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The unique reactivity pattern elicited by the crowded fert-butyl group is highlighted by summarising
characteristic applications. Starting from the use of this simple hydrocarbon moiety in chemical

transformations, via its relevance in Nature and its implication in biosynthetic and biodegradation

pathways, the way through to its possible application in biocatalytic processes is described.

1. Introduction

In spite of its very simple hydrocarbon structure, the ferz-butyl
group has attracted much attention from organic chemists for
many decades due to its unique properties. Indeed, this moiety
exhibits a reactivity pattern that enriches the chemist’s toolbox in
many ways. Starting from simple aspects such as steric hindrance
or stability of the associated carbocation all the way through
to more complex concepts including chiral catalysis or induced
conformational changes in macromolecules, fert-butylated com-
pounds have made their way into many domains of organic and
chemoenzymatic synthesis. Hence, the zerz-butyl moiety plays an
outstanding role in the field of catalysis science, dramatically
affecting the regio- and stereoselectivity of many organic reactions
such as reductions, oxidations or C—C bond formations. However,
relatively few natural products bearing the tert-butyl substructure
have been reported, and surprisingly, the implementation of the
tert-butyl group into chemoenzymatic processes has very rarely
been described.

Herein we endeavour to focus on some of the major is-
sues concerning the application of the fert-butyl structure
in chemical and biocatalytic transformations and to outline
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the prospects for its potential use in chemoenzymatic pro-
cesses.

2. The tert-butyl moiety in protecting group
chemistry

As peptide synthesis gained importance and total synthesis be-
came the “grail” for organic chemists, protecting group technology
captured major attention. The fert-butyl group with its unique
behaviour afforded solutions for orthogonality, which is a key
issue in the sequence of protection and deprotection.!

2.1 Protection of the carboxyl group

Classically, taking advantage of the carbonyl activity of carboxylic
acid esters, hydrolysis can be achieved either under acidic condi-
tions (leading to an equilibrium between ester and carboxylic acid)
or irreversibly under basic conditions, affording a carboxylate and
the corresponding alcohol (a). Furthermore, a second pattern that
leaves the carboxyl carbon intact is known for certain esters (b).
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The path ultimately adopted depends on the nature of the
alcoholic moiety of the ester (R') and on the reaction conditions.
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If R' is tert-butyl, acidic cleavage will proceed according to
pattern (b) to give the quite stable tert-butyl carbocation? and
the carboxylic acid (Scheme 1).

RJ\OJ< - R(\/I(I)\:o\J< — Rj\OH * >+/
SH l
:<

Scheme 1 Cleavage of the alkyl-oxygen bond in ester hydrolysis.

In contrast, in basic medium the reaction follows the classical
addition—elimination path (a).® The more specific case of a-amino
acid esters provided evidence for the differential hydrolysis of zerz-
butyl esters compared to other alkyl esters. Indeed, the studies by
Wau et al. on the hydrolysis behaviour of the cobalt(11r) complexes
of esters showed that fert-butyl esters were prone to undergo a
cleavage of the oxygen—alkyl bond, whereas the acyl-oxygen bond
was broken in the other cases (Scheme 2). This hypothesis was
evidenced and supported by kinetic studies and O exchange
measurements.*’
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Scheme 2 Cobalt-promoted hydrolysis of tert-butyl esters.

2.2 Protection of the hydroxyl group

Since the rert-butoxy group is extremely stable to strongly basic
conditions, it is one of the most versatile alcohol protecting groups.
Very recently, a mild removal strategy using anhydrous CeCl,
and Nal in acetonitrile has been designed and developed by
Bartoli et al® This procedure should further contribute to the
popularity of the tert-butoxy protecting group, since it can be
successfully applied to aliphatic and aromatic tert-butyl ethers
and is compatible with a series of other protecting groups and
functionalities such as ethyl esters, hydroxyl moieties, nitriles and
carbonyls.

3. The tert-butyl group in catalysis

The biological activity of, for example, pharmaceuticals or agro-
chemicals, arises from the specific interaction of small molecules
with chiral macromolecules as receptors, enzymes or DNA. Thus,
stereospecific interplay with enantiomerically pure chiral ligands
is prone to elicit an optimal biological response. Accordingly,
the quest for such compounds has concentrated the efforts of
the synthetic organic chemistry community. Third- and fourth-
generation asymmetric synthesis’ using either chiral reagents or
chiral catalysts is considered as the most powerful tool to pursue
these objectives. Thus, the development of efficient chiral catalysts
allowing for high yields and high enantioselectivities has become
a major task for organic chemists. With its tremendous steric
bulk and the associated non-bonded repulsions it triggers, the
tert-butyl group has been widely used in the design and the

optimisation of such chiral catalysts. Indeed, the introduction of
bulky groups is, with cyclisation, one of the two common methods
used to force organic molecules into unusual geometries. In this
section, considering the large number of catalysts bearing a tert-
butyl substructure, we focus on some of the more recent striking
examples of the use of chiral catalysts bearing this moiety. Further,
some examples of achiral catalytic processes in which the fert-butyl
group rules the regioselectivity and the intrinsic catalytic activity
are outlined.

3.1 Asymmetric reductions

As the carbonyl group plays a pivotal role in organic synthesis,
hydrogenation of the C=0 bond and its isosteres (enol, imine,
enamine) represent, together with the reduction of isolated C=C
bonds, the most examined reaction.® The majority of these
reactions are metal-catalysed, and their efficiency in respect
of yield and enantioselectivity depends on the substrate, the
metal used and the catalyst from which the chiral information
is carried over to the reaction product. As early as 1985, a
standardised procedure for rhodium-catalysed asymmetric reduc-
tion of ketolactone 1 using (2S,4S)-N-tert-butyloxycarbonyl-4-
diphenylphosphinomethylpyrrolidine (I) ((S,S)-BPPM) appeared
in an Organic Syntheses procedure (Scheme 3).°

CH, CH
HaC [(S,S)-BPPMIRh(COD)CI  HaC. [ °
o M 50 atm, 30-50°C o
o am. =% HO"" D-(-)
© Ph,R, H o
1 2
1 =(S,S)-BPPM
\
Boc  PPh2

Scheme 3 Asymmetric hydrogenation of ketopentoyl lactone 1.

More recently, Imamoto et al. reported a class of tetra-alkyl P-
chiral bis-phosphine ligands that assemble to form five-membered
C,-symmetric chelates with the metal, and thus induce high enan-
tioselectivity in rhodium-catalysed hydrogenation reactions.'®!!
As a crucial feature, these ligands possess a bulky substituent
(tert-butyl) and a methyl group (the smallest possible alkyl
group) attached to each phosphorous atom. The hydrogenation
of enamides 3 and [B-ketoesters proceeded with ee-values as high
as >99% and up to 89%, respectively (Scheme 4), and high catalytic
activity. X-Ray structure analysis of the catalyst precursor II
clearly showed a A-conformation of the chelate complex with
a quasi-symmetrical coordination of the diene. The pseudo-
equatorial orientation of the stereo-demanding ferz-butyl groups
and the resulting pseudo-axial positioning of the two methyl
groups in the thus rigidified chelate complex II is the clinching
argument for a highly enantioselective process. Dynamic studies
by means of NMR techniques have shown that the observed
stereoselection actually reflects the stereochemical prevalence at
the stage of the monohydride intermediate Ila. This observation
suggests that the migratory insertion step is irreversible and that
the geometry in Ila is stereo-determining. However, replacement of
the tert-butyl group on the phosphorus atom by either an isopropyl
or the even bulkier Et;C- leads to lower enantioselectivities.

Evans et al.? reported a new family of mixed phosphorus/
sulfur ligands lacking C,-symmetry that are capable of
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Scheme 4 P-Chiral bis(trialkylphosphine)s in enantioselective hydro-
genation.

rhodium-catalysed enamide reductions and asymmetric hydrosily-
lation of prochiral ketones 5 (Scheme 5). The determining features
of these ligands are the presence of a strong and weak donor
heteroatom pair and the generation of a stereogenic centre at
the sulfur atom upon coordination with the metal. The rationale
behind the design of such ligands is that since the stereochemical
information is located on the sulfur it should improve the
stereocontrol of the reaction as compared to ligands with the
chiral information located more remotely from the metal centre.
The major drawback of this strategy is the low inversion barrier
observed for metal-coordinated thioethers. The terz-butyl group
introduced at the sulfur atom is forced into a pseudoaxial orienta-
tion by means of non-bonded repulsions to avoid interaction with
the backbone and serves to control the equilibrium of the anti-
and syn-diastereomeric chelate complexes IlI-syn and Ill-anti,
respectively, ensuring high enantioface selectivity. Furthermore,
the strong electron-donating character of the tert-butyl group
forces the enamide to coordinate to the sulfur with its most
electron-poor carbon atom. Enantiomeric excesses ranging from
78% to 98% have been obtained for these reactions, illustrating
that the zerz-butyl group influences the stereochemical outcome of
such a reaction not exclusively by means of steric hindrance.

j\ 1.1, 1 mol% j‘\H
+  Ph(1-naphthyl)SiH
R “R2 (1-naphthylSitlz = H,0" R OR2
5 6
R'=alkyl, aryl  pp Ph
RZ=alkyl, aryl  Phi o O o Phitp Oy
| — Y-
Y M
M N
/s -
t-Bu tBu
ll-syn lll-anti

Scheme 5 Chiral P/S-ligands in asymmetric ketone reduction.

3.2 Asymmetric oxidations

The Nobel Prize Committee has paid tribute to the tremendous
work done in the area of asymmetric oxidation reactions by
rewarding K. Barry Sharpless with the Nobel Prize for Chemistry
in 2001 (together with Noyori and Knowles; see reductions). Be-
cause optically active epoxides open a large window for follow-up
chemistry leading to many biologically active chiral compounds,
the asymmetric epoxidation of unfunctionalized alkenes remains
of great interest. Larrow and Jacobsen have developed an efficient

large-scale synthesis for a Schiff-base ligand (IV) bearing four
tert-butyl groups capable of the Mn(111)-catalysed epoxidation of
olefins (Scheme 6).!* Very recently, Martinez et al. have bridged the
two salicylindene moieties by replacement of the tert-butyl groups
at the 3- and 3'-positions by symmetrical aliphatic polyether or
benzylic diether linkers. The modest ee-values obtained sustain the
essential role of the fert-butyl groups in the enantiodiscrimination
process." The tert-butyl groups most likely endow a preferred
conformation to the catalytic complex without rigidifying it.

O‘ IV, 5 mol%
—
PhIO

7 8 O
HQIH
=N, N=
/Mn\
tBu (0] (@) t-Bu
R2 v R1
R'=R?=t-Bu

R",R? = -OCH,CH,0CH,CH,0-

Scheme 6 Enantioselective epoxidation.

An asymmetric metal-catalysed Baeyer—Villiger-type oxidation,
which formally corresponds to a kinetic resolution, has been
reported by Bolm et al.’® The 2-aryloxazoline Ni(11) complex used
as the chiral catalyst has four zerz-butyl groups that are not only
essential for optimal chiral induction but also for high catalytic
activity. Indeed, removal of the terz-butyl groups from the arenes
leads to a loss of catalytic activity (yields <10%). Using 5 mol%
of the chiral catalyst V, 2-phenylcyclohexanone 9 dissolved in
water-saturated benzene in the presence of benzaldehyde as oxygen
acceptor is converted to lactone (R)-10 at room temperature in
an oxygen atmosphere with 41% yield and 65% ee (Scheme 7).
Replacement of the fert-butyl moiety by isopropyl on the oxazoline
ring results in a drop of enantioselectivity (32% ee).

o) 0 0
R 0, PhCHO o R
—_— +
V,D 5 mol% ( R
n n n
9 R-10 S-9
R=aryl +Bu

O/w,.n\t—Bu
N, /O X

M. 4(

N=

X o K/o v
By X=H,NO,

t-Bu

Scheme 7 Kinetic resolution of cyclic ketones by a Baeyer—Villiger-type
oxidation.

3.3 Asymmetric C—C bond-forming reactions

Reactions that allow for asymmetric C—C bonding are of
paramount importance for many syntheses of chiral compounds
based on a retrosynthetic approach.

This journal is © The Royal Society of Chemistry 2008
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The mixed phosphorus/sulfur ligands III described above
(Section 3.1) were actually originally developed by Evans et al.
for palladium-catalysed allylic substitution.'® Using these ligands,
values ranging from 90-98% ee were obtained for the allylic substi-
tution of 1,3-diphenylpropenyl acetates and cycloalkenyl acetates
with diethyl malonate as nucleophile. Applied to heterocycles, this
method allowed for the efficient enantioselective synthesis of 3-
substituted piperidines and dihydrothiopyrans.

Austin and MacMillan have developed a new phenylalanine-
based organocatalyst for the Friedel-Crafts alkylation of non-
electron-rich heteroaromatic compounds such as indoles."” Since
the overall rate of the iminium-catalysed reaction depends on the
rate of iminium formation as well as on the rate of C-C bond
formation, the rationale that guided the design of VI is as follows:
implementation of a tert-butyl group provides an imidazolidinone
conformation with an exposed nitrogen lone pair (responsible
for rapid iminium formation) and an increased Si-face coverage
(associated with a less hindered Re-face in the resulting activated
iminium species), which should lead to an increased face selectivity
and substrate addition rate. Thus, with this synergistic effect,
both the reactivity and the enantioface discrimination should
be increased. In fact, it was observed that with trifluoroacetic
acid as co-catalyst and 20 mol% of VI in CH,Cl, at —40 °C,
the Friedel-Crafts alkylation of the unreactive N-methylindole
(11) with various a,B-unsaturated aldehydes (such as 12) can
be achieved with yields >80% and with 85-92% ee (Scheme 8),
compared to 56% ee using catalyst Vla.

CH
s H VI, 20 mol% I
N /\/& CF3COOH N
+ NN
H
/) HC O CH,Cly, -40° C 7
o]
" HaC'
% 13

12
Q CHs
N
Ph )*.\RZ
N R1
H

R'=H,R%=tBu VI
R'= Me, R%=Me Vla

Scheme 8 Enantioselective indole alkylations.

3.4 Miscellaneous

Heck arylation is usually catalysed by Pd(0) species in the
presence of phosphine ligands. Nevertheless, other metals and
other metal-coordinating atoms have been employed. The major
issue for the catalytic entity is activity and regiochemistry in the
case of unsymmetrical alkenes. Von Schenck et al. have studied
this reaction catalysed by a palladium(11) diimine complex VII
(Scheme 9)." All four positions R'-R* have been systematically
substituted, affecting the electronic parameters (OMe, F) as well as
the steric parameters (Me, #-Bu). The n-coordination of propene
to Pd(11) depends on the o-donation from the n-orbital of propene
and the n-back-donation from Pd to the m*-orbital of propene.
Both factors affect the HOMO and LUMO energies. It was
found by calculation that electron-donating groups (EDGs) such
as OMe destabilize HOMOs and LUMOs, by increasing the m-
coordination energy, which destabilizes the system. The effect
is reversed in the case of electron withdrawing groups (EWGs)

\
RI-N,  N—R*
NS R1—N\ (N‘RA
Pd NS
_— .Pd
\\\ ’/’ ”’ \©
/\/
Vil

Scheme 9 Electronic and steric ligand effects in the Heck reaction.

like F. The tert-butyl and methyl groups are EDGs, but their
steric effect is the main factor that affects this reaction. The
interaction between propene and the ligand system of the catalyst
with bulky groups increases the energy of m-coordination as well
as the activation energy when R' and R? are fert-butyl groups, thus
dramatically affecting the regiochemistry.

Chen et al. studied a similar system.’” They reported the
Heck reaction of ethene 15 with cationic phenylpalladium and
phosphine ligands VIII (Scheme 10). Several ring sizes (4-6) and
several substituents were used in this study. No linear correlation
was found between m-coordination strength and the frontier
molecular orbital (FMO) energies. However, EDGs increase the
insertion barrier (9.3, 9.7, and 11.6 kcal mol~! for R* = H, CH;,
and 7-Bu, respectively), while EWGs decrease it (8.0 kcal mol™
for R* = F). The dramatic increase observed in the case of zerz-
butyl illustrates the major role played by the steric factor for the
insertion reaction.

iV R2
Rl /— R2 Vil RC /
o X * =/ \ /
\ / + HX
base
14 15 16
X= halide, OTf ) +
n
R/ LR
47 \\\ ,IP\R4
"oy
Vil n=4-6
R®=H

R*=Me, tert-butyl, F, Ph

Scheme 10 Ligand effects on migratory insertion in the Heck reaction.

Primary dialkyl(ferrocenylmethyl)phosphines are known to
be air-stable. The addition of two highly electron-donating
substituents affords di-zerz-butyl(ferrocenylmethyl)phosphine IX,
capable of acting as a ligand in Pd-catalysed Suzuki-Miyaura
couplings of organoboronic acids with aryl bromides at room
temperature. Despite the electron-donating effect of the two zerz-
butyl groups, ligand IX described by Sliger ez al.*® (Scheme 11) is
air-stable in the solid state, allowing for easy handling. However,
this catalyst exhibits only modest Heck coupling activities.

Implementation of ferrocenophane monomers with a hy-
drophobic fert-butyl group was found to enhance the solubil-
ity in organic solvents of the polymers obtained upon ring-
closing metathesis polymerization. Thus, subsequent analysis,
treatment and processing of the ferrocene-containing polymers
was facilitated.” This illustrates an example of where it is not the
bulk but the hydrophobic interactions arising from the fert-butyl
group that play the crucial role.
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Scheme 11 Di-zert-butyl(ferrocenylmethyl)phosphine in cross-coupling

reactions.

Finally, to show that the use of ferz-butyl groups does not
always improve the selectivity of catalysts, we describe one counter-
example. Enantioselective addition of diethyl zinc to aldehydes 20
is a common method to test the activity and the enantioselectivity
arising from the use of a new ligand. Amino alcohol X, a
ligand that combines a “bulky” substituent on the OH-terminal
side and a “flat” one on the NH-side, was shown to induce
high enantioselectivity in such a reaction. Replacement of the
cyclohexyl moiety by the fert-butyl group resulted in a decrease of
enantioselectivity (Scheme 12).2

(0]

J\ Et,Zn, X, 5 mol%
R H
20

R' = aryl, branched alkyl
(O
HO, N—>
X R = cyclohexyl, t-Bu
R

H OH
R1>\/CH3
21

Scheme 12 Enantioselective addition of organozinc reagents to
aldehydes.

3.5 Catalysts derived from zert-leucine (Tle)

Tle is considered separately in this section. Although it is a non-
coded o-amino acid, it is nevertheless one of the tert-butylated
features found in Nature, and thus serves here as a transition
between the synthetic chemistry of the zerz-butyl moiety discussed
above and its role in Nature that will be focussed on below.
Tle-based chiral catalysts have found their place in the chemist’s
toolbox, and many different approaches have been devised for
the synthesis of enantiomerically pure Tle. However, Tle is not
readily available from the chiral pool, and so it has to be obtained
either from resolution of a racemic mixture or by asymmetric
synthesis. Both strategies can be achieved either chemically*** or
enzymatically,®?’ and some routes to enantiomerically pure D-
and L-Tle are summarized in a review by Bommarius et al.®® L-
Tle is prepared on the tonne scale by a chemoenzymatic method
developed at Degussa AG (now Evonik).?** This method is based
on the nicotinamide adenine dinucleotide (NADH)-dependent
reductive amination of trimethylpyruvic acid catalysed by leucine
dehydrogenase (LeuDH) in the presence of formate dehydrogenase
(FDH) (Scheme 13). Accordingly, only a catalytic amount of

LeuDH
COH ——— > COsH
o) m NH,
22

NADH + H*  NAD* L-23 (L-Tle)
co, U HCO, NH,*
FDH

Scheme 13 Chemoenzymatic synthesis of L-Tle.

cofactor is needed since the latter is regenerated by means of an
irreversible FDH-catalysed reaction.

More recently, Hummel et al.*” have reported on an enzymatic
oxidation strategy for the synthesis of enantiomerically pure D-Tle.
Resolution of the racemic mixture is based on the reverse reaction,
namely the NAD*-dependent oxidation of L-Tle catalysed by
LeuDH. Since the equilibrium strongly favours the reduced
product L-23 in these reactions, they can only be used for oxidation
upon development of an efficient irreversible cofactor regeneration
system (Scheme 14). The authors have isolated and characterised
an NADH oxidase from Lactobacillus brevis that is capable of
NAD* regeneration while producing H,O as a by-product. Thus,
the equilibrium is driven to the oxidation side (compound 22).

L-LeuDH

>%/COZH e ﬂ\/COZH >H(002H
z +
NH, /\' NH, o)
D-23 22

rac-23 .
NAD* NADH + NH4

H,0 050,

NADH-Oxidase

Scheme 14 Chemoenzymatic synthesis of D-Tle.

In the early 1980s Hayashi ef al.3** reported the preparation
of (R)-tert-Leuphos XI as a ligand for Ni(i)-catalysed asym-
metric Grignard cross-coupling with high enantioselectivities.
Different ligands including an oxazoline substructure based on
tert-leucinol®® have been designed for Rh, Ir and Cu cataly-
sis. Indeed, C,-symmetric bis-oxazoline catalysts XII and XIII
have been developed* for hydrosilylation and hydrogenation of
arylalkylketones®»* and cyclopropanation reactions®”*® with good
enantioselectivities.

t—Bu,’
(HC),N PP,
Xi
HsC CHs
SEERE S
N N N N—,
tBu Xil +Bu tBu Xil tBu

(S)-N-1,8-Naphthoyl-zert-leucine XIV has been developed for
the enantioselective Rh(11)-catalysed cyclopropanation of styrene
24 with (silanyloxyvinyl)diazoacetates such as 25 with cis/trans
diastereoselectivities of up to 98.5% de and enantioselectivities
of 98% ee (Scheme 15).* The same catalyst was used for a
highly enantioselective intramolecular CH insertion with alkyl
diazo(trialkylsilyl) acetates.*

This journal is © The Royal Society of Chemistry 2008
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Scheme 15 Catalytic asymmetric cyclopropanation of styrene.

Stereoselective construction of all-carbon quaternary centres is
still very challenging for synthetic organic chemists.** Marigo et al.
developed a direct Mannich reaction of 2-substituted malonates
27 and B-ketoesters with N-tosyl-a-imino esters 28. Use of the
tert-butylbis(oxazoline) ligand XIII and Cu(OTY), yielded the
Mannich adducts with impressive enantiomeric excesses of up
to 96% (Scheme 16).** The phenyl analogue of XIII catalyses the
same reaction with only a modest 35% ee.

Ts
o 9 Tssy XICu(OTH),, “NH
10 mol%
EtOMOEt + l -, Etozc}/kcozet
CO,Et R

R CO,Et
27 28 29

R = H, Me, Et, n-Bu, i-Bu

Scheme 16 Direct catalytic asymmetric Mannich reaction.

Jacobsen et al.*®* have identified Schiff bases of general structure
XYV as an efficient soluble non-metal catalysts for the asymmetric
Strecker reaction. Alkyl-, cycloalkyl- and arylaldimines undergo
hydrocyanation upon treatment with trimethylsilyl cyanide at
—70°Cin presence of 2 mol% catalyst affording the corresponding
aminonitriles in good yields and up to 97% ee. From a library
of 70 different compounds, the highest ee-values clearly arose
from the catalysts obtained from Tle. A continuous decrease
in ee is observed upon moving from Tle to leucine via valine
and isoleucine. Moreover, the 5-pivaloyl-substituted salicylimine
moiety proved to be the best catalyst in this series. Even if the
starting material is converted quantitatively with no detectable
by-product, the isolated yields suffer from some losses due to
work-up, which includes a column chromatography to remove
the catalyst. Thus, the authors have developed a polymer-bound
analogue, resulting in improved isolated yields with a marginal loss
of enantioselectivity. This resin-bound catalyst allows for simple
filtration work-up, and additionally it can be re-used without loss
of activity or enantioselectivity.

’ tBu X /O
1
ot I

UL
NS
XV
HO
X =0, S
R' = Ph, polystyrene
R? = OMe, OCOt-Bu  t-Bu R2

The scope of catalysts of general structure XV has been
extended to the addition of other nucleophiles to aldimines or
methylketimines. Thus, asymmetric catalytic addition of ester

enolate equivalents to imines, a Mannich-type reaction, leads to
protected B-amino acids — another key element in the development
of stable small peptides — with high isolated yields and excel-
lent enantioselectivities.* The mechanisms of these non-metal-
catalysed C—C bond-forming reactions has been tackled, and it has
been found that Strecker reaction follows a classical Michaelis—
Menten kinetic with a first-order dependence on catalyst and
the cyanide source, and saturation kinetics with respect to the
substrate. Accordingly, a reversible imine—catalyst complex has to
be formed prior to cyanide addition. The structure of the catalysts
strongly suggests that the complex is stabilised by hydrogen
bonding between the imine nitrogen and an acidic proton in the
catalyst. Sustained by this type of mechanism and enforced by the
amide—urea substructure in XV, the authors introduced the notion
of enzyme-like catalysts.*

In this section, we have outlined some reactions in which the
tert-butyl group is a key player with regard to reactivity and/or
selectivity. Moreover, even though steric bulk is an essential aspect
of the reactivity pattern elicited by the ferz-butyl moiety (e.g.,
by modifying secondary structures), its strong electron-donating
character, its hydrophobic nature influencing, for example, solu-
bility or non-bonded repulsions, and the stability of the associated
carbocation-driving mechanisms, are other properties upon which
this special hydrocarbon group exerts its influence.

4. The tert-butyl group in synthetic bioactive
compounds

Among the non-proteinogenic amino acids, Tle is certainly one
of the most popular in the synthesis of stable bioactive peptides,
resulting in dramatically improved pharmacokinetic properties.
The replacement of valine, leucine and/or isoleucine by Tle
increases the stability of peptides in respect of chemical and/or
enzymatic hydrolysis not only by means of shielding the carbonyl
carbon by steric hindrance but also by drastically modifying the
secondary structures.* Analogues of bioactive peptides 30 bearing
the L-Tle subunit have been described as inhibitors of hepatitis C
NS3 protease, which is responsible for preprotein cleavage, an
essential step in the life cycle of the virus.**
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A loss in the regulation of matrix metalloproteinases (MMP), a
family of Zn-dependent endopeptidases involved in the degrada-
tion of major components of the extracellular matrix, is associated
with severe diseases such as cancer and arthritis. A series of
stable peptidomimetic hydroxamic acid derivatives 31 with a L-Tle
subunit have been developed as inhibitors of MMP-3, -6 and -9
subclasses of matrix metalloproteinases.®*' Selective inhibitors of
MMP-3 have been conceived for the topical treatment of chronic
dermal ulcers.
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As antibiotic resistance has become a major concern, the
identification of new therapeutic targets to fight bacteria is of
prime importance. Peptide deformylase (PD), an essential iron-
containing metallo-enzyme involved in the deformylation of the N-
formylmethionine of ribosomes, is one of the new putative targets
for antibacterial chemotherapy. Both the dipeptide isostere 323
and the macrocyclic dipeptide 33%* bearing a L-Tle moiety have
been described as potential antibiotics that target the PD.

Among many other bioactive compounds containing a Tle
moiety, y-secretase inhibitors targeting Alzheimer’s disease,*
metalloproteinases responsible for protransformation of growth
factor a as putative weapons to fight cancer,’ and HIV-protease
inhibitors® are some of the most impressive examples.

5. The tert-butyl group in Nature

Although natural products containing tert-butyl groups are con-
sidered to be rare,® several different substance classes such as
peptides, terpenes, carbinols, esters and even a ketone bearing
a tert-butyl group have been described in the literature.®® As
mentioned above, Tle is a non-proteinogenic amino acid that,
nevertheless, occurs in both enantiomers in Nature as a feature
of diverse natural products. Antimitotic peptides containing a
Tle unit that interact with tubulin and display high cytotoxicity
towards human cell lines have been isolated from marine sponges.
The structures include hemiasterlin, hemiasterlin A, milnamide A,
criamide A and B (Fig. 1).5%¢! Other polypeptides with antibiotic
activity, including discodermin E, a tetradecapolypeptide bearing
both a D- and L-Tle unit, have been found in marine sponge
species.®%¢

However, the fert-butyl group is not just found as Tle in Nature,
and the gingkolides are prominent terpene representatives of zerz-
butyl-bearing natural products (Fig. 2). First isolated in 1932,
the structures of the ginkgolides were elucidated in the late 1960s
by the pioneering work of Nakanishi.* At the time, they were
described as unique cage molecules bearing an unprecedented zerz-
butyl group. A trilactone sesquiterpene (bilobalide) bearing a tert-
butyl group and closely related to the C-20 ginkgolides has been
described.® More recently, ginkgolide derivatives have been eval-
uated as human platelet-activating factor receptor antagonists.®
Related structure-activity relationships have proven the essential
role of the fert-butyl moiety for this biological activity by means
of binding to a hydrophobic pocket in the receptor.*’

COLH

R= CH3 Hemiasterlin
= Hemiasterlin A

\/ir - COH
o}

Milnamide A H

R = CH; Criamide B
=H Criamide A

Fig. 1 Peptides bearing a Tle substructure.

HO, o
(o}
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(0] a
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Bilobalide

R=H Ginkgolide B
R = OH Gingkolide C

Fig. 2 Ginkgolides.

Mujumdar et al. have isolated the very unusual zerz-butyl ketone
coumarin swietenone (34) from a benzene extract of Chloroxylon
swietenia, a tree found in India.® A terminal tert-butyl group is
found in the antifungal polyketide butyrolactol A (Fig. 3).

In addition to many sterols with highly branched side chains
obtained from marine sponges, sterols bearing terz-butyl side
chains, e.g. 35,7 have also been isolated from higher plants.” fert-
Butyl ethers such as 367 and bryostatin 147 (a pivalic acid ester
like neristatin) illustrate the structural and functional diversity
of tert-butyl-containing natural products. In total, almost 300
compounds belonging to a few structural families have been
isolated from natural sources.”*

5.1 Biosynthetic origin

Only a few reports dealing with the biosynthetic aspects of the
tert-butyl group have been published. Nakanishi and Habagushi®
have described a mevalonate pathway for the biosynthesis of
ginkgolides, thus establishing their terpenoid nature. In their
scheme, the tert-butyl group arises by cleavage of the C—C bond
adjacent to a gem-dimethyl unit followed by methylation elicited by
S-adenosylmethionine (SAM) (Scheme 17). Recent biosynthetic
studies have led to the hypothesis that the classical mevalonate
pathway is only a minor route and that a non-mevalonate pathway
accounts for the synthesis of the ginkgolides.””” However, the
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Fig. 3 Natural products with a ferz-butyl group.
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Scheme 17 Biosynthetic origin of the zert-butyl group in the ginkgolides.

origin of the ferz-butyl group in the ginkgolides is not further
discussed.

An analogous mechanism involving SAM with subsequent
hydride abstraction and methyl shift has been postulated by Giner
and Djerassi’™™ for the origin of the tert-butyl side chain in 35
(Scheme 18).

s,

4

- H* //,,’

42

Scheme 18 Postulated biosynthetic pathway for rert-butylated sterols.

Mujumdar et al.® proposed a slightly different mechanism to
explain the occurrence of the ters-butyl group in the coumarin
derivative swietenone (34). Assuming an isoprene origin, they pos-
tulate a mechanism involving formation and subsequent opening
of a cyclopropane ring. The driving force for this reaction is the

intermediate benzylic carbocation obtained upon cyclopropane
ring opening (Scheme 19).
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Scheme 19 Putative biosynthetic origin of the tert-butyl group in
swietenone (34).

Recently, Moore and Hertweck have rationalised the presence
of a terminal fert-butyl group in butyrolactol A.* They consider
that, even though it could arise from a ferz-valeryl polyketide
starter unit derived from Tle, it is more likely that it arises from
an isobutyrate starter with subsequent methylation with SAM by
means of a free-radical mechanism. However, this hypothesis has
not yet been confirmed by experimental evidence.

5.2 The tert-butyl group in chemoenzymatic processes

The steric hindrance of a tert-butyl group can either prevent
a substrate from reacting, or it can be used to induce high
selectivity in a given reaction. Hence, fert-butyl ketones or
imines, respectively, undergo only a limited series of chemical
reactions but with high regioselectivity and (in the presence
of chiral catalysts) with high stereoselectivity. Among such
asymmetric reactions, hydrogenation,® the Strecker reaction, the
Mannich reaction, allylation, and alkynylation®# constitute the
most prominent examples. fert-Butyl-B-oxocarboxylic acids are
also prone to undergo enantioselective hydrogenation employing
chlorodiisopinocamphenylborane as the reducing agent.** The
stereochemical induction is explained by two diastereomeric
bicyclic transition states 49a and 49b (Fig. 4). Bulky R groups
(such as tert-Bu) lead to >98% ee and chemical yields >90%.
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Fig. 4 Diastereomeric transition states in hydrogenation employing
chlorodiisopinocamphenylborane.

The reactivity problem resulting from bulky groups is even more
striking with regard to chemoenzymatic conversions. Indeed, to
accept substrates containing groups such as fert-butyl, enzymes
need either a hydrophobic pocket to interact with it (or a space
that can receive this group),*® or to be able to interact with the
substrate in such a way that the terz-butyl group does not severely
interfere with the catalytic activity.

Esters from sterically hindered alcohols such as tert-butyl esters
or other esters of tertiary alcohols are known to be very poor
substrates for most of the known hydrolases; the few observed
conversions occur with quite low reaction rates and enantioselec-
tivity. Hotta et al.* have reported on a carboxylesterase (Est) from
a hyperthermophilic archaeon capable of the hydrolysis of zerz-
butyl acetate. Since Est shows high activity at elevated temperature
and high stability in water-miscible solvents, it is ideal to solubilise
and react with hydrophobic substrates such as rerz-butylated long-
chain carboxylic acids.

Fatty acid esters from sterically hindered alcohols are barely
accepted as lipase substrates. Yeo et al. have screened a series of
lipases obtained from 279 bacteria strains selected on their ability
to grow with zert-butyl octanoate as the sole carbon source. From
this extensive screening they have found only one lipase from
Burkholderia sp. YY 62 that showed 100-fold improved activity
over commercial lipases.*” Earlier, Schulz et al. reported on the
enzymatic cleavage of zers-butyl esters.®® Indeed, a serine protease
from Thermoactinomyces vulgaris, thermitase, characterised by a
high ratio of esterase/peptidase activity, is capable of ferz-butyl
ester hydrolysis of N-protected peptides. An analogous fert-butyl
deprotection is observed with glycopeptides. Another enzymatic
removal of the carboxyl tert-butyl protection has been described
by Schmidt et a/.% This work is based on the finding that a certain
amino acid sequence, the GGG(A)X-motif, in the active site of
hydrolases engenders catalytic activity towards tertiary alcohol
ester hydrolysis. It is proposed that the conserved motif contributes
to the formation of the oxyanion hole, and thus stabilises the
oxygen anion of the carboxyl group in the tetrahedral intermediate
state upon H-bonding. However, the reported activities and
substrate scope are quite modest.”

Besides hydrolases, only few other enzymes are known to accept
tert-butylated compounds as substrates. Among the biopoly-
mers capable of such reactions, Zhu and Hua have evaluated
the activity and the substrate range of a short-chain dehy-
drogenase/reductase encoded by a gene from Sporobolomyces
salmonicolor.®* This NADPH-dependent enzyme hydrogenates the
carbonyl function of ketones, a-ketoesters and B-ketoesters. Most
importantly, sterically bulky substrates such as ethyl 3,3-dimethyl-

2-oxobutanoate, ethyl 4,4-dimethyl-3-oxopentanoate and 2,2-
dimethyl-1-phenylpropanone, all bearing a tert-butylketone sub-
structure, are reduced with remarkable specific activity and >98%
ee. 4,4-Dimethyl-3-oxopentanenitrile is reduced to the correspond-
ing (S)-alcohol with 71% yield and 83% ee by the fungus Curvularia
lunata.**

De Raadt er al®** have described a biohydroxylation in
position 3 of cyclopentanone using the fungus Beauveria bassiana
ATCC 7159. For this transformation they have employed the
docking/protecting concept. Thus, with R' = Me they obtained
(R)-53. With R' = tert-butyl the enantiomeric (S)-53 was gained
with 50% yield and 89% ee (Scheme 20). This change in the
stereochemical induction illustrates the essential role of the tert-
butyl group in the geometry of the enzyme—substrate complex.

o} Beauveria O
o) j bassiana j
NS = . “
NT R N~ R
Bz HO Bz
50 51 52
- . go R' = Me, tert-Bu
BnO

R-53
S-53

Scheme 20 Enantioselective biohydroxylation.

A recombinant Zn?*-containing hydroxynitrile lyase from
Linum usitatissimum catalyses the enantioselective cyanide addi-
tion to pivalaldehyde and hydroxypivalaldehyde with 89% and
74% ee, respectively.”®

6. Prospects

In preparation for the 55" Annual Meeting of the American
Philosophical Association Eastern Division, the philosopher and
theologist Charles Hartshorne engaged himself in a reflection on
the meaning of “synthesis” and more precisely on the meaning
of “creative synthesis”.* Accordingly, if synthesis is by definition
“putting things together”, then the art of synthesis is being able
to draw on the experience of others to create new entities. In that
sense the term “creative synthesis” is redundant. Nevertheless,
creativity might also arise from the way you address the problem.
With regard to the implementation of the tert-butyl group in
biocatalytic processes, or more generally the generation of all-
carbon quaternary centres, there are several ways of achieving this
objective. From the synthetic chemist’s point of view, one approach
would be to understand the steric and electronic requirements that
are common to the biocatalysts that accept bulky substrates, to
model them, and then to improve them by means of mutations and
subsequent expression. This “downstream” approach is illustrated
by the examples given above (Section 5.2).

Another method, an “upstream” approach, would be to try to
tackle the issue using the putative mechanisms by which Nature
creates and catabolises the fert-butyl group. An important source
of putative biocatalysts accepting sterically hindered substrates
are metabolic enzymes, e.g. those involved in the biodegradation
of methyl zerz-butyl ether and ethyl rerz-butyl ether.””*® Different
enzyme classes like oxidases,” dehydrogenases,” or a putative
esterase'™ have been described to be involved in the metabolism of
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such compounds. Further, Smith ef al. have reported experimental
evidence for the involvement of an organic free radical in the
biodegradation of n-hexane.'® This should open a window to
the search for putative biocatalysts capable of asymmetric C—-
C bond formation, and, thus, the generation of all-quaternary
carbon centres by a free-radical mechanism.

The important role of the tert-butyl structural moiety has
been highly appreciated in synthetic organic chemistry, but its
relevance in biosynthesis and biocatalysis has not so far been
fully recognized. It is fairly straightforward to predict that the
combination of chemical, biosynthetic and metabolic knowledge
with regard to bulky groups like the terz-butyl group will result
in an increase in biocatalytic applications. This might enable the
development of enzymes with a broad substrate range, resembling
non-enzymatic catalysts. It might also enable synthetic organic
chemists to gain access to exciting transformations such as selective
C-H activation or asymmetric radical chemistry.

Considering the occurrence of the various families of natural
products bearing tert-butyl groups, the question arises: why does
Nature make these compounds? The occurrence of fert-butyl
groups in natural products may induce specific geometries that
are essential for further biotransformation, or (in the case of
toxins) render biotransformation impossible to the predator; in the
latter case, the tert-butyl structure could be viewed as a protecting
group. The discovery and understanding of biopolymers capable
of transforming rert-butylated substrates will certainly provide
insights into — and might even provide answers to — this question.
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Development of a practical Buchwald—Hartwig amine arylation protocol using
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Continuing efforts to establish a more general “user-friendly” protocol for the palladium-catalysed
arylation of amines (Buchwald-Hartwig reaction) are described herein. Significant advances have been
made through the use of the versatile (SIPr)Pd(methallyl)Cl complex in conjunction with the reliable

base lithium hexamethyldisilazide (LHMDS).

Introduction

In recent years, substantial research has been carried out on
N-heterocyclic carbene (NHC) ligands, and the successful re-
placement of phosphines by NHC ligands has had some notable
success in the development of catalysts for palladium chemistry.'?
The Buchwald-Hartwig reaction is of considerable importance
in modern synthetic chemistry due to the regular occurrence of
the aniline moiety in a number of biologically active molecules
and dyestuffs.>* Whilst a plethora of Pd-NHC protocols have
been developed for this reaction, many are conducted using an
inert atmosphere and are often carried out using a glovebox,
significantly limiting the broader application of these techniques.
Furthermore, many of the studies published have emphasised the
range of halides, as opposed to diversity of amines, that undergo
the coupling reaction. For these reasons, continuing efforts are
being made within our group towards the development of an
idealised practical protocol which is efficient at room temperature
and can be applied generically across a wide range of amines and
halides. We now present a new study on amine arylation using a
new isolated Pd-NHC complex, which provides an improvement
on our previous reported protocols.*’

Complexes of the type (NHC)Pd(R-allyl)Cl were first reported
by Caddick and Cloke in 2000 when (I#-Bu)Pd(methallyl)Cl was
prepared while attempting the synthesis of the corresponding
biscarbene complex Pd(Iz-Bu), (Scheme 1).* (NHC)Pd(R-allyl)Cl
complexes have since been elegantly shown to be very active
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H« X

L

PhMe N cl
Scheme 1 First example of an (NHC)Pd(R-allyl)Cl complex.
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in amine arylation, Suzuki coupling and ketone arylation.”"
Their activity appears to stem from the fact that they offer more
facile access to the mono-ligated species than previously reported
protocols using imidazolium salts."

As (NHC)Pd(R-allyl)Cl catalysts are isolated complexes, there
is good control over the Pd:ligand ratio (optimally 1:1).'%'2
Additionally, these complexes can be made without a glovebox or
even the need for dry solvents.'>"* Work by Sigman has even shown
that complexes of this type are stable enough to be purified via flash
column chromatography on silica gel and that once prepared are
indefinitely air- and moisture-stable.'®

Nolan and co-workers have recently demonstrated that terminal
substitution of the allyl scaffold in (NHC)Pd(allyl)Cl complexes
results in more facile activation of the complex to afford the active
species.”! This substitution stabilises the complex by increasing
the steric bulk about the Pd centre and by reducing the Pd-allyl
electron back-bonding. It is postulated that this results in a length-
ening of the Pd—-C bond, hence making decomplexation of the
allyl ligand more facile. Having shown improvements using crotyl
and prenyl scaffolds, Nolan settled upon (NHC)Pd(cinnamyl)Cl
complexes as those affording the highest activity in Buchwald-
Hartwig and Suzuki couplings.!

Despite the remarkable developments associated with the
(NHC)Pd(R-allyl)Cl class of catalyst, there are still opportunities
for further developments. One of the key issues for any amine
arylation protocol of this type is to develop a method which
will be applicable to a wide range of the approximately 80000
commercially available compounds containing an N-H moiety,
and this has provided an impetus for further studies.” In this paper
we present the results of our own study on the application of a new
variant of (NHC)Pd(R-allyl)Cl catalysts and their application to
aryl amination.

Results and discussion
Catalyst preparation

Although (Iz-Bu)Pd(methallyl)Cl had been prepared in an earlier
study, subsequent research has shown that the preferred NHC
ligand for amine arylation in most cases is SIPr (N,N’-bis(2,6-
diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene).*¢ Therefore,
(SIPr)Pd(methallyl)Cl 1 was selected for examination, as prior
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studies had not specifically evaluated the effect of non-terminal
allyl substitution. (SIPr)Pd(allyl)Cl 2 was also prepared for the
purposes of comparison.**

These procedures consisted of in situ formation of the NHC
through deprotonation of SIPr-HCI using KO¢-Bu at 80 °C. This
was followed by addition of the relevant [Pd(R-allyl)Cl], complex
and stirring at room temperature to afford the catalyst (Scheme 2).
In the case of 2 it was possible to follow the literature procedure
closely, as this gave a pure sample of the complex (as confirmed
by elemental and spectroscopic analysis) in a yield of 66% (cf.
literature yield of 82%)."* However, in the case of catalyst 1 it was
only possible to obtain a pure sample of the complex via column
chromatography on silica gel (58% yield)." This illustrates the
potential practicality of (NHC)Pd(R-allyl)Cl complexes, which
are not only highly active (vide infra), but are also tolerant of
routine manipulations generally carried out in organic chemistry

laboratories.
(i) KOtBu (1.2 eq), \H?\(
N‘D IPrOH, 80°C, 2 h
N o
L L >
N (ii) [Pd(methally)Cl],
(0.5 eq), PhMe,
t2h
1R =Me, 58%
2R=H, 66%

Scheme 2 Preparation of (SIPr)Pd(R-allyl)Cl complexes.

Optimisation of Buchwald—Hartwig amine arylation

With the above complexes prepared, an investigation into the
Buchwald-Hartwig reaction was undertaken. Optimisation was
undertaken using the pre-catalyst 1 with the aim of achieving yields
and reaction times comparable to or better than those afforded
by other protocols.! Two simple substrates, 2-bromotoluene and
morpholine, were chosen for this study. Firstly, it was found that
when used as purchased, KOz-Bu was ineffective as a base in DME
with both 1 and 2 (Table 1, entries 1-2), but that a low yield of
the aniline could be obtained in THF with 1 (Table 1, entry 3).
This result could not be improved upon through the use of a
commercial 1 M solution of KO#-Bu in THF (Table 1, entry 4).
As with our previous imidazolium salt protocol, LHMDS was
shown to be fundamental to the success of amine arylation, with

Table 1 Buchwald—Hartwig reaction of 2-bromotoluene and morpholine
using (SIPr)Pd(R-allyl)Cl catalysis*

1 mol% of 1 leading to complete conversion within thirty minutes
(Table 1, entry 5). Further investigation revealed that the bulk
of the amination occurred in the first ten minutes, and that when
using 3 mol% of (SIPr)Pd(methallyl)Cl, the reaction was complete
within one minute in excellent yield (Table 1, entry 8).!!

It was clear that (SIPr)Pd(methallyl)Cl had more potential use
as the catalyst in a general protocol than our previously described
in situ imidazolium salt method.® It should also be noted that
although reactions were not possible using (SIPr)Pd(allyl)CI and
the alkoxide base, this catalyst was shown to be more active with
LHMDS as base (Table 1, entry 9).

Despite the high yield obtained using 1 and LHMDS, the role of
the solvent was investigated further. As one of the key mechanistic
steps in the catalytic cycle is thought to be deprotonation of the
transmetalation complex,'? investigation was undertaken into how
solvents might affect this step and hence the reaction overall.

Accordingly, arylation of morpholine was performed in several
different aprotic solvents of varying dielectric constant (Table 2).
Only 1 mol% of 1 was employed to ensure that differences in
reactivity would be more noticeable. 1,4-Dioxane was found to
afford faster coupling than THF, albeit in a slightly reduced yield.
The use of toluene gave an increase in reaction time and a reduction
in yield compared to THF and 1,4-dioxane, but a moderate
yield was obtained nonetheless. DME has been reported to be
the preferred solvent for this reaction when used in conjunction
with KOz-Bu.! However, it was found to not be suitable for this
protocol, affording only a low yield which was also observed with
diethyl ether. The reaction in DMF only afforded 17% of the
aniline product; no coupling product was obtained in DMA. This
appeared to show that highly polar solvents are not suitable in this
reaction, which was in agreement with a previous study by Kiil.'®
The availability of commercial THF solutions of LHMDS also
made this a convenient and practical choice for further studies.

Arylation of morpholine

Morpholine is a highly reactive substrate in amine arylation due
to its cyclic structure.’” Thus, with optimisation complete, the
arylation of morpholine was studied first. As with the previous
study, the reaction of 4-bromotoluene and morpholine was shown
to be a particularly facile reaction, with the reaction complete
in near quantitative yield within a minute at room temperature
(Table 3, entry 2). p-Tolyl triflate was found to react as quickly
as 4-bromotoluene.’ However, the yield with the aryl triflate was
slightly lower at only 70% (Table 3, entry 3), meaning that further
investigation and optimisation may be required."

Table 2 Effect of solvent in the Buchwald—Hartwig reaction of 4-

Entry Catalyst Base Solvent Time Yield (%) bromotoluene and morpholine using catalyst 1¢

1 1 mol% 1 KO#-Bu DME 24 h — Entry Solvent & Time/min Yield (%)
2 1 mol% 2 KO#-Bu DME 24 h —

3 1 mol% 1 KOt-Bu THF 6h <5 1 1,4-Dioxane 2.21 10 89

40 1 mol% 1 KO#-Bu THF 6h <5 2 Toluene 2.38 60 65

5 I mol% 1 LHMDS THF 30 min 95 3 Et,O 4.34 30 50

6 1 mol% 1 LHMDS THF 10 min 82 4 DME 7.20 45 38

7 2mol% 1 LHMDS THF 2 min 93 5 THF 7.52 20 97

8 3mol% 1 LHMDS THF 1 min 99 6 DMF 36.7 30 17

9 3mol%2 LHMDS THF 2 min 89 7 DMA 37.8 30 —

“ Reagents and conditions: 4-bromotoluene (1.0 mmol), amine (1.2 mmol),
base (1.1 mmol), and rt. ® KOz-Bu administered as 1 M solution in THF.

“ Reagents and conditions: halide (1.0 mmol), morpholine (1.2 mmol), 1
(1 mol%), LHMDS (1.1 mmol), solvent (1.1 mL), rt.
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Table 3 Buchwald-Hartwig reactions of aryl halides and morpholine using catalyst 1¢

Entry Halide Product Time®/min Yield* (%)
1 1 99
Br —N o]
_/
2 i ; @ /N 1 98
Br N o]
/
3 / N\ 1 70
\ / OTf \ / N\ /O

:

Me /

0 N =) 9
= =
@

@ X
Qo
%
o
o o
& @

7\

©
N
=
Q

/N 5 91
§—<i :FN o
_/

/N 5 90
N O

__/
25 94
@“\JO
W, 5 "
N o]
__/
( > /\ 10 49
Me N o]
_/

60 (10) 24 (52)

N o
n/

“ Reagents and conditions: halide (1.0 mmol), amine (1.2 mmol), 1 (3 mol%), LHMDS (1.1 mmol, I M in THF), rt. ® Values in parentheses refer to

reactions performed at 70 °C.1

The presence of para-electron-donating groups did not sig-
nificantly hinder coupling with morpholine (Table 3, entries 4—
5).% In fact, the exotherm that could be felt on the reaction
vessel at the start of the reaction' was most obvious in the case
of 4-tert-butylbromobenzene. The reaction of 2-chlorotoluene
was also high yielding and rapid (Table 3, entry 6). This was
an interesting result, as our previous imidazolium salt method
required several days to successfully mediate the room temperature
coupling of aryl chlorides and then only in moderate yields.® The
reaction was even faster with the less hindered 4-chlorotoluene
(Table 2, entry 7). However, the more electron-donating 4-
chloroanisole afforded only 49% of the desired aniline (Table 2,
entry 8).° The highly hindered 2,6-dimethylchlorobenzene yielded
only 24% of the desired aniline. However, the yield was raised
to 52% by performing the reaction at 70 °C rather than room
temperature (Table 3, entry 9).1

Scope of secondary alkyl amine

With investigations into the aryl halide component complete,
further studies to examine the scope of amines were initiated

1 In reactions quoted as being carried out at 70 °C, the hot plate for the
oil bath was set at 70 °C with only the bottom of the Schlenk tube placed
in the oil. In these reactions, no bubbling of the solvent was observed,
suggesting either that its boiling point was slightly elevated by the solutes
or rather that the actual temperature in the tube was no higher than 65 °C.

(Table 4). Having tested a range of halides, the decision was
then taken to keep the aryl halide component constant in
several reactions and to evaluate the effect of amine variation. 4-
Bromotoluene was selected for this role due to it being unhindered
and relatively electronically neutral.

High yields were obtained with several secondary cyclic amines.
Interestingly, thiamorpholine was shown to couple with a reduced
yield of 60% (Table 4, entry 7; ¢f. morpholine (Table 3, entry 2)).
This was nonetheless an important result, as it showed that the
(SIPr)Pd(methallyl)CI precatalyst would enable the reactions of
sulfur-containing reagents, which have been reported to poison
palladium catalysts.?* Performing the coupling at 70 °C was found
to enhance the reactions of less reactive substrates, particularly
with secondary acyclic amines. It was also successfully demon-
strated that heteroaryl halides would react under this protocol: 2-
bromopyridine was coupled with piperidine in a high yield within
1 minute at room temperature, indicating that the lone pair of the
nitrogen on the pyridyl ring was not detrimental to the reactivity of
the Pd-NHC complex (Table 4, entry 20).§ Further investigations
are now underway with additional heteroaryl halides.

Not all reactions of secondary alkyl amines were successful.
The hindered N-methyl-zert-butylamine, N-(tetrahydropyran-4-
yl)methylamine and cis-2,6-dimethylpiperidine all failed to react,

§ This reaction failed when repeated at room temperature without
(SIPr)Pd(methallyl)Cl with stirring for 6 hours.
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Table 4 Buchwald-Hartwig reactions of aryl halides with other secondary amines using 1

Entry Halide Product Time® Yield® (%)

20 min 82
§—<: :FN )
( ) i : 20 min 93
Me N
1eo i/ \> N/\ : 15 min 43

1

w
=

oL

w
|
o

4 < : : < : > < > 5 min 85
Br N
5 - 5 min (2 min) 40° (84)
) WS
6 @ o — 30 min 65
W
7 < > /7 N\ 10 min 60
Br N S
__/
8 <*> o . |_N/—\N N= 5 min 96
N\ / PR N 7
9 @ / N\ 5 min 80
Br N N
\_/
10 @ < > /\ S min 96
Br N NBoc
N/
11 16 h (3h) — )
W )]
12 < : > / 5 min 83
Br N
\—pn
13 / 18 h(5h) 38 (85)
‘< :%Br —<i :FN NMe,
_/
14 < > o @ NBw, 18 h (60 min) 42¢ (86)
15 @ o < > NHoxs 24 h (60 min) —(98)
16 <:> o < > Nod, 24 h (60 min) —(82)
17 ii: o 7\ NBw, (30 min) (10)
18 4@“ @NH% (30 min) (25)

19 24 h (90 min) — @1
& (o

20 N 1 min 91
7N g ( 'y
Qf ° — N\7>

“ Reagents and conditions: halide (1.0 mmol), amine (1.2 mmol), 1 (3 mol%), LHMDS (1.1 mmol, I M in THF), rt. ® Values in parentheses refer to
reactions performed at 70 °C.1 ¢ Reaction did not reach completion.
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either at room temperature or at 70 °C. It may be that they were
too sterically hindered for the N-H moiety to be able to access the
palladium centre in the transmetalation step.'

Arylation of primary amines

With a range of secondary amines studied, evaluation of the
reactivity of primary amines was undertaken. In the reaction of
4-bromotoluene with four equivalents of n-hexylamine, the halide
was consumed within one hour in THF at 70 °C, affording 64%
yield of the desired product. As in the previous study, heating
was deemed to be necessary with primary amines. However,
bisarylation was still observed, albeit in only 12% yield (Table 5,
entry 1).

Under the same conditions, the reactions of 4-bromotoluene
with benzylamine and (R)-(+)-1-phenylethylamine proceeded se-
lectively, with no bisarylation being observed (Table 5, entries
2-3). The selectivity here might be attributable to the greater steric
bulk of these amines.'*! However, greater steric bulk also proved
problematic, since fert-butylamine and adamantylamine failed to
react. In the case of fert-butylamine (bp 46 °C), arylation also
failed to occur at 40 °C or at higher temperatures.

The sulfur-containing amine 2-(methylthio)ethylamine was
found to undergo arylation, but only afforded 14% yield of the
desired product (Table 5, entry 4). Nonetheless, this is promising,
showing that it might be possible to develop an amine arylation
protocol with these types of sulfur-containing substrates.

Catalyst loading

In the optimisation process, the benefits of higher catalytic
loading were illustrated through higher yields and decreasing
reaction times. Although 3 mol% (SIPr)Pd(methallyl)Cl has been
shown to afford high yields with the more reactive substrates such
as morpholine and para-substituted aryl bromides, when dealing
with highly bulky substrates or deactivated aryl chlorides it was
not sufficient to mediate very efficient coupling. It appears here
that hydrodehalogenation may be the preferred reaction instead.
In such cases, a remedy may be to use higher catalyst loading.'"***

Table 5 Buchwald-Hartwig reactions of 4-bromotoluene and primary
amines using catalyst 1

Yield (%)

Entry Product Time/min Mono Bis

1 —<j>*NH 60 64 12
N\ /N (/

4

2 ﬂNH 30 45 —
N7
3 30 70 —
NH
—pn
4 N s 60 14 —
N\ 7/ X/

“ Reagents and conditions: 4-bromotoluene (1.0 mmol), amine (4.0 mmol),
1 (3 mol%), LHMDS (1.1 mmol, 1 M in THF), 70 °C.}

Higher catalyst loading was shown to promote the room
temperature couplings of the deactivated 4-chloroanisole and
the highly bulky 2,6-dimethylchlorobenzene with morpholine
(Scheme 3). This also enhanced the yield when mediating the
reaction of 2-bromotoluene and di-n-butylamine.

MeO—<\—/>*CI

1
1.2 eq morpholine O—<—>7 /T \
Me: o]
1.1 eq LHMDS W/ \ /
THF, rt 3 mol% 1, 49%
6 mol% 1, 76%

1

< 1.2 eq morpholine < /\
Cl -~ [e]
N/ 1.1 eq LHMDS N\ 7/ ’\ /
THF, rt
3mol% 1, 24%
6 mol% 1, 40%
1
— 1.2 eq Bu,NH —
Br - NBu,
\_/ 1.1 eq LHMDS \ 7
THF, 70 °C

3 mol% 1,21%
6 mol% 1, 49%

Scheme 3  Yield enhancement of through increased catalyst loading.

Conclusions

Although a general protocol has not yet been developed, the
present study has provided significant advances in the Buchwald—
Hartwig reaction. With suitable catalyst loading and/or heating,
(SIPr)Pd(methallyl)Cl and LHMDS effects the coupling of a
wide range of aryl halides with primary and secondary alkyl
amines; however, difficulties may be encountered when using bulky
substrates.

Studies will now concentrate on attempts at extending the
scope of amines that will undergo arylation in the presence of
(SIPr)Pd(methallyl)CI.

Experimental
(SIPr)Pd(methallyl)CI 1

A two-necked flask with a magnetic stirrer was charged with
SIPr-HCI (1.9 g, 4.2 mmol) and potassium tert-butoxide (0.4 g,
3.6 mmol). A septum was placed on one neck and the remaining
neck was attached to a nitrogen line, after which the flask was
cycled with nitrogen and vacuum three times. Under a positive flow
of nitrogen, technical grade isopropanol (35 mL) was added via
syringe through the septum and the mixture was stirred for 2 h at
80 °C. After cooling to room temperature over 45 min, the septum
was removed, [Pd(methallyl)Cl], (0.55 g, 1.5 mmol) was added
quickly and the septum was replaced. The mixture was stirred for
2 h at room temperature, over which time its colour gradually
turned grey. It was opened to the air and stirred for 15 min. Water
(100 mL) was added and a solid precipitated. The water was
removed by filtration and the solid was taken up in chloroform
(100 mL). This solution was filtered through phase-separating
filter paper to remove the water and was concentrated in vacuo to
give a yellow oil. This crude residue was purified via flash column
chromatography (silica gel) using an eluent of diethyl ether—
petroleum spirit (3 : 2) to afford the title compound as an off-white
crystalline solid (1.02 g, 2.17 mmol, 72%, decomposes at 155 °C).
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"HNMR (300 MHz, CDCL,): 8 1.12 (s, 3H, CH,C MeCH,), 1.22 (d,
J = 6.9 Hz, 6H, CHMe,), 1.29 (d, J = 6.9 Hz, 6H, CHMe,), 1.34
(d,J = 6.9 Hz, 6H, CHMe,), 1.50(d, J = 6.7 Hz, 6H, CHMe,), 1.56
(s, 1H, CH,CMeCH,), 1.75 (s, IH, CH,CMeCH,), 2.68 (d, J =
3.6 Hz, 1H, CH,CMeCH,), 3.33-3.57 (m, 4H, CHMe,), 3.69 (d,
J = 3.1 Hz, 1H, CH,CMeCH.,), 3.97-4.08 (m, 4H, NCH,), 7.25—
7.19 (m, 4H, Ar), 7.34 (t, J = 7.7 Hz, 2H, Ar). "C NMR (75 MHz,
CDCl,): 6 22.4, 23.7, 23.8, 26.6, 26.7, 28.4, 28.6, 49.5, 53.8, 72.2,
124.3, 124.4, 129.0, 129.7, 136.6, 147.1, 147.3. C.I. MS (relative
intensity): 550 (10), 496 (50), 389 (10), 347 (10), 188 (15), 146 (13),
91 (31). HRMS C.L [M*], Calcd.: 587.23841. Actual: 587.23643.
Anal. Caled.: C 63.37, H 7.72, N 4.77. Actual: C 63.41, H 7.80,
N 4.65. IR (KBr, cm™) 2962, 2925, 2868, 1448, 1425, 1382, 1363,
1326, 1267, 1240, 1055, 837, 802, 758, 731, 700, 621.

