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This review is devoted to the recent advances in the preparation of immobilised metalloporphyrins and

their use as heterogeneous catalysts for alkene epoxidation. The wide range of supports, nature of

attachments, and metalloporphyrins that have been reported is detailed and a comparison is made
between the activities of the resulting catalysts in the epoxidation of different alkenes. The important

issue of recyclability of the metalloporphyrins is also covered.

Introduction

Oxidation reactions such as epoxidations are essential in organic
synthesis. Three classes of catalyst can epoxidise a range of alkenes:
titanium(1v) complexes, in the presence of an optically active
tartrate ester (Sharpless catalyst) epoxidise allylic alcohols with
high yield and selectivity."” Manganese complexed with salens
(Jacobsen catalyst), are highly efficient asymmetric catalysts for
the epoxidation of a wide range of alkenes.** Finally, metallopor-
phyrins are arguably the least known catalyst family for alkene
epoxidation. An iron porphyrin surrounded by proteins is known
to be the active site of the enzyme P450 monooxygenase, which is
capable of selectively catalysing the oxidation and in particular,
the epoxidation of a wide range of substrates.’> Synthetic iron
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and manganese porphyrins have also been found to achieve high
enantioselectivity in the epoxidation of styrene systems.®®
However the synthesis of metalloporphyrins is challenging and
low-yielding. Immobilisation onto a solid support can counteract
this problem, enabling the easier recovery and reuse of the
catalysts, which makes them cost-effective. Moreover, the support
can also reduce the instability of the metalloporphyrins during the
epoxidation reaction, i.e. self-oxidation leading to the formation
of a catalytically-inactive p-oxo porphyrin dimer in solution.
The first investigations of immobilised metalloporphyrins date
back to the mid-seventies.”'* Reports have since appeared in the
eighties about porphyrins successfully attached to organic and
inorganic supports via coordinative anchorage,'" electrostatic
interactions’®*® and covalent binding,>*2* and this has been the
topic of a chapter in a book.”® However, only a few successful
studies of asymmetric epoxidation have been published. Therefore,
most of the studies reported so far involve the immobilisation
of non-chiral porphyrins and their use as catalysts in alkene
epoxidation. Despite the numerous reports in the last ten years,
no review has yet been devoted to this topic. As a result, this
review summarises the research in this area during the past decade
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by comparing the activities of the supported metalloporphyrins
depending on the different modes of anchorage. The investigations
on their recyclability are also described.

Coordinative binding

Metalloporphyrins can be immobilised via coordinative binding
between their metal centre and a nitrogenous axial ligand, which
is covalently anchored to a support. Pyridine ligands have been
anchored onto organic supports to form polyvinylpyridines (PVP)
1 (Fig. 1) and have also been immobilised on inorganic supports,
such as silica gel (Si-Py) 2. Imidazole attached to polystyrene
(PS—Im) or silica gel (Si-Im) 3, have also been utilised.

OH OH
o_ o.
osi B O;Si/\/\N/S
O N O \N
OH OH

2 Si-Py 3 Siim

Fig. 1 Immobilised axial ligands.

Several different metalloporphyrins have been anchored to these
supports. The well-known symmetric porphyrins 4-6 (Fig. 2)
were chosen because of their ease of preparation and because
of the presence of Cl atoms on the benzene rings. It was
demonstrated that these electron-withdrawing groups decrease the
electron density of the metalloporphyrin which helps reduce its
self-oxidation and the formation of the inactive p-oxo-Mn(1v)
dimer. Fluorinated porphyrins have also been utilised and in
particular, the unsymmetrical iron porphyrin 7, containing a
sulfonate group.®®

4 M=Fe*
5 M=MnCl 7
6 M=RuCO

Fig. 2 Metalloporphyrins halogenated on the benzene rings.

The halogens may also be introduced on the pyrrolic f-positions
of the metalloporphyrins. Novel complexes 8-10 of this kind
(Fig. 3) were prepared by Meunier et al.”’

Fig. 3 Metalloporphyrins halogenated on the pyrrolic f-positions.

These immobilised metalloporphyrins have been investigated
mainly in the epoxidation of cyclooctene with PhIO as the oxidant.
Cyclooctene is usually chosen as the substrate as cyclic alkenes are
often epoxidised in high yield. In catalytic systems utilising PhIO,
the alkene is added in excess, as PhIO can also be oxidised by
the oxo-metalloporphyrin to form PhIO,. The yields of epoxide
obtained with these metalloporphyrin catalysts immobilised on
various supports are therefore based on PhIO consumed during
the reaction (determined by GC) and are summarised in Table 1.

In early studies,?® the reactions were performed in methanol,
which is the only solvent found to completely dissolve PhIO. A
higher yield was obtained with the iron porphyrin 4 immobilised
on Si-Im than on the organic supports PVP and PS-Im (entries 1
and 2), because of the better compatibility of the silica gel with
methanol. Recyclability studies with this system showed that
leaching of the metalloporphyrin had occurred due to competitive
binding (as axial ligands for the metalloporphyrin) between
methanol and the support. As a result, other solvent systems were
examined, and dichloromethane and acetonitrile were found to be
more suitable, even though PhIO is not completely soluble in these
solvents. Using dichloromethane, the formation of the epoxide was
nearly quantitative for both manganese and iron porphyrins® 4
and 5 (entries 3 and 4). The presence of the support affects the

Table 1 Epoxidation of cyclooctene with coordinatively bound metalloporphyrins

Entry Porphyrin Support Solvent % Yield** cyclooctene oxide Recyclability
1 4 Si-Im CH,;OH 90 Leaching

2 4 PS-Im or PVP CH,;OH 80 Leaching

3 4 Si-Im CH,Cl, 99 Good

4 5 Si-Im CH,Cl, 100 Good

5 4 Si-Py CH,Cl, 90 Good

6 8 PVP CH,Cl, 100 No data

7 9 PVP CH,Cl, 80 No data

“ Similar catalyst loadings (ca. 1 mol%) were used. ® Yield based on PhIO consumed after 24 h.
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reactivity because of a slower diffusion of the reactants to the
metalloporphyrins on solid support compared with the equivalent
species in solution.

The iron porphyrin 4 has also been anchored to Si-Py.* Tt has
been proposed that an equilibrium between bis- and mono-ligation
of pyridine molecules with the iron atom occurs, thus forming
pentacoordinated and hexacoordinated complexes. This may
explain the stronger binding of iron porphyrins with this support
than manganese porphyrins, which only form pentacoordinated
complexes by mono-ligation. A 90% yield (entry 5) was achieved
with the iron porphyrin 4 anchored to the pyridine-based support
(Si-Py), which is slightly lower than with the imidazole-based
support Si-Im (entry 3). Styrene and para-substituted styrenes
(Me, OMe, Cl) were also tested as substrates and high yields (83—
90%) were obtained. These are slightly lower than those obtained
with homogeneous catalysts. Finally, the epoxidation of trans-
and cis-alkenes was examined. In solution, cis-alkenes are more
reactive, as the epoxidation usually occurs in a syn-stereospecific
manner.* Indeed, it was observed that cis-4-methylpent-2-ene was
epoxidised in 97% yield, while trans-4-methylpent-2-ene was not
epoxidised at all.

Manganese porphyrins 8 and 9 were also bound to PVP
1. The supported catalyst 8 containing additional halogens on
the benzene rings was slightly more efficient (entry 6) than the
brominated catalyst 9 (entry 7).

All these catalysts were recovered from the reaction mixture
and recycled. They proved to be robust since no loss of activity
was observed. This suggests that coordinative binding is strong
enough to prevent leaching of the catalyst and that the use of Ph1O
as the oxidant does not degrade the metalloporphyrin during the
catalytic reaction.

The replacement of PhIO by H,O, has been the subject of
some interest, since the latter oxidant is commercially available,
cheap and uses environmentally friendlier aqueous systems. The
catalytic reaction requires the presence of an additional ligand
such as imidazole. This co-catalyst helps cleave the O-O of the
iron hydroperoxo porphyrin 11 heterolytically (Scheme 1), formed
by reaction between the iron porphyrin and H,0,,** a step required
for the formation of the active iron oxo species. The presence of

o\@ﬁ
/r'\j JNH
-7 N7 d

Scheme 1 Catalytic mechanism using H,O, as oxidant.

electron-withdrawing groups on the porphyrins also facilitates the
heterolytic cleavage of the O-O bond.*

Lower yields are usually achieved using H,O, instead of
PhIO. The best system so far involved the iron monosulfonated
porphyrin 7 (Fig. 2) immobilised on Si—-Im, which formed epoxy-
cyclooctane with a good yield of 50%* (compared to only 12%
yield with the homogeneous analogue). It was suggested by the
authors that the charge of the sulfonate group, in addition to
the presence of the polar environment created by the support,
further facilitated the heterolytic cleavage. This explanation may
be arguable since the sulfonate group is situated far from the metal
centre. No recycling studies were reported.

Encapsulation

Encapsulation of a catalyst consists of its physical entrapment in
a polymer or inorganic material such as a zeolite. Very recently,
Naik et al** have micro-encapsulated the tetraphenylporphyrin
manganese chloride (TPPMnCl) and the porphyrin manganese
chloride 5 (Fig. 2) in a polystyrene-based polymer. The metallo-
porphyrins were anchored through electronic interactions between
the m electrons of the benzene ring of the polymer and the
vacant orbitals of the metalloporphyrin. These two immobilised
catalysts were investigated in the epoxidation of styrene and a-
methylstyrene using NalO,, KHSOs and NaOCl as oxidants. The
highest yields of epoxides were obtained in the presence of NalO,:
styrene oxide was formed in 94-95% yield and a-methylstyrene
was epoxidised in 92-94% yield with both catalysts and with high
TOF. Encapsulated catalyst 5 was found to be more active than the
immobilised TPPMnClusing KHSOs and NaOCl, although yields
of epoxides were not higher than 86% for both alkenes. The lower
yields obtained with KHSO; and NaOCI were due to degradation
of the catalyst during the reaction. Recycling studies were also
carried out with both catalysts and the three oxidants and it was
shown that both catalysts could be recycled twice without any
significant decrease in the conversion of styrene in the presence of
NalO,.

Hydrogen peroxide has also been used as the oxidant for
the epoxidation of the deactivated double bond of an allylic
alcohol (3-penten-2-ol) catalysed by the manganese porphyrin 5
(Fig. 2) encapsulated in polydimethylsiloxane (a dense hydropho-
bic elastomer),* but low yields were obtained.

The less commonly used ruthenium porphyrins 6 (Fig. 2) have
also been immobilised by encapsulation into the zeolite MCM-
41.%¢ Ruthenium porphyrins catalyse epoxidation reactions in the
presence of dichloropyridine N-oxide as oxidant. Epoxycyclooc-
tane was obtained with 91% yield and the immobilised catalyst was
also highly active for a wide range of alkenes such as styrene (98%
conv.), cis-stilbene (76% conv.) and norbornene (81% conv.). It
was also shown that the supported ruthenium porphyrin could
be recycled three times in the epoxidation of styrene with no
significant loss of activity. In conclusion, immobilised ruthenium
porphyrins appear to be promising catalysts for use in synthesis.

Electrostatic interactions

Electrostatic interactions between an ionic metalloporphyrin and a
counterionic group situated on the support have been shown to be
stronger than the coordinative ones.*® Anionic metalloporphyrins
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containing sulfonate groups have been developed and anchored
onto silica gel containing ammonium groups (SiNR;*) 12 (Fig. 4).
Anionic silica gel (SiSO;7) 13 has also been prepared and bound
to cationic metalloporphyrins containing pyridinium functions.

o . o
8;S|\/\/NR3 8;5.
OH OH
o
12 SiNR," 13 SISOy

Fig. 4 Ionic silica gels.

The ionic functions situated on the metalloporphyrins may
be introduced onto the four aromatic rings to form symmetric
metalloporphyrins. Two symmetrical halogenated manganese por-
phyrins 14 and 15 (Fig. 5) containing sulfonated and pyridinium
functions respectively, have been synthesised and anchored onto
12 SiNR;* and 13 SiSO;~.%¥

Fig. 5 Symmetrical ionic manganese porphyrins.

Despite their facile preparation, the presence of the four ionic
groups is not ideal, as this may result in multiple site anchorages,
which lead to cross-linking and reduced mobility of the ligand,
thus lowering the yield of epoxide obtained.®*?* Consequently,
mono cationic metalloporphyrins 16-18 (Fig. 6) have also been
prepared, albeit in low yields (1-9%), and attached onto 13
SiSO,~.#

These immobilised catalysts were also examined in the epoxida-
tion of cyclooctene with PhIO as oxidant. The yields of epoxide
obtained are presented in Table 2.

Compared with coordinatively bound manganese porphyrins
(Table 1), the reaction times are considerably shorter. Both im-
mobilised symmetric cationic and anionic manganese porphyrins

Fig. 6 Halogenated mono-cationic metalloporphyrins.

14 and 15 displayed the same activity with high yields of 91-92%
(entries 1 and 2). The epoxidation catalysed by the unsymmetrical
mono-cationic iron porphyrin 18 bound to SiSO;~ via a single
site, was quantitative (entry 4). This may be due to the reduced
steric hindrance imposed by the support. The reuse of these
immobilised symmetric and unsymmetric metalloporphyrins was
investigated and it was shown that no leaching of the porphyrin
from the support occurred. Furthermore, the heterogeneous
metalloporphyrins could be reused several times without any
significant loss of activity (entries 3 and 6).

To reinforce the strength of the bonding between a metal-
loporphyrin and its support, the use of a novel type of silica
gel 19 (Fig. 7a), which allows the combination of coordinative
(with imidazole) and electrostatic (with SO;™) interactions, was
examined.*

(@)
8ESi/\/\N QA O;Si/\/\ Ir.n
- O
8H OH PyMe*
OH OH 0,
s 85Si o
o’ & CeHS0;

@ SO5Na* (®)

19 (Si-Im)(SiSO5)

Fig. 7 (a) Multi-functional support; (b) effect of the support with H,O,
as oxidant.

Using support 19, epoxycyclooctane was formed quantitatively
in the presence of the unsymmetrical cationic manganese por-
phyrin 17 (entry 7). The symmetric cationic supported manganese

Table 2 Epoxidation of cyclooctene using metalloporphyrins bound electrostatically

Entry Metalloporphyrin Mol% cat. Support Solvent Time (h) % Yield*
1 14 0.7 SiNMe;* CH,CN 2 91
2 15 0.7 SiSO;~ CH,Cl, 2 92
3 15° 0.7 SiSO;~ CH,Cl, 2 91
4 18 1 SiSO;~ DCE 3 100
5 16 1 SiSO;~ DCE 3 75
6 16° 1 SiSO;~ DCE 3 75
7 17 0.9 19 DCE 24 100
8 15 0.9 19 DCE 24 94

“Yield based on PhIO consumed. ® 8" cycle. < 2" cycle.
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porphyrin 15 gave a yield of 94% (entry 8), which is slightly
higher compared to that obtained in the presence of SiSO;~ alone
(entry 2). Nevertheless, much slower reaction rates were observed.

Hydrogen peroxide has also been examined as the oxidant
with the manganese porphyrins 15 and 17 immobilised on (Si-
Im)(SiSO;7) 19, but low yields were obtained. Nevertheless, 52%
yield of epoxycyclooctane was reached using the monocationic
iron porphyrin® 16 bound to support 19 compared to 11% and
26% yield obtained with porphyrin 16 anchored to Si-Im and
SiSO;~ respectively. It was suggested that the binding between
the porphyrin and the support was mostly coordinative, since
the porphyrin only contains one pyridinium function, and that
the sulfonate group from the support helped in the heterolytic
cleavage of the O-O bond of the hydroperoxo species 11 (Fig. 7b)
in a similar manner as shown in Scheme 1. As a result, this support
presents advantages compared to the simpler supports Si-Im and
SiSO;~.

Few studies have been carried out on the epoxidation of
alkenes other than cyclooctene. Cyclohexene was epoxidised in
the presence of PhIO using a symmetrical tetrapyridyl manganese
porphyrin encapsulated in zeolite MCM-41.# The manganese
porphyrin was anchored to the support via Mn—-O coordinative
binding, as well as via electrostatic interactions between the pyridyl
groups of the porphyrin and the anionic species of the zeolite.
Epoxycyclohexane was formed in 91% yield (vs 46% with the ho-
mogeneous analogue). The complex was also recycled several times
without any major degradation of activity after five cycles.

In contrast, no epoxycyclohexane was formed using the por-
phyrin immobilised on a different zeolite, AI-MCM-41.** It was
suggested that the smaller pore size of the AI-MCM-41 prevents
the formation of the transition state. For that reason, the reactivity
of encapsulated catalysts may depend on the zeolite utilised.

Tangestaninejad et al** investigated the epoxidation of a
variety of alkenes using sodium periodate as the oxidant. This
was catalysed by a symmetrical tetrasulfonated porphyrin 20
immobilised on ionic exchange resins such as IRA-900 or 400
(macroporous and microporous resins, respectively, with qua-
ternary ammonium functionality) and polyvinylpyridine (PVP)
(Fig. 8).

The results are presented in Table 3. For the epoxidation of
cyclooctene, the three catalysts gave similar yields between 95-96%
(entry 1). Good yields between 70-93% were also obtained with
cyclohexene (entry 2) with PVP-20 displaying the highest yield
of 93%. Styrene was epoxidised in high yields between 94-95%
with both ion exchange resins (entry 3). However the presence of
PVP decreased the yield to 75%. IR A-900-20 exhibited the highest
yield (94%) for the epoxidation of a-methylstyrene, compared to
89% and 85% with IRA-400 and IRA-900 respectively (entry 4). In

SO3Na

x* ion exchange resins

(IRA-900, IRA-400) or PVP
S0 X*
20

Fig. 8 Manganese porphyrin bound to cationic exchange resins or
polymers.

contrast, aliphatic linear alkenes, such as 1-octene, displayed lower
yields between 40-55% (entry 5). In all cases, the recyclability of
the catalysts was claimed to be excellent, although no details of
the relevant data were provided.

NaOCl, H,0, and -BuOOH have also been used as oxidants
for the epoxidation of styrene with anionic manganese porphyrins
immobilised on cationic polymer latexes in aqueous media.*
Although these supported metalloporphyrins displayed higher
reactivities than the homogeneous analogues, only moderate yields
were obtained.>"*

Covalent anchorage
Inorganic supports

Unsymmetrical metalloporphyrins have been covalently anchored
onto inorganic supports such as aminopropyl silica (APS). The
aromatic substitution of the p-fluorine of monopentaflurophenyl-
porpyhrins®®*® 21-23 (synthesised in a 4% yield) with APS
were used to prepare the various immobilised halogenated
metalloporphyrins®*5 24-26 (Scheme 2).

Amide or sulfonamide linkages were also used by other groups.
The acid function situated on the benzene ring of an unsymmet-
rical iron porphyrin was activated through conversion to an acid
chloride, which was then reacted with APS to form the supported
iron porphyrin’ 27 (Fig. 9).

A manganese porphyrin functionalised with amino groups was
reacted with silica gel containing an acid chloride to form the
catalyst 28 (Fig. 9). Similarly, the catalyst 29 was obtained from
the reaction between an amine group supported on a type of clay
called montmorillonite K,, and a sulfonate functionality on the
porphyrin. Symmetrical manganese porphyrins have also been

Table 3 Epoxidation of alkenes catalysed by immobilised anionic porphyrin 20

Entry Alkene % Yield for IRA-900-20 % Yield for IRA-400-20 % Yield*” for PVP-20
1 Cyclooctene 95 96 95
2 Cyclohexene 70 82 93
3 Styrene 94 95 75
4 a-Methylstyrene 94 89 85
5 1-Octene 55 — 40

“Yield based on starting material after 4 h and similar catalyst loadings of 1.4 mol% were used

This journal is © The Royal Society of Chemistry 2006
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21 M=Mn;R=H (
22 M=Mn;R=Cl
23 M=Fe;R=H

24 M=Mn;R=H
25 M=Mn;R=Cl
26 M=Fe;R=H

Scheme 2 Aromatic substitution of p-fluorine with aminopropyl silica
(APS).

27 R:= NH o—|
2 ! 2 )
8 Ry= NHCOVSI<O:I
o)
Ry= SOzH
B Ry= SONHKyo

Fig.9 Covalent binding via amide or sulfonamide bond.

used with montmorillonite K;y,% although in this case the control
of single-site binding with the support is not possible.

These immobilised metalloporphyrins were examined in the
epoxidation of cyclooctene and cyclohexene using PhIO. The
various yields obtained are summarised in Table 4.

The immobilised manganese porphyrin 24 displayed a similar
activity (entries 1 and 2) to its homogeneous counterpart for
the epoxidation of both alkenes, whereas lower yields were
obtained using the supported catalyst 25, which contains electron-
withdrawing groups on the pyrrolic f-positions (entries 3 and
4). Tt was suggested that the chlorines imposed too much steric
hindrance. The iron porphyrin 26 was less efficient than the
manganese analogue in the epoxidation of cyclooctene (entry 5),

whereas cyclohexene was epoxidised in higher yield (entry 6). No
explanation was offered for the difference in reactivity of different
metals. The iron porphyrin 27, bound to APS via an amide linkage,
also exhibited high activity for the epoxidation of cyclooctene
(95% yield, entry 7). The presence of the nitro group may increase
the stability of the metalloporphyrin toward self-oxidation. Using
a higher amount of catalyst, epoxycyclooctane was formed in
high yield (entry 9) using the manganese porphyrin anchored
to montmorillonite 29 compared to the metalloporphyrin 28
attached to silica gel (entry 8). This may be due to the presence
of free reactive amines on the benzene rings of 28, which inhibit
the reactivity of the metalloporphyrin towards the epoxidation
reaction. In general, all of these catalysts are very efficient but
most of them are not recyclable. No leaching was observed during
the reaction but degradation of the metalloporphyrin may be
responsible for the decrease in activity.

Hydrogen peroxide was examined as the oxidant for the epoxi-
dation reaction catalysed by 28 and 29. 70% yield was obtained for
the epoxidation of cyclooctene using 28, which is high compared
to other studies,*® including that of the homogeneous analogue.
Other alkenes such as cyclohexene or cis-stilbene were also epoxi-
dised in high yields. Moreover, no loss of activity was observed af-
ter several cycles using the recovered catalyst, which makes the use
of H,O, promising. In contrast, a low yield of epoxycyclooctane
was obtained with 29 and may have been caused by the reaction
between H,0, and the metal ions present on the montmorillonite.

Organic supports

Metalloporphyrins have also been covalently anchored to organic
supports.®*%? Recently Benaglia and co-workers®® anchored a
manganese porphyrin to a PEG chain to obtain the catalyst
30 (Fig. 10). The advantage of this support is its solubility in

Fig. 10 Manganese porphyrin anchored to a soluble PEG chain.

Table 4 Alkene epoxidation catalysed by metalloporphyrins covalently bound to silica

Entry Alkene Catalyst Mol% cat. % Yield“ epoxide Reuse

1 Cyclooctene 24 0.8 95

2 Cyclohexene 24 0.8 80

3 Cyclooctene 25 0.8 67 No leaching detected, but activity decreased upon reuse
4 Cyclohexene 25 0.8 49

5 Cyclooctene 26 0.8 88

6 Cyclohexene 26 0.8 88

7 Cyclooctene 27 1 95 No data

8 Cyclooctene 28 5 88 Good

9 Cyclooctene 29 5 98 Good

“ Determined by GC and based on PhIO consumed after 8 h

604 | Org. Biomol. Chem., 2006, 4, 599-609

This journal is © The Royal Society of Chemistry 2006





most organic solvents. As a result, the catalytic reaction occurs in
homogeneous conditions, but the catalyst can be easily recovered
upon addition of ether, in which it is insoluble.

Polystyrenes containing different spacer chains have also been
used to covalently attach manganese porphyrins. For instance,
Tangestaninejad et al.%% have prepared the catalysts 31 and 32
(Fig. 11). Supported ruthenium porphyrins 33 and 34 have also
been synthesised by reaction with Merrifield resin® and soluble
PEG chains.”’

3 R=Q— ) ;
ok
34 R= \{o/\%'oﬁ

Fig. 11 Metalloporphyrins covalently bound to organic polymers.

The immobilised catalysts were investigated for the epoxidation
of a variety of alkenes, using PhIO as an oxidant with the catalyst
30, NalO, with 31 and 32, and dichloropyridine N-oxide with 33
and 34. The data obtained are summarised in Table 5.

All the catalysts displayed high activity for most of the electron-
rich alkenes (entries 1-7, Table 5). It can be pointed out that
reaction times were shorter in the presence of catalyst 30 due to
the presence of the soluble PEG chain, which allows homogeneous
conditions for the reaction. More unreactive alkenes such as
a,f-unsaturated ketones (entry 8) or protected a-amino alkenes
(entry 10) were also epoxidised in high yields using the immobilised
ruthenium porphyrins 33 and 34. Glycal, which is an enol ether, is
an election-rich alkene which explains its moderate yield (entry 9).
With regards to the issue of recyclability, the manganese porphyrin
30 anchored to the PEG chain was reused four times without
significant loss of activity. The polystyrene-supported manganese
porphyrin 31 and 32 were said to be reusable (although no data
were reported). In contrast, the ruthenium porphyrins were shown
to be robust upon reuse and did not undergo any decrease in
activity.

Our group prepared the catalyst 35% by anchoring hydrox-
ytetraphenylporphyrin to Argogel chloride (PS-PEG copolymer)
followed by metallation with manganese dichloride (1) (Fig. 12).
Catalyst 35 catalysed in high yields the epoxidation of a wide
range of alkenes using sodium periodate as oxidant, but it
was observed that some metalloporphyrin leached from the
support during the epoxidation reaction due to cleavage of the
PEG chain. It was shown that the same porphyrin anchored
to Merrifield resin was more robust and the resulting catalyst

O 35 R:Qféo\/tff
37 RzO—@—\O : .
O 38 R=O—©—\O 2 ;

Fig. 12 Polymer-supported manganese porphyrin containing different
spacer chains.

36 could be reused three times with only a small decrease of
activity for the epoxidation of styrene (from 86 to 75%).®® Two
other supported catalysts®® 37 and 38 were also prepared using
Wang and carboxy Wang resins respectively. Moderate to excellent
yields were obtained in the epoxidation of a range of alkenes.
More interestingly, three dienes (limonene, cyclooctadiene and
7-methyl-1,6-octadiene) were also used as substrates in order to
study the chemoselectivity induced by these catalysts.®” Only a few
studies on chemoselectivity, mainly carried out by Tangestaninejad
et al.,*46:47.4.64.65 haye been reported so far.

Using our catalysts 37 and 38, (R)-limonene 39 (Scheme 3)
was epoxidised selectively to epoxide 40 (no diastereoisomeric
excess was observed) in a good ratio of 2.7 : 1 compared to the
epoxide 41. The same trend was observed in previous studies. The
chemoselectivity was even higher in the case of cyclooctadiene, as
the monoepoxide was formed exclusively in 70-80% yield with
the three catalysts 36-38. In the case of the linear aliphatic
diene 7-methyl-1,6-octadiene, the tri-substituted epoxide was
obtained exclusively in 90-100% yield. The recyclability was also
investigated and the catalysts 36-38 were reused up to four times
in the epoxidation of limonene. It was shown that no significant
decrease in activity occurred with catalyst 38 and that a similar
ratio of epoxide 40/41 was obtained after the 4™ cycle.®

sENelle
[0]

P
39 40 41

Scheme 3 Epoxidation of (R)-limonene.

Heterogeneous chiral metalloporphyrins

To date, only a few studies on asymmetric epoxidation catalysed
by supported metalloporphyrins have been published. Different
approaches were considered. Sasaki er al.™™ have focused their
research on the mimic of the P450 enzyme with its hydrophobic
pocket formed by the protein. A peptide-manganese porphyrin
conjugate has been prepared and has been bound to the inorganic
support Si-Im to form the asymmetric catalyst 42 (Fig. 13).

It was suggested that the a-helical peptide, attached to the
porphyrin via the side chain of two cysteine residues, would create
a chiral hydrophobic pocket. The feasibility of the sequence of
amino acids was confirmed by molecular modelling. The potential
selectivity displayed by the chiral catalyst 42 was examined in
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Table S Epoxidation of alkenes catalysed by polymer-supported metalloporphyrins

%Yield® %Yield” Y%Yield*? %Yield*
Entry Alkene with 30 with 32 with 33 with 34
1 Q 100 91 98 98
2 O 82 68 66 37
3 80 85 96 98
Ph X
4 /K — 70 — —
Ph
5 Ph — 55 90 87
Ph
6 ' 100 75 62 87
7 ’i — — 98 95
8 0] — — 89 —
9 AcO — — 56 60
Ac o
Acl -
10 BocHN SN — — 88
PhH,C
Recyclability Good No detailed data reported Excellent Excellent

“ Catalyst loading of 0.2 mol% was used, yield determined by GC after 2 h and based on an internal standard. ® Catalyst loading of 4 mol% was used and
yield determined by GC after 8 h and based on the alkene. ¢ Yield determined by GC after 24 h and based on an internal standard. ¢ Catalyst loading of

0.1 mol% was used. ¢ Catalyst loading of 0.06 mol% was used.

AIa»C\ys—GIu-GIn-Leu—Leu»Lys-GIu»Leu—Leu»GIn»Lys»Cys»AIa

/

S S
So o
HN «Ph NH

Ph N

/A
000
ARA

Fig. 13 Supported peptide-metalloporphyrin conjugate.

the epoxidation of a variety of alkenes such as styrene, cis-
and trans-stilbene using PhIO. Despite the fact that the
corresponding epoxides were formed in a wide range of yields
(15-84%), no enantioselectivity was detected for any of the
epoxidation reactions.

The origins of these results have been the subject of a detailed
study.” It was suggested that several different parameters could
explain the absence of enantioselectivity. Firstly, some degradation
of the supported porphyrin was observed during the reaction,
which could have led to some loss of stereoselectivity, though it
was thought that this could not be the only reason. Secondly,
by comparing successful homogeneous asymmetric metallopor-
phyrins, it was believed that the binding pocket of 42 was too
symmetrical and that a precise amino acid sequence of the peptide
chain might be crucial for substrate recognition.
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Inspired by Sasaki’s work, our group prepared a large library
of peptide-metalloporphyrin conjugates bound to polystyrene
polymer, based on the scaffold shown on Fig. 14.” Various
sequences of peptides were synthesised, and attached via an amide
bond to an acid-functionalised porphyrin, in which the ortho
position of one of the benzene rings had been used to introduce
the desired spacer chain.

Ph

Ph Ph

43

Fig. 14 Scaffold of peptide-metalloporphyrin conjugates on solid
support.

The resulting catalysts were tested in the epoxidation of styrene
using sodium periodate as an oxidant. Unfortunately, the catalysts
of the library did not exhibit any enantioselectivity during the
reaction of epoxidation. Nevertheless, some of these catalysts
which contained amino acids with an N- or S-donor such as 44
and 45 (Fig. 15) (containing histidine and cysteine respectively)
were found to exhibit excellent chemoselectivity in the epoxidation
of dienes such as limonene. A ratio of 5 : 1 of limonene
oxide 40/41 was obtained with catalyst 44 and 3.7 : 1 with
catalyst 45. Moreover, recylability studies showed that the same
chemoselectivity was observed in a 2™ cycle with both catalysts. It
was thought that the presence of the imidazole of histidine could

Q

stabilise the manganese porphyrin by acting as axial ligands during
the epoxidation reaction.

Another strategy for the preparation of heterogeneous chi-
ral metalloporphyrins was reported by Che and co-workers™
and consisted of supporting the chiral D,-symmetric ruthenium
porphyrin™ 46 (Fig. 16) that epoxidises a wide range of alkenes
with high enantioselectivity in homogeneous systems. In order
to keep the D,-symmetry of the chiral porphyrin, it was coor-
dinatively anchored via an amine functionality contained on two
different zeolites: MCM-41 and MCM-48, constituted of one- and
three-dimensional networks, respectively. The chiral supported
porphyrins 47 and 48 were first compared in the asymmetric
epoxidation of styrene with dichloropyridine N-oxide after 24 h.

/TN
O0O0
L1

47 MCM-41
48 MCM-48

46

Fig. 16 Ruthenium porphyrin bound to zeolite.

Styrene oxide was formed with both catalysts with high
enantioselectivity and high conversions (79-84%). Indeed, 47
displayed a similar selectivity (72% ee) to that obtained using
the homogeneous counterpart,” and a higher ee of 75% was
reached with 48. The better results obtained with MCM-48
may be explained by the larger surface area of the support
provided by the 3D network, leading to higher accessibility for the

O .

o) NH
NH o
Ph

O
W) i

Ph

Fig. 15 Peptide—metalloporphyrin conjugates containing N- or S-donor ligands.
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substrates to the active site of the porphyrin. Other alkenes, such as
dihydronaphthalene or cis-a-methylstyrene were also epoxidised
with 74-76% ee. The reuse of these successful catalysts was
examined, and despite an unchanged reactivity, the selectivity
decreased to 66% ee with 48 after the second cycle. Nevertheless,
these preliminary results are very promising.

Conclusion

Supported metalloporphyrins successfully catalyse the epoxi-
dation of a range of alkenes. A wide diversity of reactions
has been presented, as well as a variety of methods for the
immobilisation of the metalloporphyrins and variations in the
nature of the support and in the oxidant used in the catalytic
reaction. Covalent anchorage requires more work synthetically
than the coordinative or electrostatic bindings. A phenyl ring of
the metalloporphyrin needs to be functionalised in order to react
with a support. However, the resulting binding is stronger and
should lead to robust catalysts. Indeed several catalysts display
high activity for a wide range of alkenes. Metalloporphyrins
immobilised using coordinative and electrostatic bindings are
also successful catalysts, although only “easy substrates” such
as cyclooctene were often studied. Encapsulation is an emerging
area, which seems to be promising, giving the high activity for
the immobilised metalloporphyrin as well as the easy preparation
of the catalyst. Furthermore, recyclability of these encapsulated
metalloporphyrins was reported to be good. Indeed the reuse of
supported metalloporphyrins remains challenging. Leaching of
the catalyst into solution can be observed due to cleavage of the
spacer chain between the porphyrin and the support. Degradation
of the support and of the metalloporphyrin may also be responsible
for catalyst deactivation. Nevertheless, some catalysts are already
recyclable several times without loss of activity. In particular,
ruthenium porphyrins have shown excellent results in terms of
recyclability, although few studies have been dedicated to them.

Finally, supported chiral metalloporphyrins for asymmetric
epoxidation remain the most important investigation carried out.
Covalent binding seems to be a challenging route but the successful
work reported by Che et al.”® on the immobilisation of known
chiral metalloporphyrins in zeolites showed that using coordina-
tive or electrostatic anchoring is promising for the preparation of
successful chiral supported metalloporphyrins.
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The proposed polar nucleophilic mechanism of MAO was investigated using quantum chemical
calculations employing the semi-empirical PM3 method. In order to mimic the reaction at the
enzyme’s active site, the reactions between the flavin and the p-substituted benzylamine substrate
analogs were modeled. Activation energies and rate constants of all the reactions were calculated and
compared with the published experimental data. The results showed that electron-withdrawing groups
at the para position of benzylamine increase the reaction rate. A good correlation between the log

of the calculated rate constants and the electronic parameter (o) of the substituent was obtained. These
results agree with the previous kinetic experiments on the effect of p-substituents on the reduction

of MAO-A by benzylamine analogs. In addition, the calculated rate constants showed a correlation
with the rate of reduction of the flavin in MAO-A. In order to verify the results obtained from the PM3
method single-point B3LYP/6-31G*//PM3 calculations were performed. These results demonstrated

a strong reduction in the activation energy for the reaction of benzylamine derivatives having electron-
withdrawing substituents, which is in agreement with the PM3 calculations and the previous experimental

QSAR study. PM3 and B3LYP/6-31G* energy surfaces were obtained for the overall reaction
of benzylamine with flavin. Results suggest that PM3 is a reasonable method for studying this kind
of reaction. These theoretical findings support the proposed polar nucleophilic mechanism for MAO-A.

Introduction

MAO catalyzes the oxidation of various amine neurotransmitters,
such as serotonin, dopamine and norepinephrine.! It exists as
two isozymic forms, MAO-A and MAO-B.>* These two forms
display different substrate and inhibitor specificities. However,
it is believed that they catalyze substrate oxidation by the same
mechanism. Compounds that selectively inhibit MAO-A exhibit
antidepressant activity, whereas the ones that selectively inhibit
MAO-B are used in the treatment of Parkinson’s disease.* Other
findings showed that MAO-B inhibitors have neuroprotective®
and antioxidant effects,® as well as a role in delaying apoptotic
neuronal death.”

MAO is a flavoenzyme in which the flavin is covalently attached
at the 8o-methyl group to an enzyme active-site cysteine residue.?
It catalyzes the anaerobic oxidation of amine substrates to
the corresponding imines, which are hydrolyzed to aldehydes
nonenzymatically. The flavin is reduced to the hydroquinone and
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converted back into the oxidized form by reaction with molecular
oxygen, and the enzyme turns to its native form.

Over the years, there have been extensive efforts to understand
the MAO-catalyzed amine-oxidation mechanism. Four basic
mechanisms have been proposed so far’: a hydride mechanism,
a carbanion mechanism, an addition—elimination (nucleophilic)
mechanism, and a radical mechanism. According to the hydride
mechanism, a hydride ion from the a-C of the amine migrates to
the N5 atom of the flavin. This is unlikely to occur, because hydride
transfer is a high-energy process. The carbanion mechanism
involves the abstraction of an o-proton by an active-site base
residue, forming a carbanion. This mechanism does not appear
to be a favorable process, because the a-H is not acidic enough;
the pK, is greater than 30. In the addition—elimination mechanism
proposed previously, the amine nitrogen atom of the substrate
attacks one of the electrophilic sites of the flavin: C2, C4a, or
NS. This step is followed by deprotonation and B-elimination
with an active-site base residue. Silverman® argues against this
because such a mechanism may violate the principle of microscopic
reversibility. Silverman’s groups'® proposed radical mechanisms
for MAO-B. According to Silverman, a one-electron transfer
from the amino group to the flavin would give the amine radical
cation, which can lose a proton to give the carbon radical. Since
the pK, of the a-proton of an amine radical is about 10, the
enzyme can remove this proton readily. The radical generated
by deprotonation can be oxidized further by a second electron
transfer or by radical combination with an active-site radical
followed by B-elimination to the immonium ion. The basis for
this mechanism is derived from single-electron-transfer (SET)
chemistry observed in the oxidation of amines and also from
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ring-opening and SET chemistry observed in chemical model
studies of MAO-B.! The argument against this mechanism was
the failure to detect a radical intermediate species of catalytic
significance in either MAO-A or MAO-B, but very recently,
Rigby et al'® presented spectroscopic evidence consistent with
the presence of a stable tyrosyl radical in partially reduced human
MAO-A. Other negative evidence is that a single electron transfer
from the amine substrate to the flavin is thermodynamically
unfavorable." However, Silverman upholds the argument that the
intrinsic binding, which could distort the bonds of amine and
flavin, would lower the redox potentials of the amine and the
flavin.**? According to a number of arguments, large apparent
barriers to electron transfer might not prevent the reaction in an
enzyme active site.”

Recently, elucidation of the structure of human MAO-B** and
rat MAO-A" by X-ray has provided new insights into the MAO
mechanism. According to the crystal structure, there is no active-
site base residue that could facilitate proton abstraction from the
0-C of the amine. On the basis of this result, Silverman'? revised
the radical mechanism, and Edmondson' revised the addition—
elimination mechanism. In both of these modified mechanisms,
the base that can abstract the a-proton of the amine is the N5
atom of the flavin instead of an active-site base residue. Thus, the
flavin itself acts as the base (Fig. 1 and Fig. 2).
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Fig. 1 Modified polar nucleophilic mechanism proposed by Miller and
Edmondson.*
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Miller and Edmondson' determined the reaction rates and
binding affinities of 17 p-substituted benzylamine analogues with
recombinant human liver MAO-A by steady-state and stopped-
flow kinetic experiments. SAR analysis shows a strong correlation
between the rate of flavin reduction and electronic effects (o) of the
substituent, such that electron-withdrawing substituents increase
the rate of flavin reduction with a large positive p value. In addition,
they found large deuterium kinetic isotope effects. In a similar
study” on mitochondrial bovine liver MAO-B, quantitative-
structure—activity-relationship derived from the reaction rates
of a series of p-and m-substituted benzylamine analogues with
MAO-B shows no apparent dependence of the limiting rate of
flavin reduction on the electronic properties of the substituent.
These results strongly support a proton-abstraction mechanism
involving an a-C-H bond cleavage. The data are inconsistent with
adirect H atom abstraction or hydride transfer mechanism, but are
consistent with the aminium cation radical mechanism proposed
by Silverman, as well as the polar nucleophilic mechanism put
forward by Edmondson. In order to clarify these findings and the
enzyme mechanism, we performed quantum chemical modeling
of the uncatalyzed reactions of p-substituted benzylamines with
the flavin ring, shown in Fig. 1. It is not possible to perform
quantum chemical calculations on the enzyme because of the
size of the system. Besides, information about the simple flavin-
catalyzed reaction is also required to gain a deeper understanding
of the enzyme catalysis. Therefore, we chose the reaction that
occurs between the flavin, e.g., the isoalloxazine ring and the p-
substituted benzylamines to investigate the simple flavin-catalyzed
reaction.

The enzyme reaction is expected to follow the general mecha-
nism shown below.

E-FAD,, + S = E-FAD,-S
— E-FAD,,.—imine — E-FAD,,, + imine

Initially, the enzyme, E-FAD,,, binds to the substrate, S, to form
the enzyme—substrate complex, E-FAD,,—S (reactant complex).
Then the reaction takes place between FAD and the substrate.
FAD is reduced while the amine substrate is converted to the
imine. At first, a product complex, E-FAD,,—imine, is formed, and
then the complex dissociates. In accordance with this mechanism,
we performed geometry optimizations for the stationary points
along the reaction coordinate of the polar mechanism shown
in Fig. 1. The geometries and the energies of the substituted
benzylamines, p-X (X = H, OCH,, OH, N(CH,;),, F, Cl, Br, 1,

Enzyme 5

Fig. 2 Modified radical mechanism proposed by Silverman ez al.'
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CF;, NO,), the flavin, their reactant complexes, their transition-
state structures, their product complexes, and the products were
calculated.

Although a considerable amount of work has been accumulated
in the literature, the mechanism of amine oxidation by MAO is
still not completely understood. The majority of the published
work'** involves experimental techniques such as isotopic la-
beling and kinetic measurements,'**® efforts for isolating and
detecting reactive intermediates,'** studies on mechanism-based
inactivators,?* and mutation studies.'? Besides, there are a few
articles that involve structure—activity relationships (SAR)* and
theoretical** work. On the other hand, theoretical methods based
on quantum chemical calculations can also supply important
information and are widely used in elucidating various reaction
mechanisms, but no such report exists in the literature for the
MAO mechanism, except a thermodynamic reaction profiling
related to Alzheimer’s disease.** Therefore, the present work
is aimed at the investigation of the recently proposed polar
mechanism of MAO by taking advantage of quantum chemical
calculations. Modeling the radical mechanism is our ongoing
work and will be published separately. For the proposed polar
mechanism, we have run calculations using the semiempirical
PM3* method. Semiempirical methods are intended for studying
large molecular systems of chemical or biological interest because
of the low cost. One of our future goals is to be able to
examine the enzymatic reaction directly using a hybrid quantum
mechanics and molecular mechanics (QM/MM) approach. Due
to the large size of the system, the use of high-level ab initio
and or density functional theory as the QM part would be
prohibitive. On the other hand, QM/MM calculations that use
semiempirical molecular orbital methods as the QM part are
computationally very attractive and have been applied to several
enzymes* including a few flavin-containing enzymes.*” Although
semiempirical methods are fast, they are not as reliable as time-
consuming ab initio and DFT methods. Therefore we have done
some test calculations using DFT methodology to verify the
results of the PM3 model. It is known that molecular density
functional calculations give remarkably accurate results for mole-
cular structures and electronic properties. Furthermore, since they
take electron correlation effects into account, the DFT results are
of a quality comparable to the conventional post Hartree—Fock
treatments.

Although semiempirical methods cannot produce reliable re-
sults for the quantitative treatment of molecular properties
and energies, the anticipated errors are expected to be in the
same direction of the discussed physical effect.”® Therefore, the
computed trends in a chemical family or their modification
through a perturbation are, in general, correctly reproduced by
semiempirical methods. Thus, in this study, we investigate the
trend in the reaction rate with respect to p-substitution by various
groups, which is expected to produce qualitatively reliable results.
The correlation of calculated rates with the experimental rates of
the enzyme is a reasonable approach to test the mechanism. Ridder
et al** applied a similar approach to other flavoenzymes, using a
semiempirical method in a combined QM/MM study. Among
semiempirical methods, PM3 method was used successfully in
modeling various enzyme reactions in the literature,**¢ including
also FAD containing enzymes.**“ Therefore, we have chosen PM3
method to investigate the mechanism of MAO.

Methodology

The Gaussian 98 program package* was used for all calculations.
For the reaction of benzylamine with isoalloxazine ring, geome-
tries of the reactants, products, and transition states were fully
optimized using the semiempirical PM3,* ab initio HF/6-31G*
theories, and a hybrid DFT (B3LYP functionals® with the 6-31G*
basis set) method. Transition-state structures were characterized
with one imaginary frequency corresponding to the stretching
motion of the bonds being broken or formed. IRC (intrinsic
reaction coordinate)® calculations were also performed for all
transition-state structures, and the structures corresponding to
the reactant complex and the product complex were identified.
These were further optimized to obtain the reactant complex and
the product complex structures.

For p-X-substituted benzylamines (X = H, OCH,;, OH,
N(CH,),, F, Cl, Br, I, CF;, NO,), thermodynamic calculations were
performed with the PM3 method at two different temperatures,
10.9 °C and at 25 °C which were used in experimental work. Rate
constants were calculated according to the well-known equation®?:

k= kae—AG’/RT
he
where & = rate constant, k, = Boltzmann constant, 7 =

temperature, AG* = free energy of activation, # = Planck constant,
¢ = concentration (taken as unity), R = gas constant.

Single-point energy calculations at the B3LYP/6-31G* level
using PM3 geometries were also employed for comparison.

Results and discussion
1. PM3 Calculations

Structures and energies. Since the optimized structures related
to the reactions of p-substituted benzylamines are very similar to
those of benzylamine, only the reactions of benzylamine will be
discussed in this section.

The modified polar nucleophilic (or addition—elimination)
mechanism™ in Fig. 1 consists of two steps. The first step is the
addition reaction in which the formation of a flavin 4a adduct, 3,
is proposed to occur by the attack of nonbonding electrons of the
amine, 1, to the 4a carbon of the flavin, 2. This attack increases the
basicity of the isoalloxazine ring at the N5 position of the flavin.
A concerted transfer of the benzyl proton to the N5 of flavin is
thus facilitated. The second step is the elimination to produce the
imonium ion, 4, and the reduced flavin, 5, which is then reoxidized
by molecular oxygen.

In order to model the bimolecular polar mechanism in Fig. 1,
we optimized the structures of the reactants, reactant complexes,
transition states, adducts, and products shown in Fig. 3(a) and
(b). Important geometrical parameters of the optimized structures
for the reaction of benzylamine with flavin are given in Table 1.
Similar structural features were also observed for the reactions of
p-substituted benzylamines; therefore, their values are not given.
All the dihedral angles in isolated oxidized FAD are very close
to 0° or 180° (only two of them are given), indicating that it
has a planar structure. However, reduced FAD is bent by about
25° out of that plane; dihedral angles are around 155° and 25°.
These results are in agreement with earlier reports.>® In the reactant
complex, an intermolecular H-bond between N11 and the proton
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Fig. 3 (a) 3-D view of the PM3 optimized structures for the reactants and products. (b) 3-D view of the PM3 optimized structures; reactant complex,
transition states, adduct, and product complex.
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Table 1 Selected geometrical parameters of the optimized structures for the polar reaction of benzylamine with flavin, calculated at PM3 level

Amine FAD  Iminium ion FAD~ Reactant complex TSI Adduct  TS2 Product complex
Distances/A
N1-Cl0a 1.317 1.358 1.322 1.319 1.313 1.324 1.339
Cl0a—C4a 1.469 1.395 1.468 1.503 1.505 1.447 1.413
C4a-N5 1.307 1.450 1.309 1.427 1.474 1.455 1.459
N5-HI15 0.995 5.973 1.328 1.001 0.997 1.000
H15-C14 1.070 1.110 1.477 2.561 2.906 3.251
Cl4-N11 1.476 1.320 1.494 1.439 1.369 1.322 1.304
N11-C4a 5.597 1.729 1.716 2.247 3.714
Cl14-C17 1.500 1.435 1.498 1.464 1.440 1.453 1.453
Bond angles/°
C4a—N5-C5a 120.1 114.5 119.9 118.1 116.4 116.5 115.1
C4a-N5-H15 58.6 101.0 111.3 111.5 108.3
N5-C4a-N11 107.2 103.2 110.8 105.8 67.9
N5-H15-Cl14 90.0 128.2 101.3 107.2 58.1
H15-C14-N11 107.8 108.0 96.0 82.9 83.9 98.9
Cl14-N11-C4a 100.8 107.1 114.1 111.2 70.8
H16-C14-N11 118.8 107.7 114.6 119.1 119.0 116.0
Dihedral angles/®
C6-C5a-N5-C4a 180.0 157.4 180.0 -1772  -160.5 —167.4 174.9
CS5a-N5-C4a—C4 180.0 —155.4 180.0 —145.0 —-163.2 —170.6 —176.2
CS5a-N5-H15-C14 —106.6 —109.9 -97.5 —-947 —1239
N5-H15-C14-N11 51.7 -33 —13.8 —-11.2  —115.0
N5-H15-C14-C17 32.7 175.6 120.3 108.7 112.6 85.7
H15-C14-C17-C18 —36.8 —96.1 —94.4 —89.7 -20.5
N5-C4a-N11-Cl14 129.7 20.0 37.5 38.7 —354
C4a-N11-Cl14-H15 -75.6 —10.0 —13.5 —13.5 32.9
H16-C14-C17-C18 0.0 —154.7 153.3 171.3 173.8 4.8

of N10 is observed, which holds the two molecules together. In
the first transition state (TS1), a five-membered ring structure
involving C4a, N5, H15, C14, N11 forms. This ring is almost
orthogonal to the planes of the flavin and the substrate as shown
in TS1 (side view). The phenyl groups in TS1, adduct, and TS2 are
directed towards the benzene moiety of the flavin to increase n—m
interaction.

The H15-C14 bond length in the reactant complex is 1.11 A.
It stretches to 1.48 A in TS1 and is broken in the adduct, while
the N5-H15 distance shortens to 1.33 A and 1.00 A in TSI and
in the adduct, respectively, confirming the removal of o-H by
the N5 atom of flavin. In parallel to this, the N11-C4a distance
decreases to 1.73 A in TSI and to 1.71 A in the adduct; the Cda—
N5 distance increases from 1.31 A to 1.43 A and 1.47 A along
the reaction coordinate from the reactant to TS1 and the adduct.
These changes are consistent with the bond-breaking and bond-
forming processes in the first step shown in Fig. 1. In the second
step, as a new n-bond forms between C14 and N11, the single
bond between N11 and C4a is broken. This is observed from
the shortening of the C14-N11 and the elongation of N11-C4a
distances in TS2 relative to the ones in the adduct. The unusually
long bond distance of N11-C4a in the adduct can be due to the
steric constrains exerted by the isoalloxazine ring. The predicted
bond angles, and especially the large value of C14-N11-C4a,
also indicate the importance of steric repulsions in the adduct.
Furthermore, flavin ring is bent by about 20° from planarity to
overcome these repulsions.

Mulliken atomic charges of the selected atoms for each sta-
tionary point are given in Table 2. One can easily observe
that the negative charge on Cl14 increases gradually along the
first step of the reaction path and then decreases again at the
second step since these electrons form a m-bond between Cl14
and N11 with the concomitant dissociation of the adduct. This

feature of the reaction pathway, together with the observed
changes in the geometrical parameters, show the formation of
the adduct, indicating that the present model is in agreement with
an addition—elimination type of mechanism as proposed by Miller
and Edmondson." In TS1 and adduct, the developing negative
charge on C14 is delocalized over the substrate benzene ring,
mainly at the ortho and para positions. In TS1, the atomic charge
on H15 being transferred is +0.33, indicating that it really migrates
as a proton. The total electronic charge on the flavin ring increases
gradually along the reaction coordinate as expected. In the first
step of the reaction, (from the reactant complex to the adduct),
0.21e of charge is transferred, whereas in the adduct dissociation
step charge transfer is larger (0.51e). Overall, a net charge transfer
of 0.73e is accomplished in going from the reactant complex to
the product complex.

Energies of the optimized structures for the reaction of ben-
zylamine and flavin are given in Table 3. Potential energy versus
reaction coordinate diagram is shown in Fig. 4.

At the early stages of the reaction, a reactant complex (ES) is
formed between the flavin and the benzylamine. The proposed
polar mechanism involves two steps. The first step, in which the a-
C-H bond is cleaved to produce an unstable covalent adduct, has
a higher activation energy, including ZPE, than the second step
by 40.976 kcal mol~! (Table 3). Therefore, a-proton abstraction is
the rate-determining step, which is in accordance with the results
of Edmondson et al.'* They reported that the deuterium kinetic
isotope effects on ke, kreqs Kea/ K, and Ko/ K, varied between
6 and 13 in a,a-[*H]benzylamines for both MAO-A and MAO-
B, depending on the substrate. Formation of the adduct is a
highly endothermic step (34.937 kcal mol™'), and therefore the
structure of TS1 and TS2 resemble that of the adduct, which
is consistent with the Hammond postulate. The adduct is quite
unstable, only 2.687 and 10.402 kcal mol™" lower in energy than
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Table 2 Mulliken charges for selected atoms calculated from PM3 optimization

Atoms Reactant complex TS1 Adduct TS2 Product complex
NI —0.288 —0.270 —0.241 —0.303 —0.331
C2 0.339 0.326 0.323 0.328 0.334
N3 —0.168 —0.196 —0.171 —0.179 —0.120
C4 0.343 0.267 0.278 0.333 0.370
Cda —0.184 —0.124 —0.347 —0.613 —0.608
N5 0.110 —.218 0.041 0.133 0.170
C5a —0.150 0.002 —0.089 —0.096 —0.164
C6 —0.090 —0.185 —0.185 —0.220 —0.201
C7 —0.235 —0.169 —0.165 —0.175 —0.215
C8 —0.120 —0.201 —0.190 —0.207 —0.166
9 —0.240 —0.173 —0.177 —0.189 —0.223
C9a —0.067 —0.201 —0.155 —0.139 —0.062
N10 0.095 0.165 0.118 —0.071 0.090
Cl0a 0.023 —0.036 —0.011 0.084 0.138
NI11 —0.094 0.577 0.880 0.572 0.281
HI2 0.064 0.048 0.014 0.096 0.078
H13 0.082 0.056 0.027 0.109 0.237
Cl4 —.0223 —0.746 —0.904 —0.368 —0.237
H15 0.175 0.331 0.163 0.109 0.084
HI16 0.134 0.235 0.283 0.263 0.354
Cl17 —0.147 0.024 0.099 —0.100 —0.169
C18 —0.168 —0.252 —0.279 -0.173 —0.109
C19 —0.190 —0.153 —0.145 —0.176 —0.203
C20 —0.182 —0.219 —0.241 —0.161 —0.135
C21 —0.192 —0.163 —0.158 —0.189 —0.196
C22 —0.181 —0.208 —0.227 —0.143 —0.147
Total flavin ring —0.067 —0.482 (—0.151)* —0.281 —0.741 —0.793
“ Charge of H15 was included.
Table 3 Total energies (E, ), activation energies (AE*), reaction energies _E+P_
(AE), and binding energy (AE,) (kcal mol™') including zero point 50 q 92501
vibrational energy (ZPE) corrections, calculated from PM3 optimizations 45 1
40
E, E,+ ZPE 35 4
Flavin,FAD, (E) —13.850 80.282 301
Benzylamine (S) 19.821 109.991 % 1
Flavin anion, FAD~ —90.640 11.003 20
Benzyl immonium (P) 194.546 271.771 15
Reactant complex (RC) 0.859 188.597 10 4
First transition state (TS1) 47.974 233.936 5
Adduct 33.551 223.534
Second transition state (TS2) 38.230 226.221 01 0
Product complex (PC) 17.920 206.032 5 1678
%
22* Egz; _ g;::j) 442¥(6)(7)3 4;2565 Fig. 4 Calculated potential energy surface with the PM3 method.
AE, (Eaganes — Ereactant complex) 32.692 34.937 Energies include ZPE corrections and are relative to E + S. E + S represents
AE; (E product complex — Eadduet) —15.631 —17.502 flavin (FAD) + benzylamine; RC represents the reactant complex; PC
AE (Eprotuct compiex — B +s) 11.949 15.759 represents product complex; E + P represents flavin anion (FAD ~) +
AEy (Ervs = Erewcant compier) 5112 1.676 benzyl immonium cation.

TS2 and TSI, respectively. As the adduct forms it can easily
pass the low-energy barrier of 2.687 kcal mol~! and dissociate
into the products. Therefore, the experimental detection of the
adduct is a challenging task. Using a rapid-scanning stopped
flow apparatus, Miller and Edmondson** collected time-resolved
absorption spectra during the anaerobic reduction of MAO-
A and MAO-B. They found no evidence for the formation of
any spectrally detectable intermediate, including the formation
of either anionic or neutral flavin semiquinone or a flavin 4a
adduct. They concluded that, if a chromogenic intermediate is
formed during the reduction of MAO, its concentration must be
less than 5% of the sum of the concentrations of the oxidized
and reduced flavin to escape detection. However, flavin C4a

nucleophile adducts were identified in both model systems and
in other flavoenzyme systems.** Recent structural data show that
the C4a adduct also forms upon inhibition of MAO-B with trans-
2-phenylcyclopropylamine. <

The energies of the separated products (4 and 5 in Fig. 1) have
been predicted to be very high. This is because the charged species
are destabilized in the gaseous phase for which the calculations
have been performed. We tested this situation by repeating
the calculations including the aqueous solvation effect. As we
expected, the energies of the products decreased to reasonable
values. In order to obtain more realistic results, the energy of
the product complex was used instead of those of the separate
products in calculating the reaction energies in Table 3. The
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second step is exothermic by 17.502 kcal mol~', and the overall
reaction is endothermic by 15.759 kcal mol~'.

It is known that semiempirical calculations are not suitable
for absolute activation energy calculations. Calculated values
are usually (but not always) larger than experimental activation
energies.” For example, in proton-transfer reactions, PM3 barriers
of activation are about 5-10 kcal mol™' higher than ab initio
results.®® Since the semiempirical theories are not good enough
to produce the activation energies, the energies obtained here can
only be considered qualitatively, but not with their absolute values.

Rate constants and substituent effects. Edmondson and co-
workers applied steady-state and stopped-flow kinetic experiments
and determined the limiting rate of enzyme reduction, k., for
p-substituted benzylamine analogues using recombinant human
liver MAO-A™ at 10.9 °C and mitochondrial bovine liver MAO-
B at 25 °C. The concentration of the amine substrate was
held at least 10-fold higher than that of the enzyme to ensure
pseudo-first-order kinetic behavior during these experiments.
To compare the results of our computational study with these
experiments we calculated the first-order rate constants. Because
the experiments were performed at two different temperatures,
thermal corrections to Gibbs free energies were included in
thermodynamic calculations. The rate constants obtained at
10.9 °C were compared with the results of MAO-A and the ones

Table 4 Free energies of activation, AG*/kcal mol™' for the reactions of
p-substituted benzylamine derivatives with flavin, calculated from PM3
method*

p-Substituent t=109°C 1=25°C
N(CHs), 50.106 49.527
OH 49.804 50.155
OCH; 49.942 50.307
H 49.742 50.013
F 49.317 49.665
Cl 49.285 49.643
Br 49.439 49.808
I 49.279 49.639
CF; 48.821 49.121
NO, 48.106 48.553

“ AG* was calculated as the free energy of TS1—the free energy of the
reactant complex.

at 25 °C were compared with those of MAO-B. For the oxidation
of various p-substituted benzylamines, free energies of activation
used in the calculation of the rate constants are given in Table 4.
Calculated and the experimental rate constants, together with the
Hammett substituent parameters, o, are listed in Table 5.

The effect of the substituent electronic parameters on the rate
of flavin reduction has been examined. As it can be observed
from Table 4 and Table 5, electron-withdrawing substituents p-
NO, and p-CF;, decrease the free energy of activation by about
1-1.6 kcal mol' relative to benzylamine and thus enhance the
rate of a-C—H bond cleavage. The effect of the substituents has
been further investigated by comparing the Mulliken charges and
the bond distances of the critical atoms in the transition-state
structures. As we discussed above, a negative charge develops
at Cl4 in the transition state. In the optimized transition-
state structures for p-NO,- and p-CF;-benzylamines, the electron
density at Cl14 is higher (—0.752) than that for p-N(CH,),-,
p-OH-, and p-OCHj;-substituted ones (—0.734, —0.736, and
—0.736, respectively). Meanwhile, the positive charge on HI15
increases in p-NO,- and p-CF;-benzylamines (0.337 and 0.335,
respectively) relative to the charge in p-N(CH;),-, p-OH-, and
p-OCHj;-substituted ones (0.328, 0.329, and 0.329, respectively).
In parallel to this, the negative charge on flavin N5 increases
in p-NO,- (—0.227) and p-CF;- (—0.224) substituted substrates
relative to those that are p-N(CHj;),- (—0.212), p-OH- (—0.214),
and p-OCHj;- (—0.214) substituted. Thus, in p-NO,- and p-CF;-
benzylamines, the o-H exhibits more acidic character and the flavin
N5 is more basic, which facilitates the deprotonation step relative
to the electron-donating groups at the p-position. In addition,
the increase in reaction rate is governed with the stabilization of
the transition state for p-NO,- and p-CF;-benzylamines because
the developing negative charge at C14 is delocalized over the
benzene ring as a result of the electron-withdrawing effect of
the p-substituents. This situation has been observed from the
shortening of the C14-C17 bond distance as the substituent
electron-withdrawing character increases. For example, in the
transition-state structures of p-N(CH;),-, p-OH-, p-OCH;-, p-
H-, p-CF;- and p-NO,-benzylamines the C14-C17 distances are
1.465, 1.466, 1.466, 1.464, 1.460, and 1.457 A, respectively. In
relation with this, N11-C4a distances also decrease with electron-
withdrawing power of the substituent (1.740, 1.733, 1.736, 1.716,
1.659, and 1.636, respectively)

Table 5 Experimental and calculated rate constants (s™'), and electronic parameters of the substituents, o, for the reactions of the p-substituted

benzylamines with flavin, calculated from PM3 method

Experimental k.4 Calculated k4
p-Substituent G MAO-A Ref. 14 MAO-B Ref. 15 k*t=109°C kb t=25°C
N(CH;), —0.63 0.041 2.467 1.65 30.62
OH —0.38 0.057 1.950 2.81 10.61
OCH; —0.12 0.013 6.083 2.20 8.21
H 0.00 0.024 12.667 3.14 13.48
F 0.15 0.049 10.000 6.67 24.26
Cl 0.24 0.132 5.133 7.06 25.17
Br 0.26 0.195 2.050 5.37 19.06
I 0.28 0.313 — 7.14 25.34
CF, 0.53 0.668 0.1920 15.95 60.76
NO, 0.81 0.207 0.063 57.03 158.54

@ Calculated k x 1072, ® Calculated k x 107>
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Table 6 Statistical output of the correlation analysis shown in Fig. 5 and
Fig. 6

Case Equation r F* P N4
Fig.5 y=1.00x + 0.66 0.93 49.22 1.11 x 10~ 10
Fig.6 y=0.04x-009 093 4384 298 x 10~ 9

“Represents the correlation coefficient. * The F value is a statistical term
relating the residuals of each point to the fitted line to the residuals of each
line to the mean value. The higher the F value, the better the fit. < The
significance is calculated from the P value and represents the fractional
chance that the derived correlation is meaningless.  Represents the number
of data points used in the regression.

Linear regression analysis of log k as a function of substituent
parameter gave a good correlation (r = 0.93) with ¢ as shown
in Fig. 5. The statistical output of this analysis was tabulated
in Table 6. These results are in very good agreement with the
linear regression analysis of Miller and Edmondson' for the
substituent effect on MAO-A reduction rates. They reported a
correlation coefficient of 0.89 after excluding some anomalously
behaving substituents, such as OH, N(CH;),, NO,, and acetyl.
These substituents are unique in that they can serve as m-electron
donors or acceptors. Furthermore, these four anomalously be-
having benzylamine analogues also exhibit a correlation of flavin
reduction rates with o, yielding a correlation coefficient of 0.99.
Since very similar results have been obtained for the substituent
effect with the MAO-A reduction rates and with the theoretically
modeled polar mechanism, the mechanism of amine oxidation by
MAO-A seems to be in accordance with the polar nucleophilic
mechanism.
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Fig. 5 Plot of calculated log k versus Hammett substituent parameter, o.

We performed another linear regression analysis of the limiting
rate of flavin reduction in MAO-A, k.., with the calculated rate
constants of the theoretically modeled polar mechanism at 10.9 °C
(Fig. 6). A good correlation with r = 0.93 was obtained when the
data point belonging to p-NO,-benzylamine was excluded since
this point was observed as an outlier with the standardized residual
value of 2.66 in our statistical analysis. (Number of outliers lower
than 10% of the general data are classically accepted in the
literature as a threshold limit value for outliers’ extraction.) The
reason for NO, to be an outlier is that its experimental reduction
rate is much smaller (Table 5) than the expected value when strong
electron-withdrawing nature of this substituent is considered.
Therefore, this data point was excluded in the experimental QSAR
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Fig.6 Plot of calculated k versus the experimental rate of flavin reduction.

analysis as discussed in the previous paragraph. The statistical
significance of our correlation analysis is also given in Table 6. The
correlation between the experimentally derived rate constants with
those of the calculated ones is good enough to reveal that MAO-A
most probably operates with a polar nucleophilic mechanism.

We have attempted a similar regression analysis of the limiting
rate of flavin reduction in MAO-B, k., at 25 °C, with the calculated
rate constants of the theoretically modeled polar mechanism. Since
the two isozymic forms, MAO-A and MAO-B, are thought to
oxidize their substrates with the same mechanism, we expected
to get a similar correlation. To our surprise, we obtained a very
low correlation. This finding can be interpreted in two different
ways: (1) The mechanism of amine oxidation by MAO-A and
MAO-B may not be the same, and the function of MAO-B may
follow a different mechanism than the polar one, e.g.; the radical
mechanism. This proposal requires evidence, but Silverman, the
defender of the radical mechanism, used MAO-B and not MAO-
A in many of his published works. (2) If the two isozymic
enzymes operate with the same mechanism as expected, the lack
of correlation between MAO-B reduction rates and the calculated
values for the polar mechanism may be the result of insufficient
modeling of the steric constraints of the bound substrate in the
active site of MAO-B. Such steric constraints are known to be
dominating in MAO-B.**” One of our future goals is to investigate
this situation using a QM/MM type of modeling of MAO-B
catalysis.

2. DFT and ab initio calculations

In order to test PM3 results, the following calculations were
done sequentially: i. We calculated the activation energies for
the reactions of p-substituted benzylamines using single-point
B3LYP/6-31G* calculations on the PM3 optimized geometries,
in order to investigate the substituent effect. ii. Stationary points
on the PM3 energy surface were re-calculated by single-point
energies at the B3LYP/6-31G* and B3LYP/6-31 + G** levels.
iii. Geometry optimizations and IRC calculations were carried out
atthe B3LYP/6-31G* level to map out the potential energy surface
for the reaction of benzylamine with flavin. iv. The structure of
the adduct and TS2 were optimized at the HF/6-31G* level, and
the activation barrier was predicted.

Activation energies calculated by single-point energies at
the B3LYP/6-31G* level are given in Table 7. Although these
activation energies do not show a direct relationship with the
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Table 7 Total electronic energies and activation energies™?, au, obtained from single point B3LYP/6-31G*//PM3 calculations

Reactant complex TS

p-Substituent E, ZPE’ E, ZPE? AE* AE* + ZPE
N(CHs), —1215.034338 0.371913 —1214.930536 0.368377 0.103803 0.100267 (62.918)
OH —1156.289979 0.303795 —1156.185643 0.3015%4 0.104335 0.10214 (64.089)
OCH; —1195.595728 0.330230 —1195.492024 0.328186 0.103704 0.101660 (63.792)
H —1081.080193 0.299184 —1080.971379 0.296352 0.108814 0.10592 (66.503)
F —1180.308226 0.291568 —1180.203172 0.289598 0.105055 0.103085 (64.686)
Cl —1540.668902 0.289112 —1540.564573 0.287167 0.104328 0.102383 (64.246)
Br —3652.177670 0.288719 —3652.073195 0.286779 0.104475 0.102535 (64.341)
CF; —1418.102020 0.305713 —1418.006643 0.303535 0.095377 0.093199 (58.482)
NO, —1285.560269 0.301861 —1285.471322 0.300548 0.088946 0.088933 (55.806)

#Unit in parenthesis is kcal mol~'. ® ZPE values obtained from PM3 harmonic vibrations were used.

electronic nature of the p-substituent (because geometries were 9

not optimized), there is an apparent reduction in the activation é5
energies of p-NO, and p-CF; susbtituted benzylamines. This result B
is in agreement with the predictions of PM3.

The potential energy surface obtained from single-point energy
calculations at the B3LYP/6-31G* and B3LYP/6-314+G** levels
on PM3 geometries is given in Fig. 7. Both calculations produced
very similar results. The striking feature of these surfaces is
that the adduct is extremely unstable and there is no barrier
for the dissociation of the adduct. To investigate this feature in

. .. Product conplex
detail, we fully optimized the geometry of TS1 at the B3LYP/6- -
31G* level. Reactant and product complexes were obtained
upon optimizing the identified structures from IRC calculations.

The calculated B3LYP/6-31G* potential energy surface and the
optimized geometries are shown in Fig. 8 and 9, respectively. Ca 4 >3 0‘3‘0‘3 )
]
E+P J /J O-'J
108634 J
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20 A ﬁg .:;303) Fig. 8 3-D view of the B3LYP/6-31G* optimized structures; reactant

10 4 (18 complex, transition state, and product complex.

0
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204 (-7.985) 104 630
Fig. 7 Calculated potential energy surface with the single-point 35 1
B3LYP/6-31G*//PM3 and B3LYP/6-31+G**/PM3 (in parentheses) 30 1
methods. Energies include ZPE corrections calculated from PM3. E + 25 1
S represents flavin (FAD) + benzylamine; RC represents the reactant 20 1
complex; PC represents product complex; E + P represents flavin anion 15 1
(FAD ~) + benzyl immonium cation. 10 1

5 -
D -

Overall, the potential energy surface resembles the PM3 surface -5 3747

with the exception that no minimum corresponding to the adduct -10 -

was located at B3LYP/6-31G* level. All our attempts to optimize
an adduct structure have failed. It seems that this is related
with the nature of the transition state because the N11-C4a

Fig. 9 Calculated potential energy surface at the B3LYP/6-31G* level.
Energies include ZPE corrections and are relative to E + S. E + S represents
flavin (FAD) + benzylamine; RC represents the reactant complex; PC

distance is much longer (by 1.1 A) than the distance in the PM3
transition state and the forming N5-H15 bond is 0.3 A shorter

represents product complex; E + P represents flavin anion (FAD ~) +
benzyl immonium cation.
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Table 8 Selected geometrical parameters of the optimized structures for the polar reaction of benzylamine with flavin, calculated at B3LYP/6-31G*

level
Amine FAD Iminium ion FAD~ Reactant complex TS Product complex

Distances/A
NI1-Cl10a 1.372 1.335 1.370 1.312 1.319
Cl0a-C4a 1.466 1.382 1.465 1.435 1.406
C4a—N5 1.298 1.429 1.297 1.361 1.414
N5-H15 1.014 3.035 1.182 1.018
H15-C14 1.096 1.099 1.491 2.647
Cl14-N11 1.474 1.309 1.465 1.384 1.329
NI11-C4a 3.131 2.804 2.894
Cl14-C17 1.519 1.425 1.519 1.460 1.446
Bond angles/°
C4a-N5-C5a 119.0 118.3 118.9 117.5 117.5
C4a-N5-H15 94.4 109.3 110.7
N5-C4a-N11 96.4 82.9 75.2
N5-H15-C14 126.1 154.2 65.9
H15-C14-N11 107.3 106.8 100.6 99.2
Cl14-N11-C4a 106.3 88.6 84.5
H16-C14-N11 107.3 114.8 113.6 114.9 114.9
Dihedral angles/°
C6-C5a-N5-C4a 180.0 159.4 179.8 176.9 162.9
CS5a-N5-C4a—C4 180.0 —155.0 179.3 —175.8 —161.4
C5a-N5-H15-C14 —131.8 —934 —119.4
N5-H15-C14-N11 —-17.7 -27.0 —83.6
N5-H15-C14-C17 104.5 98.6 54.0
H15-C14-C17-C18 32.7 -97.8 —87.6 —106.6
N5-C4a-N11-Cl14 —373 7.7 —10.2
C4a-N11-Cl14-H15 25.0 1.1 28.4
H16-C14-C17-C18 0.0 —33.6 172.3 —178.8

than the breaking H15-C14 bond (Table 8). The remaining
characteristics of the transition state resemble closely the first
transition state of the PM3 surface. Imaginary frequencies are
17821 and 1054i cm™' for PM3 and B3LYP/6-31G*, respectively.
The atoms, which contribute to the imaginary harmonic frequency,
are the same in each transition structure. The geometrical change
at C14 and N11 from a tetrahedral to a nearly planar structure
accompanies the bond-formation and bond-cleavage, indicating
the delocalization of the negative charge. This is observed in
both transition structures, but is more pronounced in the TS of
B3LYP/6-31G*. Thus, the transition state on the B3LYP/6-31G*
surface corresponds to the first transition state on the PM3 surface,
but it is a later TS, since H15 is closer to N5 in comparison to the
case in the TS1 of the PM3 surface. Analogously, charge transfer
from benzylamine to flavin is 0.26e more than the transfer in the
first step of PM3 (Tables 2 and 9). However, it is 0.25¢ less than the
overall charge transfer in PM3 because N11 is not as close to C4a
asin the TS1 of the PM3 surface. It is expected that a shorter N11—
C4a distance will enhance the charge transfer from amine N11 to
C4a of the flavin and favor the formation of an adduct as well.
A strong electron-withdrawing group should decrease N11-C4a
distance as observed from PM3 calculations. For example, when
a formyl group was replaced by the phenyl ring of benzylamine,
N11-C4adistance in TS predicted by B3LYP/6-31G* calculations
has decreased to 2.61 A because of the relatively small size of the
formyl group and its electron-withdrawing character.

Zheng and Bruice*¢ investigated the dehalogenation mech-
anism of 4-chlorobenzoyl CoA by 4-chlorobenzoyl CoA de-
halogenase by modeling the nonenzymatic nucleophilic aro-
matic substitution (SyAr) reaction between 4-Cl-Ph-CO-SCH,;
and CH;COO~. Similar to our case, they could not locate a
Meisenheimer intermediate (o-complex) on the HF/6-31G* and

Table 9 Mulliken charges for selected atoms calculated from B3LYP/6-
31G* optimization

Reactant Product
Atoms Complex TS Complex
N1 —0.589 —0.597 —0.603
C2 0.706 0.691 0.682
N3 —0.683 —0.685 —0.683
Cc4 0.642 0.596 0.550
Cda 0.230 0.212 0.178
N5 —0.533 —0.678 —0.768
C5a 0.249 0.281 0.324
C6 —0.156 —0.168 —0.198
C7 —0.136 —0.135 —0.139
C8 —0.128 —0.131 —0.134
C9 —0.180 —0.191 -0.197
C9a 0.404 0.395 0.366
N10 —0.758 —0.781 —0.772
Cl0a 0.584 0.556 0.514
NI11 —0.751 —0.683 —0.683
HI12 0.307 0.344 0.364
H13 0.329 0.369 0.400
Cl4 —0.203 —0.221 0.053
H15 0.162 0.315 0.348
H16 0.132 0.197 0.178
C17 0.139 0.203 0.186
C18 —0.189 —0.188 —0.183
C19 —0.137 —0.128 —0.125
C20 —0.131 —0.130 —0.122
C21 —0.130 —0.122 —0.127
C22 —0.181 —0.193 —0.175
Total flavin ring —0.010 —0.443 (—0.128)" —0.483

“Charge of H15 was included.

B3LYP/6-3114+G** surfaces. However, a very shallow minimum
corresponding to a Meisenheimer intermediate was located on the
PM3 surface. They suggested that the Meisenheimer intermediate
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could become much more stable in the active site where the nega-
tive charge in the Meisenheimer intermediate could be effectively
stabilized by the amide hydrogens of Phe64 and Gly114. Indeed,
Xu et al,* found a metastable Meisenheimer intermediate
stabilized by hydrogen bonds with the expected amide hydrogens,
in a QM/MM study calculated at the PM3/CHARMM level.
In addition, Dong et al.%® were able to obtain a stable Meisen-
heimer intermediate in HF and DFT optimizations with electron-
withdrawing fluoro/nitro-substituents. These results indicated
that the PM3 method was more accurate relative to DFT results
for such SyAr reactions. The nucleophilic addition reaction that
we study is quite similar to the SyAr reaction discussed above in
the way that a negative charge develops at the transition state and
in the adduct. Thus, it seems that PM3 results mimic the overall
reaction path better than DFT calculations.

In order to check the existence of an adduct at a different level of
theory, especially when diffuse functions are included in the basis
set, we employed HF/6-31G* and HF/6-31++G* optimizations.
Indeed, both levels found adduct structures which are very similar
in geometry, having the critical N11-C4a and C14-N11 bond
lengths as 1.52 A and 1.53 A, respectively, with some distortions
in the flavin ring. However, this adduct is quite unstable and it
dissociates very easily to give the reduced flavin and immonium
cation. We were also able to locate a transition structure for the
elimination step at the HF/6-31G* level. The dissociation barrier
is extremely low; 1.92 and 3.14 kcal mol™' with and without ZPE
correction, respectively. The PM3 prediction (2.69 kcal mol™") for
the same barrier is in perfect agreement with the HF/6-31G* level.

Since the first step is the rate-determining step with a high
activation energy, the reaction rate depends on the stability of the
adduct. Although such an intermediate is very unstable according
to the gas phase calculations, it is likely that it may become much
more stable in the active site where the charge in the adduct can be
effectively stabilized by the favorable interactions supplied by the
amino acid residues or backbones. Besides, the structure of the
flavin ring in MAO is bent approximately 30° from planarity,™
whereas the aromatic isoalloxazine ring of free flavin is planar. Bent
flavin in MAO is expected to facilitate the formation of the C4a
adduct since such a flavin structure would diminish the repulsions
of the approaching substrate.

Energies related to the optimized structures on the B3LYP/6-
31G* surface (Fig. 9) are given in Table 10. Except for the
absence of an intermediate, the remaining features resemble
closely the PM3 surface (Fig. 4). Both PM3 and B3LYP/6-31G*
calculations predict an endothermic reaction with AE values of
12.6 and 15.8 kcal mol™!, respectively. The energy barrier predicted
by B3LYP/6-31G* calculations is about 20 kcal mol™' lower
than the initial barrier calculated by the PM3 method. PM3
probably overestimated this barrier, since semiempirical methods
give artificially large activation energies, especially for proton
transfers.*<#%56 The gas-phase activation barrier (22 kcal mol')
calculated at B3LYP/6-31G* level reveals that such a reaction
can occur under normal conditions. However, it is likely that the
same reaction can take place much faster in the enzyme active
site. The MAO substrate cavity has the shape of an elongated disc
perpendicular to the flavin ring. The amino acid residues lining the
substrate cavity are mostly aromatic and aliphatic, which provides
a hydrophobic environment. The more polar area where the amine
would preferentially bind is the area of the cavity that is near the

Table 10 Total electronic energies (E,), activation energy (AE*), reaction
energy (AE), and binding energy (AE,) in atomic units* including zero
point vibrational energy (ZPE) corrections, calculated from B3LYP/6-
31G* optimization

Ey E, +ZPE
Flavin,FAD, (E) —754.167069 —754.010113
Benzylamine (S) —326.906415 —326.759766
Flavin anion, FAD~ —754.831936 —754.665479
Benzyl immonium (P) —326.074382 —325.937659

Reactant complex (RC) —1081.080596 —1080.775851

Transition state (TS) —1081.034233 —1080.734516

Product complex (PC) —1081.054902 —1080.749779

AE* (Ers; — Eg.s) 0.039250 0.035363
(24.629) (22.190)

AE (Epoduet complex — Ee+s5) 0.018582 0.020101
(11.660) (12.613)

Ey (Eg.s — Ercactant complex) 0.007112 0.005971
(4.463) (3.747)

* Unit in parenthesis is kcal mol~'.

flavin site. This situation would position the amine substrate in a
productive binding orientation for catalytic oxidation. There are
two tyrosyl residues that are approximately perpendicular to the
flavin and parallel to one another and function as an “aromatic
cage” at the active site.* The amine group of the substrate must
approach the flavin through this path. The catalytic significance
of the aromatic cage is still not completely understood. According
to Edmondson ez al.,** one possible function of this aromatic
cage is to orient the amine substrate to the flavin. The aromatic
cage may also enhance the nucleophilicity of the amine functional
group, hence increasing the reactivity of amine towards flavin.
This possibility is under theoretical investigation by our group.
Besides, n-stacking interactions with the aromatic side-chains may
be important if the substrate involves an aromatic ring, such as in
benzylamine. For the p-substituted benzylamine substrates used in
this work, the influence of the enzyme active site discussed above
is likely to be similar for all substrates since they differ from one
another only at the para position.

Conclusion

PM3 calculations for the polar nucleophilic mechanism show that
electron-withdrawing groups at the para position of benzylamine
increase the reaction rate. A good correlation was obtained
between the log of calculated rate constants and the electronic
parameter (o) of the substituent. These results agree with the
previous kinetic experiments on the effect of p-substituents on
the reduction of MAO-A by benzylamine analogs, which has a
p value of +2. In addition, our calculated rate constants for the
polar nucleophilic mechanism showed a correlation with the rate
of flavin reduction in MAO-A but no correlation with that in
MAO-B. These theoretical findings support the proposed polar
nucleophilic mechanism for MAO-A. It is expected that this
conclusion is correct because it does not rely on quantitative
accuracy. The correlation with experimental data also indicates
the performance of PM3 for this type of reaction. On the other
hand, the reason for the lack of correlation between theory and
experiment for the MAO-B data may be the lack of consideration
of steric constraints on the orientation of the aromatic ring of the
substrate exerted by the side groups at the active site. The fact that
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these steric factors may be dominant over electronic factors for
MAO-B catalysis is suggested by available structural data.>*

We have also checked the performance of PM3 on the same
reaction. Test calculations using DFT and ab initio theories
produced results that were in agreement with the PM3 results,
indicating that PM3 could be used to investigate this kind
of reaction in the active site of enzymes. The only significant
difference is that the intermediate is more stable on the PM3
potential energy surface. It is possible that the intermediate can
become more stable in the active site.

Nonexistence of an intermediate on the B3LYP/6-31G* energy
surface implies that adduct formation and dissociation may
occur in the same step, accompanying proton transfer. Thus,
nucleophilic addition, elimination, and proton transfer take place
in an asynchronous, concerted fashion. However, it may also imply
that electron transfer from benzylamine to flavin might take place
without formation and successive cleavage of the N11-C4a bond.
If this is the case, an asynchronous concerted SET mechanism
proposed by Silverman (Fig. 2) may also be operating. Further
work is required to distinguish between these two possibilities.

Acknowledgements

This work was supported by the Marmara University Sci-
entific Research Projects Commission (BAPKO), project no:
FEN.YY.032/032/140604. The authors thank Professor D. E. Ed-
mondson, Emory University, Atlanta, for valuable discussions
during the course of this work. We are also grateful to Profes-
sor M. T. Sacan, Bogazi¢i University, Istanbul, and Mehmet Ali
Akyiiz for their help in preparing this manuscript.

References

1 X. Lu, M. Rodrigues, W. Gu and R. B. Silverman, Bioorg. Med. Chem.,
2003, 11, 4423.

2 J. L. Ives, Heym and J. Annu, Rep. Med. Chem., 1989, 24, 21.

3 V. W. Tetrud and J. W. Langston, Science, 1989, 245, 519.

4 R. B. Silverman, Acc. Chem. Res., 1995, 28, 335 and the references
therein.

5 R. Sduremmo, S. Lahger, J. Perez and G. Racagani, Depression, 1995,
2,119.

6 W. E. Haeley, W. P. Burkard, A. M. Cesura, R. Kettler, H. P. Lorez,
J. R. Martin, J. G. Richards, R. Scherschilicht and M. Da Prada,
Psychopharmacology ( Berlin), 1992, 106, 6.

