogen with ZrCl, (47 mg, 0.20 mmol, 20 mol%),
toluene (2 mL) and LDA (2.0 M in THF-n-heptane—ethylbenzene,
0.40 mL, 0.80 mmol). The resulting solution was stirred for
30 min at ambient temperature, followed by the addition of
la (237 mg, 1.00 mmol). The reaction mixture was stirred at
120 °C for 18 h. The cold solution was subsequently treated
with trifluoroacetic anhydride (420 mg, 2.00 mmol). After stirring
for 15 min at ambient temperature, Et,O (50 mL) and saturated
aqueous (NH,),CO; (30 mL) were added. The separated aqueous
phase was extracted with Et,O (2 x 50 mL). The combined organic
layers were washed with brine (50 mL), dried over MgSO, and
concentrated in vacuo. The remaining residue was purified by
column chromatography on silica gel (n-pentane-Et,O =60:1 —
30: 1) to yield 2a (290 mg, 0.87 mmol, 87%) as a light yellow solid
(mp 78.8-79.6 °C).

"H-NMR (300 MHz, CDCl;): 6 = 7.34-7.37 (m, 10H), 4.61 (dt,
J=11.5,1.8Hz, 1H),4.12-4.02 (m, 1H), 3.98 (d, J = 11.5Hz, |H),
3.06-2.97 (m, 1H), 2.32-2.25 (m, 1H), 1.40 (d, J = 6.2 Hz, 3H).
"C-NMR (75 MHz, DEPT, CDCl;): 6 = 155.3 (q, J = 36.1 Hz,
CO), 144.7 (C,), 143.6 (C,), 128.8 (CH), 128.7 (CH), 126.9 (CH),
126.8 (CH), 126.5 (CH), 126.3 (CH), 116.1 (q, J = 288.0 Hz, CF;),
56.2 (q, J = 2.6 Hz, CH,), 54.6 (CH), 53.3 (C,), 44.4 (CH,), 18.9
(CH;). "F-NMR (275 MHz, CDCl;): 6 = —72.37 (s). IR (ATR):
3060, 2932, 1685, 1496, 1446, 1253, 1205, 1180, 1136, 1033, 753,
696 cm™'. MS (EI), m/z (relative intensity) 334 (18) [M + H*], 333
(90) [M*], 220 (19), 207 (46), 193 (66), 179 (100), 115 (40), 91 (31),
69 (35). HR-MS (EI) m/z caled for C,yHsF;NO 333.1340, found
333.1322.

Representative procedure for NH,O,CCF;-catalyzed
hydroamination reactions

1-Benzyl-2-methyl-4,4-diphenylpyrrolidine (2b, Table 2, entry 16).
A solution of 1b (328 mg, 1.00 mmol) and NH,* ~O,CCF;
(26.2 mg, 0.20 mmol, 20 mol%) in dry 1,4-dioxane (2.0 mL) was
stirred in a sealed tube under N, for 24 h at 130 °C. After cooling
to ambient temperature, saturated aqueous NaHCO; (80 mL)
and Et,0 (80 mL) were added. The separated aqueous phase was
extracted with Et,O (2 x 80 mL). The combined organic layers
were dried over MgSO, and concentrated in vacuo. The remaining
residue was purified by column chromatography on silica gel (n-
pentane-Et,O = 30 : 1) to yield 2b (243 mg, 74%) as a yellow
solid (mp 70.6-72.2 °C). The spectral data were in accordance
with those reported in the literature.'

'"H NMR (300 MHz, CDCly): 0 = 7.42-7.37 (m, 15H), 4.12 (d,
J =13.3 Hz, 1H), 3.70 (d, / = 10.0 Hz, 1H), 3.30 (d, J = 13.3 Hz,
1H), 2.99-2.83 (m, 3H), 2.25 (dd, J = 12.2, 7.2 Hz, 1H), 1.21 (d,
J = 6.1 Hz, 3H). "C-NMR (75 MHz, DEPT, CDCl;): 6 = 150.5
(C,), 148.6 (C,), 139.9 (C,), 128.6 (CH), 128.2 (CH), 128.1 (CH),
127.8 (CH), 127.4 (CH), 127.2 (CH), 126.8 (CH), 125.8 (CH),
125.4 (CH), 66.4 (CH,), 59.7 (CH), 58.0 (CH,), 52.5 (C,), 47.9
(CH,), 19.5 (CH;). IR (ATR): 3061, 3029, 2960, 2924, 2788, 1491,
1445, 1373, 730, 695 cm~'. MS (EI) m/z (relative intensity) 327

(18) [M*], 312 (75), 147 (100), 91 (64), 56 (98). HR-MS (EI) m/z
caled for CoyHasN 327.1987, found 327.2002.
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1,2-Disubstituted-3,4-dihydronaphthalenes could be conve-
niently synthesized with high yields by the cycloaddition re-
actions of easily available vinylarenes with electron-deficient
alkynes such as dimethyl, or diethyl acetylenedicarboxylate,
methyl phenylpropiolate in the presence of DMF-DMA
(N,N-dimethylformamide dimethyl acetal) as organocatalyst.