General procedure for amine arylation

An oven-dried Schlenk tube was charged with an aryl halide
(1.0 mmol), an amine (1.2 mmol, 1.2 eq.), (SIPr)Pd(methallyl)Cl
(18 mg, 0.03 mmol, 3.0 mol%) and a magnetic stirrer bar, and
sealed with a septum. The flask was evacuated and backfilled with
inert gas three times, after which LHMDS (1.1 mL of 1M solution
in THF, 1.1 mmol, 1.1 eq.) was added via syringe. The mixture
was stirred until the aryl halide had been consumed, as judged by
TLC. It was diluted with ethyl acetate and filtered through a short
plug of silica. The solvent was removed in vacuo and the crude
material was purified via flash column chromatography on silica
gel using an eluent of ethyl acetate—n-hexane.

N-(4-Methylphenyl)thiamorpholine (Table 4, entry 7). The
coupling of thiamorpholine and 4-bromotoluene was performed
using the general procedure to afford 116 mg (60%) of the title
compound within 10 min as a white solid (mp 40 °C). '"H NMR
(300 MHz, CDCly): 6 2.29 (s, 3H, ArCH;), 2.75-2.79 (m, 4H,
SCH,), 3.46-3.49 (m, 4H, NCH,), 6.85 (d, J = 8.8 Hz, 2H, Ar),
7.08 (d, J = 8.8 Hz, 2H, Ar). "C NMR (75 MHz, CDCl;): 6 20.5,
27.2,52.8,117.7, 129.6, 129.8, 149.6. E.I. MS (relative intensity):
193 (M*, 54), 119 (100). HRMS E.I. [M*], Calcd.: 193.09197.
Actual: 193.09170. IR (KBr, cm™): 2954, 2908, 2873, 2827, 2754,
1616, 1573, 1514, 1450, 1415, 1336, 1290, 1224, 1193, 1168, 1136,
1029, 970, 893, 819, 530.
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DC-SIGN, a lectin, which presents at the surface of immature dendritic cells, constitutes nowadays a
promising target for the design of new antiviral drugs. This lectin recognizes highly glycosylated proteins
present at the surface of several pathogens such as HIV, Ebola virus, Candida albicans, Mycobacterium
tuberculosis, etc. Understanding the binding mode of this lectin is a topic of tremendous interest and
will permit a rational design of new and more selective ligands. Here, we present computational and
experimental tools to study the interaction of di- and trisaccharides with DC-SIGN. Docking analysis
of complexes involving mannosyl di- and trisaccharides and the carbohydrate recognition domain
(CRD) of DC-SIGN have been performed. Trisaccharides Manol,2[Manal,6]Man 1 and
Manal,3[Manal,6]Man 2 were synthesized from an orthogonally protected mannose as a common
intermediate. Using these ligands and the soluble extracellular domain (ECD) of DC-SIGN, NMR
experiments based on STD and transfer-NOE were performed providing additional information.
Conformational analysis of the mannosyl ligands in the free and bound states was done. These studies

have demonstrated that terminal mannoses at positions 2 or 3 in the trisaccharides are the most

important moiety and present the strongest contact with the binding site of the lectin. Multiple binding
modes could be proposed and therefore should be considered in the design of new ligands.

Introduction

DC-SIGN (dendritic cell-specific ICAM-3 grabbing non-integrin)
or CD209 is a C-type lectin expressed at the surface of im-
mature dendritic cells. This lectin presents at the C-terminus a
carbohydrate recognition domain (CRD) able to interact with
highly glycosylated proteins found on several pathogens such as
viruses (HIV-1 and 2, SIV-1, Ebola virus, HCV, SARS virus,
cytomegalovirus, dengue virus); bacteria (Helicobacter pylori,
Klebsiella pneumonae, Mycobacterium tuberculosis); yeast (Can-
dida albicans); and parasites (Schistosoma mansoni, Leishmania
pifanoi)."* This so broad spectrum of pathogens recognized by
DC-SIGN has led to consider this lectin as an universal pathogen
receptor. This lectin has attracted the interest of the scientific
community since the discovery of the role that DC-SIGN plays
in a HIV trans infection process.®

Pathogen glycoproteins recognized by DC-SIGN contain
mainly mannose and fucose carbohydrate structures as N-
glycans at different Asn positions of the glycoproteins. High
mannose structure, constituted by Man,GIcNAc, as the main
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epitope, is considered one of the strongest ligands for this lectin.
Carbohydrate—protein interactions are selective, most of the time
calcium dependent, and very weak. Nature overcomes this weak
affinity providing a multivalent presentation of carbohydrate
epitopes such as cluster organization at the cell surface of glycosph-
ingolipids and highly glycosylated glycoproteins. To study and
intervene in biological processes where this type of interaction is
involved, the design and preparation of multivalent carbohydrate
systems is required. There is a continuing interest in designing new
and effective multivalent tools. Selection of carbohydrate epitopes
requires a deep knowledge of the binding mode of the ligands and
the binding site of the protein receptor. Information about binding
constants of monovalent and multivalent mannosyl and fucosyl
oligosaccharides with DC-SIGN have been reported by different
groups using a variety of techniques such as ELLA, biosensors,
etc.*'! However, to date only scarce information at the molecular
level is available about how carbohydrates are recognized by DC-
SIGN in solution. To our best knowledge, the only available
information concerning carbohydrate ligands and DC-SIGN is at
the solid state. X-Ray structures of complexes formed by different
carbohydrate oligosaccharides with up to 9 units constituting part
of the high mannose structure and CRD of DC- and L-SIGN
have been recently published.’** Our interest on the receptor DC-
SIGN lead us to explore in more detail the molecular basis of this
recognition process with the aim to design and prepare appropriate
ligands and their corresponding multivalent systems for potential
applications in biological processes where DC-SIGN is involved.
Also, available structural information about the binding process of
carbohydrates to DC-SIGN indicates the possibility of different
binding modes of these ligands. A preliminary study involving
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DC-SIGN and carbohydrate mimics has been published recently
by some of us."

Here, we describe the use of computational (docking studies)
and NMR (STD, and transfer NOE experiments) tools to get
information about the binding mode of DC-SIGN ligands. Among
the potential epitopes to be tested as ligands for DC-SIGN, we
have analyzed two mannosyl trisaccharides. On one hand, these
compounds represent a good choice as binding ligands (better
than the simple mannose) and on the other hand, they can
be obtained with a reasonable synthetic cost. Because the high
mannose structure consists of mannose units o linked by glycosidic
bonds at positions 2, 3, and 6, we have selected two branched
trisaccharides. The trisaccharide Manal,2[Manol,6]Man 1 and
the trisaccharide Manal,3[Manal,6]Man 2. The trisaccharide 1 is
not present in the high mannose structure, but it constitutes the
repeated unit of the cell-wall mannans such as lipoarabinomannan
(LAM) present in Mycobacterium tuberculosis which is recognized
by DC-SIGN.'*" The trisaccharide 2 is a fragment present in
the high mannose responsible for the recognition process by DC-
SIGN as has been described previously.*

As a starting point for docking studies, we have used the crys-
tallographic information already published. We have analyzed five
selected ligands, the two trisaccharides above mentioned and the
corresponding disaccharide moieties present in these molecules:
Manal,2Man, Manal,3Man, and Manol,6Man. Simultaneously,
we have synthesized the two selected trisaccharides with a short
linker at the anomeric position which will allow the attachment of
these ligands to multivalent scaffolds afterwards. We have used
an orthogonally protected mannose previously described as a
common intermediate for the synthesis of the trisaccharides.?
These mannosyl oligosaccharides have been used to test their
binding behavior in the presence of the soluble extra-cellular
domain (ECD) of DC-SIGN. The analysis of the binding process
in solution has been performed using a series of NMR experiments
directed to obtain structural data of the bound ligands.

Results and discussion
Docking analysis

To gain insight about the binding mode of DC-SIGN ligands,
a docking study was carried out considering a representative
set of mannosyl di- and trisaccharide structures. In particular,
we selected for these computational studies the disaccharides
Manal,2Man, Manal,3Man and Manal,6Man, and the trisac-
charides Manal,3[Manal,6]Man and Manaol,2[Manal,6]Man.
(Fig. 1)

The docking of the proposed ligands into the DC-SIGN binding
site was done using an automated docking procedure (FlexiDock)
using the crystal structure data of the complex of DC-SIGN
and the pentasaccharide GlcNAc,Man; (pdb code 1k9i). Those
structures showing key distances or torsional angles inconsistent
with experimental results were rejected. Then, the best solutions in
terms of energy were energy-minimized prior to further analysis.
The final complexes were evaluated in terms of consensus of
ligand—protein interactions and dihedral angles with the exper-
imental data and the known values of energy interaction using the
programs STC and DOCK module (SYBYL) (Table 1). Detailed
information including key protein residues involved in the binding,

OH

O\
Mana1,3Man
Manao1,2Man
HO OH
HO -0
HO
B o) OH
HO -0
HO
A
O\
Mana1,6Man
HO OH HO OH
oH HO -0 HO 0}

Mana1,2[Mana1,6]Man Mana1,3[Mano1,6]Man

Fig. 1 Chemical structures of the three disaccharides (Manal,2Man,
Manal,3Man and Manal,6Man), and the two trisaccharides
(Manal,3[Manal,6]Man and Manal,2[Manol,6]Man) considered in the
docking studies.

the @ /w conformational space, along with the distance to the Ca**
(primary binding site) and the interprotonic distances are given in
the supplementary information (Table S1 and Fig. S1-S20).

Based on the crystal structure, it is possible to define two possible
binding sites for disaccharides: a primary one containing the Ca*
atom and an adjacent secondary one. We performed docking
studies considering two possible sites for the a1-2 and a1-6-linked
mannoses. In both cases, the most favoured binding mode (Table 1)
is located at the primary site, presenting interactions with the Ca?*
atom; therefore, we focused on the binding at the primary site in
subsequent studies.

The docking study of Manal,2Man led to three families of
structures with two different binding modes (see supplementary
information, Fig. S5-S8). In the less populated orientation (clus-
ter 3) the reducing end side is bound to the Ca’* ion at the primary
binding site. The major orientation, where the non-reducing end
of the disaccharide binds the Ca’* atom (cluster 1 and cluster 2),
corresponds to the best solution in terms of energy and geometry
restrictions. It should be mentioned that recent crystallographic
analysis of the complex formed by this disaccharide and DC-SIGN
has shown multiple binding modes which have been postulated as
a mechanism for increasing affinity."* All acceptable structures
found for Manol,6Man are mixtures of gg and gt conformers
around the w torsion angle (see supplementary information,
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Table 1 Dihedral angles and docking energy

Complex D/y AGyna/kcal mol™! E o /kcal mol™!
1d13 1—3:65.2/144.8 —4.8 2.1

1d16 1—6:63.8/153.0 -5.3 —34.6

2d16 1—6:52.2/166.0 -2.2 —0.1

1d12 1—2:68.5/85.9 -59 —37.2

2d12 1—2:42.1/90.3 —5.6 —-19.6

1t36 1—3:96.5/155.1 6<1: 68.7/181.4 -7.3 —55.0

1t26 1—2:81.4/168.0 6«1: 88.4/205.6 —6.7 —51.4

Fig. S9-S11), although after energy-minimization the gg confor- Ligand synthesis

mation (1d16) was found to be the most stable one (Fig. S12). The
non-reducing end of the sugar chain binds to the Ca*" atom in all
the best solutions. The docking studies of Manol,3Man yielded
three possible families (see supplementary information, Fig. S1-
S4). The most populated binding mode, which also had the best
values of docking energy and AG.;q, showed in all the solutions
the non-reducing end of the sugar bounded to the Ca*" atom (with
a distance of the O3 atom to the calcium atom around 2.3 A) and
glycosidic linkage torsions in accordance with the experimental
angle ranges data for the linkage 1,3 (—49 < @ < 82 and —16 <
v < 32) (Fig. S1).

The complexes are stabilized by a large number of hydrogen
bonds, which in the case of the disaccharide Manal,3Man, were
experimentally observed in the complex of DC-SIGN and the
pentasaccharide GIcNAc¢,Man; (see Table S1)."? In addition to
these interactions, the Ca** ion is bound by the equatorial 3- and
4-hydroxyl groups of a mannose residue (see Table S1). A detailed
description of relevant protein-ligand interactions, including C—
H - .. aromatic, is given in the supplementary information. The
AGy;,s and the docking energy calculated with the STC and DOCK
program respectively, suggest that the disaccharides with a1-2 and
al-6 type union are the best ligands for DC-SIGN (Table 1). These
results are in agreement with the experimental values of binding
published by Weis et al."

In the case of the trisaccharides, the FlexiDock analysis of the
complex of Manol,3[Manal,6]Man with DC-SIGN led to a model
that is very similar to that of the crystal structure (Fig. S13—
S17). The a-1,2 linkage in Manal,2[Manal,6]Man is described
by an ensemble of exo-anomeric conformers (@ between —30
and —60°) compatible with the experimental data. The short
distances between Hlc and H2a, and between Hlc and Hla
observed for Manal,2[Manal,6]Man are in agreement with the
NMR studies of this linkage (see supplementary information,
Fig. S18-S22). The 1,6-glycosyl bonding in the trimannoside
was found exclusively as gt conformers around the w torsion,
in contrast to the mixture of gg and gt conformers obtained
for the 1,6-bonded structures of the dimannoside. The structural
parameters of the final complex of each trisaccharide and the
energy of interaction are gathered in Table S1. The hydrogen
bond network observed for the disaccharides is preserved in
both trisaccharide-complex models (Table S1). Both trisaccharides
showed hydrophobic interaction between the ManC (1t26) and
ManD (1t36) units and the residue Val 351. Aromatic interactions
of both complexes with Phe 313 have also been found. In addition,
the mannose ManA in Manal,2[Manal,6]Man complex displays
a C—H - . - aromatic interaction (ag,= 160.2, dex (A) = 4.0, dypx
A =1.2).

The trisaccharides Mana(1— 3)[Mana(1— 6)]Manal OCH,CH,-
NH, 2 and Mano(l—2)[Mano(l—6)]Manal OCH,CH,NH, 1
have been prepared using an orthogonally protected mannose
derivative 8 as a common intermediate. This mannose derivative 8
was prepared in 7 steps from 2-azidoethyl a-D-mannopyranoside
(3) as shown in Scheme 1.2

In a previous communication we have described the synthesis
of compound 8 and the corresponding orthogonal deprotections
at positions 2, 3 and 6.2 The hydroxyl group at position 6 was
protected as a silyl group using tert-butyldiphenylsilyl chloride
(TBDPSCI) and imidazole in DMF. A benzyl group was intro-
duced at position 4 as a permanent protecting group (this position
will not be glycosylated in this synthetic approach) using benzyl
chloride and sodium hydride in DMF in 79% yield. For this
aim, the formation of an acetonide using 2,2’-dimethoxypropane
and pyridinium p-toluenesulfonate (PPTS) in acetone was first
necessary to protect positions 2 and 3 simultaneously. After
introducing the benzyl group at position 4, the acetonide was
easily cleavage with TFA in dichloromethane at rt to give
compound 5 in 63% yield over three steps. The hydroxyl group
at position 3 was selectively protected as the p-methoxybenzyl
(PMB) ether using a stannylene acetal intermediate as strategy.
Reaction with dibutyltin oxide in toluene at reflux and then,
PMBCI and tetrabutylammonium iodide (TBAI) gave a complete
regioselective protection of that position giving compound 6 in
good yield. Finally, a levulinoyl ester was used to protect position
2 using levulinic acid and dicyclohexylcarbodiimide (DCC) in
dichloromethane at rt affording the orthogonally protected man-
nose 8 in 88% yield.

Synthesis of trimannose 2 was accomplished using the mannose
derivative 10 as central unit with free hydroxyl groups at positions
3 and 6 (Scheme 2). This mannose 10 was prepared from
orthogonally protected mannose 8 in two steps by cleavage of silyl
group at position 6 with TBAF in THF at rt to afford mannose
derivative 9 and following treatment with TFA at —20 °C in
dichloromethane to remove selectively the PMB group at position
3; mannose derivative 10 was obtained in 97% yield over two
steps. (Scheme 1) A double glycosylation, using 2 equivalents
of thiophenyl mannopyranoside 13 (previously described by our
group)* as glycosyl donor, N-hydroxysuccinimide (NHS) and
triflic acid as promoter, gave the protected trisaccharide 11 in
78% yield. Two deprotections steps with NaOMe in methanol
to remove acetate and levulinate groups and hydrogenation
using Pd on carbon as catalysts in methanol to remove benzyl
groups and reduce the azide gave trisaccharide 2 in good yield.
(Scheme 2).
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Scheme 1

Synthesis of orthogonally protected mannose derivative 8 and selective deprotections. Reagents and conditions: a) TBDPSCI, Im, DMF, rt,

79%; b) 2,2’-dimethoxypropane, PPTS, acetone; then, BnCl, NaH, DMF, 0 °C to rt; then, TFA DCM, rt 63% over 3 steps; ¢) Bu,SnO, Tol, A; then,
PMBCI, Bu,NI, A, 82%; d) DCC, LevOH, DCM, rt, 88%; ¢) TBAF, THF, rt, 95%; f) AcOH, THF, 0 °C to rt, then, TBAF, 100%; g) TFA, DCM, —20 °C,

97%.
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Scheme 2 Synthesis of Manal-3[Manal-6]Man 2. Reagents and con-
ditions: a) 13 (2 equiv.), 4 A MS, NIS, TfOH, —20 °C, DCM, 78%;
b) NaOMe, MeOH, rt; ¢) H,, Pd-C, MeOH, rt, 100%.

Trisaccharide 1 was prepared starting from mannose derivative
7. This trisaccharide was synthesized in three steps as shown in
Scheme 3. Mannose derivative 7 was prepared from mannose
6 removing silyl group at position 6 with TBAF in THF at rt
(Scheme 1). Following the same methodology used for trimannose
11, the trisaccharide 12 was obtained in 70% yield using 2
equivalents of mannosyl donor 13, NHS and triflic acid. Again,
two deprotection steps were needed to prepare 1 using NaOMe
in methanol and catalytic hydrogenation with Pd on carbon in
methanol. In this way, trisaccharide 1 was obtained in good yield.

Both trisaccharides 1 and 2 show at the anomeric position an
adequate linker with a terminal amine allowing their attachment
to multivalent scaffolds to create carbohydrate multivalent tools.
Allnew compounds described above were fully characterized using
NMR and mass spectrometry.

BnO OAc
BnO oAc BnO &

BnO .0 BnO
BnO
(o]

0
\/\N3 o
7 12 NN,
\ b), ¢)
HO OH
0
HO OH Hr?o
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HO
S 0
HO 0
HO
o)
1 " NH,

Scheme 3 Synthesis of Manal-2[Manal-6]Man 1. Reagents and con-
ditions: a) 13 (2 equiv.), 4 A MS, NIS, TfOH, —20 °C, DCM, 70%;
b) NaOMe, MeOH, rt; ¢) H,, Pd-C, MeOH, rt, 100%.

Structural analysis

The basic structures of trisaccharides 1 and 2 are present in a
wide variety of natural compounds from high mannose to GPI
structures which have been extensively studied, and their 3D
structures have been described both isolated or as part of larger
oligosaccharides,” and their conformational maps described in
several structural databases such as Heidelberg and CERMAV.*
The interaction of trisaccharides 1 and 2 with DC-SIGN was
studied by STD (saturation transfer difference) techniques deter-
mining their interaction epitopes.”*** The bound conformations
of trisaccharides 1 and 2 were also deduced from transfer-NOE
experiments registered in presence of DC-SIGN ECD.*
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Trisaccharide Manal,2[Mana1,6]Man 1. The relative impor-
tance of each mannose unit in the binding process to DC-
SIGN was assessed by means of STD experiments. Several
saturation times were used in order to avoid potential interferences
from differences of longitudinal relaxation of the ligand protons
and thus, to ensure the consistency of the results. The relative STD
effects are shown on Fig. 2. The larger effects are concentrated
on the 1-2 linked residue, the mannose-C, followed by the other
terminal one, mannose-B, while the central one shows the lowest
effects. These results could be explained based on a folded
conformation where the terminal residues contact with the lectin
or by the existence of several binding modes.
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Fig. 2 STD experiment of 1 in the presence of DC-SIGN recorded with

2.5 s of saturation time and absolute and relative STD values for key
signals.

The conformation of 1 bound to DC-SIGN was studied by
transfer NOE experiments. In the presence of 2% of the lectin,
the sign of the NOE peaks was inverted (see Fig. 3) indicating
ligand-receptor binding at favourable rate. The pattern of NOEs
and their growing rates were not indicative that the conformation
in the bound state was essentially similar to the free ligand
(see supplementary information). The Man 1-2 linkage can be
described mainly as an ensemble of exo-anomeric conformers with
a significant degree of flexibility about the w angle, which shows
two relative minima. The observation of a weak NOE between H2¢
and Hla could be indicative of an increase of the population of

B 2oee :574.35c
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Fig. 3 Expansion of the NOESY experiments of 1, free (top) and in the
presence of 1 : 50 molar of DC-SIGN (bottom), showing the NOE peaks
representative of the conformation of the glycosidic linkages. Experiments
registered at 500 MHz, in 150 mM NacCl, 20 mM TRIS-d; 4 mM CaCl,
at 278 K using a mixing time of 600 ms for free and 400 ms in presence of
DC-SIGN.

non-exoanomeric conformers for the 1-2 linkage compared with
the free state. The NOEs between H1b and H6'a and H6"a were
clearly observed, in accord with the trans disposition of the w
torsion. Unfortunately, the data regarding the 1-6 linkage were
not conclusive with respect to the determination of the w rotamer.

Trisaccharide Manal,3[Manal,6]Man 2. The STD experi-
ments for 2 were also conclusive with respect to the interaction
between the trisaccharide and DC-SIGN, and clear peaks due to
magnetization transfer were observed. Interestingly, the overall
magnitude of the absolute STD effects was larger than that
observed for the trisaccharide 1. The relative STD values were
higher for the 1-3 linked ManD, suggesting that this unit has
a stronger interaction with the lectin (Fig. 4). In this case, the
terminal residue ManB has a lower transference than the central
one, suggesting small differences in the binding mode between
both trisaccharides. The absolute STD values of both samples
(Table 2) can be compared considering the similar nature of
both compounds, the equivalence in concentration and in the
ratio ligand to protein for both samples and that the dissociation
constant can be estimated to be near high millimolar. In these

Table 2 Relative and absolute STD values for 1 and 2

STD Abs (1) STD Rel STD Abs (2) STD Rel
HI1-A 1.86 29.68 6.12 60.16
H2-A 2.38 38.08 5.42 63.32
H4-A 2.94 47.04 6.00 70.09
H6-A 2.16 34.56 3.07 35.86
CH202-A nd — 4.57 53.33
H1-B 2.51 40.16 3.82 44.63
H2-B 2.57 41.12 5.38 62.85
H3-B 3.09 49.36 6.11 71.38
H1-CorD 3.10 49.60 5.05 58.94
H2-CorD 6.25 100.00 8.56 100.00
H4-CorD 3.38 54.00 8.47 98.89
H5-Cor D nd — 6.33 73.89
H6-CorD 4.12 65.84 7.13 83.29
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Fig. 4 STD experiment with 2 in presence of DC-SIGN recorded with
2.5 s of saturation time and absolute and relative STD values for significant
signals.

conditions, the higher STD observed for 2 could be indicative of
stronger binding than 1.

The transfer NOESY experiments of trisaccharide 2 registered
in the presence of DC-SIGN ECD showed negative NOEs
indicative of transient binding of the carbohydrate to the lectin
(Fig. 5). The observed differences between equivalent experiments
of 2, free or with DC-SIGN, are due to the expected changes in
the linewidth and correlation times. A more quantitative analysis
based on the NOE growing rate does not evidence changes on key
interprotonic distances (supplementary information) indicating
that the relative orientation of the monosaccharidic rings is nearly
the same as in the free compound, and no major conformational
changes can be detected upon binding. Then the 1-3 linkage is
mainly in a syn-y disposition at @ angles compatible with the
exo-anomeric effect, and the 1-6 linkage is in a trans disposition
regarding the y torsion but the o rotamer could not be defined.

Conclusions

Herein, we have described a combined approach based on
docking analysis, synthesis and NMR to study the interaction
of carbohydrate ligands (mannosyl di- and trisaccharides) with
the carbohydrate recognition domain of the lectin DC-SIGN and
to evaluate their binding modes.
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Fig. 5 Expansion of the NOESY experiments of 2, free (top) and in
presence of 1 : 50 molar of DC-SIGN (bottom), showing the NOE peaks
indicative of the conformation of the glycosidic linkages. Experiments
registered at 500 MHz, in 150 mM NacCl, 20 mM TRIS-d; 4 mM CaCl,
at 278 K using a mixing time of 600 ms for free and 400 ms in presence of
DC-SIGN.

The docking study reveals the existence of two potential binding
sites for disaccharides indicating that only the main binding site,
which contains the Ca?* atom, yields stable complexes. This finding
is supported by the lack of STD effect in the absence of Ca**
(data not shown). Our study also has disclosed two modes of
recognition differing in the orientation of the carbohydrate in the
primary binding site. These modes differ in the terminal hexose
that is bound to the Ca’* atom in the main binding site. This
observation agrees with the crystallographic analysis of DC-SIGN
with di- and hexasaccharides, containing Manal,2Man moieties,
recently solved.™ Our results for the complex with Manal,2Man,
have shown that in the main orientation the reducing end of the
disaccharide binds the Ca** and the structure is superimposible
with the crystallographic one (Fig. 6). Moreover, an alternative
docking solution points to an additional mode of binding with
the Ca** atom through the reducing end hexose. This mode seems
similar to the structure of the disaccharide in the minor Mang,
ligand orientation in the crystallographic study.

Val351

Phe313

Glu358

Fig. 6 Superimposition of DC-SIGN/Manal-2Man (1d12) complex
obtained from the theoretical docking calculation and from the 3D
structure of disaccharides (pdb code 2it6). Only the binding pocket with
the representative residues is represented here.
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Based on the computational analysis, two branched trisaccha-
rides (Manal,2[Manal,6]Man and Manal,3[Manal,6]Man) were
selected as the best candidates to be prepared and studied by
NMR. These trisaccharides contain as part of their structure
the 1-2, 1-3 and 1-6 disaccharides presented in high mannose
structures. Moreover, the Manal,3[Manal,6]Man is a key moiety
of high mannose and it is considered as one of the most
important trisaccharides interacting with DC-SIGN. On the other
hand, the trisaccharide Manal,2[Manol,6]Man, constitutes part
of the arabinomannan oligosaccharide and the docking studies
previewed a better interaction with DC-SIGN probably based on
a carbohydrate—aromatic interaction with the side chain of Phe
313.

The conformational analysis of both trisaccharides reveals that
the geometry recognized by the receptor is comparable with the
conformation in the free state and therefore, there are not any large
conformational changes upon binding. These structures agree in
essence with those predicted by us using docking or with the
crystallographic data." The docked models of the trisaccharides
1 and 2 showed that in both cases the non-reducing terminal
mannoses show interactions with several residues of DC-SIGN
while the central mannose, ManA, does not. This model is in
agreement with the STD experiments and indicates that the
terminal 1-2 or 1-3 linked mannoses have the closest interaction
with the lectin. This is the hexose that docking structures have
shown is in contact with the Ca** atom on the primary binding
site. Additionally, this mode of binding, similar to a half moon, is
somewhat similar to that found for the structure of GIcNAc,Man,
and DC-SIGN (pdb code 1k9i, see supplementary information).
On the contrary, terminal mannoses B, 1-6 linked to the central
one, receive lower levels of magnetization suggesting a looser
interaction with DC-SIGN. Finally, although the theoretical
structures predict the lowest interactions for the central residue,
experimentally this is only true for the trisaccharide 1 but not for 2.
This observation, together with appreciable differences in the STD
pattern also indicate potential variations in the binding modes
of both compounds, probably as consequence of the existence
of multiple binding modes as proposed by Seeberger and co-
workers.™

These results could be important in the future for the design
of new ligands for this receptor. In particular, the observation,
predicted by the docked structures and supported by the experi-
mental relative STD values, that in both trisaccharides the non-
reducing end 1-2 or 1-3 linked to the central mannose is the most
involved in the interaction with the lectin, independent of the
regiochemistry and relative disposition of the linkage, should be
considered. Evaluation of the antiviral activity of synthesized di-
and trisaccharides are being carried out. Very preliminary results
in an Ebola infection model indicates that trisaccharide 1 presents
a similar activity to disaccharide Manal,2Man and less activity
than trisaccharide 2 (unpublished results). This preliminary data
are in accordance with our analysis.

Experimental section
General remarks

All chemicals were obtained from Aldrich and used without
further purification, unless otherwise noted. 'H and “C NMR

were recorded on Bruker Advance DPX 300, and DRX 500 MHz
spectrometers. Chemical shift are in ppm with respect to TMS
(tetramethylsilane) using the manufacturer indirect referencing
method. 2D experiments (COSY, TOCSY, ROESY, and HMQC)
were done when necessary to assign the oligosaccharide spectra.
Optical rotations were measured with a Perkin-Elmer 341 po-
larimeter. Mass spectra were carried out with an Esquire 6000
ESI-Ion Trap from Bruker Daltonics.

Synthesis of 2-azidoethyl 6-O-tert-butyldiphenylsilyl-
o-D-mannopyranoside (4)

To a solution of 3 (945 mg, 3.80 mmol) and imidazole (388 mg,
5.7 mmol) in dry DMF (10 mL) was added dropwise at room
temperature TBDPS-CI (1 mL, 5.7 mmol). The mixture was stirred
over 4 hours and then concentrated under high vacuum. The
mixture was diluted in CH,Cl, (30 mL), washed with water (3 x
30 mL), dried over MgSO, and concentrated. The residue was
purified by flash chromatography on silica gel (CH,Cl, : MeOH
9.5:0.5) to give compound 4 as a pale oil (1.46 g, 79%). [a]y =
+16.04 (¢ = 0.75 in CHCL;); '"H NMR (500 MHz, CDCl;): 6 =
7.72-7.68 (m, 4H; Hy, ), 7.48-7.38 (m, 6H; Hyy ), 4.85(d, J = 1.8 Hz,
1H; H,), 3.97-3.77 (m, SH; H; + 2H, + H, + Hy), 3.75-3.65 (m,
1H; H,), 3.60-3.53 (m, 1H; H;), 3.38-3.32 (m, 2H; 2Hjy), 1.01 (s,
9H; Hrgpps); “C NMR (125 MHz, CDCl;): 6 = 135.6 (CHgpps),
132.8 (Crapes), 132.7 (Craoes), 129.9 (Crapes), 127.9 (CHrgoes),
99.7 (C)), 71.5 (C; or Cy), 70.9 (Cs), 70.4 (C; or C,), 66.5 (C,),
65.2 (Cy), 50.5 (Cy), 26.8 (CHjsrppps), 19.2 (Crapps); ESI-MS for
C,,H33N;04S4; caled: 487.2 M*; found: 510.2 [M + NaJ*; elemental
analysis calcd (%) for C,,Hy;3N;O,Si: C, 59,11%; H, 6,82%; N,
8,62%; found: C, 59,53%; H, 7,07%; N, 8,74%.

Synthesis of 2-azidoethyl 4-O-benzyl-6-O-
(tert-butyldiphenylsilyl)-o-D-mannopyranoside (5)

Mannose derivative 4 (1.17 g, 2.4 mmol), 2,2’-dimethoxypropane
(2.7 mL) and PPTS (29 mg, 0.11 mmol) were dissolved in acetone
(20 mL) and the solution was stirred for 24 hours. Et;N was
added to the reaction mixture and the solvent was removed under
vacuum. The residue and benzyl bromide (0.45 mL, 3.8 mmol)
were dissolved in dry DMF (20 mL), and NaH (222 mg, 3.8 mmol)
was added in small portions at 0 °C. The reaction mixture was
stirred during 12 hours at room temperature. Then, MeOH (1 mL)
was added to the reaction to quench the excess of NaH and the
solvent was evaporated. Et,O (100 mL) was added to the reaction
residue, washed with H,O (2 x 100 mL), dried over MgSO, and
concentrated. The residue was dissolved in CH,Cl, (60 mL) and
TFA (10 mL) was added to the reaction at room temperature.
The solution was stirred over 5 hours. A mixture of ice—water at
0 °C was added to the reaction, neutralized with NaHCO; sat.
(100 mL), washed with NaHCO; sat. (2 x 50 mL) and NaCl
sat. (100 mL), dried with MgSO, and the solvent was removed
under vacuum. The residue was purified by flash chromatography
on silica gel (toluene-AcOEt, 9 : 1), to give compound 5 as an
oil (843 mg, 63% over three steps). [a]y = +16.02 (c = 0.75 in
CHCl,); 'H NMR (300 MHz, CDCl;): 6 = 7.76-7.68 (m, 4H;
Hrgpps), 7.47-7.20 (m, 11H; 5Hg, and 6Hrgpps), 4.89 (s, 1H; H)),
4.69 (syst ABg,, 2H), 4.02-3.90 (m, 4H; H, + H; + 2H,), 3.85 (dt,
J =10.5and 4.9 Hz, 1H; H,), 3.81-3.65 (m, 2H; H, and H;), 3.59
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(dt, J = 10.5 and 4.9 Hz, 1H; H,), 3.38-3.32 (m, 2H; 2Hj), 1.07
(s, 9H; Hygpps); “C NMR (75 MHz, CDCl,): 6 = 138.6 (Crppes),
136.3 (CH1gpps), 136.0 (CHgpps), 133.9 (Cy,), 133.6 (Cy,), 130.1
(CH,,), 129.0 (CH,,), 128.3 (CHy,,), 128.3 (CH,,), 128.1 (CH,,),
128.1 (CH,,), 128.1 (CHy,,), 128.0 (CH,,), 99.9 (C,), 77.6 (Cs or
C,), 77.2 (CHag,), 75.2 (Cs or C,), 72.9 (C, or Cy), 72.0 (C, or
Cy), 66.7 (C;), 63.5 (Cy), 50.9 (Cy), 27.2 (CHirgpps), 19.7 (Crapes);
ESI-MS for C;,H;,N;O,Si; caled: 577.3 M*; found: 600.3 [M +
Na]*; elemental analysis calcd (%) for C;;H3yN;O4Si: C, 64.14%;
H, 7.07%; N, 6.94%; found: C, 64.45%; H, 6.80%; N, 7.27%.

Synthesis of 2-azidoethyl 4-O-benzyl-3-O-(4-methoxybenzyl)-6-O-
tert-butyldiphenylsilyl-a-D-mannopyranoside (6)

A mixture of mannose derivative 5 (850 mg, 1.48 mmol), dibutyltin
oxide (406 mg, 1.63 mmol) in toluene (40 mL) was refluxed under
Dean-Stark conditions for 3 h. The reaction mixture was allowed
to cool to room temperature and DMF (2 mL) was added to
the mixture. 4-Methoxybenzyl chloride (227 puL, 1.63 mmol) and
Bu,NI (602 mg, 1.63 mmol) were added, and the mixture was
heated at reflux for 3 h. Then, the mixture was diluted with EtOAc
(50 mL), washed with H,O (2 x 100 mL) and dried over MgSO,.
The solvent was removed under reduced pressure, followed by flash
chromatography on silica gel (toluene-MeOH, 94 : 6), afforded 6
as an oil (849 mg, 82%). [a]¥ = +12.00 (¢ = 1.00 in CHCL); 'H
NMR (300 MHz, CDCl;): 6 = 7.78-7.66 (m, 4H; 4H gpps), 7.47—
7.23 (m, 11H; 2Hpyg and 9H,,), 6.87 (d, J = 8.6 Hz, 2H; 2H,y),
494(d,J=1.0Hz, 1H; H,),4.84 (d,J =10.9 Hz, |H; CH,,), 4.63
(s,2H; CHopyip) 4.55(d, J = 10.9 Hz, 1H; CH,,), 4.09-4.04 (m, 1 H;
H,), 3.97-3.84 (m, 4H; H; + 2H, + H»), 3.84-3.77 (m, 4H; H, +
-OCH,;), 3.77-3.69 (m, 1H; Hj), 3.65-3.55 (m, 1H; H;), 3.44-3.27
(m, 2H; 2Hy), 1.05 (s, 9H; Hrppes); “C NMR (75 MHz, CDCl;):
0 =159.8 (Cy,), 138.7 (Cy), 136.3 (Cy,), 136.0 (Cy,), 134.1 (Cy,),
133.7 (Cay), 130.4 (Ca,), 130.1 (Cy,), 130.0 (Cy,), 128.8 (Cy,), 128.3
(Car), 128.1(Cy,), 128.0(Cy,), 114.4(Cy,), 99.6 (C)), 80.2 (C;), 74.4
(CHag,), 73.2 (Cs), 72.2 (CHapys), 68.7 (C,), 66.7 (C,), 63.6 (Cy),
55.7 (CH;0-), 50.9 (Cy), 27.2 (CHsrgpps), 19.7 (Crapes); ESI-MS
for C,H,;N;0;Si; caled: 697.3 M*; found: 720.3 [M + Na]* and
736.3 [M + K]*; elemental analysis calcd (%) for C3Hy,N;O;Si:
C, 66.96%; H, 6.80%; N, 5.74%; found: C, 67.12%; H, 6.79%; N,
6.02%.

Synthesis of 2-azidoethyl 4-O-benzyl-3-O-(4-methoxybenzyl)-
o-D-mannopyranoside (7)

Mannose derivative 6 (700 mg, 1.00 mmol) and TBAF (533 mg,
2.00 mmol) were dissolved in THF (7 mL). The solution was
stirred under argon during 5 hours at room temperature. The
solvent was removed under vacuum and the residue was purified
by flash chromatography on silica gel (hexane-AcOEt, 1 : 2), to
give compound 7 as an oil (436 mg, 95%). [a]y = +34.5 (¢ =0.75
in CHCL;); '"H NMR (500 MHz, CDCl;): 6 = 7.33-7.24 (m, 6H;
Hy,), 6.84 (d, 2H; 2Hpys), 4.90 (d, J = 1.5 Hz, 1H; H,), 4.86 (d,
J = 11.0 Hz, 1H; CHypyp), 4.63 (d, J = 11.0 Hz, 1H; CH,py3),
4.60 (s, 2H; CH,g,), 4.01 (dd, J = 1.5 and 3.1 Hz, 1H; H,), 3.88
(dd, J = 3.1 and 9.0 Hz, 1H; H;) 3.86-3.79 (m, 3H; H, and 2Hj),
3.78 (s, 3H; -OCH,), 3.75 (dd, J/ = 3.9 and 12.3 Hz, 1H; H,),
3.58 (dt,J = 3.9 and 9.9 Hz, 1H; H;), 3.40-3.29 (m, 2H; 2Hj); °C
NMR (CDCl;, 125 MHz): 0 = 159.5 (Cy,), 138.2 (C,,), 129.9 (C,)),

129.7 (Cy,), 128.5 (Cy,), 128.0 (Cy,), 127.8 (Cyy), 114.0 (Cy,), 99.4
(C)), 79.5 (C;), 75.2 (CH,g,), 73.8 (C, or Cs), 71.9 (C, or Cs), 71.8
(CHypup), 68.3 (C,), 66.7 (C,), 62.1 (C), 55.3 (-OCHj;), 50.5 (Cy);
ESI-MS for C,;HyN;0;; caled: 459.2 M*; found: 482.3 [M + Na]*
and 498.2 [M + K]*; elemental analysis calcd (%) for C,;H,N;O;:
C, 60.12%; H, 6.36%; N, 9.16%; found: C, 60.15%; H, 6.69%; N,
9.16%.

Synthesis of 2-azidoethyl 4-O-benzyl-6- O-tert-butyldiphenylsilyl-
2-O-levulinoyl-3- O-(4-methoxybenzyl)-o-D-mannopyranoside (8)

Mannose derivative 6 (100 mg, 0.144 mmol) and DCC (149 mg,
0.720 mmol) were dissolved in CH,Cl, (2 mL) under argon. After
addition of levulinic acid (146 uL, 1.44 mmol) a precipitate was
observed corresponding to the urea formation. A catalytic amount
of DMAP (8 mg) was added and the reaction was stirred at rt for
24 h. The reaction mixture was diluted with CH,Cl, (6 mL), filtered
over a pad of Celite and concentrated under vacuum. The residue
was purified by flash chromatography on silica gel (CH,Cl, and
0.5% acetone) to afford 8 as an oil (100 mg, 88%). [a]y = +2.10
(¢ =0.75 in CHCl;); "H NMR (300 MHz, CDCl;): = 7.76-7.65
(m, 4H; Hy,), 7.46-7.30 (m, 6H; H,,), 7.30-7.22 (m, SH; H,,),
7.21-7.13 (m, 2H; Hy,), 6.83 (d, J = 8.7 Hz, 2H; Hpyz), 5.39 (dd,
J =19 and 2.8 Hz, 1H; H,), 4.89 (d, J = 10.6 Hz, 1H; CH.,),
4.87 (s, 1H; H)), 4.62 (d, J = 10.9 Hz, 1H; CHapy), 4.57 (d, J =
10.7 Hz, 1H; CHyg,), 4.45 (d, J = 10.9 Hz, 1H; CHopy), 4.03—
3.87 (m, 4H; H; + H; + 2Hjy), 3.87-3.77 (m, 4H; -OCH; and H,),
3.74-3.66 (m, 1H; H,), 3.58 (dt, J = 10.6 and 5.1 Hz, 1H; H,), 3.34
(t, J = 5.1 Hz, 2H; 2Hjy), 2.83-2.61 (m, 4H; CH,CH,,,), 2.51 (s,
3H; CH,y,), 1.56 (s, 9H; CHqgpps); °C NMR (75 MHz, CDCl;):
0 = 206.8 (COy,), 172.6 (COO,,), 159.7 (Cy,), 136.3 (C,,), 136.0
(Car), 134.1(Cy), 133.6 (Cy), 130.5(Cyy), 130.3 (Ch,), 128.8 (Cy,),
128.3 (Cyy), 128.1 (Cy,), 128.0 (Cy,), 114.2 (Cy,), 98.2 (C)), 78.1
(G3), 75.7 (CHag,), 74.3 (Cs), 73.3 (C,), 71.8 (CHjpys), 69.3 (C,),
66.9 (C;), 63.3 (Cy), 55.7 (—OCHj;), 50.8 (Cy), 38.4 (—CH,,,), 30.3
(CHj), 28.5 (—CHoyey ), 27.2 (CHirppps), 19.8 (Crapps); ESI-MS for
C4H;N;O,Si; caled: 795.4 M*; found: 818.3 [M + Na]*; elemental
analysis calcd (%) for CyuHs;N;O0Si: C, 66.39%; H, 6.71%; N,
5.28%; found: C, 66.27%; H, 6.87%; N, 5.08%.

Synthesis of 2-azidoethyl 4-O-benzyl-2-O-levulinoyl-3-O-(4-
methoxybenzyl)-o-D-mannopyranoside (9)

Acetic acid (150 pL) was added slowly to a solution of 8 (215 mg,
0.270 mmol) in dry THF (2 mL), under nitrogen at 0 °C. The
solution was warmed up to room temperature and TBAF 1 M in
THF (330 uL, 0.33 mmol) was added to the solution. The solution
was stirred overnight and then the solvent was removed under
vacuum. The residue was purified by flash chromatography on
silica gel (hexane-AcOEt, 1 : 2) to give compound 9 as an oil
(150 mg, quant.). [a]y = +13.02 (¢ = 0.4 in CHCL;); 'H NMR
(300 MHz, CDCl,): 6 = 7.38-7.21 (m, 7TH; 5Hg, and 2Hpy3), 6.84
(d, J = 8.7 Hz, 2H; 2Hpy;), 5.34 (dd, J = 3.1 and 1.8 Hz, 1H;
H,), 4.90 (d, J = 10.9 Hz, 1H; CH,,), 4.86 (d, J = 1.6 Hz, 1H;
H,), 4.61 (d, J = 10.9 Hz, 1H; CH,,), 4.61 (d, J = 10.9 Hz,
1H; CH,g,), 4.45 (d, J = 10.9 Hz, 1H; CH,), 4.00 (dd, J = 3.3
and 9.1 Hz, 1H; Hj;), 3.89-3.66 (m, SH; H, + Hy; + 2H; + H,),
3.59 (dt, J = 10.3 and 4.9 Hz, 1H; H,), 3.37 (t, / = 4.9 Hz, 2H;
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2Hj), 2.87-2.57 (m, 4H; CH,CH,,,), 2.18 (s, 3H; CH,,,); *CNMR
(75 MHz, CDCl;): 6 =206.9 (COy,), 172.5 (COOy,), 159.7 (Comz),
138.6 (Ca,), 130.4 (Ca,), 130.2 (Cy,), 128.9 (Cy,), 128.5(Cy,), 128.3
(Cap), 114.2 (Cy,), 98.2 (C)), 77.8 (C3), 75.6 (CH,g,), 74.2 (C, or
Cs), 72.5 (C, or Cs), 71.8 (CHap,), 69.2 (C,), 67.2 (C5), 62.5 (Cy),
55.7 (-OCH3;), 50.8 (Cy), 38.5 (CHye,), 30.2 (CHjy), 28.5 (CHae);
ESI-MS for C,sH35N;O,; caled: 557.2 M*; found: 596.1 [M + Na]*
and 580.1 [M + K]*; elemental analysis calcd (%) for C,sH;5N;O,:
C, 59.66%; H, 6.12%; N, 7.73%; found: C, 59.84%; H, 6.00%; N,
7.74%.

Synthesis of 2-azidoethyl 4-O-benzyl-2-O-levulinoyl-
o-D-mannopyranoside (10)

Mannose derivative 9 (74 mg, 0.126 mmol) was dissolved in
CH,Cl, (5 mL), the solution was cooled at —20 °C and TFA
(1.5 mL) was added to the solution. The reaction mixture was
stirred during 20 min. Then, ethanol (0.5 mL) and CH,Cl,
(4 mL) were added to the reaction. The solution was washed
with NaHCO; sat. (2 x 10 mL), NaCl sat. (10 mL), and dried
with MgSO,. The solvent was removed under vacuum and the
residue was purified by flash chromatography onsilica gel (hexane—
AcOEt, 2: 1) to give compound 10 as and oil (53 mg, 97%). [a]2) =
+32.91 (¢ = 0.70 in CHCI;); '"H NMR (300 MHz, CDCl;): 6 =
7.40-7.31 (m, 4H; 4Hy,), 7.31-7.25 (m, 1H; Hy,), 5.13 (dd, J = 2.0
and 3.3 Hz, 1H; H,),4.87(d,J =10.9 Hz, 1H; CH,;,), 4.82(d, J =
1.2 Hz, 1H; H,), 4.71 (d, J = 10.9 Hz, 1H; CH,,), 4.19-4.13 (m,
1H; H;), 3.89-3.76 (m, 3H; 2H, and H,), 3.75-3.64 (m, 2H; H,
and Hj), 3.61-3.55 (m, 1H; H,), 3.42-3.32 (m, 2H; 2Hy), 2.84-2.75
(m, 2H; CH,,), 2.67-2.59 (m, 2H; CH,,,), 2.19 (s, 3H; CH,,,); °C
NMR (75 MHz, CDCl;): 6 = 207.1 (CO,,), 170.1 (COO,,,), 133.7
(Car), 133.2(Cy,), 130.6 (Cyy), 129.6 (Cy,), 127.5(Chy), 127.4 (Cy,),
97.5(C,)),75.7(C, or Cs), 72.7(C,), 72.0 (C, or Cy), 70.1 (C-3), 66.6
(C)), 61.7 (Cy), 50.4 (Cy), 38.4 (CHy,), 29.7 (CH3y,), 28.4 (CH,y,);
ESI-MS for C, H,;N;Os; calcd: 437.2 M*; found: 460.2 [M + Na]*;
elemental analysis calcd (%) for C, H,;N;O4: C, 53.90%; H, 5.95%;
N, 9.92%; found: C, 53.99%:; H, 5.75%; N, 10.14%.

Synthesis of 2-azidoethyl O-(2-0-acetyl-3,4,6-tri-O-benzyl-o-D-
mannopyranosyl-(1— 3)-0-[2-O-acetyl-3,4,6-tri- O-benzyl-
o-D-mannopyranosyl-(1— 6)]-4-O-benzyl-2- O-levulinoyl-
a-D-mannopyranoside (11)

Mannose derivative 10 (40 mg, 0.092 mmol), and the glycosyl
donor 13 (146 mg, 0.249 mmol) were dissolved in dry CH,Cl,
(2 mL) in the presence of 4 A molecular sieves. The mixture
was stirred during 2 hour at room temperature under argon
atmosphere. Then, the system was cooled at —20 °C, NIS (56 mg,
0.249 mmol) and TfOH (2.5 puL, 0.026 mmol) were added and the
mixture was stirred during 20 min. The reaction was monitored by
TLC (toluene-MeOH, 9 : 1) and when it was completed, NaHCO,
sat. (50 pL) was added to quench the TFOH. The reaction mixture
was diluted with CH,Cl, (6 mL), filtered over a pad of Celite,
washed with Na,S,0; sat., dried over MgSO, and the solvent
was removed under vacuum. The residue was purified by flash
chromatography on silica gel (hexane : AcOEt, 7 : 1) to give
compound 11 as an oil (91 mg, 72%). [a]? = +45.76 (¢ = 1.00
in CHCI;); '"H NMR (500 MHz, CDCl;): 6 = 7.47-7.16 (m, 32H;
Hyp), 5.49 (dd, J = 3.5 Hz and 1.5 Hz, 1H; H,), 4.47 (dd, J =

3.5 Hz and 1.5 Hz, 1H; H,), 5.22-5.18 (m, 2H; H, and H,), 5.03
(d,J =1.5Hz, 1H; H,), 4.89 (d, J = 11.0 Hz, 1H; 1Hg,), 4.86 (d,
J =11.0 Hz, 1H; 1Hg,), 4.79 (s, 2H; 2Hy,), 4.75 (d, J = 11.0 Hz,
1H; 1Hy,), 4.73 (d, J = 11.0 Hz, 1H; 1Hy,), 4.72 (d, / = 11.0 Hz,
1H; 1Hg,), 4.69 (d, J/ = 1.5 Hz, 1H; H)), 4.62-4.47 (m, 7H; 7Hj,),
4.24 (dd, J = 3.8 Hz and 9.4 Hz, 1H; H;), 4.01-4.67 (m, 15H;
Hia, Hsa, 2Hea, Hip, Hyg, Hsp, 2Heg, Hye, Hye, Hse, 2Hge and Hy),
3.56-5.51 (m, 1H; H;), 3.33-3.27 (m, 2H; 2H;), 2.74-2.61 (m, 4H;
2 x -CHay), 2.20 (s, 3H; CHy,), 2.15 (s, 3H; -OOCCH,), 2.13 (s,
3H; -OOCCH,;); *C NMR (125 MHz, CDCl;): 6 = 208.1 (C=0),
174.5 (C=0), 172.6 (C=0), 172.4 (C=0), 141.0 (Cy,,), 140.7 (Cy4,),
140.5 (Cy,), 140.3 (Cy,), 140.2 (Cy,), 139.9 (Cyy), 130.7 (Cy,),130.7
(Car), 130.6 (Cy,), 130.5(Cyp), 130.4 (Cy,), 130.3 (Cy,), 130.2 (Cy,),
130.1 (Cy,), 130.0 (Ca,), 129.8 (Cyy), 129.7 (Cy,), 102.4 (C)), 100.9
(C)), 99.4 (C)), 80.2, 80.0, 76.7, 76.5, 76.3, 75.7, 75.7, 74.6, 74.2,
74.1, 73.8, 73.6, 71.1, 71.0, 70.8, 70.7, 69.0, 67.6 (C,5 + Cs5 +
Cip +Csp + Cip, Cip +C3p + Cip + Cop + Cg + Cye + Cie + Cye +
Cse + Cye) 52.5(Cy), 40.1 (CH,yy ), 32.0 (CHyy,), 30.3 (CHyy, ), 23.4
(OCOCH,), 23.3 (OCOCH;); ESI-MS for C,xHgN;O,; caled:
1385,6 M*; found: 1408.6 [M + Na]* and 1424.4 [M + K]*.

Synthesis of 2-azidoethyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-
a-D-mannopyranosyl-(1— 2)-0-[2-O-acetyl-3,4,6-tri-O-
benzyl-o-D-mannopyranosyl-(1— 6)]-4-O-benzyl-
3-0-(4-methoxybenzyl)-a-D-mannopyranoside (12)

Mannose derivative 7 (49 mg, 0.107 mmol), and the glycosyl donor
13 (163 mg, 0.278 mmol) were dissolved in dry CH,Cl, (2 mL) in
the presence of 4 A molecular sieves. The mixture was stirred
during 2 hours at room temperature under argon atmosphere.
Then, the system was cooled at —20 °C, NIS (63 mg, 0.278 mmol)
and TfOH (2.5 pL, 0.026 mmol) were added and the mixture
was stirred during 20 min. The reaction was monitored by TLC
(toluene-MeOH, 9 : 1) and when it was completed, NaHCO; sat.
(50 uL) was added to quench the TfOH. The reaction mixture was
diluted with CH,Cl, (6 mL), filtered over a pad of Celite, washed
with Na,S,0; sat., dried over MgSO, and the solvent was removed
under vacuum. The residue was purified by flash chromatography
on silica gel (hexane : AcOEt, 7 : 1) to give compound 12 as an
oil (88 mg, 70%). [a]¥ = +17.05 (¢ = 1.00 in CHCL); '"H NMR
(500 MHz, CDCL,): 6 = 7.32-7.21 (m, 32H; 18H, + 2Hawpms)s
7.16-7.13 (m, 2H; 2H,), 7.12-7.08 (m, 2H; 2H 3,), 6.80 (d, J =
9.0 Hz, 2H; 2Hpmz), 5.51 (dd, J = 3.5 Hz and 1.5 Hz, 1H; Hy),
5.34(dd, J =2.0 Hzand 3.0 Hz, 1H; Hy), 4.99 (d, J = 1.5 Hz, 1H;
H),4.89(d,J=1.5Hz, 1H; H,c),4.82(d, J = 11.0 Hz, |H; Hy,),
4.81(d,J =11.0Hz, 2H; 2Hy,),4.81(d,J =1.5Hz, 1H; H},),4.79
(d,J =11.0 Hz, 1H, Hg,), 4.61 (d, J = 11.0 Hz, 1H; Hy,), 4.61 (d,
J=11.0Hz, 1H; Hy,), 4.56 (s, 2H; 2Hy,), 4.50 (d, / = 11.0 Hz, 1 H;
Hg,),4.49 (d, 1H, J = 11.0 Hz, 1H; Hy,), 4.46-4.40 (m, 5H, 5Hy,),
3.95(dd, 1HJ =3.2 Hzand 9.3 Hz, 1H; H;,), 3.94-3.60 (m, 15 H;
Hox, Hua, Hsa, 2Hea, Hip, Hup, Hip, 2Hgg, Hie, Hac, Hse and 2Hgc),
3.76 (s, 3H, -OCHj;), 3.52 (t, J = 9.3 Hz, 1H; H,), 3.32-3.28 (m,
1H; H;), 3.20-3.11 (m, 2H; 2Hy), 2.10 (s, 3H; -OOCCH;), 2.09 (s,
3H; -OOCCH;); "C NMR (100 MHz, CDCl,): 6 = 170.3 (C=0),
170.07 (C=0), 159.2 (C,,), 138.6 (C,,), 138.4 (C,,), 138.3 (C,,),
138.2 (Cy,), 138.0 (Cyy), 137.9 (Cy,), 130.3(Cy,), 129.3 (Cy,), 128.4
(Car), 128.3 (Cy,), 128.3(Cy,), 128.2(Cyy), 128.1 (Cy,), 128.0 (Cy,),
128.0 (Cy,), 127.9 (Cyy), 127.8 (Ca,), 127.6 (Cy,), 127.6 (Cy,), 127.5
(Car), 113.8 (Cyy), 99.8 (C)), 98.7 (C)), 97.1 (C)), 79.4, 78.1, 78.0,
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77.2,75.2,75.1,74.9,74.4, 73.5, 73.4, 71.9, 71.5, 71.4, 70.8, 69.2,
68.7, 68.5, 68.5, 66.3, 55.2 (Cyp + Cs5 + Cjp + Csp, Ciay Cop +
Cyp + Cip + Csg + Ceg, Coe + Cie + Cye + Cse + Cie + C7), 50.3
(G), 21.1 (OCOCH;), 21.1 (OCOCH,); ESI-MS for Cg HgoN;0,;
calcd: 1407.6 M*; found: 1446.6 [M + K]*.

Synthesis of 2-aminoethyl O-a-D-mannopyranosyl(1— 2)[O-a-D-
mannopyranosyl(1— 6)]-a-D-mannopyranoside (1)

The protected trisaccharide 12 (70 mg, 0.06 mmol) was dissolved
in dry MeOH (1 mL) and NaOMe solution (1 M in MeOH) (60 pl,
0.06 mmol) was added. The reaction mixture was stirred at room
temperature for 30 min. Then, the mixture was neutralized with
Amberlite IR 120 resin, filtered and the solvent was removed under
vacuum. The white solid was dissolved in MeOH (3 mL), Pd-C
10% (cat.) was added and the reaction mixture was hydrogenated
under H, (1 bar) until reduction was complete (monitored by TLC
i-PrOH : H,O 7 : 3 + 1% AcOH) to give trisaccharide 1 as a white
solid (32 mg, 98% over two steps). [a]2 = +78.2 (¢ = 0.50 in H,0);
'"H NMR (500 MHz, D,0O): 6 = 5.10 (s, 1H; H,,), 5.00 (s, 1H;
H,), 4.90 (s, 1H; Hy;), 4.06 (m, 1H; Hyc), 3.99 (m, 1H; H,,), 3.97
(m, 1H; Hga), 3.96 (m, 1H; Hyg), 3.91 (m, 1H; Hs,), 3.90 (m, 1H;
H,), 3.87 (m, 1H; Hqc), 3.81 (m, 1H; Hy,), 3.80 (m, 1H; Hs), 3.77
(m, 1H; Hyc), 3.73 (m, 1H; Hg,), 3.73 (m, 1H; 2Hg), 3.72 (m, 1H;
Hs,), 3.71 (m, 1H; Hse), 3.69 (m, 1H; Hyc), 3.65 (m, 1H; H;), 3.65
(m, 1H; Hsp), 3.64 (m, 1H; Hyg), 3.61 (m, 1H; Hye), 3.17 (m, 1H;
2H;). "C NMR (125 MHz, D,0):6 = 102.4 (C,c), 99.5 (C;p), 98.4
(C1a), 78.7 (Cya), 73.3 (Csc), 72.8 (Csp), 70.5 (Csp), 70.5 (Cse), 71.4
(Csa), 70.1 (Csp), 69.9 (Cyc), 69.9 (Cap), 66.7 (Cye), 66.6 (Cyp), 66.4
(Cya), 65.1 (Cqp), 64.5 (C,), 61.0 (Cyc), 60.9 (Cgp), 39.1 (Cy).

Synthesis of 2-aminoethyl O-a-pD-mannopyranosyl(1— 3)[0-0-D-
mannopyranosyl(1— 6)]-a-pD-mannopyranoside (2)

The protected trisaccharide 11 (70 mg, 0.05 mmol) was dissolved
indry MeOH (2 mL) and NaOMe solution (1 M in MeOH) (50 pl,
0.05 mmol) was added. The reaction mixture was stirred at room
temperature for 30 min. Then, the mixture was neutralized with
Amberlite IR 120 resin, filtered and the solvent was removed under
vacuum. The white solid was dissolved in MeOH (3 mL), Pd-C
10% (cat.) was added and the reaction mixture was hydrogenated
under H, (1 bar) until reduction was complete (monitored by TLC
i-PrOH : H,0 7: 3 + 1% AcOH) to give trisaccharide 2 as a white
solid (27 mg, 97% over two steps). [a]) = +84.0 (c = 0.50 in H,O);
'"H NMR (500 MHz, D,0): 6 = 5.10 (m, 1H; Hy;3), 4.90 (s, 1H;
Hip), 4.85(s, 1H; Hy), 4.15 (m, 1H; H,,), 4.06 (m, 1H; H,;), 4.00
(m, 1H; Hgy), 3.98 (m, 1H; Hyp), 3.96 (m, 1H; H,), 3.93 (m, 1H;
Hi,), 3.92 (m, 1H; H,,), 3.89 (m, 1H; Hgy), 3.87 (m, 1H; Hap), 3.82
(m, 1H; Hp), 3.79 (m, 1H; Hsy), 3.77 (m, 1H; Hsg), 3.75 (m, 1H;
Hqa), 3.75 (m, 1H; Hyp), 3.70 (m, 1H; Hy,), 3.70 (m, 1H; H,), 3.67
(m, 1H; H,p), 3.66 (m, 1H; Hyp), 3.61 (m, 1H; Hyg), 3.24 (m, 1H;
2H;); "CNMR (125 MHz, D,0):6 = 102.4 (C\3), 99.8 (C,4), 99.3
(Cip), 78.5(Csp), 73.4 (Cs), 72.6 (Csp), 71.1 (Cs,), 70.7 (Csp), 70.3
(C33),70.1 (Cy), 70.0 (Cyp), 69.4 (Cya), 66.6 (Cyp), 66.6 (Cyp), 65.3
(Cya), 65.2 (Cqn), 63.6 (C,),60.8 (Cqp), 60.8 (Cgp), 39.1 (Cy).