7 A. M. Caesura and A. Fletcher, Prog. Drug. Res., 1992, 38, 171.

8 C. Binda, P. Newton-Vinson, F. Hubalek, D. E. Edmondson and A.
Mattevi, Nat. Struct. Biol., 2002, 9, 22.

9 (a) R. B. Silverman, in Advances in Electron Transfer Chemistry, ed.
P. S. Mariano, JAI Press Inc., Greenwich, 1992, vol. 2, p. 177; (b) N. S.
Scrutton, Nat. Prod. Rep., 2004, 21, 722.

10 (a) Z. C. Ding, X. Lu, K. Nishimure and R. B. Silverman, J Med.
Chem., 1993, 36, 1711; (b) S. E. J. Rigby, R. M. G. Hynson, R. R.
Ramsay, A. W. Munro and N. S. Scrutton, J. Biol. Chem., 2005, 280,
4627.

11 J. R. Miller, D. E. Edmondson and C. B. Grissom, J. Am. Chem. Soc.,
1995, 117, 7830.

12 (a) X. Lu, M. Rodriguez, H. Ji, R. B. Silverman, A. P. B. Vintem and
R. R. Ramsay, in Flavins and Flavoproteins 2002, ed. S. Chapman,
R. Perham and N. Scrutton, Rudolf Weber Agency for Scientific
Publications, Berlin, 2002, p. 817; (b) A. P. B. Vintem, N. T. Price,
R. B. Silverman and R. R. Ramsay, Bioorg. Med. Chem., 2005, 13,
3487.

13 (a) C. Binda, F. Hubalek, M. Li, D. E. Edmondson and A. Mattevi,
FEBS Lett.., 2004, 1; (b) J. Ma, M. Yoshimura, E. Yamashita, A.
Nakagawa, A. Ito and T. Tsukihara, J. Mol. Biol., 2004, 338, 103.

14 J. R. Miller and D. E. Edmondson, Biochemistry, 1999, 38, 13670.

15 M. C. Walker and D. E. Edmondson, Biochemistry, 1994, 33, 7088.

16 P. Newton-Vinson and D. E. Edmondson, in Flavins & Flavoproteins,
ed. S. Ghisla, P. Kroneck, P. Macheroux and H. Sund, Agency for
Scientific Publications, Germany, 1999, p. 431.

17 C. Franot, S. Mabic and N. Castagnoli, Jr., Bioorg. Med. Chem., 1997,
5,1519.

18 D. E. Edmondson, A. K. Bhattacharyya and M. C. Walker, Biochem-
istry, 1993, 32, 5196.

19 R. R. Ramsay and D. J. B. Hunter, Biochim. Biophys. Acta, 2002, 1601,
178.

20 D. J. Mitchell, D. Nikolic, R. B. Van Breemen and R. B. Silverman,
Bioorg. Med. Chem. Lett., 2001, 11, 1757.

21 J. R. Miller and D. E. Edmondson, J. Am. Chem. Soc., 1995, 117, 7830.

22 X. Lu, M. Rodriguez, W. Gu and R. B. Silverman, Bioorg. Med. Chem.,
2003, 11, 4423.

23 R. K. Nandigima, P. Newton-Vinson and D. E. Edmondson, Biochem.
Pharmacol., 2002, 63, 865.

24 K. Yelekci, X. Lu and R. B. Silverman, J. Am. Chem. Soc., 1989, 111,
1138.

25 V.J. DeRose, J. C. G. Woo, W. P. Hawe, B. M. Hoffman, R. B. Silverman
and K. Yelekci, Biochemistry, 1996, 35, 11085.

26 K. A. Van Houten, J-M. Kim, M. A. Bogdan, D. C. Ferri and P. S.
Mariano, J. Am. Chem. Soc., 1998, 120, 5864.

27 R. B. Silverman, J. M. Cesarone and X. Lu, J Am. Chem. Soc., 1993,
115, 4955.

28 R. B. Silverman and Y. Zelechonok, J. Org. Chem., 1992, 57, 6373.

29 R. B. Silverman, X. Lu, J. J. P. Zhou and A. Swihart, J. Am. Chem.
Soc., 1994, 116, 11590.

30 R. B. Silverman, C. Z. Ding, J. L. Borillo and J. T. Chang, J. Am. Chem.
Soc., 1993, 115, 2982.

31 R. B. Silverman, J. J. P. Zhou, C. Z. Ding and X. Lu, J. Am. Chem.
Soc., 1995, 117, 12895.

32 R. B. Silverman and X. Lu, J Am. Chem. Soc., 1994, 116, 4129.

33 X. Wang and R. B. Silverman, J. Org. Chem., 1998, 63, 7357.

34 C. Z. Ding and R. B. Silverman, J. Enzyme Inhib., 1992, 6, 223.

35 K. Nishimura, X. Lu and R. B. Silverman, J Med. Chem., 1993, 36,
446.

36 C. Z. Ding, X. Lu, K. Nishimura and R. B. Silverman, J. Med Chem.,
1993, 36, 1711.

37 R. B. Silverman, K. Nishimura and X. Lu, J Am. Chem. Soc., 1993,
115, 4949.

38 R. B. Silverman, J. P. Zhou and P. E. Eaton, J. Am. Chem. Soc., 1993,
115, 8841.

39 R. B. Silverman and C. Z. Ding, J. Am. Chem. Soc., 1993, 115, 4571.

40 C. Z. Ding and R. B. Silverman, J. Med. Chem., 1993, 36, 3606.

41 (a) D. E. Edmondson, A. K. Bhattacharrya and J. Xu, Biochim. Biophys.
Acta, 2000, 1479, 52; (b) R. K. Nandigama and D. E. Edmondson,
Biochemistry, 2000, 39, 15258.

42 (a) M. Martin, F. Sanz, M. Campillo, L. Pardo, J. Perez and J. Turmo,
Int. J. Quantum Chem., 1983, 23, 1627; (b) M. Martin, F. Sanz, M.
Campillo, L. Pardo, J. Perez and J. Turmo, Int. J. Quantum Chem.,
1983, 23, 1643.

43 (a) R. B. Silverman and W. P. Hawe, J. Enzyme Inhib., 1995, 9, 203;
(b) M.-J. Huang, D. Doerge, N. Bodor, E. Pop and M. E. Brewster,
Int. J. Quantum Chem., Quantum Biol. Symp., 1995, 22, 171.

44 (a) S. S. Erdem and K. Yelekci, J. Mol. Struct.( Theochem), 2001, 572,
97; (b) S. L. Palmer, S. Mabic and N. Castagnoli, Jr., J. Med. Chem.,
1997, 40, 1982; (¢) D. M. Gasparro, D. R. P. Almeida, L. F. Pisterzi,
J. R. Juhasz, B. Viskolcz, B. Penke and I. G. Csizmadia, J. Mol. Struct.
( Theochem), 2003, 666—667, 527.

45 J.J. P. Stewart, J. Comput. Chem., 1989, 10, 209.

46 (a) D. Xu, Y. Wei, J. Wu, D. Dunaway-Mariano, H. Guo, Q. Cui and
J. Gao, J. Am. Chem. Soc., 2004, 126, 13649; (b) L. S. Devi-Kesavan,
M. Garcia-Viloca and J. Gao, Theor. Chim. Acta., 2003, 109, 133;
(¢) M. D. Toney, Biochemistry, 2001, 40, 1378; (d) B. Mattheus de
Roode, H. Zuilhof, M. C. R. Franssen, A. van der Padt and A. de
Groot, J. Chem. Soc., Perkin Trans. 2, 2000, 2217; (e) J. R. Alvarez-
Idaboy, R. Gonzalez-Jonte, A. Hernandez-Laguna and Y. G. Smeyers,
J. Mol. Struct. (Theochem), 2000, 504, 13; (f) J. Andres, V. S. Safont,
J. B. L. Martins, A. Beltran and V. Moliner, J. Mol. Struct. ( Theochem),
1995, 330, 411; (g) Y. Zheng and T. C. Bruice, J. Am. Chem. Soc., 1997,
119, 3868.

47 (a) L. Ridder, A. J. Mulholland, I. M. C. M. Rietjens and J. Vervoort,
J. Am. Chem. Soc., 2000, 122, 8728; (b) L. Ridder, A. J. Mulholland, J.
Vervoort and I. M. C. M. Rietjens, J. Am. Chem. Soc., 1998, 120, 7641;
(¢) M. Meyer, G. Wohlfahrt, J. Knablein and D. Schomburg, J. Comput.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 646-658 | 657





Aided Mol. Des., 1998, 12, 425; (d) J. Andres, V. Moliner, V. S. Safont,
L. R. Domingo and M. T. Picher, J. Org., Chem., 1996, 61, 7777.

48 J. 1. P. Stewart, in Reviews in Computational Chemistry, vol. 1, ed.
K. B. Lipkowitz and B. Boyd, VCH, New York, 1996, p. 45.

49 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.
Head-Gordon, E. S. Replogle and J. A. Pople, Gaussian, Inc., Pittsburgh
PA, 1998.

50 D. Becke, J. Chem. Phys., 1993, 98, 5648.

51 (a) C. Gonzalez and H. B. Schlegel, J. Chem. Phys., 1989, 90, 2154;
(b) C. Gonzalez and H. B. Schlegel, J. Phys. Chem., 1990, 94, 5523.

52 J. W. Ochterski, http://www.gaussian.com/g_whitepap/thermo.htm.

53 Y. J. Zeng and R. L. Ornstein, J. Am. Chem. Soc., 1996, 9402.

54 (a) N. S. Scrutton, Nat. Prod. Rep., 2004, 21, 722; (b) C. Binda, M. Li,
F. Hubalek, N. Restelli, D. E. Edmondson and A. Mattevi, Proc. Natl.
Acad. Sci. USA, 2003, 100, 9750; (c¢) D. E. Edmondson, A. Mattevi, C.
Binda, M. Li and F. Hubalek, Curr. Med. Chem., 2004, 11, 1983.

55 W.1. Hehre, J. Yu, P. E. Klunzinger and L. Lou, 4 Brief Guide to Molec-
ular Mechanics and Quantum Chemical Calculations, Wavefunction, US,
1998, p. 77.

56 B. Kallies and R. Mitzner, J. Mol. Model, 1995, 1, 68.

57 D. E. Edmondson, C. Binda and A. Mattevi, NeuroToxicology, 2004,
25, 63.

58 J. Dong, P.R. Carey, Y. Wei, L. Luo, X. Lu, R.-Q. Liu and D. Dunaway-
Mariano, Biochemistry, 2002, 41, 7453.

658 | Org. Biomol. Chem., 2006, 4, 646-658

This journal is © The Royal Society of Chemistry 2006






PAPER

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

RNA binding and thiolytic stability of a quinoline-containing

helix-threading peptide

Malathy Krishnamurthy, Barry D. Gooch and Peter A. Beal*

Received (in Pittsburgh, PA, USA) 28th September 2005, Accepted 22nd December 2005

First published as an Advance Article on the web 24th January 2006
DOI: 10.1039/b513591e

Helix-threading peptides (HTPs) bind selectively to sites predisposed to intercalation in folded RNA
molecules placing peptide functional groups into the dissimilar grooves of the duplex. Here we report
the design and synthesis of new HTPs with quinoline as the intercalation domain. A
quinoline-containing HTP is shown to bind selectively to duplex RNA binding sites. Furthermore, the
affinity cleavage pattern generated using an EDTA-Fe modified derivative is consistent with minor
groove localization of its N-terminus. This compound binds base-pair steps flanked by single nucleotide
bulges on the 3’ side on both strands, whereas bulges on the 5 side of the intercalation site do not
support binding. Furthermore, unlike acridine HTPs, the quinoline compound is resistant to thiolytic
degradation that leads to loss of RNA-binding activity. The RNA-binding selectivity and stability
observed for quinoline-containing HTPs make them excellent candidates for further development as

regulators of intracellular RNA function.

Introduction

The design and synthesis of new RNA-binding small molecules
with the ability to discriminate target over other nucleic acids
inside living cells is an important step in the development of
new therapeutics.! However, while it is clear that n-stacking and
charge—charge interactions are key forces that drive the binding of
small molecules to RNA, balancing these forces and combining
them with directional hydrogen bonding and/or van der Waals
contacts to achieve selective binding to predetermined RNA
targets is a challenging task.? Our laboratory has developed helix-
threading peptides (HTPs) that target duplex RNA structures
selectively by threading intercalation.*® These compounds bind
to sites predisposed to intercalation in folded RNA molecules
and project peptide functional groups into the dissimilar RNA
duplex grooves. Manipulation of recognition elements present
in the groove-localized domains influences the affinity of these
compounds for RNA targets. Our original HTP design used 9-
anilinoacridines in the intercalation domains.>**! However, the
ability of the fused, three-ring acridine system to engage in m-
stacking at off-target sites and the lability of the (acridine C9)—
(aniline N) bond under biologically relevant conditions led us to
investigate alternative intercalation domains for HTPs.> Here we
describe a new HTP design that uses quinoline for intercalation. A
high yielding synthesis to a new quinoline amino acid is reported
along with RNA-binding properties and stabilities of quinoline-
containing HTPs.

Results and discussion

Although acridine HTPs and 2-phenylquinoline HTPs have
demonstrated promising selectivity in RNA binding experiments,

Department of Chemistry, University of Utah, 315 South 1400 East,
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Fax: +1801 581 8433; Tel: +1 801 585 9719

we questioned whether the three-ring intercalator (fused or
appended) was necessary or if a two-ring system would be sufficient
for supporting threading into duplex RNA.® This design would
have the advantage of reducing nonselective binding by partial
intercalation at off-target sites. In an effort to prepare HTPs with
such a “minimal” intercalation domain,® we generated an Alloc-
protected 4-,8-disubstituted quinoline amino acid (Scheme 1).
Initially, Meldrum’s acid was condensed with methyl anthranilate
and ethyl orthoformate to yield 1.7 Thermal cyclization of 1
generated 2 in excellent yield.* This compound was brominated
at the 4-position to give 3 and substituted with an Alloc-protected
diamine to yield fully protected amino acid 4. Saponification of
the methyl ester provided amino acid 5 ready for solid phase
synthesis. This amino acid was used to generate the peptide
AbuSVQuinR (6), where Abu refers to aminobutyric acid and
Quin is the 4-(4-methylaminoanilino)-quinoline-8-carboxylic acid
(Fig. 1). Importantly, ribonuclease V1 footprinting indicated
that 6 binds an HTP-binding RNA (RNA A) at the site oc-
cupied by other related peptides with a K, = 3.3 £ 1.8 uM
(Fig. 2).5° Thus, selective binding is maintained with a two-ring
threading intercalator, albeit at a reduced affinity compared to
acridine (Kp = 21 nM)° or 2-phenylquinoline (K, = 200 nM)?
derivatives.

The experiments discussed above indicated that a quinoline-
containing HTP could be prepared that selectively binds RNA at
a site predisposed to intercalation. However, the groove location
of the termini could not be determined from the footprinting
data alone. For the HTP SVAcrR, where Acr is our 9-(4'-
methylaminoanilino)-acridine-4-carboxylic acid, the N-terminus
lies in the minor groove and the C-terminus in the major
groove at the binding site in RNA A.* This binding polarity is
maintained for a different acridine HTP that binds a bacterial
ribosomal RNA target.” We addressed the issue of binding
polarity for the quinoline HTP by preparing EDTA-Fe-SV QuinR
(8) and using the affinity cleaving method to evaluate binding
on RNA A.*" The results were compared to those generated with
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Fig. 2 Quantitative ribonuclease V1 footprinting analysis of HTP 6
binding to RNA A. (Left) Autoradiogram of polyacrylamide gel used
to resolve footprinting reactions. Lane C: RNA alone, Lane OH: alkaline
hydrolysis products, Lane T1: ribonuclease T1 products (G lane), Lanes
1-13: ribonuclease V1 products. Lane 1: No compound, Lanes 2-13:
Two-fold increase of HTP 6 starting from 150 nM to a maximum of
300 uM. (Right) Secondary structure of RNA A with footprint of HTP 6
indicated.

EDTA-Fe-SVAcrR (9) (Fig. 3). Importantly, the cleavage patterns
generated by these EDTA-Fe derivatives are nearly identical,
although the concentrations necessary for efficient cleavage differ.

COHT1(9)(8

SO OCOO0
ccr00Q

-0

Fig. 3 Affinity cleavage of RNA A with HTPs 8 and 9. (Left) Autora-
diogram of polyacrylamide gel used to resolve affinity cleavage reactions.
Lane C: RNA alone, Lane OH: alkaline hydrolysis products, Lane T1:
ribonuclease T1 products (G lane), Lane (9); 10uM HTP9, Lane (8): 75 uM
HTP 8. (Right) Secondary structure of RNA A with cleaved nucleotides
indicated by bars of varying lengths.

The similarity in cleavage patterns generated by 8 and 9 suggests
that the change in intercalation domain from acridine to quinoline
does not change the preferred binding polarity of the peptide with
this RNA.

HTPs bind to sites in RNA predisposed to intercalation. The
structural features that generate these intercalation “hot spots™ in
RNA continue to be defined.*'>!3 For instance, we know that these
sites consist of base paired steps adjacent to helix defects, such as
bulges or internal loops.**'>!* However, how the defects allow the
RNA to support HTP binding is not known. We have observed,
as have others, that a bulge to the 3'-side of an intercalation site
in duplex RNA facilitates binding of an intercalator.**'* Further-
more, we have shown that bulges on both strands to the 3’ side of
an intercalation site are essential for HTP binding.* On the other
hand, the extent to which HTP binding would be supported by
bulges on the 5’ side of an intercalation site had not been evaluated.
To address this issue, we used quinoline peptide 8 to assess HTP
binding to two RNAs that differ in the positioning of bulges with
respect to a potential intercalation site. We had shown previously
that RNA B, which has bulges on both strands flanking a 5'-
CpG-3' intercalation site, supports binding of 9.* Indeed, selective
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binding is also observed for quinoline HTP 8 and this RNA
(Fig. 4). However, no selective cleavage pattern is observed with 8
and RNA C, which has bulges flanking the intercalation site on
the 5’ sides (Fig. 4). In addition, no selective HTP binding could be
observed on RNA C using ribonuclease V1 footprinting (data not
shown). Thus, not only is the quinoline HTP selective for a duplex
with bulges, but it requires the bulged nucleotides to be properly
positioned with respect to the intercalation site. These results
underscore the ability of this class of compounds to selectively
target certain RNA motifs over others of similar structure.
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Fig.4 Selective HTP binding requires 3’ bulges flanking the intercalation
site. (A) Affinity cleavage of RNA B with HTP 8. The secondary structure
of the RNA is shown with cleaved nucleotides indicated by bars whose
lengths correspond to cleavage efficiency. (B) Affinity cleavage of RNA C
with HTP 8. Lane C: RNA alone, Lane OH: alkaline hydrolysis products,
Lane T1: ribonuclease T1 products (G lane), Lane (8); 75 uM HTP 8.

Analysis of structural data available from various RNA du-
plexes provides some insight into a possible source of this
selectivity.’ Considering a two base pair intercalation site in a
canonical A-form RNA duplex, the nucleotide to the 3'-side on
each strand stacks effectively above and below these base pairs.
Alternatively, the nucleotides on each strand 5’ to the intercalation
site stack onto these base pairs less extensively. The differential
stacking of dangling bases located on either the 5 or 3’ side of a
terminal base pair in an A-form helix has also been used to explain
why 3’ dangling nucleotides are much more effective at stabilizing
duplex RNA than are 5 dangling nucleotides.” It follows that
bulges on the 3’ side of an intercalation site would disrupt the
favorable stacking that stabilize the base pairs of the intercalation
site to a greater degree than would bulged nucleotides to the 5’ side.
This analysis is supported by structural data from an RNA duplex
with two uridine bulges flanking a central 5~CpG-3' step on the &’
side in each strand.'® This structure shows minimal disruption in
the stacking above and below the CpG. However, considering the
base pairs on the opposite sides of the bulges (where the bulge is 3’
to the base pair), base stacking is substantially altered. Therefore,
conformational changes necessary for threading intercalation to

occur, including breaking the stack at the intercalation site and
base pair opening, would be facilitated more effectively by 3’ bulges
than 5 bulges.

When considering the utility of a small molecule design for
controlling RNA function in vivo, one must also consider the
stability of the compound in living cells in addition to its
RNA-binding properties. Our original HTP design made use of
9-anilinoacridines.®>**!* However, 9-anilinoacridines are known
to decompose in the presence of millimolar concentrations of
thiols."””® Indeed, this degradation pathway may have limited
the development of certain acridine-based drug candidates.”
Therefore, acridine-containing HTPs may not have the stability
necessary for in vivo or tissue culture applications. To evaluate
the stability of these compounds directly, we incubated the
HTP AbuSVAcrR (7) in buffered aqueous solution containing
1 mM dithiothreitol (DTT) at ambient temperature (Fig. 5A).
The reaction was monitored by UV-visible spectroscopy as a
function of time. Under these conditions, the 9-anilinoacridine
chromophore (4., = 442 nm) is lost with a k,, = 1.5 &+
0.4 x 107 min™', corresponding to a #,,, = 7.6 h. The major
product of the reaction was HPLC purified and analyzed by mass
spectrometry (LC-MS). The mass of this adduct is consistent with
attack at C9 by DTT, as observed by others with 9-anilinoacridine
derivatives.'® As expected, the DTT adduct binds poorly to
RNA (data not shown). The decomposition observed for this
compound under these conditions suggests that the acridine HTPs
may have limited utility in cell-based assays given high intracellular
thiol concentrations. However, in stark contrast to the acridine-
containing peptide, quinoline HTP 6 remained unchanged under
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Fig.5 Quinoline HTPs are resistant to thiolytic degradation. (A) Change
in absorbance of acridine HTP 7 in aqueous buffer containing | mM DTT
over 24 h at ambient temperature. (B) Absorbance of quinoline HTP 6
before and after the same treatment..
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the aqueous DTT conditions described above for up to two
weeks (Fig. 5B). The related 2-phenylquinoline compound? is also
unaffected by this treatment (See Experimental section). Thus,
although binding affinity is reduced by converting the acridine
intercalation domain in HTPs to quinoline or 2-phenylquinoline,
the greater stability in the presence of thiols is a clear advantage
of these compounds for in vivo experiments.

In conclusion, a high-yielding synthesis to a quinoline amino
acid has been developed for the generation of HTPs with minimal
intercalation domains. This amino acid was used to prepare HTPs
that bind selectively to duplex RNA sites placing the N-terminus
in the minor groove. Importantly, HTPs are shown to have the
ability to discriminate between RNA binding sites that differ only
in the positioning of bulged nucleotides relative to the intercalation
site. Finally, in contrast to their acridine counterparts, quinoline-
containing HTPs are highly stable under physiologically relevant
buffer conditions, making them excellent candidates for further
development as regulators of intracellular RNA function.

Experimental
General methods

All reagents were obtained from commercial sources and were used
without further purification unless noted otherwise. Glassware
for all reactions was oven dried at 125 °C overnight and cooled
in a dessicator prior to use. All reactions were carried out
under an argon atmosphere and liquid reagents were introduced
by oven-dried glass syringes. Tetrahydrofuran was distilled over
sodium metal and benzophenone under an argon atmosphere
while dichloromethane and acetonitrile were distilled over CaH,.
To monitor the progress of reactions, thin layer chromatography
(TLC) was performed with Merck silica gel 60 F254 precoated
plates, eluting with the solvents indicated. Yields were calculated
for material which appeared as a single spot by TLC and
homogeneous by '"H NMR. Short and long wave visualization
was performed with a Minerallight multiband ultraviolet lamp
at 254 and 365 nm, respectively. Flash column chromatography
was carried out using Mallinckrodt Baker silica gel 150 (60—
200 mesh). "H and "*C nuclear magnetic resonance spectra of pure
compounds were acquired on VXL-300, VXR-500 or Inova-500
spectrometers at 500/300 and 125/75 MHz. Chemical shifts for
proton NMR are reported in parts per million with reference to
the solvent peak. The abbreviations s, d, dd, ddd, dt t, m, and
br s correspond to singlet, doublet, doublet of doublets, doublet
of doublet of doublets, doublet of triplet, triplet, multiplet, and
broad singlet, in that order. High resolution chemical ionization
(CI) and fast atom bombardment (FAB) spectra were recorded
on a Finnigan MAT 95 mass spectrometer while electrospray
ionization (ESI) spectra were recorded on a Finnigan LCQ ion-
trap mass spectrometer. Distilled, deionized water was used for
all aqueous reactions and dilutions. Reagents for DNA ampli-
fication, RNA synthesis/radioactive labeling, hydroxyl radical
cleavage, and ribonuclease footprinting were purchased from
Amersham Pharmacia Biotech: high purity solution NTP set
(ATP/CTP/GTP/UTP, 100 mM), RNase-Free deoxyribonucle-
ase [ (DNase I), RNAguard ribonuclease inhibitor (porcine); New
England Biolabs: T4 polynucleotide kinase (PNK); PerkinElmer
Life Sciences: [y-*P]ATP (6000 Ci mmol"); Stratagene: Pfu Turbo

DNA polymerase; USB: PCR nucleotide mix (dATP-dCTP-
dGTP-dTTP, 10 mM) and shrimp alkaline phosphatase (SAP).
All commercial reagents were used as purchased without further
purification. Chemically synthesized deoxyribonucleic acids were
prepared by the DNA/Peptide Core Facility at the University of
Utah Health Sciences Center (HSC). Storage phosphor autoradio-
graphy was carried out and analyzed using Molecular Dynamics
imaging screens, Typhoon 9400 phosphorimager and ImageQuant
5.2 software.

Meldrum’s acid derivative (1). To methyl anthranilate
(10.8 mL, 83.3 mmol) in triethyl formate (41.5 mL, 249.8 mmol)
was added Meldrum’s acid (6.04 g, 41.63 mmol). The reaction
mixture turned yellow and formed a white precipitate immediately.
The precipitate was melted at 70-80 °C for 45 min when TLC (85%
CHCIl;-MeOH) indicated complete disappearance of Meldrum’s
acid. The reaction mixture was cooled to room temperature. The
precipitate formed was filtered and washed with ethanol, and the
solvent removed under reduced pressure to afford 1 (11.92 g, 94%)
as a white solid. Jy (500 MHz; CDCl;) 8.69 (1 H, d, J 14.2), 8.06
(1H,dd,J8.3and 1.5),7.58 (1 H,dt,J 8.1,7.6 and 1.5), 7.47 (1 H,
d,J8.3),7.24(1H,dd, J8.3and 7.3),3.96 (3H, s), 1.69 (6 H, s). o
(75 MHz; CDCl,) 166.7, 164.3, 164.1, 151.1, 139.9, 134.9, 132.5,
125.6, 118.4, 116.1, 105.1, 89.4, 53.1, 27.4; m/z (FAB) 306.0991
(M* + H. CsH(NOy requires 306.0978).

8-(Methoxycarbonyl)-4-(1H)-quinolone (2). Compound 1
(3.01 g, 9.87 mmol) was added to refluxing phenyl ether (30 mL)
at 255 °C. The resulting brown solution was stirred at 255 °C for
30 min under argon when TLC (85% CHCl;—-MeOH) indicated
complete disappearance of starting material. The solution was
cooled to room temperature and directly loaded on a silica gel
column. The phenyl ether was removed using 50% EtOAC-
hexanes. The product was then eluted using 2-3% MeOH-CHCI,
to afford the 4-quinolone ester 2 (1.68 g, 84%) as a tan colored
solid. 4 (300 MHz; CDCl;) 8.61 (1 H, d, J 7.8), 8.35 (1 H,
dd, J 7.6 and 1.0), 7.69 (1 H, dd, J 7.1 and 6.6), 7.34 (1 H, dd,
J 7.9 and 7.6), 6.33 (1 H, d, J 7.3), 3.98 (3 H, s). ¢ (75 MHz;
CDCl,) 178.1, 168.1, 140.6, 138.2, 135.1, 132.8, 127.1, 122.3,
115.0, 111.1, 52.6. m/z (FAB) 204.0636 (M* + H. C, H,)NO;
requires 204.0661).

Methyl-4-bromo-quinoline-8-carboxylate (3). To a solution of
PPh; (657 mg, 2.51 mmol) in freshly distilled acetonitrile (8 mL)
was added N-bromosuccinimide (446 mg, 2.51 mmol). The
resulting solution was stirred at room temperature for 30 min
under argon. A solution of 2 (102 mg, 0.50 mmol) in chloroform
(1 mL) was added to the above solution and the reaction
mixture was heated at reflux for 30 min. TLC (50% EtOAc—
hexanes) indicated complete conversion. The solvent was removed
under reduced pressure. The residue was dissolved in chloroform,
extracted twice with saturated NaHCO; and brine. The organic
layer was dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure. Purification by silica gel column
chromatography (20% EtOAc-hexanes) afforded 3 (101 mg, 76%)
as a white solid. é,; (300 MHz; CDCl;) 8.75 (1 H, d, J 4.6), 8.31
(1 H, dd, J 8.4 and 1.0), 8.00 (1 H, dd, J 7.1 and 1.2), 7.71 (1 H,
d, J 4.6), 7.63 (1 H, t, J 7.8), 4.02 (3 H, s). ¢ (75 MHz; CDCl,)
168.1, 150.9, 146.3, 134.5, 132.5, 131.2, 130.3, 127.1, 125.9, 53.0.
m/z (CI) 265.9799 (M* + H. C,;HyBrNO, requires 265.9817.
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Methyl-4-(4’ -methylaminoallyoxycarbamate)anilino - quinoline-
8-carboxylate (4). To a solution of methyl-4-bromo-quinoline-8-
carboxylate (3) (101 mg, 0.38 mmol) in freshly distilled acetonitrile
(8 mL) was added a solution of allyl-4-aminobenzylamino-
carbamate® (117 mg, 0.57 mmol) dissolved in freshly distilled
acetonitrile (1 mL). The resulting solution was heated at reflux
for 40 min. TLC (85% CHCl;-MeOH) indicated complete con-
version. The solvent was removed under reduced pressure. The
residue was dissolved in chloroform and extracted with saturated
NaHCO; and brine. The organic layer was dried over anhydrous
Na,SO,, and the solvent was removed under reduced pressure.
Purification by silica gel column chromatography (3% MeOH-
CHC,) afforded 4 (131 mg, 89%) as a yellow solid. '"H NMR
(300 MHz; CDCl;) 6 (ppm): 8.39 (1 H, brs), 8.05 (1 H,d, J 7.1),
7.37-7.28 (5 H, m), 7.06 (2 H, d, J 7.3), 6.48 (1 H, br s), 5.94
(1H,ddd, J 17.1, 10.7 and 5.5), 5.31 (1 H,d, J 17.3), 5.22 (1 H, d,
J10.3),5.14 (1 H, brs), 4.61 2H,d, J5.1),4.36 (2H,d, J 5.9),
3.99 3 H, s). dc (125 MHz; DMSO-d¢) 169.58, 156.91, 151.73,
148.88, 146.24, 139.63, 136.28, 134.48, 133.58, 128.85, 125.24,
124.33, 123.39, 120.43, 117.67, 102.36, 65.08, 52.85, 44.13. m/z
(FAB) 392.1612 (M* + H. C,,H,,N;0, requires 392.1610).

4-(4'-Methylaminoallyoxycarbamate)anilino-quinoline-8-carbox-
ylic acid (5). To a solution of 4 (109 mg, 0.28 mmol) in freshly
distilled THF (2 mL), was added lithium hydroxide monohydrate
(12 mg, 0.28 mmol) in water (1 mL). The resulting solution was
stirred at room temperature under argon for 2 h. TLC (85 : 14 :
1 CHCl;-MeOH-AcOH) indicated complete conversion. The
reaction mixture was neutralized with 0.1 N HCI, the solvent
was removed under reduced pressure. The residue was dissolved
in CH,Cl, and extracted with brine. The organic layer was dried
over anhydrous Na,SO,, and the solvent was removed under
reduced pressure. The residue was dried under vacuum to afford
the carboxylic acid 5 (87 mg, 83%) as a yellow solid. 5 (300 MHz;
CDCl;/CD;0D)8.58 (1H,d,J7.3),8.42(1 H,d, J8.3),8.14 (1 H,
d, J 6.6), 7.61 (1 H, dd, J 8.1 and 7.8), 7.38-7.28 (5 H, m), 6.73
(1H,d,J6.8),586(1 H,ddd, J 17.3, 10.6 and 5.4), 5.25 (1 H, d,
J17.1), 5151 H, d, J 10.5),4.53 2 H, d, J 5.4), 433 (2 H, s).
dc (125 MHz; DMSO-d,) 167.63, 156.42, 154.23, 145.48, 140.57,
138.89, 136.37, 136.13, 133.91, 128.80, 128.55, 125.71, 125.18,
121.13, 118.29, 117.19, 100.77, 64.61, 43.55. m/z (CI) 378.1450
(M* + H. C,;Hy,N;0, requires 378.1454).

AbuSV QuinR (6). Peptide 6 was synthesized using Fmoc-
protected amino acids (NovaBiochem) according to standard
SPPS protocols. Rink Amide MBHA resin (NovaBiochem;
0.64 mmol g~! loading, 50 mg, 0.032 mmol) was added to a 15 mL
fritted-glass filter flask reactor equipped with a screw cap and
Teflon stopcock. The resin was pre-swelled with DMF and shaken
with 20% piperidine-DMF (SmL) (2 x 15 min) on a Burrell Model
75 Wrist Action shaker to remove the Fmoc group. The resin
was next washed with DMF, MeOH, and again with DMF. To
a solution of Fmoc-Arg(Pbf)-OH (104 mg, 0.16 mmol, 5 eq), N-
hydroxybenzotriazole HOBt (22 mg, 0.16 mmol, 5 equiv), and
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate HBTU (61 mg, 0.16 mmol, 5 equiv) in DMF (3 mL)
was added diisopropylethylamine (DIPEA, 56 uL, 0.32 mmol,
10 equiv) and this solution was added to the resin. The resin
was agitated for ~5 h at ambient temperature, then washed
consecutively with DMF and MeOH. After swelling in DMEF,

the resin was treated with 20% piperidine in DMF (2 x 15 min)
to remove the N-terminal Fmoc protecting group, then washed.
The subsequent alloc protected quinoline amino acid 5 (83 mg,
0.22 mmol) was coupled in an identical manner and the resin
agitated for 24 h, washed with DMF and MeOH and then
dried in vacuo overnight in preparation for removal of the
allyloxycarbonyl (Alloc) group. Freshly distilled CH,Cl, (3 mL)
was added to the dry resin in the reactor under an argon
atmosphere. Solutions of Pd(PPh;), (37 mg, 0.032 mmol, 1 equiv)
and PhSiH,; (95 pL, 0.77 mmol, 24 equiv) in CH,Cl, (1 mL)
were delivered via an oven-dried glass syringe and the reactor
was shaken for 15 min, then repeated once more, to reveal a free
amine. Following Alloc removal, the resin was washed with 0.5%
DIPEA in DMF, 0.5% (w/v) sodium diethyldithiocarbamate in
DMF, DMF, MeOH, and again DMF. The remaining amino acids,
Fmoc-Val-OH, Fmoc-Ser(Trt)-OH and Fmoc-Abu-OH were then
coupled according to the previously mentioned procedures. Upon
removal of the N-terminal Fmoc group, the resin was prepared for
cleavage of the peptide from the resin. Rinses with DMF, MeOH,
AcOH, and finally MeOH were performed, and the reactor was
placed under high vacuum overnight. The dry resin was then
suspended in a “cleavage cocktail” solution of trifluoroaceticacid—
triisopropylsilane—phenol-water (TFA-TIS-PhOH-H,O; 88 : 5 :
5:2,5mL) and shaken for 5 h to effect cleavage from the resin
and amino acid side chain deprotection. The resulting solution
containing AbuSVQuinR (6) was collected and concentrated un-
der reduced pressure. Ether precipitation of the residue, followed
by extraction with water, and subsequent neutralization of the
acidic aqueous layer with triethylamine gave the crude product.
The crude product was HPLC-purified on a reverse phase C-18
column (4.6 x 250 mm, Vydac) and eluted after 7.9 min of a
gradient of 0-60% CH;CN in H,O over 20 min with a flow rate
of 1.0 mL min~". The purified compound was then lyophilized
to dryness. Compound 6 was analyzed by ESI-MS by directly
infusing into the instrument a solution of the peptide dissolved
in a 1 : 1 mixture of CH;CN-H,O with 1% formic acid at a
flow rate of 10 uL min~'. Typical ESI-MS conditions utilized a
capillary voltage of 6 V at 175 °C. Ultrapure nitrogen was used as
asheath gas at a flow rate of 60 (arb). Xcaliber software was used to
run the instrument and analyze the data. ESI-MS calc’d mass for
AbuSVQuinR (C;HyN,,0¢): 719.4, found [M + H]* 720.5 m/z,
Molar extinction coefficient (¢) at A, = 359 nm was determined
to be 11700 M~'cm™' for 6.

EDTASVQuinR (8). Rink Amide MBHA resin (Nov-
aBiochem; 0.64 mmol g' loading, 40 mg, 0.026 mmol) was
added to a 15 mL fritted-glass filter flask reactor equipped with
a screw cap and Teflon stopcock. The resin was pre-swelled
with DMF and shaken with 20% piperidine-DMF (5 mL) (2 x
15 min) on a Burrell Model 75 Wrist Action shaker to remove the
Fmoc group. The resin was next washed with DMF, MeOH, and
again with DMF. Fmoc-Arg(Pbf)-OH and the Alloc-protected
quinoline amino acid 5 were coupled in an identical manner as
above followed by alloc deprotection and coupling of subsequent
amino acids Fmoc-Val-OH and Fmoc-Ser(Trt)-OH. Following
Fmoc deprotection and washings, ethylenediaminetetraacetic acid
(EDTA) monoanhydride®” (10 equiv), was dissolved in warm
anhydrous DMF and added to the resin and the reactor was
agitated overnight at ambient temperature. The resin was then
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washed and dried under vacuum overnight followed by cleavage
with TFA-PhOH-H,O-TIPS (88 :5:5:2) for 5 h at ambient tem-
perature to effect cleavage from the resin and amino acid side chain
deprotection. The resulting solution containing EDTASV QuinR
(8) was collected and concentrated under reduced pressure. Ether
precipitation of the residue, followed by extraction with water
and neutralization with TEA gave the crude product. HPLC
purification afforded pure 8, which was analyzed by ESI-MS. ESI-
MS calc’d mass for EDTASV QuinR (C,;HssN,O,,): 908.4, found
[M + H]* 909.4 m/z.

Evaluation of stability of HTPs AbuSV AcrR, AbuSVPhQR® and
AbuSVQOR in DTT

To evaluate the stability of the three HTPs, ~20 nmol of each
peptide was incubated in 10 mM DTT in Tris Buffer (pH = 7.3)
(20 uL) for 24 h at room temperature. The three solutions were
HPLC purified after 24 h and analyzed by mass spectrometry
(LC-MS). In case of AbuSVAcrR, the major product was the
DTT adduct formed by the attack of DTT at C9 of acridine,
corresponding to m/z of 531.1 in ESI-MS. However, in the case of
AbuSVPLEQOR and AbuSVQR, the peptides were intact and ESI-
MS gave peaks of m/z 795.4 and 720.5 corresponding to [M + H]*
for AbuSVPAQR and AbuSVQOR respectively.

Kinetics of decomposition of AbuSVAcrR (7) in DTT

In order to evaluate the rate of decomposition of HTP 7 in DTT,
the decrease in absorbance of 7 at 4,,,, = 442 nm (corresponding
to Amx Of absorption of 9-anilino acridines) was followed as a
function of time using a UV-vis spectrophotometer (Beckman DU
7400) in the presence of 1 mM DTT. The reaction was done under
pseudo-first-order conditions where [7] = ~100 uM and [DTT] =
1 mM. The concentration of product formed was then plotted as
a function of time, and the data were fitted to the equation: [P], =
[Ao(1 — exp(—kopst), where [P], is the concentration of the product
formed at time ¢, [A], is the fitted reaction end-point and &, is the
observed rate constant for decomposition of 7in 1 mM DTT. The
results are reported as the average and standard deviation for three
different experiments. The #,,, of the reaction was then calculated
using the average value of k.

RNA synthesis and 5'-*P labeling

RNAs A and B were generated by run-off transcription with
T7 RNA polymerase according to published procedures.* RNA
C was also transcribed in vitro according to the following
protocol. First, an 86-nucleotide dsDNA PCR product was
amplified from a chemically synthesized template using 25mer
and 45mer DNA oligonucleotide primers. Sequences are as
follows: 25mer, 5-GAGCGTCAGTCTTCGTCCAGGCCGA-3';
45mer, 5-GCGAATTCTAATACGACTCACTCTCGGGCGG-
TTTTTCGAAGCTTG-3/, the T7 promoter is underlined; 72mer
template, 5-GGGAGAGGAUACUACACGUGACAGUGGG-
UCGCGGC UUCAACCGACGCCCAUUGCAUGUAGCAG-
AAGCUUCCG-3'. The PCR product was extracted with phenol—
chloroform, ethanol precipitated, and dissolved in 100 uL reaction
volumes consisting of transcription buffer (80 mM HEPES,
25 mM MgCl,, 2 mM spermidine, 30 mM dithiothreitol (DTT),
pH 7.5), NTPs (8 mM), and RNase inhibitor (I U pL™).

Transcription was initiated with T7 RNA polymerase (0.03 mg
mL™") and continued overnight at 40 °C. The reaction mixture
was treated with RNase-Free DNase I (0.5 U pL™') and CaCl,
(1 mM) for 1 h at 40 °C and purified on a 10.5% denaturing
polyacrylamide gel. The transcribed RNA was visualized by UV
shadowing, excised from the gel and eluted overnight via the crush
and soak method. After filtration, the solution was extracted
with phenol-chloroform, ethanol precipitated, and dissolved in
water. The RNA concentration was determined by measuring the
absorbance at 260 nm. For the preparation of 5'-**P RNA, 30 pmol
of the transcript was treated with SAP (0.1 U uL™") for 45 min at
37 °C, followed by heat inactivation of the enzyme for 15 min at
65 °C. The dephosphorylated RNA was immediately treated with
T4PNK (0.5U pL™"), [y-?P]-ATP 2 mCimL™") and DTT (1 mM)
and incubated for 45 min at 37 °C. Labeled RNA was gel purified,
visualized by storage phosphor autoradiography, and isolated as
previously described.

Quantitative RNase V1 footprinting

Dissociation constant for 6 on RNA A was obtained using
RNase V1 under native conditions. Ligand—RNA complexes were
formed by incubating increasing concentrations of the ligand
with 5-*P labeled RNA (5 nM) for 15 min in reaction buffer
(50 mM Bis-Tris-HCl, pH 7.0, 100 mM NaCl, 10 mM MgCl,,
and 10 pg mL™" of yeast tRNA™) at ambient temperature.
Enzymatic digestions with RNase V1 (0.0001 U pL~") were carried
out for 30 min at ambient temperature and quenched with hot,
formamide loading buffer. Cleaved RNA was heat denatured and
analyzed by 10.5% denaturing polyacrylamide gel electrophoresis.
The cleavage efficiency at nucleotide(s) near the binding site was
calculated by normalizing for any differential loading of each
concentration of the ligand tested. For HTP 6 bound to RNA
A, the footprint at A46 was monitored with respect to the V1-
dependent constant band U54. The cleavage data for the RNA
was converted to binding data for the ligand, assuming that the
maximum cleavage efficiency corresponds to 0% occupancy and
the minimum cleavage efficiency corresponds to 100% occupancy.
The fraction of RNA bound by the ligand was plotted as a function
of concentration, and the data were fitted to the equation: fraction
RNA bound = [ligand]/([ligand] + K,). The dissociation constant
isreported as the average and standard deviation for three different
experiments.

Affinity cleaving

HTPs 8 and 9 were incubated with 5-*P labeled RNAs (A, B
or C) (5 nM) and two-fold excess of Fe(NH,),(SO,), for 15 min
in reaction buffer (50 mM Bis-Tris-HCI, pH 7.0, 100 mM NaCl,
10 mM MgCl,, and 10 pg mL~" of yeast tRNA™) at ambient
temperature. The resulting complexes were probed by initiating
hydroxyl radical formation with the addition of hydrogen peroxide
(0.01%) and DTT (5 mM). The reactions were allowed to proceed
for 30 min at room temperature. The reactions were quenched
by the addition of distilled, deionized water, followed by phenol-
chloroform extraction and ethanol precipitation. Cleaved RNA
was resuspended in formamide loading buffer, heat denatured, and
analyzed by denaturing 10.5% polyacrylamide gel electrophoresis.
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We designed two bisubstrate analogues targeting o-1,3-fucosyltransferases, based on the three
dimensional structure of Lewis X, which is the product of a a-1,3-fucosyltransferase reaction. We
selected guanosine-5'-diphospho-L-galactose as a donor mimic and 2-hydroxyethyl B-D-galactoside as
an acceptor mimic, and tethered these two mimics with a methylene or ethylene linker. For the
synthesis, the 6-position of L-galactose and the 6-position of D-galactose were first tethered via a
methylene or ethylene linker. The L-galactose moiety was then converted to a GDP derivative. Both
bisubstrate analogues were moderate inhibitors against a-1,3-fucosyltransferase V and VI. The fact that
they were substrates of a-1,3-fucosyltransferase VI suggested that these compounds bound to the donor

binding site, but not to the acceptor binding site.

Introduction

Fucose-containing oligosaccharides represent a very important
class of biomolecules involved in many important biological
processes such as development, differentiation, and cell adhesion
during inflammation and tumor metastasis. Fucosyltransferases
(FucTs)! are the class of enzymes responsible for the biosyntheses
of fucose-containing oligosaccharides, and at least 10 FucT
genes have been cloned from mammalian cells, including o-
1,2-FucT, o-1,3/4-FucT, o-1,3-FucT, a-1,6-FucT, and protein O-
FucT. All FucTs catalyze the transfer of fucose from the common
donor substrate guanosine-5'-diphospho-f-L-fucose (GDP-Fuc).
0-1.3-FucTs are involved in the biosynthesis of sialyl Lewis
X (sLe*), which plays a key role in inflammation and tumor
metastasis.” Therefore, inhibitors of a-1.3-FucTs are potential anti-
inflammatory and antitumor agents.’

Many FucT inhibitors have been reported, most of which
are based on the ground state or transition state structure of
GDP-Fuc.** Several GDP-Fuc mimics demonstrated inhibitory
activities in the micromolar range, which is similar to the K\, value
of GDP-Fuc.* The structure of the most potent FucT inhibitor
reported to date consisted of GDP and biphenyl connected
through a triazole ring, and exhibited a K; value of 62 nM
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(competitive against GDP-Fuc) for a-1,3-FucT VI’ The reac-
tion mechanism of o-1,3-FucT V was suggested to follow an
ordered-sequential mechanism, meaning that both the donor and
acceptor are bound to the enzyme during the transfer reaction
(Fig. 1).”® Therefore, the bisubstrate analogue, which contains
both donor and acceptor moieties on the same molecule, is an
interesting compound for the development of a potent FucT
inhibitor. Palcic et al. first synthesized a bisubstrate analogue of
o-1,2-FucT. They tethered the phosphonate analogue of GDP
and the 2-hydroxyl of the acceptor mimic phenyl galactoside
with an ethylene linker, and the resulting bisubstrate analogue
was a competitive inhibitor against both donor and acceptor
(K; = 16 uM against GDP-Fuc; 2.3 uM against Gal-Ph).’
Another bisubstrate analogue inhibitor was reported by Wong’s
group, who synthesized homofuconojirimycin covalently linked
to the 3-hydroxyl of the acceptor N-acetyllactosamine (LacNAc).
The compound itself was a weak inhibitor against o-1,3-FucT V
(IC5, = 5.7 mM), but demonstrated a potent synergistic inhibition
in the presence of GDP (IC5, = 31 uM).! Bisubstrate analogues
consisting of 1-deoxyfuconojirimycin and galactose, and mannose
and N-acetylgalactosamine have also been reported.™
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Fig. 1 Proposed transition state for fucosyltransferase V.
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We have been studying the inhibitory activities of bisubstrate
analogues for various glycosyltransferases to develop potent and
selective glycosyltransferase inhibitors. Glycosyltransferases em-
ploying a donor sugar-nucleotide usually exhibit different acceptor
specificities. Bisubstrate analogues are therefore potential specific
inhibitors of glycosyltransferases. We synthesized a bisubstrate
analogue containing a donor substrate UDP-galactose and an
acceptor substrate methyl N-acetylglucosaminide tethered with
a methylene linker.”> This compound exhibited a potent and
competitive inhibition against -1,4-galactosyltransferase (GalT)
(K; = 3.3 uM for UDP-Gal; 1.4 uM for GIcNAc), but a less
potent inhibition against B-1,3-GalT and o-1,3-GalT. We also
synthesized a bisubstrate analogue for sialyltransferases, although
this compound exhibited only a weak inhibition.’* Herein, we
report the design and synthesis of two bisubstrate analogues for
o-1,3-FucTs, and the results of their inhibitory activities against
o-1,3-FucT V and VI.

Results and discussion
Design of bisubstrate analogues

A straightforward approach for the design of a bisubstrate
analogue inhibitor is to utilize the X-ray crystallographic structure
of the enzyme with bound substrates. However, no such structure
was available for a-1,3-FucTs. We therefore decided to design our
bisubstrate analogue based on the three-dimensional structure
of the o-1,3-FucT reaction product, Le*. We speculated that the
structure of Le* would resemble the transition state with regard
to the relative position of the donor and the acceptor bound to
the enzyme. The resulting designed bisubstrate analogues 1 and 2
are depicted in Fig. 2. Based on the reported™ three-dimensional
structure of Le* (Fig. 3), 6-position of fucose and the 6-position of
galactose are in close proximity, and we decided to connect these
positions via an alkyl linker. We selected L-Gal as a fucose analogue

o)
HO
OH N NH
% B oS0 </ﬁ
0 TRTETRTET o NT N K,
(CHaln & o
HO o
O  Ho
HO&/OJ 1(n=1  HO OH
HO 2(n=2)

Fig.3 Three-dimensional structure of Le*.**

so that 6-O-alkylation affords a facile tethering. Additionally, we
assumed that modifying the 6-position of Fuc would not disturb
the binding to the enzyme since o-1,3-FucTs can transfer an L-Gal
moiety from GDP-L-Gal.”® For the acceptor mimic, we decided
to employ 2-hydroxyethyl B-D-galactoside instead of LacNAc,
to simplify the synthesis. Since the 3-hydroxyl of LacNAc is
also considered to be important for binding,*'* we inserted a 2-
hydroxyethyl aglycon to resemble this hydroxyl group.

Synthesis of bisubstrate analogues

The synthesis of methylene-tethered pseudodisaccharide 9 was
carried out as shown in Scheme 1. A methylene-tether was
designed to form via (methylthio)methyl (MTM) ether, which
was an effective strategy for the synthesis of the methylene-
tethered bisubstrate analogue inhibitor of B-1,4-GalT.” To form
B-glycosidic linkages in both galactose anomeric centres via
neighbouring group participation, a benzoyl group was adopted
for the protection of the hydroxyl groups. Methylthiomethylation
of phenyl 2,3,4-tri-O-benzoyl-1-thio-p-D-galactopyranoside (3)'*
using MTMCI and N,N-diisopropylethylamine (DIEA) was a
very slow reaction and the yield of 6-O-MTM ether 4 was
only 47% after 2 days at 60 °C. Alternatively, reaction of
3 with DMSO, Ac,0 and AcOH" was faster, giving a 54%
yield of 4 after 16 h. Trimethylsilylethyl 2,3,4,6-tetra-O-acetyl-
B-L-galactopyranoside (5) was synthesized from L-galactono-1,4-
lactone using Thiem’s method.!® Deacetylation of 5, and regiose-
lective tritylation followed by benzoylation yielded 6. Methanol-
ysis of 6-O-trityl ether 6 yielded 6-OH derivative 7. The coupling
of 4 and 7 was then examined. MeOTf was used as a promoter
in order to activate the methylthio group chemoselectively in the
presence of the phenylthio group. Using a slight excess (1.2 equiv)
of 4, methylene-tethered pseudodisaccharide 8 was formed at a
47% vyield. The structure was confirmed by the appearance of
an AB quartet (/ = 7.0 Hz) at 0 = 4.76 and 4.66, which are
peaks of the newly formed methylene acetal. Hydrolysis of 4 was

BzO _OR

R%0 o O(CH,),TMS
(0] OR!
BzO SPh dr'
R'0

BzO

5R'=R?=Ac

3R=H b (72%)
0, 1_ 2 _

4R = MTM a (53%) 6R'=Bz, R*=Tr

7R' = Bz, R? = He 10 (71%)

BzO

OBz
_exex
0 o O(CH,),TMS

4 (1.2 equiv)
. d (44%) <
BzO o
7 (1.0 equiv) (0]
BzO R
BzO

8 R=SPh
9 R = O(CHy),0Ac e
0y
1 (66%. 2 steps) [ 10 R = O(CHu,OH J
Scheme 1 Reagents and conditions: (a) DMSO, Ac,0, AcOH;
(b) (i) NaOMe, MeOH; (ii) TrCl, pyridine, 50 °C, then BzCl; (c) TsOH,

CHCI;, MeOH; (d) MeOTf, MS3A, CH,Cl,; (¢) HO(CH,),OAc, NIS,
TfOH, MS4A, CH,Cl,, —30 °C; () Ac,0, pyridine.
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observed as a side reaction yielding 3, and further condensation
of 3 and 4 was also observed. Increasing the amount of 4 to
1.6 equiv did not improve the yield of 8 due to these side reactions.
Glycosidation of thioglycoside 8 with commercial grade ethylene
glycol monoacetate, which is a mixture of ethylene glycol, its
monoacetate, and its diacetate, using NIS and TfOH as activators
yielded a mixture of acetoxyethyl glycoside 9 and hydroxyethyl
glycoside 10. The mixture was acetylated to give only 9 at a 66%
yield.

The synthesis of ethylene-tethered pseudodisaccharide is shown
in Scheme 2. Ethylene-tether was synthesized using a tetrahy-
dropyranyl (THP) ether of 2-bromoethanol. Introduction of this
tether required the activation of hydroxyl groups with NaH,
while other hydroxyl groups required protection with a benzyl
group. After constructing the ethylene-tethered pseudodisac-
charide, the benzyl group was converted to a benzoyl group
for the stereoselective formation of B-glycoside as mentioned
above. Phenyl 2,3.4-tri-O-benzyl-1-thio-B-D-galactopyranoside
(11)* was treated with NaH and 2-(2-bromoethoxy)tetrahydro-
2 H-pyrane, and methanolysis of THP ether gave 6-O-hydroxyethyl
ether 12 at an 88% yield. Treatment of 12 with TsClin pyridine gave
tosylate 13 at a 68% yield. Trimethylsilylethyl 2,3,4-tri-O-benzyl-
B-L-galactopyranoside (16) was prepared as follows: deacetylation
and subsequent selective tritylation of 5 gave 6-O-trityl ether 14 ata
50% yield. Benzylation of free hydroxyl groups gave tribenzyl ether
15 at an 84% yield. Methanolysis in the presence of TSOH gave 16
at an 89% yield. Condensation of 16 and 1.2 equiv of tosylate 13
using NaH in DMSO gave ethylene-tethered pseudodisaccharide
17 at a 58% yield after 4 h. The condensation reaction in
DMF was much slower (19 h) with comparable yield (52%).

BnO __OR

R?0 o O(CH,),TMS
(0] Ww
BnO SPh 0R1

1
BnO R'O

1MR=H 5R'=R?=Ac

9 d (50%)
12 R = (CH,),0OH (88%) 14R'=H,R?= —] (84//0
13 R = (CH,),0Ts (68/) 15R'=Bn, R?=Tr £ (89 b)
16 R'=Bn, R?= Hal1(69%)

,
ROor!
13 (1.2 equiv) 0 o O(CHp),TMS
. 9(58%) S
1
16 (1.0 equiv) RIO -0
o)
R'O R?
R'0
2 —
17R'=Bn, R?= Sph———: h (75%)
18 R" = Bn, R? = (a/p)OAC

82%
19 R" = Bz, R? = (of8)OAc —— | 82%)
20R' =Bz R?=0 CHZ)ZOt] j(52%)

Scheme 2 Reagents and conditions: (a) Br(CH,),OTHP, NaH, DMF;
(b) TsOH, CHCl;-MeOH; (c) TsCl, pyridine; (d) i) NaOMe, MeOH;
ii) TrCl, Pyridine, 50 °C; (e¢) NaH, BnBr, DMF; (f) TsOH, CHCI,,
MeOH; (g) NaH, DMSO; (h) (i) NBS, aq. acetone; (ii) Ac,0, pyridine;
(i) () H,, Pd(OH),/C, EtOAc, MeOH, AcOH; (ii) BzCl, pyridine;
() (i) H,NNH,-AcOH, DMF, 60 °C; (ii) CCL,CN, Cs,CO;, CH,Cl,;
(iii) HO(CH,),0Ac, TMSOTT, MS3A, CH,Cl,, 0 °C.

Hydrogenation of 17 over Pd/C at atmospheric pressure did not
proceed, presumably due to the presence of the sulfur atom.
The benzyl groups in 17 could be removed via hydrogenation
in MeOH at 3.5 atom in the presence of AcOH, but solvolysis
of thioglycoside also occurred simultaneously yielding methyl
glycoside. Therefore, thioglycoside in 17 was hydrolyzed with NBS
in aqueous acetone, and acetylated to give 18 at a 75% yield.
Hydrogenation of 18 proceeded smoothly, and 19 was obtained at
an 82% yield after benzoylation. Anomeric acetate in 19 was then
removed by treatment with H,NNH,-AcOH in hot DMF, and
converted to acetoxyethyl glycoside 20 via trichloroacetimidate at
ayield of 52%. Commercial grade ethylene glycol monoacetate was
partitioned between CHCI; and water to remove ethylene glycol
from the mixture, so that no formation of hydroxyethyl glycoside
was observed in this reaction.

Methylene- and ethylene-tethered pseudodisaccharides 9 and
20 were converted to their GDP derivative as shown in Scheme 3.
Trimethylsilylethyl glycosides 9 and 20 were hydrolyzed and
converted to o-trichloroacetimidates 21 and 25 at yields of
76% and 73%, respectively. Treatment of a-imidates 21 and 25
with recrystallized dibenzyl phosphate according to Schmidt’s
procedure® gave B-phosphates 22 and 26 in good yields. The
anomeric configurations of 22 and 26 were determined to be
B via the anomeric proton of L-Gal (H-1L) in '"H NMR (22:
0 5.69, Ji, 7.7 Hz; 26: 6 5.72, Jy o 7.9 Hz). Compound 22
contained a small amount of hydrolyzed product (hemiacetal),

&;?
(CHz

BzO o

O(CH,),0Ac

9 (n=1),20 (n=2); R1 =H, R? = O(CH,),TMS
21 (n=1), 25 (n=2); R' = OC(NH)CCl3, R = H
22 (n=1), 26 (n=2); R' = H, R? = OP(0)(0OBn),

a (21:76%; 25:73%)

Jc (23:81%; 27:59%)

I
MO\P/OH

(CHz)n
HO o HN Bus
o
HO O(CH,),OH
23 (n=1),27 (n= Q

N
NH
@ Do (AL
N\P/O N -
N~/ | o N~ ONH
d (1:47%; 2:21%)
Bu3NH
HO OH
24

1(n=1),

Scheme 3 Reagents and conditions: (a) (i) TFA, CH,Cl,; (i) CCL;CN,
Cs,CO,, CH,Cl,; (b) (BnO),P(O)OH, CH,Cl,; (¢) (i) H,, Pd/C, Et;N,
MeOH; (ii) pyridine, NH,OH; (d) MgCl,, DMF.
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which was difficult to separate because of the instability of the
glycosyl phosphate 22, and used without further purification.
Benzyl esters of the phosphate were removed via hydrogenation
over Pd/C. All benzoyl groups were then removed by treatment
with pyridine and NH,OH, and 1-phosphates 23 and 27 were
obtained at yields of 81% and 59% as tri-n-butylamine salts, after
passing through a column of cation-exchange resin. Condensation
of sugar 1-phosphate 23 with poorly soluble GMP-morpholidate
even when using a modified procedure* was sluggish in our
hands. On the other hand, condensation of sugar 1-phosphate 23
with GMP-imidazolidate 24 in the presence of MgCl, proceeded
smoothly and more rapidly than in its absence, as we had
reported for the synthesis of GDP-5-thiofucose and GDP-5-
thiomannose.”? After overnight reaction, bisubstrate analogue 1
was isolated with a yield of 47%, following purification via anion-
exchange chromatography and gel-permeation chromatography.
This procedure was also applied to 27, and bisubstrate analogue
2 was obtained at a yield of 21%. The structure of 1 and 2 were
confirmed by 'H, “C and *'P NMR spectra as well as HRMS.

Activities of bisubstrate analogues

FucT assay was carried out using [2-(2-pyridylamino)ethyl] B-
N-acetyllactosaminide (PA-LacNAc)* as an acceptor, and the
resulting amount of reaction product was quantified vie HPLC
with fluorescence detector. ICs, values for bisubstrate analogues 1
and 2 were determined using fixed concentrations of 10 mM PA-
LacNAc and 0.1 mM GDP-Fuc for both commercially available
FucT V and VI. For FucT V, the ICs, value of 1 and 2 were
determined to be 0.26 mM and 0.27 mM, respectively. For FucT
VI, the ICs, values of 1 and 2 were determined to be 0.11 mM and
0.19 mM, respectively (Table 1). Next, we examined whether or not
1 and 2 can serve as a substrate of both FucTs. The enzyme reaction
was executed using 0.19 mM of 1 or 0.15 mM of 2, and 0.14 mM of
PA-LacNAc, and the resulting reaction product was analyzed via
HPLC after 8 and 20 h. Although no new peak was observed for
the FucT V reaction, a faster-moving peak was formed for both 1
and 2 in the FucT VI reaction (Fig. 4). Enzyme reaction products

(&) FucT V (b) FucT VI

PA-LacNAC New Product

PA-LacNAc

0 5 . 10 0 5 . 10
min min

Fig. 4 HPLC profile of the reaction of FucT V or VI with PA-LacNAc
and compound 2.

Table 1 Inhibitory activities of bisubstrate analogues 1 and 2

Compound 1C5o/mM* K./uM®
1 0.26 (FucT V) 0.11 (FucT VI) 41
2 0.27 (FucT V) 0.19 (FucT VI) 43

“The ICs, values were determined at the concentrations of 10 mM PA-
LacNAc and 0.10 mM GDP-Fuc. ®*The K; values for FucT V were
calculated using the equation, ICs, = K;(1 + s/Ky), in which the reported
Ky value for GDP-Fuc (9 uM) was used.?

of 1 and 2 were analyzed via LC-MS. The m/z values expected
for the Le* type structures were observed for both products (see
the electronic supplementary information, ESIT), suggesting that
FucT VI can transfer 6-modified L-Gal moiety to LacNAc. Since 1
and 2 were not substrates of FucT V, the K; values were calculated
to be 41 uM and 43 puM, respectively, assuming that 1 and 2 are
competitive inhibitors against GDP-Fuc (Table 1). These values
are similar to that of GDP (K; = 29 uM).? Apparently, the D-Gal
moiety of 1 and 2 did not bind to the acceptor binding site of FucT
VI since 1 and 2 were substrates of FucT VI. We anticipated that
the initial binding of GDP-L-Gal moiety would eventually lead to
the second binding of the acceptor moiety with the aid of a flexible
linker. A molecule having a more rigid structure in the vicinity of
the transition state may be more suitable as a bisubstrate analogue
inhibitor.

Conclusion

We have successfully synthesized GDP-L-Gal analogues tethered
to D-Gal via methylene and ethylene linkers. These compounds
were found to be moderate inhibitors for FucT V, but substrates
of FucT VI. These findings provide new insight regarding the
substrate binding site of FucT V and VI. In addition, these
findings add new and interesting information, which is useful not
only for the development of FucT V specific inhibitors but also
for establishing the utility of FucT VI for the modification of
fucosylated glycoconjugates.

Experimental

General methods

'H, BC and *P NMR spectra were recorded at 270 MHz or
400 MHz, 67.8 MHz, and 109 MHz, respectively, with JEOL
JNM-EX270 or Varian Unity 400 instruments. All chemical shifts
are quoted on the Jd-scale and were referenced to tetramethylsilane
(0 = 0 in CDCl;) or HDO (0 = 4.80 in D,0) for '"H NMR,
and CDCI; (0 = 77.0 in CDCI;) or acetone (6 = 29.0 in D,0)
for ®C NMR as an internal standard, and 85% H,PO, (0 = 0)
for 3'P NMR as an external standard. J values are given in Hz.
Where indicated, NMR peak assignments were made using COSY;
in compounds having D-Gal and L-Gal residues, assignments
were indicated with D or L. High-resolution mass spectra were
recorded using ESI techniques with TOF detector, with PerSpec-
tive Biosystems Mariner Biospectrometry Workstation. Optical
rotations were determined using 1.0 dm cell, with Horiba SEPA-
200 polarimeter, and [a], values are given in 107'° cm g~'. Silica
gel column chromatography was performed with Kieselgel 60 (70—
230 mesh, E. Merck) or Wakogel C300 (200-300 mesh, Wako
Chemical). Thin-layer chromatography (TLC) was carried out
on Kieselgel 60F254 Art.5715 (E. Merck) glass plates precoated
with silica gel with fluorescence indicator. Plates were visualized
by irradiation with UV lamp, or dipping in 1% Ce(SO,),—1.5%
(NH,)sMo,0,,-10% H,SO,, 5% H,SO, in MeOH, or orcinol
in 10% H,SO,~EtOH and charred. AG1-X8 was purchased
from BioRad. Sephadex G-15 was purchased from Amersham
Biosciences. High-performance liquid chromatography (HPLC)
was performed using Hitachi L-7100 pump equipped with
Waters 470 fluorescence detector and Maclntegrator recorder.
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Effluent was degassed by sonicating under reduced pressure. Inert-
sil ODS-3 HPLC column (i.d. 4.6 mm x 250 mm) was purchased
from GL-Sciences. High-performance liquid chromatography
combined with mass spectrometry (LC-MS) was performed using
Shimadzu LCMS-2010A system equipped with TOSOH TSK-
GEL ODS-100V column (i.d. 2.0 mm x 150 mm). Purity of
ethylene glycol monoacetate, purchased from Aldrich, was 50%
and contained ethylene glycol and ethylene glycol diacetate as im-
purities. Commercial ethylene glycol monoacetate was partitioned
between CHCI; and water, and organic layer was concentrated
to yield a mixture of ethylene glycol monoacetate and diacetate,
and used without further purification. NaH (55% in mineral oil)
was washed with hexane prior to use. CH,Cl, was distilled from
P,0s. a-1,3-Fucosyltransferase V and VI were purchased from
Calbiochem.

Phenyl 2,3,4-tri- O-benzoyl-6- O-methylthiomethyl-1-thio-f-D-
galactopyranoside (4). To a solution of phenyl 2,3,4-tri-O-
benzoyl-1-thio-B-D-galactopyranoside (3, 2.4 g, 4.1 mmol) in
DMSO (12.6 cm?) was added Ac,O (9.0 cm®) and AcOH (1.8 cm?).
After being stirred for 1 day at room temperature, cooled saturated
aqueous NaHCO; solution was added to the solution and stirred
for additional 1 h. The solution was extracted with EtOAc, and the
extract was washed with saturated aqueous NaHCO; solution and
water. The organic layer was dried (MgSO,) and concentrated, and
the residue was purified on a column of silica gel (hexane—EtOAc
5:1) to yield 4 (1.41 g, 53%) as an amorphous solid.; R; 0.16
(hexane-EtOAc 5 : 1); [a]5 +110.8 (¢ 1.0 in CHCLy); (Found: C,
64.93; H, 4.94; S, 9.70. C;sH;,048S, requires C, 65.20; H, 5.00; S,
9.95%); oy (270 MHz, CDCl;) 7.98-7.21 (20 H, m), 5.92 (1 H, d,
J 3.3),570 (1 H, t, J 9.9), 5.54 (1 H, dd, J 3.3 and 9.9), 5.00
(1H,d,J99),4.60 (2H,s),422 (1 H,t, J6.6),3.77 (1 H, dd,
J 6.3 and 9.9), 3.71 (1 H, dd, J 6.6 and 9.9), 2.07 (3 H, s); Jc
(67.8 MHz, CDCl;) 165.4, 165.2, 164.9, 134.3, 133.3, 133.2, 133.1,
130.7,129.8, 129.7, 129.7, 129.3, 129.0, 128.8, 128.7, 128.4, 128.4,
128.3, 128.1, 85.4,76.3, 75.9, 73.3, 68.5, 67.9, 65.9, 14.0.

2-Trimethylsilylethyl 6-O-triphenylmethyl-2,3,4-tri- O-benzoyl-
B-L-galactopyranoside (6). To a solution of 2-trimethylsilylethyl
2,3,4,6-tetra- O-acetyl-B-L-galactopyranoside (5, 2.63 g,
5.86 mmol) in MeOH (30 c¢cm®) was added a catalytic amount
of NaOMe. After being stirred for 4 h at room temperature, the
solution was neutralized with Dowex 50W-X8 (H*). The resin
was filtered off, and the filtrate was concentrated to give syrup.
The syrup was dissolved in pyridine (30 cm?®), and TrCl (2.45 g,
8.79 mmol) was added at room temperature. After being stirred
for 16 h at 50 °C, the solution was cooled to 0 °C, and BzCl
(3.06 cm?, 26.3 mmol) was added. After being stirred for 3 h, the
reaction was quenched by adding crashed ice. The solution was
extracted with CHCI;, and the organic layer was dried (MgSO,)
and concentrated. The residue was purified on a column of silica
gel (hexane-EtOAc 10 : 1 — 8 : 1) to yield 6 (3.52 g, 72%) as
an amorphous solid.; Ry 0.12 (hexane-EtOAc 10 : 1); [a]¥ —63.2
(¢ 1.26 in CHCl,); (Found: C, 73.14; H, 6.25. C5;H5,0,Si requires
C, 73.36; H, 6.04%); oy (270 MHz, CDCl;) 8.11-7.12 (30 H, m),
6.02 (1 H, d, J 2.3), 5.65 (1 H, dd, J 7.6 and 10.6), 5.57 (1 H, dd,
J2.3and 10.6),4.74 (1 H, d, J 7.6),4.04-3.98 (2 H, m), 3.61 (1 H,
dt, J 6.6 and 10.2), 3.48 (1 H, dd, J 5.9 and 10.2), 3.27 (1 H,
brt,J 8.4),1.13 (2 H, m), —0.08 (9 H, s); dc (67.8 MHz, CDCl,)
165.5, 165.2, 165.0, 143.2, 132.98, 132.96, 132.9, 130.0, 129.9,

129.7, 129.6, 129.5, 129.3, 128.9, 128.4, 128.3, 128.2, 128.14,
128.08, 127.7, 126.9, 100.9, 86.9, 72.6, 72.1, 70.1, 68.2, 67.7, 61.1,
18.1, —1.4.

2-Trimethylsilylethyl 2,3,4-tri-O-benzoyl-p-L-galactopyranoside
(7). To a solution of 6 (1.6 g, 1.9 mmol) in CHCl;-MeOH
(2:1v/v, 19 cm®) was added TsOH-H,O (164 mg, 0.952 mmol) at
0 °C. After being stirred for 3 h at room temperature, the solution
was diluted with CHCl;, and washed with saturated aqueous
NaHCO;. The organic layer was dried (MgSO,) and concentrated.
The residue was purified on a column of silica gel (hexane-EtOAc
3:1— 1:1)toyield 7 (0.80 g, 71%) as a colourless syrup.; R;
0.19 (hexane-EtOAc 3 : 1); [a]?’ —174 (c 0.84 in CHCl,); (Found:
C, 64.68; H, 5.96. C;,;H;0,Si requires C, 64.85; H, 6.12%); oy
(270 MHz, CDCl;) 8.13-7.21 (15 H, m), 5.84 (1 H, dd, J 10.4 and
7.9), 5.80 (1 H, m), 5.57 (1 H, dd, J 3.3 and 10.4), 4.82 (1 H, d,
J1.9),4.11-4.00 (2 H, m), 3.89-3.80 (1 H, m), 3.69-3.80 (2 H, m),
0.92 (2 H, m), —0.06 (9 H, s); o (67.8 MHz, CDCl;) 166.7, 165.4,
165.1, 133.7, 133.2, 133.0, 130.0, 129.61, 129.59, 129.35, 128.61,
128.56, 128.49, 128.20, 128.18, 101.0, 73.9, 71.9, 70.0, 69.0, 67.9,
60.5, 18.1, —1.4.

2-Trimethylsilylethyl 2,3,4-tri-O-benzoyl-6-O-(phenyl 2,3,4-tri-
O-benzoyl-1-thio-p-D-galactopyranosid-6-yloxymethyl)-p-L-galacto-
pyranoside (8). To a solution of 7 (290 mg, 0.489 mmol) and
4 (380 mg, 0.589 mmol) in CH,Cl, (8.0 cm®) was added MS3A
(300 mg) under Ar atmosphere. After being stirred for 1 h at room
temperature, MeOTf (67 mm?, 0.59 mmol) was added. Another
portion of MeOTf (67 mm?®, 0.59 mmol) was added after 2.5 h
and 4.5 h, and the suspension was stirred for an additional 1 h.
The suspension was neutralized with Et;N, and filtered through
a pad of celite. The filtrate was concentrated, and the residue
was purified on a column of silica gel (toluene—EtOAc 25 : 1 —
20 : 1) to yield crude 8. This was again purified on a column of
silica gel (hexane-EtOAc 5 : 2) to yield pure 8 (254 mg, 44%)
as a colourless syrup.; Ry 0.37 (hexane-EtOAc 2 : 1); [a]? —6.5
(¢ 1.07, CHCLy); 6y (400 MHz, CDCl;, COSY) 8.07-7.12 (35 H,
m, Ar), 5.89 (1 H, br d, J, 5 3.7, H-4L), 5.87 (1 H, br d, Jupsp
2.7, H-4D), 5.74 (1 H, dd, J.5. 10.5, J,, 7.9, H-2L), 5.67 (1 H,
t, Jopup = Japap 9.9, H-2D), 5.50 (1 H, dd, H-3L), 5.48 (1 H, dd,
H-3D), 493 (1 H, d, H-1D), 4.76 (1 H, d, H-1L), 4.66 (1 H, d,
J 7.0, 0CH,0),4.56 (1 H,d, J 7.0, OCH,0), 4.13-4.03 (3 H, m,
H-5L, 5D, OCH,CH,Si), 3.78-3.59 (5 H, m, H-6aL, 6bL, 6aD,
6bD, OCH,CH,Si), 0.90 (2 H, m, OCH,CH,Si), — 0.08 (9 H, s,
SiMe;); ¢ (67.8 MHz, CDCl;) 165.4, 165.3, 165.1, 165.0, 164.9,
134.25, 133.28, 133.1, 133.0, 130.6, 129.9, 129.8, 129.63, 129.59,
129.5, 129.3, 129.1, 128.9, 128.8, 128.72, 128.68, 128.44, 128.41,
128.32, 128.27, 128.14, 128.09, 127.8, 100.9, 96.2, 85.1, 76.2, 73.2,
72.4,72.1,69.9, 68.4, 67.8, 67.7, 66.5, 66.3, 18.1, —1.4; m/z (ESI)
1211.3625 (M* + Na. C,Hg,O,;SSiNa requires 1211.3531).

2-Trimethylsilylethyl 2,3,4-tri- O-benzoyl-6-O-(2-acetoxyethyl
2,3,4-tri- O-benzoyl-p-D-galactopyranosid-6-yloxymethyl)-p-L-
galactopyranoside (9). To a solution of 8 (99.6 mg, 83.7 umol)
and ethylene glycol monoacetate* (38 mm?, 0.21 mmol) in CH,Cl,
(1.0 cm®) was added MS4A (50 mg) under Ar atmosphere. After
being stirred for 1 h at room temperature, the suspension was

*In this case, commercial grade ethylene glycol monoacetate was used
without any purification.
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cooled to —30 °C. To the suspension was added NIS (36 mg,
0.16 mmol) and TfOH (0.3 M in Et,O, 83 mm?®, 25 umol),
subsequently. After being stirred for 30 min, the suspension was
diluted with CHCl, and filtered through a pad of celite. The filtrate
was washed with 10% aqueous Na,S,0; solution and saturated
aqueous NaHCO; solution, subsequently. The organic layer was
dried (MgSO,) and concentrated. The residue was purified on a
column ofsilica gel (hexane-EtOAc2:1 — 1:1) to yield a mixture
of 9 and hydroxyethyl glycoside 10. The mixture was acetylated
with Ac,O (0.5 cm®) and pyridine (0.5 cm?) and purified by silica
gel column chromatography (hexane-EtOAc 3 : 2) to yield 9
(65.2 mg, 66%) as a colourless syrup; R; 0.16 (hexane-EtOAc 2 :
1); [a]¥ + 4.8 (¢ 1.27, CHCL); dy (400 MHz, CDCl;, COSY)
8.07-7.13 (30 H, m, Ar), 5.88-5.87 (2 H, m, H-4L, 4D), 5.75 (1 H,
dd, Jopsp 10.5, Jopp 8.1, H-2D), 5.74 (1 H, dd, Jy 5 10.4, Jo 00
7.9, H-2L), 5.52 (1 H, dd, J3p4p 3.4, H-3D), 5.49 (1 H, dd, J5..
3.4,H-3L),4.79 (1 H, d, H-1D), 4.76 (1 H, d, H-1L), 4.67 (1 H, d,
J 6.9, OCH,0),4.57 (1 H,d, J 6.9, OCH,0), 4.18-4.03 (6 H, m,
H-5L, 5D, OCH,CH,Si,0CH,CH,0), 3.83-3.61 (6 H, m, H-6aL,
6bL, 6aD, 6bD, OCH,CH,Si, OCH,CH,0), 1.69 (3 H, s, Ac),
0.91 (2 H, m, OCH,CH,Si), —0.07 (9 H, s, SiMe;); ¢ (67.8 MHz,
CDCl;) 170.6, 165.4, 165.3, 165.0, 164.9, 133.4, 133.3, 133.07,
133.02, 132.9, 129.9, 129.6, 129.59, 129.46, 129.3, 129.1, 129.0,
128.8, 128.7, 128.48, 128.47, 128.2, 128.16, 128.11, 101.3, 100.9,
96.1,72.7,72.4,72.1, 71.8, 69.9, 69.6, 68.4, 67.8, 67.5, 66.3, 63.0,
20.4, 18.1, —1.4; m/z (ESI) 1205.3908 (M* + Na. C4H0,,SiNa
requires 1205.3814).

Phenyl 2,3,4-tri- O-benzyl-6- O-(2-hydroxyethyl)-1-thio-p-D-
galactopyranoside (12). To a solution of phenyl 2,3,4-tri-O-
benzyl-1-thio-B-D-galactopyranoside (11, 2.47 g, 4.55 mmol) in
DMF (30 cm?®) was added NaH (55% in oil, 800 mg, 18.3 mmol)
at 0 °C. After being stirred for 1 h at 0 °C, 2-(2-bromoethoxy)-
tetrahydro-2H-pyrane (2.7 cm?, 18 mmol) was added, and stirred
overnight at room temperature. MeOH was added to the solution
to destroy excess reagents, and diluted with EtOAc. The solution
was washed with brine, and the organic layer was dried (MgSO,)
and concentrated. The residue was purified on a column of silica
gel (hexane-EtOAc3:1 — 1:1) to yield THP-ether (2.04 g, 67%)
as a colourless syrup.

The syrup was dissolved in CHCL,-MeOH (2 : 1 v/v, 30 cm?)
and TsOH-H,O (262 mg, 1.52 mmol) was added at 0 °C. After
being stirred for 1 h at room temperature, the solution was diluted
with CHCI;, and washed with saturated aqueous NaHCO;. The
organic layer was dried (MgSO,) and concentrated. The residue
was purified on a column of silica gel (hexane-EtOAc2:1 — 3:
2 — 1:1)toyield 12 (1.56 g, 88%) as an amorphous solid.; R;
0.19 (hexane-EtOAc 2 : 1); [a]®¥ + 1.7 (¢ 1.1, CHCL,); (Found: C,
71.45; H, 6.37; S, 5.74. C;sH3OS requires C, 71.65; H, 6.53; S,
5.47%); 0w (270 MHz, CDCl;) 7.58-7.19 (20 H, m), 4.98 (1 H, d,
J10.5),4.81-4.72(4H, m),4.65(1 H,d, J9.6),4.62 (1 H,d, J 11.9),
3.94(1H,t,J9.6Hz),3.90 (1H,d, J 2.6 Hz), 3.65-3.41 (8 H, m);
dc (67.8 MHz, CDCl;) 138.5, 138.12, 138.06, 133.9, 131.5, 128.7,
128.4,128.2,128.1,127.9,127.7,127.6, 127.49, 127.48, 127.1, 87.8,
84.2,77.41,77.37,77.2,75.7,74.3, 73.5, 72.9, 72.5, 69.9, 61.8.

Phenyl 2,3,4-tri-O-benzyl-6-O-{2-(p-toluenesulfonyloxy)ethyl } -
1-thio-p-D-galactopyranoside (13). To a solution of 12 (1.37 g,
2.33 mmol) in pyridine (20 cm®) was added TsCl (1.36 g,
6.98 mmol) at room temperature. After being stirred for 3 h,

the solution was diluted with CHCI,, and washed with saturated
aqueous NaHCO;, 1 M HCl and water, subsequently. The organic
layer was dried (MgSO,) and concentrated. The residue was
purified on a column of silica gel (hexane-EtOAc 4 : 1 — 3 :
1 — 2:1)toyield 13 (1.16 g, 68%) as a colourless syrup; R; 0.14
(hexane—EtOAc 4 : 1); [a]®+ 0.9 (¢ 1.21, CHCL); (Found: C,67.77;
H, 5.95; S, 8.73. C;,H,,O5S, requires C, 68.08; H, 5.99; S, 8.66%);
Ju (270 MHz, CDCl;) 7.76-7.18 (24 H, m), 4.95 (1 H, d, J 11.9),
4.81-4.71 (4 H, m), 4.61 (1 H, d, J 9.9), 4.60 (1 H, d, J 11.5),
4.05 (2 H, m), 3.95-3.88 (2 H, m), 3.59 (1 H, dd, J 2.6 and 9.2),
3.54-3.44 (5 H, m), 2.39 (3 H, s); d. (67.8 MHz, CDCl;) 144.8,
138.7,138.3,138.2, 134.0, 133.1, 131.5, 129.8, 128.7, 128.4, 128.3,
128.2,127.8,127.7,127.5,127.4,127.1, 87.6, 84.1,77.3,77.1,75.6,
74.3,73.4,72.7,69.7, 68.9, 68.8, 21.6.

2-Trimethylsilylethyl 6- O-triphenylmethyl-f-1-galactopyrano-
side (14). Toasolution of 5(3.35 g, 7.47 mmol) in MeOH (80 cm?)
was added catalytic amount of NaOMe. After being stirred for 1 h,
the solution was neutralized with Dowex S0W-X8 (H*). The resin
was filtered off, and the filtrate was concentrated. The residue was
dissolved in pyridine (50 cm?®), and TrCl (3.12 g, 11.2 mmol) was
added at room temperature. After being stirred overnight at 50 °C,
MeOH was added to the solution, and the resulting solution was
concentrated. The residue was purified on a column of silica gel
(hexane-EtOAc 2 : 3) to yield 14 (1.98 g, 50%) as a colourless
syrup; Ry 0.20 (hexane—EtOAc 2 : 3); [a]¥+ 15.3 (¢ 1.09, CHCL,);
(Found: C, 68.70; H, 7.24. C;,H;3O4Sirequires C, 68.93; H, 7.33%);
Ju (270 MHz, CDCl;) 7.47-7.23 (15 H, m), 423 (1 H, d, J 7.6),
4.07-3.97 (2 H, m), 3.65-3.54 (4 H, m), 3.46 (1 H, dd, J 5.6 and
9.4),3.36 (1 H, dd, J 6.4 and 9.4), 1.02 (2 H, m), 0.01 (9 H, s); J
(67.8 MHz, CDCl;) 143.5, 128.5, 127.8, 127.1, 102.3, 89.0, 73.6,
73.5,72.3,69.1, 67.3, 62.6, 18.4, —1.3;

2-Trimethylsilylethyl 2,3,4-tri-O-benzyl-6-O-triphenylmethyl-f-
L-galactopyranoside (15). To a solution of 14 (214 mg,
0.410 mmol) in DMF (4.0 cm®) was added NaH (55% in oil,
161 mg, 3.69 mmol) at 0 °C. After being stirred for 1 h at 0 °C,
BnBr (0.3 cm?, 2.5 mmol) was added, and the solution was stirred
for 30 min at room temperature. MeOH was added to the solution,
and the resulting solution was diluted with EtOAc, and washed
with brine. Organic layer was dried (MgSO,) and concentrated.
The residue was purified on a column of silica gel (hexane-EtOAc
20 : 1) to yield 15 (274 mg, 84%) as a colourless syrup.; R; 0.16
(hexane—EtOAc 20: 1); [a]5 + 2.6 (¢ 0.9, CHCL,); (Found: C, 76.91;
H, 7.03. C5,H;,0(Si requires C, 77.24; H, 7.12%); oy (270 MHz,
CDCl,) 7.41-7.11 (30 H, m), 4.92 (1 H, d, J 10.9), 4.83-4.46 (5 H,
m),4.32(1H,d,J7.9),4.00 (1 H,dt,J 7.6 and 10.2), 3.85 (1 H, d,
J2.6)3.76 (1 H,dd, J 7.9 and 9.6) 3.62-3.44 (3 H, m), 3.36 (1 H, t
J 6.3)3.20 (1 H, dd, J 6.3 and 8.9) 1.03 (2 H, m), 0.01 (9 H, s); dc
(67.8 MHz, CDCl;) 143.8, 138.6, 128.6, 128.2, 128.1, 128.0, 127.9,
127.8,127.7,127.4,127.1, 126.9, 103.4, 86.8, 82.2, 79.7,75.1, 74.2,
74.1,73.6,73.1, 67.3, 62.8, 18.6, —1.3.

