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This article gives some highlights of the recent advances in the development of novel lanthanide based
complexes, conjugates and self-assembly structures formed from the use of organic ligands and
organo-metallic (transition metal) complexes, that are designed with the aim of capitalising on the high
coordination requirement of the lanthanide ions. The examples shown, demonstrate the versatility of
the lanthanide ions as luminescent probes and sensors that emit at long wavelength either in the visible

or the near infrared (NIR) part of the electromagnetic spectrum.

Introduction

The lanthanides have both intriguing physical and chemical
properties. They possess characteristic 4f open-shell configura-
tions, where the most stable oxidation state is +3, and exhibit a
close chemical resemblance across the periodic series due to the
small and regular decrease in their ionic radii. The lanthanide
ions have high charge density and high ionisation potentials,
consequently these ions are hard Lewis acids, which can form
strong coordinating bonds with a variety of ligands, and are mainly
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paramagnetic, with the exception of La(ir) and Ce(ir). The
lanthanide ions usually possess coordination requirements as high
as ten, though for Eu(ir) and Tb(1r) nine is very common.
Although such high coordination is difficult to fulfill, using
a single coordinating organic ligand, the use of functionalised
macrocyclic ligands such as cyclen has come close to achieving
such coordination.

The lanthanides also present very special spectroscopic prop-
erties which originate from the shielding of the 4f orbitals and
hence symmetry forbidden f-f electronic transitions."* Most of
the lanthanide ions are luminescent, emitting with characteristic
narrow-line-like emission bands, mostly in the visible and near
infrared ranges. Their excited state emission depends on how
efficiently their excited state(s) can be populated and their non-
radiative deactivation paths minimised, which can be tuned by
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ligand design. Hence, ions such as Tb(111) and Eu(1ir) have become
particularly attractive as biomolecular markers, as their emission
occurs at long wavelength with long lived excited states. The hard
Lewis acid nature makes these ions particularly attractive towards
ligands possessing amides, carboxylates and nitrogen based hete-
rocycles. Therefore the prospect of designing structurally discrete
organic ligands with the aim of developing complex metallo
supramolecular architectures is particularly attractive. However, in
comparison to transition metal-based supramolecular structures,
such lanthanide structures are rare.! Nevertheless, in the last
few years some excellent examples of such structures have been
published, often from the use of simple organic ligands. These
are designed so as to satisfy the need for high coordination
of the lanthanide ions, either in a single molecule, but more
often through the self-assembly of more than one such organic
ligand around the lanthanide ions, in some cases mediated by
the presence of transition metal ions. As a result structurally
complex architectures have been formed which have fascinating
photophysical properties, many of which have recently been
reviewed."* This article gives some selected examples of the design
principles employed in the developments of such f, ff and f-d
architectures in recent times. It is not meant to be a comprehensive
review of the field but rather to give some flavour of this fast
growing area of research.

The use of organic ligands in the self-assemblies of f,
f—f and f—d metal ion architectures

A series of oxyacetate-functionalised m-terphenyl-based ligands
incorporating sulfonamido, 1, and amide groups 2a and 2b
have been reported and the structures of their corresponding
neutral lanthanide complexes have been studied by 'H-NMR
and luminescence experiments.® Several lanthanide ion complexes
were formed from these ligands. In Eu.1, Eu.2a-b, Tb.1, and
Tb.2a (Fig. 1) the ligand occupies eight coordination sites of the
metal ion by means of three chelating oxyacetate groups and two
amide or sulfonamide oxygens. A solvent molecule completes the
inner coordination sphere. The luminescence properties of the
Eu(1n), Tb(1r), Dy(111), and Sm(11r) complexes were investigated
through excitation of the terphenyl moiety using methanol as a
solvent for Eu(1r) and Tb(1i1) and DMSO for the Dy(1ir) and
Sm(111) complexes; the choice of the solvent was dictated by the
higher sensitivity of the latter two ions to quenching by solvent
hydroxyl groups compared to Eu(1ir) and Tb(11). Laser excitation
at 350 nm of Er.2a, Nd.2a, and Yb.2a also resulted in metal-based
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luminescence demonstrating that Er", Nd(mr) and Yb(ir) can
accept energy even from high lying ligand centred triplet states.
Organic dyes with a lower energy excited triplet state (around
14000-17 000 cm™") have been employed as antennae for the near-
infrared luminescent Yb(1ir), Nd(1i1), and Er(ii1) complexes of 3
and 4, (Fig. 2).* The 1 : 1 complexes can be efficiently excited with
visible light, ... = 488 nm for both fluorescein (in 3) and eosin (in
4) derivatives, displaying intense lanthanide luminescence at low
concentration (10~ mol 1"") in D,O as a result of energy transfer
from the chromophore. However, this process occurs rather slowly,
as indicated by measurements on the effects of quenching by
molecular oxygen.
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Fig. 2

A hairpin-shaped heterotrimetallic luminescent neodinium
complex 5 (Fig. 3), has been designed for sensing biological
substrates, such as DNA.® In this system, the ligand can wrap
around the lanthanide ion through a hard binding core, i.e. the
diethylenetriaminepentaacetic acid derivative moiety, as well as
providing two soft thiol sites available for binding transition
metal ions, such as Pt(1r). The two planar Pt(11) complexes act as
strong DNA intercalators and also as sensitisers for Nd (1) NIR

Fig. 3
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luminescence. The lanthanide unit does not interact with DNA,
thus acting as a luminescent “reporter”.

Tsukube and co-workers prepared the Eu(iir) complex of
tris(2-pyridylmethyl)amine 6, as a luminescent sensor for nitrate,
NO;~, while the corresponding Tb(11) complex displayed Cl~
selectivity, (Fig. 4).* The Eu(i1) complexes of 6 and 7 possess
1 : 1 stoichiometry and are stable enough for use in solution.
In this case, the pyridine units fulfill the role of the sensitising
antenna, absorbing at 260 nm before transferring their excited
state energy to the lanthanide ion. However, the complexes are
coordinatively unsaturated and hence the metal bound solvent
molecules effectively quench the luminescence. Nevertheless, upon
addition of three equivalents of NO;~ to Eu.6, or CI~ in the case
of Th.6, in CH;CN, the solvent molecules are displaced and the
luminescence is increased by factors of 4.9 and 5.4, respectively.
Conversely, anions such as I-, Br~, FI-, ClO,~, SCN-, HSO,",
and H,PO,~ do not show the same response. The achiral ligand 7
displayed similar anion selectivity in CH;CN, although to a lesser
extent than the chiral analogue.

Charbonniére et al. reported on the time-resolved luminescent
properties of a nona-coordinated Eu(1r) complex.” The ligand
comprises a podand incorporating bipyridine arms, each of which
bears a carboxylate unit, 8 (Fig. 5). In the resulting Eu(111) complex,
the metal ion coordinates to six nitrogen atoms from the three
bipy subunits together with three oxygen atoms of the carboxylate
groups, providing an overall coordination number of 9. The
"H-NMR spectrum of the Eu(i1) complex in d¢-DMSO shows
unambiguously a C; symmetry in solution. From the analysis of
its photophysical properties in water at room temperature, the
Eu(in) complex exhibited a long excited state lifetime (7 = 1.85
ms) and a relatively high quantum yield (@ = 0.12). The stability
constant of the complex was proven to be of the same order of
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Fig. 5

magnitude as the corresponding EDTA complex, under the same
conditions (logK = 14.3 + 0.8). Bioaffinity assays based on time-
resolved luminescence were carried out using the Eu(1ir) complex,
suggesting that suitable [Eu(8-2H)]" derivatives could be used as
Iuminescent labels in time-resolved luminescence microscopy.

Pikramenou and co-workers prepared the bis(f-diketone) lig-
ands 9 and 10 (shown in their enolic forms, Fig. 6) which bind
to Ln(1) or Yb(11) ions to form neutral homodimetallic triple-
stranded complexes [M,(9-2H);] where M = Eu, Nd, Sm, Yb,
Gd and [M,(10-2H);], where M = Eu, Nd or anionic quadruple-
stranded dinuclear lanthanide units, [Eu,(9-2H),]*.* The com-
plexes have been thoroughly investigated by NMR confirming
the formation of a single complex species with high symmetry
and chiral nature, as demonstrated by the splitting of the NMR
signals upon addition of Pirkle’s reagent. The absorption spectra
of both 9 and 10 exhibit an intense band centred at 357 nm,
attributed to the n—7* enol absorption. This is typical of the enol
form of B-diketones. The complexes have high molar absorption
coefficients (ca. 13 x 10* M~' em™) and display strong visible
or NIR luminescence, depending on the chosen lanthanide, upon
excitation of the ligand band at 350 nm. The bis-diketonate ligand
proved to be an efficient sensitiser, particularly for Sm(i) and
Nd(11). Compared with the triple stranded Eu(i) complex in
the solid state, the quadruple-stranded complex displays a more
intense luminescence with a distinct emission pattern indicating
its higher symmetry.
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O OH O OH
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Fig. 6

Faulkner and Pope investigated the synthesis and luminescence
properties of a hetero-trimetallic lanthanide complex containing
two terbium ions and one ytterbium ion 11, (Fig. 7).° In this
elegant f—f—f system, the Yb(111) centred NIR emission at 980 nm
is sensitised via energy transfer from the terbium centres when

Fig.7

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1999-2009 | 2001





excited at 488 nm. It is worth noting that neither ytterbium
nor the aryl chromophore of the aminobenzyl group possess
any absorption bands at 488 nm. Therefore, it was deduced that
ytterbium sensitisation occurred by means of energy transfer from
the terbium ions. This is one of the first examples of a lanthanide
centred NIR emission sensitised by a lanthanide ion.

Biinzli and co-workers designed a new class of highly stable
and luminescent dimetallic carboxylates which self-assemble in
water forming lanthanide helicates.” Ligand 12 (Fig. 8) yields
neutral triple-stranded dimetallic helicates with the entire series of
lanthanide ions [Ln,(12-2H);]; such complexes are stable in water
in the pH range 4-13, with stability comparable to that of DOTA-
derived complexes (pLn ~ 21-22; where pLn = —log[Ln(111)(aq)]**
when [Ln(i)], = 10°° M and [DOTA] = 107° M, at pH = 7.4)."
This indicates that the large hydration energy of the trivalent
lanthanide ions is adequately compensated by the favourable
thermodynamic contribution of the self-assembly process.

Et\N' ! ! ‘N/Et

—N N—2
N— N
72
HOOC \ / 12

COOH

Fig. 8

In the case of the Ln(111) complexes of 12 (and related examples
from these groups)™* the three ligand strands are wrapped around
the two nine-coordinate Ln™ ions in a helicate shaped structure
with a pseudo-D; symmetry around the metal, as demonstrated by
X-ray crystallography, which showed that the Tb(111) complex of 12
had the chemical formula: [Tb,(12-2H);]-20.5H,O. These results
were confirmed by "H-NMR studies in D,O, as further evidence
that the complexes adopt a helical structure in solution as well as
in the solid state. Moreover, the ¢ value of the Eu(iir) complex was
found to be zero, which proves that the Eu(1r) ions are completely
protected from direct water interaction, thus providing a good
Eu(1)-containing luminescent probe. A thorough investigation of
the metal-centred luminescence spectra of the Eu(ii) and Tb(1ir)
complexes, both in solution and in the solid state, were also in
perfect agreement with the D; symmetry reflected in the NMR
spectra.

Recently, the disassembly of bimetallic triple-stranded lan-
thanide helicates has been thoroughly investigated in the presence
of an excess of metals, revealing the competitive formation of
standard linear bimetallic complexes and circular trimetallic
single-stranded helicates.”* Except for ligand 15 (Fig. 9), which
quantitatively forms the triple-stranded helicate [Ln,(15);]°* for
a 2 : 3 Ln : 15 ratio, all other ligands (13, 14, 16, Fig. 9)
slowly interconvert into a mixture of complexes, as detected by 'H
NMR in CH;CN/CHCI; (1 : 1) and ESI-MS titrations. For these
complexes, the assembly of the bimetallic triple-stranded helicates
(2:3, Ln: Ligand) competes with the formation of complexes with
a 1 : 1 stoichiometry. The crystal structure of the Eu(iir) assembly
with ligand 17 with a 1 : 1 stoichiometry is shown in Fig. 10
and represents the first example of such a circular single-stranded
lanthanide helicate."

The challenging development of heteropolymetallic f—f com-
plexes has been achieved by Piguet e al. by assembling the tris-

S a Ua B
X= —(CHy)g— 16

Fig.10 Thecrystal structure of the Eu(111) triple-stranded helicate formed
from ligand 17. (Reproduced with permission from ref. 13. Copyright 2004
Wiley Interscience.)

tridentate ligand 17 (Fig. 11) and two different lanthanide metal
ions (Ln' and Ln?)."”* In acetonitrile, the self-assembly under
stoichiometric conditions yields a mixture of heterotrimetallic
triple stranded helicates [(Ln'),(Ln?),_ .(17);]** (x = 0-3) with Ln',
Ln? = La(1r), Nd(1mr), Sm(111), Eu(inn), Yb(ir), Lu(tin), Yb(iir). The
statistical analysis of the thermodynamic data obtained through
qualitative (ESI-MS) and quantitative (‘H-NMR) investigations
highlighted the importance of the different affinities of each
specific lanthanide for the terminal sites (N,O;) and the central
one (Ny). These parameters depend on the ionic radius, thus
providing size-discriminating effects which favour the formation
of heterotrimetallic helicates with the central site occupied by the
larger metal.

In 2000, Horrocks and Lessmann reported the second example
of neutral helicates in aqueous solution.’ The ligands used,
18 and 19 (Fig. 12) consist of two tridentate chelating units
linked by an organic diamine (1,2-diaminocyclohexane in 18,
4,4'-diaminodiphenylmethane in 19, Fig. 12). Thus, each ligand
coordinates to two different metal ions and the complexes
formed are dinuclear with two 9-coordinate lanthanide ions and
a stoichiometry of [Ln,L;]. The coordinating units chosen by
Horrocks are based on the well-known dpa ligand (dpa = 2,6-
pyridinedicarboxylic acid). This ligand forms the well-studied,
propeller-shaped complex [Ln(dpa);]*~,'>!¢ which is 9-coordinate
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with trigonal prismatic, D; geometry and either A or A chirality
at the metal centre. The diamines link the coordinating moieties
via amide bonds. In 18, both R,R and S.,S enantiomers of the
diamine linker have been used in order to impose a handedness
to the helicate and to produce a complex which retains its metal-
centred (AA or AA) optical activity in solution. [Ln(dpa);]*~ and
other chiral lanthanide complexes of this type all racemize rapidly
in solution, resulting in racemic mixtures.*

The formation and speciation of the lanthanide complex
assemblies derived from 18 and 19 have been further studied by
laser-induced lanthanide luminescence spectroscopy in aqueous
solution. However, X-ray crystal structure analysis of these
complexes has not been reported to date. Nevertheless, molecular
mechanic modelling calculations have been used to predict the
likely structures of dinuclear helicates with a 3 : 2 ligand : metal
(L : M) stoichiometry and D; symmetry. The results indicate
the formation of the true helix form (AA or AA configuration
at the metal ion centres) and also the side-by-side helicate (AA
configuration). In the latter, the authors predicted that ligand 18
was able to form a bridged structure, where one ligand chelates
one metal ion through both binding sites; two such coordinated
metal ions are then bridged by a third ligand.

The diastereoselective self-assembly of a trinuclear Eu(111) array
has been elegantly presented by Mamula et a/. which exhibits a
supramolecular helical chirality related to the arrangement of the
ligands 20 (Fig. 13) around the metallic core.'™ An elegant crystal
structure of the trinuclear assembly was obtained and revealed that
the ligands adopt a left-handed helical configuration, which was
also proven by the circular dichroism (CD) spectrum of the com-
plex. Preliminary investigations were conducted, which showed
that the trinuclear assembly persists in the solution state. Upon UV
irradiation, the Eu array displays bright red luminescence both
in solution and the solid state. The properties of the assembly in
the excited state were therefore investigated by circularly polarised
luminescence (CPL) spectroscopy. The excitation of the organic
chromophore at 315 nm in CH;CN gave rise to polarised emission

COOH

(+)-H 20

Fig. 13 a) Ligand 20; b) The crystal structure of [Eus{(+)-20}-
(1;-OH)(H,0);](Cl10,),-3H,0 (O red, Eu turquoise, N dark blue;
O-coordinated  pinene-bipyridyl groups orange, N,O-coordinated
pinene-bipyridyl groups green). View parallel to the crystallographic C;
axis with a simplified labelling scheme. Hydrogen atoms, perchlorate
counterions, and water molecules of crystallization have been omitted for
clarity. (Reproduced with permission from ref. 17. Copyright 2006 Wiley
Interscience.)

bands corresponding to the Eu(ii)-centred D, — ’F; transitions.
Mamula et al., have recently extended this self-assembly strategy
by developing switchable chiral architectures, which are solvent
dependent, containing Pr(111) ions.'™

Beer and co-workers synthesised and studied the photophysi-
cal properties of luminescent ruthenium(ir) bipyridyl complexes
containing one, two (21, Fig. 14) or six lower rim acid-amide
modified calix[4]arene moieties, covalently linked to the bipyridine
groups.”® The Ru-calixarene complex 21 is able to coordinate
Nd(1), Eu(iir) and Tbh(m) ina 2 : 1 Ln* : complex ratio. Addition
of lanthanide ions (as nitrate salts) to acetonitrile solutions of the
ruthenium complex 21 caused noticeable changes in the absorption
and emission spectra allowing the evaluation of the association
constants.

The luminescence studies upon excitation of the
tris(bipyridine)-ruthenium(ir) complex at 452 nm, show
that the adduct formation affects the ruthenium luminescence,
which is strongly quenched by Nd(i1) and increased by Tb(1ir)
and Eu(mm). In the case of Nd(mm), the excitation spectra show

This journal is © The Royal Society of Chemistry 2007
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that (i) the quenching of the ruthenium luminescence occurs via
energy transfer to the Nd(1m) centre and (ii) the electronic energy
of the excited calixarene is not transferred to the Ru(bpy), but
again to Nd(111), due to its proximity to the calixarene moiety. As
a consequence, the neodymium emission at 1064 nm is greatly
enhanced. In the case of Tb(1), the emission intensity and
the lifetime of the ruthenium bipyridine moiety both increase.
This behaviour was ascribed to the electric field created by
the lanthanide ion around the ruthenium-calixarene complex
by comparison with the Gd(i) ion, which behaves identically
and can affect ruthenium only through its charge. Another
contribution may have come from the decrease of vibrational
motions (therefore of non-radiative processes) upon complexation
with Tb(11) due to the rigidification of the structure. Finally, in
the case of Eu(i), it was found that the ruthenium bipyridine
emission intensity and lifetime both increased if the lanthanide
ion was added as a nitrate salt; whereas the addition of Eu(1)
as a triflate salt did not affect the ruthenium luminescence.
This led to the conclusion that the luminescence behaviour is
strongly dependent on the lanthanide counterion. Moreover,
the electron transfer (*Ru — Eu) quenching process, although
thermodynamically allowed, does not occur due to kinetic reasons.
Most probably the quenching process is rendered inefficient by
the specific geometry/conformation of the [21-2Eu*] adduct,
where the nitrate plays a very important role.

One of the first examples of the use of Ru(1) based moieties
to achieve sensitised lanthanide emission via the excitation of
the Ru(mm) centre is 22 (Fig. 15)." Here the ligands for the
complexations of the Ln-centres were similar to those seen in
Fig. 1. However, in the case of 22, two such ligands were
employed giving rise to two Ln-binding sites. In this trimetallic
RuLn, complex the near-infrared luminescence of neodinium
and ytterbium was sensitised by energy transfer from the triplet
excited state of the ruthenium-—tris(bipyridine) complex.” The
transition metal-based antenna absorbs in the visible part of the
electromagnetic spectrum. The luminescent nature of the donating
state (the *MLCT state) has allowed a detailed study of the
energy transfer process to the lanthanide centres. The rate of
the sensitisation process measured for both Nd(11) and Yb(ii)
complexes are 1.1 x 10° s and <10° s7', respectively.

Fig. 15

A remarkable example of self-assembly is represented schemat-
ically in Fig. 16, by DeCola et al*® The supramolecular system 23
consists of a heterotrimetallic complex, in which the photoexci-
tation of the Eu(1n) occurs via energy transfer from a transition-
metal-based antenna. In such a system, the Ir(11)-based moiety
acts as a sensitiser for the Eu(iin) red emission. Interestingly, the
emission of almost-white light can be observed if there is only
partial energy transfer from the excited Ir-based chromophore.
If this occurs, the Eu(1in) red emission combined with the residual
blue emission from the iridium complex gives rise to a global white
light emission.
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Fig. 16

Incorporation of potential metal ion binding sites into the
macrocyclic ligand can yield metal-specific luminescent probes.
In the Tb(111) complex 24 (Fig. 17), for instance, the selective zinc
ion binding at pH 7.4 in a competitive ionic background resulted
in a luminescence enhancement of the terbium emission by 26%.2'
Pope et al. have also recently elegantly demonstrated such Zn(1r)
sensing.”®

o /‘D{ E(’)“zi\co H
e oges
jg 24 CO,H

Fig. 17
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In a similar manner, we have investigated the effect on the
ground, singlet excited states and the Tb(111) emission of 25 and
26 (Fig. 18) as a function of pH and concentration of alkali
metal cations.”? By analysing the photophysical properties of the
complexes in water, upon excitation at 300 nm, it was established
that both their ground and excited states were modulated by
changes in pH and by the presence of ions such as Na* and K*.
Both 25 and 26 were found to be pH independent between pH 4
and 8, where their luminescence was “switched off”. However,
in buffered pH 7.4, the Tb(111) emission was highly modulated
by either Na* and K*, 26 showing higher sensitivity due to the
more suitable size of the receptor. In all cases, the photophysical
changes were attributed to the modulation of the antenna-receptor
moiety and of the energy transfer process from the antenna to the
lanthanide centre.
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Fig. 18

The work of Parker et al. has featured many excellent examples
of cyclen based lanthanide architectures. One example of these
is 27, in which a palladium porphyrin has been covalently linked
to a chiral Yb(i1) complex.” In this hetero-metallic system the
quenching of the excited triplet state of the Pd(i1) porphyrinate by
molecular oxygen is suppressed upon DNA binding resulting in an
enhancement of the NIR Yb(1ir) luminescence. This is one of the
first examples of such self-assembly architectures. Parker ez al. have
elegantly developed other self-assembly systems between simple
lanthanide complexes and anions such as carboxylates, phosphates
and phosphorylated amino acids. These will be discussed later.
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Faulkner, has developed interesting f—d self-assemblies. Here we
see the detection of carboxylates at the lanthanide metal centre,
in the self-assembly system 28 (Fig. 20),> which was formed from
the coordinating unsaturated lanthanide (Ln = Yb(1r), Nd(1m) or
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Fig. 20

Er(11)) complexes 29 and the M = Ru(11) or the Os(11) complexes
30. This enabled the population of the lanthanide ion by the
MLCT band of the transition metal ion similar to examples 21
and 23, however, unlike these examples the MLCT moiety was
directly coordinating to the lanthanide ion centres.

In 2004, we designed a cationic cyclen based Eu(iir) complex
as a luminescent copper sensor, 31 (Fig. 21).” In this system, a
simple 1,10-phenanthroline group was conjugated to the cyclen
macrocycle, where it serves as the antenna for the complex as well
as being a potential coordination site for transition metal ions. It
was hoped that this system could be used to form a mixture of f—
d-f trimetallic self-assembly, which can be schematically described
as B in Fig. 22, where the luminescence of the lanthanide centre
would be modulated upon formation of the assembly. Indeed, 31
(shown as A in Fig. 22) did form self-assemblies as expected with
various ions such as Co(ir), Fe(1) and Cu(ir). However, we did
not form exclusively the desired f-d-f network B, but also the
tetranuclear polymetallic supramolecular complex where Cu(ir)
was coordinated by three 31 complexes. Even though this was
not desirable, nevertheless, the assembly was formed in aqueous

Fig. 21
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Fig. 22 Schematic representation of linear self-assembly B, made from
the cyclen based conjugate A (red ball = Eu(iil)) upon coordination to
d-metal ions such as Fe(11) (green ball) and C; the formation of capped—
self-assembly from A (red ball = Yb(111) and Nd(1r)) and [Ru(bipy),Cl,]
(Ru(11) = green ball).”

solution at pH 7.4 (but we had previously shown that the Eu(iir)
emission was highly pH sensitive, being switched on in neutral pH
while being switched off in either acidic or alkaline media)* which
was highly desirable. Hence, the above self-assembly between 31
and Cu(11) can be considered as one of the first examples of
supramolecular self-assembly of mixed f-d metal ion conjugates.
The recognition of Cu(i) in water at pH 7.4 gives rise to the
quenching of the Eu(1r) luminescence showing good selectivity
over other ions such as Co(1), Fe(11), and Fe(1r).

In a related work, Desreux et al. have also developed related
self-assembly complexes using the 6-hydroxy-5,6-dihydro-1,10-
phenantholine appended cyclen derivative 32 (Fig. 23).”” They
showed that the Gd(1r) complex of 32, and using either Fe(r) or
Ni(1r), gives rise to the formation of a mixed f and d metal ion self-
assembly. This is very similar to that observed for 31 above. While
this system was not studied for its luminescent properties, but
rather as a potential contrast agent for MRI, the design strategy
employed was the same as in 31. Similarly, Livramento et al. have
used an octa acidic acid derivative of a 2,2'-bipyridine moiety as an
MRI contrast agent, which was formed by self-assembly around
an Fe(1) ion, giving a 6 : 1 ratio between the f and the d metal ions
in the self-assembly.?®

Fig. 23

In order to fine-tune the self-assembly process set out in
Fig. 22, 31 above, a different kind of mixed linear trimetallic -
d supramolecular self-assembly based on 28 was developed in
our laboratory. Here, a Eu(1in) cyclen derivative appended with a
terpyridine, 32, was developed (Fig. 24), in which the terpyridine
moiety acts as a sensitizer for the lanthanide centre as well as
a suitable ligand for transition metal ions, such as Fe(ir) and

ey
P

/

33 A

/
Fig. 24

Ni(11).* The hydration state of the complex (¢) was found to
be 1.2 indicating that complex 32 had one metal-bound water
molecule, giving an overall nine-coordinate environment. The
lanthanide luminescence of the Eu(1i1) complex was monitored as
a function of pH resulting in the emission being switched on above
pH 3 and switched off above pH 9. The UV-vis, fluorescence and
europium luminescence spectra were then measured at neutral pH
upon addition of a series of transition metal ions. The changes
in the ground state of 32 showed the formation of a ternary
complex with a new MLCT band appearing at ca. 570 nm upon
coordination of Fe(i1) and Ni(11) to the terpyridine moiety. As
for the fluorescence, the emission band at 422 nm was quenched
upon titration with both Fe(ir) and Ni(1r). The coordination of
these metal ions to the antenna also caused the quenching of
the delayed europium luminescence, probably due to back energy
transfer from the lanthanide emissive state (°D,) to the excited
triplet state of the antenna. The Eu(1n) ion can therefore be used
as an “impartial luminescent reporter” for the formation of the
self-assembly complex, as it is not directly involved in the binding
of the transition metal ions.

Having formed the desired structure B, we set out to form
the f—d analogue depicted as C in Fig. 22. Here the underlying
objective was, as in the examples 22 and 23, to achieve IR emission
from Nd(1m), Yb(imr) or Er(ii1) by using an antenna that would
absorb in the visible region. To achieve this, we employed the
Nd(11), Yb(in) or Er(1i1) complexes of the ligand shown for 31
and a capping ligand.* This gave the f-d conjugates 34 and 35
respectively (Fig. 25). This design places the two metal ion centres
close to each other and enables fast and efficient population of
the near IR emitting ions from the MLCT band (at ca. 450 nm)
of the Ru-centre. Excitation of the 450 nm band gave emission
centred at 610 nm assigned to the d-block emission. This gives

N
~ |/ x
| 0
N_
/
34 Ln=Yb(lIll)
35 Ln = Nd(lll)
Fig. 25
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rise to the necessary overlap with the symmetry forbidden f—f
absorption bands of Yb(1ir) and Nd(1r) (which have low extinction
coefficients), allowing for the necessary sensitization of 34 and 35,
respectively, in the visible region. These are the first examples of
such f—d dyads, based on the design principle C in Fig. 22 using
the cyclen based ligands.

The use of organic ligands in the formation of
self-assemblies between f-ions and anions

As discussed above both Parker et al. and Faulkner ef al. have de-
veloped self-assembly systems by using coordinately unsaturated
lanthanide complexes.**3*! Such complexes have also been made in
a similar manner by Ziessel e al. who have developed a sensor for
anions using the coordinately unsaturated complex 36 (Fig. 26).%
Here a bis-bpy-phenyl phosphine oxide ligand, was designed as
an anion sensor when complexed with Eu(iir). This pentadentate
ligand is unable to fully complex the lanthanide thus leaving an
open face that acts as the receptor site for anion coordination.
Luminescence was produced by energy transfer from the bpy
moiety. The complexes were made in situ in MeCN with either
Eu(m) triflate or nitrate salts. In studies with a number of anions
an 11-fold increase in emission intensity was seen on the addition
of two equivalents of NO;~.

Fig. 26

Two examples from Parker ez al. of sensors for anions, where
the lanthanide ion emission is modulated upon the formation of
a self-assembly between a lanthanide complex and an anion are
37 and 38 (Fig. 27).** These were developed for the detection of
bicarbonate in intra- or extra-cellular environments, and as such

Me_ _CO,R

PN

RO,C™ “Me

37R=Et
38R=-

Fig. 27

are potential probes for such anion sensing in cells. This idea has
recently been elegantly developed further with the formation of
selective nucleoli stains based on the Eu(1i1) complex 39, (Fig. 28).
This complex was used to stain nucleoli of NIH 3T3, HeLa and
HDF cells, and the complex was shown to function as a probe in
both live and fixed cell imaging.**

PhCH CO,Et

—‘ 1l

H—N

0
Nf _\N,H
VA
N ,\N/EI{N)OHZ
\ |/

0

N—H

39
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Fig. 28

We have recently demonstrated that similar coordinatively
unsaturated complexes, e.g. 40 (Fig. 29) which lack the covalently
attached antenna seen in the above complexes, can be used to
detect anions that themselves are antennae, such as salicylic acid,
in competitive media.* Here the prodrug aspirin was not detected
and 40 can be used to selectively discriminate between the two
antennae. Similar work has also been published by Wong et al.*
Faulkner et al. have also developed similar systems using a Nd(111)
analogue, to study the efficiency of the near-IR sensitisation
process in ternary complexes, using various antennae including
a pyrene carboxylate.’”
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R

40 Ln = Tb(IlI); R = CH;
Fig. 29

Having established in our own laboratory that lanthanide
complexes such as 40 (which we describe as being ‘photophysically
silent’ as they lack the antenna that is necessary for the population
of the lanthanide excited state) could be used as carboxylate
sensors, we set out to develop analogues of this design by using
two metal ion complexes, tethered together with a short aliphatic
spacer or by using a xylene moiety.

An example of the latter design is the bis-lanthanide complex 41
(Fig. 30).%® This complex was found to bind either to mono-anions
such as salicylic acid or to bis-anions such as bis-carboxylates.

This journal is © The Royal Society of Chemistry 2007
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For most of these anions the lanthanide emission was switched
on upon anion recognition, in a similar manner to that observed
for 40. In the case of those anions lacking antenna, we used the
xylene spacer as the antenna, by excitation at low wavelengths.
While this is not ideal for the population of the Tb(1r) excited
sate, the emission was still modulated upon anion sensing, being
enhanced, with the exception of tartaric acid where the emission
was quenched upon sensing of the anion. The binding mode for
this recognition was 1 : 2 (complex to ions) for those anions
that only had a single binding site and 1 : 1 binding for the
biscarboxylates. In all cases the emission enhancements were
significantly larger for those anions having antennae. We are
currently developing other analogues of this design to allow for the
formation of larger self-assembly structures. Faulkner et al. have
similarly developed such sensors that can be used for anions in the
near-IR.** Similarly to 41, the excitation of the bridging antenna
gave, on all occasions, the characteristic metal luminescence from
the lanthanide ions.

An alternative design strategy for the development of such
self-assembly formation for sensing purposes has recently been
developed in our group.*” Here a self-assembly between a -
diketonate and the Eu(iir) complex of 40 was formed in buffered
pH 7.4 solution. This assembly (Fig. 31) was highly luminescent,
and the Eu(111) emission was clearly visible to the naked eye under
a UV-lamp (UV-excitation). The formation of the assembly was
also found to be highly pH sensitive, where it was only formed
within the physiological pH range. However, we discovered that
this assembly could also be dissociated upon the addition of
certain anions such as HCO;, lactic acid and F~ at pH 7.4 in
water. Hence, the assembly can be described as a lanthanide based
‘displacement assay’ for anions in aqueous solution.*’ We are
currently developing this strategy further.

Conclusions

This article has dealt with some of the many examples of
lanthanide based architectures that have been published in the
last a few years. It is obvious from this account that the area
of lanthanide mediated self-assembly formation and the use of
lanthanide ions in sensing and luminescent biological imaging is a
fast growing field and full of opportunities. Moreover, many of the
lanthanide ions have relevance for the telecommunication industry,
such as Er(111) and a large body of work has been published in the
past where such complexes have been developed. It will thus be very
interesting to follow this exciting development in the coming years.
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Fig. 31 The formation of the self-assembly between the Eu(iir) complex
of 40 and B-diketonate at pH 7.4 gives rise to red Eu(111) emission, while in
acidic or alkaline media the self-assembly dissociates and the blue emission
of the organic antenna is only observed.
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Many phosphatases make use of metal ions to aid catalysis of phosphate ester hydrolysis. Here, we
investigate the impact of metal ions on the potential energy surface (PES), and hence the preferred
reaction mechanism, for a simple model for hydrolysis of phosphate ester monoanions. We show that,
while both associative (4y + Dy) and dissociative (Dy + Ay) mechanisms are represented on the
potential energy surfaces both in the presence and absence of metal ions, the Dy + Ay process is
favoured when there are no metal ions present and the Ay + Dy process is favoured in the presence of
two metal ions. A concerted (AyDy) process is also available in the presence of two metal ions, but
proceeds via a high-energy transition state. In the presence of only a single metal ion the Ay Dy process
is the most favoured, but still proceeds via a high-energy transition state. Thus, we conclude that
metallo-enzyme phosphatases are likely to utilise an associative process, while those that function

without metal ions may well follow a dissociative process.

Introduction
Importance of phosphate ester hydrolysis

Hydrolysis of phosphate esters is of crucial importance to biolog-
ical systems, being involved in energy transduction, biosynthesis,
control of secondary messengers and regulation of protein func-
tion. Inevitably, a wide range of enzymes has evolved to catalyse
this deceptively simple reaction, operating via a range of different
mechanisms and under a wide range of different conditions. Thus,
there are enzymes that function in high pH and low pH, that utilise
direct attack by water or employ an enzyme-derived nucleophile in
a double displacement reaction, that employ metal ions in catalysis
and others that do not. Phosphate ester hydrolysis has also become
the focus of much effort in the design of artificial catalysts,"” many
of which draw inspiration from known enzyme structures.

Mechanisms for the hydrolysis of phosphate esters differs fun-
damentally from the mechanism for the hydrolysis of equivalent
carboxylate esters on account of the availability of low-lying d-
orbitals on the phosphorus atom. Thus, pentavalent phosphorus
species are available as intermediates in the hydrolysis mechanism.
As a result, hydrolysis may proceed via either a pentavalent
(often described as “associative”) or trivalent (described as
“dissociative”) intermediate. Alternatively, a concerted process, in
which bond-making and bond-breaking occur in a single reaction
step, passes through a single transition state structure without an
intermediate (Scheme 1).

These three processes may be formally termed Ay + Dy, Dy + Ax
and Ay Dy, respectively, though the latter, concerted, process may
also be regarded as either associative or dissociative, depending
on the bond-orders at the transition state. In addition, our earlier
work® suggested that there might also be equivalent non-inline
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Scheme 1 Ay + Dy, Dy + Ay and Ay Dy mechanisms.

processes for each of the mechanisms described above, for a total
of eight distinct mechanisms. However, our work also suggested
that the non-inline processes had broadly similar reaction barriers
to their inline equivalents so, for the purpose of this paper, they
have been ignored. The remaining four inline mechanisms can all
be described on a More O’Ferrall-Jencks plot, Fig. 1, in which
reactants are located at the lower right corner, products at the
upper left. A dissociative process (Dy + Ay) would then proceed
via the upper left region of the plot, whereas an associative process
(Ax + Dy) would proceed via the lower right region. Concerted
processes (AxDy) are often depicted as heading across the middle
of the plot, but can pass though any part of the plot, being either
associative or dissociative in character depending on the total bond
orders for the making and breaking bonds at transition state.
The key distinction for concerted processes is the absence of an
intermediate (local minimum) along the reaction pathway.

Here we present 2-dimensional energy surfaces for the identity
reaction involving water exchange on the phosphate monoanion
as a model for phosphate ester hydrolysis. The dimensions of
the plot represent formation of the P-O bond to the incoming
nucleophile and breaking of the P-O bond to the leaving group.
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Fig.1 More O’Ferrall-Jencks plot showing the routes across the potential
energy surface followed by AxDy, Ay + Dy and Dy + Ay processes.

As these 2-dimensional surfaces are, in reality, simply projections
of the full PES onto 2-dimensions, there are multiple points
from the full surface corresponding to each individual point on
our 2-dimensional surface; points with different coordinates that
are not directly related to the bond-making and bond-breaking
events of interest. Variation in these other coordinates adds noise
to the 2D plots and can obscure key features of the potential
energy surface. It is, therefore, essential to keep the number of
additional coordinates to a minimum and to investigate multiple
conformations corresponding to each point on the plot to ensure
that the true lowest energy 2D plot is obtained. Thus by focusing
on the water exchange reaction, we are able to avoid complications
that may arise from variation in the orientation of the leaving
group. Also, by exploiting an identity reaction, the potential energy
surface will be symmetrical about the P-O,,. : P-O,, diagonal. A
consequence of this symmetry is that any reaction pathway will
cross this diagonal exactly once and thus by simply plotting the
diagonal, the number of valid pathways across the surface can
be identified simply from the number of valleys on the diagonal.
This relationship between the diagonal and the 2D surface is not
necessarily true for non-symmetrical systems.

These 2-dimensional potential energy surfaces allow us to
determine which mechanisms are available to the systems under
study and provide an indication of their relative barrier heights. In
particular, we are interested in whether the presence of metal ions
has an impact on the preferred mechanism.

Solution and enzyme-bound mechanisms

For monoesters in aqueous solution, hydrolysis has generally been
accepted as following a largely dissociative mechanism,* ™ citing
large negative f, and little participation of the nucleophile in the
rate-limiting step as evidence to support this."? It was also assumed
for quite some time that enzyme catalysis would somehow drive
the mechanism towards a more associative process in keeping
with the compact nature of most enzyme active sites.”*** More
recently, there has been extensive experimental investigation into
the catalytic mechanisms of a number of phosphatases alongside
many computational studies of various model systems. It is clear
from these results that a number of different reaction mechanisms
are employed by various enzymes. Thus, KIE results have been

used to postulate a dissociative transition state for various
phosphotyrosine phosphatases (PTPases).'® Alkaline phosphatase
has been shown to exhibit a large negative S, for both phosphate
and sulfate substrates (both —0.76)'"'® compared with —1.23 for
phosphate ester hydrolysis in solution'>—evidence that has been
used to support a dissociative mechanism for this enzyme also.!”!®
However, a similarly large f,, (—1.38)" has be shown for dinuclear
Co catalysts, for which KIEs indicate a concerted associative
mechanism.” Unfortunately, KIEs for alkaline phosphatase are
around 1 for a wide range of substrates, indicating a non-chemical
rate-limiting step.?

In addition, perusal of the literature reveals that a variety
of mechanisms have been proposed for metallo-phosphatases
and their dinuclear biomimetic equivalents.”'** Essentially,
these mechanisms can be boiled down to two, differing in the
arrangement of the metal ions with respect to nucleophile and
leaving group (Scheme 2). Generally, these mechanisms have been
proposed on the basis of X-ray crystal structures and type 1
(Scheme 2) has been applied to purple-acid phosphatase, Ser/Thr
protein phosphatases and many small dinuclear catalysts,”"**
whereas type 2 has been applied to alkaline phosphatase and inos-
itol monophosphatase.?'**2* Recent crystal structures of enzymes
with bound transition state analogues have been used to argue
in favour of a dissociative mechanism for phosphoserine protease
(PSP),” which does not utilise metal ions, and for an associative
mechanism for the metallo-enzyme, B-phosphoglucomutase,®
though interpretation of the latter structure has lead to some
controversy.?”*

Type 1 - e.g. Protein Phosphatase 1

| |
Q €]
O\P/ \3‘ \\P °
AN N\
o} ( (o] o) / o]
_—
/lllll/// M\\‘“\\O”I”’l M‘\‘\\\\\\ 1,,”’,’, M\\““\ol" 1y M‘\“\\\\\
Type 2 - e.g. Inositol Monophosphatase
o, OH o, OH
\ / N/
gy R e _r
W | 0T ———= w7 | o
VOt e N
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Scheme 2 Proposed reaction mechanisms for protein phosphatase 1
(type 1) and inositol monophosphatase (type 2), both shown as concerted
AxDy processes.

Phosphate ester hydrolysis has also been extensively investigated
using a variety of theoretical methods and model systems.?*
Unfortunately, most previous work considers only a single pos-
sible mechanism for the particular system under consideration.
Furthermore, it is rare to find the same system considered across
several studies, thus it is difficult to come to any mechanistic
conclusion based on computational work alone. Where both
associative and dissociative mechanisms have been considered,”
dissociative transition states have been determined in the absence
of a nucleophile, so the two mechanisms are not directly compa-
rable. Thus both Ay + Dy*3* and Dy + Ax*® mechanisms have
been proposed for the solution reaction based on computational
results. Computational studies of the reaction mechanism in
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enzymes have been similarly inconclusive as, again, methods
such as coordinate-following with QM/MM systems require an
assumption of the type of mechanism in advance. Thus Dy +
Ay pathways have been claimed for phosphotyrosine protein
phosphatases (PTPases)*****? in addition to both dissociative*® and
associative’” Ay Dy pathways® as well as an 4y + Dy pathway for
monoanions.® It should be noted that the latter study identified
a Dy + Ay pathway for dianions.® Only one other study* has
effectively considered the possibility of a variety of different
mechanisms for any given system and, in common with the
results presented here, that paper also determined 2-dimensional
potential energy surfaces for phosphate ester hydrolysis. Kldhn*
et al. consider non-symmetrical reactions in which leaving group
# nucleophile and so, barrier heights cannot be compared
directly with those here. In addition, they consider dianions,
and do not look at the role of metal ions coordinating to both
nucleophile and leaving group. However, Kldhn’s results show
that simple dianions prefer associative pathways with no clear
intermediates. Pyrophosphate trianions, on the other hand, show
both associative and dissociative concerted (AyDy) mechanisms
with the dissociative mechanism preferred. The only consideration
of metal ions lies in the inclusion of a single ion, binding to a
non-bridging oxygen in a triphosphate. This is a model for ATP
hydrolysis, and so represents a rather different system from those
considered here.

Methodology

Model reaction

Water exchange involving the phosphate monoanion (H,PO,™)
has been taken as the model system for this study, though, as
there is both experimental and computational evidence to support
the possibility of proton transfer during the reaction, proton
positions have been allowed to optimise during the calculations
(Scheme 3). As a result, this same model is able to able to
describe the hydroxide exchange on neutral phosphate. From a
consideration of pK,, the reaction might be expected to involve
the phosphate dianion (HPO,*") in aqueous solution; involvement
of the dianion in gas-phase calculations is both unrepresentative
and leads to problems with optimisation. In aqueous solution,
phosphate oxygen atoms participate in a number of hydrogen
bonds, serving to attenuate substantially any negative charge;
similarly while bound in an enzyme active site phosphate groups
are frequently in close association with positively charged amino
acids. It has also been argued that the hydrolytic reaction may well
prefer the monoanion.” Thus, it is appropriate to reduce the charge
on the phosphate group in a gas-phase calculation. In addition,
optimisation of strongly negatively-charged species frequently
leads to positive energies for occupied orbitals leading to unbound
electrons. Trial calculations showed that the system described here

H,O0 + H,POy ——— H,PO, +H,0
Equivalent to:
H,0 + H,PO4 —= HO" + H;PO4 — H;3P0O4 + HO” — H,PO4 + H,0

Scheme 3 Model reaction considered in this work.

(H;PO,/OH"™ or H,PO, /H,O) gave stable optimisation both in
the presence and absence of metal ions.

As Mg?* ions do not possess any valence electrons, do not show
redox behaviour in this context and are found in a number of
phosphatase enzymes, they represent the metal ion of choice for
this work.

In order to compare associative mechanisms directly with the
corresponding dissociative mechanism, 2-dimensional potential
energy surfaces (PES) have been determined with specified P-O,,
and P-O,, distances as the two dimensions, all other geometrical
variables (including proton positions) being allowed to optimise,
so adding energy contours to the More O’Ferrall-Jencks plot,
Fig. 1. By considering dissociative reactions in the presence of
the nucleophile in this way, the number and nature of the atoms
involved remains constant and barrier heights taken from the PES
for the various processes are now directly comparable.

As a consequence of considering a symmetrical reaction (nucle-
ophile and leaving group are identical), the PES for the reaction
should also be symmetrical about the diagonal (P-O,, = P-O,,)
of the plot. Furthermore, a consequence of this symmetry is
that any reaction pathway for hydroxide exchange must itself
be symmetrical about the diagonal and is therefore constrained
to cross the diagonal only once. Thus a simple one-dimensional
plot of the diagonal of the PES will reveal the number of distinct
reaction pathways available for the system—each minimum on
this one-dimensional plot will correspond to either a transition
state or an intermediate along a distinct reaction pathway. A
frequency calculation on each of these points will distinguish
between transition states on concerted pathways and intermediates
on stepwise pathways. Determination of the full PES will be
required to identify transition states for stepwise processes along
with reactant and product complexes, which will then allow
determination of reaction barriers for the various pathways.

Solvation has been simulated by means of correction to SCF
energy, rather than by inclusion of explicit solvent molecules, as
the latter approach introduces additional degrees of freedom into
the system, both complicating the 2-dimensional surfaces and sub-
stantially increasing computer time. Furthermore, introduction
of loosely bound species renders transition state determination
impossible on account of the large number of soft vibrations
brought about by the weak non-bonding interactions. Thus, it
is also not possible to introduce counter charges to offset the
charge of the Mg** ions without also preventing transition state
determination in their presence.

Computation

All calculations have been performed using Gaussian 03*' and
the 6-31++G(d,p)** basis set thus placing diffuse and polarisation
functions on all atoms in the system. Second order Moller—Plessett
pertubation* has been applied to Hartree—Fock optimisations and
frequency calculations whilst DFT calculations have made use of
a combination of Barone’s 1-parameter modified Perdew—Wang
91 exchange functional* and the Perdew—Wang 91 correlation
functional (MPWI1PW91).* Discussions are based primarily on
results obtained using DFT, but attention is drawn to any situation
in which MP2-based calculations gave different results. Solvation
effects have been simulated by applying a PCM* correction to key
DFT stationary points with Gaussian 03. The PCM calculations
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made use of the UFF model rather than the default UAO model as
a number of transition states also included some degree of proton
transfer.

In the absence of metal ions, starting points for the diagonal of
the PES are quite simple to determine. When P-O,, = P-O,,. (as
required for the diagonal), the structures possess C,, symmetry
(considering only the heavy atoms) so starting points were
constructed, constraining both P-O,, and P-O,, to the specified
distance at 0.2 A intervals and adding hydrogen atoms maintain
C,, symmetry. Structures were subjected to free optimisation with
only P-O,, and P-O,,. constrained to their specified values.

Adding two metal ions to the system complicates matters. It
is possible to obtain structures with both C, and C,, symmetry
for the same values of P-O,, and P-O,,, these structures differing
only in the positioning of the metal ions. Thus, for short P-O
distances at least, starting points were generated with each of the
two possible symmetries and optimised with only P-O,, and P-O,,
constrained. (At long P-O distances, the C, structures optimised
to C,, analogues so additional starting points were not required).
In cases where optimisation from C, and C,, starting points gave
different optimised results, the lower energy result has been taken
for the plot.

With only a single metal ion, all structures are asymmetric so
the metal ion was initially placed 2.0 A from one hydroxide ion,
designated (somewhat artificially) as the nucleophile.

Starting points for the full PES were generated in a similar
manner but with P-O,, and P-O,, specified and constrained
independently. In this case, points are taken at 0.1 A intervals.

Accurate determination of stationary points started from the
nearest constrained optimised structure on the PES and subjected
it to a fully unconstrained optimisation (also no symmetry
constraints). Transition states and local minima were verified by
means of a frequency calculation on the optimised geometry at the
same level of theory as was used for the geometry optimisation.

Results and discussion
Phosphate ester hydrolysis in the absence of metal ions

Calculations with P-O bond distances constrained to values
greater than 3.6 A failed to converge in SCF, but it is clear from
both the diagonal (Fig. 2a) and full PES (Fig. 2b) that there are two
distinct reaction paths—one with a minimum at P-O,, = P-O,,.
~ 1.8 A, the other with a minimum, both P-O distances >3.4 A.

Unconstrained optimisation of the points closest to each mini-
mum produced structures for a pentavalent Ay + Dy intermediate
(Fig. 3a) with P-O bond lengths of 1.77 A and a trivalent Dy + Ay
intermediate with P-O bond lengths of 3.42 A (Fig. 3b). Both
intermediates show C,, symmetry. As optimisation of the reactant
complex (Fig. 3c) showed the reaction to involve both a water
molecule and the phosphate monoanion, both pathways involve
a proton transfer, concerted with either P-O bond breaking or
making. In the case of the Ay + Dy pathway, this proton is
transferred from the nucleophile to one of the phosphate oxygen
atoms along a pre-existing hydrogen bond, whereas in the Dy + Ay
example, proton transfer occurs from a phosphate oxygen atom to
the departing leaving group.

An approximate transition state could be identified from the
2-dimensional PES for the Ay + Dy process: this led to a fully

Relative Energy (kcal mol™)
8

T T T T T
1.0 15 20 25 3.0 35 4.0

a P-0,gyn, Distance(A)

P-O,, Distance (A)

20 25 30 35
b P-O, Distance (A)

Fig. 2 DFT-Calculated PES in the absence of metal ions. (a) Diagonal;
(b) 2-dimensional PES.

optimised transition state with P-O,,. = 2.18 A and P-0,=1.71 A
(Fig. 4), resulting in a barrier height of 38.4 kcal mol~'. Though the
2-dimensional PES is suggestive of a Dy + Ay transition state with
P-O, ~ 22 A and P-O,, ~ 3.4 A, unconstrained optimisation
resulted in an increase in the value of P-O,,., leading eventually to
SCF failure. Thus, it was not possible to obtain an optimised Dy +
Ay transition state in the presence of the nucleophile. The apparent
shallow saddle point on the PES is an artefact arising from the fact
that the 2-dimensional PES is merely a projection of the full PES
into two dimensions. As a consequence of this projection, there
are a large number of structures that can correspond to each point
on the surface (i.e., they retain the specified values for P-O,, and
P-O,,. but other geometrical parameters can vary. Though these
variations generally result in small changes to the energy, they can
produce the appearance of spurious stationary points that are not
maintained under full optimisation). Thus, as the PES becomes
quite flat with increasing P-O distance at the extremes of the plot,
these small local variations can have an impact on the appearance
of the plot.

There seems to be a ridge developing at P-O,, = 2.0 A and P-
O, > 3.4 A, with the true transition state lying somewhere on the
ridge, but with a large value of P-O,,.. It is clear, however, that the
barrier for the Dy + Ay pathway, at around 28 kcal mol ™', is lower
than that of the 4y + Dy pathway. For comparison, the dissociative
reaction pathway (Dy step only) for H,PO,~ was also calculated in
the absence of nucleophile. This resulted in the transition state
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Fig. 3 DFT-Optimised structures in the absence of metal ions for
(a) associative intermediate, (b) dissociative intermediate, (c) reactant
complex.

Fig.4 DFT-Optimised transition state for an 4y + Dy mechanism in the
absence of metal ions.

(Fig. 5) with P-O,, = 2.08 A and a reaction barrier of 34.19
kcal mol™', suggesting either a small degree of stabilisation of the
transition state or a destabilisation of the reactant by the presence
of the nucleophile.

MP2 calculations give a remarkably similar picture to that
obtained via DFT, with only minimal differences in geometry
and barrier heights. Calculations employing MP2 were slightly less
effective at combating SCF problems at longer fixed P-O distances
while taking up more memory and CPU-time.

Applying a PCM correction to the key stationary points in
order to simulate solvation of the system produces a quantitative
change in the relative barrier heights for the two mechanisms but

1.19A T 1.26A

Fig. 5 DFT-Optimised transition state for P-O bond dissociation in the
absence of both metal ions and nucleophile.

no change in the preferred mechanism. Though transition states
could not be determined for the dissociative Dy + Ay process,
taking the point closest to the ridge on Fig. 2b, suggests that the
barrier for this process changes by less than 1 kcal mol™' whereas
the barrier height for the associative process is reduced by a little
over 2 kcal mol™'. By far the largest effect is the destabilisation of
the dissociative intermediate by 9 kcal mol™'

Table 1 shows a summary of the key geometric parameters and
energies of the stationary points.

Phosphate ester hydrolysis in the presence of two metal ions

The diagonal of the potential energy surface in the presence of
metal ions clearly shows at least two distinct reaction paths when
using DFT (Fig. 6a). These two paths correspond to the stepwise
Ax + Dy and Dy + Ay pathways described for the system without
metal ions. As in the previous case, SCF convergence problems
were experienced at long fixed P-O separations limiting the extent
to which the 2-dimensional PES could be plotted with the result
that the Dy + Ay intermediate lies beyond the reach of the plot
(Fig. 6b).

The Ay + Dy intermediate (Fig. 7a) shows only C, symmetry,
with a rotational axis running from the P-atom to the O-atom that
does not interact with either metal ion. There is no mirror plane
of symmetry. This contrasts topologically with the equivalent TS
in the absence of metal ions, which possesses a mirror plane of
symmetry and so has C,, symmetry. The presence of metal ions
extends P-O,, and P-O,, in the intermediate to 1.82 A (compared
with 1.77 A in their absence). The symmetry of this pathway differs
therefore from that of both pathways observed in the absence of
metal ions.

Examination of the full 2D-PES (Fig. 6b) reveals an Ay + Dy
transition state which optimises to P-O,,. = 2.29 A, P-0,=1.75 A
(Fig. 8) and a barrier-height of 24.53 kcal mol™'. Comparing this
structure with the optimised reactant complex (P—O,,. = 3.51 A,
P-O,=1.71 A, Fig. 7b) shows very little change in the length of
the breaking bond but a dramatic shortening of the making bond,
consistent with an associative process. Significantly, the metal—
metal distance also shortens dramatically as the reaction proceeds
(Table 2).

Though both the diagonal and full PES suggested the presence
of a Dy + Ay intermediate, SCF failure for P-O,, > 3.6 A
prevented optimisation of both the intermediate and transition
state. The shape of the full PES suggests however that the barrier
height for this process is likely to be in excess of 40 kcal mol™,
substantially greater than for the 4y + Dy process.
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Fig.8 DFT-Optimised transition state for an Ay + Dy mechanism in the
presence of two metal ions.

include points at 0.05 A intervals and reducing the contour interval
to 0.04 kcal mol™' reveals a saddle point for both MP2 and DFT
calculations (Fig. 9c,d). Unconstrained optimisation results in
a Ist order transition state corresponding to a concerted AyDy
pathway in which the P-O,,. bond is formed at the same time as
the P-O,, bond is broken. Both P-O,,. and P-O,, = 2.27 A and
the transition state as a whole has C,, symmetry (Fig. 10). The
barrier height for this process is 43.86 kcal mol~!, almost 20 kcal
mol~' greater than the 4y + Dy process. This 4yDy process also
differs from the Ay + Dy process in that the metal ion separation
increases as the reaction proceeds to the transition state.

The change in symmetry between the AxDy transition state
and Ay + Dy intermediate accounts for the abrupt change in the
gradient at P-O = 2.1 A. This point highlights the intersection of
two distinct surfaces: one based around C, symmetrical structures
and the other around C,, symmetrical structures. For P-O < 2.1 A,
the C, surface has lower energy whereas for P-O > 2.1 A the C,,
surface has lower energy and the abrupt change in gradient occurs
as the favoured structures switch from one surface to the other.

Adding Mg** ions inevitably changes the overall charge of the
system, and here we see an impact on the overall mechanism:
as both leaving group and nucleophile are coordinated by metal
ions, there is no need for proton transfer between phosphate
and nucleophile/leaving group, contributing acid-catalysis to the
reaction. Rather the metal ions can be thought to act to some
extent as Lewis acid catalysts.

Once again, including solvation has an impact on the individual
barrier heights, but not to the extent of changing the preferred
mechanism. The preferred Ay + Dy mechanism is stabilised to the
greatest extent, solvation reducing the barrier to 14.89 kcal mol~!
while the A\ Dy process is stabilised to a lesser extent (barrier now
41.05 kcal mol™"). The dissociative intermediate is destabilised
to such an extent that its energy is raised above the notional
“transition state” for this process. As the relative energy of the
dissociative intermediate is now some 95 kcal mol~" higher than
the reactant complex, the Dy + Ay process is no longer observed.

A summary of key geometric variables and energies of stationary
points for both MP2 and DFT calculations are presented in
Table 2.

One metal ion

When the reaction occurring in the presence of a single metal
ion is considered, the 2D-PES is no longer symmetrical about the
diagonal and the assumption regarding the separation of pathways
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Fig. 9 PES in the presence of two metal ions. (a) Diagonal of the MP2-calculated PES; (b) 2-dimensional MP2-calculated PES; (c) high-resolution
2-dimensional MP2-calculated PES covering the region around the Ay Dy transition state; (d) high-resolution DFT-calculated plot covering the same

region.

Fig. 10 DFT-Optimised transition state for an 4y Dy mechanism in the
presence of two metal ions.

along the diagonal does not necessarily hold true in this case. For
the purposes of this discussion, the metal ion is considered to be
interacting with the nucleophilic oxygen (Fig. 11) though it could
just as easily be regarded as interacting with the oxygen of the
leaving group by simply exchanging the labels on the 2D-PES
plot.

It is clear from the PES that there is no Ay + Dy intermediate in
this case (Fig. 12), rather the reaction proceeds via a concerted
AxDy pathway. Optimisation of this transition state gave an

Fig. 11 DFT-Optimised reactant complex with one metal ion showing
the relative positions of metal ion, nucleophile and leaving group.

asymmetric TS with P-O,,, = 2.09 A and P-O,, = 2.28 A (Fig. 13).
A proton has been spontaneously transferred from the phosphate
to the leaving group in this structure. The barrier height for this
processis41.07 kcal mol™!, remarkably similar to that for the 4y Dy
process with two metal ions. Frequency and IRC calculations both
confirmed that this transition state is a first order transition state,
with the transition vector corresponding to making and breaking
correct P-O bonds. A composite calculation involving following
the IRC for a small number (6) of steps in each direction followed
by unconstrained energy optimisation also resulted in reactant
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Fig. 12

ion.

2-Dimensional DFT calculated PES in the presence of one metal

Fig. 13 DFT-Optimised transition state for an 4y Dy mechanism in the
presence of one metal ion.

and product structures rather than an associative intermediate, so
we can be confident that the 4y + Dy pathway does not exist for
this system with only a single metal ion present.

No Dy + Ay intermediate can be observed on the PES
though, once again, problems with SCF at long P-O distances
for making and breaking bonds may have prevented the plot
extending sufficiently. However, it is clear from the plot that
should a dissociative intermediate exist, the barrier height along
the pathway towards it will be greater than that for the concerted
AnDy pathway. Energies and geometries of key stationary points
are given in Table 3.

Approximate transition states and intermediate for the Dy + Ay
were determined from the 2-dimensional potential energy surface
(Fig. 12) and along with reactant, product and Ay Dy transition
state, had a PCM correction applied to simulate solvation.

By far the most dramatic effect of the solvent was to almost
abolish the thermodynamic component of the reaction. Following
expectations, the barrier height for the AyDy process was also
reduced. By way of contrast, barrier heights for the disfavoured
Dy + Ay process were increased by a small amount (approximately
3 kcal mol™!' for the bond-breaking event) as was observed for
two metal ions. The dissociative intermediate was destabilised
sufficiently to abolish the transition state for the subsequent bond-
breaking event and as its energy was now some 50 kcal mol™'
above that of the reactant complex, it is safe to say that the Dy +
Ay process will not be followed for this reaction.

As this reaction is no longer fully symmetrical, there is a
potentially a thermodynamic contribution to this reaction, which
is not present in the other two cases. As it is somewhat arbitrary to
assign the reactants and products as described above, the reverse
assignment could apply equally well and would give a barrier
height of just 11.5 kcal mol™" before consideration of solvation.
However, once solvation is taken into account, the thermodynamic
contribution is just 2.8 kcal mol™" and thus forward and reverse
barriers are comparable at around 35 kcal mol .

Conclusions

Potential energy surfaces for the hydroxide exchange reaction in
all three cases (no metal ions, two metal ions, one metal ion) show
the existence of multiple reaction pathways converging on the
same reactant and products. However, though multiple pathways
were present for each set of conditions, the individual pathways
show rather different barrier heights and in each case, a single
pathway would be preferred. The identity of this preferred reaction
pathway depends on the number of metal ions present. Applying
a PCM correction to simulate the effects of solvent changes the
numerical values of barrier heights but does not lead to any change
in preferred mechanism for any of the processes. With either one or
two metal ions present, the dissociative intermediate is sufficiently
destabilised relative to the transition state for conversion to
product, to abolish the pathway.

Transition states optimised both in the presence of metal ions
and their absence showed the metal ions serving principally to
bring about a change in reaction mechanism. In their absence, the
preferred mechanism is a stepwise Dy + Ay process whereas, in the
presence of metal ions, a stepwise Ay + Dy process is preferred.
This change is achieved by both increasing the barrier height
of the Dy + Ay process and decreasing the barrier height for
the Ay + Dy process. There appears to be only a small change
in barrier height for the preferred process in each circumstance
(from 28 kcal mol™" without metal ions to 24 kcal mol™' with

Table 3 DFT energies and key geometric parameters of stationary points in the presence of one metal ion. Geometries and energies for stationary points

in the presence of one metal ion

(a) DFT

Reactant complex AxDy transition state Product complex
P-0,./A 3.29 2.09 1.83
P-0,/A 1.58 2.8 3.34
Total energy/Hartree —918.04698 —917.98153 —-917.99986
Relative energy/kcal mol ! 0 +41.07 +29.57
PCM energy/kcal mol™ 0 +34.88 +2.83
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metal ions—though the “without metal ions” case should be
regarded as an upper limit only). Though the presence of metal
ions allowed a concerted AyDy reaction pathway with a C,,
symmetrical transition state, this pathway has a much larger
barrier height than the geometrically-similar stepwise pathway
and so is unlikely to contribute in any way to the overall reaction.
Allowing for solvation leads to a more dramatic change in barrier
height, reducing the barrier for the preferred Ay + Dy process in
the presence of metal ions to 14.89 kcal mol~' while having only a
minimal effect on the barrier in the absence of metal ions.

Curiously, the single-metal-ion case shows the largest barrier
height of the three examples. The presence of a single metal
ion is able to hinder either loss of leaving group or approach
of nucleophile (depending on which it interacts with) without
producing the activation of an Ay + Dy process as is achieved
in the presence of two metal ions. Indeed only the concerted 4y Dy
process could be observed, occurring with a similar barrier height
to that with two metal ions, the equivalent stepwise process being
completely absent. Even inclusion of solvation does not bring the
barrier height below that of the other two examples.

These results are consistent with experimental evidence re-
garding the mechanisms for phosphate ester hydrolysis. Though
most experimental procedures are unable to distinguish concerted
from stepwise mechanisms in this context, there is evidence to
support a dissociative hydrolysis mechanism in aqueous solution
(corresponding to our model in the absence of metal ions).
Similarly, enzymes that do not employ metal ions in catalysis
have quite open active sites (as exemplified by the protein tyrosine
phosphatases) and can quite easily accommodate transition states
and intermediates forming a dissociative mechanism. In contrast,
a number of mechanisms have been proposed for metallo-enzyme
phosphatases, most of which involve an associative mechanism
(again, not usually distinguishing between stepwise and con-
certed processes). In particular, a number of metallo-enzyme
phosphatases, such as inositol monophosphatase, completely
enclose their substrates in the active site, an approach that would
be inconsistent with a dissociative mechanism. Examination of
metal-metal distances in the X-ray crystal structures of various
metallo-enzyme phosphatases shows the values obtained for our
Ay + Dy pathway coming close those seen in the crystal structures.
In particular, this process shows a steady decrease in metal
ion separation as the reaction proceeds to the intermediate and
this structure shows the closest comparison to the experimen-
tal structures (Table 4). Of the enzymes listed, both alkaline

Table 4 Metal-metal distances in representative metallo-phosphatase
crystal structures and key stationary points for the model reaction in
the presence of two metal ions. Purple acid phosphatase and protein
phosphatase 1 have both been proposed to follow a type 1 (Scheme 2)
mechanism while alkaline phosphatase and inositol monophosphatase
have both been proposed to follow a type 2 mechanism

System Metal-metal distance/A
Protein phosphatase 1 (1fjm) 3.27
Purple acid phosphatase (1kbp) 3.32
Inositol monophosphatase (1imd) 4.04
Alkaline phosphatase (1alk) 4.12
Calculated reactant complex (DFT) 7.92
Calculated Ay + Dy intermediate (DFT) 5.59
Calculated Ay + Dy transition state (DFT) 6.18
Calculated 4y Dy transition state (DFT) 8.07

phosphatase® and inositol monophosphatase* have been argued
to utilise a mechanism similar to the one identified here,*' namely
with one metal ion assisting attack of the nucleophile, the other
aiding departure of the leaving group (Scheme 2). However,
an alternative mechanism has been proposed for both Ser/Thr
protein phosphatases® and certain organometallic catalysts’ in
which the nucleophile is a p-bridging hydroxide, and so bound
to both metal ions. In this mechanism, leaving group departure
is aided by an enzyme-derived general acid and it is, therefore,
not surprising that these systems show a rather shorter metal-ion
separation. Configurations corresponding to transition state-like
structures for this mechanism proved not to be stable for our simple
model systems—on optimisation, the leaving group and metal ions
would rearrange themselves to interact with each other, giving one
of the transition state structures described earlier. Of course, this
observation does not mean that such a mechanism is not viable,
as both the enzyme and organometallic systems have additional
functional groups and structural constraints not present in our
system.

Interestingly, though a large number of phosphatases employing
two metal ions in catalysis and those that do not involve metal
ions have been identified, there are currently no examples of true
phosphatases employing a single metal ion in catalysis. The results
shown here suggest a rationale for this observation, namely that
whereas the presence of two metal ions leads to a reduction in
barrier height compared with the reaction in the absence, inclusion
of only a single metal ion leads to an increase in barrier height.
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Cyclic adenosine monophosphate (¢CAMP) has been converted into its 8-bromo derivative and
2'O-TBDMS protected before activation of the phosphoric acid moiety with a reagent generated in situ
from oxalyl chloride and DMF. Further reactions with primary amines furnished corresponding
phosphoramidates with high stereoselectivity at the phosphorus atom. Cross-coupling reactions with
the 8-bromopurine yielded 8-hetaryl derivatives. X-Ray analyses showed the amidates to possess the
(Sp)-configuration. Carbon disulfide effected thiylation under strongly basic conditions

stereospecifically provided the (R;)-phosphorothioic acids.

Introduction

The naturally occurring purine cyclic monophosphates, cyclic
adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP), are important secondary messengers,
regulating a wide range of cell functions in response to various
hormones."* In one group of cAMP analogues, one of the oxygen
atoms pendant from the phosphorus atom has been replaced
by a sulfur atom. The new stereogenic center created at the
phosphorus atom provides an (Rp)- and an (Sp)-adenosine-3',5'-
cyclic monophosphorothioic acid (cAMPS) diastereomer, which
differ in the pharmacological effect they cause at the level of the
effector, protein kinase A, where (Rp)-cAMPS acts as a competitive
antagonist and (Sp)-cAMPS acts as an agonist.>* Substitution
in cAMPS at the purine 8-position may affect bioactivity as
demonstrated for some 8-thia, -oxa and -aza derivatives.>* cAMPS
derivatives with a carbon substituent in the purine 8-position are
of interest as immune stimulating agents.” Considerable efforts
have been devoted to studies of 8-halogeno derivatives,>**° and
the 8-bromo analogue has been proposed as an immune stimulant
in HIV treatment.'®!

cAMPS derivatives carrying a carbon substituent in the 8-
position were not available when the present work was initiated.
We report a stereoselective and convenient preparative synthesis of
members of the (Rp)-cAMPS family of cAMP analogues carrying
a carbon substituent in the 8-position. The methodology involves
stereoselective thiation at the phosphorus atom and introduction
of a carbon substituent into the purine 8-position in cAMPS
derivatives. The general structure for the target molecules is shown
in Fig. 1, structure A.
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Fig. 1 Target molecules.

Target molecules

Reports are available on the preparation of the parent cAMPS
compound (structure A, R = H) and a few 8-hetero-substituted
derivatives. In most cases, adenosine has served as a substrate
for thiophosphorylation at the 5-OH group by thiophosphoryl
chloride and a subsequent alkali hydroxide treatment to effect
cyclisation. The steric induction by this approach was poor,
however, and the diasterecoisomers were separated by extensive
chromatographic operations.’ Other cyclothiophosphorylation
reactions reported also show a low degree of stereoselectivity and
require chromatographic separation steps for the isolation of the
diastereomers."*'* The (Rp)-diastereomer of cAMPS, however, has
been prepared enzymatically from the corresponding nucleoside
5'O-(1-thiotriphosphate).'s A more promising approach appeared
to be the use of CAMP as a substrate. The latter was converted into
a phosphoryl chloride in an Apple type reaction using Ph;P-CCl,,
and the product reacted with amines to form phosphoramidates.
The reaction sequence proceeded with low diastereoselectivity,
however, and the diastereomers were separated by chromatog-
raphy, and each isomer was separately converted into the cor-
responding phosphorothioic acid in a Stec reaction with carbon
disulfide under basic conditions. The thiation proceeded with
retention of the configuration.'*" We have adapted this approach
for our synthetic work.

2070 | Org. Biomol. Chem., 2007, 5, 2070-2080

This journal is © The Royal Society of Chemistry 2007





Results and discussion

The main challenge has been to achieve stereochemical control
in the construction of the new configurational center at the
phosphorus atom by way of phosphoramidate formation. All
stereoselective processes detailed below involve an amidate in-
termediate. The amidate must be formed from a primary amine
in order to have an amidate N—H proton available for abstraction
and metallation in the thiylation step (vide infra). Once the amidate
has been constructed, the P-N bond is cleaved intramolecularly
by a sulfur nucleophile with retention of the true configuration
at the phosphorus atom. There is, however, an apparent change
in the expression of the configuration at the phosphorus atom
because of the nomenclature priority rules. Deprotonation of an
amide hydrogen with a strong base provides a metallated amido-
nitrogen which reacts with carbon disulfide. A sulfur atom in the
intermediate becomes a nucleophile and a cyclisation reaction
subsequently occurs where a sulfur atom adds to the phosphorus
atom with a concurrent cleavage of the P-N bond. This process
generates a phosphorothioic acid in a stereocontrolled manner
with retention of the true configuration.

Ready variations in the nature of the §-substituent in the
target molecules would suggest a common substrate after the
introduction of the stereochemistry at phosphorus (Scheme 1).
Convenient substrates were 8-bromo and 8-chloro derivatives. The
8-bromo derivative was available from cAMP by bromination
reactions.”” In this work bromination conditions were adapted
for larger scale operation, and the reaction was carried out in
a concentrated solution with two equivalents of sodium acetate
and neat bromine. Under these conditions, the 8-Br-cAMP was
precipitated as formed with continuous removal of the HBr
generated, thereby maintaining a constant pH in the solution.
These reaction conditions have repeatedly yielded 70-80% product
in work on a “100 g scale”. Before amidation, the bromo substrate

2 was protected at the 2'-OH substituent with a bulky silyl
group for two major reasons. Firstly, chemical interference with
other functional groups was to be avoided under the conditions
employed in the construction of the phosphoryl chloride 4 or
an equivalent. Secondly, the hydrophobic and bulky silyl group
was expected to facilitate isolation of the thioic acid after the
thiation reaction by precipitation from the complex aqueous
mixture (vide infra).

A practical problem may be experienced in the work with cyclic
nucleotides because of low solubility in organic solvents. The
problem was overcome for the 8-Br-cAMP which was converted
into its tri-n-butylammonium salt before silylation, since the tri-
n-butylammonium salt is soluble in dry DMF. The reactions with
tert-butyldimethylsilyl (TBDMS) chloride in DMF in the presence
of imidazole as base at 20-60 °C, furnished the silyl protected
compound 3. The bromine in the 8-position may be displaced
by another halide ion, and therefore the silylation was effected
under relatively mild conditions. This chloride exchange problem
could also be avoided by using tert-butyldimethylsilyl triflate
(TBDMSOTY) as a silylating reagent instead of TBDMSICI.
Conditions for the amidation step have been varied, and in our best
procedure oxalyl chloride has been used in the presence of DMF
in THF or dichloromethane at low temperature (—60-—20 °C).
The actual chlorinating agent of phosphorus is probably the
Vilsmeyer reagent, (chloromethylene)dimethylammonium chlo-
ride, which is generated in situ from oxalyl chloride and DMF. The
stereochemistry of an intermediate phosphoryl chloride 4, or an
equivalent, has not been investigated. The crude halide was used
directly in the amidation step with primary amines. Benzylamine
provided the corresponding amidate. Only the (Sp)-isomer 5 was
detected. Aniline provided the N-phenyl phosphoramidate (Sp)-6.
Sometimes a small amount of the other diastereomer was present
but was readily removed during the purification process. The
intermediate phosphoryl chloride in the reaction may be a

NH, NH, NH; NH
N S
N N N 7 N N N
¢ J o J o W » (iva) o Il
C\)\ N NT ?\ N N — - N N 7, C\)\ N N
P P, or (i)  E-Pg-O0\ o or (va) P
-0\ o -0\ o @0” N -0
HO o%) HO o%/) NiiBu; O ANV
OH OH TBDMSO TBDMSO
1 2 76% 3 78% -
(y \(vb)
NH, NH,
N \N N \N
Br—</ | Bf—</ I
~
o @ "
/HN/P\\O o H,\I”P\\O 0o
Bn © pn o ©
TBDMSO TBDMSO

5-(Sp) 67%

6-(Sp) 68%

Scheme 1 Reagents and reaction conditions: (i) Br,, NaOAc, H,O, rt, 24 h, (ii) TBDMS-CI, imidazole, DMF, 60 °C, 20 h, (iii) TBDMS-triflate, imidazole,
CH,Cl,, rt, 20 h, (iv) (a) (COCI),, DMF, CH,Cl,, —60 °C-rt, 30 min, (b) BnNH,, CH,Cl,, —60 °C-rt, 2.5 h, (v) (a) (COCl),, DMF, CH,Cl,, =20 °C 1 h.

(b) PhNH,, rt, 3 h.
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stereochemical mixture. The main signal in P NMR of the
mixture was seen at —1.73 ppm. Selective formation of the amidate
with (Sp)-configuration from a mixture of acid chlorides would
require some configurational equilibrations. In the (Sp)-isomer, the
benzylamino or anilino group in the amidates occupies an equato-
rial position as shown by single crystal X-ray analyses (vide infra).

Any important influence of an 8-substituent in the heterocycle
on the amination selectivity at the phosphorus atom was investi-
gated. A derivative without any 8-substituent was required and was
synthesised as shown in Scheme 2. cAMP (1) was silyl-protected,
converted to its tri-n-butylammonium salt 7, and amidated as
above (Scheme 2). Only the (Sp)-stereoisomer of the benzylamidate
8 was obtained. In a similar way, any stereochemical directing
effect from an 8-carbon substituent was investigated using a furyl
substrate 9. The latter was available from the 8-bromo-cAMP tri-
n-butylammonium salt 3, which was cross-coupled by Pd-catalysis
under Stille conditions in DMF where the ammonium salt is
soluble. Chlorination and amidation of substrate 9 proceeded to

NH, NH,
N N N X
N
. L ¢
i\ NT N O Q N™ N
P P
e WHAYS) S0 Q0
HNBu;
OH TBDMSO
1 7 75%
NH,
(ii)
N N
. )
W NN
HN N O\ O
Bn o
TBDMSO
8 (Sp)- 49%
NH, NH,
2 J N\
A .
A N Q° N" N
1]
So- o \0 = so” O \0
HNBus © HNBu; ©
TBDMSO TBDMSO
3 9 72%
(iv)J NH,
N X
01
o O “
W N N
HN-R0\ o
Bn (e}
TBDMSO

10a-(Sp) 71%

Scheme 2 Reagents and reaction conditions: (1) N-nBu;, TBDMS-CI,
imidazole, CH,Cl,, rt, 20 h, (ii) (a) (COCIl),, DMF, CH,Cl,, —20 °C, 1 h,
(b) BuaNH,, CH,Cl,, —20 °C-rt, 3 h, (iii) 2-(n-Bu;Sn)furan, Pd(OAc),,
PPh;, DMF, 85 °C, 5 h, (iv) (a) (COCl),, DMF, CH,Cl,, 0 °C-rt,
(b) BaNH,, CH,Cl, —20 °C-rt, 2 h.

furnish one stereoisomer, viz compound (Sp)-10a. These experi-
ments indicate that the nature of an 8-substituent is not the main
cause of the stereoselectivity. The finding is rationalised by the
large distance between the 8-substituent and the phosphorus atom
where the reaction occurs. A common feature of all these substrates
for amination is a bulky 2'-silyloxy group which presumably will
favour a quasi-equatorial position with a flattening of the five-
membered ribose ring and subsequent conformational changes in
the annulated six-membered phosphorus ring, which eventually
lead to the (Sp)-amidate with the amino group in an equatorial
position.

The amidates are neutral molecules which are soluble in several
common organic solvents. Hence these molecules are appropriate
for cross-coupling reactions in the 8-position. DMF was a good
solvent except for the preparation of the pyridinyl derivate 11¢
when N-methylpyrrolidone (NMP) was a better choice for solu-
bility reasons. Cross-coupling reactions were effected by palladium
catalysis under Stille conditions and provided high yields of the
8-hetaryl substituted products 10 and 11 as shown in Scheme 3
(see the ESIT).

NH, NH,
TS 0
HN-R-0\ o HN-R-0\ o
R O Bi O
TBDMSO TBDMSO
(Sp)—5, 6 (SP)
10a 80%
(i)
NH,
N XN
rR— ||
o A
H,\,/P\O o
P 11a R = 2-furyl 90%
- = 0
TBDMSO 11b R = N-methylpyrrol-2-yl 70%
(Sp) 11c R = 3-pyridinyl 57%

Scheme 3  Reagents and reaction conditions: (i) n-Bu;Sn-R, Pd(OAc),,
PPh;; 10a DMF, 85 °C, 2.5 h; 11a DMF, 80 °C, 1 h; 11b DMF, 90 °C, 4 h;
11¢ NMP, 110 °C, 10 h.

The (Sp)-configuration assigned to the amidates has been
ascertained by a single crystal X-ray structure analysis of the 2-
furyl derivatives 10a and 11a. The X-ray data show that both
the alkyl 10a and the aryl 11a amidates possess the same (Sp)-
configuration at the phosphorus atom (Figs. 2 and 3). The
configuration in the furyl derivatives 10a and 11a is the same as in
the bromo-amidates 5 and 6 because the cross-coupling reaction
does not interfere with the configuration at the phosphorus atom.
The ORTEP plots of the crystalline structures 10a and 11a are
shown in Fig. 2 and Fig. 3, respectively.

The crystal structures of the N-benzyl and the N-phenyl ami-
dates are closely similar. The amino group occupies an equatorial
position. The bulky silyloxy group tends to reduce steric repulsions
in a quasiplanar conformation by a flattening of the ribose ring.

For the thiylation reaction in the benzyl series, n-BuLi or LDA
was used, initially at —78 °C. Sodium or potassium terz-butoxide
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Fig. 2 ORTEP plot of compound 10a. Ellipsoids are shown at 50%
probability. For clarity only the hydrogen atoms at the stereogenic centers
are shown.

Fig. 3 ORTEP plot of compound 11a. Ellipsoids are shown at 50%
probability. For clarity only the hydrogen atoms at the stereogenic centers
are shown.

was used for proton abstraction in the phenyl series 11 at room
temperature. The 6-amino group in the purine did not appear
to cause any adverse reactions. The thiations of the amidates by
means of carbon disulfide (the Stec reaction),?! were stereospecific.

The reaction sequence for the 8-furyl N-benzyl- and N-phenyl-
amidates 10a and 11a is shown in Scheme 4. The thiylation
product 12a is the same from both substrates. The silyl function
was removed by ammonium fluoride, and the product was
isolated as the ammonium salt 13a. More conveniently, the
phosphorothioic acid was isolated as its tri-n-butylammonium
salt. After desilylation as shown in Scheme 5, the ammonia was

N X
| %5
Q° NN Q° N7
H;\I’P\\O o (M Hs—R-0—\ 0
Ph o
TBDMSO TBDMSO
(Sp)>-11a (Rp)-12a 91% from 11a

(ii)‘ (iv) from 10a

NH, NH,
N
[\ | =N

o O Z o)
W N N N

H/N’P\\O o
Bn
TBDMSO OH

(Rp)-13a 90% from 12a

Sp)-10a
(Se) 74% from 10a

Scheme 4  Reagents and reaction conditions: (i) t-BuOK, THF, rt, CS,,
3 h, (ii) NH,F, DMF, rt, 5 d, (iii) (a) n-BuLi, THF, —78 °C, (b) CS,, rt, 3 h,
(iv) NH,F, 40 °C, 48 h.

displaced from the initial ammonium salt in situ by addition of
tri-n-butylamine (see the ESIt). The tri-n-butylammonium salts
are soluble in several organic solvents and are readily purified by
preparative chromatography. Further conversion of the purified
tri-n-butylammonium salts to sodium salts 15 were effected by
sodium hydroxide in a methanol solution.

The overall reaction sequence is remarkably chemo- and
stereoselective. Only one signal in the *'P NMR spectra was
present. cAMPS, the parent molecule, was first synthesised by
Eckstein et al.,** and the configurational assignment of cCAMPS
was first established by Stec ez «l.* The ¥'P NMR chemical shifts
for cAMPS as sodium salt in aqueous solution were reported as
54.81 ppm, for the (Sp)-, and as 56.37, for the (Rp)-, isomer.** The
value recorded for the (Rp)-isomer 15d was 57.02 ppm in D,O,
and the chemical shifts for the sodium salts 15 were in the range
56.4-57.0 ppm in D,O and 58.1-58.4 ppm in MeOH-d,. The *'P
NMR signals from the tri-n-butylammonium salts 13b, 14¢ and
14d (recorded in CDCl;), appeared in the range 55.7-58.2 ppm.
The resonances of the (Sp)-N-benzyl amidates 5 and 10a in CDCl,
were at 8.0-8.3 ppm, which differed significantly from the (Sp)-N-
phenylamidates 11a—c at 2.5-3.1 ppm. The *'P NMR shifts for the
phosphoric acid derivatives as tri-n-butylammonium salts 3, 7 and
9 were in the range —1.1-—2.0 ppm. Thus, the phosphorus NMR
shifts are useful diagnostic tools for structure assignments. The
3P NMR shift for (Rp)-cAMPS as sodium salt in D,0O is found
at a lower chemical field than for its (Sp)-cAMPS diastereomer.*
In the correlation of the configuration at the phosphorus atom
in the thioic acids by *'P NMR shifts, spectroscopic data from
both stereoisomers of a phosphorothioic acid would be required.
A new synthetic approach had to be devised for making both
diastereomers available (Scheme 6). This pathway is inferior
to the one outlined above for the preparation of pure (Rp)-
isomers, but from the mixture of stereoisomers prepared, as in
Scheme 6, the (Sy)-isomer became available. The substrate was
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Scheme 5 Reagents and reaction conditions. (i) t-BuOK, THF, rt, CS,, 3 h, (ii) (a) n-BuLi, THF, —78 °C, 10 min, (b) CS,, rt, 3 h, (iii) (a) NH,F, DMF,

rt, 5d, (b) n-Bu;N, DMEF, rt, (iv) (a) NaOH, MeOH, rt, (b) hexane.
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Scheme 6 Reagents and reaction conditions. (i) PSCl;, pyridine, —8 °C,
90 min, (ii) (a) NaOH, MeCN-H,O (50%), rt, (b) solid CO,.

8-(2-furyl)adenosine® 16 which was reacted with thiophosphoryl
chloride in dry pyridine to furnish a thiophosphoryl intermediate
17. For this reaction to proceed well, it is essential that both the
solvent and reactants have been well dried. Base treatment of the
phosphorylated product in the cold provided the crude sodium salt
of a diastereomeric mixture of the (Rp)- and (Sp)-isomers 15 in the
ratio 1 : 3. Thus this approach favours preparation of the (Sp)-
isomer. The *'P NMR shift values of the 8-furyl diastereomers
as sodium salts in D,O were at 55.45 ppm for the (Sp)-isomer
15aa and at 56.20 ppm for the (Rp)-isomer 15a as compared with
the values 54.81 ppm for (Sp)-15d and 56.37 for (Rp)-15d.** Thus
the (Sp)-configuration of the amidates, as determined by the X-
ray analysis, can be correlated with the (Rp)-configuration in the
phosphorothioic acid series by phosphorus NMR shift values.
The bulky silyl protecting group is important for the isolation
of the first formed phosphorothioic acid 12 because it renders the
product insoluble and assists in the precipitation of the thiated

product 12 from a complex aqueous mixture in the work up
of the reaction. The purity of the product, thus obtained, was
often sufficient for direct silyl deprotection with fluorides such as
ammonium fluoride. With ammonium fluoride in DMF at room
temperature, the reaction was slow and required 3-5 days. With
cesium fluoride, however, the reaction in the cold required only a
few hours, but the product was less pure.