Computational studies

All calculations were performed on a Silicon Graphics Octane
workstation (R12000, 300 MHz) using the SYBYL 6.9 program

suite.” The starting coordinate of human DC-SIGN was taken
from the Protein Data Bank with code 1k9i.”? The structure
was edited to contain only one protein monomer together with
calcium ions, protein hydrogen atoms were added, the partial
charges were calculated using AMBER?® procedure as imple-
mented in SYBYL and the calcium ions were given a charge of
(+2). Atom types and charges for oligosaccharides were defined
using the PIM parameters developed for carbohydrates.? All
ligand structures were obtained from different protein complex:
dimannoside Manal,2Man (ManC-ManA) from 1i3h;* diman-
nosides Manal,3Man (ManD-ManA) and Manal,6Man (ManB-
ManA), trimannoside Manal,2[Manal,6]Man, (ManC-ManA-
ManB) were built from Manal,2Man using the Sketch module
of SYBYL; and trimannoside Manal,3[Manol,6]Man (ManD-
ManA-ManB) was built and fitted into DC-SIGN using the
correspond ligand (GlcNAc,Man;) from 1k9i.

The nomenclature used for the theoretical complex (1d13,
1d12, 1dl6, 1t26, 1t36) does mention if it is a dimanno-
side (d) a trimannoside (t) and the glycoside bond 1—3,
1—2, 1—-6 in Manal,3Man, Manal,2Man and Manal,6Man,
respectively and, 1—-2-6<«1, 1—-3-6<«1 in the trisaccharide
Manal,2[Manal,6]Man and Manal,3[Manal,6]Man. The dihe-
dral angles @, w and w are defined, following IUPAC definition,
as 05-C1-01-C,, C1-01-C,-C,, y and O5-C5-C6-0O6 respec-
tively, where C, and C, . ;/ are the aglyconic atoms. For a-D-Manp-
(1-6)-a-D-Manp, the @ is defined as O5-C1-O1-C¢', v C1-O1-
C6'—C5 and w O1-C6'-C5-OR’ where OR' is the endocyclic ring
oxygen.

To build the complexes, the ligands were first manually po-
sitioned within the binding pocket of the protein taking into
account the experimental data about the binding of 1k9i. Two
binding modes were examined for each of the disaccharides
Manol,6Man and Manal,2Man: one refers to the primary
binding site (complexes 1d12 and 1d16, respectively), which cor-
responds to the glycosidic bonds at the 3-position (Manal,3Man
in the pentasaccharide GIcNAc,Man;; ManD-ManA), and the
other involves the secondary binding site (complexes 2d12 and
2d16, respectively), corresponding to the glycosidic bonds at 6-
position (Manal,6Man in the pentasaccharide GlcNAc,Man;:
ManB-ManA). Regarding the disaccharide Manal,2Man, it was
only considered the primary binding site (1d13). Subsequent
energy minimization was performed using the AMBER99 force
field with geometry optimization of the sugar and the side chains
of the protein. Energy minimizations were carried out using
the Conjugate Gradient procedure until a gradient deviation of
0.005 kcal mol~' A~' was attained. A distance-dependent dielectric
constant was used in the calculations.

These complexes were used as input structure for docking
studies using FlexiDock command in the Biopolymer module.
FlexiDock software performs flexible docking of conformationally
flexible ligands into receptor binding sites and provides control of
ligand binding characteristics, taking into account rigid, partially
flexible, or fully flexible receptor side chains. FlexiDock incorpo-
rates the Van der Waals, electrostatic, torsional and constraint
energy terms of the Tripos force field, and it uses a genetic
algorithm to determine the optimum ligand geometry. Genetic
algorithms® (GA) borrow methodology and terminology from
biological (or Darwinian) evolution, in which they are an iterative
process where the most-fit members of a population will have the
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best chance of propagating themselves into future generations.
During the flexible docking analysis the residues involved in the
binding site (sphere of 7 A around the ligand), and the ligands were
considered flexible. The default SYBYL FlexiDock parameters
were utilized in all cases. Five runs of FlexiDock were performed
searching for the different binding modes with iterations set to
500-1000 generations per gene, where gene is the number of
rotatable bonds plus six, obtaining a series of model complexes.

The output complexes of FlexiDock were analyzed on the basis
of the score provided by FlexiDock, the dihedral angles @, v, w
and the distances of key residues. The conformations with typical
dihedral angles of each glycosidic bond at positions 2, 3, and 6
were clustered and the rest of the non-typical conformations were
eliminated. A member of each family was energy minimized. These
output complexes were again optimized until gradient 0.01 kcal
mol~' A" using the above mentioned conditions, the conformation
with the lowest score and fulfilling the experimental requirements
being chosen. The binding free energies (AGy, ) of all disaccharides
and trisaccharides complexes were calculated with the Structural
Thermodynamics Calculations V4.3 (STC) program® in order
to predict the interaction energy of each complex. The STC
program calculates the AGy,, from a parameterization (per Az
of polar and nonpolar ASA) of the heat capacity, enthalpy, and
solvation entropy obtained from a global fit of structural and
thermodynamic database of globular proteins. Carbohydrate—
protein interactions were calculated with the LPC program.®® As
selection criteria used to identify C—H - - - m interaction, we applied
those used by Brandl** and Kerzmann.** Fig. 7 shows the three
values d., 0y and dy,x. The limits are d., < 4.5 A, ag, > 110° and
dypx < 2.0 A,

Fig.7 Geometry of the C-H - - - m interaction.

NMR

NMR sample preparation. NMR experiments were recorded
in AVANCE Bruker instruments operating at 500.13 MHz, at
288 K. Samples of free 1 and 2 were prepared in 150 mM NaCl,
25mM d-TRIS (pH* = 8.1) in D, 0O after three cycles of deuterium
exchange by evaporation and resolution of the trisaccharide in
D,O. The samples in the presence of DC-SIGN EC were prepared
using 2 mM of carbohydrate and 40 uM of lectin, assuming a
monomeric state, in D,0O (150 mM NacCl, 25 mM d-TRIS, pH* =
8.1).

NMR experiments were performed using manufacturer pulse
sequences: dqf-COSY,** TOCSY,”” NOESY,® ROESY,* and
HSQC* implemented with z-pulsed field gradients when possible,
and acquired using time proportional phase incrementation
mode.*! The size of the acquisition data matrix for homonuclear
experiments was typically of 2k x 512 in F2 and F1 dimensions,
respectively. Data were processed using manufacturer software,

raw data were multiplied by shifted square sine window function
prior to Fourier transform, and the baseline was corrected using
polynomial fitting.

STD experiments were performed at 278 K using water-
gate solvent suppression at 0.5, 0.75, 1.0, 1.25, 1.5 and 2.0 s
saturation times using a train of Gaussian shaped pulses of
49 ms and 100-60 Hz power spaced by 1.0 ms delays.”® On-
resonance irradiation was performed at 0.9 ppm, appropriate
blank experiments were also performed to assure the absence of
direct irradiation on the ligand.

DC-SIGN EC expression and purification

Plasmids pET30b (Novagen) containing cDNA encoding the
EctoDomain ECD (corresponding to amino acids 66-404) of
DC-SIGN were used for overproduction as described previously.®
Proteins produced in inclusion bodies have been refolded as
already described.® Purification of functional DC-SIGN proteins
were achieved by an affinity chromatography on Mannan-agarose
column (Sigma) equilibrated in 25 mM Tris-HCI1 pH 7.8, 150 mM
NaCl, 4 mM CaCl, (Buffer A) and eluted in same buffer
lacking CaCl, but supplemented with 10 mM EDTA. This step
was followed by a superose 6 size exclusion chromatography
equilibrated in buffer A. Protein was concentrated to 9mgml~' and
dialysed three times against the deuterated buffer 25 mM Tris DCI,
150 mM NaCl, 4 mM CaCl, at pD 7.8 in D,O (deuterated Tris-
d11 (98%) was purchased from Cambridge Laboratories Inc. and
the D,O from Spectra Stable Isotopes). Protein was then stored in
liquid nitrogen.
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Various aza-analogues of 1,4-naphthoquinone and menadione were prepared and tested as inhibitors
and substrates of the plasmodial thioredoxin and glutathione reductases as well as the human
glutathione reductase. The replacement of one to two carbons at the phenyl ring of the
1,4-naphthoquinone core by one to two nitrogen atoms led to an increased oxidant character of the
molecules in accordance with both the redox potential values and the substrate efficiencies. Compared
to the 1,4-naphthoquinone and menadione, the quinoline-5,8-dione 1 and both quinoxaline-5,8-diones
5 and 6 behaved as the most efficient subversive substrates of the three NADPH-dependent disulfide
reductases tested. Modulation of these parameters was observed by alkylation of the

aza-naphthoquinone core.

Introduction

Tropical malaria is caused by the apicomplexan parasite Plas-
modium falciparum,! which invades and multiplies in red blood
cells. Red cell lysis releases fresh merozoites into the blood stream
every two days and leads to the fever characterizing malaria.
Each year, an estimated number of three million deaths due to
malaria and up to 500 million episodes of clinical illness occur
worldwide. Africa has more than 90% of this burden.? The rapid
development of resistance to clinically available drugs leads to
the urgent call for the identification of effective and affordable
alternative antimalarial regimens.**

The detoxification of reactive oxygen and nitrogen species
(ROS and RNS) is a challenge for erythrocytes infected with
Plasmodium. Like many tumor cells, malarial parasites grow and
multiply rapidly, have a high metabolic rate producing oxidative
by-products, are under oxidative attack by the host immune
system, and have to detoxify large quantities of redox-active
heme.®* Redox metabolism has thus become an attractive target
for antimalarial drug development.”®

The two major antioxidant defense lines in Plasmodium are
provided by the glutathione and the thioredoxin system."*!* Both
systems are NADPH dependent and are driven by homodimeric
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FAD-dependent oxido-reductases, namely glutathione reductase
(GR, E.C. 1.8.1.7) and thioredoxin reductase (TrxR, E.C. 1.6.4.5).
Glutathione reductase reduces glutathione disulfide into glu-
tathione. Both glutathione reductases from the human erythrocyte
and from the malarial parasite were identified as targets of
antimalarial drugs.'™? Also, Mediterranean populations with
genetic glucose-6-phosphate dehydrogenase deficiency provide a
natural biomimetic knock-out version of human GR because the
enzyme is the main provider of NADPH for GR in the erythrocyte.
The deficiency is not lethal for humans but prevents a severe
attack of malaria since the oxidative stress released in the red
blood cells makes a milieu hostile for Plasmodium. Consequently,
a rapid elimination of these cells from the circulation occurs by en-
hanced phagocytosis via complement activation.” GR is inhibited
by numerous redox-cyclers including 1,4-naphthoquinones,!#
phenothiazinium derivatives,'””® and nitroaromatics.” Methylene
blue, a potent GR turncoat inhibitor or subversive substrate,"
was the first synthetic antimalarial drug used in human medicine
at the beginning of the 20" century but was abandoned with
the launch of chloroquine in the 1940s.° Turncoat inhibitors or
subversive substrates of disulfide reductases are known to inhibit
the physiological reaction while being used as substrates.? In the
presence of oxygen, the reduced drug is reoxidized following one-
or two-electron transfer reactions, leading to both a steady flux of
reactive oxygen species and a waste of the NADPH pool in the
cells. Hence, the disulfide reductase activity of these antioxidant
enzymes is transformed into a prooxidant activity under the
efficient catalysis of the subversive substrates. Recently, the GR-
catalysed 1,4-naphthoquinone reduction was shown to occur at
the flavin of a reduced enzymic species of Plasmodium falciparum
GR.*

TrxR reduces the small protein thioredoxin (Trx) which is
present in the parasite in different isoforms involved in redox
regulation, peroxidase activity and ribonucleotide reduction.”? The
fact that catalase (detoxifying hydrogen peroxide) and glutathione
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peroxidase (reducing peroxides glutathione-dependently) are ab-
sent in the parasite suggests that the thioredoxin system plays a
prominent role in P. falciparum. This hypothesis is supported by
PfTrxR knock-out studies, proving that this enzyme is essential
for erythrocytic stages of the parasite.® In comparison with GR,
TrxR possesses an additional redox center which is located on a
flexible C-terminal arm. PfTrxR has been mechanistically studied
in detail including the different steps of electron transfer and the
function of the active site residues.'**** The fact that PfTrxR is not
selenium-dependent and differs in its C-terminal active site motif
(CGGGKC) from human TrxR (Cys-Sec) represents a specific
starting point for the development of antiparasitic drugs. Several
lines of drug development are presently being followed.”-*26
A high-throughput screening of 350000 compounds identified
Mannich bases?”® and nitroaromatics® as new classes of TrxR
mechanism-based inhibitors or subversive substrates. Optimiza-
tion of subversive substrates as catalytic inhibitors is a promising
strategy to catalytically affect the reducing milieu of target cells
and to observe specific cell responses. In order to increase the rate
of the electron bypass at the reduced flavin of disulfide reductases,
the design of new 1,4-naphthoquinones with increased oxidant
character and affinity is essential.

Among all synthetic 1,4-naphthoquinones developed as an-
timalarial drugs so far, only atovaquone was launched on the
market. Hydroxy-naphthoquinones are competitive inhibitors of
the cytochrome bc, complex that bind to the ubiquinol oxidation
site between cytochrome b and the iron—sulfur protein and
presumably mimic a transition state in the ubiquinol oxidation
reaction catalyzed by the enzyme.*® As mentioned earlier,*® only
quinones, e.g. menadione, of the appropriate redox potentials are
likely to be toxic to red cells by affecting the redox equilibrium.
Atovaquone, which has a higher redox potential, has no effect on
disulfide reductases (data not shown). To optimize the antimalar-
ial hydroxy-naphthoquinones, some hydroxy-5,8-quinolinediones
were also synthesized as atovaquone analogues.® Also, a direct
link had been earlier evidenced between the selective guanylate
cyclase inhibitor 6-anilino-5,8-quinolinedione (LY83583) and the
GSSG increase resulting from GR-catalysed reduction of the
compound, but no optimization based on structure-GR inhibition
relationships was further developed.®

Here, we describe the aza-analogues of 1,4-naphthoquinones
as potent substrates and inhibitors of disulfide reductases, par-
ticularly of P falciparum TrxR. The reactivity of quinoline-
5,8-diones and quinoxaline-5,8-diones was compared to that of
1,4-naphthoquinones to examine the effect of nitrogen of the
heterocycle on redox potentials, and both inhibitory capabilities
and substrate efficiencies in three disulfide reductase assays.

Results and discussion
Chemistry

Quinolinediones and quinoxalinediones 1-6 are described com-
pounds, and known approaches for the chemical preparations
were applied here with slight modifications and by taking into
account the availability of the starting materials (Scheme 1).
For example, quinolinedione 1 can be derived from the com-
mercially available 8-hydroxyquinoline following oxidation with
potassium nitrosodisulfonate***s or with oxygen,***” but we found

OH o
= oxidation =
N
N N
0
1
o 0
= Br = 18
é i cycloaddition R
+ | CH \
. | 3 —_— X
N Y
N(CHz), 0 o}

2: R=
3: R=7-CH;
4: R=6-CHz and 7-CH3

OCHj o}
HoN RN
=
1) R-CO-CO-R I |
N
H,N 2) CAN R N
OCHs o}
7 5: R=H
6. R=CH,

Scheme 1 Routes to 5,8-quinolinediones and 5,8-quinoxalinediones.

it more convenient to use bis(trifluoroacetoxy)iodobenzene as
the oxidizing reagent.® The methyl-substituted analogues, 2,%
3,441 and 4, which were previously prepared from oxidation
of aminoquinoline derivatives, were obtained here by cycload-
ditions of an 1-azadiene®® with bromo-quinone partners; indeed,
although 1-azadienes are not that reactive—for a discussion of
relevant factors see ref. 44—the cycloaddition of acroleine-N, N-
dimethylhydrazone* proceeded with 5-methyl-,**" 6-methyl,***
and 5,6-dimethyl-*° 2-bromobenzoquinones to produce the desired
quinones (2 and 3 < 10%; 4, 40%).

Quinoxalinediones 5°%%* and 6 could be obtained via a
Hinsberg reaction of ortho-diamine 7 with glyoxal or biacetyl
respectively, which was followed by ceric ammonium nitrate
(CAN) oxidation (Scheme 1). While several procedures have been
recently devised to ease the isolation of diamine 7 in the pure
state®>** from the reduction of a mixture of ortho and para dinitro
isomers (8/9) (Scheme 2), it was found advantageous to perform

OCH3; OCH3; OCH3;
O,N O,N
HNO3
_— +
OZN N02
OCHs OCH, OCH,
8 9
OCH3
HaN
Hp, Pd/C Hp, Pd/C 7
78 % O,N 97 %
OCH3
10

Scheme 2 Obtention of ortho-diamine 7.
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a step-by-step reduction® since the ortho amino nitro 10 could be
easily isolated in good yield by mere filtration on a short column of
silica gel; such a stepwise procedure avoids the separation of 8 and 9
or of the corresponding diamines (it is noteworthy to mention that
the preparation of the synthetically-useful building-block 10%
previously derived in 5 steps from 2,5-dihydroxybenzoic acid® is
here significantly improved). Then, condensation of 7 with glyoxal
or diacetyl followed by CAN oxidation (Scheme 1) afforded 5 and
6 in pure state (68% and 85% overall yield, respectively).

Electrochemistry

The reduction of aza-analogues of 1,4-naphthoquinone and
menadione has been studied using cyclic voltammetry in organic
and aqueous electrolytes. In agreement with a previous study,*
it appears that the quinoline-5,8-dione is easier to reduce to its
radical anion form than the 1,4-naphthoquinone, (E,,, = —0.57
and —0.66 versus SCE in DMF electrolyte, respectively). It is also
known that the quinoxaline-5,8-dione is reduced at a more positive
potential than the 5,8-quinolinedione in organic electrolytes.® In
addition, E,,, values for the reversible one-electron reduction of
quinolinediones, recorded in DMF as solvent, provide data on
their relative ease of reduction according to the substitution by
methyl groups at the 6 and 7 positions. The reduction potential
for the quinoline-5,8-dione (E,,, = —0.57 versus SCE) is in good
agreement with that already found in the same electrolyte (E,, =
—0.62 versus Ag/AgCl).”® Not surprisingly, the quinolinediones
are increasingly difficult to reduce when they are substituted with
one (E,, = —0.63 to —0.64 V versus SCE) and two (E,,, = —0.72
versus SCE) electron-donating methyl groups. Little variation
of the E,, value (AE = 10 mV) is observed when the aza-
naphthoquinone is substituted with a methyl group at the 7
position instead of at the 6 position.

It is well known that reduction of quinones in aqueous
electrolytes consumes two electrons and two protons to form the
corresponding hydroquinones and that the reduction potential is
pH-dependent.® It has been established that the quinolinediones
present a similar reduction behavior.® For the quinoxalinediones,
the reduction occurs in a two-step process since the reduction
of the quinone moiety is followed at a more negative potential
than the value observed for the reduction of the quinoxaline
moiety.® The reduction of 1,4-naphthoquinone, menadione, and
different aza-analogues of naphthoquinone has been studied
under physiological conditions in phosphate buffer at pH 7. The
cyclic voltammetry data are summarized in Table 1. The reduction
peak potential values follow the same trends as the half-wave
potentials measured in organic electrolytes. As a matter of fact,
the absence of an electron-donating methyl group in the 1,4-
naphthoquinone makes it easier to reduce than the menadione.
Moreover, the mono-substituted quinoline-5,8-diones 2 and 3,
at the 6 or 7 positions by methyl groups, are easier to reduce
than menadione itself; the absence of an electron-donating methyl
group in the quinolinedione 1 makes it much easier to reduce but
the presence of two methyl groups in the di-substituted quinoline-
5,8-dione 4 affects the redox potential to more negative values.
As expected, the quinoxalinedione 5 presents the more oxidant
character, while its 2,3-dimethyl derivative 6 appears slightly
more difficult to reduce. A similar trend was observed for the
reduction of aza-anthraquinones in DMF, where the 1,4,5,6-

Table 1 Cyclic voltammetry data® for reduction of the quinones® in
phosphate buffer (pH 7)

E,. (V versus

Quinone Structure E,. (V versus SCE) MV / MV )¢
1,4-NQ o] —259 0.464
o]
Menadione o —0.335 0.388
o}
1 o] —0.218 0.505
Z
SN
o}
2 o] -0.279 0.444
=
SN
o}
3 o] —0.282 0.441
Z
SN
o
4 o] -0.317 0.406
Z
SN
(o}
5 N o —0.163 0.560
]
N
(o}
6 o —0.211 0.512

L

* E, is the reduction peak potential; scan rate 100 mV s™'. * Potential of the
quinone/hydroquinone redox system. ¢ Measured versus the MV/MV**
redox couple used as an internal reference. Under the same conditions,
methylene blue, plumbagin, and naphthazarin exhibited reduction poten-
tial values of —0.23 and 0.49, —0.320 and 0.403, and —0.330 and 0.393,
respectively.

tetraazaanthra-9,10-quinone appeared easier to reduce than its
2,3,6,7-tetramethyl derivative.® Noteworthy is that recent studies
on humanNAD(P)H:quinone oxidoreductase, identified as a two-
electron reductase upregulated in tumour cells, was shown to
be inhibited by heterocyclic quinones with increased oxidant
character and acting as excellent substrates of this flavoenzyme.®*%*

Enzyme studies

Inhibition of human and P. falciparum glutathione reductases
(hGR, PfGR) and P. falciparum thioredoxin reductase (PfTrxR)
by the aza-naphthoquinones was followed under steady-state con-
ditions. As previously observed,' inhibition of disulfide reductases
depends on both the redox potentials and the structural features
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governing recognition by the enzyme. Following the determination
of the redox potentials of the mono- and diaza-naphthoquinones
by cyclic voltammetry, we evaluated the influence of the nitrogen
atom(s) at the naphthoquinone core on the inhibitory potencies.
In all enzyme assays, the activity was directly measured in the
presence of different concentrations of the inhibitor at a fixed
substrate concentration (I mM GSSG and 26 uM Trx(S), in
GR and TrxR assays, respectively). The inhibitor concentrations
causing 50% inhibition are given in Table 2 and compared to
the values of menadione and 1,4-naphthoquinone (1,4-NQ). In
GR assays, as previously discussed, the high GSSG concentration
is used in order to select the most effective inhibitors (ICs,
values < 10 uM) by comparison with menadione (ICs, values =

Table 2 Aza-analogues of menadione as inhibitors of P. falciparum and
human glutathione reductases and of P. falciparum thioredoxin reductase

ICs, /uM
Quinone Structure
PfTrxR PfGR hGR
1 0] 1 >130 >150
7
N
N
(0]
2 0] 3 11 9
Z
),
N
(0]
3 0] 16 28 13
=
),
N
(0]
4 o] 10 25 18
@ii
NS
N
O
5 0o 0.8 37 36
N
~
)
N
(0]
6° o) 1 85 34
N
~
LI
N
(0]
Menadione o} 1.6 420 27.5°
(0]
1,4-NQ o 0.75 22 1.3
(0]

“ Reacts with NADPH at high concentration. * From ref. 16

42 uM and 27.5 uM in PfGR and hGR assays, respectively)
and 1,4-naphthoquinone (ICs, values = 2.2 uM and 1.3 uM in
PfGR and hGR assays, respectively). In TrxR assays, low ICj,
values for menadione and 1,4-naphthoquinone were obtained
(ICs values = 1.6 and 0.75 pM, respectively). Under these
conditions, all three FAD-disulfide oxidoreductases are inhibited
by aza-naphthoquinones with different specificities. While the
1,4-naphthoquinone is the most potent inhibitor of all disulfide
reductases, the quinolinedione 1, and both quinoxalinediones 5
and 6, behaved as the most specific TrxR inhibitors with a similar
(even slightly increased) inhibition profile as shown by menadione.
Among the three aza-analogues, the quinoxalinedione S is as active
as the 1,4-naphthoquinone (ICs, values = 0.8 uM). The three
compounds are poor GR inhibitors with ICs, values higher or in
the same range as the values shown by menadione. Regarding the
GR assays, the aza-analogue of menadione, the quinolinedione
2, is the most potent GR inhibitor with the lowest ICs, values
determined in this study.

In order to investigate the inhibition of P. falciparum TrxR at
varying Trx concentrations (6244 pM), kinetics were performed
with saturating NADPH (100 uM) and GSSG (1 mM) concen-
trations in the presence of potent (aza)-naphthoquinones, 1,4-NQ
(Fig. 1, panels A,B) or 6 (Fig. 1, panels C,D). Both Cornish-
Bowden plots (panels A,C, Fig. 1) and Lineweaver—Burk plots
(panels B,D, Fig. 1) for 1,4-NQ and 6 were consistent with
competitive inhibition (eqn (1) in the experimental part). From
secondary plots (insets from panels B,D) expressing 1 + [[]/K; as
a linear function of inhibitor concentration, the K; values for 1,4-
NQ and 6 were determined as 0.20 - 0.01 uM and 0.49 £ 0.02 uM,
respectively. This result is similar to the recent determination of
the inhibition type found for 9,10-phenanthrene quinone and rat
TrxR.% Using DTNB as the disulfide substrate, 9,10-phenanthrene
quinone was found to be competitive with a K; value of 6.3 uM.

In the assays in the absence of the physiological disulfide,
the enzyme-catalysed quinone reductase activity was determined
following NADPH oxidation at varying quinone concentrations.
The same three aza-naphthoquinones, the quinolinedione 1, and
both quinoxalinediones 5 and 6, behaved as the most efficient
TrxR substrates with catalytic efficiencies, as shown by the k.,./ K,
values (Table 3), higher than those of menadione. This observation
is in agreement with the higher oxidant character of these
compounds revealed by cyclic voltammetry. In the GR assays, the
quinolinedione 1 and the quinoxalinedione 5 displayed the greatest
efficiencies when compared with menadione. Surprisingly, the
three aza-analogues of menadione, 2, 3, and 4, showed decreased
dynamic specificities, evidencing that the redox potential is not
the sole requirement to divert the electrons at the reduced enzyme.
Structural features are likely to play a role in GR recognition.
Most of the quinones studied in this work showed classical
Michaelis—Menten kinetics in agreement with the various plots
shown in Fig. 2. In some enzymic studies, sigmoidal responses were
observed showing the complexity of the kinetics in the presence of
compounds 3, 4, and 6 (noted as ‘nd’ in Table 3).

The FADH,-mediated quinone reduction has been evidenced
with GR, and other related disulfide reductases.®® Since in TrxR
the reducing equivalents are transferred from NADPH via FAD to
the N-terminal active site and from there to the C-terminal active
site of the other subunit, the active site thiol (selenol) residues were
also suggested to be involved in the mechanism of inactivation
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Panels A,C: Cornish-Bowden plots showing inhibition of PfTrx reduction at a fixed NADPH concentration (100 uM) in the presence of ImM GSSG and
PfTrx as variable substrate, and increasing inhibitor concentrations: 0-0.5-1.0-2.5 uM 1,4-NQ (panels A,B) and 0-0.5-0.75-1.0 uM inhibitor 6 (panels
C,D). Trx concentrations used were 6 (@) — 15 (0J) — 30 () — 61 (A) — 122 (¥) — 244 (O) uM in the experiment with 1,4-NQ (panels A,B); in the experiment
with 6 Trx concentrations used were 15 (@) — 30 (C) — 61 (¢) — 122 (A) uM (panels C,D). 1% final DMSO was present in all measurements. Panels B,D:
corresponding Lineweaver—Burk plots showing inhibition of PfTrx reduction using the same PfTrx, GSSG, NADPH and inhibitor concentrations as
given in panels A,C, respectively. Insets from panels B,D: secondary plots expressing 1 + [I]/K; as a linear function of inhibitor concentration for 1,4-NQ,
inset panel B and for 6, inset panel D. Assuming competitive inhibition with respect to PfTrx, the K; values for 1,4-NQ and 6 were determined as 0.20 +

0.01 uM and 0.49 + 0.02 uM, respectively.

by naphthoquinones. As previously described by Cenas et al.,*®
various quinones are reduced efficiently by TrxR. Certain quinones
(e.g. phenanthrene-9,10-quinone) were proposed to be mainly
reduced by the C-terminal selenol thiol motifs of mammalian
TrxR whereas other quinones (e.g. juglone) are reduced at the
N-terminal active site in interaction with the enzyme-bound FAD.

Finally, inactivation of P. falciparum TrxR by two representa-
tives, i.e. 1,4-NQ and 5, among the most potent naphthoquinones
is shown, and it followed pseudo-first order reaction kinetics. The
experimental data allowed us to apply the derivation established by

Kitz and Wilson® for irreversible inactivation. Semi-logarithmic
plots (Fig. 3, panels A,B) of the fraction of non-inhibited enzyme
activity In(v;/v,) versus incubation time yielded linear curves with
increasing slopes, equivalent to the apparent rate constant of
irreversible inhibition (k). The secondary plot (Fig. 3, insets of
panels A,B) expressing k.. as a function of inhibitor concentration
followed eqn (2) given in the experimental part, where K,
represents the dissociation constant of the inhibitor, and 4; is the
first order rate constant for irreversible inactivation, respectively.
The dose-response curve for 1,4-NQ and the P. falciparum TrxR,
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Table 3 Kinetic parameters of P. falciparum thioredoxin and glutathione reductases, and of human glutathione reductase with the aza-naphthoquinone
analogues as substrates

Kinetic parameters

PfTrxR PfGR hGR
Quinone Ko/uM ko /s™' ko/Ky/100 M7 s™t K /UM kg /sTt ko / Kn/100 M7 sT K /uM kg /sTY ke /KW /100 M s
(0]
Z
SN 78.3 30.25 386.3 234.4 1.55 6.61 363.5 2.23 6.13
(0]
1
(0]
7
\N 605.4 67.35 111.2 410.4 0.35 0.83 420.8 0.35 0.83
[¢]
2
(0]
Z
SN nd nd nd 404.4 0.39 0.96 224.5 0.13 0.58
(e]
3
(0]
Z
\N nd nd nd 85.8 0.08 0.99 413.0 0.11 0.27
(0]
4
o
N
]
\Nﬁ 28.6 6.25 218.3 56.2 0.35 6.2 59.5 0.34 5.71
(0]
5
(0]
N
X
\N]frj 51.0 9.23 181.0 nd nd nd nd nd nd
(0]
6
O a a
188.0 30.7 163.5 82.2 0.16 1.99 31.2 0.16 5.33
(0]
menadione
69.4 12.5 180.1 172.1 1.08 6.3 158.1 1.08 6.8

0 O
OOQO

\p.—l
+

“ From ref. 15; nd: not determined.
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Fig. 2 Quinone reductase activity of thioredoxin and glutathione reductases from P. falciparum. The quinone reductase activity of P. falciparum TrxR
(panel A) in the presence of 1,4-naphthoquinone (1,4-NQ) (-O-), or 5 (-[J-), or 6 (-A-), and of P. falciparum GR (panel B) in the presence of 1,4-NQ
(-O-), or 1 (—4-), or 3 (-l-) was tested by monitoring the oxidation of NADPH at 340 nm, at 25 °C, and pH 7.4 in TrxR assay (pH 6.9 in GR
assays), under steady-state conditions. The quinone was dissolved in DMSO and the NADPH-oxidation activity was measured at four to five different
concentrations in duplicate (0-200 M) in the presence of 1% DMSO. The initial rate for aerobic NADPH oxidation activity of modified P. falciparum
enzymes was subtracted from the rates measured in the presence of the naphthoquinone. For the determination of K,, and V', values, the steady-state
rates were fitted by using nonlinear regression analysis software (Kaleidagraph) to the Michaelis—-Menten equation,” and the turnover number k., and
the catalytic efficiency k., /K., were calculated.
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Fig.3 Time-dependent inactivation of Plasmodium falciparum thioredoxin reductase by 1,4-naphthoquinone (1,4-NQ) and the aza-naphthoquinone 5.
P. falciparum TrxR (1.23 nmol in 200 pL) was incubated in the presence of 160 uM NADPH and inhibitor at 0.25, 5, 10, and 15 min-incubation periods.
2% final DMSO was present in all incubation mixtures. Inhibitor concentrations used were: 0 (@), 0.5 (A), 1.0 (), 2.0 (O), and 5.0 (¥) uM for 1,4-NQ
(panel A) and 0 (@), 0.5 (¢), 1.0 (W), 2.0 (), 3.0 (¥), 4.0 (O), and 5.0 (#) for aza-naphthoquinone 5 (panel B). The k., data versus [I] were fitted to
eqn (2) (see text), which resulted in the hyperbolic curve shown in the inset from both panels A and B. The dissociation constants and the first order rate
constants for irreversible inactivation for 1,4-NQ (inset, panel A) and aza-naphthoquinone 5 (inset, panel B), were determined as K; = 8.0 + 2.2 uM and
ki =0.35+0.06 min~' and K; =4.4 + 2.2 uM and k; = 0.10 & 0.02 min~', respectively.

gave a hyperbolic curve, allowing estimation of k; as 0.35 =+
0.06 min~', K; = 8.0 & 2.2 uM, and second order rate constant
ki/K;as 0.7 x 10° M~' s7! (Fig. 3, inset of panel A). The resulting
half-time value (#,,,) of inactivation of P. falciparum TrxR was
determined as 2.0 min. In an additional kinetic experiment (Fig. 3,

panel B), we observed that Plasmodium TrxR was also inactivated
upon incubation of the enzymes with NADPH and the aza-
naphthoquinone 5. The rate constant k;, the dissociation constant
K, the second order rate constant k;/K; of the inhibitor 5 and the
resulting half-time value (¢,,,) for the inactivation of P. falciparum
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TrxR were determined as 0.10 + 0.02 min~', 4.4 + 2.2 uM, 0.4 x
10° M~' s7!, and 7.0 min, respectively (Fig. 3, inset of panel B).
In both cases, incubation of the enzymes with inhibitor in the
absence of NADPH did not result in any inactivation, indicating
that reduction of the enzyme is a prerequisite for this mechanism-
based inactivation.

Furthermore, the inactivation of P. falciparum TrxR studied in
this work was compared with other studies performed with rat
TrxR.% For rat TrxR inactivation, a prereduction of the enzyme
was also necessary. Interestingly, in this study, the fully substituted
aziridinylbenzoquinones and daunorubicin, which are used as
anticancer agents, were poor substrates and almost inactive as
reversible inhibitors of rat TrxR (K; > 400 uM in the DTNB assay)
but were able to inactivate the enzyme significantly, suggesting no
correlation between disulfide reduction, substrate efficiencies, and
enzyme inactivation. This lack of correlation was also observed
with trypanothione reductase inhibitors by us and other groups.
The most rational explanation might involve cooperative effects
towards the binding of NADPH and oxidant molecules (e.g
0,, quinones) responsible for complex kinetics with the different
members of the NADPH-dependent disulfide reductases. In our
study, the non Michaelis-Menten behaviour was also observed
in quinone reduction assays with some aza-naphthoquinones
that showed sigmoidal responses when the initial velocity was
plotted as a function of the quinone concentration (data not
shown). Thus, the type-dependent inhibition of flavoenzymes
by electron-acceptors might not necessarily imply irreversible
covalent modification of the protein. This hypothesis is supported
by previous studies involving alkylated quinones—where Michael
addition by nucleophiles is not possible—showing a high rate of
rat TrxR inactivation despite a weak competitive inhibition under
steady-state conditions.® The TrxR inactivation observed by us
and other groups could be interpreted as the result of the shift of
the equilibrium between distinct reduced enzymic species involved
in the catalytic cycle in favour of the generation of an inactive
enzyme in the presence of an excess of both NADPH and quinones
or O,. In the future, more work is necessary, likely under anaerobic
conditions, in the field of single-enzyme kinetics based on confocal
microscopy techniques, and photoaffinity labeling studies along
with mass spectrometry analyses.

In conclusion, our results show that the modulation of disulfide
reduction inhibition by 1,4-naphthoquinones can be achieved
both by the introduction of nitrogen atoms within the aromatic
ring as well as by variation of the substitution pattern of the
naphthoquinone core. In the future, introduction of the structural
diversity at the quinoline-5,8-dione and quinoxalin-5,8-dione
might render possible the selection of specific lead compounds
to develop as antimalarial agents through the plasmodial TrxR
and GR inhibition.

Experimental
Chemistry

All starting chemicals, including the studied 1,4-naphthoquinone,
menadione, plumbagin, and methylene blue, were purchased from
Acros or Aldrich and used as received. Reactions were monitored
by thin layer chromatography (TLC) using aluminium-backed
silica gel plates (Merck, Kieselgel 60 PF,,); TLC spots were

visualized under ultraviolet light and also after spraying with 5%
ethanolic phosphomolybdic acid followed by heating. Chromato-
graphic purifications were performed by column chromatography
using Macherey-Nagel silica gel 60 (0.063-0.2 um). Melting points
were recorded (heating rate = 1° C min™') on a Biichi B-545
apparatus. IR spectra were recorded with a Nicolet ‘Magna
550’ spectrometer using ATR (attenuated total reflexion). NMR
spectra were recorded on Bruker Advance 300.12 or Advance
400.13 spectrometers; chemical shifts () are given in ppm using
internal reference (6 ['H] CHCI; = 7.26, 6 [*C] CDCl, = 77.0);
coupling constants, J, are given in Hertz. Mass spectra were
obtained with a Bruker Daltonics Esquire 3000 Plus ion-trap
spectrometer (ESI) and with a Thermo Fisher Scientific Polaris
Q spectrometer, using ammonia—isobutane 63 : 37 for chemical
ionisation. Elemental analyses were performed by the ‘Service de
Micro-Analyses’, Département de Chimie Moléculaire, Grenoble.

Quinoline-5,8-dione 1

To a solution of bis(trifluoroacetoxy)iodobenzene (2.500 g,
2.30 mmol, 1.15 equiv.) in acetonitrile (4 mL) was added water
(2mL); after cooling to 4 °C (which resulted in some precipitation),
8-hydroxyquinoline (0.290 g, 2.0 mmol) was added portionwise
and the cooling bath was removed; the resulting mixture was
then stirred for 3 h (the reaction was stopped after all starting
material had been consumed, thus allowing isolation of 1 without
chromatography). After filtration of the insoluble fraction, water
(10 mL) was added and acetonitrile evaporated under reduced
pressure; the aqueous layer was extracted with dichloromethane
and the organic layer thoroughly washed with water to yield,
after drying and evaporation of the volatiles, 1 (0.283 g, 89%);
mp 105 °C (dec.) from EtOH (lit.,* 113-5 °C); (Found: C, 67.96;
H, 3.21; N, 8.69. Calc. for C;H;NO,: C, 67.93; H, 3.17; N, 8.81%);
Amax (EtOH/nm) 240.1 (1it.*°); v, (neat)/cm="' 2970 (C-H), 1668
(C=0) and 1578 (C=C); 64(300 MHz; CDCl;) 7.05 (2H, AB
system, J 10.3, 6-H/7-H), 7.64 (1H, dd, J 8.0 and 4.7, 3-H), 8.37
(1H, dd, J 8.0 and 1.7, 4-H) and 9.00 (1H, dd, J 4.7 and 1.7,
2-H), (lit., ref.%); 5 (75 MHz; CDCl;) 127.8, 129.1, 134.5, 138.0,
139.1, 147.4, 154.8, 183.1 (C=0) and 184.5 (C=0), (lit., ref.?");
m/z (DCI*) 160.1 ((M + HJ*).

2-Bromo-5-methyl-1,4-benzoquinone

To a stirred solution of 4-bromo-2,5-dimethoxytoluene®® (0.300 g,
1.30 mmol) in acetonitrile (6 mL) was added dropwise a solution
of ceric ammonium nitrate (2.139 g, 2.90 mmol, 3 equiv.) in water
(6 mL). After 30 minutes at room temperature, the mixture was
extracted with CHCl; (3 x 10 mL) and the organic layer was
washed with water (10 mL), dried over MgSO, and concentrated to
afford the title compound (0.237 g, 1.18 mmol, 91%); mp 94-5 °C
(1it.,* 105-7 °C); (Found: C, 41.91; H, 2.19. Calc. for C,H;BrO,:
C, 41.83; H, 2.51%); vmu(neat)/cm=" 3039 (CH;), 1646 (C=0),
1626 (C=0), 1585 (C=C) and 670 (C-Br); 04(400 MHz; CDCl;)
2.07 (3H, d, J 1.5, CH,), 6.79 (1H, q, J 1.5, 6-H) and 7.27 (1H, s,
3-H), (lit., ref.*); 5.(100 MHz; CDCl;) 15.6 (CH,), 132.5 (CH),
137.4 (Cyu), 138.1 (CH), 146.4 (C,.), 179.4 (C=0) and 185.1
(C=0), (lit., ref.*®); m/z (DCI~) 200.3 and 202.2 ((M]").
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6-Methylquinoline-5,8-dione 2

To a solution of 2-bromo-5-methyl-1,4-benzoquinone (60 mg,
0.297 mmol) in toluene (2 mL) was added acrolein
dimethylhydrazone* (30 mg, 0.297 mmol, 1 equiv.). The reaction
mixture was heated at 80 °C for 4 h, and after cooling and
evaporation of the volatiles, the crude residue (83 mg) was purified
by chromatography on silica gel (ether with gradient of ethanol) to
give 2 (5 mg, 9%); mp 141 °C (dec.), (lit.,** 177-80 °C (dec)); Amax
(EtOH/nm) 260.0, 240.1 (1it.**); v, (neat)/cm~"' 3061 (CH;), 2924
(C-H), 1676 (C=0), 1660 (C=0) and 1575 (C=C); (300 MHz;
CDCl,) 2.27 (3H, d, J 1.5, CH,), 6.92 (1H, q, J 1.5, 7-H), 7.66
(1H,dd, J 7.8 and 4.7, 3-H), 8.39 (1H, dd, J 7.8 and 1.8, 4-H) and
9.03 (1H, dd, J 4.7 and 1.8, 2-H), (lit., ref.*?); 6.(75 MHz; CDCl;)
16.7 (CH,), 127.5, 129.1, 134.3, 135.0, 147.8, 149.1, 154.5, 183.7
(C=0) and 184.2 (C=0); m/z (ESI*) 173.9 ((M + HJ").

7-Methylquinoline-5,8-dione 3

To a solution of 2-bromo-6-methyl-1,4-benzoquinone®*

(101 mg, 0.5 mmol) in toluene (2 mL) was added acrolein
dimethylhydrazone* (0.223 g, 2.27 mmol, 1 equiv.). The reaction
mixture was heated at 80 °C for 4 h and after cooling and
evaporation of the volatiles, the crude brown residue (130 mg)
was purified by chromatography on silica gel (ether with gradient
of ethanol) to afford 3 (6 mg, 7%); mp 131 °C (dec.) (lit.,*
175-80 °C); dx(300 MHz; CDCl;) 2.23 (3H, d, J 1.5, CHs;), 7.01
(1H, m, 6-H), 7.67 (1H, dd, J 7.9 and 4.7, 3-H), 8.44 (1H, dd, J 7.9
and 1.7, 4-H) and 9.02 (1H, dd, J 4.7 and 1.7, 2-H); 6-(75 MHz;
CDCl;) 16.3 (CHs), 127.5, 129.5, 134.6, 136.1, 147.8 (2x), 154.5,
183.3 (C=0) and 185.0 (C=0); m/z (ESI*) 173.9 (M + H]*).

6,7-Dimethylquinoline-5,8-dione 4

To a solution of 2-bromo-6,7-dimethyl-1,4-benzoquinone
(0.109 g,0.51 mmol, 1 equiv.) in toluene (1 mL) heated at 80 °C was
added dropwise a 1 M solution of acrolein dimethylhydrazone*
in toluene (1.48 mL, 1.52 mmol, 3 equiv.). After 15 h heating,
0.45 mL of the latter solution (0.46 mmol, 0.9 equiv.) was added
again, and the reaction was stopped after a further 18 h stirring, at
which stage no starting material remained. The volatiles were then
removed under reduced pressure and column chromatography on
silica gel (Et,0) yielded 4 (0.039 g, 41%); mp 152 °C (CHCl;—
pentane) (lit.,* 165-7 °C); (Found: C, 70.88; H, 4.85; N, 7.55. Calc.
for C,;,H,NO,: C, 70.58; H, 4.85; N, 7.49%); v (neat)/cm=" 3005
(CH,), 1667 (C=0), 1616 (C=0) and 1578 (C=C); §,4(400 MHz;
CDCl;) 2.14 and 2.18 (6H, s (x2), CH;), 7.58 (1H, dd, J 8.0 and
4.5, 3-H), 8.33 (1H, dd, J 8.0 and 1.5, 4-H) and 8.92 (1H, dd, J
4.5 and 1.5, 2-H); 0.(75 MHz; CDCl;) 12.7 (CHj;), 13.0 (CHs),
127.2, 128.8, 134.2, 142.9, 144.4, 147.5, 154.1, 183.1(C=0) and
184.1(C=0); m/z (DCI*) 189.4 (M + HJ").

1,2-Diamino-3,6-dimethoxybenzene 7

To a solution of 10 (3.372 g, 17.03 mmol, 1 equiv.) in EtOAc
(60 mL) was added palladium (10%/C, 0.36 g) and the mixture
was stirred under hydrogen at atmospheric pressure for 5 h. After
filtration on Celite and evaporation of the volatiles, 7 was obtained
as a cream-coloured solid (2.782 g, 16.56 mmol, 97%), which was
used directly in the next step (for prolonged storage, it is advisable

to keep it under argon); mp 68-9 °C (lit.,” 68-70 °C); (Found: C,
57.24; H, 7.12; N, 16.79. Calc. for C;H,N,O,: C, 57.13; H, 7.20;
N, 16.66%); vaux(neat)/cm=" 3423, 3403 and 3391 (NH,), 2830
(OCH;), 1634 (N-H) and 1487 (C=C); 6,;(300 MHz; CDCI;) 3.50
(4H, br s, NH,) 3.81 (6H, s, OCH;) and 6.31 (2H, s, 4-H/5-H);
0c(75 MHz; CDCl;) 56.0 (OCHs;), 100.8 (CH), 124.6 (C,,,) and
143.2 (Cyuar); m/z (ESI*) 168.9 (M + HJ*).

3,6-Dimethoxy-2-nitroaniline 10

Palladium (10%/C, 0.53 g) was added to a 9 : 1 mixture®
of 1,4-dimethoxy-2,3-dinitro-benzene and its 2,5-dinitro isomer
(5.00 g, 21.90 mmol) dissolved in EtOAc (100 mL). After stirring
under hydrogen at atmospheric pressure—the course of the
reaction being followed by tlc (R; 0.71, CH,Cl,, orange spot)—the
mixture was filtered on Celite; after evaporation of the volatiles,
chromatography of the dark red residue on silica gel (pentane—
ethyl acetate 4 : 1 to 1 : 1) gave 10 (3.372 g, 78%); mp 67—
8 °C; vpu(neat)/cm™" 3495 and 3451 (NH,), 2841 (OCH,;), 1621
(C=C), 1595 (NH), 1518 (C=C), 1472 (C=C) and 1344 (NO,);
on(300 MHz; CDCl;) 6.74 (1H, d, J 8.9, 5-H), 6.16 (1H, d, J 8.9,
4-H), 5.35(2H, br s, NH,) and 3.82 (6 H, s (2x), CH,), (lit., ref.’");
(75 MHz; CDCl;) 56.4 (OCH;), 56.6 (OCH;), 98.2, 112.6, 127.4,
135.1, 141.5 and 148.5; m/z (ESI*) 198.9 (M + HJ").

Quinoxaline-5,8-dione 5

To a solution of 7 (0.199 g, 1.18 mmol) in ethanol (5 mL) was
added glyoxal trimer dihydrate (0.092 g, 0.44 mmol, 0.37 equiv.)
and the mixture was heated at reflux temperature for 30 min.
The solvent was removed under reduced pressure to afford 5,8-
dimethoxyquinoxaline (0.239 g); vn,(neat)/cm™ 2837 (OCH,),
1605 (C=C) and 1484 (C=C); (300 MHz; CDCl;) 4.06 (6H, s,
OCH,), 6.97 (2H, s, 6-H/7-H) and 8.83 (2H, s, 2-H/3-H) (lit.,
ref.”); (75 MHz; CDCl;) 56.2 (OCHj;), 107.5, 135.6, 143.9 and
148.8; m/z (DCI*) 191.2 (M + H]*). To this quinoxaline (0.223 g,
1.17 mmol) dissolved in (1 : 1) acetonitrile-water (5 mL) was added
portionwise a suspension of ceric ammonium nitrate (1.606 g,
2.99 mmol, 2.5 equiv.) in (20 : 1) acetonitrile-water (11 mL). The
mixture was stirred at room temperature for 20 minutes, poured
into ice-water (20 mL) and extracted with CH,Cl, (3 x 20 mL).
The organic layer was washed with water (20 mL), dried (MgSO,)
and volatiles were removed under reduced pressure to afford 5
as an orange solid (0.132 g, 70%), which was recrystallized twice
from CH,Cl,-Et,0 for analytical purposes; mp 145-8 °C (dec.)
(1it.,*® 155-60 °C); (Found C, 59.78; H, 2.55; N, 17.27. Calc. for
C:H,N,0,: C, 60.01; H, 2.52; N, 17.50%); An.x (EtOH/nm) 275.0,
249.9, 215.0 (1it.%?); v, (neat)/cm™ 1671 (C=0); §,;(300 MHz;
CDCl;) 7.25 (2H, s, 6-H/7-H) and 9.05 (2H, s, 2-H/3-H), (lit.,
ref.*?); 0c(75 MHz; CDCl,) 138.7 (CH), 143.7 (Cq), 149.0 (CH)
and 182.5 (C=0); m/z (DCI*) 161.3 (M + HJ").

2,3-Dimethylquinoxaline-5,8-dione 6

To asolution of 7(1.00 g, 5.96 mmol) in ethanol (25 mL) was added
freshly distilled 2,3-butanedione (0.6 mL, 6.84 mmol, 1.15 equiv.)
and the mixture was heated at reflux temperature for 30 min. The
volatiles were removed under reduced pressure which afforded 5,8-
dimethoxy-2,3-dimethylquinoxaline (1.224 g, 94%) as a flocculent
yellow solid; mp 168-9 °C (lit.,> 171-2 °C); (Found C, 65.64;
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H, 6.54; N, 12.55. Calc. for C,H;;N,O,: C, 66.04, H, 6.47; N,
12.84%); v (neat)/cm=' 3001 (CHj;), 2734 (OCH;), 1609 (C=C)
and 1488 (C=C); d4(300 MHz; CDCl;) 2.69 (6H, s, CH;), 3.95
(6H, s, OCHs;), 6.83 (2H, s, 6-H/7-H); (75 MHz; CDCl;) 23.1 (C-
CH,), 56.0 (OCH;), 106.2, 133.5, 148.2, 152.5; m/z (DCT*) 219.5
(M + HJ*). To this quinoxaline (0.249 g, 1.14 mmol) stirred in (1 :
1) acetonitrile-water (5 mL) was added portionwise a suspension
of ceric ammonium nitrate (1.574 g, 2.87 mmol, 2.5 equiv.) in
(20 : 1) acetonitrile-water (11 mL). The mixture was stirred at
room temperature for 20 minutes, poured into ice-water (20 mL)
and extracted with CH,Cl, (3 x 20 mL). The organic layer was
washed with water (20 mL), dried (MgSO,) and volatiles were
removed under reduced pressure to afford 6 (0.203 g, 94%) as a
yellow solid, which was recrystallized twice from CH,Cl,—Et,O
for analytical purposes; mp 174-5 °C (dec.) (lit.,”* 176-8 °C);
(Found: C, 63.96; H, 4.70; N, 14.50. Calc. for C,,H;N,O,: C,
63.83; H, 4.29; N, 14.89%); /ma (EtOH/nm) 290.0, 255.0, 230.0
(1it.%?); v (neat)/cm™' 1671 (C=0); 64(300 MHz; CDCl;) 2.79
(6H, s, OCH;) and 7.13 (2H, s, 6-H/7-H); (75 MHz; CDCl,)
23.0 (2-CH,/3-CH;), 138.2 (6-C/7-C), 141.1(Cyua), 159.0 (Cyuar)
and 183.4 (C=0); m/z (DCT*) 189.4 (M + H]*).

Cyclic voltammetry

Electrochemical measurements were performed using a conven-
tional three electrodes system (660B model potentiostat, CH-
Instruments). Automatic iR compensation was performed before
each cyclic voltammetry experiment. The working glassy carbon
disc electrode (3 mm diameter, from CH-Instruments) was pol-
ished with 2 pm diamond paste before use. Electrode potentials
were referred to the standard calomel electrode (SCE) potential
in aqueous media. 1,1’-Dimethyl-4,4-bipyridinium dichloride
(methyl viologen, denoted MV?*") was also used as an internal
reference in aqueous electrolyte. Solutions were degassed with
N, before each measurement. All experiments were run at
20 °C. Tetra-n-butylammonium perchlorate (TBAP, Fluka puriss)
was dried under vacuum at 80 °C for 3 days. Distilled water
was obtained from an Elgastat water purification system (5 MQ
cm). Other reagent grade chemicals were used without further
purification.

Enzyme preparation

Plasmodium  falciparum TrxR and Trx were prepared as
described.” Both P. falciparum GR' and human GR™ were
respectively produced as described and kindly provided by Prof.
Heiner Schirmer, Center for Biochemistry, Heidelberg University.
The enzyme stock solutions used for the kinetic determinations
were pure as judged from a silver-stained SDS-PAGE and had
specific activity of 21 U mg™" in Trx reduction assay for PfTrxR,
143 U mg' and 168 U mg~' in GSSG reduction assay for PFGR
and hGR, respectively.

Enzyme assays

All kinetic studies were carried out at 25 °C in a volume of 1 mL in
the presence of 100 uM NADPH. The glutathione reductase assay
mixtures contained 47 mM potassium phosphate buffer pH 6.9,
200 mM KCI and 1 mM EDTA. The thioredoxin reductase assay
mixtures contained 100 mM potassium phosphate buffer pH 7.4

and 2mM EDTA. Inhibitor stock solutions were prepared in 100%
DMSO. A 1% final DM SO concentration was kept constant in the
assay cuvette.

1C;, determinations

The standard glutathione reductase and thioredoxin reductase
assay mixtures contained 1 mM GSSG or 26 uM Trx, as the
disulfide substrate, respectively. In the TrxR assay, 1 mM GSSG
was added to recycle continuously Trx from Trx(SH),. The reaction
was started with the addition of the enzyme (GR: 10 mU or 1.1 nM
final in the cuvette; TrxR: 10 mU or 7.7 nM final in the cuvette) and
initial rates were determined from NADPH oxidation measured at
340 nm (e34: 6.22mM ™' cm™") at 25 °C. ICs, values were evaluated
in duplicate in the presence of ten inhibitor concentrations ranging
from 0 to 200 uM.

Evaluation of inhibition type and K; under steady-state conditions

Types of inhibition and inhibition constants for 1,4-NQ and 6
were determined in duplicate experiments. P. falciparum TrxR
activity was measured at different concentrations of 1,4-NQ
(0-2.5 uM) or of inhibitor 6 (0-1 pM) in the presence of
varying concentrations of Trx (6-244 uM) at a constant NADPH
concentration of 100 uM in the presence of 1 mM GSSG. K,
and V., values were determined by fitting data to the Michaelis—
Menten equation using nonlinear regression analysis.” Inhibition
of GSSG reduction by quinones was measured as a function of
substrate concentration, and the experimental data were fitted by
using nonlinear regression analysis software (Kaleidagraph) to
eqn (1) for competitive inhibition, where [S] is the concentration
of the variable substrate, [I] is the inhibitor concentration, V,, is
the maximal rate, K, is the Michaelis—Menten constant, and K is
the inhibition constant for I binding to the ES complex.

Vi “[S]

V:
. [1] (1)
K, -(1+ K;)+[S]

Quinone reductase activity

The ability of the glutathione reductase or the thioredoxin
reductase to reduce the naphthoquinone was assayed at 25 °C
by monitoring the oxidation of 100 pM NADPH at 340 nm.
The assays, in a total volume of 1 mL, contained the GR- or
TrxR-buffer and the enzyme (PfGR: 118 pmol to 1.18 nmol;
hGR: 458 pmol to 1.14 nmol; PfTrxR: 15.4 pmol to 154 pmol
per assay). The naphthoquinone was dissolved in DMSO and the
NADPH-oxidase activity was measured at four to five different
1,4-NQ concentrations in duplicate (10-400 uM) in the presence
of 1% DMSO. For the determination of K, and V.. values,
the steady-state rates were graphically fitted by using nonlinear
regression analysis software (Kaleidagraph) to the Michaelis—
Menten equation, and the turnover number k., and the catalytic
efficiency k.../K,, were calculated.

Time-dependent inactivation

For determining the time-dependent inactivation of P. falciparum
TrxR, the residual TrxR activity was monitored over time (0.25,
5, 10, and 15, min-incubation periods) by following an incubation

2740 | Org. Biomol. Chem., 2008, 6, 2731-2742

This journal is © The Royal Society of Chemistry 2008





protocol.”® All reaction mixtures (final volume of 200 pL)
contained 160 uM NADPH, varying inhibitor concentrations,
P. falciparum TrxR (1.23 nmol), 2% DMSO in TrxR buffer at
25 °C. Inhibitor concentrations used were 0-0.5-1.0-2.0-5.0 uM
for 1,4-NQ and 0-0.5-1.0-2.0-3.0-4.0-5.0-20.0 uM for aza-
naphthoquinone 5. At different time points, 5 uL-aliquots of
each reaction mixture were removed and the residual activity was
measured in the standard Trx reduction assay at 25 °C (in the
presence of 24 uM Trx, 1 mM GSSG and 100 uM NADPH).
2% DMSO was used in control assays. From semi-logarithmic
plots In(v;/v,) versus incubation time apparent rate constants
of irreversible inhibition (k) of the fraction of non-inhibited
enzyme activity versus [I] were fitted to eqn (2):
ki ) [I]

obs KI +[I] (2)

where K represents the dissociation constant of the inhibitor,
and k; is the first order rate constant for irreversible inactivation,
respectively.
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A series of 2-(2-aminothiazol-4-yl)benzo[b]furan and 3-(2-aminothiazol-4-yl)benzo[b]furan derivatives
were prepared, and their leukotriene B, inhibitory activity and growth inhibitory activity in cancer cell
lines were evaluated. Several compounds showed strong inhibition of calcium mobilization in CHO
cells overexpressing human BLT, and BLT, receptors and growth inhibition to human pancreatic
cancer cells MIA PaCa-2. 3-(4-Chlorophenyl)-2-[5-formyl-2-[(dimethylamino)methyleneamino]thiazol-
4-yl]-5-methoxybenzo[b]furan 8b showed the most potent and selective inhibition for the human BLT,
receptor, and its ICs, value was smaller than that of the selected positive control compound,
ZK-158252. 3-(4-Chlorophenyl)-2-[2-[(dimethylamino)methyleneamino]-5-(2-
hydroxyethyliminomethyl)thiazol-4-yl]-5-methoxybenzo[b]furan 9a displayed growth inhibitory activity

towards MIA PaCa-2.

Introduction

Leukotriene B, (LTB,) is known as a potent mediator of the
inflammatory process, playing important physiological roles on
leukocytes trafficking to the site of infection and clearance of
invading microorganisms.? On the other hand, elevated levels of
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LTB, have been observed in patients with various inflammatory
diseases.?

Although many works have been done to develop LTB, receptor
antagonists for clinical use as an anti-inflammatory drugs,* no
antagonist has yet been developed for clinical applications. The
structures of representative reported LTB, receptor antagonists
are shown in Fig. 1.5 Recently, another LTB, receptor (BLT,) was
found and its molecular cloning was established.® This encouraged
new studies to find novel BLT, and/or BLT, inhibitors, which
may lead to the development of new clinical drugs for im-
munosuppression of allograft rejection in organ transplantation,’
arteriosclerosis,® psoriasis,® cancer,' and rheumatoid arthritis."

We have been interested in the preparation of various types
of benzo[b]furan derivatives in order to evaluate their biological
activities, and have reported that several of their derivatives such
as 1, 2 and 3 (Fig. 2) showed selective LTB, receptor (BLT,,
BLT,) inhibitory activities.”? In an earlier paper, we described the

NH,

/\@/\O
BIIL315 %€
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O N NG O\@
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Fig. 1 Structures of representative LTB, receptor antagonists.
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Fig. 2 Structures of the reported LTB, receptor-inhibitory active
benzo[b]furan derivatives.

preparation of a new class of benzo[b]furan derivatives,’* 2-(2-
aminothiazol-4-yl)benzo[b]furans, that selectively showed highly
potent and significant inhibitory activity towards BLT,.!

In 2002, Adrian and co-workers reported that the LTB, receptor
antagonist, LY293111, inhibited proliferation and induced apop-
tosis in human pancreatic cancer cells.”* In the present study, we
prepared 2- and 3-(2-aminothiazol-4-yl)benzo[b]furan derivatives
showing inhibitory activities for the LTB, receptor and evaluated
their analogues for growth inhibitory activity by using cancer cell
lines including the human pancreatic cancer cells MIA PaCa-2.

Chemistry

The literature has only a few examples of the preparation of 2-
(2-aminothiazol-4-yl)benzo[b]furan derivatives.'” We planned the
preparation of a series of 2-(thiazol-4-yl)benzo[b]furan deriva-
tives by applying Hantzsch thiazole synthesis as a key step

Table 1 Preparation of 2-(thiazol-4-yl)benzo[b]furan derivatives 5a—e

in constructing the thiazole moiety at the 2-position of the
benzo[b]furan ring."* The results are shown in Table 1. 2-
(Haloacetyl)benzo[b]furans 4a-4d were prepared according to a
modification of the reported procedure!” and were allowed to react
with thioureas or thiobenzamide to obtain 2-(2-aminothiazol-
4-yl)benzo[b]furans 5a, Sb, 5d, 5e and 2-(2-phenylthiazol-4-
yl)benzo[b]furan 5¢ in 55-86% yields as shown in Table 1.