2-Trimethylsilylethyl 2,3,4-tri-O-benzyl-B-L-galactopyranoside
(16). To a solution of 15 (2.47 g, 3.11 mmol) in CHCl;-MeOH
(2:1 v/v, 40 cm®) was added TsOH-H,O (267 mg, 1.55 mmol) at
0 °C. After being stirred for 2 h at room temperature, the solution
was diluted with CHCI;, and washed with brine. Aqueous layer
was extracted with CHCl;, and combined organic layer was dried
(MgS0,) and concentrated. The residue was purified on a column
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of silica gel (hexane-EtOAc 5:1 — 1 : 1) to yield 16 (1.53 g,
89%) as a colourless syrup.; R; 0.19 (hexane-EtOAc 3 : 1); [a]¥+
24.6 (¢ 0.71, CHCl;); 64 (270 MHz, CDCl;) 7.35-7.22 (15 H, m),
4.97-4.63 (6 H,m),4.37(1H,d,J7.9),4.00 (1 H,dt,J 7.6 and 9.2
Hz), 3.85-3.73 (3 H, m), 3.63-3.48 (3 H, m), 3.36 (1 H, t, J 5.6),
1.03 (2 H, m), 0.01 (9 H, s); o (67.8 MHz, CDCl;) 138.8, 138.4,
138.3,128.5, 128.4, 128.3, 128.2, 128.0, 127.8, 127.6, 127.5, 127.4,
103.6,82.3,79.7,75.1,74.5,74.1,73.3,73.0, 67.4, 62.0, 18.5, —1.5;
m/z (ESI) 573.2648 (M* + Na. C;,H,,O,SiNa requires 573.2591).

2-Trimethylsilylethyl 2,3,4-tri-O-benzyl-6-O-(phenyl 2,3,4-tri-
O-benzyl-1-thio-p-D-galactopyranosid-6-yloxyethyl)-f-L-galacto-
pyranoside (17). To a solution of 16 (359 mg, 0.652 mmol) in
DMSO (5.0 cm®) was added NaH (55% in oil, 136 mg, 3.13 mmol)
at 0 °C. After being stirred for 1 h, 13 (602 mg, 0.812 mmol) was
added to the solution. After being stirred for 4 h, the reaction
was quenched with MeOH, and the solution was diluted with
EtOAc. The solution was washed with brine, and the aqueous
layer was extracted with EtOAc. Combined organic layer was
dried (MgSO,) and concentrated. The residue was purified on
a column of silica gel (hexane—-EtOAc 5: 1 — 7 : 2) to yield 17
(426 mg, 58%) as a colourless syrup.; R; 0.41 (hexane-EtOAc 3 :
1); [a]ly+ 12.0 (¢ 0.87, CHCL); Jy (400 MHz, CDCl;, COSY)
7.57-7.18 (35 H, m, Ar), 4.97-4.60 (12 H, m, PhCH, x 6), 4.62
(1H,d, Jipp 9.6, H-1D), 4.34 (1 H, d, J,.» 8.0, H-1L), 3.98 (1 H,
dt, J 7.8,9.6, OCH,CH,Si), 3.93 (1 H, brd, J,p3p 2.7, H-4D), 3.92
(1 H, t, Jpsp 9.6, H-2D), 3.84 (1 H, br d, Jy 5 2.1, H-4L), 3.79
(1 H, dd, J,.5 9.8, H-2L), 3.61-3.35 (13 H, m, H-3D, 5D, 6aD,
6bD, 3L, 5L, 6aL, 6bL, OCH,CH,Si, OCH,CH,0), 1.02 (2 H,
m, OCH,CH,Si), —0.01 (9 H, s, SiMe;); d- (100 MHz, CDCl;)
138.7, 138.5, 138.3, 138.2, 134.1, 131.5, 128.8, 128.4, 128.3, 128.2,
128.1, 127.9, 127.73, 127.68, 127.50, 127.46, 127.0, 103.4, 87.7,
82.2,79.7,75.6,75.1,74.3, 73.4,73.3, 73.2, 72.9, 72.7, 70.5, 69.6,
67.3, 18.4, 1.5; m/z (ESI) 1141.5036 (M* + Na. C;H0,,SSiNa
requires 1141.4932).

2-Trimethylsilylethyl 2,3,4-tri-O-benzyl-6-0-(1-O-acetyl-2,3,4-
tri- O-benzyl-a/p-D-galactopyranos-6-yloxyethyl)-f-L-galacto-
pyranoside (18). To a solution of 17 (420 mg, 0.375 mmol)
in acetone-water (9 : 1 v/v, 10 cm®) was added NBS (200 mg,
1.12 mmol) at room temperature. After being stirred for 20 min,
another portion of NBS (30 mg, 0.169 mmol) was added. After
being stirred for 20 min, TLC analysis revealed that all 17 was
consumed. The solution was diluted with EtOAc, and washed
with saturated aqueous NaHCO;, and water, respectively. The
organic layer was dried (MgSO,) and concentrated to yield crude
hemiacetal (433 mg) as a syrup. The syrup was acetylated with
pyridine (4.0 cm®) and Ac,0 (3.0 cm®) and purified by silica gel
column chromatography (hexane-EtOAc4:1 —> 3:1—>2:1)
to yield 18 (302 mg, 75%, a.: p = 6 : 4) as a colourless syrup; dy
(270 MHz, CDCl;) 7.34-7.23 (30 H, m), 6.35 (0.6 H, d, J 3.6),
5.53 (0.4 H, d, J 8.2),496-4.57 (12 H, m), 433 (1 H, d, J 7.9),
4.17-3.33 (18 H. m), 2.07 (1.8 H, s), 2.02 (1.2 H, s), 1.02 (2 H,
m), 0.00 (9 H, s); m/z (ESI) 1091.4861 (M* + Na. C;;H,,O,;SiNa
requires 1091.4953).

2-Trimethylsilylethyl 2,3,4-tri- O-benzoyl-6-O-(1-O-acetyl-2,3,4-
tri- O-benzoyl-a/f-D-galactopyranos-6-yloxyethyl)-f-L-galacto-
pyranoside (19). To a solution of 18 (113 mg, 0.105 mmol)
in EtOAc-MeOH-AcOH (2/2/1 v/v/v, 5.0 cm®) was added

Pd(OH),/C (20%, 35 mg). The suspension was stirred for 20 h
under H, gas at atmospheric pressure. The suspension was filtered
through a pad of celite, and the filtrate was concentrated to give
hexaol (56.2 mg) as a syrup. The syrup was dried by concentrating
from pyridine three times. The residue was dissolved in pyridine
(2.0 cm®), and BzCl (0.15 cm?®, 1.3 mmol) was added to the
solution. After being stirred for 17 h at room temperature, the
reaction was quenched with crashed ice, and extracted twice with
CHCI;. The organic layer was dried (MgSO,) and concentrated.
The residue was purified on a column of silica gel (hexane—EtOAc
5:2— 3:2) toyield 19 (99.4 mg, 82%, o : B = 6 : 4) as an
amorphous solid.; J; (270 MHz, CDCl;) 8.08-7.20 (30 H. m),
6.65 (0.6 H, d, J 3.3), 6.07 (0.4 H, d, J 8.2), 5.97-5.47 (6 H, m),
4.79 (0.4 H, d, J 8.2),4.76 (0.6 H, d, J 8.2), 4.51 (0.6 H, m), 4.25
(0.4 H, m), 4.11-3.44 (10 H, m), 2.17 (1.8 H, s), 2.09 (1.2 H, s),
0.92 (2 H, m), —0.06 (9 H, s).

2-Trimethylsilylethyl 2,3,4-tri- O-benzoyl-6-O-(2-acetoxyethyl
2,3,4-tri- O-benzoyl-B-D-galactopyranosid- 6-yloxyethyl)-p-L-
galactopyranoside (20). To a solution of 19 (94.2 mg, 82 umol)
in DMF (2.0 cm®) was added H,NNH,-AcOH (7.9 mg, 86 umol).
After being stirred for 10 min at 60 °C, the solution was diluted
with CHCI;, and washed with brine. The organic layer was dried
(MgSO,) and concentrated. The residue was purified by silica gel
column chromatography (hexane-EtOAc 3 : 2 — 5 : 4) to yield
hemiacetal (70.4 mg) as a colourless syrup.

CCI;CN (126 mm?, 1.26 mmol) and Cs,CO; (41 mg, 0.13 mmol)
was added to a solution of the hemiacetal (70.4 mg, 63 umol) in
CH,CI, (3.0 cm?) at room temperature under Ar atmosphere. After
being stirred overnight, precipitate was filtered off, and the filtrate
was concentrated. The residue was purified on a column of silica
gel (hexane-EtOAc 2 : 1) to yield trichloroacetimidate (72 mg) as
a colourless syrup.

MS3A (100 mg) was added to a solution of the imidate (72 mg,
57 umol) and ethylene glycol monoacetate (46 mg, 140 umol) in
CH,CI, (2.0 cm®) under Ar atmosphere. After being stirred for
1 h, the suspension was cooled to 0 °C, and a solution of TMSOTTf
(2.0 mm?, 11 umol) in CH,Cl, (0.1 cm?®) was added. After being
stirred for 20 min at 0 °C, the reaction was neutralized with Et;N,
and the solid was filtered off. The filtrate was concentrated, and
the residue was treated with pyridine (1.0 cm?®) and Ac,O (1.0 cm?)
to facilitate the purification of 20. Purification by silica gel column
chromatography (hexane-EtOAc2: 1 — 3:2) yielded 20 (51 mg,
52%) with a small contamination of ethylene glycol diacetate.; R;
0.30 (hexane-EtOAc 3 : 2); dy (400 MHz, CDCl;, COSY) 8.08—
7.22 (30 H, m, Ar), 5.88-5.86 (2 H, m, H-4L, 4D), 5.75 (1 H,
dd, Jypsp 104, Jop,p 8.2, H-2D), 5.73 (1 H, dd, Jy 5 10.4, Jo
8.1, H-2L), 5.53 (1 H, dd, Jsp4p 3.4, H-3D), 5.51 (1 H, dd, J5.4
3.4, H-3L), 4.81 (1 H, d, H-1D), 4.77 (1 H, d, H-1L), 4.20-4.04
(6 H, m, H-5L, 5D, OCH,CH,Si, OCH,CH,0Ac), 3.84 (1 H, ddd,
J4.1,6.2 and 11.1, OCH,CH,0Ac), 3.69-3.61 (5 H, m, H-6aL,
6bL, 6aD,6bD, OCH,CH,Si), 3.59-3.54 (2 H, m, OCH,CH,0),
3.50-3.45 (2 H, m, OCH,CH,0), 1.71 (3 H, s, Ac), 0.93 (2 H, m,
OCH,CH,Si), —0.06 (9 H, s, SiMe;); o (67.8 MHz, CDCl;) 170.6,
165.4, 165.31, 165.28, 165.2, 165.0, 164.9, 133.32, 133.26, 133.02,
132.97, 132.9, 129.8, 129.6, 129.4, 129.3, 129.2, 129.1, 128.81,
128.78, 128.5, 128.2, 128.13, 128.1, 101.3, 100.9, 72.8, 72.5, 72.0,
71.7,70.8, 70.0, 69.7, 69.2, 69.1, 68.5, 67.7, 67.6, 63.1, 29.7, 20.4,
18.1, —1.4.
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Bis(ammonium) guanosine 5'-{6-O-(2-hydroxyethyl p-p-galacto-
pyranosid-6-yloxymethyl)-B-L-galactopyranosyl diphosphate} (1).
To a solution of 9 (69.5 mg, 58.7 umol) in CH,Cl, (0.6 cm®)
was added TFA (1.2 cm®). After being stirred for 30 min at
room temperature, the solution was diluted with toluene and
concentrated. The remaining TFA was coevaporated several times
with toluene, and the residue was purified on a column of silica
gel (hexane-EtOAc 3:2 — 1: 1) to yield hemiacetal (62.7 mg) as
a colourless syrup.

CCI;CN (120 mm?, 1.2 mmol) and Cs,CO; (38 mg, 0.12 mmol)
was added to a solution of the hemiacetal (62.7 mg) in CH,Cl,
(2.5 cm?) at room temperature under Ar atmosphere. After being
stirred overnight, precipitate was filtered off, and the filtrate was
concentrated. The residue was purified on a column of silica gel
(hexane-EtOAc 2 : 1 — 3 : 2) to yield trichloroacetimidate 21
(54.8 mg, 76% in two steps) as an amorphous solid.; R; 0.51
(hexane-EtOAc 1 : 1); 6y (270 MHz, CDCl;) 8.74 (1 H, s), 8.08—
7.20 (30 H, m), 6.84 (1 H, d, J 3.3), 6.04-5.83 (4 H, m), 5.76 (1 H,
dd, J 7.7 and 10.5), 5.56 (1 H, dd, J 2.3 and 10.5), 4.81 (1 H, d,
J1.7),4.62-4.54 (3 H, m), 4.17-4.08 (4 H, m), 3.84-3.70 (5 H, m),
1.70 (3 H, s).

Compound 21 was dried by concentrating three times from
dry toluene prior to use. A solution of recrystallized dibenzyl
phosphate (15 mg, 54 umol) in CH,Cl, (0.2 c¢cm®) was added
dropwise to a solution of 21 (54.6 mg, 44.5 pmol) in CH,Cl,
(2.0 cm?) at room temperature under Ar atmosphere. After being
stirred for 1 h, the solution was concentrated. The residue was
purified on a column of silica gel (toluene-EtOAc 3 : 1 —
2 : 1 containing 1% Et;N) to yield B-phosphate 22 (60.7 mg)
which contained a small amount of corresponding hemiacetal.
Compound 22 was used in the next reaction without further
purification.; R; 0.37 (toluene-EtOAc 2 : 1); 0y (400 MHz, CDCl;)
8.08-7.00 (40 H, m), 5.93 (1 H, brd, J 2.9), 5.89 (1 H, dd, J 7.7
and 10.2),5.86 (1 H, m), 5.74 (1 H, dd, J 8.0 and 10.4), 5.69 (1 H, t,
J7.7),5.57(1H,dd, J2.9and 10.2), 5.53 (1 H, dd, J 3.3 and 10.4),
5.16,5.09 (1 H x 2, each dd, J 7.0 and 11.9), 4.86,4.76 (1 H x 2,
each dd, J 7.0 and 11.9),4.78 (1 H, d, J 8.0), 4.58,4.50 (1 H x 2,
eachd, J7.1),4.27-4.05(4 H, m), 4.03 (1 H, brt, J 6.6), 3.82-3.63
(5 H, m), 1.69 (3 H, s); dp (109 MHz, CDCl;) — 2.32; m/z (ESI)
1365.3611 (M* + Na. C;;Hg,0,;PNa requires 1365.3709).

Pd/C (10%, 50 mg) was added to a solution of 22 and Et;N
(7.3 mm?, 52 umol) in MeOH (3.0 cm?). The suspension was stirred
under H, gas at atmospheric pressure for 12 h, and TLC analysis
showed only one product. The suspension was filtered through a
pad of celite, and the filtrate was concentrated. The residue was
dissolved in NH,OH-pyridine (4 : 1 v/v, 2.0 cm?) and stirred for
20 h at room temperature. The solution was concentrated, and
the residue was dissolved in water and passed through ODS silica
gel column. Void fractions were collected and passed through a
column of Dowex 50W-X8 (n-Bu;NH*), and lyophilized to yield
deprotected phosphate 23 (24.7 mg, 81% in three steps).; R; 0.31
(‘PrOH-water-NH,OH 5 : 3 : 1); 64 (270 MHz, D,0) 4.90 (1 H,
t,J 7.6),4.48 (1H,d, J 7.6),4.00-3.54 (17 H, m), 3.18-3.13 (6 H,
m), 1.75-1.64 (6 H, m), 1.47-1.33 (6 H, m), 1.01-0.93 (9 H, m); d,
(109 MHz, D,0) —2.32.

n-Bu;N (13 mm?, 52 umol) was added to a solution of GMP
(17.3 mg, 47.6 umol) in DMF (0.8 cm?). The solution was
concentrated to give GMP tri-n-butylammonium salt. The salt
was dissolved in DMF (0.8 ¢cm®) and N,N'-carbonyldiimidazole

(10.8 mg, 66.7 umol) was added under Ar atmosphere. After
being stirred overnight, MeOH was added to the solution and
stirred for 30 min to destroy all excess reagents. The solution
was concentrated to yield GMP-imidazolidate 24. Compound
23 (24.6 mg, 36.1 umol) and 24 were dried by concentrating
three times from dry DMF, separately, then combined and
dissolved in DMF (1.5 cm®). MgCl, was dried by concentrating
three times from dry DMF. A solution of MgCl, (17.5 mg,
18.47 umol) in DMF (0.5 c¢cm®) was added to the solution of
23 and 24. After being stirred overnight, the reaction mixture
was concentrated, and the residue was poured onto a column of
AG1-X8 (HCO, ) and eluted with a linear gradient of NH,HCO,
(0-1 M). Fractions containing 1 were collected and lyophilized.
The residue was purified by gel permeation chromatography
(Sephadex G-15, water) to yield 1 (14.1 mg, 47%) as a white solid
after lyophilization.; R; 0.41 (PrOH-H,O-NH,OH 5: 3 : 1); o4
(400 MHz, D,0, 40 °C, COSY)ft 8.08 (1 H, s, H-8), 5.92 (1 H, d,
Jry 6.3, H-1),4.96 (1 H,dd, J,.» 8.5, Ji o 7.6, H-11), 4.79-4.74
(3 H, m, H-2", OCH,0), 4.52 (1 H, dd, J;'y 5.3, Jy4 3.3, H-3),
436 (1 H, d, Jpop 7.8, H-1D), 4.35-4.32 (1 H, m, H-4'), 4.20
(2H, m, H-5a, 5b), 4.00-3.95 (1 H, m, OCH,CH,0H), 3.91 (1 H,
br d, Jupap 3.5, H-4D), 3.90 (1 H, br d, Jy 5 3.4, H-4L), 3.86—
3.71 (9 H, m, H-5L, 6aL, 6bL, 5D, 6aD, 6bD, OCH,CH,OH),
3.67 (1 H, dd, J3., 10.1, H-3L), 3.66 (1 H, dd, J3p.p 9.9, H-3D),
3.61 (1 H, dd, H-2L), 3.53 (1 H, dd, H-2D); . (67.8 MHz, D,0)
160.3, 155.0, 152.3, 137.9, 116.7, 103.4, 99.05, 98.96, 95.77, 87.2,
84.4,84.3,74.5,74.2,74.1,73.1,72.7,71.9, 71.8, 71.7, 71.3, 71.1,
69.3, 69.1, 68.2, 67.4, 66.0, 65.9, 61.4; 5, (109 MHz, D,0) —10.43
(d, J 20.8), —12.44 (d, J 20.8); m/z (ESI) 864.1579 (M* + Na.
C,sH, N5O,;P,Na requires 864.1565).

Bis(ammonium) guanosine 5'-{6-0-(2-hydroxyethyl p-p-galacto-
pyranosid-6-yloxyethyl)-p-L-galactopyranosyl diphosphate} (2).
Compound 20 (57.7 mg, 48.2 umol) was treated with CH,Cl,—
TFA (1 :2v/v, 1.0 cm®) as mentioned for 9. Purification by silica
gel column chromatography (hexane-EtOAc 1:1 — 2: 3) yielded
hemiacetal (50.8 mg).

A solution of the hemiacetal (50.8 mg, 46.3 umol) in CH,Cl,
(2.0 cm®) was treated with CCI;CN (90 pL, 0.90 mmol) and
Cs,CO; (31.5 mg, 96.7 umol) as mentioned for 21. Purification
by silica gel column chromatography (hexane-EtOAc 3 : 2 —
5:4)yielded trichloroacetimidate 25 (41.8 mg, 73% in two steps) as
an amorphous solid.; R; 0.48 (hexane-EtOAc 1 : 1);dy (270 MHz,
CDCl,;) 8.62 (1 H, s), 8.09-7.20 (30 H, m), 6.85 (1 H, d, J 3.6),
6.04-6.00 (2 H, m), 5.89 (1 H, dd, J 3.6 and 10.3), 5.82 (1 H, d,
J 3.0), 5.74 (1 H, dd, J 7.9 and 10.6), 5.51 (1 H, dd, J 3.0 and
10.6),4.79 (1 H,d, J 7.9),4.64 (1 H, m), 4.18-3.43 (13 H, m), 1.70
(3H,s).

A solution of 25 (40.7 mg, 32.8 pumol) in CH,Cl, (1.5 cm?)
was treated with a solution of recrystallized dibenzyl phosphate
(11 mg, 54 umol) in CH,Cl, (0.1 cm®) as mentioned for 22.
Purification by silica gel column chromatography (toluene-EtOAc
2:1— 3:2)yielded B-phosphate 26 (34.2 mg).; R; 0.47 (toluene—
EtOAc 1: 1); dy (400 MHz, CDCl;, COSY) 8.10-7.01 (40 H, m,
Ar), 594 (1 H, dd, Ju 5 3.4, Jos 0.8, H-4L), 5.89 (1 H, dd, Jy 5
9.4, Jou. 7.9, H-2L), 5.86 (1 H, dd, J.psp 3.5, Jupsp 0.8, H-4D),

1 'H NMR spectra were recorded at 40 °C to avoid the overlap of
HDO. The ¢ values of H-8 peaks recorded at 25 °C (1: 8.079 ppm, 2:
8.081 ppm) were used as internal standards.
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5.74 (1 H, dd, Japsp 10.4, Jopp 8.1, H-2D), 5.72 (1 H, t, J11p 7.9,
H-1L), 5.60 (1 H, dd, H-3L), 5.55 (1 H, dd, H-3D), 5.13, 5.10,
4.88 (1 H x 3, each dd, Jemp 7.2, J 11.9, PhCH,), 4.82 (1 H, d,
H-1D), 4.78 (1 H, dd, Jewp 7.2, J 11.9, PhCH,), 4.25 (1 H, br t,
J 6.3, H-5L), 4.12-4.08 (3 H, m, OCH,CH,0Ac), 4.05 (1 H, br
t, J 6.3, H-5D), 3.85-3.80 (1 H, m, OCH,CH,0Ac), 3.64-3.37 (8
H, m, H-6aL, 6bL, 6aD, 6bD, OCH,CH,0), 1.70 (3 H, s, Ac); Jp
(109 MHz, CDCl;) — 2.24.

A solution of 26 (17.0 mg, 13 umol) in MeOH-EtOAc
(10 : 1 v/v, 2.0 cm®) was hydrogenated in the presence of Et;N
(2.0 uL, 14 umol) and Pd/C (10%, 10 mg). Then, deacylation using
pyridine-NH,OH (4 : 1 v/v, 2.0 cm®) and subsequent workup
was carried out as mentioned for the synthesis of 23 yielded
deprotected phosphate 27 (6.6 mg, 59% in three steps). '"H and
P NMR spectra suggested that 27 was obtained as a mixture
of tri-n-butylammonium salt and pyridinium salt. Compound 27
was used without further purification to avoid decomposition
during purification; R; 0.17 (‘(PrOH-water-NH,OH 7 : 3 : 1); dy
(270 MHz, D,0)4.86 (1 H, t, J 7.7),4.42 (1 H, d, J 7.6), 4.00-3.50
(20 H, m), 3.15-3.09 (6 H, m), 1.66-1.63 (6 H, m), 1.37-1.32 (6 H,
m), 0.95-0.89 (9 H, m); J; (109 MHz, D,0) — 0.68.

Condensation of 24, derived from GMP (4.0 mg, 11 pmol),
and 27 (6.6 mg, 9.5 umol) was carried out as mentioned for the
synthesis of 1. The same purification procedures for 1 yielded
2 (1.7 mg, 21%).; Ry 0.23 (PrOH-water-NH,OH 7 : 3 : 1); dy
(400 MHz, D,0, 40 °C, COSY)t 8.08 (1 H, s, H-8), 5.91 (1 H, d,
Jvy 6.3, H-1),495 (1 H, t, J,.p = J,o 7.8, H-11), 4.79 (1 H, br
t,J7.8,H-2),4.53 (1 H,dd, Jy» 5.2, Jy4 2.9,H-3),4.41 (1 H, d,
Jipap 7.9, H-1D),4.33 (1 H,m, H-4'),4.20 (2 H, m, H-5a, 5'b), 3.98
(1H, m, OCH,CH,0H), 3.92-3.90 (2 H, m, H-4L, 4D), 3.85-3.64
(15 H, m, H-3L, 5L, 6aL, 6bL, 3D, 5D, 6aD, 6bD, OCH,CH,O0,
OCH,CH,0H), 3.60 (1 H, dd, J,p3p 10.1, H-2L), 3.53 (1 H, dd,
Joa 9.9, H-2D); 65 (109 MHz, D,0) —10.48 (d, J 20.8), —12.37 (d,
J20.8); m/z (ESI) 878.1784 (M* + Na. C,xH4;N5O,;P,Na requires
878.1722).

HPLC analysis of fucosyltransferase reaction

HPLC was performed by a reverse phase column (Inertsil ODS-3;
i.d. 4.6 mm x 250 mm). The column effluent was monitored by
fluorescence detector with excitation at 320 nm and emission at
400 nm. The column was eluted isocratically with 0.1 M NH,OAc-
MeCN (97 : 3) at the flow rate of 1.0 cm® min~'. Retention time
was 5.4 min for PA-LacNAc and 4.9 min for the enzyme reaction
product.

Fucosyltransferase assay

A solution of 100 mM cacodylate buffer (pH 6.02) containing
0.1 mM GDP-Fuc, 10 mM PA-LacNAc, 10 mM MnCl,, 0.16
mU FucT V and appropriate amount of inhibitor was adjusted to
10 mm?. The solution was incubated for 10 min at 37 °C, and the
reaction was stopped by heating for 1 min in boiling water. The
cooled solution was diluted with 50 mm?® of water, and an aliquot
(20 mm?) was subjected to the HPLC analysis.

FucT VI assay was carried out under the same conditions
mentioned for FucT V but using 0.08 mU of FucT VI instead,
and the reaction time was 30 min.

Analysis of fucosyltransferase VI reaction products

A solution of 100 mM cacodylate buffer (pH 6.02) containing
10 mM PA-LacNAc, 10 mM MnCl,, 1.4 mU FucT VI, 0.3 U
calf intestine alkaline phosphatase and 10 mM of GDP-Fuc, or
1, or 2 was adjusted to 20 mm?. The solution was incubated for
24 h at 25 °C. An aliquot (1 mm?®) of the reaction solution was
diluted with 19 mm® of water, and analyzed via LC-MS. HPLC
was performed by a reverse phase column (TSK-GEL ODS-100V;
i.d. 2.0 mm x 150 mm). The column effluent was monitored by
UV-vis detector at 320 nm, and ESI-MS detector. The column
was eluted isocratically with MeOH-0.1% formic acid (6 : 94) at
the flow rate of 0.18 cm® min~'; For GDP-Fuc: m/z (ESI) 650.5
(M* + H, 100), 694.5 (M~ + HCO,, 100), 648.5 (M~ — H, 21),;
For 1: m/z (ESI) 902.6 (M* + H, 100), 900.7 (M~ — H, 100), 946.6
(M~ + HCO,, 16).; For 2: m/z (ESI) 916.7 (M* + H, 100), 914.8
(M~ —H, 100), 960.6 (M~ + HCO,, 18).
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A series of N-(p-dimethylaminobenzamido)-N’-(substituted-phenyl)thioureas (substituent = p-CH;, H,
p-Cl, p-Br, m-Br, m-NO,, and p-NO,) were designed as anion sensors in order to better understand the
—NH-spacer via a substituent effect investigation. In these molecules the dual fluorescent
intramolecular charge transfer (ICT) fluorophore p-dimethylaminobenzamide as the signal reporter
was linked to the anion-binding site, the thiourea moiety, via an N-N single bond. Correlation of the
NMR signals of the aromatic and —-NH protons with substituents in these molecules indicated that the
N-N single bond stopped the ground-state electronic communication between the signal reporter and
the anion-binding site. Dual fluorescence was observed in highly polar solvents such as acetonitrile with
the former five derivatives. The fact that the CT emission wavelength and the CT to LE emission
intensity ratio of the sensors were independent of the substituent existing in the anion-binding moiety
suggested that the substituent electronic effect could not be communicated to the CT fluorophore in the
excited-state either. Yet in acetonitrile both the CT dual fluorescence and the absorption of the sensors
were found to be highly sensitive toward anions. A conformation change around the N-N bond in the
sensor molecules was suggested to occur upon anion binding that established the electronic
communication between the signal reporter and the anion-binding site. The anion binding constants of

the N-(p-dimethylaminobenzamido)thiourea sensors were found higher than those of the
corresponding traditional N-phenylthiourea counterparts and the substituent effect on the anion
binding constant was much higher than that in the latter. “~NH—" was shown to be a unique spacer that

affords N-benzamidothiourea allosteric anion sensors.

Introduction

A sensor molecule in general has a structural framework of
“signal reporter—spacer—binding site”, of which ~CH,— has been
extensively employed as an efficient spacer especially in photo-
induced electron transfer fluorescent sensors for metal cations
and neutral species.! Recently this spacer has also been nicely
extended to construct an anion spacer operating under the PET
mechanism.> We have been interested in constructing thiourea-
based ICT dual fluorescent sensors. It is known that the dual flu-
orescence due to the ICT of electron donor/acceptor substituted
benzene derivatives has been shown to be sensitive to the strength
of the electron donor and/or acceptor.® It is therefore possible to
employ this character in constructing highly sensitive sensors*** in
particular those for anion sensing of current interest,® by a suitable
combination of the CT fluorophore to the binding-site. With the
ICT dual fluorescent sensors for anions, it is in principle optional
that the anion-binding site is electronically coupled to the electron
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donor or acceptor of the dual fluorescent signal reporter in order
to ensure an efficient and sensitive response based on the variations
of the electron donating or accepting capability of the donor or
acceptor resulting from anion binding. The way of linking the dual
fluorescent signal reporter with the anion-binding site is therefore
crucial, since this would also define the structural diversity of the
dual fluorescent sensors that might eventually help to clarify struc-
tural elements necessary for an ICT dual fluorescent sensor. Our
first attempt was to make N-(p-dimethylaminobenzoyl)thiourea
(1a, Scheme 1) in which the thiourea anion-binding site is actually
a part of the electron acceptor of the ICT dual fluorescent signal
reporter, p-dimethylaminobenzamide (DMABA).” As thiourea is
an important anion-binding receptor, it was natural to extend the
investigation on la to 1b by introducing an N’-phenyl ring so
that an additional substituent could be added to this phenyl ring
to further tune the acidity of the thioureido —-NH proton that
is known to be important for anion binding.® Unfortunately, no
response in both the absorption and fluorescence spectra of 1b in
acetonitrile was observed when anions such as acetate were intro-
duced. An AM1 calculation (Scheme 2) and NMR data® suggested
that this was due to an intramolecular hydrogen bond between
the carbonyl oxygen and the thioureido -NH proton, known
for N-acylthioureas.® The '"H NMR data acquired in DMSO-
d, indicated that the chemical shifts of the two thioureido -NH
protons differed very much at 12.84 and 8.98 ppm, respectively.®
The AM1 optimized structure indeed supported an intramolecular
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Scheme 1 Chemical structure of the thiourea-based anion sensors.

six-membered ring hydrogen bond with an O---H distance of
2.061 A, Scheme 2. As a consequence of this intramolecular
ring hydrogen bonding the expected double hydrogen bonding of
the thiourea moiety with oxoanions (Scheme 3)* is not possible,
resulting in no response in the spectra of 1b toward anions.

Scheme 3 Hydrogen bonding of 2 with acetate anion."

It hence appeared reasonable to insert an atom in the amide C-N
bond to prevent this favorable six-membered intramolecular ring
hydrogen bond present in the acylthiourea sensor molecules. The
first choice might be the well-employed —CH,— spacer.’? Probably
due to the saturated character of the sp® carbon in —~CH,- that
might stop the ground-state electronic communication between
signal reporter and binding site, it has actually been shown that

with the PET fluorescent sensors bearing a —CH,— spacer, the
response toward sensing species is only shown in the fluorescence
spectrum of the sensor whereas the absorption spectrum of
the signal reporter remained unchanged. In view of taking the
advantageous ICT dual fluorescent signal reporter, we turned to
~NH-, in which the nitrogen atom bearing non-paired electrons
might facilitate the electronic communication between the signal
reporter and the binding site. N-(p-Dimethylaminobenzamido)-
N’-phenylthiourea (2b, Scheme 1) was then designed,' in which
the ICT fluorescent signal reporter, DMABA, was linked to the
thiourea anion binding site via an “~NH-" spacer. It was found
that this sensor showed a highly sensitive response toward anions
such as AcO~ and F~ in both its dual fluorescence emission and
absorption. Especially, the thiourea moiety in 2b is linked to the
DMABA signal reporter via an electron-donating nitrogen atom,
the acidity of the thioureido —~NH protons is therefore lower than
that in 1a, which should in principle lead to a lower anion binding
affinity because of the hydrogen bonding interaction nature. The
anion binding constant of 2b in acetonitrile, at 10° mol™' L
orders of magnitude for AcO~ for example,' was actually much
higher than that of 1a.” This means that “~“NH-" could be an
interesting spacer in the thiourea-based anion sensor. Indeed, an
extended investigation on N-(substituted-benzamido)thioureas (3,
Scheme 1) with a variety of substituents other than p-N(CHj;),
indicated that the single N-N bond is twisted so that at least
the ground-state electronic communication between the signal
reporter and thiourea in 2b and 3 is stopped."* This suggested that
anion binding to the thiourea moiety in 2b and 3 established, likely
via a conformational change around the N-N single bond," the
ground-state electron communication between those two moieties
in the sensor molecules. In order to better understand the unique —
NH-spacer, we made a series of 2b derivatives with a substituent at
the N’-phenyl ring (2a—g, Scheme 1), as these molecules might emit
the ICT characteristic dual fluorescence® so that the investigation
could be carried out also by fluorescence monitoring in addition
to absorption employed with 3.'' A substituent effect study into
2 did indicate that the -NH-spacer is unique in that both their
fluorescence and absorption spectra undergo sensitive variations
in the presence of an anion due to a conformational change
occurring around the N-N bond and that both the anion affinity
and the substituent effect on it with 2 are substantially higher than
those with the corresponding traditional N,N'-diarylthioureas (4,
Scheme 1). The N-benzamidothioureas (2 and 3) hence appear to
be a set of allosteric sensors®>'? for anions.

Results and discussion
Twisted conformation of the N-N single bond in 2

The AMI1 calculations and "H NMR data suggested the presence
of the intramolecular hydrogen bonds in 2b (Scheme 3, left)," yet
our recent work on 3" indicated that the N-N single bond in 2b
might also be twisted as in 3, although the absorption spectral
behavior of 2b differed much from that of 3. With a series of 2
available, it was found that the thiourea moiety in 2 was indeed
electronically decoupled from the DMABA chromophore. Fig. 1
and 2 show the plots of the NMR signals of the aromatic and -NH
protons in 2 as a function of the substituent at the N'-phenyl ring.
It is seen in Fig. 1 that the NMR signals of the aromatic protons
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Fig. 2 Chemical shifts of the -NH protons in 2 versus the Hammett
substituent constant. Line “1” corresponds to the NMR data of amido
—NH protons and lines “2” and “3” correspond to those of the thioureido
—NH protons, respectively.

at two phenyl rings show a dramatic difference in their response
toward the substituent. While the NMR chemical shifts of
the protons at the N’-phenyl ring bearing a substituent varied
obviously with the substituent, those at the other phenyl ring
remained silent. This means that the substituent effect could not
be communicated to the other phenyl ring. Fig. 2 indicates that,
while the NMR signals of the thioureido —NH protons show linear
correlation with the Hammett constant'® of the substituent by
slopes of 0.523 and 0.467, respectively, those of the amido -NH
protons show a much weaker dependence with a slope of only
0.125. Note that, in the case of 3 in which the substituent is located
at the N-benzamido moiety, the NMR signal of the amido -NH
proton showed a sensitive linear dependence on the Hammett
constant with a slope of 0.463, whereas those of the thioureido
—NH protons responded much less weakly toward the substituent
with linear slopes of only 0.0977 and 0.128, respectively."" These
observations suggest that it is the azino N-N single bond in 2 that is
the stopper that makes the thiourea moiety, the anion-binding site,
electronically decoupled from DMABA, the ICT dual fluorescent
and absorption signal reporter.** This is in agreement with the
highly twisted conformation of the N-N single bond reported for
neutral hydrazines."

The absorption spectra of 2a—g and fluorescence spectra of
2a-e in a variety of organic solvents were recorded and the
main spectral data are given in Table 1. It was found that the
absorption maxima of 2a-g were almost independent of the
substituent at the N’-phenyl ring and of the solvent polarity.
Together with the observation of the molar absorption coefficients
at 10* mol™' L cm™!' orders of magnitude, it was assumed that the
absorption of 2a-g was due to a (m,7*) transition contributed

Table 1 Maximum absorption wavelength 4,,,, molar absorption coeffi-
cient ¢, the CT emission wavelength Acr, and fluorescence quantum yield
@y of 2a—g in organic solvents

Solvent® Ame/nM g, mol™' L cm™ Acr, NIME Dy
2a DEE 310 5.0 x 10* — 0.239
Dioxane 315 6.9 x 10* — 0.145
THF 304 7.2 x 10* 463 0.031
EA 307 3.4 x 10* 477 0.072
CHC, 322 7.0 x 10* — 0.006
CH,Cl, 320 6.6 x 10* — 0.025
ACN 311 6.8 x 10* 523 0.014
MeOH 311 5.7 x 10* — 0.021
2b DEE 301 2.3 x 10* — 0.076
Dioxane 312 3.4 x 10* — 0.192
THF 298 2.5 x 10* 457 0.036
EA 301 2.4 x 10* 473 0.042
CHCI, 314 2.2 x 10* Shoulder  0.018
CH,Cl, 310 2.2 x 10* 460 0.034
ACN 311 4.4 x 10* 521 0.013
MeOH 310 3.0 x 10* — 0.038
2¢ DEE 306 3.4 x 10* — 0.110
Dioxane 310 3.1 x 10* Tail 0.170
THF 306 4.8 x 10* Tail 0.030
EA 300 3.6 x 10* Tail 0.011
CHC, 317 3.2 x 10* — 0.020
CH,Cl, 318 3.7 x 10* — 0.103
ACN 311 6.4 x 10* 523 0.011
MeOH 312 5.8 x 10* — 0.029
2d DEE 306 1.9 x 10* — 0.213
Dioxane 312 1.9 x 10* — 0.282
THF 304 2.1 x 10* — 0.174
EA 306 1.8 x 10* 488 0.184
CHCl,4 315 1.3 x 10* — 0.045
CH,Cl, 317 1.5 x 10* — 0.062
ACN 310 1.9 x 10* 526 0.010
MeOH 310 1.8 x 10* — 0.018
2e DEE 308 1.4 x 10* — 0.180
Dioxane 314 2.7 x 10* Shoulder  0.130
THF 300 3.2 x 10* 462 0.020
EA 306 1.9 x 10* 477 0.043
CHC, 318 2.0 x 10* Shoulder  0.031
CH,Cl, 317 1.2 x 10* 458 0.176
ACN 312 39 x 10* 523 0.011
MeOH 313 1.9 x 10* — 0.045
2f? DEE 308 1.0 x 10*
THF 309 1.7 x 10*
EA 305 4.4 x 10*
CHC, 324 2.8 x 10*
ACN 313 4.5 x 10*
MeOH 311 3.4 x 10*
2g® DEE 311 2.8 x 10*
EA 309 4.2 x 10*
CHC, 324 4.3 x 10*
ACN 315 4.6 x 10*
MeOH 314 5.6 x 10*

“Solvent: DEE, diethyl ether; dioxane, 1,4-dioxane; THF, tetrahydrofuran;
EA, ethyl acetate; CHCI;, chloroform; CH,Cl,, dichloromethane; ACN,
acetonitrile; MeOH, methanol. ®2f and 2g are nonfluorescent. ¢ The
position of the LE band at ca. 371 nm is not sensitive to either the
substituent in 2a—e or solvent.

mainly from the DMABA chromophore.' It hence follows that
the chromophore does not have much electronic communication
with the substituent at the N’-phenyl ring, in agreement with the
conclusion reached from NMR data.

Dual fluorescence was observed with 2a—e in a variety of polar
solvents with the long-wavelength emission shifting to the red in
highly polar solvents. This confirms the occurrence of the excited-
state ICT with 2a—e as assigned for DMABA that the dual
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fluorescence is due to the locally excited (LE) state and the charge
transfer (CT) state in equilibrium.? It was found that the position
of the observed long-wavelength CT emission of 2a—e in the same
solvent showed no obvious dependence on the substituent at the
N’-phenyl ring within the electron acceptor (Table 1). Also, the
CT to LE intensity ratio of 2a—e in the highly polar solvent ACN,
2.3 + 0.3, was noted independent of the substituent. This is in
clear contrast with what was observed in the CT fluorescence of
the related molecules such as aryl p-dimethylaminobenzoates and
benzanilides in which the substituent located in the aryl electron
donor/acceptor.’” In the latter cases, electronic communication
exists between the substituent and the electron acceptor/donor
and their CT emission shows a monotonous shift with the
electron donating/accepting nature of the substituent.”” These
observations in both the absorption and fluorescence spectra of
2 indicate that the substituent effect is not communicated to the
CT fluorophore in both the ground- and excited-state. The signal
reporter in 2 is shown electronically decoupled from the thiourea
moiety, the anion-binding site. It might accordingly be expected
that no or a minor response toward anions in the fluorescence and
absorption spectra of 2 could be observed, yet we did observe a
sensitive response in the fluorescence and absorption spectra of 2b
toward anions in acetonitrile.'

Highly sensitive response in the ICT dual emission and absorption:
conformational change in 2 upon anion binding

It was actually found that it was not only the absorption and
fluorescence spectra of 2b, but also the dual fluorescence of 2a—e
and the absorption of 2a—g in ACN that were highly sensitive to
anions. Fig. 3 shows the absorption and fluorescence spectra of
2e in ACN, as an example, in the presence of AcO~ of increasing
concentration. Similar variations were found in the presence of
F~ and H,PO,” and with other derivatives of 2e. Previously it
was shown by a variety of means including '"H NMR and ESI-
MS that these anions bound via hydrogen bonds to the thiourea
moiety in 2b with a well defined 1 : 1 stoichiometry (Scheme 3).1%8
The observation of the isosbestic and isoemissive points in the
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Fig.3 Absorption (a) and fluorescence (b) spectra of 2e in acetonitrile in
the presence of an increasing amount of AcO~. [2¢] = 2.0 x 10~ (a) and
1.0 x 10~° (b) mol L~'. Excitation wavelength employed to record spectra
in (b) was 289 nm, an isosbestic wavelength seen in (a). Acetate and other
anions examined existed in their tetrabutylammonium salts.

absorption and fluorescence spectral traces, respectively (Fig. 3)
supported the well defined compositions of the binding complexes
and the 1 : 1 stoichiometry was further confirmed by the Job plot
obtained for the 2b/AcO~ system in acetonitrile, Fig. 4.
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Fig. 4 Job plots for the binding of 2b with AcO~ in acetonitrile. Acompiex
and A, are the absorbances at 311 nm of the AcO~/2b mixture and 2b,
respectively. The total concentration of AcO~ and 2bis 4.0 x 107> mol L.

The observed sensitive response is significant since the anion
binding site in 2 was shown to be electronically decoupled from the
signal reporter (DMABA), which would have led to no or a minor
spectral response toward anions. The dual emission character of
the sensors helped in understanding the sensing mechanism. The
variations in the dual fluorescence were characterized by the ap-
pearance of an isoemissive point during anion titration, while both
the LE and CT band positions remained unchanged (Fig. 3b)."
This indicated that anion binding to the thiourea moiety in 2a—e
stopped the CT process that is one of the depopulation channels of
the LE state.? The CT to LE intensity ratio of 2a—e was therefore
decreased with increasing anion concentration. This might not be
understood under the classic PET mechanism' since that would
lead to the total quenching of the dual fluorescence.’ Control
experiments with thiourea-free model molecules of 2, DMABA
and p-dimethylaminobenzoylhydrazine, indicated that their CT
dual fluorescence in ACN was not affected by either AcO~ or
a diphenylthiourea-AcO~ complex,' confirming that no PET
fluorescence quenching occurs by these anionic species. In PET
fluorescent sensors where the thiourea moiety was linked to the
anthracene chromophore via a “CH,” spacer,?* it was shown that,
while the anthracene fluorescence was quenched due to enhanced
PET by anion binding, the absorption spectrum of anthracene
remained unchanged. Therefore, the observed changes in both the
absorption and dual fluorescence of 2 upon anion binding actually
pointed to the establishment of the electronic communication
between DMABA, the signal reporter, and the anion-binding
thiourea moiety. This means that a conformational change around
the N-N bond in 2 occurs when binding to the anion.

It was noted that in the presence of an anion, the absorption
maxima of 2a—f in ACN were shifted to 328 nm.” This band
position is in between those of DMABA and 1 (Scheme 1) of
300 nm and 345 nm, respectively. Note that before anion binding
the absorption maxima of 2 were at ca. 310 nm (Table 1) that is
close to that of DMABA.' Obviously the absorption of 2 after
anion binding becomes closer to that of 1 in which the thiourea
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moiety is electronically conjugated to the DMABA chromophore.
This provides additional support to the assumption of the anion-
binding inducing conformational change around the N-N bond
in 2 that makes the thiourea moiety in 2 somewhat coupled
electronically to the DMABA chromophore.'** As a consequence,
the electron acceptor in 2 would be substantially weakened when
the anion binds to the thiourea moiety in it, which disfavors the
excited-state CT process, leading to attenuated CT emission while
concomitantly enhanced LE emission.

Anion binding affinity of 2

Anion binding constants of 2a-g in ACN were evaluated by
nonlinear fittings of the variations of both the absorption and
dual fluorescence intensity ratio (I¢r/I1g) of 2 versus anion
concentration.'® From the data presented in Table 2, it was
found that in general the anion-binding constant of 2 increases
when the N'-phenyl substituent is more electron-withdrawing.
This means that the acidity of the thioureido ~-NH proton indeed
governs the anion binding of the thiourea-based sensors.’> The
observation that the binding constant for AcO~ was higher than
those for F~ and H,PO,~ (Table 2), in the order of anion basicity,
agreed with this conclusion. Because of the similar geometry of
the thiourea moiety in 2 and of the AcO~ anion with the same sp*
carbon center, binding constants for AcO~ of 2 were correlated
to the Hammett constant of the substituent.’® Linear correlation®
was found with slopes of 8.74 and 10.57 from the binding data
obtained in fluorescence and absorption titrations, respectively
(Fig. 5). It is significant to note that the anion-binding constants
of 2, with AcO~ for example, are higher than not only that of
1a but in particular higher than those of the corresponding N'-
(substituted-phenyl)thiourea counterparts (4, Scheme 1) that are
at 10°-10* mol™' L orders of magnitude (Fig. 5), despite the lower
acidity of the thioureido —-NH protons in 2 compared to that in
4. The latter is suggested by the chemical shifts of the thioureido
—NH protons in 2 in comparison with those of 4 shown later in
the text. A linear correlation was also found between the binding
constants of 4 with AcO~ and the Hammett substituent constant,
but with a much lower slope of only 2.52, Fig. 5. It is therefore made
clear that anion binding to 2 not only establishes the electronic
communication between the DMABA signal reporter and the
anion-binding site in 2, but, more importantly, the anion-binding
induced conformational change in 2 substantially enhances the N'-

phenyl substituent effect on the anion binding. This observation is
significant since, in these two kinds of sensors (2 and 4, Scheme 1),
the substituent is connected in the same manner to the thiourea
moiety. The NMR chemical shifts of the thioureido —-NH protons
in the available derivatives of 4 were measured in DMSO-d, and
correlated with the Hammett substituent constant in the same
manner as with 2 as shown in Fig. 2. The linear relationships
found for 4 were o nuw = 0.693 ox + 9.75 (n = 6, y* = 0.9689)
and d.xuw = 0.546 ox + 9.77 (n = 6, p* = 0.9806), respectively.
Here -NH(a) represents the -NH proton of the aniline bearing
the substituent and ~NH(b) the other thioureido -NH proton.
Compared to those of the corresponding relationships of 2 given in
Fig. 2, it is obvious that the linear Hammett-constant dependence
of the "H NMR signals of the thioureido -NH protons in 2 and 4
is similar. Therefore, the difference in the substituent effect on the
anion binding affinity of 2 and 4 shown in Fig. 5 is not due to the
difference in the substituent effect on the acidity of the thioureido —
NH protons that has been shown to be important in governing the
anion binding of thiourea-based sensors. A comparison of their
NMR chemical shifts indicated that the acidity of the thioureido —
NH protons in 2 is actually lower than that in 4, which should have
led to lower anion binding affinities of 2 because of the hydrogen
bonding nature of the sensor-anion interaction.’ In fact, it was
observed that the anion binding affinities of 2 were higher than

22

O 2-lu (InKa:13.44 +8.74 S 72:0.9238)
20 | O 2-abs (InK,=12.07+ 10670, 1°=0.9493) )
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Fig. 5 Semilogarithm plots of the AcO~ binding constants of 2 and
4 against the Hammett constant of the substituent in 2 and 4. “Flu”
means that the binding constants were obtained from the dual fluorescence
intensity ratio and “abs” means the binding constants fitted from variations
in the absorption of the sensor.

Table 2 Binding constants in ACN obtained from fluorescence and absorption titrations*

K,/mol' L

AcO~ F- H,PO,~

Flu® Abs¢ Flu® Abs¢ Flu® Abs¢
2a 7.1 x 10* 9.7 x 10° 2.9 x 10* 9.0 x 10° 1.9 x 10* 2.1 x 10*
2b 1.8 x 10° 1.6 x 10° 2.1 x 10° 4.9 x 10* 1.5 x 10° 1.3 x 10*
2¢ 2.2 x 10¢ 1.5 x 10° 3.3 x 10° 3.6 x 10* 4.7 x 10° —
2d 2.9 x 10° 2.5 x 10° 5.9 x 10° 2.8 x 10* 8.6 x 10° 1.5 x 10°
2e 4.3 x 107 4.6 x 107 4.4 x 10° 6.0 x 10* 4.7 x 10° 3.8 x 10*
2f — 2.9 x 10° — 1.2 x 10° — 1.1 x 10°
2g — 1.9 x 10® — 7.8 x 10* — 1.3 x 10°

“ Measurements for the binding constants for Cl-, ClO,~, Br~, and NO;~ were also tried but the constants were too low to be determined. ® Binding
constants obtained by fitting the CT to LE dual fluorescence intensity ratio. ¢ Binding constants fitted from absorption titrations.
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those of 4 (Fig. 5). This means that the anion-binding induced
conformational change around the N-N single bond in 2 has a
positive feedback to the anion binding that also amplifies the effect
of the N'-phenyl substituent on the anion affinity. A cooperative
effect in anion binding was therefore inferred to accompany the
anion-binding induced conformation change in 2. This suggests
that 2 is a kind of allosteric sensor®'? for anions. Referring
to the intra- and intermolecular hydrogen bond network in the
anion-2 binding complex (Scheme 3, right), it is obvious that,
upon anion binding to the thiourea moiety in 2, the electron
density at the thiourea S atom increases, which would enhance
its hydrogen bonding with the amido -NH proton. Note that
the thiourea moiety in this binding complex acts as both the
hydrogen bonding proton donor and acceptor, a cooperative effect
would exist that enhances the hydrogen bonding as is seen in
the hydrogen bonding of nucleic bases (A-T and G-C) in their
pairing to define the double helix structure of DNA and in related
artificial hydrogen bonding systems.” Subject to the directionality
of the hydrogen bond,* the anion-2 binding complex around the
amidothiourea unit would take a relatively planar conformation to
accommodate the hydrogen bonding network. This might explain
why the thiourea moiety in 2 becomes somewhat conjugated
with the DMABA fluorophore when the anion is bound and the
substantially enhanced substituent effect on the anion binding
constants of 2. Extended experiments are being undertaken to
further clarify the detailed mechanism.

Conclusions

The N-N single bond in a series of N-(p-dimethylamino-
benzamido)-N’-arylthioureas (2a—g) was shown to be highly
twisted that makes the DMABA fluorophore electronically de-
coupled from the thiourea anion-binding site in both the ground
and excited states. Yet, a highly sensitive response in both the ICT
dual fluorescence of 2a—e and absorption of 2a—g was observed
toward anions such as AcO~, H,PO,~, and F~ in ACN. It was
concluded that a conformational change occurred in 2 around
the N-N single bond when they bind to the anion that made the
signal reporter and the anion-binding site electronically coupled.
A direct consequence of this conformational change was the sub-
stantially enhanced anion binding affinity of the neutral thiourea
based sensors and, in particular, the substantially enhanced N’-
phenyl substituent effect that tuned the anion binding affinity
of the sensors. The fact that the anion binding affinity of N-
(substituted-benzamido)-N'-phenylthioureas (3, Scheme 1), in
which the substituent locates at the N-benzamido phenyl ring is
independent of the substituent, suggests that it is the substituent
at the N’-phenyl ring in 2 that initializes the substituent effect
in tuning the anion affinity of the N-(substituted-benzamido)-N'-
(substituted-phenyl)thiourea based anion sensors. The “~NH-"
spacer therefore appears to be unique for constructing thiourea-
based anion sensors of high anion binding affinity not achieved
by the traditional means of increasing the acidity of the
thioureido —NH protons. It is therefore expected that, by tak-
ing DMABA, for example, as the CT dual fluorescent signal
reporter, together with a sophisticated choice of substituent(s)
and/or additional binding site(s) at the N’-phenyl ring, smart N-
(p-dimethylaminobenzamido)-N'-arylthiourea based ratiometric

allosteric sensors for anions might be achieved, selective for given
anions and operative in highly competitive solvents such as water.

Experimental

Absorption spectra were taken on a Varian Cary 300 spectropho-
tometer and corrected fluorescence spectra were recorded on a
Hitachi F-4500 spectrophotometer. Fluorescence quantum yields
were measured using quinine sulfate as a standard (& = 0.546 in
0.05 N H,S0,).* "H NMR (500 MHz) and *C NMR (125 MHz)
were acquired in DMSO-d, using TMS as the internal standard.
HRMS were obtained by injection of a methanol solution of the
sample. Fluorescence and absorption spectral titrations for anion
binding were carried out by adding an aliquot of the anion solution
into a bulk sensor solution at a given concentration.

Solvents used for the synthesis of sensors were available
on the market at AR (analytical reagent) grade. Solvents for
spectral investigations were purified by re-distillation until no
fluorescent impurity could be detected. Tetrabutylammonium
salts of the anions were prepared by neutralization of the
corresponding acids with tetrabutylammonium hydroxide. N-(p-
Dimethylaminobenzamido)-N’-arylthioureas (2, Scheme 1) were
synthesized from the reactions in ethanol at room temper-
ature of p-(dimethylamino)benzoylhydrazine with (substituted-
phenyl)isothiocyanates and were purified by repeated recrystal-
lizations from absolute ethanol. Full characterization data are
supplied in the supplementary data.f Derivatives of 4 were those
available in our laboratory.
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A series of di-n-alkyl phosphate amphiphiles containing phenyl and phenoxy groups in the hydrophobic
tails were synthesised, and their aggregation behaviour was investigated using fluorescence
spectroscopy, differential scanning calorimetry, and cryo-electron microscopy. The aggregates displayed
a wide variety of aggregate morphologies. The incorporation of a phenyl group into the end or in the
middle of the alkyl chain lowered the main phase transition temperature, resulting in closed vesicles
only above the phase transition temperature. Introducing a phenoxy group at the end of the alkyl chain

resulted in open bilayer structures and bicelles.

Introduction

The finding that sodium di-n-hexadecyl phosphate forms vesicles'
led to various investigations of the properties of di-n-hexadecyl
phosphate aggregates®* Also the influence of changing the molec-
ular structure of the di-n-alkyl phosphate on the morphology
and properties of the aggregates in water has been investigated.
The alkyl chain length was varied and also asymmetric di-
n-alkyl phosphates, i.e. phosphates with two dissimilar alkyl
chains, have been prepared.>” Substituting the saturated chains by
unsaturated ones changed the vesicular properties considerably.?
Also less obvious structural changes have been applied. Various
di(polyprenyl) phosphates,” macrocyclic phosphates,® and bo-
laform phosphates'"'? have been studied.

Incorporating aromatic moieties into the alkyl chains of am-
phiphiles is expected to change the packing of the hydrophobic
tails. Conformational changes of the hydrocarbon chain and n-n
interactions are the most obvious effects to affect tail packing.
Previous research has been performed on amphiphiles containing
cyanobiphenyl units in both chains. The ammonium amphiphiles
containing cyanobiphenyl units have a higher main phase tran-
sition temperature (7',,) than their aliphatic chain analogue di-
octadecylammonium bromide (7', = 45 °C)'*"* and UV-VIS spec-
tra of vesicular solutions showed the presence of H-aggregates.’
Also azobenzene-containing phosphate amphiphiles have been
studied. These amphiphiles form bilayer sheets instead of vesicles
when dispersed in water and exhibit a blue shift in the UV-VIS
spectrum, indicating H-aggregation.’* A phosphate amphiphile
containing a cyanobiphenyl moiety did not form vesicles."* The
photophysical behaviour!” and the phase behaviour'® of phospho-
lipid derivatives containing aromatic moieties have been studied.

In this article the synthesis, and the aggregation behaviour of di-
n-alkyl phosphates with various structural modifications in their
alkyl chains (Fig. 1) will be described. Care has been taken that
the tail lengths of all these derivatives were approximately similar

Physical Organic Chemistry Unit, Stratingh Institute, University of Gronin-
gen, Nijenborgh 4, 9747 AG, Groningen, The Netherlands. E-mail:
m.c.a.stuart@rug.nl, j.b.f.n.engberts@rug.nl; Fax: +31 (0)503634296

T Electronic supplementary information (ESI) available: Further experi-
mental details. See DOI: 10.1039/b514285¢g
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Fig. 1 Molecular structures of the di-n-alkyl phosphate derivatives.

to that of di-n-tetradecyl phosphate. We find that incorporating a
phenyl group at the end of the chain significantly disturbs the pack-
ing of the bilayer, resulting in a drastic reduction of the main phase
transition temperature (7°,,) and an increased permeability of the
bilayer. This disturbance is even larger when a phenyl or phenoxy
group is positioned in the middle of the chain. This disturbance is
similar to the disturbance caused by a cis double bond.?

Results
Synthesis

Di-n-alkyl phosphates can be synthesised from the corresponding
alkanol and P,Os or POCL." Alternatively, the mono-n-alkyl
phosphate can be alkylated with the corresponding bromide using
tetramethylammonium hydroxide.® A mild method to synthesise
dialkyl phosphates was published recently.’* We used PCl; for the
synthesis of the phosphoric acid esters, because it is more reactive
than POCI; and it was expected that the functional groups in the
chains would withstand the subsequent oxidation step.

A slightly modified literature procedure® was used for the syn-
thesis of the phenyl and phenoxy substituted di-n-alkyl phosphates
(Scheme 1). First a di-n-alkyl phosphite was synthesised from two
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2R_OH + POL %’ R_O:Pi/o 'zzm’w. R—O: </o %’ R~o> </o
R—O H R—O OH R—O" ONa*
Scheme 1 Synthesis of sodium di-n-alkylphosphate analogues.

equivalents of alkanol and pyridine and one equivalent of PCI; in 56.3
tetrahydrofuran. After evaporation of the solvent, the ester was
oxidised in 98% (v/v) aqueous pyridine with an excess of iodine. 0.006 54.
This usually gave overall yields of around 30%. .

Alcohols with an aromatic moiety connected via an ether linkage éi C,
were synthesised by refluxing the corresponding aromatic alcohol, 8 0,004
and the w-bromoalkanol, or ®w-bromoalkanoic acid in acetone 5] 085
with K,CO; followed in the case of the alkanoic acid by reduction
with NaBH,—I, in THF. 11-Phenylundecan-1-o0l was synthesised 0.000
by attaching a phenyl group to 11-bromoundecan-1-oyl chloride p C,,phen p C"O:r,:n

via a Friedel-Crafts acylation in benzene, followed by converting
the bromide into the acetate ester and, subsequently removing
the carbonyl group by a Wolf-Kishner reduction, during which
hydrolysis of the acetate ester to form 11-phenylundecan-1-ol
took place (Scheme 2). The synthesis of the derivatised alcohols is

described in the supplementary material.}
o}
d&%mw

o
. )J\ Q'C|3
al (CHa)10-Br enzene
AgOAc, AcOH

Id
(0] (0]

(CHp)41-OH )J\
H4Np.Hz0, KOH (CHg)10-0 CHs
diethylene glycol

Scheme 2 Synthesis of 11-phenylundecan-1-ol.
Aggregation behaviour and colloidal stability

The colloidal stability of aggregates formed from these compounds
(Fig. 1) was compared by monitoring the absorbance of a 0.5 mM
amphiphile solution at 400 nm as a function of time.

Aggregate solutions in pure water or at 50 mM ionic strength
were stable over two days. Solutions of aggregates formed from
C,phen in 150 mM NaCl precipitated within one hour, but
solutions of CsphenCs, CsOphenCs, and C,P in 150 mM NaCl
were stable for more than two days.

Phase behaviour

The aggregate solutions were studied using differential scanning
calorimetry (DSC). The main phase transition temperature (7',)
measured for C P is 54.5 °C, in agreement with previous
studies.” Replacement of three methylene units at the end of the
hydrophobic tail by a phenoxy group leads to a slight increase
of T, to 56.3 °C. When a phenyl group replaces the terminal
methylene groups, the T, is drastically lowered to 28.5 °C (Fig. 2).
Aggregates formed from C;OphenC; and CiphenCs do not show
a phase transition between 0 and 100 °C. Phosphatidylcholine
derivatives with chains that contain aromatic units also do not
exhibit a phase transition."

The change in steady-state fluorescence anisotropies upon vari-
ation of temperature was measured for 1,6-diphenyl-(E),(E),(E)-
1,3,5-hexatriene (DPH) in the bilayers of C,,phen, C;,phenCs, and

Temperature (°C)
Fig. 2 DSC enthalpograms of C;,Phen, C;,P and C,;Ophen.

CsOphenC; (Fig. 3) to obtain more information on the phase
behaviour and orientational order in the bilayer aggregates.?**
CsphenCs and C,OphenCs; showed no sudden increase in
anisotropy, indicating that no cooperative transition from the
liquid-crystalline to the gel phase took place. Instead a gradual
increase of polarisation (P) from 0.12 to 0.34 (for C4OphenCs5) and
from 0.12 to 0.28 (for C¢phenCs) was observed, which has been
described as a non-cooperative phase transition.® An alternative
description is that the phase transition occurs below 0 °C, similar
to di-oleylphosphatidylcholine (DOPC). The polarisation of DPH
in DOPC bilayers also shows a gradual increase, although the
values are lower and range from 0.05 to 0.18.>* The anisotropy of
C,OphenC; is higher over the whole temperature range than that
for C¢phenC;s, which might point to a more ordered bilayer for
CsOphenCs.
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Fig. 3 Temperature dependent fluorescence depolarisation of DPH in
Ci,phen (A), CsphenCs (M) and C4OphenC; (@) aggregates.

The T,, found for C, phen is 22 °C, which is in reasonable
agreement with the value determined with DSC (28.5 °C).
When the DPH polarisation values of C, phen aggregates at
temperatures below the 7', (0.38) and above the T, (0.08), are
compared to those of C,P (0.38 and 0.13), it seems that the
liquid crystalline phase of C,,P is slightly more ordered than
that of C,;,phen. The depolarisation values in sodium di-dodecyl
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phosphate vesicles (0.39 and 0.09)® agree more with those of
C,,phen, alsoits T',,, 33 °C,” is more comparable to that of C,,phen
than the T, of C,,P. Bearing in mind that a linear relationship
exists between the 7, and chain length, the ‘effective chain length’
of C,,phen is somewhat less than 12 methylene moieties.

Encapsulation and leakage

A vesicle can encapsulate a water-soluble dye in its aqueous
compartment. The ability of the aggregates of the different dialkyl
phosphates to entrap the fluorescent dye carboxyfluorescein
(CF) was investigated to determine whether the amphiphiles
formed effectively closed vesicular aggregates. The relation be-
tween amphiphile structure and leakage over the membrane was
simultaneously studied.

C,,Ophen aggregates did not encapsulate CF. Aggregates
formed from C¢OphenC;, C,phenCs, and C,;phen did encapsulate
CF. Leakage studies of C,OphenCs and CsphenC;s could be per-
formed at 25 °C (Fig. 4). For C,,phen a temperature of 70 °C, well
above T, was needed to perform the measurements. Below this
temperature instantaneous leakage occurred, indicating rupture
of the membrane. Also the encapsulations and the separation of
the extra-vesicular CF had to be carried out at this temperature.

Fig. 4 shows that C,,phen vesicles at 70 °C are more permeable
towards carboxyfluorescein than vesicles formed from C,OphenCs;
and CyphenC; at 25 °C. Apparently the phenyl group at the end
disturbs the packing more significantly, leading to an increased
trafficking of the fluorescent probe across the bilayer.

100 -
= 80 -
>
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€ 60 4
S
&
)
3 40 -
©
o
m ——C11phen
© 5 —a—C60phenC5

—a— C6PhenC5
0 T . T T )
0 25 50 75 100 125 150

time / minutes

Fig. 4 CF leakage from vesicles composed of C60phenC5 (M),
C6phenC5 (A), and from vesicles and C,;phen (0J) at 70 °C.

Aggregate morphology

In order to obtain more insight into the morphology of the ag-
gregates, cryo-electron microscopy (cryo-EM) was performed on
aqueous aggregate solutions of C,OphenCs, C¢phenCs, C,,phen,
and C,,Ophen.

In sonicated aqueous solutions of CyphenC; (Fig. 5) smooth
unilamellar spherical vesicles are observed. The vesicles display a
large variation in size, from many small vesicles with diameters of
15 to 35 nm to a smaller number of larger vesicles. These larger
vesicles have diameters ranging between 65 nm and 105 nm.

Fig. 5 Cryo-EM micrographs of vesicles composed of C¢phenCs after
sonication. Bar represents 100 nm.

The samples of C;OphenCs and C¢phenCs, prepared after son-
ication and repeated freeze—thaw and extrusion through 200 nm
polycarbonate membranes, showed bilayer vesicles with various
inclusions (Fig. 6). When this preparation method is used for
phospholipids, usually unilamellar vesicles are observed.?*

The inclusions in the vesicles composed of both C,OphenCs;
and C¢phenC; consist of small vesicles and non-spherical bilayer
fragments. In giant liposomes, the formation of endo-vesicles has
been observed previously and is usually induced by temperature
changes or addition of surfactant molecules that can influence
the membrane curvature.>* Also as a result of osmotic effects
invagination can be found in unilamellar vesicles.”” Here the lateral
mobility of the phosphate molecules seems to be hindered in the
bilayers, due to the phenyl or phenoxy substituents.

Samples from an aggregate solution of C;,phen (prepared after
stirring the amphiphile in water above T, followed by extrusion
through 200 nm polycarbonate filters) were prepared for cryo-EM
by vitrification above T, (Fig. 7, left) and below T, (Fig. 7, right).
Micrographs of aggregate solutions of C,,phen above T, show
closed bilayer vesicles with inclusions similar to those observed
with phenyl and phenoxy substituents in the middle of the alkyl
chain. Upon cooling below the phase transition temperature the
vesicles become faceted and burst open. Below T',, the hydrophobic
chains loose part of their flexibility, which makes the bilayer
apparently too rigid to allow accommodation of the required
curvature to form a vesicle. As a result the vesicle bursts open
and forms faceted open bilayer fragments with a low curvature.
This is in contrast to phospholipid vesicles, which change from
spherical to faceted upon going from a temperature above to
a temperature below T, but stay in one piece.”® The hindered
mobility of the phenyl containing phosphate in combination with
increased rigidity, likely causes the breakage of the vesicles. It is
known that vesicles prepared from certain synthetic amphiphiles,
including di-n-hexadecyl phosphate, do not form closed spherical
vesicles below T',,.4?*%° The current observations are in accordance
with the leakage studies (Fig. 4). Aggregates formed from C,,phen
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Fig. 6 Cryo-electron micrographs of vesicles (after freeze-thawing and extrusion through 200 nm polycarbonate filters) composed of C;OphenCs (left),

CsphenC; (right). Bar represents 100 nm.

Fig.7 Cryo-electron micrographs of vesicles (after extrusion through 200 nm polycarbonate filters) composed of C,,phen above T, (left), and below T,

(right). Bar represents 100 nm.

could not entrap carboxyfluorescein at temperatures below 7, in
contrast to vesicles of C;;phen above T,.

In aggregate solutions of C,;Ophen curved bilayer fragments
were observed (Fig. 8). From these structures it is not sur-
prising that C,;Ophen cannot entrap carboxyfluorescein, even
at temperatures above T,. Surprisingly, bicelles were also ob-
served in C,;Ophen suspensions. Bicelles are bilayered aggregates
that have a discoid shape. Usually bicelles are observed in
lipid mixtures, often composed of 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC), or DMPC and 3-[(3-cholamidopropyl)-
dimethylammonio]-2-hydroxypropanesulfonic acid (CHAPSO), a
zwitterionic bile salt derivative.3*> Recently it was found that
bicelles are only formed below the T, of DMPC.** Pure DHPC

and CHAPSO both form spherical micelles.?** It is believed that in
bicelles DMPC forms the bilayered part of the bicelle while DHPC
or CHAPSO is predominantly situated at the rim of the bicelle.
This rim has a high curvature. To accommodate this curvature, the
lipids must have a small packing parameter. This is presumably not
the case for C;,Ophen, so the reason for C,;Ophen to aggregate
into bicelles is not obvious (vide supra).

Discussion and conclusions

The cryo-EM results show that the phosphates with phenyl and
phenoxy substituents in the middle of the alkyl chain form
spherical, closed bilayer vesicles at room temperature when they
are in the liquid-crystalline phase. Above T\, also the phosphate
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Fig. 8 Cryo-electron micrographs of aggregates (after extrusion through
200 nm polycarbonate filters at a temperature above 7',) composed of
C,,Ophen. White arrow indicates top view of the bicelle, black arrow
indicates side view of a bicelle. Bar represents 100 nm.

with a phenyl substituent at the end of the alkyl chain forms
closed vesicles. This is consistent with the inability of C, phen
to entrap CF below their 7, and also with cryo-EM results
for di-n-hexadecyl phosphate aggregates below T,,.* Striking is
the presence of inclusions in the larger vesicles. The preparation
method that was deployed usually yields unilamellar vesicles in
the case of phospholipids.** The shapes of the vesicles and the
inclusions bear a resemblance to vesicular shapes observed in giant
liposomes.” The cause of these inclusions is not clear. The inclu-
sions are probably inherent to the amphiphiles used. We believe
that the tails in the substituted di-n-alkyl phosphate molecules
in the inner and outer leaflet cannot move as independently
from each other as compared to phospholipid molecules in their
bilayer environment. This hampers the ability to accommodate the
required bilayer curvature. In a phospholipid molecule the tails
are connected to each other via three bonds. In many synthetic
amphiphiles the tails are connected via two bonds. This means
that a phospholipid molecule has one rotational degree of freedom
more than the synthetic amphiphiles. During preparation of the
vesicles a certain curvature stress and a certain ratio between the
surface and volume of the vesicle is induced. In phospholipid
vesicles relaxation takes place, but in our vesicles this apparently
does not occur.* Mathematical modelling studies predicted vesicle
shapes corresponding to minimal isotropical bending energies for
different values of the normalised average mean curvature.* We
have observed these vesicular shapes in our electron microscopic
studies. We believe that due to the inflexibility of the chains, no
unilamellar vesicles can be formed.

From NMR and molecular dynamics simulations, it is known
that the conformational order at the interface is high, and that
the order in the hydrophobic core is low.*”*® An already low order
cannot be perturbed much further, whereas an ordered situation
can be perturbed more easily.

Micrographs of aggregate solutions of C,;Ophen showed only
curved bilayer structures and bicelles. Apparently this amphiphile
is able to accommodate the high curvature at the rim of the
bicelle. This could occur by bending the less hydrophobic phenoxy
back to the interface, thereby changing the packing parameter.
Back bending has been recently also proposed for single-tailed
surfactants with two ester modifications in the alkyl tail.** Another
possibility is that this bending is not necessary, because the
substituted tails could better interact with water at the edge of the
flat bilayer than the corresponding alkyl tails. The polar phenoxy
functionality will also decrease the hydrophobic interactions. The
hydration sphere of the polar functionality prevents a complete
development of hydrophobic hydration shells of the CH,-groups
next to the polar moiety, and therefore limits the availability of
these CH,-groups for hydrophobic interactions. The influence of
hydrophilic hydration on the apparent hydrophobicity has been
investigated using kinetic medium effects on hydrolysis reactions
in dilute aqueous solution .

Overall, it can be concluded that the phenyl rings that are
incorporated in the alkyl chain disrupt the packing of the
hydrophobic tails in a bilayer. A phenyl or phenoxy substituent
in the middle of the alkyl chain results in a drastic lowering
of the phase transition temperature and leads to the formation
of bilayered vesicles with hindered lateral movement. A phenyl
or phenoxy substitution at the end of the alkyl chain results
in a less drastic lowering (phenyl) or no change in the phase
transition temperature (phenoxy). The alkyl phosphates with a
terminal phenoxy substituent do not form vesicles but curved
bilayer fragments and bicelles.

Experimental

Syntheses are described in the supplementary material.t All water
used in the experiments was bidistilled in an all quartz apparatus
or purified by a Millipore system.

Colloidal stability

Vesicles were prepared by dissolving the appropriate amount of
amphiphile in water by heating above 7', and vigorous vortexing.
Then the amphiphile solution was extruded 21 times through
a polycarbonate filter of 200 nm. The time dependence of the
optical density at 400 nm was monitored using a Perkin Elmer A5
spectrophotometer.

Differential scanning calorimetry

Vesicles were prepared by dissolving the appropriate amount of
amphiphile in water by heating above T, and vigorous vortexing.
Then the amphiphile solution was extruded 21 times through a
polycarbonate filter of 200 nm. The DSC enthalpograms were
recorded on a VP-DSC apparatus (Microcal, Northhampton,
MA). The reference cell was filled with water. The concentration
of the amphiphiles was 2.0 mM. The samples were degassed before
measurements. Heating scans were performed from 20 to 100 °C
atarate of 1 °Cmin~"' (C,,Ophen), from 10 to 100 °C (C,,phen) or
from 0 to 100 °C (CsphenC;s and C,OphenCs), the time in between
runs was 60 minutes.
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Fluorescence polarisation

The measurements were performed with an SLM Aminco SPF
500 C spectrofluorometer equipped with a thermostated cell
holder. 1,6-Diphenyl-E,E,E-1,3,5-hexatriene (DPH) (5 x 10~ M)
was excited at 360 nm. The emission wavelength was 428 nm
(bandpass 5 nm). The fluorescence polarisation was calculated
from the intensities of the emitted light parallel and perpendicular
to the direction of the excitation radiation using P= (I, — 1,)/({, +
I,). The amphiphile concentration was 5 x 10~ M. Measurements
involved heating scans with 3 °C intervals. The samples were
allowed to equilibrate for 10 minutes after each temperature in-
crease. Reported values for P are average values of six independent
measurements.

Carboxyfluorescein leakage assay

250 pL of a 10 mM solution of the appropriate amphiphile in
methanol was evaporated to form a film on the wall of a glass
tube. This was kept at vacuum for several hours. 100 pL of
a stock solution of carboxyfluorescein (100 mM) and 0.49 mL
of a buffer solution (5 mM HEPES, 5 mM sodium acetate,
1 mM EDTA) were added. This solution was heated to 70 °C
(Cyiphen) and sonicated for 30 seconds at this temperature. The
non-encapsulated carboxyfluorescein was removed by passing
the vesicle solution over a column of Sephadex G-75 at 65 °C
(Cllphen) or at 25 °C (C6phenC5 and C60phenC5) with an
elution buffer (5§ mM HEPES, 5 mM sodium acetate, 1 mM
EDTA and 20 mM NaCl, preheated to 65 °C or 25 °C). The
fraction containing the vesicles was collected in a preheated glass
tube. 20 uL of this solution was injected into a vigorously stirred
cuvet containing 3 mL elution buffer at 70 °C (C,;phen) or
at 25 °C (C4phenCs and C,OphenCs). The carboxyfluorescein
emission intensity (A, = 490 nm, bandpass 2 nm, A, = 520 nm,
bandpass 4 nm) was measured on a SLM-Aminco SPF-500 C
spectrofluorometer equipped with a thermostatted cell holder and
magnetic stirring device. CF leakage was calculated using % =
(I — Iy)/(Inax — 1) x 100, where % is the leakage in percentage
of the maximum leakage, I, is the emission intensity at 1 = 0, [, is
the emission intensity at ¢t = ¢ and [, is the maximum emission
intensity after disruption of the vesicles with 150 ul of a Triton
X-100 solution (10% w/v).

Cryo-electron microscopy

Aliquots of 5 mM di-n-alkyl phosphate solutions were deposited
on holey carbon grids. Filter paper was used to blot off excess
solution. The samples were vitrified by plunging into liquid ethane.
The samples from C, phen above and below T, were placed
in a temperature controlled environment at 100% humidity and
plunged into ethane from this environment.* The grids were
transferred to a Gatan model 626 cryo holder at —170 °C in a
Philips CM 120 microscope operating at 120 kV. Micrographs were
recorded under low dose conditions.
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Comparison of the ability of the enantiomeric forms of trehalose to stabilise alkaline phosphatase
towards dehydration and heat showed that natural D-trehalose is superior to L-trehalose, although both
disaccharides provide some protection for the enzyme. The result of this novel experiment suggests a
chiral differentiation between carbohydrate and protein and thus lends support for the water
replacement hypothesis of solute-based stabilisation of biomolecules, but the non-crystallinity and the

physical form of the L-isomer may also be a key factor.

Introduction

The mechanism by which organisms can survive virtually complete
dehydration, a physical state termed anhydrobiosis, has been
the subject of intensive study for over twenty years yielding a
voluminous literature on the subject which fortunately has been
well reviewed,'-® but it is noteworthy that the first description of the
overall phenomenon was made over three hundred years ago by
the Dutch naturalist Antoni van Leeuwenhoek. Clearly, effective
stabilisation of key biomaterials such as proteins, membranes, and
their constituent lipids must be achieved in a manner such that
they can return to their native state upon re-hydration, a valu-
able property which has considerable potential for exploitation,
especially in the field of medicine and pharmacy. This stability is
also attained when certain organisms are subjected to related heat
stress under hostile conditions, for example the resurrection plants
Craterostigma plantagineum and Selaginella lepidophylla found in
the desert, cysts of the brine shrimp Artemia, dry baker’s yeast,
and some species of nematodes found in soil. A common feature
of such organisms is the accumulation of disaccharides, most
commonly trehalose and, in higher plants, sucrose, as a result of
such stresses, although most recent research has shown’® that some
organisms, for example bdelloid rotifers, undergo anhydrobiosis
without production of trehalose or related saccharides and the
special properties often ascribed to trehalose and sucrose have
been questioned ®1%!!

Cumulative research through in vitro experiments into the
stability conferred on biomolecules by natural trehalose (D-
trehalose) and sucrose led firstly to the widely held opinions
that one of two major factors is involved (i) water replacement
or (i) vitrification, but a more recent view’ is that these two
factors are not mutually exclusive, both being required. The
water replacement hypothesis involves stabilisation of proteins
and membranes in the dry state by the direct interaction (e.g.
through hydrogen bonding) of the disaccharides to polar residues
in the biomolecules, thus maintaining their physical state similar
to that under aqueous conditions in vivo. Since proteins and lipids

Centre for Carbohydrate Chemistry, School of Chemical Sciences and Phar-
macy, University of East Anglia, Norwich, UK NR4 7TJ. E-mail: a.haines@
uea.ac.uk

and the relevant disaccharides are chiral entities it seems possible
that evidence for such direct interaction might be obtained by
comparing the ability of enantiomeric forms of the disaccharides
to stabilise proteins when the latter are subjected to dehydration
and accelerated degradation by storage at temperatures above
ambient, a method of simulating over a relatively short time
period the effect of long term storage at lower temperatures. A
close involvement of saccharide and biomolecules by non-covalent
bonding in the anhydrous state would be reflected in differing
interactions of the enantiomeric forms of a given saccharide
with the chiral biomolecule, leading to a non-equivalence of
the enantiomers in their stabilising influence. However, should
vitrification be the sole cause of bio-stabilisation, it would seem
reasonable to expect that a chiral influence would not be effectively
transmitted by the amorphous glassy medium and that such
media formed from each of the enantiomeric saccharides would
be equally effective in protecting biomolecules to dehydration
and heat. To our knowledge, a search for such a chirality
dependence has not been undertaken previously, presumably
because of difficulty in synthesising the L-forms of trehalose
and sucrose, enantiomeric forms of the natural sugars, but the
availability of L-trehalose from our own work™ prompted this
present investigation, utilising the enzyme, alkaline phosphatase.
This enzyme has been used previously to assess the effect of
dehydration by freeze-drying followed by storage of the dried
preparations at elevated temperatures in the absence and presence
of added carbohydrates, including D-trehalose, a saccharide which
was shown to possess notable preservative properties towards
activity of the enzyme.”® Use of the phosphatase provides a
reliable and simple method of assaying residual enzyme activity
by measurement of the rate of liberation of 4-nitrophenol from
4-nitrophenyl phosphate.

Results and discussion

In view of potential variability in the state of hydration of D-
trehalose*?* —it crystallises as the dihydrate or in an anhydrous
form but may be obtained containing varying proportions of water,
or anhydrous, by drying in vacuo at an elevated temperature—
a study was undertaken to make a direct comparison between
D- and L-trehalose, with respect to their efficiency in stabilising
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alkaline phosphatase, by treating separate test samples of the
enzyme containing the enantiomeric sugars in an identical manner.
Thus, to separate equal amounts of the enantiomeric disaccharides
was added the same volume of freshly prepared aqueous, buffered
enzyme solution and the resultant solutions were freeze-dried for
the same length of time to give solids which were then stored
in stoppered flasks under identical conditions for equal times at
a given constant temperature before assay of enzyme activity.
After dissolution of the stored preparations in an appropriate
buffer solution and addition of 4-nitrophenyl phosphate solution,
comparison of enzyme activities was made by measuring the
initial rates of liberation of 4-nitrophenol measured as its anion
at 405 nm. A comparison was also made with the activity of the
enzyme stored at 4 °C for the same time period to provide a
control.

In agreement with the earlier related study,” freeze-drying
and storage of the enzyme at above ambient temperature in the
presence of D-trehalose led to a lower loss of enzyme activity than
when the disaccharide was omitted, although phosphatase activity
was still reduced compared to that of the initial solution. Thus,
after storage of alkaline phosphatase at 37 °C for 10.75 days in
the presence and absence of D-trehalose, residual activity was 82%
and 35%, respectively, of that of the enzyme solution stored at
4 °C for the same period of time (Fig. 1). In a similar experiment
(37 °C for 14 days) conducted with D- and L-trehalose, the retained
enzyme activities were 62% and 52%, respectively, of the control
maintained at 4 °C, with the activity of the enzyme stored in
the absence of either disaccharide being only 33% of the control
(Fig. 2). Repetition of the latter experiment but at a higher
temperature (45 °C) and for a shorter time (7 days) with b- and
L-trehalose gave enzyme activities of 67% and 32%, respectively,
of that of the low temperature control, with the enzyme stored at
45 °C without additive having an activity of 24% that of the low
temperature control (Fig. 3). In contrast, the activities of solutions
containing the enzyme alone, the enzyme plus D-trehalose, and the
enzyme plus L-trehalose, measured immediately after preparation
and at ambient temperature (~27 °C), were virtually identical.