Conclusion

A method for stereocontrolled preparation of 8-carbon substi-
tuted (Rp)-adenosine-3',5'-cyclic phosphorothioic acids has be-
come available. Stereochemistry at phosphorus was introduced
by stereoselective amidation. Phosphoramidates with the (Sp)-
configuration have been converted by thiylation into phosphoroth-
ioic acids with the (Rp)-configuration. cAMP has been efficiently
brominated to provide 8-bromo-cAMP which, in a reaction
sequence, has been cross-coupled under Pd-catalysis to provide 8-
hetaryl derivatives as substrates for 8-hetaryl-cAMPS derivatives.
The cAMP substrates were 20'-protected by a bulky silyl group.
The nature of the purine 8-substituent did not exert any marked
effect on the stereoselectivity in the amidation.

Experimental

"H NMR spectra were recorded in CDCl; or DMSO at 200, 300
and 500 MHz with Bruker DPX 200, 300 and 500 instruments.
The “C NMR spectra were recorded at 75, 100 and 150 MHz.
Chemical shifts are reported in ppm using CHCI; (7.24 ppm) and
CDCl, (77 ppm) as references, and in DMSQO, 2.49 ppm in 'H
NMR and 39.5 ppm in *C NMR. The *'P spectra were recorded
in CDCl;, MeOH-d, or D,O at 81 MHz or 121 MHz with a
Bruker DPX 200 or 300 instrument with 85% H;PO, as an external
reference. Mass spectra were recorded at 70 eV with a Fisons VG
Prospectrometer. The spectra are presented as m/z (% relative
intensity). Electrospray spectra were obtained with a Micromass
QTOF 2 W spectrometer with electrospray ionisation quadrupole
time of flight.
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THF was distilled from sodium-benzophenone. Dichloro-
methane and tri-n-butylamine were distilled from calcium hydride.
Flash chromatography on silica gel was carried out on Merck
kieselgel 60 (230-400).

X-Ray crystallographic analysis for compounds 10a and 11aZ

X-Ray data were collected on a Siemens SMART CCD
diffractometer?® using graphite monochromated MoKa radiation
(4 = 0.71073 A). Data collection method: @-scan, range 0.6°,
crystal to detector distance 5 cm. Data reduction and cell determi-
nation were carried out with the SAINT and XPREP programs.?
Absorption corrections were applied by the use of the SADABS
program.”” The structures were determined and refined using the
SHELXTL program package.®® The non-hydrogen atoms were
refined with anisotropic thermal parameters, hydrogen atoms were
located from difference Fourier maps and refined with isotropic
thermal parameters.

Crystal data for C,;H;sNoOPSi (10a). M = 598.67, ortho-
rhombic, P2,2,2,, a = 10.853(1), b = 13.388(1), ¢ = 20.924(1) A,
V =3040.3(1) A>, Z =4, D, = 1.308 Mg m~>, u = 0.180 mm~",
T = 120(2) K, measured 57613 reflections in 26 range 3.6-72.6°,
R, = 0.033. 510 parameters refined against 14434 F?, R = 0.032
for I, > 2a(I,) and 0.042 for all data.

Crystal data for C,,Hy;;NgOGPSi (11a). M = 584.64, ortho-
rhombic, P2,2,2,, a = 10.913(1), b = 13.523(1), ¢ = 20.290(1) A,
YV =29943(1) A}, Z =4, D, = 1.297 Mg m~>, 4 = 0.181 mm~',
T = 105(2)K, measured 39032 reflections in 20 range 3.6-56.6°,
R,y = 0.031. 493 parameters refined against 7452 F?, R, = 0.024
for I, > 2a(1,) and 0.025 for all data.

8-Bromoadenosine-3',5'-cyclic phosphoric acid (2)

Bromine (15.4 mL, 0.30 mol) was added with stirring to a solution
of cAMP (98.8 g, 0.30 mol) and sodium acetate trihydrate (81.6 g,
0.60 mol) in water (1.5 L) over 1 h at room temperature. Sodium
sulfite was added slowly after 24 h until disappearance of the dark
red colour. The precipitate was collected by filtration, the solid
washed with water, with 2-propanol and diethyl ether, and the
product was dried at reduced pressure. The product was dispersed
in water (500 mL) and dissolved by slow addition of sodium
bicarbonate (1 eq.). When all the material had dissolved, small
portions of sodium sulfite were added to remove the dark red
colour of the solution. Precipitation of the product was effected
by dropwise addition of 1.0 M hydrobromic acid under vigorous
stirring. The precipitate was collected, washed with water, 2-
propanol, and diethyl ether, and the bright yellow powder dried
under high vacuum, yield 92.0 g (76%). '"H NMR analysis was in
accordance with the literature data.®

8-Bromo-2’ O-(tert-butyldimethylsilyl)adenosine-3',5-cyclic
phosphoric acid tri-n-butylammonium salt (3)

Method (i). TBDMS-CI (2.72 g, 18 mmol) was added to a
solution of 8-Br-cAMP (2) as tri-n-butylammonium salt (7.0 g,
11.8 mmol) and imidazole (2.45 g, 36 mmol) in DMF (30 mL) at

1 CCDC reference numbers 625282 (11a) and 625283 (10a). For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b702403¢

room temperature. The mixture was stirred under argon at 60 °C
for 20 h. The solvent was removed at reduced pressure, the residual
material was suspended in water (150 mL), and was stirred for
30 min to hydrolyse any silylated phosphoric acid. Then 1 M HBr
(ca. 12 mL to pH 2-3) was added to the filtrate. The precipitate
was filtered off, washed with water, and dried under vacuum. The
acid was suspended in MeOH (80 mL) and n-Bu;N (5 mL) was
added. The mixture was stirred at room temperature until a clear
solution was obtained (30 min). The solvent was distilled off, and
the residual salt product was dried under vacuum over P,O; before
being used as such in the subsequent reaction, yield 6.60 g (78%) of
a white solid. HRMS (Electrospray, TOF ES~): M 520.0427. Calc.
for C,sH,,BrN;O4PSi: 520.0422. *'P NMR (CDCl;, 81 MHz): 6
—1.36; '"H NMR (DMSO-d,, 300 MHz): § 0.01 (3H, s, Si-CH,),
0.03 (3H, s, Si-CHj;), 0.83 (9H, s, Si-7Bu), 0.87 (9H, t), 1.28 (6H,
m), 1.53 (6H, m), 2.79 (6H, m), 3.90 (2H, m), 4.11 (1H, m), 5.02
(2H, m), 7.53 (2H, s, NH,), 8.15 (1H, s, H-2); *C NMR (DMSO-
ds, 75 MHz): 6 —5.3, —4.7, 13.6, 18.0, 19.6, 25.6, 25.7, 51.9, 65.4,
72.3,72.4,76.2,94.3, 119.2, 126.5, 150.0, 153.2, 155.0.

Method (ii). TBDMS-triflate (4.75 g, 4.13 mL, 18 mmol) was
added to a suspension of 8-Br-cAMP (2) as tri-n-butylammonium
salt (5.3 g, 8.9 mmol) and imidazole (1.72 g, 27 mmol) in CH,Cl,
(40 mL) at room temperature, and the mixture stirred under argon
for 20 h. The solvent was removed, the residual material suspended
in water (120 mL), stirred for 30 min to hydrolyse any silylated
phosphoric acid. Then 1 M HBr (ca. 10 mL) was added to the
filtrate to pH 2-3. The precipitate was filtered off, washed with
water, and dried at reduced pressure. The acid was suspended in
MeOH (60 mL) and #-Bu;N (4 mL) was added. The mixture was
stirred at room temperature until a clear solution was obtained
(30 min), and the solvent distilled off. The residual product was
dried at reduced pressure over P,Os. The crude product was used
as such in the subsequent reaction, yield 4.93 g (78%) of a white
solid salt. Physical data as above.

(Sp)-8-Bromoadenosine-2’' O-(tert-butyldimethylsilyl)-3',5'-cyclic
N-benzylphosphoramidate (5)

A solution of 8-bromadenosine-2’ O-(terz-butyldimethylsilyl)-3,5'-
cyclic phosphoric acid tri-n-butylammonium salt (3) (7.070 g,
10.0 mmol) in CH,Cl, (70 mL) was added dropwise to a solution
of oxalyl chloride (5.5 mL, 11.0 mmol, 2 M in CH,Cl,) and DMF
(0.58 mL, 3.6 mmol) in CH,Cl, (70 mL) at —60 °C. Benzylamine
(40 mmol, 4.37 mL), (dried over calcium hydride), was added
after 30 min, and the mixture was stirred at —60 °C for 10 min and
at room temperature for 2 h, diluted with CHCl; (100 mL) and
washed with saturated NaHCO;(aq.) (2 x 50 mL). The organic
phase was dried (MgSO,), the solvent was distilled off and the
residue was purified by flash chromatography on silica gel using
CH,Cl,-MeOH (3 : 97 and 5 : 95); yield 3.00 g (49%) of a white
solid. The product was dissolved in CH,Cl, and reprecipitated as
a white powder on slow addition of hexane, mp slow decomp.
190-200 °C (brown-black remains no mp <300 °C). Electrospray
(TOF MSES*):611.2/613.2;*'P NMR (CDCl;, 121 MHz): 6 8.29;
"HNMR (CDCl;, 300 MHz): 6 0.011 (3H, s, Si-CHj3), 0.014 (3H, s,
Si-CHj;), 0.82 (9H, s, Si-tBu), 3.81-3.90, (1H, m, NH), 4.12-4.21
(3H, m), 4.39-4.68 (3H, m), 4.97 (1H, d, J 5.1 Hz), 5.54-5.60 (1H,
m), 5.88 (1H, s), 6.50 (2H, br s, NH,), 7.19-7.33 (5H, m), 8.04
(1H, s, H-2); ¥C NMR (CDCl;, 75 MHz): 6 —5.1, —4.7, 18.1,
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25.6, 45.3, 68.2 (Jp 6.9 Hz), 71.3 (Jp 4.2 Hz), 73.0 (Jp 8.3 Hz),
76.3 (Jp 3.6 Hz), 94.7, 120.1, 127.0, 127.4, 128.5, 138.7, 139.7(Jp
6.5 Hz), 150.4, 153.5, 154.4.

(S»)-8-Bromoadenosine-2' O-(tert-butyldimethylsilyl)-3',5'-cyclic
N-phenylphosphoramidate (6)

A solution of dry DMF (0.289 g, 3.96 mmol) in dry THF
(20 mL) under argon gas was cooled to 0 °C and oxalyl chloride
in dichloromethane (2 mL, 2 M, 4 mmol) was added slowly.
The cooling bath was removed and the suspension was left
with stirring at room temperature for 30 min. The reaction
mixture was cooled to —20 °C and added to a solution of
tri-n-butylammonium 8-bromoadenosine-2' O-TBDMS-3,5-cyclic
monophosphate (3) (2.55 g, 3.60 mmol) in dry dichloromethane
(8 mL). The mixture was stirred at this temperature for 1 h,
and was allowed to reach room temperature before dry aniline
(3.35 g, 36 mmol) was added. The aniline had previously been
dried (calcium hydride). After 3 h, the turbid reaction mixture
was diluted to 100 mL with dichloromethane and washed with
cold, saturated sodium hydrogen carbonate (3 x 25 mL). The
organic phase was dried (MgSO,), the solvent was removed at
reduced pressure, and the residual material was added slowly with
vigorous stirring to cyclohexane (100 mL). The precipitate was
dried and subjected to flash chromatography on silica gel using
7% methanol in dichloromethane, yield 1.46 g (68%). *'P NMR
(DMSO-d,, 81 MHz): 0 2.28; '"H NMR (DMSO-d,, 300 MHz): 6
—0.09 (3H, s, Si-CHj;), 0.02 (3H, s, Si-CHj;), 0.79 (9H, s, Si-tBu),
4.4 (2H, m), 4.65 (1H, m), 5.12 (1H, d), 5.52 (1H, m), 5.92 (1H,
s), 6.93 (1H, t), 7.10 (2H, d), 7.20 (2H, t), 7.56 (2H, s, NH,),
8.23 (1H, s, H-2), 8.55 (1H, d, Ar-NH); “C NMR (DMSO-d;,
75 MHz): 6 —5.2-5.0, 17.8,24.9,68.2,70.4,72.3,76.1,92.9, 117.7,
118.5,121.8, 128.9, 135.9, 139.5, 149.7, 153.4, 155.1.

2' O-(tert-Butyldimethylsilyl)adenosine-3',5 -cyclic phosphoric acid
tri-n-butylammonium salt (7)

TBDMS-triflate (8.04 mL, 35 mmol) was added to a suspension
of cAMP (1) as tri-n-butylammonium salt (8.99 g, 17.5 mmol)
and imidazole (3.57 g, 52.5 mmol) in CH,Cl, (60 mL) at room
temperature. The mixture was stirred at room temperature under
argon for 20 h. The solvent was removed, and the residual material
suspended in water (120 mL) and stirred for 30 min to hydrolyse
any silylated phosphoric acid. Then 1 M HBr was added to the
filtrate to pH 2-3. The precipitate was filtered off, and was washed
with water and dried under vacuum. The acid was suspended in
MeOH (60 mL) and n-Bu;N (5 mL) was added. The mixture was
stirred at room temperature until a clear solution was obtained
(30 min). The solvent was distilled off, and the residual product
was dried under vacuum over P,O; before being used as such in
the subsequent reaction, yield 8.24 g (75%) of a white salt.

P (CDCl;, 121 MHz): 6 —2.01; '"H NMR (CDCl;, 200 MHz):
0 0.01 (6H, s, 2 x Si-Me), 0.79 (9H, s, Si-fBu), 0.79-0.85 (9H, t),
1.16-134 (6H, m), 1.49-1.65 (6H, m), 2.83-2.91 (6H, m), 4.14-4.27
(3H, m), 4.50-4.61 (2H, m, ), 5.89 (1H, s), 6.47 (2H, br s, NH,),
7.81 (1H,s,),8.16 (1H, s, H-2); *C NMR (CDCl;, 50 Mz): 0 —4.6,
—4.2,13.9, 18,6, 20.3, 25.7, 26.1, 52.7, 67.5, 72.6, 74.9, 76.2, 93.3,
118.8, 138.6, 149.5, 153.5, 156.2.

(Sp)-2' O-(tert-Butyldimethylsilyl)adenosine-3',5'-cyclic
N-benzylphosphoramidate (8)

Dry DMF (0.385 mL, 5.00 mmol) in dry CH,Cl, (40 mL)
was placed under an atmosphere of argon gas and cooled
to 0 °C before oxalyl chloride (4 mL, 2 M in CH,Cl,,
8.14 mmol) was added slowly. The cooling bath was removed
and the suspension left to stir at room temperature for 30 min.
The reaction mixture was cooled to —20 °C, and a solution
of 2'O-(tert-butyldimethylsilyl)adenosine-3',5'-cyclic phosphoric
acid tri-n-butylammonium salt (7) (4.650 g, 7.4 mmol) in dry
dichloromethane (30 ml) was added through a Teflon tube. The
mixture was stirred at this temperature for 1 h, and benzylamine
(3.2 mL, 29 mmol) (dried over CaH,) was added. The cooling
bath was removed after 1 h and stirring was continued at room
temperature for 2 h before the turbid reaction mixture was
filtered. Dichloromethane (120 mL) was added to the filtrate before
extraction with cold, saturated sodium hydrogen carbonate (2 x
50 mL). The organic phase was dried (MgSQ,), the solvent was
removed at reduced pressure, and the residual material subjected to
flash chromatography on silica gel using 10% methanol in CH,Cl,;
yield 1.92 g (49%) of a white solid. The product was dissolved in
CH,Cl, and reprecipitated as a white powder on slow addition of
hexane, mp slow decomp. 200-210 °C (brown-black remains, no
mp <300 °C). HRMS (Electrospray, TOF ES*): 533.2076. Calc.
for C,3H33NgO,PSi + H*: 533.2092. *'P (CDCl;, 121 MHz): 6 7.92;
'H NMR (CDCl;, 200 MHz): 6 —0.05 and 0.0 (6H, 2s, 2 x Si-
Me), 0.76 (9H, s, Si-tBu), 3.97-4.03 (2H, m), 4.17-4.22 (2H, m),
4.35-4.56 (2H, m), 4.64 (1H, d, J 5.1 Hz), 4.96-5.08 (1H, m), 5.83
(2H, brs, NH,), 5.86 (1H, s), 7.13-7.20 (5H, m), 7.88 (1H, s), 8.12
(IH, s, H-2); "C NMR (MeOH, 75 Mz): 6 —1.65, —1.48, 17.3,
21.5,48.5,69.4, 72.0, 74.55, 77.5, 96.6, 122.8, 130.5, 130.9, 131.9,
142.1, 142.4, 152.4, 156.7, 159.1.

8-(2-Furyl)adenosine-2’ O-(tert-butyldimethylsilyl)-3',5'-cyclic
phosphoric acid tri-r-butylammonium salt (9)

A solution of Pd(OAc), (0.170 g, 0.76 mmol) and PPh; (0.420 g,
1.6 mmol) in dry, degassed DMF (20 mL) was stirred at
50 °C until the solution had turned dark red. A solution of
8-bromoadenosine-2’ O-(tert-butyldimethylsilyl)-3',5'-cyclic phos-
phoric acid tri-z-butylammonium salt (3) (2.700 g, 3.8 mmol) in
DMF (10 mL) together with 2-(tri-n-butylstannyl)furan (1.7 g,
4.77 mmol) was added. The reaction mixture was stirred at 90 °C
for 5 h. The DMF was removed at reduced pressure, and the
residual material was subjected to flash chromatography on silica
gel using CH,Cl,-MeOH-NBu; (100 : 7.5 : 1). The coupled
product was isolated as a white solid material which contained
traces of organotin residues which were effectively removed by
dissolution in CH,Cl, and precipitation by hexane, yield 1.8 g
(72%). HRMS (Electrospray, TOF ES~): 508.1407. Calc. for
[C,HN;0,PSi]~: 508.1422. *'P (CDCl;, 121 MHz): 6 —1.1; 'H
NMR (CDCl;, 200 MHz): 6 —0.05 and 0.05 (6H, 2 s, 2 x Si-Me),
0.77 (9H, s, Si-tBu), 0.88-0.95 (9H, t), 1.29-1.40 (6H, m), 1.53—
1.71 (6H, m), 2.87-2.96 (6H, m), 4.18-4.34 (3H, m, ), 5.08 (1H,
d, J 5.1 Hz), 5.39-5.44 (1H, m), 6.07 (2H, br s, NH,), 6.19 (1H,
s), 6.55-6.58 (1H, m), 7.08-7.10 (1H, m), 7.61-7.62 (1H, m), 8.28
(1H, s, H-2); *C NMR (CDCl;, 50 Mz): —5.3, —4.3, 13.6, 18.2,
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20.1, 25.1, 25.7, 51.7, 67.5, 72.6, 74.9, 76.2, 94.4, 111.9, 113.9,
119.7,142.1, 143.4, 144.9, 150.5, 153.1, 155.2.

(Sp)-2' O-(tert-Butyldimethylsilyl)-8-(2-furyl)adenosine-3',5'-cyclic
N-benzyl phosphoramidate (10a)

(i) By amidation of the cyclic phosphoric acid tri-n-butylammo-
niumsalt9. Dry DMF (0.1 mL, 1.3 mmol)in dry CH,Cl, (20 mL)
was placed under an atmosphere of argon gas and cooled to
0 °C before oxalyl chloride (1 mL, 2 M in CH,Cl,, 2 mmol) was
added slowly. The cooling bath was removed and the suspension
stirred at room temperature for 30 min, cooled to —20 °C and
a solution of 8-(2-furyl)adenosine-2' O-(tert-butyldimethylsilyl)-
3',5'-cyclic phosphoric acid tri-z-butylammonium salt (9) (1.2 g,
1.75 mmol) in dry CH,Cl, (15 mL) was added through a Teflon
tube. The mixture was stirred at this temperature for 1 h, dry
(CaH,) benzylamine (0.76 mL, 7 mmol) added, and the mixture
was stirred at room temperature for 2 h when the turbid reaction
mixture was filtered. Then CH,Cl, (120 mL) was added to
the filtrate, the solution shaken and the solvent removed at
reduced pressure. The residual material was subjected to flash
chromatography on silica gel using 4% methanol in CH,Cl,; yield
0.745 g (71%) of a white solid. The product was dissolved in
CH,Cl, and reprecipitated as a white powder on slow addition
of hexane, mp slow decomp. 190-200 °C (brown-black remains,
no mp <300 °C). Electrospray MS (TOF MS ES*): 599.2; 3'P
(CDCl;, 121 MHz): ¢ 7.94; 'H NMR (CDCl;): 6 —0.05 and 0.02
(6H, 2s, 2 x CHj;), 0.78 (9H, s, C(CH;);), 3.61-3.72 (1H, m, NH),
4.13-4.23 (3H, m), 4.35-4.59 (2H, m), 5.11 (1H, d, J 5.2 Hz),
5.65-5.73 (1H, m), 6.07 (2H, br s, NH,), 6.30 (1H, s), 6.58-6.61
(1H, m), 7.10-7.13 (1H, m), 7.28-7.33 (5H, m), 7.61-7.62 (1H, m),
8.26 (1H, s, H-2); "C NMR (CDCl;, 75 Mz): 6 —5.3, —4.6, 18.05,
25.5,45.4,68.4,71.3,73.1,77.2,94.2, 112.1, 114.1, 119.7, 127.1,
127.5, 128.6, 138.7, 141.8, 143.5, 144.9, 150.3, 153.2, 155.2.

(ii) By Pd-catalysed cross-coupling from the benzylphospho-
ramidate 5. A solution of Pd(OAc), (60 mg, 0.27 mmol) and
PPh; (142 mg, 0.54 mmol) in DMF (8 mL) under argon was
stirred at 50 °C for 15 min before 2-(tri-n-butylstannyl)furan
(0.63 ml, 2.0 mmol) was added. Subsequently, a solution of (Sy)-8-
bromoadenosine-2' O-(tert-butyldimethylsilyl)-3',5'-cyclic N-ben-
zylphosphoramidate (5) (800 mg, 1.3 mmol) in DMF (10 mL)
was added. The mixture was stirred at 85 °C for 2.5 h. The
solvent was evaporated off, and the residue was purified by flash
chromatography on silica gel using CH,Cl,-MeOH (3 :97 and 5 :
95); yield 636 mg (80%) of a white solid.

(Sp)-8-(2-Furyl)adenosine-2' O-(tert-butyldimethylsilyl)-3',5'-cyclic
N-phenylphosphoramidate (11a)

A solution of Pd(OAc), (99 mg, 0.37 mmol) and PPh; (253 mg,
0.81 mmol) in DMF (15 mL) under argon was stirred at 50 °C for
15 min when the mixture had become reddish brown. A
solution of tri-n-butyl(2-furyl)stannane (1.4 mL, 4.4 mmol) was
added, followed by a solution of (Sp)-8-bromadenosine-2'O-
(tert-butyldimethylsilyl)-3',5'-cyclic ~ N-phenylphosphoramidate
(6) (2.2 g, 3.7 mmol) in DMF (10 mL). The mixture was
stirred at 80 °C for 1 h. The solvent was evaporated, and the
residue subjected to flash chromatography on silica gel using
CH,Cl1,-MeOH (3 : 97 and 5 : 95); yield 1.93 g (90%) of a white

solid. HRMS (Electrospray, TOF ES*): M 585.2023. Calc. for
CyH3yN,O,PSi: 585.2041. *'P NMR (CDCl;, 81 MHz): § 3.06;
"H NMR (DMSO-d,, 300 MHz): 6 —0.14 (3H, s, Si-CH;), —0.11
(3H, s, Si-CHj;), 0.70 (9H, s, Si-fBu), 4.4-4.5 (2H), m, 4.65 (1H,
dm), 5.19 (1H, d), 5.65 (1H, m), 6.31 (1H, s), 6.77 (1H, dd), 6.93
(1H, t), 7.1-7.2 (5H, m), 7.58 (2H, br s), 8.00 (1H, d), 8.27 (1H,
s), 8.56 (1H, d); *C NMR (DMSO-d,, 75 MHz): § —5.6, —5.0,
17.7,25.3,68.3,70.2, 72.4,76.3, 93.6, 112.3, 113.9, 118.45, 121.8,
128.9, 139.6, 140.3, 143.2, 145.6, 149.8, 153.4, 156.1.

(Sp)-2' O-(tert-Butyldimethylsilyl)-8-(/V-methylpyrrol-
2-yl)adenosine-3',5'-cyclic N-phenylphosphoramidate (11b)

Compound 11b was prepared as above from (Sp)-8-bromo-
adenosine-2' O-(tert-butyldimethylsilyl)-3',5'-cyclic- N-phenylphos-
phoramidate (6) in 70% yield. HRMS (electrospray, TOF
ES*): M + H 598.2339. Calc. for [C,;H3N,OsPSi + H*]: 598.2357.
P NMR (CDCl,), 121 MHz): 6 2.54 ppm.

(Sp)-2' O-(tert-Butyldimethylsilyl)-8-(3-pyridinyl)adenosine-3',5'-
cyclic N-phenylphosphoramidate (11c)

A solution of Pd(OAc), (37 mg, 0.166 mmol) and PPh; (91 mg,
0.348 mmol) in NMP (4 mL) under argon was stirred at 50 °C
for 30 min when the solution had turned dark red. A solu-
tion of (Sp)-8-bromoadenosine-2' O-(tert-butyldimethylsilyl)-3',5'-
cyclic N-phenylphosphoramidate (6) (0.500 g, 0.83 mmol) in NMP
(2mL) and 3-(tri-n-butylstannyl)pyridine (0.610 g, 1.66 mmol) was
added. The reaction mixture was stirred at 110 °C for 10 h before
the NMP was removed at reduced pressure. The residual material
subjected to flash chromatography on silica gel using 7.5% MeOH
in CH,Cl,. The product was a white solid contaminated with traces
of organotin residues which were removed by dissolution of the
coupling product in CH,Cl, and reprecipitation by hexane, yield
0.280 g (57%); HRMS (electrospray, TOF ES*): M + H 596.2211.
Calc. for [C;;HyuN,OsPSi + H*]: 596.2201. *'P NMR (CDCl;,
121 MHz): 6 2.73 ppm, 'H NMR (CDCl;, 300 MHz): 6 —0.16
(3H, s, CH;), —0.15 (3H, s, CHj;), 0.60 (9H, s, C(CHs);), 4.30-4.43
(1H, m, H-4), 4.60-4.68 (2H, m, OCH,), 5.15 (1H, d, J 5.2 Hz,
H-2'), 5.69 (1H, s, H-1"), 5.75-5.82 (1H, m, H-3), 6.37 (2H, br s,
NH,), 6.58 (1H, d, J 9.2 Hz, NH), 6.99-7.10 (3H, m, 3 x H-Ph),
7.17-7.24 2H, t, J 7.4 Hz, 2 x H-Ph), 7.42-7.48 (1H, m, H-pyr),
8.02-8.06 (1H, m, H-pyr), 8.37 (1H, s, H-2), 8.76-8.79 (1H, m, H-
pyr), 8.97 (1H, d, J 1.7 Hz, H-pyr); *C NMR (CDCl;, 75 MHz):
0 —5.5and —4.8 (2 x CH,), 18.0 (Si-C), 25.4 (3 x CH;), 68.9 (d, J
6.8 Hz, OCH,), 71.3(d, J 4.5Hz, CH-4),73.3(d. J 8.8 Hz, CH-2)),
77.5(d, J 3.8 Hz, CH-3'), 94.2 (CH-1"), 119.4, 119.5, 119.6, 122.9,
123.5,125.0,129.1, 129.1, 136.8, 138.5, 148.1, 149.8, 150.3, 151 .4,
153.5, 155.9.

(Rp)-2' O-(tert-Butyldimethylsilyl)-8-(2-furyl)adenosine-3',5'-cyclic
phosphorothioic acid (12a)

A 1.0 M solution of -BuOK in THF (3.6 mL, 3.6 mmol)
was added to a solution of (Sp)-2'O-(tert-butyldimethylsilyl)-
8-(2-furyl)adenosine-3',5'-cyclic N-phenylphosphoramidate (11a)
(1.51 g, 2.6 mmol) in THF (30 mL) at room temperature. The
mixture was stirred at this temperature for 1 h before CS, (0.47 mL,
7.8 mmol) was added. The mixture was stirred for another 3 h
at room temperature, the volume of the solvent was reduced to
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about 10 mL, and hexane (90 mL) was added. The precipitate was
collected by filtration, suspended in water (55 mL), and 1.2 M
HCI (9 mL) was added. The product was collected by filtration,
washed with water and dried, yield 1.23 g (91%) of a light tan
solid. HRMS (Electrospray, TOF ES™): M 526.1326. Calc. for
C,HN;O4PSSi: 526.1339. ¥'P NMR (DMSO-d,, 81 MHz): ¢
58.4; "H NMR (DMSO-d,, 300 MHz): 6 —0.03 (3H, s, Si-CH,),
0.04 (3H, s, Si-CHj;), 0.79 (9H, s, Si-t-Bu), 4.0-4.5 (3H, m), 5.06
(1H, d), 5.34 (1H, m), 6.21 (1H, s), 6.79 (1H, q), 7.18 (1H, d),
8.02 (1H, s), 8.2 (2H, br s), 8.33 (1H, s); "C NMR (DMSO-d;,
75 MHz): 6 —5.4, —4.6, 17.9, 25.5, 67.7, 71.1, 72.8, 75.9, 93.2,
112.4,114.4, 119.1, 141.3, 142.8, 146.0, 149.4, 150.2, 153.7

(Rp)-8-(2-Furyl)adenosine-3',5'-cyclic phosphorothioic acid
ammonium salt (13a)

(i) Prepared from the phosphorothioic acid 12a. A solution
of  (Rp)-2'O-(tert-butyldimethylsilyl)-8-(2-furyl)adenosine-3',5'-
cyclic phosphorothioic acid (12a) (1.15 g, 2.7 mmol) and NH,F
(225 mg, 6.0 mmol) in DMF (10 mL) under argon was stirred
at room temperature for 5 d. Subsequently, TMSOMe (1 mL)
was added and the stirring was continued for 24 h. The solvent
was distilled off at reduced pressure, the crude product was
suspended in MeOH (10 mL), and Et,O (80 mL) added. The
light tan-coloured solid was filtered off and dried, yield 847 mg
(90%). HRMS (Electrospray, TOF ES™): M 410.0330. Calc. for
C,H;N;O4PS: 410.0329. *'P NMR (DMSO-d,, 81 MHz): J 54.3;
"HNMR (DMSO-d,, 300 MHz): 6 4.0-4.2 (4H, m), 5.03 (1H, d),
5.14 (1H, m), 6.02 (1H, s), 6.76 (1H, dd), 7.13 (1H, d), 8.01 (1H,
d), 8.21 (1H, s); *C NMR (DMSO-d,, 75 MHz): ¢ 66.15, 75.3,
75.4, 76.9, 92.8, 112.3, 113.8, 118.9, 141.2, 143.1, 145.8, 149.8,
152.7, 155.6.

(ii) Prepared from the /V-benzylamidate 10a. A 1.6 M solution
of n-BuLi in hexane (0.25 mL, 0.39 mmol) was added to a so-
lution of (Sp)-2' O-(tert-butyldimethylsilyl)-8-(2-furyl)adenosine-
3,5-cyclic N-benzylphosphoramidate (10a) (200 mg, 0.33 mmol)
in THF (4 mL) at —78 °C. The mixture was stirred for 10 min at
this temperature before carbon disulfide (0.06 ml, 1.0 mmol) was
added and the cooling bath removed. The mixture was stirred for
3 h at room temperature. The volume of the solvent was reduced
to about 1 mL before hexane (40 mL) was added. The precipitate
was collected and dissolved in dry DMF (2 mL), and ammonium
fluoride (75 mg, 2.0 mmol) added. The mixture was stirred under
argon at 40 °C for 48 h. The solvent was distilled off and the
crude product purified by flash chromatography on silica gel using
iPrOH-EtOAc-H,0-NH;(aq.) (7 : 7: 1 : 1); yield: 106 mg (74%)
of a white solid. Spectroscopic data for this compound is given in
the alternative preparation described above.

(R,)-8-(2-Furyl)adenosine-3',5'-cyclic phosphorothioc acid
tri-n-butylammonium salt (14a)

A 1.6 M solution of n-BuLi in hexane (1.87 mL, 3.0 mmol)
was added to a solution of (S)-8-(2-furyl)adenosine-2' O-tert-
butyldimethylsilyl)-3',5'-cyclic =~ N-benzylphosphoramidate 10a
(1.650 g, 2.75 mmol) in dry THF (25 mL) at —78 °C. The mixture
was stirred under argon at this temperature for 10 min before
CS, (0.49 mL, 8.25 mmol) was added. The cooling bath was
removed after 10 min. The reaction mixture was stirred at room

temperature for 3 h before the solvent was partially removed at
reduced pressure. Addition of hexane to the residual solution
precipitated a solid, which was filtered off and dissolved in water
(10 mL). Then 1 M HBr was bubbled into the solution at 0 °C
to reach pH 2-3. The resulting (Rp)-8-(2-furyl)adenosine-2'O-
(tert-butyldimethylsilyl)-3',5-cyclic phosphorothioic acid 12a was
collected by filtration and dried overnight at high vacuum.

The dried phosphorothioic acid 12a (1.050 g, 2.0 mmol) was
dissolved in DMF (10 mL). Then NH,F (0.520 g, 14 mmol) was
added, and the mixture was stirred at room temperature for 5 d and
filtered. Then n-Bu;N (0.740 g, 4.0 mmol) was added until a clear
solution resulted, and the solvent was removed at reduced pressure.
The residue was washed with hexane to remove the excess of n-
Bu;N before being subjected to flash chromatography on silica gel
using CH,Cl,—~CH;OH-#n-Bu;N (100 : 5: 1). The ammonium salt,
which contained some 7-Bu; N, was further purified by dissolution
in CH,Cl, and reprecipitation by hexane addition, yield 0.656 g
(40% from 10a) HRMS (Electrospray, TOF ES~): M 410.0332.
Calc. for [C,H;5;N;O,PS]: 526.0339. *'P (CDCl;, 121 MHz) o
56.66; '"H NMR (CDCl;, 200 MHz): 6 0.93 (9H, t, J 7.2 Hz), 1.35-
1.48 (6H, m), 1.69-1.71 (6H, m), 2.91-3.04 (6H, m), 4.35-4.53
(3H, m), 5.15 (1H, d, J 5.2 Hz), 5.6-5.79 (1H, m), 5.81 (2H, br
s), 6.24 (1H, s), 6.59-6.63 (1H, m), 7.11-7.13 (1H, m, ), 7.62-7.63
(1H, m), 8.21 (1H, s, H-2); *C NMR (CDCl;, 75 MHz): J 13.6,
21.1,25.2, 51.9, 67.2, 71.7, 72.5, 77.5, 94.3, 113.2, 115.3, 120.1,
143.4,144.4, 146.8, 151.4, 154.0, 156.9.

(Ry)-8-(N-Methylpyrrol-2-yl)adenosine-3',5'-cyclic
phosphorothioic acid tri-n-butylammonium salt (14b)

A mixture of (Sp)-2' O-(tert-butyldimethylsilyl)-8-(N-methylpyrrol-
2-yl)adenosine-3',5-cyclic ~ N-phenylphosphoramidate  (11b)
(0.300 g, 0.5 mmol) in dry THF (6 mL) and potassium tert-
butoxide (0.62 mL, 0.62 mmol, 1 M in THF) was stirred under
argon at room temperature for 1 h before carbon disulfide
(0.09 ml, 1.5 mmol) was added. The reaction mixture was stirred
at room temperature for 3 h. Most of the solvent was distilled off
at reduced pressure. Addition of hexane gave a solid precipitate
which was dissolved in water (9 mL), and 1.2 M HCI (1.25 mL)
was added at 0 °C. The precipitate was the silylated (Rp)-8-(N-
methylpyrrol-2-yl)adenosine-3',5'-cyclic  phosphorothioic acid
(12b). The product was well dried in vacuo before the solid
(0.170 g, 0.3 mmol) was dissolved in DMF (1.5 mL) under
argon, and ammonium fluoride (0.075 g, 2.0 mmol) was added.
The reaction mixture was stirred at room temperature for 5 d
before tri-n-butylamine (0.111 g, 0.6 mmol) was added. A clear
solution resulted. The volatile materials were removed at reduced
pressure, the residue was triturated with hexane to remove any
tri-n-butylamine and the residual material was subjected to flash
chromatography on silica gel using CH,Cl,~-MeOH-#nBu;N (100 :
10 : 1). The tri-n-butylammonium salt, which contained some free
tri-n-butylamine, was further purified by dissolution in CH,Cl,
and precipitation with hexane, yield 0.105 g (34%) of a white solid.
HRMS (electrospray, TOF ES~]: M-NHBu; 423.0647. Calc. for
CsH (N,OsPS7): 423.0646. *'P NMR (CDCl;, 121 MHz): 55.68;
'"H NMR (CDCl;, 300 MHz, MeOH-d,): 6 0.93 (9H, t, J 7.3 Hz,
3 x CH,), 1.29-1.41 (6H, m, 3 x CH,), 1.55-1.65 (6H, m, 3 x
CH,), 2.98-3.04 (6H, m, 3 x CH,), 3.78 (3H, s, N-CH,), 4.12-4.24
(1H, m, H-4'), 4.25-4.30 (2H, m, OCH,), 4.96 (1H, d, J 5.3 Hz,
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H-2), 5.49 5.57 (1H, m, H-3'), 5.94 (1H, s, H-1"), 6.25-6.28 (1H,
m, H-pyr), 6.60-6.62 (1H, m, H-pyr), 6.93-6.95 (1H, m, H-pyr),
8.13 (1H, s, H-2); ®C NMR (MeOH-d,, 75 MHz): 6 139 (3 x
CH;), 20.9 (3 x CH,), 26.9 (3 x CH,), 35.7 (N-CH,), 54.0 (3 x
CH,), 68.5 (d, J 9.8 Hz, OCH,), 72.8 (d, J 7.6 Hz, CH-4'), 73.1 (d.
J 5.7 Hz, CH-2), 77.7 (d, J 6.6 Hz, CH-3'), 94.2 (CH-1"), 109.4,
120.1, 121.1, 128.4, 146.3, 151.2, 153.6, 156.8.

(Rp)-8-(3-Pyridinyl)adenosine-3',5'-cyclic phosphorothioic acid
tri-n-butylammonium salt (14c)

Compound 14c¢ was prepared as above from (Sp)-2'0-
(tert-butyldimethylsilyl)-8-(3-pyridinyl)adenosine-3',5'-cyclic  N-
phenylphosphoramidate (11¢) in 34%. HRMS (electrospray, TOF
ES™): M-NHBu; 421.0492. Calc. for C,sH,N;OsPS]~: 421.0489.
P (CDCl,, 121 MHz): 6 57.17.

(Ry)-Adenosine-3',5'-cyclic phosphorothioic acid
tri-n-butylammonium salt (14d)

Compound 14d was prepared as described for 14a from
(Sp)-2' O-(tert-butyldimethylsilyl)adenosine-3',5'-cyclic N-benzyl-
phosphoramidate (8) in 41%. HRMS (electrospray, TOF ES-):
344.0231. Calc. for [C,H; NsOsPS]": 344.0224. *'P NMR
(MeOH-d,, 121 MHz): 6 58.16.

(Rp)-8-(2-Furyl)adenosine-3',5'-cyclic phosphorothioic acid sodium
salt (15a)

(Rp)-8-(2-Furyl)adenosine-3',5'-cyclic phosphorothioic acid tri-
nbutylammonium salt (14a) (0.600 g, 1.00 mmol) was dissolved in
0.1 M NaOH in MeOH (10 mL). The sodium salt was precipitated
by addition of diethyl ether and collected by filtration, yield 0.389 g
(89%) of a white, solid material. HRMS (electrospray, TOF ES~):
410.0320 Calc. for C,H;;N;O,PS]~: 410.0329). *'P (MeOH-d,,
121 MHz): 6 58.05; 'P (D,O, 121 MHz): 6 56.44; '"H NMR
(MeOH-d,, 200 MHz): 4.25-4.39 (3H, m), 5.15 (1H, d, J 5.2 Hz),
5.45-5.54 (1H, m), 6.24 (1H, s), 6.68-6.71 (1H, m), 7.19-7.21 (1H,
m, ), 7.82-7.83 (1H, m, ), 8.20 (1H, s, H-2); *C NMR (MeOH-d,,
75 MHz): 6 68.5, 72.6, 73.2,77.6,94.3, 113.2, 115.3, 120.1, 143.4,
144.4,146.8, 151.4, 154.0, 156.9.

(Rp)-8-(N-Methylpyrrol-2-yl)adenosine-3',5' -cyclic
phosphorothioic acid sodium salt (15b)

Compound 15b was prepared as above from (Rp)-8-(N-methyl-
pyrrol-2-yl)-3',5'-cyclic  phosphorothioic acid tri-nbutylammo-
nium salt (14b) in 84% yield. HRMS (electrospray, TOF ES™): M —
Na 423.0630. Calc. for [C,sH;(NgOsPS]: 423.0646. *'P NMR
(MeOH-d,) ¢ 58.06; (D,0): 6 56.42.

(Ry)-8-(3-Pyridinyl)adenosine-3',5'-cyclic phosphorothioic acid
sodium salt (15¢)

Compound 15¢ was prepared from (Ry)-8-(3-pyridinyl)adenosine-
3',5-cyclic phosphorothioic acid tri-n-butylammonium salt (14¢)
as above in 80% yield. HRMS (electrospray, TOF ES™): M —
Na 421.0495. Calc. for [C;sH,N;OsPS]: 421.0489. *'P (MeOH-d,,
121 MHz): ¢ 58.08 ppm.

(Rp)-8-Adenosine-3',5'-cyclic phosphorothioic acid sodium salt
(15d)

Compound 15d was prepared from (Rp)-adenosine-3',5'-cyclic
phosphorothioic acid tri-r-butylammonium salt (14d) 90% yield.
HRMS (electrospray, TOF ES7): M — Na 344.0211. Calc. for
[C\oH; N5sOsPS]: 344.0224. *'P NMR (MeOH-d,, 121 MHz): 6
58.39.°'P NMR (D,0, 121 MHz): é 57.02.

Diastereomeric synthesis: (Rp)- and (Sp)-8-(2-furyl)adenosine-
3,5'-cyclic phosphorothioic acid sodium salt (15a) and (15aa)

8-Furyladenosine® (16) (0.333g, 1 mmol) was azeotropically dried
in pyridine under reflux. The dried material was dissolved in
dry pyridine (20 mL), and thiophosphoryl chloride (0.169 g,
1 mmol) in dry pyridine (5 mL) was added over 10 min to
the reaction mixture under argon at —8 °C. The mixture was
stirred at this temperature for 90 min when a single signal at
58.4 ppm in the *'P NMR spectrum showed full conversion to
the cyclic thiophosphoryl chloride. The reaction mixture was
subsequently added to a vigorously stirred solution of sodium
hydroxide (0.240 g, 6 mmol) in MeCN-H,O (50%, 40 mL) at
room temperature, and the mixture rapidly poured onto crushed
dry ice. When the evolution of CO, had ceased, the solvents
were removed under reduced pressure with a bath temperature
not exceeding 35 °C. The solid precipitate was washed repeatedly
with THF and dissolved in DMF (7 mL) and the solution filtered.
Evaporation of the solvent at reduced pressure furnished the crude
diastereomeric mixture as a solid sodium salt (0.26 g, 60%)ina1:3
ratio of the (Ry)- and (Sy)-diastereomers. The diastereomers could
be separated by preparative reversed phase chromatography using
H,0-MeOH-HCO,H (80 : 20 : 0.5). *'P NMR (D,0, 81 MHz):
(Rp)-isomer 56.20 ppm, (Sp)-isomer 55.45 ppm).
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Water was found to be a suitable solvent for the L-prolinethioamide catalysed aldol reaction of various
cyclic ketones with aromatic aldehydes. Treatment of 4-nitrobenzaldehyde with as little as 1.2 equiv. of
cyclohexanone in the presence of the protonated catalyst 1-TFA, afforded aldol products in high yields
(up to 97%) with high diastereo- and enantioselectivity (up to >5: 95 dr and 98% ee). The use of a high

excess of ketone was avoided by conducting the aldol addition in the presence of water. Furthermore,
different ‘salting-out’ and ‘salting-in’ salts were investigated and it was proven that the rate of

acceleration and the stereochemical outcome of the reaction are affected by hydrophobic aggregation.
Scope and limitation studies revealed that electron deficient aldehydes afforded aldol products with
high stereoselectivity in the presence of 1-Cl,CHCO,H. It was shown that various cyclic ketones, under
the conditions found, gave aldol products with fair yields, even if they are used in substoichiometric

amounts (1.2 to 2.0 equiv.).

Introduction

Water is the most abundant solvent in Nature but organic chemists
have neglected its use for a long time. In 2002, Lindstrém, in
his review, wrote: ‘this article will serve to rectify some of the
misconceptions that might persist with many chemists regarding
the inadequacy of water as solvent for organic reactions’.!
However, water is a desirable solvent for chemical reactions mainly
because of cost, safety, and environmental concerns.>* In addition,
the performance of organic reactions in aqueous conditions might
lead to different results as compared with those obtained in purely
organic solvents, regardless of whether the reactants are soluble
or not in water.*s

To develop organic reactions which are water-compatible is a
great challenge since water breaks the hydrogen bonds that are
crucial in many transition states.*” Despite this fact, in recent years
water has attracted much attention as a solvent with important
advances being made.*** However, in many cases, transition—metal
complexes have been employed. Only within the last few years has
the organocatalysed direct aldol reaction been rediscovered.'®"
Although proline can catalyse direct aldol reactions in organic
solvents with high enantioselectivity, it leads to racemates in
water.'*'® Therefore, given the synthetic utility of the asymmetric
aldol reaction, there is a growing search for an organic catalyst
that can effectively promote this reaction in water. Recently
Barbas’s and Hayashi’s groups have independently reported highly
stereoselective aldol reactions ‘in water’ or ‘aqueous’.'”® Since
there has been some confusion concerning the terminology or
whether these reactions are ‘really wet’,' Hayashi has proposed to
use the term ‘a reaction in the presence of water’ for reactions that
proceed in a concentrated organic phase with water being present
as a second phase, which influences the reaction in the organic
phase.? Here we would like to point out that there is a huge
difference between reactions in which water is used as an additive
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and those in which it is used as a main phase (on water). The
term ‘a reaction in water’ has been restricted to fully homogenous
conditions.

To date, aldol reactions in the presence of water have afforded
aldol products with high diastercoselectivity and enantioselec-
tivity; unfortunately, in most cases, a large excess of ketone is
needed.’®?? In two notable examples, the laboratories of Barbas!’
and Zhao® used respectively only 2 or 3 equiv. of cyclohexanone
but 10 mol% of catalyst was employed. Thus, the development of
efficient organocatalysts for the asymmetric aldol reaction, both
in water and in the presence of water, still remains a hot area of
research.

Results and discussion

New organocatalysts for the direct organocatalysed aldol reaction
have been attracting much attention since the seminal discovery
by List, Lerner and Barbas.' We have contributed to this field by
showing that simple L-prolinethioamides can effectively catalyse
the reaction of acetone with various aromatic aldehydes.** Later,
it was proved that the TFA-assisted aldol reaction proceeded
through enamine-iminium catalysis. Since Janda ez al. wrote that
the addition of TFA (or any acid) to the reaction of cyclohexanone
with 4-nitrobenzaldehyde in the presence of a chiral diamine
favours the formation of micelles by increasing the amphiphilic
character of the catalyst," we envisaged that our catalytic system
of L-prolinethioamide and TFA could be used in the presence of
water.

To verify this hypothesis, we started from the conditions
described by Barbas er al.'” A reaction of 4-nitrobenzaldehyde
(3) with cyclohexanone (2) catalysed by 1-TFA in the presence
of water gave product 4 in 96% yield with high diastereo- and
enantioselectivity (Scheme 1; Table 1, entry 1). When the catalyst
loading was lowered to 5%, the yield did not change (entry 2).
However, a further decrease in the amount of catalyst or ketone
used led to a decrease in the yield, but did not affect the degree
of diastereo- and enantioselectivity (entries 3 and 4). On the other
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Table 1 The aldol reaction of cyclohexanone (2) with 4-nitrobenzaldehyde (3) catalysed by 1-TFA in the presence of water*

Entry Catalyst (mol%) Ketone (mmol) Yield (%)” Ratio syn—anti® Ee of 4-anti (%o)?
1 10 2 96 10:90 94
2 5 2 96 5:95 94
3 2.5 2 72 5:95 90
4 5 1.2 23 5:95 89
532 10 Neat 82 13:77 86

@ All reactions were run in the presence of 1-TFA on 1 mmol scale in 2 ml of water at rt for 18 h. ? Isolated yields. ¢ Determined by '"H NMR spectroscopy
of the crude reaction mixture. “ Determined by chiral HPLC using an ADH-column.

CHO
+ /©/
OsN

NO,

4-syn

4-anti

Scheme 1 The model aldol reaction of 4-nitrobenzaldehyde (2) with
cyclohexanone (3) catalysed by 1-TFA in the presence of water.

hand, when cyclohexanone (2) was used as a solvent and as a
donor, the reaction afforded aldol product 4 with lower yield and
decreased diastereo- and enantioselectivity (entry 5). Thus, the role
of water in the studied reaction is not only as the reaction medium,
but it also influences the reaction rate and stereoselectivity. A
similar phenomenon was observed by Sharpless ef al. and these

Table 2

types of reactions are called ‘on water’.* However, it is still not
clear whether reactions ‘on water’ are influenced by hydrophobic
aggregation or by other effects.?*3

To clarify whether the hydrophobic effect plays a crucial role in
the L-prolinethioamide catalysed aldol reaction, experiments with
‘salting-out’ and ‘salting-in’ salts were conducted.* ‘Salting-out’
salts increase the hydrophobic effect, by electrostriction of water,
which decreases the solubility of hydrocarbons and thus promotes
their association. Conversely, ‘salting-in” decreases the association
of hydrocarbon residues in water. Takabe and Barbas et al., who
used brine as the aqueous medium in a direct Michael reaction,
for the first time added NaCl to an organocatalysed reaction in the
presence of water.*® The beneficial influence of brine over water
was explained only on the basis of ionic complexation and the
‘salting-out’ effect was not taken into consideration.

In our case, the use of brine as the reaction medium for the aldol
reaction of cyclohexanone (2) with 3 catalysed by 1-TFA, allowed
us to decrease the amount of the ketone 2 to as little as 1.2 equiv.
per 1 mmol of 3 (Table 2, entry 1). Reactions in the presence of less
saturated NaCl aqueous solutions gave the same stereochemical
results, but lower yields (entries 3-5). Furthermore, other ‘salting-
out’ salts were tested and the results are presented in Table 2
(entries 6-12). The reaction in the presence of an aqueous solution
of NH,CI afforded only 45% of aldol product 4, presumably

‘Salting-out’ and ‘salting-in’ salts as additives for the aldol reaction in the presence of water”

Entry Salt Catalyst (mol%) Yield of 4 (%)" Ratio syn—anti¢ Ee of 4-anti®
1 Nacl (sat) 5 90 >5:95 92
2 NaCl (sat) 2.5 56 >5:95 87
3 NaCl (350 mg) 5 90 >5:95 90
4 NacCl (350 mg)* 5 33 >5:95 95
5 NaCl (175 mg) 5 66 >5:95 91
6 LiCl (sat) 5 24 15:85 85
7 KCI (sat) 5 86 >5:95 94
8 CacCl, (sat) 5 24 >5:95 93
9 NH,CI (sat)) 5 45 >5:95 93

10 Na, SO, (sat 5 93 >5:95 91

11 MgSO, (sat) 5 90 >5:95 93

12 LiClO; (sat) 5 Traces nd nd

13 Guanidine chloride (sat) 5 Traces nd nd

14 Urea (sat) 5 Traces nd nd

15 Phosphate buffer 10 Traces nd nd

16 Phosphate buffer” 20 100 10:90 85%

17 Phosphate buffer® 20 51 10:90 rac

“ Reactions were carried out using 1.2 mmol of 2 for I mmol of aldehyde 3 in the presence of 1-TFA (indicated in the Table) in 2 ml of water at rt for
18 h. * Isolated yields. ¢ Determined by '"H NMR analyses of the crude product.  Determined by chiral-phase HPLC analyses. ¢ The reaction was run at
4 °C.”The reaction was run in phosphate buffer (pH = 7.2) for 2 days. ¢ Free base catalyst was used.
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because of different water—salt interactions as shown by Symons*’
(entry 9). To support our hypothesis concerning the hydrophobic
effect, ‘salting-in’ materials such as guanidinium chloride and
urea were tested in the model aldol reaction. Reactions in such
aqueous solutions led only to the recovery of the starting material
3 (entries 13 and 14).

On the other hand, the rate acceleration may be attributed to hy-
drogen bonding interactions. Symons has pointed out the changes
in water properties that occur when different types of anions are
added.”” Small coordinating anions bind to water protons and thus
decrease the ability of water to hydrogen bond other substrates.
Following Breslow and Rizzo’s studies,* we also considered the
hydrogen bonding explanation for the rate acceleration, reactions
in the presence of LiCl and LiClO, were conducted. If hydrogen
bonds influence the reaction, LiClO, should speed up the reaction
more than LiCl does; the salting-in explanation would predict the
opposite effect. We found that the direct aldol reaction catalysed by
1-TFA in the presence of a saturated aqueous solution of LiClO,
was indeed slower as compared with the one conducted in the
presence of a LiCl solution (compare entries 6 and 12). These data
confirm the idea that hydrophobic packing effects contribute to
the L-prolinethioamide catalysed aldol reaction in the presence
of water. Finally, since no small molecule catalysts have provided
relevant enantioselectivity in aqueous buffered solutions,*®* we
have checked our 1-TFA system using those conditions. Using
20 mol% of the catalyst (1-TFA), the model aldol reaction in
phosphate buffer (pH = 7.2) afforded exclusively 3-hydroxy ketone
4 with high diastereoselectivity and 85% ee (entry 16). The reaction
without TFA led to a decrease in the enantiomeric enrichment, the
addition of an acid favours the formation of micelles increasing
the amphiphilic character of the catalyst (entry 17).

Following our recent publication on the influence of an acid
on the aldol reaction, we thought it worthy to study whether
the nature of the acid is also an important factor for this
transformation conducted in the presence of water.*

Surprisingly, the reaction of cyclohexanone (2) with 4-
nitrobenzaldehyde (3) by 1-HCl in the presence of brine gave aldol
product 4, contrary to the reaction of acetone with 3 (Table 3,
entry 1). However, the best results were obtained with the use of
1-C1,CHCO,H; the catalyst loading could be lowered to as little
as 2.5% mol (entry 5). A further decrease in the amount of the
catalyst led to a decrease in the reaction rate which subsequently
lowered the enantiomeric purity of the anti-aldol 4 (entry 6) (the
longer the reaction time, the lower the enantiomeric purity of 4-
anti).

Table 3 The influence of an acid additive on the model aldol reaction”

A range of aromatic aldehydes, 5-16, was explored and the
results are summarised in Table 4.

Regardless of the aldehyde used, high diastereo- and enantios-
electivity was observed, though the rate of the aldol reaction
strongly depended on the electrodeficiency of the substrate. In
most cases, 1.5 equiv., instead of 1.2 equiv., of cyclohexanone (2)
had to be used and/or longer reaction times were required at the
slight cost of diastereo- and enantioselectivity. Under the present
reaction conditions, less reactive aldehydes did not afford aldol
products with acceptable yields, although the stereoselectivity
remained at the same level, for example, see entry 16. Though
Najera et al. found that for BINAM-prolineamides, an excess of
acid had beneficial effects on the yield and enantioselectivity,? in
our case, the use of higher amounts of acid did not improve the
catalytic activity of our system, and resulted in a decrease of the
stereoselectivity (entry 17).

Despite the great variety of aldol acceptors that have been
used in direct aldol reactions under water conditions, the range
of donors has remained narrow. Recently, Xiao et al. have
reported the highly diastereo- and enantioselective aldol reactions
of heterocyclic ketones with aldehydes in organic solvent.* It
was shown that heterocyclic ketones such as 4-thianone, 4-
Boc piperidinone and tetrahydro-4 H-pyran-4-one afforded aldol
products with excellent yields and stereoselectivities, though an
excess of ketone was necessary. Given the fact that these donors
are not the cheapest ones and that they must be separated from
the aldol product (that is not an easy task), it would be beneficial
if the amount of ketone could be stoichiometric or at least
substoichiometric. In a very elegant report, Pihko et al. described
conditions for the stoichiometric aldol reaction of tetrahydro-
4 H-thiopyran-4-one with benzaldehyde, however the reaction was
sluggish.*

We studied the use of various cyclic 30-32 and heterocyclic 33—
35 ketones for the aldol reaction in the presence of water and the
results are summarized in Table 5. 4-Methylcyclohexanone (30)
and monoprotected cyclohexane-dione 31 afforded almost exclu-
sively optically pure anti-adducts 36 and 37 respectively (entries 1
and 2). The reaction of cyclopentanone (32) with 3 gave a mixture
of syn and anti product 38 with moderate enantioselectivity, which
could be attributed to the higher miscibility of 32 with water
(entry 3). For heterocyclic ketones 33-35, new reaction conditions
were defined. Tetrahydro-4 H-thiopyran-4-one (33) and 1-Boc-4-
piperidone (34) smoothly reacted with 4-nitrobenzaldehyde (3)
leading to anti-aldol products 39 and 40 respectively with fair
diastereo- and enantioselectivity (entries 7 and 9). Since both

Entry Acid Catalyst (mol%) Reaction time/h Yield (%)® Ratio syn—anti Ee of 4-anti*
1 HCl 5 16 50 10:90 85
2 4-Methylbenzoic acid 5 16 92 19: 81 78
3 Cl,CHCO,H 5 16 97 7:93 92
4 CL,CHCO,H 5 6 64 5:95 94
5 CL,CHCO,H 2.5 28 97 7:93 93
6 Cl,CHCO,H 1.25 60 72 7:93 79

“ Reactions were carried out using 1.2 mmol of 2 for 1 mmol of aldehyde 3 in the presence of 1-acid (indicated in the Table) in 2 ml of brine at rt. ® Isolated
yields. ¢ Determined by 'H NMR analyses of the crude product. ¢ Determined by chiral-phase HPLC analyses.
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Table 4 Scope and limitation studies*

(0]
+ RCHO 1/CI,CHCO,H, +
brine
2 5-16 17-anti - 29-anti 17-syn - 29-syn

Entry  Aldehyde Catalyst (mol%)  Amount of 2 (equiv.)  Reaction time/h  Yield (%)  Ration syn—antic  Ee of anti’

1 2-NO,C¢H, (5) 5 1.2 48 91 (17) 12:88 97

2 2-NO,C¢H, 5) 5 L.5 16 90 (17) 7:93 97

3 3-NO,C4H, (6) 5 1.2 48 72 (18) 9:91 94

4 3-NO,C4H, (6) 5 1.5 16 80  (18) 4:96 96

5 4-CNC¢H, (7) 5 1.2 16 87 (190 >5:95 93

6 4-CNC¢H, 7 5 1.5 16 9% (19) 9:91 93

7 2-CIC¢H, 8) 5 1.5 16 80  (20) 9:91 96

8 3-CIC4H, 9) 5 L.5 48 82 (21) >5:95 93

9 4-CIC4H, (10) 5 1.5 48 48  (22) >5:95 92
10 4-CIC¢H, (10) 5 3.0 48 58 (22) >5:95 96
11 4-FC4H, (11) 5 3.0 18 25 (23) >5:95 91
12 4-BrC¢H, (12) 5 1.5 48 57 (24 >5:95 93
13 F;Cs (13) 5 1.5 16 86 (250 >5:95 97
14 4-CF;C4H, (14) 2.5 1.2 16 82 (260 >5:95 98
15 4-CO,MeC¢H, (15) 5 1.5 48 86 (27) >5:95 98
16 2-Naphthyl (16) 5 L.5 48 23 (28) >5:95 83
17 2-Naphthyl (16)  10° 1.5 48 23 (299 >5:95 68

“ Reactions were run on 1 mmol scale in 2 ml of water at rt. ® Isolated yields. ¢ Determined by '"H NMR analyses of the crude product. ¢ Determined by

chiral-phase HPLC analyses. ¢ Additional 10% of CI,CHCO,H was used.

the ketones 33, 34 and the aldehyde 3 are water-insoluble solids,
contrary to 1-Cl,CHCO,H, the reactions were slower and 2 equiv.
of ketone had to be used. Thus, the reactions may be regarded as
biphasic.

Surprisingly, with liquid tetrahydro-4 H-pyran-4-one (35), the
aldol reaction afforded product 41 with a moderate yield. From
this, one could conclude that the miscibility is not the most
important factor influencing the studied reaction (entry 11).

Though the stereochemical results for the aldol reaction of
heterocyclic ketones with aldehydes reported by Xiao are superior
to those presented in the current paper, our reaction conditions
offer several advantages. From a preparative point of view, the
ability to conduct the reactions ‘on water’ in substoichiometric
conditions holds significant advantages. Further studies focusing
on the improvement of the catalyst structure are currently under
investigation.

Conclusions

In conclusion, we have shown that water is a suitable solvent for
the direct asymmetric aldol reaction of various cyclic ketones with
aromatic aldehydes in the presence of L-prolinethioamide 1 and
an acid. The use of water effectively enhanced the activity of the
catalyst, allowing it to be used in only 1.3 mol%. At the same time,
1.2 equiv. of ketone per 1 mmol of aldehyde was enough to obtain
a high yield within a reasonable period of time.

Furthermore, our studies with ‘salting-out’ and ‘salting-in’
materials showed that the hydrophobic effect plays a crucial role in
the aldol reaction conducted in the presence of water. Experiments
with the addition of LiClO, and LiCl confirm the idea that
hydrophobic packing effects contribute to the L-prolinethioamide

catalysed aldol reaction in the presence of water, one could even
state that the reactions were run at hydrophobic control.

Experimental
General

All chemicals were used as received unless otherwise noted.
Reagent grade solvents (CH,Cl,, hexanes) were distilled prior to
use. All reported '"H NMR spectra were collected on a Bruker
spectrometer at 500 (‘H NMR) and 125 (“C NMR) MHz.
Chemical shifts are reported as J values relative to TMS signal
defined at 6 = 0.00 ("H NMR) or 6 = 0.0 ("*C NMR). IR spectra
were obtained on a Perkin-Elmer 1640 FTIR unit. Mass spectra
were obtained on a Mariner PerSeptive Biosystem instrument
using the ESI technique. Chromatography was performed on silica
gel (Kieselgel 60, 70-230 mesh). Melting points were determined
using a Kofler hot-stage apparatus and are uncorrected. The ee
values were determined by HPLC using a Daicel OD-H, AS-H
or AD-H column and the configuration was assigned as R by
comparison of the retention time with the reported data.

General procedure for the 1-acid catalysed aldol reaction in the
presence of water

To asolution of 1-CL,CHCO,H in water (2 mL), cyclohexanone (2)
was added, followed by 4-nitrobenzaldehyde (3) (151 mg, I mmol).
The reaction mixture was vigorously stirred for the indicated
period of time. Amounts of 1-acid and of 2 and reaction times
are specified in Tables 4 and 5. After the removal of water, the
resulting solid was dissolved in CH,Cl, and the solution was

This journal is © The Royal Society of Chemistry 2007
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Table 5 Investigation of the ketone scope”

2 CHO
+ /©/ 1/C?I2CHC02H +
ON brine
X NO, NO,
30-35 3 36-anti - 41-anti 36-syn - 41-syn
Amount of Catalyst
Entry Ketone ketone (equiv.) (mol%) Time/h Yield (%)* Ratio syn—anti Ee of anti*
[e]
1 . 1.5 5 16 87 >5:95 97
2 ¢ @30 s 5 36 97 (36)  _5.95 92
O
3 @ 31) 1.5 10 36 96 37  >5:95 95
o °
-/
(0]
4 é (32) 15 5 16 72 (38)  45:55 87
5 Q 1.2 10 16 32 >5:95 97
6 é (33 20 10 36 69 (39  >5:95 95
7 s 2.0 20 36 85 >5:95 94
(0]
8 1.5 10 36 65 11:89 81
9 fp Ca Y 10 36 9 @0 4960 91
Boc
O
10 2.0 10 36 43 40 : 60 86
11 (5 20 20 36 54 @) 33:62 88
(©)

“ Reactions were run on 1 mmol scale in 2 ml of brine at rt. ® Isolated yields. ¢ Determined by '"H NMR analyses of the crude product.  Determined by
chiral-phase HPLC analyses. ¢ Dr with respect to the methyl group was > 5: 95.

dried over Na,SO,. Diastereoselectivity was determined by 'H
NMR of the crude reaction mixture. Purification using column
chromatography (hexanes-AcOEt, gradually) gave aldol product
4. The enantiomeric excess of 4 was determined by chiral-phase
HPLC analysis.

(5)-2-[(R)-Hydroxy(4-carboxymethylphenyl)methyl]cyclohexa-
none 27-anti. Purification using flash column chromatography
(hexanes—AcOEt, gradually) gave title compound 27-anti (224 mg,
86%) as a white solid (found: C, 68.61; H, 7.08. C;sH 5,0, requires
C, 68.89; H, 6.92%); mp 62-64 °C; [a]) = +23.8 (¢ = 1.0, CHCL,);
Vmax (KBr)/cm™" 3517, 2943, 1716, 1697, 1442, 1017, 885 and 706;
0u(500 MHz, CDCl;; Me,Si) 8.01 (2 H, m), 7.39 (2 H, m), 4.84
(1 H, d, J 8.5 Hz), 4.02 (1 H, s), 3.91 (3 H, s), 2.61 (1 H, m),
2.44-2.50 (1 H, m), 2.31-2.40 (1 H, m), 2.05-2.12 (1 H, m), 1.75-
1.85 (1 H, m), 1.66 (1 H, m), 1.50-1.60 (2 H, m) and 1.33 (1
H, m); 6-(125 MHz, CDCl;; Me,Si) 215.0, 166.8, 146.1, 129.7,
129.6, 127.0, 74.3, 57.2, 52.0, 42.6, 30.7, 27.7 and 24.6; m/z
(EST) 285.1111. C;sH;O,Na requires 285.1097. HPLC: Daicel
Chiralpak ADH column. Hexane-iPrOH, 9 : 1, 1 mL min™',
232 nm: /R (major) = 23.28 min, 7R (minor) = 24.17.
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The thiol-dependent methylation of heptamethyl cob(ir)yrinate 8r with methyl iodide and methyl
tosylate was explored under a variety of conditions. The interaction of the heptamethyl cob(ir)yrinate
with a variety of thiols was monitored prior to the addition of the methylating agent, and the formation
of the Co(1) complex was only apparent in the reaction with hexane thiol. Nevertheless, thiol-mediated
methylation of the Co(11) complex 8r takes place with methyl iodide under most conditions. The
Co-methylation with methyl tosylate showed a different reactivity, was inhibited by pyridine or
N-methylimidazole, and was strongly dependent on the the acidity of the thiol used. Mechanistic

aspects are discussed.

Introduction

The transfer of methyl groups from different methylated com-
pounds to corrinoids is a process widely used in Nature.!
Cobalamin serves as the cofactor in the cobalamin-dependent me-
thionine synthase and mediates the transfer of a methyl group from
CH;-H4 folate to homocysteine.> Corrinoids are the key cofactors
for methyl transfer in acetogenic prokaryotes and methanogenic
Archaea, where a variety of one-carbon compounds can serve as
methyl donors to enzyme-bound corrinoid cofactors.**

Mechanistic studies for the cobalamin-dependent methionine
synthase have shown the methyl transfer to occur with overall
retention of configuration.® This result is consistent with two
successive Sy2-type transfers of the methyl group to and from
cobalamin cofactor, but other pathways are discussed.! Overall
retention of configuration has also been observed for the methyl
transfer from CH;-H4 folate to acetyl CoA in the acetyl CoA
synthase.®

In vivo, methyl cobalamin 3 and coenzyme B,,, 5-adenosyl-
cobalamin 4, are formed from vitamin B,,, cyanocobalamin 1, by
removing the cyano group, subsequent reduction of glutathionyl-
cobalamin formed as an intermediate and alkylation with the
the appropriate methyl agent or ATP, respectively (Fig. 1).” The
interaction of glutathione with cobalamin may be related to other
glutathione reductases.® In vitro, a stable glutathionylcobalamin
complex can be prepared from glutathione and aquacobalamin 2.°
Other thiols like cysteine, homocysteine or mercaptoethanol give
rather unstable thiolatocobalamins which decompose by initial
formation of thiyl radicals and cob(i)alamin. It is apparent that
thiols play a dual role in their interaction with Co complexes and
may function as complexing agents and as reducing agents.

In the past several research groups have investigated the inter-
action of cobalamin with thiols and subsequent Co alkylations.
Dolphin and Johnson reported the reaction of cobalamin with
an excess of thiols and alkylation with CH,I to give methyl
cobalamin (Scheme la).""** Furthermore, they clearly stated

Department of Chemistry and Biochemistry, University of Bern, Freiestr. 3,
3012, Bern, Switzerland. E-mail: reinhart.keese@ioc.unibe.ch
T Postdoctoral fellow, 1998-1999.

that B, cob(i)alamin, does not react with methyl iodide,
ethyl iodide, methyl tosylate or 2',3'-isopropylidene-5'-toluene-p-
sulfonyladensosine under a variety of conditions, even at tem-
peratures up to 100 °C. Independently, Wagner and Bernhauer
prepared methyl cobalamin by reaction of cobalamin with glu-
tathione and methyl iodide and formulated glutathionylcobalamin
as an intermediate (Scheme 1b).'*"

a) CHe
OH
" Chgl l
(libI(III) RsH_ [ Sgllﬂupfn} —_— Chi(ll
[ ? excess K ?

2
RSH = glutathione (GSH), 2-mercaptoethanol, thioglycollic acid,
ethylthiol, @-mercaptotoluene

b) CHs

(IDH GSH ?G CHl (':bI(III)
DCbI(III) Ubl("l) - K }
+ (RS

B
2

Scheme 1 a) Formation of methyl cobalamin;'"'* b) formation of methyl

cobalamin 3 with glutathionyl cobalamin as intermediate.'*!**

Subsequently, Schrauzer and Windgassen studied the chemistry
of several mercaptocobaloximes (bis(dimethylglyoximato)cobalt
complexes containing Co—S bonds) as model systems for biochem-
ical methyl transfer reactions (Scheme 2)."

They found that methylcobaltoxime is formed to a limited extent
when hydroxyaquo-cob(iir)altoxime is treated with excess methyl
mercaptan and methyl iodide at pH ~ 7. At pH > 7 methyl
thioether is formed, whereas this methylation is very slow at pH <
7. It was also shown that B,,, (cob(1)alamin) reacts with CH;I at a
very high rate and thus is considered a supernucleophile.'®

In further explorations, Rafiq and Golding investigated the
thiol-induced methylation of cobaltoxime via a stepwise reaction
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Fig. 1 Vitamin B,, and some derivatives.
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Scheme 2 Reactions of cobaloximes with thiols.'

mode (Scheme 3)."” However, when 2-methoxyphenylmercapto-
cobaloxime was incubated with 2-methoxythiophenol and methyl
iodide, neither the formation of the disulfide nor the formation of
methylcobaloxime was observed.

Pratt and co-workers found in their detailed kinetic studies that
cob(i)inamide (Cbi" 5r, derived from Cbi 5) in solvents with pH >
9 is reduced by thiols to Co(1), while only small changes of the
Co(11) spectrum are observed in the range pH 3-8.'%!* The addition
of methyl iodide to the mixture of cobinamide and the thiol
dithiothreitol converted the Co(11) complex to methylcobinamide
in the range pH 3-8 independently of the Cbi concentration
(Scheme 4).

A mechanism for the formation of methylcobinamide was
proposed which involved a three-component complex [RSH-—

RS’ PN
b I
(Coll) (Coly = ): ool I
T R
py oo
H
RS \
N
R

< .
(Coll) zzzzzz-> (Col) B-_-I> (|CO|")

| T !

py

RSSR

Scheme 3 Proposed mechanism for the thiol-induced alkylation of
cobaloxime."

Co()-CH;I] (‘Pratt complex’). This mechanistic proposition
establishes a third pathway, to be distinguished from the alkylation
of Co(1) and the methylation of Co(11) (Cbl, Cbi) with methyl
iodide. According to Blaser and Halpern, the methylation of
cob(1r)alamin is second order in Co(11) concentration.?

A few years ago, we experimentally established a model for
cobalamin-dependent methionine synthase.” Conditions for the
complete cycle were described involving the transfer of a methyl
group from dimethylaniline to hexane thiol with a corrinoid as
methyl transfer catalyst and Zn as reducing agent. In the first half-
reaction, methyl heptamethyl cobyrinate was obtained by reaction
of dimethylaniline with heptamethyl cob(i1)yrinate in the presence
of Zn/AcOH.

Motivated by these results, we have now investigated additional
aspects of the thiol-mediated methylation of corrinoids which

2120 | Org. Biomol. Chem., 2007, 5, 2119-2128

This journal is © The Royal Society of Chemistry 2007





pH>9

H,O .
Cbi(ll) + RSH «——> Cbil + 12RSSR +H
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H20
Cbi(l) + RSH —— [RSHwwChill]
5r

l CHa-l

RSH” + I + HzC-Cbi <«— [Cbi-RSH- CHsll
;—\F_j

N (I*+RSH or RS*+ H)

Scheme 4 Thiol-mediated reactions of cobinamide.'®!

we considered relevant for the successful reaction. Of specific
interest were the methylation of heptamethyl cob(il)yrinate and
cobinamide with CH;I and CH;OTs induced by a variety of thiols
as reducing agents, the pH and solvent dependency, and the impact
of (interaction with) additives.

Results and discussion

The Co(ir) and Co(1r) corrinoids used for this investigation
were prepared from heptamethyl dicyanocob(iil)yrinate 6 follow-
ing published procedures (Scheme 5).** Acid-induced ligand
exchange led to the aquo-cyanocob(in)yrinate 7, which upon
reduction with NaBH, and treatment with HCIO, gave the
perchlorato heptamethyl cob(ir)yrinate 8r.

CN OH +
H HCIO H 2
0, V7
CN CN
6 7 NaBH,
HCIO,

Va7 o

8s 8r

Scheme 5 Formation of aquo-cyanocob(Ii)yrinate 7 and cob(ir)yrinate
8r.

The reactions of heptamethyl cob(i)yrinate 8r with thiols
and subsequent methylation with methyl iodide 9 and methyl
p-toluenesulfonate 10, respectively, were of central interest
(Scheme 6). Thiols covering a wide range of acidities were used as
reducing agents under a variety of conditions. The alkylation reac-
tions were studied in methanol, to which bases like triethylamine
or pyridine were added in some experiments. In addition, the
methylation reactions were studied in aqueous buffers at different

Vg Lo

a)RSH (11-16)
b) CHal (9) or CH;OTs (10)

+
e
17 M g

+ (RSSR) + (CH;SR)
Scheme 6 Thiol-mediated methylations of cob(ir)yrinate 8r.

pH values. Also, some reactions of the heptamethylcob(1i)yrinate
7 were explored.

The reactions were followed by UV-Vis measurements, and the
methylation products 17/18 were detected by TLC with authentic
methyl cobyrinates 17/18 as references.*** The product yields are
based on TLC evaluations.

Schrauzer had shown the rates of alkylation of B, with
n-alkylchlorides (C,H,,, Cl, » = 1-4) in methanol at room
temperature to be very similar to the relative rates of the reactions
of iodide ion with the same alkyl chlorides in acetone at 50 °C.'®
Therefore, the alkylation reactions of B,,, with methyliodide 9 were
considered to follow a typical Sy2 reaction mechanism. However,
alkyl iodides are more prone than alkyl chlorides to undergo
nucleophilic substitutions via outer sphere, dissociative single-
electron transfer reactions,” particularly with supernucleophiles
like B,,, and heptamethyl cob(1)yrinate 8s. Methyl tosylate 10 on
the other hand should strictly follow a typical Sy2 mechanism
rather than an electron-transfer-initiated substitution pathway.

A variety of thiols with pK, values in the range 2.7-10.7 were
investigated as reducing agents of 8r required for the methylation
reaction (Fig. 2).

OCHj,4
0
SN
SH Y
SH
SH SH
1 12 13 14
pK, = 10.7 28 pKy =658 pK,=647 pK,=3209
F COOH
HoNi
F F 2 o
F F H/\COOH
0
SH SH
15 16
pKy = 2.7 29 pK,y = 9.2 27

Fig. 2 Thiols used for reactions with cob(i1)yrinate 8r.

When heptamethyl cob(ir)yrinate 8r was treated in methanol
with triethylamine and an excess of hexane thiol 11 (pK, = 10.7),
the colour of the solution turned immediately from brown to clear
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dark green, evidence for the formation of a high concentration
of the cob(1)yrinate 8s (Scheme 5). Glutathione 16 (pK, = 9.2)
led also to the formation of the Co(1) complex, but at a lower
concentration. Addition of phenyl thiol 13 to a methanolic
solution of 8r did not lead to the green colour of 8s. According
to the UV/Vis spectrum, the absorption pattern for 13 is more
complex, showing plateaus but not the minima in the range for
Co(1) 8s (Fig. 3).

The absorption spectra obtained when the Co(11) complex 8r
was treated with 4-methoxythiophenol 12 in methanol containing

aqueous buffer of pH 3.5 or 9 are rather unstructured (Fig. 4) and
do not show the formation of the Co(1) complex 8s (Fig. 3). They
are very similar to that recorded for the interaction of 8r with 12
in methanol (Fig. 5).

The conditions for the thiol-dependent methylation of
Cob(m)ester 8r with CH;1 9 and CH;OTs 10 were explored in
greater detail (Table 1). The reaction of 8r readily takes place in
methanol containing triethylamine both with methyl iodide 9 and
methyltosylate 10, with the methylation being complete within
1 min (entries 1 and 2).

1 -
0.9 4
== Co(ll)
0.8 hexane thiol
= = glutathione
0.7 4 = thiophenol
0.6 1
0.5 1
0.4 1
0.3 4
0.2 -
0.1 1
0 T T T T T T T T .
200 250 300 350 400 450 500 550 600 650

Fig.3 UV-Vis spectra (absorbance vs. wavelength) of the interactions of heptamethyl cob(i)yrinate 8r with the thiols 11, 13 and 16 in methanol.

1.4
V . -
1.2 4 *
.
- *
F Y
147 1
. | ~==Co(ll)
f = = 4-Methoxythiophenol
0.8 - Me-X
0.6
0.4 -
pal
024 / s
0 T T T T T T T T 1
200 250 300 350 400 450 500 550 600 650

nm

Fig.4 UV-Vis spectrum (absorbance vs. wavelength) of the interaction of 8r with the thiol 12 and methyl tosylate 10 in methanol with pH 3.5 aqueous

buffer.
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Table 1 Methylation of cob(i)yrinate 8r with CH;1 9 and CH;OTs 10 induced by hexane thiol 11 and glutathione 16

Entry Solvent Methylating agent Time/min Yield of 17/18 (%)
1 CH;O0H (+ H,0)’+ 0.2 mL Et;N CH;l 1 (10)° 100 (100)°
2 CH,OH + 0.2 mL Et;N CH,OTs 1(10) 100 (100)®
3 Toluene + 0.2 mL Et;N CH;OTs 1 100
4 CH;O0H + 0.2 mL pyridine CH;l 10 100
5 CH;OH + 0.2 mL pyridine CH;O0Ts 60 0
6 CH;0H-H,0 + 0.2 mL pyridine CH;0Ts 60 0
7 CH,O0H + 0.2 mL CH;-imidazole CH;I 30 100
8 CH,;OH + 0.2 mL CH;-imidazole CH,OTs 60 0
9 CH,OH + pH 9 buffer CH;1 1 (30)" 100 (100)®

10 CH,OH + pH 9 buffer CH,OTs 1 (120 100 (60)*

11 CH,;OH + pH 7.5 buffer CH;I 5 100

12 CH,OH + pH 7.5 buffer CH,OTs 5 100

13 CH,OH + pH 6.5 buffer CH;1 1 100

14 CH,;OH + pH 6.5 buffer CH,OTs 1 100

15 CH;OH + pH 3.5 buffer CH;l 1 (60)* 100 (95)°

16 CH,OH + pH 3.5 buffer CH,OTs 1 (60) 100 (15)

17 CH,OH CH;1 120 0

18 CH,;0OH CH,O0Ts 120 0

19 CH,OH-H,O0(1:1) CH,1 30 (60) 100 (40)*

20 CH,OH-H,O0(1:1) CH,OTs 30 (60)* 40 (10

“ Estimated (¢f. text and Experimental section). ® Data for the reaction of 8r with glutathione 16.

1.4 -

1.2 R \

¢ \ =Co(ll)
’ = = 4-Methoxythiophenol

Me-Tosylate
0.8 -

0.6 4

0.4

0.2 4

0 T

200 250 300 350 400 450 500 550 600 650
nm

Fig. 5 UV-Vis spectrum (absorbance vs. wavelength) of the interaction
of 8r with the thiol 12 and methyl tosylate 10 in methanol with pH 9
aqueous buffer.

Upon addition of methyl iodide 9 or methyl tosylate 10 to the
Co(1) complex 8s, obtained from 8r by reaction with hexane thiol
11 or glutathione 16, the methylcobyrinates 17/18 were formed
immediately.

The absence of any alkylation reaction in pure methanol
is surprising (Table 1, entries 17 and 18). We interpret this
observation in terms of an increased pK, value of hexane thiol
11 in methanol, which reduces the dissociation to such an extent
that no thiolate anions are formed, this most likely being required
for reduction of 8r and formation of the Co(1) complex 8s. This
interpretation is based on results well known for acetic acid: the
pK, value of acetic acid in water is 4.7 and increases to ca. 9
in ethanol, whereas the change in the pK, value of pyridinium
acetate in water (pK, = 4.8) to that in ethanol is only 1.2

pK, units.’® Addition of water to the methanolic solution enhances
the dissociation of hexane thiol and induces the alkylation of 8r,
albeit at a lower rate (Table 1, entries 19 and 20).

Buffered solutions

The methylation of 8r mediated by hexane thiol 11 also proceeds
rapidly in buffered aqueous solution with methyl iodide 9 and
methyl tosylate 10 respectively (Table 1, entries 9-16). The
reactions were run in a 1 : 1 mixture of methanol and aqueous
buffer (see Experimental section). The pH of the mixtures differs
only to a small extent from the pH in H,0.*' Although it is
not completely clear whether the Co(1) complex is formed under
acidic conditions, it is to be expected that the Co(1) complex 8s
is protonated and oxidized to Co(1r) or Co(1m), which is again
reduced by excess thiol. The decay rate of Co(1) depends strongly
on the pH of the solution. We have previously shown that when
a solution of heptamethyl cob(1)yrinate 8s, generated by cathodic
reduction of 8r in methanol, is treated with an excess of dilute
H,SO,, the Co(1) complex 8s is oxidized to Co(11) within a very
short time (5-10 s), while it is oxidized within ca. 7 min when pyH*
Cl" in water is added. In a methanol-water mixture the oxidation
Co(1) (8s) — Co(11) (8r) takes more than 25 min.*?

Additives

In view of the extensive discussion of the base on/off problem
in vitamin By, and its congeners, it was of interest to explore
the impact of bases with a potential for coordination to the Co
center on the methylation of 8r. In addition, it is known that
pyridine, imidazole or benzimidazole interact with cob(ir)alamin
(derived from 2) and cob(i1)inamide (derived from 5).33 In contrast
to the reaction of 8r with an excess of 11 in methanol with triethy-
lamine as additive, the addition of pyridine or N-methylimidazole
suppresses the methylation with methyl tosylate 10 completely
(Table 1, entries 4-8). Surprisingly, the formation of 17/18 with
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methyl iodide as alkylating agent still proceeds efficiently (but
seemingly more slowly) under the same conditions.

These observations support the hypothesis proposed above that
the methylation of 8r with methyl iodide 9 follows a pathway
different from that with methyl tosylate even in the presence of
pyridine and N-methylmidazole.

Mole equivalents

The methylation of 8r in the presence of 1 or 2 mole equivalents
of hexane thiol 11 was carried out in MeOH-Et;N, as well as in
MeOH-H,O containing pH 3.5 buffer. No methylation product
was detected when 1 mole equivalent of 11 was added, while
the activation of 8r with 2 mole equivalents of 11 resulted in
quantitative methylation.

In a control experiment, a degassed solution of 8r in MeOH—
H,O containing pH 3.5 buffer was stirred with a 10-fold excess
of 11 for 15 h in the absence of O,. Subsequent addition of
methyl tosylate 10 did not give any methylated product 17/18.
GC analysis showed that 11 was quantitatively transformed into
dihexyldisulfide (C¢H,5—S—-S—C¢H ;).

Methylation of 8r in the presence of glutathione 16

The methylations of 8r in the presence of glutathione 16 show that
methyl iodide as well as methyltosylate 10 are efficient agents for its
activation under a variety of conditions (Table 1). In comparison

with hexane thiol 11, the reactions induced by glutathione 16 seem
to be somewhat slower (Table 1, entries in parentheses).

Methylation of 8r in the presence of 4-methoxythiophenol 12

The results for the methylation of 8r in the presence of 4-
methoxythiophenol 12 are shown in Table 2. It is apparent that
the reaction with methyl iodide 9 is rapid and complete within
a short time, whereas the methylation with methyl tosylate 10 is
slower, incomplete (entry 6) or fails entirely (entry 2). In a further
experiment, a methanolic solution of 8r containing triethylamine
was treated with methyl tosylate 10 for 20 min. As expected, no
methylation was apparent, but when a small excess of hexane thiol
11 was added, the methylation products 17/18 where fully formed
within 5 min.

It should be noted that the alkylation with both methylating
agents proceeds well in pure methanol. In view of the pK, value
of 12 being lower by 4 pK, units than that of hexane thiol 9, it
is plausible that 4-methoxythiophenolate ions are still formed in
pure methanol (see above). Our results suggest that the formation
of thiolate ions is required for activation of the Co(i1) com-
plex 8r.

Similar results are obtained with thiophenol 13 (Table 3). It is
unclear why the methylation of 8r with methyl tosylate 10 does
not proceed in methanol in the presence of triethylamine neither
with 4-methoxythiophenol 12 (Table 2) nor with thiophenol 13
(Table 3) as reducing agent.

Table 2 Methylation reactions of 8r with CH;1 9 and CH;OTs 10 induced by 4-methoxythiophenol 12

Entry Solvent Methylating agent Time/min Yield of 17/18 (%)
1 CH;OH + 0.2 mL Et;N CH;I 1 100
2 CH;OH + 0.2 mL Et;N CH,OTs 60 0
3 CH;OH + 0.2 mL pyridine CH;l 10 100
4 CH,;OH + 0.2 mL CH;-imidazole CH,I 5 100
5 CH,OH + pH 9 buffer CH;I 1 100
6 CH;OH + pH 9 buffer CH;O0Ts 60 75
7 CH;OH + pH 6.5 buffer CH;I 1 100
8 CH;OH + pH 6.5 buffer CH,OTs 1 100
9 CH;OH + pH 3.5 buffer CH;I 1 100

10 CH,OH + pH 3.5 buffer CH,OTs 30 100

11 CH,OH CH;I 30 100

12 CH,;0OH CH,;O0Ts 60 100

« Estimated (cf. text).