The catalytic cycloaddition reaction is one of the most important
and efficient synthetic protocols for the one-step construction
of cyclic compounds.! In recent years, organocatalysis reactions
employing metal-free organic molecules as catalysts have received
unprecedented attention.” Remarkable advantages of organocat-
alytic reactions are that the catalytic reactions can be carried out
under air and the catalysts are usually inexpensive and stable.
In our attempts to develop an efficient organocatalyst system
for the addition reaction of alkynes to alkenes, we have found
that in the presence of N,N-dimethylformamide dimethyl acetal
(DMF-DMA), the addition reaction of vinylarenes with electron-
deficient alkynes proceeded smoothly to give the adducts of
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Table 1 Reaction of styrene with acetylenedicarboxylate*

R
R cat R COOR"
NN : N
| + R—=— COOR" DMF-DMA |
N NS
Scheme 1

1,2-disubstituted 3.4-dihydronaphthalenes (Scheme 1). It is well
known that some functionalized dihydronaphthalenes not only
exhibit physiological and biological activities, but they are also
valuable intermediates for the synthesis of numerous biologically
natural products and pharmaceuticals. Therefore, the design and
development of efficient synthesis methods are an attractive
and interesting research topic in synthetic chemistry.® In this
communication, we wish to report the results of the cycloaddition
reaction of vinylarenes with electron-deficient alkynes catalyzed by
DMF-DMA. To the best of our knowledge, this is the first example
of an efficient synthesis of functionalized dihydronaphthalenes
from the one-step catalytic cycloaddition of easily available
vinylarenes and alkynes.*

When a mixture of styrene 1a (1.0 mmol), an equimolar amount
of diethyl acetylenedicarboxylate 2a and DMF-DMA (0.2 mmol)
in toluene (1.0 mL) under air was heated at 110 °C for 5 h, GC
and GC-MS analyses of the resulting reaction mixture revealed
the formation of an adduct 3aa from the intermolecular addition
of 1a with 2a. 3aa could be isolated in 9% yield, and its structure
was characterized as diethyl 3,4-dihydro-1,2-naphthalate by its
spectral data (Table 1, entry 1).7

COOR
@/\ cat. O‘ COOR
+ ROOC——==—COOR
110°C,5h
1a R = C,Hs5, 2a; CH3, 2b 3

Entry Alkyne Catalyst 1a-2 (in molar) Yield (%)®
1¢ 2a (CH;),NCH(OCH;), 4 1:1 3aa )

2¢ 2a (CH;),NCH(OCHj;), 2:1 3aa 40

3¢ 2a (CH;),NCH(OCH,;), 43(0.5mL):1 3aa 62

4 2a (CH;),NCH(OCH;), 8.6(1mL):1 3aa 93 (82)
5 2b (CH3),NCH(OCH,CH,0) « 8.6(1mL): 1 3ab 95 (87)
6 2a DMF 8.6(1mL):1 3aa 16

“Reactions were carried out using 1.0 mmol of 2, 0.2 mmol of catalyst at 110 °C for 5 h. ? Yield according to GC based on the amount of alkyne
used. Numbers in parentheses are isolated yields. ¢ Toluene (1.0 mL) was used as solvent. ¢ N,N-Dimethylformamide dimethyl acetal (DMF-DMA).

¢ N,N-Dimethylformamide ethylene acetal.
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Table2 DMF-DMA-catalysed cyclic addition of vinylarenes with acetylenedicarboxylate®

R
\ DMF-DMA
Ry (20 mol%) COCR
| + ROOC—==—COOR
X 110°C,5h
1 R = C,Hs, 2a; CH3, 2b
Entry Styrene 1 Adduct 3 Yield (%)?
1 N COOR R=CH, 3ba 77 (89)
1b l I COOR
2 COOR R=CH, 3ca 78 (85)
x COOR
1c “
3 § COOR R=CH, 3da 86 (91)
Cl COOR
o> 0
4 cl COOR R=CH; 3ea 85 (89)
N COOR
1e ‘ ‘
Cl
5¢ Br COOR R=CH; 3fa 36 (42)
N COOR
1f g ‘
Br
6 COOR R=CH, 3ga 82 (90)
COOR R =CH; 3gb 85(92)
w O
7 COOR R = C,H; 3ha 63 (84)
Cl COOR
cl 1h O‘
COOR R=CH, 3ia 83 (86)

ROOC

§ )

&,

=
()

“ Reactions were carried out using 1.0 mmol of 2 and 0.2 mmol of catalyst in 1.0 mL of 1 at 110 °C for 5 h. ®Isolated yield (GC yield) based on the
amount of 2 used. ¢ Reaction was carried out using 1.0 mmol of 1f, 1.0 mmol of 2a in toluene (1.0 mL) at 110 °C for 6 h.