(@
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Fig. 1 Rate of liberation of 4-nitrophenol from 4-nitrophenyl phosphate
by alkaline phosphatase after storage for 10.75 days: (a) at 4 °C, (b) at 37°C
in the presence of D-trehalose, (c) at 37 °C in the absence of D-trehalose.
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Fig. 2 Rate of liberation of 4-nitrophenol from 4-nitrophenyl phosphate
by alkaline phosphatase after storage for 14 days: (a) at 4 °C, (b) at 37 °C
in the presence of D-trehalose, (c) at 37 °C in the presence of L-trehalose,
(d) at 37 °C in the absence of D- and L-trehalose.
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Fig. 3 Rate of liberation of 4-nitrophenol from 4-nitrophenyl phosphate
by alkaline phosphatase after storage for 7 days: (a) at 4 °C, (b) at 45 °C
in the presence of D-trehalose, (c) at 45 °C in the presence of L-trehalose,
(d) at 45 °C in the absence of D- and L-trehalose.

These experiments indicate that the enantiomeric forms of
trehalose are not equivalent in aiding the preservation of the
enzymic activity of alkaline phosphatase under the conditions
of dehydration by freeze-drying and thermal stress, and provide
evidence for, at least in part, a direct interaction, i.e. of the water
replacement type, between the disaccharide and the protein struc-
tures. Significantly, evidence from other research with lysozyme
suggests”” that direct carbohydrate—protein hydrogen bonding
is responsible for the inhibition of dehydration-induced protein
damage. The water replacement hypothesis envisages that key
water molecules in the hydration shell of a biomolecule might be
replaced to an extent by hydroxy groups, suitably oriented in space,

This journal is © The Royal Society of Chemistry 2006
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of a saccharide or other substance aiding preservation of biological
activity, thereby replacing hydrogen-bond type interactions to
water molecules which are crucial to the integrity of the molecular
architecture of a biomolecule in its native state. Since biomolecules
(e.g. proteins, lipids, ezc.) are chiral, it is reasonable to expect that
an associated hydration shell would be influenced in its spatial
orientation by the chiral nature of the biomolecule to which the
water molecules are bonded, and therefore that there would be
chiral demands on molecules which might act as replacements for
some or all of the water molecules. In contrast, if the only role of
the saccharide is to form a glass (typically spatially homogeneous
but without any long range lattice order) which then entraps the
key water molecules of the hydration shell, it would appear that
the chirality of the molecules forming the glass would have no
or minor influence on the effectiveness of the additive regarding
biostabilisation.

Although it appears that glass formation (vitrification) is
required but is not in itself sufficient to stabilise dry biomaterials,’
the often noted remarkable effectiveness of D-trehalose has led
to speculation that the high glass transition temperature (7,)
of the anhydrous material™® (ca. 115 °C compared to sucrose
at 65 °C) might be an important factor, coupled with the
fact that the presence of a similar water content in the two
disaccharides would cause T, of sucrose to fall below a given
storage temperature before that of D-trehalose. Further, the latter
appears anomalous in that on addition of small quantities of
water to the glassy sugar, 7, remains unchanged, and it is
possible that a crystalline dihydrate forms which shields the
remaining glassy D-trehalose from contact with additional water.?®
It would seem reasonable to assume that a similar situation
should be obtained with the L-enantiomer, and therefore it might
not be expected that the observed differences in ability of the
enantiomers to stabilise the enzyme can be rationalised on this
basis.

Nevertheless, despite the attraction of an interpretation of our
results based on chiral recognition between protein and protectant,
an alternative explanation must be considered based on the
possibility that non-identical physical forms of the disaccharide
medium are produced on freeze-drying of the separate solutions
of the two enantiomers and that the differing forms are not
equal in their ability to stabilise a co-evaporated protein. The
literature on the polymorphic forms of D-trehalose obtained under
different conditions (e.g. freeze-drying, spray-drying, dehydration
at different temperatures, pressures and relative humidities, and
melt quenching) is extensive*2® and the subject is of crucial im-
portance to the pharmaceutical industry for which an amorphous
form of carbohydrates is usually required for incorporation into
pharmaceutical products as excipients in freeze-drying to stabilise
labile bioactive material.?® Two crystalline forms of D-trehalose,
the dihydrate rhombic form***! (T,) and the anhydrous monoclinic
form* (T, mp ~ 213 °C) are well characterised through X-
ray diffraction studies and it is clear that another metastable
anhydrous form (T,, mp ~ 125 °C) may be obtained by careful
drying of the dihydrate under specific conditions.!#16-18:21-2426
Melting of this form, as yet not characterised crystallographically,
leads to an amorphous form which undergoes ‘cold crystallisation’
from 150 °C to give trehalose in the anhydrous T, state.? The
latter modification is produced directly from the dihydrate (T}) at
90 °C—strangely under highly humid atmospheres—and it has

been shown that rehydration of T, occurs much more readily
than that of T, and that it is very hygroscopic.” There is even
a dependence on the size and concentration of solutions of D-
trehalose subject to air-drying as regards whether a dihydrate or
glass is formed,?® a curious variation that has been attributed to
a differing ability of such samples to nucleate and crystallise into
the dihydrate. Thus, there is much opportunity for interconversion
amongst the various crystalline and amorphous phases, depending
amongst other things on the temperature, the rate and length of
heating, the relative humidity of the surrounding atmosphere, and
the length of storage.}

In the present research, an attempt has been made to obtain
comparative data on the physical state of freeze-dried D- and L-
trehalose samples by visual comparison of the solid forms, and
through DSC and IR measurements. A point which may be of
some importance is that despite a full chemical and spectroscopic
identification of L-trehalose,'> we were unable to induce its
crystallisation under conditions which allowed recrystallisation
of D-trehalose to give its dihydrate (T, ). However, this failure may
be understood in view of the lack of seed crystals (there was no
previous synthesis of the L-enantiomer) and the known difficulty
in crystallising carbohydrates. It is possible that the absence of seed
crystals could have an important influence on the solid state of the
L-isomer obtained on freeze-drying. An analysis by DSC of the
freeze-dried sample (a light, expanded amorphous solid which,
in contrast to the D-isomer, was hygroscopic) indicated it to be
anhydrous with a major endotherm around 200 °C but with some
variability from sample to sample. Analysis of the freeze-dried
D-isomer (a solid appearing to be a mixture of crystalline and
some amorphous material) indicated only a minor water content
with a major endotherm around 200 °C, but measurement on
different samples from the same batch showed distinct differences,
indicating that it was not homogeneous. It is noteworthy that
heterogeneity has been observed in solid D-trehalose samples
obtained by air-drying.?®

As expected, the FT-IR spectra of freeze-dried samples of
the enantiomeric forms were virtually identical in their overall
features, but the less well defined spectrum of the L-isomer
contained the characteristic peaks within broader envelopes as
compared to those of the D-isomer, pointing to its amorphous
rather than crystalline nature.

One of two important deductions can be made from results
of the present study: either (i) there is a chiral recognition
phenomenon between enzyme and its protectant medium, or
(ii) that the enantiomers afford different solid forms on freeze-
drying with the enzyme, and that the effectiveness regarding
biostabilisation is crucially dependent on the physical form of
trehalose, in particular under conditions where anhydrous material
is obtained, on whether T,, T;, or an amorphous form makes
up the medium surrounding the protein. An argument against
(i1)—and thus support for (i)—arises from the observations”?%**
that effective protection of proteins during the terminal stages
of dehydration by compounds such as trehalose depends on the
initial formation of an amorphous, glassy or metastable anhydrous
(but hygrospcopic) crystal form (T,) rather than a well recognised
crystalline phase (T, and T;); our preparation of L-trehalose has

+ An unidentified state T, obtained by dehydration of T, under intermedi-
ate humid atmospheres has also been reported.?®

704 | Org. Biomol. Chem., 2006, 4, 702-706

This journal is © The Royal Society of Chemistry 2006





not yielded crystals in contrast to the D-isomer, appears to be
amorphous and hygroscopic, and yet it is less efficient in stabilising
the enzyme.{ Further effort is being made in order to obtain L-
trehalose in crystalline form to gain supporting evidence on this
matter.

Although the utility of D-trehalose for biostabilisation has been
much explored, the influence of its physical form on effectiveness in
this regard would merit further systematic investigation. Clearly,
experiments on the stabilisation of alkaline phosphatase by D-
trehalose under conditions which lead exclusively to T,, Ty, or
an amorphous form of the disaccharide will provide valuable
data to aid selection of the most favourable conditions for
the long-term storage of biomaterials which are sensitive to
environmental stress. Further, it would be instructive to compare
the properties of the enantiomeric trehaloses as regards protein
protection in the presence of bulk water. The thermodynamic
mechanism of protein stabilisation at above ambient temperatures
by trehalose in aqueous solution, examined in the case of
ribonuclease A,* was attributed to the smaller preferential binding
to the unfolded protein than the native one; the exact nature
of this binding, as yet not clearly defined, could be probed
with the use of the enantiomeric substrates. In addition, the
direct correlation observed* between the surface tension of D-
trehalose solutions and the thermal stability of various proteins,
including ribonuclease A, should not be chirality dependent, a
prediction which could be tested with the enantiomeric disaccha-
rides. Further, D-trehalose is known to have superior structure-
breaking effects on the tetrahedral hydrogen bonding network
of water, effects which lead to inhibition of ice formation and
which could explain its properties as a cryoprotectant for bio-
molecules.’* Since both enantiomers would be expected to behave
similarly in this regard, a comparison of their efficacy would
be informative regarding the importance of this mechanism in
cryoprotection.

Conclusion

Evidence has been obtained which suggests that enantiomeric
forms of trehalose are not equally effective in stabilising the
enzyme alkaline phosphatase to stress by dehydration during
freeze-drying and storage of the resultant solid at above ambient
temperatures. The observation could be interpreted as support
for the involvement of a direct carbohydrate—protein interaction
in the dehydrated state, with chiral discrimination as an ex-
planation for the difference in effectiveness of the enantiomers.
This research utilising enantiomeric bio-protectants highlights
a novel approach for detecting important interactions with
chiral pharmaceutical and biotechnological products and may
provide useful evidence regarding the mechanism of the survival
of biological functions resulting from dehydration and heat
stress.

1 However, this argument against explanation (ii) may be invalid if' T, is
the important physical form inducing stabilisation rather than a glassy or
amorphous form and if this is derived during the freeze-drying process
by dehydration of the dihydrate T,. Preparations of T, reported to date
have required dehydration of T, at temperatures above ambient, typically
50-105 °C, although IR evidence suggests that it might be present in
freeze-dried samples.®

Experimental

Alkaline phosphatase (EC 3.1.3.1, Type 1S from bovine intestinal
mucosa-10-30 DEA units per mg solid; catalogue number P
7640) and the phosphatase substrate p-nitrophenyl phosphate
disodium hexahydrate (catalogue number P 4744) were obtained
from Sigma. D-Trehalose dihydrate was purchased from Aldrich.
UV spectra were recorded at 25 + 1 °C temperature on a Hitachi
U-2000 spectrophotometer, and FTIR spectra in the frequency
range 4000 to 400 cm~' (2 cm™! resolution) on a Biorad FTS-165C
spectrometer equipped with an attenuated total reflectance (ATR)
ZeSe crystal. DSC data for sealed samples were obtained on a
Thermal Analysis 2920 instrument, calibrated with indium and
octadecane.

Preparation of freeze-dried samples of alkaline phosphatase for
storage at above ambient temperatures

In a 25 ml round-bottom flask was weighed D- or L-trehalose
(11 mg) from samples of the disaccharide which had previously
been freeze-dried at 13.3-1.33 Pa from aqueous solution for 4 h,
then stored over P,O; under vacuum. To the flask was then added
2 ml of a freshly prepared solution of alkaline phosphatase, made
by dissolving the enzyme (5 mg) in 0.1 M TRIS buffer (10 ml) which
had previously been brought to pH 7 with 2 M hydrochloric acid.
A control, lacking the disaccharide, was prepared by placing 2 ml
of the buffered enzyme solution in a similar flask. Solutions were
then freeze-dried for 4 h at 13.3-1.33 Pa and the flasks containing
the solids were then placed in a constant temperature environment
for a measured time. A sample of the freshly prepared phosphatase
solution was stored at 4 °C for a comparative measurement.

Measurement of residual enzyme activity

After storage of the enzyme containing solid at the elevated
temperature, 2 ml of a buffered aqueous solution (pH 9.5, adjusted
with 2 M hydrochloric acid) of 0.1 M diethanolamine and 0.25 mM
MgCl, was added to yield the reconstituted enzyme solution.

A buffer solution (buffer A) at pH 10.25 was prepared by
dissolving diethanolamine (9.66 ml) in water (60 ml), adding
0.25 ml of 0.1 M aqueous MgCl, solution, adjusting the pH to
10.1 with 2 M hydrochloric acid, and then diluting to 100 ml with
water.

A 3.3 mM solution of the substrate p-nitrophenyl phosphate
was freshly prepared in buffer A. To a UV cuvette (1 cm path
length, 3 ml capacity) was added 2.6 ml of buffer A, then 0.3 ml
of the substrate solution, and the cuvette was placed in the
cell holder of the UV spectrophotometer to achieve temperature
equilibration. After Smin, 0.1 ml of the enzyme solution was added
to the cuvette, which was then stoppered and inverted three times
to ensure efficient mixing before returning to the cell holder,
when monitoring of the absorption at 405 nm was commenced
immediately and followed for 120 s, during which time the plot
was linear and the substrate conversion was less than 25%. At least
two runs were made for each determination of enzyme activity and
the readings averaged. Linear regression analyses of the plots of
absorbance versus time yielded correlation coefficients in the range
0.995-1.000, and measurement of the slope of a line afforded a
measure of the enzyme activity.
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A similar measurement of enzyme activity was made utilising
the enzyme solution that had been stored at 4 °C for the duration of
the elevated temperature experiment, and enzyme activities relative
to this sample were obtained by comparison of the slopes obtained
from the linear regression analyses.
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Linear 1,2-bis(pyridinium)ethane ‘axles’ and macrocyclic 24-membered crown ether ‘wheels’ (24C8,
DB24C8 and DN24C8) combine to form [2]pseudorotaxanes. These interpenetrated adducts are held
together by N* - - - O ion-dipole interactions, a series of C-H - - - O hydrogen bonds and n-stacking
between electron-poor pyridinium rings of the axle and electron-rich catechol rings of the wheel. "H
NMR spectroscopy was used to identify the structural details of the interaction and to determine the
thermodynamics of the binding process in solution. Analysis of nine of these adducts by single crystal
X-ray crystallography allowed a detailed study of the non-covalent interactions in the solid state. A
wide variety of structural changes could be made to the system. The versatility and potential of the
template for the construction of permanently interlocked structures such as rotaxanes and catenanes

is discussed.

Introduction

A number of templating strategies now exist for the preparation
of mechanically interlocked molecules such as rotaxanes and
catenanes.! The most common synthetic methodology, ‘threading’
followed by ‘stoppering’, requires the identification of two com-
ponents, a linear ‘axle’ and a cyclic ‘wheel’ that can interpenetrate
and form a stable host—guest pair known as a [2]pseudorotaxane.”
This can then be converted to a permanently interlocked rotaxane
by capping with bulky groups or to a catenane by linking the two
ends of the linear axle.?

|- 0——6-

axle wheel [2]pseudorotaxane

A wide array of complementary components capable of pseu-
dorotaxane formation can be envisioned, but there still remains
only a handful of chemical systems that are both efficient at
threading and offer true flexibility for structural modification.*
Indeed, it is these few versatile systems that have been exploited to
create families of mechanically linked molecules and, by extension,
molecular machines and devices.?

We have reported in a preliminary communication that linear
1,2-bis(pyridinium)ethane ‘axles’ and macrocyclic 24-membered
crown ether ‘wheels’ can combine to form [2]pseudorotaxanes.®
These interpenetrated adducts are held together by N* - -- O ion-
dipole interactions, a series of C-H---O hydrogen bonds and
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T Electronic supplementary information (ESI) available: Van’t Hoff plots,
titrations and Hammett plots for [2]pseudorotaxanes involving 24C8,
DB24C8 and DN24C8. See DOI: 10.1039/b514528g

in some cases m-stacking between the electron-poor pyridinium
rings of the axle and electron-rich catechol rings appended to the
wheel.

Although there are some superficial similarities to both the
paraquatC BPP34C107 (bis-paraphenylene-34-crown-10) and sec-
ondary ammonium ionC24-crown-8 ether® systems in terms of
the interactions involved, this system has some unique aspects
and has shown to be extremely versatile in the breadth of
structural changes that can be imposed without destruction of the
basic templating interaction. To date, we have fashioned various
rotaxanes,’ catenanes,'® molecular shuttles'! and other molecular
machines™ as well as a variety of polyrotaxanes employing this
motif. Herein, we present a detailed study of the physical properties
and structural features of this [2]pseudorotaxane templating motif.
Scheme 1 outlines the variety of axles and crowns explored in this
study. We have focused on systematically varying substituents on
both the axle and wheel.

1. X=4-py,Y=H

2a:X=Ph, Y =H 6
2b: X=H,Y=Ph X €. ok
Ja:X=COzEt, Y=H v

3b: X = H, Y = COEL e L“rﬁ'oj\\
4 X=HY=H R 0% 0’\
+

= _ + ( N

5a: X.= Me, V= H crown ether D
5b: X =H, Y = Me VTR %o ’3
6a: X =MeO,Y=H Nz ( Nt o—
6b: X = H, Y = MeO “ 1 L

s e P 2y
7a:X=NHp, Y = H v o
Th: X =H, Y = NHp X | L
8 X=fBuY=H . i

9. X=4-Bnpy,Y=H

Scheme 1 Listing of the 1,2-bis(pyridinium)ethane axles investigated
in this study and their reaction with 24-membered crown ethers, 24C8,
DB24C8 and DN24C8 to form [2]pseudorotaxanes.
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Results and discussion

The 1,2-bis(pyridinium)ethane salts are easily synthesized" from
the reaction between an excess of the corresponding pyridine
and 1,2-dibromoethane in refluxing acetonitrile. These reactions
render the axles as the bromide salts, which can be easily
transformed into the corresponding tetrafluoroborate salts by
anion exchange. This increases their solubility in polar organic
solvents such as MeCN or MeNO, and importantly leads to a
situation with essentially no ion pairing in solution.'

The mixing of any of the 1,2-bis(pyridinium)ethane axles, 1>*—
7** or 9*, with one of the 24-membered crown ether wheels, 24-
crown-8 (24C8), dibenzo-24-crown-8 (DB24C8) or dinaphtho-24-
crown-8 (DN24C8), in CD;CN results in a 'H NMR spectrum
indicative of [2]pseudorotaxane formation; only 8°* containing the
bulky 7Bu substituent did not form an adduct.'® These results can
be divided into two groups in which: (1) the equilibrium between
the free components and the pseudorotaxane is undergoing slow
exchange on the NMR time scale and three different sets of peaks
are observed, two corresponding to the free axle and the crown
ether and the other to a new species, the [2]pseudorotaxane; and
(2) the equilibrium is undergoing fast exchange on the NMR
time scale and only a single, averaged set of resonances could be
observed that were shifted from their original positions. Although
there is no fundamental difference between these two sets of
compounds other than the rates of threading and dethreading,
for ease of discussion and since the slow exchange spectra
provide more structural details the two cases will be discussed
separately.

|2]Pseudorotaxanes at slow exchange

At slow exchange, the '"H NMR chemical shifts of the new
[2]pseudorotaxane species are clearly identifiable. The position
of these resonances relative to their uncomplexed counterparts
allows identification of the non-covalent interactions occurring
between the two components and suggests that threading of the
1,2-bis(pyridinium)ethane axle through a 24C8’ wheel gives rise to
a[2]pseudorotaxane geometry. The resonance of the central ethane
protons shift downfield which is characteristic of protons involved
in hydrogen-bonding interactions, C—H - - - O. The hydrogen atoms
in the ortho-N* position are also shifted downfield providing
evidence of their participation in hydrogen bonding. In the case of
the [2]pseudorotaxanes involving DB24C8 and DN24CS8, the meta-
N* protons shift upfield because of the shielding generated by the
ring current of the catechol units and indicates the presence of
aromatic m-stacking interactions. As an example, Fig. 1 shows the
changes in chemical shifts for 3a?* and DB24C8 upon formation of
the [2]pseudorotaxane [3acDB24C8]**. Tt is clear that significant
chemical shift changes occur for the participating protons of 3a
and DB24C8 in the order of ca. 0.3-0.4 ppm. These chemical
shift changes are summarized in Table 1 for [2]pseudorotaxanes
formed from combining axles 1**, 2a**, 2b**, 3a®*, 3b** and 9*
with macrocycles 24C8, DB24C8 and DN24CS8.

The chemical exchange process relating the uncomplexed and
complexed species was confirmed by NMR Exchange Spec-
troscopy (EXSY)."” The EXSY spectrum of [3acDB24C8J** is
shown in Fig. 2, highlighting both exchanging resonances and
peaks related by a NOE. Similar spectra were obtained for all
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Fig. 1 'H NMR spectrum in CD;CN at 2.0 x 10~° M of an equimolar
solution of [3a][BF,], and DB24C8 showing formation of [3aCDB24C8]**
(red and blue labels = complexed components of the [2]pseudorotax-
ane [3acDB24C8J**, black labels = uncomplexed axle 3a** and wheel
DB24C8).

Table1 'H NMR chemical shifts for axles and [2]pseudorotaxanes
undergoing slow exchange on the NMR time scale

CH,N* H-ortho-N* H-meta-N*
Compound 0 (AJ) J (A9) J (A9)
[ 5.16 8.89 8.40
[1c24C81* 5.36 (+0.20) 9.18 (+0.29) 8.44 (+0.04)
[1cDB24C8]** 5.56 (+0.40) 9.19 (40.30) 8.04 (—0.36)
[1CDN24C8J** 5.61 (4-0.45) 9.20 (+0.31) 7.97 (—0.43)
[2a]** 5.13 8.68 8.34
[2ac24C8]* 5.34 (+0.21) 9.08 (+0.40) 8.39 (+0.05)
[2acDB24C8J** 5.51 (4+0.38) 9.06 (+0.38) 7.96 (—0.38)
[2acDN24C8]** 5.54 (+0.41) 9.09 (+0.41) 7.86 (—0.48)
[2b]** 5.22 9.06, 8.84 8.16
[2bC24C8]* 5.41 (40.19) 9.44 (+0.38) 8.21 (4+0.05)
9.04 (40.20)
[2bcDB24C8J** 5.62 (4-0.40) 9.43 (4+0.37) 7.75 (—0.41)
9.02 (+0.18)
[2bCDN24C8]** 5.66 (+0.44) 9.46 (40.40) 7.77 (—0.39)
9.09 (+0.25)
[3a]** 5.24 8.96 8.52
[3ac24C8]* 5.40 (+0.16) 9.27 (4+0.31) 8.56 (+0.04)
[3acDB24C8J** 5.58 (+0.34) 9.25(+0.29) 8.14 (—0.38)
[3aCcDN24C8]** 5.61 (+0.37) 9.28 (+0.32) 8.07 (—0.45)
[3b]** 5.22 9.39, 8.95 8.26
[3bC24C8]* 5.40 (40.18) 9.71 (+0.32) 8.27 (+0.01)
9.28 (4+0.33)
[3bcDB24C8J** 5.63 (4+0.41) 9.71 (+0.32) 7.92 (—0.34)
9.29 (40.34)
[3bCDN24C8]** 5.66 (+0.44) 9.72 (4+0.33) 7.92 (—0.34)
9.33(+0.38)
[97*+ 5.28 9.01 8.48
[9C24C8]* 5.44 (+0.16) 9.32(+0.31) 8.54 (+0.06)
[9CcDB24C8]** 5.62 (40.34) 9.32(+0.31) 8.16 (—0.32)
[9CDN24C8]* 5.67 (+0.39) 9.33 (+0.32) 8.17 (—0.31)

combinations undergoing slow exchange and allowed unambigu-
ous assignment for all resonances.

[2]Pseudorotaxanes at fast exchange

The 1,2-bis(pyridinium)ethane axles 4**, 5a**, 5b*", 6a**, 6b**,
7a* and 7b* also form [2]pseudorotaxanes with crown ethers
24C8, DB24C8 and DN24C8, but for these cases the chemical
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Fig. 2 Downfield portion of the EXSY spectrum of [3acDB24C8J**
showing exchanging peaks (red) and peaks related by a NOE (blue).
Labeling scheme is the same as Fig. 1.

exchange is fast on the NMR time scale, probably due to the
smaller size of the substituents on the pyridinium ring which
gives rise to a more rapid threading—unthreading rate.”® This
phenomenon allows the observation of only one set of averaged
peaks in the "H NMR spectra; however, the limiting chemical
shifts of the [2]pseudorotaxane species could be obtained from
titration experiments employed to measure association constants,
K, (see ESIT). In the titration method, each axle was titrated with
increasing amounts of crown ether until saturation was indicated.
Table 2 lists chemical shifts for the [2]pseudorotaxanes undergoing
fast exchange. The relative shifts of protons involved in hydrogen
bonding and n-stacking is comparable to those observed for the
[2]pseudorotaxanes under slow exchange. This suggests that the
interpenetrated structure of the [2]pseudorotaxane is maintained
regardless of the rate of the threading process from which it is
formed.

Mass spectral evidence of [2]pseudorotaxane formation

[2]Pseudorotaxane formation was also detected using electrospray
ionization mass spectrometry (ESI-MS). This is an ideal technique
for observing charged organic compounds® and it is significant
that this type of non-covalent interaction can be verified in
such a facile manner at relatively low concentrations. In all
cases, both the singly- and doubly-charged species [M — BF,]*
and [M]** were observed with the expected isotopic profile and
sufficient resolution for exact mass measurements. Fig. 3 shows
the ESI mass spectrum of an equimolar solution of [3a][BF,], and
DB24C8 in MeCN at 1.0 x 10~® M. Peaks for both the singly-
and doubly-charged [2]pseudorotaxanes [3aCc DB24C8-BF,]" and
[3acDB24C8J**, as well as those for the axle [3a-BF,]" and crown
ether complex [NacDB24C8]*, were the only observed peaks.

Thermodynamic parameters for [2]pseudorotaxanes

When the rate of association and dissociation was slow on
the NMR time scale, as indicated by the observation of both

Table2 'H NMR chemical shifts for axles and [2]pseudorotaxanes
undergoing fast exchange on the NMR time scale

CH,N* H-ortho-N* H-meta-N*

Compound J (AJ) J (AJ) J (AJ)

(41> 5.09 8.68 8.11

[4C24C8) 5.33(4+0.24) 9.11 (+0.43) 8.14 (+0.03)

[4cDB24C8)** 5.43 (+0.34) 9.01 (+0.33) 7.69 (—0.42)

[4CDN24C8J** 5.44 (40.35) 9.19 (+0.51) 7.70 (—0.41)

[5a]** 4.99 8.46 7.87

[Sac24C8]** 5.25 (4+0.26) 8.93 (4+0.47) 7.90 (+0.03)

[SacDB24C8J** 5.33(4+0.34) 8.80 (+0.34) 7.43 (—0.44)

[SacDN24C8)** 5.34 (+0.35) 8.87 (+0.41) 7.40 (—0.47)

[Sb]** 5.02 8.52, 8.40 7.95

[SbC24C8* 5.27 (+0.25) 9.03 (+0.51) 8.01 (40.06)
8.91 (+0.51)

[SbcDB24C8J* 5.37 (+0.35) 8.83 (+0.31) 7.56 (—0.39)
8.78 (+0.38)

[SbcDN24C8)** 5.34 (+0.32) 8.90 (+0.38) 7.49 (—0.46)
8.86 (4+0.46)

[6a]** 4.83 8.32 7.42

[6ac24C8]** 5.16 (+0.33) 8.87 (+0.55) 7.49 (+0.07)

[6acDB24C8J* 5.21 (4+0.38) 8.63 (+0.31) 6.98 (—0.44)

[6acDN24C8)** 5.20 (+0.37) 8.82 (+0.50) 6.99 (—0.43)

[6b]** 5.04 8.40, 8.19 7.96

[6bC24C8]** 5.31 (4+0.27) 8.93 (+0.53) 8.02 (40.06)
8.71 (+0.52)

[6bcDB24C8J* 5.43 (+0.39) 8.79 (+0.39) 7.55(—0.41)
8.56 (+0.37)

[6bCcDN24C8)** 5.47 (+0.43) 8.92 (+0.52) 7.51 (—0.45)
8.68 (+0.49)

[7a]** 447 7.72 6.84

[7Tac24C8)** “ “ “

[7acDB24C8J* b b b

[7TacDN24C8)** b b b

[7b]** 4.81 7.75,7.64 7.59

[7TbC24C8]* 5.14 (4+0.33) 8.32 (4+0.57) 7.64 (40.05)
8.18 (+0.54)

[7TbcDB24C8J* 5.15(40.34) 8.27 (+0.52) 7.14 (—0.45)
7.98 (+0.34)

[7TbCcDN24C8)** 5.08 (+0.27) 8.10 (+0.35) 7.01 (—0.58)
7.99 (+0.35)

“No discernable shifts were observed in the NMR spectra; no evidence
of pseudorotaxane was found in the ESI-MS. ® Very small shifts indicated
probable pseudorotaxane formation but this is at the limit of detection.
Pseudorotaxane formation was, however, observed in the ESI-MS.
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Fig. 3 ESI mass spectrum of an equimolar solution of [3a][BF,],
and DB24C8 in MeCN at 1.0 x 10° M. Peaks for naked axle
[3a-BE,]* (black), crown ether [Nac DB24C8]* (green) and both the singly-
and doubly-charged [2]pseudorotaxanes [3acDB24C8.-BF,]* (red) and
[3acDB24C8]** (blue) are clearly visible.
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Table 3 Complete listing of K, x 10> (M~")* and AG® (kJ mol™") values
for [2]pseudorotaxanes in CD;CN solution (2 x 1073 M) at 25 °C

Crown ether wheel

Axle 24C8 DB24C8 DN24C8
[P 3.0(-14.1) 9.3(—16.9) 7.1(-16.3)
[2a]** 1.1 (—11.6) 4.0 (—14.8) 3.1(-14.2)
[2b]* 3.1(—14.2) 3.5 (—14.5) 1.6 (—12.6)
[3a]** 4.9 (—15.3) 19.4 (—18.8) 7.3(-16.3)
[3b]** 13.3(-17.8) 47.4 (-21.0) 9.2(—16.9)
[4]* 1.9 (—13.0) 23(-13.5) 0.9 (~11.0)
[5af* 1.1(=11.7) 3.4 (—14.4) 1.6 (—12.6)
[5b* 1.7 (—12.8) 2.5(~13.7) 1.8 (~12.8)
[6a]** 0.6 (—10.1) 2.4 (—13.5) 0.7 (—10.5)
[6b]** 1.5(-12.4) 2.5(—13.7) 1.7 (=12.7)
[7a)** ca. 0(0.0)° <0.1 (ca. —=5)¢ <0.1 (ca. —5)¢
[7b]** 0.5(=9.5) 0.3(-8.3) 0.3(-8.3)
[8** 0.0 (0.0)¢ 0.0 (0.0)¢ 0.0 (0.0)¢
9] 2.0(~13.2) 10.0 (—17.1) 13.3 (~17.8)

“ Errors are estimated to be approximately 10% for association constants
calculated from non-linear least-squares fit and less for those derived by
the single point method. ® No discernable shifts were observed in the NMR
spectra; no evidence of pseudorotaxane was found in the ESI-MS. ¢ Very
small shifts indicated probable pseudorotaxane formation but this is at the
limit of detection. Pseudorotaxane formation was, however, observed in
the ESI-MS. “ No changes were observed. This group is too large to allow
threading.

complexed and uncomplexed species simultaneously in the
'"H NMR spectrum, the association constants (K,) were measured
by the single point method.? In the cases where only averaged
signals were observed due to fast exchange, association constants
were obtained from NMR titrations and a non-linear least-
squares fit of the resulting saturation curves.?® A complete
listing of association constants (K,) and related AG® values for
[2]pseudorotaxane formation in CD;CN solution (2 x 107 M) at
25 °C are compiled in Table 3.

The association constants vary from a low of ca. 0 M~ for
[7ac24C8]** to a high of 47.4 x 10> M~! for [3bcDB24C8]**. The
variations are most easily visualized from Fig. 4 and Fig. 5 which
display K, as a function of crown ether for 4-substituted and 3-
substituted axles respectively. Comparing axles we can make three
general observations: (i) the maximum on both graphs occurs
when the substituent on the axle is COOEt, (ii) the minimum on
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Fig.4 Graph of K, (at 25 °C) versus type of crown ether for [2]pseudoro-
taxanes with 4-substituted axles.
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Fig.5 Graph of K, (at 25 °C) versus type of crown ether for [2]pseudoro-
taxanes with 3-substituted axles. The point representing [3bCcDB24C8]*
has a K, value of 47.4 x 10> M~" and is omitted from the graph to allow
visualization of the other values and direct comparison to Fig. 4.

both graphs occurs when the substituent is NH,, and (iii) the effect
of substitution on the pyridinium ring is more pronounced for the
3-substituted axles. These trends can be rationalized by noting
that stronger electron withdrawing groups (such as COOEt) will
produce more acidic axle hydrogen atoms as well as a greater
positive charge at the pyridinium nitrogen, and substitution at
the 3-position has a greater effect on the o-pyridinium protons
which are involved in hydrogen bonding. A further reduction in
K, also occurs when the axle is 7a** (X = NH,, Y = H) due to
significant contributions from a quinoid-like resonance structure
which effectively removes the charge at the pyridinium N atom
and places it on the amino group.*

Clearly, larger association constants are due to stronger hy-
drogen bonding and greater ion-dipole interactions. This trend is
similar to that observed by Stoddart and co-workers for secondary
dibenzylammonium axles in which the major interactions are the
NH - - - O hydrogen bond and the N* - - - O ion-dipole interaction.?
Consistent with this explanation, Stoddart’s group also reported
that for secondary dibenzylammonium axles and 24-membered
crown ethers, the binding strengths for a particular axle varied with
crown ether such that 24C8 > B24C8 > DB24C8.** Thus hydrogen
bonding and ion-dipole interactions were greater for wheels
containing aliphatic ether oxygen atoms rather than aromatic
ether oxygen atoms. In contrast for this new templating motif,
the maximum for each axle occurs for DB24C8 (except 9**, X =
Bnpy). This suggests that the increase in interaction energy as
a result of the addition of m-stacking between the electron-poor
pyridinium rings and electron-rich catechol rings surpasses or at
least offsets the decrease in CH - - - O hydrogen bonding and the
N* ... 0O ion-dipole interactions which must result from replacing
four aliphatic ether oxygen atoms with less basic aromatic versions.

Interestingly, the only case for which a higher association
constant occurs using the DN24C8 wheel is when the two terminal
nitrogen atoms of the thread 1°* are benzylated, giving rise to a
tetracationic axle 9**. The increase in the magnitude of the K, can
be explained by a new interaction between the outer N* and the
n-electron density of the naphthyl rings. In addition, there is also
the possibility of a T-type, C-H - - - w interaction between aromatic
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protons on the naphthyl ring and the face of the benzyl aromatic
group.

A plot of log[K,(X)/K,(H)] versus the Hammett parameter,
o, for the [2]pseudorotaxanes formed with 24C8 is almost linear
(see Fig. 6) while the same plots for DB24C8 and DN24C8 are
widely scattered (see also ESIt). This supports the notion that
when significant m-stacking contributions are not present, the
major interactions between wheel and axle are C—H - - - O hydrogen
bonding and the N* - - - O ion-dipole which are directly affected by
and can be controlled by the electronic nature of the substituents
on the pyridinium rings.

- ® 3-COOEt
R?=0.8142 ’
0.4 ® 4-COOEt
@ 3-Ph ®4-Py
H
0.P3-O0Meg 3 0.5
4-Ph
log[Ka(X)/Ka(H)]

Fig. 6 Graph showing the correlation of log[K,(X)/K,(H)] with the
Hammett constant (o) for [2]pseudorotaxanes comprised of 24C8 and
either 3-substituted (blue) or 4-substituted (red) axles.

"H NMR studies at various temperatures were used to de-
terminate the thermodynamic variables AH® and AS°® for those
adducts which were undergoing slow exchange on the NMR
time scale; these are summarized in Table 4. Van’t Hoff plots®
in the temperature range of —30 to 30 °C were obtained for
each [2]pseudorotaxane. Examples for axle 3a’* with wheels 24C8,
DB24C8 and DN24C8 are shown in Fig. 7. The non-linearity of
the plots for 24C8 and DN24CS8 is likely due to significant heat
capacity contributions, and application of the Dougherty model*’
allowed monitoring of the variation of AG°, AH® and AS® in the
—30 to 30 °C temperature range. The AC, values are all negative
(from —293 to —1456 J mol~' K~') which is representative of this

Table 4 Complete listing of AH® and AS® values for [2]pseudorotaxanes
in CD;CN solution at 25 °C

Compound AH°/kJ mol™! AS°/Jmol™! K!
[1C24C8]* —118 7.4
[1CDB24CS]™" ~60.8 —1472
[1cDN24C8)** —26.6 —34.7
[2aC24C8]* —282 —558
[2acDB24C8P* —443 —98.8
[2aCDN24C8J* ~352 ~70.5
[2bC24C8]" ~20.6 215
[2bcDB24C8J** —44.9 —101.8
[2bCDN24CS]* ~356 ~77.0
[3aC24C8]" 175 -73
[3acDB24C8]* —48.4 -99.4
[3aCcDN24C8]** —24.3 —26.7
[3bC24C8] ~20.6 92
[3bcDB24C8}** —67.0 —154.5
[3bCDN24C8]** -20.3 —11.5
[9C24C8]* -20.0 238
[9CDB24C8]* ~577 ~1362
[9CDN24C8]* 124 1182

type of inclusion process;”” AC,(24C8) < AC,(DN24C8). It is clear
that there is a dominance of the AH® term at high temperature
and of the TAS® term at low temperature.
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Fig.7 Van’t Hoff plots for the [2]pseudorotaxanes constructed from axle
3a>* (4-COOEt) and wheels DB24C8 (green), DN24C8 (red) and 24C8
(blue).

In general, AH® values are significantly negative indicating
strong interactions and a true molecular recognition process.
An interesting observation is that for all axles, AH® is sig-
nificantly more favorable and AS° significantly less favorable
for complexation with DB24C8. Both these trends can be at-
tributed to the efficient m-stacking contributions between these
bis(pyridinium)ethane axles and this crown. This interaction is
reflected in the enthalpic gain while the entropic loss is probably a
result of limiting the rotational freedom of the aromatic rings of
the axle.

The compensation in AH° and AS° to maintain an almost
constant AG®° over the range of temperature as seen in Fig. 8 for
[3ac24C8]** is characteristic of a number of larger supramolecular
and biological systems.® In this regard, an entropy-enthalpy
compensation plot of TAS® vs. AH® for the [2]pseudorotaxanes
listed in Table 4 shows a linear relationship with slope a = 0.94
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Fig. 8 Graph of the variation of AG°, AH® and —TAS° from —30 to
30 °C for [3aC24C8]** (X = COOEt, Y = H).
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and a TAS° intercept = 13.9 kJ mol™! (Fig. 9). Values of a
between 0.8 and 1.2 are considered high and represent significant
conformational changes, while TAS° values between 10 and
16 kJ mol~! are attributed to important solvation effects occurring
during complexation.”® Both these observations are consistent
with the formation of an interpentrated host—guest motif which
must necessarily be accompanied by significant disruption to the
solvation spheres and restrictions of the conformational flexibilty
of the individual components.
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Fig. 9 Entropy-enthalpy compensation plot of TAS® vs. AH® for all the
[2]pseudorotaxanes in Table 4 (slow exchange) shows a linear relationship
with slope a = 0.94 and a TAS® intercept = 13.9 kJ mol~' (correlation,
R =0.983).

X-Ray structures

Although the solution NMR data for the adducts formed between
a 1,2-bis(pyridinium)ethane cation and a 24-membered crown
ether strongly indicate the formation of an interpenetrated com-
plex, it was important to verify this by X-ray crystallography.
The solid state structures also allow a detailed analysis of the
non-covalent interactions contributing to the formation of the
[2]pseudorotaxanes. We were able to obtain X-ray quality crystals
for nine of these adducts and the results are presented in this
section.

[2]Pseudorotaxanes with 24C8. The simplest example of a
[2]pseudorotaxane in this series is [4C24C8]**, since there are
no substituents on the pyridinium rings (X = H, Y = H) and
no aromatic rings on the crown ether. Fig. 10%* shows how
the two components interpenetrate and details the various non-
covalent interactions that occur. In particular, there is a significant
interaction between the two positively charged pyridinium N
atoms and two of the ether oxygen atoms (O3 and O7) at 3.24
and 3.28 A. This is accompanied by eight C-H - - - O interactions
from the four NCH, methylene hydrogen atoms and the four o-
pyridinium hydrogen atoms to six of the oxygen atoms of the
crown ether. The C---O distances range from 3.18 to 3.39 A
for the NCH, hydrogens and from 3.21 to 3.41 A for the o-
pyridinium hydrogens with the C-H - -- O angles from 140.1 to
151.9° for NCH, and from 135.6 to 160.4° for o-py. These are
typical values for this type of weak hydrogen bond between a
relatively acidic C—-H bond and an electronegative O atom.*® The
relative orientation of axle and wheel results from the interplay of
these non-covalent interactions. That is, the interaction between

Fig. 10 X-Ray crystal structure of [4C24C8]**. Top-left: ball-and-stick
representation with the numbering scheme (oxygen = red, nitrogen =
blue, carbon = black, hydrogen = white). Bottom-left: view down the
length of the molecule showing the eight C—H - - - O hydrogen bonds and
the N* - . - O interactions. Top-right: space-filling representation showing a
top view (pyridinium axle = blue, crown ether wheel = red). Bottom-right:
space-filling representation showing a side view.

the interior surface of the crown ether and the exterior surface
of the 1,2-bis(pyridinium)ethane is optimized by the formation of
the observed interpenetrated structure. Fig. 10 also shows space-
filling models of [4C24C8]** and emphasizes the snug fit between
a 24-membered macrocycle and the pyridinium-based axle.

The structure of the adduct formed between 6b** containing a
methoxy substituent in the 3-position of both pyridinium rings
and 24C8 is shown in Fig. 11. Even though the presence of an
electron donating group for [6bC24C8]** lowers the association
constant relative to [4C24C8]** there is essentially no change in
the interaction geometry. This is the first of many observations
that lead to the conclusion that the effect of the substituents on
the pyridinium rings is almost entirely electronic.

Fig. 11 X-Ray crystal structure of [6bC24C8]** showing a ball-and-stick
representation.

For the simple 24C8 macrocycle, there are no steric interactions
between substituents at either the 3- or 4-positions of the
pyridinium axle and the crown ether that would disrupt the non-
covalent interactions on the interior of the [2]pseudorotaxane.
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Although it is possible to affect the rate of threading by changing
the axle substituents and to prevent threading completely by using
a large Bu group, these are not the result of steric interactions
that alter the basic non-covalent interactions at the core of the
[2]pseudorotaxane.

[2]Pseudorotaxanes with DB24C8. When 24C8 is replaced by
DB24C8, there exists the possibility of m-stacking interactions
between electron-poor pyridinium aromatic rings of the axle and
electron-rich catechol rings on the crown ether.?! In many ways,
the archetypical structure of [2]pseudorotaxanes formed with this
new motif is that formed between 1** and commercially available
DB24C8. Fig. 12 shows two ball-and-stick representations of the
[2]pseudorotaxane [1CDB24C8]** which emphasize the orienta-

Fig. 12 X-Ray crystal structure of [1ICDB24C8]**; the molecule has
a crystallographically imposed centre of symmetry. Top: ball-and-stick
representation. Second from top: view down the length of the molecule
(end-on) showing the eight hydrogen bonds. Second from bottom:
space-filling representation showing a side view of the m-stacking. Bottom:
space-filling representation showing a top view of the n-stacking.

tion of the linear pyridinium axle with respect to the cavity of
the crown ether and the associated hydrogen bonding. The end-
on view shows clearly how the eight hydrogen atoms of the axle
(four NCH, methylene hydrogens and four aromatic, a-pyridinium
hydrogens) align with the eight oxygen atoms of the crown ether
and that the aromatic rings are parallel to optimize m-stacking.
The overall interaction is very symmetrical with the axle and wheel
essentially collinear; their long axes aligned parallel to each other.
The methylene C- - - O distances range from 3.32 to 3.37 A and
the o-pyridinium C---O distances range from 3.27 to 3.32 A.
The centres of the crown ether aromatic rings are positioned
directly over the bond linking the pyridinium and pyridine rings
with a spacing of ca. 3.5 A. This n-stacking is augmented by
several N* - - - O ion-dipole interactions in the range 3.50-3.75 A.
Thus, unlike [4C24C8]** for which two distinct N* - - - O ion-dipole
interactions dictate the rotational orientation of axle and wheel,
for [1CDB24C8]** it is the n-stacking of the aromatic rings that
controls this orientation. Fig. 12 also shows two space-filling
representations of the structure which emphasize the n-stacking
between the two components and demonstrate how the S-shaped
conformation of DB24C8 not only presents a large cavity which
allows threading but also positions the electron-rich catechol rings
over the electron-poor pyridinium rings of the axle.

Replacing the 4-pyridyl unit on the axle with a phenyl group
has a number of subtle effects on the overall structure as shown
for [2acDB24C8J* in Fig. 13 (top). The major differences arise
from the fact that changing from pyridyl to phenyl reduces
the electron withdrawing effect on the pyridinium ring. The
association constants are lower for all the [2]pseudorotaxanes with
2a** relative to 1?* (see Table 3) due to reduced acidity of the axle
hydrogens but this difference is largest for DB24C8 when the effect
of n-stacking is also reduced. In the structure [2ac DB24C8]**, the
wheel and axle are not aligned in a collinear fashion as they are for
[1cDB24C8]** which would maximize n-stacking. Instead, there

Fig. 13 X-Ray crystal structure of [2acDB24C8]**; the molecule has a
crystallographically imposed centre of symmetry. Top: a ball-and-stick
representation. Bottom: the orientation of axle and wheel positions the
catechol oxygen atoms over the pyridinium nitrogen atoms.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 667-680 | 673





is a shift which positions one of the catechol oxygen atoms over the
positively charged pyridinium atom (3.59 A) reminiscent of what
was observed for the 24C8 structures when there was no possibility
of n-stacking, see Fig. 13 (bottom).

When the substituent on the axle is a good electron withdrawing
group such as the ester function COOEt, the association constants
for pseudorotaxane formation are the highest for all crown
ethers. Interestingly, neither the structure of [3acDB24C8]** nor
[3bcDB24C8J**, which are shown in Fig. 14, display any unique
structural features which might account for this observation.
Again, we conclude that the increase in stability for these particular
[2]pseudorotaxanes is due almost entirely to the electronic effects
of the withdrawing groups which control the acidity of the
hydrogen atoms involved in hydrogen bonding and the relative
charge density residing on the pyridinium nitrogen atoms. These
effects reach a maximum for [3bCDB24C8]** which has the
COOEt function in the 3-position of the pyridinium ring.

o1
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Fig. 14 X-Ray crystal structures of [3acDB24C8]** (top) and
[3bCcDB24C8]** (bottom) showing a ball-and-stick representation; both
molecules have crystallographically imposed centres of symmetry.

[2]Pseudorotaxanes with DN24C8. The major reason for in-
vestigating DN24C83 as the wheel in this templating motif was
the potential of increasing the amount of n-stacking between axle
and wheel, and thereby increasing the stability of the [2]pseudoro-
taxanes. However, as can be seen from the graphical and tabular
data presented, in general the use of DN24C8 did not result in an
increase in the association constant (see again Table 3). The X-ray
structures of [ICDN24C8]** (top) and [2acDN24C8]** (bottom)
are shown in Fig. 15. The structures are very similar to those
observed for [1ICDB24C8]** [Fig. 12 (top)] and [2ac DB24C8]*
[Fig. 13 (top)]. It must be that the m-stacking interaction between
the extended aromatic surface of the naphtho group and the 4-
py or 4-Ph substituent is minimal. This could be due to the fact
that neither of the terminal aromatic rings is particularly electron-
poor relative to the pyridinium ring, and the naphtho aromatic
ring is not as electron-rich as the catechol ring of DB24CS8.
Another consideration is that there may actually be a negative
steric interaction between the substituent, which is free to rotate,

Fig. 15 X-Ray crystal structures of [ICDN24C8]** (top) and
[2acDN24C8J** (bottom) showing ball-and-stick representations.

and the extended aromatic ring of the crown ether. Although this
can also occur for DB24C8 this is presumably offset by larger
n-stacking contributions.

The only example in which the use of DN24C8 in place of
DB24C8 leads to an increase in association constant at 25 °C
occurs for the axle terminated by a further pyridinium group:
axle 9. The structure of the [2]pseudorotaxane [9CDN24C8]* is
shown in Fig. 16. The increase in association constant for this
adduct relative to that with DB24C8 and compared to others
with DN24C8 can be attributed to three features not present
in the other pseudorotaxanes involving DN24C8. Firstly, the
axle contains another electron-poor pyridinium ring which can
undergo significant n-stacking interactions; second, the axle is now
a tetracation which improves the electrostatic component of the
interaction; and third, there appears to be a significant C-H-- -«
interaction between one of the naphtho aromatic protons and the
aromatic ring of the capping benzyl group; the C—H - - - centroid
distance is 2.84 A with a C—H-centroid angle of 149°.

Fig. 16 X-Ray crystal structure of [9CDN24C8]* showing a
ball-and-stick representation; the molecule has a crystallographically
imposed centre of symmetry.

Conclusions

We have shown that the combination of linear 1,2-bis-
(pyridinium)ethane axles and 24-membered crown ether wheels
(24C8, DB24C8 and DN24CS8) is a versatile templating motif for
the formation of [2]pseudorotaxanes. Both solution and solid state
evidence unambiguously demonstrate that these interpenetrated
adducts are held together by N* - .- O ion-dipole interactions, a
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series of C—H - - - O hydrogen bonds and when possible significant
n-stacking interactions between electron-poor pyridinium rings
of the axle and electron-rich catechol rings of the wheel. It was
shown that the strength of the non-covalent interactions can
be controlled by varying the nature of the substituent on the
axle pyridinium rings with electron withdrawing groups providing
increased hydrogen bonding and electrostatic interactions and
therefore an increase in the stability of the system. Unlike simple
alkylammonium axles which show higher association constants
with 24C8 as compared to DB24C8, this motif demonstrates
very significant contributions from n-stacking and exhibits higher
association constants for DB24C8. In this regard, we have also
shown that the use of a wheel with an extended n-system such as is
the case for DN24C8 can result in a further increase in stability for
certain types of axles elaborated with further pyridinium groups.

The [2]pseudorotaxanes formed with axles 1** or 9* and the
simple alkylation reaction required to convert axle 1** to 9*
demonstrate a simple methodology for further functionalizing the
axles without disrupting the basic templating interactions. Since
no [2]pseudorotaxane was formed with axle 8, together these
readily provide a convenient route for the preparation of per-
manently interlocked [n]rotaxanes by utilizing tBu-benzyl rather
than benzyl as an alkylating group to yield the corresponding
[2]rotaxane® (Fig. 17).
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Fig.17 [2]Rotaxane constructed using a 1,2-bis(4,4'-dipyridinium)ethane
axle and DB24CS8 stoppered with bulky Bu-benzyl groups.

Experimental
General

All chemicals were purchased from Aldrich Chemicals and used
without further purification. The solvents were dried and distilled
prior to use. '"H NMR spectra were recorded on Briiker Avance
500 locked to the deuterated solvent operating at 500 MHz.
Mass spectra were performed on a Micromass LCT electrospray
ionization ToF spectrometer.

General procedure for the syntheses of the
1,2-bis(pyridinium)ethane tetrafluoroborate salts

1.000 g (5.3 mmol) of 1,2-dibromoethane and 5 equiv. of the corre-
sponding pyridine were combined with 50 mL of acetonitrile and
the solution refluxed between 24 and 72 h. The reaction mixture
was cooled to room temperature, filtered and the solid washed with
diethyl ether and dried under vacuum. The solid was combined
with 10 mL of saturated aqueous NH,BF, solution and brought
to boiling until the solid was completely dissolved. The solution
was immediately removed from the heat and allowed to cool

slowly to room temperature to yield the 1,2-bis(pyridinium)ethane
tetrafluoroborate salt as a white crystalline solid. All yields are
reported as the bromide salts.

1,2-Bis(4,4'-dipyridyl)ethane[BF,],, 1-(BF,),. Yield = 74%. 'H
NMR (CD;CN): ¢ (ppm) 8.89 (d, 4H, J = 5.9 Hz, ortho-N*) 8.75
(d, 4H, J = 6.6 Hz, ortho-N), 8.40 (d, 4 H, meta-N*), 7.83 (d, 4 H,
meta-N), 5.16 (s, 4H, CH,~N*). HR-ESI-MS: m/z [1-BF,]" calc.:
427.1717, found: 427.1716.

1,2-Bis(4-phenyl-1-pyridyl)ethane[BF,],, 2a-(BF,),. Yield =
41%. '"H NMR (CD;CN): 6 (ppm) 8.68 (d, 4H, J = 6.8 Hz,
ortho-N%), 8.34 (d, 4H, meta-N*), 7.97 (m, 4H, ortho-Ph), 7.70
(m, 6H, meta- and para-Ph), 5.13 (s, 4H, CH,—N*). HR-ESI-MS:
m/z [2a-BF,]" calc.: 425.1812, found: 425.1833.

1,2-Bis(3-phenyl-1-pyridyl)ethane[BF,],, 2b-(BF,),. Yield =
45%. '"H NMR (CD;CN): ¢ (ppm) 9.06 (s, 2H, ortho-N* and
ortho-Ph), 8.84 (d, 2H, J = 7.1 Hz, ortho-N*), 8.65 (d, 2H, J =
6.0 Hz, para-N*), 8.16 (dd, 2H, meta-N*), 7.77 (d, 4H, J = 6.9 Hz,
ortho-Ph), 7.65 (m, 6H, meta- and para-Ph), 5.22 (s, 4H, CH,—N").
HR-ESI-MS: m/z [2b-BF,]" calc.: 425.1812, found: 425.1805.

1,2-Bis(4-ethylester-1-pyridyl)ethane[BF,],, 3a-(BF,),. Yield =
7.4%. "HNMR (CD;CN): d (ppm) 8.96 (d, 4H, J = 6.7 Hz, ortho-
N*), 8.52 (d, 4H, meta-N*), 5.24 (s, 4H, CH,-N*), 4.51 (q, 4H,
J = 7.1 Hz, CH,-0-COO), 1.44 (t, 6H, CH;). HR-ESI-MS: m/z
[3a-BF,]" calc.: 417.1609, found: 417.1620.

1,2-Bis(3-ethylester-1-pyridyl)ethane| BF,],, 3b-(BF,),. Yield =
9.1%. '"H NMR (CD;CN): § (ppm) 9.39 (s, 2H, ortho-N* and
ortho-COOE), 9.07 (d, 2H, J = 8.8 Hz, para-N*), 8.95 (d, 2H,
J = 6.2 Hz, ortho-N*), 8.26 (dd, 2H, meta-N*), 5.22 (s, 4H, CH,—
N*), 4.51 (q, 4H, J = 7.1 Hz, CH,-0-COO), 1.44 (t, 6H, CHj;).
HR-ESI-MS: m/z [3b-BF,]* calc.: 417.1609, found: 417.1624.

1,2-Bis(1-pyridyl)ethane[BF,],, 4-(BF,),. Yield = 21%. 'H
NMR (CD;CN): 6 (ppm) 8.68 (d, 4H, J = 5.5 Hz, ortho-N*), 8.63
(t, 2H, J = 7.7 Hz, para-N%), 8.11 (ps-t, 4H, meta-N*), 5.09 (s,
4H, CH,-N*). HR-ESI-MS: m/z [4-BF,]* calc.: 273.1186, found:
273.1185.

1,2-Bis(4-methyl-1-pyridyl)ethane[BF,],, 5a-(BF,),. Yield =
39%. '"H NMR (CD;CN): 6 (ppm) 8.46 (d, 4H, J = 6.8 Hz,
ortho-N*), 7.87 (d, 4H, meta-N*), 4.99 (s, 4H, CH,-N"), 2.67 (s,
6H, CH;). HR-ESI-MS: m/z [5a-BF,]* calc.: 301.1499, found:
301.1502.

1,2-Bis(3-methyl-1-pyridyl)ethane[BF,],, 5b-(BF,),. Yield =
40%. "HNMR (CD;CN): d (ppm) 8.52 (s, 2H, ortho-N* and ortho-
CH,), 8.40 (d, 2H, J = 8.1 Hz, ortho-N*), 8.43 (d, 2H, J = 6.1 Hz,
para-N*¥), 7.95 (dd, 2H, meta-N*), 5.02 (s, 4H, CH,-N*), 2.54
(s, 6H, CH;). HR-ESI-MS: m/z [5b-BF,]* calc.: 301.1499, found:
301.1494.

1,2-Bis(4-methoxy-1-pyridyl)ethane[BF,],, 6a-(BF,),. Yield =
42%. "H NMR (CD;CN): 6 (ppm) 8.32 (d, 4H, J = 7.6 Hz,
ortho-N*), 7.42 (d, 4H, meta-N"*), 4.83 (s, 4H, CH,-N"), 4.12 (s,
6H, OCH;). HR-ESI-MS: m/z [6a-BF,]* calc.: 333.1397, found:
333.1395.

1,2-Bis(3-methoxy-1-pyridyl)ethane[BF,],, 6b-(BF,),. Yield =
39%. '"H NMR (CD;CN): ¢ (ppm) 8.40 (s, 2H, ortho-N* and
ortho-OCH,), 8.19 (d, 2H, J = 5.8 Hz, ortho-N*), 8.14 (dd, 2H,
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I, =2871,J,,=2.1Hz, para-N*), 7.96 (dd, 2H, meta-N*), 5.04
(s, 4H, CH,-N*), 4.03 (s, 6H, OCH;). HR-ESI-MS: m/z [6b-BF,]*
calc.: 333.1397, found: 333.1409.

1,2-Bis(4-amino-1-pyridyl)ethane|BF,],, 7a-(BF,),. Yield =
42%. "H NMR (CD;CN): ¢ (ppm) 7.72 (d, 4H, J = 7.4 Hz, ortho-
N¥), 6.84 (d, 4H, meta-N*), 6.74 (br, 4H, NH,), 4.47 (s, 4H, CH,—
N*). HR-ESI-MS: m/z [7a-BF,]" calc.: 303.1404, found: 303.1419.

1,2-Bis(3-amino-1-pyridyl)ethane[BF,],, 7b-(BF,),. Yield =
40%. "HNMR (CD;CN): 6 (ppm) 7.75 (s, 2H, ortho-N* and ortho-
NH,), 7.64 (m, 4H, ortho-N* overlapped with para-N*), 7.59 (m,
2H, meta-N*), 5.49 (br, 4H, NH,), 4.81 (s, 4H, CH,—N*). HR-ESI-
MS: m/z [7Tb-BF,]* calc.: 303.1404, found: 303.1394.

1,2-Bis(4-t-butyl-1-pyridyl)ethane[BF,],, 8-(BF,),. Yield =
47%. "HNMR (CD;CN): ¢ (ppm) 8.61 (d, 4H, J = 6.5 Hz, ortho-
N*), 8.08 (d, 4H, meta-N*), 5.04 (s, 4H, CH,-N*), 1.42 (s, 18H,
CH;). HR-ESI-MS: m/z [8-BF,]* calc.: 385.2438, not found.

1,2-Bis(4'-benzyl-4,4'-dipyridyl)ethane|BF,];, 9-(BF,),, Com-
pound 1:[BF,], (165 mg, 0.33 mmol) was mixed with 4 equiv.
of benzyl bromide in 40 mL of a 1 : 1 mixture of water—
nitromethane containing an excess of Na[BF,]. The mixture was
stirred for two days and the product was isolated in 28% yield
after removal of solvent and recrystallization from acetonitrile. 'H
NMR (CD;CN): d (ppm) 9.00 (d, 4H, J = 6.3 Hz, ortho-N*-Bn)
8.98 (d, 4H, J = 6.8 Hz, ortho-N*-Et), 8.48 (d, 4H, meta-N*-Et),
8.43 (d, 4H, meta-N*—Bn), 7.53 (m, 10H, ortho-, meta- and para-
Ph), 5.85 (s, 4H, Bn), 5.27 (s, 4H, CH,-N*). HR-ESI-MS: m/z
[9-(BF,);]* calc.: 783.2871, found: 783.2832.

[1c24-Crown-8][BF,],. 'H NMR (CD;CN): § (ppm) 9.18
(broad, 4H, ortho-N*), 8.90 (d, 4H, J = 5.4 Hz, ortho-N), 8.44 (d,
4H, J = 6.1 Hz, meta-N*), 7.88 (d, 4H, meta-N), 5.36 (s, 4H, CH,—
N¥), 3.56 (s, 32H, CH,-crown). HR-ESI-MS: m/z [1C24C8-BF,]*
calc.: 779.3814, found: 779.3821.

[1cDibenzo-24-crown-8][BF,],. 'H NMR (CD;CN): § (ppm)
9.19 (broad, 4H, ortho-N*), 8.82 (broad, 4H, ortho-N), 8.04
(broad, 4H, meta-N*), 7.50 (broad, 4H, meta-N), 6.68 (m, 4H,
ortho-0), 6.57 (m, 4H, meta-0), 5.56 (s, 4H, CH,—N*), 4.03 (m,
24H, a-, B- and y-OCH,). HR-ESI-MS: m/z [1CDB24C8-BF,]*
calc.: 875.3814, found: 875.3831.

[1cDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 9.20 (broad, 4H, ortho-N*), 8.43 (broad, 4H, ortho-N), 7.97
(broad, 4H, meta-N*), 7.24 (broad, 4H, meta-N), 7.68 (broad, 4H,
ortho-crown), 7.30 (broad, 4H, meta-crown), 6.94 (s, 4H, ortho-
O-crown), 5.61 (s, 4H, CH,—N"), 4.32 (broad, 8H, a-OCH,), 3.91
(broad, 8H, B-OCH,), 3.78 (broad, 8H, y-OCH,). HR-ESI-MS:
m/z [1CDN24C8-BF,]* calc.: 975.4127, found: 975.4146.

[2ac24-Crown-8][BF,],. 'HNMR (CD;CN): ¢ (ppm) 9.08 (d,
4H, J = 6.7 Hz, ortho-N*), 8.39 (d, 4H, J = 7.8 Hz, meta-N"), 8.01
(d, 4H, J = 6.4 Hz, ortho-Ph), 6.79 (m, 6H, meta- and para-Ph),
5.34 (s, 4H, CH,-N*), 3.53 (s, 32H, CH,-crown). HR-ESI-MS:
m/z [2ac24C8-BF,]* calc.: 777.3909, found: 777.3920.

[2acDibenzo-24-crown-8|[BF,],. 'H NMR (CD;CN): ¢ (ppm)
9.06 (d, 4H, J = 6.8 Hz, ortho-N*), 7.96 (d, 4H, meta-N*), 7.67 (m,
10H, ortho-, meta- and para-Ph), 6.68 (m, 4H, ortho-0), 6.57 (m,
4H, meta-0), 5.51 (s, 4H, CH,-N*), 4.06 (m, 8H, 0a-OCH,), 3.99

(m, 16H, B- and y-OCH,). HR-ESI-MS: m/z [2aCcDB24C8-BF,]*
calc.: 873.3909, found: 873.3929.

[2acDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): ¢
(ppm) 9.09 (d, 4H, J = 7.0 Hz, ortho-N%), 7.86 (d, 4H, meta-
N*), 7.69 (m, 4H, meta- and para-Ph), 7.07 (m, 4H, ortho-Ph),
7.45 (m, 4H, ortho-crown), 7.32 (m, 4H, meta-crown), 7.00 (s, 4H,
ortho-O-crown), 5.54 (s, 4H, CH,-N%), 4.19 (m, 8H, a-OCH,),
4.08 (m, 8H, B-OCH,), 4.05 (s, 8H, y-OCH,). HR-ESI-MS: m/z
[2acDN24C8-BF,]J* calc.: 973.4222, found: 973.4226.

[2bc24-Crown-8][BF,],. 'H NMR (CD;CN): ¢ (ppm) 9.44 (s,
2H, ortho-N* and ortho-Ph), 9.04 (d, 2H, J = 6.0 Hz, ortho-N*),
8.81(d, 2H, J =8.0 Hz, para-N*), 8.21 (dd, 2H, meta-N*), 7.83 (m,
4H, ortho-Ph), 7.68 (m, 6H, meta- and para-Ph), 5.41 (s, 4H, CH,—
N¥), 3.45 (s, 32H, CH,-crown). HR-ESI-MS: m/z [2bC24C8-BF,]*
calc.: 777.3909, found: 777.3927.

[2bc Dibenzo-24-crown-8][BF,],. 'H NMR (CD;CN): ¢ (ppm)
9.43 (s, 2H, ortho-N* and ortho-Ph), 9.02 (d, 2H, J = 5.5 Hz,
ortho-N"), 8.29 (d, 2H, J = 8.0 Hz, para-N*), 7.75 (dd, 2H, meta-
N*), 7.65 (m, 6H, meta- and para-Ph), 7.59 (m, 4H, ortho-Ph),
6.80 (m, 4H, ortho-0), 6.63 (m, 4H, meta-0O), 5.62 (s, 4H, CH,—
N*), 3.97 (m, 8H, a-OCH,), 3.91 (m, 8H, B-OCH,), 3.86 (s, 8H,
v-OCH,). HR-ESI-MS: m/z [2bCcDB24C8-BF,]* calc.: §73.3909,
found: 873.3882.

[2bcDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): ¢
(ppm) 9.46 (s, 2H, ortho-N* and ortho-Ph),9.09 (d, 2H, J = 6.5 Hz,
ortho-N*), 8.11 (d, 2H, J = 8.5 Hz, para-N*), 7.77 (m, 2H, meta-
N¥), 7.56 (d, 4H, J = 7.5 Hz, ortho-Ph), 7.50 (m, 6H, meta- and
para-Ph), 7.61 (m, 4H, ortho-crown), 7.37 (m, 4H, meta-crown),
6.94 (s, 4H, ortho-O-crown), 5.66 (s, 4H, CH,-N*), 4.10 (m, 8H,
a-OCH,), 3.99 (m, 8H, B-OCH,), 3.94 (s, 8H, y-OCH,). HR-ESI-
MS: m/z [2bCcDN24C8-BF,]* calc.: 973.4222, found: 973.4223.

[3ac24-Crown-8][BF,],. 'H NMR (CD;CN): ¢ (ppm) 9.27 (d,
4H, J = 6.8 Hz, ortho-N"), 8.56 (d, 4H, J = 7.8 Hz, meta-N*),
5.40 (s, 4H, CH,-N*%), 4.51 (q, 4H, J = 7.1 Hz, CH,-a-COO),
3.50 (s, 32H, CH,-crown), 1.44 (t, 6H, CH;). HR-ESI-MS: m/z
[3ac24C8-BF,]* calc.: 769.3706, found: 769.3730.

[3acDibenzo-24-crown-8|[BF,],. 'H NMR (CD;CN): J (ppm)
9.25 (d, 4H, J = 6.6 Hz, ortho-N*), 8.14 (d, 4H, J = 7.8 Hz,
meta-N*), 6.76 (m, 4H, ortho-0), 6.70 (m, 4H, meta-0), 5.58 (s,
4H, CH,-N*), 4.40 (q, 4H, J = 7.13 Hz, CH,-0-COO), 4.00 (m,
24H, o-, B- and y-OCH,), 1.43 (t, 6H, CH;). HR-ESI-MS: m/z
[3acDB24C8-BF,]* calc.: 865.3706, found: 865.3738.

[3acDinaphtho-24-crown-8][BF,;],. 'H NMR (CD;CN): ¢
(ppm) 9.28 (d, 4H, J = 6.6 Hz, ortho-N*), 8.07 (d, 4H, meta-
N¥), 7.63 (m, 4H, ortho-Np), 7.34 (m, 4H, meta-Np), 7.03 (s, 4H,
ortho-0), 5.61 (s, 4H, CH,-N%), 4.14 (m, 8H, 0-OCH,), 4.05 (m,
16H, B- and y-OCH,), 3.82 (q, 4H, J = 7.13 Hz, CH,-0-COO),
1.12 (t, 6H, CH;). HR-ESI-MS: m/z [3acDN24C8-BF,]* calc.:
965.4019, found: 965.4047.

[3bc24-Crown-8][BF,],. 'H NMR (CD;CN): ¢ (ppm) 9.71 (s,
2H, ortho-N* and ortho-COOEY), 9.28 (d, 2H, J = 5.2 Hz, ortho-
N¥), 9.06 (d, 2H, J = 7.8 Hz, para-N*), 8.27 (dd, 2H, meta-N*),
5.40 (s, 4H, CH,-N"), 4.54 (broad m, 4H, CH,-a-COOQ), 3.51
(s, 32H, CH,-crown), 1.45 (broad m, 6H, CH;). HR-ESI-MS: m/z
[3bC24C8-BF,]* calc.: 769.3706, found: 769.3733.
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[3bcDibenzo-24-crown-8][BF,],. 'HNMR (CD;CN): ¢ (ppm)
9.71 (s, 2H, ortho-N* and ortho-COOE), 9.29 (d, 2H, J = 6.1 Hz,
ortho-N*), 8.43 (d, 2H, J = 8.2 Hz, para-N*), 7.92 (dd, 2H, meta-
N¥), 6.80 (m, 4H, ortho-0), 6.66 (m, 4H, meta-0), 5.63 (s, 4H,
CH,-N%), 4.49 (q, 4H, J = 7.1 Hz, CH,-0-COOQ), 4.06 (m, 8H, o-
OCH,), 3.99 (m, 16H, - and y-OCH,), 1.46 (t, 6H, CH;). HR-ESI-
MS: m/z [3bcDB24C8-BF,]* calc.: 865.3706, found: 865.3678.

[3bcDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): ¢
(ppm) 9.72 (s, 2H, ortho-N* and ortho-COOE), 9.33 (d, 2H, J =
6.1 Hz, ortho-N*), 8.15 (d, 2H, J = 8.1 Hz, para-N*), 7.92 (dd,
2H, meta-N"), 7.64 (m, 4H, ortho-Np), 7.35 (m, 4H, meta-Np),
7.00 (s, 4H, ortho-0), 5.66 (s, 4H, CH,-N*%), 4.27 (q, 4H, J =
7.1 Hz, CH,-0-COO), 4.12 (m, 8H, a-OCH,), 4.09 (m, 8H, -
OCH,), 4.05 (m, 8H, B-OCH,), 1.24 (t, 6H, CH;). HR-ESI-MS:
m/z [3bCDN24C8-BF,]" calc.: 965.4019, found: 965.4057.

[4c24-Crown-8][BF,],. 'H NMR (CD;CN): J (ppm) 8.98 (d,
4H, J = 5.8 Hz, ortho-N%), 8.60 (t, 2H, J = 7.8 Hz, para-N*), 8.13
(ps-t, 4H, meta-N*), 5.26 (s, 4H, CH,-N*), 3.55 (s, 32H, CH,-
crown). HR-ESI-MS: m/z [4c24C8-BF,]" calc.: 625.3283, found:
625.3283.

[4cDibenzo-24-crown-8][BF,],. 'H NMR (CD;CN): § (ppm)
8.92 (d, 4H, J = 5.8 Hz, ortho-N*), 8.19 (t, 2H, J = 7.6 Hz, para-
N¥), 7.80 (m, 4H, meta-N*), 6.87 (m, 8H, ortho- and meta-0), 5.34
(s, 4H, CH,-N"), 4.07 (m, 8H, a-OCH,), 3.82 (m, 8H, -OCH,)
3.73 (m, 8H, y-OCH,). HR-ESI-MS: m/z [4CDB24C8-BF,]* calc.:
721.3283, found: 721.3300.

[4cDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 8.94 (d, 4H, J = 5.8 Hz, ortho-N*), 8.27 (t, 2H, J =
7.6 Hz, para-N%), 7.90 (ps-t, 4H, meta-N*), 7.67 (m, 4H, ortho-Np),
7.31 (m, 4H, meta-Np), 7.19 (s, 4H, ortho-O), 5.27 (s, 4H, CH,-
N*), 4.20 (m, 8H, 0-OCH,), 3.90 (m, 8H, B-OCH,), 3.78 (s, 8H,
v-OCH,). HR-ESI-MS: m/z [4CDN24C8-BF,]* calc.: 821.3596,
found: 821.3564.

[Sac24-Crown-8][BF,],. 'HNMR (CD;CN): ¢ (ppm) 8.73 (d,
4H, J = 6.5 Hz, ortho-N%), 7.89 (d, 4H, meta-N*), 5.14 (s, 4H,
CH,-N%), 3.57 (s, 32H, CH,-crown), 2.68 (s, 6H, CH;). HR-ESI-
MS: m/z [5ac24C8-BF,]* calc.: 653.3596, found: 653.3593.

[SacDibenzo-24-crown-8][BF,],. 'HNMR (CD;CN): ¢ (ppm)
8.73(d,4H, J = 6.1 Hz, ortho-N*),7.52 (broad, 4H, meta-N"), 6.88
(m, 8H, ortho- and meta-0), 5.26 (s, 4H, CH,—N"), 4.08 (m, 8H,
a-OCH,), 3.81 (m, 8H, B-OCH,), 3.71 (m, 8H, y-OCH,), 2.32 (s,
6H, CH;). HR-ESI-MS: m/z [SacDB24C8.BF,]* calc.: 749.3596,
found: 749.3597.

[SacDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 8.73 (d, 4H, J = 6.1 Hz, ortho-N*), 7.56 (broad, 4H, meta-
N*), 7.67 (m, 4H, ortho-Np), 7.32 (m, 4H, meta-Np), 7.17 (s, 4H,
ortho-0), 5.22 (s, 4H, CH,-N*), 4.19 (m, 8H, a-OCH,), 3.92 (m,
8H, B-OCH,), 3.82 (s, 8H, y-OCH,), 2.13 (s, 6H, CH;). HR-ESI-
MS: m/z [5acDN24C8-BF,]" calc.: 849.3909, found: 849.3903.

[Sbc24-Crown-8][BF,],. 'H NMR (CD;CN): d (ppm) 8.86 (s,
2H, ortho-N* and ortho-CH;), 8.74 (d, 2H, J = 5.8 Hz, ortho-N*),
8.41 (d, 2H, J = 8.1, para-N*), 7.99 (dd, 2H, meta-N*), 5.19 (s,
4H, CH,—N"%), 3.58 (s, 32H, CH,-crown), 2.58 (s, 6H, CH;). HR-
ESI-MS: m/z [5Sbc24C8-BF,]* calc.: 653.3596, found: 653.3586.

[Sbc Dibenzo-24-crown-8][BF,],. 'H NMR (CD;CN): J (ppm)
8.75 (s, 2H, ortho-N* and ortho-CH,;), 8.68 (broad, 2H, ortho-
N*), 8.00 (broad, 2H, para-N*), 7.66 (m, 2H, meta-N*), 6.88 (m,
8H, ortho- and meta-0), 5.28 (s, 4H, CH,-N*), 4.08 (m, 8H, a-
OCH,), 3.81 (m, 8H, B-OCH.,), 3.70 (m, 8H, y-OCH,), 2.34 (s,
6H, CH;). HR-ESI-MS: m/z [Sbc DB24C8-BF,]* calc.: 749.3596,
found: 749.3569.

[Sbc Dinaphtho-24-crown-8][BF,;],. 'H NMR (CD;CN): ¢
(ppm) 8.78 (s, 2H, ortho-N* and ortho-CH,), 8.71 (broad, 2H,
ortho-N*), 7.96 (broad, 2H, para-N*), 7.64 (m, 2H, meta-N*), 7.67
(m, 4H, ortho-Np), 7.31 (m, 4H, meta-Np), 7.20 (s, 4H, ortho-0O),
5.24 (s, 4H, CH,-N*), 4.20 (m, 8H, a-OCH,), 3.90 (m, 8H, B-
OCH,), 3.77 (m, 8H, y-OCH,), 2.32 (s, 6H, CH;). HR-ESI-MS:
m/z [SbhCcDN24C8-BF,]* calc.: 849.3909, found: 849.3928.

[6ac24-Crown-8][BF,],. 'H NMR (CD,CN): ¢ (ppm) 8.60 (d,
4H, J = 7.3 Hz, ortho-N*), 7.45 (d, 4H, meta-N*), 4.97 (s, 4H,
CH,-N*%), 4.13 (s, 6H, OCH,;), 3.57 (s, 32H, CH,-crown). HR-
ESI-MS: m/z [6ac24C8-BF,]" calc.: 685.3495, found: 685.3466.

[6acDibenzo-24-crown-8|[BF,],. 'H NMR (CD;CN): J (ppm)
8.62 (broad, 4H, ortho-N*), 7.10 (broad, 4H, meta-N*), 6.90 (m,
8H, ortho- and meta-0), 5.11 (s, 4H, CH,-N*), 4.09 (m, 8H, a-
OCH,), 3.85 (s, 6H, OCH,), 3.81 (m, 8H, B-OCH,), 3.70 (m, 8H,
v-OCH,). HR-ESI-MS: m/z [6acDB24C8-BF,]* calc.: 781.3495,
found: 781.3531.

[6acDinaphtho-24-crown-8][BF,;],. 'H NMR (CD;CN): ¢
(ppm) 8.59 (broad, 4H, ortho-N*), 7.11 (broad, 4H, meta-N*),
7.68 (m, 4H, ortho-Np), 7.34 (m, 4H, meta-Np), 7.23 (s, 4H, ortho-
0), 5.08 (s, 4H, CH,-N*%), 4.22 (m, 8H, a-OCH,), 3.91 (m, 8H,
B-OCH,), 4.09 (s, 6H, OCH5;), 3.79 (s, 8H, y-OCH,). HR-ESI-MS:
m/z [6aCDN24C8-BF,]* calc.: 881.3808, found: 881.3797.

[6bc24-Crown-8][BF,],. 'H NMR (CD;CN): ¢ (ppm) 8.74 (s,
2H, ortho-N* and ortho-OCH,), 8.52 (d, 2H, J = 5.7 Hz, ortho-
N*),8.12(dd,2H, J,, ,=8.8,J, ,=2.5Hz, para-N*), 8.00 (dd, 2H,
meta-N*), 5.21 (s, 4H, CH,-N*), 4.16 (s, 6H, OCH,), 3.58 (s, 32H,
CH,-crown). HR-ESI-MS: m/z [6bC24C8-BF,]" calc.: 685.3495,
found: 685.3480.

[6bcDibenzo-24-crown-8][BF,],. 'H NMR (CD;CN): J (ppm)
8.69 (s, 2H, ortho-N* and ortho-OCH;), 8.47 (broad, 2H, ortho-
N*), 7.65 (broad, 4H, meta-N* and para-N*), 6.88 (m, 8H, ortho-
and meta-0), 5.33 (s, 4H, CH,-N*), 4.08 (m, 8H, oa-OCH,), 3.85
(s, 6H, OCH,;), 3.81 (m, 8H, B-OCH,), 3.71 (m, 8H, y-OCH,).
HR-ESI-MS: m/z [6bCcDB24C8-BF,]* calc.: 781.3495, found:
781.3506.

[6bcDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 8.75 (s, 2H, ortho-N* and ortho-OCHj;), 8.52 (broad, 2H,
ortho-N*), 7.66 (broad, 4H, meta-N* and para-N*), 7.69 (m,
4H, ortho-Np), 7.34 (m, 4H, meta-Np), 7.20 (s, 4H, ortho-O),
5.33 (s, 4H, CH,-N*), 4.22 (m, 8H, a-OCH,), 3.94 (m, 8H, B-
OCH,), 3.80 (m, 14H, y-OCH, + OCH;). HR-ESI-MS: m/z
[6bCDN24C8-BF,]* calc.: 881.3808, found: 881.3835.

[7ac24-Crown-8][BF,],. 'H NMR (CD;CN): 6 (ppm) 7.79 (d,
4H, J = 7.1 Hz, ortho-N%), 6.84 (d, 4H, meta-N%), 6.78 (br, 4H,
NH.,), 4.51 (s, 4H, CH,-N"), 3.57 (s, 32H, CH,-crown). HR-ESI-
MS: m/z [Tac24C8-BF,]* not observed.
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[7acDibenzo-24-crown-8|[BF,],. 'HNMR (CD;CN): ¢ (ppm)
7.71(d, 4H, J = 7.2 Hz, ortho-N*), 6.76 (d, 4H, meta-N*), 6.90 (m,
8H, ortho- and meta-0), 6.70 (broad, 4H, NH,), 4.46 (s, 4H, CH,—
N¥), 4.08 (m, 8H, 0-OCH,), 3.80 (m, 8H, -OCH,), 3.70 (m, 8H,
v-OCH,). HR-ESI-MS: m/z [7TacDB24C8.-BF,]* calc.: 751.3501,
found: 751.3487.

[7acDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 7.67 (d, 4H, J = 7.3 Hz, ortho-N*), 6.77 (d, 4H, meta-
N*), 7.68 (m, 4H, ortho-Np), 7.32 (m, 4H, meta-Np), 7.21 (s,
4H, ortho-0), 4.36 (s, 4H, CH,-N*), 4.23 (m, 8H, 0-OCH,),
3.92 (m, 8H, B-OCH,), 3.78 (s, 8H, y-OCH,). HR-ESI-MS: m/z
[7acDN24C8-BF,]* calc.: 851.3814, found: 851.3812.

[7bc24-Crown-8][BF,],. 'H NMR (CD;CN): é (ppm) 8.01 (s,
2H, ortho-N* and ortho-NH,), 7.84 (broad, 2H, ortho-N*), 7.65
(m, 2H, para-N*), 7.61 (m, 2H, meta-N*), 5.50 (br, 4H, NH,), 4.93
(s, 4H, CH,-N"), 3.55 (s, 32H, CH,-crown). HR-ESI-MS: m/z
[7bC24C8-BF,]* calc.: 655.3501, found: 655.3495.

[7bcDibenzo-24-crown-8][BF,],. 'HNMR (CD;CN): ¢ (ppm)
7.87 (s, 2H, ortho-N* and ortho-NH,), 7.73 (broad, 2H, ortho-
N*), 7.50 (m, 2H, para-N*), 7.47 (m, 2H, meta-N*), 6.90 (m, 8H,
ortho- and meta-0), 5.40 (broad, 4H, NH,), 4.90 (s, 4H, CH,-
N¥), 4.08 (m, 8H, 0-OCH,), 3.80 (m, 8H, -OCH,), 3.70 (m, 8H,
v-OCH,). HR-ESI-MS: m/z [TbCcDB24C8-BF,]* calc.: 751.3501,
found: 751.3492.

[7bcDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 7.94 (s, 2H, ortho-N* and ortho-NH,), 7.73 (broad, 2H,
ortho-N*), 7.46 (m, 2H, para-N*), 7.44 (m, 2H, meta-N*), 7.38 (m,
4H, ortho-Np), 7.32 (m, 4H, meta-Np), 7.23 (s, 4H, ortho-0), 4.88
(s, 4H, CH,—N%), 4.23 (m, 8H, a-OCH,), 3.91 (m, 8H, B-OCH,),
3.77 (s, 8H, y-OCH,). HR-ESI-MS: m/z[TbCc DN24C8-BF,]" calc.:
851.3814, found: 851.3799.

[9c24-Crown-8][BF,l,. 'H NMR (CD;CN): ¢ (ppm) 9.32 (d,
4H, J = 6.3 Hz, ortho-N*-Et), 9.04 (d, 4H, J = 6.8 Hz, ortho-
N*-Bn), 8.54 (d, 4H, meta-N*-Et), 8.48 (d, 4H, meta-N*—Bn),
7.55 (m, 10H, ortho-, meta- and para-Ph), 5.88 (s, 4H, Bn), 5.44
(s, 4H, CH,-N"), 3.52 (s, 32H, CH,-crown). HR-ESI-MS: m/z
[9C24C8-(BF,),I** calc.: 524.2470, found: 524.2455.

[9cDibenzo-24-crown-8|[BF,],. 'H NMR (CD;CN): § (ppm)
9.32 (d, 4H, J = 6.3 Hz, ortho-N*-Et), 8.96 (d, 4H, J = 6.8 Hz,
ortho-N*-Bn), 8.16 (d, 4H, meta-N*-Et), 8.11 (d, 4H, meta-N*—
Bn), 7.56 (m, 10H, ortho-, meta- and para-Ph), 6.64 (m, 4H, ortho-
0), 6.44 (m, 4H, meta-0O), 5.86 (s, 4H, Bn), 5.62 (s, 4H, CH,—
N*), 4.04 (broad, 8H, a-OCH,), 4.03 (broad, 8H, 3-OCH,), 4.01
(broad, 8H, y-OCH,). HR-ESI-MS: m/z [9CDB24C8.(BF,),]*
calc.: 572.2470, found: 572.2479.