Conversion from the 2-(2-aminothiazol-4-yl)benzo[b]furan 5a
to several types of 2-(N-and/or C-substituted-2-aminothiazol-4-
yl)benzo[b]furan derivatives are depicted in Scheme 1.

Acylation of the aminothiazole 5a with acid chloride gave
the corresponding carboxamides 6a—6¢ in 31-77% yields, and
the morphorinoacetamide 6d and piperazinoacetamide 6e were
derived from 6¢ in 72 and 38% yields, respectively. Treatment of
the 5-methylisoxazol-4-yl derivative Sb or 6b with Et;N in refluxing
THF afforded the characteristic (Z)-2-cyano-3-hydroxybut-2-
enoyl compound 5f (60% yield) and 7a (50% yield) by a ring
opening reaction of the isoxazole ring followed by enolization
of the o-cyano-p-ketoamide. The structures of 5f and 7a were
supported by the observation of the corresponding enol OH
proton at 15.75 ppm and 14.49 ppm in the '"H NMR spectrum.?

In order to obtain a formylated compound at the 5-position
of the thiazole ring, the reaction of aminothiazole 5a was carried
out with 4 equiv. of POCl; in DMF at —10 to —5 °C, under
Vilsmeier reaction conditions. The reaction proceeded smoothly
and selectively only at the primary amino group of the 2-
position on the thiazole ring to give the N,N-dimethylformimidine
product 8a in 74% yield. On the other hand, the same reaction
using a large excess (8 equiv.) of POCI; at room temperature
provided N'-(5-formylthiazol-2-yl)-N,N-dimethylformimidine 8b
in 60% yield as the sole product. However, treatment of 6¢ with
4 equiv. of POCI; in DMF gave N-formyl derivative 7b in 34%
yield, probably because the amide bond in 6c was relatively
sensitive to acidic reaction conditions. The condensation reaction
of the aldehyde 8b with 2-aminoethanol or glycine ethyl ester
provided the imine derivatives 9a (73%) and 9b (17%). The

HZNCSR“

m X EIOH / reflux

R1
R2 N R4
R? 0o S

4a-c
Entry 4 X R! R? R} R* Yield of 5 (%)
1 4a Cl 4-CIl-C4H, OMe H NH, 5a: 55
2 4b Br CONH- Br H NH, 5b: 84
I\
N— o
3 4b Br CONH-} Br H Ph 5¢: 86
[ N\
N\o
4 4c'® Br H Br H NH, 5d": 85
5 4d Br H H OMe NH, Se: 58
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Preparation of 3-substituted 2-(2-aminothiazol-4-yl)benzo[b]furan derivatives. Reagents and conditions: (a) CH;COCI, THF, reflux, 77% (6a);

(b) 5-methylisoxazole-4-carbonyl chloride, THF, reflux, 31% (6b); (c) CICH,COCI, THF, rt, 74% (6c¢); (d) morphorine, CH;CN, reflux, 72% (6d); (e)
2-(piperazin-1-yl)ethanol, CH;CN, rt, 38% (6e); (f) Et;N, THF, reflux, 50% (7a from 6b); 60% (5f); (g) 4 eqiuv. POCl;, DMF, 34% (rt, 7b from 6¢); 74%
(=10 to =5 °C, 8a); (h) 8 eqiuv. POCI;, DMF, rt, 60% (8b); (i) NH,CH,CH,OH, EtOH, reflux, 73% (9a); (j) NH,CH,CO,Et. HCI, Et;N, EtOH, 3A
molecular sieves, reflux, 17% (9b); (k) (EtO),P(O)CH,CONC,H;O, NaH, THF, rt, 63% (10a); (1) (EtO),P(O)CH,CONHC¢H,OMe, NaH, THF, rt, 43%

(10b).

Horner—-Wadsworth—-Emmons reaction was applied to the alde-
hyde 8b with phosphonoacetamides'*?' to afford the amides 10a
and 10b in moderate yields (63% and 43%).

Next, we planned the preparation of 3-unsbstituted 2-(2-
amino-5-formylthiazol-4-yl)benzo[b]furan derivatives in order to
compare their activities with 3-(4-chlorophenyl)benzo[b]furan
derivatives (Scheme 2). N-Acylation of the 2-(2-aminothiazol-4-
yl)benzo[b]furan 5d was performed using several acid chlorides
to obtain 2-(acylaminothiazol-4-yl)benzo[b]furan 11a-11d in 49—
68% yields. Formylation reaction of 11a or 5d with POCI; and
DMF gave the 5-formylated thiazole derivartive 12a and N'-
(5-formylthiazol-2-yl)-N,N-dimethylformimidine 13 in 41% and
50% vyields, respectively. However, applying the same reaction
conditions to the benzamide 11b gave a complex reaction mixture,
and the product obtained was the N-formylthiazolylbenzo[b]furan
12b in 9% isolated yield.?

a (for 11a)

b (for 11b) Ox-R
c (for11c) Br
d (for 11d) N NH
54 — N N
\
0 S]
(for 12a from 11a)
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e(for 12b) 11b: R=4-CI-CgH,4
f (for 13) 11¢: R=CH,CI o R

11d: R=(CHy),Cl

Br Br. Ny NH
A N\W/NQ/NM% (
J s s

OHC OHC
13 12a: R = CMe;
12b: R=H

Scheme 2 Preparation of 3-unsubstituted 2-(2-aminothiazol-4-yl)benzo-
[b]furan derivatives. Reagents and conditions: (a) Me;CCOCI, Et;N, THF,
reflux, 54% (11a); (b) 4-Cl-C;H,COCI, THF, rt, 49% (11b); (c) CICH,-
COCl, THF, reflux, 68% (11c¢); (d) CI(CH,),COCI, THF, rt, 55% (11d); (¢)
POCIl;, DMF, rt, 41% (12a); 9% (12b); (f) POCl;, DMF, 60 °C, 50% (13).
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Scheme 3 Preparation of 3-(2-aminothiazol-4-yl)benzo[b]furan derivatives. Reagents and conditions: (a) CICH,COCI, AICl;, CHCl;, 0 °C, 26%; (b)

H,NC(S)NH,, EtOH, reflux, 84%; (c) POCl;, DMF, rt, 33%.

We planned the preparation of the compound with a 2-
aminothiazol-4-yl group attached at the 3-position on the
benzo[b]furan ring as shown in Scheme 3. Hantzsch thiazole
synthesis was also conducted with the 3-chloromethylketone
15, derived from 5-bromo-2-phenylbenzo[b]furan 14,2 to ob-
tain the desired 3-(2-aminothiazol-4-yl)benzo[b]furan Sg in
84% yield. Treatment of 5g with POCl; and DMF af-
forded 3-[2-[(dimethylamino)methyleneamino]-5-formylthiazol-4-
yl]-2-phenylbenzo[b]furan 16 in 33% yield.

Biological study

The results of LTB, inhibitory activity of Sa, 6a, 6b, 7a, 8a, 8b,
9a and 9b together with 1'? by inhibition of calcium mobilization
in both CHO cells overexpressing human BLT, (CHO-hBLT))
and human BLT, (CHO-hBLT),)* are shown in Table 2.! Among
the tested compounds, 8b, 9a and 9b, showed potent inhibitory
activity of the LTB, receptor and inhibited BLT, more potently
than BLT,. In contrast, ZK-158252 nearly equally inhibited both
BLT, and BLT,. Compounds 8b, 9a and 9b were more potent than
ZK-158252 in BLT, inhibition, and showed less inhibition than
ZK-158252 to BLT,.

Encouraged by these results, we planned the evaluation of the
growth inhibitory activity in cancer cell lines. Fourteen compounds
5b, Sc¢, 5f, 6¢, 6d, 6e, 7b, 8b, 9a, 10a, 11¢, 11d, 12b, 13 and 16 were
assayed for activity in vitro against human pancreatic carcinoma
(MIA PaCa-2), breast cancer (MCF-7, MDA-MB-231), human
prostate carcinoma (PC-3) and normal human dermal fibroblast
(NHDF) cells, and the results are summarized in Table 3 and
Fig. 3. Compounds 5b, 5¢, 5f and 7b, N-unsubstituted 2-
aminothiazole derivatives, had no inhibitory effect in MIA PaCa-
2. However, compounds 10a, 12b, 13 and 16 which are fully

Table 2 Evaluation of prepared compounds for LTB, receptor (BLT,,
BLT,) inhibitory activities*

% Inhibition (10 uM) 1Cso/pM

Compound CHO-hBLT, CHO-hBLT, CHO-hBLT, CHO-hBLT,
5a 4.8 70.6 — —
6a 11.2 68.7 — —
6b N.I.* N.I.? — —
Ta 13.6 82.1 — 3.29
8a 11.6 72.0 — —
8b 24.4 97.9 3.55 0.19
9a 51.3 100 3.19 0.20
9b 49.4 88.3 6.81 0.35
1 69.9 100 2.88 0.48
ZK-158252 — — 1.70 1.18

“ Effect of calcium mobilization by LTB, (300 nM) in CHO-hBLT, and
CHO-hBLT, cells. ® Not inhibited.

Table 3  In vitro cell growth inhibitory activities of 6c, 6d, 8b, 9a, 11c, 11d
and 5-FU

Gl5*/uM
Compound MIA PaCa-2 PC-3 MCEF-7 NHDF
6¢c 8.64 b 7.59 >10
6d >10 b >10 >10
6e 7.92 b 6.99 5.53
8b 4.84 >10 b >10
9a 3.68 4.17 b >10
11c 6.76 b 3.60 9.95
11d 7.74 b 7.70 >10
5-FU >10 2.05 >10 >10

“ Gl is the concentration of the compound causing 50% inhibition of cell
growth compared to the negative control. ® Not tested.

160 r —O— control Golent)
—o— 8b

140 A 9a
—e— 5-FU

0 2 4 6 8 10
concentratbn (umoL/L)

Fig.3 Effects of 8band 9a on MIA Paca-2. * P<0.05, **P<0.01 V.S. 5-FU
(Tukey’s test). Each data point represents the mean (% growth) £S.E. for
6 cultures.

substituted at both the N- and C-positions in the 2-aminothiazol-
4-yl group at the 2- or 3-position of the benzo[b]furan skeleton
showed an inhibitory effect on cancer cell lines. Compound 10a,
in particular, inhibited MIA PaCa-2 (79.3 £ 2.2% cell growth
at 10 uM) more potently than 5-FU (81.2 £ 1.8%), while its
inhibitory potency in NHDF was less than that of 5-FU (84.5 &+
1.0% vs 48.0 £ 2.0).

Among the tested compounds, we found 6¢c, 6e, 8b, 9a, 1lc,
and 11d showed potent inhibitory activity on cell growth in
MIA PaCa-2. Their GI5, values against MIA PaCa-2, PC-3,
MCF-7 and NHDF cells are given in Table 3. The GIj, values
of 2-[2-[(dimethylamino)methyleneamino]-5-substituted-thiazol-
4-yllbenzo[b]furans 8b and 9a against MIA PaCa-2 were 4.84 and
3.68 uM, respectively, which were less than half the concentration

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2772-2781 | 2775





of 5-FU (Fig. 3, Table 3). Inhibitory activity of 8b and 9a against
NHDF was very low (Gls,>10). From the viewpoint of reducing
the risk of side effects in therapeutic treatment, such selective
activity is a promising feature.

Conclusions

We have developed a method for preparing N-substituted 3-
and 2-(2-aminothiazol-4-yl)benzo[b]furans. Compounds 8b and
9a showed potent and selective inhibitory activities for the BLT,
receptor and inhibited cell growth of human pancreatic cancer
cells. A common structural feature of the active compounds is the
2-[(dimethylamino)methyleneamino]thiazole having substituent
groups at the 5-position. Their inhibitory potencies toward BLT,
were 6.2-3.4 times more active than ZK-158252, and their activ-
ities against MIA PaCa-2 were more potent than 5-FU. Further
studies with in vivo experiments and on their mechanism to confirm
these preliminary results are in progress with the ultimate aim of
developing them as agents for clinical purposes.

Experimental
Chemistry

Melting point was measured with a Yanaco MP micro-melting-
point apparatus and are uncorrected. '"H NMR spectra were
measured with JEOL INM-ECP500 (500 MHz) or JEOL JNM-
ECP400 (400 MHz) spectrometers, with chemical shifts expressed
in parts per million (ppm) downfield from tetramethylsilane as the
internal standard. Mass spectra were measured on a JEOL JMS
DX-303 EIMS spectrometer. Elemental analyses were performed
with a CHN CORDER MT-3 (Yanaco).

2-Chloroacetyl-3-(4-chlorophenyl)-5-methoxybenzolblfuran 4a.
A solution of 1-(4-chlorophenyl)-2-(4-methoxyphenoxy)etha-
none* (1.00 g, 3.62 mmol) in polyphosphoric acid (10 mL) was
stirred for 30 min at 140 °C. The reaction mixture was poured
into ice water, and the products were extracted with AcOEt. The
organic layer was washed with saturated NaCl aqueous solution,
dried over anhydrous MgSO, and evaporated to give a solid,
which was recrystallized from AcOEt to give 3-(4-chlorophenyl)-
S-methoxybenzo[b]furan (0.93 g, 99%) as colorless crystals; mp,
77-78 °C; 6y (CDCl;, 500 MHz) 3.86 (3H, s, OCHj;), 6.97 (1H,
dd,J=9.2,2.7Hz, 6-H), 7.20 (1H, d, J = 2.8 Hz, 4-H), 7.42-7.46
(3H, m, J =8.7Hz, 7- and Ar-H), 7.54 (2H, d, J = 8.3 Hz, Ar-H),
7.74 (1H, s, 2-H); Anal. Calcd for C,sH,,ClO,: C, 69.64; H, 4.29
found: C, 69.67; H, 4.19%.

A solution of 3-(4-chlorophenyl)-5-methoxybenzo[b]furan
(300 mg, 1.16 mmol) in CHCI; (10 mL) was added to a mixture of
the AlC1;(0.16 g, 1.20 mmol) and chloroacetyl chloride (0.11 m I,
1.40 mmol) in CHCI; (SmL) at 0 °C. After stirring for 2.5h at 0 °C,
the reaction mixture was poured into ice water, and the products
were extracted with CHCIL;. The organic layer was washed with
saturated NaCl aqueous solution, dried over anhydrous MgSO,
and evaporated to give a solid, which was recrystallized from
AcOEt-n-hexane to give 4a (310 mg, 80%) as yellow crystals;
mp, 138-139 °C; dy (CDCl;, 500 MHz) 3.81 (3H, s, OCH,), 4.72
(2H, s, CH,), 6.95(1H, d, J = 2.7 Hz, 4-H), 7.18 (1H, dd, J = 9.1,
2.3 Hz, 6-H), 7.50-7.57 (3H, m, 7- and Ar-H), 7.55-7.57 (2H, m,

Ar-H); Anal. Calcd for C;H,,CL,0s: C, 60.92; H, 3.61 found: C,
60.97; H, 3.45%.

5-Bromo-2-bromoacetyl-3-(5-methylisoxazole-4-carboxamido)-
benzo[b]furan 4b. A solution of Br, (0.72 g, 4.51 mmol) in
CHCI; (15 mL) was added to a solution of 2-acetyl-5-bromo-
3-(5-methylisoxazole-4-carboxamido)benzo[b]furan®” (1.50 g,
4.14 mmol) in CHCI; (30 mL). After stirring for 1.5 h at room
temperature, saturated NaHCO, aqueous solution (10 mL) was
added to the mixture, and the products were extracted with
CHCI;. The organic layer was washed with saturated NaCl
aqueous solution, dried over anhydrous MgSO, and evaporated
to give a solid, which was purified by column chromatography
(CHCl;) and recrystallized from AcOEt to give 4b (1.28 g, 70%)
as colorless crystals; mp, 195-196 °C; 6y (CDCl;, 60 MHz) 2.87
(3H, s, CH;), 4.48 (2H, s, CH,Br), 7.19-7.46 (1H, m, 6-H), 7.71
(1H, d, J = 10.2 Hz, 7-H), 8.64 and 8.85 (1H each, each s, 4-H
and isoxazole-H), 10.57 (1H, br s, NH); Anal. Calcd for C;sH,(Br,
N,O,: C, 40.75; H, 2.28; N, 6.34 found: C, 40.66; H, 2.13; N,
6.35%.

2-Bromoacetyl-6-methoxybenzo[blfuran 4d. A solution of
chloroacetone (2.01 mL, 25 mmol) in CH;CN (8 mL) and
K,CO; (8.58 g, 62 mmol) were added to a solution of 4-
methoxysalicylaldehyde (3.20 g, 21 mmol) in CH;CN (45 mL).
After stirring for 2 h under reflux, the reaction mixture was filtered
and the solvent was evaporated. H,O and CHCIl; were added to
the residue. The products were extracted with CHCl;. The organic
layer was washed with saturated NaCl aqueous solution, dried
over anhydrous MgSO, and evaporated to give a brown solid,
which was recrystallized from AcOEt-n-hexane to give 2-acetyl-
6-methoxybenzo[b]furan (2.76 g, 69%) as slightly brown crystals;
mp, 77-79 °C; 4 (CDCl;, 60 MHz) 2.56 (3H, s, COCHj;), 3.87
(3H, s, OCH,), 6.85-7.63 (4H, m, 3-, 4-, 5-, 7-H); Anal. Calcd for
C1H,,0;-0.05H,0: C, 69.14; H, 5.33 found: C, 69.13; H, 5.35%.

Compound 4d was prepared under similar reaction
conditions to the synthesis of 4b starting from 2-acetyl-
6-methoxybenzo[b]furan instead of 2-acetyl-5-bromo-3-(5-
methylisoxazole-4-carboxamido)benzo[b]furan, and obtained as
yellow crystals after recrystallization from AcOEt-n-hexane;
yield, 62%; mp, 72-74 °C; Jy (CDCl;, 60 MHz) 3.90 (3H, s,
OCH,), 4.39 (2H, s, CH,Br), 6.91-7.60 (4H, m, 3-, 4-, 5-, 7-H);
Anal. Calcd for C,;H,BrO; C, 49.10; H, 3.37 found: C, 48.98; H,
3.24%.

General procedure for the synthesis of the 2-(2-aminothiazol-
4-yl)benzo[b]furans S5—synthesis of 2-(2-aminothiazol-4-yl)-3-(4-
chlorophenyl)-5-methoxybenzo|b]furan 5a as an example. A so-
lution of 4a (0.31 g, 0.92 mmol) and thiourea (0.085 g, 1.12 mmol)
in EtOH (20 mL) was refluxed for 2 h. The reaction mixture
was poured into ice water, and powdered products were extracted
with CHCI;. The organic layer was washed with saturated NaCl
aqueous solution, dried over anhydrous MgSO, and evaporated to
give a solid, which was recrystallized from AcOEt to give 5a (0.18 g,
55%) as yellow crystals; mp, 196-198 °C; é,; (CDCl;, 400 MHz)
3.80 (3H, s, OCH,), 4.98 (2H, s, NH,), 6.63 (1H, s, Th-H), 6.86
(1H,d, J =2.6 Hz,4-H), 6.93 (1H, dd, J = 8.8, 2.5 Hz, 6-H), 7.45
(1H, d, J = 8.8 Hz, 7-H), 7.45-7.51 (4H, m, Ar-H); Anal. Calcd
for C;3sH;CIN,O,S: C, 60.59; H, 3.67; N, 7.85 found: C, 60.43; H,
3.57; N, 7.80%.
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2-(2-Aminothiazol-4-yl)-5-bromo-3-(5-methylisoxazole-4-carbo-
xamido)benzo[b]furan 5b. The title compound was synthesized
according to the general procedure for 5a by using 4b instead of
4a; yield, 84%; mp, 203-205 °C (recrystallized from MeOH); dy
(CDCl;, 400 MHz) 2.75 (3H, s, CH;), 7.09 (1H, s, Th-H), 7.35
(2H, s, NH,), 7.48 (1H, dd, J = 8.8, 2.2 Hz, 6-H), 7.56 (1H, d, J =
8.7Hz,7-H),7.97 (1H, d, J = 1.8 Hz, 4-H), 9.10 (1H, s, isoxazole-
H), 10.27 (1H, s, NHCO); Anal. Caled for C,¢H;,BrN,O;S: C,
45.84; H, 2.64; N, 13.36 found: C, 45.89; H, 2.51; N, 13.10%.

5-Bromo-3-(5-methylisoxazole-4-carboxamido)-2-(2-phenylthia-
zol-4-yl)benzo[b]furan Sc. The title compound was synthesized
according to the general procedure for 5a by using 4b and
thiobenzamide instead of 4a and thiourea; yield, 86%; mp, 231—
235 °C; 0y (CDCl;, 400 MHz) 2.82 (3H, s, CH;), 7.34 (1H, d, J =
8.7 Hz, 7-H), 7.45 (1H, dd, J = 8.7, 2.0 Hz, 6-H), 7.51-7.54 (3H,
m, Ar-H), 7.68 (1H, s, thiazole-H), 7.85-7.87 (2H, m, Ar-H), 8.46
(1H, d, J = 2.0 Hz, 4-H), 8.63 (1H, s, isoxazole-H), 10.42 (1H, s,
NH); Anal. Calcd for C,H,;4,BrN;O;S: C, 55.01; H, 2.94; N, 8.75
found: C, 54.81; H, 2.91; N, 8.63%.

2-(2-Aminothiazol-4-yl)-5-bromobenzo[b]furan 5d". The title
compound was synthesized according to the general procedure
for 5a by using 4¢'® instead of 4a; yield, 85%; mp, 234-236 °C; oy
(CDCl;, 400 MHz) 6.95 and 7.10 (1H each, each s, Th-H and 3-H),
7.21 (2H, s, NH,), 7.42 (1H, dd, J = 8.8, 2.2 Hz, 6-H), 7.54 (1H,
d, J = 8.4 Hz, 7-H), 7.84 (1H, d, J = 1.9 Hz, 4-H); Anal. Calcd
for C,,H,BrN,OS: C, 44.76; H, 2.39; N, 9.49 found: C, 44.85; H,
2.36; N, 9.54%.

2-(2-Aminothiazol-4-yl)-6-methoxybenzo[b]furan Se. The title
compound was synthesized according to the general procedure
for 5a by using 4d instead of 4a; yield, 58%; mp, 190-191 °C
(recrystallized from CHCL,); 6, (CDCl;, 400 MHz) 3.81 (3H, s,
OCH,), 6.868 (1H, s, 3-H or Th-H), 6.871 (1H, dd, J = 8.4,2.2 Hz,
5-H), 6.91 (1H, s, 3-H or Th-H), 7.15 (2H, s, NH,), 7.18 (1H, d,
J = 1.8 Hz, 7-H), 7.49 (1H, d, J = 8.8 Hz, 4-H); Anal. Calcd for
C,H;(N,O,S: C, 58.52; H, 4.09; N, 11.37 found: C, 58.32; H, 4.06;
N, 11.15%.

2-(2-Acetamidothiazol-4-yl)-3-(4-chlorophenyl)-5-methoxybenzo-
[b]furan 6a. Acetyl chloride (0.24 mL, 3.36 mmol) was added
to a solution of 5a (0.50 g, 1.40 mmol) in THF (15 mL). After
stirring for 2 h under refluxing, the reaction mixture was poured
into ice water, and the mixture was acidified by adding of 5%
HCI aqueous solution. The products were extracted with AcOEt,
and the organic layer was washed with saturated NaCl aqueous
solution, dried over anhydrous MgSO, and evaporated to give a
brown solid, which was recrystallized from MeOH-CCl, to give
6a (0.43 g, 77%) as yellow crystals; mp, 217-218 °C; dy (CDCl;,
400 MHz) 2.09 (3H, s, COCH,), 3.81 (3H, s, OCH5;), 6.89 (1H,
d, J = 2.6 Hz, 4-H), 6.96 (1H, dd, J = 8.8, 2.6 Hz, 6-H), 7.17
(1H, s, Th-H), 7.42 (2H, d, J = 8.6 Hz, Ar-H), 7.45 (1H, d, J =
9.1 Hz, 7-H), 7.49 (2H, d, J = 8.6 Hz, Ar-H), 9.87 (1H, s, NH);
Anal. Caled for C, H;5CIN,O,S: C, 60.22; H, 3.79; N, 7.02 found:
C, 60.24; H, 3.69; N, 6.92%.

3-(4-Chlorophenyl)-5-methoxy-2-[2-(5-methylisoxazole-4-carbo-
xamido)thiazol-4-yl]benzo[b]furan 6b. A solution of 5-methyl-4-
isoxazolecarboxylic acid (0.08 g, 0.63 mmol) and thionyl chloride
(0.46 mL, 6.3 mmol) was refluxed for 2 h, and the solvent was

evaporated to give crude isoxazolecarboyl chloride as a residue,
which was dissolved in THF (20 mL). The compound 5a (0.3 g,
0.84 mmol) was added to the solution, and the mixture was
refluxed for 2 h. THF was evaporated and the product was
extracted using AcOEt by adding a 5% HCI aqueous solution.
The organic layer was washed with saturated NaCl aq. solution,
dried over anhydrous MgSO, and evaporated to give a yellow
solid, which was recrystallized from AcOEt to give 6b (0.12 g,
31%) as pale yellow crystals; mp, 217-219 °C; Jy (CDCl;,
400 MHz) 2.66 (3H, s, CCH;), 3.79 (3H, s, OCH,), 6.81 (1H,
d, J = 2.5 Hz, 4-H), 6.92 (1H, dd, J = 8.8, 2.6 Hz, 6-H), 7.13
(1H, s, Th-H), 7.33 (1H, d, J = 9.1 Hz, 7-H), 7.42 (4H, br s,
Ar-H), 8.19 (1H, s, isoxazole-H), 11.06 (1H, s, NH); Anal. Calcd
for C;H,,CIN;0,S-0.5H,0: C, 58.17; H, 3.61; N, 8.85 found: C,
58.14; H, 3.44; N, 8.87%.

2-[2-(2-Chloroacetamido)thiazol-4-yl)]-3-(4-chlorophenyl)-5-
methoxybenzo[b]furan 6c. Chloroacetyl chloride (0.10 mL,
1.26 mmol) was added to a solution of 5a (0.30 g, 0.84 mmol)
in THF (25 mL). After stirring for 8 h at room temperature,
the reaction mixture was poured into ice water, and the mixture
was neutralized by addition of NaHCO;. The products were
extracted with AcOEt, and the organic layer was washed with
saturated NaCl aqueous solution, dried over anhydrous MgSO,
and evaporated to give an orange solid, which was recrystallized
from AcOEt to give 6¢ (0.27 g, 74%) as yellow crystals; mp, 181-
182 °C; oy (CDCl;, 400 MHz) 3.81 (3H, s, CH;), 4.25 (2H, s, CH,),
6.88 (1H, d, J = 2.5, 4-H), 6.97 (1H, dd, J = 8.8, 2.5 Hz, 6-H),
7.08 (1H, s, Th-H), 7.47-7.50 (5H, m, 7-H and, Ar-H), 9.83 (1H,
br s, NH); Anal. Calcd for C, H,,CI,N,O;S: C, 55.44; H, 3.26; N,
6.47 found: C, 55.62; H, 3.24; N, 6.25%.

3-(4-Chlorophenyl)-5-methoxy-2-[2-|2-(morpholin-4-yl)aceta-
mido]thiazol-4-yl]benzo[blfuran 6d. Morphorine (0.05 mL,
0.56 mmol) was added to a solution of 6¢ (0.20 g, 0.46 mmol)
in CH;CN (30 mL). After stirring for 3 h under reflux, the solvent
was evaporated to give a white solid, which was recrystallized from
AcOEt to give 6d (0.16 g, 72%) as yellow crystals; mp, 111-116 °C;
Jon (CDCl;, 400 MHz) 2.62 (4H, t, J = 4.8 Hz, 2 x NCH,CH,),
3.26 (2H, s, COCH,N), 3.79 (4H, t, / = 4.8 Hz, 2 x OCH,CH,),
3.81 (3H, s, OCHy;), 6.88 (1H, d, J = 2.5 Hz, 4-H), 6.96 (1H, dd,
J =9.0,2.8 Hz, 6-H), 6.99 (1H, s, Th-H), 7.45-7.52 (4H, m, Ar-
H), 7.50 (1H, d, J = 7.0, 7-H), 10.31 (1H, br s, NH); Anal. Calcd
for C,,H,,CIN;0,S-0.5H,0: C, 58.47; H, 4.70; N, 8.52 found C,
58.64; H, 4.65; N, 8.30%.

3-(4-Chlorophenyl)-2-[2-]|2-[4-(2-hydroxyethyl)piperazin-1-yl]-
acetamido]thiazol-4-yl]-5-methoxybenzo|b]furan 6e. Compound
6e was prepared under similar reaction conditions to the synthesis
of 6d by using 2-(piperazin-1-yl)ethanol instead of morphorine,
and the reaction was conducted at room temperature; yield,
38%; mp, 101-105 °C (recrystallized from MeOH-n-hexane); dy
(CDCl;, 400 MHz) 1.88 (1H, br s, OH), 2.62-2.65 (10H, m, CH,
in piperazine and NCH,CH,0OH), 3.26 (2H, s, COCH,N), 3.66
(2H, t,J = 5.5Hz, CH,0OH), 3.81 (3H, s, OCH,), 6.88 (1H, d, J =
2.5Hz, 4-H), 6.96 (1H, dd, J = 8.8, 2.6 Hz, 6-H), 7.03 (1H, s, Th-
H), 7.46-7.52 (4H, m, Ar-H), 7.49 (1H, d, J = 7.0 Hz, 7-H), 10.35~
10.36 (1H, br s, NH); Anal. Calcd for C26H27C1N4O4S-§H20: C,
58.58; H, 5.23; N, 10.51 found C, 58.72; H, 5.16; N, 10.34%.
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(£)-3-(4-Chlorophenyl)-2-[2-(2-cyano-3-hydroxybut-2-enamido)-
thiazol-4-yl]-5-methoxybenzo[b]furan 7a. Et;N (0.30 mL,
2.15 mmol) was added to a solution of 6b (0.10 g, 0.22 mmol)
in THF (6 mL), and the mixture was refluxed for 4.5 h. After
the reaction, THF was evaporated. The product was extracted
using AcOEt by addition of 5% HCI aqueous solution, and the
organic layer was washed with saturated NaCl aq. solution, dried
over anhydrous MgSO, and evaporated to give a brown solid,
which was recrystallized from EtOH to give 7a (0.05 g, 50%) as
pale yellow crystals; mp, 227-229 °C; §,; (CDCl;, 400 MHz) 3.21
(3H, s, CCH,), 3.75 (3H, s, OCH,), 6.87 (1H, d, J = 2.5 Hz, 4-H),
6.96 (1H, dd, J = 8.7, 2.5 Hz, 6-H), 7.08 (1H, s, Th-H), 7.46 (1H,
d, J = 8.7 Hz, 7-H), 7.47 (4H, br s, Ar-H), 9.66 (1H, br s, NH),
14.49 (1H, br s, OH); Anal. Calcd for C,;H,;sCIN;O,S: C, 59.29;
H, 3.46; N, 9.02 found: C, 59.07; H, 3.40; N, 8.93%.

General procedure for Vilsmeier reaction—synthesis of 2-(2-
amino-5-formylthiazol-4-yl)-3-(4-chlorophenyl)-5-methoxybenzo-
[b]furan 7b as an example. A solution of 6¢ (0.30 g, 0.69 mmol)
in DMF (10 mL) was added to a solution of POCI; (0.26 mL,
2.78 mmol) in DMF (10 mL) at 0 °C. After stirring for 30 h at room
temperature, the reaction mixture was poured into 5% NaOH
aqueous solution, and the resulting precipitate was collected by
filtration and washed with H,O to give a red solid, which was
recrystallized from AcOEt-n-hexane to give 7b (0.09 g, 34%) as
red crystals; mp, 217-220 °C; 6, (DMSO-d,, 400 MHz) 3.80 (3H, s,
OCH,),7.05(1H,d,J=2.2Hz,4-H),7.09 (1H,dd, J =8.8,2.2 Hz,
6-H), 7.52 (2H, d, J = 8.8 Hz, Ar-H), 7.56 (2H, d, J = 8.8 Hz,
Ar-H), 7.66 (1H, d, J = 9.1, 7-H), 8.21 (2H, s, NH,), 9.85 (1H, s,
CHO); Anal. Calcd for C,yH,;CIN,O;S: C, 59.30; H, 3.40; N, 7.28
found: C, 59.44; H, 3.34; N, 7.24%.

3-(4-Chlorophenyl)-5-methoxy-2-[2-[(dimethylamino)methylene-
amino|thiazol-4-yl]benzo[b]furan 8a. This compound was
synthesized according to the general procedure for 7b by using 5a
instead of 6c¢. The reaction was conducted at —10 to —5 °C; yield,
74%; mp, 145-147 °C (recrystallized from EtOH); d4 (CDCl;,
400 MHz) 3.05 and 3.07 (3H each, each s, NCH; x 2), 3.30 (3H, s,
OCH;), 6.90 (1H, d, J = 2.5 Hz, 4-H), 6.92 (1H, dd, J = 8.8,
2.6 Hz, 6-H), 7.00 (1H, s, Th-H), 7.43 (1H, d, J = 8.8 Hz, 7-H),
7.42-7.55 (4H, m, Ar-H), 8.16 (1H, s, N=CH); Anal. Calcd for
C, H;sCIN;0,S: C, 61.23; H, 4.40; N, 10.20 found: C, 61.12; H,
4.27; N, 10.14%.

3-(4-Chlorophenyl)-2-[5-formyl-2-[(dimethylamino)methylene-
amino|thiazol-4-yl]-5-methoxybenzo|b]furan 8b. This compound
was synthesized according to the general procedure for 7b by using
5a instead of 6¢, and 8 equiv. of POCI; was used; yield, 60%;
mp, 196-198 °C (recrystallized from MeOH-AcOE); J,; (CDCl;,
400 MHz) 3.07 (6H, s, N(CHs),), 3.82 (3H, s, OCH,;), 6.94 (1H,
d, J = 2.8 Hz, 4-H), 7.03 (1H, dd, J = 9.0, 2.6 Hz, 6-H), 7.42—
7.55 (5H, m, 7- and Ar-H), 7.96 (1H, s, CH=N), 10.43 (1H, s,
CHO); m/z 441 (40), 439 (M*, 100), 410 (17), 395 (18), 380 (18),
283 (14), 235 (16), 208 (16), 115 (20), 98 (15); Anal. Calcd for
C,HsCIN;O;S: C, 60.07; H, 4.12; N, 9.55 found: C, 59.99; H,
3.99; N, 9.57%.

3-(4-Chlorophenyl)-2-|5-(2-hydroxyethylimino)methyl]-2-[(dime-
thylamino)methyleneamino]thiazol-4-yl]-5-methoxybenzo|b]furan
9a. A solution of 8b (0.30 g, 0.68 mmol) and ethanolamine
(0.06 mL, 1.03 mmol) in EtOH (5 mL) was refluxed for 0.5 h.

The solvent was evaporated to give a yellow residue, which
was dissolved in AcOEt, washed with H,O and saturated NaCl
aqueous solution. The organic layer was dried over anhydrous
MgSO, and evaporated to give an orange solid, which was
recrystallized from AcOEt to give 9a (0.24 g, 73%)) as red crystals;
mp, 168-169 °C; §,; (CDCl;, 400 MHz) 2.04 (1H, br s, OH), 3.06
(6H, s, N (CH;),), 3.60-3.62 (2H, m, OCH,CH,N), 3.80-3.83
(2H, m, OCH,CH;N), 3.83 (3H, s, OCH,), 6.98 (1H, d, J =
1.8 Hz, 4-H), 6.99 (1H, dd, J = 8.7, 2.3 Hz, 6-H), 7.41 (2H, d,
J = 8.7 Hz, Ar-H), 7.45 (2H, d, J = 8.7 Hz, Ar-H), 7.46 (1H,
d, J= 8.7 Hz, 7-H), 8.03 (1H, s, N=CH), 8.64 (1H, s, N=CH);
m/z 484 (6), 482 (M*, 14), 385 (17), 371 (100); Anal. Calcd for
C,,H»;CIN,O;S: C, 59.68; H, 4.80; N, 11.60 found: C, 59.49; H,
4.77; N, 11.35%.

3-(4-Chlorophenyl)-2-[5-[(2-ethoxy-2-oxoethylimino)methyl]-2-
[(dimethylamino)methyleneamino] thiazol-4-yl]-5-methoxybenzo-
[blfuran 9b. A mixture of 8b (0.50 g, 1.13 mmol), glycine
ethyl ester hydrochloride (0.19 g, 1.36 mmol), Et;N (0.31 mL,
2.22 mmol) and molecular sieves (3A, 0.1 g) in EtOH (10 mL)
was refluxed for 1 h. The solvent was evaporated to give a yellow
residue, which was dissolved in AcOEt, washed with H,O and
saturated NaCl aqueous solution. The organic layer was dried
over anhydrous MgSO, and evaporated to give an orange solid,
which was recrystallized from AcOEt to give 9b (0.10 g, 17%) as
red crystals; mp, 162-165 °C; é,; (CDCl;, 500 MHz) 1.29 (3H, t,
J =7.4, CH,CH,), 3.05 (3H, s, NCH,), 3.06 (3H, s, NCH,), 3.82
(3H, s, OCH;), 4.21 (2H, q, J = 7.4 Hz, CH,CH,), 4.23 (2H, s,
NCH,CO0), 6.97-7.00 (2H, m, 4- and 6-H), 7.41 (2H, d, J = 8.7 Hz,
Ar-H), 7.44-7.48 (3H, m, 7- and Ar-H), 8.01 (H, s, N=CH), 8.62
(H, s, N=CH); m/z 526 (10), 524 (M*, 25), 427 (23), 413 (100), 356
(12), 354 (31); Anal. Calcd for C,sH,;CIN,0,S-0.2H,0: C, 59.07;
H, 4.84; N, 10.60 found: C, 59.25; H, 4.80; N, 10.34%.

(E)-3-(4-Chlorophenyl)-5-methoxy-2-|-2-[(dimethylamino )me-
thyleneamino]-5-[3-(morpholin-4-yl)-3-oxoprop-1-enyl] thiazol-4-
yllbenzo|b]furan 10a. A solution of 8b (0.47 g, 1.07 mmol) in
THF (30 mL) was added to a mixture of [2-(4-morpholinyl)-2-
oxoethyl]phosphonic acid ethyl ester'? (0.34 g, 1.28 mmol) and
NaH (60%in o0il, 0.051 g, 1.28 mmol) in THF (10 mL) at 0 °C. After
stirring for 42 h at room temperature, the reaction mixture was
poured into saturated NH,Cl aqueous solution. The products were
extracted with AcOEt, and the organic layer was washed with
sat. NaCl aqueous solution, dried over anhydrous MgSO, and
evaporated to give a yellow solid, which was recrystallized from
AcOEt to give 10a (0.37 g, 63%) as yellow crystals; mp, 142—
144 °C; 6, (CDCl;, 500 MHz) 3.06 (6H, s, N(CH,),), 3.70-3.72
(8H, m, 2 x CH,CH,), 3.82 (3H, s, OCH,), 6.27 (IH, d, J =
15.1 Hz, CH=CHCO), 6.95 (1H, dd, J = 8.5, 2.6 Hz, 6-H), 6.98
(1H,d, J = 2.3 Hz, 4-H), 7.37-7.39 (2H, m, Ar-H), 7.42-7.45 (2H,
m, Ar-H), 7.50 (1H, d, J = 9.1 Hz, 7-H), 8.01 (1H, s, N=CH)),
8.19 (1H,d, J = 15.1 Hz, CH=CHCO); m/z 552 (M + 2, 42), 551
M + 1, 33), 550 (M*, 100), 464 (39), 332 (48).

(E)-3-(4-Chlorophenyl)-5-methoxy-2-[5-[3-(4-methoxyphenyl-
amino)-3-oxoprop-1-enyl]-2-[(dimethylamino)methyleneamino]thi-
azol-4-yl]benzo[b]furan 10b. Compound 10b was prepared under
similar reaction conditions to the synthesis of 10a by using [2-[(4-
methoxyphenyl)amino]-2-oxoethyl]phosphonic acid ethyl ester*!
instead of [2-(4-morpholinyl)-2-oxoethyl]phosphonic acid ethyl
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ester; yield, 43%; mp, 224-227 °C; J, (CDCl;, 400 MHz) 3.06
(6H, s, 2 x NCH;), 3.80 (3H, s, OCH,;), 3.81 (3H, s, OCH;), 6.00
(1H,d, J =15.0 Hz, CH=CHCO), 6.85-6.89 (2H, m, Ar-H), 6.94
(1H, d, J = 2.2 Hz, 4-H), 6.97 (1H, dd, J = 8.8, 2.5 Hz, 6-H),
7.08 (1H, br s, NH), 7.37-7.47 (6H, m, Ar-H), 7.51 (1H, d, J =
8.8 Hz, 7-H), 8.01 (1H, s, N=CH), 8.22 (1H, d, J = 15.0 Hz,
CH=CHCO); Anal. Calcd for C;;H,,CIN,O,S: C, 63.42; H, 4.64;
N, 9.54 found: C, 63.45; H, 4.57; N, 9.45%.

(Z)-2-(2-Aminothiazol-4-yl)-5-bromo-3-(2-cyano-3-hydroxybut-
2-enamido)benzo|b]furan 5f. Compound 5f was prepared under
similar reaction conditions to the synthesis of 7a by using 5b
instead of 6b, and obtained as yellow crystals after recrystallization
from AcOEt-n-hexane; yield, 60%; mp, 228-230 °C; d,; (CDCl;,
400 MHz) 2.38 (3H, s, CCHj;), 5.59 (2H, s, NH,), 6.85 (1H, s, Th-
H), 7.28 (1H, d, J = 8.7 Hz, 7-H), 7.91 (1H, dd, J = 8.7, 2.0 Hz,
6-H), 8.54 (1H, d, J = 2.0 Hz, 4-H), 11.76 (1H, s, NHCO), 15.75
(1H, s, OH); Anal. Calcd for C,sH,,BrN,O;S: C, 45.84; H, 2.64;
N, 13.36 found: C, 45.92; H, 2.52; N, 13.25%.

5-Bromo-2-[2-(2,2-dimethylpropanamido)thiazol-4-yl|benzo[b]-
furan 11a. Trimethylacetyl chloride (0.19 mL, 1.53 mmol) was
added to a solution of 5d (0.30 g, 1.02 mmol) and Et;N (0.40 mL,
2.87 mmol) in THF (10 mL). After stirring for 23 h under reflux,
the reaction mixture was poured into ice water. The products were
extracted with CHCl;, and the organic layer was washed with
saturated NaCl aqueous solution, dried over anhydrous MgSO,
and evaporated to give a white solid, which was recrystallized
from AcOEt to give 11a (0.21 g, 54%) as colorless crystals; mp,
184-185 °C; oy (DMSO-d,;, 400 MHz) 1.27 (9H, s, C(CH,),), 7.13
(1H, s, 3-H), 7.46 (1H, dd, J = 8.7, 2.1 Hz, 6-H), 7.60 (1H, d,
J =28.7Hz, 7-H), 7.69 (1H, s, Th-H), 7.90 (1H, d, J = 2.0, 4-H),
12.05 (1H, s, NH); m/z 380 (M + 2, 42), 378 (M*, 41), 296 (33),
294 (32), 57 (100); HRMS Calcd for C,sH,;sBrN,O,S: 378.0038;
found: 378.0033.

5-Bromo-2-[2-(4-chlorobenzamido)thiazol-4-yl]benzo[b]furan
11b. A solution of p-chlorobenzoyl chloride (1.97 mL,
15.4 mmol) in THF (50 mL) was added to a solution of 5d (0.30 g,
1.02 mmol) in THF (100 mL). After stirring for 47 h at room
temperature, the reaction mixture was poured into water, and the
mixture was acidified by addition of 10% HCI aqueous solution.
The products were extracted with AcOEt, and the organic layer
was washed with saturated NaCl aqueous solution, dried over
anhydrous MgSO, and evaporated to give a yellow solid, which
was recrystallized from MeOH to give 11b (2.15 g, 49%) as pale
yellow crystals; mp, 234-249 °C; ¢, (DMSO-d,, 400 MHz) 7.18
(1H, s, 3-H), 7.48 (1H, dd, J = 8.7, 2.0 Hz, 6-H), 7.54-7.58 (2H,
m, Ar-H), 7.62 (1H, d, J = 9.7 Hz, 7-H), 7.63-7.66 (2H, m, Ar-H),
7.79 (1H, s, Th-H), 7.91 (1H, d, J = 2.1 Hz, 4-H), 13.0 (1H, s,
NH); m/z436 M +4,9),434 M + 2, 31), 432 (M*, 22), 141 (32),
111 (23); HRMS Calcd for C;sH,,BrCIN,O,S: 431.9336; found:
431.9335.

5-Bromo-2-|2-(2-chloroacetamido)thiazol-4-yl]|benzo[5]furan
11c. Compound 11¢ was prepared under similar reaction condi-
tions to the synthesis of 11b by using chloroacetyl chloride instead
of p-chlorobenzoyl chloride. The reaction mixture was refluxed
for 46 h and obtained as yellow crystals after recrystallization
from AcOEt-n-hexane; yield, 68%; mp, 211 °C; é; ((CD;),CO,
400 MHz) 4.31 (2H, s, CH,), 7.01 (1H, s, 3-H), 7.39-7.42 (3H, m,

4-, 6-, 7-H), 7.73 (1H, s, Th-H), 9.72 (1H, brs, NH); Anal. Calcd
for C,;HBrCIN,O,S: C, 42.01; H, 2.17; N, 7.54 found: C, 42.29;
H, 2.13; N, 7.51%.

5-Bromo-2-|2-(3-chloropropanamido)thiazol-4-yl]benzo[b]furan
11d. Compound 11d was prepared under similar reaction condi-
tions to the synthesis of 11b by using 3-chloropropionyl chloride
instead of p-chlorobenzoyl chloride, and obtained as pale yellow
crystals after recrystallization from MeOH; yield, 55%; mp, 210—
212°C; oy (DMSO-d,, 400 MHz) 2.99 (2H, t,J = 6.2 Hz, COCH,),
392 (2H, t, J = 6.3 Hz, CH,Cl), 7.12 (1H, s, 3-H), 7.47 (1H, dd,
J=28.7,2.1 Hz, 6-H), 7.60 (1H, d, J = 8.4 Hz, 7-H), 7.71 (1H, s,
Th-H), 7.89 (1H, d, J = 1.8 Hz, 4-H), 12.65 (1H, s, NH); Anal.
Calcd for C,4,H,,BrCIN,O,S: C, 43.60; H, 2.61; N, 7.26 found: C,
43.67; H, 2.66; N, 7.12%.

5-Bromo-2-|5-formyl-2-(2,2-dimethylpropanamido)thiazol-4-yl-
|benzo[b]furan 12a. This compound was synthesized according
to the general procedure for 7b by using 11a instead of 6c; yield,
41%; mp, 244-245 °C (recrystallized from MeOH-AcOEt); oy
(CDCl;, 400 MHz) 1.38 (9H, s, C(CH;);), 7.30 (1H, s, 3-H), 7.42
(1H, d, J = 8.8 Hz, 7-H), 7.48 (1H, dd, J = 8.8, 1.9 Hz, 6-H),
7.80 (1H, d, J = 1.8 Hz, 4-H), 9.03 (1H, br s, NH), 10.70 (1H, s,
CHO); Anal. Calcd for C;;H,sBrN,0;S-0.2H,0: C, 49.69; H,
3.78; N, 6.82 found: C, 49.82; H, 3.71; N, 6.72%.

5-Bromo-2-(2-formamido-5-formylthiazol-4-yl)benzo|b]furan
12b. This compound was synthesized according to the general
procedure for 7b by using 11b instead of 6c; yield, 9%; mp, 250—
254 °C; dy ((CD;),CO, 400 MHz) 7.46 (1H, s, 3-H), 7.59 (1H, dd,
J =8.8,2.2 Hz, 6-H), 7.70 (1H, d, J = 8.8 Hz, 7-H), 7.95 (1H, d,
J =2.2Hz, 4-H), 8.79 (1H, br s, NCHO), 10.74 (1H, s, CCHO),
11.66 (1H, br s, NH); m/z 352 (M + 2, 100), 350 (M*, 99), 324
(38), 322 (37), 280 (28), 278 (27), 254 (62), 252 (62), 145 (33), 144
(30).

5-Bromo-2-[5-formyl-2-[(dimethylamino)methyleneamino]thia-
zol-4-yl]benzo[b]furan 13. This compound was synthesized ac-
cording to the general procedure for 7b by using 5d instead of 6c,
and the reaction was conducted at 60 °C; yield, 50%; mp, 187 °C
(recrystallized from AcOEt); oy (CDCl;, 500 MHz) 3.17 and 3.21
(3H each, each s, N(CH,),), 7.37 (1H, s, 3-H), 7.40 (1H, d, J =
8.7Hz, 7-H), 7.46 (1H, dd, J = 8.9, 2.1 Hz, 6-H), 7.78 (1H, d, J =
1.8, 4-H), 8.35 (1H, s, N=CH), 10.61 (1H, s, CHO); Anal. Calcd
for C;sH,BrN;0,S: C, 47.63; H, 3.20; N, 11.11 found: C, 47.47,
H, 2.98; N, 10.91%.

5-Bromo-3-(2-chloroacetyl)-2-phenylbenzo[b]furan 15. A solu-
tion of 14** (1.00 g, 3.67 mmol) in CHCI; (18 mL) was added
to a solution of AICL; (1.94 g, 15 mmol) and chloroacetyl
chloride (0.35 mL, 4.42 mmol) at 0 °C. After stirring for 2 h
at 0 °C, the reaction mixture was poured into ice water, and
the products were extracted with AcOEt. The organic layer
was washed with saturated NaCl aqueous solution, dried over
anhydrous MgSO, and evaporated to give a yellow solid, which
was purified by column chromatography (AcOEt-n-hexane =3:7)
and recrystallized from AcOEt-n-hexane to give 15 (0.33 g, 26%)
as pale yellow crystals; mp, 104-106 °C; 6 (CDCl;, 400 MHz) 4.28
(2H,s, CH,), 7.41 (1H,d, 7-H, J = 8.8 Hz), 7.52 (1H, dd, 6-H, J =
8.4, 1.9 Hz), 7.54-7.63 (3H, m, Ar-H), 7.71-7.74 (2H, m, Ar-H),
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8.24 (1H, d, 4-H, J = 1.8 Hz); Anal. Calcd for C,(H,,BrClO,: C,
54.97; H, 2.88 found: C, 54.85; H, 2.79%.

3-(2-Aminothiazol-4-yl)-5-bromo-2-phenylbenzo|b]furan 5g.
This compound was synthesized according to the general
procedure for 5a by using 15 instead of 4a; yield, 84%; mp, 203—
205 °C (recrystallized from AcOEt-n-hexane); oy (DMSO-dq,
400 MHz) 6.73 (1H, s, Th-H), 7.12 (2H, br s, NH,), 7.42-7.49
(3H, m, Ar-H), 7.51 (1H, dd, J = 8.6, 2.1 Hz, 6-H), 7.63 (1H,
d, J = 8.8 Hz, 7-H), 7.81-7.83 (2H, m, Ar-H), 7.92 (1H, d, J =
2.2 Hz, 4-H); Anal. Calcd for C;H,;BrN,OS: C, 55.00; H, 2.99;
N, 7.55 found: C, 54.94; H, 2.93; N, 7.48%.

5-Bromo-3-[5-formyl-2-[(dimethylamino)methyleneamino] thia-
zol-4-yl]-2-phenylbenzo|blfuran 16. This compound was synthe-
sized according to the general procedure for 7b by using 5g instead
of 6c¢; yield, 33%; mp, 151-154 °C (recrystallized from MeOH-n-
hexane); oy (CDCl;, 400 MHz) 3.19 (6H, s, 2 x NCHj;), 7.34-7.39
(2H, m, 6-, 7-H), 7.44-7.45 (3H, m, Ar-H), 7.67 (1H,d, J = 1.5 Hz,
4-H), 7.68-7.69 (2H, m, Ar-H), 8.49 (1H, s, N=CH), 9.46 (1H, s,
CHO); Anal. Calcd for C,;H;(BrN;0,S-0.4H,0: C, 54.65; H, 3.67;
N, 9.10 found: C, 54.94; H, 3.48; N, 8.81%.

Biology

Measurement of calcium mobilization in CHO cells. The
prepared compounds were evaluated for BLT1/BLT2 receptor in-
hibitory activity according to a procedure reported previously.’***

Materials and methods for measurement of growth inhibitory
activity to cancer cell lines.

Reagents. 5-Fluorouracil (5-FU) and dimethyl sulfoxide
(DMSO) were purchased from Sigma Chemical Co. Stock so-
lutions of the synthesized compounds or 5-FU were prepared
by dissolving each compound in DMSO at 10 uM. Some of the
dilutions were subsequently prepared in growth medium (D-MEM
or E-MEM). The final concentration of DMSO in growth medium
was made to be 0.25% or less.

Cell lines. NHDF “neonatal normal human dermal fibrob-
lasts”, MIA Paca-2 “human pancreatic carcinoma” and MCF-7
“human adenocarcinoma of breast” were purchased from Japan
Health Sciences Foundation. MDA-MB-231 “human adenocar-
cinoma of breast” was purchased from American Type Culture
Collection. NHDF and MCF-7 were grown in E-MEM. MIA
Paca-2 was grown in D-MEM. Each medium was supplemented
with 10% of fetal calf serum (MultiSer™) and 6 mL of antibiotic-
antimycotic 100x (GIBCO).

AlamarBlue™ assay for cell cytotoxicity. We used an
alamarBlue™ (Biosource) assay to measure cell cytotoxicity. The
human cells were seeded at 1 x 10* cells in 200 uL of growth
medium per well in 96 well flat bottom tissue culture plates
(Nunc). The cells were incubated for 24 h at 37 °C in a humidified
atmosphere of 5% CO, in air. Next, the growth media from the
plates were eliminated, and 180 pL of growth medium containing
drug was added to triplicate wells. The cells were incubated
continuously for 72 h. Following incubation of plates, 20 uL of
alamarBlue™ was added to all wells, and the plates were set in an
incubator for three additional hours. The live cells were counted on
a microplate reader (Spectra Max M5, Molecular Devices), using
an excitation wavelength of 530 nm and emission wavelength of
590 nm.
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We report herein the first synthesis of linear and branched mannose oligosaccharides using fluorous-tag
assistance with reagents and FSPE protocols that are amenable to automation. The particular fluorous
linker proved to maintain solubility of the growing oligosaccharide chain such that identical reaction
solvent conditions and purification protocols could be used between glycosylation and deprotection

reactions, thereby rendering the procedures amenable to automation.

Introduction

Access to well-defined carbohydrates is vital for structure—function
studies of the role of carbohydrates in immune responses and
disease pathways and for the generation of carbohydrate-based
drugs.! Unfortunately, isolation of these carbohydrates from
natural sources is tedious because oligosaccharides generally are
present as complex micro-heterogeneous mixtures. Solution-based
chemical synthesis has provided a range of biologically important
oligosaccharides, but these very time-consuming processes still
cannot feed the demand for diverse carbohydrates. To circumvent
this limitation, a robust automated process, as has been developed
using solid-phase methods for the commercial synthesis of DNA?
and peptide oligomers,® is needed for the rapid assembly of
oligosaccharides from sugar building blocks. Decades of research
on solid-phase chemistry automation platforms and on solid-
phase oligosaccharide synthesis employing different solid sup-
ports, sugar donors and glycosylation agents* have resulted in the
automated solid-phase synthesis of some oligosaccharides using
a modified peptide synthesizer.’> Unfortunately, all solid-phase
approaches are inherently plagued by the need for large excesses
of sugar donors for reasonable reaction rates at each coupling
step and sugar building blocks require many more steps for their
production compared to nucleic acid and peptide building blocks.

We reasoned that use of a kind of affinity tag that would be
soluble in the usual organic solvents required for glycosylation
and deprotection reactions but then adsorbed selectively onto a
solid support for facile purification would provide the advantages
of solution-phase reaction chemistry coupled with the benefits of
solid-phase purification strategies. Large lipid tags® and fluorous-
tags’ have been used to these ends before. Based on their smaller
size and the ease of characterization of carbohydrate-based
intermediates by proton NMR with fluorous- versus lipid-tags,
we decided to investigate the limitations of using a light fluorous
(C4F,,) tag for the synthesis of oligosaccharides larger than the
previously reported mostly mono- to trisaccharides in conjunction
with finding synthetic protocols amenable to automation. The

Department of Chemistry and Plant Sciences Institute, Gilman Hall, Iowa
State University, Ames, lowa 50011-3111, USA. E-mail: npohl@iastate.edu
T Electronic supplementary information (ESI) available: Detailed exper-
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fluorous-tag was also of interest as we recently demonstrated
that sugars tagged with a single CsF,; tag can be used directly
for carbohydrate microarray formation and screening against
carbohydrate-binding proteins.® However, the physical properties
of such fluorous-tagged protected sugars beyond disaccharides are
not clear. We questioned whether the solubility properties of the
growing chain would be consistent enough for implementation
of a routine, and eventually automated, fluorous solid-phase
extraction (FSPE) protocol. As a result of these investigations, we
report herein the first synthesis of linear and branched mannose
oligosaccharides using fluorous-tag assistance with reagents and
FSPE protocols that are amenable to automation.

As initial targets to test the limits of a fluorous-tag-assisted
approach to oligosaccharide synthesis, several oligosaccharides
of D-mannose, 1-6, (Fig. 1) were chosen. b-Mannose oligomers
are found in nature as essential substructures of many bioactive
glycoconjugates, such as N-glycans, fungal cell wall mannans® and
GPI anchors,” and as high affinity ligands for various mannose
binding proteins, for example, concanavalin A (ConA)! and
cyanovirin N.'? As core structures, the 3,6-branched trimannosac-
charide unit (Manol-3[Manal-6]Man) and pentamannoside unit
[(Manal-3[Manal-6]Man) al-6Man3-luMan)] decorate a range of
glycoproteins. They form part of all human asparagine-linked
oligosaccharides (N-glycans) and they are a major ConA binding
epitope.” Recently, these core trisaccharides and pentasaccharides
were shown to be highly expressed on gpl120 of HIV.™ The
mannose oligomers attach to DC-SIGN, thereby leading to
HIV migration from mucous membranes to the lymph system.'
Consequently, the syntheses of these core trisaccharides and
pentasaccharides have become of interest.!®!” Linear o-(1—2)-
linked mannose oligosaccharides have also been synthesized by
several groups using both solution®® and solid-phase chemistry,'*-*
including an automated solid-phase approach, for comparison.

Results and discussion

We have reported the use of a fluorous support for the synthesis
of fluorous-tagged monosaccharides and disaccharides and their
direct incorporation into carbohydrate microarrays.® The fluorous
linker 8 was designed with an alkene that could easily be modified
for complete removal of the tag or for incorporation of the syn-
thetic oligosaccharides into multivalent or other structures. Also,
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to mitigate the electron-withdrawing properties of the C4F,; tag
and to encourage solubility of the tagged compounds, the fluorous
part of the tag is separated from the alkene by an oxygen het-
eroatom. In order to extend the scope of our particular fluorous-
tagging method to polysaccharides and ultimately automate the
approach, we decided to employ this strategy for the synthesis of
linear a-(1— 2)-linked mannose oligosaccharides and 3,6-modified
branched mannose oligosaccharides. The linear a-(1—2)-linkages
in mannose oligosaccharides are relatively simple to make and
hence provide a good starting point to test the limitations of
the fluorous-tag approach. Given adequate solubility properties,
the fluorous-tagged compounds should be easily separated from
the non-fluorous compounds by filtration of the crude product
through a fluorous solid-phase extraction (FSPE) column. All
glycosylations and protective group manipulations clearly then
also need to be compatible with the fluorous linker as well as
with standard automated reagent delivery platforms. To mimic
the usual biosynthesis mode that often creates a range of capping
structures on a central core, we chose to elongate the chain from
the reducing end to the non-reducing end.
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Target mannose structures.