To optimize this organocatalyst-catalysed cycloaddition reac-
tion, the influence of reaction conditions on the yield of 3aa has
been examined. As shown in Table 1, the yield of 3aa depends
strongly on the catalysts and the ratio of 1a and 2a employed. In
toluene, an excess amount of 1a could accelerate this cycloaddition
reaction; the yield of 3aa was increased with an increase in the ratio

of 1a-2a (Table 1, entries 2-3). A satisfactory yield of 3aa (93%
GC yield) could be achieved when a large excess amount of la
(8.6 equivalents) was used (Table 1, entry 4). Under conditions
identical to those of entry 4, instead of DMF-DMA, N,N-
dimethylformamide ethylene acetal also displayed high catalytic
activity to afford 3aa in high yield (Table 1, entry 5). When DMF
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was used, the yield of 3aa was only 16% (Table 1, entry 6). Again,
if the DMF-catalyzed reaction was performed in toluene, 3aa was
formed in a small amount (<5%). In addition, it should be noted
that when trialkylamines such as Et;N and Bu;N were used as
catalysts, or in the absence of catalyst, the formation of 3aa was
not detectable by GC.

To examine the generality of the present cycloaddition system,
under the optimized reaction conditions (as indicated in entry
4 of Table 1), the cycloaddition reactions of various vinylarenes
with 2a or dimethyl acetylenedicarboxylate (2b) were examined,
and the results are summarized in Table 2. The electronic nature
of vinylarenes does not seem to affect the reactivity; vinylarenes
bearing either electron-donating or electron-withdrawing groups
in the para or ortho position of the phenyl ring underwent the
cycloaddition reaction smoothly to generate the corresponding
adducts in good yields (entries 1-4). When using an equivalent
of 1f and 2a in toluene, the corresponding desired product 3fa
was isolated in a moderate yield (entry 5). Furthermore, o-
methyl substituted vinylarenes, such as o-methylstyrene (1g) and
4-chloro-a-methylstyrene (1h) also underwent the cycloaddition
reaction smoothly to give the expected products in good yields
(entries 6-7).

In addition, the present catalyst system could be applied to the
synthesis of substituted dihydrophenanthrene. For example, the
reaction of 2-vinylnaphthalene (1i) with 2a took place to generate
1,2-diethoxycarbonyl-3,4-dihydrophenanthrene (3ia) in high yield
(entry 8).

On the other hand, under the same reaction conditions, the
reaction of another electron-deficient alkyne, methyl phenylpropi-
olate (2¢) with styrene was very sluggish. At 110 °C for 40 h, the
cycloadduct 3j was isolated in only moderate yield (Scheme 2).
In this case, it should be noted that the reaction proceeded
with complete regioselectivity, and only 3j was determined in the
reaction mixture by GC and GC-MS.

Ph
DMF-DMA
S (20 mol%) COOMe
+ Ph—==GCOOMe O‘
110°C, 40 h
1a 2 3j 45%
Scheme 2

The mechanism for the present DMF-DMA-catalysed cycload-
dition of vinylarenes with acetylenedicarboxylate is not clear; the
promoting role of DMF-DMA in this reaction is not understood
at this time. Concerted formation of cyclobutene 4 as the inter-
mediate is the simplest hypothesis (Scheme 3). The formation of 4
by [2 + 2] cycloaddition of alkenes with electron-deficient alkynes
without a catalyst,® or with the use of transition metal complexes
as catalysts, has been reported.® The unstable 4 is proposed to
selectively rearrange to afford the more stable six-membered ring
of 3, forming the product via a ring-extending reaction, similar to
the thermal rearrangements of 4-arylcyclobutenones.”

The other possible pathway for the present reaction is the
DMF-DMA-catalyzed Diels—-Alder cycloaddition of vinylarene
with acetylenedicarboxylate to furnish intermediate 4', which
undergoes aromatization by hydrogen shift to give 3. However,
to the best of our knowledge, there is no successful Diels—Alder
reaction in which vinylarene acts as a diene, therefore the formation

R
R R / R
2% X
| + || cat. \
X
3
Diels-Alder s
= R
4' R
unfavorable

Scheme 3 Proposed mechanism for cycloaddition reaction.

of 3 via the Diels—Alder reaction pathway seems to be very
unfavourable.

In summary, vinylarenes and electron-deficient alkynes undergo
cycloaddition reactions in the presence of DMF-DMA to afford
1,2-disubstituted 3,4-dihydronaphthalenes in good to excellent
yields. The presented procedure is novel because (1) it has
provided an attractive and economic strategy for synthesizing
the functionalized dihydronaphthalenes, (2) it presents a new
organocatalyzed cyclization. This method exhibits the advantages
of substrate versatility and mild reaction conditions. Further study
for the generalization of this type of cycloaddition reaction is
underway in our laboratory.

Acknowledgements
This project (20573061) was supported by the National Natural

Science Foundation of China.

Notes and references

For examples of reviews, see: (¢) M. Lautens, W. Klute and W. Tam,
Chem. Rev., 1996, 96, 49-92; (b) K. V. Gothelf and K. A. Jorgensen,
Chem. Rev., 1998, 98, 863-910; (¢) K. M. Brummond and J. L. Kent,
Tetrahedron, 2000, 56, 3263-3283; (d) R. E. Sammelson and M. J. Kurth,
Chem. Rev., 2001, 101, 137-202; (¢) M. Harmata, Acc. Chem. Res.,

2001, 34, 595-605; (f) J. A. Varela and C. Saa, Chem. Rev., 2003, 103,

3787-3802; (g) M. Harmata and P. Rashatasakhon, Tetrahedron, 2003,

59, 2371-2395; (h) 1. Coldham and R. Hufton, Chem. Rev., 2005, 105,

2765-2810.