[9cDinaphtho-24-crown-8][BF,],. 'H NMR (CD;CN): §
(ppm) 9.33 (d, 4H, J = 6.3 Hz, ortho-N*-Et), 8.57 (d, 4H,
J = 6.8 Hz, ortho-N*-Bn), 8.17 (d, 4H, meta-N*-Et), 7.67 (d,
4H, meta-N*-Bn), 7.33 (broad, 4H, ortho-crown), 7.00 (s, 4H,
ortho-O-crown), 6.93 (broad, 4H, meta-crown), 5.69 (s, 4H, Bn),
5.67 (s, 4H, CH,-N%), 4.20 (broad, 8H, a-OCH,), 4.16 (broad,
8H, B-OCH,), 4.12 (broad, 8H, y-OCH,). HR-ESI-MS: m/z
[9CDN24C8-(BF,),]** calc.: 622.2626, found: 622.2619.

Table 5 Crystal data, solution and refinement parameters for single crystal structure determinations

[9CDN24C8][BF.]s

[4C24C8][BF,4],

[6bC24CS][BE,],

[2acDB24CS8][BE,,  [2acDN24CS|[BF,l.  [3acDB24CS|[BFl  [3bcDB24CS][BE,],

[1CDN24CS8][BF.],

[1CDB24CS][BE,],

Compound

>
o]
%
Z
=1
S mmmmm 2
m ™
Q.O ~ Ol enenonaol —
w a2 ASCS2E o
S FH E 9 =0T ANV N ) Lal=Jk=)} S
A= E8T2o0dn & QYO gndE awn
O R ETANRRLS & RoTaSSq LA
X TR EIT~ AN S 0w T
NAU~FARAR & cMa—~cSc——S0Sc S —
o
o
< .
Z <
=
L.
Q 2 Q ~ e~~~
m = 8 ~ninin =
~ D N - —— =
SFfoadclaa= g o —oa
AN aXNSeg -0 [ o < 0o o 0 X0 O ol o
© 2l 8 mendT2L 9 A RAFLETIx g4
oo“-—zf‘ll\l\oc\ o v Moo de
ISRON L=~ o OLxo—-ChwoSs O —
=
o
2
Llf 19) ~
S EY 828 ~ ~
m =L ST o]
ce,006 T T &
LEefr 8 g~avn F I twv —~ @
AT g —Qqar =< ~ — 0 0 O~ O O
O eS8 Y v RAaS¥g A2
oo"*n\z‘\'mooo © o TTnhnoeed ae
a0~ AR === [N —_N—O O T OO O (=]
2
S
zZ 2~
B S =
" ES _&a
s = =
m%wﬁ: xS =
SN g o —ao (=} S > —
A4S squaoax - Too SFm oo
SaTESFaxS N Do _cmore oA
o To XV T I —— 3o —Ad (5 Kasl
AU=0R~RdAdaaaaq NS AanSSo S —
o
]
> —~
Z <
- .
§9 L2 . —
o 26 ITOT ~ ~ —
+ 2o K T D
S 2O 5 v [N (35 S Al ~
Aol aNOF o =3 ~ A O 5 T A awvn
©emn 0 AN A g Lh-asLLeY +
w“oz”mmwr\l <+ 1 T awneTaN<e -
N0 = A — — — =) AN~ TN O S — i-:
S
-
a +
Q &
z 4 a S
a S e =&~ S
m =2~ LT = & =
- T T X F o = <
DI~ F St v I <+ o>t Il
Ao 8= o § Qo, Laooa
O %0 0 ZTFMNM—TN A a DS @ N
®RE=s S — w0 Do dadd— =
A0 —~ A A — o — — AN~ S A SO — 15y
-
15}
=
o z
S g
—
2 =
= ~S@ a
= S oo S
e g . STaIgge -
O 2 e TaL T ST LT =I5 52 W
X TS EHITN—~AN S8 —0 MDD A <
AUSFFRA = NN~ 0SS S — —
~
&
©
a R
o |
- ~ o
Z < °
© — LL4
= 24 A~ ~ ~ -
a_E2E8 STt ¢ & =
_RA+g5 & agd= s 2 =
S o oo o = — Oy W
A4 sNATaonr ¥ o 9o, Aadoor N
© 20 0 ~AaNeCSe 4 o a2 aown I
RUosSRQanas = = TTom T A=
a0 —~ RN A — e — — NT OO0 OO — >
o
o
a =
o) —
2 3 =
=9
a4 26 aats =& o~ Q
m = g o e = = ~
o 2T - oS o T —=
i o I <+ 0 o -
Ao ENUSIT & Z 9@Fg qao03Sao >
O 20 SRS i B R AeZBE LR Y
oo"oz‘\lmom-— S O Mmoo aaa -~
a0 = AN = — — AN —~oSonocoSooo
|
- =l < s
5 <= g o & = ij
2 e £ 2 = A
25 L 2 DT = =
g 225 2 T=&Eq -
2 w2 « S Sz VO N
Ui‘.‘_‘_‘go ‘ET -92/\'5/\:‘: I
ERERE] - e N=~80
ANEEZ 8y « UEO,SNNKYU_ .
D2 5 Moo 0 O mEZ= E—— 2= =
UOOHQ\\\\\\\E JAN8 .8 oo o0 o]
OLEUMNNSS ISR ~RNIAIIKPGPKEKXKO <

678 | Org. Biomol. Chem., 2006, 4, 667-680

This journal is © The Royal Society of Chemistry 2006





General procedure for the K, measurements

A "H NMR spectrum of an equimolar solution (2.0 x 10~ M)
of the 1,2-bis(pyridinium)ethane salt and 24-crown-8 ether in
CD;CN was recorded at 25 °C. The concentration of all the species
at equilibrium was determined using the initial crown and thread
concentrations and the integration of the ethane resonance of free
and complexed species. For pseudorotaxanes in fast exchange,
association constants were determined by titrating a solution
(2.0 x 107 M) of the 1,2-bis(pyridinium)ethane salt in CD,CN
with increasing amounts of a solution (0.2 M in CDCl;) of crown
ether until saturation was indicated (for these results see ESIt). The
change in chemical shift of the ethane resonance was fitted using a
non-linear least-squares model using the software WinEQNMR .*!

X-Ray crystal structure determination

Crystals were mounted on a short glass fiber attached to a tapered
copper pin. A full hemisphere of data was collected with 30 s
frames on a Briikker APEX diffractometer fitted with a CCD-
based detector using Mo-Ka radiation (4 = 0.71073 A). Decay
(<1%) was monitored by 50 standard data frames measured at the
beginning and end of data collections. Diffraction data and unit-
cell parameters were consistent with the assigned space groups.
Lorentzian polarization corrections and empirical absorption cor-
rections, based on redundant data at varying effective azimuthal
angles, were applied to the data set. The structure was solved
by direct methods, completed by subsequent Fourier syntheses
and refined with full-matrix least-squares methods against | F? |
data. All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were treated as idealized contributions. Scattering
factors and anomalous dispersion coefficients are contained in
the SHELXTL 5.03 program library.** Crystal data collection,
solution and structure refinement parameters are listed in Table 5.

CCDC reference numbers 286500-286508.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b514528¢
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The tumor-associated carbohydrate antigens Ty, T, sialyl Ty and sialyl T are expressed on mucins

in several epithelial cancers. This has stimulated studies directed towards development of
glycopeptide-based anticancer vaccines. Formation of intramolecular lactones involving sialic acid
residues and suitably positioned hydroxyl groups in neighboring saccharide moieties is known to occur
for glycolipids such as gangliosides. It has been suggested that these lactones are more immunogenic and
tumor-specific than their native counterparts and that they might find use as cancer vaccines. We have
now investigated if lactonization also occurs for the sialyl Ty and T antigens of mucins. It was found
that the model compound sialyl T benzyl glycoside 6, and the glycopeptide Ala-Pro-Asp-Thr-Arg-Pro-
Ala 7 from the tandem repeat of the mucin MUCI, in which Thr stands for the 2,3-sialyl-T antigen,
lactonized during treatment with glacial acetic acid. Compound 6 gave the 1” — 2’ lactone as the major
product and the corresponding 1” — 4’ lactone as the minor product. For glycopeptide 7 the 1”7 — 4
lactone constitued the major product, whereas the 1” — 2’ lactone was the minor one. When lactonized
7 was dissolved in water the 1” — 4’ lactone underwent slow hydrolysis, whereas the 1”7 — 2’ remained

stable even after a 30 days incubation. In contrast the corresponding 2,6-sialyl-Ty glycopeptide 8 did

not lactonize in glacial acetic acid.

Introduction

Mucins are members of an expanding family of large multi-
functional glycoproteins present on the surface of many ep-
ithelial cells. Their main function is to provide lubrication and
moisturisation of the surfaces of the epithelial tissues as well
as protection against invasion of pathogenic microorganisms
and mechanical injury.! Mucins are in general defined by the
presence of a substantial amount of carbohydrates attached
as O-glycans to threonines and serines and also by a high
content of proline in their protein backbone. Of special interest
is the membrane-bound mucin MUCI1,>* which is a heavily O-
glycosylated, high-molecular weight glycoprotein present between
many epithelia and their extracellular environments including
those of the mammary gland, uterus, and gastrointestinal tract.
Its protein backbone consists of repeating units of 20 amino
acids with the sequence HGVTSAPDTRPAPGSTAPPA,* bearing
five potential O-glycosylation sites. When MUCI is produced
by the mammary gland, galactosyl residues are attached to N-
acetylgalactosamine on Ser/Thr leading to the core 1 structure
Galp(1 — 3)GalNAc a-Ser/Thr known as the T antigen. The
T antigen serves as a substrate for the core 2 f1,6GIcNAc
transferases forming the trisaccharide Galf(1 — 3)(GlcNAcf(1 —
6))GalNAc.*® The latter can be further extended by adding N-
acetyllactosamine to produce more complex and branched glycan
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side chains. Termination of the chain growth is accomplished by
addition of sialic acid or fucose, or by sulfation.® In epithelial
tumor cells, low expression of core 2 f1,6GIcNAc transferases
combined with elevated levels of sialyl transferases give simplified
carbohydrate patterns which may be accessible to the immune
system. The Ty (GalNAca-Ser/Thr), T (Galf(l — 3)GalNAca-
Ser/Thr), 2,6-sialyl-Ty (NeuS5Aca(2 — 6)GalNAca-Ser/Thr)
and 2,3-sialyl-T (NeuSAca(2 — 3)Galf(l — 3)GalNAca-
Ser/Thr) structures constitue tumor-associated antigens. The
presence of these antigens on the surface of common malignant tu-
mors has stimulated intense studies directed towards development
of synthetic carbohydrate-based anticancer vaccines.””

For glycolipids, formation of intramolecular lactones is known
to occur between sialic acid residues and suitably placed hydroxyl
groups in neighboring galactose moieties.'* It has been suggested
that such lactones are more immunogenic and tumor-specific as
compared to their native, open form and that they therefore have
potential as immunogenes in development of cancer vaccines.'
Since glycopeptides containing the 2,6-sialyl-Ty and 2,3-sialyl-T
antigenes could potentially form lactones in acidic environment,
there is a possibility that these structures could be immunological
analogues to ganglioside lactones and constitue a starting point
for development of glycopeptide based anticancer vaccines. In this
article we describe synthesis and lactonization studies of the 2,6-
sialyl-Ty and 2,3-sialyl-T antigens attached to a peptide from the
MUCI repeating unit. Methods for synthesis of tumor-associated
glycopeptides from mucins have been reviewed recently.!*'” In
spite of the recent, successful chemical sialylation used in the
syntheses of building blocks corresponding to the 2,6-sialyl-T "
and 2,3-sialyl-T* antigens, low yields and poor stereoselectivity
are often encountered due to the lack of neighboring group
assistance on the sialyl donor. A convenient alternative is the
chemoenzymatic approach to sialylated T and Ty antigens, using

This journal is © The Royal Society of Chemistry 2006
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various enzymes which are readily available today. Depending on
their specificity, these enzymes catalyze the transfer of a sialic
acid moiety from cytidine-5'-monophospho-N-acetylneuraminic
acid (CMP-Neu5Ac) in an a-selective fashion to a particu-
lar hydroxyl group of galactose residues. Consequently sialyl
transferases were succesfully employed in the synthesis of wide
range of oligosaccharides® and glycopeptides*** operating with
complete stereo- and regiocontrol. We therefore decided to use a
chemoenzymatic approach for synthesis of the glycopeptides used
in this article.

Results and discussion
Chemoenzymatic synthesis of glycopeptides

Synthesis of the Ty building block 1 (Scheme 1), carrying acid
labile protective groups on the carbohydrate moiety, was accom-
plished from 4-methylphenyl 2-azido-2-deoxy-1-thio-B-D-galacto-
pyranoside, according to a previously published procedure.?
Silver triflate mediated glycosylation of Fmoc-3-0-(2-azido-4,6-
O-benzylidene-2-deoxy-o-D-galactopyranosyl)-L-threonine  fert-
butyl ester with peracetylated galactosyl bromide, reductive acety-

Ph
O
0]
Q
TBDMSO NHFmoc
AcHN 0 R OH
1
0
i
HO OH
o}
HO
AcHN 45 3

HyN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,

ACO OAc AcO OAc
Q o}
AcO 0 NHFmoo
2 OAc AcHN OH
o
i, i
Ho " Ho OH
o} Q
HO 0
OH AcHN
4 H,N-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,

Scheme 1  Solid-phase synthesis of glycopeptides 3 and 4. Reagents and
conditions: (1) glycopeptide synthesis according to the Fmoc protocol.
(ii) Deacetylation with NaOMe/MeOH, 20 mM.

lation of azide group, and deprotection of the ferz-butyl ester
afforded the T building block 2% in 35% yield (Scheme 1). Both
building blocks are suitable for use in solid-phase peptide synthesis.
After the synthesis of building blocks 1 and 2 we turned
our attention to solid-phase synthesis of glycopeptide 3 and 4
(Scheme 1), that are based on the tandem repeating unit from the
mucin MUCT with the glycosylated threonine located in the center
of the immunodominant region.’ Incorporation of the two units 1
and 2 was performed using the standard Fmoc protocol for solid-
phase peptide synthesis on Tentagel and ArgoGel resins. In the
synthesis of 3 the acid labile protective groups originating from
building block 1 were removed during the cleavage from the solid
support, whereas glycopeptide 4 was deacetylated after cleavage
from the resin using conditions previously described by us.?*?*
With sufficient amounts of glycopeptides 3 and 4 in hand we
turned our interest towards the extension of the carbohydrate
side-chains by means of enzymatic sialylation. We thought that
benzyl T glycoside 5% could serve as a good model compound
for sialylation using commercially available recombinant a2,30ST
sialyl transferase from rat liver. Following standard sialylation
procedures,®? saccharide 5 was incubated with the sialic acid
donor CMP-NeuAc and recombinant 02,30ST in buffer at pH 6
in preparative scale (Scheme 2). It was found that the enzyme

HO OH HO OH
o (o]
HO (0]
OH AcHN 0
4 5
l | |
COOHHO HO OH
o
AcHN
H
O GH AcHN do
6 R:Bn
7 R: HyN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,
OH
HO COOH
AcHN Q
HO Gh 1o ©
ii (6]
33— HO
8 AcHN OR

8 R: HyN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH»

Scheme 2 Enzymatic sialylation of benzyl glycoside 5 and glycopeptides
3 and 4. Reagents and conditions: (1) CMP-NeuSAc (1.75 equiv), 02,30ST,
0.25 M sodium cacodylate buffer (pH 6) containing 0.1% Triton X-100,
37 °C. (ii) CMP-Neu5Ac (2 mM), ST6GalNAc-1, 20 mM Bis-Tris buffer
(pH 6.5) containing EDTA (20 mM) and dithiothreitol (1 mM), 37 °C.
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transferred a sialic acid unit regio- and stereoselectively onto the 3-
OH group of the terminal galactose moiety. After purification on a
Waters Sep-Pak C18 solid-phase extraction column and reversed-
phase HPLC the sialylated T benzyl glycoside 6 was produced in
72% isolated yield. In the sialylation more than 95% of the sub-
strate 5 was consumed. The identity of compound 6 was confirmed
by electrospray (ES) and fast atom bombardment (FAB) mass
spectrometry and its 'H NMR data were in agreement with those
published.*® This result promped us to investigate enzymatic sia-
lylation of the T glycopeptide 4 and also of the corresponding Ty
glycopeptide 3 (Scheme 2). The synthesis of glycopeptide 7 from 4
revealed that a-(2 — 3)-sialylation of glycopeptides which bear the
T antigen is facile. Glycopeptide 4 was sialylated as described for 5
and the sialyl T glycopeptide 7 was isolated in 60% yield with ap-
proximately 90% conversion of the starting material as determined
by reversed-phase HPLC. When glycopeptide 3 was sialylated
on preparative scale using recombinant ST6GalNAc-I*! sialyl
transferase, 8 was obtained in 60% yield after purification. The
identity of the sialylated glycopeptides 7 and 8 was confirmed by
ES mass spectrometry and '"H NMR spectroscopy (Tables 1 and 2).
In conclusion this chemoenzymatic synthesis approach effectively
produced sialylated derivatives suitable as lactonization substrates.

Formation of lactones

Lactonization studies of sialic acid residues of certain free
oligosaccharides, e.g. 3'-sialyllactose® and several gangliosides
including Gy;,” Gus," Gus,' Gopi,?® and Gp,** have been
described. To the best of our knowledge lactonization of sialylated
glycopeptides has not been investigated. Two methods have been
applied in order to obtain intramolecular esters of different
gangliosides; incubation in glacial acetic acid" or treatment
with dicyclohexylcarbodiimide in anhydrous DMSO.!? Under
these conditions the ester linkage is often produced in almost
quantitative yield. In this study we decided to use acetic acid
incubation because of its ease of handling and the simplistic
experimental procedure.

First, we turned our attention to the lactonization of free sialyl
T antigen benzyl glycoside 6. Compound 6 was dissolved in glacial
deuterated acetic acid and allowed to incubate for 14 days at room
temperature. The reaction was monitored every second day with
'"H NMR spectroscopy. Two lactones, 9a and 9b were produced
in a 3 : 2 ratio (Scheme 3). In 9a and 9b the ester linkage was
formed between the carboxyl group of N-acetylneuraminic acid
and the C,—OH and C,~OH of galactose moiety, respectively. The
conversion of 6 to 9a and 9b was complete according to the 'H
NMR spectra.

The most characteristic NMR features were significant high
shifts (Table 1) for H-2 in galactose and H-4 of NeuSAc in the
lactone 9a, and for H-4 in the galactose moiety of the lactone 9b
as compared with sialyl T glycoside 6. Although all asignments
were based on spectra in acetic acid-d,, these type of large
downfield shifts are comparable to those of lactone units acting
as intermediates in the synthesis of sialyl Lewis* derivatives,* the
gangliosides Gy, Gys, and Gy, and a glycosylated heptapep-
tide corresponding to the human M blood group determinant.*

Formation of intramolecular esters in sialyl T antigen glycoside
6 promped us to further investigate lactonization in sugar units
of sialyl T and sialyl Ty glycopeptides 7 and 8. First, sialyl Ty
glycopeptide 8 was incubated in acetic acid-d, at ambient temper-
ature for 14 days (Scheme 4). The reaction was monitored every
second day using a set of standard 1D and 2D NMR experiments.
However during the course of the reaction no changes in the
NMR spectra were observed. This suggests that the formation
of a seven-membered ring between the sialic acid carboxyl group
and C,—~OH in galactosamine is not facile. Thereafter compound
7 was subjected to the lactonization conditions as decribed above
during a time frame of 17 days (Scheme 3). The advance of the
reaction was monitored each day using mainly 1D 'H NMR
experiments in combination with COSY, ROESY and TOCSY
experiments. After a period of 11 days no further alterations in
the "H NMR spectra were observed suggesting the culmination
of the process. Although we were able to detect two different
products by analysis of the NMR spectra recorded in acetic acid-
d,, it turned out to be difficult to assign resonances to a particular
product. In order to make an accurate assignment the solvent
was changed to DMSO-d,. From a combination of hetero- and
homonuclear experiments in DMSO-d;, we could identify the two
different products; the major product being the 1”7 — 4’ lactone
10b with the corresponding 17 — 2" lactone 10a being formed as

OH
HO COOH
AcHN Q :
HO GH Ho 0 +> No lactonization
0
HO
AcHN &

HoN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,
8

Scheme 4 Lactonization of sialylated glycopeptide 8. Reagents and
conditions: (i) glacial acetic acid (AcOH-d,), RT.

HO OH o]
COOHHO HO (/ ; HO HO (OH HQOH 5 /OH HO OH
- —_—
AcHN\m \'O&’&/O ° o) 0 i A6 (;0
HO o Vi \ HQ O —0 + AcHN-L Ll =
AcHN OR 0 AcHN OR HO N OH AcHN A
6R: Bn HO : 1 9b R: Bn

7 R: HyN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,

9a R: Bn

AcHN

10b R: HN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH,

10a R: HyN-Ala-Pro-Asp-Thr-Arg-Pro-Ala-NH;

Scheme 3 Lactonization of sialylated benzyl glycoside 6 and sialylated glycopeptide 7. Reagents and conditions: (i) glacial acetic acid (AcOH-d,), RT.
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Table 1

'"H NMR chemical shifts (J, ppm) for the the saccharide 6°, O-linked glycopeptides 7> and 8¢ and the lactones 9a, 9b,” 10a,¢ and 10b?

6 7 8 9a 9b 10a 10b
Benzyl
H-a 4.61-4.64 — — n.d. n.d.c — —
H-b 4.85-4.88 — — n.d.c n.d.c — —
Ar 7.39-7.52 — — 7.41-7.55 7.41-7.55 — —
GalNHAc
NHAc n.d.c 7.81 7.57 n.d.c n.d. n.d.c n.d.c
H-1 5.14 3.98 3.94 5.17 5.17 n.d.c n.d.c
H-2 4.64 4.19 4.05 4.68 4.68 n.d.c n.d.c
H-3 4.17 3.73 3.82 4.17 4.17 n.d.c n.d.
H-4 443 n.d.c 3.57 4.47 4.47 n.d.c n.d.c
Gal
H-1 4.70 4.48 — 4.88 4.74 4.51 4.48
H-2 3.82 3.50 — 5.08 3.85 5.19 nd*
H-3 4.26 4.01 — 4.12 4.32 4.10 4.06
H-4 4.14 3.71 — 4.17 5.51 n.d® 5.26
NeuS5Ac
NHAc n.d.c 8.04 8.01 n.d.c n.d. n.d.c n.d.c
H-3,, 2.94 1.76 1.64 2.74 2.98 1.54 1.54
H-3,, 2.07 2.72 2.66 1.96 2.12 2.30 2.27
H-4 4.12 3.65 3.65 4.52 4.13 4.13 4.14
H-5 3.83 3.82 3.80 4.22 n.d.c 3.50 3.53
H-6 n.d. n.d.c n.d.c n.d. n.d.c n.d.c 3.24

“Recorded at 400 MHz, 298 K, with CD;COOD (6;; = 11.59) as internal standard. ® Recorded at 500 MHz, 298 K, with H,O (04 = 4.75) as internal
standard containing 20% D,O. ¢ Recorded at 500 MHz, 298 K, with H,O (0;; = 4.75) as internal standard containing 10% D,O. ¢ Recorded at 500 MHz,

298 K, with DMSO-d, (04 = 2.50) as internal standard. ¢ Not determined.

a minor product (ratio 7 : 3, Table 1). The relative ratio was based
on the volumes of two crosspeaks derived from H-3 of neuraminic
acid (Fig. 1). The key feature which allowed us to identify 1”7 — 4
lactone 10b was the downfield peak at 5.26 ppm which was shown
to be H-4 in the galactose moiety, in comparison with 3.71 ppm
of H-4 of galactose in sialylated glycopeptide 7. Downfield shifts
of the same magnitude were also observed for lactones formed
during synthesis of Gy,'* and sialyl Lewis* lactones.” The high
shift peak at 5.19 ppm in lactone 10a was assigned to H-2 in
the galactose residue as compared to the peak at 3.50 ppm of
H-2 in the non-lactonized glycopeptide 7, thus showing extensive
deshielding of the ester linkage. This large downfield shift of H-2
in galactose was also observed for 1”7 — 2’ lactones in Gy, '* and
Gy;'' gangliosides and for intermediate products in the synthesis
of the sialyl LeX trisaccharide.® As stated above, the assignment

2.50
H”3e — H”3a
17— 2" lactone

H”3¢ — H”3a
17— 4’ lactone

2.60

1.82 'H 1.72

Fig. 1 Part of the TOCSY spectrum at the beginning of the hydrolysis.
Two crosspeaks derived from H-3 equatorial (¢) and axial (a) in the sialic
acid residues of lactones 10a and 10b. (The spectrum was recorded in H,O
containing 10% D,0).

of lactones 10a and 10b are derived from observed crosspeaks
in COSY and TOCSY experiments. These lactonization effects
are probably due to the reorientation of Neu5SAc carboxyl group
after esterification and to the alteration in electronegativity along
the Neu5Ac backbone. Although it was possible to identify two
different peptide chains in post-lactonized mixture, we could not
attribute them to a particular saccharide lactone.

Somewhat surprisingly the benzyl glycoside 6 gave approxi-
mately equal amounts of the 1”7 — 2’ lactone 9a and the 1" —
4’ lactone 9b while the 1”7 — 4’ lactone 10b dominated when
glycopeptide 7 was lactonized. For lactones obtained from benzyl
glycoside 6 this might be explained by the fact that no steric
interactions occur between the sialic acid unit and the benzyl
group, allowing the two possible lactones to be formed in relatively
similar amounts. Construction of a space-filling model of the 1” —
2’ lactone 10a reveals that the NeuS5Ac ring lies in a plane
perpendicular to the plane of galactose—galactosamine moiety,
hence interacting with the peptide chain. This could be the
explanation for the fact that 10a was produced as the minor
product. On the other hand a model of the major 1”7 — 4
lactone 10b shows that Neu5Ac backbone lies in the same plain as
galactose and galactosamine, producing almost no contact with
the peptide moiety.

Hydrolysis of lactone products 10a and 10b

It has been suggested that lactones originating from gangliosides
are more immunogenic than the gangliosides themselves, implying
that the lactones might be valuable as immunogens for vaccination
against tumors.”® However sialic acid lactones might not be
sufficiently stable to be therapeutically useful. Having now in
our hands the mixture of the two glycopeptide lactones 10a and
10b, we were therefore interested in investigating their hydrolytic

716 | Org. Biomol. Chem., 2006, 4, 713-720

This journal is © The Royal Society of Chemistry 2006





Table2 'H NMR chemical shifts (6, ppm) for the amino acids in
glycopeptides 7¢ and 8°

7 8
Ala'
NH 8.030 n.d.4
a-H 4.329 4.328
B-H 1.521 1.512
Pro?
a-H 4.460 4.461
B-H 1.866, 2.308 1.874,2.322
v-H 2.007¢ 2.013¢
5-H 3.604, 3.690 3.596, 3.698
Asp®
NH 8.628 8.635
o-H 4.813 4.822
B-H 2.794,2.914 2.812,2.920
Thr*
NH 8.640 8.378
a-H 4.504 4.496
B-H 4.366 4.270
v-H 1.230 1.259
Arg®
NH 8.334 8.389
o-H 4.534 4.552
B-H 1.688, 1.820 1.668, 1.821
v-H 1.668¢ 1.668¢
8-H 3.193¢ 3.194¢
5-NH 7.232 7.170
Pro®
a-H 4.332 4314
B-H 1.897,2.293 1.898, 2.296
v-H 2.031¢ 2.020¢
8-H 3.595, 3.725 3.596, 3.725
Ala’
NH 8.456 8.437
a-H 4.186 4.185
B-H 1.377 1.380

“ Recorded at 500 MHz, 298 K, with H,O (dy = 4.75) as internal standard
containing 20% D, 0. * Recorded at 500 MHz, 298 K, with H,O (6,; =4.75)
as internal standard containing 10% D,O. ¢ Degeneracy has been assumed.
4Not determined.

stability. The mixture of 10a and 10b was dissolved in H,0/D,0
and the solution was kept at ambient temperature for 30 days
with NMR experiments being run every second day. We found
that the 1”7 — 4’ lactone 10b was completely hydrolysed to give
the sialyl T peptide 7 after 9 days (Fig. 2). Interestingly, the 1”7 —
2’ lactone 10a showed extensive stability compared to the 1”7 —
4 lactone 10b as it remained in the aqueous solution even after a

2.50
H”3e — H”3a
17— 2’ lactone
'H
2.60

1.82 'H 1.72

Fig. 2 Crosspeak derived from the residual lactone 10a after 9 days in
water. (The spectrum was recorded in H,O containing 10% D,0).

period of 30 days, as determined by 'H NMR spectroscopy. This
remarkable stability might be due to the highly rigid structure of
10a where the NeuSAc ring lies in a plane perpendicular to the
plane of the galactose moiety and lactone ring. Since lactone 10a
showed reasonable stability in an aqueous environment, we suggest
that it could serve as a good immunogen also under physiological
conditions.

Lactams, which are hydrolytically more stable and structurally
similar to lactones, should be good substitutes. The synthesis
of ganglioside lactams corresponding to Gy,, Gys and Gy,
ganglioside lactones has been reported previously.*** They proved
to be very stable upon storage with only minor hydrolysis occuring
in D,O at 37 °C during one month. It was also found that
antibodies raised towards Gy;-lactam cross-reacted with the Gy;-
lactone in vitro.*®

In conclusion, a chemoenzymatic approach has been used to
efficiently prepare sialylated T and Ty glycopeptides derived from
the mucin MUCI. By using these glycopeptides the formation of
intramolecular lactones in sialylated glycopeptides was examined
for the first time. The sialyl T glycopeptide formed 1”7 — 4" and
1” — 2’ lactones upon treatment with acetic acid. The 1”7 — 2
lactone, in contrast to the 1” — 4 lactone, showed significant
stability in aqueous solution, implying its potential for use as
immunogen in cancer vaccines. No lactones were formed from the
sialyl Ty glycopeptide, even after prolonged treatment with acetic
acid.

Experimental
General methods and materials

All reactions were carried out under an inert nitrogen atmosphere
using dry, freshly distilled solvents under anhydrous conditions,
unless otherwise stated. CH,Cl, was distilled from calcium hy-
dride. Organic solutions were dried over Na,SO, before being
concentrated. TLC was performed on Silica Gel F,;, (Merck)
with detection by UV light and by charring with 10% sulfuric
acid. Flash column chromatography was performed on Silica Gel
(Matrex, 60 A, 35-70 pm, Grace Amicon). Preparative reversed-
phase HPLC was performed on a Kromasil C-8 column (250 x
20 mm, 5 pm, 100 A), eluted with a linear gradient of MeCN
in H,O containing 0.1% TFA, with a flowrate of 11 mL min™
and detection at 214 nm. Analytical HPLC was performed on
a Beckman System Gold HPLC, using a Kromasil C-8 column
(250 x 4.6 mm, 5 um, 100 A), with the same eluent flowrate of
1.5 mL min~' and detection at 214 nm.

'H and C NMR spectra were recorded on a Bruker
DRX-400 spectrometer and a Bruker AMX2-500 spectrometer
(Massachusetts, USA). All NMR experiments were conducted
at 298 K using CDCl; [residual CHCL; at 7.26 ppm (dy)],
DMSO-d; [residual DMSO-d; at 2.50 ppm (dy) and 39.60 ppm
(0¢)], CD;CO,D [residual CD;CO,DH at 11.59 ppm (dy) and
20.0 ppm (6¢)] or CD;0D [residual CD,HOD at 3.35 ppm (Jy)].
The chemical shift of the water signal was used as a reference
for compounds dissolved in water and calibrated to 4.75 ppm.
The C HSQC spectra were calibrated using the gyromagnetic
ratio for carbon.* The spectra used for resonance assignments
included phase sensitive DQF-COSY,* TOCSY,* ROESY*
and gradient enhanced HSQC.® The DIPSI pulse sequence
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with a spin lock time of 45 or 75 ms was used in the TOCSY
experiments whereas the ROESY spectra were recorded with a
mixing time of 200 ms. Mass spectra were recorded on a Waters
Micromass ZQ using positive electrospray ionization (ES+).
High-resolution fast atom bombardment mass spectra (HRMS)
were recorded with a JEOL SX102 A mass spectrometer. Ions
for FABMS were produced by a beam of xenon atoms (6 keV)
from a matrix of glycerol and thioglycerol. (2-acetamido-2-
deoxy-3-0-f-D-galactopyranosyl-a-D-galactopyranosyl)-O-benzyl
glycoside 5 (benzyl T antigen) was purchased from Calbiochem®
(Germany). The Ty antigen N°-fluoren-9-ylmethoxycarbonyl-3-
O-(2-acetamido-4,6- O-benzylidene-3-O-tert-butyldimethylsilyl-2-
deoxy-a-D-galactopyranosyl)-L-threonine 1 was prepared as des-
cribed previously.?* The threonine-based T antigen, N*-fluoren-
9-ylmethoxycarbonyl-O-[O-(2',3',4',6' -tetra-O-acetyl-f-D-galacto-
pyranosyl)-(1’ — 3)-2-acetamido-4,6-di-O-acetyl-2-deoxy-a-D-
galactopyranosyl]-L-threonine was synthesised accordning to
previously reported procedure® Glycosylated building blocks
had data in agreement with the cited references.

General procedure for solid-phase peptide synthesis

Glycopeptides were prepared under conditions identical to those
described previously.* A Tentagel S NH, resin (Rapp Poly-
mere, Germany) functionalized with the Rink amide linker
{p-[a-fluoren-9-ylmethoxyformamido)-2,4-dimethoxybenzyl]-
phenoxyacetic acid}***! B(achem AG, Switzerland) and ArgoGel®-
Rink-NH-Fmoc resin (Argonaut Technologies Inc.) were used in
the synthesis of glycopeptides. N*-Fmoc-amino acids (Neosystem,
France and Bachem, Switzerland) with the following side
chain protecting groups were used in the synthesis: 2,2,5,7,8-
pentamethylchroman-6-sulfonyl (Pmc) for arginine and zerz-butyl
(tBu) for aspartic acid. DMF was distilled before being used.
Couplings were performed manually in a mechanically agitated re-
actor. Fmoc amino acids (4 equiv) were activated as benzotriazolyl
esters by using 1,3-diisopropylcarbodiimide (DIC, 3.9 equiv) and
1-hydroxybenzotriazole (HOBt, 6 equiv) in dry DMF. Acylations
were monitored by using bromophenol blue (BFB, 2 mM solution
in DMF) as indicator (the colour of the reaction mixture changes
from blue to yellow). N*-Fmoc deprotections were effected by a
flow of 20% solution of piperidine in DMF for 3 min and futher
by shaking for 7 min. Before and after treatment with piperidine
solution the resin was washed five times with DMF. The threonine-
based building blocks: 1 (1 equiv, 40 pmol) and 2 (1.04 equiv,
52.2 umol) were activated in distilled DMF (1 mL) at room temper-
ature during 1-2 min by addition of 1,3-diisopropylcarbodiimide
(1.1 equiv) and 1-hydroxy-7-azabenzotriazole (HOAt, 3.3 equiv).
The activated esters were then coupled to the peptides resin
during 24 h.

After completion of the synthesis, the resin carrying the
protected glycopeptide was washed with CH,Cl, (five times)
and dried under vacuum. Cleavage from the resin and re-
moval of acid labile protective groups was performed with
TFA/H,0O/thioanisole/ethanedithiol (87.5:5:5: 2.5, 20 mL/
200 mg of resin) for 3.5 h, followed by filtration. Acetic acid
(10 mL) was added to filtrate which was then concentrated, and
acetic acid was added again (3 x 10 mL) followed by concentration
after each addition. The residue was triturated with cold ethyl

ether (three times), dissolved in a mixture of water and acetic acid
(6 : 1), and then freeze-dried.

Deprotection of acetates was performed with methanolic
sodium methoxide solution (0.02 M, 3 mL/8 mg in 8 mL
MeOH), under nitrogen atmosphere for several hours, with careful
monitoring on HPLC. Solutions were neutralized with acetic acid
and concentrated under vacuum. The residues were then purified
by reversed-phase HPLC.

L-Alanyl-L-prolyl-L-aspartyl-3- O-(2-acetamido-2-deoxy-3-O-f-
D-galactopyranosyl-a-D-galactopyranosyl)-L-threonyl-L-arginyl-L-
prolyl-L-alanine amide (4). Synthesis, cleavage of the resin-bound
glycopeptide, and then purification by reversed-phase HPLC
(gradient 0 — 80% CH;CN in H,O, both containing 0.1% TFA,
during 60 min) gave the acetylated target glycopeptide [22 mg, MS
(ES): calcd 1343.3, found 1343.4]. The acyl protected glycopeptide
(8 mg) was subjected to deacetylation with methanolic sodium
methoxide which was carried out for 6 h (careful monitoring with
HPLC). Purification by preparative HPLC (gradient 0 — 30%
CH,;CN in H,O, with 0.1% TFA, during 60 min) gave 4 (4.6 mg,
25% overall yield). MS (ES): calcd for Cy,H,4N ;04 1091.522 m/ z
(M + H)*, observed 1091.647.

L-Alanyl-L-prolyl-L-aspartyl-3- O-(2-acetamido-2-deoxy-a-D-
galactopyranosyl)-L-threonyl-L-arginyl-L-prolyl-L-alanine amide
(3). Synthesis, cleavage of the resin-bound glycopeptide together
with deprotection of acid labile protective groups on sugar moiety,
and then purification by reversed-phase HPLC (isocratic elution
5% CH;CN in H,O, both containing 0.1% TFA, during 30 min)
gave the target glycopeptide 3 (8.8 mg, 24% yield). MS (FAB):
calculated for C;3sHgN,Oy5 929.468 m/z (M + H)*, observed
929.447.

General procedure for enzymatic sialylation of the compounds 4
and 5

Soluble recombinant form of a2,30ST Spodoptera frugiperda
(76-81 m units, f-D-galactosyl-f5-1,3- N-acetyl-f-D-galactosamine-
a-2,3-sialyltransferase, Calbiochem®, Germany) from rat liver
(=1 unit mg™" protein) was used for sialylation of glycopeptide 4
and benzyl T glycoside 5. The reactions were performed in 0.25 M
sodium cacodylate buffer (2 mL, pH 6) containing 0.1% Triton X-
100 and CMP-g-D-sialic acid disodium salt donor (1.75 equiv,
Calbiochem®, Germany). The solution was then incubated at
37 °C for 1-2 days. Progress of the reaction was monitored by
TLC. Purification on pre-conditioned Waters Sep-Pak Vac 12cc
C-18 solid-phase extraction column (2 g) and then by preparative
reversed-phase HPLC gave sialylated compounds.

Benzyl [(5-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid)-(2 — 3)-O-f-p-galactopyranosyl]-(1 —
3)-2-acetamido-2-deoxy-a-D-galactopyranoside (6). The reaction
progress was monitored with TLC (EtOH : AcOH : MeOH : H,O
6 : 3 : 3 :2). Purification on Waters Sep-Pak CI18 solid-phase
extraction column with gradient elution 0 — 50% MeOH in H,O
and futher by preparative HPLC (gradient 0 — 30% CH;CN in
H,O during 30 min) gave 6 (2.4 mg, 72% yield). MS (FAB): caled
for C,H,sN, O m/z (M + 2Na-H)* 809.2568, observed 809.2565.
"H NMR data was in agreement with that published previously.*
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L-Alanyl-L-prolyl-L-aspartyl-3-O-|(5-acetamido-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonic acid)-(2 — 3)-O--p-
galactopyranosyl-(1 — 3)-O-(2-acetamido-2-deoxy-a-D-galacto-
pyranosyl)]-L-threonyl-L-arginyl-L-prolyl-L-alanine amide (7).
Synthesis, purification on Waters Sep-Pak C18 solid-phase extrac-
tion column with gradient elution 0 — 50% MeOH in H,O and
futher by preparative HPLC (gradient 0 — 10% CH;CN in H,O
during 30 min, then 10 — 100% during 30 min) gave 7 (3 mg, 60%
yield). MS (ES): calcd for CssHg N30, m/z (M + H)* 1382.618,
observed 1382.617.

L-Alanyl-L-prolyl-L-aspartyl-3-O-[(5-acetamido-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosylonic acid)-2 — 6)-O-(2-
acetamido-2-deoxy-a-D-galactopyranosyl)]-L-threonyl-L-arginyl-L-
prolyl-L-alanine amide (8). Sialylation of 3 was essentially
performed as previously described:?® compound 3 (3 mg) was
added to purified ST6GalNAc-T (12 m units)*® in 20 mM Bis-Tris
buffer (pH 6.5) containing CMP-f-D-sialic acid disodium salt
donor (2 mM), EDTA (20 mM), and dithiothreitol (1 mM). The
solution was then incubated at 37 °C for 6 h, and monitoring of
sialylation was performed by nanoscale reverse-phase HPLC* in
combination with MALDI-TOF mass spectrometry. Purification
by preparative HPLC (gradient 0 — 80% CH;CN in H,O in
60 min) gave 8 (2.37 mg, 60% yield). MS (ES): calcd for
CyHg N30, m/z (M)* 1220.24, observed 1220.25.

General procedure for the lactonization

The sialylated benzyl glycoside 6 and glycopeptides 7 and 8 were
dissolved in CD;COOD and incubated at ambient temperature.
The reactions were monitored using mainly "H NMR spectroscopy
over a period of 14 days in order to verify completion. The product
mixture 10a and 10b was freeze-dried several times from acetic
acid, dissolved in DMSO-d,; and the set of NMR experiments
were recorded, which allowed us to elucidate their structures.

Hydrolysis of mixture of lactones 10a and 10b

The lactones 10a and 10b were freeze-dried several times from
DMSO and dissolved in D,0. Hydrolysis was performed in NMR
tube at ambient temperature and several NMR experiments were
run every second day during 30 days in order to verify the reaction
progress. The NMR spectra in DMSO-d, were also recorded after
multiple lyophilisation from water.
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The isolation, structure determination, total synthesis and antifungal activity of erucalexin, a novel
phytoalexin produced by the wild crucifer dog mustard are described. Erucalexin is a structurally
unique plant alkaloid, representing the first example of a spiro[2 H-indole-2,5'(4' H)-thiazol]-3-one,

likely derived from a C-3-C-2 carbon migration in a 3-substituted indolyl nucleus.

Introduction

The multifaceted defense systems of plants include an arsenal
of metabolites known as phytoalexins, which are biosynthesized
de novo in response to various sorts of stress such as microbial
attack.! The phytoalexins produced by crucifer plants comprise
an amazing class of tryptophan-derived alkaloids containing
diverse functional groups that display selective activity against
plant pathogens® as well as cancer chemopreventive activity.®
Crucifers are economically valuable oilseeds (rapeseed and canola,
Brassica rapa and B. napus), vegetables (cauliflower, B. oleracea
var. italica, broccoli, B. oleracea var. botrytis, rutabaga, B. napus
ssp. rapifera, and Brussels sprouts, B. oleracea var. gemmifera)
and condiments (brown mustard, B. juncea, and wasabi, Eutrema
wasabi).* Furthermore, the wild crucifer Arabidopsis thaliana is
the first flowering plant to have its genome sequenced* and many
wild crucifers® are sources of desirable agronomic traits of great
interest in plant breeding. For example, dog mustard (Erucastrum
gallicum) is a potential source of genetic resistance to Sclerotinia
sclerotiorum (Lib.) de Bary,® a fungal plant pathogen causing stem
rot disease in crucifers and other plant families.”®

Recently, analysis of the chemical response of dog mustard
leaves to the pathogen S. sclerotiorum and to abiotic stress led
to the isolation of three known phytoalexins® (1-3) and erucalexin
(4), a new phytoalexin which was shown to have an unprecedented
structure by spectroscopic analyses.’ Subsequently, synthesis of
model compounds and synthetic approaches to make this unique
spiro[2 H-indole-2,5 (4 H)-thiazol]-3-one ring system led to the
discovery of a one-pot biomimetic spirocyclization applicable to
both 2- and 3-indolinones. Here we report for the first time the
chemical structure elucidation, synthesis and antifungal activity of
erucalexin (4). The chemical structure of erucalexin (4) represents
the first spiro[2 H-indole-2,5'(4' H)-thiazol]-3-one described to date
and suggests an intriguing rearrangement in its biosynthetic
pathway.
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Results and discussion

Erucalexin (4) was produced in leaves of dog mustard elicited
with either S. sclerotiorum or CuCl,, and was isolated as reported
in the Experimental section ([a]p, +73, ¢ 0.090, MeOH). The
HRMS-EI data of erucalexin (4) indicated it to be an isomer of 1-
methoxyspirobrassinin (3, C;H;N,S,0,, obtained m/z 280.0342,
calc. 280.0340), further corroborated by analysis of its NMR
spectroscopic data. The NMR spectral data of 4 (Table 1) showed
some similarities to that of 1-methoxyspirobrassinin (3), i.e. signals

Table 1 NMR data for erucalexin (4) dissolved in CD;CN
Position  Jy (multiplicity, J in Hz)* oche HMBC correlations
2 — 95.4
3 — 193.2
3a — 122.1
4 7.68 (d,J =28) 1253 C-7a,6,3
5 7.21(ddd,J =38,8,1) 1251  C-7,3a,6
6 7.73(ddd, J =8, 8, 1) 139.4  C-7a,4,5
7 7.32(d,J=29) 1152 C-3a,5,6
Ta — 161.0
2 — 163.6
4a’ 4.75(d, J = 16) 725 C-2,2
4v 4.35(brd, J =16) 725 C-2,3
OMe 3.95(s) 66.1
SMe 2.61 (s) 16.3  C-2,4a’, 4b’

“Spectrum recorded at 500 MHz referenced to residual CD,HCN, oy
1.94. Assigned from NOE and 'H NMR decoupling experiments. ® Spectra
recorded at 125 MHz and referenced to CD;CN, 0 118.69. < Assigned from
HMQC and HMBC (500 MHz).
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due to a methoxy group (dy4 3.95, s; d¢ 66.1) attached to N-1, a
thiomethyl group 0y 2.61, s; dc 16.3), a methylene group, and
four aromatic protons on an ortho-disubstituted benzene ring.
Irradiation of the methoxy protons (6y 3.95) caused an NOE
enhancement of the aromatic proton signal at 6 7.32 (1H, d,
J = 8 Hz) allowing its assignment as H-7 (Fig. 1); consecutive
decoupling experiments allowed the assignment of the three
remaining aromatic protons H-4, H-5 and H-6 (Table 1). The
signal at J. 193.2 was suggestive of a 3-indolinone or a 2-
indolethione ring rather than the 2-indolinone system present
in 1-methoxyspirobrassinin (3). This hypothesis was supported
by an HMBC correlation between H-4 and C-3/C-2 of the ring;
additional HMBC correlations observed between the methylene
protons and the carbon at . 193.2, 954, and C-2' (6. 163.6,
S—-C=N) led to two possible structures 4 or 5 (Fig. 1). Initially,
structure 5 was chosen as a reasonable possibility based on *C
NMR data and on the biogenetic pathway of this skeletal type of
metabolite. Since the (H;C)-S—C=N fragment was present in both
4 and 5, the chemical shifts of C-3' in 4 and in 5 were expected to
be around 165 ppm, whereas the carbon chemical shifts of C-3 in
4 and C-2 in 5 were predicted to be ca. 195 £ 10 ppm. Because
no structures similar to 4 or 5 were known, syntheses of model
compounds 6 and 9 (9a R = CH,;) were carried out to determine
the likely structure of erucalexin. Erucalexin was eventually proven
to have structure 4 by total synthesis, as described below.

Fig.1 Selected HMBC and NOE correlations.

To establish which of the proposed structures represented
erucalexin, compound 6 (the N-methyl analogue of 5) and
compound 9 presented new but accessible targets using potentially
known chemistry (Scheme 1). Compound 6 was synthesized
in five steps from commercially available 1-methylisatin (8), as
summarized in Scheme 2 and described in the Experimental
section. Addition of nitromethane to 8 under basic conditions
followed by catalytic hydrogenation' of the hydroxynitromethane
product afforded (£)-12 in 79% yield. Subsequent cyclization of
(£)-12 with thiophosgene® gave (+)-13 with the desired spiro-
ring system in 76% yield. Thiation of (+)-13 using phosphorus
pentasulfide in THF, a general procedure for conversion of
carbonyl to thiocarbonyl, afforded (4)-14 in 16% yield.” The use
Lawesson’s reagent™ for thiation did not improve the yield of (+)-
14. Subsequent methylation of (+)-14 yielded the desired spirooxa-
zoline 6 {(=£)-2'-methylsulfanyl-spiro[1-methylindoline-3,5-[4',5']-
dihydrooxazole]-2-thione} in 81% yield. The spectroscopic data
of 6 revealed significant differences from those of the isolated
compound indicating that structure 5 was not erucalexin (4).
Specifically, the UV spectrum of 6 [4,.. (log ¢): 238 (4.1), 287
(3.6), 296 (3.7), 337 (3.8)] and that of 4 [4,,, (log ¢): 234 (4.6), 262
(4.1), 368 (3.4)] were rather different.

o,

=C=S8
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O
0]
]
N
CHj3
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Scheme 1 Retrosynthetic analysis of model compounds 6 and 9.
o]
1. CH3NO,, Et,NH, HO NH,
o EtOH, 0 °C -
> o}
N, 2. Hy, PdIC, N
P MeOH, AcOH, 79% CHs,
12
CSCIz, N32CO3,
CH,Cly, 76%
H
N g H
ba e
o P4S1o, THF 3
N s = 16% 0
CHs Ch
14 K2CO3, Mel, acetone, 13

81%

6

Scheme 2 Synthesis of compound 6.

Baeyer—Villiger oxidation of indole-3-carboxaldehydes™ 16, 19
and 20 was thought to provide readily accessible starting materials
for the syntheses of model compound 9 (9a R = CH; or 9b R =
OCH;). Thus, 1-methoxy-2-chloroindole-3-carboxaldehyde [16,
prepared by oxalyl chloride-mediated Vilsmeier formylation of
I-methoxyoxindole (15)] was treated with m-chloroperoxybenzoic
acid (m-CPBA) in CH,Cl, at room temperature to yield rather
the unstable O-formate 18 in 43% yield, together with a small
amount (10%) of 1-methoxyisatin (17) (Scheme 3).'* Attempts
to hydrolyze 18 or to carry out substitution at C-2 using
sulfides or thiols as nucleophiles (EtSH, MeSNa) yielded only
I-methoxyisatin (17). Similarly, Baeyer—Villiger oxidation fol-
lowed by HCl-mediated hydrolysis of 1-methyl-2-chloroindole-3-
carboxaldehyde (19)"7 afforded only 1-methylisatin (8), whereas 1-
methoxyindole-3-carboxaldehyde (20)*® afforded (+)-1-methoxy-
2-hydroxyindolin-3-one (21) (hydrolysis carried out in dioxane)
or (+)-1,2-dimethoxyindolin-3-one (22) (hydrolysis carried out in
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2. 21, HCl/Dioxane, 40%
22, HCI/MeOH, 37%

|
OCH,

20 21, R=H
22, R=OCH3
m—CPBA
CHZC!Z 90%
Boc
23 24

Scheme 3 Baeyer—Villiger oxidation of indole-3-carboxaldehydes 16, 19,
20 and 23.

MeOH) (Scheme 3). Hence, since none of the aldehydes initially
thought useful starting materials — 16, 19 and 20 — yielded
the desired product, oxidation of the #-Boc protected aldehyde
23% was attempted. Baeyer—Villiger oxidation of 23 proceeded
smoothly to yield O-formate 24 in 90% yield (Scheme 3). O-
Formate 24 was isolated by flash column chromatography (FCC)
and immediately treated with EtSH in the presence of Et;N to
afford (£)-1-Boc-2-ethylsulfanylindolin-3-one (25) in 59% yield
(based on aldehyde 23) (Scheme 4). Treatment of (+)-25 with
NaH, followed by CH;l yielded (&4)-1-Boc-2-ethylsulfanyl-2-
methylindolin-3-one (26) in very good yield (87%), suggesting
that the model compound 9a would be accessible using simi-
lar methodology. Therefore, O-formate 24 was treated with 3-
chloro-1-propanethiol to afford intermediate (4)-27, which upon
intramolecular cyclization mediated by NaH yielded (+)-1-Boc-
spiro(indoline-2,2'-tetrahydrothiophene)-3-one (28), possessing a
hitherto unknown heterocyclic skeleton (Scheme 4). Finally,
the protecting Boc group was removed using trifluoroacetic
acid (TFA) in CH,Cl, and the resulting (%)-spiro(indoline-2,2'-
tetrahydrothiophene)-3-one (29) was methylated to yield model

EtSH, Et;N, THF
59% (based on 23)

CI(CH,);SH, Et;N

’: j SEt

N
]

NaH Mel
THF, 87%

CFQ

THF, 61% (based on 23)  °°°
25 26
NaH, DMF__
eo 60°C. 89%
BOC
27
TFA CH,Cly, 84%
NaH Mel
RETA

9a

Scheme 4 Synthesis of model compound 9a.

compound (£) 9a (Scheme 4). As predicted, spectral data of (+)
9a were similar to those of erucalexin (4): specifically, the UV
spectrum of compound 9a [, (log &): 235 (4.3), 264 (4.0),
353 (3.0)] and that of 4 [A,. (log ¢): 234 (4.6), 262 (4.1), 368
(3.4)] were similar, both containing the characteristic indolin-3-
one absorption (>350 nm).

After obtaining a reasonable proof that the spiro structure
4 represented erucalexin, additional strategies to access the 3-
indolinone-2-spirocyclic system of erucalexin (4) were considered.
The most attractive of the various potential routes was designed
based on possible biogenetic pathways to 1-methoxyspirobrassinin
(3) and erucalexin (4) (Scheme 5). Our previous work® indicates
that 1-methoxybrassinin (30) is a close biosynthetic precursor
of 1-methoxyspirobrassinin (3). Furthermore, the structure of
erucalexin (4), its co-occurrence with 1-methoxyspirobrassinin (3)
in dog mustard leaves and an interesting study by Monde et al.*
suggests that 3 could be a precursor of 4 as well. Nonetheless,
despite the variety of oxidizing reagents and conditions used,
our search for a reagent that transformed 1-methoxybrassinin
(30) into 3 and 4 was unsuccessful, leading mostly to intractable
mixtures of products of no synthetic utility. Unexpectedly, CrO;
in acetic acid oxidized directly 1-methoxybrassinin (30) to (+)-
I-methoxyspirobrassinin (3) (Scheme 6) in 21% yield; however,
no traces of (4)-erucalexin (4) were detected. When the reac-
tion was carried out at 0 °C, (%)-1-methoxyspirobrassinol (35)

N\(S N S
Enz o \(
—
©f\< SCH, [Oxid] .. SCH, |\[Cycliz]
N SCH;
30

s” N

o] o) Noos
N N~ ) \[// OCH,
| [Rear] 3
J\ -~ & SCH;
N § SCH; N)

OCH, otH,
L 32 -

4

Scheme 5 Possible biogenetic pathways to erucalexin (4) and 1-methoxy-
spirobrassinin (3).
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0°C, 35%
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Scheme 6 Synthesis of (%)-1-methoxyspirobrassinin (3), (+£)-spiro-
brassinin (34) and (£)-1-methoxyspirobrassinol (35).

was obtained in 35% yield (Scheme 6). The yield of (+)-1-
methoxyspirobrassinin (3) could be improved using pyridinium
chlorochromate (PCC) as an oxidizing agent (38% yield). Im-
portantly, oxidation of brassinin (33) by CrO; in acetic acid and
dioxane afforded (%)-spirobrassinin (34) in 40% yield (Scheme 6).
It is worthy of note that this is the first time that ‘one-pot’
oxidations of 1-methoxybrassinin (30) and brassinin (33) to (&)-
1-methoxyspirobrassinin (3) and (&)-spirobrassinin (34), respec-
tively, are reported. These transformations may be considered
formal biomimetic syntheses of the phytoalexins 3 and 34.
Coincidentally, the absolute configuration of natural (4)-3 was
established recently to be R and (+)-3 was synthesized from 1-
methoxybrassinin (30) in a two-pot process.?

After observing that 1-methoxybrassinin (30) could be oxidized
to (£)-1-methoxyspirobrassinin (3) with CrO; in acetic acid, it
was conceivable that 1-methoxyisobrassinin (38) could likewise
provide access to (£)-erucalexin (4) via oxidative cyclization.
Toward this end, 1-methoxyindole (36)* appeared to be a suitable
starting material for the synthesis of 1-methoxyisobrassinin (38).
Thus, deprotonation of 1-methoxyindole (36) using z-BuLi,?*
followed by quenching with DMF afforded 1-methoxyindole-2-
carboxaldehyde, which was directly converted to oxime 37 in
74% yield. Reduction of 37 with TiCl; and NaBH;CN? afforded
the corresponding amine, which was converted in situ to 1-
methoxyisobrassinin (38) by standard treatment with carbon
disulfide and iodomethane (Scheme 7).

Q_\) > \
2. DMF N —~N~OH

N
OCHj, 3. NH,OH-HClI, OCH
o 3
36 Na,CO3, EtOH/H,0, 74% 37

1. t-Buli, Et,0, -20 °C

1. TiCls, NaBH3CN,
AcONH,, MeOH/H,0

2. CSy, E;N, CHyl,
pyridine, 41%

Q_\>VH SCHy
Newe I
s

CrO3, ACOH/H,0

@E“&

OCH
3 OCH,

38

Scheme 7 Synthesis of (+)-erucalexin (4).

Gratifyingly, oxidative cyclization of 1-methoxyisobrassinin
(38) with CrO; in acetic acid afforded (+)-erucalexin (4) in
moderate yield (30%). Except for the optical rotation, the char-
acterization data of the synthetic material and those of the
natural product were identical in all respects. Additional attempts
to synthesize erucalexin (4) from 38 using different oxidizing
agents (Br, in dioxane, NBS in CH,Cl,, or pyridinium bromide
perbromide in -BuOH) and conditions led to formation of the
tricyclic compound 39 (Scheme 8). With 39 in hand, we sought
to carry out an oxidative rearrangement to form a 3-indolinone-
2-spirocyclic compound. However, when 39 was treated with m-
CPBA, an intractable mixture was obtained, whereas reaction of
39 with N-chlorosuccinimide (NCS) afforded 40 in 32% yield
(Scheme 8). Other oxidizing reagents such as H,0,/Na,WO,
yielded 40 in <10% yield and NBS yielded 40 in 21%. Although a
somewhat related rearrangement of a cyclic acetal into a lactone
using m-CPBA/BF;-Et,0 has been observed, those conditions did
not work in the case of compound 39.%

38

Br, | dioxane

88%
S%SC"% SCH;
Q_\X\/\N NCS, CH,Cl, ) Y
rt, 60 min, 32%
N N
OCHs, OCH; 0
39 40

Scheme 8 Oxidation of potential biosynthetic intermediate 38.

To expand the scope of CrO;-mediated oxidation we have also
investigated the oxidative spirocyclization of isobrassinin (43) and
1-Boc-isobrassinin (44). To prepare isobrassinin (43), aldehyde
417 was converted to the corresponding oxime, which upon
treatment first with NaBH,/NiCl,,* followed by carbon disulfide
and iodomethane afforded isobrassinin (43) in 30% yield, based
on indole-2-carboxaldehyde (41) (Scheme 9). 1-Boc-Isobrassinin
(44) was prepared similarly, using 1-Boc-indole-2-carboxaldehyde
(42)" (Scheme 9) in 24% overall yield, based on 1-Boc-indole-2-
carboxaldehyde (42). Oxidation of isobrassinin (43) under various
conditions led to decomposition, as suggested by TLC monitoring

S
1. NH,OH-HCI, Na,CO, Hacs\/,(
\ EtOH/H,0 o
. > W ONH
N CHO 2. NaBH,, NiCl;-6H,0,
| MeOH
R

N

3. CS,, Et3N, Mel, Pyridine 'lq

& 43, R = H, 30% based on 41
44, R = Boc, 24% based on 42

44, Cr0,,
AcOH/H,0
26%

P TFA, CH,Cl,, O
N N
N /
N /

46 SCH3 Boc SCH3

Scheme 9 Synthesis of (+)-demethoxyerucalexin (46).
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Table 2 Antifungal activity” of natural 1-methoxyspirobrassinin (3) and erucalexin (4) against the plant pathogens Rhizoctonia solani and Sclerotinia

sclerotiorum

% Inhibition®

Compound Concentration/M R. solani S. sclerotiorum
(+)-1-Methoxyspirobrassinin (3) 5.0 x 107* 68 53

2.5x 10 14 34

5.0 x 107 No inhibition 10
(+)-Erucalexin (4) 5.0 x 107 100 40

2.5 x 107 48 15

5.0 x 107 No inhibition No inhibition

“ Percent inhibition = 100 — [(growth on medium containing compound/growth on control medium) x 100]; results are the mean of three independent

experiments conducted in triplicate (SD =+ 1).

of the reaction mixture. On the other hand, 1-Boc-isobrassinin (44)
afforded the oxidation product (£)-45 in 26% yield (Scheme 9).
Deprotection of (4)-45 (TFA, CH,Cl,) gave N-demethoxy analog
of erucalexin (£)-46 (Scheme 9).

The antifungal activity of (+)-1-methoxyspirobrassinin (3) and
(+)-erucalexin (4) was compared using a mycelia radial growth
bioassay, as described in the Experimental section. These antifun-
gal bioassays established that both (+)-1-methoxyspirobrassinin
(3) and (+)-erucalexin (4) were active against S. sclerotiorum and
Rhizoctonia solani, two of the most important pathogens of oilseed
and vegetable crucifers. Erucalexin (4, 5.0 x 10~* M) and 1-
methoxyspirobrassinin (3, 5.0 x 10 M) were more inhibitory
to R. solani (100 and 68% inhibition, respectively) than to S. scle-
rotiorum (40 and 53% inhibition, after 72 h of incubation, Table 2).

Conclusion

In conclusion, (+)-erucalexin (4) is produced in elicited leaves
of E. gallicum, but is not detectable in non-elicited leaves, and
shows antifungal activity against S. sclerotiorum and R. solani, two
important pathogens of crucifer oilseeds. Therefore, erucalexin (4)
is a novel phytoalexin having a 3-indoxyl system with a spiro ring
at C-2. It is worthy of note that, although E. gallicum produces
phytoalexins active against S. sclerotiorum and R. solani, it appears
that to date only resistance to S. sclerotiorum has been reported.®
Hence, it would be important to evaluate further the resistance of
E. gallicum to other fungi, as it could be a valuable germplasm
source of disease resistance for oilseed improvement.

The first one-pot biomimetic syntheses of both (£)-1-methoxy-
spirobrassinin (3) and (&)-spirobrassinin (34) from 1-methoxy-
brassinin (30) and brassinin (33), respectively, were accomplished.
(£)-Erucalexin (4) was synthesized from 1-methoxyindole (36) in
9% overall yield. Further studies addressing the enantioselective
synthesis, resolution and absolute configuration of erucalexin (4)
are underway.

Experimental

General experimental procedures

All solvents were HPLC grade and used as such, except for CH,Cl,
and CHCI; which were redistilled and THF and Et,O which were
dried over Na and benzophenone. Flash column chromatography:

silica gel grade 60, 230-400 pm. Organic extracts were dried over
Na,SO, and the solvents were removed using a rotary evaporator.
Analytical HPLC analysis was carried out with a high performance
liquid chromatograph equipped with quaternary pump, automatic
injector, and photodiode array detector (wavelength range 190—
600 nm), degasser, and an ODS column (5 pm particle size silica,
4.6 id x 200 mm) equipped with an in-line filter. Mobile phase:
H,0-CH;CN, 75:25to 100% CH;CN, for 35 min, linear gradient,
and flow rate 1.0 ml min~". Specific rotations, [a]p were determined
at ambient temperature on a polarimeter using a 1 ml, 10 cm path
length cell; the units are 10~! deg cm? g~! and the concentrations (¢)
are reported in g/ 100 ml. NMR spectra were recorded on 500 MHz
spectrometers. For '"H NMR (500 MHz) the chemical shifts (J)
are reported in parts per million (ppm) relative to TMS. The J
values were referenced to CDCIl; (CHCI; at 7.27 ppm), CD;CN
(CD,HCN at 1.94 ppm). First-order behavior was assumed in the
analysis of '"H NMR spectra and multiplicities are as indicated
by one or more of the following: s = singlet, d = doublet, t =
triplet, ¢ = quartet, m = multiplet, and br = broad. Spin coupling
constants (J values) are reported to the nearest 0.5 Hz. For BC
NMR (125.8 MHz) the chemical shifts (6 values) were referenced
to CDCI; (77.23 ppm), CD;CN (118.69 ppm). The multiplicities of
the “C signals refer to the number of attached protons: s =C,d =
CH, t = CH,, q = CH;, and were determined based on HMQC
correlations and magnitude of J values. Mass spectrometry (MS)
[high resolution (HR), electron impact (EI)] data were obtained
on a mass spectrometer using a solids probe. Fourier trans-
form infrared (FTIR) spectra were recorded on a spectrometer
and spectra were measured by the diffuse reflectance method
on samples dispersed in KBr. Ultraviolet (UV) spectra were
recorded on a spectrophotometer using a 1 cm path length
quartz cell.

Plant material and growth

Seeds of dog mustard (Erucastrum gallicum, a wild crucifer) were
obtained from Plant Gene Resources, Agriculture and Agric-
Food Canada Research Station, Saskatoon, SK. The seeds were
sown in commercial potting soil mixture, and plants were grown
in a growth chamber under controlled environmental conditions
(20/18 °C with 16/8 day/night cycle) for 2-5 weeks.
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Fungal isolates

Fungal isolates were obtained from Agriculture and Agric-
Food Canada Research Station, Saskatoon, SK. Cultures of
Sclerotinia sclerotiorum clone #33 and Rhizoctonia solani AG-2
were maintained on potato dextrose agar (PDA) cultures.

Elicitation of phytoalexins with Sclerotinia sclerotiorum.
Leaves from five-week-old plants (E. gallicum ) were excised with a
sharp blade, the petioles were wrapped with pre-moistened cotton
wool and leaves placed in Petri plates (two leaves per plate). Each
leaf was inoculated with five mycelium plugs placed upside down
(4 mm cut from three-day-old PDA plates of S. sclerotiorum clone
#33) and distributed evenly over the leaf surface. The Petri plates
were sealed and incubated under constant fluorescent light for
seven days. After every 24 h, leaves were frozen in liquid nitrogen,
crushed with a glass rod and extracted with EtOAc by shaking at
120 rpm for 30 min. The EtOAc was filtered, dried over anhydrous
Na,SO, and the solvent removed under reduced pressure and the
extract was analyzed by HPLC. Two independent experiments
were carried out. The HPLC analysis of the EtOAc extracts
indicated the presence of the novel erucalexin (4, fz = 20.6 min)
and three other compounds with 7 = 11.2, 13.1, and 16.9 min, as
previously reported,” not present in the control samples.

Elicitation of phytoalexins with CuCl,. Five-week-old plants
(E. gallicum) were sprayed to the point of run-off with CuCl,
solutions at 24 h intervals for three days. Leaves were excised at
24 h intervals for seven days; control leaves were harvested from
separate plants at the same time and treated in a similar manner
throughout. After various incubation periods, leaves were worked
up as described above and extracts were analyzed by HPLC. Three
independent experiments were carried out.

Antifungal bioassays. The antifungal activity of 1-methoxy-
spirobrassinin (3) and erucalexin (4) was determined using the
following mycelia radial growth bioassay. Solutions of each
compound in DMSO (5 x 10~ M) were used to prepare assay
solutions in minimal media (5 x 10™* M, 2.5 x 10™ M, 5 x
10~° M) in serial dilution; control solutions contained 1% DMSO
in minimal media. Sterile tissue culture plates (12-well, 24 mm
diameter) containing test solutions and the control solution (1 ml
per well) were inoculated with mycelia plugs placed upside down
on the centre of each plate (5 mm cut from three-day-old and
seven-day-old PDA plates of S. sclerotiorum clone #33 and R.
solani AG 2-1, respectively) and incubated under constant light
for seven days. The radial growth of mycelia the was measured
with a ruler daily for one week. Three independent experiments
were carried out, each one in triplicate.

Isolation and characterization of (+)-erucalexin (4). Plants (40,
five-week-old) were sprayed with CuCl, (2 x 10~* M) solution to
the point of run-off, three times at 24 h intervals and allowed
to stand for three days. Elicited leaves (180 g, fresh weight),
were frozen in liquid nitrogen and crushed with a glass rod, and
extracted with EtOAc in a manner similar to that followed for the
time-course experiment. The EtOAc extract (1.2 g) was subjected
to FCC (gradient elution, CH,Cl,, 100% to CH,Cl,-MeOH, 20 :
80), the fractions containing the HPLC peak at tz = 20.6 min
were combined (284 mg) and further fractionated by reverse phase
FCC (gradient elution, CH;CN-H,0, 20 : 80) to CH;CN, 100%)

followed by reverse phase micro flash (2 cm plug of reverse phase
C-18 silica gel in a Pasteur pipette, CH;CN-H,O (60 : 40) to
yield 2.2 mg of (+)-erucalexin (4). This process was repeated
four times to yield sufficient material for chemical characterization
and bioassays (in total, from 200 plants and 6 g of extract ca. 12 mg
of (+)-4 were isolated). [a]p = 73 (¢ 0.090, MeOH).

Synthesis

(£)-Erucalexin (4). A solution of CrO; (100 mg, 1.0 mmol) in
water (0.3 ml) was added to a solution of 1-methoxyisobrassinin
(38,49 mg, 0.18 mmol) in acetic acid (1 ml) in one portion at room
temperature. The mixture was stirred at rt for 5 min, was diluted
with brine (20 ml) and was extracted (EtOAc). The combined
organic extract was washed with 10% K,CO; solution (20 ml) and
dried. The solvent was concentrated and the residue was subjected
to FCC (hexane—acetone, 5 : 1) to yield erucalexin (4, 16 mg,
30%) as an orange solid, mp 94-97 °C. HPLC: #; = 20.6 min. oy
(500 MHz, CDCl;): 7.70 (d, J = 8 Hz, 1H), 7.66 (ddd, J = 8, 8§,
1 Hz, 1H), 7.24 (d, J = 8 Hz, 1H), 7.14 (ddd, J = 8, 8, 1 Hz, 1H),
4.76 (d, J = 16 Hz, 1H), 4.49 (d, J = 16 Hz, 1H), 4.00 (s, 3H),
2.68 (s, 3H); 6. (125 MHz, CDCl;): 192.0 (s), 165.8 (s), 159.9 (s),
138.0 (d), 124.6 (d), 123.8 (d), 121.1 (s), 114.1 (d), 93.8 (s), 70.9
(t), 65.4 (q), 16.0 (q). HRMS (EI): calc. for C;;H;;N,0,S, (M*)
m/z 280.0340, found 280.0342; MS (EI) m/z (% relative int.): 280
[M*] (56), 249 (74), 207 (30), 176 (100), 149 (15), 132 (64), 87
(38). v (KBr)/cm™': 2923, 2850, 1725, 1608, 1576, 1461, 1301,
1106, 1064, 985, 759. Ao (CH;CN)/nm 234 (log ¢, 4.6), 262 (4.1),
368 (3.4).

(£)-2'-Methylsulfanyl-spiro[1-methylindoline-3,5'-[4',5']-dihydro-
oxazole]-2-thione (6). To a stirred suspension of powdered
K,CO; (2.5 mg, 0.018 mmol) in acetone (0.5 ml) were added
spirooxazolidine 14 (4 mg, 0.016 mmol) and CH;I (5 pl,
0.08 mmol). The mixture was stirred for 16 h at rt and was
subjected to TLC (hexane—acetone, 5 : 1) to yield (£)-6 (3.4 mg,
81%) as a slightly yellow solid, mp 130-132 °C. HPLC: #, =
16.8 min. dy (500 MHz, CD;CN): 7.50 (m, 2H), 7.27 (dd, J =
7,7 Hz, 1H), 7.18 (d, J = 7 Hz, 1H), 4.27 (d, J = 14 Hz, 1H),
4.15(d, J = 14 Hz, 1H), 3.56 (s, 3H), 2.55 (s, 3H); . (125 MHz,
CD;CN): 204.5 (s), 165.4 (s), 146.3 (s), 133.1 (s), 132.4 (d), 126.4
(d), 125.8 (d), 111.9 (d), 92.8 (s), 69.5 (1), 32.4 (q), 15.4 (q). HRMS
(ED): calc. for C,,H;;N,0S, (M*) m/z 264.0391, found 264.0391;
MS (EI) m/z (% relative int.): 264 [M*] (58), 217 (81), 190 (35),
175 (100), 89 (14), 71 (20). vy (KBr)/cm™': 2926, 1741, 1620,
1466, 1375, 1146. A« (CH;CN)/nm 238 (log &, 4.1), 287 (3.6),
296 (3.7), 337 (3.8).

(£)-1-Methyl-spiro(indoline-2,2-tetrahydrothiophene)-3-one (9a).
To a solution of (&)-spiro(indoline-2,2'-tetrahydrothiophene)-3-
one (29) (14 mg, 0.068 mmol) in dry THF (0.5 ml) NaH (60%
in mineral oil, 5 mg, 0.14 mmol) was added and the mixture was
stirred for 5 min at rt, followed by the addition of CH,I (17 ul,
0.27 mmol). The stirring continued for a further 3 h at rt, the
solvent was evaporated and the residue was subjected to FCC
(hexane-acetone, 5 : 1). Evaporation of the eluate afforded (+£)-
I-methyl-spiro(indoline-2,2'-tetrahydrothiophene)-3-one (9a) as a
yellow oil. Yield: 12 mg (80%). HPLC: t = 19.2 min. Jy; (500 MHz,
CD;CN): 7.53 (m, 2H), 6.86 (d, J/ = 8 Hz, 1H), 6.78 (dd, J = 8,
8 Hz, 1H), 3.28 (m, 1H), 3.08 (m, 1H), 3.01 (s, 3H), 2.41 (m, 1H),
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2.31 (m, 1H), 2.14 (m, 2H); 6. (125 MHz, CD,CN): 202.5 (s),
161.0 (s), 139.0 (d), 125.8 (d), 119.9 (s), 119.1 (d), 110.3 (d), 86.1
(s), 37.8 (), 35.7 (1), 32.6 (1), 28.9 (q). HRMS (EI): calc. for
C,H,,NOS (M*) m/z 219.0718, found 219.0716; MS (EI) m/z
(% relative int.): 219 [M*] (100), 190 (58), 163 (80), 130 (15), 77
(17). v (KBr)/cm™: 2927, 1707, 1615, 1483, 1369, 1318, 1146,
950, 745. Jum (CH;CN)/nm 235 (log ¢, 4.3), 264 (4.0), 353 (3.0).

(£)-Spiro[1-methyl-3,5-oxazolidin}-2-one-2"-thione (13). Et,NH
(21 pl, 0.20 mmol) was added to 1-methylisatin (8, 322 mg,
2.0 mmol) suspended in a solution of CH;NO, '* (325 ul, 5.8 mmol)
and EtOH (1 ml) at 0 °C. The reaction mixture was kept at 0 °C for
10 min, and the solvent was removed under reduced pressure. The
residue was dissolved in a solution of MeOH (6 ml) and acetic
acid (0.5 ml), 10% Pd/C (50 mg) was added and mechanically
agitated at 3 atm of H, for 16 h. The reaction mixture was
filtered, the solvent evaporated and the residue subjected to FCC
(CH,C1,-MeOH-30% aqueous NH;, 80 : 20 : 1) to yield (+)-12
(304 mg, 79%) as a colorless oil. A solution of amine 12 (50 mg,
0.26 mmol, in CH,Cl,, 2 ml) was added dropwise (over a 10 min
period) to a vigorously stirred mixture of 5% Na,CO,; and CSCl,
(22 ul, 0.29 mmol in CH,Cl,, 4 ml) at rt. After 2 h, the aqueous
layer was separated, extracted with CH,Cl,, the organic phases
combined and, after removal of the solvent, the crude product was
crystallized using acetone—hexane to yield (+)-spirooxazolidine 13
(46 mg, 76%) as colorless crystals, mp 180-182 °C. HPLC: #; =
6.8 min. dy (500 MHz, CD;CN): 8.04 (br s, D,O exchange, 1H),
7.54 (d, J = 7.5 Hz, 1H), 7.49 (ddd, J = 7.5, 7.5, 1 Hz, 1H), 7.18
(ddd, J = 7.5, 7.5, 1 Hz, 1H), 7.01 (d, J = 7.5 Hz, 1H), 4.01 (d,
J=11Hz, 1H),3.96(d,J =11 Hz, 1H), 3.17 (s, 3H); 5 (125 MHz,
CD;CN): 189.8 (s), 173.3 (s), 146.1 (s), 133.3 (d), 126.5 (s), 126.1
(d), 124.8 (d), 110.7 (d), 86.1 (s), 52.2 (t), 27.4 (q). HRMS (EI):
cale. for C,;H;(N,0,S (M*) m/z 234.0463, found 234.0463; MS
(EX) m/z (% relative int.): 234 [M*] (44), 178 (58), 162 (100), 77
(12). v (KBr)/cm™: 3300, 2925, 1730, 1616, 1524, 1471, 1376,
1241, 1165, 983, 755. Amax (CH;CN)/nm 211 (log &, 4.0), 249 (3.5),
296 (2.9).

(£)-Spiro[1-methylindolin-3,5-oxazolidine]-2,2'-dithione  (14).
To a solution of (&+)-spirooxazoline 13 (23 mg, 0.1 mmol) in
dry THF (4 ml) were added P,S,, (222 mg, 0.50 mmol)** and
NaHCO; (84 mg, 1.0 mmol) and the reaction mixture was stirred
for 24 h under reflux (condenser equipped with a CaCl, trap).
The solvent was evaporated, the residue was dissolved in water
(20 ml) and extracted with CH,Cl,. The combined organic
extract was dried, concentrated and the residue was subjected
to FCC (hexane-EtOAc, 2 : 1) to yield starting material (5 mg,
22%) and dithione 14 (4 mg, 16%) as a slightly yellow solid, mp
155-157 °C. HPLC: t; = 12.8 min. d,; (500 MHz, CD;CN): 7.98
(br s, D,0O exchange, 1H), 7.63 (d, J = 7 Hz, 1H), 7.54 (ddd, J =
7,7,1Hz, 1H), 7.30 (ddd, J = 7,7, 1 Hz, 1H), 7.20 (d, J = 7 Hz,
1H), 4.09 (d, J = 11 Hz, 1H), 4.01 (d, J = 11 Hz, 1H), 3.56 (s,
3H); dc (125 MHz, CD;CN): 201.9 (s), 189.2 (s), 146.6 (s), 133.2
(d), 131.4 (s), 126.6 (d), 126.5 (d), 112.1 (d), 92.6 (s), 55.5 (1),
32.6 (q). HRMS (EI): calc. for C,;H,(N,0S, (M*) m/z 250.0235,
found 250.0231; MS (EI) m/z (% relative int.): 250 [M*] (10), 217
(50), 175 (40), 97 (50). v (KBr)/cm=': 3267, 2925, 1701, 1614,
1527, 1467, 1376, 1164, 1098, 752. A« (CH;CN)/nm 243 (log ¢,
3.9), 287 (3.4), 337 (3.5).

1-Methoxy-2-chloroindole-3-carboxaldehyde (16). Dry DMF
(4 ml) was cooled to 0 °C and oxalyl chloride (540 pl, 6.1 mmol) was
added dropwise. 1-Methoxyoxindole (15)* (400 mg, 2.45 mmol)
was added and the mixture was stirred for 1 h at 75 °C. After
cooling to rt, the mixture was poured into 100 ml of water and
extracted with Et,0. The combined organic extract was dried, the
solvent was evaporated and the residue subjected to FCC (hexane—
acetone, 5 : 1). Crystallization from CH,Cl,~hexane afforded
I-methoxy-2-chloroindole-3-carboxaldehyde (16, 365 mg, 71%)
as colorless crystals, mp 82-83 °C. HPLC: #; = 17.8 min. dy
(500 MHz, CDCl;): 10.09 (s, 1H), 8.31 (d, J = 8 Hz, 1H), 7.46
(d, J = 8 Hz, 1H), 7.39 (dd, J = 8, 8 Hz, 1H), 7.35 (dd, J = 8,
8 Hz, 1H), 4.21 (s, 3H); d. (125 MHz, CDCl,): 183.7 (s), 132.5
(s), 131.5 (s), 124.9 (d), 124.2 (d), 121.7 (d), 121.0 (s), 109.8 (s),
108.4 (d), 66.5 (q). HRMS (EI): calc. for C,,H;CINO, (M*) m/z
209.0244, found 209.0243; MS (EI) m/z (% relative int.): 209 [M*]
(100), 166 (41), 114 (16). v, (KBr)/cm™': 2952, 1656, 1507, 1386,
1243, 1167, 1043, 952, 741.

Baeyer—Villiger oxidation of aldehydes 16 and 19. m-CPBA
(43 mg, 0.25 mmol) was added to separate solutions of aldehydes
16 and 19 (0.125 mmol) in CH,Cl, (1 ml), and the mixtures were
stirred for 2 h at rt. Unstable O-formate 18 was separated by
FCC (hexane-Et,0, 10 : 1) to yield 12 mg (43%) of 1-methoxy-2-
chloroindole-3-yl formate (18) containing a small amount (10%) of
I-methoxyisatin (17). When aldehyde 19 was used, 1-methylisatin
(8) was isolated as the sole product (12 mg, 60%). HCI (one
drop of 1 M) was added to a solution of O-formate 18 (17 mg,
0.08 mmol) in MeOH (1 ml) and the mixture was stirred for 1 h
at rt. The solvent was evaporated and the residue was subjected
to FCC (CH,Cl,). Evaporation of the eluate afforded 7 mg
(52%) of 1-methoxyisatin (17) as a red solid, mp 105-107 °C
(lit.’* 110-113 °C).

To a solution of 1-methoxyoxindole (15, 41 mg, 0.25 mmol)
in acetic acid (2 ml), a solution of CrO; (125 mg, 1.25 mmol) in
water (0.5 ml) was added and the mixture was stirred at rt. After
1 h the reaction mixture was diluted with brine (20 ml), extracted
with EtOAc, and the combined extract was washed with 10%
K,CO; solution (20 ml), dried and concentrated. The residue was
subjected to FCC (CH,Cl,-MeOH, 98 : 2) to yield 1-methoxyisatin
(17, 33 mg, 75%). HPLC: #z = 8.2 min. dy (500 MHz, CD;CN):
7.70 (dd, J = 7, 7 Hz, 1H), 7.58 (d, J = 7 Hz, 1H), 7.20 (dd,
J =7,7 Hz, 1H), 7.15 (d, J = 7 Hz, 1H), 4.04 (s, 3H); Jc
(125 MHz, CD;CN): 182.5 (s), 155.0 (s), 149.0 (s), 139.9 (d), 125.7
(d), 125.5 (d), 118.1 (s), 110.3 (d), 65.2 (q). HRMS (EI): calc.
for C,H,NO; (M*) m/z 177.0426, found 177.0428; MS (EI) m/z
(% relative int.): 177 [M*] (15), 149 (85), 104 (23), 91 (100), 78
(47), 63 (13). v (KBr)/cm™': 2948, 1743, 1614, 1460, 1315, 1191,
1043, 935, 754.

Baeyer—Villiger oxidation of 1-methoxyindole-3-carboxaldehyde
(20). m-CPBA (142 mg, 0.83 mmol) was added to a solution
of 1-methoxyindole-3-carboxaldehyde (20,"® 44 mg, 0.25 mmol)
in CH,Cl, (2 ml) and the mixture was stirred at rt for 16 h.
The reaction mixture was diluted with CH,Cl, (20 ml), washed
with 10% K,CO; solution (10 ml), the aqueous layer was re-
extracted with CH,Cl,, and the combined organic extract was
dried and concentrated. After chromatography of the residue
(hexane-acetone, 5 : 1), the product was dissolved in dioxane
(1.5 ml), HCI (1 M, 0.6 ml) was added, and the reaction mixture
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was stirred at rt. After 16 h, the reaction mixture was diluted
with brine (20 ml), extracted with EtOAc, and the combined
organic extract was dried and concentrated. The residue was
subjected to FCC (hexane-acetone, 2 : 1). Evaporation of the
eluate afforded (4)-1-methoxy-2-hydroxyindolin-3-one (21) as a
colorless oil (18 mg, 40%, based on aldehyde 20). HPLC: #; =
5.8 min. dy (500 MHz, CDCl,): 7.67 (dd, J = 8, 8 Hz, 1H), 7.64
(d, J =8 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.17 (dd, J = 8, 8 Hz,
1H), 5.15 (s, 1 H), 4.10 (s, 3H), 3.27 (br s, D,0 exchange, 1H); o
(125 MHz, CDCl,): 194.5 (s), 159.0 (s), 137.9 (d), 124.2 (d), 124.0
(d), 120.9 (s), 115.4 (d), 93.4 (d), 64.9 (q). HRMS (EI): calc. for
CyHyNO; (M*) m/z 179.0582, found 179.0586; MS (EI) m/z (%
relative int.): 179 [M*] (27), 148 (100), 130 (10), 92 (24), 77 (21),
65 (37). v (KBr)/cm™": 3355, 2935, 1726, 1612, 1461, 1208, 1150,
984, 811, 760.