Table 3 Methylation reactions of 8r with CH;I 9 and CH;OTs 10 induced by thiophenol 13 and thioacetic acid 14

Entry Solvent Methylating agent Thiol Time/min Yield of 17/18 (%)

1 CH;OH + 0.2 mL Et;N CH,1 13 1 100

2 CH,OH + 0.2 mL Et;N CH,OTs 13 60 0

3 CH;OH + buffer pH 3.5 CH;l 13 5 100

4 CH,OH + buffer pH 3.5 CH,OTs 13 15 95

5 CH,OH CH;1 13 30 100

6 CH,;0OH CH,OTs 13 30 90

7 CH;OH + 0.2 mL Et;N CH;I 14 35 60

8 CH,OH + 0.2 mL Et;N CH,OTs 14 60 0

9 CH;OH + buffer pH 3.5 CH,I 14 30 30
10 CH,OH + buffer pH 3.5 CH,OTs 14 90 Trace
11 CH,OH CH;1 14 15 40
12 CH,OH CH,OTs 14 60 15

« Estimated (cf. text).
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Methylation of 8r in the presence of thioacetic acid 14

The methylations of 8r with 9 and 10 in the presence of thioacetic
acid 14 are similar to those obtained with 4-methoxythiophenol
12 and thiophenol 13 (Table 3). Extended reaction times did not
lead to additional formation of alkylation product 17/18.

Methylation of 8r in the presence of pentafluorothiophenol 15

The methylations of 8r with methyl iodide 9 and methyl tosylate
10 in the presence of pentafluorothiophenol 15 as inducing agent,
attempted in methanol with and without triethylamine, are shown
in Table 4. Only traces of the methylated product 17/18 could
be detected with 9 as alkylating agent. A small amount of the
methylated product 17/18 was observed in the reaction of 8r with
10 in pure methanol, whereas no product was detected in methanol
containing triethylamine.

Attempted methylation of 8r with tertiary methylamines in the
presence of hexane thiol 11

In view of our successful transfer reactions from dimethylaniline
to hexane thiol via methyl cob(in)yrinate 17/18 in the presence
of Zn and acetic acid,” the reactions of 8r with dimethylaniline,
N-methylimidazole and N,N-dimethylglycine induced by hexane
thiol 11 in acidic buffer were explored. When dimethylaniline or
N-methylimidazole were incubated with 8r in methanol containing
a pH 3.5 buffer for 3 h, no methyl cobyrinate 17/18 was observed.
Similarly, interaction of 8r in methanol containing an aqueous
buffer and hexane thiol with N,N-dimethylglycine did not give
any methyl cobyrinate at pH 2.5 (19 h), 3.5 (19 h), 4.5 (5.5h), 5.5
(6 h) or 6.5 (6 h).

Methylation of heptamethyl cob(i1)yrinate 7

Since the Co(mr) complex 7 is the precursor of heptamethyl
cob(m)yrinate 8r under reducing conditions with a variety of
reducing agents (including thiols), it was of interest to explore
the reaction of 7 with thiols and the methylating agents 9 and 10
under a variety of conditions. With a few exceptions, the results
are very similar to those obtained with 8r (Table 4).

Under acidic conditions the methylation of 7 is not observed
with hexane thiol 11 as activating agent and alkylation with
methyltosylate 10 (entry 5). Also, methylation is not detectable
when 7 is treated with hexane thiol 11 in methanol containing
triethylamine (entry 7). Methylation is negligible or absent when
7 is treated with the thioacetic acid 14 and pentafluorothiophenol
15 (Table 4, entries 13-15).

Mechanistic aspects

The earlier mechanistic discussions for the methylation of cor-
rinoids included the nucleophilic substitution of Co(1) as a
supernucleophile,'>'® and the direct methylation of Co(11) (requir-
ing the reaction to be second order in Co(11) concentration).” In
the specific case of a thiol-induced reaction of the Co complex
cobinamide 5 with methyl iodide in the pH range 3-8, Pratt
reported evidence for a third pathway, involving association of
the RSH-Co(11) adduct with methyl iodide, the formation of an
[RSH-Co—-CHj;I] complex (‘Pratt complex’) as a key intermediate,
and the immediate formation of methyl cobinamide.™®

In typical nucleophilic substitution reactions, methyl iodide 9
and methyl tosylate 10 show Sy2 kinetics. In the reaction of the
rather ‘soft’ azide ions with methyl iodide 9 and methyl tosylate 10
in methanol, tosylate is a slightly better leaving group than iodide.
However, alkyl iodides may undergo nucleophilic substitution
reactions via a mechanism involving dissociative single electron
transfer, particularly with supernucleophiles.”

?

Co(l) + 2RSH—> Co(l) + 1RSSR +2H" +e
CH,OH

8r 8s CHz-X
\ Clle

RSH = CgHq3SH (11), GSH (16); Co
CH3X = CHsl 9) orCHsOTs (10)  17/18

?
Et3N —r

Co(l) + xRSH ——> Co(l) + 1RSSR +2H  +e
CH,OH

8r 8s \023-x

seT . [Coll)}---CHyl
outer sphere
CH; complex

| B .
Co *I' <«— o+ GHy+ T
17118 8r

+ X-

RSH = CgH13SH (11), GSH (16)

@ CH3O0H - Et3N

Co(l) + xRSH —— >  [RSH-Co(lh---CHjl|
CHal Pratt-complex

8r
/ l SET
CHs,
o + T <«—— Co(l)+ CHz + T
17118 +H" + 1/2 RSSR 8r +H +RSe

RSH = 4-CH30-CgH4SH (12), CgHsSH (13),
CH3COSH (14), (F5CgSH (15))

Scheme 7 Possible mechanistic pathways for the thiol-mediated methy-
lation of cob(11)yrinate 8r.

Our results show the methylation of heptamethyl cob(ir)yrinate
8r induced by thiols is strongly dependent on the pK, of thiol,
the methylating agent and on the solvent. Coordinating bases like
pyridine and N-methylimidazole suppress the methylation with
methyl tosylate, but not that with methyl iodide.

The detection of the Co(1) complex 8s in the interaction of 8r
with hexane thiol 11 (or glutathione 16) in methanol containing
triethylamine, and its subsequent methylation with methyl iodide
9 as well as with methyl tosylate 10, are compatible with a
nucleophilic substitution reaction (Scheme 7a). However, for the
reaction with methyl iodide 9, an alternative pathway via a single
electron transfer cannot be ruled out on the basis of the present
results (Scheme 7b). The reaction with glutathione 16, with a
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Table 4 Data for the methylation reactions of the Co(111) complex 7 with CH;I 9 and CH;OTs 10 in the presence of thiols 11-16

Entry Solvent Thiol Methylating agent Time/min Yield of 17/18 (%)
1 CH;O0H + 0.2 mL Et;N 11 CH;l 5 100
2 CH;OH + 0.2 mL Et;N 11 CH,OTs 5 100
3 toluene + 0.2 mL Et;N 11 CH,OTs 5 100
4 CH;OH + buffer pH 3.5 11 CH;l 60 70
5 CH,OH + buffer pH 3.5 11 CH,OTs 90 0
6 CH,OH + 0.2 mL Et;N 12 CH;1 5 100
7 CH;OH + 0.2 mL Et;N 12 CH,OTs 60 0
8 CH;OH + buffer pH 3.5 12 CH;1 5 100
9 CH;OH + buffer pH 3.5 12 CH,OTs 10 100

10 CH;OH + 0.2 mL Et;N 13 CH;1 10 100

11 CH,OH + buffer pH 3.5 13 CH;1 5 100

12 CH,OH + buffer pH 3.5 13 CH,OTs 5 100

13 CH;OH + 0.2 mL Et;N 14 CH,1 60 0

14 CH,OH + buffer pH 3.5 14 CH;l 60 10

15 CH;O0H + 0.2 mL Et;N 15 CH;l 60 0

16 CH;OH + 0.2 mL Et;N 16 CH,I 5 100

17 CH,OH + 0.2 mL Et;N 16 CH,OTs 5 100

18 CH;OH + buffer pH 3.5 16 CH;l 20 100

19 CH,OH + buffer pH 3.5 16 CH,OTs 60 10

« Estimated (cf. text).

very similar pK, value, should follow analogous pathways for the
methylations with methyl tosylate and methyl iodide.

The Co(1) complex 8s was not formed to a UV-detectable
amount when 8r was treated with the more acidic thiols 12-14
in methanol containing triethylamine. Nevertheless, methylation
proceeded efficiently with methyl iodide 9, but was completely
absent in the reaction with methyl tosylate 10 (Table 2, entry 2;
Table 3, entries 2 and 8). Since nucleophilic substitutions with
alkyl tosylates strictly follow a one-step Sy2-type reaction with
the Co(1) complex 8s as supernucleophile, the methylation reaction
with methyl iodide must follow a different pathway. The reaction
could be initiated by the formation of a Pratt-type intermediate
(Scheme 7¢) which directly forms the methylation product 17/18."®
Alternatively, the Pratt complex could undergo an SET reaction,
leading to a methyl radical which reacts with the Co(11) complex 8r
to give the Co-methyl product 17/18. The fact that pyridine and
N-methylimidazole as bases and hexane thiol 9 as inducing agent
lead to the methylation of 8r in methanol with methyl iodide 9
but not with methyl tosylate 10 suggests that these bases prevent
the formation of the Co(1) complex 8s but not the formation of a
Pratt-type intermediate.

When the Co(i1) complex 8r was treated in a methanolic
solution containing buffer (with pH 3.5, 6.5 or 9) with 4-
methoxythiophenol 12, the methylation proceeded with methyl
iodide 9 as well as with methyl tosylate 10 (Table 2, entries 5-10).
The conditions are very similar to those described by Pratt for
the methylation of cobinamide 5 with methyl iodide, and suggest
a similar pathway for its reaction (Scheme 7c¢). The mechanistic
pathway for the methylation with methyl tosylate 10 is less clear.
The presence of the Co(1) complex 8s could not be detected in the
rather unstructured UV-Vis spectra when 4-methoxythiophenol
12 was added to an acidic solution of 8r (Fig. 2 and 3). However,
the formation of a small amount of the Co(1) complex 8s under
these ‘steady state’ conditions (due to the large excess of 12) cannot
be excluded.

The methylation of 8r is also induced by thiophenol 13, and
proceeds in a methanolic solution containing pH 3.5 buffer with

methyl iodide 9 and methyl tosylate 10, respectively (Table 3,
entries 3 and 4). With an excess of thioacetic acid 14, the
methylation of 8r proceeds in methanol containing pH 3.5 buffer
only with methyl iodide 9, whereas with methyl tosylate 10
only a trace of 17/18 could be detected (Table 3, entries 9 and
10). Pentafluorothiophenol 15 did not show any methylation in
methanol containing pH 3.5 buffer.

Concluding remarks

We have explored the reactivity of the Co(11) complex heptamethyl
cob(in)yrinate 8r with respect to its methylation with methyl iodide
9 and methyl tosylate 10 induced by a variety of thiols. UV-Vis
spectroscopy of the interaction of the Co(i1) complex with thiols
was used for detection of the Co(1) complex 8s, formulated as an
intermediate for alkylation processes. The methylation depends
strongly on the acidity of the thiol, and the addition of bases
and the solvent. Whereas 8r is readily methylated in methanol
containing triethylamine with both methylating reagents 9 and
10, methylation with methyl tosylate is suppressed when pyridine
or N-methylimidazole are used instead of triethylamine. When
the thiols 12-15 are used for induction of the methylation of
8r, only methyl iodide 9 leads to the Co-methyl product 17/18.
These results suggest that methyl tosylate leads to methylation
via a conventional Sy2 pathway only when the cob(1)yrinate 8s is
formed. Apparently, methyl iodide may react via additional reac-
tion channels which include outer-sphere single-electron transfer
and the intermediate formation of the complex between the thiol-
Co(11) adduct and methyl iodide (the Pratt pathway).

Experimental
Materials and methods

The reactions were carried out with reagents and solvents of
‘puriss.’” or ‘purum’ grade under Ar. Hexane thiol (>97%),
4-methoxythiophenol (>98%), thiophenol (>99%), glutathione
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(>97%), dimethylaniline (>99.5%), N,N-dimethylglycine (>99%),
N-methylimidazole (>99%), triethylamine (>98%), methyl p-
tosylate (>97%), methyl iodide (>99%) (Fluka), thioacetic acid
(>97%), pentafluorothiophenol (>97%) (Aldrich) and pyridine
(>99%) (Siegfried) were checked for purity by GC and/or NMR,
and used as received. Solutions were degassed by sonication under
reduced pressure and bubbling Ar through the solution.

Column chromatography (CC): distilled commercial-grade sol-
vents; silica gel (40-63 um) from Fluka. TLC: Merck-F-254
precoated sheets; visualisation by phosphomolybdic acid hydrate—
ethanol (5%) or by UV. CC and TLC: CH,Cl,-THF-Et,0O =2 :
1 : 3 as eluent, unless otherwise indicated. GC: Hewlett Packard
HP-5890 instrument; HP-5 ultra capillary column (length 10 m,
i.d. 0.2 mm), 5% phenylpolysiloxane; temperature program 40—
270 °C (6 °Cmin~"'). UV-Vis: Hewlett-Packard 8451 A diode array
spectrophotometer; A, (log ¢) in nm. NMR: Bruker-AC-300 (‘H,
300 MHz; ®C, 75 MHz) and Bruker-AC-500 (*"H, 500 MHz;, *C,
125 MHz) spectrometers; ¢ in ppm (internal lock: CDCI; (0y: 7.27,
oc: 77.00)); J in Hz. MS: Varian MAT-CH-7A instrument, 70 eV.
FB-MS: Fison Autospec-Q); acceleration voltage 8 kV; ionisation
Cs* (32 keV); matrix dithiotreitol (DTT)/dithioerythriol (DTE);
values in m/z (%). ESI-MS: Fison Instrument VG Platform II;
positive ion measurements at 3.5 kV; negative ion measurements
at 2.5 kV; values in m/z (%) in the solvents given.

Heptamethyl Coo,Cof-dicyano-cob(ii)yrinate (6). Prepared
from 20 g (14.76 mmol) cyanocobalamin (vitamin B,,) 1, giving
11.4 g (71%) 6.2

Heptamethyl aquocyanocob(i)yrinate perchlorate (7). Pre-
pared from 500 mg (0.46 mmol) 6 as reported, giving 515 mg
(95%) 7.2%

Heptamethyl Cop-perchlorato-cob(i)yrinate (8r).
from 500 mg (0.46 mmol) 7, giving 453 mg (87%) 8r.”2

Prepared

Heptamethyl Coa,p-methyl-cob(ii)yrinate perchlorate (17/18).
Prepared as a mixture of the stereoisomeric Co-methyl complexes
17/18 (6 : 1), as described in ref. 23,24,

Interactions of 7 or 8r with thiols 11-16 and the methylating
reagents 9 or 10

General procedure. All experiments were carried out under an
Ar atmosphere and green light. The reaction were performed in
a special UV-cell (25 ml) and monitored via UV-Vis and TLC.
The reference compounds 17/18 were prepared as a mixture
according to published procedures and their R; values established
with CH,Cl,-THF-Et,0 =2:1: 3 as cluent.

In a typical experiment, heptamethyl cob(il)yrinate 8r (5 mg,
4.4 umol) was dissolved in degassed CH;OH (or methanolic
buffer) (15 mL) and the UV-Vis spectrum measured. The appro-
priate thiol (0.71-0.73 mmol) was added and the UV-Vis spectrum
recorded. After addition of the base (200 pL) and CH;I (50 pL,
0.803 mmol, d = 2.28) or methyl tosylate (0.16 g, 0.86 mmol),
the reaction mixture was spotted under normalized conditions
(capillary) onto a TLC plate after the reaction time given in the
tables, and eluted with CH,Cl,-THF-Et,0 =2 : 1 : 3, with methyl
cobyrinate 17/18 as reference. The yellow spots of 17/18 were
detected in the case of 100% formation of the methylated product

17/18. Incomplete formation of 17/18 was qualitatively evaluated
by comparison of the sizes of the yellow spots and red spots.

The reactions in buffered solution were runin a 1 : 1 mixture of
methanol (or ethanol) and water containing buffer according to
the specifications given below.

e pH 3.5: 50 mL 0.1 M potassium hydrogen phthalate + 8.2 mL
0.1 M HCI

e pH 6.5: 50 mL 0.1 M potassium dihydrogenphosphate +
13.9mL 0.1 M NaOH

e pH 7.5: 50 mL 0.1 M potassium dihydrogenphosphate +
41.1 mL 0.1 M NaOH

e pH 9: 50 mL 0.025 M borax + 4.6 mL 0.1 M HCI

Reaction of 8r in methanol-Et;\N with 12 and subsequent addition
of 11

A solution of 8r (5 mg, 0.0044 mmol) in methanol (15 mL)
and Et;N (0.20 mL) was degassed for 15 min, then 12 (20 pL,
0.1636 mmol) was added. The colour changed and 10 (100 mg,
0.537 mmol) was added. No change in the UV spectrum was
observed, and after 10 min, 11 (20 pL, 0.142 mmol) was added.
The Co-methyl product 17/18 was formed immediately in 100%
yield.

Isolation of the Co-methylated products 17/18 from 8r

All experiments were carried out under an argon atmosphere and
green light. The reactions were monitored by TLC. A solution of
8r (0.0176 mmol) in CH;OH (10 mL) was degassed for 15 min,
a 100-fold excess of thiol was added, followed after 5 min by a
200-fold excess of the methylating agent (9 or 10). The reaction
was allowed to stir until no more methylated compounds were
formed. For work-up, the reaction-mixture was treated with 10%
HCIO, (20 mL) and extracted with CH,Cl, (20 mL). The product
was purified by CC on NaClO,-impregnated silica gel with ether
as solvent for the non-corrinoid fraction, and CH,Cl,-CH;OH =
2 : 1 for the corrinoid fraction. The methylated product 17/18
was identified by "TH-NMR spectroscopy and was identical to the
material described in ref. 24.

Reaction of 8r in methanol-Et;N with 1 mole equivalent of 11

A solution of 8r (20 mg, 0.0176 mmol) in methanol (15 mL)
and Et;N (0.25 mL) was degassed for 15 min, then 10 (250 mg,
1.342 mmol) was added. A degassed solution of 11 (2.4 pL,
0.0176 mmol) in methanol (10 mL) was added dropwise over 1 h,
and the solution was stirred for 30 min. After work-up (extraction
with 10% HCIO, (30 mL) and CH,Cl, (30 mL), evaporation of the
solvent, and CC), neither TLC nor "H-NMR spectroscopy showed
any product 17/18.

Reaction of 8r in methanol-Et;N with 2 mole equivalents of 11

A solution of 8r (20 mg, 0.0176 mmol) in methanol (15 mL)
and 0.2 mL Et;N was degassed for 15 min, then 10 (250 mg,
1.342 mmol) was added. A degassed solution of 11 (5 uL,
0.0176 mmol) in methanol (1 mL) was added, and the solution
was stirred for 30 min. After work-up (extraction with 10% HCIO,
(30mL) and CH,Cl, (30 mL), evaporation of the solvent, and CC),
TLC and "H-NMR spectroscopy showed 100% of 17/18.
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Reaction of 8r in pH 3.5 buffer with 1 mole equivalent of 11

A solution of 8r (20 mg, 0.0176 mmol) in pH 3.5 buffer (15 mL) was
degassed for 15 min, then 10 (250 mg, 1.342 mmol) was added. A
degassed solution of 11 (2.4 pL, 0.0176 mmol) in methanol (1 mL)
was added, and the solution was stirred for 30 min. After work-up
(extraction with CH,Cl, (30 mL), evaporation of the solvent, and
CQC), neither TLC nor "H-NMR spectroscopy showed any product
17/18.

Reaction of 8r in pH 3.5 buffer with 2 mole equivalents of 11

A solution of 8r (20 mg, 0.0176 mmol) in pH 3.5 buffer (15 mL) was
degassed for 15 min, then 10 (250 mg, 1.342 mmol) was added. A
degassed solution of 11 (5 pL, 0.0367 mmol) in methanol (1 mL)
was added and the solution stirred for 30 min. After work-up
(extraction with CH,Cl, (30 mL), evaporation of the solvent, and
CC), TLC and "H-NMR spectroscopy showed 100% of 17/18.

Reaction of 8r in pH 3.5 buffer with 10 mole equivalents of 11

A solution of 8r (20 mg, 0.0176 mmol) in pH 3.5 buffer (15 mL)
was degassed for 15 min, then 8 (25 uL, 0.176 mmol) was added
and the solution was stirred for 15 h. In the next step, 10 (250 mg,
1.342 mmol) was added and the solution was allowed to stir for
1 h. After work-up (extraction with CH,Cl, (30 mL), evaporation
of solvent and CC), TLC and '"H-NMR spectroscopy showed no
17/18. C4H5;SSCH ; was detected as the only sulfur compound
by GC analysis.

Reaction of 8r with 11 in different buffer solutions and
N-CH;-compounds as a methyl source

A solution of 8r (20 mg, 0.0176 mmol) in buffer solution (10 mL,
50% ethanol and 50% water) was degassed for 15 min, then 11
(250 pL, 1.76 mmol) was added. After 5 min, the methyl amine
(N,N-dimethylaniline, N-methylimidazole, N,N-dimethylglycine)
was added (100-fold excess relative to Co) and the solution was
stirred at rt for 3-19 h. After work-up (extraction with 10% HCIO,
(20mL) and CH,Cl, (20mL), followed by CC, with ether as solvent
for the non-corrinoid fraction, and methanol + 0.1% NaClO, for
the corrinoid fraction), TLC and NMR spectroscopy showed that
17/18 was not formed.
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Fungi produce a wide variety of biologically active compounds. Among these, the polyketides form a
large and structurally diverse group. These compounds are synthesised by highly programmed and very
large iterative multifunctional proteins, the polyketide synthases, with nm dimensions. This review
outlines the current state of knowledge regarding the links between gene sequence, protein architecture

and biosynthetic programming for fungal polyketide synthases.

1.0 Introduction

Fungi inhabit almost all known environments on earth—from
the antarctic, to the hyper saline waters of the dead sea,! from
temperate soils and forests to deserts and from oceans to tropical
rain forests. They also inhabit surprising environments such as
the intestinal tracts of insects,> the phloem of plants® and even
the epidermis of humans. Less surprising habitats include crops,
foodstuffs and domestic animals. Conservative estimates suggest
that there are around 1.5 million different fungal species on
earth*—this compares with estimates of around 300000 plant
species. Around 75000 (ca. 5%) of fungi have been collected
and described but only a small proportion of these chemically
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investigated. Many fungi are pathogens—particularly of plants
and insects, but also of mammals, and play a role in numerous
human diseases.® The ability of fungi to opportunistically colonise
new environments has even been linked to the extinction of the
dinosaurs!®

From a chemist’s perspective, the fungi offer a fascinating
example of molecular evolution. Fungi have existed on earth
for at least one thousand million years,” and for much of that
time they have exploited and evolved secondary metabolism
for the production of bioactive compounds. These compounds
include toxins such as a-amanitin 1 the toxic principal of Amanita
phalloides (death cap), vomitoxin (deoxynivalenol) 2 produced
by the family of plant pathogens the Fusaria and aflatoxin B,
3 produced by Aspergillus species. Fungi also produce potent
psychoactive compounds such as muscimol 4, psilocybin 5 and
xenovulene A 6, pharmaceuticals such as the B-lactams and the
statin lovastatin 7a. These compounds illustrate the utility and
diversity of chemical structures produced by fungi, and the diverse
biosynthetic potential of these organisms.

The biosynthetic pathways towards non-ribosomal peptides
(precursors of 1, for example), and towards terpenoids such as 2,
have been studied in considerable depth and are well understood.
By contrast, detailed understanding of the early chemical steps
leading to the polyketides such as lovastatin 7a, aflatoxin B, 3, and
xenovulene A 6, is only just yielding to chemical investigations.

1.1 Polyketide synthases: sources, genes and proteins

Polyketides have long been recognised as one of the most
important classes of secondary metabolites. They occur in plants,
bacteria and marine organisms as well as in fungi. Though diverse
in structure, the class is defined by the common biosynthetic origin
of the carbon atoms: these are derived from small carboxylic acids
such as acetate, propionate and, rarely, butyrate. As long ago as
1953, Birch realised that polyketide biosynthesis is related to fatty
acid biosynthesis.?

Numerous feeding experiments using isotopically labelled pre-
cursors showed that the key carbon-carbon bond forming step
in polyketide and fatty acid biosynthesis is a decarboxylative
Claisen reaction between an acyl thiolester 8 and a malonyl
thiolester 9 (Scheme 1).° This reaction is catalysed by a B-ketoacyl
synthase (KAS) enzyme and all fatty acid synthases (FAS) and
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Scheme 1 Generic chemical reactions catalysed by iterative fungal PKS.

polyketide synthases (PKS) must possess KAS activity (Scheme 1).
All FAS use an acyl carrier protein (ACP) to carry the malonyl
extender units and transiently hold the growing acyl chain—this
feature is preserved in almost all PKS where ACP is also required.
The apo-ACP requires post-translational modification through
the addition of phosphopantetheine (PP) derived from CoA to
a conserved serine. This reaction is carried out by a PP transferase
(also known as /olo-ACP synthase, ACPS)."> Most FAS and
PKS proteins also require an acyl transferase (AT) enzyme to
transfer acyl groups from CoA onto the KS and ACP components.

During fatty acid biosynthesis, the newly formed f-
ketothiolester 10 is subjected to further chemical processing while
attached to the terminal thiol of the ACP PP: first it is reduced
by a B-ketoacyl reductase (KR) to a secondary alcohol 12; this
then undergoes a dehydratase (DH) catalysed dehydration to
form an unsaturated thiolester 13; and final enoyl reduction (ER)
yields a fully saturated thiolester 14. Fungal PKS deploy all these
reactions, but additionally the chain can be methylated, using a
methyl group from S-adenosylmethionine (SAM). This probably
occurs after KAS, giving an a-methyl-f-ketothiolester 11. During
the biosynthesis of palmitate (Cy¢) there are seven cycles of these
reactions. The final reaction of FAS is hydrolysis of the thiolester
by a dedicated thiolesterase (TE).

The understanding of the relationship between FAS and PKS
proteins, the application of molecular genetics, and more latterly
genomics, has greatly facilitated the discovery and understanding
of polyketide synthases from diverse sources. The homology in
catalytic function between FAS and PKS enzymes is preserved in
their respective gene sequences.

It is now clear that there are at least two different protein
architectures for FAS proteins. Type I FAS proteins are large
multifunctional proteins in which single (or sometimes two)
peptides contain the sequences for KAS, ACP, AT, KR, DH, ER
and TE activities—these catalytic functions are carried out by
particular functional domains. The genes for type I FAS proteins
are correspondingly large, single open reading frames. Type II
FAS consist of complexes of single proteins, encoded by cognate
single genes. Type I FAS are found in animals and fungi while
type II FAS are found in plants and bacteria. Both type I and type
IT FAS are iterative—that is, they contain single copies of each
catalytic function and these must act again and again to produce
the mature fatty acid. Recent crystallographic investigations have
revealed the type I mammalian FAS to be a nanoscale object,
measuring approximately 18 x 21 x 9 nm (Fig. 1).2

PKS proteins are characterised in the same way: type I PKS
consist of very large multifunctional proteins with individual
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Fig. 1 Architecture of the mammalian FAS (PDB: 2CF2): green, AT;
red, KAS; dark blue, DH; yellow, ER; light blue, KR. ACP (multicolour)
shown in proposed position.

functional domains, type II PKS consist of individual proteins.
Type I11 PKS (chalcone and stilbene synthases) do not correspond
with any known FAS—these are very simple KAS proteins which
do not require AT, ACP, KR, DH, ER or TE functionalities. Type
I PKS are found in bacteria and fungi, type II PKS are restricted
to bacteria while type III PKS are found in plants, bacteria and
fungi.

PKS use the same array of chemical reactions as FAS—but
the key difference is that of programming: both FAS and PKS
have to control chain length (i.e. the number of extensions), but
PKS are able to additionally control starter and extender unit
selection and the extent of reduction during each condensation
cycle. Fungal PKS are also able to programme the extent of chain
methylation. The issue of programming is key to understanding
and exploiting PKS. In the case of the bacterial modular polyketide
synthases, each condensation cycle is catalysed by a discreet
module containing all the catalytic domains required. In this
case the programme is explicit in the order and composition of
the modules.” However for the iterative type I fungal polyketide
synthases, the programme is cryptic—encoded in the PKS itself.

Fungal PKS proteins closely resemble mammalian FAS
proteins—in fact, much more closely than they resemble fungal
FAS proteins. Thus the 3D model of the mammalian FAS (Fig. 1)
is probably a good approximation of the fungal PKS structure.
However, the fact that fungal PKS are programmed means that
there is much to learn about the molecular programming of these
nanoscale molecular machines.

1.2 Fungal polyketide synthases

Fungi make some of the simplest and some of the most complex
polyketides known.™ Tt is useful to consider a hierarchy of
complexity when considering the structures of fungal polyketides,
because the complexity in chemical structure is generated by
enzymes and ultimately genes."

The simplest structures are those such as orsellinic acid 15
(and its derivatives), a tetraketide, generated by many fungi in
the genera Aspergillus and Penicillium. Addition of an extra
acetate gives a pentaketide such as tetrahydroxynaphthalene 16,

a compound widely distributed in fungi and which is involved in
melanization—a key component of apressorium formation and
invasion of plant cells by plant pathogens such as Magnaporthe
grisea, Colletotrichum lagenarium and others.'® Similar aromatic
compounds such as the anthraquinone norsolorinic acid 18 are
the precursors of aflatoxin B, 3'7 and the related sterigmatocys-
tins.

Further complexity is represented by compounds such as 6-
methyl salicylic acid 17, where a programmed reduction reaction
occurs during biosynthesis. Additional complexity is then ob-
served in compounds such as T-toxin 19 produced by Cochliobolus
heterostrophus™ and lovastatin 7a produced by 4. terreus. In
these compounds, many more carbon atoms are used and many
more reduction and dehydration reactions occur. Additionally, in
many cases, pendant methyl groups have been added from the S-
methyl of methionine, catalysed by a C-methyl transferase domain
offering a further dimension for programming.

1.3 Linking PKS genes and compounds in fungi

The hierarchy of fungal polyketide chemical structures is due
to differences in programming of their PKS proteins—apparent
increases in product structural complexity are due to increasing
use and control of reductive, dehydrative and methylating steps by
the PKS. This must be due to differences in PKS protein sequence
and structure. This fact has been exploited in the development of
rapid methods for the cloning of fungal PKS genes associated with
the biosynthesis of particular fungal polyketide types.

Simpson, Lazarus and Bingle realised that these subtle protein
sequence differences should be reflected in DNA sequence and
that polymerase chain reaction (PCR) primers could be designed
to selectively amplify fragments of fungal PKS genes from fungal
genomic DNA (or cDNA).* In early work in this area, Simpson,
Lazarus and Bingle hypothesised that fungal polyketides could
be grouped into two classes: non-reduced (NR) compounds
such as orsellinic acid 15, norsolorinic acid 18 and tetrahydroxy
naphthalene 16, and partially reduced (PR) compounds such as 6-
MSA 17. At the time, very few fungal PKS genes were known, and
based on very limited sets of sequences, they designed degenerate
PCR primers which were complementary to conserved DNA
sequences in the KAS domains in fungal PKS responsible for
the biosynthesis of NR and PR compounds.’* Later, the same
analysis was extended to the KAS domains of highly reduced
(HR) compounds such as lovastatin 7a when DNA sequence
data became available for the lovastatin nonaketide and diketide
synthases (LNKS and LDKS respectively).”® The availability of
these sequences also allowed the development of selective PCR
primers for CMeT domains.

Application of these selective primers in PCR reactions with
diverse filamentous fungi yielded DNA products which were
fragments of new PKS genes. Detailed sequence analysis showed
that the newly generated sequences clustered with other PKS gene
sequences from the expected classes. For example, PCR primers
designed based on NR PKS sequences amplified fragments of
other NR PKS, primers based on 6MSA-type sequences amplified
fragments of further examples of PR PKS genes. Likewise primers
exploiting similarities between LNKS and LDKS gene sequences
amplified fragments of new HR PKS genes.
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This sequence analysis has been significantly extended as
genomic approaches have been applied to fungi in the recent
past.” Full genome sequences have now been obtained for more
than a dozen fungi. In each organism, many PKS genes have
been discovered. For example Aspergillus niger contains 34 PKS
genes,” so there are now several hundred fungal PKS genes known.
Sequence comparison of all these new PKS genes, however, shows
that the three classes of fungal PKS genes predicted by Simpson,
Lazarus and Bingle are the same three classes observed in the most
recent sequence comparisons.*

Despite the fact that so many fungal PKS genes have been
discovered, however, relatively few genes have been definitively
linked to the biosynthesis of specific compounds (Table 1). This
review seeks to clarify these links. Since the NR, PR and HR
nomenclature is useful for describing both the chemical products
and their cognate genes, it is sensible to survey the state of
knowledge of fungal PKS in this way.

2.0 Fungal NR PKS

One of the first discovered fungal PKS, orsellinic acid synthase
(OSAS) was isolated from Penicillium madriti and reported in
1968.%' The tetraketide orsellinic acid 15 is the simplest tetraketide,
requiring no reductions during its biosynthesis. Despite the early
work with the protein, however, the OSAS encoding gene has not
yet been discovered and nothing is known of the catalytic domains
or their organisation. However, genes involved in the biosynthesis
of a number of other non-reduced polyketides are now known
and a general pattern of domain organisation has emerged. In
all cases known to date, these genes encode type I iterative PKS
proteins. At the N-terminus, a domain is present which appears
to mediate the loading of a starter unit (Fig. 2). It appears that
the starter unit can derive from either a dedicated FAS, another
PKS or an acyl CoA. The starter unit loading domain is followed
by typical KAS and AT domains responsible for chain extension
and malonate loading. Beyond the AT is a conserved domain
with as-yet unproven function. Sequence analysis of this domain,
however, suggests that it may be involved in control of chain-length

Loading Extension Processing
1 1

[ saT = Kas AT

Fig. 2 General architecture of NR PKS genes in fungi. SAT, starter unit
ACP transacylase; KAS, B-ketoacylsynthase; AT, acyl transferase; PT,
product template; ACP, acyl carrier protein; TE, thiolesterase; CLC,
Claisen cyclase.

(vide infra). This is followed, in-turn, by an ACP. Some NR PKS
appear to terminate after the ACP, but many feature a diverse
range of different domains including cyclases, methyl transferases,
and reductases. It thus appears that these synthases are arranged
with an N-terminal loading component, a central chain extension
component consisting of KS, AT and ACP domains with possible
control over the number of extensions, and a C-terminal processing
component.

These three components correspond to the three important
elements of programming—starter unit selection, chain-length
determination and post-PKS processing. These features are ex-
emplified in the examples outlined below.

2.1 NR PKS loading component

Feeding experiments with isotopically,” and in some cases “F,?
labelled precursors have shown that many NR fungal polyketides
are formed by the use of ‘advanced’ starter units. For example in
the classic case of norsolorinic acid 18 biosynthesis, it has long
been known that hexanoate forms the starter unit. Differential
specific incorporations of acetate into the early and late positions
in compounds such as citrinin 20 have been used to argue that
these compounds may have been formed by more than one PKS
so that one PKS makes an advanced starter unit which is passed
to a second PKS for further extension.”

O, 0. A

HO

OH O

Citrinin 20 Dehydrocurvularin 21
OH O
o -——( .- '
MeO ( o ]
0 HO
MeO \ l
o \ e e ::‘O

Monocerin 22 Zearalenone 23

Dehydrocurvularin® 21, monocerin® 22 and zearalenone® 23
are all good potential examples of this: here the structures of
the compounds indicate high levels of reduction early during
biosynthesis and no reductions during later steps. In the case of
dehydrocurvularin 21, advanced labelled tetraketide precursors
were incorporated during biosynthesis, possibly indicating that
a tetraketide formed by a HR PKS forms the starter unit for a
second NR-PKS.”

Very recently Townsend has defined the molecular basis for
the ability of NR-PKS to utilise starter units derived from other
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Table 1 Proven relationships between PKS genes and compounds in fungi for non-, partially- and highly-reducing PKS

Organism Gene Protein Final product Ref.
Aspergillus parasiticus pksA NSAS Aflatoxin B, 3 17
Aspergillus nidulans pksST NSAS Sterigmatocystin 17
Dothistroma septosporum pksA NSAS Dothistromin 55
Aspergillus nidulans wA WAS YWAL 27 46
Aspergillus fumigatus albl alblp YWAL 27 53
Colletotrichum lagenarium PKSI THNS Tetrahydroxy naphthalene 16 48
Wangiella dermatitidis WdPKS1 THNS Tetrahydroxy naphthalene 16 38
Gibberella zeae PKSI3 ZS-B Zearalenone 23 32
Monascus purpureus pksCT CitS Citrinin 20 56
Penicillium patulum MSAS MSAS 6-MSA 17 59
Aspergillus terreus atX MSAS 6-MSA 17 61
Glarea lozoyensis pks2 MSAS 6-MSA 17 62
Aspergillus terreus lovB LNKS Lovastatin 7a 72
Aspergillus terreus lovF LDKS Lovastatin 7a 72
Penicillium citrinum mlcA CNKS Compactin 7b 73
Penicillium citrinum mlcB CDKS Compactin 7b 73
Giberella zeae PKS4 ZS-A Zearalenone 23 32
Phoma sp. PhPKSI SQTKS Squalestatin tetraketide 48 71
Cochliobolus heterostrophus pksl TTS1 T-toxin 19 78
Cochliobolus heterostrophus pks2 TTS2 T-toxin 19 79
Giberella fujikuroi fuml FUMS Fumonisin B1 40 80
Fusarium moniliforme ORF3 FUSS Fusarin C 56 87
Fusarium heterosporum eqiS EQS Equisetin 57 89
Beauveria bassiana ORF4 TENS Tenellin 58 91

FAS or PKS systems. Townsend realised that two genes in the
aflatoxin biosynthetic gene cluster of 4. parasiticus (stcJ and stcK)
encoded the o and B components of a typical fungal FAS (HexA
and HexB).?® Clustering of these FAS genes with the NSAS PKS
suggested that HexA and HexB probably produced hexanoate for
use as the norsolorinic acid starter unit.

The protein complex formed between NSAS, HexA and HexB,
known as NorS, was then isolated and characterised.?” This 1.4
MDa protein complex synthesises norsolorinic acid 18 from acetyl
CoA 8, malonyl CoA 9 and NADPH. Townsend showed that
hexanoyl CoA is not a free intermediate produced by NorS,
suggesting that hexanoate produced as an ACP derivative by
the HexA-HexB FAS must be passed directly to NSAS. In the
absence of NADPH, hexanoate cannot be formed by the FAS
components and thus no norsolorinic acid is formed. Norsolorinic
acid biosynthesis is restored, however, when exogenous hexanoyl
SNAC 24 is used. However, the extreme difficulty of working with a
protein complex of 1.4 MDa consisting of three very large proteins
at WT concentrations precluded further studies into the transfer
mechanism (Scheme 2).

Complementary experiments carried out by Cox and coworkers
involved the cloning and heterologous expression of the NSAS AT
and ACP catalytic domains.*® These were shown to be properly
folded and catalytically active in vitro. The AT domain catalysed
the transfer of malonyl extender groups from CoA onto ACP, but
did not appear to transfer potential acyl starter groups from CoA
or FAS ACP ruling out its involvement in starter unit provision
(Scheme 3).

Townsend et al. realised that the N-terminal domain of NSAS
also possesses canonical acyl transferase sequence motifs and that
this domain could be a candidate for the required starter unit
transferase.® The N-terminal domain and ACP were cloned and
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Scheme 2 Substrates of the NorS complex.

heterologously expressed. In vitro, the N-terminal protein was
shown to catalyse the transfer of hexanoate from CoA onto
the ACP. Site directed mutagenesis experiments to remove the
proposed catalytic cysteine of the transferase resulted in loss of
catalytic activity. The N-terminal transferase showed significant
selectivity for the transfer of hexanoate over longer or shorter
acyl chains. Thus the N-terminal domain of NSAS acts as a
starter unit-ACP transacylase (SAT) component (Scheme 3).
Sequence comparison with other known NR PKS suggests that
such SAT domains are common. In the few cases where the
PKS sequence has been correlated with product structure, the
presence of SAT domains now explains prior results from feeding
experiments which suggested the use of advanced starter units. For
example, it is now known that two PKS genes are involved in the
biosynthesis of zearalenone 23%—one of these is a HR-PKS and
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Scheme 3 Observed catalytic activities of isolated NSAS domains.

probably provides a highly reduced hexaketide as a starter unit.
The second zearalenone PKS is a NR-PKS possessing an N-
terminal SAT domain which likely loads the hexaketide ready for
three further extensions. Although feeding studies have not been
carried out with advanced precursors, strong chemical evidence
exists that the biosynthesis of the related dehydrocurvularin 21
doesindeed involve the use of a HR-polyketide as the starter unit.*
Similar SAT domains are present in the citrinin 20 PKS, making
it likely that citrinin is formed by a diketide starter unit, extended
three times by a NR-tetraketide synthase—this validates results
from isotopic feeding experiments.”® However, most NR PKS
appear to possess potential SAT domains whether they require
an acetate starter unit or not, for example the PKS involved in the
biosynthesis of YWA1 27 (WAS) and tetrahydroxynaphthalene
16 (THNS). In the case of THNS from C. lagenarium, in vitro
experiments have shown that the purified protein utilises malonyl
CoA as the starter unit.** The THNS SAT domain may therefore
be involved with loading of malonate to use as a starter unit.
Bacterial type II PKS also use malonate as a starter unit, but here
the KS; component decarboxylates it before chain extension.*

2.2 NR PKS chain extension component

The extension components of NR polyketide synthases consist of
KAS, AT and ACP domains. Located between the AT and ACP
domain is another little-understood domain, dubbed the product
template (PT) domain.* The enzymology of the chain extension
components is virtually unexplored—certainly in comparison to
the KS, AT and ACP components of the bacterial type I modular
PKS and the type II iterative PKS. Once again the problem of
investigating these systems lies in the large size of the type I proteins
and the difficulty of obtaining sufficient protein for enzymology
studies.

These problems have begun to be overcome, however, by the
heterologous expression of individual catalytic domains. Heterol-
ogous expression offers the possibility of obtaining large quantities
of protein, but ensuring correct folding of the recombinant
proteins can be a hit-and-miss process. It appears that accurate
determination of the domain boundaries is important for ensuring
correct folding during Escherichia coli expression. Two approaches
have been taken to determining the likely C-terminal and N-
terminal boundaries. Cox and co-workers have used a simplistic
model in which the peptide sequences of type II PKS components
are aligned with the type I NR PKS and the N and C termini
of the type II proteins are assumed to correspond with the type
I domain boundaries.*® Townsend et al. have described a more
sophisticated model involving a bioinformatic approach which
assesses possible secondary structure, hydrophobicity and family
homology to determine the boundaries precisely.*

The Cox group has successfully expressed and studied the AT
and ACP components of NSAS.* The AT appears to act as
a relatively standard malonyl transferase, transferring malonate
from CoA onto the NSAS /olo-ACP, but not transferring other
acyl groups such as acetate or hexanoate. The ACP component
reacted with bacterial ACPS enzymes to generate holo-ACP. The
holo-ACP was also able to receive malonyl groups via the bacterial
Streptomyces coelicolor AT (also known as MCAT) as well as via
the NSAS AT. Remarkably, the NSAS /o0lo-ACP is also active in
polyketide biosynthesis assays with the KAS components of the
bacterial type II actinorhodin PKS. All these facts suggest that
the NSAS KS-AT-ACP behave much as the type II iterative PKS
systems found in bacteria.

The type II iterative PKS systems found in bacteria, however,
differ from the type I systems in that they contain a chain
initiation factor (CIF, also known as KS; or chain length factor)
protein which is involved in the decarboxylation of malonate to
form acetate which then acts as the starter unit for polyketide
biosynthesis.** The CIF forms an off dimer with the KAS protein
and this dimeric species is able to determine chain length (i.e.
the number of extensions).’” The type I PKS of fungi lack the
CIF component, but it is conceivable that the PT domain is
involved in chain length determination. Sequence analysis of PT
domains (450-550 residues) from a range of NR PKS genes,
where the chemical products are known, suggests that this may
well be the case (Fig. 3). For example, comparison of the PT
domains from the Acremonium strictum PKSI1, citrinin PKS,
zearalenone PKS-B, NSAS, sterigmatocystin PKS, dothistromin
PKS, THNS from C. lagenarium and Wangiella dermatitidis® and
WAS suggests that these group into clades which correspond with
chain-length. Thus the citrinin, ASPKS1 and zearalenone-B group
correspond to tetraketide synthases, the NSAS, sterigmatocystin
and dothistromin PKS are all octaketide synthases, the THNS are

ASPKS1 .

Citrinin PKS Tetraketide

Zearalenone PKSB
,—Dothistromin PKS

NSAS Octaketide

STS

C. lagenarium THNS Pentaketide

Wangiella THNS

WAS Heptaketide

Fig. 3 Phylogenetic analysis of individual PT domains.
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pentaketide synthases (but see sections 2.31 and 2.32); and the
wA synthase (WAS) forms an outgroup—this is a heptaketide.*
Very recently, Townsend has validated this preliminary analysis by
showing that the expressed PT domain from NSAS is capable of
controlling chain length in vitro.*

2.3 NR PKS processing component

The domains found after the chain extension components at the C-
termini of fungal NR-PKS are highly varied. These include puta-
tive Claisen-cyclase-thiolesterases (CLC-TE), methyltransferases
(MeT), reductases (R), and additional ACP domains. All evidence
collected to date suggests that these processing components act
after chain assembly to modify either a poly-keto or a cyclised
intermediate, which is probably still bound to the ACP.

2.31 CLC-TE domains

The first fungal NR PKS gene to be cloned was 4. nidulans wA
(encoding WAS) first reported in 1992.44* At that time, limited
domain analysis was carried out to determine the presence of
KAS, AT and ACP domians, but N- and C-terminal domains
had not been recognised. The A. nidulans pksST* (encoding the
sterigmatocystin NSAS) and the A. parasiticus pksA* (encoding
the aflatoxin NSAS) were then reported in 1995. Leonard and
Yu realised that the 3’ sequence of pksST encoded a protein
domain with homology to known TE domains of FAS and the
ACYV synthetase involved in B-lactam biosynthesis. Later it was
shown that wA and pksA also possess similar domains and TE
domains were recognised as one of the most common processing
components of NR PKS.

From the outset it was realised that the TE domain could either
operate as a standard thiolesterase, or be involved in a cyclisation-
release mechanism. The first experiment which investigated the
role of the TE domain occurred when Ebizuka and coworkers
expressed A4. nidulans wA (encoding WAS) in Aspergillus oryzae.*
In an initial experiment the expression strain produced the
citreoisocoumarin 25 and the parent compound 26 indicating that
WAS is a heptaketide synthase (Fig. 4). The secondary alcohol
of 25 is presumably formed by an adventitious reduction in vivo—
WAS could not catalyse this reaction as it lacks reductive domains.
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Fig. 4 Gene structure of wA4 and structures of its heptaketide chemical
products.

However, it was later realised that the expression construct
used in this experiment had a deletion resulting in the expressed

WAS missing the final 67 amino acids of the C-terminal TE
domain. When the complete w4 gene was expressed, however,
the heptaketide naphthopyrone YWA1 27 was produced.* A
series of experiments involving step-wise shortening of the C-
terminus of WAS showed that deletion of as few as 32 amino acids
resulted in production of the citreoisocoumarin 26. Site directed
mutagenesis of a conserved serine and histidine in the C-terminal
domain also resulted in a switch from naphthopyrone production
to citreoisocoumarin production.*’

Isotopic feeding experiments using *C-labelled acetate showed
the folding pattern shown in Fig. 4 for the naphthopyrone 27.%
Thus both the citreoisocoumarin 26 and the naphthopyrone 27
must result from the cyclisation of the common intermediate
28 (Scheme 4). This observation suggests that the WAS chain
extension component produces a heptaketide and catalyses the
cyclisation and aromatisation of the first ring.

The C-terminal domain must therefore catalyse a second
(Claisen) cyclisation reaction to form the observed naphthopyrone
27. The involvement of conserved serine and histidine residues
has led to the suggested mechanism shown in Scheme 4. Thus
the TE domain has been renamed as CLC (Claisen cyclase). These
domains also occur in the known NSAS and THNS proteins where
the same chemistry must occur to provide the observed products.

0O o O
HO HO
Zo — /o\
~ 0
oH( s} OH \_H.s
28 ACP 29 ~cLe 2129
HO—CLC
HO—CLC
Release
) OO - B
Spontaneous
OH OH OH O 0
27 30

Scheme 4 Proposed mechanism of the WAS CLC domain.

2.32 Chain shortening reactions

A further role for C-terminal CLC domains has recently been
discovered. The C. lagenarium PKSI gene is involved in the
biosynthesis of the pentaketide tetrahydroxynaphthalene 16.*®
Ebizuka and Watanabe expressed C. lagenarium PKSI in the
heterologous fungal host A. oryzae and, as expected, observed
the production of the pentaketide 16. However, two additional
compounds were produced: the tetraketide orsellinic acid 15 and
the pentaketide a-acetyl orsellinic acid 31.* Similar results were
obtained in vitro using purified THNS and malonyl CoA as the
substrate.* In this case the system produced a hexaketide 32 (15%),
pentaketide THN 16 (50%), pentaketide a-acetyl orsellinic acid 31
(25%) and the tetraketide orsellinic acid 15 (10%) (Fig. 5).%°
Ebizuka and Watanabe then generated two mutants of the
C. lagenarium PKSI in which the CLC domain was completely
removed or the active site serine of the CLC was mutated to

2016 | Org. Biomol. Chem., 2007, 5, 2010-2026

This journal is © The Royal Society of Chemistry 2007





HO OH
HO

15 OH OH
16
OH O
HO OH
O
HO
OH OH O
M 32

Fig. 5 Tetraketide, pentaketide and hexaketide compounds produced in
vitro by C. lagenarium THNS.

alanine (Scheme 5).*° In both cases, expression of the modified
C. lagenarium PKSI genes resulted in the production of >95%
hexaketide 33 and ca. 5% of pentaketide 34 indicating that the CLC
domain must also be involved in chain-length determination—
i.e. the prevention of chain extension to form a hexaketide. This
mechanism must involve the active site serine of the CLC but it is
not yet clear how the specificity arises.

Watanabe and Ebizuka further investigated the relationship
between chain-length and cyclisation by synthesising a fused PKS
consisting of the N-terminus of C. lagenarium THNS and the
C-terminus of A. nidulans WAS (Scheme 5). The fusion site was
chosen between the AT and ACP domains. The resulting chimeric
PKS, known as SWB, produced the hexaketides 32 and 33 as well
as the pentaketides 31 and 34.%

“kAs AT w
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Scheme 5 Modifications to C. lagenarium THNS.

This result shows that the fundamental hexaketide selectivity of
C. lagenarium THNS is preserved and that the WAS CLC domain
is capable of cyclising both hexaketides and heptaketides, but the
absence of THN as a product shows that the WAS CLC cannot
intercept and cyclise a pentaketide intermediate. When the CLC
domain was deleted from SWB, only hexaketides were produced
showing that the WAS CLC is also able to affect chain length.*

The original hypothesis that CLC domains are required for
chain release must now be modified. Although it appears that CLC
domains can clearly affect the mode and timing of chain release,
they are not necessary as indicated by the above experiments where
a functional NR PKS can be made lacking a CLC. It is not clear
which component of the NR PKS is involved in chain release
when the CLC is absent—however, the situation closely mirrors
the situation in the bacterial type II PKS where there is no obvious
mechanism to release the chain from the ACP when it has reached
its final length.*

A related process of chain shortening has been observed
during the biosynthesis of the pentaketide THN 16 in Aspergillus

fumigatus. In this organism, the NR PKS gene a/bl encodes

a polyketide synthase (alblp) which is closely related to the
heptaketide synthase WAS. When a/b1 was expressed in A. oryzae
the heptaketide YWA1 27 was produced, together with a minor
component which proved to be a dehydration product of 27.%
This result was initially puzzling because alb1 had previously been
shown to be involved in the biosynthesis of THN 16.

The conundrum was resolved by analysis of other genes in the
albl cluster in A. fumigatus. Knockout of the gene ayg! (encoding
the protein Ayglp) led to loss of the production of THN 16 and
its derivatives, but production of YWA1 27 was observed. It was
therefore concluded that Ayglp must convert 27 to 16, presumably
by a retro Claisen mechanism (Scheme 6).3 This was demonstrated
by treating YWA1 27 with partially purified Ayglp resulting in the
formation of 16 in vitro.
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A. fumigatus alb1

OH OH O OH
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OH
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Scheme 6 Conversion of the tetraketide YWA1 27 to THN 16.

2.33 ACP domains

Additional ACP domains are a common feature of the processing
components of fungal NR PKS. For example the A. nidulans WAS
and NSAS, and the C. lagenarium THNS all possess an additional
ACP domain between the ACP of the chain extension component
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and the C-terminal CLC-TE domain. In the case of the NSAS
involved in dothistromin biosynthesis in Dothistroma septosporum
there are two additional ACP domains.® Tt is clear that these
additional ACP domains are not required because the norsolorinic
acid synthase from A. parasiticus requires only a single ACP.

In the case of the WAS from A. nidulans the role of the two
ACP domains has been studied by Ebizuka and coworkers.” For
an ACP to be active during polyketide biosynthesis it must have
been appended with PP at its conserved serine. The A. nidulans wA
gene encoding WAS was expressed in the heterologous fungal host
Aspergillus oryzae. WAS was then modified to replace the two ACP
serines with alanines (Scheme 7). When either ACP was inactivated
singly the synthase was still capable of producing the expected
naphthopyrone 27, but inactivation of both ACP domains resulted
in total loss of polyketide production. This experiment indicates
that both ACP domains were capable of interacting with the chain
extension components and the processing component.

A. nidulans WAS

R

HO o HO
OH =
o o

OH OH O OH O
27 33

No Products

SAT KAS AT

[ sAT KAS AT

[ sAT KAS AT

Scheme 7 Analysis of ACP function in WAS.

Ebizuka and coworkers have also fused the ACP didomain and
CLC from WAS onto the SAT, KAS, AT and PT domains of
THNS. This chimeric PKS was active indicating that the ACPs
are not ‘matched’ to the other components—they appear to
function independently of any of the other programme elements
(Scheme 5).%

2.34 C-MeT domains

Few NR PKS are known to possess C-methylation domains,
although a number of known fungal non-reduced polyketides are
C-methylated such as dimethylorsellinic acid methyl ester 35. A
small group of NR PKS have been identified by Kroken et al.”®
which feature a C-MeT domain located after the ACP. The only
correlation between a gene sequence and a compound comes
from the case of citrinin 36 where the PKS involved in citrinin
biosynthesis in Monascus purpureus has recently been described.*

Here the C-MeT domain must also be programmed as it
acts twice during polyketide biosynthesis when a probable Cs
starter unit is extended.”® It is not yet clear whether the C-MeT
domain acts during extension, after chain extension but before

aromatisation, or after aromatisation. 1,3-Dihydroxyaromatics are
known to tautomerise easily to keto forms* and it is conceivable
that this could act as the nucleophile for the reaction with SAM
(Scheme 8). This would maintain the pattern observed for the other
processing component domains where these act after the extension
components are finished. Other types of programming remain to
be investigated—for example, dimethyl orsellinic acid methyl ester
35 is a known fungal metabolite® and this could conceivably be
synthesised by a very similar PKS with a differently programmed
C-MeT domain.
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Scheme 8 Possible biosynthesis of citrinin 36.

2.35 R domains

Once again, reductases are currently rare as part of the processing
component of NR PKS. Although not described in the literature,
sequence analysis of the M. purpureus pksCT sequence® shows
that it possesses a C-terminal thiolester reductase domain.*
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Similar domains are known from NRPS systems where reduc-
tase domains are sometimes used as chain release mechanisms,
releasing an aldehyde or primary alcohol. In the case of citrinin
biosynthesis, the reductive release mechanism makes good sense
as this provides the product with C-1 at the correct oxidation state
(Scheme 8).

3.0 Fungal PR PKS

Much less is known about the enzymology of the PR PKS. The
domain structure is much closer to mammalian FAS, with an N-
terminal KAS followed by AT, and DH domains (Scheme 9). A
so-called ‘core’ domain follows the DH, and this is followed by a
KR and the PKS terminates with an ACP domain. The domain
structure differs considerably from the NR PKS—there is no SAT
domain or PT domain, and the PKS terminates after the ACP and
appears not to require a CLC-TE domain.
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Scheme 9 Domain architecture of MSAS encoded by A. terreus atX, G.
lozoyensis pks2 and P. patulum MSAS and chemical steps during 6MSA
biosynthesis.

Once again there is no obvious catalytic machinery for off-
loading the product. The DNA sequence of the KAS domain
is distinguishable from NR-PKS and FAS KAS domains using
selective PCR primers and DNA probes.'*'S Overall, however, cat-
alytic domains closely match those of the mamalian FAS, although
the ‘core’ domain is different.®® Remarkably, the fungal MSAS
genes are closely related to recently discovered bacterial genes
for the synthesis of the non-reduced tetraketide orsellinic acid
15.%° For example, the iterative type I PKS from Micromonospora
echinospora, calO5, appears to be homologous to the fungal PR
PKS proteins apart from lacking a ca. 450 amino acid region
encompassing the KR domain.

Although a number of PR PKS genes are known from genome
sequencing projects, only three genes have been matched to chemi-
cal products—in all cases, the tetraketide 6-methylsalicylic acid 17.
The first 6-methylsalicylic acid synthase (MSAS) to be discovered

was from Penicillium patulum, encoded by MSAS.* The Ebizuka
group have worked with the arX gene from Aspergillus terreus,®
and most recently Tkacz and coworkers have described an MSAS
gene (pks?2) isolated from Glarea lozoyensis.*

MSAS from P. patulum is one of the smallest type I PKS at
191 KDa. It proved relatively easy to isolate, and many of the
earliest in vitro studies of the enzymology of any PKS were carried
out with this enzyme.®*** MSAS requires acetate as a starter unit—
unlike THNS and the type IT actinorhodin PKS, malonate cannot
be used as a starter. The AT domain loads malonate from CoA
to use as an extender. The PKS is evidently programmed—
acetate must be extended three times and the KR must only act
once, after the second extension. When NADPH is unavailable,
the KR reaction cannot occur. Under these circumstances, a
tetraketide is not produced and triketide lactone (TAL) 37 is
produced instead (Scheme 9). This reveals that chain extension
and reduction are linked, and indicates that the KR must act
during chain extension. This is different to the C-terminal R
domain of citrinin synthase which must act after extension and
cyclisation. Mammalian FAS also produces TAL 37 under the
same circumstances. The similarities between MSAS and FAS were
further exemplified by Spencer and Jordan who showed that the
KS and ACP components of different peptide chains in dimeric
MSAS species could be cross-linked using thiol specific reagents.®

Chain length determination in MSAS appears to use a ‘count-
ing’ mechanism. When acetyl CoA is unavailable as a starter unit,
other acyl CoAs can substitute and be extended. In the case of the
type ITact PKS, experiments of this type show that the length of the
starter unit is important so that C,, chains are preferred products
despite the length of the starter unit.®> In the case of MSAS
denied NADPH and acetyl CoA, but incubated with malonyl CoA
extender units and various acyl CoA starter units, two extensions
always occurred to produce substituted TALSs.%

The expression of MSAS in heterologous hosts has allowed
more detailed experiments to be performed. Hopwood, Khosla
and coworkers first described the expression of P patulum
MSAS in the Gram positive bacterium Streptomyces coelicolor.’
Ebizuka, Fujii and coworkers expressed A. ferreus atX in As-
pergillus nidulans.®® However, the most useful expression system
to date has proven to be the yeast Saccharomyces cerevisiae.®**

Fujii and coworkers developed a S. cerevisiae expression system
in which two independent copies of atX can be produced
simultaneously. This allowed them to mutate each copy of atX in
complementary ways (Fig. 6). Initial experiments determined how
much of the N and C termini of MSAS could be deleted without
affecting 6-MSA production. It was found that at the N-terminus,
a deletion mutant lacking 44 amino acids (azXN1) was still active,
but that a deletion of 81 amino acids (azXN2) prevented 6-MSA
formation by removal of key KAS residues. At the C terminus,
deletion of as few as 9 amino acids (azXC1I) rendered the MSAS
inactive by removal of key ACP residues.

Both P. patulum and A. terreus MSAS form homotetramers.
Fujii and coworkers exploited this fact in the reconstitution of
functional MSAS complexes formed from combinations of the
deletion mutants. For example, co-expression of atXN2 with
atXCl, both of which are inactive in isolation, led to the
reconstitution of an active MSAS complex. This shows that
the KAS of one peptide chain must interact with the ACP of
another peptide chain. The number of deletion constructs was
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Fig. 6 N-terminal and C-terminal deletions of arX expressed in S.
cerevisiae.

then increased to examine a total of 6 different length deletions
from the N-terminus and 8 different length deletions from the
C terminus (Fig. 6). Remarkably, almost all combinations of
the truncated MSAS proteins proved functional, showing that
very severe truncations can be complemented if the activity is
present on another peptide chain. However, a short region of
the core domain was identified, the presence of which proved
essential for successful complementation. It is hypothesised that
this region of 122 amino acids probably forms a motif required
for subunit-subunit interaction. This core sequence is present in
other fungal PR PKS, and in the bacterial PKS such as CalO5.
Mammalian FAS also has a central core region which has been
shown to mediate assembly of the synthase’”—however, there are
no sequence similarities between the FAS and MSAS core regions.
Tkacz and coworkers expressed the G. lozoyensis pks2 gene in
A. nidulans,®* replicating the earlier work of Fujii and coworkers
with arX.®" Tkacz showed that the expression of pks2 led to the
formation of 6-MSA 17, but a minor metabolite, the octaketide
benzophenone 39, was also produced (Scheme 10). It is not yet
clear how this compound arises—Tkacz and coworkers suggested
several possibilities such as induction of an as-yet unidentified A.
nidulans octaketide synthase gene by 6-MSA (although this didn’t
happen in Fujii’s experiments with azX), or possible positional
effects of the insertion of the #rpC promoter. However, a very
intriguing possibility is that an N-terminal intron in pks2 can be
processed in two different ways (Tkacz showed that 42% of pks2
transcripts have an alternative mode of intron removal) leading
to two different MSAS N-terminal sequences. It is conceivable
that one of these could be programmed differently to produce an
octaketide such as 39. Intriguingly, 39 is also partially reduced.

OH O OH OH O OH
CO,H
38 o 39

Scheme 10  Production of benzophenone.

4.0 Fungal HR PKS

The final class of fungal PKS are those that produce complex,
highly reduced compounds such as lovastatin 7a, T-toxin 19,
fumonisin B1 40 and squalestatin 41.

In all cases found to date, these fungal compounds are produced
by iterative type I PKS. These PKS have an N-terminal KAS
domain, followed by AT and DH domains. In many cases, the
DH is followed by a C-MeT domain. Some HR PKS possess an
ER domain, but those that don’t have a roughly equivalent length
of sequence with no known function. This is followed by a KR
domain and the PKS often terminates with an ACP. There appears
to be no domain similar to the PT domain of the NR PKS or the
core domain of the PR PKS, and there is no N-terminal SAT
domain as found in the NR PKS (Fig. 7).
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OH OH O [e]
NH, OH
fumonisin B1 40 o 0 o
HO o}
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OAc
Squalestatin S1 41

Fig. 7 General domain architecture of HR PKS and compounds
produced by HR PKS.

As with the NR and PR PKS, many HR PKS genes are
known from the numerous fungal genome sequences, but few
gene sequences have been linked to the production of known
compounds. However, of the few cases where both gene and
chemical product are known, some progress has been made in
understanding function and programming.

4.1 The lovastatin polyketide synthases

Lovastatin 7a (also known as mevinolin) is produced by As-
pergillus terreus. The related compound compactin (mevastatin)
7b, produced by Penicillium citrinum is identical to lovastatin apart
from the C-12 methyl group which is absent in compactin. Both
compounds are potent inhibitors of mammalian hydroxymethyl-
glutaryl (HMG) CoA reductase and hence find a valuable role as
pharmaceuticals used to lower serum cholesterol. The biosynthesis
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of these compounds has been studied intensely—isotopic feeding
experiments have shown that two polyketide chains are required:
a nonaketide and a methylated diketide. The requirement for two
polyketide synthases is evident in the gene clusters associated with
7a and 7b biosynthesis where two PKS genes are found.

In the case of lovastatin 7a biosynthesis, the two PKS genes
are lovB and lovF,"*™ encoding lovastatin nonaketide synthase
(LNKS) and lovastatin diketide synthase (LDKS). Two homolo-
gous genes are involved during compactin 7b biosynthesis: mlcA
(encoding CNKS) and mlcB (encoding CDKS).”

Isotopic feeding experiments had suggested that LNKS should
synthesise a fully elaborated nonaketide such as 42 which could
undergo a biological Diels—Alder reaction to form dihydromona-
colin L 43—the observed first PKS-free intermediate. In order to
confirm this, lovB was expressed in the heterologous fungal host
A. nidulans.™ Surprisingly, the polyunsaturated compounds 44
and 45 were isolated. These pyrones are related to the expected
nonaketide—for example, the methylation has occurred at the
correct position, but it is evident that reductions—specifically
enoyl reductions, and later keto reductions—have not occurred
correctly and that chain extension has terminated prematurely
(Scheme 11).

A

Scheme 11  Expression of lovB and lovC in A. nidulans.

Close inspection of the sequence of LNKS suggests that the
NADPH binding pocket of the ER domain might be disfunctional,
explaining the lack of observed ER activity. An enoyl reductase
encoding gene, lovC, occurs downstream from /ovB and Vederas
and coworkers showed that in coexpression experiments, the
lovC protein could complement the inactive ER domain and the
expected dihydromonacolin L 43 was produced (Scheme 11). It is

evident that the lovC protein must interact with LNKS intimately,
drastically affecting programming by ensuring enoyl reduction at
the correct positions and allowing complete chain extension. It
now appears that lovC type proteins are a common feature of HR
PKS systems in fungi, although by no means ubiquitous.

The fact that ‘defective’ ER domains are not removed from
the HR PKS where lovC-type proteins are used to achieve
programmed enoyl reductions may be significant. It is evident
that the lovC protein must dock with the PKS in order to effect
reduction, and the rump ER in the PKS sequence may act as
a docking anchor—however, protein experiments have not yet
been carried out to prove this hypothesis. Similar interactions
between type I PKS and mono-functional proteins also occur
in bacterial systems, for example, between multimodular and
monofunctional proteins involved in mupirocin biosynthesis in
Pseudomonas fluorescens.™

In the bacterial modular PKS systems, there is usually a C-
terminal TE domain involved in off-loading the product—either to
another PKS or to solution.” LNKS appears to possess part of an
NRPS condensation (C) domain immediately downstream of the
ACP, and this domain has been proposed to be involved in product
release, presumably by either activating water as a nucleophile or
the C-5 hydoxyl (rather than the nitrogen of an aminothiolester as
activated by most NRPS C domains).

LDKS is closely related to LNKS, but its ER domain appears
to be intact. LDKS is unusual among fungal PKS because it is not
iterative—a single round of extension and processing affords the
diketide 47 (Scheme 12). In this respect, LDKS closely resembles
a single module of a bacterial modular PKS.” LDKS lacks an
obvious product release domain, ending immediately after the
ACP. A specialised acyl transferase, encoded by lovD, transfers 47
from LDKS onto the C-10 hydroxyl of monacolin J 46.” Tang
and coworkers expressed lovD in E. coli and showed that the
recombinant protein will also transfer various acyl groups from
CoA to the C-10 hydroxyl of 46 (Scheme 12).7

4.2 The squalestatin S1 polyketide synthases

Squalestatin S1 41 is a potent inhibitor of mammalian squalene
synthase which also possesses unprecedented curative properties
towards prion infected neurons.” It is produced by Phoma species,
and like lovastatin, consists of two polyketide chains: a main
chain hexaketide and a sidechain tetraketide. Like lovastatin, both
chains are methylated, but unusually for a fungal HR polyketide,
the main chain is formed from a non-acetate starter unit—
benzoate is incorporated at this position.

Cox and coworkers cloned a HR PKS gene from Phoma sp.,
PhPKSI. This was expressed in the heterologous fungal host
Aspergillus oryzae which produced the tetraketide 48. PhPKSI
thus encodes the squalestatin tetraketide synthase (SQTKS).”
SQTKS is highly homologous to LDKS, lacking the C-terminal
NRPS condensation domain of LNKS. Like LDKS, SQTKS
possesses a functional ER domain, but SQTKS carries out three
extensions. Like LDKS, all modification reactions occur after
the first extension. The stereochemistry of the branching methyl
group is the same in each case. Two further extensions occur—all
modifying reactions occur again after the first of these, but neither
ER nor CMeT are used after the final extension (Fig. 8). Sequence
comparisons of LDKS and LNKS, however, reveal few clues as
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Fig. 8 Squalestatin S1 41 and the squalestatin tetraketide 48.

to the structural basis for the difference in programming between
the two.

4.3 The fumonisin and T-toxin polyketide synthases

Fumonisin Bl 40 and T-toxin 19 are among the longest fungal
polyketides. Fumonisin B1, a nonaketide, is produced by Gib-
berella fujikuroi (anamorph Fusarium moniliforme, syn. Fusarium
verticilloides) and is a mycotoxin responsible for several human
and animal diseases. T-toxin, a C,, linear polyketide, is produced
by race-T of the maize pathogen Cochliobolus heterostrophus.
Fumonisin Bl 40 is methylated and esterified to two unusual
C, tricarboxylic acids, while T-toxin 19 is unbranched and its
hydroxyls are unmodified.

T-toxin was among the first fungal compounds to be linked to
a particular PKS gene.” More recently it has been shown that two
PKS genes (pksI and pks2 encoding TTS1 and TTS2 respectively)
are involved in its biosynthesis—unusually, pks/ and pks2 are not
clustered on the C. heterostropus genome.” Domain analysis of
the two PKS genes indicates that both are typical HR PKS and
that neither possesses a SAT domain—they differ in this respect
from the only other fungal PKSs known to use multiple synthases,
NSAS and ZS. TTS1 (2528 aa) appears to posses a CMeT domain,
despite T-toxin not requiring C-methylation, while TTS2 (2144 aa)
does not appear to possess a CMeT domain.

The fumonisin biosynthetic genes of G. fujikuroi are clustered.
The PKS fumonisin synthase (FUMS) is encoded by fuml
(previously known as fumS5) which appears to be a fairly typical
PKS of the HR type, with KS, AT, DH, CMeT, ER, KR and
ACP domains.® It appears that unlike the case of LNKS where
the ER is inactive, the ER of FUMS is probably fully functional—
consistent with this observation is the lack of a /ovC homologue
in the gene cluster. It appears that FUMS operates a fairly simple
programme—chain length is controlled to 18 carbons and, apart
from the CMeT, all activities operate in all cycles. Methylation
is the only programmed event, occurring during the second and
fourth extension cycles only.®

The function of the TTS and FUMS genes has been proven
by knockout experiments, but none of the genes has yet been
reported as expressed heterologously. However, FUMS has been
the target for the first HR-PKS directed domain swap experiments.
In initial work, Du and coworkers described the development of
a method to exchange regions of fuml with homologous regions
of C. heterostropus pksl. In effect, the KS domain from TTS1
was inserted into FUMS. This domain swap appeared to have
no effect on either levels of production of fumonisin Bl 40, or
on programmed events during biosynthesis.** Replacement of the
whole of FUMS by TTSI1 resulted in no production—however, as it
is now known that two PKS are required for T-toxin production, it
is unsurprising that this experiment produced no new compounds.

Further work, however, in which the FUMS KS was replaced
with the LDKS KS did result in significant reprogramming
of the PKS. The new chimeric PKS produced two unusual
dihydroisocoumarins 49 and 50 (Scheme 13).# These compounds
appear to be the result of the condensation of two separate
polyketide chains—in each case a tetraketide with a pentaketide.
It is not clear what underlies these changes in programming, or
the unusual dimerisation, but it does suggest that the LDKS and
FUMS KS domains are, at least partially, involved in the molecular
interactions which help specify chain length and use of reductive
domains.

4.4 HR PKS from Alternaria solani

Alternaria solani is a plant pathogen and the causative agent of
early blight in solanum species. It produces numerous polyketides
such as solanopyrone A 51 and alternaric acid 52, and is thus an
ideal target species for speculative PKS gene-fishing expeditions.
Fujii and Ebizuka have conducted just such investigations, using
PCR primers based on conserved PKS sequences as probes with
genomic DNA libraries. An early investigation yielded two hits—
one, a HR PKS gene named a/z5, and another, a NR PKS named
pksA® The alt5 gene encodes a typical HR PKS, known as
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Scheme 13 New compounds produced by F. verticilloides after the KAS
domain of FUMS was replaced with the LDKS KAS.

PKSN, with the usual array of catalytic domains. Inspection of
the ER sequence suggested that it should be functional like those
from LDKS and SQTKS. Expression of a/t5 showed this to be
correct—a single compound was synthesised in good yield (ca.
15 mg 17') which proved to be the octamethylated decaketide
pyrone 53, named alternapyrone. This compound is the most
complex polyketide yet reported to be produced by an iterative
PKS, showing programmed chain length control, keto-reduction,
methylation and enoyl reduction.

HO 'COH

Solanapyrone A 51 Alternaric acid 52

|o OH
=
HO 2
OH 54
OH
NSNS NN NN
55

Further gene probing of A. solani afforded two more HR PKS,
PKSF and PKSK encoded by pksF and pksK respectively. Unlike
PKSN, these synthases did not seem to possess CMeT domains,
but were otherwise similar to other HR PKS. PKSK proved to be

inactive when expressed in A. oryzae, but PKSF did produce the
new compounds aslanipyrone 54 and aslaniol 55—albeit in low
yields, together with nine other related minor compounds.®* These
polyunsaturated compounds must arise because of the inactivity
of the ER domain, and detailed sequence analysis suggested that
the NADPH binding motif of the ER domain may be defective in
PKSF. It is not yet known whether the PKSF cluster possesses
a lovC homologue as the lovastatin and tenellin clusters do,
but coexpression of PKSF with such a gene could form new
polyketides.

4.5 HR PKS-NRPS

Fungi produce a wide range of bioactive compounds derived from
polyketides fused to amino acids. Examples include fusarin C 56,
equisetin 57 and tenellin 58. Fusarin C 56 consists of a tetram-
ethylated heptaketide fused to homoserine® and is produced by
strains of the plant pathogens Fusarium moniliforme and Fusarium
venenatum. Genomic DNA libraries from these organisms were
used to isolate a gene cluster centred around a 12Kb ORF
encoding a HR PKS fused to a non-ribosomal peptide synthetase
(NRPS) module.*” The PKS region is homologous to LNKS: KAS,
AT and DH domains are followed by CMeT, a defective ER, KR
and ACP domains. Like LNKS, the ACP is upstream of an NRPS
condensation (C) domain, but in this case, the NRPS module is
complete, featuring downstream adenylation (A), thiolation (T)
and C-terminal thiolester reductase (R) domains.

Directed knockout of the PKS-NRPS gene proved it to be
involved in the biosynthesis of 56 and it was thus named fusarin
synthetase (FUSS). The disfunctional ER domain and the fact that
there appears to be no lovC homologue in the cluster, is consistent
with the polyunsaturated nature of the polyketide moiety.

H Equisetin 57
HO
OH O
X NP
N "0 Tenellin 58
OH

It is probable that FUSS assembles a tetramethylated heptake-
tide 59 attached to the ACP (Scheme 14)—the structure of which
is remarkably similar to the heptaketide pyrone 45 produced
by LNKS in the absence of the lovC protein. In parallel, the
A domain of the NRPS module appears to select, activate and
attach homoserine 60 to the thiolation domain.* The C domain

This journal is © The Royal Society of Chemistry 2007
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Scheme 14 Involvement of FUSS during the biosynthesis of pre-fusarin
63.

then utilises the amine of homoserine to form an amide with the
ACP-bound polyketide, forming a covalently bound intermediate
peptide 61. A similar reaction is probably catalysed by the C
domain of LNKS which may use a water nucleophile, or the C-
5 hydroxyl of the putative enzyme-bound lovaststin precursor 42
(Scheme 11), to release dihydromonacolin L 43.

The final reaction catalysed by FUSS may be reductive release
of the thiolester, forming peptide aldehyde 62. A homologous
thiolester reductase domain forms the C-terminal feature of fungal
o-aminoadipate reductase and this catalyses a single reduction
of a thiolester to form an aldehyde.® Finally, Knoevenagel
cyclisation would give the putative prefusarin 63. Other genes
in the FUSS cluster are presumably responsible for the required
further transformation of 63 to fusarin C 56 itself: epoxidation,
oxidation of a pendant methyl to a carboxylate and esterification,
and hydroxylation o to nitrogen.

A highly homologous PKS-NRPS gene has been shown to
be involved in the biosynthesis of equisetin 57 in Fusarium
heterosporum.® EQS posseses the same catalytic domains as
FUSS, but examination of the structure of 57 indicates that
the pyrollidinone carbon derived from the carboxylate of the
amino acid (serine in this case) is not reduced, indicating either a
reoxidation mechanism, or the fact that the R domain does not
produce an aldehyde intermediate in this case.

PKS-NRPS are also involved in the biosynthesis of as yet
unknown compounds in the plant pathogen Magnaporthe grisea.”®
The Acel PKS-NRPS gene forms part of a biosynthetic gene
cluster which is fleetingly expressed only during apressorium
formation during the initial penetration event of pathogenesis.
Other genes in the Acel cluster encode cytochrome P450 oxidases

as well as lovC-type ER homologues. The compound produced
by this cluster can be detected by specific genotypes of rice and,
if detected, this produces a signalling cascade resulting in the
effective mounting of resistance to further fungal penetration.
Thus when Acel and its neighbouring genes are expressed, M.
grisea is rendered avirulent.*

PKS-NRPS proteins are also involved in the biosynthesis of
fungal 2-pyridones. For example the yellow pigment tenellin 58
from the insect pathogen Beauveria bassiana is produced by a PKS-
NRPS, named TENS, homologous to FUSS.** Like FUSS, the
ER domain of TENS appears to be inactive. However, the TENS
gene cluster also contains a /ovC homologue, ORF3, and this
presumably provides the programmed ER event required during
the first round of polyketide biosynthesis. It appears that TENS
selects tyrosine 65 and fuses it to a doubly methylated pentaketide
64 to form putative pretenellin 66 after reductive release and
Knoevenagel cyclisation (Scheme 15).

orFs

ER) KR AP C

TENS |
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Scheme 15  Involvement of TENS during the biosynthesis of tenellin 58.

Two other genes in the TENS cluster encode cytochrome P450
oxidases and it is likely that these catalyse oxidative ring expansion
to form the 2-pyridone, and N-hydroxylation.®® B. bassiana is an
effective insect pathogen and it has been hypothesised that tenellin
may be involved in this process. However, directed knockout of
TENS did not significantly reduce the pathogenicity of B. bassiana
towards wax moth larvae.”*

5.0 Perspective

A combination of molecular genetic and enzymological methods
have revealed that fungal polyketide synthases are programmed
nano-machines of unprecedented complexity. In particular, link-
ing genes and compounds (Table 1) has greatly assisted the
categorisation and understanding of these proteins. The smallest
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fungal polyketide synthases are the 6-methylsalicylic acid
synthases where the polypeptide chain has five functional domains
and is ca. 191 kDa, while the largest PKS-NRPS weigh in at over
450 kDa and have up to eleven catalytic units. In all cases, the
PKS is programmed. The simplest programmes control only chain
length—three extensions for orsellinic acid for example, while the
most complex programmes, involved in lovastatin 7a biosynthesis,
for example, control chain length, methylation, reduction and
dehydration and additionally influence cyclisation. While similarly
complex programmes are evident in the bacterial modular PKS,
the fungal PKS are remarkable in achieving this control by a single
set of enzymes contained within a single polypeptide.

Recognition that the fungal PKS can be categorised into
three subsets has allowed more detailed consideration of the
programming elements. The NR PKS are arranged into loading,
extension and processing components, and to some extent this
hypothesis has been verified by expression and study of individual
catalytic domains and by the construction of hybrid NR PKS
genes. However, the programming elements of the PR and HR
PKS remain obscure. The first experiments to probe programming
in HR PKS have involved domain swaps, but few conclusions have
yet been drawn. Little information is known about the 3D struc-
ture of fungal PKS—while sequence and domain organisation
similarity with mammalian FAS mean that broad descriptions of
the architecture of the catalytic domains can be modelled, detailed
hypotheses involving individual domains or peptide motifs cannot
yet be linked with programming.
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LPS from Rhizobium sin-1 (R. sin-1) can antagonize the production of tumor necrosis factor alpha
(TNF-a) by E. coli LPS in human monocytic cells. Therefore these compounds provide interesting leads
for the development of therapeutics for the prevention or treatment of septic shock. Detailed structure
activity relationship studies have, however, been hampered by the propensity of these compounds to
undergo B-elimination to give biological inactive enone derivatives. To address this problem, we have
chemically synthesized in a convergent manner a R. sin-1 lipid A derivative in which the B-hydroxy ester
at C-3 of the proximal sugar unit has been replaced by an ether linked moiety. As expected, this
derivative exhibited a much-improved chemical stability. Furthermore, its ability to antagonize TNF-a
production induced by enteric LPS was only slightly smaller than that of the parent ester modified
derivative demonstrating that the ether-linked lipids affect biological activities only marginally.
Furthermore, it has been shown for the first time that R. sin-1 LPS and the ether modified lipid A are
also able to antagonize the production of the cytokine interferon-inducible protein 10, which arises
from the TRIF-dependent pathway. The latter pathway was somewhat more potently inhibited than the
MyD88-dependent pathway. Furthermore, it was observed that the natural LPS possesses much greater
activity than the synthetic and isolated lipid As, which indicates that di-KDO moiety is important for
optimal biological activity. It has also been found that isolated R. sin-1 LPS and lipid A agonize a
mouse macrophage cell line to induce the production of TNF-o and interferon beta in a Toll-like
receptor 4-dependent manner demonstrating species specific properties.

Introduction

The innate immune system is an evolutionary ancient system
of defense against microbial infections.! Tt responds rapidly to
highly conserved families of structural patterns, called pathogen
associated molecular patterns (PAMPs), which are integral parts
of pathogens and are perceived as danger signals by the host.
Recognition of PAMPs is mediated by sets of highly conserved
receptors,” each of which binds to a variety of PAMPs. Cellular
activation by these receptors results in acute inflammatory re-
sponses that include the production of a diverse set of cytokines
and chemokines, direct local attack against the invading pathogen
and initiation of responses that activate and regulate the adaptive
component of the immune response.

Lipopolysaccharides (LPSs) are structural components of the
outer surface membrane of Gram-negative bacteria that trigger
innate immune responses through Toll-like receptor 4 (TLR4),
a member of the TLR family that participates in pathogen
recognition. TLRs are transmembrane glycoproteins having an
extracellular domain that contains multiple leucine-rich repeating
motifs, a transmembrane domain and an intracellular signaling
domain.** The intracellular domain serves as a docking site for
a number of adaptor proteins,® which in turn recruit kinases
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to initiate specific down-stream processes, such as activation
of mitogen-activated protein (MAP) kinases and transcription
factors (NF-kB, AP-1 and interferon regulatory factor 3 (IRF-3)).
The end result is the up-regulation of hundreds of genes resulting
in the production of a multitude of cytokines and chemokines.

TLR4 initiates cell-signaling by two cascades that involve
recruitment of the intracellular TIR adaptor proteins MyD88 or
TRIF.>* Thus, the TIR domain of TLR4 can bind to the dimeric
adapter protein MyDS8S, that then recruits and activates a number
of kinases, subsequently leading to activation of the MAP kinases,
such as p38, JINK and ERK1/2 and the transcription factor NF-
«B. This MyD88-dependent pathway results in the synthesis of pro-
inflammatory cytokines and chemokines including tumor necrosis
factor alpha (TNF-a), interleukin 1beta (IL-1f) and IL-6. Another
adaptor protein, called TRIF,® can also be recruited to the TIR
domain leading to activation of the transcription factor IRF-3,
NF-«B and the MAP kinase JNK. This TRIF-dependent pathway
results in the synthesis of important inflammatory mediators,
including interferon beta (IFN-f), interferon-inducible protein 10
(IP-10) and nitric oxide.

Although the initiation of acute inflammatory responses is
important for the prevention of infections, over-activation of this
response may lead to the clinical symptoms of septic shock. Sep-
ticemia is a serious world-wide health problem and is associated
with mortality rates of 40-60%.7® It has been estimated that 1%
of hospital patients and 20-30% of ICU patients develop sepsis
and that septic shock results in 100000 deaths annually in the
United States.™ A number of strategies for the prevention and
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treatment of sepsis have been directed against the lipid A region
of LPS.? For example, structural analogs of lipid A have been
examined for their ability to antagonize the effects of LPS. These
antagonists include naturally occurring lipid A precursors,' as
well as a number of synthetic analogs of these precursors.'"'? The
most widely studied analog is a synthetic analog based on the
lipid A of Rhodobacter sphaeroides or R. capsulatus, two species
having very similar lipid A structures.**¢ Although the lipid As
of R. sphaeroides/ R. capsulatus and E. coli have the same bis-1,4'-
phosphorylated glucosamine disaccharide backbone their fatty
acyl patterns differ considerably. In this respect, R. sphaeroides/ R.
capsulatus lipid A consists of two 3-oxomyristic acid, two B-
hydroxydecanoic acid and one dodecenoic acid residues.
Recently, we reported that LPS from Rhizobium sin-1 (R. sin-1),
a nitrogen-fixing bacterial species, can prevent the induction of
TNF-a by E. coli LPS in human monocytic cells.'”*® Furthermore,
another study showed that the biological properties of R. sin-1
LPS are species specific and most notably it was found that it can
agonize mouse macrophages in a TLR2-dependent manner.'*?
The lipid A of R. sin-1 LPS is a structurally unusual lipid A
differing in almost every aspect from those known to contribute to
the toxicity of enteric LPS (Fig. 1).! In particular, the disaccharide
moiety of Rhizobial lipid A is devoid of phosphate and the
glucosamine phosphate is replaced by 2-aminogluconolactone.
It contains a very long chain fatty acid, 27-hydroxyoctacosanoic
acid which, in turn, can be esterified by B-hydroxybutyrate. As
is the case with other naturally occurring LPSs, the inherent
microheterogeneity of the lipid A region of R. sin-1 makes it
impossible to be developed as a therapeutic agent for Gram-
negative septicemia. Furthermore, the inability to separate the
different species limits identification of specific structural features
that makes R. sin-1lipid A an antagonist as opposed to an agonist.
To address these problems, we have synthesized a range of well-
defined lipid A derivatives based on the structure of R. sin-1
LPS for structure—activity relationship studies. We have already
shown® that the synthetic compound 1 is able to antagonize
E. coli LPS. In addition, we have demonstrated that the 2-
aminogluconolactones can exist as a 2-aminogluconate.”® The

chemical synthesis and biological evaluation of a compound
locked in the 2-aminogluconate established that this species
possesses antagonistic properties.”® Detailed biological evaluations
of the synthetic R. sin-1 lipid As have been hampered by their
chemical lability due to elimination to give the enone derivative 2.
To address this problem, we report here the chemical synthesis of
compound 3, which is derived from 1, however, the B-hydroxy ester
at C-3 of the proximal sugar unit has been replaced by an ether
derivative. It was anticipated that this compound would be less
prone to B-elimination due to the poor leaving group ability of the
ether.2*?* Asaresult, we have been able to investigate the ability of a
R-sin 1 lipid A to antagonize cell-signaling events arising from the
MyDS88- and TRIF-dependent pathways. Furthermore, species-
specific properties of 3 have been investigated by comparing
biological properties of the compound exposed to human and
mouse macrophages.