2 For examples of recent reviews, see: (¢) P. I. Dalko and L. Moisan,
Angew. Chem., Int. Ed., 2001, 40, 3726-3748; (b) M. Benaglia, A. Puglisi
and F. Cozzi, Chem. Rev., 2003, 103, 3401-3429; (¢) P. I. Dalko and L.
Moisan, Angew. Chem., Int. Ed., 2004, 43, 5138-5175; (d) Y. Shi, Acc.
Chem. Res., 2004, 37, 488-496; (¢) M. J. O’Donnell, Acc. Chem. Res.,
2004, 37, 506-517; (f) T. Ooi and K. Maruoka, Acc. Chem. Res., 2004,
37,526-533; (g) D. Enders and T. Balensiefer, Acc. Chem. Res., 2004, 37,
534-541; (h) W. Notz, F. Tanaka and C. F. Barbas, 111, Acc. Chem. Res.,
2004, 37, 580-591; (i) J. Seayad and B. List, Org. Biomol. Chem., 2005,
3, 719-724; (j) G. Guillena and D. J. Ramon, Tetrahedron: Asymmetry,
2006, 17, 1465-1492; (k) T. Akiyama, J. Itoh and K. Fuchibe, Adv. Synth.
Catal., 2006, 348, 999-1010.

3 The traditional method for synthesis of dihydronaphthalene derivatives

is the dearomatization of naphthalene derivatives by the nucleophilic

addition of organometallic reagents mediated by transition metal
complexes. For a review, see: (a) A. R. Pape, K. P. Kaliappan and

E. P. Kundig, Chem. Rev., 2000, 100, 2917-2940; (b) For examples of

recent reports on the synthesis of dihydronaphthalene derivatives, see: T.

Hamura, M. Miyamoto, K. Imura, T. Matsumoto and K. Suzuki, Org.

Lett., 2002, 4, 1675-1678; (¢) H. Inoue, N. Chatani and S. Murai, J. Org.

Chem., 2002, 67, 1414; (d) D. C. Harrowven and M. J. Tyte, Tetrahedron

Lett., 2002, 43, 5971-5972; (¢) N. Asao, T. Kasahara and Y. Yamamoto,

Angew. Chem., Int. Ed., 2003, 42, 3504-3506; (f) S. GowriSankar, C. G.

Lee and J. N. Kim, Tetrahedron Lett., 2004, 45, 6949-6953; (g) D. Sil

and V. J. Ram, Tetrahedron Lett., 2005, 46, 5013-5015.

1856 | Org. Biomol. Chem., 2007, 5, 1854-1857

This journal is © The Royal Society of Chemistry 2007





4 The reaction of a-alkoxy-substituted styrenes with dimethyl acetylenedi-
carboxylate to produce a mixture of the 1 : 1 Diels-Alder adducts
(substituted 1,2-naphthalenedicarboxylates) and the 1 : 2 Diels—-Alder
ene adducts has been reported, see: H. Kotsuki, T. Yamaguchi, K.
Ohno, Y. Ichikawa and M. Ochi, Bull. Chem. Soc. Jpn., 1994, 67, 599—
602.

5 (a) T. Takao, Bull. Chem. Soc. Jpn., 1986, 59, 3871-3876; (b) G. M.
Liliana, L. M. Rosaria and C. Flavio, Synthesis, 1994, 149-151.

6 For examples of the transition metal-catalyzed [2 + 2] cycloaddi-
tion of alkenes to alkynes, see: (¢) C. S. Yi, D. W. Lee and Y.
Chen, Organometallics, 1999, 18, 2043-2045; (b) D.-J. Huang, D. K.
Rayabarapu, L.-P. Li, T. Sambaiah and C.-H. Cheng, Chem.—Eur. J.,
2000, 6, 3706-3713; (¢) R. W. Jordan, K. Villeneuve and W. Tam, J. Org.
Chem., 2006, 71, 5830-5833 and references therein.

7 R. Tiedemann, P. Turnbull and H. W. Moore, J. Org. Chem., 1999, 64,
4030-4041.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1854-1857 | 1857






PAPER

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

Highly selective synthesis of oxabicycloalkanes by indium
tribromide-mediated cyclization reactions of epoxyalkenes

Brendan M. Smith, Elizabeth J. Skellam, Samantha J. Oxley and Andrew E. Graham*

Received 9th May 2007, Accepted 9th May 2007
First published as an Advance Article on the web 18th May 2007
DOI: 10.1039/b707001b

The cyclization of epoxyalkenes to oxabicycloalkanes is catalyzed by stoichiometric quantities of
indium tribromide which exhibits excellent selectivity giving the oxabicyclic product in high yield in

preference to other cyclized or rearrangement products.