Synthesis of linear mannose oligomers

The known mannose trichloroacetimidate 7*° was chosen as the
donor building block because it can be prepared on a multigram
scale, is activated at low temperature, and bears a C2-ester func-
tionality to control the anomeric configuration of the glycosylation
reactions. Initial experiments on coupling of the fluorous linker
8% with mannose donor 7 at 0 °C resulted in the formation of
fluorous-tagged mannose 9* and 30% transacetylation product 12
(Scheme 1). Transacetylation is known to be a very common side
reaction in glycosylation reactions.?! The transacetylated product
is likely formed via an orthoester intermediate (11). Prior solutions
to avoid formation of the transacetylation product include: (1) use
of a bulky pivaloyl group instead of an acetyl,?* (2) an increase of
concentration of the glycosylation reaction,?® and (3) an increase
of temperature of the reaction to above 0 °C. When the mannose
coupling was run at 5 °C, the desired glycosylated product
was obtained with no transacetylated product. Deprotection
of the temporary acetyl group with NaOMe-MeOH produced
compound 10* in 98% yield after passing through a FSPE

BnO OAc
NH BnO [0}
BnO

8 TMSOTF, CH,Cl,,
92%

0.5M NaOH, MeOH

5°C, 15 min (6] |
CaF171/

0]

BnO— OH .
BnO 0
- BnO
rt, 30 min, 98% 0 |
C8F171/

0]
10

OAc
OR;
BnO og\\% BnO Oc}% O/E)
— [mooxMIY B0 |
7 BnO BnO CgF17
11 12

Ri= CgF17/\/\O/E/\;r'

Scheme 1 Synthesis of fluorous-tagged mannose.
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column. In a typical glycosylation reaction, the fluorous alcohol
was dissolved in dichloromethane and cooled to 5 °C. Mannose
trichloroacetimidate was added as a solution in the same solvent
to mimic a robotic reagent addition followed by a catalytic
amount of TMSOTT in solution. The reaction was stirred for
15 min and quenched with triethylamine. The reaction mixture
was concentrated and the crude product was dissolved in a
minimal amount of methanol and loaded on a fluorous solid phase
extraction (FSPE) column. The non-fluorous compounds were
eluted by washing the column three times with 80% MeOH-water
and the desired fluorous-tagged mannose product was obtained
in high purity by washing the column with 100% methanol.
The methanolic eluent was directly treated with 0.5 M NaOH
(2 equiv.) in methanol to limit the number of time-consuming
concentration steps. After 30 min at ambient temperature, the
deacetylated mannose was obtained. The resulting deacylated
product was purified by FSPE as before and then coevaporated
with toluene. Glycosylation and deprotection steps were repeated
to obtain the linear di-, tri- and tetrasaccharides respectively
(Scheme 2). The linear a-(1—2)-linked mannose tetrasaccharide
17 was synthesized in 79% overall yield from the monosaccharide
building block using 6 equivalents total of 7 and all intermediates
could be purified using only a FSPE column. For comparison,

BnO Ac
BnO Q
BnO
(1.5 equiv.) OYCCH
NH

1) coupling (TMSOTT,

F/‘, CH,Cly) Ac.

BnO 2) filter (FSPE) BnO
Bno~ 0 BnO 0
[ On BnO 2
o]
| 1) deprotection (NaOMe,
CgF7 ’; )MepC‘H) ( CgF17

L 2) filter (FSPE) \L/
n=1(10) 0 n=1015~_0
n=2(13) n=2(16)
n=3(14) n=3(17)

Scheme 2 Iterative synthesis of linear mannosides.

H
Ph"'%o 8 Ph"\‘éO g
HO ACO

AcCl, pyr, CH,Cl,
-15°C, 1 h, 55%

a solid-phase automated synthesis produced a linear mannose
trisaccharide in 74% yield using 60 equivalents total of glycosyl
donor 7.** No problems were encountered in solubilizing or
eluting the smaller or larger fluorous-tagged protected sugars in
the FSPE procedures using the same solvent as the chain grew
larger. In addition, all the reagents and building blocks could be
added to the reactions in liquid forms in a process amenable to
future automation. Interestingly, after this work was complete, a
fluorous-tagged synthesis of a glucose tetramer was reported in
which solubility problems were mentioned that required reaction
solvent switching from methylene chloride to trifluorotoluene
for the initial glycosylation.” Apparently our incorporation of
an oxygen spacer in the fluorous-tag rather than using only a
hydrocarbon spacer is key to maintaining solubility of the tag.

Synthesis of branched mannose oligosaccharides

After successfully achieving the synthesis of the linear mannose
oligomers, we put our attention towards synthesizing branched
mannose oligosaccharides to assess any differences in their behav-
ior in the FSPE procedure. To extend the horizon of fluorous-
tagged oligosaccharides, we selected mannose trisaccharide 5 and
mannose pentasaccharide 6 (Fig. 1) for synthesis on fluorous
support.

Trisaccharide 5 and pentasaccharide 6 require the same building
block to elongate the chain at the 3- and 6-positions respectively.
Two orthogonal protecting groups are required at the 3- and
6-position. Various combinations of protecting groups were
explored in designing a useful building block for the branch
point of the 3,6-modified mannose oligosaccharides. Acetyl groups
have been reported to be removed selectively in the presence of
a pivaloyl on a neighboring sugar using sodium methoxide.?*
However, it was unclear whether this reaction would be general
enough to rely on such a selective deprotection scheme in an
automation protocol. To test this idea, we designed a building
block with an acetyl group at the 3-position, a TBDPS at the 6-
position, and a pivaloyl at the 2-position for neighboring group
participation to construct the desired o-linkages (Scheme 3). In

Piv
HO
HO Q
AcO

PivCl, DMAP,
CHyCly, 1, 2h;
R —" .

60% aqg. AcOH,

18 L 1B Doty 0G0 9% 20 Oy
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TBDPSCl,  TBDPSO—, OPiv TBDPSO—, OPW SAMCARRBEAGT,
pyr, CH,Cl, HO PhCH,0 CGCls BnO fo] NaOAc, iwave, 80 °C, 5 min;
Py R o .
15°C, 1h, AcO CH,Cly/cyclohexane (1:2) AcO Cs,C03, CLCCN,
86% 29 Os TfOH 0°C,8h 2 O~ CH,Cl, it, 45 min
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Scheme 3 Initial synthesis of the fluorous-tagged branch point building block.
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compound 18, the equatorial hydroxyl group is more acidic than
the axial,® the 3-position hydroxyl group was selectively acetylated
to give compound 19 in 55% vyield. The acetylated mannose
19 was subjected to pivaloyl chloride and DMAP to provide
20. At this stage the 6-position hydroxyl group was selectively
silylated with TBDPSCI to give compound 21 in 86% yield. Acid-
catalyzed benzylation, microwave-assisted cleavage of the allyl
group® followed by reaction with trichloroacetonitrile gave the
desired trichloroacetimidate donor 23. A large excess of benzyl
trichloroacetimidate was used for the benzylation step and trace
amounts of this reagent remained in 23, but the compound could
be used in the glycosylation reaction as is for our initial trials since
the glycosyl acceptor is the limiting reagent.

Glycosylation of the resulting donor 23 with fluorous alcohol
8 was performed as for the glycosylation reactions in the linear
mannose oligomer synthesis in dichloromethane with a catalytic
amount of TMSOT( (Scheme 3). The coupling reaction worked
well resulting in a 92% yield of the glycosylated product 24
based on the alcohol. The product was purified by passing
through a FSPE column. Deprotection of the TBDPS group
with 1 M TBAF gave compound 25 in 70% yield. Unfortu-
nately, subjection of the sugar to methanolic sodium methoxide
resulted in the cleavage of both the acetyl and pivaloyl groups
to provide 26. Other reaction conditions reported for selective
acetyl group removal using Mg(OMe),* and guanidine® also were
unsuccessful.

Clearly, selective removal of an acetyl group in the presence
of a neighboring pivaloyl is not a general enough process to rely
upon in an automation strategy. Therefore, a levulinoyl protecting
group was installed at the 3-position (Scheme 4) as it could be
removed under milder conditions. Selective protection of the 3-
position hydroxyl group using levulinic acid and DCC followed
by pivaloylation of the 2-position hydroxyl group produced fully
protected mannose 27 in 53% yield over two steps. Cleavage of
the benzylidene acetal followed by selective silylation of the 6-
position hydroxyl group gave compound 29. Benzylation of the
4-position and deprotection of the allyl group followed by reaction
with trichloroacetonitrile produced the required activated building
block 31.

Glycosylation of mannose donor 31 with fluorous alcohol
8 was performed using catalytic TMSOTTf as described earlier
(Scheme 5). The resulting fluorous-tagged mannose 32 was
desilylated with 1 M TBAF to produce compound 33 in 70%
yield. Treatment of compound 33 with buffered hydrazine (1 M
in pyridine—acetic acid, 3 : 2) for 30 min gave the desired

TBDPSO OPiv
BnO TBDPSO—, OPiv
LevO BnO ,EE o}
o _CcCl LevO
OH ooy 5
NH
O/E) CgF17 /J
k/\ TMSOTf, CH,Cly, 5 °C, 15 min 1/
CgF17 95% Y
8 32
TBAF. THF HO OPiv 1M NH,NH,, pyr, HO OPiv
t, 4 h, 70% BnO 0 ACOH, it, 30 min _ BnO 0
’ i 0 LevO Ul HO
o 95% 0™
CgF17 CgF17
1/0 1/0
33 34
BnO OAc BnO OAc
BnO Bro: O
BnO
BnO
7 O B0
BnO

S
Q

TMSOTF, CH,Cl,,

5 °C, 30 min, 94% CgF17

35 ©

Scheme 5 Synthesis of the branched mannose trisaccharides.

product 34 in 95% yield. Coupling of the fluorous-tagged man-
nose 34 with mannose trichloroacetimidate 7 gave trimannoside
35 in 94% yield. For comparison, the solid phase approach
required 9 equivalents of all of the building blocks for a 38%
overall yield;" the fluorous-tag assisted approach required 4.5
equivalents of all of the building blocks for a 58% overall
yield.

The branched pentamannoside 39 was synthesized by first cou-
pling fluorous-tagged mannose 33 with mannose trichloroacetim-
idate 31 to make mannose a-(1— 6)-disaccharide 36 (Scheme 6).
Removal of the 6-position silicon protecting group followed
by deprotection of the two levulinyl groups gave the requisite
mannose acceptor 38. Triple glycosylation of disaccharide 38
with mannose trichloroacetimidate 7 resulted in the formation
of mannose pentasaccharide 39 in 92% yield. Interestingly, both
the branched and linear mannose structures were readily soluble
in the aqueous—organic mixtures required for loading of FSPE
columns.

LevOH,
Ph/%gﬁci‘ OrClp 45°C, 1 ‘_th\;)@)gv 60% aq. AcOH ngﬁjiv ChaCip. 156
HE PivCl, DMAP, CH,Cly, Levo 70°C,3h o7% VO 1h, 87%
48 O~ 1t 2h, 53% over 2 steps 27 O 2 O
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Levo TIOH, 0 °C, 8 h; PdCl,, LevO CHCl 1t ?_195&
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31

NH

Scheme 4 Synthesis of revised branch point building block.
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Scheme 6 Synthesis of the branched mannose pentasaccharide.

Conclusions

In summary, several protected mannose oligosaccharides were
synthesized using fluorous-tag assistance. The fluorous tag was
shown to be stable to all the reaction conditions required for
the requisite glycosylation and deprotection conditions deliv-
ered in a manner amenable to automation. Except in the case
of desilylation with TBAF, all purification steps to build the
oligosaccharides were performed using only fluorous solid phase
extraction (FSPE) with identical conditions regardless of the
oligosaccharide length. Most importantly, this particular fluorous
linker, in contrast with an earlier report, allow both small and
large oligosaccharides and the fluorous tag itself to maintain
their solubility in the organic solvents used in glycosylations
and in the aqueous—organic mixtures used for purification by
FSPE. Clearly, the linker design is crucial for the design of a reliable
solution-phase automation strategy. These results prove promising
for an automated fluorous-phase approach to oligosaccharide
synthesis.
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A southern Australian marine sponge, Trachycladus laevispirulifer, yielded the cytotoxic agents
trachycladindoles A—G (1-7) as a selection of novel indole-2-carboxylic acids bearing a
2-amino-4,5-dihydroimidazole moiety. The trachycladindoles displayed promising selective cytotoxicity
against a panel of human cancer cell lines and their structures were assigned on the basis of detailed
spectroscopic analysis. Preliminary structure activity relationship (SAR) investigations by
co-metabolite defined structural features key to the trachycladindole pharmacophore, highlighting an

unusual bioactive molecular motif deserving of future investigation.

Introduction

During an investigation into anticancer agents from marine
organisms, we examined a collection of invertebrates and algae
acquired over a period of more than two decades from various
southern Australian and Antarctic locations, ranging from inter-
tidal to deep water, and utilizing collection methods from hand
(SCUBA) to commercial and scientific trawling. Solvent extracts
prepared from these samples were screened for their growth
inhibitory and cytotoxic activity against a panel of human
cancer cell lines, leading to the identification of a number of
noteworthy bioactive extracts. Detailed chemical analysis of one
of these extracts led to the identification of a novel family of
cytotoxic indole-2-carboxylic acid heterocycles, trachycladindoles
A-G (1-7). This report describes the isolation, characterization
and structure elucidation of the trachycladindoles, together with
preliminary structure activity relationship investigations.

Results and discussion

Several thousand marine specimens from multiple field collection
sites were transferred frozen to the laboratory where they were
catalogued, diced and steeped in aqueous EtOH at —30 °C for
prolonged storage. To facilitate handling and biological screening,
a portion (7 mL) of each extract was decanted, concentrated
in vacuo, weighed and partitioned in situ between n-BuOH (2 mL)
and H,O (2 mL). Aliquots (I mL) of both the n-BuOH and
H,O partitions were transferred to deep 96 well plates and stored
at —30 °C ahead of being sub-sampled to support biological
screening.

Screening aliquots (5-10 pL) of n-BuOH and H,O partitions
(2 x 2624 samples) were assayed against a selection of cancer cell

“Institute for Molecular Bioscience, The University of Queensland, St Lucia,
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T Electronic supplementary information (ESI) available: Tabulated 1D and
2D NMR data, and 'H NMR spectra for trachycladindoles A-G (1-7).
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lines to reveal 110 marine specimens with promising cytotoxicity
profiles. Of these target specimens, 81 localized the cytotoxic
activity exclusively in the n-BuOH partition, 23 exclusively in
the H,O partition, and 6 in both n-BuOH and H,O partitions.
This pool of targeted marine specimens formed the basis of
our chemical investigations aimed at discovering new anticancer
agents. In this report, we describe the discovery of novel cytotoxic
metabolites, trachycladindoles A—G (1-7) produced by a specimen
of Trachycladus laevispirulifer collected in 2001 during commercial
trawling operations (Orange Roughy bycatch) in the Great Aus-
tralian Bight. A portion of the aqueous EtOH extract obtained
from a southern Australian specimen of 7. laevispirulifer displaying
cytotoxicity against human cancer cell lines was concentrated in
vacuo and the residue (1.8 g) partitioned into n-BuOH (331 mg)
and H,0 (1298 mg) solubles. The cytotoxic n-BuOH solubles were
sequentially triturated with hexane, CH,Cl, and MeOH, followed
by reverse phase HPLC, to yield novel heterocyclic indole-2-
carboxylic acids, trachycladindoles A-G (1-7).

High resolution ESI(+)MS analysis of trachycladindole A
(1) revealed a pseudo molecular ion (M + H) consistent with
a molecular formula (C;;H;;BrN,O,, Ammu 1.4) incorporating
nine double bond equivalents (DBE). Analysis of the *C NMR
(CD,0D) data for 1 (see Table 1) revealed eight sp* carbons (5¢
112.5 to 135.1) attributed to four carbon—carbon double bonds,
and a further two deshielded resonances (6. 168.6 and 160.4)
consistent with sp* carbonyl/iminyl carbons. These observations
accounted for six DBE and required that 1 be tricyclic. Further
analysis of the '"H and COSY NMR (CD,0D) data revealed
resonances and correlations consistent with three isolated spin
systems; (a) a 1,2,4-trisubstituted aromatic ring (éy 7.30, dd, J =
8.7 and 1.8 Hz, H-6; 7.39, dd, J = 8.7 and 0.5 Hz, H-7; and
7.60, brs, H-4); (b) an N-methyl (5, 2.74, s, N12-Me); and (c) a
deshielded methine-methylene pair (dy 6.38, brs, H-8; 3.69, brm,
H-9b; and 4.06, dd, J = 10.2 and 10.2 Hz, H-9a). Deshielded “C
NMR (CD;0D) chemical shifts for C-8 (dc 58.9) and C-9 (5 48.8),
together with gHMBC correlations from H-9b and N12-Me to a
common C-11 guanidino carbon (J. 160.4) and C-8, supported
assignment of the 2-amino-4,5-dihydroimidazole heterocycle as
shown. Such heterocycles are rare among published natural prod-
ucts with a noteworthy marine occurrence being discodermindole

This journal is © The Royal Society of Chemistry 2008
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Table1 NMR (600 MHz, CD;0OD) data for trachycladindole A (1)

1

# Su/m Set COSY ¢HMBC ('H-"C)
NI-H a

2 a

C2-CO,H =« 168.6

3 112.5

3a 128.1

4 7.60 (brs)  122.8  H-6

5 114.3

6 730(ddy 1274 H7,H4  C-7a,C-5,C4
7 7.39(dd)y 1155  H-6 C-6, C-5, C-4, C-3a
7a 135.1

8 6.38 (brs) 58.9

9a 4.06 (dd)* 488  H-9b C-11,C-8,C-3
9b 3.69 (brm) H-9

N10-H a

11 160.4

N12-Me 2.74(s) 29.7 C-11,C-8

“Not observed. * *C NMR assignments supported by DEPT and HSQC
experiments. €8.7, 1.8. 8.7, 0.5. € 10.2, 10.2.

(8), reported in 1991 by Sun et al.! from a deep-water collection
of the sponge Discodermia polydiscus. A second example of this
structure class, 6-hydroxydiscodermindole (9), was reported by
Gunasekera e al.* during a 2004 re-investigation of this same
D. polydiscus specimen. A significant difference in the NMR (d-
DMSO) data for the 2-amino-4,5-dihydroimidazole heterocycle in
trachycladindole A (1) compared to discodermindole (8) was the
pronounced deshielding of H-8 (Ady —1.21) and C-8 (Adc —5.3).
This deshielding was attributed to the ability of 1 to form an
internal salt with restricted conformational freedom (see below).
Further spectroscopic comparison to 8 permitted incorporation
of the 1,2,4-trisubstituted aromatic structure fragment in 1 into
the indole ring system as shown. Placement of the 2-amino-4,5-
dihydroimidazole substituent at C-3 (as indicated) was supported
by gHMBC (CD;0D) correlations (see Table 1) from H-9a to an
sp? carbon resonance attributed to C-3 (6c 112.6), and further
confirmed by a suite of diagnostic NOESY (CD;0OD) correlations
between H-9a, H-9b and N12-Me, to H-4 (0 7.60). These NOESY
correlations together with further NMR comparisons to 8, also
confirmed placement of a C-5 bromo substituent as indicated. The
structure arguments as presented above for 1 account for all but
the identity of the C-2 substituent and the elements of CO,H. As
a result, the complete planar structure for trachycladindole A (1)
was proposed as shown (in an internal salt form—see below).

High resolution ESI(+)MS analysis of trachycladindole B (2)
revealed a pseudo molecular ion (M + Na) consistent with a
molecular formula (C,,H,;sBrN,O,, Ammu —0.3) for a methyl
homologue of trachycladindole A (1). Comparison of the NMR
(CD;0OD) data between 1 and 2 (see Tables 1, 2) revealed the
only significant difference to be an additional N-methyl resonance
Oy 3.11 and J¢ 32.5) in 2 compared to 1. Further analysis of
the gHMBC (CD,0D) data revealed key correlations between
the N12-Me and C-8, and the N10-Me and flanking carbons C-9
and C-11. These observations together with diagnostic NOESY
(CD;0D) correlations between H-9b, N10-Me and N12-Me, to
H-4 (04 7.56), confirmed the planar structure for trachycladindole
B (2) as shown (in an internal salt form—see below).

"H NMR (600 MHz, CD;0D) and *C NMR (150 MHz, CD;0D) data from trachycladindoles B-G (2-7)

Table 2
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High resolution ESI(+)MS analysis of trachycladindole C
(3) revealed a pseudo molecular ion (M + H) consistent with
a molecular formula (C,;H;;BrN,O;, Ammu +0.9) for an oxy
analogue of trachycladindole A (1). Comparison of the 'H NMR
(CD;0D) data between 1 and 3 (see Tables 1, 2) revealed the only
significant difference to be a simplification of the aromatic spin
system to one consisting of two isolated protons (d; 6.99 and 7.55).
NMR (CD;0D) comparisons between 3 and the known sponge
metabolite 6-hydroxydiscodermindole (9) permitted placement of
a 6-hydroxy substituent and allowed assignment of the planar
structure for trachycladindole C (3) as shown (in an internal salt
form—see below).

High resolution ESI(+)MS analysis of trachycladindole D (4)
revealed a pseudo molecular ion (M + H) consistent with a
molecular formula (C,H;;BrN,O;, Ammu +0.9) for a methyl
homologue of trachycladindole C (3). Excellent NMR (CD;0D)
comparisons between 4 and co-metabolites 1-3 (see Tables 1, 2)
permitted assignment of the planar structure for trachycladindole
D (4) as shown (in an internal salt form—see below).

An unexpected spectroscopic feature in common between
trachycladindoles A-D (1-4) was pronounced broadening of the
'"H NMR resonances for H-4, H-8 and H-9b, and dramatic
deshielding of H-8. This effect was evident in both CD;OD and
d¢-DMSO but, significantly, was not reported for the known disco-
dermindoles 8 and 9. Taking note of potential spatial relationships
between these unusually broadened and deshielded protons, we
hypothesize that this effect is a consequence of “internal salt”
formation. Intramolecular ionic association between guanidinium
and carboxylate moieties could constrain orientation of the 2-
amino-4,5-dihydroimidazole heterocycle relative to the plane of
the indole ring, positioning H-8 within the deshielding zone of the
aromatic system and placing H-4, H-8 and H-9b (and on occasion
H-9a, N10-Me and N12-Me) in a proximity sufficient to explain
observed NOESY correlations (see Fig. 1). Such conformational
constraint notwithstanding, limited rotational flexibility about
the 3-8 bond could lead to H-4, H-8 and H-9b experiencing a

Fig. 1 3D (Chem 3D) representation of trachycladindole B (2) in the
proposed internal salt form.

spectrum of steric interactions and magnetic environments that
could manifest as broadened '"H NMR resonances.

High resolution ESI(+)MS analysis of trachycladindole E (5)
revealed a pseudo molecular ion (M + H) consistent with a
molecular formula (C,H;sBrN,O;, Ammu +0.8) isomeric with
trachycladindole D (4). However, unlike 4, the NMR (CD;0D)
data for 5 (see Table 2) lacked evidence of a phenolic hydroxy
substituent—instead revealing an indole substitution in common
with trachycladindoles A (1) and B (2). Further analysis of the 'H
NMR data for 5 revealed resonances consistent with conversion
of the 2-amino-4,5-dihydroimidazole methylene in 4 (H-9a and
H-9b) to a hydroxymethine in 5§ (H-9, dy 5.29; 6 86.4), along with
resonances for two guanidino N-methyls (0y 2.79 and 3.11) with
gHMBC correlations to a common guanidino sp? iminyl carbon
(0c 158.0) as well as C-8 (0 64.6) and C-9 (. 86.4) respectively. In
common with 1-4, the "H NMR data for 5 exhibited pronounced
broadening of resonances for H-4, H-8 and H-9 to the point
where the resonance for H-8 was barely detectable while that
for H-4 was rendered undetectable. [Note—the existence of H-
4 could be inferred from an m-coupling with H-6 (J,, = 1.7 Hz),
while the existence of H-8 could be inferred from H-8 HSQC and
N12-Me gHMBC correlations to C-8 (dc 65.1).] The challenges
in interpreting broadened NMR resonances notwithstanding,
the spectroscopic data for 5 was consistent with a C-9 hydroxy
analogue of trachycladindole B (2). Furthermore, in light of the
hypothesis presented above for '"H NMR broadening, and given
that H-9 in 5 is significantly broadened, we tentatively propose
that H-9 in 5 adopts the same relative stereochemistry to H-8 as
does H-9b in 1-4. Thus the structure for trachycladindole E (5)
was proposed as shown.

High resolution ESI(+)MS analysis of trachycladindole F (6)
revealed a pseudo molecular ion (M + H) consistent with a molec-
ular formula (C,;H,sBrN,O,, Ammu 0.0) for an oxy analogue of
trachycladindole E (5). Again, as with all other trachycladindoles,
"H NMR resonances for H-4, H-8 and H-9 were significantly
broadened, to the point where the former two resonances were
barely detectable. [Note—while the '"H NMR resonances for H-4
and H-8 were extremely broad, they were detectable and could
be integrated—they did not, however, provide 2D NMR correla-
tions in either COSY, NOESY, HSQC or gHMBC experiments.]
The challenges in interpreting broadened 'H NMR resonances
notwithstanding, analysis of the available spectroscopic data
for 6 (see Table 2) supported the presence of a 5-bromo-6-
hydroxyindole-2-carboxylic acid moiety in common with 3 and
4, and an N,N-dimethyl 2-amino-4-hydroxy-4,5-dihydroimidazole
moiety in common with 5. Significant broadening of the 'H NMR
resonances for H-9 was consistent with and permitted tentative
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assignment of a relative stereochemistry in common with 5. Thus
the structure for trachycladindole F (6) was proposed as shown.

High resolution ESI(+)MS analysis of trachycladindole G (7)
revealed a pseudo molecular ion (M + H) consistent with a
molecular formula (C;H; ;N,O,, Ammu +0.7) for a debromo
analogue of trachycladindole A (1). Particularly diagnostic in
the '"H NMR (CD;0D) data for 7 were resonances attributed
to H-4/H-7 0y 7.46, d) and H-5/H-6 (0 7.21, dd, 7.5 and
7.6 Hz; 7.05, dd, 7.5 and 7.6 Hz) of an indole, together with a
broadened and deshielded H-8 resonance (d4 6.42, br) common
to 1-6. Furthermore, and common with 1, trachycladindole G
(7) displayed an N-methyl resonance (0y 2.73, s) with NOESY
and HMBC correlations to H-8, C-8 and C-11, supporting an
N12 methyl regiochemistry. As with other trachycladindoles, the
'H NMR (CD;0D) data for 7 revealed a highly deshielded H-
8 resonance, along with significant broadening of H-8 and H-
9b. Overlapping 'H NMR (CD;0D) resonances for H-4 and H-7
precluded observation of the typical trachycladindole broadened
H-4 resonance, however, reacquisition of the "H NMR data in d,-
DMSO resolved these two overlapping resonances and revealed
H-4 to be, as expected, highly broadened (d 7.35, brs). These
observations, together with analysis of the complete 2D NMR data
set allowed assignment of the planar structure for trachycladindole
G (7) as shown.

As presented above, the trachycladindoles A—G (1-7) possess
new molecular structures incorporating a rare heterocyclic moiety,
and are proposed to exist preferentially as internal salts with
pronounced deshielding and broadening of selected '"H NMR
resonances. Efforts to disconnect the internal salt and reduce
NMR broadening by methylation of the carboxylic acid proved
unsuccessful. Repeated attempts at methylation of trachycladin-
dole C (3) with MeI-DMF yielded the expected 6-OMe derivative,
but did not yield the desired methyl ester. Likewise, repeated efforts
at methylation of trachycladindole D (4) with CH,N, did not
result in a methyl ester. These results suggest that the internal salt
is particularly stable. With regards to stability, it is interesting
to note that on prolonged storage in DMSO (>12 months)

trachycladindole E (5) undergoes conversion to a 1 : 1 mixture
with trachycladindole A (1). The mechanism for a formal loss of
HCHO remains unclear at this time. Trachycladindole F (6) also
proved to be unstable to long term storage in DMSO, however,
the identity of the decomposition product(s) remains unknown.

Biosynthetically, the trachycladindoles (1-7) are closely related
to the discodermindoles (8-9), with both likely derived from
a tryptophan precursor. A putative biosynthesis (see Fig. 2)
proposes parallel pathways to discodermindoles and trachy-
cladindoles. The discodermindole pathway could progress via
C-2 bromination of tryptophan, elimination of HCO,H and
conversion of the amino to a guanidino functionality, to return
a guanidinoenamine which undergoes an intramolecular enzyme
mediated (stereochemically controlled) E2 addition to yield the
2-amino-4,5-dihydroimidazole heterocycle as shown. Subsequent
action of bromoperoxidase/oxidase enzymes would complete the
transformation to discodermindoles (8-9). In the trachycladindole
pathway, tryptophan undergoes intramolecular CO,H transfer
to C-2 via a cyclic intermediate (see Fig. 2) and conversion of
the amino to a guanidino functionality to yield a guanidinoe-
namine which then undergoes an intramolecular enzyme mediated
(stereochemically controlled) E2 addition, leading to the 2-amino-
4,5-dihydroimidazole heterocycle as shown. Subsequent action of
methyl transfer and bromoperoxidase/oxidase enzymes leads to
trachycladindoles A-D (1-4) and G (7). In a subtle variation
to this pathway, enzyme mediated (stereochemically controlled)
epoxidation of the guanidinoenamine (see Fig. 2) followed by
intramolecular Sy2 addition of guanidine to the epoxide could,
subsequent to the action of bromoperoxidase/oxidase and methyl
transfer enzymes, yield trachycladindoles E-F (5-6). In this
biosynthetic proposal, the timing of C-2 bromination offers
a mechanism for discriminating between discodermindole and
trachycladindole pathways, although, alternative discrimination
strategies are feasible.

The rationale behind proposing a plausible biosynthetic path-
way is to illustrate that a limited repertoire of biosynthetic
transformations could be sufficient to assemble the full suite
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Fig. 2 Putative biosynthetic pathway.
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of discodermindoles and trachycladindoles from a commonly
available amino acid precursor. While naturally occurring trypto-
phan derived guanidinoenamines similar to those in the proposed
biosynthesis have yet to be discovered, two closely related tyrosine
derived guanidinoenamines have been reported from marine
sources. Tubastrine (10) was first reported in 1987 by Higa
et al® as the antiviral agent from an Okinawan coral (Tubastrea
aurea), and reappeared in a 2005 study by Kock er al.* into the
EGPFR inhibitor in a Scottish ascidian Dendrodoa grossularia. The
guanidinoenamine 11 was reported in 1994 by Capon et al.® as
the antibacterial agent from a southern Australian marine sponge
Spongosorites sp. To the best of our knowledge, known natural
occurrences of the 2-amino-4,5-dihydroimidazole moiety common
to trachycladindoles and discodermindoles are limited to 1977°
and 19787 reports of the plant seed amino acids enduracidin and
2-[2-amino-2-imidazolin-4-yl] acetic acid, a 2002 report® of the mi-
crobial glycopeptide antibacterial mannopeptimycins, and a 2005
report® of the ascidian metabolite tiruchanduramine. The paucity
of literature reports reinforces the observation that naturally
occurring 2-amino-4,5-dihydroimidazoles are rare, and that the
trachycladindoles possess novel molecular structures. Although
all trachycladindoles were chiral, the absolute stereochemistry,
and in the case of 5 and 6 the relative stereochemistry, remain
unassigned. Lack of naturally available material and demands for
bioassays, together with stability issues, requires that confirmation
of structures and stereochemical assignments best be achieved by
total synthesis.

Experimental
General experimental procedures

Chiroptical measurements ([a],) were obtained on a Jasco P-1010
Intelligent Remote Module polarimeter in a 100 by 2 mm cell.
Ultraviolet (UV) absorption spectra were obtained usinga CARY 3
UV-visible spectrophotometer. '"H NMR and ®C NMR spectra
were performed on either a Bruker Avance 600 spectrometer,
in the solvents indicated, and referenced to residual 'H signals
in the deuterated solvents. Electrospray ionization mass spectra
(ESIMS) were acquired using an Agilent 1100 Series Separations
Module equipped with an Agilent 1100 Series LC/MSD mass
detector in both +ve and —ve ion modes. High resolution (HR)
ESIMS measurements were obtained on a Finnigan MAT 900
XL Trap instrument with a Finnigan API III source. HPLC
was performed using an Agilent 1100 Series Separations Module
equipped with Agilent 1100 Series Diode Array and/or Multiple
Wavelength Detectors, and Agilent 1100 Series Fraction Collector,
controlled using ChemStation Rev.9.03A and Purify version A.1.2
software.

Collection

The sponge sample (UQ code: CMB-03397) was collected during
commercial trawling operations (Orange Roughy bycatch) aboard
the Lucky S. in the Great Australian Bight (latitude: 33° 12
S, longitude 128° 15 E) in 2001. The fresh sample was frozen
for shipping (—4 °C) to the laboratory, where it was thawed,
catalogued, diced and steeped in aqueous EtOH at —30 °C for
prolonged storage.

Taxonomy

Specimen CMB-03397 was described as follows: colour in life
orange. Growth form erect, arborescent, branches cylindrical, di-
chotomously branching with rounded club-shaped ends, 5-10 mm
diam. Texture spongy, flexible but difficult to tear. Oscules discrete
and scattered over branches. Surface opaque, optically smooth,
wrinkled in places. Spicules include oxeas curved, telescoped
and occasionally stylote (300-580 x 7-10 pum); microscleres are
spinispirae spined, c-shaped or double spiral (5-8 um). Ectosome
a distinct cortex, 100 um thick, of densely packed spinispirae.
Choanosome has a condensed axial region of fibres cored by
oxeas becoming plumose tracts coring fibres in the extra-axial
region. Collagen abundant extra-axially and filled with spinispirae.
Specimen CMB-03397 was identified as class: demospongiae,
order: hadromerida, family: trachycladidae, genus and species:
Trachycladus laevispirulifer (Carter, 1879b), and a voucher sample
was deposited with Museum Victoria (Reg No MVF147424).

Cytotoxicity assay

The in vitro cytotoxicity screening methodology carried out on
lung (A 549), colorectal (HT29) and breast (MDA-MB-231) cancer
cell lines has been reported.’

Extraction and isolation

A portion of the aqueous EtOH extract obtained from a southern
Australian Trachycladus sp. was concentrated in vacuo and the
crude extract (1.8 g) partitioned between n-BuOH (0.33 g) and
H,O (1.30 g). The n-BuOH solubles were sequentially triturated
with hexane (79.1 mg), CH,Cl, (29.7 mg) and MeOH (204 mg).
A portion of the MeOH solubles (50 mg) were fractionated by
HPLC (4.0 mL min~' 33 min gradient elution 90% H,O-MeOH to
MeOH through a Zorbax 5 um C; 250 x 10 mm column, followed
by 4.0 mL min~" 33 min gradient elution 50% H,O-CH;CN to
12.5% H,0-CH;CN through a Zorbax 5 um CN 250 x 10 mm
column) to yield trachycladindoles A (1) (3.1 mg, 0.16%%*), B (2)
(1.4 mg, 0.07%%*), C (3) (4.3 mg, 0.22%*), D (4) (1.4 mg, 0.7%%),
E (5) (5.9 mg, 0.3%%*) and F (6) (2.8 mg, 0.15%%*). The CH,Cl,
solubles were triturated with CH;CN (21 mg) and MeOH (8 mg),
and a portion of the MeOH solubles (3 mg) was fractionated by
HPLC (1.0 mL min~' 25 min gradient elution a 90% H,O0-CH;CN
to CH;CN through a Zorbax 5 um Cg 150 x 4.6 mm column) to
yield trachycladindole G (7) (1.2 mg, 0.22%%). (* percentage yields
calculated as weight to weight estimates in 1.8 g of crude extract.)

Trachycladindole A (1)

White solid; [a], +5.9 (¢ 0.95, MeOH); UV (MeOH) /., nm (loge)
225(3.39),296(2.92); '"H and "C NMR (CD;0D) data see Table 1;
'"H NMR (600 MHz, d,-DMSO) 7.53 (1H, brs, H-4), 7.38 (1H, d,
8.6 Hz, H-7), 7.24 (1H, dd, 8.5, 1.5 Hz, H-6), 6.44 (1H, brs, H-8),
3.98 (1H, dd, 9.8, 9.8 Hz, H-9a), 3.57 (1H, brs, H-9b), 2.69 (3H, s,
N12-Me); “C NMR (150 MHz, d,-DMSO) 168.6 (s), 160.4 (s),
135.1 (s), 128.1 (s), 127.4 (d), 122.8 (d), 115.5 (d), 114.3 (s),
112.5 (s), 58.9 (d), 48.8 (t), 29.7 (q); ESI(+)MS m/z 337/339
[M + HJ*; ESI(—)MS m/z 335/337 [M — H]; HRESI(+)MS
m/z 337.0309 [M + H]* (C,;H,,BrN,O, requires 337.0300).
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Table 3 Cell cytotoxicity data for trachycladindoles A-G (1-7)

Colorectal Breast (MDA-

# Lung (A549)/uM  (HT29)/uM MB-231)/uM

1) GI;, 6.5 2.9 1.2
TGI 9.2 7.4 1.6
LCs, 20.8 “ “

?2) Gl 1.3 0.5 2.7
TGI 2.0 1.8 5.1
LCs, 54 “ “

@3) Gl;, 19.8 4.8 12.2
TGI “ 18.1 “
LCSO a a a

4) GI; 1.7 0.4 2.4
TGI 1.9 0.9 5.7
LC50 a a a

(5) GI;, 0.5 0.3 1.1
TGI 0.7 0.8 2.1
LCs 2.1 “ 9.0

(6) GI;, 1.2 0.8 2.3
TGI 1.7 1.8 3.6
LCs, a a a

Q) GL, ¢ ‘ ‘
TGI a a a
LCs, a a a

“Not detected at 30 uM.

Trachycladindole B (2)

White solid; [a], +8.8 (¢ 0.94, MeOH); UV (MeOH) 4,,,, nm (log
€) 296 (2.60); '"H and “C NMR (CD;0D) data see Tables 2 and 3;
ESI(+)MS m/z351/353 [M + H]*; ESI(—)MS m/z 349/351 [M —
H]~; HRESI(+)MS m/z 373.0268 [M + Na]* (C,H,sBrN,NaO,
requires 373.0276).

Trachycladindole C (3)

White solid; [a]p +2.9 (¢ 1.31, MeOH); UV (MeOH) 4., nm
(log e) 225 (3.24), 245 (3.04), 313 (3.12), 320 (3.10); 'H and “C
NMR (CD;0D) data see Tables 2 and 3; ESI(+)MS m/z 355/357
[M + HJ*; ESI(—)MS m/z 353/355[M — H]~; HRESI(+)MS m/z
353.0253 [M + H]* (C;;H,4BrN,O; requires 353.0249).

Trachycladindole D (4)

White solid; [a]p +7.5 (¢ 1.02, MeOH); UV (MeOH) /., nm
(log e) 225 (3.29), 245 (2.85), 313 (2.90), 320 (2.88); 'H and C
NMR (CD;0D) data see Tables 2 and 3; ESI(+)MS m/z 367/369
[M + H]"; ESI(—)MS m/z 365/367 [M — H]~; HRESI(+)MS m/z
367.0398 [M + H]* (C,,H;xBrN,O; requires 367.0406).

Trachycladindole E (5)

White solid; [a]p +11.6 (¢ 0.48, MeOH); UV (MecOH) 4., nm
(log e) 225 (3.35), 296 (2.90); 'H and *C NMR (CD;0OD) data
see Tables 2 and 3; ESI(+)MS m/z 367/369 [M + H]*; ESI(—)MS
m/z 365/367 [M — H]; HRESI(+)MS m/z 367.0408 [M + HJ*
(Ci,HsBrN,O; requires 367.0406).

Trachycladindole F (6)

White solid; [a], —4.8 (¢ 0.94, MeOH); UV (MeOH) A, nm
(log e) 225 (3.36), 245 (3.13), 313 (3.21), 320 (3.18); 'H and “C
NMR (CD;0D) data see Tables 2 and 3; ESI(+)MS m/z 383/385

[M + H]*; ESI(—)MS m/z 381/383 [M — H]"; HRESI(+)MS m/z
383.0349 [M + H]* (C,,H,BrN,O, requires 383.0355).

Trachycladindole G (7)

White solid; [a], +140.3 (¢ 0.60, MeOH); UV (MeOH) /., nm
(log e) 225 (3.03), 292 (2.88); 'H and “C NMR (CD;0OD) data
see Tables 2 and 3; '"H NMR (600 MHz, d,-DMSO) 7.37 (1H, d,
8.2 Hz, H-7),7.34 (1H, brd, 5.9 Hz, H-4), 7.08 (1H, dd, 7.5, 7.5 Hz,
H-6), 6.95 (1H, dd, 7.5, 7.5 Hz, H-5), 6.53 (1H, brs, H-8), 3.91
(1H, brm, H-9a), 3.57 (1H, brm, H-9b), 2.64 (3H, s, N12-Me);
ESI(+)MS m/z 259 [M + H]*; ESI(—)MS m/z 257 [M — HJ;
HRESI(+)MS m/z 259.1197 [M + H]* (C,;H,sBrN,O, requires
259.1195).

Conclusion

Sponges of the genus Trachycladus do not feature prominently in
the natural products literature, with reports being limited to two
Australian collections. These include a 1995 account by Molinski
et al. on the trachycladines, cytotoxic nucleosides obtained from
a T laevispirulifer specimen collected by SCUBA (—10 m) at
Exmouth Gulfin Western Australia, and a 2001 account by Capon
et al.* on onnamide F, a nematocidal and antifungal polyketide
obtained from a 7. laevispirulifer specimen collected by SCUBA
(—15m) in Port Phillip Bay, Victoria. This current study represents
only the third reported occurrence of natural products from T
laevispirulifer, extending the two earlier reports of nucleosides
and polyketides to include the trachycladindoles, indolyl alkaloids
incorporating rare and unusual structural features.

A comparison of the cytotoxicity of trachycladindoles A-G
(1-7) against lung (A549), colorectal (HT29), and breast (MDA-
MB-231) cancer cell lines (see Table 3) revealed GIls, and TGI
with sub uM potency. Of note, trachycladindole G (7) lacked
significant cytotoxicity at +30 uM, highlighting the structure ac-
tivity relationship (SAR) importance of C-5 bromination and/or
C-6 hydroxylation. Similarly, comparative cytotoxicity data for
trachycladindoles A-F (1-6) revealed a pharmacophore bias in
favor of N10 and N12 dimethylation (i.e. lung and colorectal
potency trends have 2 better than 1, and 4 better than 3) and
C-9 hydroxylation (i.e. lung, colorectal and breast potency trends
have 5 better than 1, and 6 better than 2). These assessments
of the trachycladindole pharmacophore, while only preliminary,
do point to clear relationships between structure and potency,
and encourage the view that further investigation of this unusual
pharmacophore is warranted.
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2,3-Diaryl-5-ethylsulfanylmethyltetrahydrofuran-3-ols were designed and synthesized by the allylations
of benzoins followed by iodocyclization and nucleophilic replacement reactions with ethanthiol. These
molecules exhibit IC,, for COX-2 at <10 nM concentration and exhibit average GI;, over all the 59

human tumor cell lines at uM concentration.

Introduction

Starting with the steroids and passing through the use of non-
selective and selective non-steroids, the process of treatment of
inflammation has travelled a long way. The modern era of anti-
inflammatory drugs dates back to 1897 when aspirin was intro-
duced for the treatment of inflammation, fever and pain, which
was followed by the launch of many other drugs like ibuprofen,
diclofenac, and indomethacin. However, the rationalization of the
mechanism of inflammation in 1971, with the identification of the
enzyme cyclooxygenase' as being responsible for the formation of
prostaglandins during arachidonic acid metabolism, has focused
attention on the inhibition of this enzyme for the treatment of
inflammation. Moreover, the cause of undesirable side effects of
inflammatory drugs was unraveled by the identification of two
isoforms of enzyme cyclooxygenase viz. COX-1 and COX-2.>*
Whereas COX-1 performs desirable roles in the protection of the
gastrointestinal wall, induction of labor etc., the over-expression of
COX-2, in response to stimuli like inflammatory cytokines, growth
factors, tumor promoters, peroxisomal proliferators, hypoxia,
ionizing radiations and carcinogens, is responsible for various
inflammatory diseases,®” promotion of cancer®*** and induction of
multi drug resistance.”"® The close structural similarities between
COX-1 and COX-2 have heralded the era of selective COX-2
inhibitors,®2* the coxibs,>? which were considered to be safer
than the conventional non-steroidal anti-inflammatory drugs.
However, the withdrawal of rofecoxib, due to its cardiac toxicity,
was a major setback to the use of selective COX-2 inhibitors for
inflammatory diseases. It has been proposed that the oxidation?
of rofecoxib is a possible contributor to its toxicity, while the
diminished synthesis of prostacyclin, a vasodilator, has also been
considered to be a limitation of selective COX-2 inhibitors.?*
Therefore, the multiple role of enzyme COX-2 and the side effects
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data for compounds 24-36, Linpinski values of compounds 38-46 and
detailed growth inhibitory data for compounds 38, 40 and 41 are given.
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associated with the presently available drugs for blocking this
enzyme demand more investigations in this field.

Based upon the common structural feature of diaryl based
COX-2 inhibitors* most of which have three interacting sites
present on a central template (pyrazole in celecoxib; 1, Scheme 1),
we have chosen tetrahydrofuran (THF) as the template (struc-
turally similar to the template of rofecoxib but devoid of oxidation)
and introduced appropriately substituted phenyl rings at its C-2,
C-3 positions and ethylsulfanyl methyl group at C-5 (3, Scheme 1).
The dockings of molecules 3 (Scheme 1) in the active site of
COX-2 show that C-5 substituent interacts with R120 through
S and unlike compound 2, the presence of substituents on the
phenyl rings enhances their interactions with the active site amino
acid residues. The in-vitro COX-2 inhibition activities of 3 are
significantly higher in comparison to compound 2** (Scheme 1).
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interaction
SCHs } point
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Scheme 1

Results and discussion

A detailed account of the synthesis of target molecules has been
shown in Scheme 2. The condensation of benzaldehydes 4-9 in
the presence of NaCN (benzoin condensation) provided the cor-
responding symmetrical benzoins 10-15, while the unsymmetrical
benzoins (16, 17) have been obtained by the crossed benzoin
condensation (Scheme 2). In the crossed benzoin reactions, small
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ii) In, allyl bromide, THF:H,O (2:1)

iii) Oxone (4 equiv.), THF-H,0O(1:1), 0 °C
iv) 2. NaHCO 3, CHZCN, Stir

v) NaH/DMF, 0 °C, stir, CoHsSH

drAB) Yield
r(A: Yl=x2=
37,38:X'=X2= )

28:X'=x2=H 1:4 Xe=H 720/0

29: X' = X2 =2-Cl 1:8 39: X' =X2=2-Cl 1%

30: xl = x22= 4-Cl 2:13 40: X' = X2=4-Cl 78%

3:X'= X2=4F 4:9 - w2l 70%

32:X'= X2=4-OCHj, 1:5 41:X1= XT=4F

33:X'=X2=4-S0,CH;  (onlyB) 42:X"= X2=4-OCHs 75%
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34: X1 =H, X2 = 4-SCHs 1:5 43: X' = X2 = 4-S0,CH; 7%

35:X' =H, X2=4-SO,CH; (only B) ] )

36: X1 =H, X2=4-OCH, 1:5 44: X" =H, X2 =4-SCH3 77%
45:X"=H, X2=4-SO,CH3  78%
46:X'=H, X?= 4-OCHj3 73%

Scheme 2

amounts of symmetrical benzoins 14, 15 and traces of benzoin 10
are also formed which were separated by column chromatography.
On the basis of the placement of the substituted/unsubstituted
phenyl ring at C-2/C-3 of tetrahydrofurans 35 and 36 (coming
from benzoins 16 and 17), a plausible mechanism has been written
for cross benzoin condensation (Scheme 3).

o
NG )
s e 0
H OH
X = OCHg, SCHy X

16,17
oN- A\/‘

A solution of benzoin 10, allyl bromide and indium metal
(suspension) (1 : 1.5 : 1) in THF-H,O (2 : 1) on stirring at 30 +
2 °C for 6-8 h, after usual workup provided 18 and under the
same reaction conditions the substituted benzoins 11-17 furnished
respective homoallylic alcohols 19-25 with diastereoselectivity
>99. High diastereoselectivity at this step has been explained on
the basis of Cram’s chelation model.* Treatment of compounds
23 and 24 with oxone transformed the SCH; group to SO,CHj; in
compounds 26 and 27, respectively.

Stirring a solution of 18, iodine, NaHCO; in CH;CN at 0 °C
gave a mixture of two diastereomers in the ratio 1 : 4 ('H
NMR spectrum) which were separated by column chromatog-
raphy and identified as 28A and 28B (Scheme 2). Likewise,
the iodocyclisations of homoallylic alcohols 19-22 and 24-27
resulted in the formation of respective tetrahydrofurans 29-36
(A and B) in the diastereomeric ratio shown in Scheme 2. The

Scheme 3

diastereoselective iodocyclisation of homoallylic alcohols has been
explained on the basis of the formation of two transition states in
this reaction.® In the case of tetrahydrofurans 35 and 36, the
presence of a substituted phenyl ring at C-3 of tetrahydrofuran,
has been proved on the basis of HMBC and long range INEPT
NMR experiments. Treatment of compounds 28A and 28B-
36B with ethanethiol provided the corresponding compound 37—
46 (Scheme 2). The relative stereochemistries at C-2 and C-5
carbons of tetrahydrofurans have been ascertained on the basis
of observation of NOE between 2-H and 5-H in case of 37 and
no NOE between 2-H and 5-H in case of compounds 38-46. An
energy minimised structure of 38 (Fig. 1) shows anti-orientation
of the phenyl rings at C-2 and C-3 and similar geometries have
been obtained after energy minimisations of compounds 39-46.

Fig. 1 Energy minimized structure of 38. Anti-orientations of 2-H, 5-H
and C-2, C-3 phenyl rings are in parallel with those observed from NOE
experiments.
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This particular structure of the molecules has been used during
their dockings in the active site of COX-2.

Therefore, substituted/unsubstituted benzaldehydes through
benzoin formation followed by diastereoselective allylation and
diastereoselective iodocyclisation provided the target molecules in
appreciable yields.

In-vitro COX-2 inhibiting activities of these compounds have
been evaluated using a ‘COX (ovine) inhibitor screening assay’ kit
with 96 well plates following the standard procedure. The growth
inhibitory activities have been tested at 59 human tumor cell
lines representing leukemia, melanoma and cancers of the lung,
colon, brain, ovary, breast, prostate as well as kidney, following
the standard procedure of NCI, NTH, Bethesda, USA .3

All the ten compounds (37-46) evaluated for COX-1, COX-2
inhibitory activities (Table 1) carry a CH,SCH,CH; group at C-5
of tetrahydrofuran and differ from one another by the substituent
at the two aryl rings. A very nice discrimination between the two
diastereomers of tetrahydrofuran by COX-2 has been observed
in the case of compounds 37 (2R*, 3S*, 5R*) and 38 (2R*,
3S*, 55*) where compound 38 with 55* configuration exhibits
significant inhibition of COX-2 with ICj, 0.25 uM while 37 shows
poor inhibition of COX-2 exhibiting ICs, 7.56 uM. On this basis,
the compounds 3846 with 55* configuration were selected for
investigations.

It has been observed that the compounds 39—46 exhibit
high COX-2 inhibition with IC5, < 0.01 uM which is bet-
ter than celecoxib and rofecoxib. Compounds 3943 with o-
chlorophenyl, p-chlorophenyl, p-fluorophenyl, p-methoxyphenyl
and p-methansulfonylphenyl group, respectively, at C-2, C-3 of
tetrahydrofuran show almost equal inhibition (90%, 10 M
concentration) of COX-2 and poor inhibition of COX-1. Similarly,
compounds 45 and 46 with a substituent at C-3 phenyl ring
only, also exhibit 88% and 86% inhibition of COX-2 at 10~* M
concentration. Compound 44 with a SCH; group at C-3 phenyl
shows 89% inhibition of COX-2 at 10~* M concentration and 66%
inhibition of COX-1 at 10~> M concentration. Moreover, this class
of highly selective COX-2 inhibitors, unlike rofecoxib, is devoid of
air oxidation.

The docking studies® (docking programme was validated by
performing the docking of Sc-558 in the crystal structure of

COX-2, pdb ID 6COX, Fig. 2) indicate that these molecules fit
in the active site of COX-2 (Fig. 3) in the same fashion as Sc-
558. It is noteworthy that the sulfur atom present with the C-5
substituent of compounds 40 and 41 approaches at a distance of
2.40 A to the NH of guanidine moiety of R120, the residue active
during the metabolic phase of COX-2. The substituents present
at C-2 and C-3 phenyl rings of tetrahydrofurans interact through
H-bonding with W387 and H90, respectively. For compound 41,
the distance between F present at C-2 Ph and ArH of W387 is
0.987 A.

Fig. 2 Validation of docking programme. Close overlapping of docked
structure of Sc-558 with its crystal structure (rms error is 0.48).

Moreover, a strong H-bond has been observed between fluorine
present at C-3 Ph of compound 41 and NH of H90. Compound
43 when docked in the active site of COX-2 shows an H-bond with
W387 through oxygen of SO,Me group present at C-2 Ph.

As observed during the dockings of these compounds in COX-
1, they do not enter into the active site of COX-1 and all of them
exhibit a positive docking score.

The role of COX-2 in promotion of cancer has been established
and many of its inhibitors like aspirin, rofecoxib, celecoxib ezc.
have been investigated for their use as cancer chemo-preventives

Table 1 In-vitro COX-2 inhibitory activities of tetrahydrofuran derivatives with SCH,CH; group at C-5 (37-46)

COX-2 COX-1

% Inhibition % Inhibition
Compound 0.01 uM 0.1 uM 1 uM (10 uM) ICsy (UM) 10 uM 100 uM I1Cs (uM) COX-2 selectivity”
37 -2 -2 —6 (68) 7.56 11.5 30 >100 >15
38 30 46 67 0.25 22 55 85 340
39 90 97 91 <0.01 22 52 93 >9300
40 89 94 97 <0.01 24.4 57 78 >7800
41 83 78 92 <0.01 —-12 — — —
42 88 87 88 <0.01 22 54 87 >8700
43 89 85 87 <0.01 46.5 70 27 >2700
44 89 91 86 <0.01 66 80 <10 ~1000
45 88 85 — <0.01 28 63 66 >6600
46 86 89 88 <0.01 40 68 42 >4200
Celecoxib 50 0.076 65 10.75 141
Rofecoxib 75 0.5 75 >100 >200

« COX-2 selectivity = IC5,(COX-1)/IC(COX-2).
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Fig.3 Compound 40, 41 and 42 docked in the active site of COX-2 (pdb
ID 6COX). H’s are omitted for clarity. ‘S’ of C-5 substituent approaches to
the guanidine moiety of R120 at a distance of 2.40 A for compounds 40, 41
and 3.22 A for compound 42. H-bond (2.01 A) between F present at C-3
phenyl of compound 41 and NH of H90 is visible while the corresponding
substituents of compounds 40 and 42 have a distance of 2.34 A and 2.42 A,
respectively, from NH of H90.

along with other cytotoxic drugs.’ Due to the high COX-2
inhibitory activities of tetrahydrofurans discussed above, some
of the molecules (38, 40 and 41; picked by NIH from a list of
ten compounds) were subjected to 59 human tumor cell lines
for screening their growth inhibitory activities (Table 2). The
average Gl5, of compound 38 over all the 59 human tumor
cell lines is 5.49 x 107° M. It exhibits GI;, < 1.00 x 10* M
for the SR cell line of leukemia showing 51% and 60% growth
inhibitions of tumor cells at 107 M and 10~* M concentrations,
respectively. Compounds 40 and 41 show significant growth
inhibitory activities with average Gls, over all the 59 cancer cell
linesas 1.73 x 10~ M and 1.31 x 10~° M, respectively. Compound
41 exhibits Gls, 3.65 x 10~* M and <1.00 x 10~* M at CCRF-CEM
and SR cell lines of leukemia, respectively. Moreover, the growth
inhibitory activities of compounds 40 and 41 at the PC3 cell line
of prostate cancer are better than those reported for celecoxib®’
(Table 2). High LC;, values of compounds 38, 40 and 41 indicate
the poor toxicity of these compounds.

Therefore, the model proposed for tetrahydrofuran based COX-
2 inhibitors, with three interacting sites, has proved well and
the molecules show better COX-2 inhibitory activities than that
of celecoxib and rofecoxib. The high COX-2 inhibition and
significant growth inhibitory activities of these molecules at
various cancer cell lines indicate that they could be used as
lead molecules for their development into anti-inflammatory and

anticancer agents. All these molecules follow Lipinski’s rule of
five® (electronic supplementary information). ¥

Conclusions

In parallel with the structural features of celecoxib and rofecoxib,
2,3-diaryl-5-ethylsulfanylmethyl tetrahydrofurans were designed.
The benzoins, obtained from substituted/unsubstituted ben-
zaldehydes, undergo indium mediated diastereoselective allylation
followed by iodocyclisation and nucleophilic replacement of the
iodo group with ethanthiol to furnish the target molecules. These
molecules exhibit ICy, for COX-2 in the nM range and a high
selectivity for COX-2 over COX-1. Compounds 40 and 41 also
show considerable growth inhibitory activities at various cancer
cell lines.

Experimental
General

Melting points were determined in capillaries and are uncorrected.
'H and ®C NMR spectra were run on a JEOL JNM AL 300 MHz
and 75 MHz NMR spectrometer, respectively, using CDCl; as
solvent. Chemical shifts are given in ppm with TMS as an internal
reference. J values are given in Hertz. Chromatography was
performed with silica 100-200 mesh and reactions were monitored
by thin layer chromatography (TLC) with silica plates coated with
silica gel HF-254. The bioassay kit was purchased from Cayman
Chemical. Experimental procedure and spectroscopic data of
benzoins (10-17) and allylated products (18-23, 26) (Scheme 2)
has already been reported® and that for compounds 24, 25, 27-36
has been given as supplementary data in the ESIL.{

(2R*, 35%, SR*)-5-Ethylsulfanylmethyl-2,3-diphenyl-
tetrahydrofuran-3-ol (37)

To the ice cold solution of NaH (0.12 g, 5.5 mmol) in DMF
(2-3 ml) was added ethanethiol (0.34 g, 5.5 mmol) and stirred
for 2 min, followed by the addition of ice cold solution of 28A
(2.24 g, 5 mmol). On completion of reaction (20-30 min, TLC
monitoring), the reaction mixture was extracted with diethylether.
The organic layer was dried over anhydrous sodium sulfate and the
solvent was distilled off. The residue was column chromatographed
(silica gel 100-200) using ethyl acetate, hexane as eluents to isolate
37 as thick liquid. Yield 72%; (Found: C, 72.63; H, 7.19. C,,H,,0,S
requires C, 72.57; H, 7.05%). vp (CHCl;/cm™"): 3600 (OH); oy
(300 MHz, CDCl;, Me,Si): 1.34 (3H, t, J = 7.5 Hz, CH,), 2.17
(1H, bs, exchanges with D,0), 2.38 (1H, dd, *J = 14.1 Hz, 3J =
4.8 Hz, H-4), 2.76 (2H, q, J = 7.5 Hz, SCH,), 2.83 1H, (dd,

Table 2 Comparison of growth inhibitory activities (Gls,) of compounds 38, 40, 41 with celecoxib®

Compound Average Glj, over all the 59 tumor cell lines Activity at PC3 cancer cell line, GI5,/uM Average LCs, over all the cell lines
38 549 x 10° M 44.5 9.5x 10° M

40 1.73 x 10° M 20.0 72 x10° M

41 1.31 x 10° M 16.2 6.6 x 10°M

Celecoxib — 47.0

“ Rofecoxib exhibits 15% inhibition (at 10~ M concentration) of tumor cells of PC3 cell line of prostate cancer.”’

This journal is © The Royal Society of Chemistry 2008
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3J=14.1Hz,*J =9.0 Hz, H-4), 2.97 (1H, dd, *J = 13.8 Hz,*J =
4.8 Hz, 5-CH,), 3.09 (1H, dd, 'J = 13.8 Hz, *J = 5.4 Hz, 5-CH,),
4.65 (1H, dq, *J = 9.9 Hz, °J = 4.8 Hz, H-5), 5.11 (1H, s, H-
2), 6.98-7.43 (10H, m, ArH); d. (75 MHz, CDCl;, Me,Si): 14.95
(+ve, CH;), 27.48 (—ve, SCH,), 37.11(—ve, 5-CH,), 48.17 (—ve,
C-4), 77.19 (+ve, C-5), 82.04 (ab, C-3), 90.38 (+ve, C-2), 125.40
(+ve, CH), 126.65 (+ve, CH), 127.02 (+ve, CH), 127.93 (+ve, CH),
127.96 (+ve, CH), 128.21 (+ve, CH), 135.09 (ab, C), 142.01 (ab,
C). NOE experiments: irrradiation of singlet at § 5.18 (H-2) shows
positive NOE with signals at ¢ 4.65 (H-5), and 6.94, 7.43 (ArH)
and irradiation of dq at J 4. 65 (H-5) shows positive NOE with dd
at o 2.83 (5.46%); m/z (FAB) 313 (M*-1).

(2R*, 35*, 55*)-5-Ethylsulfanylmethyl-2,3-diphenyl-
tetrahydrofuran-3-ol (38)

According to the preparation of 37, 38 was obtained from 28B
as thick liquid. Yield 72%; (Found: C, 72.36; H, 6.89. C,,H,,0,S
requires C, 72.57; H, 7.05%). Vpx (CHCL;/cm™"): 3620 (OH). oy
(300 MHz, CDCl;, Me,Si): 1.31 (3H, t, J = 7.5 Hz, CHj;), 2.46
(1H, bs, exchanges with D,0), 2.55 (2H, d, J = 7.8 Hz, H-4), 2.69
(2H, q, J = 7.5 Hz, SCH,), 2.96 (2H, q, J = 2.4 Hz, 5-CH,),
4.86 (1H, m, H-5), 5.43 (1H, s, H-2), 7.02-7.44 (10H, m, ArH); d
(75 MHz, CDCl;, Me,Si): 14.98 (+ve, CHj;), 27.09 (—ve, SCH,),
37.19 (—ve, 5-CH,), 47.92 (—ve, C-4), 78.44 (+ve, C-5), 83.25 (ab,
C-3), 89.53 (+ve, C-2), 125.30 (+ve, CH), 125.87 (+ve, CH), 126.60
(+ve, CH), 127.26 (+ve, CH), 128.28 (+ve, CH), 128.35 (+ve, CH),
135.48 (ab, C), 141.66 (ab, C). NOE experiments: irradiation of
singlet at 0 5.43 (H-2) shows positive NOE with signals at 6 7.03
(19.8%), 7.38 (11.86%) (ArH) and shows no positive NOE with
multiplet at 0 4.86 (H-5); m/z (FAB) 313 (M*-1).