Results and discussion
Chemical synthesis

It was envisaged that coupling of glycosyl donor 4 with glycosyl
acceptor 5 would give disaccharide 12 (Scheme 1), which is
appropriately protected for the selective introduction of 3-hydroxyl
fatty acids and oxidation of the C-1 position to lactone. Glycosyl
acceptor 5 is modified by an ether linked y-benzyloxy fatty acid,
because it was anticipated that the harsh conditions required
for its introduction would affect functionalities present in the
disaccharide. Another feature of 5 is that its anomeric center is
protected as a thioglycoside.?”?® This functionality is stable under a
wide range of chemical conditions, however, it can be hydrolyzed at
alate stage of the chemical synthesis to give a lactol, which can then
be oxidized to a lactone. Furthermore, the selenoglycoside of 4 was
expected to be significantly more reactive towards activation with
NIS-TMSOT( than the thioglycoside of 5, and thus it was expected
that these compounds could be employed in a chemoselective
glycosylation to give 12. The phthalimido and azido functions
of 12 offer an attractive set of orthogonal protecting groups that
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Fig. 1

Structures of E. coli and R. sin-1 lipid A and synthetic R. sin-1 lipid A derivatives 1-3.
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allow selective derivatization of the two amino groups. Removal
of the phthalimido group will result in cleavage of the O-acetyl
ester. However, by exploiting the higher nucleophilicity of primary
amines compared to hydroxyls it is possible to selectively acylate
the amine.

Glycosyl acceptor 5 was readily obtained from known derivative
9.2 Thus, the acetyl esters of 9 were cleaved by treatment with
sodium methoxide in methanol and the resulting triol was selec-
tively protected by reaction with benzylaldehyde dimethyl acetal
in the presence of camphorsulfonic acid (CSA) in acetonitrile to
give 10. The C-3 hydroxyl of 10 was alkylated with sulfonate 6 by
treatment with sodium hydride in DMF to give 11 in a good yield
of 79%.% Next, the benzylidene acetal of 11 was regioselectively
opened by reaction with BH;-NHMe, and BF;-Et,0 in toluene at
—30 °C to give 5 in an excellent yield. A number of other reaction
conditions led to the formation of mixtures of regioisomeric benzyl
ethers. For example, the use of BH;-NHMe, in DCM, which is the
conventional solvent for this reagent,*® gave a mixture of products.
Glycosyl donor 4% and fatty acids 6, 7 and 8% were prepared
by reported procedures.

Having glycosyl donor 4 and acceptor 5 at hand, attention was
focused on the preparation of the disaccharide 12, instalment of

the B-hydroxyl fatty acids and oxidation of the anomeric center.
Thus, a NIS-TMSOTf mediated coupling of the glycosyl donor 4
with acceptor 5 in dichloromethane at —35 °C gave disaccharide
12 in a yield of 76%.3"3*% Only the B-anomer was formed due
to neighboring group participation of the phthalimido group.
Next, the phthalimido moiety and acetyl ester of compound 12
were removed by treatment with hydrazine hydrate in refluxing
ethanol*® and the amine of the resulting compound was selectively
acylated with alkanoyloxy fatty acid 7 in the presence DCC
to give 13. Reduction of the azido moiety of 13 was easily
accomplished by reaction with activated Zn in acetic acid and the
amine and hydroxyl of the resulting compound were immediately
acylated with 8 using 1,3-dicyclohexylcarbodiimide (DCC) and
4-dimethylaminopyridine (DMAP) as the activation reagents to
afford 14. It is important to note that selective N-acylation could
be accomplished by performing the reaction in the absence of
DMAP, thereby making it possible to synthesize derivatives having
different substituents at C-2 amine and C-3 and C-3' hydroxyls.
The thioglycoside of compound 14 was hydrolyzed by treatment
with NIS-TMSOTf* in wet dichloromethane and the resulting
lactol was oxidized with PCC in DCM to afford lactone 16.
Finally, the benzyl ethers and benzylidene acetal of 16 were
removed by catalytic hydrogenation over Pd/C to give the target
compound 3. As expected, this derivative had an excellent shelf-life
and after storage for three months at —20 °C no decomposition
was observed. Under similar storage conditions compound 1 was
decomposed.

It is important to note that alternative synthetic strategies,
which employed either an allyl or TBDMS ether for protection
of the anomeric center of the proximal sugar, led to failure.
Thus, the anomeric TBDMS function was not compatible with
the alkylation conditions required for the instalment of 6. Fur-
thermore, attempts to cleave an allyl glycoside at the final stage
of the synthesis led either to recovery of starting material or
decomposition. The use of a thioglycoside gave the best results
for the preparation of the target compound.

Biological evaluation

Based on the results of recent studies,'” it is clear that enteric LPS-
induced cellular activation through TLR4 is complex as many
signaling elements are involved. However, it appears that there are
two distinct initiation points in the signaling process, one being a
specific intracellular adaptor protein called MyD88 and the other
an adaptor protein called TRIF, which operates independently
of MyDS88. It is well established that TNF-o secretion is a
prototypical measure for activation of the MyD88-dependent
pathway, whereas secretion of IFN-f and IP-10 are commonly
used as an indicator of TRIF-dependent cellular activation.
Compound 3 was tested over a wide concentration range for
its ability to activate a human monocytic cell line (Mono Mac
6; MM©6) to produce TNF-a and IP-10 protein and the resulting
values were compared with similar data obtained for E. coli LPS
and lipid A and R. sin-1 LPS and lipid A. Thus, MM6 cells
were exposed to the isolated and synthetic compounds and after
5.5 hours, the supernatants were harvested and examined for
human TNF-a and IP-10 using capture ELISAs. Potencies (ECs,
concentration producing 50% activity) and efficacies (maximal
level of production) were determined by fitting the dose-response
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Fig.2 Concentration-response curves of E. coli LPS, E. colilipid A, R. sin-1 LPS, R. sin-1 lipid A and synthetic compounds 1 and 3 in human monocytic
cells. MMBG6 cells were incubated for 5.5 h at 37 °C with increasing concentrations of E. coli LPS, E. coli lipid A, R. sin-1 LPS, R. sin-1 lipid A and synthetic
compounds 1 and 3 as indicated. TNF-a (a) and IP-10 (b) proteins in cell supernatants were measured using ELISAs. (Please note that R. sin-/ LPS,
R. sin-1 lipid A, 1 and 3 show background values and therefore overlap in the figure.) Treatment with E. coli LPS, E. coli lipid A, R. sin-1 LPS, R. sin-1
lipid A, 1 and 3 did not affect cell viability, as judged by cellular exclusion of trypan blue.

curves to a four parameter logistic equation using PRISM
software. As can be seen in Fig. 2, E. coli LPS and lipid A
yielded clear dose-response curves for TNF-a and IP-10, whereas
R. sin-1 LPS, R. sin-1 lipid A and synthetic compound 3 did not
induce significant production of the cytokines. The ECs, values
for E. coli 055:B5 LPS were significantly smaller than that of
E. coli lipid A (Table 1) which is probably due to the di-KDO
moiety of LPS, which is attached to the C-6' position of lipid
A. In this respect, recent studies®® have shown that meningococcal
lipid A expressed by a strain defect in KDO biosynthesis has
significantly reduced bioactivity compared to KDO containing
Meningococcal lipooligosaccharides. It has also been shown that
removal of the KDO moieties by mild acidic treatment reduces
cellular responses.*®

It was observed that the ECs, values for TNF-a secretion were
approximately three times smaller than that of IP-10 when E. coli

Table 1 ECs, values® (nM) of E. coli LPS and lipid A in MMG6 cells

E. coli LPS E. coli lipid A
TNF-a 0.0016 9.1

(0.0014-0.0019) (7.3-11.4)
1P-10 0.0042 222

(0.0032-0.055) (18.5-26.8)

“ EC;, values are reported as best-fit values and as minimum-maximum
range (best-fit value =+ std. error).
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LPS or E. coli lipid A was employed as an activator. Thus,
it appears that the MyD88-dependent pathway is slightly more
responsive than TRIF-mediated cellular activation.

Based on its lack of proinflammatory effects, compound 3 was
tested over a wide concentration range for its ability to antagonize
TNF-a and IP-10 production by MM6 cells incubated with E. coli
LPS (1 ng mL™") (Fig. 3). An ICy, (concentration producing 50%
inhibition) of 22 uM (38 pg mL™") was established for TNF-a
inhibition by compound 3. Similar inhibition experiments with
R. sin-1lipid A and compound 1 gave ICs, values of 2.0 uM (3.0 ug
mL~") and 7.3 uM (13 ug mL™"), respectively. As expected, R. sin-
1 LPS was a much more potent inhibitor of TNF-a production
than the corresponding lipid A and in this case an 1Cy, value of
6.5nM (239 ng mL~") was determined. Thus, it is probable that the
KDO moiety of LPS accounts for the higher inhibitory activity.
Interestingly, for IP-10 secretion the ICs, values of R. sin-1 LPS and
compound 3 were smaller than the corresponding values for TNF-
a (1.4 nM; 51 ng mL™") and 3.7 uM (6.5 pg mL™"), respectively)
and at the highest concentration tested compound 3 abolished
all IP-10 biosynthesis induced by enteric LPS. Similar inhibition
results were obtained when E. coli lipid A was employed as the
agonist (Supplementary datat).

The results of the cellular activation studies show that the
inhibitory activity of compound 3 is only slightly smaller than
that of the parent compound 1 demonstrating that the ether linked
fatty acid at C-3 of the proximal monosaccharide unit has only
marginal effect on the biological activity. However, compound 3
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Fig. 3 Antagonism of E. coli LPS by R. sin-1 LPS, R. sin-1 lipid A and synthetic compounds 1 and 3 in human monocytic cells. TNF-a (a) and IP-10
(b) concentrations were measured after preincubation of MMG6 cells with increasing concentrations of R. sin-1 LPS, R. sin-1 lipid A, 1, or 3 as indicated
for 1 h at 37 °C, followed by 5.5 h of incubation with E. coli LPS (1 ng mL™"). Results are expressed as percentage of cytokine concentration of control
cells, which are incubated only with E. coli LPS.
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has a much greater chemical stability than 1 making it a preferred
compound for biological studies. Furthermore, the KDO moiety
of E. coli and R. sin-1 LPS appears to significantly increase the
agonistic and antagonistic properties, respectively. The data also
reveal that the agonists and antagonists affect the MyD88 and
TRIF pathways slightly differently. Thus, the agonists (E. coli
LPS and lipid A) display somewhat higher potencies for TNF-o
compared to IP-10, whereas for the antagonists (R. sin-1 LPS and
lipid A), IP-10 was more potently inhibited at lower concentrations
compared to TNF-a.

There are several reports that indicate that structurally different
lipid As may differentially induce proinflammatory responses.***
However the heterogeneity in the structure of lipid A within a
particular bacterial strain and possible contamination with other
inflammatory components of the bacterial cell-wall complicated
the dissecting of the biological responses to specific lipid As.
Synthetic compounds may address this important issue.

Next, attention was focused on cellular activation studies
using a mouse macrophage cell line (RAW 264.7 yYNO(—) cells).
Thus, secretion of TNF-a and IFN- protein was measured after
exposure of the cells for 5 h to a wide concentration range E. coli
LPSandlipid A, R. sin-1 LPS and lipid A and compound 3 (Fig. 4).
Interestingly, E. coli and R. sin-1 LPS and lipid As activated the
cells to produce TNF-a and IFN-B. No cytokine production was
measured for compound 3 even when a very high concentration
was employed (57 uM; 100 pg mL"). Furthermore, compound 3
was not able to antagonize the production of TNF-a or IFN-$
induced by E. coli LPS.

For each agonist, the potency for TNF-o secretion was higher by
5-to 7-fold compared to that of IFN-. (Table 2). Furthermore, for
the E. coli derived compounds the ECs, values were significantly
smaller than those derived from R. sin-1. As expected, the lipid As
were less potent than their parent LPSs, however, the difference

was much larger between E. coli LPS and lipid A (10000-fold) than
between R. sin-1 LPS and lipid A (100-fold).

Recent reports indicate that LPS of non-enterobacterial species
such as Porphyromonas gingivalis, Leptospira interrogans and
R. sin-1 are capable of signaling independent of TLR4, instead
utilizing TLR2-mediated signal transduction.'*?*4% However,
TLR2 can only recruit the adaptor protein MyD88 and as a result
can only initiate the production of MyD88-dependent cytokines
such as TNF-a, but not those TRIF-dependent cytokines such
as IFN-B.** The fact that our results show that R. sin-1 can
induce the production of IFN- prompted us to investigate the
TLR utilization of these compounds. Thus, R. sin-1 LPS and
lipid A and E. coli LPS and lipid A were exposed at a range
of concentrations to HEK 293T cells stably transfected with
mouse TLR2/TLR6 or TLR4/MD2 and transiently transfected
with a plasmid containing the reporter gene pELAM-Luc (NF-
kB-dependent firefly luciferase reporter vector) and a plasmid
containing the control gene pRL-TK (Renilla luciferase control
reporter vector). As a negative control, wild type HEK 293T
cells transiently transfected with plasmids containing the reporter
gene pELAM-Luc and control gene pRL-TK were used. After
an incubation time of 4 h, the activity was measured using a
commercial dual-luciferase assay. E. coli LPS and the lipopeptide
Pam,;CysSK,* were employed as positive controls for cellular
activation by TLR4 and TLR2/6, respectively. As can be seen
in Fig. 5, R. sin-1 LPS and lipid A can induce cellular activation
in a TLR4-dependent manner, whereas no activity was observed
in cells transfected with TLR2/6. The TLR4-dependent NF-kB
activation showed clear dose responses for E. coli LPS, R. sin-1
LPS and R. sin-1 lipid A (Supplementary datat).

Previously it was established that the lipid A region of
several Rhizobiaceae can stimulate bone marrow granulocytes
of TLR4-deficient mice to induce the expression of CD14.”
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Fig. 4 TNF-o and IFN-B production by murine macrophages after stimulation with E. coli LPS, E. coli lipid A, R. sin-1 LPS, R. sin-1 lipid A and
synthetic compound 3. Murine RAW yNO(—) cells were incubated for 5.5 h with increasing concentrations of E. coli LPS, E. coli lipid A, R. sin-1 LPS,
R. sin-1 lipid A and 3 as indicated. TNF-o (a) and IFN-f (b) in cell supernatants were measured using ELISAs. Treatment with E. coli LPS, E. coli lipid
A, R. sin-1 LPS, R. sin-1 lipid A and 3 did not affect cell viability, as judged by cellular exclusion of trypan blue.

Table 2 EC;, values® (nM) of E. coli and R. sin-1 LPS and lipid A in RAW cells.

E. coli LPS E. coli lipid A R. sin-1 LPS R. sin-1 lipid A
TNF-a 0.0028 21 2.5 171

(0.0020-0.0041) (16-28) (2.0-3.2) (109-268)
IFN-B 0.0118 124 19.3 932

(0.0096-0.0145) (105-147) (11.3-32.8) (816-1067)

“ ECy, values are reported as best-fit values and as minimum-maximum range (best-fit value =+ std. error).
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Fig. 5 Response of HEK 293T cells expressing murine TLRs to
R. sin-1 LPS and R. sin-1 lipid A. Induction of NF-kB activation was
determined in triplicate cultures of HEK 293T cells stably transfected
with murine TLR4/MD?2 or TLR2/TLR6 and transiently transfected with
pELAM-Luc, pRL-TK and pcDNA3 plasmids. Forty-four h post-trans-
fection, cells were treated with E. coli LPS (1 ng mL™"), R. sin-1 LPS
(1 pg mL™Y), R. sin-1 lipid A (1 pg mL™") and Pam;CysSK, (1 ug mL™")
or were left untreated (control). Forty-eight h post-transfection, NF-kB
activation was determined by firefly luciferase activity relative to Renilla
luciferase activity. In the transfection experiments shown, human TNF-a
(10 ng mL~") induced 24.5 + 0.6 and 21.8 =+ 0.3-fold activation of NF-kB
in HEK 293T cells stably transfected with TLR4/MD2 and TLR2/6,
respectively.

Furthermore, no detectable levels of TNF-a were measured after
mouse peritoneal macrophages were exposed to 100 ng mL™!
R. sin-1 LPS. Surprisingly, HEK cells transfected with TLR2/6
with an ELAM luciferease reporter plasmid showed activity
at this concentration. Our results show clearly that at similar
concentrations, R. sin-1 LPS and lipid A can induce the production
of TNF-a and IFN-f in a TLR4-dependent manner.

The observation that synthetic compound 3 possessed no
activity in the mouse cell line was surprising. LPS and lipid
A isolated from R. sin-1 are composed of a complex mixture
of compounds differing in fatty acid substitution. Probably, a
compound with unique fatty acid composition is responsible for
the TLR4 agonistic properties. A larger range of derivatives will
need to be synthesized to establish which derivatives account
for this activity. The synthetic approach reported here provides
such an opportunity. Furthermore, the observation that TLR
ligands exhibit species-specific properties should be considered
when immuno modulators are being developed.

Conclusion

It has been shown that a derivative of R. sin-1 lipid A in which
the C-3 fatty acid is replaced by an ether-linked moiety has a
much improved chemical stability. Furthermore, this compound
could antagonize cytokine production by a human monocytic cell
line induced by enteric LPS with a similar potency to the natural
ester-linked counter part. For the first time, it has been shown
that such an antagonist can inhibit both MyD88- and TRIF-
dependent cell signaling events. R. sin-1 LPS and lipid A agonized
mouse macrophages to produce TNF-o0 and IFN-f3 demonstrating
species specific properties. For the agonists examined, the potency
for TNF-a secretion was higher by 3-7 fold compared to that
of IFN-B or IP-10. For, the antagonists, the ICs, values for IP-
10 were smaller than the corresponding values for TNF-a. These
data indicate that the MyD88 and TRIF pathways are somewhat

differently activated or inhibited by the examined compounds.
Finally, the LPS agonist and antagonist were much more potent
indicating that the KDO moiety of LPS is important for optimal
biological properties.

Experimental
Chemical synthesis

General synthetic methods. Chemicals were purchased from
commercial suppliers and used without further purification, unless
otherwise noted. Dichloromethane (DCM) and toluene were
distilled from calcium hydride under Argon. Tetrahydrofuran
(THF) was distilled under argon from sodium directly prior
to application. Dry N,N-dimethylamineformamide (DMF) was
used without purification. Powdered molecular sieves (4 A) were
activated in vacuo at 390 °C for 8 h and cooled to room temperature
in vacuo prior to application. Column chromatography was per-
formed on silica gel 60 (EM Science, 70-230 mesh), size exclusion
was performed on Sephadex LH-20 and eluted with a mixture of
MeOH-CH,Cl,, (1 : 1, v/v). Reactions were monitored by thin-
layer chromatography (TLC) on kieselgel 60 F,s, (EM Science) and
compounds were visualized by examination under UV light and
by charring with cerium sulfate—-ammonium molybdate solution.
Organic solvents were removed under reduced pressure at <40 °C.
'"H NMR and "“C NMR spectra were recorded on a Merc 300,
Varian Inova 500 or Inova 600 equipped with Sun Workstations.
'"H NMR were recorded in CDCI; and referenced to residual
CHCI; at 7.24 ppm. "C NMR spectra were referenced to the
central peak of CDCl; at 77.0 ppm. Assignments were made by
standard gCOSY and gHSQC. High resolution mass spectra were
obtained on a Bruker model Ultraflex MALDI-TOF-TOF mass
spectrometer. Optical rotations were measured on a Jasco model
P-1020 polarimeter. Signals marked with a subscript L belong to
the ether-linked lipid at C-3, whereas signals marked with subscript
LL belong to the lipid at C-2'. Signals marked with subscript LL’
refer to the C-28 side chain. Signals marked with subscript LA
belong to lipids at C-2, C-3'.

Phenyl 3-0-|(R)-3-benzyloxy-hexadecanoyl]-4,6-O-benzylidene-
2-deoxy-2-azido-1-thio-p-D-glucopyranoside (11). NaH (55% oil
dispersion, 0.12 g, 5.0 mmol) was added to a solution of compound
10(0.34 g,0.88 mmol) in DMF (6 mL) at 0 °C followed by addition
of 6 (0.34 g, 0.79 mmol) dissolved in DMF (3 mL). The reaction
mixture was allowed to reach room temperature and stirring was
continued for 14 h. The reaction mixture was diluted with ethyl
acetate (20 mL), quenched with water (1 mL) and subsequently
washed with saturated aqueous NaHCO; (2 x 10 mL) and brine
(2 x 10 mL). The combined organic layers were dried (MgSO,),
filtered and the filtrate was concentrated in vacuo. The residue was
purified by silica gel column chromatography (10% ethyl acetate in
hexane) to afford 9 as a colorless syrup (0.45 g, 79%, yield based
on mesylate): Ry = 0.70 (20% ethyl acetate in hexane); [a]Z =
—55.94 (¢ = 1.0, CHCI;). "H NMR (300 MHz, CDCl;): 6 = 7.27—
7.59 (m, 15H, aromatic), 5.52 (s, 1H, >CHPh), 4.45-4.50 (m,
3H, H-1, H-3,CH,Ph), 4.38-4.03 (dd, 1H, Js¢ = 5.1 Hz, Jsuep =
10.2 Hz, H-6a), 4.02-3.98 (m, 1H, H-1,), 3.84-3.73 (m, 2H, H-
1., H-6b), 3.58-3.39 (m, 4H, H-3,, H-4, H-3, H-5), 3.30 (t, 1H,
J =10.2 Hz, J = 8.7 Hz, H-2), 1.82-1.80 (m, 2H, H-2,), 1.50-
1.46 (m, 2H, H-4,), 1.31-1.24 [m, 22H, H-(5,-15,)], 0.89 (t, 3H,
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H-16,); *C NMR (300 MHz, CDCl,): § = 126.17-139.26 (aro-
matic), 101.46 (> CHPh), 86.91 (C-1), 82.07 (C-4), 81.42 (C-3),
76.19 (C-3,), 71.16 (C-3, CH,Ph), 70.73 (C-5), 70.47 (C-1,), 68.70
(C-6), 65.08 (C-2), 35.02 (C-2,), 34.24 (C-4,), 32.1-22.93 [C-(5,
15,)], 14.37 (C-16,); HRMS (m/z) for C,H;;N;OsS[M + Nal':
caled 738.4019, found 738.4613.

Phenyl 3-O-[(R)-3-benzyloxy-hexadecanoyl]-4-O-benzyl-2-deoxy-
2-azido-1-thio-B-D-glucopyranoside (5). To a solution of com-
pound 11 (0.26 g, 0.36 mmol) in toluene (10 mL) was added
BH;-NHMe, (0.11 g, 1.79 mmol). After cooling the reaction
mixture (=30 °C), BF;-OEt, (0.31 g, 2.15 mmol) was added
dropwise. The temperature was allowed to reach 0 °C over a
period of 1 h after which TLC analysis indicated completion of
the reaction. The reaction mixture was then quenched by the very
slow addition of methanol (3 mL) followed by evaporation of
the organic solvents in vacuo. The crude product was purified by
silica gel column chromatography (20% ethyl acetate in hexane) to
obtain compound 5 (0.25 g, 95%) as a white solid. R; = 0.40 (20%
ethyl acetate in hexane); [a]; = —33.56 (¢ = 1, CHCL;). 'H NMR
(300 MHz, CDCl;): 6 = 7.19-7.46 (m, 15H, aromatic), 4.71 (d,
2H, J,, = 10.8 Hz, H-3, CH,H,Ph), 4.53 (d, 2H, J,, = 10.8 Hz,
H-3,CH,H,Ph), 4.42 (bd, 2H, H-4 CH,Ph), 4.35 (d, 1H, J,, =
9.9 Hz, H-1), 3.91-3.76 (m, 3H, H-1,, H-6a), 3.61-3.57 (m, 1H,
H-6b), 3.47-3.43 (m, 1H, H-3,), 3.39-3.33 (m, 1H, H-3),3.28-3.13
(m, 3H, H-4, H-5, H-2), 2.63 (s, |H, H-6 OH), 1.82-1.76 (m, 2H,
H-2,), 1.30-1.48 (m, 2H, H-4,), 1.18 [m, 22H, H-(Ls—L,5)], 0.81
(t, 3H, H-16,); *C NMR (300 MHz, CDCl;): § = 127.67-139.13
(aromatic), 86.28 (C-1), 85.56 (C-4), 79.76 (C-5), 77.50 (C-3), 76.46
(C-3,), 75.26 (C-3, CH,Ph), 71.11 (C-4 CH,Ph, C-1,, C-6), 65.48
(C-2), 35.10 (C-2,), 34.33 (C-4,), 32.17-29.93 [C~(5,~15,)], 14.37
(C-16,); HRMS (m/z) for C,,HoN;O5S[M + Na]*: caled 740.4175,
found 740.4748.

Phenyl 3-0-acetyl-6-O-(3-0-acetyl-4,6-O-benzylidene-2-deoxy-
2-phthalimido-f-D-glucopyranosyl)-2-azido-3-O-[(R)-3-benzyloxy-
hexadecanoyl]-4-O-benzyl-2-deoxy-1-thio-p-D-glucopyranoside (12).
A suspension of 4 (0.59 g, 1.03 mmol) and 5 (0.61 g, 0.86 mmol)
and molecular sieves (4 A, 0.5 g) in DCM (10 mL) was stirred
under an argon atmosphere for 2 h. The mixture was cooled
(—35°C) followed by the addition of NIS (0.23 g, 1.04 mmol) and
TMSOTT (0.01 g, 0.05 mmol). The reaction mixture was stirred
for 45 min allowing it to slowly reach —10 °C after which TLC
analysis showed complete consumption of the starting materials.
The reaction mixture was quenched with pyridine (0.1 mL) and
diluted with DCM (10 mL). The molecular sieves were removed by
filtration through a pad of Celite. The filtrate was then washed with
aqueous Na,S,0; (2 x 20 mL, 15%) followed by water (20 mL).
The organic phase was dried (MgSO,) and concentrated in vacuo.
The crude mixture was purified by a silica gel chromatography
(25% ethyl acetate in hexane) to afford 12 (0.74 g, 76%, yield
based on acceptor) as a white solid. R, = 0.55 (30% ethyl acetate
in hexane); [a]5 = —19.28 (¢ = 1, CHCL,;). '"H NMR (600 MHz,
CDCL): 0 = 7.70-7.07 (m, 24H, aromatic), 5.89 (t, 1H, Jy, =
9.6 Hz, Jyy = 10.2 Hz, H-3'), 5.57-5.56 (d, 2H, J,» = 9.0 Hz,
H-1’, >CHPh), 4.49-4.39 (m, SH, H-3,, H-4 CH,Ph, H-6'a), 4.38
(t, 1H, J yy = 9.6 Hz, J;» = 9.0 Hz, H-2'), 4.27-4.24 (m, 2H,
H-1, H-3, CH,Ph), 4.06 (bd, 1H, H-6a), 3.87-3.79 (m, 4H, H-
6'b, H-4, H-1,), 3.73-3.66 (m, 2H, H-5, H-6b), 3.47-3.45 (m,
1H, H-3,), 3.33 (m, 1H, H-5), 3.19-3.18 (m, 2H, H-4, H-3), 3.12

(m, 1H, H-2), 1.91 (s, 3H, COCH,;), 1.79-1.76 (m, 2H, H-2,),
1.51-1.42 (m, 2H, H-4,), 1.32-1.24 [m, 22H, H-(4,-15,)], 0.86 (t,
3H, H-16,). *C NMR (300 MHz, CDCl;): 6 = 170.41 (C=0),
123.80-139.11 (aromatic), 101.92 (CHPh), 98.79 (C-1"), 85.79 (C-
1), 85.39 (C-3), 79.58 (C-4), 78.44 (C-4, C-5), 76.39 (C-3,), 75.04
(C-3. CH,Ph, C-4 CH,Ph),71.10(C-6), 71.05 (C-1,), 70.09 (C-3"),
68.94 (C-6), 68.56 (C-5), 66.56 (C-2), 55.49 (C-2'), 35.06 (C-2,),
34.32 (C-4,), 32.17-22.94 (C-5,-15,), 20.83 (COCH,), 14.38 (C-
16,). HRMS (m/z) for C4sHsN4O,S[M + Nal*: caled 1161.5337,
found 1161.741.

Phenyl 2-azido-4-O-benzyl-6-0-(4,6-O-benzylidene-2-deoxy-2'-
[(R)-3-octacosanoyloxy-hexadecan]amido-f-D-glucopyranosyl)-3-
O-(R)-3-benzyloxy-hexadecanoyl]-2-deoxy-1-thio-f-D-glucopyrano-
side (13). To compound 12 (0.73 g, 0.64 mmol) in ethanol
(20 mL) was added hydrazine hydrate (1.5 mL). The reaction
mixture was heated under reflux at 90 °C for 5 h, after which
TLC analysis showed complete consumption of starting material.
The reaction mixture was cooled to room temperature and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (5% MeOH in DCM) to afford free
amine (0.59 g, 95% yield) as a white solid. R; = 0.25 (2% methanol
in DCM); [a]y = —23.76 (¢ = 1, CHCL;). 'H NMR (600 MHz,
CDCl;): 0 = 7.57-7.30 (m, 20H, aromatic), 5.53 (s, 1H, >CHPh),
4.81 (d, IH, J,, = 10.8 Hz, H-3, CH,H,Ph), 4.56 (d, 1H, J,, =
11.4 Hz, H-3, CH,H,Ph), 4.51-4.46 (dd, 2H, J = 11.4 Hz, H-4
CH,Ph), 4.44 (d, 1H, J,» = 10.2 Hz, H-1"), 4.32-4.30 (dd, 1H,
Jyew = 4.8 Hz, Jovoy = 10.2 Hz, H-62), 4.26 (d, 1H, J,, =
7.8 Hz, H-1), 4.09 (bd, 1H, H-6a), 3.96-3.91 (m, 2H, H-1,), 3.76
(t, IH, Jy 4 = 10.2 Hz, Jg ¢ = 10.2 Hz, H-6b’), 3.63-3.48 (m,
5H, H-6b, H-3, H-4, H-3,, H-5), 3.39 (m, 1H, H-5), 3.32-3.24
(m, 3H, H-4, H-3, H-2), 2.76 (t, 1H, J,; = J,, = 8.4 Hz, H-2),
1.86 (m, 2H, H-2,), 1.47-1.55 (m, 2H, H-4,), 1.34-1.24 [m, 22H,
H-(5,-15,)], 0.88 (t, 3H, H-16,); "C NMR (300 MHz, CDCl,):
0 = 126.49-139.10 (aromatic), 105.12 (C-1"), 102.15 (> CHPh),
86.17 (C-1), 85.70 (C-4), 81.58 (C-3), 79.05 (C-3,), 78.16 (C-3)),
76.43 (C-5), 75.19 (C-3. CH,Ph), 73.49 (C-4), 71.20 (C-1y),
71.09 (C-4 CH,Ph), 69.09 (C-6), 68.95 (C-6'), 66.66 (C-5"), 65.42
(C-2), 58.22 (C-2), 35.09 (C-2,), 34.31 (C-4,), 32.15-22.92 (C
5.-15.), 14.36 (C-16,); HRMS (m/z) for C5sH,,N,O,S[M + Na]*:
caled 989.5177, found 989.6476. Lipid 7 (0.26 g, 0.39 mmol)
was dissolved in DCM (10 mL) and DCC (92.5 mg, 0.45 mmol)
was added. The mixture was stirred for 20 min and then the
above free amine was added (0.28 g, 0.29 mmol). The reaction
mixture was stirred for 16 h at room temperature after which
TLC analysis indicated completion of the reaction. The urea
was filtered off over a pad of Celite and the organic solvent was
concentrated in vacuo. The residue was purified by silica gel
column chromatography (15% ethyl acetate in toluene) to afford
compound 13 (0.43 g, 89%) as a white solid. R; = 0.65 (30% ethyl
acetate in toluene); [a]5 = —15.96 (¢ = 1, CHCL;). '"H NMR
(500 MHz, CDCly): 6 = 7.57-7.26 (20H, m, aromatic), 6.05 (d,
1H, Jxwy = 5.5 Hz, NH’), 5.57 (s, 1H, >CHPh), 5.07-5.05 (m,
1H, H-3,,), 4.79 (d, 1H, J,, = 11.0 Hz, H-3;, CH,H,Ph), 4.75
(d, 1H, Jyy = 8.5 Hz, H-1"), 4.54-4.46 (m, 4H, H-3, CH,H,Ph,
H-1, C-4 CH,Ph), 4.36-4.33 (dd, 1H, Jys = 5.0 Hz, Joy ey =
10.5 Hz, H-6a), 4.13-4.11 (bd, 1H, H-6a), 4.08 (t, 1H, H-3),
3.98-3.91 (m, 2H, H-1,), 3.79 (t, 1H, Jye = 10.5 Hz, Joy o0 =
10.5 Hz, H-6b'), 3.63-3.56 (m, 3H, H-6b, H-5, H-4), 3.53-3.44
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(m, 3H, H-3,, H-2", H-5), 3.36 (t, 1H, J., = J,, = 9.0 Hz, H-3),
3.26-3.21 (m, 2H, H-4, H-2), 2.25-2.31 (m, 4H, H-2,,, H-2,.),
1.89-1.85 (dd, H, H-2,), 1.60-1.46 (m, 6H, H-4,, H-4,,, H-3,,,),
1.41-1.15 [m, 92H, H-(5,15,, 5,151, 4.-27,)], 0.89 (t, 9H,
161, 16,1, 28,,/); *C NMR (300 MHz, CDCL): 6 = 174.39, 172.03
(C=0), 126.60-139.08 (aromatic), 102.19 (CHPh), 101.41 (C-1'),
85.63 (C-1), 85.51 (C-3), 81.72 (C-4), 79.09 (C-5), 78.45 (C-4),
76.41 (C-3,), 75.24 (C-3, CH,Ph), 71.97 (C-3), 71.62 (C-3,,),
71.24 (C-1,), 71.08 (C-4 CH,Ph), 69.14 (C-6), 68.83 (C-6),
66.67 (C-5), 65.09 (C-2), 59.48 (C-2'), 42.58 (C-2,,, 2.1), 35.08
(C-2.), 34.30-34.79 (C-4,, C-4y,, C-3,1), 32.16-22.92 [C-(5,-15,,
Su-150, 427000, 14.36 (16, 16,., 28,1/); HRMS (m/z) for
CooH,5sN,0,,S[M + Na]*: caled 1650.1597, found 1650.2234.

Phenyl 4-0O-benzyl-6-0-(4,6-O-benzylidene-3-O-[(R)-3'-benzyl-
oxy-hexadecanoyl]-2-deoxy-2'-[(R)-3-octacosanoyloxy-hexadecan]-
amido-fB-D-glucopyranosyl)-2-[(R)-3-benzyloxy-hexadecan]-amido-
3-0-|(R)-3-benzyloxy-hexadecanoyl]-2-deoxy-1-thio-p-D-glucopyra-
noside (14). Compound 13 (0.26 g, 0.16 mmol) was dissolved
in DCM (10 mL) and zinc dust (0.11 g, 1.67 mmol) was added
followed by acetic acid (100 uL, 1.75 mmol). The reaction mixture
was stirred for 2 h at room temperature after which TLC analysis
showed completion of the reaction. The reaction mixture was
washed with NaHCO; (10 mL), water (10 mL) and the organic
layer was dried (MgSO,) and concentrated in vacuo. The crude
product was purified by silica gel column chromatography (2%
MeOH in DCM) to afford a free amine (0.22 g, 84%) as a white
solid. Ry = 0.45 (2% MeOH in DCM); [a]5 = —9.24 (¢ = 1,
CHCL). "H NMR (600 MHz, CDCl;): 0 = 7.56-7.28 (m, 20H,
aromatic), 6.05 (d, 1H, Jyyy = 6.6 Hz, NH’), 5.57 (s, 1H,
>CHPh), 5.11-5.09 (m, 1H, H-3,,), 4.78 (d, 1H, J,, = 11.0 Hz,
H-3,-CH,H,Ph), 4.74 (d, IH, J,y = 8.5 Hz, H-1"), 4.56-4.44
(m, 4H, H-3,-CH,H,Ph, H-1, H-4 CH,Ph), 4.35-4.32 (dd, 1H,
Jos = 54 Hz, Jovoy = 12.6 Hz, H-62'), 4.12-4.14 (m, 1H,
H-6a), 4.08 (t, 1H, J = 10.8 Hz, J = 11.4 Hz, H-3'), 4.00-3.97
(m, 1H, H-1,-CH,H), 3.87-3.85 (m, 1H, H-1,-CHH,), 3.79
(t, 1H, Jov5y = 12.0 Hz, Jg 6w = 12.6 Hz, H-6b'), 3.66-3.61
(m, 2H, H-4, H-3,), 3.60-3.43 (m, 4H, H-6b, H-4, H-2', H-5),
3.32-3.24 (m, 2H, H-3, H-5), 2.75 (t, 1H, J = 10.8 Hz, J =
11.4 Hz, H-2),2.27-2.23 [m, 4H, H-(2,,, 2,/)], 1.86-1.83 (dd, 2H,
H-2,), 1.58-1.45 [m, 6H, H-(4,, 4., 3.1/)], 1.39-1.14 [m, 92H,
H-(5.-15., 5.—15.1, 4.0-27.10)], 0.896 (t, 9H, H-16,, 16, 28,7).
“C NMR (300 MHz, CDCl;): 6 = 139.02-126.61 (aromatic),
102.17 (> CHPh), 101.48 (C-1"), 88.58 (C-1), 86.85 (C-4), 81.72
(C-4'),79.31 (C-3), 78.98 (C-2), 76.36 (C-3,), 75.07 (C-3,. CH,Ph),
72.07 (C-3), 71.49 (C-3;;), 70.88 (C-1.), 70.78 (C-4 CH,Ph),
69.36 (C-6), 68.48 (C-6), 66.67 (C-5),59.52 (C-2'), 42.42 (C-2,,,
2110), 35.04 (C-4), 34.13-34.78 (C-4,1, 3., 21), 22.92-32.16
(C-5.-15., 5,151, 4.-27,1), 14.35 (16, 16, 28,,/). HRMS
(m/z) for CyoH(oN,O,,S[M + Na]* . caled 1624.1692, found
1624.3170. Lipid 8 (0.23 g, 0.62 mmol) was dissolved in DCM
(13 mL) followed by the addition of DCC (0.16 g, 0.75 mmol) and
DMAP (0.046 g, 0.38 mmol). The reaction mixture was stirred
for 20 min followed by addition of the above amino compound
(0.20 g, 0.13 mmol). The reaction mixture was stirred for 16 h at
room temperature after which TLC analysis indicated completion
of the reaction. The urea was filtered off over a pad of Celite and
the organic solvent was concentrated in vacuo. The crude product
was purified by silica gel chromatography (20% ethyl acetate in

toluene) to afford compound 14 (0.25 g, 86% yield) as a white
solid. Ry = 0.35 (20% ethyl acetate in toluene); [a]? = —34.48
(¢ = 1, CHCL;). '"H NMR (500 MHz, CDCl;): 6 = 7.23-7.49
(m, 30H, aromatic), 6.66 (d, 1H, Jyw> = 9.0 Hz, NH’), 5.43 (s,
IH, >CHPh), 5.37 (d, 1H, Jyu, = 9.0 Hz, NH), 5.26 (t, 1H,
J =9.5Hz, J =10 Hz, H-3), 5.02-4.96 (m, 1H, H-3,), 4.75 (d,
1H, J,, = 11.0 Hz, H-3, CH,H,Ph), 4.71 (d, 1H, J,» = 8.5 Hz,
H-1'), 4.57 (d, 1H, J,, = 11.0 Hz, H-3 | CH,H,Ph), 4.52-4.39
(m, 7H, H-1, H-4 CH,Ph, H-3,, x 2 CH,Ph), 4.34-4.32 (dd,
IH, Jy 6 = 5.5 Hz, Jov gy = 11.0 Hz, H-62), 4.01 (d, 1H, J,, =
11.0 Hz, H-6a), 3.86-3.62 (m, 9H, H-2, H-6b', H-3,, H-3,, CH X
2, H-1,, H-6b, H-2'), 3.54-3.40 (m, 5H, H-3, H-4, H-5, H-4,
H-5), 2.69-2.40 (m, 4H, H-2,, x 2), 2.31-2.07 (m, 4H, 2,,, 2,),
1.76-1.79 (m, 2H, 2,), 1.68-1.39 [m, 10H, H-(4, 4.1, 3.1/, 414),
1.33-1.27 (m, 136H, 5,-15,, 5,151, 402711/, S5ta—1514 X 2),
0.90 (t, 15H, 16., 16,,, 28,7, 16,4, x 2); "C NMR (300 MHz,
CDCl;):0 = 174.00 (C=0), 171.44 (C=0), 171.32 (C=0), 169.70
(C=0), 139.22-126.33 (aromatic), 101.61 (> CHPh, C-1), 86.18
(C-1"), 83.68 (C-5), 79.79 (C-4), 79.17 (C-4), 78.21 (C-5), 76.35
(C-1p), 75.82 (C-3), 74.84 (C-3. CH,Ph), 71.69 (C-3), 71.42
(C-4 CH,Ph), 71.32-70.65 (C-3,, C-3;,, CH,Ph), 70.25 (C-3,,),
68.87 (C-6'), 68.56 (C-6), 55.21 (C-2), 55.02 (C-2)), 41.67, 41.53
(C-211, 211), 39.81 (C-21,4), 35.09 (C-2,), 34.80-34.29 [C-(4,,,
3, 4, 4ia x 2)], 32.16-22.92 [C-(5.-15,, 5. —15.1, 40271,
Sia—1514)], 14.34 (C-16y, 16y, 28/, 16,4); HRMS (m/z) for
CyH,5sN,O,S[M + Na]*: caled 2312.7020, found 2312.8816.

4-0-Benzyl 6-0-(4,6-O-benzylidene-3-O-|(R)-3'-benzyloxy-hexa-
decanoyl]-2-deoxy-2'-|(R)-3-octacosanoyloxy-hexadecan]amido-3-
D-glucopyranosyl)-2-[(R)-3-benzyloxy-hexadecan]-amido-3-O-|(R)-
3-benzyloxy-hexadecanoyl]-2-deoxy-o-D-glucopyranose (15). Com-
pound 14 (0.05 g, 0.02 mmol) was dissolved in a mixture of
DCM and water (3.0 mL, 100 : 1 v/v) and the resulting solution
was cooled to 0 °C. NIS (0.03 g, 0.13 mmol) and TMSOTf
(0.5 uL, 0.28 umol) were added and after stirring for 30 min
at 0 °C, TLC analysis indicated completion of the reaction. It
was then quenched with pyridine (0.1 mL) and washed with
Na,S,0; (8 mL, 15%) and water (8 mL). The organic layer was
dried (MgSO,, and concentrated in vacuo. The crude product
was purified by silica gel column chromatography (1% MeOH in
DCM) followed by size exclusion chromatography over LH-20
(MeOH-DCM, 1 : 1 v/v) to yield 15 (0.021 g, 44%) as a white
solid. Ry = 0.40 (1% methanol-DCM); '"H NMR (500 MHz,
CDCl): 6 = 7.48-7.24 (m, 25H, aromatic), 6.51 (d, 1H, Jyy, =
9.5 Hz, NH), 591 (d, 1H, Jxw.» = 8.5 Hz, NH"), 5.45 (s, 1H,
>CHPh), 5.43-5.39 (m, 1H, H-3), 5.16 (d, 1H, J,» = 8.5 Hz,
H-1'), 5.09 (bs, 1H, H-1), 4.99-4.97 (m, 1H, H-3,,), 4.81 (d, 1H,
J .» = 11 Hz, H-3, CH H,Ph), 4.54-4.38 (m, 7H, H-4 CH,Ph,
H-3, CH,H,Ph, H-3,, CH,Ph x 2), 4.38-4.34 (dd, IH, Jyy =
5.5Hz, Joy v = 11 Hz, H-6a’), 4.11-4.16 (m, 1H, H-2), 4.02-3.97
(m, 2H, H-1;), 3.86-3.74 (m, 5H, H-6a, H-3;, H-3;, CH x 2,
H-6b'), 3.68-3.62 (m, 5H, H-2', H-6b, H-5', H-4, H-3), 3.58-3.42
(m, 3H, H-5, H-4, H-1 OH), 2.67-2.49 (m, 4H, H-2 , CH, x 2),
2.37-2.20 (m, 4H, H-2,,, 2;,,) 1.82-1.72 (m, 2H, H-2,), 1.60-1.48
(10H, 4,, 4,1, 31/, 4.ACH, x 2), 1.39-1.27 [m, 136H, H-(5,-15,,
Su—150, 402700, Sia—1504 x 2], 0.89 (t, 15H, H-16,, 16,
2817, 16,5 x 2); HRMS (m/z) for C,3sH,sN,O;[M + Na]*: calcd
2220.6936, found 2220.9749.
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4-0-Benzyl 6-0-(4,6-0O-benzylidene-3-0-|(R)-3'-benzyloxy-hexa-
decanoyl]-2-deoxy-2'-|(R)-3-octacosanoyloxy-hexadecan]amido-
B-D-glucopyranosyl)-2-[(R)-3-benzyloxy-hexadecan]-amido-3-O-
[(R)-3-benzyloxy-hexadecanoyl]-2-deoxy-a-D-glucono-1,5-lactone
(16). Compound 15 (0.013 g, 5.92 umol) was dissolved in DCM
(2 mL) and molecular sieves (3 A, 0.02 g) were added and, after
stirring the resulting suspension for 2 h under an atmosphere
of argon, PCC (0.063 g, 29.6 umol) was added. The reaction
mixture was stirred for 2 h at room temperature after which TLC
analysis indicated completion of the reaction. After concentration
in vacuo, the crude product was purified by iatrobead column
chromatography (20% ethyl acetate in toluene) to afford 16
(0.008 g, 62%) as a white solid. R, = 0.60 (20% ethyl acetate
in toluene); "H NMR (500 MHz, CDCl;): § = 7.48-7.24 (m, 25H,
aromatic), 6.99 (d, 1H, Jyu, = 8.5 Hz, NH), 6.66 (d, 1H, Jxw > =
7.5 Hz, NH"), 5.67 (t, 1H, J = 9.5 Hz, J = 9.0 Hz, H-3'), 5.39 (s,
1H, >CHPh), 512 (m, 1H, H-3,,), 5.00 (d, 1H, J» = 8.0 Hz, H-
1),4.74(d, 1H, J,, = 11.0 Hz, H-3, CH,H,Ph), 4.62-4.38 (m, 8H,
H-2,C-4 CH,Ph,H-3, CH,H,Ph, H-3',, CH,Ph, H-2, , CH,Ph),
4.31-4.28 (dd, 1H, Jy ¢ = 4.0 Hz, Jov ov = 10.5 Hz, H-6a"), 4.08
(d, IH, J = 10.5 Hz, H-6a), 3.84-3.80 (m, 2H, H-1,), 3.74-3.65
(m, 4H, H-6b', H-3,, H-3,, CH x2), 3.63-3.47 (m, 7H, H-4', H-
5, H-6b, H-2', H-4, H-5, H-3), 2.69-2.46 (m, 4 H, H-2, 4, H-3'14),
2.42-2.24 (m, 4H, H-2,,, 2,1/), 2.07-1.44 (m, 12H, H-2,, 4,, 4,,,
3, H-414), 1.27-1.02 (m, 136H, 5,—15;, 51, —15.1, 4002711/, Sia—
15.4), 0.98-0.72 (t, 15H, 16, 16,,, 28L", 16,,,; HRMS (m/z) for
Ci30H,sN, O [M + Naj*: caled 2218.6779, found 2218.8311.

2-Deoxy-6-0-(2'-deoxy-3-O-[(R)-3'-benzyloxy-hexadecanoyl]-
2'-|(R)-3-octacosanoyloxy-hexadecan]amido-f-p-glucopyranosyl)-
2-[(R)-3-benzyloxy-hexadecan]-amido-3-O-|(R)-3-benzyloxy-hexa-
decanoyl]-2-deoxy-o-D-glucono-1,5-lactone (3). Pd/C (10 mg,
10 wt%) was added to compound 16 (4.5 mg, 2.05 pmol) dissolved
in a mixture of THF--BuOH (2 mL, 1 : 1, v/v). The flask was
degassed and filled with H, gas and then stirred for 12 h. The
reaction progress was monitored by MALDI. After completion
of the reaction, the catalyst was filtered off through a PTFE filter
and washed with THF (0.5 mL x 3) The combined filtrates were
concentrated in vacuo and the residue was purified by LH-20 size
exclusion column chromatography (i-PrOH-DCM, 1 : 1, v/v)
to yield compound 3 (2.3 mg, 66%) as a white solid. '"H NMR
(500 MHz, THF-D : (CD;),CDOD 1 : 1): 6 = 5.12 (m, 1H, 3,,),
5.02 (t, 1H, J = 10.0 Hz, J/ = 9.0 Hz, H-3'), 4.67 (d, 1H, J > =
9.0 Hz, H-1"), 4.21 (m, 1H, H-2), 4.16 (dd, 1H, Jy¢ = 2.0 Hz,
Jer ey = 11.5 Hz, H-6a’), 4.05 (m, 1H, H-6a), 3.94 (m, 2H, H-1,,
3.86-3.45 (m, 11H, H-6b', H-2', 3,, H-3;, x 2 CH, H-6b, H-5,
H-4, H-3, H-4, H-5), 2.46-2.18 (m, 14H, H-2,, 2,1, 211/, 21, 41),
2.06-1.94 (m, 6H, H-4,,, 3,1/, 4:4), 1.84-1.27 (bm, 136H, 5,-15,,
Sei—1501, 4102711, H-5,4-15.4), 1.65-0.67 (bm, 15H, 16,, 16,
28,7, 16.4); HRMS (m/z) for C,,,H;ssN,O;;[M + Na]*: caled
1770.4588, found 1770.7673.

Biological experiments

Reagents for biological experiments. E. coli 055:B5 LPS was
obtained from List Biologicals, Pam;CysSK, was obtained from
Calbiochem and R. sin-1 LPS and lipid A were kindly provided
by Dr R. Carlson (CCRC, Athens, GA). All data presented in
this study were generated using the same batches of E. coli 055:B5
LPS and R. sin-1 LPS. The synthesis of E. coli lipid A has been

reported elsewhere.* The E. coli lipid A was reconstituted in PBS
with DMSO (10%) and stored at —80 °C. Synthetic compounds 1
and 3 were stored lyophilized at —80 °C and reconstituted in dry
THF on the day of the experiment; final concentrations of THF
in the biological experiments never exceeded 0.5% to avoid toxic
effects.

Cell maintenance. Mono Mac 6 (MM6) cells, provided by
Dr H.W.L. Ziegler-Heitbrock (Institute for Inhalation Biology,
Munich, Germany), were cultured in RPMI 1640 medium with
L-glutamine (BioWhittaker) supplemented with penicillin (100 u
mL~")-streptomycin (100 pg mL~'; Mediatech, OPI supplement
(1%; Sigma; containing oxaloacetate, pyruvate and bovine insulin)
and fetal calf serum (FCS; 10%; HyClone). New batches of frozen
cell stock were grown up every 2 months and growth morphology
evaluated. Before each experiment, MM6 cells were incubated
with calcitriol (10 ng mL™"; Sigma) for 2 days to differentiate
into macrophage like cells. RAW 264.7 yNO(—) cells, derived
from the RAW 264.7 mouse monocyte-macrophage cell line, were
obtained from ATCC. The cells were maintained in RPMI 1640
medium (ATCC) with L-glutamine (2 mM), adjusted to contain
sodium bicarbonate (1.5 g L"), glucose (4.5 g L"), HEPES
(10 mM) and sodium pyruvate (1.0 mM) and supplemented with
penicillin (100 u mL™")-streptomycin (100 pg mL™") and FBS
(10%). Human embryonic kidney (HEK) 293T cells were grown
in Dulbecco’s modified Eagle’s medium (ATCC) with L-glutamine
(4 mM), glucose (4.5 g L") and sodium bicarbonate (1.5 g L")
supplemented with penicillin (100 u mL~")-streptomycin (100 pg
mL™"), Normocin (100 pug mL™"; InvivoGen) and FBS (10%).
Stably transfected HEK 293T cells with murine TLR4/MD?2 and
murine TLR2/TLR6 were obtained from InvivoGen and grown
in the same growth medium as for HEK 293T cells supplemented
with the appropriate selective agents HygroGold (50 pg mL™';
InvivoGen) and blasticidin (10 pg mL™"; InvivoGen). All cells
were maintained in a humid 5% CO, atmosphere at 37 °C.

Cytokine induction and ELISAs. On the day of the exposure
assay differentiated MMG6 cells were harvested by centrifugation
and gently suspended (10° cells mL™") in prewarmed (37 °C)
medium and RAW 264.7 yYNO(—) cells were plated as 2 x 10° cells
per well in 96-well tissue culture plates (Nunc). Cells were then
incubated with different combinations of stimuli for 5.5 hours.
Culture supernatants were then collected and stored frozen
(—80 °C) until assayed for cytokine production. All cytokine
ELISAs were performed in 96-well MaxiSorp plates (Nalge
Nunc International). Concentrations of human TNF-a protein in
culture supernatants were determined by a solid phase sandwich
ELISA. Plates were coated with purified mouse anti-human TNF-
a antibody (Pharmingen). TNF-a in standards and samples was
allowed to bind to the immobilized antibody. Biotinylated mouse
anti-human TNF-a antibody (Pharmingen) was then added, pro-
ducing an antibody—antigen—antibody “sandwich”. After addition
of avidin-horseradish peroxidase conjugate (Pharmingen) and
ABTS peroxidase substrate (Kirkegaard & Perry Laboratories),
a green color was produced in direct proportion to the amount
of TNF-a present in the sample. The reaction was stopped by
adding peroxidase stop solution (Kirkegaard & Perry Labora-
tories) and the absorbance was measured at 405 nm using a
microplate reader (BMG Labtech). Cytokine DuoSet ELISA
Development Kits (R & D Systems) were used for the cytokine
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quantification of human IP-10 and mouse TNF-a according to
the manufacturer’s instructions. The absorbance was measured at
450 nm with wavelength correction set to 540 nm. Concentrations
of mouse IFN-B in culture supernatants were determined as
follows. Plates were coated with rabbit polyclonal antibody
against mouse IFN-f§ (PBL Biomedical Laboratories). IFN-3 in
standards and samples was allowed to bind to the immobilized
antibody. Rat anti-mouse IFN-f antibody (USBiological) was
then added, producing an antibody-antigen-antibody “sandwich”.
Next, horseradish peroxidase (HRP) conjugated goat anti-rat IgG
(H + L) antibody (Pierce) and a chromogenic substrate for HRP
3,3.5,5-tetramethylbenzidine (TMB; Pierce) were added. After
the reaction was stopped, the absorbance was measured at 450 nm
with wavelength correction set to 540 nm. All cytokine values are
presented as the means £ SD of triplicate measurements, with
each experiment being repeated three times.

Transfection and NF-kB activation assay. The day before
transfection, HEK 293T wild type cells and HEK 293T cells stably
transfected with murine TLR2/TLR6 or murine TLR4/MD?2
were plated in 96-well tissue culture plates (16000 cells per well).
The next day, cells were transiently transfected using PolyFect
Transfection Reagent (Qiagen) with expression plasmids pELAM-
Luc (NF-kB-dependent firefly luciferase reporter plasmid, 50 ng
per well)*” and pRL-TK (Renilla luciferase control reporter vector,
1 ng per well; Promega) as an internal control to normalize
experimental variations. The empty vector pcDNA3 (Invitrogen)
was used as a control and to normalize the DNA concentration for
all of the transfection reactions (total DNA 70 ng per well). Forty-
four h post-transfection, cells were exposed to the stimuli in the
presence of FCS to provide sCD14 at the indicated concentrations
for 4 h, after which cell extracts were prepared. The luciferase
activity was measured using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions
and a combination luminometer—fluorometer microplate reader
(BMG Labtech). Expression of the firefly luciferase reporter gene
was normalized for transfection efficiency with expression of
Renilla luciferase. The data are reported as the means £ SD of
triplicate treatments. The transfection experiments were repeated
at least twice.

Data analysis. Concentration—response and inhibition data
were analyzed using nonlinear least-squares curve fitting in Prism
(GraphPad Software, Inc.). Concentration-response data were fit
with the following four parameter logistic equation: ¥ = E,,./(1 +
(ECs,/ X)Hilslore) “where Y is the cytokine response, X is logarithm
of the concentration of the stimulus, E,,,, is the maximum response
and EC;, is the concentration of the stimulus producing 50%
stimulation. The Hillslope was set at 1 to be able to compare
the ECs, values of the different inducers. Inhibition data were
fit with the following logistic equation: ¥ = Bottom + (Top —
Bottom)/(1 + 10" ~¢1%0)) "where Y is the cytokine response, X is
the logarithm of the concentration of the inhibitor and IC;, is the
concentration of the inhibitor that reduces the response by half.
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Several possible scales of steric effects of the alkyl groups were suggested on the basis of isodesmic
model reactions, in which a sterically crowded compound is formally synthesized from simpler
derivatives. The reaction energies were calculated within the framework of the density functional theory
at the level B3LYP/6-311+G(d.p)//B3LYP/6-311+G(d.p) for 6 model systems and 7 various alkyl
groups. The most important systems were cis-1,2-dialkylcyclopropanes 1 synthesized from two mono

derivatives and sterically crowded derivatives of bicyclo[2.2.2]octane 2 with C; symmetry. The scales of

steric effects evaluated from the two models were rather different: the first scale depended in effect only
on the C atoms in the o and B positions and the effects were almost equal for all primary alkyls. The
second scale depended also on the y position and the effect of the CH,—#-Bu group was much greater
than that of the ethyl group. Any relationship between various systems was found rarely, only in the

case of very similar reaction series; even in such cases the relationship was sometimes linear, sometimes

distinctly curvilinear. It is concluded that any universal scale of steric effects is in principle not possible
since these effects depend specifically on the surroundings of the substituent in a particular reaction.
Nevertheless, there is a similarity between various scales; a bulky group appears as bulky in any scale.

Therefore, very rough correlations of steric effects are possible.

Introduction

The classical definition of substituent effects’™ makes use of a
model molecule with a variable substituent, a connecting skeleton
and a functional group (denoted* sometimes as the “probe”), on
which a measurable property is monitored. The substituent effect
has been defined as the change of this quantity referenced to a
standard substituent, usually hydrogen. According to the structure
of the model and the character of the measurable quantity the
substituent effect was given different names, sometimes very
detailed® but a separation into inductive, resonance and steric was
broadly accepted.=**” We criticized?® this concept since the “probe”
was often an ionized group’™ and had greater influence on the
structure and electron distribution than the variable substituent.
A redefinition was suggested,® which removes the difference
between the substituent and the functional group, and restricts
the measurable quantity to reaction energy (or enthalpy or Gibbs
energy). In this way the term substituent effect received a more
narrow definition but also a clear thermodynamic meaning. For
instance the inductive effect was defined by the isodesmic'*?
and homodesmic® reaction, eqn (1), which describes interaction
of the groups X and Y without differentiating the substituent and
reaction centre.

XLy + Oy = xLOHY + O

“Department of Organic Chemistry, Institute of Chemical Technology, CZ-
16628 Praha 6, Czech Republic

bInstitute of Organic Chemistry and Biochemistry, Academy of Sciences of
the Czech Republic, CZ-16610 Praha 6, Czech Republic

T Electronic supplementary information (ESI) available: DFT calculated
energies of 1 to 6 (Tables S1 and S2) and some calculated geometrical
parameters of 2 and 6 (Table S3). See DOI: 10.1039/b704459¢

Similarly the resonance interaction was defined'* on the basis of
the reaction in eqn (2), although in this case the definition is less
straightforward and requires a correction for the simultaneously
present inductive effect.

X_//—\\ + /_\_Y E— X_//_\_Y + /7 \ )

In both cases the reaction energies were calculated for isolated
molecules within the framework of the density functional theory
(DFT) and only some particular reactions were anchored on the
available experimental data.'®" The results of these two studies
were somewhat similar: the terms of both inductive effect and
resonance effect should be restricted in their validity. The inductive
effect is valid in the original simple form only when one of the
interacting groups [X and Y in eqn (1)] is charged (COO~, NH;")
or strongly polar (NO,, CN). Interaction of two less polar groups
is more complex.'®!® The resonance effect in eqn (2) is well defined
when X is a donor and Y an acceptor; interaction of two donors or
two acceptors cannot be simply described in terms of resonance.'

The goal of this paper was to quantify the steric effect in a similar
way, that is on the isolated molecules, independently of solvent
and of any assumed reaction mechanism. It was clear from the
beginning that any broadly applicable scale can hardly be found.
There is a general opinion that the steric effects are not linearly
dependent in various reactions'® but rather vary nonlinearly with
the substituent, becoming suddenly appreciable at its certain size.
We attempted to find at least some similar reaction series in which
the steric effects would be proportional or related nonlinearly. In
order to deal with effects, which can be classified as purely steric,
we restricted the investigation to alkyl substituents.

Steric effects of the alkyl groups were quantified either in energy
terms based on experiments, or in geometrical terms based on
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calculations. Several scales of steric constants were thus proposed
but there is only very scarce evidence of the extent to which they can
be correlated with observed reactivities. Original Taft’s separation
of inductive and steric effects was based on the kinetics of ester
hydrolysis.” The inductive constants ¢* were then used broadly
whereas the steric constants E, correlated themselves with the
reactivity only in several, rather small reaction series;” mostly they
have been used””?° in combination with inductive and resonance
effects but their proper contribution was not evident. The values
of E, were revised and improved several times,??’ for instance
corrected for assumed hyperconjugation®?¢ but the usefulness
of this correction has not been sufficiently proven. Several other
reactions were claimed* to depend almost exclusively on steric
effects but the generated scales were usually not tested on other
reactions. One old attempt seems interesting, that is estimating
the steric effect from conformational equilibrium of cyclohexane
derivatives,* eqn (3). However this equilibrium was estimated
only indirectly from kinetic data and few alkyl substituents
were investigated. The steric constants determined by various
procedures were generally not proportional® as could be expected.

X
mxiﬁ 3)

Apparently better founded are Charton’s steric constants v,
defined on a different principle referring only to pure geometry:*
they represent an idealized radius of a group based on the van der
Waals radii ry of individual atoms. Of various scales of ry the scale
of Bondi* was preferred and some values were still corrected. The
main problem is with the unsymmetrical groups that can prefer
such conformations to escape the steric tension; for instance the
groups CH,CHj;, CH,Hal and CH,OH have in the favourable
conformations equal values of v, denoted v,, (minimum). For
the correlations however the effective value v, is more important,
estimated® with respect to some kinetic experiments as previously
with the E; values. There are many objections against the whole
theory: the model of rigid spheres is far from reality, the interaction
energy is not linearly related to ry, and there is a great arbitrariness
concerning the conformation. Nevertheless, the constants v were
applied many times**-3 but always together with other parameters
(a1, og etc.). There is a rough correlation of v with E, with many
unexplained exceptions.’

An extension of these ideas are the directional steric constants®’
(“sterimol”) Bl to B4, representing either the minimum or
maximum dimension of the substituent, measured either in the
direction of the connecting bond or perpendicular to it, as when the
molecule would be placed into rectangular boxes. These constants
could be perhaps of importance for enzymatic reactions but were
rarely applicable to kinetics and only exceptionally to equilibria.?®

In this work, we describe several new model systems for
evaluating the steric effect of alkyl groups. Their merit is that
they work in terms of energy of isolated molecules, not only of
geometry: two alkyl groups are brought together in the course of
an isodesmic reaction. Concerning the exact geometry, we chose
molecules in which the alkyls are as near as possible to each other
and situated on a very rigid system. These conditions are met
with cis-1,2-dialkylcyclopropanes 1 and the reaction in eqn (4);
this equation also has the merit that it is in principle similar to
eqns (1) and (2), which define the inductive effect and resonance

effect, respectively. Effects determined on eqn (4) were expected to
be somewhat similar to the constants® v, or sterimol®” B1, since
the two alkyls can take suitable conformations and minimize the
steric strain.

X Y X Y
N/ + V — v + \/
1 4)

The second model we suggested, 1-substituted trans,trans,trans-
2,6,7-trimethylbicyclo[2.2.2]octane derivatives 2, was constructed
to reveal the steric effect independent of conformation taking into
account also the third atom of the substituent, see eqn (5). Both
model systems were then compared with similar models to see
whether the steric effects are proportional at least in very similar

series.
Me Me
X X
)& + Me% Me% + %
Me Me
2
(5)

The reaction energies were calculated at the level B3LYP/6-
311+G(d,p)//B3LYP/6-311+G(d,p) which was well-tried for var-
ious substituent effects!®*!* in molecules of similar size and was
found to be satisfactory even for steric effects.* (Recently reported
failure® of this theoretical model was established only on one
example and should be checked on a series of compounds.)

Calculations

The DFT energies of 1,2-disubstituted cyclopropanes 1 and
3, cyclopentanes 4 and 5, 1-substituted trans,trans,trans-2,6,7-
trimethylbicyclo[2.2.2]octanes 2 and 1-substituted 2,2,6,6,7,7-
hexamethylbicyclo[2.2.2]octanes 6 were calculated at the
B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p) level with the
GAUSSIAN 03 program.*' Possible conformations were always
taken into consideration and calculations were started from
the pertinent near structures; planarity or any symmetry was
never anticipated. No correction for the zero-point energy was
introduced. All structures were checked by vibrational analysis
and behaved as energy minima.

The energies are listed in Tables S1 and S2 (ESIf). Some
important geometric parameters of 1 are given in Table 1, those
of 2 and 6 in Table S3.

Results and discussion
Steric effects of two adjoining alkyl groups

This concept of the steric effect was based on cis-1,2-cyclopropane
derivatives 1, which were formally synthesized in the isodesmic
reaction, eqn (4). The two alkyl groups X and Y are brought
and kept together by the relatively rigid cyclopropane system.
The two cis alkyl groups are situated in the synperiplanar (sp)
conformation, which is generally somewhat unnatural and is found
only in few molecules. On the other hand, it allows the steric
effects to be observed very clearly. The DFT calculated reaction
energies of this reaction, A,E, are listed in Table 1, column 2. On
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Table 1 Some calculated geometrical parameters of cyclopropane derivatives 1 and energies of the isodesmic reactions, eqn (4), (6), (11) and (12)

1 (cis-1,2-cyclopropanes) 3 4 5
Substituents AE/kImol™  Cl1-C2/A  £C-C1-C2/°  ZCl-C2-C/° ¢ AE/kKImol™ A E/kJmol™  ApE/kJmol™
Me Me 6.21 1.515 123.1 123.1 0.0 041 9.71 1.08
Me Et 6.77 1.514 123.1 123.4 0.3 0.40 3.45 —4.89
Me Pr 6.72 1.517 123.4 123.4 0.6 0.46 — —
Me i-Bu 7.12 1.516 123.5 123.2 0.3 0.43 — —
Me neo-Pe 7.05 1.518 123.2 122.3 1.3 046 10.52 21.97
Me i-Pr 7.41 1.516 123.5 125.8 0.7 0.55 17.56 1.37
Me t-Bu 17.66 1.519 126.8 129.8 49  0.84 20.67 5.78
Et Et 7.03 1.513 123.6 123.6 0.0 047 —0.86 —10.61
Et Pr 7.07 1.514 123.6 123.5 0.0 0.51 — —
Eti-Bu 7.58 1.515 123.9 123.2 0.2  0.30 — —
Et neo-Pe 7.43 1.517 123.7 122.4 1.6 045 6.03 17.10
Eti-Pr 7.83 1.515 124.0 124.0 1.0 0.62 11.83 —4.15
Et#-Bu 18.29 1.518 127.3 130.0 5.1 0.77 17.70 —0.55
Pr Pr 7.14 1.514 123.4 123.4 0.0 0.58 — —
Pri-Bu 7.58 1.516 123.8 123.2 0.1 0.51 — —
Pr neo-Pe 8.92 1.515 124.6 125.1 04  0.46 — —
Pri-Pr 7.76 1.518 123.9 124.0 09 0.62 — —
Pr -Bu 18.29 1.518 127.2 129.9 5.1 0.82 — —
i-Bui-Bu 8.16 1.517 123.7 123.7 0.0 054 — —
i-Bu neo-Pe 7.96 1.515 123.3 122.7 1.3 0.48 — —
i-Bui-Pr 8.23 1.517 123.5 124.2 1.0 0.51 — —
i-Bu #-Bu 19.44 1.520 126.9 130.3 5.1 0.66 — —
neo-Pe neo-Pe 7.93 1.520 122.4 122.4 0.0 0.77 13.99 43.61
neo-Pe i-Pr 8.46 1.519 122.9 124.1 0.3  0.60 18.00 21.83
neo-Pe 7-Bu 18.89 1.521 126.1 130.0 49  0.80 39.14 31.01
i-Pri-Pr 11.99 1.520 — — 0.0 0.89 25.12 1.80
i-Pr #-Bu 21.73 1.523 128.9 131.6 3.7 1.27 29.74 6.46
t-Bu 7-Bu 42.75 1.532 134.7 135.4 0.8 1.49 63.94 21.63
“ Dihedral angle C-C1-C2-C.
the first sight these values are sufficiently large compared to the /
possible uncertainty of the method. This is evident when they are 40 /O
compared to the trans isomers 3, eqn (6), in which the steric effects i //
are negligible and exceed 1 kJ mol™' only in two cases (Table 1, /
column 7). These effects will not be discussed; rather they will //
serve as boundary values showing the limits of both the quantum- ‘T—o /
chemical model and of the concept of the steric effect. E o0l 5// ,/
2 e
X \% X % - S
fr— + / x///
VAR v y " /& 4 20
< ’, P
3 (6) < P e
4 ’
. o of & -
On the first sight, the values of A E can be divided into ,*
three groups: for all primary alkyls they are almost equal, for ///
the secondary alkyl group i-C;H, slightly greater and for the ¥ 10
tertiary alkyl -C,Hy much greater. In the correlation analysis (') 1'0 2'0
the fundamental question is whether the effects are proportional
A7E  kJ mol-1

when one of the alkyl groups is held constant. To this purpose we
chose the methyl group as the standard constant group, that is the
reaction energies A, E, eqn (7), as the reference series.

X CH X CH
VAR VAR “V‘ 3"‘V )

Reaction energies of further series with different constant
groups were plotted vs. A;E in Fig. 1. Linear dependences
were obtained but the points were distributed irregularly along
the regression lines and this makes any statistical treatment
unreliable. As expected, primary alkyl groups behave almost
as one substituent and the pertinent straight lines have slopes

Fig. 1 Plot of the interaction energies of two alkyl groups in cis-1,2-
dialkylcyclopropanes 1, eqn (4), with different constant groups Y. x-Axis:
Y = CHj; y-axis: symbol +, Y = C,H; or C;H; or i-C,H, or CH,—#-C,H,;
symbol x, Y =i-C;H;; symbol O, Y = 7-C,H,.

insignificantly greater than unity; isopropyl derivatives have a
slope of 1.24 and tert-butyl derivatives a slope of 2.59. There is
only one deviating point of the i-Pr derivative but the deviation
has little significance. In any case it has been proven that in
very similar reactions (differing here only by the constant group
Y in 1) the steric effects can be proportional. For defining the
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steric parameters (“constants”) and perhaps for calculating new
values for further groups we recommend using 7-butyl derivatives
according to eqn (8). The steric constant v, is then defined by
eqn (9); the proportionality constant 0.029 is purely arbitrary and
should only bring the values of v;, to a scale comparable to the
standard values v.

X C(CHy)s _ X C(CHs)
AVERVARRSE V AV ®)

vy = 0.029A,E (kJ mol ™) )

The symbol v,, should show that the values express the
interaction in the adjoining positions 1,2. We do not claim that this
scale of steric constants would be perhaps better than the scales in
use, since it will be shown that the steric effects are variable. Our
scale should serve merely as a reference and has the main merit
that it is thermodynamically defined on isolated molecules. The
values of v, are given in Table 2, column 2. When these constants
are defined, one can express the interaction energy in the reaction
of eqn (4) as a function of the two substituents, eqn (10). Statistics
for eqn (10) are: R =0.9944 s = 0.61 kJ mol™" N =29

AE = (28.6 £ 0.4)0,,(X)v,(Y) — 0.8 £0.2 (10)

The correlation is very good but the equation is of little
importance due to the restricted range of validity. The fit could be
still improved if the constants v;, were optimized with respect to
all data instead of defined on a particular series. However, such
statistical values have a disadvantage in that they should always be
recalculated when new data are obtained,** while the values defined
as above can simply be added; the new data can be added to the old
ones. In any case eqn (10) proves that proportional steric effects are
possible in a restricted series of extremely similar reactions. On the
other hand, the proportionality is violated even in reaction series
that are apparently still very similar. We observed this already in
the analogous reactions of 1,2-disubstituted cyclopentanes, cis 4
and trans 5, eqns (11) and (12), respectively.

X Y X LY
OD+0 = O « O
4 (11)

Table 2 New calculated steric constants and energies of the isodesmic
reactions eqns (5) and (14)

Steric Reaction ener-

constants gies/kJ mol™!
Substituent P Ves? AsE ALE
H 0 0 0.00 0.00
Me 0.51 0.33 18.73 26.02
Et 0.53 0.62 35.57 50.58
Pr 0.53 0.63 35.61 50.80
i-Bu 0.56 0.78 44.26 63.20
neo-Pe 0.55 1.03 58.82 95.06
i-Pr 0.63 0.92 52.57 88.85
-Bu 1.24 1.24 70.57 134.82

“Determined from substituted -butylcyclopropanes, eqn (8).

® Determined from bicyclo[2.2.2]octane derivatives 2, eqn (5).

X Y X Y
D+ 5 =T+ 0
5 (12)

In these reactions, the groups X and Y also prefer the
conformations as mutually remote as possible but the steric strain
is also partly balanced by the changes of conformation of the
cyclopentane ring. This effect is quite irregular and the calculated
reaction energies A, E and A, E sometimes do not follow the size
of the substituents X and Y. Some values of A, E and A,E are
given in Table S1 (ESIT) and will not be discussed in detail.

Steric effects independent of conformation

The constants v, are evidently almost independent of the
branching of the alkyl substituent in the B position: their values
for all primary groups are practically equal. We searched for
model compounds, in which even the steric effect of further
apart atoms would be observed, and found as most suitable the
relatively sophisticated compounds 2, eqn (5). With symmetrical
substituents the molecules 2 possess C; symmetry; with unsym-
metrical substituents they exist in three degenerate conformations.
The steric effect of the remote parts of the substituent can be
foreseen. The reaction energies AsE are given in Table 2, column
4. As expected they are large and differ deeply from A, E or AgE.
For better comparison with v,, they were rescaled to a comparable
scale and denoted vc;, eqn (13).

ves = 0.0176AsE (kJ mol™) (13)

The constants ve; (Table 2, column 3) differ from v,, funda-
mentally: the effect of the third atom is appreciable, for instance
the value for CH,—#-Bu is greater than that for i-C;H; and much
greater than that for i-C,H,. The constants ve; may thus describe
well the steric requirement of any group but it is not known to
what extent they can correlate reactions more or less similar to the
reaction of eqn (5). We carried out a comparison with the reaction
of eqn (14), in our opinion possibly the most similar to eqn (5): the
compounds 6 differ only by the number of methyl groups from 2.

Me—Me Me-~Me
X 3 Me X Me 4
Me Me
\ M \
Me Me Ve

6

The comparison is carried out in Fig. 2. As expected the steric
effects in eqn (14) are larger and reveal a very strong steric
hindrance. Importantly, the dependence is with certainty not
linear; the steric effects are not additive but they reinforce each
other. This is in fact in agreement with the general opinion about
these effects that they may become suddenly stronger with the
increasing steric hindrance.

Comparison of the old and our scales of steric constants is
not simple, also because of different reference substituents and
different scaling. We attempted to compare at least the most
important constants in Table 3 after they had been rescaled (for
this purpose only) to two fixed points: zero for methyl and 10
for #-butyl. Differences between the individual sets are striking,

(14)
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Table 3 Steric constants of the alkyl groups rescaled to a common scale”

E} E’°c E’°? E¢ Ve " U’ Bl# B4¢ Upy Ucs
H —8.1 — — — —7.2 =72 —4.9 —11.2 -7.0 -3.6
CH, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C,H; 0.5 1.5 1.3 0.2 0.6 0.0 0.0 10.0 0.3 32
i-C;H; 3.1 4.4 4.1 1.6 33 — 4.9 12.0 1.6 6.5
+-C,Hy 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
C:H; 2.3 2.7 2.6 1.3 2.2 0.0 0.0 15.6 0.3 33
i-C,H, 6.0 5.0 5.3 5 6.4 0.0 0.0 23.3 0.7 4.9
CH,-+-C,H, 11.3 — — 11.4 — — — 0.5 7.7

@ All scales were linearly transformed to reach the fixed values: zero for CH; and 10 for -C,H,. ® Determined from experimental data from kinetics,
ref. 7. < Corrected for assumed hyperconjugation, ref. 23. 4 Values reported in ref. 44, corrected for hyperconjugation according to ref. 26. ¢ From the
hydroboration reaction, ref. 28./ Derived from the van der Waals radii, ref. 31. ¢ The sterimol constants, ref. 37.

t-Bu

Sjin = 121
Squad = 3.4

120r
100
80
60
40

-1
AE kI mol

20

AsE  kd mol-1

Fig.2 Plot of the interaction energies of the alkyl groups with a constant
environment in two similar, sterically crowded bicyclo[2.2.2]octane deriva-
tives 2 [eqn (5)] and 6 [eqn (14)]; standard deviations from the linear and
quadratic interpolation are given.

even when some important items are lacking. Nevertheless some
regularities emerge and our two kinds of constants, v;, and v¢;, may
be seen as two prototypes. The constants v, have some similarity
with v,, or Bl and can measure interaction of two groups in
adjoining positions. The constants ve;also take into account the
more distant part of the substituent, similarly to the constant
v or E,. The correction for hyperconjugation, E,°, seems to be
unimportant in this connection and the constants sterimol*’ B4
have probably no significance. Our parameters have the merit of
a definite physical meaning and can be easily and unambiguously
calculated for any required alkyl group. In our opinion they can
serve as standards but direct correlation with various sets of data
cannot be expected.

Steric effects on geometrical parameters

The steric strain in crowded compounds like 1, 2 or 6 is relieved
in all degrees of freedom but more apparently in the parameters
near to the variable substituent. The question was whether there is
any proportionality among individual parameters on the one hand
and with the interaction energies on the other. In 1 one can expect
that with the increasing strain the intraannular bond CI-C2 is
elongated, the bond angles ¥, = ZC-C1-C2 and ¢, = ZC1-C2-
C are widened and the dihedral angle 1 = C-C1-C2-C differs
from zero. The values are given in Table 1 and compared with

the interaction energies in Fig. 3. There is an evident, perhaps not
exactly linear, dependence of the average angles (¢, + ,)/2, while
the bond lengths C1-C2 depend on the energy only roughly—they
are more sensitive to the structural changes in the B position. The
dihedral angles 7 are appreciable only in few derivatives and are
changed slightly and irregularly.

Y
1.53f e
Q//

- / —
< 152 °-@ /94135 o
v +
- 7 ve)

Y] ’
_ﬂ // I\L
Q 1514 v, 130

o ¥

\
o

v /é,‘? 1125

/g 1120

AME  kJ mol1

Fig. 3 Comparison of the steric effects in cis-1,2-dialkylcyclopropanes 1
on the energy (x-axis) and on the geometry (y-axis): the extended bond
C1-C2 and widened angles ¢, = ZC-C1-C2 and ¢, = ZC1-C2-C.

On one example we attempted to calculate the relaxation
energies from fixed structures. cis-1-Methyl-2-z-butylcyclopropane
(1, X = CH;, Y = t-C,H,), with the fixed bond length Cl-
C2 and angles ¥,, ¥, as they are in the mono derivatives,
has energy of 31.2 kJ mol™' higher than calculated for these
mono derivatives according to eqn (4) (‘pure’ van der Waals
compression). When only the C1-C2 bond length is relaxed,
energy drops only by 0.8 kJ mol™'; when #, and ¥, are relaxed,
it drops by 12.44 kJ mol~'. With relaxation of all parameters,
it drops by 12.5 kJ mol™' to reach the value 18.7 kJ mol™" (as
given in Table 2) expressing the steric hindrance in real molecules
according to eqn (4). Even with some doubts about calculations
of fixed structures, one can conclude that relaxation proceeds by
deformation of the angles; the C1-C2 bond is also deformed but
does not contribute to the energy.

In the molecules of 2 and 6 we observed elongated bond lengths
C1-C2, C1-C6 and C1-C7 (generally of different length, Table
S3, ESIT); their average length was approximately proportional
to the interaction energy (graph not shown). Some calculated
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bond lengths may seem to be too long, up to 1.657 A, but this
is possible in crowded molecules.® All bond angles C(X)-Cl—
C2 (three different values) and C1-C2-C(H;) (three values in 2,
six values in 6) were widened but dependence on the interaction
energy was only qualitative. It has been thus confirmed that energy
and geometrical parameters can be controlled by substitution in a
different way.

Conclusions

Our scales of steric effects of alkyl groups, obtained by means
of isodesmic reactions, have the merit that they are thermody-
namically well defined and can be simply extended to further
substituents, alkyls or even polar groups, by simple DFT cal-
culation. On the other hand, interpretation of our quantitative
results confirmed only what had been claimed several times in a
qualitative sense. Firstly the steric effects can be very strong even
when it is not anticipated from the space-filling models; the strong
effects much exceed the possible uncertainty of our DFT approach.
Secondly we found several convincing examples that the steric
effects are different in different reactions and that even in very
similar reactions they need not be linearly related. In our opinion
the universal scales of steric effects have no physical meaning
(problematic van der Waals radii, kinetics of specific reactions
in solution) and little practical applicability (only in combination
with other parameters). In this respect the steric effect differs from
the inductive and also from the resonance effects.
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Sequential enolate alkylations of (S)-N(1)-methyl-5-methoxy-6-isopropyl-3,6-dihydropyrazin-2-one
and (S)-N(1)-p-methoxybenzyl-5-methoxy-6-isopropyl-3,6-dihydropyrazin-2-one proceed with
excellent levels of diastereoselectivity (>90% de) affording quaternary a-amino acids in high

enantiomeric excess (>98% ee) after deprotection and hydrolysis.

Introduction

The asymmetric synthesis of non-proteinogenic quaternary (o,o-
disubstituted) amino acids is of interest due to the biological
activity of these small molecules and peptides containing such
residues.! Furthermore these materials have application in protein
engineering due to their ability to restrict the conformational
flexibility of peptides and allow the subtle perturbations of
overall structure without wholly disrupting secondary structural
features.> The asymmetric synthesis of this class of o-amino
acid has been reviewed' and recently a wide variety of ap-
proaches including phase transfer catalysis,® asymmetric catalytic
allylation,* chiral auxiliary,® rearrangement.® and chiral memory’
have been reported.® We have previously reported the asymmetric
synthesis of both (R) and (S) tertiary a-amino acids from
the alkylation of N,N’-bis-p-methoxybenzyl-3-isopropyl-diketo-
piperazine (DKP) templates 1° and 2 (Fig. 1) and wished
to extend the alkylation chemistry of these templates to the
asymmetric preparation of quaternary o-amino acids. We describe
herein the results of these investigations, and the use of modified
diketopiperazine derived templates for the efficient asymmetric
synthesis of tertiary and quaternary a-amino acids.
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Results and discussion

Alkylation of N,/N’-bis-p-methoxybenzyl-3-isopropyl-6-
alkyl-piperazine-2,5-dione templates

In preliminary investigations alkylations of the lithium enolates
of the known substituted 6-methyl-DKP 3 and 6-benzyl-DKP 4
with a range of alkyl halides were found to proceed with poor
conversion and yield. The corresponding potassium enolates 5
and 6, however, were found to be more reactive and afforded
dialkylated products 7-9 in moderate yield and de. Notably the
alkylation of 5 with sterically hindered isopropyl iodide gave 8 in
only 36% isolated yield (Scheme 1).
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Scheme 1  Reagents and conditions: (i) KHMDS (3 eq.), THF, —78 °C;
(i) R*X.

These results are in marked contrast to the reactivity and high
levels of diastereoselectivity observed upon mono-alkylation of
the lithium enolate of DKP 1. The poor reactivity and selectivity
observed in the present case is presumably due to an increase in
steric hindrance at the substituted carbon centre of the enolate
undergoing alkylation. The presence of the N(1)-alkyl substituent
close to the site of alkylation may also contribute to the steric
crowding of these enolates and it was therefore proposed that
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mono-lactim ether substrates such as 18 and 19 (Fig. 2) may show
greater reactivity in alkylation reactions, allowing the efficient
alkylation of substituted enolates. In support of this hypothesis
the dialkylations of Schéllkopf’s bis-lactim ether auxiliary 10"
and N(1)-benzyl mono-lactim ether template 11'* (Fig. 2) have
been reported to proceed efficiently, and with high levels of trans
diastereofacial selectivity. We chose to investigate systematically
the reactivity and selectivity of templates N(1)-methyl 18 and N(1)-
p-methoxybenzyl 19 in order to appraise their general utility for
the preparation of a range of quaternary g-amino acids.
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Fig. 2 Schollkopf’s bis-lactim ether auxiliary 10, and mono-lactim ether
templates 11, 18 and 19.