When the acid-catalyzed (1 M HCI, 0.3 ml) hydrolysis was
carried out in MeOH (2 ml) instead of dioxane (2 h at rt), followed
by the work-up described above, (+)-1,2-dimethoxyindolin-3-one
(22) was obtained (colorless oil, 18 mg, 37%, based on aldehyde
20). HPLC: #; = 13.6 min. J (500 MHz, CDCl;): 7.66 (m, 2H),
7.33 (d, J = 8 Hz, 1H), 7.15 (dd, J = 8, 8 Hz, 1H), 5.02 (s, 1 H),
4.08 (s, 3H), 3.52 (s, 3H); 6. (125 MHz, CDCl;): 193.2 (s), 159.5
(s), 137.8 (d), 124.1 (d), 123.8 (d), 122.0 (s), 115.4 (d), 98.0 (d),
64.5 (q), 54.2 (q). HRMS (EI): calc. for C,(H;,NO; (M*) m/z
193.0739, found 193.0741; MS (EI) m/z (% relative int.): 193 [M*]
(20), 162 (100), 146 (43), 130 (98), 92 (15). v (KBr)/cm~': 2941,
1729, 1610, 1463, 1216, 1146, 1032, 763.

Reaction of O-formate 24 with EtSH and MeSNa. To a
solution of aldehyde 23" (70 mg, 0.25 mmol) in CH,Cl, (2 ml),
m-CPBA (86 mg, 0.5 mmol) was added and the mixture was
stirred for 2 h at rt. O-Formate 24 was separated by FCC (hexane—
EtOAc, 8 : 1), affording 68 mg (90%) of 1-Boc-2-chloroindole-3-yl
formate (24). O-Formate 24 (68 mg, 0.24 mmol) was dissolved in
THF (2 ml), EtSH (72 pl, 0.96 mmol) or 3-chloro-1-propanethiol
(45 pl, 0.46 mmol) were added, followed by addition of Et;N
(130 pl, 0.92 mmol). The mixtures were stirred for 2 h at rt, before
being concentrated and the residues subjected to FCC (hexane—
Et,0, 10 : 1). Evaporation of the eluates afforded compounds
(£)-25 and (£)-27, respectively, as colorless oils. (£)-1-Boc-2-
Ethylsulfanylindolin-3-one (25). Yield 40 mg, 59% (based on
aldehyde 23). HPLC: t; = 29.7 min. dy (500 MHz, CDCl,): 8.09
(brs, 1H), 7.75(d, J = 8 Hz, 1H), 7.65 (dd, J = 8, 8 Hz, 1H), 7.17
(dd, J =8,8 Hz, 1H), 5.15 (s, 1H), 2.68 (m, 1H), 2.59 (m, 1H), 1.63
(s, 9H), 1.22 (t, J = 7 Hz, 3H); d. (125 MHz, CDCl;): 195.4 (s),
152.6 (s), 150.5 (s), 137.6 (d), 124.5 (d), 123.6 (d), 123.5 (s), 116.7
(d), 83.4 (s), 65.3 (d), 28.5 (3 x q), 23.5 (1), 14.8 (q). HRMS (ED):
cale. for C;sH;NO;S (M — H*) m/z 292.1007, found 292.1011;
MS (EI) m/z (% relative int.): 292 [M — H*](6), 233 (88), 193 (26),
177 (100), 148 (16), 132 (94), 92 (26). v (KBr)/cm™': 2978, 1714,
1604, 1467, 1681, 1365, 1280, 1153, 754.

(£)-1-Boc-2-(3-Chloropropyl)sulfanylindolin-3-one (27). Yield
52 mg, 61% (based on aldehyde 23). HPLC: f; = 32.2 min. dy
(500 MHz, CDCl;): 8.06 (br s, 1H), 7.75 (d, J = 8 Hz, 1H), 7.66
(dd, J = 8, 8 Hz, 1H), 7.18 (dd, J = 8, 8 Hz, 1H), 5.13 (s, 1H),
3.62 (m, 2H), 2.85 (m, 1H), 2.76 (m, 1H), 2.00 (m, 2H), 1.63 (s,
9H); o (125 MHz, CDCl;): 195.2 (s), 152.5 (s), 150.5 (s), 137.8
(d), 124.6 (d), 123.7 (d), 123.4 (s), 116.9 (d), 83.6 (s), 65.2 (d),
43.3 (1), 32.5 (1), 28.5 (3 x q), 26.7 (t). HRMS (EI): calc. for

C1eHaCINO,S (M*) m/z 341.0852, found 341.0843; MS (EI) m/z
(% relative int.): 341 [M*] (14), 286 (15), 268 (60), 233 (26), 177
(37), 132(39). v, (KBr)/cm~': 2984, 1716, 1607, 1468, 1367, 1279,
1157, 1060, 757.

(£)-1-Boc-2-Ethylsulfanyl-2-methylindolin-3-one (26). To a
solution of 1-Boc-2-ethylsulfanylindolin-3-one (25, 18 mg,
0.037 mmol) NaH, (60% in mineral oil, 6 mg, 0.15 mmol) in dry
THF (0.5 ml) was added and the mixture was stirred for 10 min at
rt followed by the addition of CH,I (10 ul, 0.15 mmol). The stirring
continued for 1 h at rt, the solvent was evaporated and the residue
subjected to FCC (hexane-Et,0, 10 : 1). Evaporation of the eluate
afforded (+)-1-Boc-2-ethylsulfanyl-2-methylindolin-3-one (26) as
a colorless oil. Yield: 10 mg (87%). HPLC: #; = 32.8 min. dy
(500 MHz, CDCl;): 8.21 (d, J = 8 Hz, 1H), 7.79 (d, J = 8 Hz,
1H), 7.66 (dd, J = 8, 8 Hz, 1H), 7.17 (dd, J = 8, 8 Hz, 1H), 2.38
(m, 2H), 1.84 (s, 3H), 1.65 (s, 9H), 1.07 (t, J = 7 Hz, 3H); Jc
(125 MHz, CDCl,): 197.9 (s), 152.3 (s), 151.0 (s), 137.9 (d), 124.7
(d), 123.7 (d), 122.3 (s), 117.0 (d), 83.5 (s), 72.9 (s), 28.7 (q), 23.7
(3 x q), 23.4 (1), 14.4 (q). HRMS (EI): calc. for C,;H, NO;S (M™)
m/z 307.1242, found 307.1242; MS (EI) m/z (% relative int.): 307
[M*] (100), 292 (55), 262 (29). vy (KBr)/cm™": 2935, 1712, 1608,
1465, 1350, 1259, 1162, 963, 754.

(£)-1-Boc-Spiro(indoline-2,2'-tetrahydrothiophene)-3-one  (28).
1-Boc-2-(3-Chloropropyl)sulfanylindolin-3-one (27, 50 mg,
0.15 mmol) was dissolved in dry DMF (1 ml) and NaH (60%
in mineral oil, 20 mg, 0.58 mmol) was added. The mixture was
stirred for 15 min at 60 °C, before being cooled to 0 °C and diluted
with brine (20 ml). The product was extracted with EtOAc, and the
combined extract was washed with brine (2 x 25 ml), then dried
and concentrated. The residue was subjected to FCC (hexane—
Et,0, 10 : 1). Evaporation of the eluate afforded (&)-1-Boc-
spiro(indoline-2,2'-tetrahydrothiophene)-3-one (28) as a colorless
solid. Yield: 40 mg (89%); mp 86-88 °C. HPLC: fz = 31.3 min.
Ju (500 MHz, CDCl,): 8.09 (br s, 1H), 7.77 (d, J = 8 Hz, 1H),
7.64 (dd, J = 8, 8 Hz, 1H), 7.16 (dd, J = 8, 8 Hz, 1H), 3.44
(m, 1H), 3.21 (m, 1H), 2.70 (m, 1H), 2.53 (m, 2H), 2.23 (m, 1H),
1.66 (s, 9H); . (125 MHz, CDCl;): 200.3 (s), 152.5 (s), 150.6 (s),
137.4 (d), 124.9 (d), 123.5 (d), 121.4 (s), 117.2 (d), 83.5 (s), 82.0
(s), 37.7 (1), 36.0 (1), 32.5 (t), 28.8 (3 x q). HRMS (EI): calc. for
CisHyNO;S (M*) m/z 305.1086, found 305.1084; MS (EI) m/z
(% relative int.): 305 [M*] (79), 249 (41), 232 (11), 205 (100), 177
(23), 149 (82). vy (KBr)/cm': 2930, 1714, 1610, 1463, 1353, 1253,
1156, 979, 756.

(£)-Spiro(indoline-2,2-tetrahydrothiophene)-3-one (29). 1-Boc-
Spiro(indoline-2,2'-tetrahydrothiophene)-3-one (28, 28 mg,
0.092 mmol) was dissolved in CH,Cl, (600 pul) and TFA (140 pl,
1.83 mmol) was added dropwise. The mixture was stirred for
1 h at rt, the solvent was evaporated and the residue subjected
to FCC (hexane-acetone, 5 : 1). Evaporation of the eluate
afforded (%)-spiro(indoline-2,2'-tetrahydrothiophene)-3-one (29)
as a yellow oil. Yield: 15 mg (80%). HPLC: t; = 12.3 min. dy
(500 MHz, CDCl;): 7.66 (d, J = 8 Hz, 1H), 7.48 (dd, J = 8, 8 Hz,
1H), 6.89 (dd, J =8, 8 Hz, 1H), 6.83 (d, / = 8§ Hz, 1H), 4.82 (br s,
D,0 exchange, 1H), 3.26 (m, 1H), 3.19 (m, 1H), 2.51 (m, 1H),
2.25 (m, 1H), 2.15 (m, 2H); d (125 MHz, CDCl;): 201.3 (s), 159.3
(s), 137.7 (d), 125.4 (d), 120.2 (s), 120.0 (d), 112.6 (d), 80.3 (s),
42.0 (t), 35.0 (1), 31.2 (t). HRMS (EI): calc. for C,;H;;NOS (M*)

698 | Org. Biomol. Chem., 2006, 4, 691-701

This journal is © The Royal Society of Chemistry 2006





m/z 205.0561, found 205.0560; MS (EI) m/z (% relative int.): 205
[M*] (75), 176 (25), 130 (10). v, (KBr)/cm™': 3333, 2930, 1690,
1617, 1467, 1321, 1061, 894, 752.

CrO;-mediated oxidation of 1-methoxybrassinin (30) and
brassinin (33). To a solution of 1-methoxybrassinin® (30, 16 mg,
0.06 mmol) in acetic acid (0.5 ml), a solution of CrO; (30 mg,
0.3 mmol) in water (0.2 ml) was added in one portion at rt.
The mixture was stirred at rt for 20 min, was diluted with brine
(10 ml) and then extracted (EtOAc). The combined organic extract
was washed with 10% K,CO; solution (10 ml) and was dried. The
solvent was concentrated and the residue subjected to preparative
TLC (multiple development, hexane-EtOAc, 4 : 1) to yield (£)-
1-methoxyspirobrassinin (3), 4 mg (24%); when the reaction
mixture was stirred at 0 °C, (£)-1-methoxyspirobrassinol (35)*
was obtained, 6 mg (35%) instead of (£)-3.

To a solution of 1-methoxybrassinin (30, 19 mg, 0.07 mmol)
in CH,Cl, (1 ml), PCC (108 mg, 0.5 mmol) was added and
the reaction mixture was stirred for 2 h at rt. The reaction
mixture was diluted with CH,Cl, (10 ml), silica gel was added
and the solvent was evaporated. The residue was subjected to
FCC (hexane-EtOAc, 4 : 1). Evaporation of the eluate afforded
(+£)-1-methoxyspirobrassinin (3),> 8 mg (38%)).

To a solution of brassinin® (33, 19 mg, 0.07 mmol) in acetic
acid (0.7 ml) and dioxane (0.3 ml), a solution of CrO; (50 mg,
0.5 mmol) in water (0.9 ml) was added in one portion at rt. The
mixture was stirred at rt for 30 min, before being diluted with brine
(20 ml) and extracted (EtOAc). The combined organic extract was
washed with 10% K,CO; solution (10 ml) and dried. The solvent
was concentrated and the residue was subjected to FCC (hexane—
acetone, 5 : 1) to yield (&)-spirobrassinin (34),” 10 mg (40%).

1-Methoxyisobrassinin (38). -BulLi in pentane (3.7 ml,
4.8 mmol) was added dropwise to a solution of 1-methoxyindole?
(36, 589 mg, 4 mmol) in dry Et,O (10 ml, under an Ar atmosphere),
cooled to —20 °C (ice-NaCl).** The mixture was stirred for 15 min
at —20 °C, DMF (0.75 ml, 4.8 mmol) was added, the cooling
bath was removed and the stirring continued at rt for 1 h. The
reaction mixture was cooled to 0 °C, diluted with 1 M HCIl
(30 ml) and extracted with Et,O. The combined organic extract
was dried, the solvent evaporated and the residue was subjected
to FCC (hexane-acetone, 5 : 1) to afford 1-methoxyindole-2-
carboxaldehyde (568 mg, 81%) as a slightly yellow oil. A solution
of NH,OH-HCI (360 mg, 5.18 mmol) and Na,CO; (247 mg,
2.33 mmol) in water (3 ml) was added to 1-methoxyindole-2-
carboxaldehyde (568 mg, 3.24 mmol) in EtOH (12 ml). The
mixture was refluxed for 20 min, before being concentrated, diluted
with brine (30 ml) and extracted (EtOAc). The combined organic
extract was dried and the solvent was evaporated to yield crude
1-methoxyindole-2-carboxaldehyde oxime (37, 567 mg, 92%) of
sufficient purity to be used in the next step. AcCONH, (424 mg,
5.5 mmol) and NaBH;CN (314 mg, 5 mmol) were added to a
cooled solution of 1-methoxyindole-2-carboxaldehyde oxime (37,
95 mg, 0.5 mmol) in MeOH (3 ml) at 0 °C followed by the addition
of a solution of TiCl; [prepared by mixing commercially available
30% TiCl; in 2 M HCI1(1.55 ml), with 1 M NaOH solution (1.1 ml)]
in one portion, and the mixture was stirred for 20 min at 0 °C. The
reaction mixture was then diluted with aqueous NH,OH (prepared
by mixing 1.3 ml 30% NH,OH with 33 ml water) and extracted
with EtOAc. The combined organic extract was dried, the solvent

was evaporated and the crude amine was used directly in the next
step. To a solution of this amine dissolved in pyridine (1 ml) cooled
to 0 °C, CS, (30 ul, 0.5 mmol) and Et;N (70 pl, 0.5 mmol) were
added. After 1 hat 0°C, CH;I (30 ul, 0.5 mmol) was added and the
mixture was kept at 3 °C for 16 h. The reaction mixture was then
diluted with 1.5 M H,SO, (15 ml) and extracted with Et,O. The
combined organic extract was dried, the solvent was evaporated
and the residue was subjected to FCC (hexane-EtOAc, 8 : 1) to
yield 1-methoxyisobrassinin (38, 55 mg, 41%, slightly yellow oil).
HPLC: #; = 24.4 min. Jy (500 MHz, CDCl;): 7.57 (d, J = 8 Hz,
1H), 7.44 (d, J = 8 Hz, 1H), 7.28 (dd, J = 8, 8 Hz, 1H), 7.15 (m,
D,0 exchange, 2H), 6.39 (s, 1 H), 5.15 (d, J = 4 Hz, 2H), 4.12 (s,
3H), 2.68 (s, 3H); ¢ (125 MHz, CDCl;): 199.4 (s), 133.1 (d), 131.3
(s), 123.7(s), 123.1 (s), 121.4 (d), 120.8 (d), 108.5 (d), 98.9 (d), 65.9
(q), 42.3 (t), 18.5 (g). HRMS (EI): calc. for C,,H;,N,0S, (M")
m/z 266.0548, found 266.0550; MS (EI) m/z (% relative int.): 266
[M*] (10), 235 (100), 187 (35), 160 (62), 129 (83). v (KBr)/cm™":
3326, 2935, 1502, 1306, 1084, 917, 745.

9-Methoxy-3-methylsulfanyl-1,3-thiazino[5,6-b]indole (39). A
solution of dioxane dibromide (150 pl, 0.11 mmol, prepared
by dissolving 40 pl of Br, in 1 ml dioxane) was added to 1-
methoxyisobrassinin (38, 25 mg, 0.09 mmol) dissolved in dioxane
(1 ml), and the mixture was stirred for 30 min at rt. The reaction
mixture was diluted with brine (10 ml) and then extracted with
EtOAc. The combined organic extract was dried, the solvent was
evaporated and the residue was subjected to FCC (hexane-EtOAc,
8 : 1) to afford 39 (22 mg, 88%) as an orange solid, mp 45—
47 °C. HPLC: #x = 31.7 min. dy (500 MHz, CDCl,): 7.45 (d,
J =8 Hz, 1H), 742 (d, J = 8 Hz, 1H), 7.28 (dd, J = 8, 8 Hz,
1H), 7.16 (dd, J = 8, 8 Hz, 1H), 5.08 (s, 2H), 4.08 (s, 3H), 2.57
(s, 3H); d¢ (125 MHz, CDCl;): 165.0 (s), 133.5 (s), 124.1 (s), 123.3
(d), 121.0 (d + s), 118.3 (d), 109.1 (d), 95.8 (s), 66.1 (q), 46.6 (1),
15.8 (q). HRMS (EI): calc. for C,H;,N,0S, (M*) m/z 264.0391,
found 264.0392; MS (EI) m/z (% relative int.): 264 [M*] (32), 191
(100), 176 (22), 160 (53), 120 (32), 89 (12). vy (KBr)/cm™: 2935,
1599, 1447, 1301, 1232, 1134, 948, 740.

9-Methoxy-3-methylsulfanyl-1,3-thiazino[5,6-b]indol-1-one (40).
To a solution of 39 (9 mg, 0.034 mmol) in CH,Cl, (0.5 ml) was
added NBS (7 mg, 0.041 mmol) or NCS (6 mg, 0.041 mmol). The
mixtures were stirred at rt as follows: NBS (30 min), NCS (60 min).
The solvent was evaporated and the residues were subjected to
preparative TLC (hexane-acetone, 5 : 1) to afford 40 in the
following amounts: NBS (2 mg, 21%), NCS (3 mg, 32%), brownish
solid, mp 143-146 °C. HPLC: t; = 22.0 min. dy (500 MHz,
CDCl,): 7.65 (m, 2H), 7.57 (dd, J = 8, 8 Hz, 1H), 7.29 (dd, J =8,
8 Hz, 1H), 4.31 (s, 3H), 2.80 (s, 3H); ¢ (125 MHz, CDCl;): 173.4
(s), 158.9 (s), 135.3 (s), 128.7 (d), 122.2 (d), 120.5 (d), 119.2 (s),
118.1(s), 113.9(s),110.4(d) 67.1(q), 15.4(q). HRMS (EI): calc. for
C,H:N,0,S, M*) m/z 278.0184, found 278.0187; MS (EI) m/z
(% relative int.): 278 [M*] (46), 205 (24), 174 (100), 120 (10), 102
(15). Vpax(KBr)/cm=": 2942, 1662, 1615, 1519, 1340, 1216, 941, 744.

Synthesis of isobrassinin (43) and 1-Boc-isobrassinin (44). To
a solution of indole-2-carboxaldehyde (41)*” or 1-Boc-indole-2-
carboxaldehyde (42, 3.4 mmol) in EtOH (10 ml), a solution
of NH,OH-HCI (720 mg, 10.4 mmol) and Na,CO; (660 mg,
6.2 mmol) in water (5 ml) was added. The mixtures were
refluxed with stirring for 30 min, before benig concentrated and
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extracted (EtOAc). The combined organic extracts were dried and
concentrated to afford corresponding oximes in 99% yield. Oximes
(3.3 mmol) and NiCl,-6H,0 (778 mg, 3.3 mmol) were dissolved
in MeOH (50 ml). NaBH, (804 mg, 21.3 mmol) was added and
the mixtures were stirred for 5 min at rt. The black precipitates
were filtered off, the solutions were concentrated (ca. 25%) and
then poured into water (100 ml) containing 30% NH,OH (4 ml).
The mixtures were extracted with EtOAc, the combined extracts
were dried and then concentrated. Obtained unstable indolyl-2-
methyl amines (orange oils) were dissolved in pyridine (2 ml) and
the solutions were cooled to 0 °C. Et;N (1 ml, 7.13 mmol) and
CS, (0.97 ml, 16.12 mmol) were added and the mixtures were set
aside for 1 h at 3 °C, followed by addition of CH;I (0.69 ml,
11.16 mmol). After 16 h at 3 °C the mixtures were diluted with
1.5 M H,SO, (30 ml) and then extracted with Et,O. The combined
organic extracts were dried and then concentrated. The residues
were subjected to FCC as follows: 43 (hexane-EtOAc, 2 : 1); 44
(hexane-Et,0, 5 : 1). Evaporation of the eluates afforded residues
that were crystallized from CH,Cl,~hexane solution. Isobrassinin
(43, 234 mg, 30%, based on the aldehyde 41) was obtained as
slightly orange crystals, mp 82-84 °C. 1-Boc-Isobrassinin (44,
248 mg, 24%, based on the aldehyde 42) was obtained as slightly
orange crystals, mp 88-90 °C.

Isobrassinin (43), HPLC: ¢z = 21.3 min. dy (500 MHz, CDCl;):
8.96 (br s, D,O exchange, 1H), 7.58 (d, J = 8 Hz, 1H), 7.37 (m,
D,0 exchange, 2H), 7.21 (dd, J = 8, 8 Hz, 1H), 7.12 (dd, J = 8,
8 Hz, 1H), 6.43 (s, 1H), 5.10 (d, J = 5.5 Hz, 1H), 2.69 (s, 3H);
dc (125 MHz, CDCl;): 201.4 (s), 136.5 (d), 134.6 (s), 127.7 (s),
122.7 (d), 120.7 (d), 120.2 (d), 111.4 (d), 102.3 (s), 44.0 (t), 18.7
(q). HRMS (EI): calc. for C;;H};N,S, (M*) m/z 236.0442, found
236.0445; MS (EI) m/z (% relative int.): 236 [M*] (20), 188 (21),
163 (13), 130 (100). v,,..(KBr)/cm™': 3386, 3310, 2917, 1498, 1294,
1068, 919, 749, 634.

1-Boc-Isobrassinin (44), HPLC: #; = 35.4 min. dy4 (500 MHz,
CDCl;): 8.11 (br s, D,O exchange, 1H), 8.00 (d, J = 8.5 Hz, 1H),
7.53 (d, J = 8.5 Hz, 1H), 7.31 (dd, J = 8.5, 8.5 Hz, 1H), 7.24
(dd, J = 8.5, 8.5 Hz, 1H), 6.78 (s, 1H), 5.28 (d, / = 6 Hz, 1H),
2.62 (s, 3H), 1.75 (s, 9H); 6. (125 MHz, CDCl;): 198.6 (s), 151.5
(s), 136.1 (s), 134.8 (s), 129.0 (s), 124.8 (d), 123.4 (d), 121.3 (d),
115.8 (d), 112.2 (d), 85.4 (s), 44.6 (1), 28.5(3 x q), 18.2 (q). HRMS
(EI): calc. for C;¢H,N,0,S, (M*) m/z 336.0966, found 336.0975;
MS (EI) m/z (% relative int.): 336 [M*] (20), 280 (16), 189 (12),
163 (23), 130 (100). v, (KBr)/cm™: 3369, 2974, 1725, 1481, 1452,
1371, 1331, 1156, 1119, 1078, 923, 747.

CrO;-mediated oxidation of 1-Boc-isobrassinin (44). To a
stirred suspension of 1-Boc-brassinin (44, 67 mg, 0.2 mmol) in
acetic acid (1 ml), a solution of CrO; in water (0.5 ml) was
added at rt. The mixture was stirred at rt for 18 h, before being
diluted with brine (20 ml) and then extracted with EtOAc. The
combined organic extract was dried, concentrated, and the residue
was subjected to FCC (hexane—EtOAc, 4 : 1). Evaporation of the
eluate afforded (£)-1-Boc-erucalexin (45, 18 mg, 26%) as a yellow
oil. HPLC: #z = 30.1 min. dy (500 MHz, CDCl;): 8.27 (d, J =
8 Hz, 1H), 7.77 (d, J = 8 Hz, 1H), 7.69 (ddd, J = 8§, 8, 1 Hz,
1H), 7.20 (ddd, J = 8, 8, 1 Hz, 1H), 4.71 (d, J = 16 Hz, 1H),
4.62 (d, J = 16 Hz, 1H), 2.58 (s, 3H), 1.59 (s, 9H); ¢ (125 MHz,
CDCl): 196.2 (s), 171.4 (s), 152.8 (s), 150.4 (s), 138.4 (d), 124.9
(d), 124.2 (d), 121.2 (s), 117.1 (d), 85.7 (s), 84.4 (s), 74.7 (1), 28.2

(3 x q), 15.7 (q). HRMS (EI): calc. for C,sH;;N,O;S, (M*) m/z
350.0759, found 350.0756; MS (EI) m/z (% relative int.): 350 [M*]
(16), 294 (14), 250 (14), 177 (41), 57 (100). v (KBr)/cm=": 2927,
1719, 1600, 1464, 1352, 1303, 1253, 1156, 1089, 947, 755.

(£)-Demethoxyerucalexin (46). 1-Boc-Erucalexin (45, 17 mg,
0.049 mmol) was dissolved in CH,Cl, (0.5 ml) and TFA (110 pl,
1.46 mmol) was added. The mixture was stirred for 2 h at rt, before
being concentrated and subjected to FCC (hexane—acetone, 5: 1).
Evaporation of the eluate afforded (+)-demethoxyerucalexin (46,
12 mg, 91%) as an orange solid, mp 128-130 °C. HPLC: #, =
14.6 min. 6y (500 MHz, CD;CN): 7.56 (m, 2H), 6.90 (m, 2H), 6.60
(br s, D,O exchange, 1H), 4.42 (d, / = 16 Hz, 1H), 4.33 (d, J =
16 Hz, 1H), 2.60 (s, 3H); o (125 MHz, CD;CN): 198.7 (s), 163.2
(s), 160.6 (s), 139.7 (d), 125.9 (d), 121.0 (d), 120.0 (s), 113.6 (d),
86.6(s), 75.3 (1), 16.2 (q). HRMS (EI): calc. for C,;H,,N,08, (M™)
m/z 250.0235, found 250.0236; MS (EI) m/z (% relative int.): 250
[M*](84), 235 (13), 203 (38), 177 (100), 145 (32), 117 (17), 87 (44).
Vmax (KBr)/cm™": 3310, 2917, 1699, 1614, 1484, 1319, 1078, 938,
888, 748.
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A new class of phosphotyrosyl (pTyr) mimetics, distinct from the conventional pTyr mimetic design of
adding non-hydrolyzable acidic functionalities to the 4'-position of phenylalanine, was created by
introducing carboxy-containing groups to the 3'-position of tyrosine. The effect of the chain length of
the carboxy substituent was examined. Reported herein is the chiral pool synthesis of the new pTyr
mimetics, and their first use in a novel non-phosphorylated Grb2-SH2 domain binding motif with the
5-amino-acid sequence Xx'-Leu-(3'-substituted-Tyr)-Ac6c-Asn. The highest affinity was exhibited by
the 3-L-(2-carboxyethyl)tyrosine-containing sulfoxide-cyclized peptide 3¢, with an IC5, = 1.1 uM,
providing a promising new template for further development of potent Grb2-SH2 domain inhibitors

with reduced charge and peptidic nature, but improved selectivity and bioavailability.

Introduction

Growth factor receptor-bound protein 2 (Grb2) mediates intra-
cellular signaling by its Src homology 2 (SH2) domain binding to
phosphotyrosyl (pTyr) motifs on growth factor receptors, thereby
leading to downstream activation of the mitogenic Ras pathways.!?
An aberrant Grb2-SH2 dependent Ras activation pathway has
been shown to contribute to cellular processes important to
cancer development and progression, including cell proliferation,
apoptosis and metastasis.** Thus, compounds which selectively
antagonize the SH2 domain of Grb2 should interrupt these
signaling pathways and thus are attractive targets for drug therapy
in oncology.>*

Based on the unique structural feature that Grb2-SH2 do-
main preferentially associates with the peptide or protein lig-
ands bearing the “pTyr-X-Asn” consensus sequence in a [-
turn conformation,” many efforts in the development of Grb2-
dependent signaling inhibitors have been focused on the creation
of pTyr mimetics and pre-induced B-turn geometries.® These strate-
gies are applicable to the phage library-based non-phosphorylated
cyclic peptide antagonists of the Grb2-SH2 domain, which do not
contain phosphortyrosine, yet can specifically bind to the target
protein with high affinity (Fig. 1, lead compound 1).* This new
type of pTyr-independent Grb2-SH2 binding motif functions by
a multi-point binding pattern involving well-defined side chains
and specific conformations.*"* However, the phosphorylation of
the Tyr residue within the consensus sequence of Tyr-Xx-Asn
improved the binding affinity 100-fold with respect to GITE."
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In combination with the recent finding that substitution at the
3'-position of the tyrosine greatly affects the activity of this non-
phosphorylated peptide ligand of the Grb2-SH2 domain (Fig. 1,
2)," we were intrigued to design a new class of pTyr mimetics
by introducing one carboxyl group at the 3'-position of tyrosine
and to incorporate it into a fully elaborated cyclic Grb2-SH2
domain-binding platform with reduced peptidic character (Fig. 1,
3). This is a brand new strategy, distinct from previously reported
pTyr mimetics in which the efforts were concentrated on the
replacement of the 4'-phosphate of pTyr with phosphonate or
dicarboxylate.”® Although an earlier attempt to synthesize pTyr
mimetics against the Grb2-SH2 domain by putting a carboxyl
group at the 3’-position of the tyrosine proved unsuccessful when
incorporated into an open-chain tripeptide platform,'® we wanted
to examine the new concept by trying various 3'-carboxyalkyl
groups in the context of our novel non-phosphorylated Grb2—
SH2 ligands. Reported herein is the chiral pool synthesis of
an orthogonally protected L-3-(carboxyalkyl)tyrosine suitable for
solid-phase peptide synthesis, and its first use in a new structural
platform binding to the Grb2-SH2 domain, with only a 5-
amino-acid sequence devoid of any pTyr or pTyr mimetics. The
highest affinity was exhibited by the L-3-(2-carboxyethyl)tyrosine-
containing sulfoxide-cyclized pentapeptide (3¢c) with an ICy, of
1.1 uM, providing a new solution to the trade-off between the
need for negatively charged pTyr mimetics for optimal affinity
and the need to minimize charge to facilitate cell entry for all SH2
domain inhibitors.®

Synthesis

Three new phosphotyrosyl mimetics bearing one carboxyl group
with different chain lengths at the 3-position of L-tyrosine
were synthesized in protected forms with O-Boc and COO-
‘Bu protection on the side chain and N-o-Fmoc protection on
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Fig. 1 The structures of synthetic non-phosphorylated peptide ligands binding to the Grb2-SH2 domain.

the backbone, suitable for the solid-phase peptide synthesis. As
outlined in Scheme 1, our synthesis begins with commercially
available N-Boc-L-tyrosine. Formylation of the phenol using a
modified Reimer-Tiemann process, namely treatment of the N-
Boc-L-tyrosine with chloroform and solid sodium hydroxide in
the presence of a small amount of water, gave the desired 3-formyl
compound 4. Transformation of the N-Boc protection into N-
Fmoc followed by the benzylation of the phenol group resulted in
the key intermediate 5. Compound 5 is a common intermediate
for the synthesis of 7 through an oxidation pathway, and 10
and 11 through a Wittig sequence. The oxidation of the formyl
group of 5 with Ag,O under basic conditions and subsequent
esterification of the resulting carboxylic acid with zerz-butyl 2,2,2-

trichloroacetimidate afforded the fully protected compound 6.
Hydrogenation removed the benzyl protecting groups, and was
followed by treatment with (Boc),O, yielding the desired product
7, orthogonally protected for solid-phase peptide synthesis. In the
other route, treatment of 5 with different Wittig reagents provided
compounds 8 and 9. Hydrogenation followed by treatment with
(Boc),O furnished the desired compounds 10 and 11, which were
suitably protected for solid-phase peptide synthesis.

The 3'-(carboxyalkyl)tyrosine-containing cyclic peptides 3a—f
were synthesized manually using Fmoc-based SPS protocols on
PAL amide resin." Key intermediates included the N-terminally
chloroacetylated derivative of the linear 5-mer precursor hav-
ing cysteine at the C-terminal position with a w-aminovaleric

OH OH OBn OBn
CHO CHO
a b, c,d e xR
. o 5 | — - 8 R=CO,Bu
COOH COH COBn CO,Bn 9 R=COEt
NHBoc NHBoc NHFmoc NHFEmoc
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Scheme 1 Synthetic route towards globally protected L-3-carboxyl-substituted tyrosines for solid-phase peptide synthesis. Reagents and conditions:
(a) 6 eq. NaOH, 2 eq. H,O, CHCI;, reflux; (b) 20% TFA in 10 mL DCM, rt; (c) 1.2 eq. FmocOSu, 10% Na,COs, 0 °C to rt; (d) 2.5 eq. BnBr, 2.5 eq.
K,CO;, "BuyNI, DMF, rt; (e) 1.0 eq. Ph;PCHR, DCM, rt; (f) 2.0 eq. Ag,0, 5% NaOH; (g) 3 eq. fert-butyl 2,2,2-trichloroacetimidate, THF-hexane;
(h) H,, 10% Pd/C, EtOH, rt; (i) 2.0 eq. (Boc),0, cat. DMAP, 2.0 eq. Et;N, DCM, rt.
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acid linker in between. Peptide cyclization was achieved by
intramolecular nucleophilic displacement of the chloro group
by the cysteine side-chain thiol functionality. The oxidation
of the thioether linkage into sulfoxide was readily achieved
using 5% aqueous H,0,. The resulting sulfoxide diastereoiso-
mers were easily separated by RP-HPLC. The stereochemistry
of the sulfoxide diastereoisomers was identified by CD spec-
troscopy. The faster-eluting sulfoxide was the R-diastereomer,
and the slower-eluting sulfoxide the S-diastereomer.” All final
products were purified by RP-HPLC, their identities assessed
by mass spectroscopy, and their purity checked by analytical
HPLC.

Results and discussion

Because of the important role of SH2 domains in signal trans-
duction pathways, SH2-mediated protein—protein interactions are
attractive therapeutic targets. However, a major difficulty in
designing SH2 domain-binding antagonists is the concentrated
negative charge of SH2 ligands (from phosphate and acidic side
chains), which would confer poor cellular activity and selectivity.
Therefore, phosphotyrosyl mimetics that retain high binding
affinity yet exhibit reduced net anionic charge is recognized and
pursued as an effective strategy to tackle such problems.

Our starting point is a phage library derived non-
phosphorylated thioether-bridged cyclic decapeptide ligand
(Fig. 1, 1).® In order to reduce the peptidic character, a new cyclic
Grb2-SH2 domain-binding platform was developed in which the
peptide chain was shortened to a 5-amino-acid sequence, and a
turn-inducing amino acid, namely a-aminocyclohexanecarboxylic
acid (Ac6c), incorporated at position 4. The cyclization linkage
adopted was the favored (R)-configured sulfoxide'? in the context
of non-phosphorylated cyclic Grb2-SH2 binding peptides. The
resulting (R)-sulfoxide-cyclized pentapeptide 3a displayed moder-
ate inhibitory activity (IC5, = 77 uM), serving as the structural
platform for the incorporation of new pTyr mimetics bearing one
carboxy group at the 3-position of tyrosine (Table 1).

pTyr mimetics containing phosphonate- and carboxylate-
based structures have been reported in the literature.’* To date,
monoacidic phosphoryl mimetics have tended to exhibit less
affinity than diacidic mimetics, due in part to the presence of
two highly conserved positively charged Arg residues within the
SH2 domain pTyr binding pocket. In particular, the monocarboxy
series, e.g., carboxymethylphenylalanine, while useful in decreasing
the net negative charge relative to pTyr, decreased affinity almost
100-fold, underscoring the importance of two negative charges for
molecular recognition by SH2 domains in the context of regular
linear phosphopeptides.!

Unlike the phosphopeptide ligands of Grb2-SH2 in which
phosphotyrosine is a major contributor to the binding, our
phage library based non-phosphorylated cyclic peptide antagonist
requires essentially all amino acids (except Gly’), as well as the
constrained conformation, to retain high affinity binding with
the Grb2-SH2 domain."* It is hoped that this multipoint bind-
ing pattern and conformational constraint may allow improved
interaction with the Grb2-SH2 domain by the incorporation
of 3-carboxytyrosine-based pTyr mimetics with monocarboxy
functionality.

Table 1 The inhibitory activity of 3'-(carboxyalkyl)tyrosine-containing
sulfoxide-bridged pentapeptides”

HQ
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N
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i H Asn®
HoN WN\[(\/\/NH
° © 3af
Compd. R R’ 1Cs,/uM?®
3a -H -CH,(CH,),COOH  77.0 £13.0
3b -COOH -CH,(CH,),COOH 16.5+ 3.5
3c -CH,CH,COOH  -CH,(CH,),COOH 1.1 +0.1
3d -CH,CH,CO,Et -CH,(CH,),COOH  40.0 +£7.0
3e -CH,CH,COOH -CH,CH(COOH), 445+ 16.5
3f -CH,CH,COOH  -CH; 14.0 £2.0

“The competitive binding affinity of ligands for the Grb2-SH2 domain
protein was assessed using Biacore surface plasmon resonance (SPR)
methods. ICs, values were determined by mixing the inhibitor with
recombinant Grb2-SH2 protein and measuring the amount of binding
at equilibrium to an immobilized SHC (pTyr-317) phosphopeptide in
a manner similar to that reported previously.® ® Values are calculated
from at least two independent experiments, and are expressed as the
concentration at which half-maximal competition was observed (ICs).
Errors are expressed as the standard deviation.

To our delight, when Tyr® was replaced with 3-carboxytyrosine,
the resulting peptide 3b exhibited a 4.6-fold increase in the binding
potency (ICs, = 16.5 + 3.5 uM) relative to the parent compound 3a
(Table 1). The chain length of the monocarboxy-based substitutent
at the 3'-position of Tyr was found to play an important role in the
Grb2-SH2 binding. Just extending the side-chain of the 3'-carboxy
substituent with two methylene units, i.e. substitution of Tyr with
3'-(2-carboxyethyl)tyrosine, provided peptide 3¢, displaying a 14-
fold and 70-fold enhancement in Grb2-SH2 domain antagonist
potency (IC5, = 1.1 £ 0.1 uM) relative to its zero-linker congener
3b and the parent compound 3a, respectively (Table 1). The gain
in activity caused by the introduction of the linker might be
attributed to an optimal positioning of the carboxyl group into
the binding pocket by the flexible long side-chain. As expected, the
loss of the free carboxylic acid by formation of the ethyl ester 3d,
i.e. replacement of Tyr® with L-3-(2-(ethylcarboxy)ethyl)tyrosine
resulted in a marked decrease in the activity (IC5, = 40.0 & 7.0
uM) (Table 1), suggesting that the acidic groups at the side chain
of the tyrosine provide the key ionic interactions with the charged
guanidine groups of the Arg67 (0A-helix) and Arg86 (BC-strand)
residues within the pTyr binding pocket. However, the ethyl ester
3d could be used as a potential prodrug of 3c in the future.

A previous SAR study has disclosed that the Glu' side chain
in GITE (1) compensates for the absence of Tyr® phosphory-
lation in securing effective binding to the Grb2-SH2 domain.’
Thus, replacement of Glu' with y-carboxyglutamic acid (Gla)
prominently improves binding affinity.’** However, in our case,
in the presence of the L-3'-(2-carboxyethyl)tyrosine as a pTyr
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mimetic, the introduction of Gla at position 1 (to give 3e)
adversely affects the binding, with a 40-fold decrease in the potency
(ICs = 44.5 + 16.5 uM) compared to its precursor 3c (Table 1).
This negative result may indicate that the dicarboxyl side-chain
of Gla' competes for the conformational space occupied by the
carboxyl functionality of the pTyr mimetics, thus the crowded
acidic groups interfere with the proper interactions with the
binding pocket. This observation is similar to that found in pTyr-
containing G1TE analogs, in which the acidic Glu' is not favorable
for binding.” Consistently, the replacement of Gla' with Ala!
(to give 3e), resulted in a 3-fold increase of the binding affinity
(ICs) = 14.0 £ 2.0 uM) relative to the precursor 3d (Table 1), while
keeping a low net negative charge. These results are in agreement
with the unique and important molecular mechanism disclosed
by our previous SAR studies®* for the non-phosphorylated cyclic
Grb2-SH2 domain-binding motif with a 9-amino-acid sequence.

Molecular modeling

The above observations can be nicely rationalized from the
results of molecular modeling experiments. Based on the X-
ray crystal structure of Grb2-SH2 domain having a bound
cyclic phosphopeptide ligand,? we undertook molecular modeling
studies to examine the interactions of peptides 3b, 3¢ and 3d
with the Grb2-SH2 domain protein, respectively. The automated
molecular docking can produce several optional conformations
of the inhibitors. The conformation corresponding to the lowest
binding energy was selected as the possible binding conformation,
as shown in Fig. 2.

In the final models (Fig. 2), it is evident that the carboxyl
group introduced at the 3'-position of tyrosine makes key hydrogen
bonding interactions with residues Arg67, Arg86 and Ser96 within
the pTyr binding pocket of the Grb2-SH2 protein. For peptide
3b, the acidic hydroxyl group of the 3'-carboxytryosine residue
makes two H-bonding interactions with each guanidino group
of Agr67 and Arg86, while the 4'-hydroxy group of the phenyl
ring forms an H-bond with Ser90. As a comparison, when
the side-chain of the 3'-carboxy substituent was extended by
two CH, units, the L-3-(2-carboxyethyl)tyrosine-containing cyclic
peptide 3c gained two additional H-bonding interactions with
the hydroxyl side chain of Ser96 and the guanidino side chain
of Arg86, provided by the hydroxyl and the carbonyl group of
the 3'-(2-carboxyethyl) side chain, respectively. However, for the
L-3-(2-ethylcarboxyethyl)tyrosine-containing peptide 3d, the loss
of the free carboxyl acid group at the 3-position of Tyr resulted
in a complete loss of the H-bonding interactions. The proposed
binding mode is consistent with the activity data.

Conclusions

In this study, we designed a new class of phosphotyrosyl mimetics
by introducing carboxy-containing groups at the 3’-position of
tyrosine for enhanced binding to Grb2-SH2 domain of non-
phosphorylated cyclic peptide ligands with reduced charge. A chi-
ral pool synthetic approach was developed to prepare orthogonally
protected L-3-(carboxyalkyl)tyrosines suitable for solid-phase pep-
tide synthesis. The incorporation of the new pTyr mimetics into
a phage library-derived non-phosphorylated structural platform
bearing only a S-amino-acid sequence resulted in a significant

increase of the binding potency, which might be attributable to
an enhanced electrostatic interaction originating from the 3'-
carboxy group of the tyrosine. The highest affinity was exhibited
by the L-3-(2-carboxyethyl)tyrosine-containing pentapeptide (3c)
with an ICs, = 1.1 uM, providing a promising new strategy for the
development of potent Grb2-SH2 domain inhibitors with reduced
charge and peptidic nature. This strategy may potentially find
value in SH2 domain systems other than Grb2, where pTyr serves
as a critical recognition determinant for effective binding.

Experimental

Binding affinity measurement of peptides to Grb2—SH2 domain
using Surface Plasmon Resonance (SPR)

The competitive binding affinity of ligands for the Grb2-SH2
protein was assessed using Biacore SPR methods on a BIAcore
3000 instrument (Pharmacia Biosensor, Uppsala, Sweden). 1C;,
values were determined by mixing various concentrations of
inhibitors with the recombinant GST-Grb2-SH2 domain protein
and measuring the amount of binding at equilibrium to the
immobilized SHC phosphopeptide (pTyr’"), i.e. biotinyl-DDPS-
pY-VNVQ, in a manner described previously.® Briefly, the bi-
otinylated phosphopeptide was attached to a streptavidin-coated
SAS Biosensor chip, and the binding assays were conducted in
pH 7.4 PBS buffer containing 0.01% P-20 surfactant (Pharmacia
Biosensor).

Molecular modeling

The advanced docking program Autodock 3.0.3**% was used to
automatically dock each of the three inhibitors to the binding
pocket of the Grb2-SH2 protein. The crystal structure of Grb2—
SH2 complexed with a cyclic phosphopeptide of cyclo(Ac-thiaLys-
pTyr-Val-Asn-Val-Pro) (PDB entry code 1BM2)* was recovered
from Brookhaven Protein Database (PDB). The missed side-chain
atoms of Met55 were modeled by Sybyl 6.8 software.?® The initial
conformations of the three inhibitors were modeled based on the
peptide in the crystal structure. The kinds of atomic charges were
taken as Kollman-united-atom? for the protein and Gasteiger—
Marsili*® for the inhibitors.

The whole docking operation used in this study is as follows.
First, the protein was checked for polar hydrogen and assigned
for partial atomic charges, and then a PDBQ file was created,
and the atomic solvation parameters assigned for the protein.
Meanwhile, some of the torsion angles of the inhibitor that
would be explored during the molecular docking stage were
defined, allowing the conformation search for the ligand during
the docking process. Second, a grid map with 80 x 80 x 80 points
and a spacing of 0.375 A was calculated using the AutoGrid
program,* to evaluate the binding energies between the inhibitor
and the protein. Third, the Lamarckian genetic algorithm (LGA)*
was applied to deal with the inhibitor—protein interaction. Some
important parameters for LGA calculations were set as follows:
an initial population of random individuals with a size of 500; a
maximum number of 1.5 x 10° energy evaluations; a maximum
number of generations of 5.0 x 10*. Default values were used for
the other parameters. The energy minimization was performed by
a Solis and Wets local search on a user-specified proportion of the
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population. Finally, the docked conformations of the inhibitor
were selected according to the criterion of interaction energy
combined with geometrical matching quality after a reasonable
number of evaluations.

Synthesis

The'H-NMR spectra were recorded on a Varian Mercury-
400 MHz spectrometer. The data are reported in parts per million
relative to TMS and referenced to the solvent in which they
were run. Elemental analyses were obtained using a Vario EL
spectrometer. Melting points (uncorrected) were determined on
a Buchi-510 capillary apparatus. EI-MS spectra were obtained
on a Finnigan MAT 95 mass spectrometer. ESI-MS spectra were
obtained on a Finnigan LCQ Deca mass spectrometer. Specific
rotations (uncorrected) were determined in a Perkin—Elmer 341
polarimeter. The solvent was removed by rotary evaporation
under reduced pressure, and flash column chromatography was
performed on silica gel H (10-40 pm). Anhydrous solvents were
obtained by redistillation over sodium wire.

N-|(1,1-Dimethylethoxy)carbonyl]-3-(3-formyl-4-hydroxyphenyl)-
L-alanine (4). Powdered sodium hydroxide (1.71 g, 42.72 mmol)
was added to a suspension of N-Boc-L-tyrosine (2 g, 7.12 mmol),
water (0.256 mL, 14.13 mmol), and chloroform (30 mL). The
mixture was refluxed for 4 h. Additional sodium hydroxide was
added (0.84 g, 21.36 mmol) in two portions after 1 h and 1.5 h,
respectively. The reaction was then diluted with water and ethyl
acetate, and the aqueous layer was acidified to pH 1 with 1 N HCl
and back-extracted with ethyl acetate. The organic extracts were
washed with brine, dried over Na,SO,, and concentrated. Flash
column chromatography (silica gel, 12 : 1 CHCl;-MeOH with 1%
acetic acid as eluent) afforded the desired product 4 as a brown
oil (720 mg, 33%). '"H NMR (CDCl;, 400 MHz): § 10.92 (1H, s),
9.84 (1H, s), 7.37 (d, 1H, J = 1.6 Hz), 7.33 (1H, d, J = 8.4 Hz),
6.74 (1H, d, J = 7.8 Hz), 5.28 (1H, bs), 4.96 (1H, m), 3.06-3.03
(2H, m), 1.40 (9H, s).

3-(4-Benzyloxy-3-formylphenyl)-2-(9 H-fluoren-9-ylmethoxycar-
bonylamino)propionic acid benzyl ester (5). Compound 4
(600 mg, 1.94 mmol) was dissolved in 20% TFA in DCM (10 mL),
and the solution stirred at rt for 30 min. The solvent was then
concentrated, and the residue dissolved in 10% Na,CO; (10 mL)
and a solution of FmocOSu (786 mg, 2.3 mmol) in dioxane
(10 mL) added dropwise, while stirring the mixture at rt overnight.
Subsequently, the reaction mixture was poured into water and
extracted with Et,O. The aqueous phase was acidified with 1 N
HCI to pH 3, and the aqueous phase was back-extracted with
EtOAc. The organic phase was dried over Na,SO,, and the solvent
was removed in vacuo. The residue was dissolved in 10 mL DMF,
and BnBr (0.56 mL, 4.64 mmol), K,CO; (640 mg, 4.64 mmol),
and "Bu,NI (81 mg, 0.125 mmol) added. The mixture was stirred
at rt overnight. Subsequently, the reaction mixture was poured
into water and extracted with Et,0O. The organic phase was dried
over Na,SO,, and the solvent removed in vacuo. Flash column
chromatography (silica gel, 1 : 4 EtOAc-PE as eluent) afforded
the desired product 5 as a white foam (758 mg, 64%). '"H NMR
(CDCl;, 400 MHz): 6 10.49 (s, 1H), 7.77-7.26 (m, 19H), 7.16 (d,
1H, J = 8.4 Hz), 6.87 (d, 1H, J = 8.4 Hz), 5.36 (m, 1H), 5.18 (s,
2H), 5,14 (s, 2H), 4.70-4.64 (m, 1H), 4.45-4.11(m, 3H), 3.13-3.04

(m, 2H). EI-MS: m/z 611 (M), 178 (100), 91 (24). HRMS: calcd
for Cs;HyO4: 611.2308; found: 611.2315. [a22 = +3.2 (c = 1.7,
CHCL,).

2-Benzyloxy-5-|2-benzyloxycarbonyl-2-(9 H-fluoren-9-ylmethoxy-
carbonylamino)ethyl]benzoic acid zert-butyl ester (6). Compound
5 (220 mg, 0.36 mmol) was added to a stirred suspension of
Ag,O (158 mg, 0.68 mmol) in 5% aq. NaOH (4 mL). After
being stirred for 24 h, the suspension was filtered and the solid
was washed with H,O. The filtrate was cooled to 0 °C, acidified
with 1 N HCI, extracted with Et,O, and the extracts dried and
concentrated. To the solution of the crude product and fert-butyl
2,2,2-trichloroacetimidate (398 mg, 1.35 mmol) in dry THF
(10 mL), was added BF;-Et,O (50 puL). The solution was stirred
at rt for 16 h, and then concentrated. The residue was diluted
with saturated NaHCO; and ethyl acetate, and the aqueous
layer back-extracted with ethyl acetate. The organic extracts were
washed with H,O, brine, dried over Na,SO,, and concentrated.
Flash column chromatography (silica gel, 6 : 1 PE-EtOAc)
afforded the desired product 6 as a white solid (150 mg, 61%). 'H
NMR (CDCl;, 400 MHz): 6 7.76-7.26 (m, 19H), 7.16 (d, 1H, J =
8.4 Hz), 6.87 (d, 1H, J = 8.4 Hz), 5.36 (m, 1H), 5.18 (s, 2H), 5,14
(s, 2H), 4.72-4.10 (m, 4H), 3.13-3.04 (m, 2H), 1.50 (s, 9H).

2-tert-Butoxycarbonyloxy-5-|2-carboxy-2-(9 H-fluoren-9-ylmeth-
oxycarbonylamino)ethyllbenzoic acid tert-butyl ester (7). 10%
Pd/C (10 mg) and 6 (315 mg, 0.46 mmol) was dissolved in dry
EtOH (10 mL). The solution was stirred at rt overnight under
H,. The Pd/C was filtered off and the filtrate concentrated in
vacuo to afford a colorless oil (181 mg, 0.36 mmol). This residue,
Boc,0 (156 mg, 0.72 mmol), Et;N (20 mL), and cat. DM AP were
dissolved in DCM (18 mL), and the solution stirred at rt for 2 h.
The solvent was removed in vacuo. Flash column chromatography
(silica gel, 1 : 4 EtOAc-PE as eluent) afforded the desired product
7 as a white foam (110 mg, 51%). '"H NMR (CDCl;, 400 MHz): §
7.76-7.26 (m, 8H), 7.18-7.02 (m, 3H), 5.59 (d, 1H, J = 8.0 Hz),
4.74-4.69 (m, 1H), 4.64-4.18 (m, 3H), 3.21-3.13 (m, 2H), 1.56 (s,
9H), 1.49 (s, 9H). ESI-MS: m/z 602 (M — H)~, 546 (M — 'Bu),
530 (M — O'Bu). Anal. caled for C;,H;;NO,: C, 67.65; H, 6.18;
N, 2.32. Found: C, 67.76; H, 6.37; N, 2.06. [a]5 = +19.8 (¢ = 0.5,
CHCl,).

3-{2-Benzyloxy-5-[2-benzyloxycarbonyl-2-(9 H-fluoren-9-ylmeth-
oxycarbonylamino)ethyllphenyl }acrylic acid tert-butyl ester (8).
Ph,;P=CHCO,'Bu (273 mg, 0.80 mmol) was added to a solution
of compound 5 (402 mg, 0.65 mmol) in DCM (15 mL), and the
mixture stirred at rt for 10 h. The solvent was removed in vacuo.
Flash column chromatography (silica gel, 1 : 6 EtOAc-PE as
eluent) afforded the desired product 8 as a white foam (282 mg,
64%). '"H NMR (CDCl,, 400 MHz): 6 7.69 (d, 1H, J = 16.0 Hz),
7.90-7.25 (m, 19H), 6.92 (dd, 1H, J, = 8.4 Hz, J, = 1.6 Hz),
6.76 (d, 1H, J = 8.4 Hz), 6.39 (d, 1H, J = 16.4 Hz), 5.31 (d, 1H,
J =8.4Hz),5.17 (d, 2H, J = 12.0 Hz), 5,09 (m, 1H), 4.71-4.67
(m, 1H), 4.46-4.41 (m, 3H), 3.08-3.05 (m, 2H), 1.49 (s, 9H).
EI-MS: m/z (%) 709 (M*), 91 (100). HRMS: calcd for C,;;H3yNO;:
709.3040; found: 709.3028. [a]? = —3.6 (¢ = 1.0, CHCL,).

3-{2-Benzyloxy-5-[2-benzyloxycarbonyl-2-(9 H-fluoren-9-ylmeth-
oxycarbonylamino)ethylphenyl }acrylic acid ethyl ester (9). Pre-
pared from compound 5 (409 mg, 0.67 mmol) by a procedure
similar to that used for 8, to give 9 as a white foam (342 mg,
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75%). "H NMR (CDCL,, 400 MHz): 6 7.98 (d, 1H, J = 16.4 Hz),
7.76-7.23 (m, 19H), 6.92 (d, 1H, J = 8.4 Hz), 6.76 (d, 1H, J =
8.4 Hz), 6.47 (d, 1H, J = 16.4 Hz), 5.31 (d, 1H, J = 8.4 Hz),
5.19-5.10 (d, 2H, J = 12.4 Hz), 5.10 (s, 2H), 4.71-4.17 (m,
4H), 4.23 (q, 2H, J = 7.2 Hz), 3.08-3.05 (m, 2H), 1.31 (t, 3H,
J = 7.2 Hz). EI-MS: 681 (M*). HRMS: caled for C;H,,NO:
681.2727; found: 681.2735. [a]2> = —2.5 (¢ = 1.0, CHCL,).

3-{2-tert-Butoxycarbonyloxy-5-[2-carboxy-2-(9H -fluoren-9-
ylmethoxycarbonylamino)ethylphenyl }acrylic acid zerz-butyl ester
(10). Prepared from compound 8 (275 mg, 0.39 mmol) by a
procedure similar to that used for 7, to give 10 as a white foam
(135 mg, 55%). "H NMR (CDCl;, 400 MHz): 6 7.79-7.28 (m, 8H),
7.03-6.97 (m, 3H), 5.41 (d, 1H, J = 8.4 Hz), 4.65-4.60 (m, 1H),
4.43-4.18 (m, 3H), 3.10-3.07 (m, 2H), 2.81 (t, 2H, J = 8.0 Hz),
2.48 (t, 2H, J = 8.0 Hz), 1.53 (s, 9H), 1.44 (s, 9H). EI-MS: m/z
(%) 530 (M — CO,'Bu), 178 (100), 161 (12). [a]? = +13.6 (¢ = 0.5,
CHCL). Anal. caled for C;H, NO,: C, 68.45; H, 6.54; N, 2.22.
Found: C, 68.76; H, 6.34; N, 1.79.

3-[4-tert-Butoxycarbonyloxy-3-(2-(ethoxycarbonyl)ethyl)phenyl]-
2-(9H -fluoren-9-ylmethoxycarbonylamino)propionic acid (11).
Prepared from compound 9 (241 mg, 0.35 mmol) by a procedure
similar to that used for 7, to give 11 as a white foam (109 mg, 51%).
'"H NMR (CDCl,, 400 MHz): ¢ 7.77-7.29 (m, 9H), 7.03-6.99 (m,
2H), 5.45 (d, 1H, J = 8.0 Hz), 4.71-4.17 (m, 4H), 4.12 (q, 2H,
J =7.6 Hz), 3.10-3.00 (m, 2H), 2.84 (t, 2H, J = 7.6 Hz), 2.56 (t,
2H, J = 7.6 Hz), 1.46 (s, 9H), 1.24 (t, 3H, J = 7.6 Hz). EI-MS:
m/z (%) 531 (M — CO,Et), 178 (100), 91 (45). [a]Z = +15.6 (¢ =
0.65, CHCI;). Anal. caled for C3,H;,NO,: C, 67.65; H, 6.18; N,
2.32. Found: C, 67.95; H, 6.03; N, 1.88.

General procedure for the synthesis of peptides 3a—f

All peptides were synthesized manually using standard solid-
phase peptide chemistry with Fmoc-protected amino acids on
Pal resin on a 0.1 mmol scale. HOBt/DIPCDI activation of N¢-
protected amino acids was employed for coupling, and 20% piperi-
dine in DMF was used for Fmoc deprotection. NH,Ac/HOAc
buffer was used for backbone cyclization. TFA-TES-H,O (9.5 :
0.25 : 0.25) was used for the resin cleavage and side-chain
deblocking. The oxidation of the thioether linkage into sulfox-
ide was accomplished using 5% aq. H,O,. The final product
was purified by semi-preparative reverse-phase HPLC. HPLC
conditions: Vydac C18 column (20 x 250 mm). Solvent gra-
dient system 1: A, 0.05% TFA in water, B, 0.05% TFA in
90% acetonitrile in water. Solvent gradient system 2: A, 0.05%
TFA in water; C, 0.05% TFA in 90% methanol in water with
gradient indicated below. Flow rate: 2.5 mL min~'. UV detector:
225 nm. ESI-MS was performed on a Finnigan LCQ Deca
mass spectrometer. The purity of products was characterized
by analytical RP-HPLC using two solvent systems: method 1,
gradient 10-70% B over 30 min; method 2, gradient 10-70% C over
30 min.

Cyclo-[Ac-Adi-Leu-Tyr-Ac6c-Asn-Ava-Cys (O)-(R)]-amide (3a).
ESI-MS, m/z: calc. 932.4 (M — H)~, found 932.3. t = 14.9 min
(10-70% of solvent B in 30 min, purity 98%); tx = 20.9 min (10—
70% of solvent C in 30 min, purity 95%).

Cyclo-[Ac-Adi-Leu-(3-CO,H-Tyr)-Ac6c-Asn-Ava-Cys (O)-(R)]-
amide (3b). ESI-MS, m/z: calc. 978.4 (M + H)*, found 978.4.
tg = 15.1 min (10-70% of solvent B in 30 min, purity 99%); tx =
21.6 min (10-70% of solvent C in 30 min, purity 96%).

Cyclo-[Ac-Adi-Leu-(3-CH,CH,CO,H-Tyr)-Ac6c-Asn-Ava-Cys
(0)-(R)]-amide (3c). ESI-MS, m/z: calc. 1004.4 (M — H)~, found
1004.7. tg = 15.3 min (10-70% of solvent B in 30 min, purity 98%);
tr = 21.4 min (10-70% of solvent C in 30 min, purity 95%).

Cyclo-[Ac-Adi-Leu-(3-CH,CH,CO,Et-Tyr)-Ac6c-Asn-Ava-Cys
(0)-(R)]-amide (3d). ESI-MS, m/z: calc. 10324 (M — H),
found 1032.4. tx = 14.4 min (10-70% of solvent B in 30 min,
purity 98%); tx = 20.3 min (10-70% of solvent C in 30 min,
purity 95%). '"H-NMR (600 MHz, H,O + D,0): ¢ 8.70 (s, 1H),
8.39 (d, 1H, J = 8.4 Hz), 8.28 (d, 1H, J = 6.0 Hz), 8.11 (d,
1H, J = 7.2 Hz), 7.69 (s, 1H), 7.62 (s, 1H), 7.54 (d, 1H, J =
6.0 Hz), 7.50-7.48 (m, 2H), 7.15 (s, 1H), 6.86 (s, 1H), 6.74 (d, 1H,
J = 6.6 Hz), 6.83 (s, 1H), 6.51 (d, 1H, J = 6.6 Hz), 4.39-4.36
(m, 2H), 4.09-4.01 (m, 3H), 3.60-3.46 (m, 3H), 3.28-3.05 (m,
2H), 3.03-2.71 (m, 10H), 2.28-2.10 (m, 6H), 1.67-1.63 (m, 1H),
1.53-1.44 (m, 4H), 1.47-1.37 (m, 10H), 1.36-1.16 (m, 6H), 0.76
(d, 3H, J = 6.6 Hz), 0.68 (d, 1H, J = 6.6 Hz).

Cyclo-|Ac-Gla-Leu-(3-CH,CH,CO,H-Tyr)-Ac6c-Asn-Ava-Cys
(0)-(R)]-amide (3e). ESI-MS, m/z:calc. 1035.1 (M — H)~, found
1035.4. tx = 15.2 min (10-70% of solvent B in 30 min, purity 96%);
tg = 22.1 min (10-70% of solvent C in 30 min, purity 96%).

Cyclo-[Ac-Ala-Leu-(3-CH,CH,CO,H-Tyr)-Ac6c-Asn-Ava-Cys
(0)-(R)]-amide (3f). ESI-MS, m/z: calc. 932.4 (M — H)", found
932.3. tg = 16.7 min (10-70% of solvent B in 30 min, purity 99%);
tg = 24.6 min (10-70% of solvent C in 30 min, purity 95%).
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A series of six deuterium-labelled analogs of isopententyl diphosphate (IPP) was prepared to investigate
the detailed stereochemical course of addition of Cs units during rubber biosynthesis in Hevea
brasiliensis and Parthenium argentatum. These analogs were incorporated into the cis-polyisoprene
chain by rubber transferase in rubber particles, and the stereochemistry was determined by *H-NMR
analysis of the polymer or of levulinic acid derivatives obtained from its ozonolytic degradation.
Results indicate that rubber chain elongation occurs with loss of the pro-S hydrogen of IPP, addition of
the allylic diphosphate to the si face of IPP and inversion of stereochemistry at the carbon bearing the

diphosphate.

Introduction

Rubber is a vital raw material and is used in the production of
40 000 commercial products, including over 400 medical devices.!
Although there are more than 2500 known species of plants that
produce rubber, the primary commercial source of natural rubber
is the Brazilian rubber tree, Hevea brasiliensis.* The H. brasilinesis
crop consists predominately of plantation-grown clonal trees.
This has resulted in a lack of genetic diversity making the crop
susceptible to pathogenic attack.® Therefore, there is considerable
interest in developing an alternate commercial source of high
quality rubber, for example from the desert shrub, Parthenium
argentatum (guayule).*

Natural rubber (cis-1,4-polyisoprene) biosynthesis is catalyzed
by rubber transferase (EC 2.5.1.20), a membrane bound cis-
prenyltransferase.>® This enzyme controls the elongation of the
terminal allylic diphosphate of the growing chain by isopentenyl
diphosphate 1 (IPP) to form rubber 3 (Scheme 1). The process
is usually initiated with a trans allylic diphosphate, for example
farnesyl diphosphate 2 (FPP), but all subsequent isoprene units
have cis geometry. Rubber transferase also requires a divalent
metal cofactor such as Mg* or Mn?** for activity.”

Prenyltransferases, the enzymes that catalyze the formation
of linear prenyl chains, have been studied extensively. In 1966,
Cornforth et al. delineated the stereochemical outcome of the
trans-prenyltransferase, farnesyl diphosphate (FPP) synthase, the
enzyme that synthesizes the C,s isoprenoid farnesol skeleton.®®
By using a series of deuterium labelled (4R)- and (4.S)-mevalonic
acid substrates, they were able to show that the reaction between
IPP and dimethylallyl diphosphate 4 (DMAPP) occurs with
overall inversion of stereochemistry of the allylic diphosphate
with concomitant elimination of the pro-R proton of IPP to
form the trans-alkene of the intermediate geranyl diphosphate 5
(Scheme 2).
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Scheme 1 Rubber biosynthesis.

Scheme 2 Stereochemical outcome of farnesyl diphosphate synthase.

Cornforth and coworkers also investigated the stereochemistry
of natural rubber biosynthesis. Incorporation of labelled (4R)
and (4S5)-[4-*H,] mevalonate with crude plant homogenates from
H. brasiliensis was consistent with the elimination of the pro-
S hydrogen.' However, as it has since been demonstrated that
plants biosynthesize IPP through both the cytosolic mevalonic
acid pathway and the plastidal methylerythritol 4-phosphate
pathway,'"* the significance of Cornforth’s experiments with
rubber is less clear.

Studies with undecaprenyl diphosphate (UPP) synthase (a cis-
prenyltransferase)’® and heptaprenyl disphosphate synthase (a
trans-prenyltransferase)™ led to the axiom that the pro-R hydrogen
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of IPP is eliminated during the biosynthesis of ¢rans-prenyl chains
while the pro-S hydrogen is eliminated for cis-prenyl chains.
However, examination of the biosynthesis of polyprenols from
the plant Mallotus japonicus illustrated that, contrary to this
hypothesis, the pro-R hydrogen is eliminated during the biological
formation of the cis-prenyl chains of malloprenols.'

The stereochemical arrangement during the cis C-C bond
formation in the biosynthesis of UPP was reported by Ogura
and coworkers. Incorporation studies with deuterium-labelled
analogs of IPP revealed that reaction occurs on the si face of
the double bond in TPP.’*'7 Related investigations with the trans-
prenyltransferases, heptaprenyl diphosphate synthase and FPP
synthase, indicate that the C—C bond formation also occurs at the si
face of IPP."*8 In contrast, studies with FPP synthase from the pea
plant, Pisum sativum, indicate that addition occurs on the re face
of IPP, which is in disagreement with Cornforth’s stereochemical
picture of isoprenoid biosynthesis.'

Since there are differences between cis-prenyltransferases in the
stereochemistry of the hydrogen elimination from IPP, it cannot
be stated a priori that rubber transferase will proceed via loss of the
pro-R or pro-S proton. Moreover, in order to generate a detailed
picture of the stereochemical constraints exerted by rubber
transferase, two other stereochemical issues must be addressed,
namely which face (re or si) of the double bond in IPP participates
in its addition to the growing rubber chain, and whether this attack
on the terminal allylic diphosphate proceeds with retention or
inversion of stereochemistry. Generally, the displacement of the
allylic diphosphate by IPP has been shown to occur with inversion
of stereochemistry at the primary allylic carbon.®?* Knowledge
of the three dimensional aspects of the rubber transferase reaction
can assist understanding of the mechanism of this enzyme that
is responsible for production of a major commodity. It also
allows comparison to other prenyltransferases and may help in
the development of new rubber producing systems, potentially
including new rubber crops.

In the present work, we elucidate the cryptic stereochemistry of
rubber biosynthesis by synthesis and incorporation of deuterium-
labelled analogs of IPP 6-11 (Fig. 1) followed by deuterium
NMR analysis of the resulting rubber or its degradation products.
Incorporations of compounds 6 and 7 into biosynthetically active
rubber particles from H. brasiliensis and P. argentatum can be
used to distinguish which face of the alkene participates in its
addition to the growing rubber chain, whereas utilisation of 8
and 9 determines the stereochemistry of hydrogen elimination.
Incorporation of labelled IPP analogs 10 and 11 verifies the
stereochemistry of displacement of the allylic diphosphate during
rubber biosynthesis.

D D
/\/E /\J\ Pro
PPO PPO D
6 7

8
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PPO PPO

9 10 1
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Fig. 1 Synthetic target molecules: deuterium analogs of IPP 6-11.

Results and discussion

Substrates 6, 7,2 and 8** were prepared as described previously.
The synthesis of (S)-[2-*H,]-IPP 9 is analogous to 8 and is
shown in Scheme 3. Addition of methylmagnesium bromide to L-
glyceraldehyde acetal®2¢ 12 and oxidation of the resulting alcohol
with TPAP and NMO provides the methyl ketone 13. Peterson
olefination of 13 and deprotection gives 14, which is tosylated in
pyridine at 0 °C to afford 15. Ring closure under basic conditions
generates the epoxide and treatment with sodium borodeuteride
in the presence of boron trifluoride-etherate produces the enan-
tiospecifically deuterium labelled alcohol, which is further reacted
with tosyl chloride to yield the tosylate 16. The enantiomeric purity
of 16 was determined to be >95% ee.”” Phosphorylation of 16
with tris(tetra-n-butyl)ammonium hydrogen pyrophosphate® in
MeCN yields (S)-[2-°H,]-isopentenyl diphosphate 9.

The chiral diphosphates 10 and 11 can be prepared by phos-
phorylation of the corresponding chiral alcohols (Scheme 4).
Reaction of the Grignard reagent derived from allylic chloride

12 13 14

J y
vi, vii, viii
Y ~— TsO

OH

/\)J\ ix
PPO Y ~— TsO

9 16 15

Om
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Scheme 3 Synthesis of (S)-[2-*H,]-IPP 9. Reagents and conditions:
(i) MeMgBr, Et,0; (ii) TPAP, NMO, 4 A MS, 39%; (iii) LiCH,Si(Me),
Et,O, —78 °C, 80%; (iv) HCl, EtOH, 75%; (v) TsCl, pyridine, 71%;
(vi) KOH; (vii)) NaBD;CN, BF;-OEt,; (viii) TsCl, Et;N, DMAP, 26%;

(ix) (Bu,N);HP,O;, MeCN, 87%.
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Scheme 4  Synthesis of (S)- and (R)-[1-*H,]-IPP 10 and 11. Reagents and
conditions: (i) Mg, THF, A, 2 h; (ii)) CO,, 39%; (iii) LiAlD,, Et,0, 70%;
(iv) IBX, DMSO; (v) (S)-Alpine borane, THF; (vi) TsCl, Et;N, DMAP,
10% for 21 and 11% for 22 (over 3 steps); (vii) (R)-Alpine borane, THF;
(viii) (BuyN);HP,O,, MeCN, 87% for 10 and 86% for 11.
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17 with CO, affords the allylic acid 18. Reduction of the acid
with LiAID, provides the di-deuterio alcohol 19. Oxidation of 19
using PCC results in contamination of the desired product 20 by
the corresponding conjugated aldehyde. This problem is readily
circumvented by the using the mild IBX oxidant.**

Reaction of the labelled aldehyde 20 with (S)-Alpine-Borane®
(B-isopinocampheyl-9-boracyclo[3.3.1]nonane)** gives (1R)-[1-
’H,]-3-methylbuten-1-ol. The use of this boron reagent has been
recently described for the preparation of chiral deuterium labelled
allylic diphosphates by Coates and coworkers.*? Stereochemical
analysis using Mosher’s ester®® indicates that the alcohol has an
ee of 90%. Treatment of this chiral alcohol with tosyl chloride
affords the tosylate 21, which is then converted to the desired (1.5)-
[1-°H,]-IPP 10, by reaction with tris(tetra-n-butyl)ammonium
hydrogen pyrophosphate. Analogously, reduction of the aldehyde
20 with (R)-Alpine-Borane® and subsequent reaction with tosyl
chloride gives 22, which is then transformed into the enantiomeric
target, (1R)-[1-°H,]-IPP 11 (90% ee). The yields of 21 and 22 are
not optimized and are low due to volatility of the intermediate
aldehyde.

Stereochemistry of hydrogen loss during alkene formation

Initially the stereochemistry of the hydrogen elimination step
was investigated. Incorporations of specifically deuterated IPP
analogs 8 and 9 should result in retention of deuterium in one
case and in loss in the other. This can be easily detected by
H-NMR analysis of the resulting rubber product. Thus, each
of the stereospecifically deuterated IPP’s, (R)-[2-*H,]-IPP 8 and
(S)-[2-°H,]-TPP 9 were independently incorporated into rubber
by incubation with rubber particles from H. brasiliensis and P.
argentatum containing rubber transferase. The resulting rubber
samples were isolated and analyzed by >H-NMR spectroscopy.

Analyses of the rubber resulting from the incorporations of (S)-
[2-*H,]-IPP 9 show no increase in the intensity of the olefinic
signals. However, 2H-NMR analysis in CHCI; of the rubber
isolated from incorporation of (R)-[2-°H,]-IPP 8 using either
species displays an increase in the intensity of the signal at 5.3 ppm
(Fig. 2). These results are consistent with pro-S hydrogen elimina-
tion and pro-R hydrogen retention during rubber biosynthesis in
both Hevea and Parthenium (Scheme 5). This outcome is also in
agreement with elimination of the pro-S hydrogen observed during
the biosynthesis of cis-prenyl chains by the bacterial enzyme UPP
synthase.’

6.0 50 40 3.0 2.0 1.0 0.0
ppm

Fig. 2 2H-NMR (76.5 MHz, CHC];) spectrum of rubber from incorpo-
ration of (R)-[2-"H,]-IPP 8 by rubber particles from H. brasiliensis.

Stereochemical outcome of diphosphate displacement

Analogs of IPP 10 and 11 with stereospecific deuterium labels at
the 1-position were used to determine the stereochemistry of the

PPO._ > H) D
PPO.
rubber transferase AN
X

O
R
R = cis-nolvorenvl chain

Scheme 5 Stereochemistry of hydrogen loss during formation of rubber
by H. brasiliensis and P. argentatum.

diphosphate displacement (inversion or retention) during rubber
biosynthesis. Previously, the stereochemical analysis of farnesyl
diphosphate synthase has been accomplished by ozonolysis of the
labelled farnesol, obtained after incorporation of 4-deuterio IPPs,
to give (R)- or (S)-[3-*H,]-levulinic acid.”® The stereochemistry
of the levulinic acid was correlated with known optical rotations
values for stereospecifically deuterated levulinic acid.'* However,
this analysis relies on quite small optical rotation values to
differentiate the enantiomers. Since the enzyme preparations used
for the biosynthesis of rubber contain a large amount of existing
unlabelled rubber and only produce a small amount of new labelled
material, this particular procedure could not be employed for
stereochemical analysis.

An alternative solution would involve converting the deuterated
levulinic acids to their mandelate esters. >H-NMR spectroscopy
could then be used to determine the stereochemistry of the
levulinic acid obtained by ozonolytic degradation of rubber
isolated from the enzymatic reactions. High resolution 500 MHz
NMR analysis of the mandelate ester of levulinic acid in benzene-
d, reveals that all of the diastereotopic hydrogens at C-2 and at
C-3 can be differentiated. However, to assign the signals to the
pro-R or pro-S hydrogens at each carbon with certainty, synthesis
of labelled standards was necessary.

Chiral [2-*H]-levulinic acids appeared available by the hydrolysis
of the corresponding nitrile, which in turn, can be accessed by
displacement of a tosylate (Scheme 6). Ozonolysis of (1 R)-tosylate
21 in CH,Cl, at —78 °C followed by reduction with zinc and
acetic acid gives the methyl ketone 23. Reaction of 23 with sodium
cyanide in DMSO generates the volatile nitrile.** Hydrolysis of the
deuterated nitrile with 6 M HCI produces the stereospecifically
labelled levulinic acid 25, which can be transformed into ester
27 by coupling with methyl (S)-(+)-mandelate. (2R)-Levulinate

OTs i, ii WOTS i, iv
‘,// —_— ',// —_
R1 R2 0 R1 R2
21R;=H,Ry,=D 23R;=H,Ry=D
22R;=D,R,=H 24Ry=D,Ry=H
o) O  COyMe
v J
%, “OH 7, 07 “Ph
SR Ry R Ry
25R;=H,R,=D 27R;=H,R,=D
26R;=D,R,=H 28Ry=D,Ry=H

Scheme 6 Synthesis of deuterium labelled levulinate standards. Reagents
and conditions: (i) O;, —78 °C; (ii) Zn, AcOH, 97% for 23 and 90% for 24;
(iii) NaCN, DMSO; (iv) HCIl, 34% for both 25 and 26 (over two steps);
(v) methyl (S)-(+)-mandelate, DCC, DMAP, 41% for both 27 and 28.
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28 can be made in an analogous manner from (1.5)-tosylate 22.
H NMR analysis in C,H, shows that the deuterium in 27 has a
chemical shift of 2.48 ppm, whereas that in 28 is at 2.44 ppm. This
difference in chemical shifts is somewhat smaller than expected
based on precedents with unfunctionalised alkyl chains studied by
Parker® or having remotely situated carbonyls examined by our
group.33

Incorporation of (1S5)-[1-*H,] IPP 10 into rubber particles from
H. brasiliensis containing active rubber transferase-generated new
rubber. Ozonolysis of the rubber in CHCI; gave levulinic acid,
which was then converted into its corresponding mandelate ester.
H-NMR analysis in C,H reveals that the incorporated deuterium
has a chemical shift of 2.48 ppm. Correspondingly, incorporation
of (1R)-[1-*H,]-IPP 11 ultimately affords a mandelate ester whose
deuterium chemical shift in C;H, is 2.44 ppm. These results
indicate that as expected displacement occurs with an overall
inversion of stereochemistry at the primary allylic carbon of
the growing rubber chain (Scheme 7). Analogous incorporation
studies with rubber particles from P argentatum also show
inversion of stereochemistry at the primary allylic carbon.

PPO PPO

rubber transferase
—_—
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e
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Scheme 7 Use of 10 and 11 to determine stereochemistry of diphos-
phate displacement reaction. Reagents and conditions: (i) O;, CH,Cl,;
(i) HCO,H, H,0,; (iii) methyl (S)-(+)-mandelate, DCC, DMAP.

Stereochemical direction of carbon—carbon bond formation

During the biosynthesis of rubber, a new carbon—carbon bond is
formed between the double bond of IPP and the allylic carbon of
the growing rubber chain. The face of the double bond (si or re)
that reacts can potentially be determined by incorporation of Z-
and E-[4-°H,]-IPP into rubber by the transferase. Ozonolysis of
the resulting rubber would give (3R)- or (3.5)-levulinic acid, whose
methyl (S)-mandelate esters could be correlated with authentic
standards by 2ZH-NMR analysis.

The method described in Scheme 6 might initially seem
reasonable for the synthesis of the required standards, but the
rapid exchange of the ketone a-protons during hydrolysis of
the nitrile precludes this approach. Instead, mild hydration of
a terminal acetylene to its corresponding methyl ketone was
explored to circumvent this problem for construction of 38 and
39 (Scheme 8).*® Reduction of phenylacetic acid 29 with lithium
aluminum deuteride gives the deutero-alcohol 30, which can be

)K/ i D, ii
Ph Ph —
HO HO™
29 30
iii, iv
)cj)\/ o R2 \\R1 Vi
Ph i < _Ph —_—
D vV TsO>\/
3 32 Ry=H,Ry=D
33 Ry=D,Ry=H
Ry R — Ri, R
/"\/ph Vi, viii N ix
—_— —_—
=
e}
34 Ry=H,R,=D 36R;=H,R,=D
35 R=D,R,=H 37Ry=D,Ry=H
R R © . R, R O jOQMe
- . .
NCH NO Ph
0 )
38 Ry=H,R,=D 40 Ry=H,R,=D
39 Ry =D, R, = H 41 Ry =D,R,=H

Scheme 8 Synthesis of deuterium labelled levulinate standards. Reagents
and conditions: (i) LiAID,, Et,0, 27%; (ii) IBX, DMSO, 91%;
(iii) (—)-DIP-CI, THF; (iv) TsCl, Et;N, DCC, DMAP, 75% for 32 and 86%
for 33; (v) (+)-DIP-Cl, THF; (vi) lithium acetylide-diethylamine, DMSO;
(vii) Hg(OAc),, AcOH; (viii) NaBH,, 42% for both 36 and 37 (over
two steps); NalO,, RuCl;, CCl,-MeCN-H,O0, 24% for both 38 and 39;
(x) methyl (S)-(+)-mandelate, DCC, DMAP, 41% for both 40 and 41.

oxidized with IBX to [1-*H,]-phenylethanal 31. Reduction with
(—)-B-chlorodiisopinocampheylborane® affords the deuterated
alcohol and its subsequent reaction with tosyl chloride and Et;N
generates the tosylate 32. Displacement of the primary sulfonate
32 with lithium acetylide—diethylamine complex gives the terminal
acetylide 34. Reaction of the acetylide with a stoichiometric
amount of mercury (11) acetate followed by reduction of the
carbon—-mercury bond with sodium borohydride and oxidation
of the secondary alcohol provides the desired methyl ketone 36
with no loss of the deuterium label.

Oxidation of the phenyl group with ruthenium trichloride and
periodic acid gives the desired product, but with the loss of the
deuterium label. However, non-acidic oxidation of (3R)-butanone
36 with ruthenium trichloride and sodium periodate* generates
the desired deuterium labelled acid, (3 R)-levulinic acid 38, which is
converted to 40. Similar reaction conditions allow synthesis of the
corresponding ester of (3.5)-levulinic acid 41 from (1R)-tosylate
33.2H-NMR analysis in C4H, shows that levulinate ester 40 has a
deuterium chemical shift of 2.01 ppm, whereas its diastereomer 41
has a chemical shift of 2.21 ppm. The difference in chemical shifts
of these diasterotopic hydrogens is unexpectedly large compared
to the smaller differences for deuteriums that are closer to the
chiral ester group in 27 and 28.

Incorporation of E-[4-"H,]-IPP 6 into rubber particles from
H. brasiliensis containing active transferase was followed by
ozonolytic degradation to levulinic acid and conversion to the
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(S)-mandelate ester. 2H-NMR analysis in C,H, indicates the
incorporated deuterium has a chemical of 2.21 ppm, which
corresponds to (35)-[3-°H, ]-levulinate 41. Corresponding analysis
of the rubber isolated after incorporation of Z-[4-*H,]-IPP 7 shows
that the deuterium in the (S)-mandelate ester of levulinic acid has
an R configuration These observations demonstrate that si face
of the double bond in IPP reacts during the formation of rubber
(Scheme 9). Incorporation studies with rubber particles from P.
argentatum show the same stereochemical outcome.

PPO

+ D rubber transferase
PPOV\/
R R = cis-polyprenyl chain
J i, ii
D O CO,Me i D0
Me
Me % -~
o~ “ph NOH
o) o}
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Scheme 9  Analysis of stereochemical direction of carbon—carbon bond
formation on the IPP double bond. Reagents and conditions: (i) O;,
CH,Cl,; (ii) HCO,H, H,0,; (iii) methyl (S)-(+)-mandelate, DCC, DMAP.

Conclusion

In summary, six deuterium-labelled analogs of IPP were prepared
to study the stereochemical outcome of rubber biosynthesis in two
plant species, H. brasiliensis and P. argentatum. Incorporation of
these IPP analogs into rubber particles and “H-NMR analysis of
the rubber and its degradation products indicate that the stere-
ochemistry of rubber transferase in both species is identical and
similar to that of the related cis-prenyltransferase, undecaprenyl
diphosphate synthase (Scheme 10). Thus, the pro-S hydrogen (H,)
is preferentially cleaved during the polymerization, and si face
addition to the allylic diphosphate occurs with overall inversion
of stereochemistry. This reveals the 3-dimensional arrangement of
substrates within the active site of rubber transferase, and gives a
better mechanistic understanding of how rubber is biosynthesized.

Experimental

All chemicals were purchased from Aldrich Chemical company
(Madison, WI) or Sigma Chemicals (St. Louis, MO). All sol-
vents, unless otherwise indicated, were HPLC grade and used
as such. Tetrahydrofuran (THF) and diethyl ether (Et,0) were
distilled over sodium under and an argon atmosphere. Acetonitrile
(MeCN), dichloromethane (CH,Cl,), triethylamine and pyridine
were distilled from calcium hydride. Methanol (MeOH) and
ethanol (EtOH) were distilled over magnesium turnings and a
catalytic amount of iodine. Evaporation refers to removal of
solvent under reduced pressure on a rotary evaporator. Preparative
TLC was performed on glass plates (20 x 20 cm) pre-coated
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Scheme 10  Stereochemistry of rubber transferase.