Introduction

The details of enzymatic cyclizations involved in the biosynthesis
of steroids and terpenoids continue to be of both mechanistic and
synthetic interest.! In particular, the enzyme-mediated cyclization
of epoxyalkenes has attracted considerable attention, as has
its analogous acid-catalyzed reaction which has been shown to
occur under a variety of non-enzymatic conditions.> Goldsmith
demonstrated that geraniolene oxide 1 gives equal amounts of the
cyclized materials 2 and 3, in addition to the carbonyl product,
on treatment with boron trifluoride diethyl etherate (Scheme 1).?
Subsequent work utilizing a range of Lewis acids has demonstrated
the value of mastering biomimetic cyclization routes for the
preparation of both natural and unnatural steroid and polycyclic

materials.*’
&
HO'

1 2 3

BF3.Et,0

0°C, Benzene

Scheme 1 Boron trifluoride diethyl etherate mediated cyclization of
geraniolene oxide.

While there is a wealth of information concerned with the
production of cyclic alcohols, the synthesis of bridged oxabicyclic
ethers using this approach is less well developed.® These materials
are usually observed as minor products in cyclization reactions and
there have been few studies designed to exploit this approach as a
viable entry point for their synthesis. Vidari recently demonstrated
that 5a is produced in moderate yields in iron(r) chloride-
mediated cyclization reactions of 6,7-epoxygeranyl pivalate 4a.
Similarly, Barrero has demonstrated that tin(1v) chloride selec-
tively catalyzes the cyclization of 6,7-epoxygeranyl acetate 4b
producing the bicyclic ether 5b, however, careful control of the
reaction temperature is required to achieve good selectivity®
(Scheme 2).

There has been considerable recent interest in the synthesis
of oxabicycloalkanes due to the occurrence of this structural
motif in a number of natural products displaying potentially
beneficial cytotoxic and protein phosphatase inhibitory activity.”
The development of efficient epoxyalkene cyclization routes to

Department of Chemistry, University of Wales Swansea, Swansea, UK SA2
8PP. E-mail: A.E.Graham@swansea.ac.uk; Fax: +44 (0)1792 295747

: OR
_~_OR  SnCly E)%:? OR OR Z
CH,Cl,, 0°C 0
Y OH

4aR = CO(CHy); 5a-b 6a-b 7a-b
4b R = COCH,

Scheme 2 Lewis acid mediated cyclization reactions of 6,7-epoxygeranyl
esters.

oxabicycloalkanes will potentially allow access to analogues that
are inaccessible by current methodologies, however, this goal is
constrained by the lack of suitable Lewis acid catalysts. The
outcome of the cyclization reaction is highly dependant on the
Lewis acid used, and poor catalyst selectivity for the bicyclic
material results in low yields of the desired materials. Furthermore,
the catalysts typically employed are highly corrosive and difficult
to handle. Mohan recently reported that a range of metal triflates
are efficient catalysts for the cyclization of geraniolene oxide
with the product ratio being dependant on solvent and substrate
concentration.® However, all of the catalysts studied displayed
poor selectivity for the bicyclic ether product and difficulties in
separating this product from the reaction mixture led to low
isolated yields.

Results and discussion

Recent studies have disclosed that a range of metal salts, such as
rare-earth triflates,’ are effective Lewis acid catalysts in a range of
organic transformations such as the rearrangement of epoxides
to carbonyl compounds displaying high catalytic activity and
good selectivity.’ The formation of carbonyl compounds is a side-
reaction frequently observed in epoxyalkene cyclization reactions
which may arise through an intermediate common to both reaction
pathways. As part of a programme investigating new routes to
bicyclic ethers, we investigated the ability of a series of Lewis acid
catalysts to cyclize 6,7-epoxygeranyl pivalate 4a to determine their
activity and, more importantly, their selectivity for the bicyclic
ether 5a (Table 1).

It can be seen that while all of the catalysts studied displayed
good activity, the selectivity for the bicyclic ether is poor, the
notable exception being in the case of indium salts. Our initial
studies with stoichiometric quantities of indium triflate produced
the bicyclic ether as the major product, however, these reactions
also contained considerable quantities of degradation products.

This journal is © The Royal Society of Chemistry 2007
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Table 1 Lewis acid mediated cyclization reactions of 6,7-epoxygeranyl
pivalate ester”

Ratio of Products®

Entry Catalyst Mol% 5a 6a 7a  Conversion® (%)

1 ZnCl, 100 15 11 74 100

2 BiCl; 100 14 21 59 1004

3 BiOClO,-nH,0 100 22 7 0 1004

4 Gd(OTf), 100 10 6 8 100

5 Yb(OTf), 100 12 9 79 100

6 Cu(OTY), 100 33 0 56 100°

7 Cu(BF,),-nH,O 100 19 0 17 8572

8 In(OTY), 100 75 25 0 100°

9 In(OTf), 10 13 11 76 100
10 InCl; 100 23 33 44 100
11 InCl; 10 8 15 77 100
12 InBr; 100 >95 <5 0 100"
13 InBr; 50 84 16 0 100
14 InBr, 20 80 0 20 100
15 InBr; 10 32 0 68 100

“ All reactions were carried out in dichloromethane at room temperature
under a nitrogen atmosphere for 4 hours. * Determined by 'H NMR
and GC analysis. ¢ Determined by 'H NMR. ¢ Contains furane product.
¢ Contains unidentified products. /Reaction over 18 hours. ¢ Contains
addition products. " 89% isolated yield.