Mono-alkylation of N(1)-methyl and /N (1)-p-methoxybenzyl
mono-lactim ether templates

N(1)-Methyl and N(1)-p-methoxybenzyl mono-lactim ether tem-
plates 18 and 19 were prepared in 39 and 44% overall yield,
respectively, from the appropriate (S)-N-alkyl-valine methyl ester
hydrochlorides 12** and 13, via N-acylation with bromoacetyl
bromide, bromide displacement and concomitant cyclisation with
ammonia, and subsequent O-methylation with trimethyloxonium
tetrafluoroborate under vacuum in the ionic liquid solvent
N-butyl-N'-methyl-imidazolium tetrafluoroborate (BmimBF,)"
(Scheme 2).

14, P = Me, 80%
15, P = PMB, 88%

J (ii)

7 ) 7
) o “° i) e NP
N4 - 4
Me0” N 07N
H

18, P = Me, 61%

19, P = PMB, 61%

12, P =Me
13, P = PMB.HCI

16, P = Me, 80%

17, P = PMB, 86%

Scheme2 Reagents and conditions: (i) BrCH,COBr, Et;N, DCM, —78 °C;
(ii)) NH;, EtOH, rt, 48 h; (iii) Me;OBF,, BmimBF,, vacuum, rt.

Efficient and exclusive C(3)-alkylation of mono-lactim ether
templates 18 and 19 was achieved with 1.0 eq. of BuLi followed by
addition of 1.1 eq. of three representative electrophiles viz. methyl
iodide, benzyl bromide and isopropyl iodide. All alkylations

afforded the corresponding trans-(3R,6S)-product as the major
diastereoisomer, and the diastereoselectivity was independent of
the choice of N-alkyl substituent: both the N(1)-methyl and N(1)-
p-methoxybenzyl templates 18 and 19 delivered similar levels of
diastereoselectivity. Good to excellent diastercoselectivities were
observed in the alkylations with benzyl bromide (>98% de) and
isopropyl iodide (88 and 95% de), whilst lower levels of selectivity
were observed in the alkylations with methyl iodide (68 and 70%
de) (Scheme 3).' In each case, the diastereoisomeric excess of the
alkylation reaction was determined by analysis of the "H NMR
spectrum of the crude reaction mixture. The lower selectivity
observed for alkylation with methyl iodide was not the result of
epimerisation of the alkylation products during the reaction since
treatment of either trans-22 (>98% de) or cis-23 (>98% de) with
0.5 eq. of the lithium enolate of mono-lactim ether 19 returned
diastereoisomerically pure starting material.
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18, P = Me trans-(3R,6S) cis-(3S,6S)
19, P = PMB
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Me Me 84.5:14.5 20, 57 (>98) 21,13 (>98)
PMB Me 84:16 22, 62 (>98) 23, 4 (>98)
Me Bn >99:<1 24, 82 (>98) 250
PMB Bn >99:<1 26, 94 (>98) 27,0

Me 'Pr 94:6 28, 84 (>98) 29, 3 (>98)
PMB Pr  97.525 30, 62 (>98) 31,2 (>98)

Scheme 3 Reagents and conditions: (i) BuLi (1.0 eq.), THF, —78 °C then
R'X (1.1 eq.) [* crude; ® purified].

Due to the high levels of diastereoselectivity (>98% de) observed
in the benzylation of mono-lactim ether templates 18 and 19
authentic samples of minor diastereoisomers cis-25 and cis-27 were
prepared separately via epimerisation of trans-24 and trans-26 to
enable unambiguous determination of the stereoselectivities in the
benzylation reactions. Treatment of trans-24 with BuLi followed
by reprotonation with acetic acid, afforded a 25 : 75 mixture of
trans-24 : cis-25 from which diastereoisomerically pure trans-24
and cis-25 were isolated in 15 and 32% yield respectively. Similar
treatment of trans-26 gave a 25 : 75 mixture of trans-26 : cis-27
from which trans-26 and cis-27 were isolated in 24 and 58% yield
respectively (Scheme 4).
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Scheme 4  Reagents and conditions: (i) BuLi, THF, —78 °C, then AcOH.

The relative trans configuration of the C(3) and C(6) ring sub-
stituents of the major trans diastereoisomeric alkylation products
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20, 22 and 30, and the relative cis configuration within minor
diastereoisomer 25, were assigned from "H NMR NOE difference
experiments, with the relative configurations of the remaining
diastereoisomers being assigned by analogy. The stereochemical
outcome in these alkylation reactions is also in accord with
previously reported alkylations of structurally related mono-
lactim ether templates'>'” (Fig. 3).
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Fig. 3 Selected NOE enhancements for trans-20, trans-22, cis-25 and
trans-30.

The relative and absolute configuration of trans-26 was estab-
lished via deprotection and hydrolysis to afford (R)-phenylalanine
methyl ester 38 which also demonstrated the viability of this
template for the asymmetric synthesis of tertiary a-amino acids.
N-Deprotection and lactim ether hydrolysis was achieved by
treatment with refluxing TFA to give DKP 34 in 72% yield.
Treatment of DKP 34 with refluxing 10 M HCl furnished a mixture
of (S)-valine and (R)-phenylalanine hydrochloride salts 35 and
36 respectively, in 98% yield, which was converted to a mixture
of the corresponding methyl ester hydrochloride salts 37 and
38. Neutralisation, followed by removal of the (S)-valine methyl
ester 37 under vacuum gave (R)-phenylalanine methyl ester 38 in
98% ee'® and 61% overall yield from trans-26 {[a]5 —32.2 (¢ 1.0
in EtOH) for 38-HCI, lit.” [a]® —37.0 (c 2.0, EtOH) for 38-HCl}
(Scheme 95).

Regioselectivity of deprotonation and alkylation

Having examined the mono-alkylation chemistry of both N(1)-
methyl and N(1)-p-methoxybenzyl mono-lactim ether templates
18 and 19, studies were directed toward the alkylation of sub-
stituted templates. The effective dialkylation of these templates
is reliant upon regioselective deprotonation of the substituted
auxiliary at C(3), away from the C(6) stereodirecting isopropyl
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36, R = H.HCI

35,R= H.HCI , .
37, R=Me :|(“|) 38, R = Me, 74% :‘ ()

Scheme 5 Reagents and conditions: (i) TFA, reflux; (ii) HCI (10 M aq.),
reflux; (iii) SOCl,, MeOH, reflux, then conc. NH;, then distillation.

group. In N,N’-bis-p-methoxybenzyl protected DKP 1, and
Schollkopf’s bis-lactim ether auxiliary 10, the regioselectivity of
deprotonation is controlled by the isopropyl substituent which
serves to direct deprotonation exclusively to the unsubstituted
position due to steric and stereoelectronic factors arising from
1,2-torsional strain.*® The related mono-lactim ether template
41, meanwhile, undergoes deprotonation of the more acidic C(3)
proton to give the corresponding O-stabilised enolate 42 (Fig. 4).*
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Fig. 4 Regioselective deprotonation of templates 1, 10 and 41.

In order to examine the potential limitations enforced by the
competing contributions of a bulky substituent and lactim ether
functionality to deprotonation regioselectivity, isopropyl lactim
ethers 47 and 48 were prepared and alkylated. Templates 47 and
48 were prepared from the corresponding N(1)-alkyl DKPs 45*
and 46, by treatment with trimethyloxonium tetrafluoroborate in
BmimBF,."”® The deprotonation of 47 and 48 with BuLi (1 eq.) and
subsequent alkylation with either methyl iodide or benzyl bromide
afforded 49-52, products arising exclusively from alkylation at
C(3) bearing the isopropyl substituent (Scheme 6).
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Scheme 6 Reagents and conditions: (1) Me;OBF,, BmimBF,, vacuum, rt;
(i) BuLi (1 eq.), THF, —78 °C, then RX.

It is apparent that the regioselectivity of deprotonation of 45
and 46 is predominantly controlled by the significant difference
in stability of the two alternative O- or N-stabilised anions.
Furthermore the high yields of alkylated materials 49-52 obtained
from this protocol indicate that even templates bearing very bulky
substituents should be good substrates for the stereoselective
generation of quaternary amino acids.

Alkylation of substituted templates

The stereoselective alkylation of the substituted templates 20,
22, 24, 26, 28 and 30 was then examined. In an initial study,
deprotonation of N(1)-p-methoxybenzyl-3-methyl template trans-
22 with BuLi (1 eq.) followed by addition of benzyl bromide gave
(3R,6S)-N(1)-p-methoxybenzyl-3-benzyl-3-methyl 59 in 98% de,
which was isolated in 78% yield and as a single diastereoisomer
(>98% de). The diastereoisomer (3.5,65)-N(1)-p-methoxybenzyl-
3-benzyl-3-methyl 60 was prepared by deprotonation and methyla-
tion of N(1)-p-methoxybenzyl-3-benzyl template trans-26, to give
60 in 96% de, isolated in 68% yield as a single diastereoisomer
(>98% de) (Scheme 7). The general utility of this procedure was
further investigated by the alkylation of the range of substituted
N-methyl and N-p-methoxybenzyl protected templates 20, 22,
24, 26, 28 and 30, furnishing quaternary templates 53—-64 with
absolute regioselectivity and high frans-diastereoselectivity in all
cases. Comparison of the reactions for the N-methyl and N-
p-methoxybenzyl templates indicated that the nature of the N-
protecting group has little effect on the reaction diastereoselectiv-
ity (Scheme 7).

The relative configuration of dialkylation products 53-64
was assigned by analogy to the diastercoselectivity observed
in mono-alkylation reactions.”” This assignment was further
supported by NOE difference studies performed on 60 and 64,
where enhancements consistent with a cis relative configuration
of the C(3)-R' and C(6)-isopropyl substituents were observed
(Fig. 5).*

The methylation of c¢is-27 under identical conditions to those
employed for methylation of trans-26 afforded the same disub-
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Scheme 7 Reagents and conditions: (i) BuLi, THF, —78 °C, then R*X
[* crude; ® purified].
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Fig.5 Selected NOE enhancements for 60 and 64.

stituted diastereoisomer 60, resulting from alkylation trans to
the C(6)-isopropyl group, in 98% de. This result demonstrates
that, as expected, the alkylation is a stereoselective and not a
stereospecific process, and that selectivity is independent of the
relative stereochemistry of the starting material (Scheme 8).
PMB PMB
,,,,, N__O () w,, N 0O

—_—
L L B
MeO” "N “Bn MeO™  "N™ %

cis-27 60

Scheme 8 Reagents and conditions: (i) BuLi (1 eq.), THF, —78 °C, then
Mel.

In order to probe further the utility of this alkylation protocol,
alkylation with the functionalised N-Boc-3-bromomethylindole
65 was examined, as this may give access to the biologically im-
portant quaternary amino acid tryptophan hydrolase substrates.?
N(1)-p-Methoxybenzyl template 19 was alkylated with bromide
65 under standard conditions, to give 66 in 93% de, which was
isolated in 76% yield as a single diastereoisomer (Scheme 9).
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Scheme 9  Reagents and conditions: (i) BuLi (1 eq.), THF, —78 °C, then
65; (ii) BuLi (1 eq.), THF, —78 °C, then Mel.

The relative configuration within 66 was established by '"H NMR
NOESY spectroscopy (Fig. 6) and unambiguously confirmed
by X-ray crystallographic analysisf, with the absolute (3R,6S)
configuration known from the (S)-valine derived stereocentre
(Fig. 7). Subsequent deprotonation of 66 and methylation gave
67 in 94% de, isolated in 76% yield as a single diastereoisomer
(Scheme 9). X-Ray crystallography unambiguously established the
trans-configuration of the isopropyl and methyl substituents, with
the absolute (35,6S5) configuration following from the (S)-valine
derived stereocentre (Fig. 8).

MeO

Fig. 6 Selected NOESY data for 66.

Deprotection and hydrolysis of templates

The deprotection and hydrolysis of the disubstituted N-p-
methoxybenzyl protected substrates to afford the desired qua-
ternary o-amino acids was then investigated. Subjecting 59-64
to reflux in TFA for 4 days furnished diketopiperazines 68-73 in
good yield (60-87%) as single diastereoisomers (Scheme 10).

The isomeric 3-benzyl-3-methyl quaternary substituted dike-
topiperazines 68 and 69 were then hydrolysed in concentrated HCI
to give a mixture of the corresponding amino acid hydrochloride
salts 35 and 74, which were subsequently converted to mixtures
of the corresponding methyl esters 37 and 75, and the (S)-valine
methyl ester 37 was removed via distillation under vacuum to

1+ CCDC reference numbers 292510 (66) and 292511 (67). For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b704475¢

Fig.7 Chem3D representation of the X-ray crystal structure of 66 (some
H atoms removed for clarity).

67

Fig.8 Chem3D representation of the X-ray crystal structure of 67 (some
H atoms removed for clarity).
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Scheme 10  Reagents and conditions: (i) TFA, reflux.
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give the enantiomeric (R)- and (S)-2-methyl-phenylalanine methyl
esters (R)-75 and (S)-75 in 66 and 72% overall yield from 68 and
69, respectively, and in 99% ee'® (Scheme 11).

;, y  HCLHN_ __COH  HCIH,N_ _CO,H
~ H 2
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A R? R!
35 74
68 R! = Me RZ—Bn (ii)
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HN_-COMe * HN___coMme
= + %
A R? R!
37 (R)-75, R} = Me, R? = Bn, 66%
(5)-75. R' = Bn, R? = Me, 74%
Scheme 11 Reagents and conditions: (i) conc. HCI, reflux; (ii) SOCI,,

MeOH, reflux, then conc. NHj;, then distillation.

Repetition of this protocol with the diastereoisomeric 3-
isopropyl-3-methyl templates 70 and 71 furnished a mixture of
(S)-valine methyl ester 37 and the corresponding homochiral
quaternary o-amino ester 76, which due to similarities in both
volatility and polarity could not be separated by distillation or
chromatography (Scheme 12). However, direct hydrolysis of the N-
methyl templates 55 and 56 with hydrochloric acid gave a mixture
of 77 and 78; subsequent esterification followed by neutralisation
afforded a mixture of N-methyl-valine methyl ester hydrochloride
79 and the corresponding homochiral quaternary o-methyl-o-
isopropyl a-amino acid methyl ester 80, which were then readily
separated by chromatography as the free amino esters and re-
acidified to afford (R)-80 and (5)-80 from 55 and 56 respectively,
in 99% ee'® (Scheme 13).

HoN COzMe HoN

(i), (i) ~
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COzMe

Me, R2 =ipr
iPr, RZ = Me
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Scheme 12 Reagents and conditions: (i) conc. HCI, reflux; (ii) SOCI,,
MeOH, reflux, then conc. NH;.
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Scheme 13  Reagents and conditions: (i) conc. HCI, reflux; (ii) SOCI,,
MeOH, reflux, then conc. NHj;, then chromatography, then HCI.

Treatment of the sterically encumbered 3-isopropyl-3-benzyl
substituted diketopiperazines 72 or 73 in refluxing concentrated

HCl and under more forcing conditions (concentrated HI, 120 °C,
or 5 M aq. KOH, 100 °C) did not effect the hydrolysis of the dike-
topiperazine. Given the recalcitrance of 72 or 73 to hydrolysis, an
alternative deprotection strategy to afford dipeptides containing
the a-isopropyl-o-benzyl disubstituted amino acids was examined.
Hydrolysis of the lactim ether functionality of the N-methyl
templates 57 and 58 was achieved by treatment with concentrated
hydrochloric acid to afford N-methyl dipeptides 81 and 82 in good
yields. Furthermore, lactim ether hydrolysis and N-deprotection
of N-p-methoxybenzyl template 63 was achieved via treatment
with ceric ammonium nitrate (CAN) in aqueous acetonitrile to
afford dipeptide 83 in 80% yield,* while analogous treatment of
the diastereoisomeric 3-isopropyl-3-benzyl template 64 afforded
dipeptide 84 in 67% isolated yield (Scheme 14).

Ak

CO,H
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57, R'=Bn, RZ-'Pr 81,97%
58, R'='Pr, R2=Bn 82, 99%
@ S
—_— H2
Ji fRZ COzMe
R2 R1
63, R'=Bn, RZ-'Pr 83, 80%
64, R"=Pr,R2=Bn 84,67%

Scheme 14  Reagents and conditions: (1) HCI, reflux; (i1) CAN, H,0-
MeCN.

Conclusion

Mono lactim-ether templates 18 and 19 undergo highly stereose-
lective alkylations to generate tertiary and quaternary stereocen-
tres, with a range of unbranched, branched and functionalised
electrophiles, in high levels of diastereoisomeric purity. The
deprotection and hydrolysis of these templates affords homochiral
quaternary amino acids or (S)-valine-quaternary a-amino acid
dipeptides.

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
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. KMnOy, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica.
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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 107" 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 Micro-
mass GCT instrument fitted with a Scientific Glass Instruments
BPX5 column (15 m x 0.25 mm) using amyl acetate as a lock
mass.

General procedure 1 for mono-lactim ether formation

A mixture of DKP (1.0 eq.) and Me;OBF, (2.0 eq.) was stirred
in BmimBF, for 96 h under vacuum before quenching with
sat ag. NaHCO; solution. The product was extracted with
Et,0, dried, concentrated in vacuo and purified by flash column
chromatography.

General procedure 2 for mono-lactim ether alkylation

BulLi (solution in hexanes, 1.0 eq.) was added dropwise to a stirred
solution of template (1.0 eq.) in THF at —78 °C. After 45 min,
the electrophile (1.1 eq.) was added dropwise via syringe. The
reaction solution was then allowed to warm slowly to rt. After 16 h,
the reaction mixture was quenched with sat. aq. NH,Cl solution
and stirred for a further 10 min. The product was then extracted
with EtOAc, washed with H,O, dried, concentrated in vacuo and
purified by flash column chromatography.

General procedure 3 for lactim-ether hydrolysis

The alkylated template was dissolved in TFA and subjected to
reflux for 4 days. After this time the solvent was removed in vacuo.
The remaining solid residue was triturated with Et,O, filtered
under suction and then dried under vacuum.

General procedure 4 for DKP hydrolysis

The DKP was dissolved in conc. aq. HCI and subjected to reflux
for 3 days. Concentration of the reaction mixture in vacuo yielded a
mixture of amino acid hydrochloride salts which were dried under
vacuum.

General procedure 5 for formation of amino acid methyl esters

SOCI, (3.0 eq.) was added to a solution of amino acid hydrochlo-
ride salts (1.0 eq.) in MeOH at 0 °C, and subsequently set at
reflux. After 16 h this solution was concentrated in vacuo to
yield a mixture of amino acid methyl ester hydrochloride salts.

This mixture was taken up into an aq. solution and conc. aq.
NH; was added dropwise until pH 10 was reached when it was
extracted with DCM. The combined organic extracts were dried
and concentrated in vacuo to furnish a mixture of amino acid
methyl esters. Valine methyl ester was distilled off under vacuum
yielding the desired amino acid methyl ester.

(S)-N(1)-p-Methoxybenzyl-5-methoxy-6-isopropyl-3,
6-dihydropyrazin-2-one 19

Following General procedure 1, DKP 17 (6.20 g, 22.4 mmol) and
Me;OBF, (6.64 g, 44.9 mmol) in BmimBF, (30 mL) gave, after
purification via flash column chromatography (eluent Et,0), 19 as
a pale brown crystalline solid (1.66 g, 61%); mp 94-96 °C (DCM -
heptane); [a] +23.4 (¢ 1.0 in CHCL); vy, (KBr) 1697, 1658; oy
(400 MHz, CDCl;) 0.92 (3H, d, J 6.4, CH;CHCH,;), 1.02 (3H, d,
J 7.0, CH;CHCH,), 2.16-2.24 (1H, m, CH;CHCH,), 3.67 (3H, s,
C(5)0Me), 3.69 (1H, ddd, J 2.0, 1.1, 1.0, C(6)H), 3.82 (3H, s,
ArOMe), 3.84 (1H, d, J 14.9, NCHHAr), 4.12 (1H, dd, J 19.6,
1.1, C(3)HH), 4.24 (1H, dd, J 19.6, 1.0, C(3)HH), 5.42 (1H, d, J
14.9, NCHHAr), 6.83-6.89 (2H, m, Ar), 7.15-7.18 (2H, m, Ar);
dc (100 MHz, CDCl;) 17.4, 19.9, 31.8, 46.5, 50.9, 52.7, 55.2, 60.9,
114.2,127.9,129.6,159.2,161.0, 168.0; m/z (EST*) 313 ([M + Na]*,
83%), 291 (100); HRMS (EST*) C(H,;N,O; (M + HJ*) requires
291.1709; found 291.1707.

(3R,6S)-N(1)-p-Methoxybenzyl-3-benzyl-5-methoxy-6-isopropyl-
3,6-dihydropyrazin-2-one trans-26

Following General procedure 2, BuLi (1.6 M in hexanes, 6.39 mL,
10.2 mmol), 19 (2.70 g, 9.29 mmol), and BnBr (1.22 mL,
10.2 mmol) in THF (120 mL) gave a >99 : <1 mixture of trans-
26 : cis-27. Purification via flash column chromatography (eluent
7 = 3 40-60 °C petrol : EtOAc) gave trans-26 as a colourless oil
(3.29 g, 94%, >98% de); [a]5 +3.1 (¢ 1.1 in CHCLy); vy, (film)
1648; oy (400 MHz, CDCl;) 0.88 (3H, d, J 7.0, CH;CHCH,),
0.98 (3H,d, J 7.0, CH;CHCH,), 2.12-2.20 (1H, m, CH;CHCH,),
3.37-3.39 (2H, m, C(3)CH,), 3.50 (1H, dd, J 5.0, 1.3, C(6)H), 3.68
(3H, s, C(5)0OMe), 3.72 (1H, d, J 15.2, NCHHAr), 3.77 (3H, s,
ArOMe), 4.40 (1H, td, J 4.6, 1.3, C(3)H), 5.44 (1H, d, J 15.2,
NCHHAr), 6.72-6.76 (4H, m, Ar), 7.26-7.28 (3H, m, Ph), 7.35-
7.37 (2H, m, Ph); dc (100 MHz, CDCl;) 17.3, 19.8, 31.3, 39.6,
46.1,52.5,55.2,59.3,60.9, 114.1, 126.1, 127.7, 129.1, 130.7, 127.3,
138.4, 158.9, 159.1, 160.3; m/z (ESI*) 381 (IM + H]*, 100%);
HRMS (ESI*) C,;H,xN,O; ([M + HJ*) requires 381.2178; found
381.2180.

(3S,6R)-3-Isopropyl-6-benzyl-piperazine-2,5-dione 34

Following General procedure 3, 26 (1.45 g, 3.81 mmol) and TFA
(50 mL) gave 34 (676 mg, 72%) as an off white solid; mp 256
257 °C; [a]s —58.3 (¢ 1.0 in AcOH); v, (KBr) 3193, 1670; oy
(400 MHz, DMSO-d,) 0.75 (3H, d, J 6.8, CH;CHCH,;), 0.82 (3H,
d,J 7.1, CH;CHCH,), 1.99-2.08 (1H, m, CH;CHCH;), 2.87 (1H,
dd, J 13.6, 4.9, C(6)CHHPh), 2.95 (1H, dd, J 2.5, 2.0, C(3)H),
3.15(1H, dd, J 13.6, 3.8, C(6)CHHPh), 4.17 (1H, ddd, J 4.9, 3.8,
2.0, C(6)H), 7.18-7.28 (5H, m, Ph), 7.96 (1H, app br s, N(4)H),
8.15 (1H, app br s, N(1)H); . (100 MHz, DMSO-d;) 17.4, 19.0,
32.4, 38.8, 56.0, 59.8, 127.5, 128.8, 131.0, 136.9, 167.9, 168.2;
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m/z (EST*) 247 ((IM + HJ*, 100%); HRMS (EST*) C,,H;,N,0,
(IM + H]*) requires 247.1447; found 247.1437.

(R)-Phenylalanine methyl ester 38

Following General procedure 4, 34 (275 mg, 1.11 mmol) and conc.
HCI (30 mL) gave a mixture of amino acid hydrochloride salts
35 and 36 (447 mg); Jx (400 MHz, MeOD) 1.11 (6H, d, J 7.2,
CH,CHCH,;), 2.28-2.40 (1H, m, CH;CHCH,), 3.23 (1H, dd,
J 14.5, 7.2, CHHPh), 3.33 (1H, dd, J 14.5, 5.8, CHHPh), 3.89
(1H, d, J 4.1, 'PrCH), 4.29 (1H, app t, J 6.5, CHCH,Ph), 7.31-
7.41 (5H, m, Ph). Subsequently, following General procedure 5, the
mixture of amino acid salts 35 and 36, SOCI, (0.28 mL, 2.26 mmol)
and MeOH (40 mL) gave a mixture of methyl ester hydrochloride
salts which was neutralised and distilled as outlined in General
procedure 5, to give 38 as a colourless oil (142 mg, 74%); [al
—32.2 (¢ 1.0 in EtOH) for 38-HCI, {lit.” [a]® —37.0 (¢ 2.0 in
EtOH) for 38.HCl}; v, (film) 3378, 1738; d, (400 MHz, CDCl;)
1.51 (2H, br s, NH,), 2.84 (1H, dd, J 13.6, 7.9, CHHPh), 3.07
(1H, dd, J 13.6, 5.1, CHHPh), 3.68 (3H, s, OMe), 3.71 (1H, m,
CH), 7.15-7.31 (5H, m, Ph); é. (100 MHz, CDCl;) 41.1, 51.9,
55.8,126.8, 128.5, 129.2, 137.2, 175.4; m/z (ESI*) 180 (M + HJ*,
100%); HRMS (ESI*) C,(H,;NO, ([M + H]") requires 180.1025;
found 180.1020.

(3R,6S5)-N(1)-p-Methoxybenzyl-3-benzyl-3-methyl-5-methoxy-6-
isopropyl-3,6-dihydropyrazin-2-one 59

Following General procedure 2, BuLi (2.5 M in hexanes, 0.21 mL,
0.53 mmol), 22 (162 mg, 0.53 mmol), THF (10 mL) and BnBr
(70 uL, 0.59 mmol) gave a 99 : 1 mixture of 59 : 60. Purification via
flash column chromatography (eluent 3 : 1 hexane : Et,O) gave 59
as a colourless oil (164 mg, 78%, >98% de); C,,H;,N,O; requires
C, 73.1; H, 7.7; N, 7.1%; found C, 72.9; H, 7.7; N, 7.1%; [a];
—53.1 (¢ 1.3 in CHCL); vy, (film) 1651; 6y (400 MHz, CDCl;)
0.81(3H,d, J 6.8, CH;CHCH,), 0.89 (3H, d, J 6.8, CH;CHCH),
1.63 (3H, s, C(3)Me), 1.98-2.09 (1H, m, CH;CHCH,), 2.90 (1H,
d, J 12.7, C(3)CHHPh), 3.26 (1H, d, J 2.8, C(6)H), 3.42 (1H,
d, J 12.7, C(3)CHHPh), 3.63 (1H, d, J 15.0, NCHHAr), 3.70
(3H, s, C(5)0Me), 3.75 (3H, s, ArOMe), 5.38 (1H, d, J 15.0,
NCHHA), 6.44-6.47 (2H, m, Ar), 6.64-6.67 (2H, m, A4r), 7.20—
7.28 (5H, m, Ph); dc (100 MHz, CDCIl;) 17.1, 20.1, 28.9, 29.4,
45.1,48.7, 52.1, 55.1, 59.6, 62.4, 113.9, 126.2, 126.9, 127.8, 129.4,
130.8,137.7,156.5,158.8, 171.0; m/z (ESI*) 395 (IM + H]*, 100%);
HRMS (ESI*) C,,H;N,O; ([M + HJ*) requires 395.2335; found
395.2328.

(35,65)-N(1)-p-Methoxybenzyl-3-benzyl-3-methyl-5-methoxy-6-
isopropyl-3,6-dihydropyrazin-2-one 60

Following General procedure 2, BuLi (1.6 M in hexanes, 0.28 mL,
0.45 mmol), 26 (158 mg, 0.45 mmol), THF (10 mL) and Mel
(28 uL, 0.45 mmol) gave a 2 : 98 mixture of 59 : 60. Purification
via flash column chromatography (eluent 3 : 1 hexane : Et,O) gave
60 as a colourless oil (112 mg, 68%, >98% de); [a]5 —17.0 (¢ 0.95
in CHCL); vy, (film) 1644; 6y (400 MHz, CDCl;) 0.26 (3H, d, J
6.8, CH,CHCH,;), 0.89 (3H, d, J 6.8, CH;CHCH,), 1.43 (3H, s,
C(3)Me), 1.85-1.95 (1H, m, CH;CHCH,), 3.02 (1H, d, J 12.9,
C(3)CHHPh), 3.35 (1H, d, J 12.9, C(3)CHHPh), 3.63 (3H, s,
C(5)0Me), 3.64 (1H, d, J 3.2, C(6)H), 3.80 (3H, s, ArOCH),

3.83 (1H, d, J 14.0, NCHHAr), 5.41 (1H, d, J 14.0, NCHHAr),
6.82-6.88 (2H, m, A4r), 7.08-7.16 (2H, m, Ar), 7.18-7.27 (5H, m,
Ph); oc (100 MHz, CDCl;) 15.8, 20.4, 29.7, 30.8, 46.2, 46.4, 52.0,
55.2, 60.7, 61.9, 114.1, 126.4, 127.7, 129.4, 131.2, 128.3, 137.6,
155.9, 159.0, 172.1; m/z (ESI*) 417 (IM + Na]*, 100%), 395 (35);
HRMS (EST*) C,,H; N,O; (M + HJ*) requires 395.2335; found
395.2333.

(3R,6S5)-3-Benzyl-3-methyl-6-isopropyl-piperazine-2,5-dione 68

Following General procedure 3,59 (1.29 g, 3.26 mmol) and TFA
(50 mL) gave 68 as an off white solid (509 mg, 60%); mp 280-
282 °C; [a]Z —22.0 (¢ 0.9 in CH;CO,H); v,,, (KBr) 3193, 1670;
Jy (400 MHz, DMSO-d,) 0.70 (3H, d, J 6.8, CH;CHCH;), 0.78
(3H, d, J 6.8, CH;CHCH), 1.42 (3H, s, C(3)Me), 1.93-2.02 (1H,
m, CH;CHCH,), 2.67 (1H, dd, J 2.5, 1.7, C(6)H), 2.67 (1H, d, J
12.9, C(3)CHHPh), 3.08 (1H, d, J 12.9, C(3)CHHPh), 7.11-7.15
(2H, m, Ph), 7.22-7.26 (3H, m, Ph), 7.76 (1H, app br s, N(1)H),
8.24 (1H, app br s, N(4)H); o (100 MHz, DMSO-d,) 17.3, 18.9,
28.6,31.8,47.3,59.6,60.4,127.6,128.7,131.1, 137.0, 167.1, 170.4;
m/z (CI*) 261 ((M + H]*, 100%); HRMS (CI*) C;sH,,N,0O, (IM +
H]*) requires 261.1603; found 261.1610.

(35,6.5)-3-Benzyl-3-methyl-6-isopropyl-piperazine-2,5-dione 69

Following General procedure 3, 60 (775 mg, 1.96 mmol) and
TFA (40 mL) gave 69 as an off white solid (459 mg, 66%); mp
283-285 °C; [a]? —11.7 (¢ 1.1 in AcOH); vy, (KBr) 1656; oy
(400 MHz, DMSO-d;) 0.11 (3H, d, J 6.8, CH;CHCH,;), 0.57 (3H,
d, J 7.1, CH;CHCH,), 1.44 (3H, s, C(3)Me), 1.66-1.74 (1H, m,
CH,;CHCH;), 2.61 (1H, d, J 13.1, C(3)CHHPh), 3.19 (1H, d, J
13.1, C(3)CHHPh), 3.59 (1H, dd, J 3.3, 1.8, C(6)H), 7.12-7.23
(5H, m, Ph), 7.72 (1H, app br s, N(1)H), 8.21 (1H, br, s, N(4)H);
Jc (100 MHz, DMSO-d,) 16.6, 18.8, 30.4, 31.5, 45.3, 59.8, 60.6,
127.3,128.6, 131.4, 137.5, 166.7, 170.0; m/z (CI*) 261 (IM + HJ*,
100%); HRMS (CI*) C;sH,;;N,O, (IM + HJ*) requires 261.1603;
found 261.1607.

(R)-a-Methyl-phenylalanine methyl ester (R)-75

Following General procedure 4, 68 (297 mg, 1.14 mmol) and
conc. HCI (35 mL) gave a mixture of amino acid hydrochloride
salts 35 and (R)-74 (360 mg); oy (400 MHz, MeOD) 1.12 (6H,
d, J 6.8, CH;CHCH,), 1.66 (3H, s, CMe), 2.30-2.39 (1H, m,
CH,;CHCH;), 3.16 (1H, d, J 14.3, CHHPh), 3.33 (IH, d, J
14.3, CCHHPh), 3.89 (1H, d, J 4.4, 'PrCH), 7.29-7.41 (5H, m,
Ph). Subsequently, following General procedure 5, the mixture
of amino acid hydrochloride salts 35 and 74 (360 mg), SOCI,
(0.21 mL, 2.75 mmol) and MeOH (40 mL) gave a mixture of amino
acid methyl ester hydrochloride salts, which was neutralised and
distilled to give (R)-75 as a colourless oil (166 mg, 66%); [a]% +11.9
(¢ 0.9 in CHCL,); v (film) 3368, 1734; 6y (400 MHz, CDCI;) 1.39
(3H, s, CMe), 2.82 (1H, d, J 13.1, CHHPh), 3.09 (1H, d, J 13.1,
CHHPh), 3.68 (3H, s, OMe), 4.81 (2H, br s, NH,), 7.12-7.32
(5H, m, Ph); 6. (100 MHz, CDCl;) 24.9, 46.2, 51.6, 58.8, 127.1,
128.4, 130.0, 136.6, 176.8; m/z (ESI*) 194 (IM + H]*, 100%);
HRMS (ESI*) C,;H(NO, (IM + HJ*) requires 194.1181; found
194.1182.
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(S)-a-Methyl-phenylalanine methyl ester (S)-75

Following General procedure 4, 69 (266 mg, 1.02 mmol) and conc.
HCI (30 mL) gave a mixture of amino acid hydrochloride salts 35
and (S)-74 (351 mg). Subsequently, following General procedure
5, the mixture of amino acid hydrochloride salts 35 and (S)-74
(351 mg), SOCI, (0.04 mL, 0.73 mmol) and MeOH (10 mL) gave a
mixture of methyl ester hydrochloride salts, which was neutralised
and distilled to give (S)-75 as a colourless oil (129 mg, 74%); [a]};
—14.1 (¢ 1.6 in CHCl,).
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Rare earth metal-based enantioselective catalysts that can promote practical cyanation reactions of
ketones and ketoimines were developed. These catalytic enantioselective tetrasubstituted
carbon-forming reactions are useful platforms for the synthesis of biologically active compounds.
ESI-MS and crystallographic studies of the asymmetric catalysts revealed that the active catalysts are
polymetallic complexes produced through the assembly of modules. The higher-order structure of the
polymetallic complexes has strong effects on catalyst activity and enantioselectivity. Controlling the
higher-order structure of artificial polymetallic asymmetric catalysts is a new strategy for optimizing
asymmetric catalysts. Recent progress in this approach is also described.

1 Introduction

Asymmetric catalysis is a useful synthetic methodology.! In
addition to high enantioselectivity, its robustness and user-
friendliness are important requirements for asymmetric catalysts.

Asymmetric organocatalysis is an ideal approach in this direction.?
Asymmetric, metal-based catalysts, however, are generally more
reactive than organocatalysts, and promote various unique reac-
tion patterns. Specifically, the high activity of metal-based asym-
metric catalysts is usually required for tetrasubstituted carbon

synthesis through carbon—carbon bond-formation to ketones and
ketoimines.>** Despite the existence of many catalytic asymmetric
methods that produce chiral secondary alcohols and a-secondary
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amines, catalytic construction of chiral tertiary alcohols and a-
tertiary amines is still an immature field. Considering the fact that
there are a number of biologically active compounds, including
drugs, that contain chiral tetrasubstituted carbons, developing
practical asymmetric catalysts that can construct tetrasubstituted
carbons is a demanding challenge.

To tackle this challenge, our basic concept for the catalyst design
is a bifunctional asymmetric catalysis (Fig. 1).® Because many
chemical reactions are bond-formations between nucleophiles and
electrophiles, high enantioselectivity and catalyst activity can be
expected if an asymmetric catalyst activates both of the reactants
at the defined positions. There is a logical basis for using rare
earth metals for bifunctional asymmetric catalysts. Rare earth
metals contain the following characteristics, (1) moderate to high
Lewis acidity, (2) high coordination numbers (up to 9), and
(3) high ligand exchange rate. Due to the high coordination
numbers [characteristic (2)], rare earth metal complexes tend to
form aggregated polymetallic structures, resulting in catalysts with
multiple active sites. A Lewis acidic rare earth metal [characteristic
(1)] can activate an electrophile, whereas another rare earth metal
in the same polymetallic complex can activate a nucleophile
through, for example, transmetalation [characteristic (3)]. The rare
earth metal complexes used in our studies are stable, and can
tolerate a small amount of water and air.” In this perspective, we
describe the development, application, structure, and mechanisms
of the rare earth metal asymmetric catalysts that can promote
tetrasubstituted carbon synthesis.®

Q ) substrate 1
chiral
backbone )

> Esubstrate 2
Bronsted base, Lewis base, Lewis acid,
or metal for transmetalation

Fig. 1 Bifunctional asymmetric catalysis.

2 Catalytic enantioselective cyanosilylation of
ketones

2.1 Reaction development

We developed the first general catalytic enantioselective cyanosi-
lylation of ketones using a Ti complex generated from chiral
ligands 1 and 2 (Table 1).** Those ligands were designed based
on the concept of Lewis acid—Lewis base bifunctional asymmetric
catalysis.® Catalysts prepared from D-glucose-derived ligands 1
and 2 generally produced (R)-ketone cyanohydrins with high
enantioselectivity [Table 1, eqn (1)]. Mechanistic studies, including
control experiments using a catalyst without phosphine oxide, led
us to propose the dual activation transition state model depicted
as 6 in Fig. 2. TMSCN activated by the phosphine oxide would
react with a ketone that was activated by Ti.

(NC)
Me; /

SI\)

Ph\P/ R Rs

O\EZO "

oPr ¢

TMSO,r CN

Fig. 2 Proposed transition state model for (R)-selective Ti-catalyzed
enantioselective cyanosilylation of ketones.

We planned to use this reaction as a platform for a catalytic
asymmetric synthesis of camptothecins (14), anti-cancer drugs.
The substrate (7, Scheme 1) for camptothecin synthesis has low
reactivity because the ketone carbonyl is conjugated to an electron-
rich pyridine containing a sterically bulky substituent at the ortho-
position. As predicted, the reaction proceeded very sluggishly
using 20 mol% of the Ti catalyst, and the corresponding (R)-
ketone cyanohydrin (undesired configuration) was produced with
low enantioselectivity [Scheme 1, eqn (1)].

OMe
catalyst
NN 0TBS TMSCN
—
TMS
(0]
7

Ti(OPr)4 + 1 (1:1) 18% ee (R), 34%
(20 mol %) (THF, 1t, 144 h)

Sm(O'Pr); + 1 (1:1.8) 84% ee (S), 98%
(5 mol %) (CH3CH,CN, -40 °C, 18 h)

Sm(O'Pr); + 4 (1:1.8) 90% ee (S), 91%
(2 mol %) (CH3CH,CN-CH3CN, -40 °C, 34 h)

Scheme 1  Platform reaction for the synthesis of camptothecins.

To overcome the low reactivity of 7, we used a rare earth
metal catalyst based on Utimoto’s finding that rare earth metal
alkoxides activate TMSCN through transmetalation, generating
a highly nucleophilic rare earth metal cyanide species."' As
expected, the reaction proceeded smoothly at —40 °C using a
catalyst derived from Sm(O'Pr); and 1 mixed in a 1 : 1.8 ratio.
Unexpectedly, product 8 with the desired (S)-configuration was
obtained with 84% ee [Scheme 1, eqn (2)]. The reaction conditions
were optimized, and 8 was obtained with 90% ee using 2 mol% of
catalyst derived from an electronically tuned ligand 4 [Scheme 1,
eqn (3)]."> Using this reaction as a key step, a versatile intermediate
for camptothecins was synthesized.

Intrigued by the high catalyst activity and reversed enan-
tioselectivity of the Sm catalyst, we next studied the substrate
generality of the (S)-selective cyanosilylation of ketones.'* When
using structurally simpler ketones, such as acetophenone, as
the substrates, the corresponding Gd catalyst prepared from
Gd(O'Pr); and 1in a 1 : 2 ratio produced higher enantioselectivity
[Table 1, eqn (2)] than the Sm catalyst. Thus, it is possible to
generally synthesize both enantiomers of ketone cyanohydrins
using one chiral source derived from cheap D-glucose by changing
the metal from Ti to a rare earth.
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Table 1 Catalytic enantioselective cyanosilylation of ketones

Ti(OPPr)4 (x mol %)

10r 2 (x mol %) TMSO')<CN
R™ “pg
0 THF R e
)k + TMSCN _ 1:Ar=Ph;X,Y=H
R “Rs Gd(O'Pr); (x mol %) X 2:Ar=Ph;X=COPh Y =H
1 (2x mol %) T™MSO, CN 3:Ar=Ph; X, Y=F
>\ 2 4:Ar=ptol; X,Y=F
CH3CH,CN R © Rs HO Y 5 Ar=Ph; X Y=Cl
Entry  Ketone Metal source Ligand  Loading/x mol%  Temp/°C  Time/h  Yield (%) Ee (%)
1 o} Ti(O'Pr), 2 1 —-20 88 92 94
2 Gd(O'Pr), 1 1 —40 16 93 91
3 o) Ti(O'Pr), 2 1 -25 92 7 90
4 /©/U\ Gd(O'Pr), 1 5 —60 55 89 89
cl
5 0 Ti(O'Pr), 2 1 -10 922 90 %
6 ©)J\/ Gd(O'Pr), 1 5 —60 14 93 97
7 o} Ti(O'Pr), 1 10 —50 88 7 91
8 ©/\/U\ Gd(O'Pr), 1 5 —60 6.5 94 87
B
9 o Ti(O'Pr), 2 25 -30 922 72 90
10 /v\/\)]\ Gd(O' Pr), 1 5 —60 19 96 76
N
11 o} Ti(O'Pr), 2 10 —50 36 922 85
12 ©/\)J\ Gd(O'Pr), 1 5 —60 1 97 66
13 0 Ti(O'Pr), 2 2.5 —45 92 80 82
14 M Gd(O'Pr), 1 5 —60 0.5 79 47

2.2 Reaction mechanism

Initial critical information about the composition of the asym-
metric rare earth catalyst was obtained from the dependency of
enantioselectivity on the mixed ratio of Gd(O'Pr); and 1 in the
catalyst preparation. The enantioselectivity increased according to
the 1 : Gd ratio, producing maximum enantioselectivity at 1/Gd =
2 (the optimized ratio). The enantioselectivity, however, almost
saturated at 1/Gd = 1.5. This dependency suggests that the active
catalystisa 2 : 3 complex of Gd and 1.

The results of the following studies, addressing the relationship
between enantioselectivity and the catalyst composition observed
by ESI-MS, strongly support this hypothesis. When the Gd catalyst
(prepared from Gd(O'Pr); and 3 in a | : 2 ratio, catalyst A in
Fig. 3) was applied to the cyanosilylation of 9, a substrate for
triazole antifungal (15) synthesis,* product 10 was obtained with
only 68% ee. The enantioselectivity increased up to 83% when
the catalyst was prepared from Gd{N(SiMe;),}; and 3ina 2:
3 ratio (catalyst B). The difference was due to the purity of
the catalytic species. A solution prepared from Gd(O'Pr); and

3 contained two main species: a 2 : 3 complex (11 and 11 + 3)
and a 4 : 5 + oxo complex (Fig. 3a). By contrast, a pre-catalyst
solution prepared from Gd{N(SiMe;), }; contained a 2 : 3 complex
(11) as the sole species (Fig. 3b). Because the enantioselectivity
increased according to the concentration of the 2 : 3 complex, the
2 : 3 complex is likely to be the actual pre-catalyst. Importantly,
the marked difference in enantioselectivity between the catalysts
prepared from Gd(O'Pr); and Gd{N(SiMe;), }; was only observed
when highly reactive ketones (such as 9) were used as substrates.
This finding suggests that the 4 : 5 + oxo complex would produce
lower enantioselectivity, but with lower catalyst activity, than the
2 : 3 complex (see below).

The pre-catalyst (11) was subjected to the reaction conditions
in the presence of excess TMSCN (Fig. 4). The Gd-O bond
was cleaved by TMSCN, and gadolinium cyanide complex 12
with silylated ligands was observed by ESI-MS (data not shown,
see ref 12a). "H NMR analysis of the recovered silylated ligand
demonstrated that the phenolic oxygen atom was the silylation
site. The generation of highly nucleophilic gadolinium cyanide in
12 suggests that the actual nucleophile was the gadolinium cyanide,
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0 catalyst A (5 mol %)

cl or
catalyst B (2 mol %)

TMSO_ CN

TMSCN (1.5 equiv) F F

9 CH3CH,CN 10
catalyst A: 68% ee, 85%
catalyst B: 83% ee, 93%

Catalyst A = Gd(OPr), + 3 (1:2
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Fig.3 Relationship between enantioselectivity and catalyst composition.
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Fig. 4 Proposed catalyst structure and mechanism of (S)-selective
Gd-catalyzed cyanosilylation of ketones.

not TMSCN. This hypothesis was supported by the following
experiments. After generation of the “CN-labelled 2 : 3 complex
using TMS"CN, cyanosilylation was performed in the presence
of variable amounts of TMS'>?CN. The incorporation of *CN in
the product was dependent on the ratio of ®CN and *CN in the

reaction mixture. In addition, only one signal corresponding to
CN was observed on the *C NMR (117 ppm) analysis of 12 (the
corresponding Pr complex, instead of the strongly paramagnetic
Gd complex, was used in the NMR studies) labelled by “CN in
the presence of variable amounts of TMS®CN (0 or 2 equiv.)
at —60 °C. These results confirmed the existence of a facile
pre-equilibrium between gadolinium cyanide of the catalyst (12)
and TMSCN. Kinetic studies were then conducted. The order
dependency of the initial reaction rate on [TMSCN] and [catalyst]
was determined to be 0 and 0.8, respectively. Therefore, the actual
nucleophile is likely the gadolinium cyanide.

Combining the mechanistic information described above led
us to propose a model 13 for the (S)-selective cyanosilylation
of ketones promoted by the Gd catalyst (Fig. 4).”* The reaction
should proceed through an intramolecular cyanide transfer from
a Gd to an activated ketone coordinating to the other Lewis acidic
Gd of the bimetallic complex. The reversal of the enantioselectivity
using either the Ti-catalyst or the Ln-catalyst resulted from
differences in the catalyst structure and the reaction mechanism
(Fig. 2 vs. Fig. 4).

The phosphine oxide of the ligand was essential for the
high catalyst activity and enantioselectivity. The control catalyst,
without phosphine oxide, produced significantly lower activity
and enantioselectivity. No ESI-MS peaks were observed with
the control catalyst, suggesting the lack of a defined structure.
In addition, there was less gadolinium cyanide formation, based
on the smaller amount of silylated ligand observed by 'H
NMR. Therefore, the phosphine oxide probably stabilizes the
active 2 : 3 complex, as well as facilitating the transmetalation
for generation of the active nucleophile.

2.3 Synthetic applications

Catalytic enantioselective cyanosilylation of ketones is a powerful
synthetic method. We have achieved asymmetric syntheses of
versatile intermediates of camptothecins (14)' and triazole anti-
fungals (15)," oxybutynin (16),"* a neurokinin receptor antagonist
(17)," and fostriecin (18) and 8-epi-fostriecin (19),'¢ using catalytic
cyanosilylation as a key step (Fig. 5). We describe here our latest
achievement in this area—the catalytic asymmetric synthesis of
fostriecin and 8-epi-fostriecin.

Fostriecin (18) is a secondary metabolite of Streptomyces pul-
veraceus that exhibits potent anti-tumor activity through selective
protein phosphatase 2A inhibition."” Due to its chemical structure
and biological activity, fostriecin is an attractive synthetic target.'
Our synthesis is unique due to the fact that four stereocenters were
independently constructed using catalytic asymmetric reactions.
This strategy is advantageous for the synthesis of stereo-analogues.
Switching the enantioselectivity of each asymmetric catalyst
allows for the synthesis of stereoisomers without changing the
basic synthetic strategy. Specifically, we were interested in the
effect of the chirality at the tetrasubstituted carbon C-8 on the
biological activity. Generally, the chirality of tetrasubstituted
carbons strongly influences on the global molecular structure.”

Thus, we achieved the synthesis of fostriecin using the (R)-
selective Ti-catalyzed cyanosilylation of ketone 20 (5 mol% of
Ti-2, 93% yield, 86% ee) as the initial key step. Synthesis of §-epi-
fostriecin (19) was also completed without significantly changing
the synthetic route, starting from the (S)-selective Gd-catalyzed
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18 (R' = Me, R2 = OH): fostriecin (anticancer)
19 (R' = OH, R2 = Me): 8-epi-fostriecin

Fig. 5 Synthetic targets of the catalytic enantioselective cyanosilylation
of ketones.

cyanosilylation. Key steps for the 8-epi-fostriecin synthesis are
shown in Scheme 2. The (S)-selective cyanosilylation of 20 pro-
ceeded in the presence of 2 mol% catalyst, producing cyanohydrin
21 in 95% yield with 86% ee. This reaction was performed in
up to 120-g scale. 21 was converted to enantiomerically-pure
aldehyde 22 via several operations, including recrystallization,
which was subjected to a highly stereoselective (selectivity =
16 : 1) allylation using AgF—(R)-p-tol-BINAP catalyst developed
by H. Yamamoto.”® The chiral lactone was constructed from

Gd-1 (2 mol %)

% TMSCN CN
oo > o KN —
EtCN, -60 °C < OTMS
20 120 g-scale 21

_______________________ o) 0,
E-catalytic enantioselective | 95%, 86% ee ()

(S)-LLB (10 mol %)
LiOTf (20 mol %)
MeC(O)C=CTMS

H OTIPS AgF (5 mol %)

23 through O-acryloylation followed by ring-closing metathesis.
Aldehyde 24, which was synthesized through subsequent deprotec-
tion and oxidation, was subjected to a catalytic asymmetric direct
aldol reaction using (S)-LLB-LiOTf as an asymmetric catalyst*!
and an alkynyl ketone as a donor. Product 25 was obtained after
protection in 65% yield with a diastereoselectivity of 4 : 1. It
is noteworthy that this aldol reaction was very susceptible to a
retro-aldol reaction under highly basic conditions. In fact, the
aldol reaction via stoichiometric formation of the corresponding
lithium enolate or zinc enolate of the alkynyl ketone did not afford
the desired product. Only a bifunctional catalyst can provide such
a base-sensitive aldol product.?

The final asymmetric induction was conducted under Noyori’s
transfer hydrogenation conditions, giving propargyl alcohol 26
with greater than 10 : 1 selectivity. At this stage, all of the
stereogenic centers of 8-epi-fostriecin were constructed under
catalyst control. Alkynylsilane 26 was converted to vinyl iodide
27 containing the appropriate protection pattern, which was sub-
jected to the Stille cross-coupling reaction with a dienylstannane,
and followed by phosphorylation and deprotection to produce 8-
epi-fostriecin (19). Based on the protein phosphatase inhibition
assay, 8-epi-fostriecin (19) was less active, but a more protein
phosphatase 2A-selective inhibitor than fostriecin (18).'* This is
the first biological study of fostriecin’s stereo-analogues.

3 Catalytic enantioselective Strecker reaction of
ketoimines

3.1 Reaction development

Chiral a,0-disubstituted a-amino acids are important building
blocks for pharmaceuticals and artificially designed peptides.?®
The catalytic enantioselective Strecker reaction of ketoimines is
one of the most direct and practical methods for the synthesis
of this class of compounds.* Jacobsen’s group developed an
organocatalytic asymmetric Strecker reaction of aryl methyl
and fert-butyl methyl ketoimines.’** Vallée er al. reported a

(R)-p-tol-BINAP (5 mol %)
allyltrimethoxysilane

MeOH, —20 °C
88% (d.r. = 16:1)

T
'
'
'
'
L

H. Yamamoto's '
catalytic asymmetric allylation!

Noyori's cat. (3.3 mol %)
KOH (3 mol %)

THF, -20 °C
65% (d.r. = 4:1)

IPrOH, 81%
™S  (d.r.>10:1)

Fo=mmmmmmmmm—--- '
'
!

Noyori reduction !

> 19

26 27

Scheme 2 Catalytic asymmetric synthesis of 8-epi-fostriecin.
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Table 2 Catalytic enantioselective Strecker reaction of ketoimines

Il H (I)I
PPh, "
N~ Condition A or B NC, N—PPh,
| 3
R! R2 CH3CH,CN, -40°C R! R?

Entry Substrate Condition,* x = loading/mol% Time/h Yield (%) Ee (%)
1 /P(O)th A (1) 30 94 92
2 i B(O.1) 19 97 %

©)\Me
3 N~ POPh2 A 31 97 95
4 P(O)Ph, A 21 93 93
5 N B (1) 3 99 99

7 | Me

S
6 N~ P OPh2 Al 2 92 92

|
7 N,P(O)th A1) 43 73 90
|

CH3(CH2)s™ “Me

8 N,P(O)Ph2 A (2.5) 2.5 91 80
|

ﬁ)\Me

9 N/P(O)th A1) 38 93 96
|
Ph/\/l\ Me

“ Condition A: catalyst = Gd(O'Pr); (x mol%) + 3 (2x mol%); TMSCN (1.5 equiv.), 2,6-dimethylphenol (1 equiv.). B: Catalyst = Gd(O'Pr); (x mol%) +

3 (2x mol%); TMSCN (2.5-5 mol%), HCN (150 mol%).

reaction with an acetophenone-derived ketoimine, catalyzed by
a chiral heterobimetallic complex.”® We established the most
general catalytic enantioselective Strecker reaction of phosphinoyl
ketoimines using a Gd catalyst derived from ligand 3 in the
presence of a protic additive (2,6-dimethylphenol or HCN).*
Excellent enantioselectivity was produced from a wide range
of substrates, including aromatic, heteroaromatic, cyclic, and
aliphatic ketoimines (Table 2).

The protic additive significantly improved the catalyst activity
as well as enantioselectivity. To gain insight into the additive
effect, ESI-MS studies of the catalyst were performed in the
presence of 2,6-dimethylphenol. A catalyst prepared from a
1 : 2 ratio of Gd(O'Pr); and 3, in the presence of TMSCN
(15 equiv. to the catalyst) in acetonitrile, mainly afforded a peak
corresponding to the O-silylated 2 : 3 complex (12). When 2,6-
dimethylphenol (10 equiv.) was added to the catalyst solution,
the peak corresponding to the 2 : 3 complex disappeared and a
new peak corresponding to an O-protonated 2 : 3 complex (28)
appeared [Scheme 3, eqn (1)]. Therefore, this protonated complex

was a highly active enantioselective catalyst in this asymmetric
Strecker reaction of ketoimines.

Based on this finding, we expected that the same active catalyst
28 would be generated through the reaction of HCN with 12

2 2 +HCN
Gd(OPr; + 3
+ TMSCN OH OTMS
of\f\ eqn (1) /\/\
(O __________ O'> (‘o O O O’>
o-- Gd Gd Gd Gd“‘O
Co on nd o) w0
|
™S 28
HCN 2TMSCN

Scheme 3  Generation of protonated asymmetric catalyst.
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[Scheme 3, eq. (2)]. Protonolysis with HCN produces 2 equiv. of
TMSCN. Thus, only a catalytic amount of TMSCN is required if
HCN is used as the proton source and stoichiometric cyanide
source. This would lead to a more atom-economical catalytic
enantioselective Strecker reaction.

As expected, the reaction proceeded smoothly in the presence
of a catalytic amount of TMSCN and a stoichiometric amount of
HCN (Table 2, condition B).? The reaction time was significantly
shortened compared to using 2,6-dimethylphenol as an additive
(condition A). The higher reactivity allowed us to reduce the
catalyst amount to as low as 0.1 mol%, while maintaining excellent
enantioselectivity. The difference in reactivity when using HCN or
2,6-dimethylphenol as the proton source might be partly due to
the acidity of the additive. In the presence of HCN (pK, = 9.2),
the concentration of the active catalyst 28 should be higher than
in the presence of 2,6-dimethylphenol (pK, = 10).

We propose the catalytic cycle shown in Scheme 4. To the
active catalyst 28, the substrate ketoimine is incorporated and
activated. An intramolecular cyanide transfer from the gadolinium
cyanide to the activated substrate defines the enantioselectivity
(29), and the zwitter ionic intermediate 30 is generated. In this step,
the characteristics of phosphinoyl ketoimines—i.e., the cis/trans
isomers equilibrate very rapidly at the reaction temperature
(—40 °C)**—should work advantageously in determining the
reactive imine geometry. The intermediate 30 should collapse
through intramolecular proton transfer, and the product was
liberated with regeneration of gadolinium alkoxide complex 11.
From 11, successive reactions with TMSCN and HCN reproduced
the active catalyst 28. The reaction did not proceed at all in the
absence of a catalytic amount of TMSCN. This finding suggests
that the active catalyst 28 is generated only through the silylated
pre-catalyst 12, and direct generation of 28 from the alkoxide
complex 11 and HCN does not occur.

Gd(OPr); + 3

N R
NC, N-PPh 0,
LK s 2 C_O\ | ’ AN /O
R® R 0"G|d Gd-.. 2 TMSCN
Lo " *Ny);
N /TN
R e o
GI®  Sd--g (O, 5 /O>
(o) oo o) 0--Gd Gd:--0
W g Co N Ne )
0NN I |
ne, N7 b ™s 12 ™S
RL RS HCN
30 \ . 2 TMSCN
Ph_ o] Q
P
Ph* \\A%Q 09 .0.90
(0] 4
(Coup-*9 0 g), cd G(\j\g
_Gd Gd -0
0---C . o CN o)
&/OI \CN . 0) ‘/<o | 28 \)
NC) O f H
| ( //
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20 gox{ ph PR X
RS RY "RS

Scheme 4 Proposed catalytic cycle of Strecker reaction of ketoimines.

3.2 Synthetic application

Due to the versatility of o,0-disubstituted amino acids in bio-
logically active compounds, there are many potential synthetic
targets for our reaction. We achieved catalytic asymmetric syn-
thesis of sorbinil (31)** and lactacystin (32)*” using the catalytic
enantioselective Strecker reaction of ketoimines. Here we describe
our lactacystin synthesis.

HO,C._ _NHAc

(0] 0 j/
NH

sorbinil (31)

(+)-lactacystin (32)

(+)-Lactacystin (32) is a potent and selective proteasome in-
hibitor, isolated from the Streptomyces sp. by Omura et al.® Due to
its potent biological activity and complex chemical structure, many
synthetic chemists study 32 as a synthetic target.* We planned
to utilize our catalytic enantioselective Strecker reaction for the
construction of the tetrasubstituted carbon C-5 of lactacystin.
Based on this plan, o-hydroxy ketoimines are an obvious starting
point. This type of imine, however, is unstable and not isolable in
a pure form. Thus, we utilized an enone-derived, stable 33 as a
masked o-hydroxy ketoimine.

Imine 33, containing a bulky isopropyl group at the a-position,
was barely reactive under the Strecker reaction conditions, and
optimization of the reaction conditions was necessary. It was found
that the catalyst generated from Gd{N(SiMe;),}; and 3ina 2 :
3 ratio produced higher activity and enantioselectivity than the
catalyst prepared from Gd(O'Pr);. The difference was attributed to
the purity of the active 2 : 3 complex (Fig. 3). Under the optimized
conditions, the Strecker reaction of 33 completed using 2.5 mol%
catalyst in 2 days, and product 34 was obtained in quantitative
yield with 98% ee (Scheme 5).

Amidonitrile 34 was converted to the protected amino acid
derivative 35, which was further transformed to y-lactam 36
through ozonolysis, oxidation and cyclization. Stereoselective
reduction of C-9 ketone using PrMgBr* via a presumed cyclic
transition state produced a diastereomixture of C-9 secondary
alcohols with the desired o-alcohol 37 as the major isomer
(dr = 10 : 1). Diastereomerically and enantiomerically pure 37
was obtained by recrystallization of the crude mixture from a
toluene-hexane mixed solvent. After protection of the secondary
alcohol and the lactam nitrogen atom with acetyl and Boc groups,
respectively, selenenylation and oxidation of 38 produced the a,[3-
unsaturated lactam 39 in excellent yield. The B-hydroxyl group of
C-6 was introduced via a stereoselective conjugate addition of the
Et,NPh,Si group from the less hindered side of the enone, followed
by Tamao-Fleming oxidation of the silicon with retension of
configuration,* producing enantiomerically pure known interme-
diate 40. Methylation at C-7 of 40 under the conditions developed
by Donohoe** produced the desired stereoisomer 41, which was
further converted to lactacystin following the procedures reported
by Corey and Donohoe.
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Scheme 5 Catalytic asymmetric total synthesis of lactacystin.

4 Structural studies of the poly rare earth metal
asymmetric catalysts

To elucidate the enantiodifferentiation mechanism of the asym-
metric rare earth metal catalysts, we studied crystallization of
the catalytic species by varying the ligand structure and metal.
Colorless, air-stable prisms were obtained from a propionitrile—
hexane (2 : 1) solution of the complex prepared from a 2 :
3 ratio of Gd(O'Pr); and ligand 5 (crystal A: 80% yield). X-
Ray crystallographic analysis revealed that crystal A was a 4 :
5 complex of Gd and 5 with a p-oxo atom surrounded by
four gadolinium atoms (Fig. 6).* The tetranuclear structure was
maintained in a solution state, and the sole peak observed by
ESI-MS corresponded to crystal A.

Fig. 6 Crystal structure of 4 : 5 + oxo complex [crystal A] (a), and its
chemical structure depiction (b).

Previously, the MS peak corresponding to crystal A was
observed, concomitant with the 2 : 3 complex (active catalyst),
in a solution prepared from a 1 : 2 ratio of Gd(O'Pr); and 5
(see Fig. 3a). The high yield of crystal A suggested that there is a

conversion process from the 2 : 3 complex to the 4 : 5 + oxo complex
(crystal A) during crystallization. In addition, time-dependent
conversion of the 2 : 3 complex to the 4 : 5 + oxo complex in a
solution state was observed by ESI-MS. Moreover, this conversion
was an autocatalytic process. Thus, seeding the 4 : 5 + oxo
complex to a solution containing pure 2 : 3 complex (prepared
from Gd{N(SiMe;),};) markedly accelerated the formation of
the 4 : 5 + oxo complex. Therefore, the 4 : 5 + oxo complex is
thermodynamically more stable than the active kinetically-formed
catalyst, the 2 : 3 complex.

The function of crystal A as an enantioselective catalyst was
evaluated by Strecker reaction of ketoimines. To our surprise,
enantioselectivity was completely reversed when crystal A was
used as a catalyst, compared to the catalyst prepared in situ
(Table 3).* This dramatic reversal in enantioselectivity was
attributed to the change in the higher-order structure of the chiral
polymetallic catalyst. The reaction rate was approximately 5—
50 times slower than that using the catalyst prepared in situ. Due
to the marked difference in catalyst activity, the major enantiomer
obtained using the catalyst prepared from Gd(O'Pr); was (.S),
whereas the catalyst solution contained a mixture of the 2 : 3
complex and the 4 : 5 + oxo complex.

Efforts to elucidate the structure of the active 2 : 3 complex
continued. Colorless, air-stable prisms (crystal B) were obtained
from a THF solution of La(O'Pr); and ligand 1 mixed ina 2 : 3 ratio
(47% yield). The X-ray diffraction study revealed the structure to
be a pseudo C,-symmetric 6 : 8 complex of La and 1 (Fig. 7a).*
Six La atoms were arranged in line as a backbone, and eight
chiral ligands were arranged around the backbone. This structure
was maintained in solution, based on the fact that the parent
peak corresponding to crystal B was observed by ESI-QFT-MS
(Fig. 7b). In addition, two major fragment peaks corresponding
to metal : ligand = 2 : 3 and 4 : 5 + oxo complexes were observed.
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Table 3

Higher-order structure dependency of catalytic enantioselective Strecker reaction of ketoimines

I catalyst (2.5-10 mol %) 0
. H ||
N/Pph2 TMS(..‘,N (1.5 equiv) . NC, N—PPh,
2,6-dimethylphenol (1 equiv)
)l\ R'” "R?
R! R2 CH3CH2CN, -40°C (S)

Entry Substrate Catalyst* Time/h Yield (%) Ee (%) Configuration®
1 N,P(O)Ph2 Gd-5 0.5 99 98 (S)
2 | Crystal A 2 99 91 (R)

/ N\
S
3 _P(O)Ph, Gd-5 0.5 99 88 (S)
4 )Nl\ Crystal A 1 93 96 (R)
Ph
5 Ph N,P(O)Ph2 Gd-5 2 99 87 S)
6 C I Crystal A 2 95 87 (R)
7 N,P(O)Ph2 Gd-3 2.5 91 80 S)
8 \2\ Crystal A 12 99 82 (R)
9 N P(O)Ph, Gd-5 2 92 74 (S)
Crystal A 14 99 98 (R)

10 })I\

“ Loading of Gd was 5 mol% in entries 1, 3 and 5, 2.5 mol% in entry 7, 10 mol% in entry 9, and 7 mol% in entries 2, 4, 6, 8 and 10. * Absolute configuration
was determined in entries 3 and 4. In other entries, absolute configuration was temporarily assigned by analogy.

The ESI-MS fragment patterns of crystal B provide insight
into the relevance of crystal B to the optimized Gd catalyst
(2 : 3 complex) in solution. The observed MS-fragments (2 : 3
and 4 : 5 + oxo) can be viewed as subunits of the entire
polymetallic assembly. The X-ray structure of crystal B supports
this consideration: the distance between La’ and La’® atoms (or
La* and La® atoms) was significantly longer than that between La'
and La’ (or La® and La®) (Fig. 7¢). In addition, the coordination
number of La® (and La*) was smaller than those of La' and La?
(or La’ and La®), which might induce Lewis base coordination
to La* (or La*) and dissociation of the terminal 2 : 3 subunits.
Thus, the 6 : 8 complex (crystal B) is likely to be constructed via
assembly of the 2 : 3 subunit (the red part in Fig. 7c) and the
4 : 5 + oxo subunit (the blue part). The terminal 2 : 3 subunits
of crystal B might correspond to the optimized active catalyst.
This hypothesis is supported by the fact that crystal B (8§ mol%
La) promoted the catalytic enantioselective Strecker reaction of
acetylthiophene-derived ketoimine, giving the product with 26%
ee. Configuration of the major product was the same (S) as when
using a catalyst prepared in situ. Crystal B produced a similar level
of enantioselectivity as when using a catalyst prepared in situ from
La(O'Pr); and 1 (16% ee). Therefore, crystal B represents one of
the structures of the lanthanum catalyst in solution.

Although the three-dimensional structure of the actual cat-
alyst (2 : 3 complex) has yet to be clarified, these results
demonstrated that the higher-order structure of an artificial
asymmetric polymetallic catalyst is a determining factor of the
function (enantioselectivity and activity) of the asymmetric cata-
lysts.

5. Otbher utilities of the poly rare earth metal
asymmetric catalysts

5.1. Catalytic enantioselective conjugate addition of cyanide to
o,p-unsaturated /N-acylpyrroles

The Gd catalyst promotes a general catalytic enantioselective con-
jugate addition of TMSCN to o,B-unsaturated N-acylpyrroles.3*
This type of reaction is useful for the synthesis of chiral y-amino
acids. Prior to our contribution, Jacobsen’s group reported the first
catalytic enantioselective conjugate addition of cyanide using the
chiral salen-Al complex.’® Although excellent enantioselectivity
was realized from B-aliphatic-substituted substrates, substrates
with B-aryl or vinyl substituents were unreactive. Our catalyst has
overcome this limitation, and products were obtained with high
enantioselectivity from a wide range of substrates, including f-
aliphatic, aromatic, and alkenyl N-acylpyrroles, in the presence
of TMSCN and HCN (Scheme 6). Pharmaceuticals and their
lead compounds, such as pregabalin (an anticonvulsant drug)
and B-phenyl-GABA (an inhibitor in the nervous system), were
synthesized using this reaction as the key step.

5.2. Catalytic asymmetric ring-opening reaction of
meso-aziridines with TMSCN

We reported the first catalytic asymmetric ring-opening reaction of
meso-aziridines by TMSCN using the Gd-3 complex (Scheme 7).3¢
The addition of a catalytic amount of trifluoroacetic acid (TFA)
reproducibly improved the enantioselectivity. Based on ESI-MS
studies, TFA was incorporated in the catalyst complex. TFA is
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Fig.7 Crystal structure of 6 : 8§ complex (crystal B) (a), ESI-QFT-MS of
crystal B (b), and chemical structure depiction of crystal B (c).
83-98% ee

o
R =
78-99% yield
Ph OH )\/\/U\OH

B-phenyl-GABA

Gd(OPr); (1020 mol %)
3 (20—40 mol %) CN O
TMSCN (0.5-1 equiv)
HCN (2 equiv)

CH3CH,CN, 20 °C R'

pregabalin

Scheme 6 Catalytic enantioselective conjugate addition of TMSCN to
o,B-unsaturated N-acylpyrroles.

believed to bridge the two Gd atoms of the catalyst and stabilize the
enantioselective polymetallic complex. In addition, enhancement
of the Lewis acidity of Gd, and fine-tuning of the relative positions
of the two Gd atoms, might also contribute to the improved
enantioselectivity. The ring-opened products were easily converted
to chiral f-amino acids through acid hydrolysis.

Gd(O'Pr); (10 mol %)

0 9
R 3 (20 mol %) R N A
TFA (5 mol % "
}Nkm 26(d' thol) henol j\ T)(
,6-dimethylpheno 1
R (1 equiv) R TCN
TMSCN (3 equiv) 80-93% ee

Ar = CgHy-4-NO, CH3;CH,CN 81-94%

Scheme 7 Catalytic asymmetric ring-opening reaction of meso-aziridines
with TMSCN.

5.3. Catalytic asymmetric ring-opening reaction of
meso-aziridines with TMSN;

The yttrium catalyst prepared from Y(O'Pr); and 3ina 1 : 2 ratio
promoted a general catalytic asymmetric ring-opening reaction
of meso-aziridines with TMSN; (Scheme 8).*” The products were
direct precursors for enantiomerically enriched 1,2-diamines, ver-
satile chiral building blocks for pharmaceuticals and chiral ligands.
We utilized this reaction as a platform for our catalytic asymmetric
synthesis of Tamiflu®, a very important anti-influenza drug.*”*® In
this synthesis, the aziridine opening reaction was performed in a 30
g-scale using 1 mol% of catalyst. The ligand was recovered through
base extraction (without column chromatography) for reuse.

Y(O'Pr)3 (1-10 mol %)

[0} o

R! 3 (2-20 mol %) R! H Ar

TMSN; (1.5 equiv b
}N)J\Arl 26(13'( thlqh) | j\ T
,6-dimethylpheno 1

R [ (1 equiv) ] R N3
CH;CH,CN, 0-40 °C 83-96% ee

Ar = CGH4-3,5-(N02)2 93->99%

«NHAC

EtO,C NH,-H3PO,

Tamiflu

Scheme 8 Catalytic asymmetric ring-opening reaction of meso-aziridines
with TMSN;.

6. New design of poly rare earth metal asymmetric
catalysts

The intimate relationship between higher-order structure and
function of the asymmetric polymetallic rare earth catalyst
described in section 4 demonstrated the importance of controlling
the catalyst’s higher-order structure. Logical design of the higher-
order structure, however, is difficult at this stage. Therefore, we plan
to extract a structural module from the self-assembled polymetallic
complex (crystals A and B), and modify the module structure for
the new catalyst design. We expected that the stabilization of the
module will lead to a more stable higher-order structure. As a
result, the active catalytic species should be unified, leading to
higher catalyst activity and enantioselectivity.

Based on this assumption, we identified module 42 in the
polymetallic complexes derived from 1-5 (Fig. 8). In module 42, a
chiralligand acts as a tetradentate ligand with each ligand bridging
two rare earth metals (RE) by forming a 7-, 5-, and 5-membered
fused chelation ring system. If the linker methylene between the
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_ Ar\\P
+ RE(O'Pr),

Fig. 8 Schematic depiction of the module structure of polymetallic
catalysts.

phosphine oxide and core tetrahydropyran ring is truncated, the
resulting module contains a more stable 6-, 5- and 5-membered
fused ring system (43). To avoid possible undesired phosphine
oxide elimination via oxonium formation, we also changed the
core structure from tetrahydropyran to cyclohexane. Thus, new
module 43 and chiral ligand 44 were designed. Ligand 44 was
readily synthesized via 5 steps from racemic 2-cyclohexen-1-ol
using a dynamic kinetic resolution developed by Trost.*

The new catalyst prepared from 44 and Gd(O'Pr); mixed
in a 1 : 1.5 ratio was superior to the catalyst derived from
3 in the desymmetrization of meso-aziridines with TMSCN.*
Both catalyst activity and enantioselectivity improved significantly
(Table 4). The enantioselectivity was not dependent on the
metal : ligand ratio used in catalyst preparation. Unexpectedly, the
enantioselectvity was reversed compared to the catalyst derived
from 3, whereas 44 and 3 contained the same chirality. The
enantio-switching was not due to the absence of the oxygen
atom in the scaffolding 6-membered ring (tetrahydropyran vs
cyclohexane); when using a catalyst prepared from Gd(O'Pr); and
control ligand 45 (10 mol%), the aziridine-opening product with
the same absolute configuration as those obtained using sugar-
derived ligand 3, was produced. Therefore, the enantio-switching
was attributed to the higher-order structural change induced by
the one-carbon truncation between the phophine oxide and the
core 6-membered ring. The new catalyst was also effective in
enantioselective conjugate addition of TMSCN to a,B-unsaturated
N-acylpyrroles.*®®

To obtain further insight into the mechanism of the enantio-
reversal, catalyst composition was studied by ESI-QFT-MS. A
single peak corresponding to a 44-Gd = 5: 6 + oxo + OH complex
was observed. Thus, the subtle change in the module structure
(one-carbon difference in the linker) was amplified in the higher-
order structure, and a completely different assembly state was
produced.

Elucidation of the three-dimensional structure of the catalyst is
currently ongoing. During this time, we succeeded in determining
the crystal structure of the Gd-44 = 3 : 4 + 20H complex (Fig. 9).
This crystal, however, was not the actual catalyst. Using the crystal

~Gdy H 6
O pEA
Phy 7 \0\ AC um

i 0-.0\3

Fig. 9 X-Ray structure of Gd-44 = 3 : 4 + 20H complex (a) and its
chemical depiction (b).

as a catalyst, both enantioselectivity (62% ee from cyclohexene-
derived aziridine, cf. Table 4, entry 1) and catalyst activity were
significantly lower than those of the catalyst prepared in situ.
We propose the term “assemblymer” to denote the relationship
between the 5: 6 + oxo + OH complex and the 3 : 4 + 20H complex.
These assemblymers contain the same module, but the modular
assembly states (higher-order structure) are different. In this sense,
the 2 : 3 complex and the 4 : 5 + oxo complex derived from the
sugar-based ligands described in section 4 are also assemblymers.
The assemblymers generally produce completely different catalytic
functions.

The two assemblymers derived from 44 were interconvertible.
The enantioselectivity recovered to 94% ee when Gd(O'Pr); was
added to the crystal (3 : 4 + 20H complex) solution to adjust the
Gd : ligand ratio to 5 : 6 and heated at 50 °C for 1 h before the
reaction was conducted. Therefore, the highly enantioselective 5 :
6 + oxo + OH complex could be generated from the 3 : 4 + 20H
complex. In this case, the kinetically formed assemblymer (5 : 6 +
oxo + OH complex) was more stable in a solution state than
the assemblymer obtained through crystallization (3 : 4 + 20H
complex). Importantly, the crystal structure supports our initial
hypothesis that the polymetallic complex is comprised of a stable
6-, 5-, and 5-membered fused chelation system. Further studies are
ongoing to elucidate the actual catalyst structure and to extend the
utility of the new catalyst.

Conclusions

In this review, we described our development of asymmetric
poly rare earth metal catalysts that can promote cyanation and
azidation reactions, including cyanation of ketones and ketoimines
(tetrasubstituted carbon-forming reactions). The reactions are
practical, and used as key steps in catalytic asymmetric syntheses
of several biologically active compounds.

Structural studies of the asymmetric catalyst revealed that
the catalyst was a polymetallic rare earth complex constructed
through the self-assembly of modules (Fig. 8, 42). Two distinct
higher-order structures were formed depending on the assembly
state of the module, Gd : ligand = 2 : 3 complex and 4 : 5 +
oxo complex. These two complexes can be selectively prepared
either using Gd{N(SiMe;),}; as the metal source for the 2 : 3
complex or crystallization for the 4 : 5 + oxo complex. These
two “assemblymers” demonstrated completely distinct catalytic
functions. Specifically, the enantioselectivity was reversed to an
excellent level depending on the higher-order assembled structure
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Table 4 Catalytic asymmetric aziridine opening of meso-aziridines

Gd(O'Pr); (x mol %)

o ligand (1.5x mol %)
TMSCN (3 equiv)

2,6-dimethylphenol (1 equiv)

R! N\H/Ar
T
R! ‘CN

(Ar = CoHa-4-NO,) THF, rt~67 °C
Entry Substrate Ligand Loading/x mol% Time/h Yield (%) Ee (%)
1 44 2 13 98 98
2 O:NRz 3 10 20 94 87
3 44 2 12 83 96
4 @:NRZ 3 10 95 85 82
5 44 2 14 98 95
6 @NRz 3 10 I 91 83
7 , 44 2 14 98 98
8 <\/I\NR 3 20 14 98 91
9 , 44 2 2 99 96
10 Csz(\/I\ NR 3 20 23 89 84
11 , 44 2 28 84 96
12 0<) NR 3 20 96 92 84
13 44 5 15 99 95
14 <:>NR2 3 10 64 92 80
15 Me 44 2 14 98 98
16 )NRz 3 10 39 93 85
Me

“ Using a catalyst generated from x mol% of Gd(O'Pr); and 2x mol% of 3 (x = 10 or 20) in the presence of 5 (or 2.5) mol% of TFA and 1 equiv. of
2,6-dimethylphenol. The absolute configuration of products was opposite to the one shown in the above scheme. See ref. 34.

of the catalyst in the Strecker reaction of ketoimines. The 2 : 3
complex afforded the (S)-products, while the 4 : 5 + oxo complex
afforded the (R)-products. Therefore, the higher-order structure
of the polymetallic catalyst is a determining factor of its function.

On the basis of this finding, we are currently investigating the
logical design of higher-order structures of a polymetallic com-
plex. Toward this goal, we started with tuning the module
structure. This approach led us to identify a new polymetallic
catalyst derived from ligand 44. The higher-order structure of
the catalyst derived from 44 appears to be more stable than those
of catalysts derived from 1-5. The new catalyst is markedly more
effective in catalytic asymmetric aziridine-opening reactions with
TMSCN. Efforts are ongoing to explore new asymmetric catalysts
based on the logical design of the higher-order structure of the
polymetallic catalysis.
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The use of phenotype-based screens as an approach for identifying novel small molecule tools is reliant
on successful protein target identification strategies. Here we report on the synthesis and chemical
characterisation of a novel reagent for protein target identification based on a small molecule inhibitor
of human cell invasion by the parasite Toxoplasma gondii. A detailed "H NMR study and biological
testing confirmed that incorporation of an amino-containing functional group into the aryl ring of this
inhibitor was possible without loss of biological activity. Interesting chemical reactivity differences were

identified resulting from incorporation of the new substituent. The amine functionality was then used
to prepare a biotinylated reagent that is central to our current protein target identification studies with

this inhibitor.

Introduction

Toxoplasma gondii is an intracellular parasite that causes the
disease known as toxoplasmosis." A key step in this parasite’s
lifecycle is the invasion of human cells. In the course of our
efforts to develop novel chemical tools to help study this impor-
tant biological process, we recently reported on the mechanism
of reaction of 2,3-bis(bromomethyl)quinoxaline 1,4-dioxide (1)
with primary and secondary amines (Scheme 1).2 These studies
provided the first experimental evidence in support of a mechanism
that involves conversion of 1 via 2 to the disubstituted intermediate
3. Computational studies were used to support our hypothesis
that the reaction outcome stems from an electrostatic repulsion
between the N-oxide functional group and the bromide leaving
group which raises the energy of the transition state such that the
expected cyclisation reaction of 2 does not occur.

Whilst our initial studies were chemically informative, it is
difficult to assess their biological relevance or gain any real insight
into the biological mode of action of compounds of this type
without identifying a protein(s) that is covalently modified by 1. We
therefore decided to develop reagents and techniques to aid protein
target identification studies using 1 (or its analogues). In our first
approach we assessed whether 1 itself could be used as a means
of detecting proteins labelled via the reaction pathway proposed
in Scheme 1. In the second approach 4 (Scheme 1), a biotinylated
version of 1, was prepared. Here we report on the synthesis of 4 and
compare the chemical reactivity and biological activity of 1 with
5, a structurally related precursor of 4 (Scheme 1). This second
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Scheme 1 Reaction of 1 with an excess of a primary amine, n-butylamine.

approach is complicated by the fact that the incorporation of a
substituent into 1 renders the two electrophilic carbon centres (C9
and C10) non-equivalent, with interesting chemical consequences.

Results and discussion
Fluorescence detection of the amine adduct 7

When carrying out protein target identification studies, it is
essential to incorporate a means of detecting which proteins have
been labelled by the chemical probe.® If 1 or analogues of 1
covalently modify a protein as described in Scheme 1, a protein-
bound adduct 6 (or its analogues) would be formed. Due to the
extended conjugation present in 6 and compounds like it, we
predicted that it might be possible to detect proteins labelled by 1
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Fig. 1 Fluorescence characterisation of 7. (A) Fluorescence emission spectra (a., = 292 nm) were determined after 0 or 19 h incubation of 5 mM 1
with 45 mM n-butylamine in DMSO. (B) 1 (20 mM) was incubated with or without n-butylamine (60 mM) in either DMSO or chloroform for 0, 24 or
48 h. At each time point, the reaction mixture was diluted 20-fold in phosphate buffered saline and 20 pl of this solution (approximately 20 nmol of 7)
was spotted onto Protran nitrocellulose membrane and visualised using a FluorSMax Multilmager (BioRad) with a UV epifluorescence excitation and a

520 nm long pass emission filter.

using fluorescence-based techniques. To evaluate this possibility,
we incubated 1 for 19 hours in the presence or absence of the
model substrate n-butylamine to give 7. As expected, a strong
fluorescence signal was detected at 515 nm when the crude reaction
mixture was analysed following excitation at either 290 or 417 nm
(Fig. 1A). No detectable fluorescence was seen at 1 = 0 (Fig. 1A)
or in the absence of n-butylamine (Fig. 1B).

A solution of 1 was then incubated with a 3-fold molar
excess of n-butylamine in DMSO or chloroform for varying
lengths of time and spotted onto a nitrocellulose membrane
in an analogous manner to experiments that would be carried
out with protein lysates. The nitrocellulose was imaged using
ultraviolet epifluorescence excitation resulting in the observation
of fluorescence at all time points with a clear dependence on the
presence of n-butylamine (Fig. 1B). Although these initial results
were promising, when parasites were incubated with 1 and the
parasite proteins extracted, resolved by SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose, no fluorescent
signal above background was detected (data not shown). This
suggested that the inherent fluorescence of any protein adducts
formed by reaction with 1 that were present on the nitrocellulose
was too weak to be useful for target identification purposes. We
therefore decided to chemically modify 1 to generate a new and
more sensitive probe.

Incorporation of a linker unit into 1

Synthesis of a chemical probe for protein target identification
studies usually requires the identification of a suitable attachment
site to enable incorporation of, for example, a biotin tag without
loss of the required biological activity. In addition, the chemistry
used in conjunction with the attachment site must be compatible
with the chemical functionality present in the active compound.
The structure of 1 limits the choice of attachment site to the
C6/7 and C5/8 positions, substitution at either of which typically
renders the two electrophilic centres (C9 and C10) in the resulting
analogue non-equivalent. In this case, the choice of linking
chemistry provides a significant challenge due to the apparent

incompatibility of the core structure with a nitrogen nucleophile
(Scheme 1). Despite these concerns, 5 (Scheme 1) was selected for
synthesis to assess whether attachment of a group at the C6/7
position in 1 affects its chemical reactivity and biological activity.

Our initial attempts to prepare C6/C7-substituted analogues of
1 proceeded via the known compound 8 (Scheme 2).5 Oxidation
of 8 with mCPBA (2.1 equiv.) led to a mixture of the two regio-
isomeric quinoxaline mono-N-oxides and the required di-N-oxide
that was difficult to separate using standard chromatographic
techniques.® Additionally, an attempt to convert 8 to 9 using
bromine, an analogous method to that reported in a literature
synthesis of 1,” was also unsuccessful leading to one major product
10 (Scheme 2) and a series of polybrominated compounds.*
Our next attempt involved reaction of the known diamine
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Scheme2 Synthesis of 4 and 5. Reagents and conditions: (i) Boc anhydride
(1.1 equiv.), DCM, RT, 2 d, quant.; (ii) H,, 10% Pd/C, MeOH, RT, 24 h,
99% of 14; (iii) 14, 1,4-dibromo-2,3-butanedione (1.05 equiv.), THF, 0 °C
to RT, 17 h, 89% of 15; (iv) mCPBA (5.0 equiv.), DCM, RT, 42 h, 80%;
(v) 45% HBr in AcOH, AcOH, 10 min, 94%; (vi) (a) D-(+)-biotin (5 equiv.),
SOCI, (xs), 30 min; (b) 28 (1 equiv.), pyridine (1 equiv.), DMF, 5 h, 24%;
(vii) Br,, DCM, 58%.
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11 with 1,4-dibromo-2,3-butanedione to give 9.** Subsequent
conversion of 9 to the corresponding di-N-oxide 12 (Scheme 1)
was achieved using excess mCPBA in low yield* but attempts
to remove the ethyl carbamate protecting group using 30% HBr
in acetic acid were unsuccessful.” It was therefore decided to
revisit this approach using a Boc protecting group. Compound
5 was successfully prepared by selective mono N-Boc protection
of 2-nitro-p-phenylenediamine (13) in accordance with literature
precedent.' Subsequent reduction of the nitro group gave diamine
14 in good overall yield." Cyclocondensation with 1,4-bromo-
2,3-butanedione gave quinoxaline 15 which was converted to the
required di-N-oxide 5 using purified mCPBA.!"* X-Ray crystallo-
graphic analysis of 5 confirmed its structure.§

Comparison of the chemical reactivity of 1 and 5

We next studied the mechanism of reaction of 5 with n-butylamine
using 'H NMR techniques.**!" The disappearance of 'H NMR

§ CCDC reference number 642107. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b704685¢
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signals attributed to 5 occurred significantly faster (z = 7000 s,
Fig. 2A) than for 1 (+ = 28000 s), consistent with an increase in
the rate of the first nucleophilic displacement reaction (Scheme 1).
This was in line with the expected ability of the C6 NHBoc
substituent to promote nucleophilic attack of an amine at the
electrophilic centres through increased stabilisation of developing
positive charge in the transition states.’> It was envisaged that
the C6 NHBoc substituent would promote attack at C9 leading
to regioselective formation of 16 (¢f. 17, Fig. 2). Unfortunately,
attempts to investigate this were not possible due to the complexity
of the "TH NMR spectrum at early time points. The relatively fast
consumption of 5 also resulted in a modified reaction profile for
intermediate 16/17 compared with 2 (Scheme 1 and Fig. 2A).
Whilst both curves reach maxima at approximately the same time
(t = 1200 and 1500 respectively), at t = 10000 s intermediate
16/17 was present in only trace quantities whereas there remained
asignificant amount of 2. This observation is consistent with faster
nucleophilic displacement at both C9 and C10 in 5 (¢f. 1) due to
the presence of the NHBoc substituent.