(2R*, 35*, 585*)-2,3-Bis-(2-chlorophenyl)-5-ethylsulfanyl-
methyltetrahydrofuran-3-ol (39)

To the ice cold solution of NaH (0.12 g, 5.5 mmol) in DMF
(2-3 ml) was added ethanethiol (0.34 g, 5.5 mmol) and stirred
for 2 min, followed by the addition of ice cold solution of 29B
(2.24 g, 5 mmol). On completion of reaction (20-30 min, TLC
monitoring), the reaction mixture was extracted with diethylether.
The organic layer was dried over anhydrous sodium sulfate and the
solvent was distilled off. The residue was column chromatographed
(silica gel 100-200) using ethyl acetate, hexane as eluents to isolate
39 as thick liquid. Yield 71%; (Found: C, 59.41; H, 5.13; S,
8.21. C,yH,CL,0,S requires C, 59.53; H, 5.26; S, 8.37%). Viux
(CHCl;)/cm™): 3450 (OH); dy (300 MHz, CDCl;, Me,Si): 1.30
(3H,t,J =7.5Hz CH,), 1.99 (1H, d, J = 1.8 Hz, OH, exchanges
with D,0), 2.34 (1H, dd, *J = 12.9 Hz, *J = 6.0 Hz, 4-H), 2.68
(2H, dq, *J = 7.5 Hz, *J = 0.9 Hz, SCH,), 2.90 (1H, dd, *J =
13.2 Hz, *J = 6.3 Hz, CH,S), 3.02 (1H, dd, *J = 13.2 Hz, °J =
6.0 Hz, CH,S), 3.27 (1H, ddd, *J = 12.9 Hz, *J = 9.6 Hz, *J =
1.8 Hz, 4-H, converted into dd on D,O exchange), 4.84 (1H, ddd,
’J = 12.0 Hz, *J = 9.9 Hz, *J = 6.0 Hz, 5-H), 6.47 (1H, s, 2-
H), 7.17-7.22 (4H, m, ArH), 7.29-7.39 (2H, m, ArH), 7.51-7.54
(1H, m, ArH), 7.69 (1H, dd, °J = 7.5 Hz, °J = 1.5 Hz, ArH).
Decoupling of triplet at & 1.30 converts dq at d 2.68 into a doublet
with J = 0.9 Hz. Decoupling of double doublet at J 2.34 converts
ddd at ¢ 3.27 into a dd °J = 9.3 Hz, *J = 1.8 Hz; . (75.4 MHz,
CDCl;, Me,Si): 14.87 (+ve, CHj;), 26.76 (—ve, SCH,), 36.79 (—ve,

CH.S), 44.77 (—ve, C-4), 79.33 (+ve, C-5), 82.29 (+ve, C-2), 82.95
(ab, C-3), 126.73 (+ve, ArCH), 126.85 (+ve, ArCH), 128.08 (+ve,
ArCH), 128.91 (+ve, ArCH), 129.31 (+ve, ArCH), 129.64 (+ve,
ArCH), 129.93 (+ve, ArCH), 131.38 (+ve, ArCH), 131.57 (ab,
ArC), 133.04 (ab, ArC), 134.34 (ab, ArC), 138.28 (ab, ArC); m/z
(FAB) 364.9 (M*-H,0), 364.9 (M*-OH).

(2R*, 35%, 55*)-2,3-Bis-(4-chlorophenyl)-5-ethylsulfanyl-
methyltetrahydrofuran-3-ol (40)

According to the preparation of 39, 40 was obtained from 30B as
thick liquid. Yield 78%; (Found: C, 59.41; H, 5.13; S, 8.21. C,yHy,
Cl,0,S requires C, 59.53; H, 5.26; S, 8.37%). Ve (CHCIL;)/cm™:
3450 (OH); 0y (300 MHz, CDCl;, Me,Si): 1.30 (3H, t, J/ = 7.5 Hz,
CH,;), 1.69 (1H, bs, OH, exchanges with D,0), 2.52 2H, d, J =
8.1 Hz, 4-H), 2.68 (2H, q, J = 7.5 Hz, SCH,), 2.90 (1H, dd,
*J = 13.8 Hz, *J = 4.8 Hz, CH,S), 2.98 (1H, dd, *J = 13.5 Hz,
3J = 5.7 Hz, CH,S), 4.79-4.88 (1H, m, 5-H), 5.31 (1H, s, 2-H),
6.96 (2H, d, J = 8.4 Hz, ArH), 7.22 (2H, d, J = 8.4 Hz, ArH)
7.35 (4H, m, ArH); Decoupling of triplet at & 1.30 converts ¢
at 0 2.68 into singlet. Decoupling of doublet at J 2.52 converts
multiplet at 6 4.79-4.88 into a double doublet; d. (75.4 MHz,
CDCl;, Me,Si): 14.97 (+ve, CH;), 27.18 (—ve, SCH,), 37.17 (—ve,
CH,S), 47.73 (—ve, C-4), 78.29 (+ve, C-5), 82.93 (ab, C-3), 88.85
(+ve, C-2),126.79 (+ve, ArCH), 127.95 (+ve, ArCH), 128.48 (+ve,
ArCH), 128.60 (+ve, ArCH), 133.36 (ab, ArC), 133.81 (ab, ArC),
134.14 (ab, ArC), 139.91 (ab, ArC); In "H-"*C HETCOR spectrum,
carbonsignal atd 14.97 shows correlation with signalaté 1.30in'"H
spectrum, carbon signal at 6 27.18 shows correlation with quartet
at 0 2.68 in "H NMR spectrum which assigns it to be CH, of the
SC,H; group, carbon signal at d 37.17 shows correlation with two
double doublets at § 2.90 and 2.98 in "H NMR spectrum, carbon
signal at 0 47.73 shows correlation with doublet at ¢ 2.52 in 'H
NMR spectrum, carbon signal at § 78.29 shows correlation with
multiplet at 6 4.79-4.88 in "H NMR spectrum, carbon signal at J
88.85 shows correlation with signal atd 5.31 in "H NMR spectrum
and therefore confirm the assignments of hydrogens and carbons
in this compound; NOE experiments: irradiation of singlet at ¢
5.31 (2-H) shows NOE with signals at J 7.35, 6.96 (ArHs), 2.68
(SCH,), 2.52 (4-Hs) and no NOE has been observed with the signal
at 0 4.79-4.88 (5-H); m/z (FAB) 382.9 (M").

(2R*, 35%, 55*)-2,3-Bis-(4-fluorophenyl)-5-ethylsulfanyl-
methyl tetrahydrofuran-3-ol (41)

According to the preparation of 39, 41 was obtained from
31B as thick liquid. Yield 79%; (Found: C, 65.02; H, 5.53; S,
9.09. CyHyF,0,S requires C, 65.12; H, 5.75; S, 9.15%). Vi
(CHCly)/cm™": 3431 (OH); 6, (300 MHz, CDCl;, Me,Si): 1.30
(3H,t,J =7.5Hz, CH;), 1.73 (1H, bs, OH, exchanges with D,0),
2.53 (2H, d, J = 7.5 Hz, 4-H), 2.68 (2H, q, J = 7.2 Hz, SCH,),
2.92 (1H, dd, *J = 13.5 Hz, *J = 4.8 Hz, CH,S), 2.98 (1H, dd,
*J = 13.5 Hz, *J = 5.7 Hz, CH,S), 4.79-4.88 (1H, m, 5-H), 5.33
(1H, s, 2-H), 6.89-7.09 (6H, m, ArH), 7.38 (2H, two doublets, *J =
5.4 Hz, *J = 5.1 Hz, ArH); . (75.4 MHz, CDCl,, Me,Si): 14.97
(+ve, CH;), 27.16 (—ve, SCH,), 37.23 (—ve, CH,S), 47.70 (—ve,
C-4), 78.15 (+ve, C-5), 82.81 (ab, C-3), 88.87 (+ve, C-2), 115.20
(+ve, d, Jcronmo = 21.00 Hz, ArCH), 115.24 (+ve, d, Jcrommo =
21.07 Hz, ArCH), 127.05 (+ve, d, Jcrmes = 8.02 Hz, ArCH),
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128.34 (+ve, d, Jcrimeey = 8.02 Hz, ArCH), 131.03 (ab, d, Jc.rpurey =
3.15 Hz, C), 137.19 (ab, d, Jc.rum = 3.08 Hz, ArC), 162.02 (ab, d,
Jer = 244.2 Hz, ArC), 162.63 (ab, d, J = 244.8 Hz, ArC); m/z
[MALDI (TOF)] 373 (M* + Na*), 389 (M* + K*).

(2R*, 38*, 55%)-5-Ethylsulfanylmethyl-2,3-bis-(4-
methoxyphenyl)-tetrahydrofuran-3-ol (42)

According to the preparation of 39, 42 was obtained from
32B as thick liquid. Yield 75%; (Found: C, 67.23; H, 6.97;
S, 8.44. C, H,0,S requires C, 67.35; H, 7.00; S, 8.56%). Vi
(CHCl;)/cm™": 3458 (OH); 4, (300 MHz, CDCl;, Me,Si): 1.29
(3H, t, J = 7.5 Hz, CHj;), 1.76 (1H, bs, OH, exchanges with D,0),
2.47 (1H, dd, *J = 12.9 Hz, *J = 9.0 Hz, 4-H), 2.53 (1H, dd, *J =
12.9 Hz, *J = 6.3 Hz, 4-H), 2.68 (2H, q, J = 7.5 Hz, SCH,), 2.91
(1H, dd, *J = 13.8 Hz, °J = 5.4 Hz, CH,S), 2.96 (1H, dd, *J =
13.5 Hz, *J = 5.7 Hz, CH,S), 3.76 (3H, s, OCH,;), 3.82 (3H, s,
OCH,), 4.76-4.85 (1H, m, 5-H), 5.31 (1H, s, 2-H), 6.78 (2H, d,
J =9.0 Hz, ArH), 6.88 (2H, d, J = 9.0 Hz, ArH), 6.98 (2H, d,
J =8.4Hz, ArH), 7.32 (2H, d, J = 8.7 Hz, ArH); 6 (75.4 MHz,
CDCl;, Me,Si): 14.95 (+ve, CHj;), 27.01 (—ve, SCH,), 37.22 (—ve,
CH,S), 47.54 (—ve, C-4), 55.11 (+ve, OCH,;), 55.17 (+ve, OCHj;),
78.01 (+ve, C-5), 82.68 (ab, C-3), 89.03 (+ve, C-2), 113.56 (+ve,
ArCH), 113.58 (+ve, ArCH), 126.46 (+ve, ArCH), 127.36 (ab,
ArC), 127.87 (+ve, ArCH), 133.74 (ab, ArC), 158.58 (ab, ArC),
159.38 (ab, ArC); m.z (FAB) 357 (M*-OH).

(2R*, 38*, 55%)-5-Ethylsulfanylmethyl-2,3-bis-(4-
methanesulfonylphenyl)-tetrahydrofuran-3-ol (43)

According to the preparation of 39, 43 was obtained from 33B
as white solid, mp 123 °C. Yield 77%; (Found: C, 53.44; H, 6.02;
S, 20.26. C, H,;04S; requires C, 53.59; H, 5.57; S, 20.44%). Vi
(CHCl;)/cm™": 3400 (OH), 1300 (S=0); 6, (300 MHz, CDCl,,
Me,Si): 1.31 (3H, t,J = 7.5 Hz, CHj;), 1.77 (1H, bs, OH, exchanges
with D,0), 2.58 (1H, dd, *J = 13.2Hz,*J= 6.3 Hz, 4-H), 2.67 (1H,
dd, 2J = 13.2 Hz, *J = 9.9 Hz, 4-H), 2.69 2H, q, J = 7.5 Hz,
SCH,), 2.93 (1H, dd, >J = 13.5 Hz, ’J = 4.5 Hz, CH,S), 3.02 (4H,
m, 3H of SO,CH; + 1H of CH,S), 3.09 (3H, s, SO,CH;), 4.92-5.44
(1H, m, 5-H), 5.44 (1H, s, 2-H), 7.21 (2H, d, J = 8.4 Hz, ArH),
7.68 (2H,d,J =8.4Hz, ArH), 7.79 2H, d, J = 8.1 Hz, ArH), 7.94
(2H, d, J = 8.7 Hz, ArH); d. (75.4 MHz, CDCl,, Me,Si): 14.97
(+ve, CH;), 27.27 (—ve, SCH,), 37.03 (—ve, CH,S), 44.32 (+ve,
SO,CHs,), 44.39 (+ve, SO,CH,), 48.21 (—ve, C-4), 78.48 (+ve, C-
5), 83.45 (ab, C-3), 88.94 (+ve, C-2), 126.55 (+ve, ArCH), 127.10
(+ve, ArCH), 127.59 (+ve, ArCH), 127.65 (+ve, ArCH), 139.67
(ab, ArC), 140.08 (ab, ArC), 142.01 (ab, ArC), 147.54 (ab, ArC);
m/z (FAB) 493.1 (M*+ Na*), 509.1 (M*+ K*).

(2R*, 35*, 55%)-5-Ethylsulfanylmethyl-3-(4-methylsulfanyl-
phenyl)-2-phenyltetrahydrofuran-3-ol (44)

According to the preparation of 39, 44 was obtained from
34B as thick liquid. Yield 77%; (Found: C, 66.58; H, 6.69; S,
17.66. C,H,,0,S, requires C, 66.63; H, 6.71; S, 17.79%). Vi
(CHCl3)/em™": 3415 (OH); 64 (300 MHz, CDCl;, Me,Si): 1.29
(3H,t,J = 7.2 Hz, CH;), 1.79 (1H, bs, OH, exchanges with D,0),
2.48 (3H, s, SCH;), 2.50 (2H, dd, *J = 14.1 Hz, *J = 7.2 Hz, 4-H),
2.68 (2H, q, J = 7.2 Hz, SCH,), 2.93 (1H, d, J = 2.7 Hz, CH,S),
2.95 (1H, d, J = 3.6 Hz, CH,S), 4.79-4.88 (1H, m, 5-H), 5.37

(1H, s, 2-H), 7.03-7.06 (2H, m, ArH), 7.21-7.25 (5H, m, ArH),
7.33 (2H, d, J = 8.7 Hz, ArH); . (75 MHz, CDCl;, Me,Si): 14.94
(+ve, CH;), 15.54 (+ve, SCHs;), 27.04 (—ve, SCH,), 37.13 (—ve,
CH,S), 47.79 (—ve, C-4), 78.29 (+ve, C-5), 82.96 (ab, C-3), 89.29
(+ve, C-2), 125.83 (+ve, ArCH), 126.16 (+ve, ArCH), 126.56 (+ve,
ArCH), 128.17 (+ve, ArCH), 128.22 (+ve, ArCH), 135.43 (ab,
ArC), 137.34 (ab, ArC), 138.49 (ab, ArC); m/z [MALDI (TOF)]
383.69 (M*+ Na*), 399.69 (M*+ K*).

(2R*, 35*, 55*)-5-Ethylsulfanylmethyl-3-(4-
methanesulfonyl-phenyl)-2-phenyltetrahydrofuran-3-ol (45)

According to the preparation of 39, 45 was obtained from 35B
as white solid, mp 115 °C. Yield 78%; (Found: C, 61.26; H, 6.04;
S, 16.22. C,H,,0,S, requires C, 61.20; H, 6.16; S, 16.34%). V.
(CHCl;)/em™": 3500 (OH), 1320 (S=0); J, (300 MHz, CDCl;,
Me,Si): 1.31 (3H, t, J = 7.5 Hz, CH;), 1.61 (1H, bs, OH, exchanges
with D,0), 2.58 (2H, dd, >J = 9.3 Hz, *J = 6.6 Hz, 4-H), 2.70
(2H, q, J = 7.2 Hz, SCH,), 2.93 (1H, dd, *J = 13.8 Hz, *J =
4.2 Hz, CH,S), 3.03 (1H, dd, *J = 13.5 Hz, °J = 6.0 Hz, CH,S),
3.09 (3H, s, SO,CH,), 4.87-4.92 (1H, m, 5-H), 5.46 (1H, s, 2-H),
6.98-7.01 (2H, m, ArH), 7.24-7.01 (3H, m, ArH), 7.68 (2H, d,
J = 8.7 Hz, ArH), 7.95 (2H, d, J = 8.7 Hz, ArH); Decoupling
of multiplet at 6 4.87-4.92 converts dd’s at 0 2.93, 3.03 and 2.58
into doublets and can be assigned as 5-H; . (75.4 MHz, CDCl;,
Me,Si): 14.97 (+ve, CH;), 27.18 (—ve, SCH,), 37.05 (—ve, CH,S),
44.43 (+ve, SO,CH,), 48.01 (—ve, C-4), 78.47 (+ve, C-5), 83.07 (ab,
C-3), 89.60 (+ve, C-2), 126.33 (+ve, ArCH), 126.58 (+ve, ArCH),
127.41 (+ve, ArCH), 128.53 (+ve, ArCH), 128.59 (+ve, ArCH),
134.76 (ab, ArC), 139.34 (ab, ArC), 148.45 (ab, ArC); m/z (FAB)
392.9 (M*+1), 375 (M*-OH).

(2R*, 35*, 55*)-5-Ethylsulfanylmethyl-3-(4-methoxyphenyl)-
tetrahydrofuran-3-ol (46)

According to the preparation of 39, 46 was obtained from
36B as thick liquid. Yield 73%; (Found: C, 69.58; H, 6.99;
S, 9.17. CxH,0;S requires C, 69.73; H, 7.02; S, 9.31%). Viux
(CHCly)/cm™": 3448 (OH); o4 (300 MHz, CDCl;, Me,Si): 1.29
(3H,t,J = 7.5 Hz, CH;), 1.75 (1H, bs, OH, exchanges with D,0),
2.50 (2H, d, J = 6.9 Hz, 4-H), 2.68 (2H, q, J = 7.5 Hz, SCH,),
2.88-2.99 (2H, two double doublets, >J = 13.8 Hz, *J = 6.0 Hz,
*J = 5.1 Hz, CH,S), 3.81 (3H, s, OCH,), 4.78-4.87 (1H, m, 5-H),
5.36 (1H, s,2-H), 6.88 (2H, d, J = 9.0 Hz, ArH), 7.03-7.06 (2H, m,
ArH), 7.22-7.25 3H, m, ArH), 7.32 (2H, d, J = 9.0 Hz, ArH); d.
(75 MHz, CDCl,;, Me,Si): 14.95 (+ve, CH;), 27.02 (—ve, SCH,),
37.19 (—ve, CH,S), 47.77 (—ve, C-4), 55.17 (+ve, OCH,;), 78.21
(+ve, C-5), 82.91 (ab, C-3), 89.26 (+ve, C-2), 113.59 (+ve, ArCH),
126.46 (+ve, ArCH), 126.64 (+ve, ArCH), 128.07 (+ve, ArCH),
128.15 (+ve, ArCH), 133.62 (ab, ArC), 133.65 (ab, ArC), 158.62
(ab, ArC); m/z (FAB) 327 (M*-OH).

In-vitro COX-1, COX-2 inhibitory activities

In-vitro COX-1, COX-2 inhibiting activities of these compounds
have been evaluated using ‘COX (ovine) inhibitor screening assay’
kit with 96 well plates. Both ovine COX-1 and COX-2 enzymes
were included. This screening assay directly measures PGF,,
produced by SnCl, reduction of COX-derived PGH,. COX-1,
COX-2initial activity tubes were prepared taking 950 ul of reaction
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buffer, 10 pl of heme, 10 pul of COX-1 and COX-2 enzymes in
respective tubes. Similarly, COX-1, COX-2 inhibitor tubes were
prepared by adding 20 pl of inhibitor (compound under test) in
each tube in addition to the above ingredients. The background
tubes correspond to inactivated COX-1 and COX-2 enzymes
obtained after keeping the tubes containing enzymes in boiling
water for 3 min. Reactions were initiated by adding 10 pl of
arachidonic acid in each tube and quenched with 50 pl of 1M
HCI. PGH, thus formed was reduced to PGF,, by adding 100 pl
of SnCl,. The prostaglandin produced in each well was quantified
using broadly specific prostaglandin antiserum that binds with
major prostaglandins and reading the 96 well plate at 405 nm.
The wells of the 96 well plate showing low absorption at 405 nm
indicate the low level of prostaglandins in these wells and hence less
activity of the enzyme. Therefore, the COX inhibitory activities of
the compounds could be quantified from the absorption values of
different wells of the 96 well plate. The results of these studies have
been represented in terms of the percentage inhibition of COX-1
and COX-2 enzymes.

In-vitro growth inhibitory activities

The detailed evaluations for growth inhibitory activities at 59
human tumor cell lines were carried out by screening unit of
NCTI at NIH Bethesda, USA. The compounds were evaluated at
five concentrations viz. 10~* M, 10> M, 10¢ M, 10~ M and
10® M. The percentage growth of tumor cells was calculated at
each cell line for each concentration of the compound. The results
are expressed as growth inhibition of 50% (GIs) which is the
concentration of the compound causing 50% reduction in the net
protein increase (as measured by SRB staining) in control cells
during drug incubation, total growth inhibition (TGI) and LCs,
indicating the net loss of cells following treatment.

Acknowledgements

Department of Science & Technology, New Delhi, Council of
Scientific & Industrial Research, New Delhi and University Grants
Commission, New Delhi have been gratefully acknowledged for
financial support. Anu thanks CSIR, New Delhi for a Senior
Research Fellowship. We are thankful to Dr V. L. Narayanan
and his group at NCI, NIH, Bethesda for anticancer screening.

References

1 J.R. Vane, Nat. New Biol., 1971, 231, 232-235.

2 W. L. Xie, J. G. Chipman, D. L. Robertson, R. L. Erikson and D. L.
Simmons, Proc. Natl. Acad. Sci. U. S. A., 1991, 88, 2692-2696.

3 W. L. Smith, R. M. Garavito and D. L. DeWitt, J. Biol. Chem., 1996,
271, 33157-33160.

4 L. J. Marnett, S. W. Rowlinson, D. C. Goodwin, A. S. Katgutkar and
C. A. Lanzo, J. Biol. Chem., 1999, 274, 22903-22906.

5 R. G. Kurumbail, A. M. Stevens, J. K. Gierse, J. J. McDonald, R. A.
Stegeman, J. Y. Pak, D. Gildehaus, J. M. Miyashiro, T. D. Penning, K.
Seibert, P. C. Isakson and W. C. Stallings, Nature, 1996, 384, 644-648.

6 K. Seibert, Y. Zhang, K. Leahy, S. Hauser, J. Masferrer, W. Perkins,
L. Lee and P. C. Isakson, P., Proc. Natl. Acad. Sci. U. S. A., 1994, 91,
12013-12017.

7 1. L. Masferrer, B. S. Zweifel, P. T. Manning, S. D. Hauser, K. M.
Leahy, W. G. Smith, P. C. Isakson and K. Siebert, Proc. Natl. Acad.
Sci. U S. A., 1994, 91, 3228-3232.

8 Y. T. Jeon and Y. S. Song, Mini Rev. Med. Chem., 2006, 6, 827-833.

9 1. -B. Meric, S. Rottey, K. Olaussen, J. -C. Soria, D. Khayat, O. Rixe
and J. -P. Spano, Crit. Rev. Oncol./ Hematol., 2006, 59, 51-64.

10 C. H. Liu, S.-H. Chang, K. Narko, O. C. Trifan, M.-T. Wu, E. Smith,
C. Haudenschild, T. F. Lane and T. Hla, J. Biol. Chem., 2001, 276,
18563-18569.

11 K. Subbaramaiah and A. J. Dannenberg, Trends Pharmacol. Sci., 2003,
24, 96-102.

12 J. R. Brown and R. N. DuBois, J. Clin. Oncol., 2005, 23, 2840-2855.

13 L. J. Marnett and R. N. DuBois, Annu. Rev. Pharmacol. Toxicol., 2002,
42, 55-80.

14 W. Dempke, C. Rie, A. Grothey and H. -J. Schmoll, J. Cancer Res. Clin.
Oncol., 2001, 127, 411-417.

15 A. Sorokin, Curr. Pharm. Des., 2004, 10, 647-657.

16 O. Fantappie, E. Masini, I. Sardi, L. Raimondi, D. Bani, M. Solazzo,
A. Vannacci and R. Mazzanti, Hepatology, 2002, 35, 843-852.

17 D. Ratnasinghe, P. J. Daschner, M. R. Anver, B. H. Kasprzak, P. R.
Taylor, G. C. Yeh and J. A. Tangrea, Anticancer Res., 2001, 21, 2141-
2147.

18 V. A. Patel, M. J. Dunn and A. Sorokin, J Biol. Chem., 2002, 277,
38915-38920.

19 L. De Avaliacdo, M. P. Veloso, H. Verli, C. A. M. Fraga, A. L. P.
Miranda and E. J. Barreiro, Med. Chem. Rev., 2004, 1, 73-90.

20 K. Bennett, M. Teeling and J. Feely, Eur. J. Clin. Pharmacol., 2003, 59,
645-649.

21 G. Dannhardt and W. Kiefer, Eur. J. Med. Chem., 2001, 36, 109-126.

22 B. Everts, P. Wahrborg and T. Hedner, Clin. Rheumatol., 2000, 19,
331-343.

23 D. L. DeWitt, Mol. Pharmcol., 1999, 55, 625-631.

24 P. Singh and A. Mittal, Mini Rev. Med. Chem., 2008, 8, 73-90.

25 T. D. Penning, J. J. Talley, S. R. Bertenshaw, J. S. Carter, P. W. Collins,
S. Docter, M. J. Graneto, L. F. Lee, J. W. Malecha, J. M. Miyashiro,
R. S. Rogers, D. J. Rogier, S. S. Yu, G. D. Anderson, E. G. Burton, J. N.
Cogburn, S. A. Gregory, C. M. Koboldt, W. E. Perkins, K. Seibert,
A. W. Veenhuizen, Y. Y. Zhang and P. C. Isakson, J. Med. Chem., 1997,
40, 1347-1365.

26 P Prasit, Z. Wang, C. Brideau, C. C. Chan, S. Charleson, W. Cromilish,
D. Ethier, J. E. Evans, A. W. Ford-Hutchinson, J. Y. Gauthier, R.
Gordon, J. Gyay, M. Gresser, S. Kargman, B. Kennedy, Y. Leblanc,
S. Leger, J. Mancini, G. P. O’Neill, M. Ouellet, M. D. Percival, H.
Perrier, D. Riendeau, I. Rodger, P. Tagari, M. Therien, P. Vickers, E.
Wong, L. -J. Xu, R. N. Young and R. Zamboni, Bioorg. Med. Chem.
Lett., 1999, 9, 1773-1778.

27 L. R. Reddy and E. J. Corey, Tetrahedron Lett., 2005, 46, 927-929.

28 C. Charlier and C. Michaux, Eur. J. Med. Chem., 2003, 38, 645-659
and references therein.

29 P. A. Howard and P. Delafontaine, J Am. Coll. Cardiol., 2004, 43,
519-525.

30 P. Singh, A. Mittal, S. Kaur and S. Kumar, Bioorg. Med. Chem., 2006,
14, 7910-7916.

31 S. Kumar, P. Kaur, A. Mittal and P. Singh, Tetrahedron, 2006, 62, 4018—
4026.

32 P. Kaur, P. Singh and S. Kumar, Tetrahedron, 2005, 61, 8231-8240.

33 M. C. Ally, D. A. Scudiero, P. A. Monks, M. L. Hursy, M. J. Czerwinski,
D. A. Fine, B.J. Abbott, J. G. Mayo, R. H. Showmaker and M. R. Boyd,
Cancer Res., 1988, 48, 589-601.

34 M. R. Grever, S. A. Schepartz and B. A. Chabner, Semin. Oncol., 1992,
19, 622-638.

35 M. R. Boyd and K. D. Paull, Drug Dev. Res., 1995, 34, 91-109.

36 Dockings were performed using ‘Dock into active site’ module of
BioMed Cache 7.5.0.85 obtained form FQS Poland SP. Z.0.0.

37 N. Pommery, T. Taverne, A. Telliez, L. Goossens, C. Charlier, J.
Pommery, J.-F. Goossens, R. Houssin, F. Durant and J. -P. Henichart,
J. Med. Chem., 2004, 47, 6195-6205.

38 C. A. Lipinski, F. Lombardo, B. W. Dominy and P. J. Feeney, Adv. Drug
Delivery Rev., 1997, 23, 4-25.

39 P. Singh, A. Mittal and S. Kumar, Bioorg. Med. Chem., 2007, 15, 3990~
3996.

2712 | Org. Biomol. Chem., 2008, 6, 2706-2712

This journal is © The Royal Society of Chemistry 2008






PAPER

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

A concise and straightforward total synthesis of (+)-salinosporamide A, based

on a biosynthesis modelt

Nicholas P Mulholland,” Gerald Pattenden*“ and Iain A. S. Walters”

Received 5th March 2008, Accepted 8th April 2008
First published as an Advance Article on the web 29th May 2008
DOI: 10.1039/b803818;j

A 14-step total synthesis of (+)-salinosporamide A (1), a potent inhibitor of the 20S proteasome
isolated from the marine bacterium Salinospora tropica, is described. The synthesis is based on a
diastereoselective intramolecular aldolisation of a substituted B-keto amide intermediate, i.e. 13,
derived from a B-keto acid, viz. 21, and an a-amino malonate, leading to the pyrrolidinone ring 24 in the
natural product. This synthetic approach closely mimics the origin of the pyrrolidinone ring in
salinosporamide A in vivo. Another key feature of the total synthesis is a regioselective reduction of the
malonate derivative 31 to the key aldehyde intermediate 32, using Super-hydride.

Introduction

Salinosporamide A (1), isolated from the marine bacterium
Salinospora tropica by Fenical et al. in 2005, is a potent inhibitor
of the 20S proteasome.! The metabolite is related to the B-
lactone pyrrolidinone-based natural product omuralide (or clasto-
lactacystin B-lactone) 2, which is produced by lactonisation of
the more familiar proteasome 20S inhibitor lactacystin 3. More
recently, the homologue 4 of salinosporamide A, designated
cinnabaramide A, has been isolated from the terrestrial strep-
tomycete S. cinnabarinus.®* The 20S proteasome inhibitors 1—
4 and their relatives, together with a range of analogues, are
currently in clinical trials for the treatment of cancer.* Tt is
no surprise, therefore, that this family of natural products and
salinosporamide A in particular, the most potent inhibitor of
proteasome, have attracted a great deal of attention from synthetic
and medicinal chemists.® In this paper we describe a total synthesis
of salinosporamide A (1), which uses a strategy based, in part,
on speculation of the origin of the pyrrolidinone ring in the
metabolite, in vivo.

“School of Chemistry, University of Nottingham, Nottingham, NG7 2RD,
England

bAstraZeneca R & D Charnwood, Medicinal Chemistry, Bakewell Road,
Loughborough, LE11 5RH, England

T Electronic supplementary information (ESI) available: Additional exper-
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Discussion and synthetic strategy

The first synthesis of salinosporamide A (1) was described by
Corey et al.,® starting from S-threonine, and featured the addition
of 2-cyclohexenylzinc chloride 6 to the intermediate aldehyde 5 as
a key step. A year later, Danishefsky ef al.” presented an alternative
synthesis of 1 starting from a chiral pool pyroglutamate derivative
and proceeding via addition of the same zinc reagent 6 to a related
bicyclic aldehyde intermediate. Almost simultaneously, in 2007
Macherla et al.,* Langlois et al.,’ and Romo et al.*® published
additional syntheses of salinosporamide A, which also featured the
addition of 6 to appropriate aldehyde intermediates, as key steps.
Our own synthesis of salinosporamide A (1), which was presented
in preliminary form in 2006, proceeds via the pyrrolidinone
aldehyde intermediate 7, and also uses Corey’s cyclohexenylzinc
reagent 6 in a pivotal step.

Although until recently limited information was available,* at
the outset of our studies it seemed likely to us that the pyrrolidi-
none ring core in salinosporamide A (1) is derived in nature via
an intramolecular aldolisation process from a substituted B-keto
amide intermediate, viz. 10, derived from a B-keto ester 8 and a
2-cyclohexenemethanol-substituted amino acid, e.g. 9 (Scheme 1).
In our design of a synthesis of salinosporamide A, we focussed
our attention on the intramolecular aldolisation of the substituted
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Scheme 1

B-keto amide intermediate 13 (¢f. structure 10) to the pyrrolidinone
core in 1, as the key biomimetic step.'!

Synthesis of the pyrrolidinone 19 lacking substitution at C3

We began our investigation of the aforementioned intramolecular
aldolisation approach to salinosporamide A by first preparing the
amino malonate 14b, and then reacting it with the dioxinone 15
(acting as an equivalent of diketene)'® in the presence of acetic acid
at 120 °C. This reaction gave rise to the known pyrrolidinone 16
in a single step in 75% yield. Protection of the OH-group in 16 as
its TMS ether 17, followed by regioselective reduction of the ester
group positioned anti to the bulky OTMS group in 17, next led to
the aldehyde 18 (Scheme 2).”* The relative stereochemistry of the
substituents in 18 followed from NOE studies (see Experimental).

When the aldehyde 18 was now treated with 2-cyclohexenylzinc
chloride 6, using Corey’s conditions,® the desired adduct 19a was
obtained in 82% yield. The stereoselectivity observed in the zincate
addition to 18 was shown to be 15 : 1 by analysis of the 'H
NMR data, and the relative stereochemistry of 19a was tentatively
assigned by comparison of the NMR data with those recorded
for analogous adducts prepared by Corey and Danishefsky in
their approaches to salinosporamide A. Based on precedent from
other laboratories,”® we had hoped to complete a synthesis of
salinosporamide A by effecting a diastereoselective alkylation of

Biosynthesis model, and retrosynthesis, for salinosporamide 1.

the acetate 20a derived from 19a, following deprotonation at
C3, and reaction with 2-iodoethyl benzyl ether, leading to 20b.
Unfortunately however, all our attempts to alkylate at the C3
position of 20a met with failure.

Synthesis of the pyrrolidinone core 33 in salinosporamide A

We next decided to employ an intramolecular aldolisation strategy
to the pyrrolidinone core in salinosporamide A, using 14a and
the B-keto ester 21 already containing a benzyl-protected ethanol
(C2) substituent.” Thus, protection of the B-keto ester 21 as its
dioxolane 22a, followed by saponification of the ester group in
22a and treatment of the resulting carboxylic acid 22b with 14a,
first gave the substituted amide 23 in 97% yield (Scheme 3). When
a solution of 23 in 4 : 1 acetic acid-water" was heated at 65 °C for
2 days, it underwent simultaneous deprotection of the dioxolane
and in situ intramolecular aldol reaction, leading to a single
diastereoisomer of the (+)-pyrrolidinone 24 in 71% yield. The
correct choice of temperature in this deprotection—aldolisation
sequence was found to be critical. If the temperature was too high,
the trans-diastereoisomer 25 was produced as an inseparable by-
product, as well as some of the methyl ketone 26. If the temperature
was less than 65 °C, the reaction rate was too low and only the
methyl ketone 26 was instead isolated. The anti-arrangement of

CO,Et HO TMSO
o i EtOC i FtOL
Et0,C~ “NH _—
| %\ N O N O
R 0~ o EtO,C | Et0,C !
14a,R=H Bn "
b,R=Bn 15 16 17
™SO, § ™SO, § HO f R
ii Etozc\z_>§ iv EtOzC\Zl vi Etozc\Z—L
o SN0 0
oHc N | \
Bn OR Bn AcO BN
18 19 a,R=H 20a,R=H
v [. b,R=Ac E. b, R = CH,CH,0Bn

Scheme 2 Reagents and conditions: (i) 14b, HOAc, PhH, reflux (75%); (ii)

TMSCI, CH,CL, Et,N, DMAP, 0 °C, 1 h (93%); (iii) Super-hydride, CH,CL,

—78 °C, 0.5 h, (69%); (iv) 2-cyclohexenylzinc chloride, THF, —78 °C, 3.5 h, (82%); (v) Ac,O, pyridine, DMAP, 25 °C, (87%); (vi) KF, MeOH, HOACc,

16 h, 25 °C (78%).
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Scheme 3 Reagents and conditions: (i) ethylene glycol, p-TSA, PhH,
110 °C, 20 h (99%); (ii) 2 N NaOH, EtOH, 70 °C, 3 h (82%); (iii) dimethyl
aminomalonate. HCI, HOBt, EDC.HCI, CH,Cl,, NMM, 0 °C to 25 °C
(97%); (iv) 4 : 1 AcOH-H,0, 65 °C, 4 days (71%).

the C3—-C4 alkyl substituents in 24 followed from NOE studies,
and was confirmed by X-ray crystallographic analysis."

Our plan now was to protect the OH and NH groups in
24, prior to regioselective reduction of one of the ester groups
to the corresponding aldehyde 32, followed by reaction with 2-
cyclohexenylzinc chloride 6. The protection of the tertiary OH
group in 24 proved problematic. The use of TMSCI-DMAP-
Et;N proved ineffective, and when 24 was treated with TMSCI-
imidazole in DMF, a 1 : 1 mixture of C3-epimers (27 and 28) of
the required OTMS ether resulted. We presume that the unwanted
C3-epimer 28 is produced by way of a retro-aldol-realdolisation
sequence in 24 prior to the OH group protection. At a lower
temperature, i.e. —20-0 °C, the ratio of diastereoisomers was
improved to 3 : 1 in favour of the required product 27. Interestingly,
treatment of 24 with TMS cyanide in hot CH,Cl,, or with TMS

OBn

OBn

OBn

triflate in the presence of 2,6-lutidine at —78 °C, led to the silyl
imidate 29 exclusively (Scheme 4). This observation provided a
solution to the problem of epimerisation in 24 under the previously
used silylation conditions. The tertiary alcohol 24 was therefore
treated with excess TMS triflate in the presence of 2,6-lutidine at
—78 °C, leading to 27 via 30, and the solution was then allowed
to very slowly warm-up to room temperature over 14 h, where
it was quenched with 1 M HCI. Using this procedure we were
able to obtain the pure diastereoisomer 27 in 91% yield. The
nitrogen centre in 27 was next protected as its PMB derivative
30 in a straightforward manner using NaH and freshly prepared
4-methoxybenzyl bromide.

The reduction of one of the ester groups in 31 using Super-
hydride at —78 °C, similar to the analogous diester 17, was found
to be completely regioselective and gave the aldehyde 32 in 78%
yield. The stereochemistry of the aldehyde 32 followed from 'H
NMR nOe studies (see data in Experimental).

The aldehyde 32 was next treated with 2-cyclohexenylzinc
bromide in THF at —78 °C, using the protocol of Corey
et al., to deliver the single diastereoisomer 33 of the adduct as
colourless crystals, in 87% yield. The stereochemistry of 33 was
confirmed by single-crystal X-ray diffraction analysis.” In our
studies of the organozinc-aldehyde addition 32 — 33, we found it
preferable to prepare the zincate intermediate from commercial 3-
bromocyclohexene and activated zinc in THF at 0 °C, instead of by
transmetallation of 2-cyclohexyl-tri-n-butylstannane used earlier
by Corey and others. This was a more straightforward preparation
of the zincate, avoiding the use of toxic tin reagents, and simplified
the purification of the adduct 33.

Completion of (£)-salinosporamide A

To complete the synthesis of salinosporamide A (1) from the
adduct 33 required selective deprotection of the N- and O-
protecting groups, B-lactone ring formation and introduction of
the chloride group in the ethyl side chain. The deprotection of
the O-benzyl group in 33 initially proved problematic. Transfer
hydrogenation removed the benzyl group,” but also reduced the
alkene bond in 33, whereas DDQ was ineffective” and only
starting material was recovered. Treatment of 33 with BCl;-DMS
complex in DCM at room temperature also returned starting

OBn OBn

29 30

Scheme 4  Reagents and conditions: (i) excess TMSOTT, 2,6-lutidine, CH,Cl,, —78 °C to 0 °C, then 1 M HCI (91%); (ii) PMB-Br, NaH, DMF, 0 °C to
25 °C, 14 h (72%); (iii) Super-hydride (1.0 M in THF), CH,Cl,, —78 °C, 3 h (78%); (iv) 2-cyclohexenylzinc bromide, THF, —78 °C (87%); (v) BCl;-DMS,

CH,CL, 0 °C to 25 °C, 24 h (99%).
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material.?? After experimentation, however, use of 10 equivalents
of BCl;-DMS resulted in complete and selective removal of the
O-benzyl ether group in 33, giving the diol 34 in 99% yield.
Deprotection of the TMS group in 34 using 48% aqueous HF
in acetonitrile® next gave the triol 35, which was then deprotected
at nitrogen by oxidative cleavage of the PMB group using CAN,®
leading to 36a in excellent overall yield (Scheme 5). The triol 36b is
the same intermediate in Corey’s synthesis of salinosporamide A.¢

OH

HO, §
MeO,C, /
s [ H N o i
QL\OHPMB
35

OH OH
HO, § HO, §
RO,C, /| HO,C, /
\ ii \
H ¢ N o} H | o

I—=

37

Scheme 5 Reagents and conditions: (i) 48% HF in H,O-MeCN (1 : 9),
25°C, 22 h; (ii)) CAN, MeCN, H,0 (3:1),0°C, 1 h (87% over 2 steps); (iii)
[MeTeAlMe,],, PhMe, 25 °C, 24 h; (iv) BOP-CI, CH,Cl,, pyridine, 25 °C,
3 h; (v) PPh;Cl,, MeCN, pyridine, 25 °C, 4 h (45% over 3 steps).

The hydrolysis of the ester group in 36a to the corresponding
carboxylic acid 37 turned out to be tiresome and difficult. Indeed,
the ethyl ester 36b corresponding to 36a failed completely to
undergo hydrolysis using LiOH in THF. Instead, total decompo-
sition of 36b took place, presumably by a retro-aldol process, and
possibly as a consequence of the significant steric congestion and
strain in the substrate. As described by Corey et al.,® the methyl
ester 36a did undergo hydrolysis in the presence of 3 M LiOH in
THF at 4 °C, but in our hands a very poor yield (<10%) of the
corresponding carboxylic acid 37 was obtained. Eventually, we
used dimethylaluminium methyltelluride* in THF to hydrolyse the
ester 36a, which gave the carboxylic acid 37 in a satisfactory 60%
yield. Treatment of the crude carboxylic acid 37 with BOP-CI and
pyridine resulted in smooth lactonisation to the pyrrolidinone [3-
lactone 38 which, on chlorination with Ph,PCl, was then converted
into (£)-salinosporamide A (1) in 45% yield over the three steps.

Salinosporamide A was obtained as colourless crystals, mp 169—
172 °C, which displayed 'H and "C NMR spectroscopic data
identical to those presented for the natural product.

Summary

A conceptually straightforward and concise synthesis of (%)-
salinosporamide has been developed, which has features in

common with the most likely origin of the pyrrolidinone ring
system in the natural product, i.e. an intramolecular aldolisation
from a substituted B-keto amide intermediate derived from a B-
keto acid and an a-amino acid, ¢f. Schemes 1 and 3.

Experimental

For general experimental details, see ref. 25.

(2R*,3S5*)-Ethyl-1-benzyl-2-((R*)-(S*)-cyclohex-2-
enylhydroxymethyl)-3-methyl-5-oxo-3-
(trimethylsilanyloxy)pyrrolidine-2-carboxylate (19a)

A pre-cooled (=78 °C) solution of the aldehyde 18 (818 mg,
2.17 mmol) in anhydrous THF (2.5 mL) was added via cannula to
a freshly prepared solution of cyclohexenylzinc chloride (9.0 mL,
4.5mmol, 0.5M in THF)” at —78 °C, under a nitrogen atmosphere.
The mixture was stirred at —78 °C for 5 h, then treated with
water (10 mL) and extracted with ethyl acetate (3 x 10 mL). The
combined organic extracts were dried (Na,SO,) and concentrated
in vacuo. The residue was purified by flash chromatography on
silica gel, using petroleum ether—diethyl ether (1 : 1) then diethyl
ether as eluent, to give the secondary alcohol 19a (819 mg, 82%)
as a colourless solid; mp 128-130 °C (from diethyl ether); (Found:
C 65.4; H, 8.2; N 3.1; C,sH;;NOsSi requires C, 65.3; H, 8.1; N,
3.0); Ve (CHCLy)/cm™! 3572 (br), 2941, 1750, 1688; dy (400 MHz,
CDCl;) 7.36-7.15 (5H, m, C¢H), 6.06 (1H, m, CH,CH=), 5.67
(1H, app. dd, J 2.9 and 10.3, CH,CH=CH), 491 (1H, d, J
15.6, NCHHPh), 4.54 (1H, d, J 15.6 NCHHPh), 4.14 (1H,
dd, J 3.9 and 8.0, CH(OH)), 4.06 (2H, q, J 7.1, OCH,CH,),
2.88 (1H, d, J 16.6, CHHC(=0O)NBn), 2.44 (1H, d, J 16.6,
CHHC(=0O)NBn), 2.30 (1H, br s, CH,CH=CHCH), 2.04 (2H,
br s, CH,CH,CH=), 1.88 (1H, d, J 8.0, OH), 1.78-1.72 (1H,
m, =CHCH(R)CHH), 1.76 (3H, s,CCH;), 1.55-1.47 (3H, m,
CHHCH,CH=, CHHCH,CH=, =CHCH(R)CHH), 1.05 (3H,
t,J 7.1, OCH,CH;), 0.18 (9H, s, OTMS); d. (100 MHz, CDCl;)
175.2(q), 168.9 (s), 138.4 (s), 134.3 (d), 127.7(d) x 2, 126.4 (d) x 2,
126.1(d), 124.1 (d), 82.9(s), 82.1 (s), 76.7 (d), 61.0 (1), 48.1 (1), 46.7
(1), 38.0 (d), 29.2 (1), 25.0 (1), 22.6 (q), 20.5 (1), 13.6 (q), 2.1 (q) x
3; m/z (ES) 460.2518 (M + H*, C,sH3;xNOsSi requires 460.2519).
'"H NMR NOE experiments (360 MHz, CDCl,): irradiation at &
4.14 (CHOH) gave an enhancement of 7.6% at d 1.76 (CMe), and
irradiation at 0 5.67 (CHCH=) gave enhancements of 3.4% at
2.44 (CH,CO), and 3% at 6 2.30 (=CHCHCHOH).

2-(2-(Benzyloxy)ethyl)-3-oxobutyric acid methyl ester (21)

Potassium carbonate (33.1 g, 234 mmol) was added to a solution
of 2-iodoethyl benzyl ether (25.1 g, 95.8 mmol) and methyl
acetoacetate (15.5 mL, 144 mmol) in acetone (500 mL) and the
mixture was then heated under reflux for 27 h under a nitrogen
atmosphere. The mixture was cooled to room temperature and
then evaporated in vacuo. The residue was diluted with water
(200 mL) and extracted with diethyl ether (3 x 200 mL). The
combined organic extracts were dried and then concentrated
in vacuo, finally at 120 °C under high vacuum to leave the
S-ketoester 21 (23.6 g, 99%) as a yellow oil which was used
without further purification; v,,,, (CHCl;)/cm™' 2954, 2865, 1742,
1715, 1360; 6y (360 MHz, CDCl;) 7.38-7.27 (5H, m, C.H;),
4.46 (2H, s, OCH,Ph), 3.74-3.71 (2H, m, CH,CH,0Bn), 3.70
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(3H, s, CO,CH;), 3.51 (1H, t, J 7.2, CH;(C=0)CHCO,CH;,),
2.24 (3H, s, CH;(C=0)), 2.21-2.15 (2H, m, CH,CH,OBn); J
(90 MHz, CDCl;) 203.0 (s), 170.2 (s), 138.1 (s), 128.2 (d) x 2,
127.8 (d) x 2, 127.7 (d), 73.0 (t), 67.5 (1), 56.4 (d), 52.4 (q), 29.3
(q), 28.3 (t); m/z (ES) 273.1096 (M + Na*, C,,H;NaO, requires
273.1097).

4-Benzyloxy-2-(2-methyl-1,3-dioxolan-2-yl)butyric acid methyl
ester (22a)

A solution of the B-ketoester 21 (23.6 g, 95.6 mmol), p-
toluenesulfonic acid (360 mg, 1.89 mmol) and ethylene glycol
(7.5 mL, 130 mmol) in benzene (160 mL) was heated under reflux
for 20 h using a Dean—Stark apparatus. The mixture was cooled to
room temperature and then diluted with diethyl ether (500 mL).
The solution was washed with aqueous saturated sodium hydrogen
carbonate (160 mL), then dried and concentrated in vacuo to
leave the dioxolane 22a (26.5 g, 99%) as a colourless oil; vy,
(CHCl;)/cm™" 2952, 2889, 1730; 4 (360 MHz, CDCl;) 7.38—
7.27 (5H, m, C,H;), 448 (1H, br. s, OCHHPh), 4.47 (1H,
br. s, OCHHPh), 4.04-3.92 (4H, m, OCH,CH0), 3.64 (3H, s,
CO,CH;), 3.53-3.42 (2H, m, CH,CH,0OBn), 2.88 (1H, dd, J 3.1
and 11.3, CHCO,CH,;), 2.16-2.06 (1H, m, CHHCH,OBn), 1.99—
1.90 (1H, m, CHHCH,OBn), 1.41 (3H, CCH;); é: (90 MHz,
CDCl;) 173.1 (s), 134.3 (s), 128.3 (d) x 2, 127.6 (d) x 2, 127.5
(d), 109.6 (s), 72.8 (t), 68.4 (1), 64.8 (t) x 2, 51.7 (q), S51.1 (d), 28.4
(), 21.5 (q); m/z (ES) 317.1369 (M + Na*, C¢{H»,NaOs requires
317.1365).

4-Benzyloxy-2-(2-methyl-[1,3]dioxolan-2-yl)butyric acid (22b)

A solution of the methyl ester 22a in ethanol (100 mL) and aqueous
sodium hydroxide (200 mL, 2 M), was heated at 70 °C for 3 h.
The mixture was allowed to cool to room temperature and then
concentrated in vacuo to approximately 200 mL. The solution was
washed with diethyl ether (50 mL), then acidified to pH 1-2 with
HCI (2 M) and extracted with diethyl ether (3 x 150 mL). The
combined organic extracts were dried and concentrated in vacuo
to leave the carboxylic acid 22b (22.0 g, 82%) as a colourless solid,
which was used in the next step without further purification. A
small portion was recrystallised from diethyl ether; mp 52-56 °C;
Found: C 64.3; H, 7.2; C;sHyOs requires C, 64.6; H, 7.2; vy
(CHCl3)/cm™" 3504, 3212 (br.), 2889, 1749, 1709; 6, (400 MHz,
CDCl;) 7.34-7.27 (5H, m, C4H’5), 4.50 (2H, s, OCH ,Ph), 4.07-3.94
(4H,m,OCH ,CH,0), 3.59-3.47 (2H, m, CH,CH ,0Bn), 2.89 (1H,
dd, J 3.1 and 10.8, CHCO,H), 2.14-1.92 (2H, m, CH,CH,0OBn),
1.43 (3H, s, CCH;); 6 (100 MHz, CDCl;) 177.4 (s), 138.2 (s),
128.3 (d) x 2, 127.6 (d) x 2, 127.5 (d), 109.4 (s), 72.8 (1), 68.2 (1),
64.8 (t) x 2, 50.7 (d), 28.1 (t), 21.4 (q); m/z (ES) 279.1225 (M —
H*, C;sH 05 requires 279.1238).

2-[4-Benzyloxy-2-(2-methyl-1,3-dioxolan-2-
yDbutyrylamino]malonic acid dimethyl ester (23)

Triethylamine (6.5 mL, 46 mmol) was added dropwise over 5 min
to a stirred solution of the carboxylic acid 22b (5.4 g, 19 mmol)
in dichloromethane (80 mL) at 0 °C under a nitrogen atmosphere.
1-Hydroxybenzotriazole (3.1 g, 23 mmol) was added followed
by 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (4.45 g,
23 mmol). After a further 10 min dimethyl aminomalonate

hydrochloride 14a (4.3 g, 23 mmol) was added in one portion and
the mixture was then allowed to warm to room temperature over
22 h. Dichloromethane (80 mL) was added, and the mixture was
then washed with saturated sodium hydrogen carbonate (40 mL)
and 10% aqueous citric acid (40 mL), dried and concentrated
in vacuo to leave the amide 23 (7.90 g, 97%) as a colourless
oil; vy (CHCL;)/cm™' 3380, 2956, 2889, 1761, 1745, 1674; 5y
(360 MHz, CDCl;) 7.36-7.25 (6H, m, C,H; NH), 5.16 (1H, d,
J 6.7, NHCH(CO,CH,),), 4.49 (2H, s, OBn), 4.07-3.97 (4H,
m, OCH,CH,0), 3.82 (3H, s, CO,CH,;), 3.81 (3H, s, CO,CHj;)
3.60-3.45 (2H, m, CH,CH,0OBn), 2.80 (1H, dd, J 4.9 and 9.3,
CH(CO)NH), 2.09-1.98 (2H, m, CH,CH,0OBn), 1.37 (3H, s,
CH;); dc (90 MHz, CDCl;) 171.6 (s), 166.8 (s), 166.7 (s), 138.5
(s), 128.3 (d) x 2, 127.7 (d) x 2, 127.4 (d), 109.5 (s), 72.8 (1), 68.2
(1), 64.9 (1), 64.8 (1), 56.3 (d), 53.3(q) x 2,51.4(d),27.5(1),21.7(q);
m/z (ES) 432.1625 (M + Na*, C, H,;NNaOy requires 432.1629).

(35*,4R*)-4-(2-(Benzyloxy)ethyl)-3-hydroxy-3-methyl-5-
oxopyrrolidine-2,2-dicarboxylic acid dimethyl ester (24)

A solution of the amide 23 (4.0 g, 9.8 mmol) in acetic acid—
water (4 : 1, 100 mL) was heated at 65 °C for 2 days. The
mixture was concentrated in vacuo to leave a residue which was
purified by flash chromatography using petroleum ether—diethyl
ether (1 : 1), then ether as eluent to give the pyrrolidinone 24
(2.6 g, 71%) as a colourless solid; mp; 82-85 °C (from ether);
(Found: C, 59.0; H, 6.3; N, 4.1; C;3H,;NO; requires C, 59.2; H,
6.3; N, 3.8); vmx (CHClL;)/cm™' 3429, 3401 (br), 2956, 1722; oy
(400 MHz, CDCl;) 7.35-7.26 (5H, m, C¢H;), 7.12 (1H, br. s,
NH), 4.76 (1H, s, OH), 4.51 (2H, s, OCH,Ph), 3.88 (3H, s
CO,CH;), 3.76 (3H, s, CO,CH;), 3.75 (1H, ddd, J 5.6, 6.6
and 9.4, CH,CHHOBn) 3.67 (1H, ddd, J 5.3, 7.3 and 9.4,
CH,CHHOB), 2.89 (1H, app. t, J 6.4, CHC(=0O)NH), 2.10-2.01
(1H, m, CHHCH,OBn), 1.99-1.89 (1H, m CHHCH,OBn), 1.56
(3H, s, CCH5); ¢ (100 MHz, CDCl;) 177.9 (s), 168.8 (s), 167.8
(s), 138.2 (s), 128.3 (d) x 2, 127.6 (d) x 2, 127.5(d), 81.1 (s), 76.2
(s), 72.8 (), 67.7 (t), 53.5 (q), 53.3 (q), 47.4 (d), 23.7 (t), 21.3 (q);
m/z (ES) 366.1555 C,sH,,NO; (M + H*, requires 366.1553). 'H
NMR NOE experiments (400 MHz, CDCL,): irradiation at d 2.89
(CHC(=0O)NH) gave an enhancement of 3.6% at J 1.56 (CMe),
and irradiation at J 1.56 gave a corresponding enhancement of
4.5% at 0 2.89 ppm.

(3S*,4R*)-4-(2-(Benzyloxy)ethyl)-3-methyl-5-0x0-3-
(trimethylsilanyloxy)pyrrolidine-2,2-dicarboxylic acid dimethyl
ester (27)

Trimethylsilyl trifluoromethanesulfonate (4.8 mL, 27 mmol) was
added dropwise over 25 min to a stirred solution of the alcohol 24
(2.6 g, 6.7 mmol) and 2,6-1utidine (6.2 mL, 54 mmol) in anhydrous
dichloromethane (70 mL) at —78 °C under a nitrogen atmosphere.
The mixture was stirred at —78 °C for 3 h, and then allowed to
warm to room temperature very slowly overnight. The mixture was
quenched with 1 M aqueous HC1 (30 mL), and the separated aque-
ous layer was then extracted with dichloromethane (3 x 30 mL).
The combined extracts were dried and concentrated in vacuo to
leave a residue which was purified by flash chromatography, using
petroleum ether—diethyl ether (1 : 1) as eluent, to give the sily/
ether 27 (2.65 g, 91%) as a colourless solid; mp 90-92 °C (from
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petroleum ether—diethyl ether); Found: C, 58.0; H, 7.1; N, 3.4;
C, H;NO,Si requires C, 57.6; H, 7.1; N, 3.2; v« (CHCIL;)/cm™
3700, 3352, 2956, 1716, 1602; 6, ( (360 MHz, CDCl,) 7.37-7.27
(5H, m, C¢Hj), 6.12 (1H, br. s, NH), 4.55 (1H, app. s, OCHHPh),
4.51 (1H, app. s, OCHHBn), 3.85 (3H, s CO,CH;), 3.77 (3H, s,
CO,CH;), 3.80-3.67 (2H, m, CH,CH,OBn), 2.84 (1H, dd, J 4.0
and 8.6, CHC(=O)NH), 1.96 (1H, m, CHHCH,OBn), 1.70 (1H,
m, CHHCH,OBn), 1.68 (3H, s, CCH;), 0.10 (9H, s, OTMS); é¢
(90 MHz, CDCl;) 177.0 (s), 168.1 (s), 166.7 (s), 138.6 (s), 128.3
(d) x 2, 127.6 (d) x 2, 127.5(d), 85.8 (s), 76.1 (s), 73.0 (s), 68.2 (1),
53.3(q), 52.9 (q), 48.6 (d), 24.9 (1), 21.5(q), 2.6 (q) x 3; m/z (ES)
438.1942 (M + H*, C,;H;,NO;Si requires 438.1948).

(3S*,4R*)-4-(2-(Benzyloxy)ethyl)-1-(4-methoxy-benzyl)-3-
methyl-5-0xo0-3-(trimethylsilanyloxy)pyrrolidine-2,2-dicarboxylic
acid dimethyl ester (31)

Sodium hydride (60% in mineral oil, 110 mg, 2.75 mmol) was
added in one portion to a stirred solution of the pyrrolidinone
27 (1.1 g, 2.5 mmol) in anhydrous DMF (10 mL) at 0 °C, under
an argon atmosphere. The mixture was stirred at 0 °C for 15 min
then p-methoxybenzyl bromide (550 pL, 3.75 mmol) was added
dropwise over 3 min. The mixture was stirred at 0 °C for 1.5 h,
then allowed to warm to room temperature and stirred overnight.
The mixture was quenched with water (60 mL) and extracted
with diethyl ether (3 x 50 mL). The combined organic extracts
were washed with water (30 mL), then dried and concentrated in
vacuo. The resiude was purified by flash chromatography, using
petroleum ether—diethyl ether (4 : 1) as eluent, to give the N-
PMB pyrrolidinone 31 (1.14 g, 72%) as a colourless soild; mp 80—
82 °C (from diethyl ether-hexane); Found: C, 62.45; H, 7.1; N, 2.5;
C,yH3NO;Si requires; C, 62.48; H, 7.0; N, 2.5; v, (CHCl;)/cm™
2955, 1741, 1698, 1613; 6, (360 MHz, CDCl;) 7.36-7.27 (SH, m,
C¢Hs), 7.15 (2H, d, J 8.7 PMB ArH), 6.79 (2H, d, J 8.7, PMB
ArH), 5.04 (1H, d, J 15.1, NCHH(C;H,)OCH;), 4.57 (1H, d,
J 15.1, NCHH(C;H,)OCH,;), 4.57 (1H, app. s, OCHHPh), 4.56
(1H, app. s, OCHHPh), 3.88-3.83 (2H, m, CH,CH,OBn), 3.81
(3H, s, CO,CH;), 3.77 (3H, s, OCH,(CsH,)OCH;), 3.22 (3H, s,
CO,CH;), 291 (1H, dd, J 4.1, 8.6, CHC(=0O)NPMB), 2.02 (1H,
m, CHHCH,OBn), 1.76 (1H, m, CHHCH,OBn), 1.61 (3H, s,
CCH;), 0.12 (9H, s, OTMS); 6 (90 MHz, CDCl;) 176.7 (s), 167.7
(s), 166.7 (s), 158.6 (s), 138.6 (s), 129.8 (d), 128.8 (d), 128.3 (d) x
2,127.6 (d) x 2,127.4(d), 113.4 (d) x 2, 83.7 (s), 8.01 (s), 77.4 (s),
72.9 (1), 68.4 (1), 55.2 (q), 52.5(q), 52.4 (q), 48.4 (d), 45.2 (1), 25.5
(t),21.3(q), 2.7(q) x 3;m/z (ES) 558.2542 (M + H*, C,yH,,NO;Si
requires 558.2523).