Interestingly, the use of catalytic quantities of this salt led to
a reversal in selectivity in which the ketone was observed as
the major product. Encouraged by this observation we studied
other commercially available indium salts and were gratified
to observe that stoichiometric quantities of indium tribromide
produced the bicyclic ether with excellent selectivity. Furthermore,
the product is easily isolated in high yield simply by passing
the crude reaction mixture through a silica plug to remove the
catalyst. It has been suggested that the nature of the alcohol
substituent plays a significant role in determining the product
distribution,*” however, we noted no significant differences in
product ratios in reactions of the 6,7-epoxides derived from
either geranyl acetate or geranyl benzoate or which contained
silyl protecting groups. Reactions involving sub-stoichiometric
quantities of indium tribromide showed a similar reversal in
selectivity to that observed with the triflate. The reason for this
reversal is unclear at the moment although co-ordination of the
catalyst to the bicyclic ether has been proposed as a mechanism
for the formation of the allylic alcohol product.¢ In our case, this
co-ordination may have a beneficial effect preventing subsequent
degradation.

We also took the opportunity to investigate the ability of
indium tribromide to catalyze the cyclization reaction of the
regioisomeric 2,3-epoxide. Previously, it has been demonstrated
that boron trifluoride diethyl etherate catalyzes this cyclization
to produce the diol 9 in poor yields through a 6-endo cyclization
pathway.* The formation of 6-membered ring cyclization products

OH

z i. VO(acac),, 'BUOOH

ii. Ac,O, Pyridine

8

derived from a concerted, Sy2-like cyclization pathway have been
reported and has been the subject of considerable interest in
steroid synthesis."" Recently, indium tribromide has been shown to
promote the highly regio- and stereoselective alkylation of indoles
with enantiomerically pure epoxides through an Sy 2-type pathway
to produce B-3-indolyl alcohols.’? It has been proposed that it
is the electronic features of the Lewis acid which are important
in preventing the formation of carbocation intermediates and in
this context, the mild Lewis acidity of indium(1r) salts and their
relatively low oxophilicity make them suitable candidates for the
promotion of these Sy2-type reactions.’® Thus, 2,3-epoxygeranyl
acetate 8 was synthesized using literature procedures (Scheme 3),
and the indium tribromide-promoted cyclization was studied
under our standard conditions using a stoichiometric quantity
of catalyst. Gratifyingly, the cyclic diol 9 was produced in high
yield and with excellent selectivity.

Conclusions

In summary, the indium tribromide mediated cyclization reactions
of 6,7-epoxygeranyl esters proceed with excellent selectivity to
produce the bicyclic ether product in high yield using stoichio-
metric quantities of the catalyst. The use of sub-stoichiometric
quantities of indium tribromide leads to a reversal of selectivity
giving carbonyl compounds produced by a Meinwald-type rear-
rangement process. Reaction of the isomeric 2,3-epoxide gives the
cyclic diol produced through a 6-endo cyclization in high yield and
with excellent selectivity.

Experimental
General experimental

Commercially available reagents were used without further pu-
rification; anhydrous solvents were obtained from the Aldrich
Chemical Company. Flash chromatography was carried out using
Merck Kieselgel 60 H silica or Matrex silica 60. Analytical thin
layer chromatography was carried out using aluminium-backed
plates coated with Merck Kieselgel 60 GF254 that were visualised
under UV light (at 254 and/or 360 nm) or using potassium
permanganate solution (1% in water) followed by charring. Infra-
red (IR) spectra were recorded in the range 4000-600 cm™' as
neat oils or solids and are reported in cm™'. Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker 400 MHz
spectrometer in CDCl; at 25 °C unless stated otherwise and are
reported in ppm; J values are recorded in Hz and multiplicities are
expressed by the usual conventions. Low-resolution mass spectra
(MS) were determined using the ionization technique stated. ES
refers to electrospray ionization, CI refers to chemical ionization
(ammonia) and EI refers to electron impact ionization. High
resolution mass spectra (HRMS) were obtained courtesy of the

OH
OAc InBrz, CH,Cl, OAC
4h,rt
OH
87%
9

Scheme 3 Synthesis and cyclization reactions of 2,3-epoxygeranyl acetate.
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EPSRC Mass Spectrometry Service University of Wales Swansea,
UK using the ionization method specified. Removal of solvent
refers to evaporation at reduced pressure using a rotary evaporator
followed by the removal of trace volatiles using a vacuum pump.