The reaction profiles for 3 and 18 (Fig. 2B and Scheme 1), whilst
difficult to interpret in detail, support another difference between
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Fig. 2 Comparison of A initial displacement (left) and B total product formation in the reactions of 1 and 5 with n-butylamine. These studies were
carried out using an initial concentration of 1 and 5 of 20 mM and n-butylamine of 60 mM in neutral CDCI; at 25 °C. 500 MHz '"H NMR spectra were

acquired at regular time points over 17 hours.
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these two systems, the fact that 3 forms 7 more rapidly than 18
forms 19/20 (the sum of these two products is shown in Fig. 2B).
For example, at r = 14 000 s, the rate of production of 7 and 19/20
are approximately the same despite the fact that the concentration
of 31s 70% of that for 18. This observation supports the view that 3
undergoes elimination of water to give imine 21 (Scheme 1) faster
than 18 gives 22/23 (Fig. 3), possibly reflecting the relative ease of
removal of a benzylic proton in 3 and 18.
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Fig. 3 Rationalisation of the observed product ratio (19 : 20 77 : 23).

The presence of a substituent at the C6 position in 5 has a
second regiochemical consequence in this reaction as two isomeric
products, 19 and 20, can be formed on reaction of 5 with
n-butylamine (Fig. 2 for structures). Careful analysis of the
'"H NMR spectrum of the crude reaction mixture showed that
the final ratio of 19 : 20 was 77 : 23 (data not shown). However,
attempts to isolate 19 and 20 proved difficult due to their limited
stability to silica gel." Further analytical evidence in support of
the structures of 19 and 20 was obtained through their conversion
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Scheme3 Trapping of 19 and 20 in a Diels—Alder reaction with N-phenyl-
maleimide. Reagents and conditions: (1) (a) n-butylamine (3 equiv.), CHCl;,
RT, 3.5 h; (b) N-phenylmaleimide (4 equiv.), RT, 14 h. Isolated 36%
(24a/25a), 18% (24b/25b). The dienophile, N-phenylmaleimide (4 equiv.),
was added to the reaction mixture in chloroform at 25 °C, at t = 12600
seconds. This time point was selected as it corresponded to the point in
the reaction profile at which 16/17 had been fully converted to 18 hence
limiting the amount of n-butylamine available for undesired reaction with
the dienophile (Fig. 2A).

to the corresponding Diels-Alder adducts by reaction with N-
phenylmaleimide (Scheme 3)."

This reaction led to the formation of all four possible isomers
24a-25b (Scheme 3) with the endo-adducts 24a/25a being readily
separable from the exo-adducts 24b/25b by column chromatog-
raphy. As expected, the endo-isomers were formed preferentially
(endo : exo 71 : 29). Although it was not possible to isolate pure
samples of each isomer, analysis of the '"H NMR spectra of the
two sets of adducts allowed their structural assignment.* The ratio
of 24a to 25a and 24b to 25b was similar (24a : 25a 76 : 24; 24b :
25b 75 : 25) and consistent with the ratio obtained on analysis of
the crude sample of 19/20 (see above).

Rationalisation of the observed product ratio

The observed product ratio resulting from reaction of 5 with n-
butylamine (19:20 77 : 23) can be rationalised based on a preferred
formation of imine 22 (¢f- 23 Fig. 3). Formation of 22/23 occurs via
initial tautomerisation of 18 to form either 26 or 27. The relative
ease of this key tautomerisation step depends on the acidity of the
protons at C9 and C10. In 18, tautomerisation towards C10 would
be preferred due to the more acidic nature of the protons at this
position (¢f: C9) leading to 19 as the major product, as observed.'®

Effect of substitution on the desired biological activity

The studies presented above indicated that the incorporation
of an NHBoc functional group at the C6/7 position of 1 to
give 5 did not lead to a dramatic change in the mechanism of
reaction with the primary amine n-butylamine. However, there
were significant changes in several of the key chemical steps as

2066 | Org. Biomol. Chem., 2007, 5, 2063-2069

This journal is © The Royal Society of Chemistry 2007





assessed by '"H NMR studies in chloroform. Subsequent biological
studies showed that these modulations in chemical reactivity did
not have a dramatic impact on the observed biological activity, as
within the experimental error of the cell-based assay used,! 5 and
1 could be considered equipotent (lowest active concentration of
1=12.5uM; of 5 =25uM).

Synthesis of 4, a biotinylated analogue of 1

Having successfully identified a position in the structure of 1 that
could be modified without loss of biological activity, we decided to
replace the Boc group in 5 with the required biotin functionality.
Treatment of 5 under standard Boc deprotection conditions, for
example TFA, gave an intractable mixture of products. However,
removal of the Boc group was achieved using HBr in acetic acid
because the hydrobromide salt, 28, precipitated from the crude
reaction mixture in 94% yield (Scheme 2). Commercially available
D-(+)-biotin was then converted to the corresponding acid chloride
using thionyl chloride and reacted with 28 in the presence of
pyridine in DMF to give 4 in moderate yield (Scheme 2). Having
successfully completed the synthesis of 4, this novel reagent is now
the subject of studies that fall outside the scope of this paper to
identify protein targets of 4 (and hence 1).

Conclusion

Our high-throughput cell-based screen identified 1 as an inhibitor
of human cell invasion by the parasite Toxoplasma gondii.'
Subsequent studies demonstrated that 1 specifically inhibits ex-
tension of the parasite’s conoid, an apical cytoskeletal structure
of unknown function.'® Compound 1 therefore represents a
useful new experimental tool for studying conoid extension and
invasion by this important human pathogen. Our previous studies
showed that 1 can react rapidly and covalently with amine-based
nucleophiles and unexpectedly gave rise to adducts of type 7.2
However, in order to link the interesting chemistry of 1 to its
specific biological effects in 7. gondii, it is crucial to identify its
biological target(s). We had initially hoped to do so using the
fluorescent adduct that is potentially generated when 1 reacts
with protein-based amine nucleophiles. While experiments with
20 nmoles of a model substrate generated detectable fluorescence
signals in a suitable format for use in target identification studies,
no labelling of parasite proteins was observed, possibly because of
insufficient signal-to-noise ratios.

To increase our detection sensitivity, we decided to explore
whether a biotin group could be added to 1. Biotin was chosen
because highly sensitive detection reagents are commercially
available and biotinylated probes have been successfully used in
other systems for target identification.* The options of where to
incorporate the biotin group in 1 (C6/7 or C5/8) were limited by
several chemical constraints, including the fact that substitution at
either of these positions renders the two electrophilic centres (C9
and C10) non-equivalent. Nonetheless, we decided to prepare 5 as
a key synthetic intermediate. Subsequent analysis of the reaction of
5 with the model amine, n-butylamine, showed that whilst the un-
derlying chemical reactivity was the same as 1, several interesting
differences resulted from the incorporation of the NHBoc sus-
btituent. This included the formation of regioisomeric final prod-

ucts 19 and 20, the observed ratio of which was rationalised based
on the relative acidity of the C9 and C10 protons. Importantly, the
incorporation of an NHBoc functional group and the associated
changes in chemical reactivity did not significantly alter the
biological potency of 5 (¢f- 1). It was therefore decided to convert 5
to the biotinylated analogue 4. This analogue of 1 is well suited for
use in target identification studies that will be the topic of a future
report.

Experimental

Unless otherwise noted, starting materials and reagents were
obtained from commercial suppliers and were used without further
purification. Dichloromethane (DCM) was dried by heating under
reflux over calcium hydride and distilled under an atmosphere
of nitrogen. Thionyl chloride was freshly distilled under an
atmosphere of nitrogen before use. mCPBA was purified by
dissolving in DCM and washing with an aqueous solution of
buffered KH,PO, (1.0 M) at pH 7.4-7.5. The DCM phase was
then treated as for a separation. Petroleum ether (PE) 40-60
refers to the fraction of light PE 40-60 boiling in the range 40—
60 °C. Melting points were recorded using an Electrothermal 9100
capillary melting point apparatus. Values are quoted to the nearest
0.5 °C. IR spectra were measured on a Perkin-Elmer Paragon 1000
FT-IR spectrometer. '"H and “C NMR spectra were measured on
a Briiker Advance 300/500 instrument. J values are quoted in
Hz. Chemical shifts are calibrated with reference to the residual
proton and carbon resonances of the solvent (CDCl;: 6y = 7.26,
J0c = 77.0 ppm). Low and high-resolution mass spectral analysis
were recorded using ES operating in positive or negative ion
mode.

tert-Butyl 2,3-bis(bromomethyl)quinoxalin-6-ylcarbamate
1,4-dioxide, 5

To a solution of 15" (1.04 g, 2.40 mmol) in anhydrous DCM
(80 mL) was added purified mCPBA (2.07 g, 12.0 mmol) with
stirring at room temperature. After 42 h the reaction mixture
was diluted with DCM (250 mL) and washed with 10% w/v
aqueous Na,CO; solution (2 x 250 mL). The organic phase was
dried (MgSO,) and concentrated in vacuo to give a yellow solid.
Purification by flash column chromatography on silica gel (EtOAc:
PE 40-60, 1 : 4) gave 5 as a bright yellow crystalline solid (0.89 g,
1.91 mmol, 80%); mp >180 °C dec. (recrystallised from EtOAc :
PE 40-60 1 : 3). IR (KBr) v, /cm™': 3313, 1737 (CO), 1611, 1546,
1480, 1369 (N-0), 1237, 1145, 1030, 881-730 (ArC-H), 635 (C-
Br); "H NMR (300 MHz, CDCl,): ¢ 8.56 (1H, d, *J = 9.4, H-3),
8.51 (1H, d, *J = 2.3, H-5),8.23 (1H, br d, *J = 9.4, H-7), 7.37
(1H, br s, NH), 4.93 (2H, s, CH,Br), 4.92 (2H, s, CH,Br), 1.57
(9H, s, 3 x CH;); BC NMR (75.5 MHz, CDCl,): 6 151.8 (C),
143.5 (C), 140.1 (C), 138.1 (CH), 137.9 (C), 133.2 (C), 124.0 (O),
121.8 (CH), 106.2 (CH), 82.4 (C), 28.2 (3 x CHj3), 20.7 (CH,), 20.6
(CH,); MS-ES— (m/z) 464 (M — H]~, 2 x *Br, 21%), 462 (M —
H]~, ”Br + % Br, 100), 460 (M — H]~, 2 x ”Br, 22); HRMS-ES—
(m/z) caled for CsH¢”Br¥'BrN;O, [M — H]: 461.9487, found
461.9494; anal. caled for CsH;Br,N;0O,: C, 38.90; H, 3.70; N,
9.07. Found: C, 38.76; H, 3.54; N, 8.77%. The structure of 5 was
confirmed by X-ray crystallographic analysis§.
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2,3-Bis(bromomethyl)quinoxalin-6-ylamine 1,4-dioxide
hydrobromide, 28

To a solution of 5 (580 mg, 1.25 mmol) in AcOH (5.0 mL)
was added a solution of 45% HBr in AcOH (4.0 mL) and the
reaction mixture stirred at room temperature for 10 min. The
resulting solution was added dropwise to cold dry diethyl ether
(20.0 mL) with stirring. The resulting precipitate was collected by
suction filtration washing with diethyl ether (20.0 mL). The desired
product 28 was collected as a pink solid (521 mg, 1.17 mmol,
94%); mp > 200 °C dec. IR (NaCl, nujol) v,./cm™': 3387
(NH,), 2576, 1329 (N-O), 1159, 1026, 834 and 736 (ArC-H);
'H NMR (300 MHz, CD;0D): ¢ 8.24 (IH, d, °J = 9.4, H-
8), 7.42 (1H, d, *J = 2.4, H-5), 7.28 (1H, dd, *°J = 94, *J =
2.4, H-7), 494 (2H, s, CH,), 4.93 (2H, s, CH,); MS-ES+ (m/z)
366 ((M — Br]*, 2 x Br, 39%), 364 (M — Br]*, ”Br + *Br,
100), 362 (M — Br]*, 2 x "Br, 44), 316 (55), 314 (54), 300
(14), 298 (13); HRMS-ES+ (m/z) caled for C, H,,”Br* BrN;0,
[M — Br]*: 363.9119, found 363.9124; HRMS-ES+ (m/z) caled for
C,H,,”Br,N;0, [M — Br]*: 361.9140, found 361.9139; anal. calcd
for 1.03HBr.C,,H,Br,N;0,: C, 27.87; H, 2.34; N, 9.75. Found: C,
27.88; H, 2.06; N, 9.41%.

N-[2,3-bis(bromomethyl)quinoxalin-6-yl 1,4-dioxide]-5-
[(3aS,4S,6aR)-2-0xo0-hexahydro-1H-thieno|3,4-d|imidazol-
4-yl|pentanamide, 4

D-(+)-Biotin (500 mg, 2.05 mmol) and thionyl chloride (10.0 mL)
were stirred together under nitrogen. The biotin dissolved and gave
a homogeneous yellow solution after stirring at room temperature
for 15 min. After a further 15 min at room temperature the excess
thionyl chloride was removed in vacuo. DMF (8.0 mL) was added
to the residue followed by pyridine (32 mg, 0.41 mmol) with stirring
under nitrogen. Compound 28 (182 mg, 0.41 mmol) was added
and the reaction mixture stirred at room temperature for 5 h.
The solvent was removed in vacuo. Purification by flash column
chromatography on silica gel (DCM : MeOH 1 : 19) gave 4 as
a yellow solid (58 mg, 0.10 mmol, 24%); mp >180 °C dec. IR
(thin film, DCM) v,,,/cm': 3500-2800, 1745, 1718 (CO amide),
1688, 1654 (CO urea), 1561, 1539, 1459, 1433, 1332 (N-0O), 1264,
1037, 733 and 699 (ArC-H); '"H NMR (300 MHz, CD;0D): &
9.01-8.96 (1H, m, H-5), 8.51-8.46 (1H, m, H-8), 8.06-7.99 (1H,
m, H-7), 5.14 (2H, s, CH,Br), 4.99 (2H, s, CH,Br), 4.56 (2H, s),
4.49-4.44 (1H, m, CHCHS,S of biotin unit), 4.31-4.27 (1H, m,
CHCHS of biotin unit), 3.24-3.18 (1H, m, CHS of biotin unit),
2.90 (1H, dd, *J = 12.7, *J = 4.9, one of the CH,S of biotin
unit), 2.67 (1H, d, >°J = 12.7, one of the CH,S of biotin unit), 2.48
(2H, t, *J = 7.2, CH,CON), 1.84-1.43 (6H, m, (CH,);CH,ON);
“C NMR (125.5 MHz, CDCl;) 6 175.1 (C), 166.1 (C), 144.6 (C),
142.3 (C), 139.9 (C), 139.7 (C), 135.3 (C), 126.6 (CH), 122.1 (CH),
108.4 (CH), 63.4 (CH), 61.8 CH), 57.1 (CH), 41.0 (CH,), 37.8
(CH), 36.6 (CH,), 27.8 (CH,), 29.6 (CH,), 26.5 (CH,), 21.9 (CH,);
MS-ES+ (m/z) 614 (M + Nal*, 2 x ¥Br, 5%), 612 ((M + Nal*,
"Br + *Br, 31), 610 (M + Na]*, 2 x ”Br, 4), 570 (M — CONH, +
Nal*, 2 x *Br, 3), 568 ((M — CONH, + Na]*, ”Br + *Br, 100),
566 M — CONH, + Na]*, 2 x "Br, 49); HRMS-ES+ (m/z)
calcd for C, H,”Br¥'BrN;O,NaS [M + Na]*: 611.9715, found
611.9731; HRMS-ES+ (m/z) calcd for Cy H,;”Br,N;O,NaS [M +
Na]*: 609.9735, found 609.9717.

tert-Butyl-2-butyl-2 H -pyrrolo|3,4-b]quinoxalin-7-ylcarbamate
4-oxide, 19 and tert-butyl-2-butyl-2 H-pyrrolo|3,4-b]quinoxalin-
6-ylcarbamate 4-oxide, 20

Prepared according to the kinetic NMR procedure using 5 and
n-butylamine (see reference 2 for a general protocol). Also, on a
preparative scale: to a solution of 5 (112 mg, 0.24 mmol) in CDCl,
(6 mL) was added a solution of n-butylamine (53 mg, 0.73 mmol)
in CDCl; (6 mL) with stirring at room temperature. After 15 h the
reaction mixture was quenched with silica and the solvent removed
in vacuo. Purification by flash column chromatography on silica
gel (EtOAc) gave 19 and 20 as a mixture of regioisomers. 19 and
20 were collected as an unstable dark red oil (35 mg, 0.10 mmol,
41%) and were observed to decompose rapidly in the absence of
solvent. Compounds 19 + 20: MS-ES+ (m/z) 357 ((M + HJ*,
100), 301 (56); HRMS-ES+ (m/z) caled for C,,H,sN,O; [M + H]*:
357.1927, found 357.1925. Compound 19: 'H NMR (500 MHz,
CDClL): 0 8.48 (1H, d, *J = 9.8 Hz, H-5), 7.91 (1H, d, *J = 2.1,
H-8),7.69 (1H, dd,*J =9.8,*J =2.1, H-6),7.61 (1H, d,*J = 2.5,
H-3),7.51 (1H, d,*J = 2.5, H-1), 6.83 (1H, br s, NH), 4.35 (2H,
t,’J = 7.1, NCH,), 2.04-1.94 (2H, m, NCH,CH,), 1.55 (9H, s,
3 x CCH,;), 1.41-1.28 (2H, m, CH,CHj;), 0.97 3H, t, *J = 7.4,
CH,;). Compound 20: "H NMR (500 MHz, CDCl,): 6 8.41 (1H, d,
*J=2.5,H-5),818(1H,d,*J =9.5, H-8),7.79 (1H, dd, *J = 9.5,
*J =25, H-7),7.61 (1H,d,*J =2.5, H-3),7.58 (1H, d, *J = 2.5,
H-1),6.97 (1H, brs,NH), 4.42 (2H, t,°J = 7.1, NCH,), 2.06-2.00
(2H, m, NCH,CH,), 1.55 (9H, s, 3 x CCH,;), 1.47-1.36 (2H, m,
CH,CH;), 0.99 (3H, t,°J = 7.4, CH;).

Diels—Alder adducts with N-phenylmaleimide

To a solution of 5 (0.56 g, 1.20 mmol) in degassed CHCI; (60.0 mL)
was added n-butylamine (0.26 g, 3.60 mmol) with stirring at room
temperature. After 3.5 h, N-phenylmaleimide (0.83 g, 4.80 mmol)
was added and the reaction continued stirring at room temperature
for 14 h. The solvent was removed in vacuo to give a brown solid,
which by "H NMR analysis of the crude reaction contained endo :
exo products in a ratio of 71 : 29 and showed four regioisomeric
products. Purification by flash column chromatography on silica
gel (EtOAc: PE 40-60, 1 : 1) gave the desired compounds, 24a/25a
as a pink crystalline solid (0.23 g, 0.43 mmol, 36%); and 24b/25b
as a yellowy brown solid (0.12 g, 0.22 mmol, 18%).

endo Regioisomers, 24a and 25a

Compounds 24a and 25a mixed mp > 80 °C dec. to red crystals; IR
(NaCl, nujol) v, /cm™': 1776, 1717 (CO), 1239, 1156, 1052, 833,
734 (ArC-H) and 690; MS-ES+ (m/z) 1081 ([2M + Nal*, 53%),
552 (M + Nal*, 7), 530 (IM + HJ*, 40), 411 (8), 379 (100), 357
(36), 247 (24); MS-ES— (m/z) 528 ((M — H]", 100%), 355 (24);
HRMS-ES— (m/z) caled for C,oH;N;O5 [M — H] @ 528.2247,
found 528.2232. Major regioisomer 24a: '"H NMR (500 MHz,
CDClL): 0 8.47 (1H, d,*J =9.3, H-8), 8.08 (1H, d, *J = 2.3, H-5),
7.84 (1H, dd, *J = 9.3, *J = 2.3, H-7), 7.14-7.05 (4H, m, H-3/,
H-5,NH and H-4), 6.37-6.32 (2H, m, H-2' and H-6), 5.40 (1H,
dd, 3J = 53,4 = 1.6, H-9), 4.82 (1H, dd, °J = 5.6, *J = 1.6,
H-15), 4.13-4.08 (1H, m, H-10), 4.08-4.04 (1H, m, H-14), 2.37
(2H, t,*J = 7.5, NCH,), 1.54 (9H, s, 3 x CCH};), 1.50-1.43 (2H,
m, NCH,CH,), 1.32-1.24 (2H, m, CH,CH,), 0.87 (3H, t, °J =
7.3, CH;); "C NMR (125.5 MHz, CDCl;) d; 172.5 (C), 172.0 (C),
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160.5 (C), 152.0 (C), 146.0 (C), 141.8 (C), 136.9 (C), 132.5 (O),
130.5 (C), 128.9 (2 x CH), 128.5 (CH), 125.7 (2 x CH), 121.5
(CH), 119.6 (CH), 115.8 (CH), 81.7 (C), 67.7 (CH), 63.2 (CH),
48.2 (CH,), 47.1 (CH,), 47.0 (CH), 30.5 (CH,), 28.2 (CH,), 20.3
(CH,), 13.8 (CH;). Minor regioisomer 25a: '"H NMR (500 MHz,
CDCl): 0 8.38 (1H, d, *J = 2.4, H-5), 8.15 (1H, br m, H-7), 8.02
(1H, d, *J = 9.1, H-8), 7.14-7.05 (4H, m, H-3, H-5, NH and
H-4), 6.37-6.32 2H, m, H-2' and H-6), 5.42 (1H, dd, *J = 5.3,
*J=1.6, H9),4.83 (1H, dd,*J = 5.6 *J = 1.6, H-15), 4.13-4.08
(1H, m, H-10), 4.08-4.04 (1H, m, H-14), 2.37 QH, t, *J = 7.5,
NCH,), 1.54 (9H, s, 3 x CCHS), 1.50-1.43 (2H, m, NCH,CH,),
1.32-1.24 (2H, m, CH,CH;),0.87 (3H, t,*J = 7.3, CH;); "C NMR
(125.5 MHz, CDCl;) 6; 172.6 (C), 171.9 (C), 157.7 (C), 152.1 (C),
141.0 (C), 140.8 (C), 138.4 (C), 137.3 (C), 130.5 (C), 130.7 (CH),
128.9 (2 x CH), 128.5 (CH), 125.7 (2 x CH), 123.3 (CH), 105.2
(CH), 81.7 (C), 67.6 (CH), 63.3 (CH), 48.2 (CH,), 47.1 (CH), 47.0
(CH), 30.5 (CH,), 28.2 (CH5;), 20.3 (CH,), 13.8 (CHj;).

exo Regioisomers, 24b and 25b

Compounds 24b and 25b mixed mp 113.0-115.0 °C dec.; IR
(NaCl, nujol) v, /cm™': 1779, 1712 (CO), 1238, 1154, 1052, 840,
757 (ArC-H), and 692; MS-ES+ (m/z) 552 ((M + Nal*, 6%),
379 (100), 269 (59), 247 (14); MS-ES— (m/z) 528 (M — HJ,
100%), 355 (14); HRMS-ES— (m/z) calcd for C,0H3NsO5 [M —
H]: 528.2247, found 528.2259. Major regioisomer 24b: '"H NMR
(300 MHz, CDCl,): ¢ 8.51 (1H, d, *J = 9.3, H-8), 8.07 (1H, d,
4J =2.3, H-5),7.84 (1H, dd, *J = 9.3, *J = 2.3, H-7), 7.53-7.40
(3H, m, H-3', H-5and H-4), 7.32-7.29 (2H, m, H-2' and H-6),
6.93 (IH, br s, NH), 5.27 (1H, s, H-9), 4.76 (1H, s, H-15), 3.32
(1H, d,*J =7.1, H-14), 3.22 (1H, d, °*J = 7.1, H-10), 2.33 (2H,
t,3J = 7.0, NCH,), 1.56 (9H, s, 3 x CCH,), 1.46-1.34 2H, m,
NCH,CH,), 1.34-1.20 (2H, m, CH,CH,), 0.85 (3H, t, °J = 7.3,
CH,;); "C NMR (75.5 MHz, CDCl;) d: 174.7 (C), 174.2 (C), 163.0
(C), 152.0(C), 146.1 (C), 141.6 (C), 138.4 (C), 132.6 (C), 131.9 (O),
129.3(2 x CH), 128.9 (CH), 126.4 (2 x CH), 121.4 (CH), 119.5
(CH), 115.8 (CH), 81.8 (C), 68.8 (CH), 63.8 (CH), 47.4 (CH,), 47.0
(CH,), 46.9 (CH), 30.5 (CH,), 28.2 (CH3;), 20.0 (CH,), 13.7 (CHa).
Minor regioisomer 25b: "H NMR (300 MHz, CDCl;): 0 8.43 (1H,
d,*J =23, H-5),8.07 (1H, brd,*J =9.1, H-7),8.02 (1H, d, *J =
9.1, H-8), 7.53-7.40 (3H, m, H-3', H-5and H-4), 7.30 (2H, m,

H-2 and H-6),7.06 (1H, brs, NH), 5.28 (1H, s, H-9), 4.76 (1H, s,
H-15), 3.32 (1H, d, °J = 7.1, H-10/14), 3.22 (1H, d, °J = 7.1,
H-10/14), 2.33 (2H, t, *J = 7.0, NCH.), 1.56 (9H, s, 3 x CCH,),
1.46-1.34 (2H, m, NCH,CH.,), 1.34-1.20 (2H, m, CH,CHS,), 0.85
(H, t,°J = 7.3, CH.,).
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Stable enols were synthesized from the reaction of (1Z,37)-1,4-dilithio-1,3-dienes with acid chlorides
and structurally characterized by single-crystal X-ray analysis. These stable enols were formed by a
novel de-aromatization/Michael addition/re-aromatization domino process.

Introduction

(17,37)-1,4-Dilithio-1,3-butadienes have been of substantial in-
terest for decades,"” especially as organobimetallic reagents for
synthetic chemistry, utilizing the cooperative effect of the two
alkenyllithiums in the same molecule,'® and their structural
properties.*® The solid-state X-ray structures have generally shown
an s-cis conformation and a double-bridged dilithium structure
(Scheme 1), which has also been supported by theoretical
predictions.* As demonstrated by the work of ourselves and
others,’7 these s-cis forms and the doubly-bridged dilithium
structure contribute greatly to their interesting reaction chemistry.

P

s-trans s-cis

X-ray structure

Scheme 1

As part of our continuing research into these interesting and
useful organodilithium reagents,” we envisioned that the s-trans
form should have different reactivity from that of the s-cis form.
In order to change the conformation of (1Z,32)-1,4-dilithio-1,3-
butadienes from the relatively stable s-cis form to the relatively
unstable s-trans form, we employed a strategy taking advantage
of the steric repulsion effect forcing the equilibrium to the s-trans
form (Scheme 2). Very interestingly, this strategy resulted in the
formation and isolation of a new type of stable enol from the
reaction of 1,4-dilithio-1,3-butadienes with acid chlorides. In this
paper, we would like to report: (1) the formation of unexpected
stable enols by a novel de-aromatization/Michael addition/re-
aromatization domino process, (2) the structure and reaction
chemistry of this kind of enol, and (3) mechanistic aspects.
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Results and discussion

1,4-Bis(trimethylsilyl)-2,3-diaryl-1,4-dilithio-1,3-dienes 2a (Ar =
Ph) and 2b (Ar = tolyl) could be readily generated quantitatively
in situ by lithium—-iodine exchange of the corresponding 1,4-
diiodo-1,3-butadienes 1 with 4 equivalents of -BuLi.” Addition
of acid chloride to this mixture caused immediate reaction, the
reaction being complete within 30 minutes, and affording enols 3a—
d in good isolated yield after quenching with water (Scheme 3).

SiMe; SiMe;
Ar
Z8| 1) 4 t-BuLi =~ Li
—_—
I -7809 Li
AN 78°C, th A 2) RCOC
in Et,0 o
SiMes SiMes 0°C,0.5h
1a: Ar=Ph 2a: Ar=Ph
1b: Ar = Tolyl 2b: Ar = Tolyl 3') PhCOCI
0°C,0.5h
Me3Si
Me,;Si
~ oH PN
N\ OCOPh
Ar N
Ph
R
SiMe3
SiMe;
3a: R'=H, Ar=Ph,

R = 2,4,6-trichlorophenyl
65% isolated yield
3b: R'=H, Ar = Ph,
R = 2,6-dichlorophenyl
62% isolated yield Me;Si
3c: R'= Me, Ar = Tolyl, _——
R = 2,4,6-trichlorophenyl OLi
61% isolated yield N\
3d: R' = Me, Ar = Tolyl, Ph
R = 2,6-dichlorophenyl
65% isolated yield

4
R = 2,4,6-trichlorophenyl
42% isolated yield

Scheme 3
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When the reaction was terminated using PhCOCI instead of by
hydrolysis, the ester 4 was isolated in 42% yield. All these results
indicated that a novel reaction was taking place, with the lithium
enolate 5 as an intermediate.

The structure of enol 3a was determined by single-crystal X-ray
analysis (Fig. 1).

Fig. 1 X-Ray structure of 3a. Selected bond lengths (in A): C23-O1
1.384(3), C1-C23 1.330(4), C1-C2 1.503(4), C2-C3 1.359(4), C2-C5
1.474(4), C3-C4 1.508(4). CCDC reference number 633783. For
crystallographic data in CIF or other electronic format, see DOI:
10.1039/b705110g.

The study of the synthesis, stability and reaction chemistry of
enols has been a fundamental subject in organic chemistry both
from the theoretical point of view and the experimental point
of view. Several excellent methods and a number of stable enols
have been reported in the literature.*'* For example, Rappoport
and co-workers have developed a series of interesting and useful
synthetic methods for simple stable enols and have determined
their structures by X-ray analysis.® The enols reported in this paper
represent a new type of stable enol, and the synthetic method is
unprecedented.

We tested the stability of these enols in various solvents. No
tautomeric equilibrium was observed for these enols when they
were dissolved in solvents such as CDCl;, DMSO-d, and C,D;.
In addition, they were also chemically very stable; the enol moiety
did not undergo any reaction on exposure to strong conditions.
However, the SiMe; group on the five-membered ring of 3a did
undergo desilylation, affording their derivatives 6 and 7 in excellent
isolated yields (Scheme 4).

Ar
Me3Si
—
TBAF OH
N\
. Ar HOTHE
Me;Si 00
C,05h
OH 6: 85%
1) RCHO/TBAF
. THF
SiMes 0°C, 0.5h
3a 2) H,0
Ar = 2,4 6-trichlorophenyl
7a: R =Pr, 86%
7b: R = Ph, 93%
Scheme 4

The steric effect is generally accepted as the major factor con-
tributing to the existence of stable enols.*** To further investigate
the steric effect for these stable enols, we treated 2,3-diphenyl-1,4-
dilithio-1,3-diene 8 with 2,4,6-trichlorophenyl carbonyl chloride.
In contrast to 2a, this dilithio reagent 8 does not have the bulky
trimethylsilyl groups at the 1- and 4-positions. Indeed, instead of
an enol, cyclopentadienol 9 was obtained in 57% isolated yield
(Scheme 5). This result demonstrates that the steric effect does
play a crucial role for the formation of stable enols.

H cocl H
Ph Ph
~; © Clq)-78°C tort, 1h = C/OH
+
X Li ~ A
on 2) H,0 Ph
Cl "
8 9:57%
Scheme 5

A proposed reaction mechanism for the synthesis of the stable
enols is given in Scheme 6. The steric effect is considered to be
crucial for this novel reaction. Because of the steric effect, the Li
atom gets close enough to the adjacent phenyl ring and undergoes
immediate anionic attack, de-aromatizing the phenyl ring. This
dearomatizing anionic cyclization has been well documented in
the literature.’* However, it is not yet clear whether the 2a-s-trans
conformation or the 2a-s-cis conformation reacts first with the acid
chloride. What is clear is that upon formation, the intermediate 10
must immediately undergo dearomatizing anionic cyclization and
Michael 1,6-addition, leading to 11. Re-aromatization of 11 by a
1,5-H shift then affords the enolate 5

SiMe; SiMe;
Ph
T ArCOCI
N L|
Ph
SiMe; SIM33
2a-s-cis 2a-s-trans
dearomatizing
SiMe anionic cyclization
3
Michael 1,6-addition
NS X Ar
OLi
Ph
SiMe; ) Ar
11 | re-aromatization Me.Si _
1,5-H shift OH
N\
Ar Ph
Me;,Si H20
- OLi 3 SiMe;
Ar
Ph MesSi
—
RCOCI OCOR
SiMe; N
Ph
4 SiMe;
Scheme 6

Although the steric effect is crucial here, further reactions
suggested that the electronic effect must also play an important
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role. For example, as shown in Scheme 3, 2a reacted with 2,4,6-
trichlorobenzoyl chloride affording the stable enol 3a in 65%
isolated yield. However, when 2a was treated with mesitoyl
chloride without HMPA, no reaction was detected. As shown
in Scheme 7, in the presence of HMPA, the reaction took place to
form the cyclopentadiene derivative 12 in 47% isolated yield,” with
no enol being formed. This result demonstrates that the electronic
effect also plays an important role for the formation of stable enols.

SiMe. )
o 3 COCI 1) HMPA oh SIMe3
o~ Me Me _7g9C tort, 1h —\__OH
+
L =~/ “Ar
Ph 2) H,0 o
SiMe; Me SiMe;
2a 12: 47%
Scheme 7
Conclusion

In conclusion, we have developed an interesting methodology
involving a de-aromatization/Michael addition/re-aromatization
domino process to afford a new type of stable enol. Both steric
and electronic effects were found to be crucial for this reaction.

Experimental

All reactions were conducted under a slightly positive pressure of
dry, pre-purified nitrogen using standard Schlenk line techniques
when appropriate. Unless otherwise noted, all starting materials
were commercially available and were used without further
purification. Diethyl ether and THF were refluxed and distilled
from sodium-benzophenone ketyl under a nitrogen atmosphere.
1,4-Dihalo-1,3-butadienes were prepared according to literature
methods.” 'H and “C NMR spectra were recorded at 300 and
75.4 MHz, respectively, in CDCI; unless stated otherwise.

Typical procedure for synthesis of enols 3 by reaction between
dilithio-diene 2 and acid chlorides

To a solution of 1,4-bis(trimethylsilyl)-2,3-diary-1,4-diiodo-1,3-
dienes 1 (1.0 mmol) in Et,O (10 ml) at —78 °C was added 7-BuLi
(4.0 mmol, 1.5 M in pentane). After stirring the reaction mixture
at —78 °C for 1 h, acid chloride (1.2 mmol) was added, and the
reaction mixture warmed up to 0 °C for 0.5 h. The mixture was then
quenched with water, extracted with Et,O, the extract washed with
brine and dried over MgSO,. The solvent was evaporated in vacuo
and the residue purified by column chromatography (silica gel, 10 :
1 hexane-dichloromethane) to afford the products 3.

3a. Colorless crystals, 65% yield (363 mg); mp 199.6-200.2 °C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.54 (s, 9H,
CH;), —0.23 (s, 9H, CHs;), 4.21 (s, 1H, CH), 5.56 (s, 1H, OH),
7.22-7.78 (m, 11H, CH). "C NMR (75 MHz, CDCl;, Me,Si,
25°C): 0 = —2.52 (3 CH;), —0.85 (3 CH,), 48.39 (1 CH), 110.02
(1 quat C), 121.12 (1 CH), 123.08 (1 CH), 124.20 (1 CH), 125.27
(1 CH), 127.51 (1 CH), 127.96 (2 CH), 128.17 (1 CH), 128.22
(1 CH), 129.57 (2 CH), 131.74 (1 quat C), 134.26 (1 quat C),
135.39 (1 quat C), 136.77 (1 quat C), 136.92 (1 quat C), 137.65
(1 quat C), 144.57 (1 quat C), 144.74 (1 quat C), 148.14 (1 quat

C), 151.40 (1 quat C). HRMS calcd. for C,H;, 0Si,Cly: 556.0979,
found 556.0984. Anal. Calcd for C,H; OSi,Cl;: C, 62.41%; H,
5.60%. Found: C, 62.42%, H, 5.58%.

3b. Colorless crystals, 62% yield (323 mg); mp 165.0-166.3 °C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.55 (s, 9 H,
CH;), —0.22 (s, 9 H, CHs;), 4.22 (s, 1 H, CH), 5.58 (s, 1 H, OH),
7.22-7.85 (m, 12 H, CH). *C NMR (75 MHz, CDCl;, Me,Si,
25°C): 6 = —2.50 (3 CH;), —0.91 (3 CHj;), 48.30 (1 CH), 109.30
(1 quat C), 121.30 (1 CH), 123.02 (1 CH), 124.12 (1 CH), 125.26
(1 CH), 127.43 (1 CH), 127.93 (2 CH), 128.11 (1 CH), 128.22
(1 CH), 129.64 (2 CH), 130.37 (1 CH), 132.01 (1 quat C), 135.50
(1 quat C), 136.21 (1 quat C), 136.32 (1 quat C), 137.72 (1 quat C),
144.73 (1 quat C), 144.78 (1 quat C), 148.03 (1 quat C), 152.33
(1 quat C). HRMS calced. for CxH3;,OSi,Cl,: 522.1369, found
522.1358.

3c. Colorless crystals, 61% yield (356 mg); mp 153.9-154.8 °C;
"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.53 (s, 9H,
CH,;), —0.23 (s, 9H, CHj;), 2.37 (s, 3H, CH;), 2.45 (s, 3H, CH,;),
4.13 (s, IH, CH), 5.58 (s, IH, OH), 7.11-7.64 (m, 9H, CH). BC
NMR (75 MHz, CDCl;, Me,Si, 25 °C): 0 = —2.41 (3 CH;), —0.77
(3CH;),21.34 (1 CH;), 21.77 (1 CH;), 47.88 (1 CH), 110.26 (1 quat
C), 120.67 (1 CH), 123.84 (1 CH), 126.25 (1 CH), 128.14 (1 CH),
128.18 (1 CH), 128.59 (2 CH), 129.38 (2 CH), 130.92 (1 quat C),
133.60 (1 quat C), 134.36 (1 quat C), 134.83 (1 quat C), 135.32
(1 quat C), 136.35 (1 quat C), 136.94 (1 quat C), 137.03 (1 quat C),
142.23 (1 quat C), 144.96 (1 quat C), 147.15 (1 quat C), 151.18
(1 quat C). HRMS calced. for C;H3508i,Cly: 584.1292, found
584.1292. Anal. Calcd for C; H;;08i,Cl;: C, 63.52%; H, 6.02%.
Found: C, 63.51%, H, 6.10%.

3d. Colorlesscrystals, 65% yield (360 mg); mp 153.3-154.2°C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 0 = —0.54 (s, 9H,
CH,), —0.22 (s, 9H, CH,), 2.37 (s, 3H, CH,), 2.45 (s, 3H, CH,),
4.13 (s, 1H, CH), 5.59 (s, 1H, OH), 7.11-7.70 (m, 10H, CH).
BC NMR (75 MHz, CDCl;, Me,Si, 25 °C): 6 = —2.39 (3 CH,),
—0.83 (3 CH,), 21.35 (1 CH,), 21.77 (1 CHs), 47.80 (1 CH), 109.54
(1 quat C), 120.84 (1 CH), 123.78 (1 CH), 126.23 (1 CH), 128.08
(1 CH), 128.18 (1 CH), 128.57 (2 CH), 129.44 (2 CH), 130.31
(1 CH), 131.17 (1 quat C), 133.51 (1 quat C), 134.90 (1 quat
C), 135.58 (1 quat C), 136.29 (1 quat C), 136.35 (1 quat C),
136.93(1 quat C), 142.44 (1 quat C), 144.95 (1 quat C), 147.06
(1 quat C), 152.12(1 quat C). HRMS calcd. for C; H;,0Si,Cl,:
550.1682, found 550.1686.

Synthesis of enol ester 4 by reaction between dilithio-diene 2 and
two different acid chlorides

To a solution of 1,4-bis(trimethylsilyl)-2,3-diphenyl-1,4-diiodo-
1,3-diene 1a (1.0 mmol) in Et,O (10 ml) at —78 °C was added
t-BuLi (4.0 mmol, 1.5 M in pentane). After stirring the reaction
mixture —78 °C for 1 h, 2,4,6-trichlorobenzoyl chloride (1.2 mmol)
was added, the reaction mixture warmed up to 0 °C for 0.5 h, and
benzoyl chloride (1.2 mmol) then added at the same temperature.
After stirring for another 0.5 h, the mixture was quenched with
water, extracted with Et,O, the extract washed with brine and
dried over MgSO,. The solvent was evaporated in vacuo and
the residue purified by column chromatograph (silica gel, 10 :
1 hexane-dichloromethane) to afford the enol ester 4.
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4. Colorless crystals, 42% yield (278 mg); mp 229.2-230.9 °C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.53 (s, 9H,
CH;), —0.51 (s, 9H, CH;), 4.06 (s, 1H, CH), 7.17-7.93 (m, 16H,
CH). "C NMR (75 MHz, CDCl;, Me,Si, 25 °C): 6 = —2.55(3
CH;), —0.91 (3 CH5;), 47.55 (1 CH), 121.37 (1 CH), 122.74 (1 CH),
123.48 (1 CH), 124.84 (1 CH), 127.27 (1 CH), 127.96 (2 CH),
128.08 (2 CH), 128.24 (1 CH), 128.64 (1 CH), 129.29 (1 quat C),
130.18 (2 CH), 130.30 (2 CH), 130.67 (1 quat C), 133.06 (1 CH),
133.50 (1 quat C), 134.52 (1 quat C), 135.51 (1 quat C), 136.75
(1 quat C), 138.22 (1 quat C), 138.71 (1 quat C), 144.22 (1 quat
C), 144.57 (1 quat C), 145.14 (1 quat C), 146.68 (1 quat C),
163.74 (1 CO); IR (neat): v (C=0) = 1729 cm™'; HRMS calcd.
for C;H;50,S1,Cly: 660.1241, found 660.1220.

Synthesis of enol 6 by desilylation of 3a

To a solution of enol 3a (1.0 mmol) in 1 : 1 THF-H,O (10 ml) at
0 °C was added TBAF-3H,O (1.0 mmol). After stirring at 0 °C
for 0.5 h, water (5 ml) was added, and the mixture extracted with
Et,0. The extract was then washed with brine and dried over
MgSO,. The solvent was evaporated in vacuo and the residue
purified by column chromatography (silica gel, 4 : 1 hexane—
dichloromethane) to afford the enol 6.

6. Colorless crystals, 85% yield (413 mg); mp 149.1-150.5 °C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.31 (s, 9H,
CH,;), 3.79-4.13 (m, 2H, CH,), 5.61 (s, 1H, OH), 7.23-7.92 (m,
11H, CH). "C NMR (75 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.54
(3 CHj;), 41.02 (1 CH,), 109.82 (1 quat C), 121.30 (1 CH), 123.53
(1 CH), 125.43 (1 CH), 126.75 (1 CH), 127.61 (1 CH), 128.05
(2 CH), 128.22 (3 CH), 128.29 (1 CH), 134.03 (1 quat C), 134.98
(1 quat C), 135.53 (1 quat C), 136.48 (1 quat C), 136.72 (1 quat
C), 137.02 (1 quat C), 142.36 (1 quat C), 143.48 (1 quat C), 146.25
(1 quat C), 151.02 (1 quat C). HRMS calcd. for C,sH,;0SiCl;:
484.0584, found 484.0578. Anal. Calcd for C,;H,;OSiCl;: C,
64.27%; H, 4.77%. Found: C, 64.27%, H, 4.82%.

Synthesis of enol 7 by reaction between 3a and an aldehyde

To a solution of enol 3a (1.0 mmol) and an aldehyde (1.2 mmol) in
THF (10 ml) at 0 °C was added TBAF (1.0 mmol, 1 M in THF).
After stirrng at 0 °C for 0.5 h, water (5 ml) was added, and the
mixture extracted with Et,O. The extract was then washed with
brine and dried over MgSO,. The solvent was evaporated in vacuo
and the residue purified by column chromatography (silica gel, 2 :
1 hexane-dichloromethane) to afford the enol 7.

7a. Colorless crystals, 86% yield (480 mg); mp 122.3-123.1°C;
'"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.41 (s, 9H,
CH;), 0.93 (t, J = 7.3 Hz, 3H, CH;), 1.40-1.51 (m, 2H, CH,),
1.66-1.75 (m, 2H, CH,), 3.90 (t, / = 5.7 Hz, I|H, CH), 4.22(d, J =
5.2 Hz, 1H, CH), 6.60 (s, 1H, OH), 7.20-7.70 (m, 11H, CH). *C
NMR (75 MHz, CDCl;, Me,Si, 25 °C): 0 = —0.82 (3 CH;), 14.01
(1 CH,), 19.69 (1 CH,), 38.05 (1 CH,), 56.86(1 CH), 71.99 (1 CH),
108.95 (1 quat C), 121.52 (1 CH), 124.00 (1 CH), 124.95 (1 CH),
127.43 (1 CH), 127.61 (1 CH), 128.10 (1 CH), 128.18 (2 CH),
128.21 (1 CH), 129.13 (2 CH), 134.50 (1 quat C), 135.26 (1 quat
C), 135.87 (1 quat C), 136.21 (1 quat C), 136.70 (1 quat C), 136.82
(1 quat C), 141.78 (1 quat C), 146.62 (1 quat C), 147.39 (1 quat
C), 151.68 (1 quat C). HRMS calcd. for C;,H;,0,SiCl;: 556.1159,
found 556.1184.

7b. Colorless crystals, 93% yield (480 mg); mp 125.3-125.8 °C;
'H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.46 (s, 9H,
CH;), 1.91 (s, 1H, OH), 4.59 (d,J =2.9 Hz, IH, CH), 5.26 (d, J =
2.8 Hz, 1H, CH), 5.92 (s, 1H, OH), 6.73-7.78 (m, 16H, CH). C
NMR (75 MHz, CDCl;, Me,Si, 25 °C): 0 = —0.87 (3 CH,), 58.47
(1 CH), 74.03 (1 CH), 108.98 (1 quat C), 121.38 (1 CH), 124.18
(1 CH), 124.96 (1 CH), 125.49 (2 CH), 127.47 (1 CH), 127.53
(1 CH), 127.74 (1 CH), 127.94 (2 CH), 128.12 (1 CH), 128.17
(1 CH), 128.28 (2 CH), 129.34 (2 CH), 134.25 (1 quat C), 135.33
(1 quat C), 136.09 (1 quat C), 136.60 (1 quat C), 136.76 (1 quat
), 137.14 (1 quat C), 141.29 (1 quat C), 141.52 (1 quat C), 145.52
(1 quat C), 146.74 (1 quat C), 151.46 (quat C). HRMS calcd. for
C;;Hy0,SiCl;: 590.1002, found 590.0992.

Synthesis of cyclopentadienol 9 by reaction between dilithio-diene 8
and 2,4,6-trichlorophenyl carbonyl chloride

To a solution of 2,3-diphenyl-1,4-diiodo-1,3-diene (1.0 mmol) in
Et,0 (10 ml) at —78 °C was added #-BuLi (4.0 mmol, 1.5 M in
pentane). After stirring at —78 °C for 1 h, 2.4,6-trichlorophenyl
carbonyl chloride (1.2 mmol) was added. The reaction mixture
was then warmed up to room temperature for 0.5 h, quenched with
water and extracted with Et,O. The extract was then washed with
brine and dried over MgSO,. The solvent was evaporated in vacuo
and the residue purified by column chromatography (silica gel, 10 :
1 hexane-dichloromethane) to afford the product 9.

9. Colorless crystals, 57% yield (235 mg); mp 123.2-124.9 °C;
"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = 3.43 (s, [H, OH),
6.81 (s, 2H, CH), 7.15-7.38 (m, 12H, CH). “C NMR (75 MHz,
CDCl;, Me,Si, 25°C): 0 = 85.71 (1 quat C), 127.75 (2 CH), 127.93
(4 CH), 128.06 (4 CH), 130.48 (2 CH), 133.51 (1 quat C), 134.82
(3 quat C), 135.57 (2 quat C), 136.22 (2 CH), 144.02 (2 quat C).
HRMS calcd. for C,;H,sOCl;: 412.0189, found 412.0174. Anal.
Calcd for C;;H,sOCl;: C, 66.77%; H, 3.65%. Found: C, 66.77%,
H, 3.77%.

Synthesis of cyclopentadienol 12 by reaction between dilithio-diene
2a and 2,4,6-trimethylphenyl carbonyl chloride

To a solution of 1,4-bis(trimethylsilyl)-2,3-diphenyl-1,4-diiodo-
1,3-dienes 1a (1.0 mmol) in Et,O (10 ml) at —78 °C was added
t-BuLi (4.0 mmol, 1.5 M in pentane). After stirring at —78 °C
for 1 h, HMPA (2.2 mmol) and 2,4,6-trimethylphenyl carbonyl
chloride (1.2 mmol) were added. The reaction mixture was then
warmed up to room temperature for 1 h, quenched with water
and extracted with Et,O. The extract was then washed with brine
and dried over MgSO,. The solvent was evaporated in vacuo and
the residue purified by column chromatography (silica gel, 10 : 1
hexane—dichloromethane) to afford the product 12.

12. Colorless crystals, 47% yield (234 mg); mp 168.6-169.7 °C;
"H NMR (300 MHz, CDCl;, Me,Si, 25 °C): 6 = —0.33 (s, 18H,
CH,), 1.71 (s, 1H, OH), 2.25 (s, 3H, CHy;), 2.47 (s, 3H, CH,), 2.80
(s, 3H, CH;) 6.75-7.25 (m, 12H, CH). "C NMR (75 MHz, CDCl;,
Me,Si, 25 °C): 6 = —0.27 (6 CHj;), 19.89 (1 CHj;), 20.56 (1 CH,),
26.48 (1 CH;), 99.97 (1 quat C), 126.83 (2 CH), 127.33 (4 CH),
128.81 (4 CH), 130.75 (1 CH), 133.12 (1 CH), 133.70 (1 quat C),
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135.39 (1 quat C), 135.47 (1 quat C), 137.68 (2 quat C), 138.42
(1 quat C), 155.47 (2 quat C), 156.53 (2 quat C). HRMS calcd. for
C3,Hy08Si,: 496.2618, found 496.2609.
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Methyltrioxorhenium (MTO)-catalyzed epoxidation of alkenes with H,O, has been significantly
improved by using 3-methylpyrazole as an additive. A system consisting of 35% H,O, and
MTO-3-methylpyrazole in CH,Cl, catalyzes the epoxidation of various alkenes in excellent yields. The
catalytic activity of MTO-3-methylpyrazole surpasses MTO-pyrazole and MTO-pyridine catalysts.
Quantitative yields of epoxides from cyclic and internal alkenes were obtained with only 0.05-0.1 mol%

of MTO in the presence of 10 mol% of 3-methylpyrazole.

Introduction

The epoxidation is an important transformation of alkenes, be-
cause epoxides are versatile intermediates in organic synthesis. The
use of transition metal complexes as the epoxidation catalyst is of
particular interest,' due to their ability to activate environmentally
benign oxidants such as molecular oxygen? and H,0,.3*

An important improvement in the field of catalytic epoxidation
arose with the discovery of the catalytic activity of methyltriox-
orhenium(vir) (CH;ReO;, MTO)® by Herrmann and co-workers
in 1991.* MTO has emerged as one of the most active catalysts
for alkene epoxidation in the presence of H,O, as the terminal
oxidant.

MTO-catalyzed epoxidation was initially investigated in a
homogeneous medium using zer-BuOH as solvent with anhydrous
H,0,.%7 While high yields of certain epoxides may be obtained
by this procedure, the main disadvantage, however, was the low
selectivity in the cases where acid sensitive epoxides were formed.
The Lewis acidity of the rhenium center caused hydrolysis and
concomitant cleavage of the epoxide ring leading to the formation
of 1,2-diols in the presence of water.”

Several methods have been suggested to overcome this problem.
Herrmann and co-workers have reported that addition of a
Lewis base ligand, e.g., quinuclidine, pyridine and its derivatives,
suppresses the epoxide ring-opening process by reducing the Lewis
acidity of the rhenium center.” However, while the selectivity
toward epoxides increases, the conversion of the activity of the
catalytic system decreases.

Use of a urea-H,0, complex instead of aqueous H,O, was
examined to overcome the formation of diols, and somewhat
improved the substrate scope of the system.?

A major improvement in the MTO-catalyzed epoxidation was
achieved by Sharpless and co-workers.” They have reported that
a biphasic system (aqueous phase/organic phase) and addition of
a significant excess of an aromatic monodentate Lewis base, such
as pyridine, relative to the catalyst not only suppresses the ring
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opening but also accelerates the alkene epoxidation in comparison
to MTO itself.’*2

Shortly afterwards new improvements were achieved by the
groups of Sharpless’® and Herrmann." It was found that the
use of 3-cyanopyridine and especially pyrazole as the Lewis base
is more effective and less problematic than the use of pyridine,
since the latter ligand can be easily oxidized to its N-oxide, which
is a less efficient ligand.!

Herein we wish to report an improved method of MTO-
catalyzed epoxidation. We have found 3-methylpyrazole as an
additive to be a more suitable ligand than pyridine and pyrazole for
this catalytic epoxidation. The use of 3-methylpyrazole enhances
the rate of epoxidation while reducing the amount of MTO.

Results and discussion

Herrmann and co-workers investigated some pyrazole derivatives
as additives for MTO-catalyzed epoxidation of styrene, and con-
cluded that 3-methylpyrazole was less effective than pyrazole.'*
During our research on the effect of additives for the MTO-
catalyzed epoxidation, we have found that 3-methylpyrazole is
a superior additive than pyrazole for epoxidation of some types of
alkenes.

In order to evaluate the efficiency of 3-methylpyrazole as the
additive, we compared pyridine, pyrazole and 3-methylpyrazole
in MTO-catalyzed epoxidation of cyclohexene. The results are
summarized in Table 1.

When the epoxidation of cyclohexene was carried out with
0.2 mol% MTO, the reaction using 3-methylpyrazole as an
additive was completed within 1 h (entry 5), while the reactions
using pyridine and pyrazole were completed at 5 h and 3 h
respectively (entries 1 and 3). The reaction time of MTO-3-
methylpyrazole is remarkably shorter than those of the other
MTO-ligand catalysts. When the amount of MTO was reduced
to 0.1 mol%, the reaction using 3-methylpyrazole was completed
within 4 h (entry 6), while the reactions using pyridine and pyrazole
were not completed within 5 h (86% conversion in both cases,
entries 2 and 4). In the case of 3-methylpyrazole, the reduced
amount of MTO (0.05 mol%, entry 7) afforded 96% epoxide at
5 h. The addition of 4-methylpyrazole was also effective. The
epoxidation of cyclohexene with 0.1 mol% MTO in the presence of
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Table 1 MTO-catalyzed epoxidation of cyclohexene with 35% H,0,*

35% H,0, / MTO

10 mol% additive

J

9=

CH,Cly, 1t

Entry Additive MTO (mol%) Time/h Convn® (%) Epoxide’ (%)
1 Pyridine 0.2 5 99 >99
2 Pyridine 0.1 5 86 >99
3 Pyrazole 0.2 3 >99 >99
4 Pyrazole 0.1 S 86 >99
5 3-MePz* 0.2 1 >99 >99
6 3-MePz* 0.1 4 >99 >99
7 3-MePz* 0.05 5 96 >99
8 4-MePz* 0.1 4 >99 >99
9 4-MePz* 0.05 5 90 >99

“ Cyclohexene (20 mmol), 35% H,O, (40 mmol), additive (2 mmol), in CH,Cl, (10 mL) at room temperature. * Determined by GC analysis. © 3-

Methylpyrazole. ¢ 4-Methylpyrazole.

4-methylpyrazole resulted in complete conversion of cyclohexene
to epoxide (entry 8). Fig. 1, the reaction profile of cyclohexene
epoxidations, shows that the epoxidation with 0.1 mol% MTO
using 3-methylpyrazole was faster than those using pyridine and
pyrazole. The results in Table 1 and Fig. 1 clearly indicated that
3-methylpyrazole is a superior additive than pyridine and pyrazole
for MTO-catalyzed epoxidation of cyclohexene.

100

80

60

40

Conversion / %

20

Time/h

Fig. 1 Time course of MTO-catalyzed epoxidation of cyclohexene. Con-
ditions: cyclohexene (20 mmol), 35% H,0, (40 mmol), MTO (0.02 mmol),
additive (2 mmol), in CH,Cl, (10 mL) at room temperature. Analysis by
GC. (@) Curve A: 3-methylpyrazole. () Curve B: pyrazole. ((J) Curve C:
pyridine. (x) Curve D: no additive.

The MTO-catalyzed epoxidation of cyclohexene with 0.2 equiv-
alent of H,O, afforded cyclohexene oxide in 20% yield (100%
based on H,0, consumed). The epoxidation of cyclohexene with
1.1 equivalent of H,0, resulted in complete conversion of the
alkene to the epoxide. These results indicated that this epoxidation
proceeded with high efficiency of H,O, utilization and with high
selectivity to the epoxides.

The results of MTO-catalyzed epoxidation for a variety of
alkenes using 3-methylpyrazole as the additive are summarized
in Table 2. In the cases of cyclic alkenes (entries 1, 3, 5, 7, 9,
and 14), the alkenes were converted to epoxides quantitatively
with only 0.1 mol% MTO at reasonable reaction times. No ring-
opening or oxidative-cleavage by-products were observed in these
cases. Complete conversions of cyclic alkenes to epoxides were
also observed with reduced amount of MTO (0.05 mol%) with
longer reaction times (entries 2, 4, 6, 8, 10, and 15). Cyclooctene
can be converted to cyclooctene oxide quantitatively with only
0.02 mol% MTO within 24 h (entry 11). The turnover numbers
(TON) of cyclooctene epoxidation with pyridine, pyrazole, and
3-methylpyrazole were compared at a catalyst concentration of
0.01 mol% (Table 3). The epoxidation with 3-methylpyrazole
exhibited the highest TON of 7200. At catalyst concentration
of 0.001 mol% of MTO, the conversion at 6 h was 20%, which
represents a TON of 20000 (Table 2, entry 13). This is the best
TON reported to date on MTO-catalyzed epoxidation.’™ The
internal alkenes such as trans- and cis-2-octene were also converted
to epoxides quantitatively with 0.1 mol% MTO at reasonable
reaction times (entries 27, 28, 29, and 30).

The epoxides of substituted styrenes are known to be very prone
to ring-opening and rearrangement reactions. With this additive,
styrene, o-methylstyrene, cis- and trans-p-methylstyrene were also
converted to their epoxides in excellent yields (entries 16, 17,
20, 21, 22, 23, and 24). The addition of either pyrazole or 3-
methylpyrazole in styrene epoxidation resulted in almost same
outcome (entries 16 and 18), while pyridine had an inferior effect
(entry 19).>'* In the case of styrene epoxidation, small amounts
of styrene glycol (2%) and benzaldehyde (1%) were also detected
(entry 16).

Functional groups such as alcohols and esters do not interfere
with the epoxidation reaction and good yields were obtained
(entries 32-36).

Although aliphatic terminal alkenes, such as 1-hexene and 1-
octene, were epoxidized slower than cycloalkenes and styrenes,
the alkenes were converted to epoxides over 90% yields within 8 h
with 0.5 mol% MTO (entries 25, 26, and 31). The time courses of
the epoxidation of 1-octene by MTO-3-methylpyrazole, MTO-
pyrazole, and MTO-3-cyanopyridine’® are shown in Fig. 2. These
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Table 2 MTO-Catalyzed epoxidation of various alkenes with 35% H,0O, in the presence of 3-methylpyrazole in CH,Cl,*

Entry Alkene MTO (mol%) Temperature/°C Time/h Conversion® (%) Epoxide’ (%)
1 1-Methylcyclohexene 0.1 10 5 >99 >99
2 1-Methylcyclohexene 0.05 10 24 99 >99
3 1-Phenylcyclohexene 0.1 rt 3 >99 95
4 1-Phenylcyclohexene 0.05 rt 8 97 96
5 Cyclopentene 0.1 rt 2.5 >99 >99
6 Cyclopentene 0.05 rt 6 99 >99
7 Cycloheptene 0.1 rt 3 >99 >99
8 Cycloheptene 0.05 rt 7 99 99
9 Cyclooctene 0.1 rt 2 >99 >99(91)°

10 Cyclooctene 0.05 rt 4 >99 >99

11 Cyclooctene 0.02 rt 24 99 >99

12 Cyclooctene 0.01 rt 6 72 >99

13 Cyclooctene 0.001 rt 6 20 >99

14 Norbornene 0.1 rt 2.5 >99 >99

15 Norbornene 0.05 rt 24 >99 >99

16 Styrene 0.5 rt 4 >99 974

17 Styrene 0.2 rt 5 92 99

18 Styrene 0.5¢ rt 5 >99 96

19 Styrene 0.5 rt 5 66 99

20 o-Methylstyrene 0.1 rt 3 95 97

21 trans-p-Methylstyrene 0.1 rt 5 >99 >99¢

22 trans-p-Methylstyrene 0.05 rt 24 >99 >99¢

23 cis-B-Methylstyrene 0.1 rt 5 >99 >99*

24 Indene 0.2 rt 1 98 89

25 1-Hexene 0.5 rt 8 94 96

26 1-Octene 0.5 rt 8 98 93

27 trans-2-Octene 0.1 rt 6 >99 >99¢

28 cis-2-Octene 0.1 rt 3 >99 >99"

29 trans-4-Octene 0.1 rt 8 98 >99¢

30 cis-4-Octene 0.1 rt 5 99 >99*

31 1-Decene 0.5 rt 14 97 96

32 Cinnamyl alcohol 0.2 rt 5 >99 79

33 Cinnamyl acetate 0.5 rt 20 >99 95

34 Citronellol 0.1 10 4 >99 97

35 trans-2-Hexen-1-ol 0.2 rt 8 >99 >99¢

36 trans-3-Hexen-1-ol 0.2 rt 7 >99 >99¢

“ Alkene (20 mmol), 35% H,O, (40 mmol), 3-methylpyrazole (2 mmol), in CH,Cl, (10 mL). ® Determined by GC analysis. ¢ Isolated yield by 10 g
scale experiment. See Experimental section. ¢ Styrene glycol (2%) and benzaldehyde (1%) were also produced. ¢ Pyrazole (2 mmol) was used instead of
3-methylpyrazole. / Pyridine (2 mmol) was used instead of 3-methylpyrazole. ¢ rrans-Epoxide. * cis-Epoxide.

Table 3 Comparison of turnover numbers of MTO-catalyzed epoxida-
tion of cyclooctene using various additives®

Entry Additive TON?®
1 — 82
2 Pyridine 3960
3 Pyrazole 2300
4 3-Methylpyrazole 7200

“ Cyclooctene (40 mmol), 35% H,0, (80 mmol), MTO (0.004 mmol),
additive (4 mmol), in CH,Cl, (20 mL) at 20 °C for 6 h. ® Turnover number
at 6 h.

results indicated that the efficiency for epoxidation of terminal
alkenes by these three catalytic systems is comparable.

The best results for MTO-catalyzed epoxidation in CH,Cl,
to date were reported with pyrazole as the Lewis base ligand
(0.5mol% MTO, pyrazole : MTO ratio of 24 : 1, in CH,Cl,)."* The
change of the solvent from CH,Cl, to fluorinated alcohols such as
trifluoroethanol™ and hexafluoro-2-propanol*® allowed reduc-
tion of the MTO loading to 0.1 mol%. However, acid-sensitive
epoxides undergo ring-opening leading to a mixture of compounds
in these fluorinated alcohols.”® The use of 3-methylpyrazole will
allow reduction of MTO loading to <0.1 mol% without changing
the solvent from CH,Cl, to fluorinated alcohols.
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Fig. 2 Time course of MTO-catalyzed epoxidation of I-octene. Con-
ditions: I-octene (20 mmol), 35% H,0, (40 mmol), MTO (0.1 mmol),
additive (2 mmol), in CH,Cl, (10 mL) at room temperature. Analysis by
GC. (@) Curve A: 3-methylpyrazole. (a) Curve B: pyrazole. ((J) Curve C:
3-cyanopyridine. (x) Curve D: no additive.
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When reducing the amount of 3-methylpyrazole to 5 mol%, the
rate of the cyclohexene epoxidation was somewhat slower than that
for 10 mol% additive. The rates of the epoxidation using 10 mol%
and 20 mol% additive were identical. As a result, addition of
10 mol% 3-methylpyrazole is required to obtain the best result,
although 3-methylpyrazole does not react under the oxidation
conditions as pyrazole.'*

The pK, of 3-methylpyrazole is 3.3." The value is higher than
those of 3-cyanopyridine (pK, 1.5) and pyrazole (pK, 2.5), and
is lower than that of pyridine (pK, 5.2), namely 3-methylpyrazole
has higher basicity than 3-cyanopyridine and pyrazole, and has
lower basicity than pyridine. Adolfsson and co-workers reported**
MTO-catalyzed epoxidation of styrene with substituted pyridines
of various pK,. Among the pyridines examined, 3-chloropyridine
(pK, 2.8), 3-fluoropyridine (pK, 3.0), methyl nicotinate (pK, 3.3)
and methyl isonicotinate (pK, 3.3) that have similar pK, values to
3-methylpyrazole allowed the reaction to reach high conversion
(indicating long catalyst lifetime) with high selectivity of epoxide
(conversion >90% and selectivity >90%). More basic pyridines
(pyridine, 4-picoline pK, 6.0, 4-tert-butylpyridine pK, 6.0, 4-
methoxypyridine pK, 6.6) resulted in lower conversion (short
catalyst lifetime) with excellent selectivity. The pyridines that
are less basic (3-cyanopyridine, 4-cyanopyridine pK, 1.9) exhibit
quantitative conversion along with drastically low selectivity
(<10% epoxide). The nitrogen heterocycles that have pK, values
about 2-4 may afford good balance of conversion and selectivity.

The presence of nitrogen heterocycles in the medium increases
the concentration of the mono-hydrogen peroxide anion (HOO"),
which results in a faster formation of the peroxorhenium com-
plexes from MTO. The higher concentration of HOO™ is also
increasing the rate of MTO decomposition through a base-
mediated pathway.'””® On the other hand, the coordination of
heterocycles to MTO must protect the catalyst from deactivation
by the base-mediated pathway. The concentration of HOO™ is
higher and the formation of peroxo complexes is faster in the
presence of 3-methylpyrazole than pyrazole, because the basicity
of 3-methylpyrazole, which has an electron-releasing substituent,
is higher than that of pyrazole. The basicity values of pyrazole
and 3-methylpyrazole are not so high as that of pyridine, and
the difference in MTO deactivation rates of these must be
small. Although the origin of the rate-improving effect on MTO-
catalyzed epoxidation with heterocycle additives is still not fully
understood,">!” these may be the reason for the higher reactivity
and longer catalyst lifetime of 3-methylpyrazole than pyrazole.

Conclusions

We have explored and succeeded in enhancing the catalytic
activity of MTO for epoxidation with 35% H,O, by using a
re-examined additive 3-methylpyrazole that has been found to
be a superior additive to pyridine and pyrazole. The MTO-3-
methylpyrazole system has the highest activity among MTO-
based catalytic systems (MTO-pyrazole, MTO-pyridine, etc.)
reported to date especially for epoxidation of cyclic and internal
alkenes. Epoxides were obtained quantitatively from cyclic and
internal alkenes with only 0.02-0.1 mol% MTO and 10 mol% 3-
methylpyrazole without using highly concentrated H,O, (>60%)
and/or expensive fluorinated alcohols. On the other hand, the
effects of 3-methylpyrazole and pyrazole were comparable in the

epoxidation of terminal alkenes such as 1-octene and styrene.
3-Methylpyrazole is commercially available and would be the
additive of choice for MTO-catalyzed epoxidation of a variety of
alkenes. The continuous exploration of various amine compounds
as additives will open perspectives for further enhancement of the
catalytic activity of MTO.

Experimental
General remarks

All reagents obtained were from commercial sources unless
otherwise noted and were used without further purification.
Methyltrioxorhenium was prepared according to the reported
procedure.” The concentration of hydrogen peroxide was de-
termined by iodometric titration before use. The progress of
the reaction was monitored by GC analysis. The conversions of
alkenes and yields of epoxides were determined by the GC internal
standard method. GC analyses were performed on a Shimadzu
GC-2010 (FID detector) equipped with a GL Sciences InertCap 1
column (30 m length x 0.25 mm ID x 0.25 um film thickness).

Typical procedures for epoxidations

Cyclohexene epoxidation (Table 1, entry 6). A 50 mL flask
equipped with a stirbar was charged with CH,Cl, (10 mL), 3-
methylpyrazole (161 pL, 2.0 mmol, 10 mol%), MTO (5 mg,
0.020 mmol, 0.1 mol%), and cyclohexene (2.03 mL, 20 mmol).
H,0, (35%, 3.36 mL, 40 mmol) was added all at once to the stirring
solution. The resulted two-phase mixture was stirred vigorously
(1000 rpm) at room temperature. The progress of the reaction
was monitored at appropriate intervals by GC analysis of small
aliquots of the organic phase. The conversion of cyclohexene
and yield of cyclohexene oxide were determined by the GC
internal standard method. The GC internal standard material (n-
undecane) was added just before the first analysis.

Procedure for 10 g scale epoxidation of cyclooctene (Table 2,
entry 9). A 200 mL flask equipped with a stirbar was charged
with CH,Cl, (50 mL), 3-methylpyrazole (0.73 mL, 9.07 mmol,
10 mol%), MTO (22.6 mg, 0.0907 mmol, 0.1 mol%), and cy-
clooctene (10 g, 90.7 mmol). H,O, (35%, 15.3 mL, 181 mmol) was
added dropwise to the stirring solution from a dropping funnel
(ca. 10 min). During the H,0, addition the temperature of the
solution was kept below 30 °C by applying an external cooling
bath. The resulted two-phase mixture was stirred vigorously (1000
rpm) at room temperature. The reaction was completed after 2 h,
and the reaction mixture was poured into brine. The aqueous
layer was separated, and the remaining organic layer was washed
with aqueous Na,S,0;. The organic layer was successively washed
with dilute HCI (2 mL 35% HCI with 50 mL H,0) to remove
3-methylpyrazole. The organic layer was dried over anhydrous
Na,SO,, and the solvent was distilled out by using an evaporator.
The residue was dried under vacuum. Cyclooctene oxide was
obtained as a colorless solid (10.4 g, 91%, >98% purity by GC. The
main impurity was cyclooctane that was contained in the starting
alkene).
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A structure for the self-condensation product of 2-(1 H-indol-2-yl)ethyl tosylate 2a, previously proposed
as 6,7,14,15-tetrahydro-15a H-azocino[1,2-a:6,5-b]diindole 3a, was revised based on the
BC-2D-INADEQUATE experiment, and proved to be 7,7a,13,14-tetrahydro-6 H-

cyclobuta[b]pyrimido[1,2-a:3.4-a'[diindole 4a. A mechanism for the unexpected formation of this novel
hexacyclic heterocycle was proposed and its NMR solution structure was elucidated. Five derivatives of
the title ring skeleton 12-16 designed as melatonin receptor ligands were synthesized and their affinities

for the human MT, and MT, receptors were determined. Both butyramides 13 and 15, as well as the
non-methoxy acetamide 12 exhibited micromolar binding affinities for both receptors being slightly
MT, selective. The methoxy acetamide 14 showed the best pharmacological profile exhibiting a

five times higher affinity for MT, (K; = 49 nM) than for MT, (K; = 246 nM) receptor.

Introduction

Melatonin 1 (Fig. 1) is a neurohormone exerting its diverse
pharmacological actions mostly through activation of two G-
protein-coupled receptors MT, and MT, !

(o}

P,
MeO H
N\
N
H

1

Fig. 1 Structure of melatonin 1.

Examination of the physiological roles of these receptors, which
are not as yet clearly defined, requires MT, and MT, selective lig-
ands. However, pronounced subtype selectivity is still a challenge,
and only recently a limited number of selective compounds have
been identified.> The majority of subtype selective agents behave as
MT, receptor antagonists. A common structural feature in most of
MT, selective antagonists is the presence of a lipophilic substituent
located out of the plane of their core nucleus in a position
corresponding to positions 1 and 2 of the indole in melatonin.?
However, there are only limited studies concerning the steric
tolerance of the hydrophobic binding pocket accommodating this
lipophilic group.*
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T Electronic supplementary information (ESI) available: NOESY spectrum
of 4a and the illustration of the observed NOEs in the 3D structure of 4a.
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In the course of our studies on allosteric ligands of mus-
carinic M, receptors, we reported the self-condensation of 2a
to give the pentacyclic 6,7,14,15-tetrahydro-15aH-azocino[1,2-
a:6,5-b]diindole 3a using NaH in DMF.* The unusual formation
of compound 3a was explained by an ambident nucleophilic
character of the indolyl anion, which can be alkylated either
at N or at C-3. Based on this result, we became interested in
the synthesis of a potential melatonergic ligand by applying the
same procedure to the tosylate of 5-methoxyindol-2-yl ethanol
2b to obtain 3b and a subsequent introduction of the melatonin-
like side chain. The desired compound is formally derived from
melatonin by attaching the indole moiety to N-1 and C-2 via
ethylene spacers, and therefore, it could be useful for probing
the aforementioned pharmacophore for MT, antagonists with
respect to location and size of the hydrophobic binding pocket.
In order to determine the 3D structure of the ring system
3a, we analysed the NOESY spectrum of 3a finding several
NOE interactions which were not consistent with our previously
proposed structure. To our great surprise, analysis of the *C-2D-
INADEQATE spectrum revealed that the condensation product
of 2a was not the previously reported pentacyclic ring system 3a,
but the isomeric hexacyclic ring skeleton 4a (Scheme 1). In the
first part of this paper, we describe the structure elucidation and
NMR conformational analysis of this novel 7,7a,13,14-tetrahydro-
6 H-cyclobuta[b]pyrimido[1,2-a:3,4-a']diindole ring system. The
second part reports the synthesis of some analogues of the
novel ring scaffold designed as melatonergic ligands and their
pharmacological evaluation.

Results and discussion
Structure elucidation of compound 4a

The conclusions drawn from the NMR spectra which led to the
previously assigned structure 3a also apply to the novel ring 4a.

This journal is © The Royal Society of Chemistry 2007
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Scheme 1  Reagents and conditions: (i) NaH, DMF, 0 °C-rt.

Thus, analysis of the "H-"H-COSY, and HMQC data established
the presence of four independent spin systems including two indole
moieties and two aliphatic chains identified as -CH-CH,-CH,- and
-CH,-CH,-. The complete carbon sequence was now obtained by
means of a "C-2D-INADEQATE spectrum displayed in Fig. 2.
The most easily assignable resonance signal belonging to the
indolic carbon C-15 (6 98.4) was used as a starting point. This
signal exhibited correlations with signals resonating at 6 128.9
(C-15a) and ¢ 135.3 (C-14a). From the latter, we could obtain
the chemical shift of C-14 (¢ 21.7), which in turn was correlated
with C-13 (0 36.6). Since C-13 shows no further cross peaks, the
ethylene moiety 14-CH,-13-CH,- must be connected to a nitrogen
atom. The second substructure can be deduced starting from

11 15

8
13 4
10 o

—
&

Sa

the quaternary carbon C-5a. Its chemical shift (0 83.3) indicates
that C-5a is located between both nitrogen atoms. Further direct
coupling partners of C-5a are the methine carbon C-7a (0 48.1)
and the methylene carbon C-6 (6 34.2), which in turn are both
connected with the same methylene carbon C-7 (0 21.5) clearly
indicating the presence of the cyclobutane ring incorporating the
carbon atoms 5a, 6, 7, and 7a. The position of this four-membered
ring could be identified by the correlation between C-7a (d 48.1)
and the aromatic carbon C-7b (¢ 132.2). The assignment in both
indole substructures was accomplished by following the coupling
paths starting from the already assigned carbon atoms C-15a and
C-7b.

Conformational analysis

The structure of the ring scaffold 4a was first submitted to a
conformational analysis using the Cartesian method of the steric
energy minimization program GLOBAL-MMX implemented in
PCModel 9.0 (Serena Software)® yielding two minimum geome-
tries which were further optimized by means of semiempirical PM3
calculations of HyperChem 7.1 (Hypercube Inc.).” The resulting
possible conformations A and B are depicted in Fig. 3. The central
six-membered rings of A and B adopt different conformations
leading to a slightly different relative position of the aromatic
rings.

The 3D solution structure of the novel ring system was
examined by means of a 600 MHz NOESY spectrum shown
in the supplementary informationf. Unfortunately, due to the
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Fig. 3 Low energy conformations of compound 4a (PM3 calculations of
HyperChem 7.1).

very similar geometries of A and B the majority of the NOEs
detected are consistent with both conformations. The only NOE
signal clearly suggesting the presence of conformation B was
the strong interaction between the aromatic proton H-4 and the
methylene proton H"-6 being in agreement with the H-4-H"-6
distance of 2.27 A (the corresponding distance in the conformer A
is 3.34 A). Furthermore, the equally strong H-7a—H-4 and H-7a—
H-8 cross signals also indicate the presence of conformer B being
consistent with the respective distances of 2.76 A and 2.90 A (the
corresponding H-7a-H-4 and H-7a-H-8 distances in conformer
A are 1.81 A and 2.94 A, respectively). The essential NOEs of
compound 4a are shown in the supplementary information. The
preferred conformer B has, in fact, a slightly lower total energy
than conformer A (AE = 0.47 kcal mol™").

Chemistry

The synthetic route applied for the preparation of the desired
melatonergic ligands derived from the novel ring system is shown
in Scheme 2. Starting materials for the nine step synthesis were
the commercially available 2-nitrophenyl acetic acid 5a and the
known 5-methoxy-2-nitrophenyl acetic acid 5b.? The B-ketoesters
6a and 6b were prepared under conditions reported by Mai et al.®
involving the reaction of potassium ethyl malonate with 5a and
5b-imidazolides in the presence of the magnesium dichloride—-
triethylamine system in 94% and 90% yield, respectively. Transfer
hydrogenation of 6a and 6b using ammonium formate and a
catalytic amount of 10% Pd/C in absolute ethanol and the sub-
sequent spontaneous ring closure afforded the indole-2-acetates
7a (90%) and 7b (89%). Reduction of the ester groups using
LiAlH, in THF provided the alcohols 8a (79%) and 8b (85%)
which could be converted to the corresponding tosylates 2a and
2b in 70% and 64% yield, respectively. In the next crucial double-
alkylation step, 2a and 2b were treated with an excess of NaH
in DMF affording the hexacyclic heterocycles 4a and 4b as
exclusive dimerisation products in 46% and 45% yield, respectively.
From both reactions, small quantities of impure elimination by-
products, 2-vinylindole and S5-methoxy-2-vinylindole could be

NO,
5a,b 6a,b
R
iii iv
\ — \ _—
N p
COzEt
7a,b 8a,b OH
S
v vi
\ — R N N ——
N
H OTs
2a,b 4a,b
R
NMe, CN

R
NH, “\g/R1
= IX S
E—
R: Ni :N R N N
11ab R 12:R=H,R 1= Me ER
13:R=H,R 1=n-Pr
14: R=0OMe, R 1= Me
a:R=H  b:R=OMe 15:R=OMe, R 1= n-Pr

16: R=0OMe, R 1= ¢c-Pr

Scheme 2 Reagents and conditions: (i) 1. CDI, MeCN, rt, 2. potassium
ethyl malonate, NEt;, MgCl,, MeCN, rt-reflux, 3. 13% HCI aq., rt;
(i) HCO,NH,, Pd/C 10%, EtOH, rt; (iii) LIALH,, THF, 0 °C-t; (iv) TsCl,
NEt;,, CH,CL, rt; (v) NaH, DMF, 0 °C-rt; (vi) (CH,=NMe,)*Cl",
CH,Cl,, reflux; (vii) 1. Mel, CH,Cl,, rt, 2. KCN, dicyclohexyl-[18]-
crown-[6], MeCN, reflux; (viii) LIALH,, Et,O, toluene, 40 °C; (ix) res-
pective acylation agent, Et;N, CH,Cl,, rt.

isolated. The unprecedented formation of the title ring system can
be explained by the proposed mechanism displayed in Scheme 3.
The ambident indolyl anion, built by N-deprotonation of 2a with
NaH, can be alkylated either at N or at C-3. In the first step, the
four-membered ring was built in the intramolecular nucleophilic
substitution with C-3 acting as a nucleophilic center. The so
obtained imine was subsequently attacked by another indolyl
anion yielding 4a as a result of a double N-alkylation.

In order to obtain ligands binding at melatonin receptors, we
first introduced the ethylamine side chain into 4a and 4b at the
position corresponding to C-3 of melatonin using the procedure
we previously applied for another ring system.’ Our approach
involved a sequence of a Mannich reaction, quaternization of
the Mannich base, substitution of the trimethylamine moiety

This journal is © The Royal Society of Chemistry 2007
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Scheme 3 Proposed mechanism for the formation of compound 4a.

by a cyanide, and a final reduction of the cyanomethyl group
to the ethylamine moiety. Thus, aminomethylation of 4a and 4b
using dimethylmethyleneammonium chloride in dichloromethane
afforded the Mannich bases 9a and 9b in 78% and 95% yield,
respectively. Treatment of 9a and 9b with methyl iodide in
dichloromethane and heating of the resulting trimethylammonium
iodides with potassium cyanide and dicyclohexyl-[18]-crown-[6]
in acetonitrile provided the nitriles 10a (92%) and 10b (90%),
respectively. Reduction of 10a and 10b using LiAlH, in diethyl
ether and toluene afforded the ethylamines 11a and 11b, re-
spectively, in a quantitative yield. Finally, both amines could be
easily converted to the desired melatonergic ligands 12-16 by N-
acylations using acetic anhydride (12, 14), butyric anhydride (13,
15), and cyclopropane carboxylic acid chloride (16) in good yields.

Pharmacology

The affinity of compounds 12-16 for human MT, or MT,
melatonin receptors was measured by competition binding anal-
ysis using the radioligand 2-['*T]-iodomelatonin as described.!
Melatonin competition assays were run in parallel and the affinity
of melatonin for the MT, (K; = 457 pM) or MT, (K; = 955 pM)
melatonin receptors was in the range of the reported literature."
As shown in Table 1, the non-methoxy acetamide 12 exhibits
rather poor micromolar binding affinity for both melatonin
receptors. Substitution of the N-acetyl group by a butyryl sub-
stituent yielding the butyramide 13 had no significant effect on
binding affinity and selectivity. Melatonergic ligands bearing a
methoxy substituent in a position equivalent to C-5 of melatonin
display generally considerably higher binding affinities than the
corresponding non-methoxy analogues.> However, this affinity

Table 1 Binding affinity* of compounds 12-16 for the human MT, and
MT, receptors expressed in CHO cells obtained in competition radioligand
binding assays using 2-['*1]-iodomelatonin

pK;MT, £SEM  pK; MT, = SEM

Melatonin 9.34 £0.10 9.02 £ 0.09
12 5.96 +£0.14 6.154+0.25
13 5.92£0.03 6.36 + 0.07
14 7.31 £0.07 6.61 £0.09
15 5.89 £0.12 6.20 4+ 0.03
16 6.41 £0.10 6.26 +0.07

“pK; values were calculated from ICs, values obtained from competitive
curves according to the method of Cheng and Prusoff'? and are the mean
of at least three determinations.

trend could be confirmed only in the acetamide series. Thus, while
the methoxy butyramide 15 exhibited nearly unchanged binding
constants at both receptor subtypes when compared to the non-
methoxy butyramide 13, the methoxy acetamide 14 displayed
22-fold higher affinity for the MT, subtype and 3-fold higher
affinity for the MT, subtype than the non-methoxy analogue 12.
Comparison of the binding constants at MT, (K; = 49 nM) and
MT, (K; = 246 nM) receptors indicates that 14 is five times more
selective for MT, than for MT, receptors. The MT,-selectivity of
14 is rather surprising, taking into account that most compounds
of this series seem to be slightly MT,-selective. In a series of
benzoxazole derivatives, the MT,-selectivity could be improved
by replacing the N-acetyl substituent with a cyclopropylcarbonyl
moiety.’* However, this did not occur in our series. In fact, the
selectivity of the cyclopropanecarboxamide 16 for the melatonin
receptors worsened from being five times more selective for MT),
to only 1.4 times more selective for MT, (K; = 385 nM) than MT,
(K; = 547 nM).

Conclusions

In summary, in search for subtype selective ligands of
melatonin receptors, we synthesized five derivatives of the
novel 7,7a,13,14-tetrahydro-6 H-cyclobuta[b]pyrimido[1,2-a:3,4-
a'ldiindole ring system. The non-methoxy and methoxy analogues
12, 13 and 14-16, respectively, were prepared in nine steps starting
from the corresponding 2-nitrophenyl acetic acids. A mechanism
for the unprecedented formation of the title ring system was
proposed and its NMR solution structure was elucidated. Both
butyramides 13 and 15, as well as the non-methoxy acetamide 12
exhibited rather poor micromolar binding affinities for the human
MT, and MT, receptors being slightly M T, selective. The findings
indicate that the bulkiness and/or the spatial orientation of the
cyclobutanoindole moiety is unfavourable for receptor binding at
both subtypes. With respect to the M T, receptor, its hydrophobic
pocket usually accommodating lipophilic substituents in positions
corresponding to N-1 or C-2 of melatonin seems to be sterically
restricted. The methoxy acetamide 14 showed the best pharma-
cological profile exhibiting surprisingly a five times higher affinity
for MT, (K; = 49 nM) than for MT, (K; = 246 nM) receptors.
Finally, the selectivity for the MT, receptor could not be improved
by replacing the N-acetyl substituent with a cyclopropylcarbonyl
moiety as occurred previously.'