(25%,35*,4R*)-4-(2-(Benzyloxy)ethyl)-2-formyl-1-(4-
methoxybenzyl)-3-methyl-5-oxo-3-(trimethylsilanyloxy)-
pyrrolidine-2-carboxylic acid methyl ester (32)

A solution of Super-hydride® (3.8 mL, 3.8 mmol, 1.0 M in THF)
was added dropwise over 15 min to a stirred solution of the diester
31 (1.73 g, 3.10 mmol) in anhydrous dichloromethane (15 mL)
at —78 °C under a nitrogen atmosphere. The solution was stirred
at —78 °C for 3 h, then brine-water (40 mL, 1 : 1) was added,
and the mixture was extracted with ethyl acetate (3 x 80 mL).
The combined organic extracts were dried, and concentrated
in vacuo. The residue was purified by flash chromatography, using

petroleum ether—diethyl ether (1 : 1) as eluent, to give the aldehyde
32 (1.28 g, 78%) as a colourless oil; v, (CHCIl;)/cm™" 2954, 1764,
1724, 1698, 1303, 1097; 6y (360 MHz, CDCl;) 9.70 (1H, s, CHO),
7.36-7.27 (SH, C4H;), 7.11 (2H, d, J 8.7, PMB ArH), 6.80 (2H,
d J 8.7, PMB ArH), 4.56 (1H, d, J 12.0, NCHH(C;H,)OCH,),
4.56 (2H, s, OCH,Ph), 4.50 (1H, d, J 12.0 NCH,PMB), 3.78-
3.75 (2H, m, CH,CH,0Bn), 3.78 (3H, s, ArOCH;), 3.75 (3H, s,
CO,CH;) 2.44 (1H, dd, J 4.5 and 8.4, CHC(=O)N), 2.06-1.95
(1H, m, CHHCH,OBn), 1.78-1.67 (1H, m, CHHCH,OBn), 1.50
(3H, s, CCH;), 0.13 (9H, s, OTMS); 6 (90 MHz, CDCl;) 196.7
(d), 176.0 (s), 167.4 (s), 158.8 (s), 138.5 (s), 130.6 (d), 129.9 (s)
128.8 (d) x 2, 128.3 (d), 127.5 (d) x 2, 127.4 (d), 113.7 (d) x
2, 83.9 (s), 83.7 (s) 73.0 (1), 68.2 (1), 55.2 (q), 52.5 (q), 48.4
(d), 45.9 (1), 25.6 (1), 22.7 (q), 2.5 (q) x 3; m/z (ES) 550.2221
(M + Na*, CxH;;NO;SiNa requires 550.2232). '"H NMR NOE
experiments (360 MHz, CDCl,): irradiation at 6 9.70 (CHO) gave
an enhancement of 2.3% at § 1.50 (CMe), and irradiation at §
1.50 gave a corresponding enhancement of 5.3% at ¢ 9.70 ppm.
In addition, irradiation at 6 1.50 (CMe) gave an enhancement of
6.7% at 0 2.44 (CHC(=O0O)N), and irradiation at J 2.44 gave an
enhancement of 4% at 6 1.50 ppm,

(2R*,3S5*,4R*)-4-(2-(Benzyloxy)ethyl)-2-((R*)-(S*)-cyclohex-2-
enylhydroxymethyl)-1-(4-methoxybenzyl)-3-methyl-5-oxo-3-
(trimethylsilanyloxy)pyrrolidine-2-carboxylic acid methyl

ester (33)

2-Cyclohexenyl bromide (1.15 mL, 10 mmol) was added dropwise
over 20 min to a stirred suspension of activated zinc* (780 mg,
12 mmol) in anhydrous THF (20 mL) at 0 °C under a nitrogen
atmosphere. The solution was stirred at room temperature for 1 h
to give a 0.5 M solution of 2-cyclohexenylzinc bromide. A pre-
cooled (—78 °C) solution of the aldehyde 32 (1.18 g, 2.23 mmol)
in anhydrous THF (5 mL) was added via cannula to the freshly
prepared solution of cyclohexenylzinc bromide (14 mL, 7 mmol,
0.5 M in THF) at —78 °C, under a nitrogen atmosphere. The
mixture was stirred at —78 °C for 3 h, then quenched with
saturated aqueous ammonium chloride (70 mL) and extracted
with ethyl acetate (3 x 70 mL). The combined organic extracts
were dried and concentrated in vacuo to leave a pale yellow oil.
The oil was purified by flash chromatography on silica gel, using
petroleum ether—diethyl ether (2 : 1 then 1 : 1) as eluent, to give
the homoallylic alcohol 33 (1.18 g, 87%) as a colourless solid;
mp 157-160 °C (from petroleum ether—diethyl ether); (Found:
C, 66.8; H, 7.8; N, 2.3; C;,H,;NO;Si requires C, 67.0; H, 7.7,
N, 2.3); vy (CHCL)/cm™ 3564, 2953, 1755, 1721, 1688, 1514;
Jn (360 MHz, CDCl,) 7.34-7.26 (5H, m, C,H;), 7.23 (2H, d, J
8.7, PMB ArH), 6.80 (2H, d, J 8.7, PMB ArH), 6.05 (1H, app.
d, J 10.2, CH,CH=), 5.63 (1H, app. d, J 10.2, CH,CH=CH),
4.80 (1H, d, J 15.3, NCHH(C;H,)OCH,), 4.52 (2H, s, OCH,Ph),
442 (1H, d, J 15.3 NCHH(CsH,)OCH;), 4.20 (1H, dd, J 3.3
and 7.9, CH(OH)), 3.89-3.80 (2H, m, CH,0Bn), 3.79 (3H, s,
CO,CH;), 3.62 (3H, s, CH,(CsH,)OCH;), 3.03 (IH, dd, J 3.8
and 9.4, CHC(=O)NPMB), 2.26 (1H, br s, CH,CH=CHCH),
2.04 (2H, br s, CH,CH,CH=), 1.91-1.89 (1H, m, CHHCH,OBn),
1.90 (1H, d, J 7.9, CH(OH)), 1.80-1.78 (3H, m, CHHCH,OBn,
CHHCH,CH=, =CHCH(R)CHH), 1.76 (3H, s,CCH,;), 1.59—
1.51 (2H, m, CHHCH,CH=, =CHCH(R)CHH), 0.16 (9H, s,
OTMS); o, (90 MHz, CDCl;) 177.7 (s), 169.5 (s), 157.8 (s), 138.7
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(s), 134.7(d), 130.6 (s), 128.2(d) x 2, 127.7(d) x 2,127.3(d), 127.1
(d), 123.8 (d) x 2, 113.2 (d) x 2, 86.2 (s), 82.4 (s), 76.8 (d), 72.9
(1), 68.8 (1), 55.2 (q), 51.7 (q), 48.3 (d), 47.7 (t), 38.2 (d), 29.4 (),
26.1 (1), 25.0 (1), 20.8 (q), 20.5 (1), 2.7 (q) x 3; m/z (ES) 632.3041
(M + Na*, C;,H,;;NO;SiNa requires 632.3014).

(2R*,35*,4R*)-2-((R*)-(S*)-Cyclohex-2-enylhydroxymethyl)-4-
(2-hydroxyethyl)-1-(4-methoxybenzyl)-3-methyl-5-ox0-3-
(trimethylsilanyloxy)pyrrolidine-2-carboxylic acid methyl

ester (34)

A solution of boron trichloride-methyl sulfide complex (2.1 mL,
4.2 mmol, 2 M, dichloromethane) in was added dropwise over
15 min to a stirred solution of the benzyl ether 33 (255 mg,
0.418 mmol) in anhydrous dichloromethane (4.2 mL) at 0 °C under
a nitrogen atmosphere. The mixture was stirred at 0 °C for 1 h and
then at room temperature for a further 18 h. The mixture was re-
cooled to 0 °C, then carefully quenched with a saturated aqueous
solution of sodium hydrogen carbonate (20 mL), and extracted
with dichloromethane (4 x 20 mL). The combined organic extracts
were dried and concentrated in vacuo to leave the crude product
(216 mg) as a pale brown oil. A small portion was purified by flash
chromatography on silica gel, using ethyl acetate—2-methylpentane
(1:1) as eluent, to give the dio/ 34 as a colourless solid; mp 85—
87 °C (from ethyl acetate—2-methylpentane); v, (CHCl;)/cm™
3306 (br), 2954, 1756, 1725, 1673, 1514; 6 (360 MHz, CDCl;) 7.21
(2H,d,J 8.8, PMB ArH), 6.80(2H, d, J 8.8, PMB ArH), 6.07-6.02
(1H, m, CH,CH=), 5.63 (1H, dd, J 2.6 and 10.2, CH,CH=CH)
4.84 (1H, d, J 15.4, NCHH(CsH,)OCH,), 4.28 (1H, d, J 15.4,
NCHH(CsH,)OCH;), 4.21 (1H, dd, J 3.4, 7.6, CH(OH)), 3.95-
3.86 (1H, m, CH,CHHOH), 3.79 (3H, s, CO,CH;), 3.70 (1H,
dt, J 2.5, 10.6, CH,CHHOH), 3.60 (3H, s, CH,(C;H,)OCH,;),
3.06 (1H, dd, J 2.6 and 10.5, CHC(=O)NPMB), 2.32 (1H, d,
J 7.6, OH) 2.26 (1H, app. br. s, CH,CH=CHCH) 2.04 (2H,
app. br. s, CH,CH=CHCH), 1.91-1.72 (4H, m, CH,CH,OH,
=CHCH(R)CHH, CHHCH,C(R)H), 1.72 (3H, s, CCH,;), 1.61-
1.51 (2H, m, =CHCH(R)CHH, CHHCH,C(R)H), 0.16 (9H, s,
OTMYS); d¢ (90 MHz, CDCl;) 179.0 (s), 169.1 (s), 157.9 (s), 134.6
(d), 129.9 (s), 127.1 (d) x 2, 123.7 (d), 113.3 (d) x 2, 86.1 (s),
83.3 (s), 76.8 (d), 62.4 (1), 55.2 (q), 53.4 (d), 51.8 (q), 47.9 (1), 38.2
(d), 29.4 (1), 28.3 (1), 25.0 (1), 20.5 (1), 20.3 (q), 2.7 (q); m/z (ES)
542.2577 (M + Na*, C,;H,, NO;SiNa requires 524.2545).

(2R*,35*,4R*)-2-((R*)-(S*)-Cyclohex-2-enylhydroxymethyl)-3-
hydroxy-4-(2-hydroxyethyl)-3-methyl-5-oxopyrrolidine-2-
carboxylic acid methyl ester (36a)

A solution of the crude diol 34 (216 mg, 0.418 mmol) in
acetonitrile-48% aqueous HF (3.5 mL, 9 : 1) was stirred at room
temperature for 16 h. The mixture was filtered through a plug
of silica, eluting with ethyl acetate. The filtrate was concentrated
in vacuo to leave a residue, which was triturated with ethyl acetate
and concentrated in vacuo to leave the crude triol 35 (187 mg), Viax
(CHCl3)/cm™" 3316, 2936, 1750, 1674; 5, (400 MHz, CDCl;) 7.29
(2H, d, J 8.8, PMB ArH), 6.84 (2H, d, J 8.8, PMB ArH), 5.95-
5.93 (1H,m, CH,CH=), 5.66 (1H, dm, J ~10, CH,CH=CH), 4.76
(1H, d, J 15.5, NCHH), 4.59 (1H, d, J 15.5, NCHH), 4.15 (1H,
d, J 2.5), 3.80 (1H, m), 3.72 (3H, s, CO,Me), 3.68 (3H, s, OMe),
3.40 (1H, br), 3.0 (1H, m), 2.22 (1H, m), 2.01 (2H, s), 1.9-1.8 (2H,

m), 1.70 (2H, m), 1.65 (3H, s, CMe), 1.45 (2H, m); d. (90 MHz,
CDCl;) 178.7 (s), 169.8 (s), 158.3 (s), 131.7 (s), 130.1 (s), 128.0 (d),
125.9 (d), 113.7 (d), 81.9 (s), 80.6 (s), 77.0 (d), 61.5 (1), 55.2 (q),
51.1 (q), 47.8 (1), 38.7 (d), 27.7 (1), 26.9 (1), 24.9 (), 21.6 (q), 21.1
(t); m/z (ES) 448.2325 (M + H*, C,,H3,NO; requires 448.2335),
which was used in the next step without further purification.

A pre-cooled (0 °C) solution of ceric ammonium nitrate
(690 mg, 1.25 mmol) in water (1.0 mL) was added dropwise over
3 min to a stirred solution of the triol 35 (187 mg, 0.42 mmol)
in acetonitrile (3 mL) at 0 °C. The mixture was stirred at 0 °C
for 1 h, then diluted with ethyl acetate (30 mL). The separated
organic layer was washed with brine (3 mL), then dried (Na,SO,)
and concentrated in vacuo. The residue was purified by flash
chromatography, using ethyl acetate as eluent, to give the friol
36a (117 mg, 87% over three steps) as an almost colourless
solid; mp 137-140 °C (from ethyl acetate); v, (CHCl;)/cm™
3304 (br), 2935, 1725, 1681; oy (400 MHz, CDCl;) 8.37 (1H,
br. s, NH), 6.10 (1H, br. d, J 10.1, CH,CH=), 5.75 (1H, br.
d, J 10.1, CH,CH=CH), 4.13 (1H, dd, J 7.0, 14.3, CH(OH)),
3.85 (3H, s, CO,Me), 3.85-3.74 (2H, m, CH,CH,0OH), 2.87 (1H,
app. d, J 9.2, CHC(=0O)NH), 2.22 (1H, br. s, CH,CH=CHCH),
2.02 (3H, m, CH,CH=CHCH, CHHCH,OH) 1.81-1.74 (3H, m,
CHHCH,0H, =CHCH(R)CHH, CHHCH,C(R)H), 1.61-1.50
(1H, =CHCH(R)CHH,), 1.57 (3H, s, CCH;), 1.27-1.27 (1H, m,
CHHCH,C(R)H); o (100 MHz, CDCl,) 180.7 (s), 172.5(s), 135.0
(d), 123.6 (d), 81.8 (s), 79.8 (s), 76.7 (d), 62.1 (1), 52.9 (q), 51.7 (d),
38.7 (d), 28.5 (1), 26.2 (1), 24.8 (1), 20.5 (1), 19.8 (q); m/z (ES)
350.1566 (M + Na*, C,4H,;NO4Na requires 350.1574).

(£)-Salinosporamide (1)

A solution of trimethylaluminium (2.5 mL, 5.0 mmol, 2 M in
toluene) was added in one portion to a stirred suspension of
tellurium powder (0.71 g, 5.5 mmol, 99.99% Alfa Aesar) in dry
degassed toluene (2.5 mL) under an argon atmosphere. The
mixture was heated under reflux for 6 h, then allowed to cool
to room temperature and transferred via cannula to a flame-
dried flask, to afford a 0.8 M solution of dimethylaluminium
methyltellurolate in toluene. A solution of the freshly prepared
methyltellurolate (500 nL, 0.4 mmol, 0.8 M in toluene) was added
in one portion to a stirred solution of the methyl ester 35 (12.7 mg,
0.038 mmol) in dry dichloromethane (50 pL) at room temperature
under an atmosphere of argon. The solution was stirred at room
temperature for 24 h, then diluted with ethyl acetate (5 mL) and
treated with 2 M HCI (5§ mL). The mixture was stirred vigorously
for 3 h at room temperature whilst open to the atmosphere. The
separated aqueous layer was saturated with sodium chloride and
then extracted with ethyl acetate—ethanol (4 x 5SmL, 95:5). The
combined organic extracts were concentrated in vacuo to leave the
corresponding carboxylic acid 37 as an almost colourless solid.
A solution of the carboxylic acid 37 in dry dichloromethane
(400 pL), containing dry pyridine (50 uL), was stirred vigorously
at room temperature for 5 min under an argon atmosphere.
BOP-CI (16 mg, 0.064 mmol) was added and the mixture was
stirred at room temperature for a further 3 h. The solvent was
removed under high vacuum and the residue was diluted with dry
pyridine (0.2 mL). PPh;Cl, (200 pL, 1.0 M in acetonitrile) was
added and the mixture was stirred under an argon atmosphere
for 4 h, then evaporated in vacuo. The residue was purified by
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chromatography, using 2 : 3 ethyl acetate—pentane as eluent, to
give salinosporamide A (3.6 mg, 45% over the three steps) as a
colourless solid; mp 169-172 °C (from ethyl acetate—pentane);
oy (360 MHz, C;DsN) 10.60 (1H, br s, NH), 6.41 (1H, d, J
10.5, CH=CHCH), 5.88 (1H, m, CH=CHCH), 4.91 (1H, br s,
OH), 425 (1H, app. t, J 9.0, CH(OH)), 4.13 (1H, app. td, J
6.8 and 10.7, CH,CHHCI), 4.01 (1H, app. td, J 6.8 and 10.7,
CH,CHHC(I), 3.17 (1H, app. t, J 7.0, CHC(=0O)NH), 2.84 (1H,
br s, CH=CHCH), 2.48 (1H, m, CHHCH,CI), 2.37-2.26 (2H,
m, CHHCH,Cl and =CHCH(R)CHH), 2.07 (3H, s, CCH,;),
1.91 2H, m, CH,CH=CHCH), 1.73-1.64 2H, CHHCH,C(R)H,
=CHCH(R)CHH), 1.36 (1H, m, CHHCH,C(R)H); 6 (90 MHz,
CsDsN) 176.9 (s), 169.5 (s), 129.1 (d), 128.7 (d), 86.3 (s), 80.4 (s),
71.0(d), 46.2(d), 43.3(t),39.3(d), 29.0(t),26.5(t), 25.4 (1), 21.8 (1),
20.0 (q); m/z (ES) 336.0957 (M + Na*, C;;H,CINO,Na requires
336.0973).
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A chemical library of 1,2,3-triazole fused carbohydrate mimetics was constructed. To synthesize
enantiomerically pure mimetics, we developed a stereo- or diastereodivergent synthetic route from
D-glucose, D-mannose and D-galactose as chiral sources. In this synthesis, an In(OTf);-catalyzed
tandem azidation—1,3-dipolar cycloaddition reaction of 1,1-dimethoxyhex-5-yne derivatives with
TMSN; was used as the key step to construct the 4,5,6,7-tetrahydro[1,2,3]triazolo[1,5-a]pyridine
framework. Additionally, NMR was used to carry out a conformational analysis of the synthesized
mimetics, which are of structural interest since they have an N,0-acetal moiety in place of the anomeric

position of normal pyranosides.

Introduction

1,2,3-Triazole derivatives are attracting much attention from
medicinal chemists due to their interesting biological properties,
such as antibacterial and antitumor activities, and glycosidase
inhibition."? The isolation of triazole-containing compounds from
nature has not been reported, therefore, these compounds can only
be obtained by chemical synthesis. A number of methodologies to
construct 1,2,3-triazole ring systems have already been reported.
Among these methodologies, the 1,3-dipolar cycloaddition of
organic azides to carbon-carbon multiple bonds, namely the
Huisgen reaction, is one of the most important reactions.?
Recently, Meldal e al. and Sharpless et al. independently re-
ported that, under mild conditions, Cu(1) complexes catalyze the
intermolecular Huisgen reaction of terminal alkynes and organic
azides to give 1,4-disubstituted 1,2,3-triazoles with excellent regio-
and chemoselectivities.** However, due to the rapid formation
of dimerized products through intermolecular cycloaddition, it is
essentially difficult to apply Cu(1) catalysts to the intramolecular
Huisgen reaction.® Bicyclic triazoles, which would be prepared by
the intramolecular Huisgen reaction of w-azidoalkyne derivatives,
are also interesting compounds in medicinal chemistry. For exam-
ple, Vasella et al. and Wong et al. reported the synthesis of car-
bohydrate mimetics having a 4,5,6,7-tetrahydro[1,2,3]triazolo[1,5-
alpyridine framework and their inhibition properties against sev-
eral glycosidases (Fig. 1).”® However, the construction of a bicyclic
triazole framework by the intramolecular Huisgen type reaction
under simple thermal conditions remains a problematic step in
these syntheses. Therefore, the development of active catalysis for
the intramolecular Huisgen reaction is one of the challenges in
synthetic organic chemistry. Recently, we reported that indium(1ir)
triflate [In(OTf);] nicely catalyzes the tandem azidation—1,3-
dipolar cycloaddition reaction of ®,m-dialkoxyalkyne derivatives
with TMSN; to give alkoxylated bicyclic 1,2,3-triazole products
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(R =OH, NHAc, NHy)

Fig. 1 Structures of D-glucose and triazolo-glucose mimetics.

(Scheme 1).? In this reaction procedure, the isolation of potentially
explosive organic azides was not needed.’® Additionally, the mild
Lewis acidity and chemical stability of In(OTf); encouraged us to
apply this reaction to more complex substrates.!! Consequently,
we designed triazolo-carbohydrate mimetic A, which is not only a
potential synthetic intermediate of Vasella’s triazolo-mimetics but
also a structurally interesting mimic having an N,O-acetal moiety
as an equivalent to the anomeric position in normal pyranosides.
Herein we disclose the stereodivergent synthesis of A through
the tandem azidation—1,3-dipolar cycloaddition reaction of highly
oxygenated 1,1-dimethoxyhex-5-yne derivatives with TMSN;.

;
OR! TMSN;3 (1.5 eq) OR
— IN(OTh3 (5 mol%) A / <
X OR! X N—N
= R?  CICH,CH,CI N
rt, 30 min
X= C(COZEf)z, O, NTs R2

R2 = COPh, CO,Et, H, SiMe;

Scheme 1 In(OTf);-catalyzed tandem azidation-1,3-dipolar cycloaddi-
tion reaction.

Results and discussion
Stereodivergent synthesis of triazolo-glucose/idose mimetics

Enantiomerically pure 1,1-dimethoxyhex-5-yne derivative 4a was
synthesized in three steps from the chiral building block 1a,
which was easily prepared from D-glucose in multi-gram scale
(Scheme 2)."* That is, under acidic conditions, 1a was converted
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Scheme 2 Synthesis of 6a. Reagents and conditions: (a) HC(OMe);, pTsOH, rt, 6 h, 91%; (b) OsO,, NMO, acetone—'BuOH-H,0 (20: 5: 1), rt, 7 h, then
NalO,, rt, 1 h, 79%; (c) CH;COC(N,)P(O)(OMe),, K,CO;, MeOH, rt, 2 h, 76%; (d) TMSN;, In(OTf); (5 mol%), CICH,CH,CI, 0 °C, 4 h, then 80 °C,
8h, 75% (0.: B=1:1.2); (¢) TMSN;, In(OTf); (5 mol%), hexane, 0 °C, 4 h, then 60 °C, 16 h, 82% (a.: p = 1.4 : 1); (f) PdA(OH),/C, H, (1 atm.), MeOH,

rt, 11 h.

to dimethyl acetal 2a in 91% yield by reaction with trimethyl
orthoformate. Catalytic dihydroxylation of 2a using an OsO,—4-
methylmorpholine N-oxide (NMO) system and an oxidative work-
up by NalO, provided the 5,5-dimethoxypentanal derivative 3a
in 79% yield. The homologation of 3a was achieved by Ohira—
Bestmann conditions using a CH;COC(N,)P(O)(OMe),-K,CO,
system to give the 1,1-dimethoxyhex-5-yne derivative 4a in 76%
yield.”® In the presence of 5 mol% of In(OTf),, the reaction of
4a and 5.0 molar equivalents of TMSN; in 1,2-dichloroethane
at 0 °C for 4 h resulted in the complete consumption of 4a
(by TLC). Without isolation of the a-azido ether intermediate,
further heating of the reaction mixture at 80 °C for 8 h gave the
tribenzylated gluco-mimic Sa in 75% yield with low B-selectivity
(o: B=1:1.2)." Interestingly, the reaction of 4a in hexane instead
of 1,2-dichoroethane resulted in a change of diastereoselectivity.
That is, in hexane, the tandem azidation—1,3-dipolar cycloaddition
reaction of 4a for 16 h at 60 °C provided the cycloadduct 5a in
82% yield with a-selectivity (a.: p = 1.4: 1). After chromatographic
separation of the anomeric mixture 5a, Sa-o and 5a-3 were stirred
under a H, atmosphere (1 atm.) in the presence of 40 mol% of
Pd(OH), on carbon for 11 h at room temperature to give 6a-a and
6a-p respectively in excellent yield without epimerization at the
anomeric position.

As shown in Scheme 3, the latent symmetry of 1a also enabled us
to synthesize an enantiomer of 4a (ent-4a). NaBH, reduction of 1a

followed by silylation using the standard procedure produced the
silyl ether 7a in 94% yield over two steps. Catalytic dihydroxylation
of 7a and oxidative work-up gave the aldehyde 8a in 96% yield,
then 8a was converted to the 5,5-dimethoxypentan-1-ol derivative
9a in 89% yield over two steps via dimethyl acetalization and
desilylation by fluoride. According to the preparation of 4a, the
homologation reaction of aldehyde ent-3a, which was prepared
by the Dess—Martin oxidation of 9a, gave ent-4a. The tandem
azidation—1,3-dipolar cycloaddition reaction of ent-4a catalyzed
by In(OTf), gave essentially the same results as in the case of 4a
(78% yield, a: p=1:1.2).

Diastereodivergent synthesis of triazolo-carbohydrate mimetics

Next, we carried out the diastereodivergent synthesis of triazolo-
carbohydrate mimetics from D-mannose and D-galactose. Mimet-
ics 4b and ent-4c, and 4c and ent-4b, were easily prepared from D-
mannose and D-galactose respectively, according to the synthetic
procedures for 4a and ent-4a (see Experimental section). The
results of the tandem azidation—1,3-dipolar cycloaddition reaction
are summarized in Table 1. Compared to the case of 4a, the
reactions of 4b and 4¢ gave better results. By the reaction of 4b at
80 °C for 11 h, manno-mimic 5b was obtained in 91% yield as a
mixture of anomeric diastereomers in a ratio of 1.2 : 1 (entry 1).
Interestingly, the reaction at room temperature for 24 h gave only

b BnO OBn BnO OBn BnO OBn ‘
a
. X OTBS OTBS MeO OH
1a \/'\‘/'\/ —»960/ OHC/'\‘/'\/ _—
0, 0, 0,
94% OBn ° OBn 89% MeO OBn 96%
7a 8a 9a

BnO OBn g BnO OBn h MeO

Meoﬁ/'\‘/LCHO MeO
76% X % g
MeO OBn eO OBn
ent-3a ent-4a OBn
ent-5a (ido)

Scheme 3 Synthesis of ent-5a. Reagents and conditions: (a) NaBH,, MeOH, rt, 2 h; (b) TBSCI, imidazole, DMF, rt, 3 h, 94% over 2 steps; (c) OsO,,
NMO, acetone—'BuOH-H,0 (20 : 5: 1), rt, 6 h, then NalO,, rt, 1 h, 96%; (d) HC(OMe);, pTsOH, rt, 45 min; (¢) TBAF, THF, rt, 8 h, 89% over 2 steps; (f)
Dess—Martin periodinane, CH,Cl,, rt, 2 h, 96%; (g) CH;COC(N,)P(O)(OMe),, K,CO;, MeOH, rt, 2 h; (h) TMSN;, In(OTf); (5 mol%), CICH,CH,CI,

0°C,4h,then80°C,8h,78% (a: p=1:1.2).
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Table 1 Tandem azidation-1,3-dipolar cycloaddition reactions of 1,1-dimethoxyhex-5-yne 4
N=N
TMSN; (5.0 eq) \
OMe 3 X\ _N._ _OMe
(BnO)g\ < In(OTf)3 (5 mol%)
OMe
/\ _ CICH,CH,CI
i, 2.5 h then A (BnO)s
5
Entry 4 Temp./°C Time/h 5 Yield® a:p
1 BnO  OBn 80 12 N=N 91 1.2:1
< \
- OMe _N._OMe
Z
BnO OMe .
BnO* OBn
4b OBn
5b (manno)
2 rt 16 26 B-only
3 rt 120 39 1:1.1
4 60 24 66 1:1.1
5 BnQ  OBn 80 12 86 1.3:1
MeO. A~
X
MeO  OBn
ent-4b OBn
ent-5b (gulo)
6 BnC  OBn 80 N=N 90 1:1.8
\
OMe N OMe
// BnO oM
n “
£ BnO ‘OBn
4c OBn
5¢ (galacto)
7 60 63 1.3:1
8 BnO  OBn 80 N=N 89 1:2.2
= 1
MeO ~ MeO___N_~
MeO OB \\
© n BnO" OBn
ent-4c OBn

“Tsolated yield. * Based on '"H-NMR. ° Solvent: hexane.

ent-5¢ (altro)

the B-anomer Sb-f as the sole cycloadduct in 26% yield (entry 2),
although a prolonged reaction time (120 h) at room temperature
remarkably decreased the B-selectivity (entry 3)." In addition,
carrying out the reaction in hexane for 24 h at 60 °C resulted in low
[B-selectivity with a reasonable product yield (66% yield, o.: =1
1.1) (entry 4). Likewise, the reaction of 4c¢ in 1,2-dichloroethane
gave the galacto-mimic 5¢ in 90% yield with moderate B-selectivity
and the reaction in hexane gave 5c in 63% yield with a-selectivity
(entry 6, 0.: B=1:18;entry 7, a: p = 1.3 : 1). gulo-Mimic
ent-5b and altro-mimic ent-5¢ were also obtained in 86% and 89%
yield, respectively (entry 5, a: =13 L;entry 8, a: f=1:2.1).
Furthermore, manno- and galacto-cycloadducts 5b and Sc were
debenzylated by the above hydrogenolysis conditions to give triols
6b and 6c¢ in excellent yield without epimerization at the anomeric
position (Fig. 2).

N=N
\
N\ _N OMe
HO™" OH
OH
manno galacto
6b-o0 88% 6c-a 83%
6b-B 79% 6c-B 90%

Fig. 2 Synthesized manno- and galacto-mimetics.

Concerning the observed diastereoselectivity, we propose the
mechanism of tandem azidation-1,3-dipolar cycloaddition reac-
tion. An example with the 1,1-dimethoxyhex-5-yne derivative 4b
is shown in Scheme 4. It was found that the '"H NMR of a
crude mixture obtained by the reaction of 4b with 5.0 molar
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Scheme 4 Proposed reaction mechanism.

equivalents of TMSN; in the presence of 5 mol% of In(OTf),
at room temperature for 2.5 h, showed the formation of (1R)-
azido ether and a mixture of (1S)-products, consisting of (1.5)-
azido ether and (1S)-bicyclic triazole 5b-B. The ratio of (1R)-
azido ether to (1S)-products was 1.8 : 1. This finding clearly
supported the fact that (1R)-azido ether is a preferable product
in the azidation step, while its intramolecular cycloaddition does
not occur at room temperature due to the destabilization of
its transition state by the axial-methoxy group. On the other
hand, the (1S)-azido ether smoothly converts to the bicyclic
triazole 5b-B having S configuration at the anomeric position.'
Prolonged reaction at room temperature should result in the
epimerization of the initially formed 5b-f at the anomeric position,
catalyzed by In(OTf);.° With the reaction at a higher temperature,
both diastereomers of the a-azido ether should stereospecifically
convert to the corresponding cycloadduct 5b, which finally falls
into an appropriate ratio of a- and B-isomers via an epimerization
process after the formation of 5b-f from (1.5)-azido ether and Sb-a
from (1 R)-azido ether.

Conformational analysis of the triazolo-carbohydrate mimetics

Based on NMR studies of triazolo-carbohydrate mimetics 6 in
D,0 (600 MHz), their unique conformational behaviors were
revealed (Fig. 3). In both anomers of gluco-mimetic 6a, *J coupling
constants and NOE correlation between H2 and H4 clearly
indicated that these mimetics occupy *H; conformations: J,, 3.2,

N=N
\
X\ _N_ .OMe
HO™ “IOH
OH
6a-o

2H3 conformer

Fig. 3

J,5 10.6, J;, 7.1 Hz for 6a-o and J,, 6.8, J,; 9.5, J;, 8.4 Hz for
6a-p. Furthermore, NOESY spectra of B-gluco-mimic 6a- also
showed a strong correlation between H1 and H3, which supports
its 2H; conformation, and a weak correlation between HI and
H2, although an NOE correlation between H3 and H4 was not
observed. Since the H1-H2 correlation cannot be assigned to
its 2H5 conformation, we proposed that the B-gluco-mimic 6a-
exists as an equilibrium mixture of the 2H; conformer and the
4B conformer."” Furthermore, in tribenzyl ether 5a-p (400 MHz,
in CDCl;), small coupling constants, J,, 4.0, J,; 6.2 and J;,
7.4 Hz, and a relatively weak NOE correlation between H1 and
H3, compared to a strong NOE correlation between H1 and
H2, supported the assignment of the '*B conformation to this
molecule. A similar tendency was also observed in the NMR
spectra of galacto-mimetic 6¢. That is, the a-anomer occupies
the relatively stable >H; conformation, while the B-anomer exists
as an equilibrium mixture between the ?H; conformer and the
'“B conformer.”® Previously, we confirmed that the anomeric
effect of the triazolic N-C-O system is notably stronger than
that of an O—C-O system such as in 2-methoxytetrahydropyran
derivatives.” The present conformational behavior of triazolo-
carbohydrate mimetics can be attributeted to the anomeric effect
of the triazolic N-C-O moiety. In a-anomers, the anomeric effect
of the triazolic N-C-O moiety stabilizes the >H; conformation.
In contrast, this anomeric effect possibly destabilizes the *H,
conformation of B-anomers to form detectable amounts of “B
conformers.

H OH

4B conformer

Conformations of triazolo-glucose mimics 6a.
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Conclusion

We achieved the stereodivergent synthesis of triazole-fused glu-
cose/idose mimetics through a tandem azidation—1,3-dipolar
cycloaddition reaction. According to the common synthetic
route, a chemical library of triazolo-carbohydrate mimetics with
stereochemical diversity was also constructed. Since the present
triazolo-carbohydrate mimetics have an sp*-hybridized anomeric
carbon, the existence of the anomeric effect at the triazolic N—C—
O system was expected. NMR experiments in D,0O of the present
gluco- and galacto-mimetics showed that the o-anomers occupy the
relatively stable > H; conformation. In contrast, the f-anomers exist
as unstable >H; conformers in equilibrium with '#B conformers.

Experimental
General and materials

In(OTY); is commercially available. All reactions were carried
out under an argon atmosphere. 'H and "C NMR spectra were
taken on a Bruker dpx400 spectrometer, and chemical shifts were
reported in parts per million (ppm) using CHCI; (7.26 ppm)
in CDCI; or sodium 3-trimethylsilylpropionate-2,2,3,3-d, (TSP)
(0.00 ppm) in D,O for '"H NMR, and CDCI; (77.01 ppm) or TSP
(0.00 ppm) in D,O for *C NMR as an internal standard, respec-
tively. Infrared (IR) spectra were recorded on JASCO FT/IR-
620 or JASCO FT/IR-4100 infrared spectrophotometers. Mass
spectra (MS) were obtained on a Micromass LCT (ESI-TOF).
Medium pressure liquid chromatography (MPLC) was performed
using prepacked columns (KUSANO prepacked column Si-10,
40 x 300 mm i. d., silica gel, 50 um) with a UV detector.

Preparation of triazolo-glucose mimic (6a)

(2R ,3S,4R)-2,3,4-Tri(benzyloxy)-1,1-dimethoxyhex-5-ene  (2a).
(2R,3S.,4R)-2,3,4-Tribenzyloxyhex-5-enal 1a (24 mmol, 10.0 g)**
was treated with p-toluenesulfonic acid monohydrate
(pTsOH-H,0, 200 mg, 20 pmol) in trimethyl orthoformate
(200 mL) for 45 min at room temperature. The reaction mixture
was quenched with saturated NaHCO; aqueous solution
(200 mL), followed by extraction with EtOAc (150 mL x 3).
The organic layer was washed with brine (100 mL), dried over
MgSO,, and evaporated. The residue was purified by column
chromatography on silica gel (hexane-EtOAc = 20 : 1) to give
2a in 91% yield (10.1 g, 21.8 mmol). Colorless oil. [a]Z (¢ 1.00,
CHCl;) —22.8; IR (neat) v 3031, 2908, 1496, 1454, 1072, 735 cm™;
'"H NMR (400 MHz, CDCl;) § 3.25 (3H, s), 3.42 (3H, s), 3.58
(1H, dd, J = 6.6, 3.0 Hz), 3.73 (1H, dd, J = 7.4, 3.0 Hz), 4.16
(1H, m), 4.41 (1H, J = 11.7 Hz), 4.47 (1H, J = 6.6 Hz), 4.55 (1H,
d,J =11.6 Hz), 4.61 (1H, d, J = 11.7 Hz), 4.67 (1H,d, J = 11.6
Hz), 4.86 (1H, d, J = 11.6 Hz), 492 (1H, d, J = 11.5 Hz), 5.23
(1H, brd, J = 17.6 Hz), 5.25 (1H, dd, J = 10.6, 1.8 Hz), 5.77
(1H, ddd, J = 17.6, 10.6, 7.7 Hz), 7.25-7.36 (15H, m). *C NMR
(100.6 MHz, CDCl;) ¢ 54.5, 56.1, 70.7, 73.9, 75.0, 78.8, 81.3,
81.9, 105.6, 119.1, 127.29, 127.34, 127.4, 127.8, 127.9, 128.16,
128.18, 128.3, 138.6, 139.0, 139.1. MS (ESI-TOF) m/z 485 [M +
Na]*. HRMS calcd for C,,H3,NaOs [M + Na]*, 485.2304; found:
485.2282.

(25,35,4R)-Tri(benzyloxy)-5,5-dimethoxypentanal (3a). To a
solution of 4-methylmorpholine N-oxide (NMO, 3.9 g, 34 mmol),
tert-butyl alcohol (20 mL) and 2a (9.3 g, 20 mmol) in acetone
(640 mL), a solution of OsO, in H,O (0.11 M, 90 mL, 1.7 mmol)
was added. After being stirred for 7 h at room temperature,
the resultant mixture was treated with NalO, (40 g) for 1 h at
room temperature. The reaction mixture was filtered through a
pad of celite. Afterwards, the filtrate was extracted with EtOAc
(100 mL x 3) and the organic layer was washed with brine
(100 mL), dried over MgSQO,, and concentrated under reduced
pressure. The residue was purified by column chromatography on
silica gel (hexane—EtOAc = 10 : 1) to give aldehyde 3a (7.36 g,
15.8 mmol) in 79% yield. Colorless oil. [a]}; (¢ 1.00, CHCL;) +2.48;
IR (neat) v 3031, 2932, 1729, 1455, 1092, 734 cm™'; '"H NMR
(400 MHz, CDCl;) 0 3.29 (3H, s), 3.43 (3H, s), 3.69-3.74 (1H, m),
3.84 (1H, dd, J = 5.7, 2.9 Hz), 3.99-4.04 (1H, m), 4.45-4.52 (3H,
m), 4.56 (1H, d, J = 11.7 Hz), 4.62 (1H, d, J = 11.7 Hz), 4.68
(1H, d, J =10.7 Hz), 4.78 (1H, d, J = 12.0 Hz), 7.19-7.37 (15H,
m), 9.72 (1H, d, J = 3.4 Hz); *C NMR (100 MHz, CDCl;) § 54.3,
56.5,72.9, 73.7, 73.9, 77.3, 79.5, 80.3, 105.4, 127.4, 127.8, 127.9,
127.9,128.1, 128.3, 128.3, 128.4, 128.4, 137.4, 137.6, 137.9, 200.1;
MS (ESI-TOF) m/z 487 [M + Na]*; HRMS calcd for C,sH;,0OsNa
[M + Na]*, 487.2097; found, 487.2094.

(2R,35.,4R)-2,3,4-Tri(benzyloxy)-1,1-dimethoxyhex-5-yne (4a).
To a solution of 3a (0.93 g, 2.0 mmol) in MeOH (20 mL), K,CO;
(0.83 g, 6.0 mmol) and Ohira—Bestmann reagent (1.34 g, 7.0 mmol)
were added. After being stirred for 2 h at room temperature,
the reaction mixture was filtered through a pad of celite and
the resulting filtrate was concentrated under reduced pressure.
Purification of the residue by column chromatography on silica gel
(hexane-EtOAc = 10 : 1) followed by MPLC (hexane-EtOAc =
10 : 1) gave 4a in 76% yield (700.1 mg, 1.52 mmol). Colorless oil.
[a]%3 (c 1.00, CHCIL;) —37.8; IR (neat) v 3282, 3063, 2930, 1454,
1096, 1027, 736, 697 cm™'; "H NMR (400 MHz, CDCl;) 6 2.54
(1H,d, J =2.0 Hz), 3.28 (3H, s), 3.48 (3H, ), 3.95(2H,d, J = 7.6
Hz), 4.51-4.63 (3H, m), 4.68 (2H, brd, J = 11.1 Hz), 4.89 (1H, d,
J=11.5Hz),4.90(1H,d,J=11.1Hz),4.99 (1H,d, J = 11.1 Hz),
7.23-7.44 (15H); *C NMR (100 MHz, CDCl,) 6 54.2, 56.3, 71.5,
71.6, 74.9, 75.3, 76.1, 79.2, 80.5, 81.2, 105.5, 127.4, 127.7, 128.1,
128.1,128.2,128.2, 128.3, 137.6, 138.6, 138.7; MS (ESI-TOF) m/z
483 [M + Na]*; HRMS calcd for C,0H;,0sNa[M + Na]*, 483.2147;
found, 483.2144.

(4R,55,6R,7R)-4,5,6-Tri(benzyloxy)-7-methoxy-4,5,6,7-tetra-
hydro[1,2,3]triazolo[1,5-a]pyridine (5a-0) and (4R,5S,6R,75)4,5,6-
tri(benzyloxy)-7-methoxy-4,5,6,7-tetrahydro[1,2,3]triazolo[1,5-a]-
pyridine (5a-p). To a suspension of In(OTf); (14.1 mg, 25 umol)
in 1,2-dichloroethane (5.0 mL), TMSN; (317 uL, 2.5 mmol) and a
solution of 4a (230 mg, 0.50 mmol) in 1,2-dichloroethane (2.0 mL)
were added at 0 °C. After being stirred for 4 h at the same
temperature, the resulting mixture was heated at 80 °C for 8 h. The
reaction mixture was quenched with H,O, extracted with EtOAc
and dried over MgSO,. Evaporation of the organic layer followed
by purification by column chromatography on silica gel (hexane—
EtOAc =2 : 1) gave a mixture of anomers. This anomeric mixture
was separated by MPLC (hexane-EtOAc = 1 : 1) to give 5a-f
(96.6 mg, 0.205 mmol, 41% yield) and 5a-o (80.1 mg, 0.170 mmol,
34% yield). S5a-a was the more polar isomer. White amorphous
solid. Mp. 97.9-99.8 °C; [a]; (c 0.52, CHCl;) —32.4; IR (neat) v
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3062, 3030, 2932, 1454, 1363, 1203, 1162, 1096, 739, 698 cm~'; 'H
NMR (400 MHz, CDCl;) ¢ 3.54 (3H, s), 3.75 (1H, dd, J = 10.1,
3.2 Hz), 4.50 (1H, dd, J = 10.1, 6.9 Hz), 4.73-4.80 (4H, m), 4.87
(1H,d,J =11.0 Hz),491 (1H,d, J = 12.1 Hz), 5.12 (1H, d, J =
11.0 Hz), 5.56 (1H, d, J = 3.2 Hz), 7.29-7.42 (15H, m), 7.52 (1H,
s). *CNMR (100 MHz, CDCl;) ¢ 58.1,72.8,73.5,73.7,75.5,78.1,
79.4, 84.7, 127.9, 128.1, 128.1, 128.2, 128.2, 128.4, 128.5, 128.6,
128.7, 132.6, 133.4, 137.2, 137.2, 138.1; MS (ESI-TOF) m/z 472
[M + HJ]*; HRMS calcd for C,xH;N;O, [M + H]*, 472.2236;
found, 472.2214. 5a- was the less polar isomer. Colorless oil. [a]3
(¢ 0.50, CHCl;) —34.6; IR (neat) v 3062, 3031, 1454, 1359, 1224,
1156, 1090, 739, 698 cm~'; '"H NMR (400 MHz, CDCl;) J 3.61
(3H, s), 3.83 (1H, dd, J = 7.4, 6.2 Hz), 4.02 (1H, dd, J = 6.2,
4,0Hz),4.69 (1H,d,J =11.5Hz),4.73 (1H,d, J = 11.5Hz), 4.75
(1H,d,J =11.4Hz),4.79 (1H,d, J = 11.4 Hz), 4.81 (1H,d, J =
7.4Hz),4.83 (1H,d,J =11.6 Hz),4.88 (1H, d, J = 11.6 Hz), 5.60
(1H, d, J = 4.0 Hz), 7.29-7.38 (15H, m), 7.60 (1H, s); *C NMR
(100 MHz, CDCl;) ¢ 58.5, 73.8, 73.8, 74.0, 74.4, 80.9, 82.5, 88.9,
127.9, 128.0, 128.0, 128.1, 128.1, 128.5, 128.6, 128.6, 130.8, 134.5,
137.1, 137.3, 137.6; MS (ESI-TOF) m/z 472 [M + H]"; HRMS
calcd for C,sH;N;O, [M + H]*, 472.2236; found, 472.2213.

(4R,5S5,6R,7R)-4,5,6-Trihydroxy-7-methoxy-4,5,6,7-tetrahydro-
[1,2,3]triazolo[1,5-a]pyridine (6a-a). To a suspension of 20%
Pd(OH), on carbon (50 mg) in MeOH (1.0 mL), a solution of
5a-a (33.1 mg, 70 umol) in MeOH (2.0 mL) was added. After
being stirred at room temperature for 11 h under a H, atmosphere
(1 atm.), the reaction mixture was filtered. The filtrate was
concentrated under reduced pressure, and purified by column
chromatography on silica gel (CHCl;-MeOH = 10 : 1) to give
6a-a (13.8 mg, 68.8 pmol) in 96% yield. Colorless oil. [a]y (c
1.00, CH;OH) +71.5; IR (neat) v 3031, 2908, 1496, 1454, 1072,
735 cm™'; '"H NMR (400 MHz, D,0) 6 3.65 (3H, s), 4.07-4.12
(1H, m), 4.14 (1H, dd, J = 10.6, 7.1 Hz), 4.82 (1H, d, / = 7.1 Hz),
5.90 (1H, d, J = 3.2 Hz), 7.90 (1H, s); *C NMR (100 MHz, D,0)
0 60.5, 68.4, 71.1, 73.5, 88.6, 134.2, 138.3; MS (ESI-TOF) m/z
202 [M + H]*; HRMS caled for C;H;,N,0, [M + H]*, 202.0828;
found, 202.0821.

(4R,5S,6R,75)-4,5,6-Trihydroxy-7-methoxy-4,5,6,7-tetrahydro-
[1,2,3]triazolo[1,5-a]pyridine  (6a-f). This compound was
prepared according to the synthesis of 6a-a and obtained in 95%
yield (12.2 mg, 60.6 umol) by the reaction of 5a-f (30.1 mg,
64 umol), Pd(OH), on carbon (20 w/w%, 50 mg) and H, (1 atm.)
in MeOH (2.5 mL). Colorless oil. [a]} (¢ 0.50, CH;OH) —26.6;
IR (neat) v 3031, 2908, 1496, 1454, 1072, 735 cm™'; '"H NMR
(400 MHz, D,0) ¢ 3.83 (3H, s), 3.85 (1H, dd, J = 9.5, 8.4 Hz),
4.09 (1H, dd, J = 9.5, 6.8 Hz), 4.89 (1H, d, J = 6.8 Hz), 5.67
(1H, d, J = 6.8 Hz), 7.87 (1H, s); *C NMR (100 MHz, D,0) ¢
60.9, 67.9, 73.6, 75.6, 92.5, 133.2, 139.0; ESI-MS (m/z) 202 [M +
H]*; HRMS calcd for C;H;,N;0, [M + HJ*, 202.0828; found,
202.0821.

Preparation of triazolo-idose mimic (ent-5a)

tert-Butyl(dimethyl){[(2S,35,4R)-2,3,4ri(benzyloxy)hex-5-enyl}
oxy}silane (7a). To a solution of (2S,35,4R)-2,3,4-tris-
(benzyloxy)hex-5-en-1-0l (2.1 g, 5.0 mmol),*® which was prepared
by NaBH, reduction of 1a, and imidazole (510 mg, 7.5 mmol) in
DMF (5 mL), tert-butylchlorodimethylsilane (905 mg, 6.0 mmol)

was added at 0 °C. After being stirred at room temperature for
3 h, the reaction mixture was quenched with H,O (25 mL) and
extracted with hexane (25 mL x 3). The combined organic layer
was dried over MgSO, and evaporated. The residue was purified
by column chromatography on silica gel (hexane-EtOAc = 50 :
1) to give the TBS ether 7a in 94% yield (2.76 g, 4.70 mmol).
Colorless oil. [a]Z (¢ 1.01, CHCL;) —7.96; IR (neat) v 3031, 2928,
2856, 1455, 1254, 1092, 1028, 837, 733, 697 cm™'; '"H NMR
(400 MHz, CDCl;) 6 0.00 (6H, s), 0.88 (9H, s), 3.61-3.75 (4H, m),
4.16 (1H, t, J = 6.6 Hz), 4.41 (1H, d, J = 11.5 Hz), 4.56 (1H, d,
J =11.7Hz), 4.63 (1H, d, J = 11.7 Hz), 471 2H, d, J = 11.8
Hz), 4.83 (1H, d, J = 11.5 Hz), 5.25 (1H, brd, J = 14.7 Hz), 5.28
(1H, brd, J = 8.0 Hz), 5.77-5.89 (1H, m), 7.23-7.38 (15H, m);
BC NMR (100 MHz, CDCly) 6 —5.5, 18.1, 25.9, 62.7, 70.7, 73.0,
75.1, 80.0, 81.1, 81.5, 118.6, 127.4, 127.4, 127.8, 128.0, 128.1,
128.2, 128.2, 128.4, 135.7, 138.5, 138.8, 138.9; MS (ESI-TOF)
m/z 555 [M + Na]*; HRMS calcd for C;;H,,NaO,Si [M + Na]*,
555.2907; found, 555.2884.

(25,3R,45)-2,3,4-Tri(benzyloxy)-5-{ [tert-butyl(dimethyl)silyl]-
oxy}pentanal (8a). Aldehyde 8a was obtained in 96% yield
(2.30 g, 4.30 mmol) by the reaction of 7a (2.4 g, 4.5 mmol), OsO,
(0.11 M in H,0, 4.0 mL, 0.44 mmol) and NMO (1.4 g, 12 mmol) in
a mixture of acetone (65 mL), H,O (15 mL) and ferz-butyl alcohol
(2 mL) for 6 h at room temperature, followed by treatment of the
reaction mixture with NalO, (10 g) for 1 h at the same temperature.
Colorless oil. [a]Z (¢ 1.03, CHCL;) —11.1; IR (neat) v 3031, 2952,
2857, 1731, 1455, 1255, 1092, 1028, 838, 735, 697 cm™'; '"H NMR
(400 MHz, CDCl;) 6 0.00 (6H, s), 0.89 (9H, s), 3.55-3.61 (1H, m),
3.67-3.77 (2H, m), 3.92 (1H, dd, J = 5.4, 1.6 Hz), 3.98-4.03 (1H,
m), 4.47-4.55(3H, m),4.59 (1H, d, J = 11.8 Hz), 4.67 (1H, d, J =
11.8 Hz),4.79 (1H, d, J = 12.0 Hz), 7.23-7.38 (15H, m), 9.73 (1H,
d, J = 1.6 Hz); *C NMR (100 MHz, CDCl;) § —5.5, —5.5, 18.1,
25.8, 61.6, 72.9, 73.1, 74.1, 78.2, 78.7, 81.2, 127.7, 128.0, 128.2,
128.4, 128.4, 137.3, 137.7, 138.0, 200.7; MS (ESI-TOF) m/z 557
[M + NaJ*; HRMS calcd for C;,H,;NaO;Si [M + Na]*, 557.2699;
found, 557.2687.

tert-Butyl(dimethyl){[(2S,3R,45)-2,3,4-tri(benzyloxy)-5,5-dime-
thoxypentylloxy }silane. This compound was obtained in 100%
yield (3.90 g, 3.89 mmol) by the reaction of 8a (2.1 g, 3.9 mmol)
and HC(OMe); (10 mL) in the presence of pTsOH-H,O (100 mg)
for 45 min at room temperature. Colorless oil. [a]Z (¢ 1.00,
CHCI;) +7.20; IR (neat) v 3031, 2929, 2856, 1454, 1254, 1090,
1028, 836, 733, 697 cm™'; 'H NMR (400 MHz, CDCl;) ¢ 0.00
(6H, s), 0.88 (9H, s), 3.26 (3H, s), 3.43 (3H, s), 3.58 (1H, dd, J =
10.9, 5,5 Hz), 3.68-3.74 (2H, m), 3.75-3.81 (1H, m), 3.83-3.88
(1H, m), 4.45 (1H, d, J = 6.2 Hz), 4.63 (1H, d, J = 11.7 Hz),
4.65 (1H, d, J = 11.4 Hz), 4.66 (1H, d, J = 11.7 Hz), 4.73 (2H,
d, J =11.7 Hz), 4.87 (1H, d, J = 11.5 Hz), 7.21-7.39 (15H, m);
BC NMR (100 MHz, CDCl;) 6 —5.4, 18.2, 25.9, 54.2, 55.9, 63.4,
72.9,74.0, 74.6, 78.2, 78.3, 80.4, 105.5, 127.3, 127.4, 127.4, 127.9,
128.1, 128.1, 128.3, 138.7, 138.8, 138.9; MS (ESI-TOF) m/z 603
[M + NaJ*; HRMS caled for C;,H,xNaOgSi [M + Na]*, 603.3118;
found, 603.3132.

25,3R 4S5)-2,3 4 Tri(benzyloxy)-5,5-dimethoxypentan-1-ol (9a).
To a solution of tert-butyl(dimethyl){[(2S,3R,4S)-2,3,4-tris-
(benzyloxy)-5,5-dimethoxypentyl]oxy}silane (3.9 g, 3.9 mmol) in
THF (5.0 mL), tetrabutylammonium fluoride (TBAF, 1.0 M in
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THEF, 7.5 mL, 7.5 mmol) was added. After being stirred for
8 h at room temperature, the reaction mixture was evaporated.
The residue was dissolved in H,O (20 mL) and extracted with
EtOAc (20 mL x 3). The organic layer was washed with brine,
dried over Na,SO, and concentrated under reduced pressure.
Chromatographic purification of the resulting residue on silica
gel (hexane-EtOAc = 3 : 1) gave alcohol 7a in 89% yield (1.66 g,
3.47 mmol). Colorless oil. [a]Z (¢ 1.00, CHCL;) —0.03; IR (neat)
v 3460, 3030, 2933, 1454, 1070, 1028, 735, 698 cm™'; '"H NMR
(400 MHz, CDCl;) 6 2.13 (1H, brs, OH), 3.31 (3H, s), 3.43-3.52
(1H, m), 3.50 (3H, s), 3.65-3.72 (2H, m), 3.73-3.79 (1H, m), 3.88—
3.93(1H,m),4.57(1H,d,J =6.3Hz),4.61-4.73 (4H, m), 4.81 (1H,
d,J =114 Hz), 493 (1H, d, J = 11.4 Hz), 7.26-7.43 (15H, m);
3C NMR (100 MHz, CDCl,) 6 54.2 56.0, 61.7, 72.8, 73.7, 74.6,
77.6, 78.4, 79.5, 105.3, 127.6, 127.7, 127.9, 128.2, 128.4, 138.3,
138.3, 138.4; MS (ESI-TOF) m/z 489 [M + Na]*; HRMS calcd
for C;sH3,NaOg [M + Na]*, 489.2253; found: 489.2259.

(2R,3R 4S5)-2,3,4-Tri(benzyloxy)-5,5-dimethoxypentanal (ent-
3a). To a solution of 9a (1.4 g, 3.0 mmol) in CH,Cl,, Dess-
Martin periodinane (DMP, 1.87 g, 4.5 mmol) was added. After
being stirred for 2 h at room temperature, the reaction mixture was
treated with pentane (15 mL) and filtered through a pad of celite.
The filtrate was concentrated under reduced pressure. Purification
of the residue by column chromatography on silica gel (hexane—
EtOAc = 5 : 1) gave the 5,5-dimethoxypentanal derivative ent-3a
in 96% yield (1.34 g, 2.88 mmol). The physical data of ent-3a were
coincident with those of 3a, except for the specific optical rotation:
[a]% (¢ 1.10, CHCl,) —2.46.

(25,3R 45)-2,3,4-Tri(benzyloxy)-1,1-dimethoxyhex-5-yne (ent-
4a). This compound was prepared from ent-3a under the same
conditions as in the case of 4a. The physical data of ent-4a were
coincident with those of 4a, except for the specific optical rotation:
[a]Z (¢ 1.06, CHCl;) +39.6.

(4S8,5R,65,75)-4,5,6-Tri(benzyloxy)-7-methoxy-4,5,6,7-tetrahy-
dro[1,2,3]triazolo[1,5-a]pyridine (ent-5a-0) and (4S5,5R,6S,7R)-
4,5,6-tri(benzyloxy)-7-methoxy-4,5,6,7-tetrahydro[1,2,3]triazolo-
[1,5-a]pyridine (ent-5a-p). These compounds were prepared
according to the synthetic procedure for 5a and obtained in 78%
yield (ent-5a-0. 70.7 mg, 0.15 mmol, 30% yield; ent-5a-8 113.2 mg,
0.24 mmol, 48% yield) by the reaction of emt-4a (230.1 mg,
0.50 mmol) and TMSN; (317 pL, 2.5 mmol) in the presence of
In(OTf); (13.9 mg, 25 umol) in 1,2-dichloroethane (7.0 mL). The
physical data of emt-5a-o were coincident with those of 5a-o,
except for the specific optical rotation: [a]3 (¢ 0.49, CHCL,) +32.1.
The physical data of ent-5a-f3 were also coincident with those of
5a-P, except for the specific optical rotation: [a]% (¢ 0.50, CHCL;)
+34.1.
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The discovery of novel conditions for highly B-stereoselective (>9 : 1) mannosylation of OH-2 of

mannosides using a straightforward perbenzylthioglycoside donor has allowed ready assembly of

B-mannosyl oligosaccharides including the repeating trisaccharide motif of the O5 antigen of pathogen

Klebsiella pneumoniae.

The stereoselective formation of cis-glycosidic linkages is still
a major synthetic challenge in the synthesis of complex
oligosaccharides.’* Although significant advances have been made
in methodology, these methods are not fully understood and
generalities are often hard to find.?

Common methods for the synthesis of f-mannosides (Fig. 1)
involve the synthesis of a B-glucoside, followed by inversion of
C-2 configuration either by a nucleophilic displacement*® or an
oxidation-reduction procedure.*” Intramolecular aglycon delivery
has also been developed by several groups as a method for the
synthesis of 1,2-cis glycosides and has been applied to the synthesis
of B-mannosides.* "
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Fig. 1 Selected, illustrative methods for the synthesis of B-mannosides.

The use of sulfoxide glycosyl donors, first activated with
triflic anhydride before addition of the acceptor, has also proved
successful.’®!¢ In such systems, the use of 4,6-O-benzylidene-type
protection with non-participating groups on O-2 and O-3 of the
donor is important in gaining high B-selectivity. The mechanism
proposed involves the formation of an o-triflate, which then
undergoes an Sy2-like displacement giving B-mannoside product.
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Crich et al. have used kinetic isotope effect experiments to explore
this mechanism and suggest that the 4,6-O-benzylidene acts to
prevent rehybridisation at the anomeric carbon thus favouring
the triflate intermediate.'” This methodology has been widely
used in the synthesis of biologically significant oligosaccharides
containing cis-glycosidic linkages,>'®" although some linkages still
remain as difficult targets.>*

Our laboratory has been particularly interested in the synthesis
of fragments of D-mannosyl-containing sections of pathogen
coats such as the high-mannose oligosaccharide 1 found on
the surface of the HIV-1 envelope glycoprotein gp120,%' which
contains predominantly alpha mannosides, and the OS5 antigen of
the opportunistic gram-negative pathogen Klebsiella pneumoniae
serotype O5 2 (Fig. 2). This paper describes the development of
mannosylation methodology and its application to the synthesis
of key di-, tri- and tetra-saccharide fragments of both of these
structures.
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Fig.2 D-Mannosyl targets: high mannose oligosaccharide of gp120 1 and
OS5 antigen from gram-negative pathogen Klebsiella pneumoniae serotype
O5. Target fragments highlighted in grey.

Glycan 1 contains a number of key al,2 and «l,3 mannosyl
linkages. The alpha-mannosyl linkage configuration is, as a trans
linkage, one of the most ready to form in a stereoselective manner
being favoured both by participating groups, sterics and the
anomeric effect.”»* Access to the cis beta-mannosyl linkage there-
fore remains a key challenge in organic chemistry (vide supra).?
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We were therefore particularly surprised and pleased to find that
using the recently reported dimethyl disulfide-triflic anhydride**
conditions (conditions A) for activation of thioglycosides, we
observed the formation of Man-1,2-Man product in very good
yield and good selectivity (B : o > 9 : 1) (Scheme 1). We reasoned
that this unexpected selectivity might be applied to the synthesis
of the repeating trisaccharide unit of 2, which contains a key p1,2-
mannosyl linkage.