(0.25, 0.5, 1.0 mm) with silica gel (EM Science, Kieselgel 60
F,s). Analytical TLC was performed on glass plates (5 x 1.5
cm) pre-coated (0.25 mm) with silica gel (EM Science, Kieselgel
60 F,5,). Compounds were visualized by exposure to UV light or
by staining with a 1% Ce(SO,),-4H,0 2.5% (NH,)Mo,0,,-4H,0
in 10% H,SO, followed by heating on a hot plate. Flash column
chromatography was performed with Silicycle silica gel (60, 230—
400 mesh).

High-performance liquid chromatography (HPLC) was per-
formed on a Beckman System Gold instrument equipped with
a model 166 variable wavelength UV detector and an Altex 210A
injector with a 500 or 1000 pL sample loop. The columns used
were Grace-Vydac. All HPLC solvents were prepared fresh daily
and filtered with a Millipore filtration system under vacuum before
use.

NMR spectra were recorded on a Varian Inova 600, Inova 400,
Inova 300 or Unity 500 spectrometer. For 'H (300, 400, 500 or 600
MHz) values are referenced to 7.24 ppm (CHCL), to 7.15 ppm
(C¢Hy) and for C (100 or 125 MHz) referenced to 77.0 ppm
(CDCy).

Optical rotations were measured on a Perkin-Elmer 241 po-
larimeter with a micro cell (100 mm path length, 1 mL) and the
values are given in 10" deg cm? g~'. IR spectra were recorded
on a Nicolet Magna-IR 750 with a Nic-Plan microscope FT-IR
spectrometer. Mass spectra were recorded on a Krator AEI MS-50
(HREIMS) and a ZabSpec Isomass VG (HRESMYS).

E-[4-*H,]-Isopentenyl diphosphate (6)'7:%

A solution of E-[4-*H,]-3-methyl-3-buten-1-yl tosylate (85 mg,
0.35 mmol) in MeCN (10 mL) was treated with tris-n-
butylammonium hydrogen diphosphate and the resulting reaction
mixture was stirred for 18 h at room temperature. The solvent was
evaporated and the residue was dissolved in a minimal volume of
IPA-NH,HCO; (25 mM) 1 : 49. The solution was passed through
an ion exchange column containing DOWEX AG 50W X8 (100-
200 mesh, 15 equiv.) cation exchange resin (ammonium form).
The clear eluent was lyopholized to dryness to give a white solid.
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'"H NMR analysis indicated that tetra-n-butyl ammonium ion had
been exchanged for ammonium ion. The residue was dissolved in
100 mM NH,HCO; (3 mL) and transferred to a centrifuge tube.
A solution of MeCN-IPA 1 : 1 was added, and the contents of the
tube were vortexed followed by centrifugation of the suspension
for 5 min at 2000 rpm. The supernatant was removed and the
process was repeated 3 times. The combined supernatants were
concentrated in vacuo and lyopholized. Purification of the crude
product using HPLC (Vydac 259VHP reverse phase polymer
column; 4.6 x 150 mm; 10% MeCN, 90% 100 mM NH,HCO,
20 min, 10-50% MeCN over 5 min, 50% MeCN 10 min, 50-90%
MeCN over 1 min, 90% MeCN 20 min, #; 44.0 min) afforded the
title compound 6 as a white solid (88 mg, 85%). IR (uscope) 3141
(b), 3045, 2919, 1405 cm™'; "H NMR (D,0-ND,OD, 500 MHz)
o0 the vinylic proton was obscured by solvent, 4.04 (dt, 2H, J =
6.7 Hz, 6.7 Hz CH,OP), 2.38 (t, 2H, J = 6.7 Hz, CH,CH,), 1.76
(s, 3H, C=CCH;); *C NMR (D,0-ND,OD, 125 MHz) ¢ 144.6,
111.6 (t, 'Jcp = 23.6 Hz), 64.7 (d, *Jcp» = 5.6 Hz), 38.5, 22.1;
P NMR (D,0-ND,OD, 162 MHz) § —8.80 (m, 1P), —5.10 (m,
1P,); HRMS (ES —ve) calcd for [M — H]- C;H,;,DO,P, 246.0037,
found 246.0035.

Z-[4H,]-Isopentenyl diphosphate (7)""-*

A similar procedure was employed as that described for the
preparation of 6. The reaction of Z-[4-"H,]-3-methyl-3-buten-1-
yl tosylate (10 mg, 0.041 mmol) in MeCN (10 mL) with tris-n-
butylammonium hydrogen diphosphate (111 mg, 0.123 mmol)
gave the crude labelled IPP. Purification of the crude product
using HPLC (Vydac 259VHP reverse phase polymer column; 4.6 x
150 mm; 10% MeCN, 90% 100 mM NH,HCO; 20 min, 10-50%
MeCN over 5 min, 50% MeCN 10 min, 50-90% MeCN over 1 min,
90% MeCN 20 min, f 44.0 min) afforded the title compound 7
as a white solid (11 mg, 87%). IR (uscope) 3020 (b), 1608, 1559,
1405 cm™'; '"H NMR (D,0-ND,OD, 76.5 MHz) ¢ 4.84 (s, 1H,
C=CH, 4.04 (dt, 2H, J = 6.7 Hz, 6.7 Hz, CH,0P), 2.38 (t, 2H,
J = 6.7 Hz, CH,CH,), 1.76 (s, 3H, C=CCH,); "C NMR (D,0-
ND,OD, 125 MHz) ¢ 144.3, 111.6 (t, 'Jcp = 23.6 Hz), 66.4 (d,
2Jep = 5.6 Hz), 38.3, 22.1; *'P NMR (D,0-ND,OD, 162 MHz) ¢
—9.04 (m, 1P), —5.01 (m, 1P,); HRMS (ES —ve) calcd for [M —
H]~ C;H,,DO;P, 246.0037, found 246.0037.

(2R)-[2-’H,]-Isopentenyl diphosphate (8)***!

A similar procedure was employed as that described for the
preparation of 6. The reaction of (R)-[2-*H, J-isopentenyl tosylate
(10 mg, 41 umol) in MeCN (2 mL) with tris-n-butylammonium
hydrogen diphosphate (111 mg, 0.123 mmol) gave the crude
labelled IPP. Purification of the crude product using HPLC (Vydac
259VHP reverse phase polymer column; 4.6 x 150 mm; 10%
MeCN, 90% 100 mM NH,HCO, 20 min, 10-50% MeCN over
Smin, 50% MeCN 10 min, 50-90% MeCN over 1 min, 90% MeCN
20 min, tz 44.0 min) afforded the title compound 8 as a white solid
(11 mg, 87%). IR (uscope) 2722 (b), 1685, 1431 cm™'; '"H NMR
(D,0-ND,OD, 300 MHz) 6 4.79 (m, 1|H, C=CH), the other vinylic
proton was obscured by solvent, 3.97 (m, 2H, CH,0P), 2.30 (m,
1H, CHDCH,), 1.68 (s, 3H, C=CCH,;); *CNMR (D,0-ND,OD,
100 MHz) 6 145.2,112.8, 67.1 (d, *Jpp = 5.8 Hz), 39.2 ("Jcp = 22
Hz), 23.1; *'P NMR (D,0-ND,OD, 162 MHz) 6 —9.00 (m, 1P),

—5.10 (m, 1P); HRMS (ES —ve) calcd for [M — H]- C;H,,DO,P,
246.0037, found 246.0032.

(25)-1,2,3-Butanetriol-1,2-acetonide

Methylmagnesium bromide (11.5 mL, 3.0 M solution in Et,0,
34.5 mmol) was added dropwise to a stirring solution of (S)-
glyceraldehyde acetonide®?¢ (12) (22.9 mmol) in Et,O (15 mL)
at 0 °C. The ice bath was removed and stirring was continued
at room temperature overnight. The reaction was quenched by
pouring the reaction mixture onto ice/saturated NH,ClI solution
and the aqueous layer was extracted with Et,O (3 x 15 mL). The
combined ethereal extracts were washed with water, brine, dried
over Na,SO, and concentrated in vacuo. Purification of the crude
product by flash column chromatography (SiO,, pentanes—Et,0O,
1 : 1) afforded the alcohol as a 1 : 1 mixture of diastereomers
(1.3 g, 39%). IR (CH,Cl,, cast) 3455, 2986, 2886, 1669, 1456,
1214 cm™'; 'H NMR (CDCl;, 300 MHz) ¢ 3.88-4.05 (m, 3H,
CH,CH,CHOH), 3.70 (dd, 1H, J = 6.2 Hz, 7.9 Hz, CHOC), 2.01
(b, 1H, OH) 1.43 (s, 3H, C(CH.),), 1.37 (s, 3H, C(CH;),), 1.16
(d, 3H, J = 6.5 Hz, CHCH,), 1.15 (d, 3H, J = 6.4 Hz, CHCH,);
BCNMR (CDCl,;, 125 MHz) 6 109.5, 109.1, 80.4, 79.4, 63.8, 66.8,
66.1,64.5,26.7,26.5,25.3,25.2,18.9, 18.3; HRMS (ES +ve) calcd
for [M + Na]* C;H,;,0;Na 169.0835, found 169.0837.

(35)-3,4-Dihydroxybutanoneacetonide (13)

A solution of NMO (1.57 g, 13.4 mmol) in CH,Cl, (20 mL)
was treated with MgSO, and stirred at room temperature for
20 min. After removal of the drying agent by gravity filtration, 4 A
molecular sieves were added followed by a solution of (25)-1,2,3-
butanetriol-1,2-acetonide (1.29 g, 8.95 mmol) in CH,Cl, (10 mL).
The solution was stirred for 15 min prior to the addition of TPAP
(50 mg, 0.14 mmol). The reaction was stirred for 6 h at room
temperature at which point the solution was filtered through a
plug of silica gel to remove the ruthenium catalyst. The eluent
was washed with a saturated solution of CuSO,, water, brine and
water. The organic layer was dried over MgSO, and evaporation
of the solvent in vacuo gave the ketone 13 as a colorless oil (1.28 g,
quantitative). [a]¥ = —57.0° (¢ 1.4, CH,CL); IR (CH,Cl,, cast)
2990, 2938, 1720, 1420; cm™'; "H NMR (CDCl;, 300 MHz) ¢ 4.39
(dd, 1H, J = 7.7 Hz, 5.6 Hz, CHOC), 4.18 (dd, 1H, J = 8.6 Hz,
7.8 Hz, CH,0C), 3.98 (dd, 1H, J = 8.6 Hz, 5.6 Hz, CH,0C), 2.23
(3H, s, CH,;CO), 1.48 (s, 3H, C(CH;),), 1.38 (s, 3H, C(CH;),);
BC NMR (CDCl;, 125 MHz) ¢ 209.2, 111.1, 80.5, 66.5, 26.3,
26.1, 25.1; HRMS (EI) calcd for [M**] C;H,,0; 144.0786, found
144.0789, 129 (68%), 101 (100%), 83 (18%), 73 (40%), 61 (60%).

(28)-3-(Trimethylsilyl)methyl-1,2,3-butanetriol-1,2-acetonide

To a vigorously stirring solution of acetonide 13 (1.3 g, 9.14 mmol)
in Et,0 (50 mL) was added (trimethylsilyl)methyllithium (15.5 mL,
1.0 M solution in pentanes, 15.5 mmol) dropwise at —78 °C. The
resulting solution was stirred at —78 °C for 1 h at which point
a solution of NH,CI-NaHCO; (20 mL) was carefully added
to quench the reaction. The aqueous layer was separated and
extracted with Et,O (3 x 15 mL). The combined ethereal extracts
were washed with water and brine, dried over MgSO,, and
concentrated in vacuo. Purification of the crude alcohol using flash
column chromatography (SiO,, pentanes—Et,O, 10 : 1) afforded
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the alcohol as a 1 : 1 mixture of diastereomers (2.13 g, 80%). IR
(CH,Cl,, cast) 3490, 2986, 2953, 2892, 1456, 1418 cm™'; "H NMR
(CDCl;, 300 MHz) ¢ 3.81-3.95 (3H, m, CH,OC + CHOC), 1.44
(3H, s, C(CH5),), 1.38 (3H, s, C(CH;),), 1.14 (3H, s, CH;COH)
1.07(1H,d, J = 14.7Hz, CH,Si),0.93 (1H, d, J = 14.7 Hz, CH,Si),
0.87(1H,d,J=14.7Hz,CH,Si),0.72(1H,d, J = 14.7Hz, CH,Si),
0.1 (9H, s, Si(CH;);), 0.07 (9H, s, Si(CH5);); *C NMR (CDCl;,
100 MHz) ¢ 109.4, 109.3, 83.3, 83.2, 72.2, 65.3 (2C), 30.2, 27.4,
26.7, 26.5, 25.5, 25.4, 24.5, 0.6 (3C), 0.5 (3C); HRMS (ES +ve)
caled for [M + Na]* C,;H,,0,SiNa 255.1387, found 255.1386.

(2R)-3-Methyl-3-butene-1,2-diol (14)

A stirring  solution of (25)-3-(trimethylsilyl)methyl-1,2,3-
butanetriol-1,2-acetonide (1.19 g, 5.12 mmol) in EtOH (16 mL)
was treated with 3 M HCI (0.5 mL) and the mixture was refluxed
for 2 h. After cooling to room temperature the solution was
neutralized with the slow addition of solid NaHCO,. The
precipitated solids were filtered, washed with EtOH, and the
filtrate was concentrated in vacuo. The resulting residue was
re-dissolved in MeOH and treated with Et,O (50 mL). The
precipitated solids were filtered and the solvent was evaporated
in vacuo which afforded the title compound 14 as a colorless oil
(390 mg, 75%). [a]¥ = —15.7° (¢ 1.4, CH,Cl,); IR (CH,Cl,, cast)
3373, 3075, 2970, 2879, 1652, 1444; cm™'; '"H NMR (CDCl;,
300 MHz) ¢ 5.06 (m, 1H, C=CH,), 4.96 (m, 1H, C=CH,), 4.18
(dd, 1H, J = 7.2 Hz, 3.4 Hz, CHOH), 3.70 (dd, 1H, J = 11.2 Hz,
3.5 Hz, CH,0H), 3.55 (dd, 1H, J = 11.2 Hz, 7.3 Hz, CH,OH),
2.58 (b, 2H, OH), 1.75 (m, 3H, C=CCH,;); “C NMR (CDCl;,
125 MHz) ¢ 144.1, 112.0, 75.7, 65.2, 18.9; HRMS (EI) calcd for
CsH,,0, [M*] 102.0681, found 102.0679, 84 (44%), 71 (100%).

(2R)-3-Methyl-3-butene-1,2-diol-1-yl tosylate (15)

To a stirring solution of diol 14 (225 mg, 2.20 mmol) in pyridine
(5 mL) at 0 °C was added freshly recrystallized tosyl chloride
(462 mg, 2.42 mmol) in pyridine (10 mL) and stirred at 0 °C for
18 h. The solution was then poured onto ice-water and extracted
with Et,0O (3 x 15 mL). The combined ethereal extracts were
washed with 1 M HCI followed by a saturated NaHCO; solution,
water and brine, and dried over MgSO,. Evaporation of the solvent
afforded the tosylate 15 as a colorless oil (564 mg, 71%). [a]) =
—13.3° (¢ 1.2, CH,Cl,); IR (CH,Cl,, cast) 3533, 3069, 2951, 2921,
1652, 1495, 1190 cm™'; 'H NMR (CDCl;, 500 MHz) 6 7.81 (m,
2H, Ar), 7.36 (m, 2H, A4r), 5.06 (m, 1H, C=CH,), 4.97 (m, 1H,
C=CH,),4.31(dd, 1H, J =7.6 Hz,3.2 Hz, CHOH), 4.12 (dd, 1H,
J =10.6 Hz, 3.3 Hz, CH,0S), 3.97 (dd, 1H, J = 10.3 Hz, 7.7 Hz,
CH,0S), 2.46 (s, 3H, ArCH;), 2.06 (b, 1H, OH) 1.70 (m, 3H,
C=CCH;); "C NMR (CDCl;, 100 MHz) ¢ 145.1, 142.0, 132.8,
129.9 (20), 128.0 (2C), 113.7, 73.0, 72.4, 21.7, 18.6; HRMS (ES
+ve) caled for [M + NaJ* C,H,,0,SNa 279.0662, found 279.0660.

(R)-Isopropenyl oxirane*

Finely powdered KOH (1.0 g, 17.8 mmol) was added to tosylate
15 (325 mg, 1.27 mmol) and heated to 60 °C for 1 h. After
cooling to room temperature, the residue was dissolved in Et,O and
filtered through a mini-pad of Celite® to remove solid impurities.
This compound was partially characterized and used without
further purification for the subsequent reaction. "H NMR (CDCl,,

300 MHz) 6 5.18 (m, 1H, C=CH,), 5.03 (m, 1H, C=CH.), 2.88
(t, 1H, J = 4.2 Hz, CHCH,), 2.73 (dd, 1H, J = 5.3 Hz, 2.7 Hz,
CHCH.,),2.47 (m, |H, CHCH.,), 1.64 (s, 3H, C=CCH.); "C NMR
(CDCL,, 125 MHz) d 141.5, 114.6, 54.5, 46.8, 16.2; HRMS (EI)
caled for [M**] CsH,O 84.0575, found 84.0563, 69 (35%).

(25)-[2-*H, ]-Isopentenol*

To a stirring solution of (R)-2-isopropenyl oxirane, sodium
cyanoborodeuteride (167 mg, 2.54 mmol) and a small amount
bromocresol green (5 mg) in Et,O (5 ml) was added dropwise a
BF;—etherate solution until the color of the solution was observed
to be yellow. The resulting mixture was stirred at room temperature
for 5 h and additional amounts of BF,—etherate were added
periodically to keep the solution acidic. The solution was diluted
with brine and extracted with Et,O (3 x 15 mL). The combined
ethereal extracts were dried over MgSO, and evaporation of the
solvent in vacuo at 0 °C gave the deuterio alcohol as a colorless
liquid. The volatile alcohol was partially characterized and used
in the next step without further purification. '"H NMR (CDCl;,
500 MHz) 6 4.87 (m, 1H, C=CH,), 4.79 (m, 1H, C=CH,), 3.72 (m,
2H, CH,0H), 2.29 (m, 1H, CHDCH,), 1.76 (m, 3H, C=CCH,).

(25)-[2-*H,]-Isopentenyl tosylate (16)*

A stirring solution of (2S5)-[2-*H, ]-isopentenol and tosyl chloride
(67 mg, 1.91 mmol) in CH,Cl, (5 mL) was treated with Et;N
(0.27 mL, 1.91 mmol) and DMAP (10 mg (136 mg, 1.11 mmol).
The resulting mixture was stirred at room temperature for 12 h,
at which time Et,O (50 mL) was added. Precipitated solids were
removed by filtration, and the filtrate was concentrated in vacuo.
Purification of the crude tosylate by flash column chromatography
(Si0,, hexane-EtOAc, 10 : 1) afforded the tosylate 16 as an
oil (80 mg, 26% for three steps). [a] = —0.4° (¢ 1.0, CH,Cl,);
IR (CH,Cl,, cast) 3078, 2971, 1652, 1495, 1177 cm™'; 'H NMR
(CDCl;, 300 MHz) 6 7.79 (m, 2H, A4r), 7.34 (m, 2H, Ar), 4.79 (m,
1H, C=CCH,), 4.68 (m, 1H, C=CCH,), 4.12 (m, 2H, CH,0S),
2.45 (s, 3H, ArCH;), 2.34 (m, 1H, CHDCH,), 1.66 (m, 3H,
C=CCH;); “H NMR (CHCI;, 61.4 MHz) ¢ 2.36; "C NMR
(CDCl;, 125 MHz) 6 144.8, 140.1. 133.2, 129.8, 127.9, 113.2, 66.8,
36.4 (t, J = 19.5 Hz), 22.3, 21.7; HRMS (EI) calcd for [M*]
C,H,sDO;S 241.0883, found 241.0877, 155 (52%), 91 (79%).

(25)-[2-*H,]-Isopentenyl diphosphate (9)*!

A similar procedure was employed as that described for the prepa-
ration of 6. The reaction of (25)-[2-*H,]-isopentenyl tosylate (16)
(10mg, 0.041 mmol) in MeCN (2 mL) with tris-n-butylammonium
hydrogen diphosphate gave the crude labelled IPP. The reaction
was worked up as previously described. Purification of the crude
product using HPLC (Vydac 259VHP reverse phase polymer
column; 4.6 x 150 mm; 10% MeCN, 90% 100 mM NH,HCO,
20 min, 10-50% MeCN over 5 min, 50% MeCN 10 min, 50-90%
MeCN over 1 min, 90% MeCN 20 min, #z 44.0 min) afforded the
title compound 9 as a white solid (11 mg, 87%). IR (uscope) 2707
(b), 1685, 1430 cm™'; "H NMR (D,0-ND,OD, 400 MHz) ¢ 4.99
(m, 2H, C=CH), 4.18 (m, 2H, CH,0P), 2.53 (m, 1H, CHDCH,),
1.91 (s, 3H, C=CCH,); "C NMR (D,0-ND,OD, 100 MHz) ¢
145.2,112.8, 67.1 (d, *Jp» = 5.8 Hz), 39.2 (*J -, = 22 Hz), 23.1;
P NMR (D,0-ND,OD, 162 MHz) 6 —9.05 (m, 1P), —5.05 (m,
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1P); HRMS (ES —ve) caled for [M — H]- C;H,,DO,P, 246.0037,
found 246.0036.

3-Methyl-3-butenoic acid (18)*

In a flame dried, argon flushed round-bottom flask was added
freshly ground magnesium turnings (4.98 g, 205 mmol) and THF
(75 mL). To this suspension, a solution of 3-chloro-2-methyl-
propene (17) (10.0 g, 221 mmol) in THF (25 mL) was then added
dropwise, followed by a crystal of iodine. After the addition was
complete the reaction mixture was refluxed for 2 h and cooled
to room temperature. The reaction was stirred for 30 min and
then cooled to —78 °C with a dry ice—acetone bath. At this point,
CO, gas was bubbled though the solution for 1 h and then the
temperature was slowly allowed to increase to 0 °C by removal
of the ice bath. Once the reaction reached 0 °C, it was cooled
back down to —78 °C with bubbling of CO, through solution for
10 min and then the reaction mixture was allowed to warm up to
10 °C. The solution was basified to pH 10 with cold 2 M NaOH
and washed with Et,O (3 x 50 mL). The aqueous layer was then
acidified with cold 4 M HCI to pH 2 and extracted with Et,O
(3 x 75 mL). The combined ethereal extracts were washed with
brine, dried over MgSO, and concentrated in vacuo to give the acid
18 as a colorless oil (4.0 g, 39%). IR (CH,Cl,, cast) 3083, 2978,
1711, 1651, 1413 cm™'; IR (CH,Cl,, cast) 3083, 2978, 1711, 1651,
1413 cm™'; "H NMR (CDCl;, 300 MHz) 6 10.0 (b, 1H, CO,H),
4.97 (m, 1H, C=CH,), 4.90 (m, 1H, C=CH,), 3.09 (d, 2H, J =
1.0 Hz, CH,), 1.85 (m, 3H, C=CCH,;); “C NMR (CDCl,, 100
MHz) 6 177.7,137.9, 115.3,43.1, 22.4; HRMS (EI) calcd for [M*]
CsH;0, 100.0524, found 100.0521, 85 (17%), 82 (22%), 72 (32%),
59 (37%), 55 (76%).

[1,1-H,]-3-Methyl-3-buten-1-ol (19)*

A solution of lithium aluminum deuteride (5.0 ml, 1.0 M solution
in Et,0, 5.0 mmol) was added dropwise to a stirring solution of
3-methyl-3-butenoic acid (18) (1.0 g, 10.0 mmol) in Et,O (10 mL)
at 0 °C. The ice bath was removed and stirring was continued for
3 h at room temperature. The reaction mixture was then cooled to
0 °C and quenched with slow addition of solid Na,SO,-10H,O and
stirred for 30 min. The precipitated aluminum salts were removed
by filtration and the filtrate was concentrated in vacuo to give the
alcohol 19 as a colorless liquid (0.88 g, 70%). IR (CH,Cl,, cast)
3346, 3076, 2917, 2849, 2208, 1651, 1455 cm™'; "TH NMR (CDCl;,
300 MHz) 6 4.86 (m, 1H, C=CCH,), 4.78 (m, 1H, C=CCH,),
2.28 (s, 2H, CH,CD,), 1.75 (m, 3H, C=CCH,;); "H NMR (CHCl;,
61.4 MHz) ¢ 3.68; "C NMR (CDCl;, 100 MHz) ¢ 144.2, 112.7,
59.5 (qn, 'Jcp = 22 Hz), 40.7, 22.2; HRMS (EI) calcd for [M**]
C;H;D,0 88.0857, found 88.0854, 70 (98%), 56 (100%).

[1->H,]-3-Methylbut-3-en-1-al (20)*

To a stirring solution of IBX (4.88 g, 17.4 mmol) in DMSO
(40 mL) was added [1,1-*H,]-3-methyl-3-buten-1-o0l (19) (500 mg,
5.67 mmol) and stirred at room temperature for 18 h. The solution
was cooled to 0 °C and then H,O (5 mL) was added the resulting
mixture was stirred for an additional 5 min at 0 °C. The mixture
was filtered through a pad of Celite® and the filtrate was extracted
exhaustively with Et,O. The combined ethereal extracts were
washed with brine, dried over MgSO, and concentrated in vacuo

to afford the aldehyde 20 as colorless oil. The product was used
without further purification as the aldehyde is very unstable to
heat or base, and isomerization to the conjugated aldehyde is
observed during storage. IR (CH,Cl,, cast) 3077, 2953, 1732,
1651, 1436 cm™'; '"TH NMR (CDCl;, 500 MHz) ¢ 5.00 (m, 1H,
C=CH,), 4.84 (m, 1H, C=CH,), 3.06 (s, 2H, CH,CDO), 1.78 (m,
3H, C=CCH,).

(1R)-[1->H,]-Isopentenyl tosylate (21)

To a stirring solution of [1-°H,]-3-methylbut-3-en-1-al (20)
(5.67 mmol) in Et,O at 0 °C was added a solution of (S)-Alpine
borane (13.6 mL, 0.5 M solution in THF, 6.80 mmol) dropwise
over 20 min. After addition, the reaction was warmed to room tem-
perature and stirred for 18 h. Acetaldehyde (0.38 mL, 0.79 mmol)
was added and stirred for 5 min at which time the volatiles were
removed by evaporation (40 °C, 0.05 mm Hg). The residue was
dissolved in Et,O and was treated with ethanolamine (0.41 mL,
6.80 mmol) and the solids were removed by filtration. The filtrate
was concentrated in vacuo and purification of the crude product by
flash column chromatography (SiO,, pentanes—Et,0, 4 : 1) affor-
ded the alcohol. Tosyl chloride (1.19 g, 6.23 mmol), Et;N (0.96 mL,
6.85 mmol) and DMAP (10 mg, 0.08 mmol) was added to a solu-
tion of the crude alcohol in CH,Cl, (10 mL). The resulting reaction
mixture was stirred at room temperature for 18 h at which time it
was diluted with water (10 mL) and extracted with CH,Cl,. The
combined organic extracts were washed with water and brine, dried
over MgSO, and concentrated in vacuo. The crude tosylate was pu-
rified using flash column chromatography (SiO,, hexane-EtOAc,
10 : 1) to afford the title compound 21 as a colorless oil (131 mg,
10% for three steps). [a]y = +0.9° (¢ 1.5, CH,CL,); IR (CH,Cl,,
cast) 2927, 1649, 1364, 1177 cm™'; "H NMR (CDCl;, 400 MHz)
0 7.76 (m, 2H, Ar), 7.32 (m, 2H, A4r), 4.76 (m, 1H, C=CH,), 4.65
(m, 1H, C=CH,), 4.11 (tt, 1H, J = 6.9 Hz, 1.2 Hz CHDOS), 2.45
(s, 3H, ArCH,), 2.32 (d, 2H, J = 6.9 Hz, CH,CHD), 1.63 (m,
3H, C=CCH,); *H NMR (CHCl;, 76.5 MHz) 6 4.11; *C NMR
(CDCl;, 100 MHz) 6 144.7, 140.2, 133.3, 129.9 (2C), 128.0 (20),
113.1, 68.3 (t, J = 22.9 Hz), 36.7, 22.4, 21.7, HRMS (ES +ve)
caled for [M + Na]* C,H,;sDO;SNa 264.0775, found 264.0773.

(15)-[1-*H;]-Isopentenyl tosylate (22)

A similar procedure was employed as that described for the
preparation of 21. Substitution of (R)-Alpine borane for the (5)-
Alpine borane in the procedure used to prepare the enantiomeric
tosylate 21 gave the desired compound 22. [a]) = —1.8° (¢ 0.5,
CH,Cl,); IR (CH,Cl,, cast) 3078, 2926, 2200, 1653, 1598,
1365 cm™'; '"H NMR (CDCl;, 300 MHz) 6 7.76 (2H, m, Ar),
7.32 (2H, m, Ar), 4.76 (m, 1H, C=CH,), 4.65 (m, 1H, C=CH,),
4.11 (tt, IH, J = 7.0 Hz, 1.2 Hz, CHDOS), 2.45 (s, 3H, ArCH,),
2.32(d, 2H, J = 6.8 Hz, CHDCH,), 1.63 (m, 3H, C=CCH,); ‘H
NMR (CHCl;, 76.5 MHz) § 4.11; *C NMR (CDCl;, 100 MHz) 6
144.8, 140.1, 133.3, 129.9 (2C), 128.0 (2C), 133.1, 68.3 (t, 'Jcp =
23.0 Hz), 36.7, 22.4, 21.7; HRMS (ES +ve) calcd for [M + Na]*
C,H,;sDO;SNa 264.0775, found 264.0773.

(15)-[1-*H,]-Isopentenyl diphosphate (10)

A similar procedure was employed as that described for the prepa-
ration of 6. The reaction of (1R)-[1-*H,]-isopentenyl tosylate (21)
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(10.5 mg, 44 umol) in MeCN (2 mL) with tris-z-butylammonium
hydrogen diphosphate (118 mg, 0.131 mmol) gave the crude
labelled IPP. Purification of the crude product using HPLC (Vydac
259VHP reverse phase polymer column; 4.6 x 150 mm; 10%
MeCN, 90% 100 mM NH,HCO, 20 min, 10-50% MeCN over
5 min, 50% MeCN 10 min, 50-90% MeCN over 1 min, 90%
MeCN 20 min, t; 44.0 min) afforded the title compound 10 as
a white solid (10 mg, 87%). IR (uscope) 2722 (b), 1685, 1431 cm™;
'"HNMR (D,0-ND,OD, 600 MHz) ¢ 5.10 (m, 1H, C=CH), 5.08
(m, 1H, C=CH) 4.27 (dt, 1H, J = 6.8 Hz, 6.8 Hz, CHDOP),
2.62 (d, 2H, J = 6.8 Hz, CH,CHD), 2.02 (m, 3H, C=CCH,); “C
NMR (D,0-ND,OD, 125 MHz) § 144.6, 112.2, 64.4 (dt, 'Jcp =
22.9Hz,*J.p = 5.5Hz), 38.4,22.3; P NMR (D,0-ND,OD, 162
MHz) 6 —9.00 (m, 1P), —5.10 (m, 1P); HRMS (ES —ve) calcd for
[M — H]- C;H,,DO;P, 246.0037, found 246.0035.

(1R)-[1-*H,]-Isopentenyl diphosphate (11)

A similar procedure was employed as that described for the
preparation of 6. The reaction of (15)-[2-*H]-isopentenyl tosylate
(22) (11.0 mg, 0.044 mmol) in MeCN (2 mL) with tris-n-
butylammonium hydrogen diphosphate (123 mg, 0.137 mmol)
gave the crude labelled IPP. Purification of the crude product
using HPLC HPLC (Vydac 259VHP reverse phase polymer; 4.6 x
150 mm; 10% MeCN, 90% 100 mM NH,HCO; 20 min, 10-50%
MeCN over 5 min, 50% MeCN 10 min, 50-90% MeCN over 1 min,
90% MeCN 20 min, i 44.0 min) afforded the title compound 11 as
a white solid (12 mg, 86%). IR (uscope) 2846 (b), 1652, 1436 cm™';
'"H NMR (D,0-ND,OD, 500 MHz) 6 5.10 (m, 1H, C=CH) 5.08
(m, 1H, C=CH), 4.26 (m, 1H, CHDOP), 2.61 (d, 2H, J = 6.8 Hz,
CH,CHD), 2.00 (m, 3H, C=CCH,); ¢ *C NMR (D,0-ND,OD,
125MHz)6 144.6,112.2,64.4 (dt,'Jc , =22.9Hz,*J - » = 5.5Hz),
38.4, 22.6; *'P NMR (D,0-ND,OD, 162 MHz) § —9.00 (m, 1P),
—5.10 (m, 1P); HRMS (ES —ve) calcd for [M — H]- C;H,,DO,P,
246.0037, found 246.0038.

(4R)-[4-*H,]-2-butanone-4-yl tosylate (23)

(1R)-[1-°H,]-Isopentenyl tosylate (21) (200 mg, 0.832 mmol) was
dissolved in CH,Cl, (10 mL) and cooled to —78 °C in a dry ice—
acetone bath. To this solution was bubbled O; for 20 min at which
time the solution was purple in color. Excess O; was purged by
bubbling O, through the solution for 5 min. The solution was then
warmed to room temperature and zinc (109 mg, 1.67 mmol) was
added, followed by acetic acid (0.26 mL, 4.50 mmol) and stirred at
room temperature for 2 h. The reaction mixture was diluted with
H,O and extracted with Et,O. The combined ethereal extracts were
washed with a saturated solution of NaHCO;, water and brine,
dried over MgSO, and concentrated in vacuo to give the tosylate
23 (195 mg, 97%). For unlabelled material: IR (CH,Cl,, cast) 2921,
1719, 1359, 1176 cm™'; 'H NMR (CDCl;, 300 MHz) 6 7.77 (m,
2H, Ar), 7.33 (m, 2H, Ar), 4.24 (t, 2H, J = 6.4 Hz, CH,0S),
2.81 (t, 2H, J = 6.4 Hz, CH,CQO), 2.43 (s, 3H, ArCH;) 2.13 (s,
3H, CH;CO); *C NMR (CDCl;, 125 MHz) 6 204.3, 144.9, 132.7,
129.9 (2C), 128.0 (2C), 64.9,42.2, 30.3, 21.7; HRMS (EI) calcd for
[M*]C,H,,0,S 242.0613, found 242.0619, 214 (5%), 172 (100%),
155 (27%), 108 (42%), 91 (100%). The (4R)-[4-*H,]-2-butanone-
4-yl-tosylate showed identical chromatographic properties and
displayed similar spectral properties except for the following: 'H

NMR (CDCl,, 300 MHz) 6 7.77 (m, 2H, Ar), 7.33 (m, 2H, Ar),
4.24 (m, 1H, CHDOS), 2.82 (d, 2H, J = 6.3 Hz, CH,CHD), 2.43
(s, 3H, ArCH) 2.13 (s, 3H, CH,CO); "H NMR (C,H,, 76.5 MHz)
54.24.

(4S5)-[4-*H,]-2-Butanone-4-yl tosylate (24)

Substitution of (15)-[1-*H]-isopentenyl tosylate (22) for (1R)-[1-
*H]-isopentenyl tosylate (21) in the procedure used to prepare the
enantiomeric tosylate 23 gave the title compound 24. Chromato-
graphic properties and spectral data were identical.

(2S)-12-*H,]-Levulinic acid (25)

A stirring solution of (4R)-[4-*H,]-2-butanone-4-yl tosylate (23)
(92 mg, 0.38 mmol) in DMSO (5 mL) was treated with sodium
cyanide (56 mg, 1.14 mmol) and stirred at 60 °C for 12 h. The
reaction mixture was cooled to room temperature and extracted
with CH,Cl,. The combined organic extracts were washed with
brine, dried over MgSO, and concentrated in vacuo. To the
crude nitrile was added 6 M HCI (1.5 mL, 1.5 mmol) and
heated to reflux for 5 h. The reaction mixture was cooled to
room temperature and extracted with CH,Cl,. The combined
organic extracts were washed with brine, dried over MgSO,
and concentrated in vacuo to give the crude acid 25 (15 mg,
34%). This compound was used without further purification for
the preparation of (S)-(+)-(methoxycarbonyl)benzyl (25)-[2-*H, ]-
levulinate (27). For unlabelled material: IR (CH,Cl,, cast) 3111,
1716, 1402, 1369, 1165 cm™'; '"H NMR (CDCl,, 300 MHz) 6 2.73
(m,2H, CH,CO), 2.61 (m,2H, CH,COOH), 2.17 (s, 3H, CH,CO);
BC NMR (CDCl;, 100 MHz) ¢ 206.9, 178.4, 37.7, 29.7, 27.8;
HRMS (EI) caled for [M**] CsHO; 116.0474, found 116.0472, 101
(22%), 73 (47%), 56 (100%). The (2S)-[2-*H,]-levulinic acid (25)
showed identical chromatographic and spectral properties except
for the following: “H NMR (C4H,, 61.4 MHz) J 2.61.

(2R)-[2-*H,]-Levulinic acid (26)

Substitution of (4S)-[4-’H,]-2-butanone-4-yl tosylate (24) into the
described procedure used to prepare the enantiomeric acid 25 gave
the title compound 26. Chromatographic properties and spectral
data were identical to those of 25.

(S)-(+)-(Methoxycarbonyl)benzyl (2.5)-[2-*H, ]-levulinate (27)

To a stirring solution of (25)-[2-*H,]-levulinic acid (25) (15 mg,
0.13 mmol) in CH,Cl, (5 mL) was added (S)-(+)-mandelic acid
methyl ester (24 mg, 0.14 mmol), DCC (32 mg, 0.16 mmol)
and DMAP (2 mg, 0.02 mmol). The resulting reaction mixture
was stirred at room temperature for 18 h and filtered through
a sintered glass funnel to remove solid impurities. The crude
ester was purified by flash column (SiO,, hexane-EtOAc, 4 : 1)
to afford the title compound 27 (14 mg, 41%) as a colorless oil.
For unlabelled material: IR (CH,Cl,, cast) 3034, 2954, 1745, 1719,
1587, 1364, 1152 cm™'; '"H NMR (C¢Ds, 300 MHz) 6 7.42 (m,
2H, Ar), 7.04 (m, 3H, Ar), 6.05 (s, IH, CHCO,Me), 3.18 (s, 3H,
OCH;), 2.50 (m, 2H, J = 7.0 Hz, CH,CO,R), 2.21 (td, 1H, J =
6.3 Hz, 18.2 Hz, CH,CO), 2.01 (td, 1H, J = 6.3 Hz, 18.2 Hz,
CH,CO), 2.01 (s, 3H, CH;CO); “C NMR (CDCl;, 125 MHz) ¢
206.1,172.1,169.2,133.7,129.3, 128.8 (2C), 127.6 (2C), 74.6, 52.6,

738 | Org. Biomol. Chem., 2006, 4, 730-742

This journal is © The Royal Society of Chemistry 2006





37.8, 29.8, 27.8; HRMS (EI) caled for [M*] C,,H 05 264.0998,
found 264.0989, 232 (5%), 205 (4%), 166 (7%), 149 (6%), 121
(10%), 99 (100%). The (S)-(+)-(methoxycarbonyl)benzyl (2.5)-[2-
*H,]-levulinate (27) showed identical chromatographic properties
and displayed similar spectral properties except for the following:
H NMR (C4Hg, 76.5 MHz) 6 2.48.

(S)-(+)-(Methoxycarbonyl)benzyl (2R)-[2-*H, |-levulinate (28)

A procedure similar to that used for the preparation of (S)-
(+)-(methoxycarbonyl)benzyl (2S5)-[3-°H, ]-levulinate (27) was em-
ployed except that (2R)-[2-*H,]-levulinic acid (26) was used as the
starting material. Spectral data were similar to those of 27 except
for ’H NMR (C¢H,, 76.5 MHz) 6 2.44

[1,1-2H,]-2-Phenylethanol (30)*

A similar procedure was employed as that described for the
preparation of 19. The reaction of phenylacetic acid (29) (5.0 g,
36.7 mmol) with a solution of lithium aluminum deuteride (12.3 ml
of 1.0 M solution in Et,0) afforded the alcohol 30 (1.25 g, 27%) IR
(CH,Cl,, cast) 3311, 3086, 3062, 3028, 2932,2213, 1603, 1496 cm™';
'"HNMR (CDCl;, 300 MHz) 6 7.36-7.21 (SH, m, 4r), 2.87 (2H, s,
CH,); *H NMR (CHCl;, 76.5 MHz) ¢ 3.86; “C NMR (CDCl;,
100 MHz) 6 138.4, 129.0 (2C), 128.6 (2C), 126.5, 63.0 ('Jcp = 23
Hz), 39.0; HRMS (EI) caled for [M**] CgH;D,O 124.0855, found
124.0857, 106 (7%), 91 (100%).

[1-*H,]-2-Phenylethanal (31)*

A similar procedure was employed as that described for the
preparation of 20. Thus, reaction of [1,1-°H,]-phenylethanol (30)
with IBX (1.70 g, 6.14 mmol) in DMSO (15 mL) gave the aldehyde
31 (450 mg, 91%) after work-up. The crude aldehyde was used
without further purification as the aldehyde is unstable at room
temperature. Data for unlabelled material: IR (CH,Cl,, cast) 3086,
3062, 3028, 1723, 1603, 1453 cm™'; "H NMR (CDCl;, 300 MHz) §
9.76 (t, 1H, CHO, J = 2.4 Hz), 7.42-7.21 (m, 5H, 4r), 3.70 (d, 2H,
CH, J = 2.4 Hz); HRMS (E]) calcd for [M**] C;H;O 120.0575,
found 120.0574, 106 (7%), 91 (100%). The labelled aldehyde 31
had similar data to that of the unlabelled material except for the
following: '"H NMR (CDCl;, 300 MHz) 6 7.21-7.42 (SH, m, A4r),
3.70 (2H, s, CH,).

(15)-[1-*H,]-2-Phenylethyl tosylate (32)

An oven dried 100 mL round bottom flask was charged with (—)-
B-chlorodiisopinocampheylborane (1.55 g, 4.84 mmol) in an inert
atmosphere and dissolved in THF (10 mL). The solution was
cooled to —78 °C and to this cold solution was added dropwise
a solution of [1-*H,]-phenylethanal (31) (4.03 mmol) and stirred
with warming to room temperature for 18 h. The solvent was
removed in vacuo and o-pinene was removed by high vacuum for
8 h. The residue was dissolved in Et,O and to this stirring solution
was added diethanolamine (1.02 mL, 10.65 mmol). The solids
were removed by filtration through a pad of Celite® and filtrate
was concentrated in vacuo. Purification of the crude alcohol by
flash column chromatography (4 : 1 hexanes—EtOAc) gave the
alcohol. Data for alcohol: IR (CH,Cl,, cast) 3335, 3085, 3062,
2932, 2158, 1603, 1496 cm™'; "H NMR (CDCl;, 300 MHz) 6 7.29—

7.36 (m, 2H, A4r), 7.21-7.27 (m, 3H, A4r), 3.86 (dt, I1H, J = 6.6 Hz,
1.5Hz, CHDCH,), 2.88 (d, 2H, J = 6.3 Hz, CH,CHD); "*C NMR
(CDCl,, 125 MHz) ¢ 138.5, 129.0 (2C), 128.6 (2C), 126.5, 63.3
(t, "Jep = 22 Hz), 39.1; HRMS (EI) calcd for [M*'] C;H,DO
123.0793, found 123.0795, 106 (3%), 91 (100%), 65 (14%). A
stirring solution of the alcohol (107 mg, 0.88 mmol) and tosyl
chloride (202 mg, 1.06 mmol) in CH,Cl, (5 mL) was treated with
Et;N (0.16 mL, 1.16 mmol) and DMAP (10 mg 0.08 mmol). The
resulting reaction mixture was stirred at room temperature for 18 h,
at which time it was diluted with water (10 mL) and extracted
with CH,Cl,. The combined organic extracts were washed with
water and brine, dried over MgSO, and concentrated in vacuo.
The crude tosylate was purified by flash column chromatography
(Si0O,, hexane-EtOAc, 10 : 1) to afford the tosylate 32 as an oil
(184 mg, 75%). IR (CH,Cl,, cast) 3029, 2924, 2193, 1597, 1362,
1178 cm™'; '"H NMR (CDCl;, 300 MHz) 6 7.68 (m, 2H, A4r), 7.19—
7.29 (m, 5H, Ar), 7.09 (m, 2H, Ar), 4.18 (m, 1H, CHDCH,), 2.93
(d, 2H, J = 7.1 Hz, CH,CHD), 2.41 (s, 3H, ArCH;); ’H NMR
(CH,Cl,, 76.5 MHz) ¢ 4.23; "C NMR (CDCl;, 125 MHz) ¢ 144.6,
136.2, 133.0, 129.8 (2C), 128.8 (2C), 128.6 (2C), 126.8 (2C), 126.9,
70.3, (t, 'Jep = 23 Hz), 35.3, 21.6; HRMS (EI) calcd for [M*]
CsH,;sDO;S 277.0883, found 277.0884, 172 (5%), 155 (15%), 105
(100%)), 91 (83%).

(1R)-[1-"H,]-2-Phenylethyl tosylate (33)

A similar procedure was employed as that described for the prepa-
ration of 32. Treatment of [1-*H]-2-phenylethanal (31) (4.03 mmol)
in THF (10 mL) with (4)-B-chlorodiisopinocampheylborane
(1.55 g, 4.84 mmol) gave the crude alcohol. Purification using flash
column chromatography (SiO,, hexane-EtOAc, 4 : 1) afforded
(1R)-[1-*H]-phenylethanol as a colorless oil (200 mg, 40%). IR
(CH,Cl,, cast) 3335, 3085, 3062, 2932, 2158, 1603, 1496 cm™';
'"H NMR (CDCl,;, 300 MHz) ¢ 7.29-7.36 (m, 2H, Ar), 7.21-7.27
(m, 3H, Ar), 3.86 (dt, 1H, J = 6.6 Hz, 1.5 Hz, CHDCH,), 2.88
(d, 2H, J = 6.3 Hz, CH,CHD); *C NMR (CDCl;, 125 MHz) ¢
138.5, 129.0 (2C), 128.6 (2C), 126.5, 63.3 (t, 'Jp = 22 Hz), 39.1;
HRMS (EI) caled for [M**] CyH,DO 123.0793, found 123.0795.
106 (3%), 91 (100%). Reaction of the alcohol (250 mg, 2.06 mmol)
in CH,Cl, (15 mL) with p-toluenesulfonyl chloride (471 mg,
2.47 mmol), triethylamine (0.38 mL, 2.72 mmol) and DMAP
(10 mg, 0.08 mmol) provided the crude tosylate. Purification
by flash column chromatography (SiO,, hexane-EtOAc, 10 : 1)
afforded 33 as an oil (490 mg, 86%). IR (CH,Cl,, cast) 3030, 2925,
2195, 1653, 1598, 1362, 1176 cm™'; "H NMR (CDCl;, 300 MHz) 6
7.67 (m, 2H, Ar), 7.19-7.29 (m, SH, A4r), 7.09 (m, 2H, Ar), 4.18 (m,
1H, CHDCH,), 2.93 (d, 2H, J = 7.1 Hz, CH,CHD), 2.41 (s, 3H,
ArCH;);"H NMR (CH,Cl,, 76.5 MHz) ¢ 4.23; *C NMR (CDCl;,
125MHz) 6 144.6, 136.2, 133.0, 129.8 (2C), 128.8 (2C), 128.6 (2C),
127.8 (2C), 126.9, 70.3 (t, 'Jc p = 23 Hz), 35.3, 21.6; HRMS (EI)
caled for [M*] C;sH,sDO;S 277.0883, found 277.0884, 172 (5%),
155 (15%), 105 (100%), 91 (83%).

(3R)-[3-*H,|-4-Phenyl-1-butyne (34)

To a stirring solution of (15)-[1-*H]-2-phenylethyl tosylate (32)
(200 mg, 0.721 mmol) in DMSO (5 mL) was added lithium
acetylide—ethylene diamine complex (199 mg, 2.16 mmol). The
resulting reaction mixture was stirred at room temperature for
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2 h and then poured into a solution of cold 1 M HCI to quench
the reaction. The insoluble material was removed by filtration
through a pad of Celite® and the filtrate was extracted with
Et,0. The combined ethereal extracts were washed with water
and brine, dried over MgSO, and evaporation gave the crude
alkyne 34. The crude oil was used without any further purification
for the preparation of (3R)-[3-*H,]-4-phenyl-2-butanone (36). IR
(CH,Cl,, cast) 3304, 3078, 3025, 2976,2258, 1601, 1494, 1079 cm™*;
'"H NMR (CD,Cl,, 400 MHz) 6 7.37-7.40 (m, 2H, Ar), 7.20-7.33
(m, 3H, 4r), 2.83 (d, 2H, J = 7.1 Hz, CHDCH,), 2.48 (m, 1H,
CHDCH,), 1.98 (d, 1H, J = 2.6 Hz, C=CH); *H NMR (CH,Cl,,
76.5 MHz) § 2.47; *C NMR (CD,Cl,, 125 MHz) ¢ 136.8, 128.5
(2C), 127.8 (2C), 126.3, 83.8, 68.9, 34.8, 20.3 (t, 'Jo p = 20.0 Hz);
HRMS (EI) caled for [M**] C,(H,D 131.0845, found 131.0846,
105 (43%), 91 (100%).

(3S)-13-*H,]-4-Phenyl-1-butyne (35)

A similar procedure was employed as that described for the prepa-
ration of 34. The reaction of (1R)-[1-*H]-2-phenylethyl tosylate
(33) (200 mg, 0.721) in DMSO (5 mL) with lithium acetylide—
ethylene diamine complex (199 mg, 2.16 mmol) gave the crude
(35)-[3-*H,]-4-phenylbutyne (35). The crude oil was used without
any further purification for the preparation of (35)-[3-*H,]-4-
phenyl-2-butanone (37). The enantiomeric alkyne had identical
spectral properties to that of (3R)-[3-2H1]-4-phenylbutyne (34).

(3R)-[3-*H,]-4-Phenyl-2-butanone (36)

To a stirring solution of (3R)-[3-°H,]-4-phenylbutyne (34)
(0.721 mmol) in acetic acid (6.0 mL) and water (1.0 mL) was added
mercuric acetate (919 mg, 2.88 mmol). The resulting reaction
mixture was stirred at 70 °C for 3 h at which time water (30 mL) was
added. The pH of the solution was adjusted to 7 with the addition
of sodium acetate. The mixture was cooled to 0 °C in an ice-water
bath and sodium borohydride was added carefully. The reaction
mixture was then stirred for 30 min and filtered through a pad of
Celite,® and the filtrate was extracted with Et,O. The combined
ethereal extracts were washed with water and brine, and dried over
M¢gSO, and concentrated in vacuo. The crude residue was dissolved
in CH,Cl, and treated with PDC (298 mg, 0.79 mmol) and stirred
for 3 h at room temperature. The suspension was filtered through
a pad of Celite® and the filtrate was concentrated in vacuo to
give the crude ketone. Purification by flash chromatography (SiO,,
pentanes—Et,0, 10 : 1) to afford the ketone 36 (45 mg, 42%) as a
colorless liquid. IR (CH,Cl,, cast) 3027, 2956, 2871, 1717, 1602,
1497,1162 cm™'; "H NMR (CDCl;, 300 MHz) 6 7.15-7.29 (m, 5H,
Ar),2.86(d,2H, J =7.0 Hz, CH,CHD), 2.74 (1H, m, CH,CHD),
2.12 (3H, s, CH;CO); ’H NMR (CHCl,, 76.5 MHz) 6 2.74; *C
NMR (CDCl;, 125 MHz) § 207.8, 141.0, 128.5 (2C), 128.3 (20),
126.1, 45.2, 30.1 (t, 'Jep = 29 Hz), 29.8; HRMS (EI) calcd for
[M*] C,,H,;,DO 149.0951, found 149.0944, 134 (30%), 106 (98%),
91 (100%).

(35)-13-*H,]-4-Phenyl-2-butanone (37)

A similar procedure was employed as that described for the
preparation of 36. Treatment of a solution of (35)-[3-*H,]-4-
phenylbutyne (35) (0.721 mmol) in acetic acid (6.0 mL) and
water (1.0 mL) with mercuric acetate (919 mg, 2.88 mmol) gave

the mercuric salt. Addition of NaBH, (202 mg, 5.34 mmol)
and oxidation by PDC (220 mg, 0.59 mmol) afforded (3S)-
[3-°H,]-4-phenyl-2-butanone (37). Purification by flash column
chromatography (SiO,, pentanes—Et,0) provided the ketone 37.
The enantiomeric ketone had identical spectral properties to that
of (3R)-[3-*H,]-4-phenyl-2-butanone (36).

(3R)-[3-*H,]-Levulinic acid (38)

A solution of (3R)-[3-*H,]-4-phenyl-2-butanone (36) (106 mg,
0.721 mmol) in CCl, (4 mL), MeCN (4 mL) and H,O (6 mL) was
treated with sodium periodate (1.54 g, 7.21 mmol) and ruthenium
trichloride (3 mg, 14 pmol). The resulting reaction mixture was
stirred at room temperature for 18 h. The solution was diluted with
water and extracted with CH,Cl,. The combined organic extracts
were dried with MgSO, and concentrated in vacuo to give the crude
acid 38 (20 mg, 24%). The acid was used for the preparation of (S)-
(4)-(methoxycarbonyl)benzyl (3R)-[3-’H, ]-levulinate (40) without
further purification. For unlabelled material: IR (CH,Cl,, cast)
3111, 1716, 1402, 1369, 1165 cm™'; "H NMR (CDCl;, 300 MHz) &
2.73 (m, 2H, CH,CO), 2.61 (m, 2H, CH,COOH), 2.17 (s, 3H,
CH,;CO); *C NMR (CDCl;, 100 MHz) § 206.9, 178.4, 37.7,
29.7, 27.8; HRMS (EI) calcd for [M**] CsH;O; 116.0472, found
116.0474, 101 (22%), 73 (47%), 56 (100%). The (3R)-[3-*H,]-
levulinic acid (38) showed identical chromatographic and spectral
properties except for the following: H NMR (C4H,, 61.4 MHz) ¢
2.73.

(35)-[3-*H,]-Levulinic acid (39)

A similar procedure was employed as that described for the
preparation of 38. Treatment of (35)-[3-*H,]-4-phenyl-2-butanone
(37) (106 mg, 0.721 mmol) in CCl, (4 mL), MeCN (4 mL) and H,O
(6 mL) with sodium periodate (1.54 g, 7.21 mmol) and ruthenium
trichloride (3 mg, 0.014 mmol) gave (3.5)-[3-*H, ]-levulinic acid (39)
as a crude mixture. The acid was used without further purification
for the preparation of (S)-(+)-(methoxycarbonyl)benzyl (3.5)-[3-
*H,]-levulinate (41). Spectral data was identical to that reported
for 38.

(S)-(+)-(Methoxycarbonyl)benzyl (3R)-[3-*H, ]-levulinate (40)

To a stirring solution of (3R)-[2-°H,]-levulinic acid (38) (18 mg,
0.154 mmol) in CH,Cl, (5§ mL) was added (S)-(+)-mandelic acid
methyl ester (28 mg, 0.17 mmol), DCC (39 mg, 0.19 mmol)
and DMAP (2 mg, 0.02 mmol). The resulting reaction mixture
was stirred at room temperature for 18 h and filtered through a
sintered glass funnel to remove the solid impurities. The crude
ester was purified by flash column (SiO,, hexane-EtOAc, 4 : 1)
to afford the title compound 40 (16 mg, 41%) as a colorless oil.
For unlabelled material: IR (CH,Cl,, cast) 3034, 2954, 1745, 1719,
1587, 1364, 1152 cm™'; '"H NMR (C¢Ds, 300 MHz) 6 7.42 (m,
2H, Ar), 7.04 (m, 3H, 4r), 6.05 (s, lH, CHCO,Me), 3.18 (s, 3H,
OCH,), 2.50 (m, 2H, J = 7.0 Hz, CH,CO,R), 2.21 (td, 1H, J =
6.3 Hz, 18.2 Hz, CH,CO), 2.01 (td, 1H, J = 6.3 Hz, 18.2 Hz,
CH,CO), 2.01 (s, 3H, CH;CO); *C NMR (CDCl,, 125 MHz) 6
206.1,172.1,169.2,133.7, 129.3, 128.8 (2C), 127.6 (2C), 74.6, 52.6,
37.8, 29.8, 27.8; HRMS (EI) caled for [M*] C,;H ;05 264.0998,
found 264.0989, 232 (5%), 205 (4%), 166 (7%), 149 (6%), 121
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(10%), 99 (100%). The (S)-(+)-(methoxycarbonyl)benzyl (3 R)-[3-
’H,]-levulinate (40) showed identical chromatographic properties
and displayed similar spectral properties except for the following:
"H NMR (C4H,, 76.5 MHz) § 2.01.

(S)-(+)-(Methoxycarbonyl)benzyl (35)-[3-*H,|-levulinate (41)

A procedure similar to that used for the preparation of (S)-(+)-
(methoxycarbonyl)benzyl (3R)-[3-°H,]-levulinate (40) was em-
ployed except that (35)-[2-*H,] levulinic acid (39) was used as the
starting material. Spectral data were similar to those of 40 except
for ’H NMR (C,Hg, 76.5 MHz) § 2.21.

Incorporation studies with rubber transferase

Enzymatically active washed rubber particles from H. brasilien-
sis*” and P. argentatum® were purified as previously described.
Incorporation assays were performed in duplicate and using a
modification of the method by Cornish and Beckhaus.® A typical
reaction took place in 1.0 mL siliconized micro-centrifuge tubes.
The total reaction volume was typically 250 uL (100 mM Tris—HCI
pH 7.5; 5mM DTT, 20 uM FPP, 1.25 mM MgSO,, 11 mg washed
rubber particles (WRP), and 5 mM of deuterated IPP analog).
Reactions were incubated for 4 d at 27 °C for H. brasiliensis or
at 16 °C for P. argentatum, and were stopped by the addition of
EDTA (0.5 M, pH 8.0). The reaction mixtures were then filtered
through 0.22 um nitrocellulose filters to trap the rubber particles.
The rubber (ca. 10 mg) was then washed successively with water
(2 x 1mL), 1 M HCI (3 mL) and EtOH (3 x 4 mL). The newly
synthesized rubber was then removed from the filter paper and
was either analyzed by °H NMR or ozonolysis.

Ozonolysis of rubber

Rubber isolated from incorporation experiments (typically 10 mg)
was dissolved in 10 mL of CH,Cl, and cooled to —40 °C. Ozone
was then bubbled through this solution for 20 min, at which
time excess O, was purged with bubbling O,. The solvent was
evaporated in vacuo and to the resulting residue was added formic
acid (1 mL) and H,0, (0.3 mL, 30%). After stirring at room
temperature for 4 h, the excess peroxides were decomposed by
the addition of solid FeSO,. The solution was diluted with Et,O
(5 mL) and extracted with Et,0 (2 x 5 mL). The combined
ethereal extracts were washed with brine, dried over MgSO, and
concentrated in vacuo to give levulinic acid.

Derivatization of enzymatically synthesized levulinic acid

The crude levulinic acid from ozonolysis of rubber was dissolved in
CH,Cl, (10 mL) and to this solution was added (.S)-(+)-mandelic
acid methyl ester (28 mg, 0.17 mmol), DCC (39 mg, 0.19 mmol)
and DMAP (2 mg, 0.02 mmol). The resulting reaction mixture
was stirred at room temperature for 18 h and filtered through
a sintered glass funnel to remove solid impurities. The crude
ester was purified by preparative thin layer chromatography (SiO,,
hexane-EtOAc, 4 : 1, R; = 0.21) to afford the desired ester (2—
5 mg).
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Peroxynitric acid (O,NOOH) nitrates L-tyrosine and related compounds at pH 2-5. During reaction
with O,"NOOH in the probe of a "N NMR spectrometer, the NMR signals of the nitration products
of L-tyrosine, N-acetyl-L-tyrosine, 4-fluorophenol and 4-methoxyphenylacetic acid appear in emission
indicating a nitration via free radicals. Nuclear polarizations are built up in radical pairs [°NO,",
PhOJF or [PNO,*, ArH**]¥ formed by diffusive encounters of *NO,* with phenoxyl-type radicals PhO"
or with aromatic radical cations ArH**. Quantitative "N CIDNP investigations with N-acetyl-L-
tyrosine and 4-fluorophenol show that the radical-dependent nitration is the only reaction pathway.
During the nitration reaction, the "N NMR signal of "NO;~ also appears in emission. This is
explained by singlet-triplet transitions in radical pairs [*NO,", "NO;']® generated by electron transfer
between O,”"NOOH and H”NO, formed as a reaction intermediate. During reaction of peroxynitric
acid with ascorbic acid, "N CIDNP is again observed in the "N NMR signal of "NO;~ showing that
ascorbic acid is oxidized by free radicals. In contrast to this, O,'""NOOH reacts with glutathione and
cysteine without the appearance of "N CIDNP, indicating a direct oxidation without participation of

free radicals.

Introduction

Peroxynitric acid (O,NOOH/O,NOO~; pK, 5.9) is known as an
unstable intermediate during reaction of H,0, with either N,O;
or HNO, since about 100 years." It has found growing interest
after detection in the Earth’s atmosphere as the recombination
product of free radicals HO,* and NO,".> Furthermore, it may be
generated under physiological conditions as the recombination
product of superoxide, O,"~ (HO,/0,"; pK, 4.8), and NO,".}
In living organisms, this reaction has been suggested to be an
effective detoxification pathway for NO,".* During the last years,
its formation and decomposition have been studied in greater
detail, see Scheme 1.5

2H,0, + HNO, —  2H,O + O,NOOH
0,NOOH - HO, + NOy (k=0.025s" %)
HOy + NOy — 0,NOOH (k=1810°M"s" ™)
2NOy + H,0 — NO, + NO;y + 2H" (k=6510"M"s" 1)
2HOy - H0, + O, (k=8.610°M's" ™)
O,NOOH + HNO, — 2HNO;

Scheme 1 Formation and decay reactions of peroxynitric acid (see
ref. 85, 9¢, 10 and 11).

Peroxynitric acid is expected to exhibit nitrating as well as oxi-
dizing properties. Tyrosine nitration and the nitration of tyrosine
residues in proteins are used as markers for the activity of reactive
nitrogen species (RNS) in living systems.”? The most important

“Organische Chemie, Universitdit Dortmund, Otto-Hahn-Strasse 6, D-44221
Dortmund, Germany. E-mail: lehnig@chemie.uni-dortmund.de

bInstitut fiir Physiologische Chemie, Universititsklinikum Essen, Hufeland-
strasse 55, D-45117 Essen, Germany. E-mail: michael kirsch@uni-essen.de

RNS seem to be peroxynitrite and nitrite in the presence of perox-
ydase or hypochlorite.** Concerning peroxynitrite, an indirect
nitration pathway via NO," and tyrosinyl radicals is generally
accepted. Peroxynitric acid might also be considered as a possible
nitration agent of tyrosine residues in biological systems.*-!*

Nitration of L-tyrosine (Tyr) with peroxynitric acid has not
been observed at pH 7. The purpose of the present paper is
to look for nitration reactions with peroxynitric acid at lower
pH values. "N CIDNP investigations during the nitration of
N-acetyl-L-tyrosine (Tyrac), 4-fluorophenol (4-F-C,H,OH) and
4-methoxyphenylacetic acid (4-MeO-C4H,—~CH,—~COOH) will be
described for the study of the nitration mechanism of peroxynitric
acid. In preceding communications, "N CIDNP has been applied
in proving the radical mechanism of the nitration reactions of
L-tyrosine and N-acetyl-L-tyrosine with peroxynitrite at pH 4-5 as
well as with nitrite in the presence of peroxydase or hypochlorite
at physiological pH values.'¢

A few oxidizing reactions with peroxynitric acid have been
reported.*® They were proposed to occur via different mech-
anisms, a direct one and an indirect one via free radicals
formed during the decomposition of peroxynitric acid (Scheme 1).
For demonstrating the possibility of different mechanisms, "N
CIDNP studies during oxidation of ascorbic acid, glutathione and
cysteine will be described, too. These compounds act as scavengers
for oxidants in biological systems, especially for free radicals."”

CIDNP is used for evaluating reaction mechanisms in organic
chemistry. It leads to emission (E) and/or enhanced absorption
(A) signals in the NMR spectra of products formed during fast
radical reactions running in the probe of an NMR spectrometer
and proves the occurrence of free radicals.'"™*' Especially, "N
CIDNP has been applied to study nitration reactions of activated
aromatics by nitric acid, nitrous acid and peroxynitrous acid.'®**?
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CIDNP is generated in radical pairs formed by the homolysis of
diamagnetic compounds from singlet states (S pairs) or by diffusive
encounters of independently generated free radicals (F pairs).
Free radicals reacting within the pairs give cage (¢) products.
Free radicals which do not react within the pairs form escape
(e) products. If "N nuclei are observed, the phase of CIDNP
effects (E, A) in the reaction products of free radicals generated by
homolysis of diamagnetic compounds “NO,-R and by reactions
of "NO,* with free radicals R* is given in Scheme 2 assuming
gR") > g(NO,").”

Homolysis: “NO,R — "NOy + R singlet precursor (S pair)
)
cage (¢) product (A,E) « [NOy,R1* — escape () product (E,A)
T
Diffusion: “No; + R free radical precursor (F pair)
Scheme 2 N CIDNP effects in the reaction products of free radicals

NO," and R° generated by homolysis of diamagnetic compounds
SNO,-R (S pairs) and free radical encounters (F pairs) assuming g(R*) >
g(NO;"). E: emission, A: enhanced absorption.

The appearance of CIDNP proves the occurrence of radical
reactions, which does not exclude non-radical reactions leading
to the same product. To prove this, quantitative experiments have
been performed. CIDNP intensities are proportional to the prod-
uct rate formation. For quantitative investigations, the dependence
of reaction time and product concentrations is eliminated by
determining an enhancement factor £ which is the ratio between
the intensity of the NMR signal immediately after formation of
the polarized product and the intensity of the NMR signal of
the product after finishing the reaction.?* The value is compared
with "N CIDNP data obtained from various nitrating systems'”*
and calculations based on quantitative formulations of the radical
pair theory.”® This procedure will be applied during reactions
of peroxynitric acid-"N with N-acetyl-L-tyrosine and with 4-
fluorophenol, not with L-tyrosine and 4-methoxyphenylacetic acid
because of low product concentrations.

Experimental
>N CIDNP experiments

Authentic peroxynitric acid-"N or a mixture of Na"NO, and
H,O, was dissolved in H,O/D,0 containing phosphoric acid
(0.3 M) and NaHCO; (0.05 M) at pH 2. After putting the reactants
into the 10 mm NMR tube, it was transferred into the probe of
the "N NMR spectrometer (Bruker DPX 300) within 5 s and then
locked. A single pulse spectrum of the peroxynitric acid was then
taken with a pulse angle of 90° 2 or 3 min later. After that, the
tube was replaced, and the reactant was added to the solution.
N NMR spectra were then taken every 2 or 3 min until the
reaction was completed. For detecting the reaction products, "N
NMR spectra were taken with several hundred pulses. "N NMR
intensities / were taken directly from the spectra. During single
runs, signal intensities are proportional to concentrations within
about 5%. Signal intensities taken during different runs differ
within about 20%. An E value was determined from eqn (1).%

E=3XIAdi, i+ 1)/I,T, 1)

1, is the intensity of the CIDNP signal during the i measurement
and A#(i, i + 1) is the time interval (2 or 3 min) between the /™
and the (i + 1)™ measurement. 7, is the intensity of the "N NMR
signal of the reaction product after finishing the reaction and 7',
is the longitudinal relaxation time of the nucleus investigated. For
determining E, eqn (1) is a good approximation if the reaction
time exceeds 7', by more than about one order of magnitude. This
procedure cancels differences between various runs which can
therefore be compared directly. Values determined from different
runs differ by about 15%. Chemical shifts are given in J values
relative to nitrobenzene-">N dissolved in acetonitrile as an external
reference. "N CIDNP experiments using nitric acid or nitrous
acid as nitrating agents were performed in an analogous manner.”

Materials

0,""NOOH solutions (1.57 M) were freshly prepared prior to use
as described.* O,""NOOH was also prepared in situ by addition
of H,0, (1 M) to a solution of Na"NO, (0.3 M or 0.15 M) in
H,0.21%* All the other compounds and solvents were commercial.
Nitric acid was 0.4 M in H,O and labelled with 60.3 atom% "N
(Isotec Inc.). NaNO, was labelled with 99.3 atom% "N (Isotec
Inc.).

Solutions

For preparing the buffer solutions, doubly distilled water was
bubbled (2 L min~') with synthetic air at room temperature for
20 min. Traces of transition metal ions were removed from the
buffer solutions by treatment with the heavy metal scavenger resin
Chelex 100 by gentle shaking for 18 h in the dark.?® The pH value
was adjusted with sulfuric acid and sodium hydroxide using a pH
Meter CG 825.

Capillary zone electrophoresis measurement

L-Tyrosine and 3-nitro-L-tyrosine were quantified on a Beckman
P/ACE 5000 apparatus. Separation conditions for L-tyrosine and
3-nitro-L-tyrosine were as follows: fused silica capillary (50 cm
effective length, 75 m internal diameter), hydrodynamic injection
for 5 s, temperature 30 °C, voltage 18 kV, normal polarity, UV
detection at 214 nm. A mixture of 50 mM sodium phosphate,
25 nM sodium borate, and 50 mM sodium dodecyl sulfate (pH 9.0)
was used as the electrolyte system. To each sample, 0.2 mM of
p-hydroxybenzoic acid was added as an internal standard.

Quantum chemical calculations

Complete basis set (CBS-Q) computations were carried out with
the Gaussian 03 (Revision A.11.3) suite of programs.”” Molecular
interactions were evaluated on the optimized gas-phase geometries
with the PCM®“ procedure incorporated in Gaussian 03. Both
the PCM/(U)HF/6-31(+)G(d) and the CBS-Q methodology are
known to provide estimates within “chemical accuracy” (£1 kcal
mol™!'), as has also been demonstrated for O,NOOH-derived
reactions.®® Isotropic absolute shielding constants of the nitrogen
nucleus in a couple of compounds were calculated with the gauge-
including atomic orbital (GIAO) protocol® at the DFT/aug-
cc-pVDZ (DFT = BILYP and B3LYP) level of theory. The
optimization of the structure and molecular interactions with the
solvent were respected at the same level of theory.
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Table 1 Effect of pH on nitration of L-tyrosine (1 mM) with peroxynitric
acid (1 mM)

pH NO,-Tyr (uM)*
7 0*

6 0

5 13+£1.2

4 101.5+ 5.6

3 118.5+6.2

“ Determined using capillary zone electrophoresis (detection limit 8 uM).
® Recovery of L-tyrosine 96.1%.

Results and discussion
Nitration of L-tyrosine with peroxynitric acid

During reaction of peroxynitric acid with L-tyrosine (Tyr) in acidic
solution, the nitration product 3-nitro-L-tyrosine (3-NO,-Tyr) is
formed [eqn (2)]. The product yield increases with decreasing pH
values from zero at pH 7 to 118.5 mM at pH 3, see Table 1.

Tyr + O,NOOH — 3-NO,-Tyr + HOOH 2)

The unprotonated form, which is present at pH 7, is not able to
nitrate Tyr.

SN CIDNP during decomposition of peroxynitric acid-'>N at pH 2

Peroxynitric acid decomposes to nitric acid in acidic solution
(Scheme 1), half-life times of 30-60 min have been found.*< A
typical "N NMR spectrum taken during the decay of O,"*"NOOH
in H,O is given in Fig. la. The time dependence of "N NMR
signal intensities 7 of O,""NOOH (0.54 M) and "NO,~ and details
of this reaction are given in the Tables 2 and 3. The assignment of

a
O,NOOH
NO;
WWWWWWW
b
.
T Y
3-NO,-Tyrac
1-NO,-Tyrac Ty
c
>N NMR
RO (N

~—3d

T T T 1
40 30 20 10 0 -10 -20 -30 -40 ppm

Fig. 1 "N NMR spectra of solutions of peroxynitric acid-*N in H,O at
pH 2 and 298 K taken (a) 3 min after putting the tube in the probe (1 pulse),
(b) 3 min after adding N-acetyl-L-tyrosine (1 pulse), (c) 300 min after
adding N-acetyl-L-tyrosine (500 pulses).

Table 2 "N CIDNP during reaction of O,"”"NOOH with organics at pH 2 and 295 K
Reactant Assignment J (ppm)* CIDNP? Yield (%)° t1 (min)?
None'** (Fig. 1a) 0,"NOOH (0.54 M) —18 A — 20
NO;- 9 N 100
N-Acetyl-L-tyrosine (0.2 M) (Fig. 1b,c) 0,"NOOH (0.3 M) —18 A — 4
3-"NO,-Tyrac 4 E 2.0
%) 6 E —
"NO;~ 9 E 98.0
1-"NO,~Tyrac 18 E —
4-Fluorophenol (0.1 M) (Fig. 3) 0,"NOOH* —18 A — 4
2-"NO,-4-F-C,H,OH 3 E 0.2
4-"NO,-4-F-C,H,=0 13/14 E —
3-NO,-4-F-C¢H,OH -2 E —
"NO;~ 9 E 100
%) 4 E —
Ascorbic acid (0.15 M) (Fig. 2a) 0,"NOOH/ —18 A — 3
NO;~ 9 E 100
Glutathione (0.1 M) 0,"NOOH/ —18 — — N. o.#
NO;~ 9 N 100
Cysteine (0.1 M) 0,”"NOOH” —18 A — 0.15
NO;- 9 N 100
4-Methoxyphenylacetic acid (0.02 M) (Fig. 2b) 0,"NOOH* —18 A — 8
3-"NO,-4-MeO-C4H,~CH,-COOH 3 E <0.1
“NO;~ 8 E 100

¢ values against Ph'*NO,, positive ¢ values downfield. * E: emission, A: enhanced absorption, N: no CIDNP. ¢ Product yields determined from "N
NMR spectra taken after reaction.  Half-life time of the "NMR signal decay of O, NOOH. ¢ Generated in situ from Na'*'NO, (0.3 M) and H,O, (1 M).

fGenerated in situ from Na®*NQO, (0.15 M) and H,O, (1 M). ¢ Not observed.
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Table 3

N NMR intensities /* (a) during decay of O,””"NOOH (0.54 M), (b) during reaction of O,””"NOOH (0.3 M) with N-acetyl-L-tyrosine (0.2 M),

(c) during reaction of O,'”"NOOH? with 4-fluorophenol (0.1 M), (d) during reaction of O,""NOOH¢ with ascorbic acid (0.15 M) at pH 2 and 295 K

(@)

“ 0 3 6 12
1(O,"NOOH) 400 400 360 300
I("NO;") 10 14 17 25
(b)

I 0 3 6 9
1(0,”"NOOH) 750 500 330 125
I(NO,") —310 —200 —150 —-70
1(3-"NO,-Tyrac) -50 —26 —-19 —10
I(1-"NO,-Tyrac) —-17 —12 —-12 -3
(©

I 0 2 4 6
I1(O,"NOOH) 60 200 150 100
I(5NO,") 10 —140 —150 —-70
1(2-°"NO,-4-F-C,H,OH) — —-32 —26 —12
1(4-"NO,-4-F-C¢H,=0) — —4 -3 -2
(d)

“ 0 2 4 6
1(0,"NOOH) 40 250 150 30
I("NO;") 5 -75 —-30 —4

18 28 40 60 100 300
240 150 80 33 17 0
41 53 55 67 67 70
12 15 18 21 30 300
100 60 30 20 3 0
=55 =22 =5 2 20 40
-7 —4 -2 0 0 0.8
=3 -2 0 0 0 0
8 10 12 14 18 22 300
60 30 15 9 3 0 0
=30 —-10 4 15 25 40 40
=5 =3 -2 0 0 0 0.08
0 0 0 0 0 0 0
8 10 14 22
7 2 —
7 12 20 20

@ [ values determined from the signal-to-noise ratios using single 90° pulses. * O,””"NOOH generated in situ from Na*NO, (0.3 M) and H,O0, (1 M).
©0,""NOOH generated in situ from Na®NO, (0.15 M) and H,O, (1 M). “ #: time after starting the reaction (in min). The spectrum at # = 0 has been taken
before adding the reactant to the solution of O,'"NOOH. ¢ Determined from "N NMR spectra taken after reaction (625 scans, 90° pulses, delay time 2
min). Determined from "N NMR spectra taken after reaction (400 scans, 90° pulses, delay time 3 min).

the "NMR signals is supported by results of quantum-chemically
calculated °N chemical shifts, see Table 4.

The "N NMR signal intensity of “NO;~ increases from 10 to
70 units during reaction showing that it is proportional to the
"NO;~ concentration. The half-life time of 20 min taken from
the spectra is smaller than the values given in the literature (30—
60 min). We think that this is of no importance for the nitration
experiments. It follows that 15% of O, NOOH decomposed before
taking the first spectrum, and furthermore, that the intensity of
the "N NMR signal of O,”NOOH should be about 60 units
which is much less than the 400 units observed, indicating that
it shows enhanced absorption (CIDNP of A type, Scheme 2). It

decreases with a half-time of about 20 min too; the magnitude
of the effect is about the same during reaction. The reaction
is finished, 95% complete, in 100 min. The "N CIDNP effect
has also been observed at higher pH values and is built up in
radical pairs [*NO,",”O,H]* (Scheme 3) formed during homolysis
of O,"”"NOOH (Scheme 1).'%*

The formation of O,""NOOH by recombination of "NO," and
HO,* via radical pairs [°*NO,","O,H]" leads to an E type effect!¢
which is not observed under the given conditions. The "N NMR
signal of "NO,~ appears in emission at pH 3.1."* This has been
explained by electron transfer between O,'’"NOOH and O,*NOO~
(Scheme 3), which has no importance at pH 2. The reaction of

Table4 Quantum-chemically calculated isotropic absolute shielding constants and '*N chemical shifts (J, in ppm)

Isotropic shielding constants®

Isotropic chemical shifts

Molecule BILYP B3LYP BILYP B3LYP Exp®
Nitrobenzene —125.2 —121.5 0.0 0.0 0
NO;~ —134.9 —130.2 9.7 8.7 9
O,NOOH —105.6 —105.8 -19.6 —15.7 —18
trans-ONONO, -90.6 -92.0 184.2 180.0

—309.4 -301.5 —34.6 -29.5
2-NO,-4-F-C¢H,OH —125.9 —-121.5 0.7 0.0 3
4-NO,-4-F-C¢H,=0 —142.2 —141.8 17.0 20.3 13/14
3-NO,-4-F-C¢H,OH —121.0 —117.0 —4.2 —4.5 -2
4-F-C¢H,~O-NO, —-103.3 —-102.8 -21.9 —18.7
2-ONO-4-F-C,H,OH —343.6 —344.3 218.4 222.8
3-ONO-4-F-C¢H,OH —344.6 —339.3 219.4 217.8
4-F-C¢H,~O-ONO -291.6 —283.1 166.4 161.6
N,Os -72.3 —71.4 —-52.9 -50.1

“ Isotropic absolute shielding constants were calculated using the GIAO protocol at the DFT/aug-cc-pVDZ/DFT/aug-cc-pVDZ level of theory. During
these calculations, solvation corrections (CH;CN for nitrobenzene, H,O for all others) with the PCM solvation model were performed at the same level

of theory. * Experimental values, see Table 2 and Fig. 1-3.

724 | Org. Biomol. Chem., 2006, 4, 721-729

This journal is © The Royal Society of Chemistry 2006





(&)

0,""NOOH -  [®NOs,’0H —  0,’NOOH
(E)
NO,; + HOy - ["NOy,0H" - 0,"*"NOOH
-H,0 (E)
H'NO, + 0,®"NOOH — (®N,05) —» [*NOy, *NO;1® —» NO,' + PNOy

“NO," + H,0 - H”NO; + H'

-0, (E)
0,"NOO™ + 0,NOOH — [*NOy, 0,'’NOOH]® — ""NO; + HO + ""NOs

Scheme 3
acid-"N.

"N CIDNP during formation and decay of peroxynitric

0,""NOOH with H®NO, (Schemes 1 and 3) might lead to emission
in the "N NMR signal of "NO,~ too, which is not observed under
the applied conditions either.

Reaction of peroxynitric acid-"*N with /V-acetyl-L-tyrosine and
4-fluorophenol

For elucidating the mechanism of the nitration reaction, "N
CIDNP studies have been performed at pH 2. During the reaction
of O,”"NOOH with Tyr, emission has been observed in 3-"NO,—
Tyr, but the product yield is too low for quantitative studies.
Therefore, N-acetyl-L-tyrosine (Tyrac) has been used. "N NMR
spectra taken during the reaction of O,'"*"NOOH (0.3 M) with Tyrac
(0.2 M) at 295 K and after reaction are given in Fig. 1b,c, details of
the reaction in Table 2. The "N NMR signal of O,”"NOOH shows
enhanced absorption, as described, signals at 6 = 4 ppm and § =
18 ppm are due to 3-nitro-N-acetyl-L-tyrosine (3-"NO,-Tyrac)
and 1-nitro-N-acetyl-L-tyrosine (1-"NO,-Tyrac) and appear in
emission. Additionally, the "N NMR signal of "NO;~ shows E, in
contrast to the results during the decay of O,""'NOOH. A signal at
0 =6 ppm could not be assigned. After reaction, only the "N NMR
signals of 3-"NO,-Tyrac and "NO;~ are observed indicating that
1-"NO,-Tyrac and the unassigned product are unstable reaction
intermediates.

The time dependence of the "N NMR signals reveals further
details of the reaction (Table 3b). After addition of Tyrac, the

"N NMR signal of O,”NOOH is enhanced, the half-time of the
reaction is shortened from 20 to 4 min and the overall reaction
time (95% yield progress) from 100 to 18 min. After reaction, the
signal due to 3-"NO,-Tyrac can only be observed by taking a
large number of scans (Fig. 1¢). By taking 170 scans, a yield of
2.0% has been determined in relation to the "NO;" yield.

Nitric acid and nitrous acid are effective nitration agents
of Tyrac in acidic solution.'**? Both are formed during the
decomposition of peroxynitric acid (Scheme 1). With the aim of
excluding them as nitrating agents, experiments were performed
with H®NO; (0.1 M) and Na®NO, (0.3 M) at pH 2. Tyrac is not
nitrated under these conditions, and "N CIDNP effects are not
observed either.

The occurrence of "N CIDNP indicates that the nitration
proceeds via free radicals. The "N CIDNP effects are identical to
those using peroxynitrous acid-'°N as the nitrating agent and are
explained as described earlier by reactions of radical pairs [*NO,",
Tyrac']" formed by diffusive encounters of "'NO," and phenoxyl-
type radicals Tyrac', (Scheme 4)."* NO,* is known to generate
radicals GlyTyr" very efficiently from GlyTyr;* HO,” might
readily be oxidized by phenolic compounds.*™ The conclusions
are supported by calculations of Gibbs energies of the reaction
of NO,* with phenol (8.7 kcal mol™') and of HO,* with phenol
(1.4 kcal mol™") (Table 5, entries 1 and 2).

PNOy + Tyrac - H®NO, + Tyrac
HO,; + Tyrac — H,0, + Tyrac
E) (E)

NOy + Tyrac — [°NOy, TyracT" — 1-"NO,-Tyrac, 3-""NO,-Tyrac

Scheme 4 "N CIDNP during reaction of peroxynitric acid-"N with
N-acetyl-L-tyrosine.