Experimental

Melting points were determined using a capillary melting point
apparatus (Gallenkamp, Sanyo) and are uncorrected. Column
chromatography was carried out on silica gel 60 (0.063-0.200 mm)
obtained from Merck. Bruker AV-400 and AV-600 spectrometers
were used to obtain 'H NMR and “C NMR spectra, respectively.
Proton chemical shifts are referenced to CHCl; (7.24 ppm). J
values are given in Hz. Carbon chemical shifts are referenced to
CDCI; (77.00 ppm). The NMR resonances were assigned by means
of HH-COSY, HMQC, and HMBC experiments. EI mass spectra
were determined on Finnigan MAT 8200, Finnigan MAT 90, and
on ESI-microTOF spectrometers. IR spectra, recorded as ATR,
were obtained using a Biorad PharmalyzIR FT-IR instrument.
Elemental analyses were performed by the microanalytical section
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of the Institute of Inorganic Chemistry, University of Wiirzburg.
All reactions were carried out under an argon atmosphere.

General procedure for the synthesis of 6a,b

Triethylamine (8.7 ml, 62.4 mmol) was added to a stirred
suspension of potassium ethyl malonate (6.97 g, 40.95 mmol)
and anhydrous magnesium chloride (4.64 g, 48.73 mmol) in
dry acetonitrile (50 ml) and the reaction mixture was stirred
for 2 h at room temperature. A solution of the appropriate
imidazolide, prepared by stirring the respective phenylacetic acid
5a,b (19.49 mmol) and N,N-carbonyldiimidazole (CDI; 3.47 g,
21.40 mmol) in dry acetonitrile (20 ml) for 15 min at room
temperature, was added dropwise to the resulting reaction mixture.
The reaction was allowed to stir for 18 h at room temperature and
then heated at reflux for 2 h. 13% Hydrochloric acid (50 ml) was
added dropwise while keeping the temperature below 25 °C. The
resulting clear mixture was stirred at room temperature for 15 min
and then the organic phase was separated and evaporated under
reduced pressure. The residue was dissolved in ethyl acetate
(50 ml). The aqueous phase was extracted with ethyl acetate (2 x
50 ml). The combined organic layers were washed with saturated
NaHCO; solution (3 x 30 ml), saturated sodium chloride solution
(2 x 30 ml), dried (Na,SO,) and evaporated under vacuum to
afford 6a,b as viscous oils that were solidified by cooling at
—30 °C. Crude products were sufficiently pure to be used in the
next step without further purification. Analytical samples were
obtained by recrystallization from ethanol.

Ethyl 3-0x0-4-(2-nitrophenyl)butanoate (6a). 6a (4.60 g, 94%)
was obtained from 5a (3.53 g) as a pale yellow solid. The analytical
data of 6a were identical to those previously reported.**

Ethyl 4-(5-methoxy-2-nitrophenyl)-3-oxobutanoate (6b). 6b
(4.9 g, 90%) was obtained from 5b (4.12 g) as a pale yellow solid
(Found: C, 55.14; H, 5.41; N, 4.98. C;H ;sNOy requires C, 55.51;
H, 5.38; N, 4.98%); mp 67-68 °C; v,,./cm™': 2990, 2910, 1740,
1720, 1607, 1588, 1505, 1329, 1261, 1211, 1132, 1211, 1072, 1020,
860, 841, 752; 6y (400 MHz, CDCl;) 1.27 (3H, t, J 7.1, CH,-CH),
3.60 (2H, s, CH,), 3.86 (3H, s, OCH;), 4.19 (2H, q, J 7.1, CH,-
CH,;), 4.20 (2H, s, C4H;-CH,), 6.72 (1H, d, J 2.8, 6-H), 6.88 (1H,
dd, J2.8,9.2,4-H),8.16 (1H, d, J 9.2, 3-H); 6 (100 MHz, CDCl;)
14.07 (CH,-CH,), 48.41 (C¢H;-CH,), 49.36 (CH,), 55.90 (OCHy;),
61.49 (CH,-CH,), 113.21 (C-4), 118.81 (C-6), 128.08 (C-3), 132.75
(C-1), 141.25 (C-5), 163.52 (C-2), 167.06 (ester), 198.19 (ketone);
m/z (EI): 281.1 (2%, M), 194.1 (10), 167.2 (9), 150.2 (100), 122.2
(15), 87.1 (13).

General procedure for the synthesis of 7a,b

Ammonium formate (9.51 g, 142.2 mmol) was added to a stirred
suspension of the appropriate B-ketoester 6a,b (12.5 mmol) and
10% Pd/C (0.35 g) in absolute ethanol (80 ml). The resulting
reaction mixture was stirred for 1 h at room temperature. The
precipitates were removed by filtration and the solvent was evap-
orated under vacuum. The residue was dissolved in diethyl ether
(40 ml) and washed with water (2 x 20 ml). The ether layer was
dried (Na,SO,) and evaporated under reduced pressure to afford
7a,b as viscous oils that were solidified by cooling at —30 °C. The
crude products were used without further purification in the next

step. Analytical samples were obtained by recrystallization from
isopropanol.

Ethyl 1 H-indol-2-ylacetate (7a). 7a(2.30 g, 90%) was obtained
from 6a (3.14 g) as a light brown solid. The spectral data of 7a
were identical to those previously reported.'*

Ethyl (5-methoxy-1H-indol-2-yl)acetate (7b). 7b (2.60 g, 89%)
was obtained from 6b (3.52 g) as colourless crystals (Found: C,
66.76; H, 6.54; N, 5.92. C;sHsNO; requires C, 66.94; H, 6.48; N,
6.00%); mp 57-59 °C; vy /cm™': 3404, 2990, 2911, 1722, 1624,
1591, 1487, 1319, 1026, 840, 800, 731; Jy (400 MHz, CDCl;) 1.29
(3H, t, J 7.1, CH,-CHs), 3.79 (2H, s, CH,), 3.84 (3H, s, OCH),
4.20 (2H, q, J 7.1, CH,-CH,), 6.25 (1H, s, 3-H), 6.81 (1H, dd, J
2.6, 8.8, 6-H), 7.02 (1H, d, J 2.5, 4-H), 7.21 (1H, d, J 8.8, 7-H),
8.59 (1H, s, NH); o (100 MHz, CDCl;) 14.10 (CH,-CH;), 33.95
(CH,), 55.81 (OCH,;), 61.31 (CH,-CH,), 101.58 (C-3), 102.05 (C-
4), 111.43 (C-7), 111.70 (C-6), 128.62, 131.27, 131.45 (C-2, C-2a,
C-7a), 154.14 (C-5), 170.57 (ester); m/z (EI): 233.1 (56%, M*),
160.1 (100), 145.1 (13), 117.1 (14), 89.1 (5).

General procedure for the synthesis of 8a,b

A solution of the respective indolyl acetate 7a,b (10 mmol) in dry
THF (50 mL) was added dropwise to an ice-cooled and stirred
suspension of LIALH, (2 g) in dry THF (50 mL). The reaction
mixture was stirred at room temperature for 4 h and water (10 mL)
was carefully added under ice-cooling. After vigorous stirring for
1 h at room temperature the precipitated solid was removed by
filtration and washed with THF (2 x 30 mL). The combined
THF solutions were dried (Na,SO,), evaporated under vacuum
and the residual oil was purified by silica gel chromatography
(ethyl acetate—n-hexane 1 : 1).

2-(1H-Indol-2-yl)ethanol (8a). 8a (1.28 g, 79%) was obtained
from 7a (2.03 g) as a colourless oil showing the same analytical
data as reported in the literature.’

2-(5-Methoxy-1H-indol-2-yl)ethanol (8b). 8b (1.63 g, 85%)
was obtained from 7b (2.33 g) as a slightly yellow oil (C;,H;NO,*
required 191.0941, found 191.0916); v,./cm™': 3395 br, 2941,
2831, 1624, 1588, 1483, 1451, 1222, 1199, 1166, 1026, 780; oy
(400 MHz, CDCl;) 2.90 (2H, t, J 5.8, CH,-CH,-OH), 3.82 (3H, s,
-OCH,), 3.86 2H, t, J 5.8, CH,-CH,-OH), 6.18 (1H, br s, 3-H),
6.77 (1H, dd, J 8.8, 2.5, 6-H), 7.00 (1H, d, J 2.5, 4-H), 7.15 (1H,
d, J 8.8, H-7), 8.40 (1H, br s, NH); é. (100 MHz, CDCl;) 31.25
(CH,-CH,-OH), 55.89 (OCH,), 62.13 (CH,-CH,-OH), 99.98 (C-
3),101.99 (C-4), 111.07 (C-6), 111.20 (C-7), 128.91 (C-3a), 131.23
(C-2), 137.82 (C-7a), 154.01 (C-5); m/z (EI) 191.1 (51%, M*),
160.1 (100), 117.1 (29).

General procedure for the synthesis of 2a,b

A solution of p-toluensulfonyl chloride (1.8 g, 9.4 mmol) in dry
dichloromethane (20 mL) was added dropwise to a solution of
the respective alcohol 8a,b (7.5 mmol) and triethylamine (2.5 mL)
in dry dichloromethane (100 mL) under ice-cooling. The reaction
mixture was stirred overnight at room temperature. The solvent
was evaporated under reduced pressure and the residual oil was
purified by silica gel chromatography (ethyl acetate-n-hexane
1:2).
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2-(1H-Indol-2-yl)ethyl 4-methylbenzenesulfonate (2a). 2a
(1.66 g, 70%) was obtained from 8a (1.21 g) as a white solid
showing the same analytical data as reported in the literature.®

2-(5-Methoxy-1 H-indol-2-yl)ethyl 4-methylbenzenesulfonate (2b).
2b (1.65 g, 64%) was obtained from 8b (1.43 g) as a grey solid
(Found: C, 62.75; H, 5.56; N, 4.13; S, 9.35. C;3sH;,NO,S requires
C, 62.59; H, 5.54; N, 4.05; S, 9.28%); mp 106 °C; v,,,/cm™': 3430,
2992, 2955, 1622, 1591, 1485, 1449, 1352, 1196, 1170, 970, 899,
774, 660; 6, (400 MHz, CDCl;) 2.38 (3H, s, CH;), 3.07 (2H,
t, J 6.3, CH,-CH,-0), 3.82 (3H, s, OCH;), 4.26 (2H, t, J 6.3,
CH,-CH,-OH), 6.10 (1H, br s, 3-H), 6.79 (1H, dd, J 8.8, 2.5,
6-H), 6.95 (1H, d, J 2.5, 4-H), 7.14 (1H, d, J 8.8, H-7), 7.20
(2H, d, J 8.3), 7.67 (2H, d, J 8.3), 7.94 (1H, br s, NH); Jc¢
(100 MHz, CDCl;) 21.59 (CH;), 28.31 (CH,-CH,-OH), 55.85
(OCH,), 69.60 (CH,-CH,-OH), 100.90 (C-3), 102.03 (C-4), 111.29
(C-7),111.64(C-6),127.76 (2 x Cromaic)> 128.81 (C-3a), 129.82 (2 x
Cromatic)s 132.59 (C-2), 134.64 (C-7a), 144.93 (-OSO, (), 154.21 (C-
5); m/z (EX): 345.1 (1%, M*), 173.1 (100), 158.1 (56), 155.0 (26),
130.1 (38).

General procedure for the synthesis of 4a,b

NaH (300 mg of 60% suspension in mineral oil, 7.5 mmol) was
added in small portions to the stirred solution of the respective
tosylate 2a,b (3 mmol) in dry DMF (30 mL) under ice-cooling.
The ice bath was removed after 20 min and stirring was continued
for further 40 min. Water (20 mL) was added carefully and the
reaction mixture was extracted with diethyl ether (3 x 50 mL).
The combined ether extracts were washed with water (2 x 10 mL)
and dried (Na,SO,). The solvent was evaporated in vacuo and the
residues were purified by silica gel chromatography (CHCl;—n-
hexane 1:1).

7,7a,13,14-Tetrahydro-6 H-cyclobuta|b]pyrimido[1,2-a:3,4-a'|diin-
dole (4a). 4a (198 mg, 46%) was obtained from 2a (950 mg)
as a white solid (Found: C, 83.54; H, 6.27; N, 9.44. C,)H;N,
requires C, 83.88; H, 6.34; N, 9.78%; C,H,;N, requires 285.1392,
found 285.1393; mp 150 °C; vy /cm™': 2992, 2967, 1607, 1480,
1454, 1387, 1351, 1320, 1199, 1018, 739; oy (600 MHz, CDCl;)
2.00-2.07 (1H, m, 7-H%), 2.59-2.67 (2H, m, 6-H*, 7-H"), 2.87 (1H,
brd,J 15.8, 14-H*), 3.11 (1H, dddd, J 15.8, 13.0, 5.4, 1.4, 14-H"),
3.41 (1H, m, 6-H"), 3.51 (1H, ddd, J 14.3, 13.0, 3.2, 13-H%), 3.91
(1H, ddd, J 14.3, 5.4, 1.0, 13-H®), 4.71 (1H, t, J 8.2, 7a-H), 6.14
(1H, brs, H-15), 6.60-6.65 (2H, m, H-9, H-11), 6.99 (1H,d, J 7.1,
H-8), 7.07-7.11 2H, m, H-2, H-10), 7.18 (1H, m, H-3), 7.52 (1H,
d, J 7.8, H-1), 7.66, 1H, d, J 8.2, H-1); dc (150 MHz, CDCl;)
21.48 (C-7), 21.56 (C-14), 34.15 (C-6), 36.58 (C-13), 48.07 (C-7a),
83.30 (C-5a), 98.41 (C-15), 105.70 (C-11), 110.91 (C-4), 118.19
(C-9), 119.76 (C-2), 120.31 (C-1), 120.43 (C-3), 124.13 (C-8),
127.65 (C-10), 128.88 (C-15a), 132.15 (C-7b), 134.10 (C-4a),
135.29 (C-14a), 151.14 (C-11a); m/z (EI): 286 (3%, M*), 258
(100), 257 (26), 129 (15), 128 (16).

2,9-Dimethoxy-7,7a,13,14-tetrahydro-6 H-cyclobuta|b]pyrimido-
[1,2-a:3,4-a'|diindole (4b). 4b (250 mg, 45%) was obtained from
2b (1.036 g) as a white solid (Found: C, 75.89; H, 6.19; N, 7.94.
C,,H,,N,0, requires C, 76.26; H, 6.41; N, 8.09%); mp 73 °C;
Vma /e~ 2944, 2830, 1615, 1579, 1475, 1450, 1352, 1292, 1157,
1031, 794; 6y (400 MHz, CDCl;) 1.99-2.09 (1H, m, 7-H?),

2.53-2.65 (2H, m, 6-H¢, 7-H"), 2.80 (1H, br d, J 15.9, 14-H¢),
3.01-3.11 (1H, m, 14-H"), 3.31-3.39 (1H, m, 6-H"), 3.45 (1H,
ddd, J 14.4, 13.0, 3.3, 13-H"), 3.69 (3H, s, C-9-OCH,), 3.83 (1H,
ddd, J 14.4, 5.3, 1.0, 13-H"), 3.83 (3H, s, C-2-OCH.), 4.59 (1H,
t, J 8.2, 7a-H), 6.06 (1H, br s, H-15), 6.50 (1H, d, J 9.1, H-11),
6.62-6.65 (2H, m, H-8, H-10), 6.83 (1H, dd, J 8.8, 2.5 H-3),
6.99 (1H, d, J 2.5, H-1), 7.51 (1H, d, J 8.8, H-4); d (100 MHz,
CDCl,) 21.31 (C-7), 21.43 (C-14), 34.19 (C-6), 37.03 (C-13), 48.43
(C-7a), 55.84 (C-9-OCH,), 56.04 (C-2-OCH,), 83.62 (C-5a), 98.12
(C-15), 102.41 (C-1), 105.82 (C-11), 110.26 (C-3), 111.49 (C-4),
111.94, 111.97 (C-8, C-10), 129.43 (C-4a), 129.57 (C-15a), 133.45
(C-7b), 136.12 (C-14a), 145.49 (C-11a), 153.02 (C-9), 154.20
(C-2): m/z (EL): 346.2 (2%, M*), 319.2 (24), 318.2 (100), 303.2 (9),
275.2(19)

General procedure for the synthesis of 9a,b

N,N-Dimethylmethyleneiminium chloride (187 mg, 2 mmol) was
added to a solution of the respective hexacyclic compound 4a,b
(0.6 mmol) in dry CH,Cl, (100 mL). After heating for 1 h at
reflux, the reaction mixture was made basic with 25% ammonia.
The organic layer was separated, washed with water and dried
over MgSO,. The solvent was removed in vacuo and the residue
was purified by silica gel chromatography (CHCl;—methanol-25%
ammonia, 100 : 10 : 1).

1-(7,7a,13,14-Tetrahydro-6 H-cyclobuta|b]pyrimido[1,2-a:3,4-a'|-
diindol-15-yl)-V,N-dimethylmethanamine (9a). 9a (160 mg,
0.47 mmol, 78%) was obtained from 4a (172 mg) as a white solid
(C;3HysN;H* required 344.2127, found 344.2121); mp 89 °C;
Vmax/CM 1 2942, 2807, 2760, 1605, 1477, 1456, 1321, 1196, 1012,
733; 0y (400 MHz, CDCl;) 1.98-2.04 (1H, m, 7-H*), 2.20 (6H, s,
2 x CH;), 2.58-2.69 (2H, m, 6-H*, 7-H), 2.92-3.05 (2H, m,
CH,-14), 3.37-3.54 (2H, m, H-6°, 13-H%), 3.40 (1H, d, J 13.1,
HCH-NMe,), 3.49 (1H, d, J 13.1, HCH-NMe,), 3.94 (1H, ddd,
J 144, 49, 1.8, 13-H"), 4.71 (1H, t, J 8.2, H-7a), 6.60-6.66
(2H, m, H-9, H-11), 6.98 (1H, d, J 7.0, H-8), 7.06-7.10 (2H, m,
H-2, H-10), 7.19 (1H, m, H-3), 7.62-7.66 (2H, m, H-1, H-8); J
(100 MHz, CDCl;) 20.17 (C-14), 21.54 (C-7), 34.32 (C-6), 36.46
(C-13), 45.51 (2 x CH;), 48.20 (C-7a), 52.95 (CH,-NMe,), 83.29
(C-5a), 105.71 (C-11), 110.73 (C-4), 118.20 (C-9), 119.02 (C-1),
119.63 (C-2), 120.56 (C-3), 124.15 (C-8), 127.66 (C-10), 129.58
(C-15a), 132.22 (C-7b), 133.70 (C-4a), 133.97 (C-14a), 151.14
(C-11a).

1-(2,9-Dimethoxy-7,7a,13,14-tetrahydro-6H -cyclobuta| b|pyri-
mido|1,2-a:3,4-a'|diindol-15-yl)-N,/N-dimethylmethanamine (9b).
9b (230 mg, 0.51 mmol, 95%) was obtained from 4b (242 mg) as a
white solid (C,sHyN;O,Na* required 426.2157, found 426.2152);
mp 71 °C; vy /cm': 2940, 2760, 1616, 1584, 1477, 1455, 1296,
1244, 1225, 1165, 1031, 794; 6, (400 MHz, CDCl;) 1.99-2.09 (1H,
m, 7-H%), 2.22 (6H, s, 2 x CH;), 2.54-2.64 (2H, m, 6-H*, 7-H"),
2.87-3.01 (2H, m, CH,-14), 3.30-3.51 (2H, m, H-6°,13-H%), 3.39
(1H, d, J 13.0, HCH-NMe,), 3.49 (1H, d, J 13.0, HCH-NMe,),
3.69 (3H, s, C-9-OCH;), 3.82-3.89 (1H, m, J 13-H"), 3.86 (3H, s,
C-2-OCH,), 4.59 (1H, t, J 8.1, H-7a), 6.51 (1H, d, J 9.3, H-11),
6.61-6.65 (2H, m, H-8, H-10), 6.84 (1H, dd, J 8.8, 2.5 H-3), 7.08
(1H,d, J 2.5,H-1),7.51 (1H, d, J 8.8, H-4); 6 (100 MHz, CDCl;)
19.74 (C-7), 21.40 (C-14), 34.28 (C-6), 36.80 (C-13), 45.51 (2 x
CH,;), 48.46 (C-7a), 52.89 (CH,-NMe,), 55.90 (C-9-OCHj;), 55.98
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(C-2-OCH,), 83.52 (C-5a), 101.33 (C-1), 105.80 (C-11), 110.13
(C-3), 111.34 (C-4), 111.90, 111.92 (C-8, C-10), 129.22 (C-4a),
130.15 (C-15a), 133.41 (C-7b), 134.76 (C-14a), 145.41 (C-11a),
152.98 (C-9), 154.15 (C-2).

General procedure for the synthesis of 10a,b

Methyl iodide (0.4 ml) was added to a solution of the respective
Mannich base 9a,b (0.45 mmol) in dry CH,Cl, (50 ml). The
reaction mixture was stirred at room temperature for one hour. The
volatiles were removed under vacuum and the residual ammonium
salt was dissolved in dry acetonitrile (100 ml). Dicyclohexyl-[18]-
crown-[6] (200 mg) and potassium cyanide (400 mg) were added
and the resulting reaction mixture was heated at reflux for 2 h. The
solvent was evaporated under reduced pressure and the residue was
subjected to silica gel chromatography (CHCI;).

7,7a,13,14-Tetrahydro-6 H-cyclobuta|b]pyrimido|[1,2-a:3,4-a'|diin-
dole-15-carbonitrile (10a). 10a (135 mg, 92%) was obtained
from 9a (155 mg) as a white solid (Found: C, 79.85; H, 5.81; N,
12.84. C,,H )N, requires C, 81.20; H, 5.89; N, 12.91%); mp 95 °C;
Vmax/Cm~': 2948, 2120, 1605, 1479, 1457, 1353, 1323, 1197, 743;
ou (400 MHz, CDCl;) 2.01-2.11 (1H, m, 7-H%), 2.60-2.70 (2H,
m, 6-H*, 7-H"), 2.89 (1H, dd, J 15.9, 3.5, 14-H*), 3.05 (1H, ddd,
J 159, 12.8, 5.4, 14-H"), 3.38 (1H, ddd, J 20.0, 11.3, 2.3, H-6"),
3.53 (1H, ddd, J 14.3, 12.6, 3.5, 13-H*), 3.66 (2H, s, CH,-CN),
3.99 (1H, dd, J 14.5, 5.3, 13-H"), 4.69 (1H, t, J 7.9, H-7a),
6.61-6.67 2H, m, H-9, H-11), 6.99 (1H, d, J 7.0, H-8), 7.10 (1H,
m, H-2), 7.18 (1H, t, J 7.8, H-10), 7.25 (1H, m, H-3), 7.55 (1H,
d, J 7.8, H-1), 7.68 (1H, d, J 8.3, H-4); 6. (100 MHz, CDCl;)
12.36 (CH,-CN), 19.79 (C-14), 21.50 (C-7), 34.25 (C-6), 36.00
(C-13), 48.19 (C-7a), 83.27 (C-5a), 98.41 (CN), 105.82 (C-11),
111.20 (C-4), 117.70 (C-15), 117.79 (C-9), 118.59 (C-1), 120.30
(C-2), 121.47 (C-3), 124.26 (C-8), 127.43 (C-10), 127.82 (C-15a),
131.91 (C-7b), 132.95 (C-4a), 133.93 (C-14a), 150.85 (C-11a);
m/z (EI): 325.2 (2%, M*), 324.2 (3), 298.2 (23), 297.2 (100),
257.2 (36).

2,9-Dimethoxy-7,7a,13,14-tetrahydro-6H-cyclobuta|b|pyrimido-
|1,2-a:3,4-a'|diindole-15-carbonitrile (10b). 10b (156 mg, 90%)
was obtained from 9b (180 mg) as a white solid (Found: C, 74.35;
H, 6.07; N, 10.57. C,,H;;N;0, requires C, 74.78; H, 6.01; N,
10.90%); mp 77 °C; vye/cm™': 2945, 2830, 1616, 1590, 1480, 1457,
1245, 1227, 1159, 1031, 798; dy (400 MHz, CDCl;) 2.01-2.11 (1H,
m, 7-H%), 2.56-2.66 (2H, m, 6-H*, 7-H"), 2.82 (1H, ddd, J 15.9,
3.3, 1.2, 14-H%), 3.01 (1H, ddd, J 15.9, 12.8, 5.3, 14-H"), 3.33
(1H, ddd, J 20.0, 11.3, 2.2, H-6%), 3.48 (1H, ddd, J 15.9, 12.6,
3.5, 13-H*), 3.62 (2H, s, CH,-CN), 3.69 (3H, s, C-9-OCH), 3.86
(3H, s, C-2-OCH,;), 3.89 (1H, dd, J 14.4, 5.3, 13-H"), 4.57 (1H, t,
J 8.1, H-7a), 6.52 (1H, d, J 9.3, H-11), 6.63-6.67 (2H, m, H-8,
H-10), 6.89 (1H, dd, J 9.0, 2.5 H-3), 6.98 (1H, d, J 2.5, H-1), 7.54
(1H, d, J 9.0, H-4); 6 (100 MHz, CDCl;) 12.38 (CH,-CN), 19.34
(C-14), 21.61 (C-7), 34.22 (C-6), 36.36 (C-13), 48.47 (C-Ta), 55.85
(C-9-OCH;), 56.01 (C-2-OCH,), 83.50 (C-5a), 97.96 (CN), 99.81
(C-1), 105.92 (C-11), 111.28 (C-3), 111.92 (C-4), 112.02, 112.05
(C-8, C-10), 117.76 (C-15), 128.05 (C-4a), 129.04 (C-15a), 133.16
(C-7b), 133.61 (C-14a), 145.08 (C-11a), 153.21 (C-9), 154.54
(C-2); m/z (EI): 385.2 (3%, M*), 384.2 (2), 358.2 (24), 357.2 (100),
317.2 (25), 314.2 (14), 274.2 (8).

General procedure for the synthesis of 11a,b

A solution of the respective cyanide 10a,b (0.35 mmol) in dry
toluene (30 ml) was added to a stirred suspension of LiAlH,
(0.30 g) in dry diethyl ether (30 ml) at 0-5 °C. The reaction
mixture was heated at 40 °C for 2 h. Water (3 ml) was added
dropwise under ice-cooling and the reaction mixture was stirred
for 1 h at room temperature. The precipitate was filtered off and
washed with diethyl ether. The combined filtrates and washings
were dried (Na,SO,), filtered and evaporated under vacuum to
afford the respective ethylamine 11a,b that was used in the next
step without further purification.

2-(7,7a,13,14-Tetrahydro-6 H-cyclobuta|b|pyrimido|1,2-a:3,4-a']-
diindole-15-yl)ethanamine (11a). 1la (115 mg, 100%) was
obtained from 10a (114 mg) as a colourless oil. 4 (400 MHz,
CDCl;) 2.00-2.10 (1H, m, 7-H%), 2.59-2.69 (2H, m, 6-H*, 7-H"),
2.70-2.93 (5H, m, CH,-CH,-NH,, H-14*), 2.96-3.06 (1H, m,
H-14%), 3.37-3.46 (1H, m, H-6"), 3.50 (1H, ddd, J 14.4, 12.5,
3.5, 13-H), 3.96 (1H, ddd, J 144, 5.1, 1.2, 13-H"), 4.72 (1H, t,
J 8.2, H-7a), 6.61-6.67 (2H, m, H-9, H-11), 7.00 (1H, d, J 7.1,
H-8), 7.08-7.29 (3H, m, H-2, H-10, H-3), 7.55 (1H, d, J 7.8, H-1),
7.67 (1H, d, J 8.3, H-4); . (100 MHz, CDCl;) 20.09 (C-14),
21.41 (C-7), 27.76 (CH,-CH,-NH,), 34.25 (C-6), 36.51 (C-13),
42.49 (CH,-CH,-NH,), 48.19 (C-7a), 83.24 (C-5a), 105.67 (C-11),
107.72 (C-15), 110.82 (C-4), 118.19 (C-9), 118.52 (C-1), 119.33
(C-2), 120.57 (C-3), 124.13 (C-8), 125.26 (C-10), 127.65 (C-15a),
128.99 (C-7b), 132.20 (C-4a), 134.40 (C-14a), 151.11 (C-11a).

2-(2,9-Dimethoxy-7,7a,13,14-tetrahydro-6 H -cyclobuta| b]pyri-
mido[1,2-a:3,4-a’|diindole-15-yl)ethanamine (11b). 11b (135 mg,
100%) was obtained from 10b (135 mg) as a colourless oil. dy
(400 MHz, CDCl;) 1.98-2.09 (1H, m, 7-H*), 2.53-2.63 (2H, m, 6-
H?, 7-H), 2.66-3.00 (6H, m, CH,-CH,-NH,, 14-CH,), 3.29-3.38
(1H, m, H-6%), 3.44 (1H, ddd, J 14.4, 12.6, 3.5, 13-H"), 3.69 (3H, s,
C-9-OCH,), 3.84 (3H, s, C-2-OCH5;), 3.83-3.89 (1H, m, 13-H"),
4.57 (1H, t, J 8.1, H-7a), 6.51 (1H, d, J 9.3, H-11), 6.61-6.65
(2H, m, H-8, H-10), 6.83 (1H, dd, J 8.9, 2.5 H-3), 6.98 (1H, d, J
2.5,H-1),7.51 (1H,d, J 8.9, H-4); 6 (100 MHz, CDCl;) 19.70 (C-
14),21.40(C-7),27.75 (CH,-CH,-NH,), 34.27 (C-6), 36.92 (C-13),
42.34 (CH,-CH,-NH,), 48.52 (C-7a), 55.98 (C-9-OCH,;), 56.02 (C-
2-OCH,), 83.54 (C-5a), 100.86 (C-1), 105.79 (C-11), 107.24 (C-15),
110.18 (C-3), 111.47 (C-4), 111.92, 111.97 (C-8, C-10), 129.35 (C-
4a), 129.60 (C-15a), 133.06 (C-7b), 133.48 (C-14a), 145.44 (C-11a),
153.01 (C-9), 154.00 (C-2).

General procedure for the synthesis of 12-16

A stirred solution of the respective ethylamine 11a,b (0.35 mmol)
in dry CH,Cl, (10 ml) was treated with triethylamine (0.30 mL)
and the respective acylation agent (0.20 mL) at 0-5 °C. The
reaction mixture was stirred at ambient temperature for 2 h. The
solvent was evaporated and the residue was purified by silica gel
chromatography (CHCl;, MeOH, 25% NH; 100 : 10 : 1 for 12-15;
CHCI, for 16).

N-|2-(7,7a,13,14-Tetrahydro-6 H -cyclobuta| b]pyrimido[1,2-a:3,
4-d'|diindole-15-yl)ethyl]acetamide (12). 12 (105 mg, 81%) was
obtained from 11a (115 mg) and acetic anhydride (0.2 mL) as
a white solid (Found: C, 77.64; H, 6.96; N, 10.98. C,,H,sN;O
requires C, 77.60; H, 6.78; N, 11.31%); mp 97 °C; v, /cm~': 3281,
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2940, 1649, 1606, 1549, 1479, 1458, 1321, 1196, 741; 6, (400 MHz,
CDCL) 1.82 3H, s, CH,), 1.99-2.09 (1H, m, 7-H*), 2.58-2.69
(2H, m, 6-H, 7-H®), 2.75-3.02 (4H, m, CH,-CH,-NH,,CH,-14),
3.32-3.52 (4H, m, CH,-CH,-NH,, 6-H", 13-H¢), 3.95 (1H, ddd, J
14.3,5.1, 1.2, 13-H®), 4.69 (1H, t, J 8.2, H-7a), 5.39 (1H, br, NH),
6.60-6.65 (2H, m, H-9, H-11), 6.98 (1H, d, J 7.1, H-8), 7.07-7.14
(2H, m, H-2, H-10), 7.20 (1H, m, H-3), 7.51 (1H, d, J 7.6, H-1),
7.65 (1H, d, J 8.1, H-4); 5. (100 MHz, CDCl,) 19.95 (C-14), 21.49
(C-7), 23.35 (CHL,), 23.56 (CH,-CH,-NH), 34.23 (C-6), 36.45 (C-
13), 39.85 (CH,-CH,-NH,), 48.21 (C-7a), 83.35 (C-5a), 105.77
(C-11), 107.08 (C-15), 110.97 (C-4), 118.27 (C-9), 118.31 (C-1),
119.63 (C-2), 120.79 (C-3), 124.17, (C-8), 127.76 (C-10), 128.90
(C-7b), 132.14 (C-15a), 132.35 (C-4a), 134.05 (C-14a), 151.10 (C-
11a), 169.99 (C=0); m/z (EL): 371.2 (2%, M*), 370.2 (3), 344.2
(13), 343.3 (54), 284.2 (30), 272.2 (21), 271.2 (100), 256.1 (8).

N-|2-(7,7a,13,14-Tetrahydro-6 H -cyclobuta| b]pyrimido[1,2-a:3,
4-d'|diindole-15-yl)ethyl]butanamide (13). 13 (109 mg, 78%) was
obtained from 11a (115 mg) and butyric anhydride (0.2 mL) as
a white solid (Found: C, 77.85; H, 7.54; N, 10.40%. C,sHxN;O
requires C, 78.16; H, 7.32; N, 10.52%); mp 96 °C; v, /cm™': 3280,
2930, 2940, 2872, 1642, 1606, 1543, 1479, 1456, 1321, 1196, 1163,
739; dy (400 MHz, CDCl;) 0.85 (3H, t, J 7.3, CH,-CH,-CH),
1.53 (2H, quint., J 7.3, CH,-CH,-CH,), 1.97 2H, t, J 7.3, CH,-
CH,-CH;), 1.99-2.09 (1H, m, 7-H%), 2.58-2.68 (2H, m, 6-H*, 7-
H"), 2.73-3.02 (4H, m, CH,-CH,-NH,,CH,-14), 3.34-3.52 (4H,
m, CH,-CH,-NH,, 6-H", 13-H*), 3.94 (1H, ddd, J 14.3,5.1, 1.2,
13-H"),4.69 (1H, t, J 8.2, H-7a), 5.38 (1H, br, NH), 6.59-6.65 (2H,
m, H-9, H-11), 6.98 (1H, d, J 7.3, H-8), 7.06-7.14 (2H, m, H-2,
H-10), 7.20 (1H, m, H-3), 7.51 (1H, d, J 7.8, H-1), 7.66 (1H, d,
J 8.1, H-4); - (100 MHz, CDCl,) 13.74 (CHj;), 18.98 (CH,-CH,-
CH;), 19.96 (C-14), 21.48 (C-7), 23.68 (CH,-CH,-NH), 34.22 (C-
6), 36.44 (C-13), 38.72 (CH,-CH,-CH,), 39.62 (CH,-CH,-NH,),
48.20 (C-7a), 83.34 (C-5a), 105.76 (C-11), 107.11 (C-15), 110.94
(C-4), 118.31 (C-9), 118.34 (C-1), 119.58 (C-2), 120.77 (C-3),
124.16 (C-8), 127.76 (C-10), 128.86 (C-7b), 132.13 (C-15a), 132.36
(C-4a), 134.06 (C-14a), 151.10 (C-11a), 172.83 (C=0); m/z (EI):
399.2 (2%, M*), 398.2 (4), 372.2 (15), 371.2 (56), 284.2 (55), 272.2
(23), 271.2 (100), 256.1 (8).

N-[2-(2,9-Dimethoxy-7,7a,13,14-tetrahydro-6H -cyclobuta|b]-
pyrimido[1,2-a:3,4-a'|diindole-15-yl)ethyljacetamide (14). 14
(113 mg, 75%) was obtained from 11b (135 mg) and acetic
anhydride (0.2 mL) as a white solid (Found: C, 71.98; H, 6.89; N,
9.57. C,sHyyN;0; requires C, 72.37; H, 6.77; N, 9.74%); mp 85 °C;
Vma/Cm ™'z 3320, 2937, 1649, 1586, 1543, 1477, 1294, 1244, 1225,
1030, 796; 6, (400 MHz, CDCl;) 1.84 (3H, s, CH;), 1.99-2.09
(1H, m, 7-H%), 2.54-2.64 (2H, m, 6-H*, 7-H"), 2.71-2.98 (4H,
m, CH,-CH,-NH,,CH,-14), 3.29-3.47 (4H, m, CH,-CH,-NH,,
6-H®, 13-H%), 3.69 (3H, s, C-9-OCH,), 3.84 (3H, s, C-2-OCH,),
3.83-3.89 (1H, m, 13-H"), 4.57 (1H, t, J 8.1, H-7a), 5.41 (1H, br,
NH), 6.51 (1H, d, J 9.3, H-11), 6.62-6.65 (2H, m, H-8, H-10),
6.84 (1H, dd, J 8.8, 2.5 H-3), 6.96 (1H, d, J 2.3, H-1), 7.51 (1H,
d, J 8.8, H-4); 6. (100 MHz, CDCl;) 19.53 (C-14), 21.39 (C-7),
23.40 (CH;), 23.59 (CH,-CH,-NH), 34.23 (C-6), 36.82 (C-13),
39.78 (CH,-CH,-NH,), 48.50 (C-7a), 55.93 (C-9-OCH;), 56.02
(C-2-OCH,), 83.59 (C-5a), 100.40 (C-1), 105.84 (C-11), 106.68
(C-15), 110.48 (C-3), 111.61 (C-4), 111.92, 111.98 (C-8, C-10),
129.26 (C-4a), 129.50 (C-15a), 133.19 (C-7b), 133.40 (C-14a),

145.37 (C-11a), 153.06 (C-9), 154.19 (C-2), 169.94 (C=0); m/z
(ED): 431.3 (2%, M*), 404.2 (15), 403.2 (55), 344.2 (23), 332.2 (25),
331.2 (100).

N-[2-(2,9-Dimethoxy-7,7a,13,14-tetrahydro-6H -cyclobuta|5]-
pyrimido|1,2-a:3,4-a'|diindole-15-yl)ethyl]butanamide ~ (15). 15
(105 mg, 65%) was obtained from 11b (135 mg) and butyric
anhydride (0.2 mL) as a white solid (Found: C, 72.84; H, 7.15;
N, 9.00 C,xH;;N;O5 requires C, 73.18; H, 7.24; N, 9.14%); mp
87 °C; vimax/cm™': 3295, 2957, 2926, 2854, 1643, 1589, 1539, 1477,
1434, 1256, 1244, 1225, 1160, 1604, 1028, 796; J,; (400 MHz,
CDCl;) 0.85(3H, t, J 7.3, CH,-CH,-CH,), 1.53 (2H, quint., J 7.3,
CH,-CH,-CH;), 1.98 (2H, t, J 7.3, CH,-CH,-CH;), 1.99-2.09
(1H, m, 7-H*), 2.53-2.64 (2H, m, 6-H*, 7-H"), 2.72-2.98 (4H, m,
CH,-CH,-NH,, CH,-14), 3.28-3.48 (4H, m, CH,-CH,-NH,,6-
H", 13-H%), 3.69 (3H, s, C-9-OCH,), 3.84 (3H, s, C-2-OCH,),
3.83-3.89 (1H, m, 13-H"), 4.57 (1H, t, J 8.1, H-7a), 5.41 (1H, br,
NH), 6.51 (1H,d, J9.1,H-11), 6.61-6.65 (2H, m, H-8, H-10), 6.84
(1H,dd, J9.1,2.5H-3),6.96 (1H, d, J 2.3, H-1), 7.51 (1H, d, J 8.8,
H-4); 0. (100 MHz, CDCl;) 13.75 (CHj;), 19.02 (CH,-CH,-CH,;),
19.55 (C-14), 21.38 (C-7), 23.69 (CH,-CH,-NH), 34.21 (C-6),
36.81 (C-13), 38.76 (CH,-CH,-CHj;), 39.51 (CH,-CH,-NH,),
48.50 (C-7a), 55.94 (C-9-OCH;), 56.01 (C-2-OCH5;), 83.59 (C-5a),
100.51 (C-1), 105.84 (C-11), 106.68 (C-15), 110.42 (C-3), 111.59
(C-4), 111.91, 111.98 (C-8, C-10), 129.28 (C-4a), 129.45 (C-15a),
133.23 (C-7b), 133.40 (C-14a), 145.38 (C-11a), 153.06 (C-9),
154.16 (C-2), 172.85 (C=0); m/z (EI): 459.2 (3%, M*), 458.2 (5),
432.2(22),431.2(72), 344.2 (34), 331.1 (100).

N-[2-(2,9-Dimethoxy-7,7a,13,14-tetrahydro-6H -cyclobuta| b]-
pyrimido|l,2-a:3,4-a'|diindole-15-yl)ethyl|cyclopropanecarboxamide
(16). 16 (88 mg, 55%) was obtained from 11b (135 mg) and
cyclopropanecarboxylic acid chloride (0.2 mL) as a white solid
(CxH; N;0;Na* required 480.2263, found 480.2258); mp 94 °C;
Ve /CM ™' 3298, 2936, 1643, 1589, 1534, 1478, 1434, 1245, 1227,
1157, 1064, 1030; 795; o4 (400 MHz, CDCL;) 0.64 (2H, m, cPr-
CHH), 0.91 (2H, m, ¢cPr-CHH), 1.10 (1H, m, ¢cPr-CH), 1.99-2.09
(IH, m, 7-H*), 2.53-2.64 (2H, m, 6-H*, 7-H"), 2.72-3.00 (4H,
m, CH,-CH,-NH,,CH,-14), 3.28-3.48 (4H, m, CH,-CH,-NH,,
6-H°, 13-H%), 3.69 (3H, s, C-9-OCH,), 3.85 (3H, s, C-2-OCH),
3.81-3.89 (1H, m, 13-H"), 4.57 (1H, t, J 8.1, H-7a), 5.60 (1H, br,
NH), 6.51 (1H, d, J 9.1, H-11), 6.61-6.64 (2H, m, H-8, H-10),
6.85 (1H, dd, J 8.8, 2.5 H-3), 6.97 (1H, d, J 2.3, H-1), 7.52 (1H,
d, J 8.8, H-4); 6. (100 MHz, CDCl;) 6.89, 6.93 (2 x ¢Pr-CH,),
14.73 (¢Pr-CH), 19.53 (C-14), 21.38 (C-7), 23.66 (CH,-CH,-NH)),
34.23 (C-6), 36.84 (C-13), 39.88 (CH,-CH,-NH,), 48.50 (C-7a),
55.92 (C-9-OCH,), 56.01 (C-2-OCHs;), 83.59 (C-5a), 100.48 (C-1),
105.84 (C-11), 106.76 (C-15), 110.43 (C-3), 111.57 (C-4), 111.89,
111.94 (C-8, C-10), 129.26 (C-4a), 129.48 (C-15a), 133.33 (C-7b),
133.39 (C-14a), 145.40 (C-11a), 153.03 (C-9), 154.16 (C-2), 172.35
(C=0).
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Photovoltaic performance of dye-sensitized solar cells based on donor—
acceptor n-conjugated benzofuro|2,3-c|loxazolo|4,5-a]carbazole-type
fluorescent dyes with a carboxyl group at different positions of the
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Donor-acceptor n-conjugated benzofuro[2,3-cloxazolo[4,5-a]carbazole-type fluorescent dyes 3a, 3b, 8a,
and 8b with a carboxyl group at different positions of the chromophore skeleton have been designed
and synthesized. The absorption and fluorescence spectra and cyclic voltammograms of the fluorescent
dyes agree very well, showing that the position of the carboxyl group has a negligible influence on the
photophysical and electrochemical properties of these dyes. When these dyes are used in dye-sensitized
solar cells, however, their photovolatic performances are considerably different. The short-circuit
photocurrents and energy conversion efficiencies under a simulated solar light increase in the order: 3a
(2.12mA cm~2, 1.00%) ~ 3b (2.10 mA cm2, 1.06%) > 8b (1.50 mA cm~2, 0.67%) > 8a (0.84 mA cm~?,
0.34%). Based on semi-empirical molecular orbital calculations (AM1 and INDO/S) together with
spectral analyses and their photovolatic performance, the relationships between the observed
photovolatic properties and the chemical structures of the benzofuro[2,3-cJoxazolo[4,5-a]carbazole-type
fluorescent dyes are discussed. It is found that strong interaction between a TiO, surface and the
electron accepting moiety of the dye leads to a high photovoltaic performance.

Introduction

Donor-acceptor m-conjugated dyes are useful as sensitizers of
dye-sensitized solar cells (DSSCs)' and emitters of organic light
emitting diodes (OLEDs)* because of their strong absorption
and emission properties. Many donor—acceptor n-conjugated dyes
with a carboxyl group, acting not only as the anchoring group
for attachment to metal oxides but also as the electron acceptor,
are synthesized and used as sensitizers of DSSCs.>> A number
of researchers have suggested that a carboxyl group can form an
ester linkage with a TiO, surface to provide a strongly bound
dye and good electronic communication between them. However,

Department of Applied Chemistry, Graduate School of Engineer-
ing, Hiroshima University, Higashi-hiroshima 739-8527, Japan. E-mail:
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development of new donor—acceptor n-conjugated dyes for DSSCs
is limited because a carboxyl group is required to combine with
the m-conjugation system or the electron accepting moiety of dyes
for the above reasons. To obtain new and efficient sensitizers for
DSSCs, a novel molecular design such as forming a strong
interaction between the electron accepting moiety of sensitizers
and a TiO, surface is necessary. Therefore, we have designed and
synthesized novel donor—acceptor m-conjugated benzofuro[2,3-
cloxazolo[4,5-a]carbazole-type fluorescent dyes 3a, 3b, 8a, and 8b
with a carboxyl group at different positions of the chromophore
skeleton (Fig. 1). In this paper, we report the photovoltaic
performance of DSSCs based on benzofuro[2,3-cloxazolo[4,5-
a]carbazole-type fluorescent dyes 3a, 3b, 8a, and 8b. To elucidate
the main differences in photovolatic performance among the
fluorescent dyes 3a, 3b, 8a, and 8b, we performed semi-empirical

Fig. 1 Chemical structures of benzofuro[2,3-cJoxazolocarbazole-type fluorescent dyes.
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molecular orbital calculations (AM1 and INDO/S). On the basis
of the results of calculations, spectral analyses, and photovolatic
performance, the relationships between the observed photovoltaic
properties and the chemical structures of the benzofuro[2,3-
c]oxazolo[4,5-a]carbazole-type fluorescent dyes are discussed.

Results and discussion

Synthesis of benzofuro|2,3-cloxazolo[4,5-a]carbazole-type
fluorescent dyes

The synthetic pathway is shown in Schemes 1-3. Com-
pound 3a was synthesized by hydrolysis of 7-(4-cyanophenyl)-3-
dibutylaminobenzofuro[2,3-c]oxazolo[4,5-a]carbazole® (1a) under
basic conditions (Scheme 1). Compound 3b was also synthesized
by hydrolysis of N-alkylated 2b obtained by reaction of la with
ethyl 4-bromobutyrate using sodium hydride (Scheme 2). Synthesis
of 8a and 8b is outlined in Scheme 3. Carbazole-1,2-dione was pre-
pared according to the published procedure.” The compounds 4a
and 4b were obtained by the reaction of carbazole-1,2,-dione with
4-[butyl-(3-hydroxyphenyl)amino]butyric acid ethyl ester and 4-
[(3-ethoxycarbonylpropyl)-(3-hydroxyphenyl)amino]butyric acid
ethyl ester in the presence of CuCl,, respectively. Next, intramolec-
ular oxidative-cyclization of 4a and 4b using Cu(OCOCH,),
gave the quinones 5a and 5b, respectively. The quinones 5 were
allowed to react with p-cyanobenzaldehyde to give the structural
isomers of oxazolocarbazole-type fluorophores 6 and 7. This
is the first report of the preparation of this isomeric pair of

CN
;/E

N~ O

COOH

oxazole compounds using ammonium acetate. In this reaction,
NHj; resulting from CH;COONH, in the initial stage is acting as
the nucleophilic reagent to the 6- and/or 7-carbonyl carbon. In
this case, NH; preferentially attacks the 7-carbonyl carbon rather
than the 6-carbonyl in spite of the similar steric reactivity of the
two carbonyls. It was considered that the conjugated linkage of
the dialkylamino group to the 6-carbonyl group would make the
6-carbonyl carbon less electrophilic than the 7-carbonyl carbon,
so that the nucleophilic reagents (NH;) preferentially attack
the electrophilic 7-carbonyl carbon. As the result, this reaction
afforded preferentially the compounds 6. The compounds 8a and
8b were prepared by hydrolysis of their precursors 6a and 6b,
respectively.

Spectroscopic properties of benzofuro|2,3-cJoxazolo[4,5-a]-
carbazole-type fluorescent dyes in solution and on TiO, film

The absorption, excitation, and fluorescence spectra of 3a, 3b,
8a, and 8b in 1,4-dioxane are shown in Fig. 2 and their spectral
data are summarized in Table 1. The absorption and fluorescence
spectra of all these fluorescent dyes agree very well, showing that
the effect of the position of the carboxyl group attached to the
same chromophore skeleton on the photophysical properties of
3a, 3b, 8a, and 8b is negligible. All these fluorescent dyes exhibit
intense absorption bands at around 420 and 350 nm, and an
intense fluorescence at around 530 nm. The fluorescence quantum
yields (@) of these dyes in 1,4-dioxane were close to 100%. From
the measurement of the fluorescence excitation spectra of 3a,
3b, 8a, and 8b, it was found that two absorptions lead to the
same efficiency for the emission (Fig. 2b). Absorption spectra
of dyes adsorbed on TiO, film are shown in Fig. 3, where the
amounts of adsorbed dyes on TiO, film are 6.8 x 10'°, 4.4 x 10,
3.9 x 10", and 6.6 x 10'® molecules cm~? for 3a, 3b, 8a, and 8b,

NaOH.aq
O othanol Table 1 Optical properties of the dyes in 1,4-dioxane
HN O
reflux Dye  Ap™/nm (&e/dm® mol - em ™) A4,,"/nm® @ SS¢/nm
i i NBuU 3a 416 (25700), 347 (25400) 525 0.97 109
2 3b 425 (24400), 349 (27300) 537 0.99 112
8a 429 (21500), 353 (25500) 534 0.97 105
1a
859 8b 424 (22200), 348 (23900) 541 097 117
()
Scheme 1 Svnthesis of f hore 3 “2.0 x 107 M.*2.0 x 10=° M. ° Stokes shift value.
cheme ynthesis of fluorophore 3a.
CN CN
V\)O]\ a P
Br.
EtO H
OEt N o NaOH.aq o N0
NaH acetonitrile ethanol
N o] 60 °C N o]
NBu2 | I NB i i NBU,
1a 3b
63% 89%

Scheme 2 Synthesis of fluorophore 3b.
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Scheme 3  Synthesis of fluorophores 8a and 8b.

respectively. No significant differences in the absorption properties
are noted among the four dyes. Although the absorption peak
wavelengths of adsorbed dyes on TiO, films are similar to those
in 1,4-dioxane, the onset of absorption bands are red-shifted by
80-100 nm. Such a red-shift is attributable to dye aggregation on
the TiO, electrode.>® Further studies on the possible influence of
the molecular arrangement of dyes adsorbed on TiO, surface, on
the photovoltaic performance of DSSCs are now in progress in our
group.

Electrochemical properties of benzofuro[2,3-cloxazolo[4,5-a]-
carbazole-type fluorescent dyes and their HOMO and LUMO
energy levels

The electrochemical properties of 3a, 3b, 8a, and 8b were
determined by cyclic voltammetry (CV) in acetonitrile containing
0.1 M Et,NCIO,. As an example, the CV of 8a is shown in Fig. 4.
CV curves of these compounds showed three redox waves at similar
potentials irrespective of the compounds, though the peaks of
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Fig. 2 a) Absorption and fluorescence spectra and b) excitation and
fluorescence spectra of 3a, 3e, 8a, and 8b in 1,4-dioxane.

3a were shifted in a negative direction compared with those of
the other compounds (Table 2). Three oxidation peaks of these
compounds are determined to be 0.31-0.37, 0.82-0.88, and 0.98-
1.02 V vs. Ag/Ag*. The corresponding reduction peaks appear at
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Fig. 4 Cyclic voltammogram of compound 8a in acetonitrile containing
0.1 M Et;NCIlO, at a scan rate of 20 mV s~'. The arrow denotes the
direction of the potential scan.

0.25-0.31 V for the first redox step. The first redox waves are clearly
observed and the peak separations are ca. 60 mV, suggesting that
the first oxidized states of the dyes are stable. On the other hand, ill-
defined waves for the second and third oxidation processes indicate
that the second and third oxidized states of the dyes are less stable
than the first ones.

On the basis of the spectral analyses and CVs, we estimated
the HOMO and LUMO energy levels of the four dyes. The
HOMO energy levels for 3a, 3b, 8a, and 8b were evaluated to
be 0.87, 0.91, 0.93, and 0.91 V with respect to NHE, respectively.
The LUMO energy levels of the dyes were estimated from the
first oxidation potential and an intersection of absorption and
fluorescence spectra [480 nm (2.58 eV), 486 nm (2.55 eV), 485 nm
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Fig. 3 Absorption spectra of the dyes adsorbed on TiO, film and the IPCE spectra for DSSCs based on the dyes: a) 3a, b) 3b, c) 8a, and d) 8b. The
amount of adsorbed dyes on TiO, film is 6.8 x 10", 4.4 x 10", 3.9 x 10", and 6.6 x 10" molecules cm~>for 3a, 3b, 8a, and 8b, respectively.
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Table 2 Electrochemical properties of 3a, 3b, 8a, and 8b

Compound E,/Vvs. Ag/Ag* E,./Vvs. Ag/Agt AE,/mV E,,/Vvs. Ag/Ag"
3a 0.31,0.82,0.98 0.25, -, - 60, —, — 0.28, -, —

3b 0.35,0.84,0.98 0.28,0.78, — 70, 60, — 0.32,0.81, -

8a 0.37,0.85, 1.02 0.31, 0.80, — 60, 50, — 0.34,0.83, -

8b 0.35,0.88,0.99 0.30, -, — 50, —, — 0.33, -, —

“ E,, and E,. are the anodic and cathodic peak potentials in acetonitrile (0.1 M Et,NCIO,). * E,, and E,. are the anodic and cathodic peak potentials in

acetonitrile (0.1 M Et,NCIO,).

(2.56eV), and 487 nm (2.54 ¢V) for 3a, 3b, 8a, and 8b, respectively]
corresponding to the energy gap between HOMO and LUMO. The
LUMO energy levels for these dyes were —1.71, —1.64, —1.63, and
—1.63 V for 3a, 3b, 8a, and 8b, respectively. Evidently, they are
higher than the energy level of TiO, conduction band (—0.5 V),
showing that these dyes can efficiently inject electrons into the
conduction band of the TiO, electrode. The results of absorption
and fluorescence spectra and CV for these dyes demonstrate that
all these dyes have similar HOMO and LUMO energy levels.

Semi-empirical MO calculations (AM1, INDO/S)

To understand the photophysical and electrochemical properties
of benzofuro[2,3-c]oxazolo[4,5-a]carbazole-type fluorescent dyes,
we have carried out semi-empirical molecular orbital (MO)
calculations of 3a, 3b, 8a, and 8b using the INDO/S method® after
geometrical optimizations using the MOPAC/AMI1 method.™
The calculated absorption wavelengths and the transition char-
acters of the first absorption bands are collected in Table 3. The
observed and calculated absorption spectra of the compounds
(Tables 1 and 3) compare well with each other with respect to
both the absorption wavelength and the absorption intensity,
although the calculated absorption wavelengths are blue-shifted.
The deviation of the INDO/S calculations, giving transition
energies greater than the experimental values, has been generally
observed." The calculations showed that the longest excitation
bands of the dyes were mainly assigned to the transition from
HOMO to LUMO, where HOMOs were mostly localized on the 3-
dibutylaminobenzofuro[2,3-c]oxazolo[4,5-a]carbazole moiety for
all dyes, and LUMOs were mostly localized on the carboxyphenyl
moiety for 3a and the cyanophenyl moiety for 3b, 8a, and 8b.
The changes in the calculated electron density accompanying
the first electron excitation are shown in Fig. 5, which reveals

Table 3 Calculated absorption spectra for 3a, 3b, 8a, and 8b

Absorption (calc.)

Compound  Z,,,/nm 1 CI component®
3a 402 0.92 HOMO — LUMO (75%)
328 0.59 HOMO — LUMO + 1 (43%)
HOMO-1 — LUMO (13%)
3b 404 0.90 HOMO — LUMO (77%)
329 0.64 HOMO — LUMO + 1 (47%)
HOMO-1 — LUMO (16%)
8a 398 0.95 HOMO — LUMO (78%)
327 0.61 HOMO — LUMO + 1 (45%)
HOMO-1 — LUMO (13%)
8b 394 0.96 HOMO — LUMO (79%)
325 0.62 HOMO — LUMO + 1 (46%)

HOMO-1 — LUMO (12%)

“Oscillator strength. ® The transition is shown by an arrow from one
orbital to another, followed by its percentage CI (configuration interaction)
component.

a strong migration of intramolecular charge transfer from the
3-dialkylaminobenzofuro[2,3-cJoxazolo[4,5-a]carbazole moiety to
the carboxylphenyl or cyanophenyl moiety for all dyes. The
calculations showed that the second excitation bands of the
dyes were mainly assigned to the transition from HOMO to
LUMO + 1, where a moderate migration of charge from the
3-dialkylaminobenzofuro[2,3-cloxazolocarbazole moiety to the
carboxyphenyl moiety for 3a and the cyanophenyl moiety for 3b,
8a, and 8b is also observed. These calculation results suggest that
the effects of the cyano and carboxyl groups and N-alkylation
of the carbazole ring on the photophysical and electrochemical
properties of these dyes are negligible, so that all dyes show similar
absorption and fluorescence spectra and CV.

R

8b

Fig.5 Calculated electron density changes accompanying the first electronic excitation of 3a, 3b, 8a, and 8b. The black and white lobes signify decrease
and increase in electron density accompanying the electronic transition respectively. Their areas indicate the magnitude of the electron density change.
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Photovoltaic performance of DSSCs based on
benzofuro|2,3-cloxazolo[4,5-a]carbazole-type fluorescent dye

The incident photon-to-current conversion efficiency (IPCE)
spectra for DSSCs are shown in Fig. 3. The IPCE is represented
by the following equation:

1240 (¢V nm) J,. (mA cm™
IPCE (%) = /l(nm)dﬁ)(mW ) ) 100 (1)

where J,. is the short-circuit photocurrent density generated by
monochromatic light, and A and @ are the wavelength and the
intensity of the monochromatic light, respectively. When the
performances of DSSCs fabricated using these dyes as sensitizers
were examined, big differences in the IPCE spectra and the
photocurrent-voltage (/-V)) characteristics were observed. As
shown in Fig. 5, the maximum IPCE value increases in the order of
3a (46%) > 3b (45%) > 8b (34%) > 8a (30%). Table 4 summarizes
the photovoltaic performances of DSSCs based on the dyes under
AM 1.5 irradiation (60 mW cm~2). The solar energy-to-electricity
conversion yield (17 (%)) is expressed by the following equation:

J (A em™?) Vo (V) ff
1, (mW cm~2) x

n (%) = 100 )

where [, is the intensity of incident white light, V. is the open-
circuit photovoltage, and ff represents the fill factor. Interestingly,
the J, for 3b (1.60 mA c¢cm~?), which has a nonconjugated linkage
between the carboxyl group and the chromophore, is similar
to that for 3a (1.30 mA cm™2) and higher than those of 8a
(0.80 mA cm™2) and 8b (0.75 mA cm™2), when comparisons are
made between similar amounts of dyes adsorbed on TiO, (ca. 3 x
10'® molecules cm~2). The Vs for 3a, 3b, 8a, and 8b are 544 mV,
550 mV, 430 mV, and 485 mV, respectively, which were different
among the dyes. On the other hand, when the amount of adsorbed
dye on TiO, film increased to 6.8 x 10'¢, 4.4 x 10, 3.9 x 10'°, and
6.6 x 10" molecules cm~? for 3a, 3b, 8a, and 8b, respectively, the I,
and # values increased in the order: 3a (2.12 mA cm2, 1.00%) ~ 3b
(2.10mA ecm2, 1.06%) > 8b (1.50 mA cm~2,0.67%) > 8a (0.84 mA
cm~2, 0.34%). It is worth noting that the J,. and 7 for 3b are similar
to those for 3a, although the amounts of adsorbed dyes on TiO,
film in 3b is less than that in 3a. This result also demonstrates that
the molecular aggregation state of the dye on the TiO, electrode
has a great influence on the 7, and # of DSSCs. Furthermore, the
V.. values for 3a (508 mV) and 3b (530 mV) were higher than
those of 8a (435 mV) and 8b (470 mV).

Table 4 Photovoltaic performances of DSSCs

Dye x 10" moleculescm™“ J,./mAcm™> V,/mV ff 7 (%)
3a 2.5 1.30 544 0.60 0.70
6.8 2.12 508 0.57 1.00
3b 2.7 1.60 550 0.58 0.84
4.4 2.10 530 0.58 1.06
8a 29 0.80 430 0.57 0.33
3.9 0.84 435 0.57 0.34
8b 2.8 0.75 485 0.57 0.34
6.6 1.50 470 0.58 0.67

“ Adsorption amount per unit area of TiO, film.

Relationship between photovolatic performance and chemical
structure

To understand the differences in J,., we assumed that the dye
molecule is standing perpendicular to the TiO, substrate as shown
in Fig. 6. In 3a, a carboxyl group can form an ester linkage with the
TiO, surface, so that electrons will be injected from the dye to TiO,
through the carboxyl group. For 3b, 8a, and 8b, on the other hand,
the carboxyl group acts as an anchoring group for attachment to
the TiO, surface, but it cannot be the electron acceptor. From the
molecular structure of 3b, it was suggested that the phenylcyano
group acting as electron acceptor is located in close proximity to
the TiO, surface by interactions such as intermolecular hydrogen
bonding between the cyano nitrogen of the dye and the hydroxyl
proton of the TiO, surface. Consequently, dye 3b can efficiently
inject electrons from the phenylcyano group to the conduction
band of the TiO, electrode through intermolecular hydrogen
bonding. On the other hand, we presume that free rotation of
the butyl group for 8a and rigid linkages with the TiO, surface
for 8b prevent the phenylcyano moiety of the dye from being in
close proximity to the TiO, surface. Fukuzumi et al. reported that
for DSSC based on fluorescein derivatives, the xanthen moiety
acting as an electron acceptor, which can inject electrons into
the conduction band of the semiconductor, is located in close
proximity to the semiconductor surface.'? On the other hand, it is
reported that the Fermi level of TiO, is affected by the adsorption
of dyes with a permanent dipole.”® If our model for dye adsorption
is correct, the direction of the dipole moments of 3a and 3b in the
adsorption state will be opposite to those of 8a and 8b. Thus, this
will cause the difference in V.

3a 3b

1 :
5 & Y
T w0, %

Fig. 6 Plausible configurations of 3a and 3b on a TiO, surface. Molecular
structures of 3a and 3b are optimized by the MOPAC/AM1 method.

Conclusions

In conclusion, novel donor—acceptor n-conjugated benzofuro[2,3-
cloxazolo[4,5-aJcarbazole-type fluorescent dyes with a carboxyl
group at different positions of the chromophore skeleton have
been designed and synthesized, and the photovoltaic performances
of DSSCs based on these dyes were investigated. It was found
that the distance between the electron acceptor moiety and TiO,
will affect the efficiency of electron injection. Further studies on
DSSCs based on these dyes are now in progress to elucidate the
influence of the molecular arrangement of dyes adsorbed on a
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TiO, surface on the photovoltaic performances (/,., V.., and #) of
DSSCs.

Experimental

Melting points were measured with a Yanaco micro melting
point apparatus MP model. IR spectra were recorded on a
Perkin Elmer Spectrum One FT-IR spectrometer by ATR method.
Absorption spectra were observed with a Shimadzu UV-3150
spectrophotometer and fluorescence spectra were measured with
a Hitachi F-4500 spectrophotometer. The fluorescence quantum
yields (@) were determined by a Hamamatsu C9920-01 equipped
with CCD by using a calibrated integrating sphere system
(% = 325 nm). Cyclic voltammograms (CVs) were recorded in
MeCN/Et,NCIO, (0.1 M) solution with a three-electrode system
consisting of Ag/Ag* as the reference electrode, Pt plate as the
working electrode, and Pt wire as counter electrode, by using a
Hokuto Denko HAB-151 potentiostat equipped with a functional
generator. Elemental analyses were recorded on a Perkin Elmer
2400 IT CHN analyzer. '"H NMR spectra were recorded on a JNM-
LA-400 (400 MHz) FT NMR spectrometer with tetramethylsilane
(TMS) as an internal standard. Column chromatography was
performed on silica gel (KANTO CHEMICAL, 60N, spherical,
neutral).

Synthesis of 7-(4-carboxyphenyl)-3-dibutylamino-
benzofuro|2,3-cloxazolo|4,5-a]-carbazole (3a)

To a solution of 1a (1.0 g, 1.90 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.76 g, 19 mmol, 50 mL,) with
stirring under reflux. After further stirring for 16 h under reflux,
the solution was acidified to pH 4 with 2 M HCI, and concentrated
under reduced pressure. The residue was dissolved in CH,Cl,, and
washed with water. The organic extract was dried over MgSO,,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl,—ethyl acetate =2 : 5 as eluent) to give 3a (0.91 g,
yield 88%); 296-297 °C (decomposition); IR (KBr): v = 3240,
1692 cm™'; "HNMR (DMSO-d, TMS) 6 = 0.97 (6H, t), 1.37-1.43
(4H, m), 1.58-1.63 (4H, m), 3.38 (4H, t) overlap peak of dissolved
water in DMSO-dg, 6.94-6.96 (1H, m), 7.03-7.05 (1H, m), 7.33—
7.38 (1H, m), 7.46-7.50 (1H, m), 7.66 (1H, d, J = 8.08 Hz), 8.20
(2H, d, J = 8.32 Hz), 8.38 (2H, d, J = 8.32 Hz), 8.46 (1H, d, J =
8.32 Hz), 8.60 (1H, d, J = 7.84 Hz), 12.50 (1H, s, -NH); elemental
analysis calcd (%) for C3,H; N;0,4: C 74.84, H 5.73, N 7.70; found:
C74.72, H 5.63, N 7.67.

Synthesis of 7-(4-cyanophenyl)-3-dibutylaminobenzofuro|2,3-c]-
oxazolo[4,5-a|carbazole-9-butyric acid ethyl ester (2b)

A solution of 1a (1.0 g, 1.90 mmol) in dry acetonitrile was treated
with sodium hydride (60%, 0.11 g, 2.85 mmol) and stirred for 1 h
at room temperature. Ethyl 4-bromobutyrate (1.85 g, 9.49 mmol)
was added in a dropwise manner over 20 min and the solution was
stirred at room temperature for 10 h. After concentrating under
reduced pressure, the resulting residue was dissolved in CH,Cl,,
and washed with water. The organic extract was dried over MgSO,,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl, as eluent) to give 2b (0.77 g, yield 63%); mp
209-211°C; IR (KBr): v=2228,1738 cm™'; '"H NMR (acetone-d,,
TMS) o = 1.04 (6H, t), 1.12 (3H, t), 1.48-1.52 (4H, m), 1.71-1.76

(4H, m), 1.89-1.92 (2H, m), 2.46-2.50 (2H, m), 3.51-3.54 (4H, m),
4.00-4.04 (2H, m), 5.07-5.11 (2H, m), 7.00-7.04 (2H, m), 7.39—
7.46 (1H, m), 7.53-7.60 (1H, m), 7.81-7.86 (1H, m), 8.04-8.08
(2H, m), 8.51-8.58 (3H, m), 8.70-8.74 (1H, m); elemental analysis
caled (%) for CyoH, N, O,: C 74.98, H 6.29, N 8.74; found: C 74.97,
H 6.31, N 8.71.

Synthesis of 7-(4-cyanophenyl)-3-dibutylaminobenzofuro[2,3-c|-
oxazolo[4,5-a|carbazole-9-butyric acid (3b)

To asolution of 2b (0.1 g,0.16 mmol) in ethanol (300 ml) was added
dropwise aqueous NaOH (0.06 g, 1.6 mmol, 30 mL,) with stirring
at 60 °C. After further stirring for 6 h under reflux, the solution was
acidified to pH 4 with 2 M HCI, and concentrated under reduced
pressure. The residue was dissolved in CH,Cl,, and washed with
water. The organic extract was dried over MgSO,, filtered, and
concentrated. The residue was chromatographed on silica gel
(CH,Cl,—ethyl acetate = 10 : 1 as eluent) to give 3b (0.085 g, yield
89%); mp 260-262 °C; IR (KBr): v = 2228, 1712 cm™'; '"H NMR
(acetone-d,, TMS) 0 = 1.04 (6H, t), 1.46-1.53 (2H, m), 1.74-1.79
(4H, m), 1.88-1.91 (4H, m), 3.51-3.55 (2H, m), 3.61-3.64 (4H, m),
5.11-5.15 (2H, m), 6.98-7.05 (2H, m), 7.43-7.46 (1H, m), 7.56—
7.60 (1H, m), 7.85 (1H, d, J =8.76 Hz), 8.07 (2H, d, J = 8.76 Hz),
8.54 (2H, d, J = 9.04 Hz), 8.59 (1H, d, J = 8.80 Hz), 8.73 (1H,
d, J = 8.08 Hz); elemental analysis calcd (%) for C;xH3N,O,: C
74.49, H 5.92, N 9.14; found: C 74.29, H 5.83, N 9.09.

Synthesis of 4-{butyl-[4-(1,2-dioxo0-2,9-dihydro-1H-carbazol-
4-yl)-3-hydroxyphenyllamino } butyric acid ethyl ester (4a)

To a solution of 9 H-carbazole-1,2-dione (3.00 g, 15.2 mmol) and
CuCl, (2.05 g, 15.2 mmol) in DMSO (150 ml) was added 4-
[butyl-(3-hydroxyphenyl)amino]butyric acid ethyl ester (3.40 g,
15.2 mmol) with stirring at 50 °C. After further stirring for
1 h, the reaction mixture was poured into water. The resulting
precipitate was filtered, washed with water and dried. The residue
was chromatographed on silica gel (CH,Cl,—ethyl acetate = 3 : 1
as eluent) to give 4a (1.62 g, yield 22%); mp 141-143 °C; IR (KBr):
v = 3266(br), 1708, 1603 cm™'; '"H NMR (acetone-d,, TMS) 0 =
0.98 (3H, t), 1.23 (3H, t), 1.38-1.44 (2H, m), 1.61-1.67 (2H, m),
1.94-2.00 (2H, m), 2.37-2.44 (2H, m), 3.25-3.47 (4H, m), 4.09—
4.15 (2H, m), 5.88 (1H, s), 6.42-6.47 (2H, m), 6.99-7.03 (1H,
m), 7.20-7.52 (4H, m), 8.01 (1H, s, -OH), 11.20 (1H, s, -NH);
elemental analysis calcd (%) for CxH3N,Os: C 70.87, H 6.37, N
5.90; found: C 70.62, H 6.26, N 5.63.

Synthesis of 4-{butyl-[4-(1,2-dioxo0-2,9-dihydro-1H-carbazol-
4-yl)-3-hydroxyphenyllamino } butyric acid ethyl ester (4b)

To a solution of 9 H-carbazole-1,2-dione (5.00 g, 25.4 mmol) and
CuCl, (3.41 g, 25.4 mmol) in DMSO (200 ml) was added 4-
[(3-ethoxycarbonylpropyl)-(3-hydroxyphenyl)amino]butyric acid
ethyl ester (8.56 g, 25.4 mmol) with stirring at 50 °C. After further
stirring for 2 h, the reaction mixture was poured into water. The
resulting precipitate was filtered, washed with water and dried.
The residue was chromatographed on silica gel (CH,Cl,—ethyl
acetate =3: 1 aseluent) to give4b (1.58 g, yield 12%); mp 88-89 °C;
IR (KBr): v = 3264(br), 1708, 1602 cm™'; "H NMR (acetone-d,
TMS) 6 = 1.23 (6H, t), 1.93-2.00 (4H, m), 2.38-2.44 (4H, m),
3.40-3.48 (4H, m), 4.07-4.15 (4H, m), 5.88 (1H, s), 6.46-6.53 (2H,
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m), 6.99-7.03 (1H, m), 7.21-7.51 (4H, m), 8.50 (1H, s, -OH),
11.19 (1H, s, -NH); elemental analysis calcd (%) for C; H3;,N,O;:
C 67.66, H 6.06, N 5.26; found: C 67.87, H 6.02, N 5.08.

Synthesis of 4-[butyl-(6,7-dioxo-7,8-dihydro-6 H-5-0xa-8-aza-
indeno[2,1-c|fluoren-3-yl)amino|butyric acid ethyl ester (5a)

A solution of 4a (1.0 g, 2.11 mmol) and Cu(OCOCH;), (0.42 g,
2.11 mmol) in DMSO (100 ml) was stirred at 80 °C for 2 h. After
the reaction was completed, the reaction mixture was poured into
water. The resulting precipitate was filtered, washed with water and
dried. The residue was chromatographed on silica gel (CH,Cl,—
ethyl acetate = 3 : 1 as eluent) to give 5a (0.28 g, yield 28%);
mp 99-101 °C; IR (KBr): v = 3223, 1728, 1586 cm™'; '"H NMR
(acetone-d,, TMS) 6 = 1.00 (3H, t), 1.25 (3H, t), 1.43-1.49 (2H,
m), 1.67-1.72 (2H, m), 1.97-2.01 (2H, m), 2.46-2.50 (2H, m),
3.51-3.59 (4H, m), 4.12-4.17 (2H, m), 6.82 (1H, d, J = 2.44 Hz),
7.01 (1H, dd, J =2.44 and 9.28 Hz), 7.26-7.31 (1H, m), 7.36-7.41
(1H, m), 7.55(1H, d, J = 8.56 Hz), 8.18 (1H, d, J = 9.28 Hz), 8.21
(1H,d, J =8.56 Hz), 11.21 (1H, s, -NH); elemental analysis calcd
(%) for C,3HxN,Os5: C 71.17, H 5.97, N 5.93; found: C 71.33, H
5.67, N 5.72.

Synthesis of [(6,7-dioxo-7,8-dihydro-6 H-5-0xa-8-aza-indeno|2,1-
c|fluoren-3-yl)-(3-ethoxycarbonylpropyl)amino]butyric acid ethyl
ester (5b)

A solution of 4b (1.00 g, 1.88 mmol) and Cu(OCOCH;), (0.34 g,
1.88 mmol) in DMSO (100 ml) was stirred at 80 °C for 3 h. After
the reaction was completed, the reaction mixture was poured into
water. The resulting precipitate was filtered, washed with water and
dried. The residue was chromatographed on silica gel (CH,Cl,—
ethyl acetate = 3 : 1 as eluent) to give 5b (0.15 g, yield 15%);
mp 110-112 °C; IR (KBr): v = 3260, 1724, 1591 cm™'; '"H NMR
(acetone-ds, TMS) 6 = 1.25 (6H, t), 1.99-2.01 (4H, m), 2.42-2.50
(4H, m), 3.57-3.61 (4H, m), 4.12-4.17 (4H, m), 6.94 (1H, d, J =
2.20 Hz), 7.16 (1H, dd, J = 2.20 and 9.28 Hz), 7.27-7.32 (1H, m),
7.37-7.41 (1H, m), 7.55 (1H, d, J = 8.56 Hz), 8.19 (1H, d, J =
9.28 Hz), 8.22 (1H, d, J =8.56 Hz), 11.33 (1H, s, -NH); elemental
analysis calcd (%) for C3,H3N,0;: C 67.91, H 5.70, N 5.28; found:
C 68.05, H 6.00, N 5.01.

Synthesis of 7-(4-cyanophenyl)benzofuro|2,3-cloxazolo[4,5-a]-
carbazole-3-butylaminobutyric acid ethyl ester (6a) and
7-(4-cyanophenyl)benzofuro|2,3-c]oxazolo[5,4-a]carbazole-
3-butylaminobutyric acid ethyl ester (7a)

A solution of 5a (0.15 g, 0.32 mmol), p-cyanobenzaldehyde
(0.042 g, 0.32 mmol), and ammonium acetate (0.49 g, 6.35 mmol)
in acetic acid (50 ml) was stirred at 90 °C for 1 h. After the reaction
was completed, the reaction mixture was poured into water. The
resulting precipitate was filtered, washed with water and dried. The
residue was chromatographed on silica gel (toluene—acetic acid =
5:3 aseluent) to give 6a (0.112 g, yield 60%) and 7a (0.03 g, yield
16%); 6a: mp 257-258 °C; IR (KBr): v = 3434,2226,1728 cm™'; 'H
NMR (acetone-ds, TMS) 6 = 1.03 (3H, t), 1.27 (3H, t), 1.46-1.52
(2H, m), 1.70-1.75 (2H, m), 2.05-2.09 (2H, m) overlap peak of
remaining acetone, 2.49-2.52 (2H, m), 3.52-3.61 (4H, m), 4.15-
4.20 (2H, m), 7.09 (1H, dd, J = 2.44 and 9.04 Hz), 7.16 (1H, d,
J =2.44 Hz), 7.41-7.44 (1H, m), 7.51-7.55 (1H, m), 7.80 (1H, d,

J=28.08 Hz), 8.06 (2H, d, / = 8.80 Hz), 8.50 (2H, d, J = 8.80 Hz),
8.55(1H,d, J =9.04 Hz), 8.71 (1H, d, J = 8.08 Hz), 11.52 (1H, s,
~NH); elemental analysis calcd (%) for C;,H;,N,O,: C 73.95, H
5.52, N 9.58; found: C 74.12, H 5.24, N 9.38; 7a: mp 267-269 °C;
IR (KBr): v=3276,2230, 1702 cm™"; '"H NMR (acetone-ds, TMS)
0 =1.03 (3H, t), 1.27 (3H, t), 1.46-1.52 (2H, m), 1.70-1.75 (2H,
m), 2.05-2.09 (2H, m) overlap peak of remaining acetone, 2.48—
2.52 (2H, m), 3.52-3.69 (4H, m), 4.14-4.20 (2H, m), 7.07 (1H,
dd, J = 2.44 and 9.04 Hz), 7.18 (1H, d, J = 2.44 Hz), 7.42-7.46
(1H, m), 7.52-7.56 (1H, m), 7.77 (1H, d, J = 8.04 Hz), 8.07 (2H,
d, J = 8.80 Hz), 8.49-8.53 (3H, m), 8.74 (1H, d, J = 8.08 Hz),
11.45 (1H, s, -NH); elemental analysis calcd (%) for C;sH;,N,O,:
C 73.95, H 5.52, N 9.58; found: C 73.67, H 5.29, N 9.42.

Synthesis of ethoxycarbonylpropyl-{7-(4-cyanophenyl)benzofuro-
[2,3-cloxazolo-[4,5-a]carbazole }-3-aminobutyric acid ethyl ester
(6b) and ethoxycarbonylpropyl-{7-(4-cyanophenyl)-benzofuro[2,3-
cloxazolo[5,4-a]carbazole }-3-aminobutyric acid ethyl ester (7b)

A solution of 5b (0.20 g, 0.38 mmol), p-cyanobenzaldehyde (0.05 g,
0.38 mmol), and ammonium acetate (0.58 g, 7.54 mmol) in acetic
acid (50 ml) was stirred at 90 °C for 1 h. After the reaction
was completed, the reaction mixture was poured into water. The
resulting precipitate was filtered, washed with water and dried. The
residue was chromatographed on silica gel (toluene-acetic acid =
5: 1 aseluent) to give 6b (0.145 g, yield 60%) and 7b (0.05 g, yield
21%); 6b: mp 252-254 °C; IR (KBr): v = 3436, 2226, 1724 cm™';
'"H NMR (acetone-dg, TMS) 6 = 1.27 (6H, t), 2.01-2.06 (4H, m)
overlap peak of remained acetone, 2.49-2.52 (4H, m), 3.58-3.62
(4H, m), 4.15-4.20 (4H, m), 7.16 (1H, dd, J = 2.44 and 9.04 Hz),
7.27 (1H, d, J = 2.44 Hz), 7.41-7.45 (1H, m), 7.51-7.55 (1H, m),
7.81 (1H, d, J = 8.32 Hz), 8.07 (2H, d, J = 8.80 Hz), 8.52 (2H,
d, J = 8.80 Hz), 8.56 (1H, d, J = 9.04 Hz), 8.72 (1H, d, J =
7.80 Hz), 11.55 (1H, s, -NH); elemental analysis calcd (%) for
CyHyy,N,Oq: C 71.10, H 5.33, N 8.72; found: C 71.10, H 5.14, N
8.62; 7b: mp 230-232 °C; IR (KBr): v = 3344, 2228, 1727 cm™';
'"H NMR (acetone-d¢, TMS) 6 = 1.27 (6H, t), 2.02-2.10 (4H, m)
overlap peak of remaining acetone, 2.48-2.52 (4H, m), 3.55-3.59
(4H, m), 4.15-4.20 (4H, m), 7.09 (1H, dd, J = 2.44 and 9.04 Hz),
7.22 (1H, d, J = 2.44 Hz), 7.41-7.44 (1H, m), 7.51-7.55 (1H, m),
7.74 (1H, d, J = 8.04 Hz), 8.00 (2H, d, J = 8.32 Hz), 8.39 (2H, d,
J=8.32Hz),8.47(1H,d, J =9.04 Hz), 8.70 (1H, d, J = 8.04 Hz),
11.55 (1H, s, -NH); elemental analysis calcd (%) for CsH3,N,Oq:
C 71.10, H 5.33, N 8.72; found: C 71.26, H 5.14, N 8.48.

Synthesis of 7-(4-cyanophenyl)benzofuro|2,3-cloxazolo|4,5-a]-
carbazole-3-butylaminobutyric acid (8a)

To a solution of 6a (0.10 g, 0.17 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.034 g, 0.86 mmol, 10 mL,) with
stirring at 60 °C. After further stirring for 16 h under reflux, the
solution was acidified to pH 4 with 2 M HCI, and concentrated
under reduced pressure. The residue was dissolved in CH,Cl,, and
washed with water. The organic extract was dried over MgSO,,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl,—ethyl acetate = 3 : 1 aseluent) to give 8a (0.048 g,
yield 49%); mp 269-271 °C; IR (KBr): v = 3235, 2223, 1704 cm™';
'"H NMR (acetone-ds, TMS) 6 = 1.03 (3H, t), 1.47-1.52 (2H, m),
1.72-1.76 (2H, m), 2.05-2.09 (2H, m) overlap peak of remained
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acetone, 2.49-2.53 (2H, m), 3.52-3.61 (4H, m), 7.11 (1H, dd,
J = 2.20 and 9.04 Hz), 7.18 (1H, d, J = 2.20 Hz), 7.40-7.45
(1H, m), 7.51-7.55 (1H, m), 7.81 (1H, d, J = 8.04 Hz), 8.08 (2H,
d, J = 8.52 Hz), 8.53 (2H, d, J = 8.52 Hz), 8.56 (1H, d, J =
9.04 Hz), 8.73 (1H, d, J = 7.80 Hz), 11.51 (1H, s, -NH); m/z (EI)
557 (M*, 30%).

Synthesis of carboxypropyl-{7-(4-cyanophenyl)benzofuro|2,3-c|-
oxazolo[4,5-a|carbazole)-3-aminobutyric acid (8b)

To a solution of 6b (0.10 g, 0.16 mmol) in ethanol (500 ml) was
added dropwise aqueous NaOH (0.062 g, 1.56 mmol, 20 mL,) with
stirring at 60 °C. After further stirring for 22 h under reflux, the
solution was acidified to pH 4 with 2 M HCI, and concentrated
under reduced pressure. The residue was dissolved in CH,Cl,, and
washed with water. The organic extract was dried over MgSO,,
filtered, and concentrated. The residue was chromatographed on
silica gel (CH,Cl,—ethyl acetate = 3 : 1) to give 8b (0.022 g, yield
23%); mp 259-261 °C; IR (KBr): v = 3255, 2227, 1704 cm™'; 'H
NMR (DMSO-dg, TMS) 6 = 1.84-1.89 (4H, m), 3.35-3.50 (4H, t)
overlap peak of dissolved water in DMSO-d,, 6.94-6.96 (4H, m),
7.06 (1H, dd, J = 2.44 and 9.04 Hz), 7.23 (1H, d, J = 2.44 Hz),
7.36-7.40 (1H, m), 7.48-7.52 (1H, m), 7.68 (1H, d, J = 8.28 Hz),
8.11 (2H, d, J = 8.80 Hz), 8.41 (2H, d, J = 8.80 Hz), 8.45 (1H, d,
J =9.04 Hz), 8.60 (1H, d, J = 7.80 Hz), 12.50 (1H, s, -NH); m/z
(EI) 586 (M*, 30%).

Computational methods

The semi-empirical calculations were carried out with the Win-
MOPAC Ver. 3 package (Fujitsu, Chiba, Japan). Geometry cal-
culations in the ground state were made using the AM1 method.’
All geometries were completely optimized (keyword PRECISE)
by the eigenvector following routine (keyword EF). Experimental
absorption spectra of the eight compounds were compared with
their absorption data by the semi-empirical method INDO/S
(intermediate neglect of differential overlap/spectroscopic).'* All
INDO/S calculations were performed using single excitation full
SCF/CI (self-consistent field/configuration interaction), which
includes the configuration with one electron excited from any oc-
cupied orbital to any unoccupied orbital, where 225 configurations
were considered [keyword CI (15 15)].