Geranyl pivalate

To a solution of geraniol (4.00 g, 25.9 mmol) in pyridine
(10 ml) was added trimethylacetyl chloride (3.52 g, 29.2 mmol)
and a catalytic quantity of 4-dimethylaminopyridine (158.4 mg,
1.30 mmol) and the reaction mixture was left to stir at room
temperature for 6 hours. Dichloromethane (40 ml) was added and
the organic phase washed with water (2 x 50 ml), hydrochloric
acid (2 x 20 ml, 1 M solution) and sodium hydrogen carbonate
solution (4 x 20 ml, 10% solution). The organic phase was then
dried over magnesium sulfate and the solvent removed under
reduced pressure to give a yellow oil which was purified by column
chromatography (hexane — 10% ethyl acetate : hexane) to give the
product geranyl pivalate as a colourless oil (5.86 g, 95%); '"H NMR
(CDCl;; 400 MHz) 0 = 1.12 (9H, s), 1.53 (3H, s), 1.61 (3H, s), 1.63
(3H, s), 1.94-2.08 (4H, m), 4.50 (2H, d, J = 7 Hz), 5.00 (1H, t, J =
7 Hz), 5.25 (1H, t, J/ = 7 Hz); "C NMR (CDCl;; 100 MHz) 6 =
179.0, 142.0, 132.1, 124.2, 119.1, 61.7, 39.9, 39.1, 27.6, 26.7, 26.1,
18.1, 16.8; vy, (film)/cm™' (neat) 2970, 2931, 1727, 1480, 1397,
1281, 1147, 939 and 771; MS (EI) m/z 238, (M)*; HRMS (EI)
calculated for C;sH,,0, (M)* 238.1927, found (M)* 238.1926.

Geranyl acetate

(99% yield); "H NMR (CDCl;; 400 MHz) 6 = 1.61 (3H, s), 1.69
(3H, s), 1.71 (3H, s), 2.07 (3H, s), 2.08-2.15 (4H, m), 4.60 (2H,
d,J =7Hz),5.09 (1H,t,J =7 Hz), 535 (1H, t, J = 7 Hz); °C
NMR (CDCl;; 100 MHz) 6 = 171.5, 142.6, 132.2, 124.5, 118.6,
61.8,39.9,26.7,26.1,21.4,18.1, 16.8; vy, (film)/cm~" (neat) 2968,
2919, 2857, 1739, 1443, 1365, 1227, 1021, 953 and 607; MS (EI)
m/z 196 (M)*; HRMS (ES, NH;) calculated for C;H,,NO, (M +
NH,)* 214.1802, found (M + NH,)* 214.1802.

6,7-Epoxygeranyl pivalate 4a

To a solution of geranyl pivalate (1.63 g, 6.85 mmol) in
dichloromethane (75 ml) at room temperature was added 3-
chloroperoxybenzoic acid (77%, 1.25 g, 7.24 mmol) and sodium
hydrogen carbonate (608 mg, 7.24 mmol) and the reaction mixture
was left to stir at room temperature for 48 hours. The reaction
mixture was then washed with sodium metabisulfite solution (2 x
50 ml, 10% solution) and sodium hydrogen carbonate solution
(4 x 50 ml, 10% solution). The organic phase was then dried
over magnesium sulfate and the solvent removed under reduced
pressure to give a yellow oil which was purified by column
chromatography (hexane — 10% ethyl acetate : hexane) to give
the product 6, 7-epoxygeranyl pivalate 4a as a colourless oil (1.14 g,
66%); "H NMR (CDCl;; 400 MHz) 6 = 1.12 (9H, s), 1.19 (3H, s),
1.23 (3H, s), 1.55-1.63 (2H, m), 1.65 (3H, s), 2.02-2.20 (2H, m),
2.63 (IH, t, J = 7 Hz), 4.50 (2H, d, J = 7 Hz), 5.30 (1H, t, J =
7Hz); *CNMR (CDCl;; 100 MHz) 0 = 138.7, 130.7, 122.9, 122.3,
60.2, 58.4, 38.5,26.2,25.4,24.7,16.7, 15.2; v, (film)/cm™" (neat)
2962, 2933, 1726, 1481, 1459, 1281, 1148, 939 and 771; MS (EI)
m/z 254 (M)*; HRMS (ES, NH;) calculated for C;sH,,0; (M +
H)* 255.1955, found (M + H)* 255.1957.

6,7-Epoxygeranyl acetate 4b

(71% yield); "H NMR (CDCl;; 400 MHz) 6 = 1.19 (3H, s), 1.24
(3H, s), 1.56-1.63 (2H, m), 1.66 (3H, s), 1.98 (3H, s), 2.03-2.21
(2H, m), 2.63 (1H, t, J = 7 Hz), 4.52 2H, d, J/ = 7 Hz), 5.32 (1H,
t,J =7Hz); *C NMR (CDCl;; 100 MHz) 0 = 171.5, 141.6, 119.3,
64.3, 61.6, 58.8, 36.6, 27.5, 25.2, 21.4, 19.1, 16.9; v, (film)/cm™!
(neat) 2962, 2926, 1736, 1448, 1378, 1228, 1121, 1022, 954 and
679; MS (EI) m/z 212 (M)*; HRMS (ES, NH;) calculated for
C,H,,NO; (M + NH,)* 230.1751, found (M + NH,)* 230.1748.