The enhancement factor E of the nuclear polarization has been
determined using eqn (1), see Table 6. An E value of —1100 is
derived from the "N NMR signals of 3-"NO,-Tyrac (Table 3b).
It is comparable with that found during nitration of Tyrac with
peroxynitrous acid-"N in the presence of sodium bicarbonate (E =
—1350).1

Table 5 Quantum-chemically calculated Gibbs energies and aqueous solvation energies

Entry Reaction® ARG, AvEgo ArGy
1 PhOH + NO," — PhO* + HNO, 7.6 1.1 8.7
2 PhOH + HO," — PhO* + H,0, —-1.3 2.7 1.4
3 O,NOOH + HNO, — H,0 + N,0Os —25.9 7.2 —18.6
4 O,NOOH + HNO, — H,0 + NO," + NO;* -84 7.3 —1.1
5 NO,* + NO;* — NO,* + NO;~ 127.7 —139.8 —12.1
6 O,NOOH + N,0;* - HNO, + NO," + NO;* —-7.4 3.7 -3.7
7 0O,NOOH + N,0y — HNO, + NO," + NO;* —11.8 5.6 —6.2
8 O,NOOH + HNO, + H,0 - O,NOOH"~ + NO," + H;0* 196.6 —146.6 50.0
9 PhOCH; + HO," — PhOCH," + H,0, 8.1 —-2.6 5.4

10 PhOCH; + NO,” - PhOCH," + HNO, 18.5 —4.1 14.4

11 0O,NOOH + PhOCH; — O,NOOH~ 4+ PhOCH;"* 159.7 -95.0 64.7

12 PhOCH; + NO," - PhOCH;™* + NO,~ 138.6 —109.1 29.6

13 PhOCH; + NO* — PhOCH;'* + NO* —25.2 38.2 12.9

14 PhOCH; + N,05 — PhOCH;** + NO;~ + NO,* 111.0 —106.3 4.7

15 PhOCH; + NO;* — PhOCH;™* + NO;~ 93.6 —106.4 —12.9

“ Thermodynamic properties were calculated using the complete basis set (CBS-Q) methodology. * Gas phase data (kcal mol™").  Solvation corrections
from (U)HF/6-31(+)G(d)//CBS-Q single point calculations with the PCM-UAHF solvation model for water (kcal mol™). 4 AgG,, = ArG, + ArGiy,

(kcal mol™). ¢ trans-trans-ONONO. / cis-trans-ONONO.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 721-729 | 725





Table 6

Enhancement factors E of "N CIDNP in nitration products of N-acetyl-L-tyrosine and 4-fluorophenol

Compound Nitrating agent T, value (s) E value Reference
3-NO,-Tyrac O"”NOOCO,~ 24 —1350 16b
0O,"NOOH 24 —1100 This work
2-NO,-4-F-C¢H,OH H"NO, 96 —1090 23d
H"NO; 96 —1202 23d
O"NOOH 96 —890 16a
O"NOOCO,~ 96 —1110 16a
0O,"NOOH 96 —1250 This work
—1222¢ 23d

 Calculated following Pedersen’s treatment of the radical pair theory.*

The nitration of 4-fluorophenol (4-F-C¢H,OH) has been inves-
tigated by "N CIDNP using different nitrating agents like nitrous
acid and nitric acid,®” peroxynitrous acid and its CO, adduct.'*
Additionally, an E value has been calculated using quantitative
treatments of the radical pair theory.?®* Furthermore, the nitration
reaction of 4-F-C,H,OH by nitrous acid has been thoroughly
investigated.’'

0,"NOOH has been generated in situ using Na®NO, (0.3 M)
and H,O, (1 M). After that, 4-F-C,H,OH has been added to the
solution. The "N CIDNP effects are shown in Fig. 2 and described
in the Tables 2 and 3. They are similar to those observed during the
reaction of O,"”"NOOH with Tyrac. After adding 4-F-C(H,OH,
the intensity of the "N NMR signal of O,”NOOH is enhanced
by a factor of 3, the half-life time for the decay of peroxynitric
acid is 4 min and the reaction time 15 min (at 95% completion).
The enhancement is smaller than during reaction with authentic
peroxynitrite-'">"N which might be the consequence of a O,”"NOOH
formation yield of less than 50% under the given conditions. The
N NMR signal of "NO;~ also appears in emission. The "N NMR
spectra of the stable product 2-nitro-4-fluorophenol (2-"NO,-4-F-
C¢H,OH) and of the intermediate 4-nitro-4-fluorocyclohexadien-
l-one (4-"NO,-4-F-C¢H,=0) show emission as was observed
earlier.'®* Additionally, two small emission lines at § = —2 and
0 = 4 appear. The first one is tentatively assigned to 3-°"NO,-
4-F-C,H,OH. After reaction, only the N NMR signals due to
NO;"~ and 2-°"NO,-4-F-C,H,OH are observed. The assignment
of the "N NMR signals is supported by calculating the "N NMR
chemical shifts with the gauge-including atomic orbitals method
performed at the DFT/aug-cc-pVDZ level of theory (Table 4).

OH
NO, HNO,
F
ﬁ\ OH
NO;
NO,
F
r T T T T T T T 1
30 20 10 0 -10 -20 -30 ppm

Fig. 2 "N NMR spectrum of peroxynitric acid-"N in H,O at pH 2 and
298 K taken 4 min after adding 4-fluorophenol to the solution (1 pulse).

From "N NMR spectra taken after reaction, the yield of 2-"NO,-
4-F-C4H,OH has been determined to be 0.2% in relation to "NO;~
indicating that nitration of 4-F-C,H,OH with O,NOOH is only a
side reaction.

The ®N CIDNP effects in the nitration products are explained
in an analogous manner as described® (Scheme 5). From the time
dependence of the "N NMR signal of 2-"NO,-4-F-C¢H,OH,
an E value of —1250 is deduced which agrees well with those
found during nitration reactions with nitrous acid, nitric acid and
peroxynitrous acid with and without bicarbonate as well as a
calculated one using Pedersen’s formulation of the radical pair
theory*“ (Table 6).

H"NO, +

BNO, + 4-F-CH, OH — 4-F-C¢H,O

HO, + 4-F-CiH4,OH - H,O, + 4-F-CHsO

(E)
“NOy + 4-F-CéHiO' — [PNOy, 4-F-CiH, 01 —  2-°NO,-4-F-C¢H,OH,
B i)
3-*NO,-4-F-C¢H,OH, 4-°NO,-4-F-C¢H,=0O

Scheme 5 N CIDNP during reaction of peroxynitric acid-"N with
4-fluorophenol.

Recombination of free radicals NO,* and 4-F-C¢H,O" might
lead to 4-F-C¢H,~O-NO, or nitrite-type products like 4-F-C,H,—
O-ONO, 2-ONO-4-F-C,H,OH, 3-ONO-4-F-C;H,OH and 4-
ONO-4-F-C,H,=0. The unassigned signal at 6 = 4 ppm might
be due to one of these products. Calculations of the "N chemical
shift values show that this can be excluded, see Table 4.

The enhancement of the A type effect observed in the “N
NMR signal of O,””"NOOH in the presence of Tyrac and 4-F—
C¢H,OH is explained by scavenging of free radicals "NO," and
HO,* (Schemes 4 and 5) which cancels the E type polarization
built up in radical pairs [°NO,",.O,H]" formed by free radical
encounters of "NO," and HO," (Scheme 3).

The E type effect in the "N NMR signal of "NO;~ has not
been observed in the absence of phenolic compounds and must
therefore be due to a reaction of O,'”’"NOOH with Tyrac and 4-F—
C,H,OH or one of the reaction products (Schemes 4 and 5). It will
be explained as a consequence of the reaction of O,”"NOOH with
H"NO, which is a reaction intermediate. This reaction is described
in the literature.® Nuclear polarization is generated in radical pairs
["NO,", "NO;°P formed by disproportionation between H'*NO,
and O,”"NOOH followed by electron transfer between radicals
NO;* and "NO;* (Scheme 3). "N,O; might be an intermediate
of the reaction, since it has been reported that the dissociation
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of N,Os in aqueous solution to NO,* and NO,™ (k > 10* s7!) is
about 5 times faster than the direct hydrolysis reaction.? However,
no signal could be observed which might be assigned to N,Os
(Table 4). In any case, NO,* is not stable under these conditions.**
Following this interpretation, the nuclear polarization in the "N
nuclei of "NO; ™ is of ¢ type giving emission (Scheme 2, R = "NO;")
because of g(NO;*) > g(NO,").* An e type polarization built up
in radical pairs [*'NO,",.0,H]® might be transferred to "NO;~ by
radicals ®NO," leading to emission in the "N NMR signal of
NO;" too. "N CIDNP effects of this type have been observed.'®
However, they are much weaker than ¢ type effects.!624

The explanation is supported by the results of quantum
chemical calculations (Table 5). The reactions of HNO, with
0O,NOOH leading to either N,Os or NO," and NOj;" are predicted
to be exergonic as well as the reaction of NO,” with NO;
(entries 3-5). From an energetical point of view, the reaction
of O,NOOH with N,O,, which is always present in solutions
containing nitrous acid, might give radical pairs [NO,", NO;']
too (entries 6 and 7). A possible contribution of N,O; to the
radical pair formation cannot be proven but it follows from the
equilibrium constant of the reaction between nitrous acid and its
corresponding anhydride (310> M) that the concentration of
N,O; is some orders of magnitude lower than the concentration
of HNO,.* The reaction of O,””"NOOH with H*NO, might form
radicals O,”NOOH"~ and "NO," leading to radical pairs [*NO,",
O,”NOOH"~J® and emission in the "N NMR signal of "NO;".
We reject this possibility because of energetic reasons (entry 8).

The "N NMR signal of "NO,~ is generally expected to show
emission during reaction of O,"NOOH with reducing agents
if free radicals "NO," and/or HO," are involved. For proving
this, reactions of O, NOOH with the radical scavengers ascorbic
acid, glutathione and cysteine have been studied. Qualitative "N
CIDNP investigations during reactions of these compounds with
0O, NOOH will be described. Nitration reactions of activated
non-phenolic aromatics might occur via free radicals too.**
To set about proving this, the reaction of O,"NOOH with 4-
methoxyphenylacetic acid has been performed in the probe of
a "N NMR spectrometer too.

Reaction of peroxynitric acid-'*N with ascorbic acid, glutathione
and cysteine

Ascorbic acid AH, and its anion AH™ (pK, 4.25) are known to
react with HO," as well as with NO," to give the dehydrogenated
radical AH" (pK, —0.45) and dehydroascorbic acid A (Scheme 6).%*
It should therefore be oxidized by peroxynitric acid in an indirect
manner. After adding ascorbic acid to a solution of O,"”"NOOH in
H,O at pH 2, the "N NMR signals of O,"*"NOOH and of "NO;~
show A and E as described during reaction of O,”"NOOH with
phenolic compounds. A "N NMR spectrum taken 3 min after
starting the reaction of O,""NOOH with ascorbic acid is shown in
Fig. 3a, the assignment of the signals and their time dependencies
in Tables 2 and 3. Additional "N CIDNP signals are not observed.

HO,y + AH, - H,0, + A"+ H' (k=1610"M's"! 3%
NOy + AH - HNO, + A"  (k=1810"M's"! )
HOy + A~ - HO; + A (k=5910"M's" *%)

Scheme 6 Reaction of peroxynitric acid-*N with ascorbic acid.

a
O,NOOH
NOs'
b
N NMR
o

—3

T T T T r r r T T T "

40 30 20 10 0 -10 -20 -30 -40 ppm
Fig. 3 "N NMR spectra of solutions of peroxynitric acid-"N in H,O

at pH 2 and 298 K taken (a) 3 min after adding ascorbic acid (1 pulse),
(b) 3 min after adding 4-methoxyphenylacetic acid (1 pulse).

After 6 min, the "N NMR signal of "NO,~ changes from emission
to absorption. 9 min later, the "N NMR signal of O,""NOOH
disappears. The "N CIDNP effects observed in the presence of
ascorbic acid are explained as described (Schemes 2 and 6).

The kinetic constants of the scavenging reactions are known
(Scheme 6). This allows us to compare the "N CIDNP effects with
the progress of the reaction. HO," should be scavenged efficiently
by ascorbic acid at pH 2, and the half-life time of O,NOOH should
therefore be about 0.7 min (Schemes 1 and 6). The reaction should
be finished before taking the first spectrum after adding ascorbic
acid to the solution. The time behaviour of the "N NMR signal
of PNO,~ is therefore caused by nuclear relaxation (7', = 140 s %)
and not by the reaction. We think that this is also the case for the
decay of the signal of O,"NOOH. The relaxation time of the "N
nucleus is unknown; it should be of the same order of magnitude
(T, = 1405).

The reaction of O,””"NOOH with glutathione is finished before it
is possible to take a "N NMR spectrum. It is much faster than the
radical decay of O,”NOOH. It follows that a direct oxidation
without participation of free radicals occurs. During reaction
of O,"NOOH with cysteine, a spectrum could be taken before
peroxynitric acid-"N completely disappeared. The "N NMR
signal of "NO;~ does not show emission during this reaction.
It is concluded that there is a direct oxidation of glutathione
and cysteine by peroxynitric acid, too. More detailed conclusions
concerning the reaction mechanism cannot be drawn. Radical
reactions as described before seem not to be of any importance.

Reaction of peroxynitric acid-'">N with 4-methoxyphenylacetic acid

During reaction of O, NOOH with 4-methoxyphenylacetic acid
(MeO-C¢H,~CH,-COOH) the "N NMR signals of O,"NOOH
and ""NO;~ appear in A and E, respectively, and the decay rate
of O,"”"NOOH is enhanced (half-life time 8 min) as was observed
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during reaction of peroxynitric acid with Tyrac, 4-F-C,H,OH
and ascorbic acid. Additionally, an emission signal is observed
at 0 = 3, see Fig. 3b and Table 2, which is assigned to 3-
nitro-4-methoxyphenylacetic acid (3-"*NO,-4-MeO-C,H,—~CH,—
COOH). After reaction, the product could not be observed by
N NMR spectroscopy, indicating a product yield <0.1% in
relation to "NO;~. At the beginning, the concentration of MeO-
CsH,—~CH,-COOH is much smaller than that of peroxynitric acid.
Nevertheless, the emission in the "N NMR signal of ®*NO;~ is
observed throughout the reaction, indicating that the nitration of
the aromatic is only a side reaction. This is confirmed by the low
yield of the nitration product.

The generation of the nuclear polarization in the "N NMR
signals of O,”"NOOH and "NO;" is explained as above. Hydroper-
oxy radicals HO," are trapped by 4-methoxyphenylacetic acid
leading to the accelerated decay of O, NOOH and the formation
of H®NO, (Schemes 1 and 7). To our knowledge, the reactions
are not described in the literature. Calculations concerning the
reaction of HO," with anisole show that the reaction might be
exergonic (Table 5, entry 9). The reaction of NO," with MeO-
C4H,~CH,~COOH which might inhibit the decay of peroxynitric
acid, too, seems to be less probable (Table 5, entry 10).

HO; + MeO-C¢Hy-CH,-COOH —  H;0; + MeO-C¢Hy-CH-COOH
HOy + MeO-C¢Hs-CH,-COOH  —  Hy0, + "CH;0-C¢Hy-CH,-COOH

ArH - € - ArH”*
(E)
5NOy + ArH* N ["NOy, AT — NO,-Ar +  H
Scheme 7 N CIDNP during reaction of peroxynitric acid-"N with

4-methoxyphenylacetic acid (ArH).

The E type effect observed in the nitration product is explained
by analogy with the "N CIDNP effects observed during nitration
reactions of activated aromatic compounds with nitric acid or
nitrous acid.??#*» The nuclear polarization is built up in radical
pairs formed by diffusive encounters of "NO,* and radical cations
of MeO-C4,H,~CH,—-COOH, ArH"* (Scheme 7).

Radical cations ArH'* are generated by oxidation of the
aromatic compound with reactive nitrogen species. Oxidation by
0O,NOOH is excluded because of energetical reasons (Table 5,
entry 11). Additionally, the possibility of nitration reactions
with H®NO, and H®NO; has been investigated. At pH 1.5,
no reaction has been found using Na®*NO, (0.3 M) or H*NO,
(0.1 M). Under strong acidic conditions (~10% sulfuric acid), 4-
methoxyphenylacetic acid is nitrated with Na’>NO, (0.3 M) as well
as with H®NO; (0.1 M), in a similar manner as has been observed
with anisole.?® The nitration product also shows "N CIDNP. It
follows that reactive nitrogen species other than O,NOOH and
HNO, must be responsible for the formation of the aromatic
radical cations at pH 2.

Aromatic radical cations ArH* might be formed by intermedi-
ate nitrogen species like NO,", NO,*, NO*, N,Os or NO;* which are
discussed as electron acceptors in the literature.??” The oxidation by
NO,' is energetically not favoured which follows from the reported
oxidation potentials of anisole (E, = 1.76 V*¥) and NO," (E, =
0.9-1.0 V*¥) as well as from our calculations (Table 5, entry 12).
The oxidation by NO,* might be energetically possible (E, =
1.51 V*), but is unlikely as the addition of NO,* to aromatic

systems is favoured over the electron transfer.?”?* NO*, N,Os
and NO;" should be capable of oxidizing anisole (Table 5, entries
13-15) and one of them might be responsible for the formation of
ArH*. NO" is the oxidating species under strong acidic conditions
using nitrous acid or nitric acid as nitrating agents.?* It might also
be formed in slow concentrations at pH 2. N,O; and NO;" are
postulated to be present under our conditions, see Scheme 3, and
are the most probable electron acceptors.

Conclusions

Reactions of peroxynitric acid with activated aromatic compounds
and with ascorbic acid, glutathione and cysteine have been
described at pH 2 showing nitration and oxidation. They may
occur without or with participation of free radicals which has been
demonstrated by "N CIDNP. L-Tyrosine, N-acetyl-L-tyrosine, 4-
fluorophenol and 4-methoxyphenylacetic acid are nitrated. The
quantitative analysis of the "N CIDNP effects shows that nitration
occurs exclusively via free radicals. "N CIDNP is observed during
reaction with ascorbic acid indicating an indirect oxidation via
free radicals. In contrast to this, the reaction with glutathione and
cysteine is faster than the decay of peroxynitric acid and does
not show "N CIDNP indicating a direct oxidation without the
involvement of free radicals.

At pH 7, the deprotonated peroxynitric acid does not nitrate
in situ which makes it unlikely that peroxynitric acid has any
pathophysiological importance at pH 7. However, the pH value
is significantly lower in both the stomach and the lysosomes, and
the reaction with glutathione might be fast enough to occur in
living cells. In any case, peroxynitric acid must be discussed as a
“reactive oxygen species (ROS)” as well as a “reactive nitrogen
species (RNS)”.4
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Post-translationally modified ribosomal peptides are unusual natural products and many have potent
biological activity. The biosynthetic processes involved in their formation have been delineated for
some, but the patellamides represent a unique group of these metabolites with a combination of a
macrocycle, small heterocycles and D-stereocentres. The genes encoding for the patellamides show very
low homology to known biosynthetic genes and there appear to be no explicit genes for the
macrocyclisation and epimerisation steps. Using a combination of literature data and large-scale

molecular dynamics calculations with explicit solvent, we propose that the macrocyclisation and

epimerisation steps are spontaneous and interdependent and a feature of the structure of the linear
peptide. Our study suggests the steps in the biosynthetic route are heterocyclisation, macrocyclisation,
followed by epimerisation and finally dehydrogenation. This study is presented as testable hypothesis
based on literature and theoretical data to be verified by future detailed experimental

investigations.

Introduction

Marine natural products show promise as candidates in many
therapeutic areas, but the issue of a viable economic supply
has stalled the development of many.! Chemical synthesis is a
solution in some cases, but biotechnological approaches may
be advocated in others. The patellamides (Fig. 1) are a family
of highly conserved thiazole and oxazoline containing cyclic
octapeptides isolated from the Indo-Pacific seasquirt Lissoclinum
patella. The patellamides display a variety of biological activities
including cytotoxicity? and as selective antagonists for reversing
the multidrug resistant CEM/VLB100 human leukemic cell line
towards vinblastine, colchicine and adriamycin treatment.* The
patellamides are part of a family of bioactive thiazole, thiazoline,
oxazole and oxazoline containing natural products including
bleomycin, thiostrepton and diazonamide A.* The biological
activities of this family of alkaloids can be attributed to the
conformational constraints imposed by the heterocycles and
their ability to bind metals or intercalate into DNA.* L. patella
contains an as yet uncultured primitive photosynthetic prokaryote
Prochloron didemni, which is closely related to the cyanobacteria,
but differs in the fact that it possesses both chlorophylls @ and b,
lacks phycobilins and has plant-like thylakoids.?

Recent work has indicated that the patellamides are un-
precedented examples of post-translationally modified ribosomal
peptides,® produced by the Prochloron didemni symbiont.” The
patellamides are the most complex examples of this unusual family
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of peptides which includes the lantibiotics® and microcins,* as they
contain a unique combination of heterocycles (¢f microcin B17),* a
macrocycle (¢f microcin J25)° and D stereocentres. In addition, the
same gene encodes two different products. The gene cluster shows
extremely low sequence homology to genes of known function,®
indicating that the pathway might contain novel enzymes. In
addition, the heterocyclisation of dipeptides (XC, XT, XS) to
give thiazole and oxazoline rings appears to be more tolerant to
changes at X' than that observed in microcin B17, indicating that
this process might be exploitable for biotechnological applications
such as the combinatorial biosynthesis of novel bioactive products
and semi-synthetics.

In brief, the biosynthesis of such post-translationally modified
ribosomal peptides occurs by the tailoring of the pre-propeptide
coding sequence by the post-translational modification machinery,
which recognises the leader sequence and start/stop sequences
(Scheme 1). The gene cluster sequenced by Schmidt et al.
(Scheme 1)® allows ascribing of function to some of the genes,
but raises many questions. In particular, patB, patC and patF
show low or no similarity to proteins of known function. Some
of the biosynthetic steps can be rationalised using the putative
function of the other genes (Scheme 1). It is suggested that parD2
is involved in the heterocyclisation to form the oxazoline and
thiazoline rings, the latter of which is oxidised to the thiazole
by patGl. Cleavage of the mature patE could occur under the
influence of patG2 or pat A, followed by adenylation by patD1 and
macrocyclisation. One step that is unclear is the epimerisation of
the stereocentres adjacent to the thiazole rings, although synthetic
studies have shown that this type of system can self-organise into
the correct epimer at the thiazoline stage."! Macrocyclisation of
the mature peptide could occur under the influence of one of the
genes of unassigned function, or the linear mature octapeptide may
self-organise to allow macrocyclisation with simple activation of
the C-terminus. In this paper we present literature and theoretical
data that suggests that the epimerisation and macrocyclisation
processes may be spontaneous and interdependent.
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R: Rz R3 R4 Sequence : O Ry
1 Pat A CHMeEt CHMe, CHMeEL CHMe, 1-no Me ITVCISVC /_\HI\NH- S
2 DPat B CH,CHMe, CHMeEt CHMeEt CH,Ph LTICITEC o W
3 Pat C CHMe, Me CHMeEt CH,Ph VTACITFEC R3—2, 0
4 Pat D CHMeEt Me CHMeEt CH,Ph ITACITFC NH NH
5 Pat E CHMe, CHMe, CHMeEt CH,Ph VTVCITFC o] 2—R1
6 DPat F CHMe, CHMe, CHMe, CH,Ph VTVCVTEC JN N=
7 Pat G CHMeEt Me CH,CHMe, CH,Ph ITACLTFC SJ\/NH rH\_/O
8 Asc CHMeEt CHMe, CHMeEt CHMe, ITVCITVC R o
2
Fig. 1 Structures of the known patellamides from Lissoclinum patella and their peptide sequences.
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Scheme 1 The pat gene cluster, the patE sequence encoding for 3 (upper) and 1 (lower) and suggested biosynthetic pathway for 1. Italic = leader
sequence. Bold = start, stop and start/stop cyclisation sequences. Underline = patellamide coding sequences. ‘Start’ and ‘stop’ peptide sequences in the

prepeptide indicate the limits between which the tailoring enzymes must act.

Results and discussion

Repeating essentially the autoannotation of Schmidt et al.,* a
search of the whole Pfam HMM library with each protein
sequence of seven Prochloron didemni genes did not show the
presence of additional adenylation, epimerisation, racemisation
or cyclisation domains other than those shown in the sequence
description. The highest scores and most relevant results were
obtained with peptidase S8 from the subtilase family found in
patA subtilisin-like protein and as a part of patG thiazoline

oxidase/subtilisin-like protease and the YcaO from YcaO-like
family found in the patD adenylation/heterocyclisation protein
(identified by match to protein families HMM PF00082 and
HMM PF02624). Other genes (beside patA, patD, and patG)
showed no hits at all or scores just above the threshold that
cannot be considered reliable. For example, patF shows very weak
homology to propeptide C1 and SpoVT/AbrB like domain, and
there might be a nitroreductase in patG, but also with a very weak
signal (identified by match to protein families HMM PF08127,
HMM PF04014 and HMM PF00881, respectively). PatB, patC
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and patE did not score above the threshold in Pfam. In addition,
when profiles of NRPS adenylation, cyclisation and epimerisation
domains were generated” for a more detailed annotation of
individual Prochloron didemni genes,® no significant hits were
detected.

Further analysis indicates that pat4 contains another unknown
domain. The peptidase S8 is localised in the first half of the
peptide (amino acids 1-254), whereas the second half is still
uncharacterised. PatD, which is postulated to have adenyla-
tion/heterocyclisation activity, shows a well-defined YcaO-like
domain in the second half of the protein leaving space for another
domain. Therefore it is likely that patD also contains two domains,
one of which is totally unknown with no homology to anything
in the database. For patF one can conclude that it contains two
domains because the hits (identified by matches to protein families
HMM PF08127 and HMM PF04014) do not overlap and expand
throughout the peptide. One can only speculate about the nature
of these domains because the E-values are simply too weak. PatG
is the largest polypeptide in the cluster and probably contains
four domains. The only one that can be certainly identified is the
peptidase (peptidase S8 from the subtilase family) as the third
domain (amino acids 522-837). The second domain might be a
dehydrogenase localised around amino acids 276480, while the
first and fourth domains are localised around amino acids 1-270
and 840-1100.

We will analyse the biosynthetic pathway (Scheme 1) in detail.
There are two possible routes by which heterocyclisation may
occur, cyclodehydration followed by oxidation (dehydrogenation)
or oxidation followed by cyclodehydration. The former has been
observed for the microcin B17 system, whereas the latter is
relatively rare.* In the case of the patellamides heterocycles at
different oxidation levels, oxazolines and thiazoles, are incorpo-
rated suggesting that cyclodehydration occurs first to give the
oxazoline and thiazoline and that the latter is then oxidised to
the thiazole by patG2 and/or patA.¢ However, in the microcin B17
system,* the same enzymes (McbB, C, D) process GC and GS
to thiazole and oxazole respectively. Thiazolines are inherently
more reactive than oxazolines suggesting that the oxidation of
thiazoline to thiazole in the patellamide biosynthesis may occur
spontaneously, but two other scenarios can be proposed for the
lack of further oxidation of the oxazoline to oxazole. In the
first, kinetic release occurs before the oxazoline is oxidised to the
oxazole, and in the second it is proposed that the biosynthetic
enzymes lack terminal dehydrogenase activity. The presence of
a putative thiazoline oxidase in patGI suggests that the kinetic
release scenario may be most likely. It is uncertain at which stage
of the biosynthesis the oxidation of thiazoline to thiazole occurs.

The initial sequence analysis® indicates that in the absence of an
epimerase in the pat gene cluster this process may either be under
the control of a novel enzyme or be spontaneous. It is unlikely to
be catalysed by a separate racemase producing D-amino acids for
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incorporation into the patellamides, as the gene cluster suggests
that L-amino acids only are incorporated into the patellamides,
such that epimerisation must occur at a later stage. Epimerases in
non-ribosomal peptide synthetases act by de- and re-protonating
the a-carbon to give an equilibrium mixture of both epimers.”* The
downstream domain then selects the D-epimer for condensation
to form a peptide bond. In the patellamide biosynthesis the
linear peptide is formed first followed subsequently by tailoring
steps. If a non-ribosomal peptide synthetase epimerase domain
were present in the patellamide gene cluster this would result
in a mixture of stereoisomers as no subsequent selectivity step
is possible. This phenomenon is not observed suggesting that a
different epimerisation process operates.

The spontaneous epimerisation hypothesis is proposed on the
basis of experiments performed on related L. patella compounds,
the lissoclinamides, which contain thiazolines as part of a cyclic
heptapeptide.! In these, the a-carbon preceding a thiazoline is
extremely labile to epimerisation due to the adjacent imine bond
(Scheme 2). In lissoclinamide 7, it was observed that if the
incorrect (L) stereochemistry was incorporated into the compound
at the Val-(thiazoline) a-carbon via chemical synthesis, that under
treatment with pyridine this centre would epimerise to give the
naturally observed epimer of lissoclinamide 7 (Scheme 3).

: O \]:/ 0
2 ¥ s \ ¥ s
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_— e
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N NH
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Lissoclinamide 7
(Natural)

[L-Val]-Lissoclinamide 7

Scheme 3 Equilibration of unnatural epimer of lissoclinamide 7 to the
natural epimer at the centre marked with a * occurs in the presence of 5-10
equivalents pyridine at 60 °C.

In the case of the patellamides, we suggest that this process
could occur at the thiazoline stage whilst still incorporated into the
71 aa pre-propeptide, prior to oxidation to the thiazole, which fixes
the stereochemistry and subsequent macrocyclisation (Scheme 4,
Pathway 2). An alternative scenario is that the macrocyclised patel-
lamides are biosynthesised containing L-thiazolines, which then
epimerise into the observed (D) geometry followed by enzymic or
spontaneous oxidation (Scheme 4, Pathway 1). Enzymic oxidation
of the thiazolines to thiazoles would occur under the influence of
patGl, although spontaneous oxidation of thiazolines to thiazoles
has often been proposed for the lissoclinamides, in which identical
compounds are observed differing only in oxidation states.* An

J\ R C\'/ﬂ) O )Ri H81 0] JRi
_— N/,, —_— o /N’u
T T

Scheme 2 Proposed mechanism by which epimerisation at the a-carbon adjacent to the thiazole occurs.
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intermediate route is shown by pathway 3 in Scheme 4, in which
epimerisation occurs first to generate D-thiazolines followed
by macrocyclisation and oxidation to the thiazoles. A fourth
pathway can be proposed (pathway 4 in Scheme 4), in which
the epimerisation occurs after the formation of the thiazoles,
with macrocyclisation occurring prior or subsequent to this
step. Although this pathway has been included in our molecular
dynamics simulations, it is felt that this is biosynthetically
extremely unlikely. The initial suggestion® was that epimerisation
occurs during the maturation of the pre-propeptide and prior to
proteolysis and macrocyclisation (Scheme 4, Pathway 2).

Schmidt ez al. suggest that the mature propeptide containing
the oxazoline and thiazole rings and two D-stereocentres is
cleaved from the propeptide under the influence of patG2 or
patA (Scheme 1).° PatDI could adenylate the linear peptide
followed by macrocyclisation, which could be spontaneous, or
under enzymic control. Spontaneous macrocyclisation has also
been proposed as a possibility for the lantibiotics, related post-
translationally modified ribosomal peptides.® Studies on several
lantibiotics using synthetic precursors have shown that sponta-
neous macrocyclisation is possible, and that in some cases the
naturally observed stereochemistry is obtained.? We propose here
that this process in the patellamides is spontaneous as the linear
octapeptide containing heterocycles is capable of pre-organising
itself without outside influence into a conformation suitable
for macrocyclisation. This effect is due to the conformational
constraints induced by the thiazoline or thiazole and oxazoline
rings. This effect of pre-organising of cyclic peptides by including
conformational constraints such as heterocycles has been observed
in the synthesis of cyclic peptides by Jolliffe and co-workers,
and was found to increase macrocyclisation yields up to 99%,
even at high substrate concentrations.’® Chemical syntheses of the
patellamides do not utilise this effect because the oxazoline rings
are formed last.'

For these reasons we decided to simulate the behaviour of the
putative linear peptides represented in Scheme 4 pathways 1-
4 using molecular dynamics simulations to determine which of
these pathways is the most probable. We have investigated the
conformational preferences of the patellamides previously under
different solvent conditions using a mixture of circular dichroism,
NOE-restrained molecular dynamics and unrestrained molecular
dynamics calculations."”

In this study the four possible linear peptides encompassing
the thiazole and thiazoline oxidation states and L and D stere-
ochemistries at the a-centre adjacent to the thiazole/thiazoline
were constructed for molecular dynamics in explicit water (Asc
L-Thn, Asc D-Thn, Asc L-Thz, Asc D-Thz). Ascidiacyclamide (8)
sidechains were chosen for simplicity and the macrocycle junction
was created where indicated by the patE coding sequences.
Zwitterionic forms present at the expected physiological pH were
used, as well as relevant concentrations of NaCl. Adenylate groups
were not included, as the eventual distance between the N and C
termini (Fig. 2) would determine whether cyclisation was possible,
and not the nature of the activating group. After generating
starting conformations using simulated annealing followed by
energy minimisation, six simulations of 1000 ps with a 2 fs
timestep were executed at 300 K for each of the four linear
peptides. The distance between the N and C termini were extracted
from the trajectories for each of these simulations and plotted in

Fig. 2. For clarification, the actual distance measured during these
simulations is represented in Fig. 3.

o) o) o) o)
M N J N /N\:)J\H N g
o) S oﬂ S

(Asc-L-Thn)
AT 2050 S
® N. AN N AN S}
AN T N2 Y ONT Y2 0
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(Asc-D-Thn)
0 0 0 o)
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SO P Y Y 8
o) S o—\ S
(Asc-L-Thz)
A LG A ]
® N. AN N AN ©)
HsNT Y2 ¢ N7 N2 N7 Y N 0
8 H/\r | H : H/\/ |
0 S o—\ S
(Asc-D-Thz)

The simulations for the expected route via pathway 2 (Asc D-Thz
in Fig. 2) in which epimerisation is followed by dehydrogenation
and macrocyclisation show that the N and C termini never get
within reasonable bonding distance. Therefore, if this is the actual
biosynthetic route, although epimerisation may occur sponta-
neously, the macrocyclisation must be under enzymic control. This
process would then differ from macrocyclisation in non-ribosomal
peptide synthetases, in which an enzyme-bound peptide chain is
cleaved by a terminal thioesterase and cyclised under control of
the same enzyme."”® In pathway 2 a free fully tailored Asc D-Thz
chain would be expected to complex to an enzyme which would
activate it and enforce a conformation in which macrocyclisation
is possible.

Similarly, pathway 3 (Asc D-Thn in Fig. 2) in which epimerisa-
tion is followed by macrocyclisation and dehydrogenation also
suggests that macrocycle closure will rarely occur. This then
suggests that the epimerisation step must occur as a later step
in the biosynthetic process, as both pathways 1 and 4 (Asc L-Thn
and Asc L-Thz in Fig. 2) show trajectories in which the C and N
termini are frequently within bonding distance. Pathway 4 (Asc
L-Thz in Fig. 2) was ruled out on biosynthetic grounds above
as this would require an epimerisation of a non-labile o-centre
adjacent to a thiazole. In the absence of an epimerase domain
and evidence suggesting that spontaneous epimerisation at the a-
centre adjacent to thiazoline is facile this suggests that pathway 4
is extremely unlikely. The remaining route, pathway 1, (Asc L-Thn
in Fig. 2) in which macrocyclisation occurs on the linear peptide
with thiazolines and L stereochemistry at the a-centres adjacent
to the thiazolines, followed by spontaneous epimerisation and
finally enzymic or spontaneous oxidation of the thiazolines to
thiazoles is therefore deemed the most likely. The trajectories from
the dynamics simulations indicate that the N and C termini are
within bonding distance for a greater proportion of the time. If
adenylation of the linear Asc L-Thn occurs under the influence
of patD1, then macrocyclisation will occur readily. This pathway
is in keeping with the macrocyclisation experiments by Jolliffe

This journal is © The Royal Society of Chemistry 2006
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Fig. 2 Terminal N-C distances monitored during a total of six 1000 ps dynamics simulations for all geometries of ascidiacyclamide considered in this

study.

Terminal N-C distance
measured

Fig. 3 Actual distance measured during the molecular dynamics simula-
tions represented in Fig. 2.

mentioned above,"s and Wipf’s observation that a-centres adjacent
to thiazolines in these macrocycles can spontaneously self organise
into the lowest energy epimers (Scheme 3).! This then suggests
that the oxidation of thiazoline to thiazole is the final step in the
biosynthetic process, whether spontaneous or enzymic. The fact
that the oxazolines are not oxidised to oxazoles in the patellamides
may be due to the fact that this oxidation occurs at such a late stage
in the biosynthesis. If the oxidation is spontaneous, then chemical
reactivity differences may explain the difference in oxidation states

between the two types of heterocycles present. If the process is
enzymic at this late stage, then it may be that the oxazolines cannot
gain access to the oxidase active site.

Conclusions

The inability of the preferred candidate, Asc D-Thz to close
easily suggests that a macrocyclase may be involved, but in
the absence of such an enzyme in the sequence analysis this
indicates that the enzyme may be very novel, or that the process
is spontaneous and occurs via a different pathway as suggested
by the findings discussed above. Our study is suggestive that
pathway 1 in Scheme 4 may be the route via which the patellamides
are biosynthesised. A testable hypothesis is therefore proposed
which can be verified by future detailed biosynthetic studies.
The function of the genes in the patellamide gene cluster will
only be fully understood after these investigations, but it is
postulated that, in parallel with the lantibiotics® and microcins,*
several of these might be involved in metabolite export and host
immunity.

Speculation as to the biosynthetic origin of unusual metabolites
has been used successfully to explain observed stereochemistries
and product distributions. The most notable example is the
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postulated electrocyclic reactions leading to the endiandric acids,"
which were later confirmed by the synthesis of the putative precur-
sor which gave identical product distribution and stereochemistry
to that observed in nature.”® Similarly, the biogenetic hypothesis
towards the manzamine alkaloids®' predicted the existence of the
related xestocyclamine/madangamine alkaloids.? Speculation on
the biosynthetic origin of alga-derived brominated terpenoids has
recently been shown to be correct.”® As can be seen, biogenetic
hypotheses of the type in this paper has helped advance our
understanding of biosynthetic processes in the past* and has
assisted in the design of biomimetic syntheses.®

Experimental
Sequence analysis

The entire Pfam HMM library*® was downloaded from the
Pfam’s FTP site. The library was searched locally using the
latest HMMER hidden Markov model software.”” The search was
done using fastA files containing protein translations of all seven
individual Prochloron didemni genes® taken from the GenBank’s
sequence AY986476.

To confirm the results from the search of the Pfam HMM
library, profiles of all adenylation, cyclisation and epimerisation
domains from NRPS’s were prepared.?® FastA protein sequences
of domains were obtained from the NRPSDB database.' Multiple
alignments of domains were made using ClustalW.* Three profiles
were built from multiple alignments of domains by the preparation
of a small library that was used in search.

Molecular dynamics simulations

Molecular dynamics (MD) calculations were carried out with
the GROMACS v3.2.1 package.’** The modified GROMOS-87
united-atom force field distributed with GROMACS was used
in all simulations.®*3 Aqueous solvation was modelled using the
flexible form of the enhanced simple point charge (SPC/E) water
model.***7 A 125 nm® cubic water box was used for solvation of
each peptide, requiring ~4200 waters per peptide. In order to better
simulate the physiological environment Na* and CI~ ions were
added with the genion program (supplied as part of GROMACS)
so as to produce a concentration of 35 g 17!, with minimum
force calculations being used to determine which of the solvent
molecules were to be replaced. The peptides were modelled in their
zwitterionic forms and the PRODRG server at Dundee Univer-
sity (http://davapcl.bioch.dundee.ac.uk/programs/prodrg/) was
used for generation of the required force field topology files.*®

In order to generate starting configurations for the simulations
each peptide—solvent system was subjected to 6 cycles of simulated
annealing. The temperature was cycled from 50 K up to 500 K
over 250 ps and back down to 50 K over 50 ps so as to
allow reasonable sampling of conformational space followed
by quenching of favoured conformations. Temperature coupling
within each system was performed using the Berendsen method
and electrostatics were treated using the particle-mesh Ewald
(PME) approach. The time step employed was 2 fs. The resulting
trajectories were manually sampled every 300 ps using the ngmx
GROMACS trajectory viewer. The 6 samples for each derivative
were then subjected to energy minimisation and subsequently used

as starting configurations for the production runs. These runs were
performed at 300 K and lasted for 1000 ps. A 2 fs timestep was used
and Berendsen temperature coupling and PME electrostatics were
employed. The evolution of the distance between the N-terminal
nitrogen and the C-terminal carbon was extracted from the final
trajectories using the gOpenMol software.*
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The structure of a novel class of octaterpene tetracarboxylic
acids which is responsible for naphthenate deposition in
crude oil processing has been determined by NMR and mass
spectroscopy.

Naphthenate deposition in crude oil processing has been a
recognised problem over the last decade.' Worst case scenarios
lead to production irregularities accompanied by unplanned
and expensive production shutdowns. The result of naphthenate
deposition in an oil-water separator is shown in Fig. 1.

N e )

Fig. 1 Naphthenate deposits in crude oil processing equipment, by
courtesy of Oil Plus Ltd., UK.

Naphthenic acids are single and multiple fused cyclopentane
and cyclohexane rings where the carboxylic acid group is attached
to the aliphatic side chain or to the cycloaliphatic ring. Naphthenic
acids are predominantly found in immature heavy crude, and they
are assumed to be generated from in-reservoir biodegradation
of petroleum hydrocarbons.** Traditionally, total acid number
(TAN) has been correlated with the severity of biodegradation®®
and naphthenate deposition. Recently the correlation between
TAN value and naphthenate deposition has been questioned.® The
scientific fundamentals governing these formations are therefore
important to elucidate.

In pioneering works by Baugh et al.**° it was demonstrated that
the molecular-weight distribution of naphthenic acids in calcium
naphthenate deposits at the Heidrun oilfield on the Norwegian
continental shelf was different from that in the crude oil. A family
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of tetrameric acids, referred to by the generic name ARN acids, in
the molecular weight range of 1227 to 1235 Da was the main
contributor to the organic residue in the precipitated calcium
salt. Similar observations were made by analysing deposits from
other oilfields offshore Great Britain, China and West Africa. The
homologous series corresponds to empirical formula of Cg,H, 3Oy,
CyoH 405, CgoH 4,05, CyoH 4,04 and CyH, 405 with double bond
equivalences (DBE) ranging from 12 to 8, indicating 8 to 4 rings in
the hydrocarbon skeleton, respectively. Whereas these tetraacids
only constitute a few ppm of the crude oil, the total amount of
naphthenic acids may be up to several wt%.

Naphthenic tetraacids isolated from a calcium naphthenate
deposit sample acquired from an oilfield offshore West Africa
was recently shown to be much more interfacially active than
the majority of the naphthenic acids existing in crude oil. A
concentration of only 0.005 mM tetraacid is sufficient to lower
the interfacial tension (IFT) between water (pH 9.0) and n-
hexadecane-toluene (9 : 1 v/v) by about 45 units, whereas
naphthenic monoacids lowered the IFT less than 30 units at
2000 times higher concentration. Hence the tetraacids are more
prone than the monoprotic acids to react with inorganic cations
across the interface to form naphthenates.

The calcium salt of the tetraacids was also shown to be sticky
towards solid surfaces. This behaviour was ascribed to their
ability to cross-link with Ca®* to form extended network layers.
Monoprotic acids, on the other hand, may only form dimeric
complexes in reaction with divalent cations. These are easily
dispersed into the bulk oil solution. The sticky behaviour and
the high interfacial activity are likely reasons why the tetraacids
are found to dominate in naphthenate deposition despite of their
low concentration in the crude oil.

The same naphthenate sample was further characterised by
electrospray ionisation Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS) in the negative mode.* The
main peak located at m/z 1230.0627 was consistent with the ion
[CsoH 41O4] 7, i.e. the parent compound being Cg,H,4,Os.

In this study, the naphthenic tetraacids from the same oilfield
have been subjected to an extensive nuclear magnetic resonance
(NMR) spectroscopy investigation. At first inspection, the 1D "*C-
NMR spectrum comprised 38 resonances (3 primary, 23 secondary
and 11 tertiary sp® hybridised carbons and 1 sp? carboxylic carbon)
with two signals (carboxylic carbon, 174.40 ppm and methyl
carbon, 18.22 ppm) of approximately twice the integrated areas
relative to each of the other signals. This effectively pointed to a
Cg, compound of dimeric nature. However, closer scrutiny of the
spectrum after line-narrowing resolution enhancement revealed
that most of the resonances are split up in additional peaks with
different intensities. The "H spectrum was very complex with
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Fig.2 Structures of molecular fragments A, Band C,and (6:17,10:18,10:18,6":177,10":18",10":18")-hexacyclo-20-bis-16,16'-biphytane-1,1’,1”,1”-tetracarboxylic

acid (1), one of four possible regioisomers of the tetraacid with six rings, as determined by NMR spectroscopy.

resonances in the region of 0.75-2.35 ppm with only a few isolated
signals. In addition, one resonance comprised labile protons, the
chemical shift of which varied with the polarity of the solvent used.

A series of edited 1D and correlation NMR spectra, includ-
ing COSY, ROESY, HSQC, HMSC, 1,1-ADEQUATE, and 2D
and 3D HSQC-TOCSY, was recorded on a 14.6 Tesla NMR
instrumentation equipped with a cryogenic probe. The obtained
correlations between proton and carbon resonances allowed the
determination of the C,, structural units A and B, and the central
C,,unit C, as shown in Fig. 2. Chemical shifts are given in Table 1 in
the ESI. The 1,1-ADEQUATE experiment turned out to be crucial
for the structure assignment, as the 2D HSQC-TOCSY spectrum
was too crowded, and the 3D spectra had too low resolution to
allow identification of all resonances.

The two end-units A and B, carrying the carboxylic acid
moieties, were present in a 1.2 : 0.8 ratio relative to the C-
unit, based on NMR integrals. In addition, a set of signals in
the *C NMR spectrum (<10% relative intensity) were present,
which might be due to minor carboxylic acid moieties. Due to
the overlapping signals of the terminal methylene groups in the
structural unit C, the positions of the end groups could not be
determined. Thus four regioisomers are possible for the tetraacid
with six five-membered rings. However, these overlapping signals
were in fact an advantage in the structure determination, as they
simplified the spectra of the mixture of octaterpenes into a mixture
of the three subunits A, B and C.

The tetraacids were permethylated by treatment with BF;
in methanol. The NMR spectrum of the tetramethyl esters
was in agreement with that published previously.’ Electrospray
ionisation MS data showed major peaks for m/z 1310, 1312 and
1314 (M + Na*) and 1326, 1328 and 1330 (M + K*), for molecular
formulas CgH,5O5, CssH; 5,04 and CgH,5,O¢ with 10, 9 and 8
DBE, respectively. The intensities of the peaks corresponded to a
composition of tetramethyl esters with 6, 5 and 4 ringsina 70 : 16
: 14 ratio, giving a composition of 1.22 : 0.78 for moieties A and
B, in agreement with the NMR data.

One of the regioisomeric structures, 1, for the major tetraacid
with six five-membered rings is shown in Fig. 2. The struc-
ture is consistent with the isoprene rule, and can be consid-

ered as two head-to-head coupled phytanes, 16,16'-biphytane
(2, Fig. 3), covalently bridged by a central methyl-to-methyl
bridge (also head-to-head). This novel class of octaterpenes may
therefore be regarded as derivatives of 20-bis-16,16-biphytane
(3, Fig. 3), and is most conveniently named as such. The
tetraacid shown in Fig. 2 with six five-membered rings would thus
be named (6:17,10:18,10:18,6”:177,10":18”,10":18")-hexacyclo-
20-bis-16,16"-biphytane-1,1’,1",1”-tetracarboxylic acid (1)."

The relative stereochemistry of the five-membered ring systems
was determined from chemical shift values, spin—spin J-couplings
and nuclear Overhauser effects (NOE). For the structural unit A,
with the 3-methylhexanoic acid moiety, a frans 1,3-substitution
pattern could be assigned from the ROESY data for the mono-
cyclic ring. This conclusion was supported by the 'H- and BC
chemical shifts, which are similar to those reported previously for
this moiety."

The bicyclopentane moiety (unit B) has previously only been
identified from MS data,™ and the stereochemistry of this moiety
in biphytanes has therefore not been determined. The geminal
hydrogen atoms on C-17 are 1.2 ppm apart (0.77 and 1.95 ppm)
in the 'H spectrum, in contrast to the corresponding protons
on C-18 whose chemical shifts are identical (1.40 ppm). The
protons on C-4, C-5, C-8 and C-9 all have pairwise axial—
equatorial relationship with approximately 0.6 ppm difference
in chemical shift. The protons on C-17 proved valuable handles
in establishing the spatial arrangement in the bicyclopentane
moiety, and the coupling constants of these protons’® combined
with the ROESY spectra established a cis substitution pattern
for this ring, and trans for the next ring counting from the
carboxymethyl substituent. If we assume that the stereocen-
ters in the 16,16’-biphytane precursor have the same absolute
stereochemistry as determined for acyclic glycerol dibiphytanyl
glycerol tetraether (GDGT-0),'%"7 the stereochemistry of each
individual phytane moiety will be as shown for (10:18)-cyclo-
phytanic acid (4) and (7:17,10:18)-dicyclo-phytanic acid (5) in
Fig. 3.

An energy minimised force field (MM2)*® calculated structure
of the bicyclopentyl moiety 5 is given in Fig. 4. It is interesting
to note that in the flattened structural element, the five-membered
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Fig. 3 Structures of 16,16'-biphytane (2), 20-bis-16,16'-biphytane (3), phytanic acid moieties 4 and 5 with stereochemistry according to the
Cahn-Ingold-Prelog sequence rules indicated, and tetracyclic glycerol dibiphytanyl glycerol tetracther (GDGT-4, 6).

L

Fig. 4 3D structure of the bicyclopentyl moiety with cis—trans relation-
ship in the two cyclopentane rings.

rings appear to exist in two different conformations. The ring
comprised of carbons C-7, C-8, C-9, C-10 and C-18 is in a
half-chair form with a local C,-axis, rendering the protons on
C-18 isochronous, whereas the C-3, C-4, C-5, C-6, C-17 ring is
in an envelope conformation with a local C,; symmetry element
where the protons on C-17 are in an axial-equatorial orientation.
Although cyclopentane rings are conformationally very flexible,
the NMR data support that our assignments are in agreement
with the MM2 generated structure.

However, it is not possible to determine the absolute stereo-
chemistry of the entire molecule as the selectivity in the head-
to-head coupling of the phytane moieties is unknown. It seems
plausible that four phytanes are coupled to form two molecules
of 16,16'-biphytane (2) initially, and that these subsequently are
symmetrically coupled to form the 20-bis-16,16'-biphytane. If this
is the case, one diastereoisomer (3a, see Fig. 1 in the ESI) will
result regardless of whether the coupling occurs between the
methyl groups on the same, or opposite, side of the C-16-C-1¢’
coupling. The MM2 calculations of the structure of the parent
GDGT shows that the distance between the two methyl groups on
the same side of the central C-16-C-16' coupling is much shorter
than the distance between methyl group on opposite sides of this

central bond, thus making the former the most likely coupling
pattern.

An alternate route to the formation of the 20-bis-16,16'-
biphytanes is the coupling of two phytane moieties to the central
methyl groups of a preformed 16,16’-biphytane (2) either in a free
form, or bound to glycerol as a glycerol-phytanyl diether. This
reaction pathway may provide a stereoisomeric mixture, see Fig. 2
in the ESI.

The structures determined for the naphthenic tetraacids sug-
gests an archaeal origin.’' The Archaea are one of the three
main domains of life on Earth, along with Bacteria and Eucarya,
and are generally known to inhabit extreme environments where
other organisms cannot exist, e.g. volcanic vents, strongly acidic or
basic springs, evaporitic settings and deep-subsurface sediments.*
However, recent findings indicate that large amounts of archaea
are also present as picoplankton in the open ocean.’*** The basic
skeleton found for the tetraacids in naphtenate deposits, 20-bis-
16,16'-biphytane (3), shows resemblance to the GDGTs, which
structure is represented with the tetracyclic GDGT-4 6 in Fig. 3.
GDGTs are core lipids in many archaea, and are mainly found
in methanogens and Crenarchaeota. GDGTs with between zero
(acyclic) and eight five-membered rings have been identified in the
lipid membranes of archaea.™

A novel ether core lipid (designated as FU) with H-shaped
Cy isoprenoid hydrocarbon chain from the hyperthermophilic
methanogen Methanothermus fervidus was reported in 1998.2 The
structure was found to be a modified caldarchaeol in which two
hydrocarbon chains are bridged with a covalent bond, but the
location of this bond could not be determined from the available
data. The presence of a Cg, core lipid was also suggested in
another hyperthermophilic archaea, Pyrococcus horikosii OT3.%
Additional structural details of these Cg, isoprenoids have not
appeared in the literature.
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1c

1d

Fig. 5 Conformations calculated for (6:17,10:18,10:18',6”:17",10”:18",10”:18")-hexacyclo-20-bis-16,16'-biphytane-1,1',1”,1”-tetracarboxylic acid (1),
with stereochemistry preserved from 20-bis-16,16'-biphytane (3). Free energies of the conformations are given in Table 2 in the ESI.

Thermophilic archaea form cyclopentane rings by internal
cyclisation in the biphytane moieties, and the number of rings
seems to increase with increasing growth temperature.** The
same structural elements have subsequently also been found in
non-thermophilic archaea, which, based on phylogenic studies, is
ascribed to a thermophilic ancestry in these species.”®

So far, however, a covalent bond between the two 16,16'-
biphytane related chains as elucidated here, have only been
reported from two hyperthermophilic species.**?*s Whether this is a
further adaptation to extreme environment, and thus an indication
that the Cy, tetraacids responsible for naphthenate deposition in
oil processing originates from species of thermophilic archaea,
remains open.

Neither the Cy, tetraacids characterised here, nor corresponding
16,16'-biphytanyl diacids, have been reported in Nature previously.

An obvious reason for this may be the low volatility of these
compounds, making the standard procedure of GC-MS analysis
inadequate. A renewed search for corresponding high molecular
weight biomarkers and molecular fossils in kerogen and bitumen
of appropriate sedimentary rocks and oil shales®?' by use of
a combination of liquid chromatography and MS or NMR
spectroscopy might open new possibilities for improved knowledge
of probable biomarker sources. Also membrane lipids from
thermophilic archaea in culture should be searched for presence
of these new Cg, hydrocarbon skeletons.

The structure of the 20-bis-16,16'-diphytanyl tetraacids may in-
dicate that the compounds are produced by oil degrading archaea
that have included a simple oxidation step in the biosyntheses of
the core lipid to produce the tetraacids for use as biosurfactants.
A large variety of compounds is produced by oil degrading
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organisms in order to enable the organisms to come in contact with
the hydrocarbon substrates.’* The high interfacial activity of the
20-bis-16,16'-diphytanyl tetraacids should make these compounds
ideal for such use.

Alternatively, the tetraacids may originate from oxidative degra-
dation of GDGTs present in the sediments. Phytanic acids are
particularly resistant to degradation since the usual -oxidation
pathway is blocked by the methyl group in the 3-position.*
Phytanic acids are therefore mainly degraded by an o-oxidation
pathway through the release of CO,, or through an w-oxidation
pathway, which is also blocked in the tetraacids due to the
four terminal acid groups. It would be of interest to investigate
whether crude oil naphthenic acids in general may originate from
degradation of archaeal GDGTs.

Conformational studies by MM?2 calculations might aid in
understanding the chemical properties of these tetraacids. As an
example is shown some results for one of the stereoisomers of 1
where the absolute stereochemistry has been kept identical to the
corresponding stereocenters in 3-5. Five different conformations
are illustrated in Fig. 5. Four of them (1a—d) can be organised in
planar arrangements with increasing van der Waals interactions.
One particular conformation, 1b on the anionic form, is an
excellent candidate as a building block for a sheet-like polymer
with calcium ions. Conformation 1d, which resembles the GDGTs
found in archaea lipid membranes, might have trans-membrane
properties as well. Finally conformer le, with the lowest free
energy, is internally “solvated” and stabilised through extensive
van der Waals interactions and might be a form found in non-
polar non-hydrogenbonding solvents (e.g. hydrocarbons).

The structure disclosed here for the tetraacids reflects the
large surface area determined for monolayers of the tetraacids
onto aqueous surfaces by the Langmuir technique.’ In the non-
interacting region, the tetraacids had a molecular area of about
160 A2 per molecule in the undissociated state.

Naphthenate deposition is usually fought by injection of various
chemical additives, although the inhibition mechanism is not
well understood. Structural knowledge about the tetraacids will
make it possible to construct more effective and environmentally
friendly inhibitors on a rational basis. In addition, the tetrameric
acids might have potential technological and industrial appli-
cations due to the unique surfactant properties. The structure
elucidated here may therefore lay the framework for making
rational decisions if waste is to be turned into added value
products.
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Chemistry, NTNU, for valuable comments on geochemical origin.
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Diastereoselectivity in reactions of aryl-stabilised ammonium
ylides are highly sensitive to the nature of the amine and
the ylide substituent. DFT calculations are consistent with
a mechanism in which reversibility in betaine formation [de-
spite the high energy (and therefore instability) of ammonium
ylides]is finely balanced due to the high barrier to ring closure.

There has been considerable interest in the development of
stereoselective methods to prepare epoxides. While most methods
have concentrated on alkene oxidation,! we have focused our
efforts on the epoxidation of carbonyl compounds. In this context,
we have reported an efficient catalytic and asymmetric process
converting carbonyl compounds directly into epoxides using sulfur
ylides.> We asked ourselves whether ammonium ylides could also
be used to effect the same transformation.® The very few examples
of ammonium ylide reactions with aldehydes also encouraged us
to study this area further.

Wittig* and Sato® had shown that non- and phenyl-stabilsed
ammonium ylides react with carbonyl compounds to give [3-
hydroxyammonium salts whilst Jonczyk® had found that cyano-
stabilised ylides gave the corresponding epoxides. Yields in al-
most all of these cases were only moderate. Only a handful of
examples of the ring closure of B-hydroxyammonium salts to give
epoxides has been reported.” Thus, it was not clear whether the
dearth of literature examples of ammonium ylide epoxidations
was due to ylide instability (prone to Stevens or Sommelet—
Hauser rearrangements®?®) versus reactivity (ammonium ylides are
expected to have high nucleophilicity, due to the low stabilisation
of the negative charge®) or because of problems in ring closure, or
both.

In considering reactivity toward aldehydes versus stability issues,
we chose aryl-stabilised ammonium ylides and used cyclic amines
derived from six membered rings to minimize the propensity for
Stevens rearrangement since ring expansion to a seven membered
ring should be less favourable.?

If ring closure was problematic, we sought to explore this
issue by investigating both quinuclidine and DABCO derivatives
(respectively ylides 1 and 2), the latter being a better leaving
group.’ Indeed, we have previously highlighted the importance
of leaving group ability in all of the important reactions of
onium ylides including additions to aldehydes.!! During the
course of our studies, Kimachi ez al. reported that reactions of
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benzyltriethylammonium salts with base and benzaldehyde gave
epoxides with moderate to high yields and diastereoselectivities
depending on the electronic nature of the benzyl group.'

The results of our studies on the reactions of ylides 1 and 2 with
benzaldehyde are given in Table 1.

Our results show a clear general correlation between the electron
rich/poor character of the ylidic aromatic ring and the observed
yield and diastereoselectivity (Table 1): stabilisation of the ylide
leads to good yields and diastereoselectivities while ylides bearing
an electron-donating group react with generally poorer yields and
much lower selectivities.

The use of DABCO (instead of quinuclidine) as the amino group
did not affect yield, indicating that ring closure is not a significant
problem in the reaction of aryl-stabilized ammonium ylides.
However, it did affect diastereoselectivity: DABCO derivatives
gave a systematically lower trams : cis ratio compared to the
corresponding quinuclidine derivatives.

The lower yields in the case of substitution by an electron-
donating group can be accounted for by the lower stability of the
ylides and hence a larger propensity to give side reactions.” The
origin of the changes in diastereoselectivity with substitution on
the other hand is less apparent.

In epoxidation reactions of phenyl-stabilised sulfur ylides,
experimental and computational studies showed that the observed
high trans selectivity was the result of a similar rate of formation

Table 1 Influence of ylide stabilisation and the nature of ammonium
group on yield and diastereoselectivity

t-BuOK o)
THF, rt

;ﬁj i

©
R—< >~ cl
2

PhCHO

Entry Substrate R Yield (%)* trans : cis®
1 la OMe 38 61:39
2 2a OMe 41 50:50
3 1b Me 60 65:35
4 2b Me 43 56 : 44
5 1c H 41 92:8
6 2c H 42 70 : 30
7 1d Cl 77 96 : 4
8 2d Cl 71 92:8
9 le CF; 77 99:1

10 2e CF; 77 99:1

“Isolated yields. ®* Determined by '"H NMR on the crude mixture.
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of both syn and anti betaines where formation of the syn betaine
was reversible but the anti betaine was non-reversible.* In the
present case (ammonium ylides), the much lower stabilisation of
the ylide® would be expected to lead to systematic non-reversibility
of the initial addition step, which would therefore also be the
selectivity determining step. This intuitive reasoning, however,
does not explain the observed trends.

This leads to the question: what is the origin of the decrease
in selectivity when using less stabilised ylides or upon changing
the amine from quinuclidine to DABCO derivatives? What are the
factors governing selectivity in ammonium ylide reactions with
aldehydes? In order to answer these questions, we have investigated
the energy profile of the reaction of ylide 3 with benzaldehyde
by computational means (Fig. 1)."* Calculations were carried
out at the B3LYP/6-31 + G**//B3LYP/6-31G* level of theory
including a continuum description of THF as solvent.§

ONMes elimination TS
@
/La + PhCHO pric e @7
Ph" 3 @ @
0 keal mol™" ™ Kl OeH 4%
Me-N® \\\
Ho o =7} G
ph@H transoid betaine \
Ph |
‘ @
NMe:
e pﬁnﬁa : o e
Ph'@H cisoid betaine PHC Y
Ph S
Cislsyn s
trans / anti

Fig.1 Computed] potential energy surface (kcal mol™") for stilbene oxide
formation from 3 and benzaldehyde.

The mechanistic sequence is similar to that in sulfur ylide
reactions:* addition of the ylide to the aldehyde generates a
betaine intermediate, torsional rotation converts the cisoid betaine
into the transoid conformer with the two charged groups anti to
each other, and finally ring closure, with concomitant expulsion
of the amine, gives the corresponding epoxide.

As a result of the low stabilisation of reactants,® the initial
addition step is found to be fairly exothermic. Two isomeric
betaines can be formed during this step, an anti and a syn
diastereomer, with both being found to be equally stable. Due
to the high nucleophilicity of the ylide, betaine formation occurs
without enthalpic barrier™* (for comparison, the corresponding
barrier in the case of sulfur ylides was ca. 4.5 kcal mol~"). This
means that no (or very low) selectivity is expected for this step; syn
and anti betaines should be formed in a ca. 50 : 50 ratio.

One of the most significant differences between the sulfur ylide
and the ammonium ylide reactions is the high barrier to elimina-
tion, 12.5 and 14.4 kcal mol~', from cisoid betaine, for anti and syn
isomers respectively (for comparison, in the sulfur ylide case these
barriers are respectively 1.3 and 5.4 kcal mol~'*?). This difference
can be accounted for by the poor leaving group ability of the

ammonium group. A previous study on reactivity in onium ylide
reactions showed indeed that leaving group ability decreased in the
order OMe,, SMe,, NMe;, PMe;.!"! Because of the poor leaving
group ability of ammonium ions, the elimination step is rate deter-
mining in the reaction of ammonium ylides with aldehydes. This
also accounts for the isolation of f-hydroxyammonium salts upon
work-up of the reaction of ammonium ylides with aldehydes.**

Another consequence of the high barrier to ring closure is that
the elimination TS is close in energy to the reactants.’* Due to the
poor leaving group ability of the ammonium group, and despite
the high energy of the reactants, betaine formation is thus likely to
be somewhat prone to reversibility. This is of great importance in
determining selectivity. Indeed, if no reversal occurs, the selectivity
determining step is the addition step, whereas if betaine formation
is reversible, selectivity is determined by the relative energy of the
two diastereomeric elimination TSs.

The observed influence of ylide stabilisation on selectivity can
thus now be understood (Fig. 2): substitution of the ylide by
an electron-withdrawing group decreases the relative energy of
reactants'® but does not affect, or if anything increases the barrier
to ring closure (see below), thus rendering betaine formation more
reversible. Selectivity is thereby determined at the ring closure step,
which explains the observed high preference for trans epoxides. In
contrast, when the ylide is substituted by an electron-donating
group, relative energy of the reactants increases and the barrier
to ring closure is, if anything, reduced. Selectivity in these cases is
thereby determined at the addition step, which, due to its absence
of enthalpic barrier, must occur with no (or very low) selectivity.

Arﬁo &\
= @7 —
// Al ph RaND ph 77 A Ph
@

f

NR; anti betaine
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A © kF‘h

No selectivity

\3@)6 a D
\‘Rb}_(o: ®>£< 'IV:A/&\Pn

A’ Ph RaND  Ph
syn betaine

High trans selectivity

Ar = electron rich

electron poor

Fig. 2 Origin of observed variations in diastereoselectivity according to
ylide stabilisation in reactions of ammonium ylides with aldehydes.

The observed decrease in selectivity when using DABCO
derivatives (ylides from 2) instead of quinuclidine (ylides from
1) can be explained following the same reasoning: DABCO is a
better leaving group than quinuclidine,’ which means that the
barrier to ring closure is lower in reactions of ylides 2 relative to
ylides 1. Relative energy of reactants on the other hand should not
be significantly affected by the nature of the ammonium group. The
use of DABCO derived ammonium ylides thus leads to a decrease
in the reversal of betaine formation, and hence to a reduction in
selectivity.

The above analysis has important implications for carbonyl-
stabilised ammonium ylides. Although such ylides have been
effective in cyclopropanation reactions,”” we and others'® have
been unsuccessful in effecting reactions with aldehydes (Scheme 1).

Previous studies' showed that the presence of a carbonyl group
a to the leaving group (sulfonium) leads to a substantial increase
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Scheme 1 Problems with epoxide formation from ester-stabilized ammo-

nium ylides.

in the barrier to ring closure (the barriers to ring closure, from
the anti betaine, for Ph and CONMe, are 1.8 and 6.0 kcal mol™',
respectively). In the case of the sulfonium group, this does not
prevent epoxidation from occurring but the combination of this
with the poor leaving group ability of the ammonium group makes
this barrier too high in this case and no epoxide is formed.

In conclusion, we have shown that yield and diastereoselectiivity
in reactions of aryl-stabilized ammonium ylides with aldehydes
are strongly influenced by the nature of the amine and the
ylide substituent. Electron-deficient aromatics, which are able to
stabilise the ylide, give good yields whereas electron-rich aromatics,
which destabilise the ylide, give poor yields. Perhaps the most
surprising result from this study is the ease of reversal of betaine
formation, despite the high energy of the ammonium ylide. This
is a consequence of the high barrier to ring closure due to the
poor leaving group ability of the amine. Reversibility in betaine
formation is very finely balanced: groups that stabilise the ylide
and/or increase the barrier to ring closure (electron-deficient aryl
groups) lead to reversibility and high zrans selectivity whilst groups
that destabilise the ylide and/or reduce the barrier to ring closure
(electron-rich aryl groups, better amine leaving group) lead to
reduced reversibility and lower trans selectivity. The failure of
ester-stabilised ylides to form epoxides can be accounted for by
the further increase in barrier to ring closure. Thus, the success
of ammonium ylide epoxidation is critically dependant on ylide
stability vs reactivity toward aldehydes and the barrier to ring
closure.
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Surface plasmon resonance imaging is used to demonstrate
the recognition by the Ricinus communis agglutinin of a new
SOD mimic, a bioconjugate of the manganese(11) complex of
1,4,7,10,13-pentaazacyclopentadecane with galactose.

Superoxide dismutases (SODs) are a family of enzymes which
catalyze the dismutation of superoxide radical anions to hydrogen
peroxide and molecular oxygen, and thus protect living cells from
toxic oxygen metabolites." An excess of O,, which overwhelms
the amount of SOD locally available,* is produced by the immune
system in such illnesses as inflammation or strokes. This excess
damages the surrounding body tissues. Free radical damage has
been associated with a growing number of diseases such as
rheumatoid arthritis, cancer, neurodegenerative disorders, diabetic
complications, strokes, inflammation and reperfusion injury.?
SOD native enzymes have shown promising anti-inflammatory
properties in both preclinical and clinical studies for the treatment
of various diseases, however there were drawbacks and several
issues associated with their use as therapeutic agents.* For this
reason the design of new synthetic, low molecular weight mimics
of SOD enzymes (synzymes) has been pursued.** Among the
different families of SOD mimics, the manganese(il) complexes
of 1,4,7,10,13-pentaazacyclopentadecane® (1) and its analogous
compounds represent a promising new class.®* Mn(1)Cl, forms a
seven-coordinated Mn(11) complex with trans-dichloro ligands and
has been shown to be an excellent catalyst for the dismutation of
the superoxide anion (K =4 x 10" M~! s7!) at the physiological
pH. The complex possesses a good thermodynamic stability at
physiological pH (logK = 10.7) and an excellent kinetic stability.
For these reasons, the complex was assessed to test its SOD activity
in a variety of in vitro and in vivo assays. A number of Mn(11)
complexes of substituted 1 compounds have been tested in a wide
range of animal models of diseases related to the superoxide anion
and a potential drug, M40403, has been reported in recent years.5
Lectins are a class of proteins which specifically recognize
mono, oligo or polysaccharide structures.” In recent years it
has been shown that the animal lectins, galectins, are impor-
tant mediators in inflammatory diseases.® They are present in
epithelium, endothelium and activated macrophages which are
central with regard to inflammatory processes. The important
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role lectins play in recognition processes has prompted efforts to
synthesize glycoconjugates of small molecules, proteins or lipids
to be specifically bound to selected lectins.® In this perspective, we
report here on the synthesis, the characterization and the study
of the affinity to the Ricinus communis agglutinin (RCA ) lectin,
of a new galactose-conjugate 1-(2-ethoxy-p-D-galactopyranosyl)-
1,4,7,10,13-pentaazacyclopentadecane (2) and its Mn" complex
[Mn(2)Cl,] as a SOD mimic system (Scheme 1).
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The results reported here provide evidence that the new
galactose-conjugate SOD mimic binds the RCA,,, that is a
model for the animal asialoglycoprotein receptor (ASGP-R)
present on the hepatocyte and macrophage surfaces, ' with
a constant that is in the range of known binding constants for
galactoside-RCA |, interactions." The presence of the 1,4,7,10,13-
pentaazacyclopentadecane moiety does not alter the ability of
lectin to bind the galactose unit even in the presence of the Mn(11)
ions. The SOD-like activity of [Mn(2)Cl,] can be thus potentially
explicated in the hepatocytes or in other specific inflammatory
sites where the galectins and macrophages are present.

Furthermore, on the basis of the coordination properties of the
pentaaza macrocycles the bio-targeting of the ligand 2 could also
permit a site specific delivery of other metal ions with different
properties.'?

Compound 2 was synthesized by galactosidation of 1'* with 2-
bromoethyl-2,3,4,6-tetra-O-acetyl-p-D-galactopyranoside.” The
acetylated derivative was purified by chromatography and then
deacetylated by basic hydrolysis. (Details of synthetic procedures
and intermediate and final products characterization are reported
as electronic supplementary informationt).

The 2-amino-ethyl-B-D-galactopyranoside (3) was also synthe-
sized to compare the ability of the RCA,, to interact with a
galactose derivative simpler than 2.
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The SOD-like activity of [Mn(2)Cl,] was tested by the Fridovich
assay as reported elsewhere® (see ESIT). The complex shows an
Iy =25 x10*Mand a K, = 5.2 x 10° M~ s'. Such values
are in the range of values reported for other SOD synzymes* and
demonstrates the SOD-like activity of the system.

The interaction between RCA, and 2 or [Mn(2)Cl,] was
studied with surface plasmon resonance (SPR) imaging'® by
conducting multiplexed kinetics experiments with which the
interactions of RCA,,, with 1 and 3 were also studied in a
single experiment. The comparison of the SPR imaging data
allowed us to ascertain the possible influence of the 1,4,7,10,13-
pentaazacyclopentadecane unit on the ability of RCA ,, to interact
with the galactose moiety present in 2. Advantages offered by
multiplexed kinetics experiments carried out with SPR imaging
on biomolecule arrays have been recently demonstrated.'” Arrays
of 1, 2 and 3 were obtained by spotting their PBS solutions
(1 ul, 107> M) onto gold surfaces previously functionalized with
dithiobis(succinimidyl propionate) (DTSP) (see ESIT). Kinetics
data were obtained by plotting the normalized difference in
percent reflectivity (A%R) from a selected region of interest (ROI)
of the array as a function of time. ROI data were normalized to the
average of the A%R measured for mPEG (methoxypoly(ethylene
glycol)) background ROIs adjacent to each array element. This
procedure corrected data for nonspecific lectin adsorption and
changes in bulk refractive index.

A typical experiment consisted of the injection of a continuous
flow of RCA , solution over the array: adsorption of lectin on the
glycoconjugate surface occurred. The RCA ,, solution was then
replaced with buffer and the bound lectin was desorbed from the
surface. The rate constants k, and k, and the equilibrium constants
K, were calculated by fitting adsorption/desorption kinetics data
through numerical integration analysis.’® Separate experiments
with RCA,,, solutions at different concentrations (2.5 x 107" M,
5.0 x 107" M and 7.5 x 1077 M) were conducted.

Adsorption/desorption curves observed for the binding of
RCA,y to 1, 2, and 3 are shown in Fig. 1. While the interaction
between RCA ,, and the two compounds carrying a galactose unit
(2 and 3) produces respectively similar curves, a quite different
change in variation of A%R over time is obtained after the
RCA 5—1interaction. The latter testifies the absence of any specific
interactions. Similar qualitative conclusions can be easily drawn

44 association dissociation
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Fig. 1 Kinetics data for the adsorption and desorption of RCA,
(750 nM) to 1, 2, and 3.

from SPR difference images taken after the introduction of RCA 5
solution to the surface (Fig. 2). The clearly different grey level
associated to the region of the array where compounds 2 and 3
were immobilized testifies to their stronger affinity for the RCA 5.
The more pronounced brightness associated with 3 compared to 2
is a consequence of the more efficient anchoring of 3 to the DTSP
functionalized surface due to the presence of the primary amino

group.

Fig.2 SPR difference images taken after the flowing of a 750 nM RCA ,,
solution on to the arrayed chip surface. Spots were carried out by using
a micro-tip equipped pipette. The different scale bars for the x and y
directions shown in the image are a consequence of the distortion in the
SPR image caused by the SPRI optical setup.

Similar SPR difference images and kinetics data were obtained
when the interactions of [Mn(1)ClL,] and [Mn(2)Cl,] with the
RCA |, were investigated.

The best-fit of the kinetics data for the interaction of RCA,,,
with 2, [Mn(2)CL,] and 3 were respectively obtained when a
bivalent interaction model was taken into account (Fig. 3).
Carbohydrate—lectin interactions often deviate from pseudo first-
order kinetics."” Such an effect is mostly based on the multivalency
of the interaction and, more generally, on the existence of
interactions which differ in stoichiometry from the 1 : 1 ratio

association dissociation

A 750 nM
il

e

8’500 nM

O 250 nM
R

0 100 200 300 400 500 600 700
Time (s)

Fig. 3 Kinetics data for the adsorption and desorption of different

concentrations of RCA 5, onto 2. Data were fitted (grey line) by assuming

the interaction of RCA,, with one or two galactose units on the chip

surface. Residuals are also shown. Dashed lines show the best-fit obtained

by assuming pseudo first-order kinetics.
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Table 1 Kinetics data for the interaction of the RCA ,, with 2, 3 and [Mn(2)Cl,]

kg /M~ 57! kg /s Ky /M™!

kpo/M™s™! kg /s Ky/M™!

2 2.4 (£0.1) x 10*
3 3.9 (£0.4) x 10*
[Mn(2)CL] 1.9 (£1.2) x 10

1.8 (£0.5) x 103
5.5(£1.8) x 10
1.7 (£0.8) x 103

1.3 (£0.4) x 107
7.1 (£2.4) x 107
1.1 (£0.9) x 107

3.1(£0.3) x 10°
3.3(£0.9) x 10°
1.2 (£0.4) x 10°

1.2 (£0.1) x 10~
3.4(£1.4) x 1073
5.7(£0.9) x 103

2.5 (£0.6) x 107
9.7 (£4.8) x 107
2.1 (£0.8) x 107

between the lectin and the anchored receptor.”™ The interaction
model considered in our case takes into account that RCA,y
possesses two different binding sites.® The interaction of RCA 5
with one or two galactose units on the chip surface is quite possible.
The poor results obtained by fitting data assuming pseudo first-
order kinetics are evident from Fig. 3 (dotted lines). Rate and
equilibrium constants obtained for the interaction of the RCA 5
with 2, [Mn(2)Cl,] and 3 are reported in Table 1. No constants
for the interaction with 1 and [Mn(1)Cl,] are reported due to
the absence of interactions. k,,, kq; and K,, represent respectively
the association rate constant, the dissociation rate constant
and the equilibrium constant, calculated as k,,/kq,, respectively
for the interaction between RCA ,, and one galactose unit. The
constants k,», kg, and K4, refer to the interaction between RCA 5,
and two galactose units.

The calculated values for the equilibrium constants (K, Ka,) of
the interaction between RCA },, and 2 or [Mn(2)Cl,] range between
1.1 (£0.9) x 10’ M~ and 2.5 (£0.6) x 10" M~' (Table 1). Such
values are in agreement with those reported for the interaction
of RCA,,, with glycoside ligands®”*'® and demonstrate that
the pentaazamacrocyclic component of 2 does not significantly
modify the ability of RCA,, to interact with the galactose unit.
Such conclusions are also valid for [Mn(2)CL,]. The slightly higher
K, and K 5, values (7.1 (£2.4) x 10' M~ and 9.7 (£4.8) x 10" M,
respectively) calculated for the RCA,,, interaction to 3 are very
likely caused by the difference in the structures of 2 and 3 which
are expected to have different steric requirements. The absence of
an interaction between 1 or [Mn(1)Cl,] and the RCA,,, further
supports the galactose driven interaction between the new SOD
mimic presented here and the RCA 5, lectin.

In conclusion we have shown that the new SOD mimic
bioconjugate 2 interacts with the RCA ,, lectin, that is a model for
the animal ASGP-R. The 1.,4,7,10,13-pentaazacyclopentadecane
moiety does not significantly alter RCA,,, affinity toward the
bioconjugate. Such evidence is expected to improve the therapeutic
applicability of the promising SOD mimic based on the Mn(11)
complex of 1. In addition we have shown that SPR imaging of
arrayed surfaces may be used to study the interaction between
the patterned compounds and selected analytes using a powerful
multiplexed approach for simultaneously measuring the binding
of different glycoconjugates and RCA 5, lectin.

The authors wish to acknowledge the helpful comments and
suggestions made by Prof. R. M. Corn and Dr S. Weibel. This
research was funded by MIUR (PRIN 2003 n 2003091372 and
FIRB 2003 RBNEOITTIW_004).
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A BICOL derived monodentate phosphoramidite ligand
gives ee’s up to 89% in the enantioselective Rh-catalysed
hydrogenation of N-acyl dehydroalanine using water as the
solvent.

Water is a very attractive solvent for organic synthesis from an
economical as well as an environmental point of view.! Extensive
research has been done on the use of water as solvent for (stereos-
elective) organic reactions. Also hydrogenation reactions in water
are well documented.? On the other hand, only limited reports have
appeared describing asymmetric hydrogenations in an aqueous
environment. In general, the low water solubility of the catalysts
and substrates cause a decrease in reaction rate. The obvious way
to avoid this problem is to make the ligands water-soluble.

In general, chiral ligands used for these reactions are water-
soluble analogues of well known bidentate phosphines (e.g
BINAP, DIOP, BDPP and BIFAP)?® as well as ligands based on
carbohydrates* or amino acids.’ The use of biphasic systems makes
it possible to recycle these water soluble ligands. An alternative
method to increase the reaction rate of catalysts in aqueous media
is by adding surfactants. A variety of surfactants were introduced
by Oehme and Selke for the rhodium-catalysed asymmetric
hydrogenation of different substrates.® Good enantioselectivities
and high reaction rates were obtained.

In this communication we want to disclose the, to the best of our
knowledge, first monodentate phosphoramidite ligand providing
high ee’s in the Rh-catalysed enantioselective hydrogenation of a
dehydroamino acid in water.

Currently, BINOL-derived monodentate phosphoramidite lig-
ands such as MonoPhos (Chart 1) are among the cream of
the crop for the enantioselective hydrogenation of a variety of
N-acyl dehydroamino acids, enamides and enol carbamates.’
Unfortunately, modification of BINOL to render the ligand water-
soluble, is not straightforward. To overcome this problem, the BI-
NOL related biscarbazole-derived BICOL was developed allowing
facile introduction of functional moieties at both nitrogen atoms
enabling fine-tuning of the catalytic and physical properties.?

Enantiopure BICOL derived phosphoramidite ligands have
been prepared functionalised with carbosilane dendritic wedges
at both nitrogen atoms. This allows easy recovery after the Rh-
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catalysed asymmetric hydrogenation of dehydro aminoesters that
gave ee’s up to 95%.° These results also show that carbazole-
N functionalisation is possible without affecting the catalytic
efficiency. We envisioned that attachment of neutral tetraecthylene
glycol units at both nitrogen atoms of BICOL renders the ligand
soluble in water. Further elaboration into the corresponding phos-
phoramidite would afford PegPhos (see Chart 1), a potential lig-
and for the Rh-catalysed enantioselective hydrogenation in water.

The synthesis of (S)-PegPhos was achieved in just four steps
from (S)-BICOL (Scheme 1). To allow selective N,N-dialkylation,
the phenolic hydroxyl groups of (S)-BICOL were protected as

H
)
i OTBDMS
! OTBDMS
N i
H

BlCOL 0
04/\/05\
OTBDMS ,,, iv
L OTBDMS (S)-PegPhos
of\/\o‘)/
O

Scheme 1  Reagents and conditions: i. TBDMSCI, imidazole, DMF, 65 °C,
4 h. ii. KHDMS, DME, 0 °C, 1 h, followed by addition of the bromide,
RT, 12 h. iii. TBAF, THF. iv. HMPT, MeCN, reflux, 4 h.
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Table 1 Asymmetric hydrogenation of N-acyl dehydroalanine with PegPhos and MonoPhos in various solvents

(0] (0]
RN(L),(COD)BFs e,
OH " OH
NHAG H, (10 bar), solvent, rt NHAG
Entry Conditions PegPhos*? TOF/h™! MonoPhos* ¢ TOF/h™!
1 CH,Cl, 57 133 90 (82) 400 (133)
2 MeOH 90 1200 95 (94) 600 (600)
3 MeOH-H,0 89 1200 65 (54) 20 (55)
4 H,O0 82 55 16 (0) 20 (25)
5 MeOH + 10% SDS 74 2000 89 (83) 63 (300)
6 MeOH-H,0 + 10% SDS 82 750 80 (47) 20 (92)
7 H,O0 + 10% SDS 89 600 83(79) 50 (44)

“Ee’s in %. ® Products were analysed as their corresponding methyl ester. ¢ Values in parentheses are results from in situ formed catalyst.

TBDMS-ethers. N,N-dialkylation was achieved after deprotona-
tion using KHDMS as the base followed by treatment of the result-
ing potassium amides with 2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-
bromoacetate. TBAF mediated liberation of the hydroxyl groups
and subsequent reaction with HMPT provided the water soluble
phosphoramidite PegPhos.

The catalytic performance of PegPhos was compared with
MonoPhos which proved highly effective in the asymmetric
hydrogenation of dehydroamino acids. The catalyst was obtained
by reaction of two equivalents of the ligand with Rh(COD),BF, in
CH,(l, and subsequent removal of the solvent. As a representative
substrate N-acyl dehydroalanine was chosen. The hydrogenation
reactions were performed in a semi-automated eight reactor
Endeavor™ autoclave pressurized with 10 bar of hydrogen.

Initial experiments in CH,Cl, (Table, Entry 1) gave full con-
version and ee’s of 57% and 90% for PegPhos and MonoPhos,
respectively, both in favour of the R-product and with TOF’s of
133 h~" and 400 h'.

By switching to the more polar solvent MeOH (Entry 2),
especially PegPhos showed a remarkable 9-fold reaction rate
increase and also the ee now reached 90%. The addition of water
(Entry 3) slowed down the activity of MonoPhos drastically (30-
fold) together with a significant drop in ee, in sharp contrast with
PegPhos that fully maintained its high rate and enantioselectivity.
In pure water (Entry 4) PegPhos still gave a respectable 82% ee
but at the expense of a 22-fold rate decrease while under the
same conditions MonoPhos almost lost its enantioselectivity and
activity. Also, it is clear that the phosphoramidite moiety is fully
compatible with water showing no sign of hydrolysis.

The addition of surfactants is known to influence the activity
and selectivity of homogeneous catalysts in highly polar solvents
(vide supra). Regarding the ee, no beneficial effect could be seen
after addition of SDS to MeOH (Entry 5) or a water—-MeOH
mixture (Entry 6). By adding SDS to water, the ee obtained with
MonoPhos increased from 16% to 83% together with a more than
2-fold increase of the TOF. Under these conditions PegPhos clearly
outperformed MonoPhos by reaching an ee of 89% as well as a
12-fold higher rate.

In conclusion, we have shown that the versatile biscarbazole
based BICOL skeleton may be functionalized with polyethylene
glycol units at the nitrogen atoms to render this highly apolar
moiety soluble in water. The resulting PegPhos ligand showed to

be superior to the parent MonoPhos ligand, in activity as well as
in selectivity, in the enantioselective Rh-catalysed hydrogenation
of dehydroamino acids in polar solvents, especially in water.
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