Preparation of the dye-sensitized solar cells based on
benzofuro|2,3-cloxazolo[4,5-a]carbazole-type fluorescent dyes

The TiO, electrodes used for dye-sensitized solar cells were
prepared as follows. Into a powder (1.30 g) of TiO, (P-25, d =
30-40 nm) in mortar was added water (1.9 mL) in six portions
with plenty of stirring. Then, three drops of 12 M nitric acid
and polyethylene glycol (80 mg) were successively added, and the
mixture was well-kneaded to a smooth paste. It was then applied
to a fluorine-doped tin oxide (FTO) substrate and sintered for
30 min at 500 °C. The 7 um thick TiO, electrode (0.5 x 0.5 cm? in
the photoactive area) was immersed in a 0.3 mM tetrahydrofuran
solution of the dye for a number of hours — long enough to
adsorb the photosensitizer. The DSSCs were fabricated by using
the TiO, electrode thus prepared, Pt-coated glass as a counter
electrode, and a solution of 0.05 M iodine, 0.1 M lithium iodide,

and 1,2-dimethyl-3-n-propylimidazolium iodide in acetonitrile as
electrolyte. The photocurrent-voltage characteristics were mea-
sured using a potentiostat under a simulated solar light (AM 1.5,
61 mW cm2). IPCE spectra were measured under monochromatic
irradiation with a tungsten-halogen lamp and a monochromator.
The dye-coated film was immersed in a solvent mixture of THF—
DMSF-1 M NaOH aq (5 : 4 : 1), which was used to determine
the amount of dye molecule adsorbed onto the film by measuring
the absorbance. The quantification of each dye was made based
on the 4, and the molar extinction coefficient of each dye in
the above solution. Absorption spectra of the dye-adsorbed TiO,
films were measured in the diffuse-reflection mode by a JASCO
UV-VIS spectrophotometer with a calibrated integrating sphere
system ISV-469.
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A new bifunctional fluorescent label, BRos, was synthesised in order to monitor protein dynamics using
fluorescence microscopy, and the photophysical properties were compared with those of
bifunctionalised rhodamine, BRho. In a labelling experiment with a model peptide of troponin C,
which regulates muscle contraction and relaxation, it was found that BRos was bound to the peptide
through two linkages and provided a homogeneous compound, whereas BRho gave a pair of
diastereomers having different physical properties in NMR and HPLC analyses.

Introduction

Recently, single molecule analysis by fluorescence microscopy has
become a powerful method for monitoring and clarifying protein
dynamics.! In order to reveal the orientation of the target domain
of the protein by analysing that of the fluorescent dipole, not
only should the dye be fixed tightly but also the direction of
the dipole relative to the target a-helix of the protein should be
unambiguously determined. A number of fluorescent labels are
now available and have been applied to protein labelling,> but
most of them are monofunctionalised, which have one reactive
linker arm to bind to a protein. It is impossible to estimate
a priori their dipole orientation against an o-helix, because of
free rotation around the linker, and thus the orientation should
be clarified by some experimental methods. In order to overcome
this problem, bifunctionalised rhodamine, BRho, was reported
by Corrie and co-workers.> BRho binds to a protein through
two linkages and immobilizes its fluorescent dipole parallel to
the o-helix. They applied it to the myosin head domain and
troponin C (TnC),** which play key roles in the regulation of
muscle contraction and relaxation,® and discussed the mechanism
of the lever arm movement of myosin light chain and the TnC
orientation in the actin filament.’ In the double binding, however,
diastereomeric isomers are generated by the sterically restricted
rotation of the carboxyphenyl ring around the 1'-9 bond of
rhodamine.” The energy barrier of the rotation was estimated to
be more than 20 kcal mol~' by a DFT calculation.” When it binds
to a chiral o-helix, the difference in the carboxyl group orientation
relative to the xanthene plane provides two diastereomers, and
their separation was reportedly difficult.** This problem does not
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occur when a fluorescent probe bound in a single manner is used.
Herein, we report a new bifunctionalised fluorescent dye, BRos, for
protein labelling based on a rosamine platform (Scheme 1). Since
rosamine has no substituent on the phenyl ring attached to the
9-position of the xanthene ring, this fluorescent molecule should
not generate any diastereomers of the labelled form. Furthermore,
we performed a model peptide study® to show the structural
differences between the two BRho-labelled peptide diastereomers,
prepared as a model of labelled-TnC.

Me 0
\ o

R =H:BRos
3 R=C00 :BRho

Scheme 1 Structures of bifunctionalised fluorescent labels.

Results and discussion

Both BRos and BRho were synthesised as depicted in Scheme 2.
The aminophenol 5 is a key intermediate, as a common pre-
cursor for BRos and BRho. The previous reported synthesis of
aminophenol 5 took 8 steps with 12% overall yield.* In this
study, we established a simple and efficient synthetic route for the
intermediate 5. The hydrochloride salt of 2, obtained by mono-
methylation of m-anisidine, was treated with 2-oxasolidinone to
yield the amine 3.° Cleavage of O-CH; with refluxing in HBr, fol-
lowed by acetylation provided 4, and selective hydrolysis afforded
5, which was purified by silica gel column chromatography. Thus,
we achieved the preparation of the aminophenol 5 in 25% overall
yield with only 5 steps.

By following general procedures, successive Friedel-Crafts
acylation of 5 with benzaldehyde and chloranil oxidation afforded
the rosamine-acetamide 6a in a yield of 12%. On the other hand,
the rhodamine-acetamide 6b was synthesised simply by heating
a mixture of 5 and phthalic anhydride, without any solvent or
catalyst. Although the rhodamine-acetamide 6b was synthesised
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Me0\©/NH2 a
—_—

AcO
\@/ \/\NH2 c \©/ ~"NHAc
—_—
3 4
Y=H Y=COO" X
6a 6b NHAc
I
7a 7b NH,
N
8a 8b NHCOCH,CI
I
BRos BRho NHCOCH,I
Mes-BRos Mes-BRho NHCOCH,SCH,CH,S04

Scheme 2 Synthesis of BRos and BRho. Reagents and conditions: (a) formaldehyde, NaOMe, NaBH,, 85 °C, overnight, quant.; (b) 6 M HCI, and then,
2-oxazolidinone, 150 °C, overnight; (c) conc. HBr, reflux, and then acetic anhydride, THF, 0 °C, 2 h, 28% for 2 steps; (d) KOH, MeOH, RT, 30 min, 91%;
(e) 6a: benzaldehyde, propionic acid, TsOH, 65 °C, overnight, and then chloranil, RT, 2 h, 12%; 6b: phthalic anhydride, 143 °C, 20%; (f) 1.5 M HCI,
reflux, 6 h, quant.; (g) chloroacetyl chloride, diisopropylethylamine, CH,Cl,, 0 °C, 2 h, 34%, (h) Nal, acetone, MeOH, CHCl;, RT, 3 days, 68%.

through two Friedel-Crafts acylations in previous studies, one-
step formation of the rhodamine platform was achieved in our
method. Finally, according to the reported procedure,® the ac-
etamide group was converted to the thiol-reactive iodoacetamide
to give BRos and BRho. As a result, the overall yields were 0.8
and 1.4% for BRos and BRho, respectively, from the commercially
available compound 1.

The photophysical properties of the dyes were characterised
with the 2-mercaptoethanesulfonate (MES) derivatives, MES-
BRos and MES-BRho, respectively. The new fluorescent label,
BRos, showed almost the same spectroscopic properties as BRho
(Table 1). The quantum yields of MES-BRos and MES-BRho in
water are sufficiently high for fluorescense microscopy analyses.

We previously employed a chicken skeletal TnC mutant (S94C)
for labelling with the bifunctionalised spin labels.! In the present
work, we chose an a-helical peptide, C8C15 (Ac-MKEDKAKCE-
EELANCFRIFDK-OH), as a model for the E-helix of TnC, to
confirm the structural homogeneity of the BRos-labelled protein.
The model peptide C8CI15 has two cysteines, and the distance
between them is appropriate for the present fluorescent labels. In
this case, glycine-6 was replaced by alanine to stabilise the a-helical
structure (Fig. 1). Labelling C8C15 with BRos or BRho was per-
formed by the procedure reported previously,' except for the final
purification using reverse phase HPLC. Fig. 2a shows part of the
HPLC profile of the BRos-labelled peptide in the final purification,
in which the major, single peak at 37 min, together with a broad
shoulder, appeared (monitored at 550 nm, solid line). A small peak
corresponding to unreacted peptide was also detected at 35 min
(monitored at 214 nm, dashed line). The MALDI-TOF mass spec-
trum of the main peak indicated the 1 : 1 adduct (BRos-pep, mass =

Table 1 Photophysical properties of MES-BRos and MES-BRho

Adbsmae/ MM L/ &/M~'em™'? Quantum yield
BRos 548 576 52000 0.22
BRho 547 571 89000 0.40

“ Excited at 548 nm for BRos and at 547 nm for BRho. * Calculated at
548 nm for BRos and at 547 nm for BRho.

1 5 10 15 20
Ac-MKEDKAKCEEELANCFRIFDK-OH

Cys 8 Cys 15

Fig. 1 Sequence and model of a labelled peptide.

3074) of the peptide labelled through two linkages. The formation
of BRos-pep was also confirmed by UV-vis and emission spectra,
in which the absorption and emission bands are similar to those
of BRos, together with a 214 nm band in the UV-vis spectrum,
due to the peptide absorption. By mass analysis, the shoulder
component (retention time 41 min) that appeared after the main
peak was assigned to the 1 : 2 adduct of the peptide with two dyes.
Another undesired 1 : 1 adduct, bound through only one linkage,
was not detected. In contrast to the labelling with BRos, the
reaction of the same peptide with BRho produced two distinctly
separated peaks with almost the same intensities (Fig. 2b). Their
mass spectra were identical to each other and were consistent with
the calculated mass of the 1 : 1 adduct (BRho-pep-1 and BRho-
pep-2, mass = 3118) with two linkages. The UV-vis spectra of these
two products showed the same features with absorption maxima
at 214 nm and 551 nm, due to the peptide backbone and the dye,
respectively. These results indicate that the reaction between BRho
and C8C15 produces almost equal amounts of each of the two
diastereomers, which are separable by HPLC. This suggests that
the configuration of the label is determined by the first of the two
consecutive reactions between the iodoacetamide groups and the
cysteine residues. Thus, it is evident that labelling with BRos yields
a structurally homogeneous product, while labelling with BRho
affords a pair of diastereomers with different hydrophobicities.
The CD spectra of the labelled peptides (BRos-pep, BRho-pepl,
and BRho-pep2) revealed Cotton effects at 194 nm (positive),
205 and 222 nm (negative), which are typical for an a-helix. The
intensities of their Cotton effects were almost the same as those
of the non-labelled peptide, and no spectral differences between
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time / min

(b)

BRho-pep1  BRho-pep2

abs.

20
time / min

Fig.2 HPLC charts of (a) BRos-peptide and (b) BRho-peptide at 550 nm
(solid line) and 214 nm (dashed line).

BRho-pep-1 and BRho-pep-2 were detected at the region of dye
absorption, despite their axial chirality. The structural difference
between these diastereomeric peptides was also confirmed by 'H
NMR experiments. Significant chemical shift differences (Ad) were
observed at the carboxylphenyl moieies of BRho-pep-1and BRho-
pep-2 (Fig. 3). That is, a large difference of Ady = 0.08 ppm
and medium differences of Adys = 0.03 ppm were observed,
respectively, while the hydrogens at the 6'-position were overlapped
with other aromatic hydrogens and were not assigned. On the

8.5 8.0 7.5 7.0 6.5
chemical shift / ppm

Fig.3 NMR spectra of BRho-pep-1 (red line) and BRh-pep-2 (blue line).

other hand, the peaks corresponding to the aromatic hydrogens
of the xanthene and those of tyrosine-16 and -19 did not show
meaningful differences. These results indicate that the carboxylate
moieties of BRho on each labelled peptide are located in distinctly
different environments, while the peptide backbone remains the
same. The electrostatic interaction between the negatively charged
carboxylate of the dye and the positively charged ammonium
ion of lysine-7 is suggested to cause the down-field shifts of the
aromatic hydrogens in BRho-pep-2 (Fig. 3, blue line; Fig. 4).
Moreover, the fact that BRho-pep-2 elutes more slowly in the
reverse phase HPLC indicates its lower hydrophilicity compared to
that of the counterpart BRho-pep-1, and supports our interpreta-
tion (Fig. 2). The carboxylate group must be exposed to the solvent
in BRho-pep-1, making it more hydrophilic (Fig 4). Thus, the
HPLC and NMR results indicate that between the two diastere-
omers, the dye moiety must be in different environments which
must influence the direction of the fluorescent dipole of the dye.

Fig.4 Models of the interaction between the amino group of Lys7 and the
carboxyl group of BRho, expected for BRho-pep-1 (left) and BRho-pep-2
(right).

Conclusions

In summary, we have synthesised a new bifunctionalised dye,
BRos, in which the synthetic route for the key intermediate
amino phenol 5, common to BRho, was improved. In addition,
a one-step synthesis of the rhodamine platform was achieved.
The photophysical properties of BRos and BRho were measured
and found to be almost the same. A peptide-labelling experiment
revealed that BRos provided the homogeneous 1 : 1 adduct (BRos-
pep) through two linkages, while a pair of diastereomers separable
by HPLC was obtained with BRho. On the other hand, we have
carried out labelling the TnC mutant (S94C) with BRho, and
the diastereomers could not be separated from each other. The
different behavior of the diastereomeric BRho-peptides in NMR
and HPLC analyses indicates that their physical properties are
not identical, and this could possibly have adverse consequences
for single molecular analyses. This problem may be avoided by
selecting BRho-labelling sites that are far from the cationic side
chains. As an alternative, BRos should be used, as this probe is
more predictable for the analyses. Now, the labelling of TnC with
BRos and its application in fluorescent analyses are in progress.

Experimental
General

'"H NMR spectra were recorded with a JEOL JNM-EX-270
spectrometer (at 270 MHz) and a JEOL alpha-500 spectrometer
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(at 500 MHz) to 'H, using TMS as the internal standard. HRMS
was performed with a JEOL JMS-DX-300 spectrometer. BioRad
Duoflow was employed for HPLC. MALDI-TOF mass spectra
were measured by an Applied Biosystem Voyager-DE(tm) PRO
with a-cyano-4-hydroxycinnamic acid (CHCA) as a matrix. UV-
vis spectra were measured with an Agilent 8453 spectrometer.
Circular dichroism (CD) spectra were obtained with a JASCO J-
715 spectropolarimeter. TLC analyses were carried out by using
silica gel 60 F,5, (Merck). Flash chromatography was carried out
with Wakogel C-300 (silica gel, 100 ~ 200 mesh, Wako Pure
Chemical Industries, Ltd.). Most of the reagents were purchased
from Wako Pure Chemical Industries, Ltd., Nacalai Tesque,
and Aldich Chemical Company, Inc. The model peptide (Ac-
MKEDKAKCEEELANCFRIFDK-OH) was purchased from
Tufts University Core Factory, Boston, USA.

Synthesis

3-Methoxy-/N-methylaniline (2). To a suspension of NaOMe
(7.90 g, 146.2 mmol) in MeOH (37 mL) was added m-anisidine 1
(3.00 g, 24.4 mmol). The resulting brown solution was poured into
a suspension of paraformaldehyde (1.02 g, 34.2 mmol) in MeOH
(24 mL). After stirring at room temperature for 16 h, NaBH,
(923 mg, 24.2 mmol) was added to the mixture. After refluxing
for 2 h, the mixture was evaporated to 1/2 volume, treated with
1 M KOH (100 mL), and then extracted with ether (100 mL x
2). The combined organic extracts were dried over MgSO, and
evaporated to afford 2 (3.20 g, 96%), which was used without
further purification. TLC R; = 0.41 (AcOEt-hexane, 1 : 1), 'H
NMR (CDCl;, 270 MHz) 6 2.81 (3 H, s, -NCH,), 3.77 (3 H, s,
-OCH,), 6.15-6.16 (1 H, m, Ar), 6.20-6.29 (2 H, m, Ar), 7.08 (1H,
t,J =8.1, Ar).

3-Acetoxy-/N-(2-acetamidoethyl)-V-methylaniline (4). A mix-
ture of aniline 2 (2.20 g, 16.0 mmol) and 6 M HCI (20 mL)
was stirred at room temperature for 10 min, washed with ether
(50 mL), and evaporated to dryness. The residue was mixed with
2-oxazolidone (1.39 g, 16.0 mmol), and the mixture was heated at
150 °C for 19 h. After cooling to room temperature, 10% NaOH
(100 mL) was added to the mixture. The resulting solution was
extracted with CH,Cl, (100 mL x 2). The combined extracts were
dried over MgSO,, and then evaporated. The residue was dissolved
in 48% HBr (40 mL), and the solution was refluxed under an argon
atmosphere for 2 h and evaporated. The residue was dissolved in
saturated aqueous sodium borate (138 mL). To the mixture was
added acetic anhydride (10.4 mL, 110.4 mmol) in THF (70 mL)
dropwise under an argon atmosphere at 0 °C. The mixture was
stirred at 0 °C for 30 min, while the pH of the mixture was
maintained at 9.0-9.5 by the addition of 2 M KOH, as required. A
further portion of acetic anhydride (5.52 mL, 58.6 mmol) in THF
(20 mL) was added to the mixture. Stirring was continued at 0 °C
for 1 h, while the pH was maintained as described above. A final
portion of acetic anhydride (3.45 mL, 36.6 mmol) in THF (12 mL)
was added, and the mixture was stirred at room temperature. After
stirring for 0.5 h, the mixture was extracted with CH,Cl, (100 mL x
3). The combined organic extracts were washed with saturated
NaHCO; (150 mL), dried over MgSQO,, and then evaporated. The
residual gum was azeotroped with toluene (3 mL x 3). Purification
by flash chromatography (AcOEt) afforded 4 (1.12 g, 28%) as
a colorless gum. TLC R; = 0.30 (AcOEt); '"H NMR (CDCl;,

270 MHz) 6 1.86 (3 H, s, NHCOCH,), 2.26 (3 H, s, OCOCH.),
2.90(3H,s,NCH,), 3.42-3.43 (4 H, m, CH,CH.), 6.23-6.33 3 H,
m, Ar), 7.06 (1 H, t, J = 8.1, Ar).

3-Hydroxy-/N-(2-acetamidoethyl)-/N-methylaniline ~ (5). The
acetamide 4 (500 mg, 2.0 mmol) was dissolved in MeOH (20 mL)
containing KOH (236 mg, 2.1 mmol), and the mixture was stirred
at room temperature under an argon atmosphere for 0.5 h. After
evaporation, the residue was diluted with 2 M aqueous potassium
phosphate (pH 8.5, 30 mL). The mixture was extracted with
CH,Cl, (50 mL x 4). The combined organic extracts were dried
over MgSO, and evaporated. The residual gum was azeotroped
with toluene (3 mL x 3) to afford 5 (379 mg, 91%), which was
used without further purification. TLC R; = 0.21 (AcOEt); 'H
NMR (CDCl;, 270 MHz) ¢ 1.94 (3 H, s, NHCOCH;), 2.91 (3 H,
s, NCH;), 3.42-3.43 (4 H, m, CH,CH,), 6.23-6.33 (3 H, m, Ar),
7.06 (1 H,t,J = 8.1, Ar).

Bis[V-(2-acetamidoethyl)-N-methyl)]-rosamine (6a). A mix-
ture of phenol § (417 mg, 2.0 mmol), benzaldehyde (106 mg,
1.0 mmol), and p-TsOH (18 mg, 0.10 mmol) was stirred at 65 °C for
21 h. After cooling to room temperature, the mixture was poured
into 3 M NaOAc (200 mL). The resulting suspension was extracted
with CHCI; (100 mL x 3). The combined organic extracts were
dried over MgSO, and then evaporated to give the crude dihydro-
compound. This was dissolved in a mixture of MeOH (25 mL) and
CHCI; (25mL), and was treated with chloranil (197 mg, 0.8 mmol).
After stirring vigorously for 2 h, the mixture was evaporated. The
residue was purified by flash chromatography (CHCl;-MeOH, 9 :
1) to give 6a (116 mg, 12%) as a purple solid. TLC R; = 0.63
(CHCI;-MeOH, 2 : 1); '"H NMR (CDCl;, 270 MHz) ¢ 1.95 (6 H,
s, NHCOCH,), 3.30 (6 H, s, NCH), 3.55 (4 H, br s, CH,NH),
3.80 (4 H, br s, -CH,N), 7.10 (4 H, br s, Ar), 7.33-7.36 (4 H, m,
Ar), 7.62 (3 H, m, Ar).

Bis|/V-(2-acetamidoethyl)-/V-methyl]-rhodamine (6b). The mix-
ture of phthalic anhydride (89 mg, 0.6 mmol) and phenol 5
(250 mg, 1.2 mmol) was heated at 150 °C for 19 h under an
argon atmosphere. The resultant gum was purified by flash column
chromatography (MeOH-CHCI; 1 : 1 — 1 :0) to afford 64 mg
(20%) of 6b as a dark purple glass. TLC R, =0.21 (CHCl;-MeOH,
1:1); "HNMR (CD,0D, 500 MHz) J 1.83 (6 H, s, NHCOCH,),
3.20 (6H, s, NCH;), 3.40 (4 H, t, J = 6.4, CH,NH), 3.66 (4H, t,
J=064,-CH,N),691(d,2H,J =24,4-,5-H), 6.99 (dd, J =9.6
and 2.4 Hz, 2-,7-H), 7.17-7.23 (3H, m, 1-,8-,6'-H), 7.60-7.72 (2H,
m, 4-,5-H), 8.12 (d, J = 7.6 Hz, 1H, 3'-H).

Bis|/V-(2-chloroacetamidoethyl)-N-methyl]-rosamine (8a). A
mixture of the acetamide-rosamine 6a (116 mg, 0.24 mmol) and
1.5 M HCI (10 mL) was refluxed for 6 h and evaporated to give
the crude product 7a. It was azeotroped with toluene (5 mL) and
diluted with CH,Cl, (10 mL). Chloroacetyl chloride (0.077 mL,
0.96 mmol) and diisopropylethylamine (0.33 mL, 1.9 mmol) were
added to the solution with ice-cooling. After stirring at 0 °C for
2 h and at room temperature for 1 h, a mixture of CHCI; (135 mL)
and MeOH (15 mL) was added. The resulting solution was washed
with 0.5 M HCI (30 mL). The aqueous layer was extracted with
CHCI;-MeOH (9: 1, 30 mL x 2), and the combined organic layers
were washed with 10% NaHCO; (20 mL) and saturated NaCl
(20 mL). The solution was dried over MgSO, and then evaporated.
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Purification by flash chromatography (MeOH-CHCl;,9:1 — 4 :
1) afforded 9a (46 mg, 34%), TLC R;=0.70 (CHCl;-MeOH, 2: 1);
"HNMR (CD;0D, 500 MHz) 6 3.27 (6 H, s, NCH), 3.60 (4 H, brs,
CH,NH), 3.82 (4H, brs,-CH,N), 3.96 (4 H,s,-CH,Cl),7.03 (4 H,
brs, Ar), 7.30-7.34 (4 H, m, Ar), 7.54-7.58 (3 H, m, Ar); *.C-NMR
(CD;0D, 126 MHz) : 6 39.5, 42.8, 51.9, 53.7, 97.4, 129.0, 129.4,
130.5,131.8,131.9,157.4,158.0, 158.1, 167.7, HRMS (FAB) : m/z
calcd for C,H;,CI,N,O; (M*) 553.1773, found 553.1775.

Bis|[/V-(2-chloroacetamidoethyl)-V-methyl|-rhodamine (8b). The
rhodamine 8b was obtained from 105 mg (0.20 mmol) of 6b by
a similar procedure as for 8a in 37% yield (44 mg). TLC R; =
0.79 (CHCL;-MeOH, 1 : 1); "TH-NMR (CD;0D, 500 MHz) ¢ 3.23
(6H, s, NCH;), 3.51 (4 H, t, J = 6.4 Hz, CH,NH), 3.75 (4 H, t,
J=64,-CH,N),3.94 (4 H, s, -CH,Cl), 6.96 2H,d, J = 2.5, 4-,
5-H), 7.02 (2 H, dd, J = 9.6 and 2.5 Hz, 2-,7-H), 7.20-7.23 (3 H,
m, 1-,8-,6'-H), 7.63-7.67 (2 H, m, 4-, 5-H), 8.12 (1 H, d, J = 7.6,
3-H); "C-NMR (CD;0D, 126 MHz) : ¢ 38.3, 39.6, 43.1, 52.3,
97.7, 97.8, 114.6, 114.7, 130.0, 130.7, 130.9, 131.1, 132.6, 135.5,
158.0, 158.1, 158.8, 172.8, 173.8.

Bis|/V-(2-iodoacetamidoethyl)-/V-methyl]-rosamine, BRos. So-
dium iodide (2.08 mg, 13.9 mmol) was dissolved in a mixture of
dry acetone (13 mL), methanol (5 mL), and chloroform (2 mL).
The solution was stirred under an argon atmosphere for 10 min
and was added to 8a (46 mg, 0.083 mmol). The reaction vessel was
flushed with argon and was kept in the dark at room temperature
for 3 days. After adding CHCI; (180 mL), the mixture was washed
with 5% aqueous sodium ascorbate (100 mL) and water (30 mL x
3). The solution was dried over MgSO, and evaporated to give
BRos (42 mg, 68%). The product was dissolved in DMF and stored
in aliquots (10 mM) at —80 °C.

Bis|/V-(2-iodoacetamidoethyl)-/V-methyl]-rhodamine, BRho. A
similar procedure for BRos production yielded BRho (35 mg, 70%).
The product was dissolved in DMF and stored in aliquots (10 mM)
at —80 °C.

MES-BRos and MES-BRho

For photophysical measurements, BRos and BRho were converted
to the mercaptoethanesulfonate(MES) forms (MES-BRos and
MES-BRho), in order to inactivate the highly reactive iodoac-
etamide groups and to imitate a cysteine-bound form. To a mixture
of a portion of a 10 mM solution of the dye in DMF (40 uL) and
200 mM potassium phosphate buffer (pH 7.2, 0.35 mL) was added
200 mM aqueous sodium 2-mercaptoethanesulfonate (80 pL).
After stirring overnight in darkness at room temperature, the
solution was diluted with 25 mM phosphate buffer containing
150 mM NaCl (pH 7.2) to an appropriate concentration for
photophysical measurements.

Labelling experiment

The purchased crude model peptide was dissolved (final conc.
1 mM) in 10 mM MOPS (pH 8.5), and was purified by reverse
phase HPLC (Resource RPC, 0.64 x 10 cm, GE-Healthcare)
with a linear gradient from 20% solvent A (0.1% TFA) and
80% B (0.1% TFA, 90% acetonitrile) to 30% A and 70% B at
2 mL min~" over 30 min. After lyophilisation, the pure model

peptide was obtained, which was confirmed by its MALDI-TOF
mass spectrum (m/z2589.1, caled 2590.0). To a solution of 100 uM
purified model peptide, in 10 mM MOPS containing 0.1 M KCl
(pH 8.5), was added the BRos solution (10 mM stock solution in
DMEF, final concentration of 100 uM). After a 1 h incubation, the
unreacted iodoacetamide groups were quenched by the addition
of 0.1 M aqueous sodium 2-mercaptoethanesulfonate (final conc.
2 mM). Removal of the unreacted dye by chromatography on
Sephadex G-25 (GE-Healthcare) provided the crude labelled
peptide. Reverse phase HPLC (Resource-RPC, GE-Healthcare)
with a linear gradient from 20% solvent A (0.1% TFA) and 80% B
(0.1% TFA, 90% acetonitrile) to 30% A and 70% B at 1 mL min™"
over 30 min, followed by lyophilisation, yielded BRos-pep (21 mg,
84%). The same procedure was applied to BRho-labelling and
afforded BRho-pepl (10 mg, 40%) and BRh-pep2 (9.0 mg, 36%).
These peptides were all identified by MALDI-TOF mass spectra
(BRos-pep: m/z 3074.4, calcd for the 1 : 1 adduct 3072.4, BRho-
pep-1: m/z 3117.7 and BRho-pep-2: m/z 3118.1 calcd for the 1 :
1 adduct 3115.4).

NMR measurements of the labelled peptides

NMR measurements of each labelled peptides were done with
the samples containing 2 mg of the labelled peptide (BRos-pep,
BRho-pep-1, BRho-pep-2) dissolved in 2 mL of D,O at 25 °C.

Fluorescent spectroscopy

Fluorescent spectra were recorded with a Hitachi F-4500 flu-
orophotometer with MES-BRos and MES-BRho in 25 mM
phosphate buffer (pH 7.2), prepared as described above. For
all measurements, the pathlength was 1 cm, with a cell volume
of 3.0 mL. The quantum yields for fluorescence were obtained
by comparison with fluorescein in 0.1 M NaOH, which has a
quantum efficiency of 0.95." The concentration of the reference
sample was adjusted to match the test sample. The quantum
efficiencies of MES-BRos and MES-BRho were obtained by using
diluted samples (absorbance <0.02) in 25 mM phosphate buffer
(pH 7.2).
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Excited state quenching by urate and ascorbate of selected europium and terbium(11) macrocyclic
complexes has been assessed and related to the ease of complex visualisation by optical microscopy
inside various living cells, e.g. CHO, COS and NIH 3T3. It is the relative insensitivity of certain
sterically encumbered complexes to dynamic quenching by urate that favours their usage for in cellulo
applications. Non-covalent binding of the complex by protein also shields the excited lanthanide(1ir) ion
from collisional quenching; this effect is most marked for a cationic triamide complex, [Ln.1]**,

consistent with its ease of visualisation by luminescence microscopy.

Introduction

Luminescent lanthanide complexes have been developed that can
serve as ‘tags’ in bioconjugates for use in fluorescence resonance
energy transfer (FRET) or tracking assays,"* or as responsive
probes.® Information about their local coordination environment
or the concentration of a specific analyte in solution can be
gained by monitoring changes in their spectral emission profile,
lifetime or circular polarisation.* Recently, lanthanide complexes
have been reported that are taken up by live cells and can be
observed by fluorescence based microscopy techniques.>® The
intriguing possibility is emerging of using lanthanide complexes as
in cellulo probes, reporting on a given biochemical parameter, e.g.
enzyme activity, local pH, pM or pX.** The unique photophysical
properties of lanthanide complexes, and the ease with which their
structures can be modified to suit a particular application, can
both complement and extend the ‘tool kit’ currently available
for the analysis of living cells and the spatial and temporal
profiles of certain processes that occur within them. Particular
advantages over currently available fluorescent organic probes
include their large Stokes shifts, long emission lifetimes (allowing
time-resolved spectral or microscopic acquisition), insensitivity
to dissolved oxygen and good chemical stability profile. In more
recent work, the advantages of using ratiometric analyses have
been highlighted, involving either monitoring a selection of two or
more Eu emission bands®® or examining two different lanthanide
complexes of a common ligand. In the latter case, the differential
sensitivity of the excited Eu and Tb(111) ions to dynamic quenching
by urate has led to the development of a precise new assay for uric
acid in biological fluids, such as diluted urine."

The mechanism by which these complexes are able to cross
the cell membrane and the factors that govern their localisa-
tion/compartmentalisation profile are not well understood. The
structures of the lanthanide complexes [Ln.1]-[Ln.6] provide a
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cross-section of cyclen-based complexes that have been shown to
be taken up by cells and to remain emissive once inside the cell.**”?
In each case, the heterocyclic aromatic sensitising moiety is likely
to serve a dual function. Not only may it serve as a sensitiser,
but also it may be a key recognition element in binding to cell-
surface or membrane bound proteins, hence, uptake/retention and
endosome/vesicle recycling of the complexes may be a sensitive
function of their differing protein affinity profiles. In the case of
[Ln.1]**, the tetraazatriphenylene moiety has earlier been shown
to promote strong binding to B-DNA, so that the localisation
of this cationic complex within the cell nucleus may at least
be rationalised. For [Tb.2]*, the o-chlorophenylquinoline moiety
reputedly targets benzodiazepine receptors that are over-expressed
in glioblastoma cells’; some uptake studies have suggested that the
complex may localise in the outer mitochondrial membrane, where
the target receptors are expressed.

Unusual behaviour was exhibited by the constitutionally iso-
meric europium complexes [Eu.3]* and [Eu.4]**: co-localisation
studies with Lysotracker green showed that the former, and
its zwitterionic and anionic analogues, localise in lysosomal
compartments. In contrast, [Eu.4]** distributes quite well in the
cytosol and there is some evidence to suggest that it stains
the endoplasmic reticulum, following co-localisation studies with
brefeldin A. The complexes [Eu.5]*~ and [Eu.6]** have been shown
to cross the nuclear membrane and stain the nucleoli of mouse
skin fibroblasts (NIH 3T3), Chinese hamster ovarian (CHO) and
HeLa cells.*® In each of these structures there is a common
azathiaxanthone moiety that is directly bound to the Eu ion.
This rigid moiety must play a key role in reversible protein
binding. This was demonstrated for each of these cases by the
observation of relaxivity enhancements for the Gd analogues in
the presence of serum albumin. Each complex, therefore, appears
to bind to the RNA-protein adducts that are to be found in the
ribosomes both inside the cell nucleus (in the dense and protein-
rich regions of the nucleoli) and within the cytoplasm. Complexes
[Eu.2]* and [Eu.3]** are also most likely to enter the cell via an
endocytotic pathway'™"; species that enter cells via endocytosis
are believed to be initially trapped in endocytotic vesicles that
are subsequently transferred into endosomes. Ageing endosomes
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may transform into more acidic lysosomal compartments, that
may become increasingly isolated from the rest of the cell. This is
what appears to happen with [Eu.2]* and [Eu.3]**. If complexes
taken up by this mechanism are to localise in other regions or
compartments inside the cell, it is essential that they are able to
escape from the pathway that leads to lysosomal formation.

Results and discussion

With this background in mind, a comparative analysis has been
undertaken, using the neutral and anionic complexes [Ln.7], [Ln.8]
and [Ln.9 (Ln = Tb or Eu) to assess the relative importance of
charge and lipophilicity on the cellular uptake of the complexes,
with [Ln.1]** as a point of reference.* In parallel, the sensitivity of
each of these complexes to dynamic quenching of the lanthanide
excited state has been assessed.

The anti-oxidants in the highest concentration within common
cell types are ascorbate, 11, and urate, 12. Each is typically found in
0.2 mM concentration within cells, and preliminary work on their
quenching ability has revealed that they are much more effective
than glutathione (ca. 60 uM in cells) in quenching the lanthanide
excited state by an electron or charge transfer process. A key issue
is to relate the sensitivity of the 4 sets of complexes to quenching
and compare this information to their ability to be observed by
microscopy, within a common cell type.

Mouse skin fibroblast cells were cultured in DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with 10% new-born calf
serum, 50 g ml™' penicillin and streptomycin, and non-essential
amino acids, on 10 mm cover slips. When the confluence on the
cover slip reached approximately 70%, the cells were loaded with
an aqueous complex solution to give a final concentration in the
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growth medium of 1 mM. Following incubation for 24 hours,
the cover glass to which the cells were attached was washed
repeatedly with PBS (phosphate buffered saline) and placed onto a
microscope slide (under these conditions [Ln.1]** has been shown
to localise within the cell nucleus).>*¢)

Each of the slides was imaged using a fluorescence microscope.
Narrow excitation and emission filters were chosen (excitation:
345 nm low pass or Zeiss G365; emission: Eu 620 £ 25nmora 575~
625 nm band pass, for Tb a 546 4+ 25 nm band pass) such that the
chromophore was irradiated at wavelengths corresponding only
to its longest wavelength absorbance (i.e. centred at 348 nm) and
the amount of scattered light reaching the CCD was minimised,
to improve the signal to noise ratio. In capturing the images, it
was apparent that considerably longer exposure times (by a factor
of at least 4) were required to image luminescence from cells
containing any of complexes [Ln.7-9], when compared to cells
loaded with [Ln.1]** under identical conditions. Even under these
conditions, the signal to noise ratio was low and was only slightly
above the level of background and scattered fluorescence, specific
localisation was difficult to discern and there did not appear to be
any evidence of nuclear localisation.

In order to provide a further example of a cationic complex
against which complexes [Ln.7-9] could be compared, [Tb.8] was
esterified at 20 °C in dry methanol in the presence of dry HCI
to give the tri-positive methyl ester, [Tb.10]** as its chloride salt.
In contrast to the zwitterionic complex [Tb.8], it appeared to be
taken up to a similar extent as [Ln.1]**, was readily observed
and exhibited a similar cellular distribution. Typical localization
profiles, revealed by time-resolved microscopy for [Eu.1]** and
[Tb.1]* in CHO cells (3 h incubation, 50 uM complex in medium),
are given in Fig. 1.
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Fig. 1 Transmission (left) and luminescence microscope images (right)
for CHO cells labelled with upper: [Eu.1]** (50 uM, 24 h post incubation)
and lower, [Tb.1]** under the same conditions.

These results imply that either cellular uptake of the cationic
complexes [Ln.1]* and [Ln.10]** is favoured compared to that of
the related neutral and anionic complexes [Ln.7-9], or that the
complexes may be taken up to a similar extent but emission from
complexes [Ln.7-9] is more strongly quenched in cellulo. The local
environment of the complex inside the cell is also not known but if,
for example, the complexes were reversibly bound to protein (e.g.
albumin) this too would affect their susceptibilities to dynamic
quenching. In order to confirm the extent to which the complexes
were taken up by the cells, an experiment was undertaken to
determine the intracellular lanthanide concentration.

Intracellular concentration of selected europium complexes

The images obtained by fluorescence microscopy allow a compar-
ison to be made between complexes in terms of their localisation
or compartmentalisation profile within a cell. However, this does
not provide quantitative information about how effectively the
complexes are taken up. In order to quantify this, the concentration
of each complex per cell was determined through a combination of
flow-cytometry to determine the number of cells in a population,
and ICP-MS (inductively coupled plasma mass spectrometry)
which was used to determine the total lanthanide (europium) con-
centration. This approach was adopted by us earlier.** Knowing
the number of cells, the total number of moles of europium in the
sample and an approximate volume for a cell, the concentration
per cell can be determined. This allows a comparison to be drawn
with the loading concentration. Alternatively, the number of moles
of complex per cell can be quoted, eliminating the need to estimate
the cell volume. Such an approach allows a comparison to be made
between different cell lines.

The velocity of a cell as it passes through the flow chamber
is in the order of 1 to 25 m s™' (depending upon the operating

pressure and nozzle diameter); the emissive lifetimes of the series
of europium and terbium complexes are in the order of 1-
2 ms. In conventional instruments, the laser intersection point
is imaged to a pinhole located in front of the photomultiplier
tube, as in confocal microscopy, this is done to eliminate out of
focus light and scattered laser light from reaching the detector.
However, due to the long emissive lifetimes of the lanthanide
ions, only a small fraction of the total emission reaches the
detector. Unless very high complex concentrations are used,
this unfortunately renders them impractical as lumophores for
cell sorting and counting. Time-resolved flow cytometers have
been developed earlier for the measurement of lanthanide chelate
fluorescence, but require modified instrumentation.'® Emission is
collected from the cell as it covers a distance of several millimetres
passing through the flow chamber, corresponding to a time of the
same order as the emissive lifetime of the complexes. A pinhole
arrangement is not needed to prevent scattered light from reaching
the detector since the laser is effectively ‘off” during the acquisition
period.

The complexes discussed here each incorporate a tetraazatriph-
enylene sensitising moiety. No fluorescence is observed from this
chromophore either as a free species, or when it is coordinated
to a lanthanide centre. Consequentially, it was necessary to find
an alternative means through which the sample of cells could be
labelled. This was achieved by dual labelling using the complex
of interest and the acetylmethoxy ester of calcein (calcein AM).
Calcein AM is a dye that is often used to assess cell viability in
eukaryotic cells; in live cells, the non-fluorescent calcein AM is
converted to green fluorescent calcein, following ester hydrolysis
catalysed by intracellular esterases. It was therefore decided to co-
localise CHO cells with both the lanthanide complex and calcein
AM, allowing live cells containing the lanthanide complex to
be selectively sorted and unviable cells discarded. As a control
experiment, it was necessary to confirm that for a population
of cells co-loaded with both calcein AM and complex, in every
case where the green calcein emission could be observed, so too
could lanthanide centred emission. CHO cells loaded with the
europium complex [Eu.1] (50 uM, 3 hours incubation) and calcein
AM (5 uM, 30 min incubation) were analysed by fluorescence
microscopy using appropriate excitation and emission filters so
that the red europium and green calcein emission could be
examined separately. An additional advantage of the experiment
was that it allowed an assessment of the viability of the cells to be
made: only live cells contain the active esterase enzymes necessary
to catalyse hydrolysis of the acetylmethoxy ester. It was found that
for >97% of the cells examined, green and red emission could be
observed simultaneously, thereby validating the flow cytometry
method and providing evidence of the viability of the population
of cells examined.

Populations of CHO cells were cultured to approximately 70%
confluence in F-12 (Ham) growth medium, supplemented with
10% FBS (foetal bovine serum) and 50 mg ml™' penicillin and
streptomycin. Additions of europium complex and calcein AM
were made as follows: CHO cells only—serving as a reference
sample used to set up the flow cytometer, CHO cells + calcein AM
(2 mM, 30 min incubation) used as a reference sample to set up
detection parameters, CHO cells + complex (either [Eu.1]**, [Eu.8]
or [Eu.9*" = 50 or 100 uM, 3 h incubation) + calcein AM (5 uM,
30 min incubation).
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Table 1 Concentrations (£10%) of Eu outside and inside the cell

Complex Growth medium concentration*/pM Intracellular concentration/pM
[Eu.1]** 49 26
[Eu.8] 31 12
[Eu.9~ 33 40

“ Eu concentrations were determined by ICP-MS for CHO cells, values represent the concentration of Eu in the growth medium and within a cell by

assuming a mean cell volume of 4000 um?.

Each of the cultures was washed 5 times with PBS to ensure
that excess complex had been removed and was harvested using
trypsin. The cells were collected by centrifugation and were re-
suspended in buffer; the process was repeated 3 times. Each of the
populations was finally suspended in 1 ml of phosphate buffer for
introduction into the flow cytometer. Following successful sorting
and collection, populations of cells co-loaded with both calcein
and complex [Eu.1]**, [Eu.8] or [Eu.9]*~ were recovered, containing
a known number of cells. Typically, 20000 to 100 000 cells were
sorted and counted in this operation and the mean Eu concentra-
tions in the growth medium and in the cells are listed in Table 1.
Values reported in Table 1 show that each of the complexes is taken
up to a similar extent by the cells; intracellular and extracellular
concentrations also appear to be of the same magnitude. These
results strongly suggest that it is the extent to which the complexes
are quenched in cellulo that limits their utility as fluorescent probes,
and not any uptake preference. The intracellular concentration
estimated is an average across the whole cell and therefore the
complex must be actively concentrated in certain compartments,
in accordance with the punctuate nature of localisation.

Comparative analysis of complex sensitivity to quenching of the
lanthanide excited state

The excited states of Eu(ir) and Tb(ur) ions lie 206 and
244 kJ mol™"' above the ground state and possess a radiative
lifetime in the order of a millisecond. It is therefore not surprising
that these relatively long-lived species are prone to quenching
by collisional deactivation processes. Early work has highlighted
the importance of dynamic quenching via electron transfer from
common reductants. Ascorbate,11, and more particularly urate,12,
have been shown to be effective in this regard.®='* The quenching
of the complexes [Ln.1]**, [Ln.7], [Ln.8] and [Ln.9]~ by urate
and ascorbate was therefore studied at pH 7.4 [0.1 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM
NacCl, 298 K]. Variations in emission lifetime echoed the changes
measured in the lifetime of the excited state, consistent with a
dynamic collisional deactivation mechanism. Such behaviour is
commonly discussed in terms of a Stern—Volmer analysis, in which
the Stern—Volmer quenching constants (1/Ksy in mM) and the
second-order rate constant, k,, reflect the sensitivity of the excited
state to quenching, eqn (1). The term 7, is the excited state lifetime
in the absence of added quencher, Q.

70/T =1+ k,7[Q] = 1 + Ksv[Q] (1)

Examining the results summarized in Table 2, several con-
clusions may be drawn. In each case, the terbium complexes
are quenched considerably more strongly than their europium
analogues; this behaviour is consistent with a mechanism in which

Table 2 Quenching parameters®® for selected lanthanide complexes
towards urate and ascorbate (parentheses)

Complex Kgy™'/mM ky x 107/M™"s™! T,/7T
[Eu.1]* 0.07 (0.39) 1.4 (0.25) 1.74
[Th.Aj 0.017(0.18) 6.0 (0.66) 5.14
[Eu.7] 0.05(1.13) 2.0 (0.09) 2

[Tb.7] 0.05(0.55) 2.0 (0.18) 2.2
[Eu.8] 0.11 (2.43) 0.86 (0.04) 1.4
[Tb.8] 0.005 (0.30) 18 (0.35) 11.6
[Eu.9] 0.084(2.55)  1.1(0.035) 1.6
[Tb.9]* 0.011 (0.38) 5.7(0.18) 5.6

“7,/t values are given for 50 uM added quencher, corresponding to
putative intracellular quencher concentrations. * The most well-defined
‘linear’ range for the observed dynamic quenching was typically 10-50 pM
for urate and 100-500 uM for ascorbate quenching, when the complex
concentration was 10 uM (pH 7.4, 10 mM NaCl, 100 mM HEPES, 295 K).
¢ For ascorbate, 7,/7 values for 50 uM added quencher remain near unity
(< 1.2 in each case); at 0.2 mM ascorbate the 7,/7 value is < 2 (£0.5)
for each of the above complexes (and near unity for [Eu.8] and [Eu.9]*").
4 Non-linear plots were obtained.

it is the excited state energy of the lanthanide that drives the
quenching process, viz. the higher free energy of the terbium
D, state. It might be expected that the quenching ability of
urate and ascorbate would reflect their one electron oxidation
potentials (0.59 and 0.30 V respectively)."*® This is certainly
not the case here, and urate is 20 to 50 times more effective
than ascorbate in quenching [Ln.8] and [Ln.9]*~, as pointed out
earlier.’ Moreover, the charge neutral and anionic complexes are
quenched less by ascorbate than the cationic complex, in line with
Coulombic attraction, however, such a trend is not followed for
urate quenching. For example, in the case of the most quenched
complex, [Tb.8], k, = 1.8 x 10* M~' s7', a value three times higher
than for the anionic and cationic examples.

The Stern—Volmer plots generally have a constant gradient,
i.e. behave ideally, but the range of quencher concentrations was
selected carefully; above a certain value the rate of change of
7,/7 versus concentration of quencher decreases and curvature
is apparent in the Stern—Volmer plot, ie a limiting value is
reached (Fig. 2). As a result, the range of concentrations of a
given quencher had to be carefully chosen, in order for ideal
Stern—Volmer behaviour to be observed. The ranges used were
0.1-0.5 mM for ascorbate but only 10-50 uM for urate (the
complex was used at a concentration of 10 uM). However, the point
at which this limit was reached with a given quenching species
was dependent upon the complex under study. For example,
for quenching of [Ln.1]* with urate, it was apparent that a
limiting lifetime is reached at a fairly low urate concentration
and curvature was apparent in their Stern—Volmer plots in the
range 50-200 uM. For the neutral and anionic complexes [Ln.8]
and [Ln.9]" concentrations at least 3 to 5 times as high were
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Fig. 2 Stern—Volmer plot showing the variation in <t,/t for
[Tb.1](CF;S05); (V) and [Tb.8] (@) with increasing amounts of added
urate (298 K, pH 7.4, 0.1M HEPES).

required before their Stern—Volmer plots became non-linear. A
way of quantifying this effect is to compare the measured 7,/7
values for a fixed concentration (here taken as 50 uM, Table 2) of
added urate: values were 11.6 for [Tb.8], 5.6 for [Tb.9]*~ and 5.1
for [Tb.1]*.

Consideration of the structures of ascorbate and urate, 11 and
12, and how they might interact with each of the complexes
can perhaps help to provide some insight into the quenching
mechanism. The urate mono-anion (pK, 5.4) has a 2-dimensional
structure with an electron-rich 7 system in which charge is delocal-
ized onto N-3, N-7 and the two amide oxygens."* Ascorbate (pK,
4.2), in contrast, has a less conjugated n-system and is significantly
more hydrophilic, with a much higher limiting solubility in water
(approximately 2 M vs. 5 mM for urate).

There are two mechanisms that have been promulgated to
represent the kinetics of excited state electron transfer; the first
was proposed by Rehm and Weller*** and involves reversible
formation of an encounter complex, followed by electron transfer
between the donor (D = Q) and the acceptor, A, Scheme 1.
The kinetic analysis of this scheme (ignoring non-radiative decay
processes) follows classical Stern—Volmer behaviour, eqn (1).

k ko

1
A* + D k‘——~ (A*D) k_——~ (A" bt
1 -2
encounter
hy | 1/ complex lfast
A +D A"+ DY
Scheme 1

It is plausible that quenching could be promoted in the case
of urate by a weak but favourable binding interaction, involv-
ing m-stacking between the electron poor tetraazatriphenylene
moiety and urate. This binding interaction allows an alternative
quenching mechanism to be considered, leading to similar overall
competitive kinetics.

It has been reported by several authors that for planar aromatic
donor-acceptor pairs, quenching may be associated with forma-
tion of an exciplex rather than through formation of radical-ion

k k;

1
A* + D —“—k (A*D) —“—k (AF D
-1 -2
encounter
hv | 17 complex ks
A +D A+ D
Scheme 2

pairs, Scheme 2;#2* the exciplex lifetime is 1/k;. In this case,
the term K, has a completely different sense and should be
considered as an equilibrium constant associated with reversible
exciplex formation, K., = kk,/k_k_,, provided that k_, > k;.
Under these circumstances, the observed lifetime 7 of the emissive
lanthanide, being in equilibrium with the exciplex, will vary with
the quencher concentration in a non-linear manner, eqn 2. The
plot of 7,/7 versus quencher concentration, [Q], then has an initial
slope different to the apparent Stern—Volmer constant, and may
reach a limit equal to 7.k at higher quencher concentrations.”

70/7 = (1 + k37K [Q])/ (1 + K[Q]) )

The neutral complexes [Ln.7] and [Ln.8], have less steric
crowding around the Ln ion and have a more sterically accessible
chromophore, hence, they may be expected to be the most strongly
quenched where such interactions are possible. The cationic
complex [Ln.1]**, in contrast, notwithstanding a favourable
Coulombic interaction with urate/ascorbate, is more sterically
crowded around the Ln ion, and has a lower solvent-accessible
surface area; any m-stacking interaction with the diffusing urate
anion is likely to be somewhat inhibited.

These observations appear to suggest that limits are reached at
lower added quencher concentrations, when there is the possibility
of some favourable association between the complex and the
quenching species. This could be through a weak hydrogen-
bonding interaction with ascorbate, or more notably for urate,
it may occur via an attractive charge transfer or n—m attraction
with the electron poor tetraazatriphenylene chromophore. The
onset of non-linearity in the Stern—Volmer plot may also reflect
the point at which &,[Q] is close in magnitude to k., i.e. where the
rate of quenching of the lanthanide excited state is comparable to
the rate of decay of the observed emission. Indeed, the emission
decay profiles in this ‘non-linear’ region did not correspond to
a simple mono-exponential decay. Therefore, when an apparent
lifetime was estimated in this region, the lifetime was estimated by
analyzing the first 25 to 35% of the observed decay curve.

Effect of protein binding on sensitivity to quenching

Protein is present in the cell growth medium and within the cell.
It was thought that if the complexes exhibited an affinity towards
protein, then uptake of the complex would be affected, indeed,
uptake may be protein mediated. In addition, if a complex is
protein bound, it may be expected to display a different sensitivity
to collisional quenching. The gadolinium complexes, [Gd.1]** and
[Gd.8] were examined first in order to assess their affinity for
protein binding. Extensive studies on the field and 7" dependence of
the proton relaxivity (the increment of the water proton relaxation
rate per unit concentration) of Gd complexes in the presence of
protein have revealed certain key characteristics.”® Protein binding
is predicted to give both complexes an increase in relaxivity at all
field strengths, even for systems that lack a bound water molecule.?
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There is also a change in the form of the field dependence of
relaxivity (an NMRD profile) for protein bound species, with a
minimum around 1-10 MHz and a maximum in the range 20—
60 MHz, where the rotational correlation term, 7,, associated with
the reorientation of the Gd—water vector, primarily determines the
measured relaxivity.

The relaxivities of [Gd.1]** and [Gd.8] were measured to be 2.5
and 2.2 mM~! s7! respectively (310 K, 60 MHz). These are typical
values for Gd complexes of this molecular volume that lack a metal
bound water molecule (i.e. ¢ = 0). In the presence of 0.4 mM added
serum albumin, the relaxivity of [Gd.1]** increased by a factor of
more than two in the range 0.001-1 MHz, exhibited a change
in form and a large increase at higher field, with a maximum
around 30 MHz (Fig. 3). This NMRD profile is typical of a
protein bound complex in which there are a few second-sphere
water molecules that are relatively tightly bound to the complex.*
Although detailed fitting analyses have not been undertaken, the
form of the profile may be interpreted in terms of a complex
that exhibits both a long 7, and a relatively long water exchange
lifetime, 7,,,, for the second-sphere waters. Observed relaxivities are
relatively high in the presence of protein, for a ¢ = 0 system.
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Fig. 3 NMRD plot showing the variation in the measured water proton
longitudinal relaxation rate, R, with applied field for [Gd.1]Cl; (0.4 mM)
in the presence of added human serum albumin (0.4 mM, 298 K); the data
in open circles are corrected for the effect of the added protein.

The relaxivity of [Gd.1]** (1.7 mM in this analysis) was measured
as a function of added human serum albumin at 37 °C at 60 MHz
(Fig. 4). The binding constant for coordination of the complex
to HSA could not be estimated accurately as the stoichiometry of
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Fig. 4 Variation of the proton relaxivity (310 K, 60 MHz) of [Gd.1]Cl;
(1.6 mM) with added human serum albumin, showing a relaxivity
enhancement associated with non-specific binding of the complex to the
protein.

complexation is not easily determined. However, the large increase
in relaxivity confirms that the binding affinity is high. An upper
limit is reached at a ratio of approximately 8 to 10 complex
molecules per protein (as observed for [Gd.6]**).* suggesting a
non-specific binding mode and precluding a binding mechanism
involving incorporation of the complex into a specific albumin
binding pocket, as is commonly found for a range of lipophilic,
anionic Gd complexes, e.g. [Gd.5]*.****"® Given that the con-
centration of protein within the cell is likely to be >0.2 mM, the
cationic complex is likely to be >90% protein bound. For [Gd.8],
protein binding caused a much smaller enhancement in relaxivity.
After addition of 0.1 and 0.4 mM to an 0.6 mM solution of [Gd.8]
(37°C, 60 MHz), only an 8 and 16% increase in measured relaxivity
was observed, consistent with a very weak protein affinity.

The sensitivity of [Tb.1]* and [Tb.8] to excited state quenching
by urate was assessed in the presence of 0.4 mM serum albumin,
measuring the 7,/7 values at 10, 50 and 100 uM added urate. For
[Tb.1]** the presence of added protein clearly rendered the complex
less sensitive to dynamic quenching: measured 7,/7 values at 10, 50
and 100 uM added urate were 1.03, 1.19and 1.36 compared to 1.63,
3.59 and 5.24 in the absence of protein. For [Gd.8], corresponding
7,/7 values were 2.41, 6.38 and 7.39 compared to 3.31, 9.88 and
14.7 in the absence of protein.

In a control experiment, the quenching effect of added protein
was also examined, by observing the change in the Tb emission life-
time as a function of added protein, over the protein concentration
range 0 to 0.7 mM. Plots of z,/7 as a function of the concentration
of added protein showed that for [Tb.1]**, a limiting z,/7 value of
1.36 was reached following addition of 0.15 mM serum albumin,
with a limiting lifetime of 0.62 ms. With [Tb.8], on the other hand,
7,/7 increased almost linearly as a function of added protein:
1,/7 = 1.4 for 0.2 mM added protein and z,/t = 1.77 at 0.4 mM
protein. The differing behaviour of the two complexes is in line
with the differing protein affinities deduced from the relaxivity
measurements made on the Gd analogues.

The measured lifetimes for [Tb.1]* and [Tb.8] (0.1 mM) in the
presence of 0.1 mM urate and 0.4 mM serum albumin were 0.57
and 0.06 ms respectively (298 K). Evidently, protein association of
the cationic complex shields the Tb(1ir) ion from urate quenching.
With [Tb.8], protein binding inhibits, but does not suppress, urate
quenching. Hence, the cationic complex is an order of magnitude
more long-lived, and hence more emissive, with protein and urate
present. The cationic complex is therefore more likely to be
significantly more emissive, when localized within the cell.

Preliminary analysis of intracellular complex emissive lifetimes

Through the use of a time-resolved microscope, it is possible
to determine the lifetime at any point within an image, with
appropriate treatment, a lifetime ‘density’ map can be built up.?
Quenching of the lanthanide excited state is characterised by a
decrease in the metal centred emission lifetime, in addition to
a decrease in emission intensity. This method provides a useful
technique for probing the local environment of the complex.
Chinese hamster ovarian (CHO) cells were incubated in the
presence of a 1 mM solution containing [Eu.1]** for 4 h, under
conditions which have been shown previously to lead to intra-
nuclear localisation. Images were then captured using gate times of
between 0 and 2500 ms in 125 ms steps following excitation using
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a nitrogen laser at 337 nm. By plotting the change in emission
intensity for individual pixels, or over a region of interest as a
function of gate time, it was possible to estimate the lifetime of
the complex over that area. This principle was examined for a
region of interest centred on the punctuate localisation around
the periphery of the nucleus and for another region centred inside
the cell nucleus. Lifetimes were found to be 716 ms and 769 ms
over each region, respectively. Whilst these are preliminary results,
it is interesting to note that the lifetimes are relatively long (¢f. 1 ms
for the complex in water), indicating that [Eu.1]** is not strongly
quenched within the cell. Following optimisation of the method, it
would be interesting to compare lifetime mapping studies for those
complexes that appear to give only very weak emission in cellulo.
The results of such studies will be reported in subsequent articles,
using a more sensitive time-resolved microscopy facility, being
constructed in Durham.

Summary and conclusions

The sensitivity of europium and terbium(iir) macrocyclic com-
plexes to dynamic quenching of their excited state is a key factor
in defining their utility as probes for intracellular usage. It is the
relative insensitivity of more sterically encumbered complexes,
e.g [Ln.1J*, to dynamic quenching by urate that favours its
usage for in cellulo applications. These complexes typically possess
a heterocyclic moiety that can aid binding to albumin; such
reversible non-covalent binding of the complex by protein also
shields the excited lanthanide(1r) ion from collisional quenching.
The effect is most marked for the cationic triamide complex,
[Ln.17%*, consistent with its ease of visualisation by luminescence
microscopy. Future probe development should therefore pay due
deference to these issues, otherwise the complex may be difficult
to observe by luminescence microscopy.

Experimental

Lifetime measurements were measured by excitation of the sample
by a short pulse of light (348 nm) followed by monitoring the
integrated intensity of light (545 nm for terbium, 620 nm for
europium) emitted during a fixed gate time, 7,, a delay time, #,, later.
At least 20 delay times were used covering 3 or more lifetimes. A
gate time of 0.1 ms was used, and the excitation and emission slits
were set to 10 and 2.5 nm band pass respectively. The obtained
decay curves were fitted to the equation below using Microsoft
Excel.

I = A, + Aexp(—kt)

where I = intensity at time 7 after the flash, 4, = intensity after the
decay has finished, 4, = pre-exponential factor, k = rate constant
for decay of the excited state. The excited state lifetime, 7, is the
inverse of the rate constant, k.

Epifluorescence images were taken on a Zeiss Axiovert 200 M
epifluorescence microscope with a digital camera, or a custom,
time-resolved fluorescence microscope using nitrogen laser excita-
tion at 337 nm; confocal images were taken on a Zeiss LSM 500
META confocal microscope with 405 nm diode laser excitation
and an LP 505 emission filter for europium complex luminescence
and with 488 nm argon laser excitation and a BP 505-550 filter for
SYTO dye fluorescence.

Flow cytometric analysis and sorting was conducted using a
DakoCytomation Inc. MoFlo multi-laser flow cytometer (Fort
Collins, CO, USA) operating at 60 psi, 70 micron nozzle. Samples
were interrogated with a 100 mW, 488 nm solid state laser (FSC,
SSC). Fluorescence signals were detected and collected through
the FL1 (530/40) interference filter in logarithmic mode. The data
were analyzed using Summit v4.3 (DakoCytomation) software.*

Inductively coupled plasma mass spectrometry determination
of europium concentrations was made following dilution of the
sample in dilute nitric acid. Relaxivity measurements were made
at 37 °C and 60 MHz on a Bruker Minispec mq60 instrument.
The mean value of three separate measurements was recorded.
NMRD profiles were recorded in Durham on a Stelar Spinmaster,
in the field range 0.001-20 MHz and in Ivrea, Italy on a similar
instrument operating up to 70 MHz.

Cell culture and complex loading

NIH 3T3, CHO or COS cells were incubated under 5% carbon
dioxide-air at 37°C,in DMEM with 4.5 g L' glucose, L-glutamine
and pyruvate, supplemented with 10% natal bovine serum and a
1% penicillin—streptomycin mixture. For microscopy, cells seeded
on cover-slips were incubated with the complex dissolved in fresh
medium at 37 °C or 4 °C in a 12-well plate for the indicated
time. The cells were washed with PBS (phosphate buffered saline)
at least 5 times, and mounted onto slides for measurement. For
luminescence spectral measurement, the cells were incubated in
a 100 mm Petri dish with the complex and washed with PBS at
least 5 times, then harvested with 1 mL of trypsin [0.25% (W/V)].
The mixture was diluted to 10 mL with PBS and centrifuged. The
precipitates were collected and re-suspended in PBS to 1.5 mL
for spectral measurements. The cover-slips were then washed with
PBS at least 8 times and mounted onto slides for microscopy.

Cell viability studies were carried out by loading either the
NIH 3T3 or CHO cells with complex (100 uM, 4 h) or with
calcein AM (5 uM, 30 min) and separately with both complex and
dye. The cells were handled in a 12-well plate and were washed
with PBS and mounted onto slides for examination as described
above. Cells were examined by microscopy using the appropriate
excitation and emission filters, so that the red europium emission
and green calcein fluorescence could be distinguished separately.
For the co-loaded cells, emission was observed for >97% of the
cells examined, corresponding to both the complex and the dye,
consistent with good cell viability.
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The successive double allylation of cyclopropenes with allylindium sesquiiodide and allyl iodide
proceeded with a cis-addition mode in the presence of other organometallics (e.g. Grignard reagent,
cuprate, Et,Zn and Et;Al), giving the corresponding cis-diallylcyclopropanes in high yields.

Introduction

Stereoselective synthesis of functionalized cyclopropanes is an
attractive chemical process owing to the unique features of the
cyclopropane subunit,! and carbometallation of cyclopropenes
is a powerful and versatile approach to such functionalized
cyclopropanes.? When the resulting cyclopropylmetal compounds
are trapped with electrophiles, two distinct substituents can be
introduced into the double bond of cyclopropenes. A variety of
organometallic reagents has been used for this transformation.’
In our continuing studies into carboindation, we found that
the stereo-divergent allylindation of cyclopropenes proceeds with
high stereoselectivity depending on the nature of the functional
group on the cyclopropene ring (Scheme 1).** When cyclopropene
la was employed, the allylindation occurs exclusively from the
same direction with respect to the hydroxymethyl group, whereas
the allylation of 1b showed the opposite face-selectivity. As
allylindium reagents can be compatible with a broad range
of functionalities, including a hydroxy group, the allylindation
la—c proceeds smoothly without loss of the allylating agents.
Moreover, the cyclopropylindium intermediates A stabilized by
intramolecular coordination of the hydroxy group were isolated

Hex R 1a R =CH,OH
VH 1b: R = CH,0AC
H 1c: R = CO,Et
CH=CHCH,X, In
X = Br, |
Hex H R
/ A |nL2
D+ oxidizing CHZ_CHCHZI RM

agents

Hex H

R
~ oY

Scheme 1
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and fully characterized by X-ray crystallographic analysis.”* Upon
the treatment of the cyclopropylindiums A with suitable oxidizing
agents, the halogenation proceeds with retention of the original
stereochemistry, giving stereo-defined allylhalocyclopropanes in
high yields.® In order to derivatize further the cyclopropylindium
intermediates A, we next turned our attention to carbon—carbon
bond formation using A. Here, we report that the addition of
organometallic reagents, in particular Et,Zn and Et;Al, proves to
be effective for activating A prior to reaction with allyl iodide,
giving functionalized cis-diallylcyclopropanes in high yields.”

We first investigated the allylation of an isolable cyclopropyl-
indium A-d® (Scheme 2). Cyclopropylindium A-d derived from 1d
was allowed to react with allyl iodide under various conditions.
However, all attempts to use A-d for the coupling with allyl iodide
in the presence of additives, such as BF;-OEt,, ZnCl,, Pd(PPh;),,
Pd,CI(PPh;), and Ni(cod),, resulted in no conversion. The low
reactivity observed in A-d can be rationalized in terms of strong
intramolecular coordination of the hydroxy and carbonyl groups
to the indium atom.

COBE o)
< 1. CHy=CHCHjl, In wgln’ Y OEt
H 2 HCly H>A ’
)3
HO Ho 3
1d Ad

CHy=CHCH,|, additive

A< (recovered)
additive = BF3#OEt,, ZnCl,, Pd(PPhg)4, Pd>CI(PPhs),, and Ni(cod),

Scheme 2

Next, we used cyclopropylindium A-b, prepared by allylindation
of 1b, for reaction with allyl iodide. As A-b has no coordinative
group, its nucleophilicity is expected to be higher than that of A-
d. However, no coupling product was observed with the above-
mentioned catalysts. We envisioned that the nucleophilicity of
A should be enhanced by ate-complexation. We have previously
found that the use of polar co-solvents promotes the reaction of
indates leading to a significant improvement in the yield.* Thus,
A-b prepared by allylindation of 1b in THF for 4 h was treated
with ethylmagnesium bromide and N-butylpyrrolidone (NBP),
followed by an addition of allyl iodide. To our delight, the desired
double-allylated cyclopropane frans-2b was obtained in 56% yield
along with mono-allylated product 3b (Table 1, entry 1).

The stereochemical purity of the double-allylated cyclopropane
2b was confirmed by *C NMR analysis. The stereochemistry (both
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Table 1 Cascade allylation of cyclopropenes 1b and 1¢ with allylindium sesquiiodide and allyl iodide with the aid of Grignard reagent or cuprate”
Hex H R | Hex H R N\ CO,Et
) Inls \ H 2
B or 1 M /\)fH . WCOzEI . /\)T<H R \;)>V<H
2. RM Hex H H
I H
3. /\/' .
trans2b: R = CH,0AC cis2¢ trans3b: R = CH,0Ac cis3c
trans2¢: R = CO,Et trans3c: R = CO,Et
Entry 1 (mmol) RM (mol%) Co-solvent (mL)  Equiv. of allyl iodide ~ Conditions Yield of product(s)
1 1b (0.25)  EtMgBr (520) NBP (2) 14 rt, 15h trans-2b: 56% trans-3b: 15%
2 1c (0.50) EtMgBr (480) NBP (2) 7 rt, 15h 2c: 34% (44 : 56)"  3c: 26%°
3 1c (0.50) EtMgBr (500) DMEF (2) 8 rt, I5h 2¢: 24% (41 : 59 3c: 30%°
4 1¢ (0.50) EtMgBr (800) None 13 rt, 15h 2¢: 71% (45 : 55" —
5 1b (0.50) Me,CuCNLi, (240)  None 4 -78°C,15h  — trans-3b: 92%
6 1b (0.25)  Me,CuCNLi, (480)  None 4 0°C,15h trans-2b: 48% trans-3b: 21%
7 1c (0.50) Me,CuCNLi, (240)  None 4 rt, 15h 2¢: 71% (44 : 56—

¢ Allylindation of 1 was performed with 1/In/allyl iodide =1 :1.2: 1.8
determined.

in THF at room temperature. * Cis/trans ratio.  The cis/trans ratio was not

the allyl groups oriented trans to the CH,OAc group) was deduced
by the following observations: (1) Allylindation of cyclopropene
2b occurs with a cis-addition mode from the trans-face with respect
to the CH,OAc group;* (2) The coupling constant (J = 7.4 Hz)
of the vicinal protons on the cyclopropane ring supports the
trans relationship;® (3) The reactions of other cyclopropyl-metal
ate complexes, exemplified by cuprates, zincates and manganates,
proceed with retention of configuration.’” When 1c¢ (having an
ethoxycarbonyl group) was employed in the presence of NBP or
DMEF, the corresponding diallylcyclopropane 2¢ was produced as
a mixture of cis- and trans-isomers (Table 1, entries 2 and 3). The
cis/ trans ratios were close to that observed in the allylindation of
1c. The use of large amount of EtMgBr and allyl iodide gave 2¢ in
good yield without the help of polar solvents (entry 4).

The alkylation of organic halides using higher-order cuprates
has been recognized as one of the most promising procedures
for C-C bond formation.! Thus, cyclopropylindium A was also
activated by transformation into the corresponding cuprate. To a
solution of A-b, Me,CuCNLI, (prepared from CuCN and MeLi)
and allyl iodide were successively added. When the reaction was
kept cold, the alkylation did not proceed (Table 1, entry 5). By
increasing the reaction temperature, 2b was obtained in 48% yield
and the mono-allylated product 3b in 21% yield (entry 6). The
cyclopropylindium A-c¢ gave the corresponding double-allylated
compound 2¢ in 71% yield as a mixture of cis and trans isomers
(44 : 56) (entry 7).

Although the addition of Grignard reagent and cuprate was
found to be useful for the allylation of A, the need for careful
treatment of the highly active organometallic compounds and
their lower compatibility toward functional groups are major
drawbacks of this process. Recently, it was revealed that the
pretreatment with MeLi or Et,Zn is crucial for the successful
protonolysis and iodonolysis of vinylgallium intermediates.'? This
prompted us to treat cyclopropylindium A with Et,Zn before the
addition of allyl iodide, and the addition of Et,Zn was indeed
effective for this allylation. The results are summarized in Table 2.
The reaction at room temperature afforded 2b in 18% yield
(entry 1). The reaction performed at lower temperature gave better

results (entry 2). A dramatic increase in the yield was achieved by
the addition of DMF, which gave 2b in 68% yield as a single isomer
(entry 3). TMEDA was not effective for the allylation (entry 4),
but HMPA served as a good co-solvent, affording 2b in moderate
yield (entry 5). The amount of Et,Zn could be reduced to 150 mol%
without a reduction in the yield (entry 6); however, 50 mol% Et,Zn
were not enough for this allylation (entry 7). A similar tendency
was also observed for 1c, although a larger amount of Et,Zn was
required to promote the allylation (entries 8-11). The addition
of Et;Al was also tested; pretreatment of A-b with Et;Al gave
no cyclopropane products, but instead the ring-opened triene 4
in 36% yield (entry 12). Adding DMF had a large effect on the
allylation, the formation of 4 was suppressed and the double-
allylated product 2b was obtained in 72% yield (entry 13).

Finally, we examined the reaction of cyclopropene 1a. However,
the corresponding cyclopropylindium resisted allylation, and the
coupling product was obtained in very low yield. This low
reactivity implies that strong intramolecular chelation of the
hydroxyl group operates during the reaction.

It is known that the reaction of allylic halides with organozinc
reagents can be achieved by the addition of suitable polar solvents,
such as DMF, HMPA and TMEDA, which are considered to serve
as good ligands and dissociate diethylzinc."® The cyclopropylindi-
ums A-b and A-c may be activated similarly by the complexes
Et,Zn-DMF and Et;Al-DMF.

Conclusions

The cis-double allylation of cyclopropenes has been achieved
by allylindation followed by the reaction of the resulting cy-
clopropylindium with allyl iodide using standard organometallic
compounds. The two allyl groups can be introduced into cyclo-
propenes on the same side of the molecule. Further applications
and investigations into the mechanism for the activation of
organoindium compounds by Et,Zn or Et;Al are currently in
progress.

This journal is © The Royal Society of Chemistry 2007
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Table 2 Cascade allylation of cyclopropenes 1b and 1¢ with allylindium sesquiiodide and allyl iodide with the aid of Et,Zn or Et;Zn“

Inol3 Hex H RM \ _
1b or 1c (/\k g H co-solvent /\/I + 3 + =
THE InLy -20°C,30min 1, 15h Hed
Entry 1 (mmol) RM (mol%) Co-solvent Yield of product(s)
1 1b (0.50) Et,Zn (360) None trans-2b: 18% [5%]° trans-3b: 0% [6%0]°
2 1b (0.50) Et,Zn (360) None trans-2b: 37% —
3 1b (0.50) Et,Zn (360) DMF trans-2b: 68% [20%]° —
4 1b (0.25) Et,Zn (360) TMEDA trans-3b: 57% [19%]
5 1b (0.25) Et,Zn (360) HMPA trans-2b: 34% [19%]° trans-3b: 10% [10%]°
6 1b (0.50) Et,Zn (180) DMF trans-2b: 77% [10%]° trans-3b: 0% [2%]°
7 1b (0.25) Et,Zn (60) DMF trans-3b: 66%
8 1c (0.50) Et,Zn (360) None — 3c: 44%¢
94 1c (0.50) Et,Zn (360) None 2¢: 54%° 3c: 14%
10 1c (0.50) Et,Zn (360) DMF 2¢: 66% (44 : 56) —
11 1c (0.50) Et,Zn (180) DMF 2¢: 22% (41 : 59y 3c: 30% (40 : 60y
12¢ 1b (0.25) Et;Al (480) None 4:36% —
13¢ 1b (0.25) Et;Al (480) DMF trans-2b: 72% —

“ After the allylindation of 1 was performed with 1/In/allyl iodide = 1/1.2/1.8 in THF at room temperature for 4 h, Et,Zn or Et; Al and co-solvent
(2 mL) were added at —20 °C, followed by the addition of allyl iodide (400 mol%). ® Et,Zn was added at room temperature. ¢ Figures in square brackets
show the yield of the corresponding deacetylated product. ¢ The reaction with allyl iodide was performed under reflux conditions. ¢ The cis/trans ratio

was not determined. / Cis/ trans ratio. ¢ Allyl iodide (800 mol%) was used.

Experimental
General

IR spectra were recorded on a JASCO IRA-102 spectrophotome-
ter. "H NMR spectra were obtained for solutions in CDCl; on
a Varian Gemini 200 spectrometer (200 MHz) with Me,Si as
internal standard, J-values are given in Hz. C NMR spectra
were measured for solutions in CDCIl; with a Varian Gemini 200
spectrometer (50 MHz). Mass spectra were measured on a Hitachi
M-2000 spectrometer at 70 eV. Elemental analyses were performed
with a Perkin Elmer 240011 instrument. All reactions were carried
out under argon. Indium powder (99.99%) was obtained from
Aldrich and used as received. THF was dried with LiAIH, before
use.

Synthesis of cyclopropenes

Ethyl 2-hexyl-2-cyclopropene-1-carboxylate (1¢) was prepared
by the rhodium-catalyzed reaction of I1-hexyne with ethyl
diazoacetate. Reduction with DIBAL followed by acetylation
gave 3-acetoxy-1-hexylcyclopropene (1b).*

Double allylation of cyclopropenes 1b using EtMgBr

(Table 1, entry 1): A mixture of indium powder (35 mg, 0.30 mmol)
and allyl iodide (47 uL, 0.45 mmol) was stirred in THF (0.5 mL)
at room temperature for 1 h. Cyclopropene 1b (49 mg, 0.25 mmol)
in THF (0.5 mL) was added and the mixture was stirred at room
temperature for 4 h. EtMgBr (0.89 M in THF, 1.5 mL, 1.3 mmol)
and NBP (2 mL) were added to the reaction mixture at —20 °C
and the resulting mixture was kept at this temperature for 30 min.
Allyl iodide (319 pL, 3.5 mmol) was added to the solution, the
mixture allowed to rise to room temperature, and stirred for 15 h.
The reaction was quenched with 1 M HCI and the products were
extracted with diethyl ether. The extracts were washed with brine

and dried over Na,SO,. The solvent was removed under reduced
pressure and the residue was separated by chromatography on
silica gel (EtOAc-hexane = 1 : 80) to give a mixture of trans-
2b and trans-3b* (48 mg, 2b: 56% and 3b: 15%). The ratio was
determined by '"H NMR analysis.

trans-2b: "H NMR o (200 MHz, CDCl;): 0.59 (dt, J = 7.4 and
6.9 Hz, 1H, cyclopropyl-H), 0.75 (ddd, / = 8.4, 7.4 and 7.1 Hz, 1H,
cyclopropyl-H), 0.88 (t, / = 6.5 Hz, 3H, CH;), 1.10-1.42 (m, 10H,
CH,), 2.05 (s, 3H, OCH;), 1.89-2.27 (m, 4H, allyl-CH,), 3.98 (dd,
J =11.7 and 8.4 Hz, 1H, OCH,), 4.21 (dd, J = 11.7 and 7.1 Hz,
1H, OCH,), 4.92-5.12 (m, 4H, =CH,), 5.68-5.94 (m, 2H, =CH-);
BC NMR d¢ (50 MHz, CDCly): 14.1, 21.1, 22.6, 26.4, 28.3, 28.5,
28.7,29.6, 31.9, 32.2, 32.9, 36.2, 65.1, 114.5, 116.0, 136.6, 138.0,
171.2; IR (neat, cm™"): 2940, 2875, 1740, 1640, 1448, 1364, 1232,
1028, 912; CIMS: 219 (100%, MH* — HOAc), 177 (14%, MH* —
HOAc — C;Hy), 135 (20%, MH* — HOAc¢ — 2C;H;); Anal. Caled
for C;sH;,0,C, 77.59; H, 10.86. Found C, 77.33; H, 11.07.

Double allylation of cyclopropenes 1c¢ using EtMgBr

The following reaction of lc (Table 1, entry 4) represents the
general procedure for the double allylation of 1b and 1c¢ using
EtMgBr. A mixture of indium powder (69 mg, 0.60 mmol) and
allyl iodide (82 pL, 0.90 mmol) was stirred in THF (1.0 mL) at
room temperature for 1 h. Cyclopropene 1¢ (98 mg, 0.50 mmol) in
THF (0.5 mL) was added and the mixture was stirred under reflux
for 4 h. EtMgBr (0.89 M in THF, 4.5 mL, 4.0 mmol) was added to
the reaction mixture at —20 °C and the resulting mixture was kept
at this temperature for 30 min. Allyl iodide (586 pL, 6.4 mmol) was
added to the solution, the mixture allowed to rise to room tempera-
ture, and stirred for 15 h. The reaction was quenched with | M HCI
and the products were extracted with diethyl ether. The extracts
were washed with brine and dried over Na,SO,. The solvent was
removed under reduced pressure and the residue was separated
by chromatography on silica gel (EtOAc-hexane = 1 : 80)
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to give 2¢ (cis/trans = 45 : 55, 99 mg, 71%). Pure cis- and trans-2¢
were obtained by repeating the chromatography.

2¢: '"H NMR Jy (200 MHz, CDCl;) trans: 0.83-0.90 (m, 3H,
CH;), 1.16-1.30 (m, 14H, CH,, ester-CH; and cyclopropyl-H),
1.48 (d, J = 5.9 Hz, 1H, cyclopropyl-H), 2.10-2.28 (m, 4H, allyl-
CH,), 4.11 (q, J = 7.0 Hz, 2H, OCH,), 4.95-5.17 (m, 4H, =CH,),
5.68-5.96 (m, 2H, =CH-); IR (neat, cm'): 2945, 2865, 1720, 1438,
1160, 910; cis: "H NMR 6, (200 MHz, CDCl;) 0.87 (t, J = 6.0 Hz,
3H, CH;), 1.16-1.30 (m, 14H, CH,, ester-CH; and cyclopropyl-
H), 1.48 (d, J/ = 8.8 Hz, 1H, cyclopropyl-H), 2.42-2.52 (m, 4H,
allyl-CH,), 4.09 (q, J = 7.0 Hz, 2H, OCH,), 4.92-5.13 (m, 4H,
=CH,), 5.68-5.96 (m, 2H, =CH-); IR (neat, cm™"): 2965, 2900,
1730, 1380, 1168, 918. Anal. Calcd. for C,sH;,0, (mixture of cis
and trans) C, 77.59; H, 10.86. Found C, 77.71; H, 11.14.

Double allylation of cyclopropenes 1c using cuprate

The following reaction of lc (Table 1, entry 7) represents the
general procedure for the double allylation of 1b and 1c¢ using
cuprate. A mixture of indium powder (70 mg, 0.60 mmol) and
allyl iodide (82 pL, 0.90 mmol) was stirred in THF (1.0 mL) at
room temperature for 1 h. Cyclopropene 1¢ (98 mg, 0.50 mmol) in
THF (0.5 mL) was added and the mixture was stirred under reflux
for 4 h. Me,CuCNLi, prepared by the reaction of MeLi (1.14 M
in Et,0, 2.1 mL, 2.4 mmol) and CuCN (108 mg, 1.2 mmol) in
THF (2 mL), was added to the cyclopropylindium compound at
—40 °C and the mixture kept at room temperature for 10 min.
Allyl iodide (184 pL, 2.0 mmol) was added to the mixture, the
mixture allowed to rise to room temperature, and stirred for 15 h.
The reaction was quenched with 1 M HCI and the products were
extracted with diethyl ether. The extracts were washed with brine
and dried over Na,SO,. The solvent was removed under reduced
pressure and the residue was separated by chromatography on
silica gel (EtOAc-hexane = 1 : 80) to give 2¢ (cis/trans = 44 : 56,
99 mg, 71%).

Double allylation of cyclopropenes using Et,Zn

The following reaction of 1b (Table 2, entry 6) represents the
general procedure for the double allylation of 1b and 1c¢ using
Et,Zn. A mixture of indium powder (70 mg, 0.60 mmol) and
allyl iodide (82 pL, 0.90 mmol) was stirred in THF (1.5 mL) in
THF (0.5 mL) at room temperature for 1 h. Cyclopropene 1b
(98 mg, 0.50 mmol) was added and the mixture was stirred at room
temperature for 4 h. DMF (2 mL) and Et,Zn (1.0 M in hexane,
0.90 mL, 0.90 mmol) were added to the reaction mixture at —20 °C
and the resulting mixture was kept at this temperature for 30 min.
To the solution, allyl iodide (181 uL, 2.0 mmol) was added and
the temperature was allowed to be raised to room temperature
and the mixture was stirred for 15 h. The reaction was quenched
with 1 M HCI and the products were extracted with diethyl ether.
The extracts were washed with brine and dried over Na,SO,. The
solvent was removed under reduced pressure and the residue was
separated by chromatography on silica gel (EtOAc-hexane =1 :
30) to give trans-2b (107 mg, 77%) and a deacetylated mixture of
trans-2b and trans-3b (14 mg) with a ratio of 83 : 17. The yields
were determined by "H NMR to be 10% and 2%, respectively.
Deacetylated frans-2b: '"H NMR ¢y (200 MHz, CDCl;): 0.55
(dt, J = 7.4 and 5.8 Hz, 1H, cyclopropyl-H), 0.71 (dt, J = 7.4

and 6.0 Hz, 1H, cyclopropyl-H), 0.88 (t, / = 6.4 Hz, 3H, CH,),
1.11-1.55 (m, 10H, CH,), 1.86-2.27 (m, 4H, allyl-CH,), 3.53-
3.73 (m, 2H, CH,0), 4.95-5.11 (m, 4H, =CH,) and 5.71-5.96
(m, 2H, =CH-); "C NMR o, (50 MHz, CDCl,): 14.0, 22.6, 26.5,
28.4, 28.6, 29.6, 31.8, 31.9, 32.5, 33.0, 36.3, 63.1, 114.6, 116.1,
136.8, 138.2. IR (neat, cm™"): 3350, 3085, 2935, 2855, 1638, 1436,
1020, 992, 908; CIMS: 220 (33%, MH — OH), 219 (100%, MH —
H,0).

Double allylation of cyclopropenes using Et;Al

(Table 2, entry 12): A mixture of indium powder (47 mg,
0.40 mmol) and allyl iodide (55 pL, 0.60 mmol) was stirred in
THF (0.5 mL) at room temperature for 1 h. Cyclopropene 1b
(49 mg, 0.25 mmol) in THF (0.5 mL) was added and the mixture
was stirred at room temperature for 4 h. Et; Al (0.92 M in hexane,
1.3 mL, 1.2 mmol) was added to the reaction mixture at —20 °C
and the resulting mixture was kept at this temperature for 30 min.
Allyl iodide (181 pL, 2.0 mmol) was added to the solution, the
mixture allowed to rise to room temperature, and stirred for 15 h.
The reaction was quenched with 1 M HCI and the products were
extracted with diethyl ether. The extracts were washed with brine
and dried over Na,SO,. The solvent was removed under reduced
pressure and the residue was separated by chromatography on
silica gel (EtOAc—hexane = 1 : 30) to give 4 (16 mg, 36%).

4:'"HNMR 6, (200 MHz, CDCl;): 0.88 (t,J = 6.5 Hz, 3H, CH,;),
1.23-1.48 (m, 8H, CH,), 2.05 (d, J = 7.3 Hz, 2H, allyl-CH,), 2.80
(t, J = 6.4 Hz, 2H, allyl-CH,, E isomer), 2.91 (t, J/ = 6.4 Hz, 2H,
allyl-CH,, Z isomer), 4.97-5.17 (m, 4H, =CH,), 5.79 (ddt, J =
17.1 Hz, 10.1 Hz, 6.4 Hz, 1H, =CH-), 591 (d, J = 10.6 Hz, 1H,
=CH-), 6.58 (dt, J = 16.6 Hz, 10.6 Hz, 1H, =CH-); *C NMR J
(50 MHz, CDCl;): 14.1, 22.6, 27.9, 29.1, 31.8, 35.3, 37.2, 115.2,
115.4,126.2,133.1,136.0, 141.3; IR (neat, cm™'): 3090, 2930, 2860,
1638, 1454, 1416, 1378, 1260, 984, 898, 804, 734, 660; Anal. Calcd.
for C,;H,,C, 87.56; H, 12.44. Found C, 87.80; H, 12.18.

Double allylation of cyclopropenes using Et; Al

(Table 2, entry 13): A mixture of indium powder (47 mg,
0.40 mmol) and allyl iodide (55 pL, 0.60 mmol) was stirred in
THF (0.5 mL) at room temperature for 1 h. Cyclopropene 1b
(49 mg, 0.25 mmol) in THF (0.5 mL) was added and the mixture
was stirred at room temperature for 4 h. DMF (2 mL) and Et;Al
(0.92 M in hexane, 1.3 mL, 1.2 mmol) were added to the reaction
mixture at —20 °C and the resulting mixture was kept at this
temperature for 30 min. Allyliodide (181 uL, 2.0 mmol) was added
to the solution, the mixture allowed to rise to room temperature,
and stirred for 15 h. The reaction was quenched with 1 M HCl
and the products were extracted with diethyl ether. The extracts
were washed with brine and dried over Na,SO,. The solvent was
removed under reduced pressure and the residue was separated
by chromatography on silica gel (EtOAc-hexane = 1 : 30) to give
trans-2b (50 mg, 72%).
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