Typical experimental procedure for the indium
tribromide-mediated cyclization of 6,7-epoxygeranyl pivalate

To a solution of 6,7-epoxygeranyl pivalate (115 mg, 0.45 mmol) in
anhydrous dichloromethane (10 ml) under a nitrogen atmosphere
was added indium tribromide (161 mg, 0.45 mmol) and the
reaction stirred at room temperature for 4 hours. The solvent
was then removed under reduced pressure and the crude reaction
mixture passed through a short plug of silica which was washed
with 10% ethyl acetate : hexane. Removal of the solvent under
reduced pressure gave the product 2, 2-dimethylpropionic acid 1,3, 3-
trimethyl-7-oxa-bicyclo[2.2.1] hept-2-ylmethyl ester 5a (102 mg,
89%); '"H NMR (CDCl;; 400 MHz) 6 = 0.98 (3H, s), 1.03 (3H,
s), 1.13 (9H, s), 1.29 (3H, s), 1.36-1.69 (5H, m), 3.71 (1H, d, J =
5Hz), 3.91 (1H, dd, J = 11 and 7 Hz), 4.06 (1H, dd, J = 11 and
7 Hz); “C NMR (CDCl;; 100 MHz) 0 = 177.4, 85.0, 84.7, 62.5,
53.3,43.9, 37.6, 37.4, 26.2, 24.9, 24.8, 22.2, 17.3; v, (film)/cm™"
(neat) 2964, 2876, 2256, 1720, 1458, 1384, 1287, 1167, 1075 and
919; MS (EI) m/z 254 (M)*; HRMS (ES, NHj;) calculated for
CisH,,0; (M + H)* 255.1955, found (M + H)* 255.1958.

2,3-Epoxygeranyl acetate 8

To a solution of geraniol (6.22 g, 40.3 mmol) and vanadyl
acetylacetonate (149.3 mg, 0.56 mmol) in chloroform (50 ml)
was added an anhydrous solution of zert-butyl hydroperoxide (5—
6 M solution in decane, 8 ml, 44.4 mmol) dissolved in chloroform
(2 ml) drop-wise over 20 minutes and the reaction heated to reflux
for 6 hours. The reaction mixture was then washed with sodium
metabisulfite solution (2 x 40 ml, 10% solution), the organic phase
was dried over magnesium sulfate and the solvent was removed
under reduced pressure. The crude product obtained was then
stirred at room temperature with acetic anhydride (20 ml) and
pyridine (25 ml) for 18 hours. Dichloromethane was then added
(40 ml) and the reaction mixture washed with water (2 x 50 ml),
hydrochloric acid (2 x 20 ml, 1 M solution) and sodium hydrogen
carbonate solution (4 x 25 ml, 10% solution). The organic phase
was then dried over magnesium sulfate and the solvent removed
under reduced pressure to give a yellow oil which was purified by
column chromatography (hexane — 10% ethyl acetate : hexane)
to give the product 2,3-epoxygeranyl acetate 8 as a colourless oil
(5.75 g, 67%); "HNMR (CDCl;; 400 MHz) 6 = 1.30 (3H, s), 1.42—
1.51 (2H, m), 1.60 (3H, s), 1.68 (3H, s), 2.04-2.08 (2H, m), 2.09
(3H, s), 2.98 (1H, dd, J = 4 and 7 Hz), 4.02 (1H, dd, J = 7 and
12 Hz), 4.30 (1H, dd, J = 4 and 12 Hz), 5.07 (1H, t, J = 7 Hz);
BC NMR (CDCl;; 100 MHz) 6 = 171.3, 132.6, 123.6, 63.8, 61.0,
60.0, 38.7,26.1,24.0,21.2, 18.1, 17.2; v, (film)/cm™" (neat) 2978,
2928, 2251, 1714, 1651, 1445, 1378, 1219, 1146, 1037, 914, 870
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and 731; MS (EI) m/z 212 (M)*; HRMS (ES, NH;) calculated for
C,,H,,0; (M + H)* 213.1485, found (M + H)* 213.1484.

Typical experimental procedure for the cyclization of
2,3-epoxygeranyl acetate

To a solution of 2,3-epoxygeranyl acetate (110 mg, 0.52 mmol) in
anhydrous dichloromethane (10 ml) under a nitrogen atmosphere
was added indium tribromide (184 mg, 0.52 mmol) and the
reaction stirred at room temperature for 4 hours. The solvent
was then removed under reduced pressure and the crude reac-
tion mixture passed through a short plug of silica which was
washed with 10% ethyl acetate : hexane. Removal of the solvent
under reduced pressure gave the product (2,5 -dihydroxy-2',6',6'-
trimethyl) cyclohexylmethyl acetate 9 (104 mg, 87%); "H NMR
(CDCl;; 400 MHz) 0 = 1.11 (3H, s), 1.19 (6H, s), 1.44-1.73 (5H,
m), 2.03 (3H, s), 3.50 (1H, dd, J = 8 and 3 Hz), 3.89 (1H, dd, J =
12 and 3 Hz), 4.22 (1H, dd, J = 12 and 3 Hz); *C NMR (CDCl;;
100 MHz) 6 = 171.9, 75.1, 72.7, 65.7, 53.8, 36.8, 33.5, 29.0, 27.9,
23.2, 21.6, 16.1; vy, (film)/cm™" (neat) 3466, 2936, 1737, 1371,
1234, 1036; MS (EI) m/z 230 (M)*; HRMS (ES, NH;) calculated
for C,,H,;0, M + H)* 231.1591, found (M + H)* 231.1589.
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