BnO
BnO
BnO '{iéﬁi\ﬁ
3

OPMP
BnO BnO
BnO BnO
BnO BnO

BnO

BnO 0
BnO BnBonO
BnO
58 OPMP 50,

OPMP

95%; B:a., (>9:1) 67%, o only

Scheme 1 (i) Conditions A: Tf,0, Me,S,, TTBP, 4 A mol sieves, —78 °C,
(ii) conditions B: DMTST, TTBP, 4 A mol sieves, —78 °C—RT.

Reaction of fully benzylated thiophenyl mannosyl donor 3
with acceptor 4 gave the B-product 58 in a >9 : 1 ratio in 95%
yield (Scheme 1).» However, in striking contrast, when the same
glycosylation was performed using the powerful and long used
alkylsulfenylating agent dimethyl(methylthio) sulfonium triflate
(DMTST, conditions B)* the a-product 5o only was obtained
in 67% yield. The identity and configuration of the products
were unambiguously identified (as for all mannosides) by a range
of methods including, critically, '"H-"*C 'J coupling constants,”’
which in all cases were in the range 150-156 Hz for B-products
and 170-172 Hz for all a-products. The reagent switchable o<>f3
selectivity observed here for the -1,2-mannosylations is to the best
of our knowledge unprecedented. The B-selectivity obtained with
conditions A was of particular additional significance as donor 3
does not possess the 4,6-O-benzylidene protection previously used
in other systems such as the Crich sulfoxides.®

These intriguing results led us to investigate the scope of
these reaction conditions and the resulting stereoselectivity in the
formation of other mannosides (Table 1). First, mannosylation
under conditions A was performed using the same acceptor 3 with
the alternative peracetylated donor 5 that bears a participating
0-2 protecting group: unsurprisingly, participation dominates
selectivity and only the a-product 6 was obtained in a yield of 55%
(entry 3, table 1). Yet, the strong B-selectivity observed for OH-2
of D-mannose was again observed, under the dimethyl disulfide-
triflic anhydride conditions (conditions A), during the installation
of a terminal mannosyl residue to the truncated D1-arm acceptor
trisaccharide 19: only the B-linked product 20p was observed in
47% yield (entry 9). Consistent with the reagent control shown in
the reaction of 3 with 4, application of conditions B to the same
reactions gave primarily o-linked product 20a (entry 10). Yields for
both of these mannosylations of 19 to yield tetrasaccahrides are

more modest, consistent with the more hindered acceptor. These
results and their switchability are summarized in Table 2.

A range of representative sugar alcohol acceptors other than
OH-2 mannosides were then tested (primary hydroxyl 8, secondary
axial hydroxyl 10, secondary equatorial hydroxyl 12, 14, 17).
Together the results suggested a unique privileged reactivity of
the 2-OH of mannosides. Glycosylation of less hindered primary
acceptor 8 using donor 3 gave a poor B-selectivity (9 B : a =
1 : 3) in 53% yield (entry 4). Glycosylation of the hindered axial
4-OH in the galactose acceptor 10 gave 11 exclusively with o-
selectivity in 75% yield (entry 5). Next the GlcNAc acceptor 12
was used, which in principle would allow access to one of the key
linkages (Manf1,4GlcNAc) of the core pentasaccharide found in
N-linked glycoproteins; under glycosylating conditions A, only the
a-product 13 was observed in 78% yield (entry 6). Glycosylation
with the glucoside acceptor 14 also only gave the o anomer in 64%
yield (entry 7). Even use of disaccharide thioglycoside donor 16
gave only the a-product 18 from secondary equatorial hydroxyl
acceptor 17 (entry 8).

These striking results suggested that this strongly selective
transformation is only applicable to the synthesis of B-(1—2)-
mannosylmannoside linkages and that this reactivity is switchable
only for this linkage (Table 2).

This highly selective yet narrowly applicable methodology was
then tested in the target synthesis of the O5 antigen of the oppor-
tunistic gram-negative pathogen Klebsiella pneumoniae serotype
05. This organism’s cell wall contains a repeating trimannoside
motif found in 22 (Fig. 2 and Scheme 2), which critically contains
the target Manf(1,2)Man linkage that is addressable by our
method.?* Thus, disaccharide acceptor 21 was reacted with
donor 3 using the triflic anhydride and dimethyldisulfide activating
conditions (conditions A). As expected, this successfully installed
the B-(1—2)-mannoside linkage in 84% yield and with high B-
selectivity (o : B ratio of 1 : 11); the two anomers were found
to be easily separable by column chromatography. Again, use of
conditions B did not yield target 22 but instead gave primarily
alpha linked product (Table 2).

In conclusion, we have shown that donor 3 when activated
using triflic anhydride and dimethyldisulfide is an efficient reagent
for the synthesis of f-(1—2)-mannoside linkages. The selectivity
of this reaction dramatically decreased during the synthesis of
other glycosidic linkages. This method is therefore narrow in the
linkage type to which it might be applied but was successfully
applied here to the synthesis of the naturally-occurring pathogen
trisaccharide motif 22. This reaction is of particular note as
the donor has not been conformationally constrained by the
presence of a 4,6-O-benzylidene protecting group and is reagent
switchable. We are currently exploring the mechanistic origin of
this startling selectivity but some mechanistic rationale for the
observed outcomes may be suggested with the caveat that detailed
studies are ongoing.

Given the simplicity of the donor system, which contrasts
with the designed use of, for example, 4,6-O-benzylidenes and
other ‘torsionally disarmed’ donors,'** the mechanistic origins of
the reagent-switchable selectivity in this more conformationally
flexible system are intriguing. Electronic effects in both 4,6-0O-
benzylidene mannosyl donors* and related uronic acids* are also
suggested to influence stereoselectivity; again these are features
that per-benzylated donor 3 lacks. This suggests that other factors

This journal is © The Royal Society of Chemistry 2008
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Table 1 Representative mannosylations with triflic anhydride (conditions A) or dimethyl disulfide (conditions B)

Entry Donor Acceptor Product Conditions Yield (B/a)
1 BnOo—\ OBn BnO—\ OH BnO—\ OBn A 95% (>9: 1)
BnO 0 BnO 0 Bno&‘&/o
BnO BnO BnO

5 BnO
3 SPh 4 OPMP g Bnog&‘
BnO
2 3 4 Bno—\ OBn B 67% (o only)
BnO -0
BnO
500

3 AcO OAc 4 AcO OAc A 55% (o only)
AcO -0 ACO -0
AcO 7 AcO
6 SPh BnO 0
BnO
4 BnO OBn o _OH BnO OBn A 53%(1:3)
BnO 0 BnO o)
BnO L 0 9 BnO
3 SPh (o]
8 04 A(O
)( 2

5 3 OH_OBz BnO OBn A 75% (o only)
-0
0 BnO
BnO
BzO

BzO 11 o OBz
107"~ Ome
(e}
BzO
BzO OMe
6 3 BnO o BnO O%n A 78% (o only)
HO OpMP 13 BnO :
BnO P 3 BnO OBn
12 NPhth o
O
BhO OpMP

7 3 (o) BnO OBn o) A 64% (o only)
- BnO 0 —
ngo 15 anO&‘Q\ H 0
%\0 0
— o —
HoB o3 Y

14

8 BnO OAc 'BDMSO OBn BnO OAc A 68% (o only)
BnO Q BnO Q BnO X!
BnO HO BnO
&‘A‘ 17 OBn
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Table1 (Conti.)

Entry Donor Acceptor Product Conditions Yield (/o)
9 BnO OBn BnO OH BnO OBn A 47% (B only)
BnO 0 BnO 0 BnO Q9
BnO BnO BnO
BnO
3 SPh BnO (0] BnO -0
BnO 0 OTBDMS
BnO OBn
19 - -0 BnO
BnO o) BnO OTBDMS
BnO OBn
OBn BnOy 0
OBn
10 3 19 BnO B 45% (1:2.5)
BnO
Bno&‘ﬁ
BnO
BnBO
200 B
BBonO
n TBDM
BnO %Bn S
BnO‘ 0
OBn
Table 2 Summary of (1,2)-mannosylations BnO Ogn
BnO i
) o TIO" Bno&‘ﬁ TfO"
Entry  Donor  Acceptor  Conditions § o Yield (%) ~_OTf 2 &pn 3 \g _
] conditions conditions 7
1 3 4 A >9 1 95 _s A B _S
2 3 4 B 0 1 67
3 3 19 A 1 0 47 — oB — — 0Bn =
4 3 19 B 1 25 41 Bon0 D s BonC o S
5 3 21 A 111 84 BnO IS BnO S
6 3 21 B 1 3 75 & ot +
N
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=

(@)
g
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BnO BnO -0
BnO BnO
BnO
22 opmpP

OPMP 84%, B0, 11:1

Scheme 2 Preparation of the repeating trisaccharide motif of the O5
antigen of pathogen Klebsiella pneumoniae.

dominate. The donors used here are exclusively alpha thioman-
nosides with an axial leaving group. Were clean Sy2-chemistry
to dominate, as has been suggested in a number of systems,"’
then beta products would be expected; Sy2 chemistry has been
invoked to explain the beta selectivity obtained from intermediate
mannosyl alpha-triflates.”” Deuterium secondary kinetic isotope
effect experiments'” are currently underway to address this issue.
In this context, the switch in activation conditions (A to B)
differs essentially only in the nature of the leaving group for the
sulfenium reagent that is generated in situ (see Fig. 3). Putative
post-activation equilibration might give rise to a number of

_Ph _Ph
BnO OBn ? BnO OBn ?
"%, o %, o~
+ +
o TfO/S\l O S\?
IntA IntB

Fig. 3 Putative differential activation of 2 leading to potential equili-
bration of intermediates (selected examples of alpha sulfeniums shown,
although, beta intermediates and triflates cannot be discounted).

intermediates with varied anomeric leaving groups (or corre-
sponding glycosyl cation-anion pairs). The different conditions
(A and B) may differ in their outcome as a result of cleaner Sy2-
substitution on an intermediate such a IntA. Initial experiments
intended to observe by NMR the intermediates formed from
2 upon activation by either conditions were inconclusive. Of
course, under conditions of rapid equilibration, the differing
rates of intermediate substitution will critically determine reaction
product distribution and hence observation of the equilibrium
position of these intermediates would add little to illuminating the
origin of selectivity.
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The restriction of this beta selectivity to only the OH-2 manno-
side acceptors indicates a strong role for the nucleophile/acceptor
in these reactions. The axial OH-4 hydroxyl of acceptor 9 gives
rise to exclusive alpha mannosylation products, indicating that
this substrate-controlled aspect of stereoselectivity extends beyond
the relative conformational position of the OH-2 nucleophile
of the alpha-mannoside acceptors that we have shown here
are privileged acceptors. The possibility therefore remains that
the unique Olax/02ax/03eq geometry plays a key role in
determining selectivity and other acceptors containing this relative
configuration are being now being explored.
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A 3 x 3 matrix of manisyl (4-methoxy-2,6-dimethylphenyl) substituted pyridyl-1,10-phenanthrolines
has been synthesized by utilizing a general palladium catalyzed cross-coupling procedure. The
directionality of these terdentate ligands will generate chiral octahedral ML, complexes, potentially
useful for the metal templated synthesis of topologically chiral structures.

Introduction

The terdentate 2,2':6',2"-terpyridine (terpy) has been used exten-
sively for the formation of octahedral transition metal complexes,
and a wealth of symmetrical derivatives have been prepared,>
including bridged® and chiral examples.* Only a limited number
of unsymmetrical analogues are known,® of which 2-(pyrid-2-
yl)-1,10-phenanthroline (pherpy) presents a unique juxtaposition
of the 1,10-phenanthroline (phen) backbone upon a terpyridine
(Fig. 1). The extra double bond of the pherpy differentiates the
left and right side and, when schematically represented, provides
the pherpy with an orientation that the terpyridine lacks (Fig. 1b).
As such, pyridyl-phenanthrolines are useful building blocks for
oriented topological isomers via octahedral transition metal
templates. However, the limited synthetic access to functionalized
derivatives, in addition to the poor solubility of the parent
heterocycle,® restrict the study of this family of compounds.

Fig.1 Chemical (a) and schematic (b) representations of terpy and pherpy
with the o- (red), B- (green), and y- (blue) positions highlighted.

Early syntheses of these compounds utilized aryl lithium
reagents’ or condensation methods® and are limited in gener-
ality. Recently, a modular synthesis of polypyridine ligands via
palladium catalyzed cross coupling was introduced.” Assuming
the generality of this modular approach, it leads one to a

Organisch-chemisches Institut, Universitdt Ziirich, Winterthurerstrasse 190,
8057 Ziirich, Switzerland. E-mail: jss@oci.uzh.ch
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i Electronic supplementary information (ESI) available: 2D-NMR data
for complex 15 and crystallographic data and .cif files for compounds 1
and 4. See DOI: 10.1039/b804106g

retrosynthetic strategy where the array of pherpy derivatives arises
from the combinatorial coupling of a common set of building
blocks (Fig. 2). Systematic variation of the substitution pattern not
only facilitates the investigation and fine tuning of the electronic
properties of the ligands, but also enables one to specify the spatial
orientation of the resulting metal complexes and allows elabo-
ration of octahedral endo- and exo-topic metallosupramolecular
structures.*
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Fig. 2 Retrosynthesis and common building blocks.

Focusing on the positions a (red), B (green), and y (blue), relative
to the nitrogens reveals that dihalo-phenanthrolines A1-A3, aryl
pyridines B1-B3, and aryl halide 10" (Fig. 2) suffice to synthesize
a 3 x 3 matrix of pyridyl-phenanthrolines (Fig. 3).
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1. 7B

Fig. 3 Manisyl pyridyl-phenanthrolines.

Results and discussion

Diiodo-phenanthroline Al and 3-bromo-9-iodo-phenanthroline
A2 were prepared according to literature procedures.’> The previ-
ously unknown 2,7-dibromo-phenanthroline A3 was prepared by
methylation of 4-bromo-phenanthroline 11" with dimethylsulfate,
giving a 2 : 1 mixture of phenanthrolinium salt regioisomers.
Subsequent oxidation of the mixture gave the desired 12a and its
regioisomer 12b (Scheme 1)."* After chromatographic separation,
treatment of 12a with phosphoryl bromide gave 2,7-dibromo-
phenanthroline A3.

| ™) 1. Dimethylsulfate | N
Br ) PhcH,105°C Br _
| N N ——— | N
2. KyFe(CN)g,NaOH
N H,0, 5°C N
31%
11
| X
Br: | X N POBr,
-
_N 80°C
80%
A3 12a
Scheme 1 Synthesis of 2,7-dibromophenanthroline.

Aryl pyridines B1 and B2 were also prepared according to litera-
ture procedures.’ 2-Iodo-4-manisyl pyridine B3 was made from 4-
manisylpyridine 13° via directed ortho metalation using lithium di-
tert-butyltetramethyl-piperidinozincate (LiTMP-Zn'Bu,)" as the
base (Scheme 2).

9 OMe
Ty
N N |
N N
— i. LITMP-Zn'Bu,, =
THF,RT,2.5h
ii. I, THF, RT 8 h
82% one pot
OMe OMe
13 B3

Scheme 2 Synthesis of 2-iodo-4-manisylpyridine.

The Negishi cross-coupling protocol'® was chosen because the
resulting terdentate ligands can precipitate from the reaction
mixture after complexing the residual zinc chloride, thereby re-
ducing catalyst poisoning and simplifying purification.® Manisyl-
pyridines B1-B3 were converted into the organozinc reagents and
coupled to the appropriate dihalo-phenanthroline to produce the
corresponding halo-pyridyl-phenanthrolines C1-C6 (Scheme 3) in
good yields (Table 1).

Lower yields of C7-C9 were obtained due to unselective
reactivity of the bromines in A3. Coupling of A3 with Bl or
B3 results in a regioisomeric mixture of mono-coupled products
from which the desired halo-pherpy precipitated as the zinc salt.
Coupling of A3 and B2 gives only the di-coupled product in THF;
in DME, a 2 : 1 mixture of mono and dicoupled material was
obtained and separated by chromatography.

The submission of halo-pherpys C2 and C4 to Negishi con-
ditions cleanly gave products in good yields (Scheme 4 and
Table 2), whereas C1 and CS gave mixtures of product and starting
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Table 1 Negishi couplings of halo-pherpys

Halo-pyr Halo-phen Product Yield (%)
B1 Al C1 52
B2 Al C2 74
B3 Al C3 26
B1 A2 C4 86
B2 A2 C5 60
B3 A2 C6 52
B1 A3 c7 18
B2 A3 C8 18
B3 A3 c9 20¢
“DME.
Table 2 Pd-catalyzed couplings of halo-pherpys
Halo-pherpy Method Product Yield (%)
C1 A 1 40
C2 A 2 74
C3 B 3 74
C4 A 4 79
C5 B 5 65
C6 B 6 90
C7 B 7 84
C8 A 8 12
C9 B 9 84
A ZnCl
| ~ 5% Pd(PPh3)4

THF, reflux

&\

C1-C9

Scheme 3 Negishi couplings of halo-pherpys.

X=Brorl

Scheme 4 Palladium catalyzed couplings of pherpys. Reaction conditions:
Method (A) M = ZnCl, 5% Pd(PPh;),, THE, reflux. Method (B) M =
B(OH),, Ba(OH),, 5-10% Pd(PPh;),, DME-H,O0, 90 °C.

material. Negishi reactions of C7 and C8 did not couple and only
starting material was recovered. The halo-pherpys also contain
the terdentate binding unit and can precipitate from the reaction

mixture as the zinc salt, thereby preventing the reaction from
reaching completion.

In order to avoid precipitation of the zinc complex, the
Suzuki-Miyaura cross-coupling procedure!’ was investigated.
Halo-pyridyl-phenanthrolines C2-C4, C6, C7, and C9 gave the
desired manisyl-pyridyl-phenanthrolines in good yields (Scheme 4
and Table 2).

The crystal structures of representative pyridyl-phenanthrolines
1 and 4 were determined (Fig. 4)."® The phenanthroline core
is nearly planar, with torsion angles of 6.25(7)° and 3.62(11)°
between rings A and B of 1 and 4, respectively. The manisyl
substituents of 4 adopt an orthogonal conformation relative to
the adjacent pyridyl plane, 88.22 ° (11) and 86.05 ° (11), effectively
minimizing orbital overlap. In 1, however, the manisyl group in the
pyridyl a-position approaches orthogonality (82.29(8)°), but the
manisyl group a- to the phenanthroline nitrogen atom deviates
significantly from orthogonality (60.30(7)°) and orbital overlap
increases. The free pyridyl ring C adopts a transoid conformation
(with torsion angles of 22.62(7)° and 10.07(11)° relative to the
phenanthroline core (rings A and B) of 1 and 4, respectively.
Upon terdentate metal coordination, the cis conformation will
be adopted and the geometry of the ligand will alter significantly.

o v—ﬁ-\r*
P | | — »
{Ay<{B} )r"(:{%ﬁA B
— — b —
h‘f‘f ) o | { C w
¢ O 74

Fig. 4 Views of the molecular structures of 1 and 4. Thermal ellipsoids
at 50% probability level.

With pyridyl-phenanthrolines now in hand, the effects of struc-
tural variation on the photophysical properties were examined.
It is known that the emissive properties of aryl substituted 2,2'-
bipyridines and terpyridines depend on the nature'® and location’
of the substituent. The electronic and photophysical properties of
polypyridyl metal complexes also depend on those of the ligand,*
and yet the fluorescent properties of terpy and its derivatives have
been much less studied.*'*!

The UV-Vis absorption spectra of 1-9 in acetonitrile are similar,
with intense broad n—7* transitions around ~290 nm and 310 nm
and a weak m—r* transition at 350 nm (representative spectra are
shown in Fig. 5, see ESI for complete spectraf). The emission
spectra are broad and structureless with a large Stokes shift
(~130nm) (Fig. 5 and Table 3), strongly indicative of a charge-
transfer excited (CT*) state.”® The sharper bands at 360 and 375 nm
in the spectra of 4, 7, 8, and 9 resemble the emission of 1,10-
phenanthroline? and are likely from a similar locally excited (LE¥)
state.

Pyridyl-phenanthrolines with the manisyl groups in the -
position relative to the nitrogen atom on the pyridine ring, 2,
5, and 8, have high quantum yields (0.41 < &; < 0.62) (Table 3),
whereas substitution in the a or y position displays low quantum
yields (0.03 < &@; < 0.18). Conversely, the location of the manisyl
group on the phenanthroline core has only a minor effect on
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Table 3 Photophysical data of pyridyl-phenanthrolines in acetonitrile

Amax@bs/nm Emax/ M~ cm™! Amax€m/nm (X
1 293 31800 424 0.175
2 296 33300 435 0.408
3 291 14900 428 0.083
4 294 45800 375 0.070
5 297 39200 438 0.623
6 294 38 600 375 0.070
7 287 36700 372 0.026
8 291 29700 443 0.607
9 288 37900 372 0.038

“ Relative to 9,10-DPA.»
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Fig. 5 Combined normalized absorption and emission spectra of repre-
sentative manisyl-pyridyl-phenanthrolines 2 and 5 in ACN.

the quantum yield. The relationship between the CT* quantum
yield and manisyl regiochemistry indicates that manisyl acts as the
donor and the pyridyl-phenanthroline as the acceptor. Given that
the ortho-methyl groups hold the manisyl groups in an orthogonal
position, reducing orbital overlap, a twisted intramolecular charge
(TICT) state is plausible.?® Similar to previous manisyl substituted
terpys and bipys,” one can infer that the base fluorophore is again
a 4-manisyl-2,2"-bipyridine.

As homoleptic ML, complexes of 6- and 6,6"-aryl substituted
terpyridines are rare,*”* due to steric reasons,® the partially
hindered pyridyl-phenanthroline 4 was chosen as the model ligand.
Reaction of 4 with RuClL,(DMSO), in ethylene glycol for four hours
gave a 2 : 1 mixture of the partially reacted complex 14 and final
product 15 (Scheme 5). As expected, the '"H-NMR spectrum of 14
is very complex due to the many possible constitutional, atropo-
and stereo-isomers. No further attempts were made to characterize
the mixture of stereoisomers and after heating for two days the
mixture cleanly converted to 15.

The '"H-NMR resonances of pyridyl-phenanthroline 4 shift
upon binding to ruthenium.” The complex is C,-symmetric and
the manisyl protons are now diastereotopic and split into two sets
of signals. Titration of racemic 15 with the D;-symmetric chiral
shift reagent [n-Bu;NH][A-TRISPHAT]* results in diastereomeric
ion pairs distinguishable by '"H-NMR (Fig. 6). Protons e and
b are the most sensitive to the presence of TRISPHAT and
proton e clearly resolves at one equivalent of anion and sharpens
with additional anion equivalents. Only after two equivalents
are protons b of the two diastereomers fully resolved. Proton
d approaches clean separation with excess anion whereas the

Ar = Manisyl

RuCl,(DMSO0),
ethylene glycol
125°C,4h

14 ethylene glycol: 15
dichloroethane:
| EtOH (2:2:1)

150 °C, 2 days

Scheme 5 Synthesis of racemic pyridyl-phenanthroline ruthenium com-
plex 13.

resolutions of protons j and 1 are reduced after two equivalents.
Protons b—f are located on the manisyl pyridine section of the
ligand and are affected to the greatest extent indicating that
significant diastereomeric ion pair interactions occur at this site.

Conclusions

The syntheses of the pyridyl-phenanthrolines reported here
demonstrate a general method based on palladium-catalyzed
cross-coupling. The combination of readily accessible heterocyclic
building blocks is a simple strategy that allows a systematic
variation of new and useful substitution patterns for unsymmet-
rical oligopyridines. Incorporation of manisyl groups as aryl sub-
stituents enables further structural elaboration, grants enhanced
solubility and intriguing photophysical properties. The chiral na-
ture of the ruthenium complex 15 was confirmed by "H-NMR and
by titration with the chiral shift reagent A-TRISPHAT. The clear
enantiodifferentiation by A-TRISPHAT indicates that strong ion
pairing with the enantiopure D;-symmetric anion can distinguish
between the C,-symmetric cations. Attempts to resolve pyridyl-
phenanthroline complexes are currently under investigation. In
conclusion, pyridyl-phenanthrolines are versatile starting points
for the formation of chiral mer,mer-octahedral ML, complexes
and the subsequent metal templated syntheses of topologically
interesting molecules.®

Experimental

'"H- and “C NMR spectra were recorded on Varian (Mercury
300/400 mHz and Unity 500 mHz) and Bruker (600 mHz)
spectrometers and were referenced to residual CHCI; (‘H-
NMR: 7.26 ppm; and *C-NMR 77.00 ppm), CD;CN (‘H-NMR:
1.94 ppm and “C-NMR: 1.39 ppm), or CD,Cl, (‘H-NMR:
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Fig. 6 Section of the '"H NMR spectra of racemic 15 in CD,Cl, upon
titration with [n-Bu;NH][A-TRISPHAT].

5.31 ppm and “C-NMR: 54.00 ppm). High-resolution mass
spectral (HRMS) analyses were performed by the University of
California, Riverside mass spectrometry facility in EI mode.

All experiments were carried out under argon in freshly
distilled anhydrous solvents unless otherwise noted. Commercial
chemicals were used as supplied from Aldrich or Acros Chemical
Co. Column chromatography was performed on neutral
aluminium oxide (Brockmann III) and silica gel (230-425 mesh).
Melting points are uncorrected and recorded on a Mel-Temp
Laboratory Device. All X-ray measurements were made on a
Nonius KappaCCD area-detector diffractometer using graphite-
monochromated Mo Ka radiation (A = 0.71073 A) and an
Oxford Cryosystems Cryostream 700 cooler. Data reduction was
performed with HKL Denzo and Scalepack.** All calculations were
performed using the SHELXL97 program.®*® 2,9-Diiodo-1,10-
phenanthroline, 2-iodo-8-bromo-1,10-phenanthroline,* 1 H-1,10-
phenanthrolin-4-one,"*  4-(4-methoxy-2,6-dimethylphenyl)pyri-
dine, 2-bromo-5-(4-methoxy-2,6-dimethylphenyl)pyridine, 2-bro-
mo-6-(4-methoxy-2,6-dimethylphenyl)pyridine,” and dichloro-
tetrakis(dimethyl sulfoxide)ruthenium(i)** were all prepared
according to literature procedures. [n-Bu;NH][A-TRISPHAT]
was graciously provided by Richard Frantz from the Lacour
group in Geneva.

4-Bromo-1,10-phenanthroline

1H-1,10-Phenanthrolin-4-one (5.00 g, 25.50 mmol) was placed
in a dry 100 mL round-bottom flask under argon. Phosphorous
oxybromide (18.00 g, 63.80 mmol) was added and the neat mixture
was placed in a hot oil bath at 105 °C and stirred overnight.
The solution was cooled to room temperature and quenched with
aqueous ammonium hydroxide until strongly basic. The brown
precipitate was filtered and washed with water. The solid was
dissolved in warm chloroform, and washed three times with water.
The organic layer was separated, dried over magnesium sulfate,
filtered, and evaporated to afford a white solid (5.21 g, 79%, yield).
Mp 148-150 °C; '"HNMR (400 MHz, CDCl;,6):9.21 (1H, dd, J =
4.4,1.6Hz),8.94(1H,d,J =4.4Hz),8.28 (1H,dd, J =8.0,1.6 Hz),
8.21(1H,d,J=9.2Hz),7.92(1H,d,J =4.4Hz),7.89 (1H,d,J =
9.2Hz),7.67 (1H,dd, J =8.0,4.4 Hz); *C NMR (75 MHz, CDCl;,
0): 150.75, 149.72, 147.09, 145.65, 136.14, 134.02, 128.58, 128.16,
127.73,127.11, 124.87, 123.60; HRMS m/z: calc. for C,H;BrN,:
257.979259: found 257.978540.

7-Bromo-1-methyl-1H-1,10-phenanthrolin-2-one (12a) and 4-
bromo-1-methyl-1H-1,10-phenanthrolin-2-one (12b). 4-Bromo-
1,10-phenanthroline (3.43 g, 12.50 mmol) was dissolved in toluene
(30 mL) and heated to reflux. Dimethyl sulfate (1.55 mL,
16.30 mmol) was dissolved in toluene (12 mL) and slowly added
over 30 min. After an additional 1 h at reflux, the excess toluene
was decanted. The residual tan solid was rinsed three times with
toluene and dried under hi-vacuum overnight. The phenanthrolin-
ium salt was dissolved in cold water (45 mL) and slowly added
dropwise into a solution of K;Fe(CN), (10.28 g, 31.30 mmol) in
water (35 mL) at 0 °C. Simultaneously, NaOH (11.35 g, 284 mmol)
in water (40 mL) was also added dropwise into the reaction flask.
The mixture was stirred for 1 h at 0 °C and warmed to room
temperature, affording a yellow solution with a green suspension.
The precipitate was filtered and washed with water. The green solid
was dissolved in methylene chloride, and washed three times with
water. The organic layer was separated, dried with magnesium
sulfate, filtered, and after evaporation, placed under hi-vacuum
overnight to give a mixture of 12a, 12b, and starting material 11
(5:2:1)as a green solid. Column chromatography on neutral
alumina with methylene chloride gave two products; 12a (1.301 g,
36%), and 12b (0.493 g, 13%) as white solids. 12a: mp 176-180 °C;
'H NMR (300 MHz, CDCl,, ¢): 8.70 (1H, d, J = 4.8 Hz), 8.03
(1H, d, J =9.0 Hz), 7.82 (1H, d, / = 4.5 Hz), 7.81 (IH, d, J =
9.3 Hz), 7.68 (1H, d, J = 8.7 Hz), 6.95 (1H, d, J = 9.3 Hz), 4.42
(3H, s); *C NMR (75 MHz, CDCl,, J): 164.26, 146.27, 140.87,
138.78, 138.08, 133.84, 129.44, 127.92, 126.07, 123.17, 121.07,
120.97, 38.34; HRMS m/z: calc. for: C;H,BrN,O: 287.98983
found 287.98950. 12b: mp 180-183 °C; 'H NMR (300 MHz,
CDCl;, 9): 8.98 (1H, dd, J = 4.2, 1.8 Hz), 8.22 (1H, dd, J = 8.1,
1.5Hz),8.11(1H,d,J=8.1Hz),7.64(1H,d,J =9.0Hz),7.55(1H,
dd,J =38.1,3.9Hz), 7.35(1H, s), 4.42 (3H, s); *C NMR (75 MHz,
CDCl;, 0): 162.45, 147.35, 139.77, 138.15, 135.94, 135.77, 130.28,
125.77, 125.56, 125.65, 122.42, 119.52, 38.62; HRMS m/z: calc.
for: C;;H,BrN,O: 287.98983 found 287.98913.

2,7-Dibromo-1,10-phenanthroline

7-Bromo-1-methyl-1 H-1,10-phenanthrolin-2-one (0.76 g, 2.63 mmol)
was placed in a dry 50 mL round-bottom flask under argon.
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Phosphorous oxybromide (1.95 g, 6.57 mmol) was added and the
mixture placed in a hot oil bath at 105 °C and stirred overnight.
The solution was cooled to room temperature and quenched with
aqueous ammonium hydroxide until strongly basic. The brown
precipitate was filtered and washed with water. The solid was
dissolved in warm chloroform, and washed three times with water.
The organic layer was separated, dried over magnesium sulfate,
filtered, and evaporated to afford a brown solid (0.790 g, 90%).
Column chromatography on neutral alumina with chloroform:
hexanes (7 : 3 to 1 : 0) as eluant gave a white solid (0.450 g, 50%).
Mp 218-221 °C; 'H NMR (300 MHz, CDCl;, 9): 8.99 (1H, d,
J =4.8 Hz), 8.27 (1H, d, J = 9.0 Hz), 8.12 (1H, d, J = 8.4 Hz),
7.94 (1H, d, J = 4.5Hz) 7.89 (1H, d, J = 9.0), 7.83 (1H, d, J =
8.4 Hz); *C NMR (125 MHz, CDCl;, 6): 150.15, 146.09, 145.85,
142.98, 138.07, 133.98, 128.51, 128.42, 127.42, 126.97, 125.45,
125.45; HRMS m/ z: calc. for [M*] C,,H¢Br,N,: 335.889770 found
335.889380.

2-Iodo-4-(4-methoxy-2,6-dimethylphenyl)-pyridine

Using Schlenk techniques, 2,2,6,6-tetramethylpiperidine (TMP)
(6.62 g, 46.94 mmol) was added to THF (125 mL) and cooled to
—78 °C.n-BuLi (20.98 mL of a 2.35 M sol in hexanes, 49.30 mmol)
was added dropwise and the solution stirred for 30 min at 0 °C. A
THEF solution (100 mL) of di-fert-butylzinc at 0 °C prepared from
ZnCl, (6.70 g, 49.30 mmol) and t-BuLi (57.99 mL of a 1.7 M sol
in pentane, 98.57 mmol) was cannulated into the LITMP solution
at —78 °C. The solution was warmed to room temperature and
stirred for 45 min. 4-Manisyl pyridine (5.00 g, 23.47 mmol) was
dissolved in THF and cannulated into the solution of LiTMP-
Zn'Bu,. After stirring at room temperature for 2.5 h, a solution
of iodine (59.61 g, 235 mmol) in THF (250 mL) was slowly added
dropwise and stirred overnight. The solvent was removed on a
rotary evaporator and the reaction quenched with aqueous sodium
thiosulfate. The mixture was extracted with methylene chloride
and washed with aqueous sodium thiosulfate and water. The
organic layer was separated, dried over magnesium sulfate, filtered,
and evaporated to afford a brown solid. Recrystallization from hot
hexanes gave off-white crystals (6.52 g, 82%). Physical and spectral
data matched literature. Mp = 100-102 °C. '"H NMR (400 MHz,
CDCl;,0): 8.41 (1H,d, J =4.8 Hz), 7.57 (1H, d, J = 2.0 Hz), 7.09
(1H, dd, J = 4.8, 2.0 Hz), 6.65 (2H, s), 3.82 (3H, s), 2.02 (6H, s).
“C NMR (100 MHz, CDCl;, J): 158.95, 151.22, 150.44, 136.46,
135.86, 129.87, 124.56, 118.41, 112.91, 55.20, 21.05.

4-Methoxy-2,6-dimethylphenylboronic acid

A solution of bromo-manisyl (0.50 g, 2.33 mmol) in THF (50 mL)
was cooled to —78 °C and n-BuLi (1.02 mL of a 2.5M sol in
hexanes, 2.56 mmol) was added slowly via syringe. The resulting
white solution was stirred for 20 min at —78 °C before trimethoxy
borate (0.42 g, 4.08 mmol) was added dropwise. The clear solution
was stirred overnight at room temperature. The reaction was
quenched and hydrolyzed with 10% hydrochloric acid (1 mL) and
water (1 mL) and stirred for 6 h at room temperature. The solution
was diluted with diethyl ether and washed with water. The organic
layer was separated, dried over magnesium sulfate, filtered, and
evaporated to give a white solid (0.305 g, 73%). Mp 110-175 °C;
'"H NMR (400 MHz, CDCl;, 9): 6.55 (2H, s), 4.57 (2H, bs), 3.77

(3H, s), 2.37 (6H, s); *C NMR (100 MHz, CDCl,, ¢): 160.13,
141.56, 112.17, 109.98, 55.00, 22.39; HRMS m/z: calc. for [M*]
CyH ;BO;: 180.095775 found 180.095428.

General procedure for Negishi cross-couplings

A THEF solution of pyridyl halide (1.05 molar equiv. at 1 M)
was cooled to —78 °C and n-BuLi (1.1 molar equiv. of a 2.5 M
sol in hexanes) was added and stirred for 5 min. To this was
cannulated a THF solution of ZnCl, (1.1 molar equiv. at 1 M). The
solution was stirred, allowed to warm to room temperature, and
then cannulated into a THF solution of halo-phenanthroline or
pyridyl phenanthroline (1.0 molar equiv. at 0.5 M) and Pd(PPhs,),
(0.05 molar equiv.). The resulting solution was heated at reflux
overnight. After cooling to room temperature, any precipitate was
filtered and washed with cold THF before drying. The precipitate
was dissolved in chloroform and extracted with a saturated
aqueous EDTA solution basified with sodium bicarbonate. The
organic layer was separated, dried over magnesium sulfate, filtered,
and evaporated. The crude was then purified on silica or an
alumina oxide plug as indicated for each compound.

General procedure for Suzuki—-Miyaura cross-couplings

Manisylboronic acid 10 (1.5 molar equiv.), halo pyridyl-
phenanthroline (1.0 molar equiv.), Pd(PPh;), (0.05 molar equiv.),
and Ba(OH),-8H,0 (2.0 molar equiv.) were placed in a 10 mL
round bottom flask. After the addition of DME-water (6 : 1), the
flask was placed in an oil bath at 90 °C and stirred overnight.
The gray precipitate was filtered and discarded, and the filtrate
was diluted in chloroform and extracted with a saturated aqueous
EDTA solution basified with sodium bicarbonate. The organic
layer was separated, dried over magnesium sulfate, filtered, and
evaporated. Residual Ph;PO was removed by trituration with
diethyl ether and purification on silica or alumina oxide for each
compound as indicated.

9-Iodo-2-[6-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C1). Prepared using general Negishi coupling
procedures. White film (0.135 g, 52%). Mp 130-133 °C; '"H NMR
(400 MHz, CDCl;, 0): 8.90 (1H, d, J = 8.0 Hz), 8.82 (1H, d, J =
8.4 Hz), 8.30 (1H, d, J = 8.4 Hz), 8.01 (1H, d, J = 8.4 Hz), 7.99
(1H,t, J = 7.6 Hz), 7.86 (1H, d, J = 8.4 Hz), 7.84 (1H, d, J =
8.4 Hz), 7.74 (1H, d, J = 8.4 Hz), 7.32 (1H, d, J = 7.6 Hz), 6.72
(2H, s), 3.85 (3H, s), 2.14 (6H, s); “"C NMR (100 MHz, CDCl,,
0): 158.70, 158.69, 156.93, 155.71, 147.41, 144.27, 137.46, 137.09,
136.94, 136.69, 134.08, 133.48, 128.71, 127.92, 127.19, 125.94,
125.57,121.72, 120.48, 119.25, 112.96, 55.26, 20.92; HRMS(DEI)
m/z: calc. for [M*] CysHyIN;O: 517.06511: found 517.064292.

9-Iodo-2-[5-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C2). Prepared using general Negishi coupling
procedures. White film (0.288 g, 74%). Mp 227-230 °C; '"H NMR
(300 MHz, CDCl;, 6): 9.04 (1H, d, J = 7.5 Hz), 8.87 (1H, d, J =
8.4Hz),8.55(1H,d,J=1.5Hz),8.41 (1H,d,J=8.4Hz),8.04 (1H,
d,J=8.1Hz),791 (1H,d,J =9.3 Hz), 7.88 (1H, d, / = 8.4 Hz),
7.79 (1H, d, J = 8.7 Hz), 7.77 (1H, dd, J = 7.8 Hz, 2.0 Hz), 6.74
(2H, s), 3.85 (3H, s), 2.10 (6H, s); *C NMR (100 MHz, CDCl;,
0): 158.72, 156.36, 154.14, 149.68, 147.34, 144.34, 138.50, 137.72,
137.13, 136.93, 136.90, 134.13, 130.24, 128.68, 127.95, 127.14,
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126.03, 122.40, 120.99, 119.27, 112.86, 55.23, 21.38; HRMS m/z:
calc. for [M]* C,H4IN;O: 517.065114: found 517.066198.

9-Iodo-2-[4-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C3). Prepared using general Negishi coupling
procedures. Trituration with cold methylene chloride gave a white
solid (0.092 g, 26%). Mp 271-274 °C; '"H NMR (400 MHz, CDCl;,
0): 8.89 (1H, d, J = 8.4 Hz), 8.78 (1H, d, J = 4.8 Hz), 8.71 (1H,
s), 8.39 (1H, d, J = 8.4 Hz), 7.99 (1H, d, J = 8.8 Hz), 7.88 (1H, d,
J =8.8 Hz), 7.84 (1H, d, J = 8.4 Hz), 7.76 (1H, d, J = 8.8 Hz),
7.21 (1H, dd, J = 4.8 Hz, 2.0 Hz), 6.71 (2H, s), 3.85 (3H, s), 2.13
(6H, s); *C NMR (125 MHz, CDCl,, ¢): 158.97, 157.06, 156.39,
150.70, 149.243, 147.65, 144.67, 137.05, 137.00, 136.95, 134.32,
132.04, 128.97, 128.15, 127.32, 126.23, 125.95, 123.84, 121.69,
119.26, 113.06, 55.13, 21.12; HRMS(DEI) m/z: calc. for [M —
H*] CyH sIN;0: 516.057289: found 516.058552.

8-Bromo-2-|6-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C4). Prepared using general Negishi coupling
procedures. Off-white solid (0.419 g, 86%). Mp 174-177 °C; 'H
NMR (400 MHz, CDCl;, 9): 9.24 (1H, d, J = 3.0 Hz), 8.83 (1H,
d,/=8.0Hz),8.80 (1H, d, J = 8.0 Hz), 8.43 (1H, d, / = 2.0 Hz),
8.32 (1H, d, J = 8.0 Hz), 7.97 (1H, t, J = 8.0 Hz), 7.88 (1H, d,
J =9.0Hz), 7.73 (1H, d, / = 9.0 Hz), 7.32 (1H, d, J = 1.0 Hz),
6.72 (2H, s), 3.85 (3H, s), 2.14 (6H, s); *C NMR (100 MHz,
CDCl,, 0): 158.79, 158.70, 157.04, 155.78, 150.99, 145.25, 144.42,
137.42, 137.07, 136.75, 136.75, 133.42, 129.88, 128.53, 127.89,
125.50, 125.36, 121.73, 120.52, 119.58, 112.94, 55.25, 20.91;
HRMS(DEI) m/z: calc. for [M — 1*] C,sH;,N;0O: 468.071149;
found: 468.070224.

8-Bromo-2-|5-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C5). Prepared using general Negishi coupling
procedures. Off-white solid (0.401 g, 60%). '"H NMR, “C NMR,
and mass spectrum matched literature.® Mp 114-117 °C. 'H
NMR (400 MHz, CDCl;, 9): 9.20 (1H, d, J = 2.5 Hz), 8.95 (1H,
d,J=8.0Hz),8.81 (1H, d,J =8.0 Hz), 8.53 (1H, d, / = 2.0 Hz),
8.39(1H,d,J =2.5Hz),8.37(1H,d, J =8.0 Hz), 7.86 (1H, d, J =
8.0 Hz), 7.72 (1H, dd, J = 8.0, 2.0 Hz), 7.70 (1H, d, J = 8.0 Hz),
6.70 (2H, s), 3.82 (3H, s), 2.06 (6H, s). *C NMR (100 MHz,
CDCl,, 9): 158.72, 156.50, 154.21, 151.01, 149.75, 145.32, 144.36,
138.48, 137.69, 137.41, 137.07, 136.94, 130.18, 129.91, 128.50,
127.84, 125.44, 122.41, 121.02, 119.63, 112.86, 55.23, 21.37.

8-Bromo-2-[4-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C6). Prepared using general Negishi coupling
procedures. White solid (0.132 g, 52%). Mp 224-226 °C; 'H NMR
(400 MHz, CDCl;, 6): 9.15 (1H, d, J = 2.4 Hz), 8.90 (1H, d, J =
8.4 Hz), 8.79 (1H, d, J = 4.8 Hz), 8.74 (1H, s), 8.41 (1H, d, J =
2.4 Hz), 8.40 (1H, d, J = 8.8 Hz), 7.88 (1H, d, J = 8.8 Hz), 7.72
(1H, d, J = 8.8 Hz), 7.20 (1H, dd, J = 5.2, 1.2 Hz), 6.72 (2H, s),
3.85(3H, s), 2.10 (6H, s); *C NMR (100 MHz, CDCl;, 9): 158.67,
156.62, 156.12, 150.85, 150.40, 149.10, 145.32, 144.37, 137.34,
136.84, 136.74, 131.79, 129.88, 128.59, 127.82, 125.66, 125.47,
123.44, 121.31, 119.57, 112.81, 55.21, 21.28; HRMS(DEI) m/z:
cale. for [M — H*] C,sH,yBrN,;0: 468.071149: found 468.071740.

7-Bromo-2-|6-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl]-1,10-
phenanthroline (C7). Prepared using general Negishi coupling
procedures. Column chromatography on neutral alumina with
methylene chloride-hexanes (2 : 1 then 1 : 0) as eluant gave a

white solid (0.052 g, 18%). Mp decomposes >330 °C; 'H NMR
(400 MHz, CDCl,, 6): 9.00 (1H, d, J = 4.4 Hz), 8.85 (1H, d, J =
8.4 Hz), 8.82 (1H, d, J = 8.4 Hz), 8.35 (1H, d, J/ = 8.4 Hz), 8.24
(IH,d, J =9.2 Hz), 798 (1H, t, / = 8.0 Hz), 7.94 (1H, d, J =
9.2 Hz), 7.31 (1H, dd, J = 7.6, 1.0 Hz), 6.72 (2H, s), 3.85 (3H,
s), 2.14 (6H, s); *C NMR (100 MHz, CDCl,, d): 158.79, 158.70,
157.17, 155.76, 149.60, 147.22, 145.07, 137.43, 137.06, 136.75,
134.07, 133.42, 128.56, 128.36, 126.96, 126.86, 125.53, 124.81,
122.00, 120.57, 112.94, 55.25, 20.90; HRMS m/z: calc. for [M —
HJ* C,sH,sBrN;O: 468.071149: found 468.073072.

7-Bromo-2-[5-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl}-1,10-
phenanthroline (C8). Prepared using general Negishi coupling
procedures substituting DME for THFE. Column chromatography
on neutral alumina with methylene chloride as eluant followed by
radial chromatography on silica with chloroform-methanol (1: 0
then 97 : 3) gave a white solid (0.065 g, 18%). Mp 240-242 °C;
'"H NMR (400 MHz, CDCl;, 9): 9.00 (1H, d, J = 4.4 Hz), 9.00
(1H, d, J =9.2 Hz), 8.85 (1H, d, J = 8.4 Hz), 8.55 (IH, d, J =
2.0 Hz), 8.43 (1H, d, J = 8.4 Hz), 8.24 (1H, d, J = 9.2 Hz), 7.96
(1H,d,J =9.2Hz), 794 (1H,d, J = 44 Hz), 7.74 (1H, dd, J =
8.0 Hz, 2.0 Hz), 6.72 (2H, s), 3.84 (3H, s), 2.08 (6H, s); "C NMR
(100 MHz, CDCl,, 6): 158.79, 156.68, 154.24, 149.78, 149.63,
147.23, 145.20, 138.47, 137.70, 137.12, 136.92, 134.06, 130.23,
128.54, 128.43, 127.70, 126.91, 124.90, 122.46, 121.32, 112.91,
55.25, 21.35; HRMS(DEI) m/z: calc. for [M*] C,H,BrN;O:
469.078974; found 469.080195.

7-Bromo-2-[4-(4-methoxy-2,6-dimethylphenyl)-pyridin-2-yl}-1,10-
phenanthroline (C9). Prepared using general Negishi coupling
procedures. Column chromatography on neutral alumina with
methylene chloride as eluant gave a white solid (0.059 g, 20%).
Mp 255-257 °C; 'H NMR (400 MHz, CDCl,, ¢): 8.91 (1H, d,
J =4.8 Hz), 8.90 (1H, d, J = 8.4 Hz), 8.80 (1H, d, J = 4.8 Hz),
8.74 (1H, d, J = 0.8 Hz), 8.43 (1H, d, J/ = 8.4 Hz), 8.24 (1H, d,
J =88Hz),795(1H,d, J =92 Hz), 791 (1H, d, J = 4.8 Hz),
7.21 (1H, dd, J = 4.8 Hz, 1.6 Hz), 6.72 (2H, s), 3.85 (3H, s), 2.10
(6H, s); “C NMR (100 MHz, CDCl,, 6): 158.67, 156.81, 156.14,
150.48, 149.55, 149.49, 149.15, 147.21, 145.18, 136.88, 136.80,
134.01, 131.83, 128.64, 127.70, 126.88, 125.71, 124.96, 123.52,
121.66, 112.80, 55.25, 21.31; HRMS(DEI) m/ z: calc. for [M — 1*]
CyH,yBrN;0 468.071149; found 468.069385.

2-(4-Methoxy-2,6-dimethyl-phenyl)-9-[6-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (1). Prepared using
general Negishi coupling procedures. Column chromatography on
silica with methylene chloride-methanol (97 : 3) as eluant gave a
white film (0.470 g, 40%). Mp 201-204 °C; '"H NMR (400 MHz,
CDCl;, d): 8.83 (1H, dd, J =8.0,0.8 Hz), 8.77 (1H, d, J/ = 8.4 Hz),
8.31 (1H, d, J = 8.0 Hz), 8.29 (1H, d, J = 8.4 Hz), 7.92 (1H, t,
J = 7.6 Hz), 7.84 (2H, s), 7.61 (1H, d, J = 8.4 Hz), 7.25 (1H,
dd, J =17.6, 0.8 Hz), 6.77 (2H, s), 6.71 (2H, s), 3.88 (3H, s), 3.84
(3H, s), 2.29 (6H, s), 2.13 (6H, s); *C NMR (100 MHz, CDCl;,
0): 159.36, 158.78, 158.64, 158.45, 156.38, 156.22, 145.89, 145.66,
137.97, 137.44, 136.98, 136.47, 135.62, 133.57, 133.53, 128.69,
126.93, 126.29, 126.09, 125.19, 125.12, 121.11, 120.53, 113.07,
112.92, 55.22, 55.22, 21.41, 20.90; HRMS(DEI) m/z: calc. for
[M — H*] C;sH3N;0,: 524.233803; found: 524.231953.

2-(4-Methoxy-2,6-dimethyl-phenyl)-9-[5-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (2). Prepared using
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general Negishi coupling procedures. Column chromatography on
neutral alumina with methylene chloride-hexanes (1 : 1 then 1 :
0) as eluant gave a white film (0.130 g, 74%). Mp 125-130 °C; 'H
NMR (300 MHz, CDCl;,0): 8.92 (1H, d, J = 8.1 Hz), 8.81 (1H, d,
J=8.4Hz),8.51(1H,d,J =1.8Hz),8.41 (1H, d,J =8.7 Hz), 8.29
(1H,d, J =8.4Hz), 7.86 (2H), 7.69 (1H, dd, J = 8.1, 2.1 Hz), 7.62
(1H, d, J = 8.4 Hz), 6.75 (2H, s), 6.72 (2H, s), 3.86 (3H, s), 3.84
(3H, s), 2.31 (6H, s), 2.07 (6H, s); *C NMR (100 MHz, CDCl;,
0): 159.41, 158.75, 158.66, 155.77, 154.72, 149.49, 145.87, 145.81,
138.38, 138.01, 137.75, 136.69, 135.523, 133.54, 130.38, 128.68,
126.95, 126.43, 126.02, 125.25, 125.25, 122.46, 120.32, 113.09,
112.82, 55.22, 55.22, 21.49, 21.27; HRMS(DEI) m/z: calc. for
[M — H*] C35sH;N;0,: 524.233803; found: 524.232151.

2-(4-Methoxy-2,6-dimethyl-phenyl)-9-[4-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (3). Prepared using
general Suzuki-Miyaura coupling procedures. Residual Ph;PO
was removed by trituration with diethyl ether and column
chromatography on neutral alumina with methylene chloride as
eluant gave a white film (0.028 g, 74%). Mp 258-260 °C; '"H NMR
(400 MHz, CDCl,, 9): 8.79 (1H, d, J = 8.4 Hz), 8.76 (1H, d, J =
4.8 Hz), 8.66 (1H, d, J/ = 0.8 Hz), 8.39 (1H, d, J = 8.4 Hz), 8.27
(1H,d,J=8.0Hz),7.84(2H,s),7.58 (1H,d,J =8.0 Hz), 7.16 (1H,
dd, J = 4.8, 1.6 Hz), 6.69 (2H, s), 6.68 (2H, s), 3.85 (3H, s), 3.84
(3H, s), 2.23 (6H, s), 2.09 (6H, s); "C NMR (100 MHz, CDCl;,
0): 159.35, 158.72, 158.57, 156.45, 155.96, 150.02, 150.02, 148.87,
145.84, 138.01, 136.81, 136.63, 135.46, 133.29, 131.86, 128.74,
126.92, 126.47, 126.00, 125.50, 125.30, 124.00, 120.70, 113.16,
112.85, 55.21, 55.17, 21.42, 21.25; HRMS(DEI) m/z: calc. for
[M — H*] C3sH3N;0,: 524.233803; found: 524.232834

8-(4-Methoxy-2,6-dimethyl-phenyl)-2-[6-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (4). Prepared using
general Negishi coupling procedures. Column chromatography on
neutral alumina with methylene chloride-hexanes (2 : 1 then 3 :
1) as eluant gave a white film (0.176 g, 79%). Mp 223-225 °C;
'H NMR (400 MHz, CDCl;, 6): 9.08 (1H, d, J = 2.4 Hz), 8.92
(1H, dd, J = 7.6, 0.8 Hz), 8.80 (1H, d, J = 8.4 Hz), 8.34 (1H, d,
J = 8.4 Hz), 8.07 (1H, d, J = 2.4 Hz), 7.97 (1H, t, J = 8.0 Hz)
7.86 (1H, d, J = 8.8 Hz), 7.81 (1H, d, J = 8.8 Hz), 7.30 (1H,
dd, J = 7.6, 0.8 Hz), 6.76 (2H, s), 6.72 (2H, s), 3.86 (3H, s), 3.84
(3H, s), 2.15 (6H, s), 2.07 (6H, s); "C NMR (100 MHz, CDCl;,
0): 158.86, 158.65, 158.63, 156.67, 155.92, 151.75, 145.42, 144.72,
137.83, 137.39, 136.90, 136.65, 136.36, 135.76, 133.49, 130.06,
128.59, 128.49, 126.62, 126.49, 125.33, 121.24, 120.49, 112.90,
112.90, 55.22, 55.19, 21.42, 20.86; HRMS(DEI) m/z: calc. for
[M — H*] C35H;N;0,: 524.233803; found: 524.2323842

8-(4-Methoxy-2,6-dimethyl-phenyl)-9-|5-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (5). Prepared using
general Suzuki-Miyaura coupling procedures. Residual Ph;PO
was removed by column chromatography on neutral alumina with
methylene chloride-hexanes (2 : 1) as eluant gave a white film
(0.042 g, 65%). "H NMR, *C NMR, and mass spectrum matched
literature.” Mp 132-135 °C. "H NMR (500 MHz, CDCl;, 9): 9.08
(1H, d, J = 2.0 Hz), 9.07 (1H, d, J = 8.0 Hz), 8.87 (1H, d, J =
8.5Hz),8.57(1H,d,J=2.0Hz),8.44(1H,d,J =8.5Hz),8.09 (1H,
d,J=2.0Hz),791 (1H,d,J =9.0 Hz), 7.84 (1H, d, / = 9.0 Hz),
7.75 (1H, dd, J = 8.0, 2.0 Hz), 6.77 (2H, s), 6.74 (2H, s), 3.87 (3H,
s), 3.85 (3H, s), 2.10 (6H, s), 2.08 (6H, s). *C NMR (125 MHz,

CDCl;, 6): 159.19, 159.01, 156.46, 154.68, 152.11, 149.91, 145.80,
144.95, 138.61, 138.08, 137.92, 137.14, 137.11, 136.63, 136.07,
130.47, 130.24, 128.86, 128.71, 126.82, 126.80, 122.61, 120.74,
113.05, 112.99, 55.19, 55.16, 21.27, 21.18.

8-(4-Methoxy-2,6-dimethyl-phenyl)-9-[4-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (6). Prepared using
general Suzuki-Miyaura coupling procedures. Residual Ph;PO
was removed by trituration with diethyl ether and column
chromatography on neutral alumina with methylene chloride as
eluant gave a white film (0.064 g, 90%). Mp 228-230 °C; '"H NMR
(400 MHz, CDCl,, 9): 8.98 (1H, d, J = 2.4 Hz), 8.90 (1H, d,
J = 8.4 Hz), 8.80 (1H, d, J = 4.8 Hz), 8.79 (1H, s), 8.43 (1H, d,
J = 8.4 Hz), 8.05 (1H, d, J = 2.0 Hz), 7.89 (1H, d, J = 8.8 Hz),
7.82 (1H, d, J = 8.4 Hz), 7.20 (1H, d, J = 8,4 Hz), 6.74 (2H, s),
6.70 (2H, s), 3.85 (3H, s), 3.84 (3H, s), 2.10 (6H, s), 2.04 (6H, s);
BC NMR (100 MHz, CDCl;, 9): 158.85, 158.59, 156.33, 156.28,
151.64, 150.47, 149.05, 145.51, 144.69, 137.85, 136.85, 136.74,
136.45, 135.82, 131.84, 130.01, 128.68, 128.64, 126.68, 126.66,
125.56, 123.37, 120.98, 112.86, 112.70, 55.23, 55.19, 21.42, 21.29;
HRMS(DEI) m/z: calc. for [M — H*] C;sH3N;0,: 524.233803;
found: 524.232201.

7-(4-Methoxy-2,6-dimethyl-phenyl)-9-[6-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (7). Prepared using
general Suzuki-Miyaura coupling procedures. Column chro-
matography on neutral alumina with methylene chloride as eluant
gave a white film (0.047 g, 84%). Mp 257-260 °C; '"H NMR
(500 MHz, CDCl;, d): 9.29 (1H, d, J = 4.5 Hz), 8.90 (1H, d,
J =17.5Hz), 877 (1H, d, J = 8.5 Hz), 8.30 (1H, d, J = 8.0 Hz),
7.98 (1H,t,J =8.0Hz),7.71 (1H,d, J =9.5Hz), 7.46 (1H,d, J =
4.5 Hz), 7.41 (1H, d, J = 9.0 Hz), 7.30 (1H, d, J = 7.5 Hz), 6.78
(2H,s),6.72(2H, s) 3.89 (3H, s), 3.85(3H, s), 2.15(6H, 5), 1.93 (6H,
s); *CNMR (125 MHz, CDCl;, 6): 159.04, 158.66, 158.65, 156.65,
156.09, 150.08, 147.85, 146.60, 145.77, 137.43, 137.34, 136.99,
136.55, 136.55, 133.51, 129.38, 128.46, 126.43, 125.31, 123.99,
123.84, 121.43, 120.57, 112.93, 112.86, 55.25, 55.23, 20.91, 20.78;
HRMS(DEI) m/z: calc. for [M — H*] C;sH3N;O,: 524.233803;
found: 524.233015.

7-(4-Methoxy-2,6-dimethyl-phenyl)-2-[5-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline (8). Prepared using
general Negishi coupling procedures. Column chromatography on
silica with methylene chloride-methanol (97 : 3) as eluant gave a
white film. Residual Ph;PO was removed by trituration with ethyl
ether to give a white solid (0.011 g, 12%). Mp 300-301 °C; 'H
NMR (400 MHz, CDCl;, ): 9.28 (1H, d, J = 4.2 Hz), 9.05 (1H,
d,J=7.8Hz),8.82(1H, d,J = 8.4 Hz), 8.56 (1H, d, / = 2.1 Hz),
8.39 (1H, d, J =8.7Hz), 7.76 (1H, dd, J = 8.1, 2.1 Hz), 7.74 (1H,
d,J =9.0Hz),7.46 (1H,d, J =4.5Hz), 7.43 (1H, d, J = 9.3 Hz),
6.78 (2H, s), 6.73 (2H, s) 3.89 (3H, s), 3.85(3H, 5), 2.15 (6H, 5), 1.92
(6H, s); "C NMR (125 MHz, CDCl,, ): 159.11, 158.77, 156.15,
154.57, 150.16, 149.72, 147.99, 145.92, 138.50, 137.80, 137.40,
136.94, 136.83, 130.33, 129.39, 128.52, 128.22, 126.47, 126.47,
124.11, 124.01, 122.50, 120.77, 112.89, 112.89, 55.26, 55.26, 21.38,
20.78; HRMS(DEI) m/z: calc. for [M*] C3sH; N;0,: 525.241628;
found: 525.240412.

7-(4-Methoxy-2,6-dimethyl-phenyl)-9-[4-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl}-1,10-phenanthroline (9). Prepared us-
ing general Suzuki-Miyaura coupling procedures. Column
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chromatography on neutral alumina with methylene chloride as
eluant gave a white film (0.052 g, 84%). Mp 213-217 °C; '"H NMR
(500 MHz, CDCl;, 6): 9.20 (1H, d, J = 4.5 Hz), 8.90 (1H, d, J =
9.0 Hz), 8.84 (1H, s), 8.80 (1H, d, J/ = 5.0 Hz), 8.37 (1H, d, J =
8.0 Hz), 7.72 (1H, d, J = 8.5 Hz), 7.43 (1H, d, J = 4.5 Hz), 7.41
(1H, d, J =9.0 Hz), 7.20 (1H, dd, J = 4.5, 1.5 Hz), 6.77 (2H, s),
6.73 (2H, s), 3.88 (3H, s), 3.86 (3H, s), 2.12 (6H, s), 1.89 (6H, s);
"C NMR (125 MHz, CDCl;, J): 159.26, 158.84, 156.56, 156.39,
150.61, 150.15, 149.23, 148.06, 146.71, 145.98, 137.47, 136.94,
136.86, 132.07, 129.49, 128.72, 128.28, 126.55, 125.66, 124.12,
124.11, 123.51, 121.11, 112.95, 112.84, 55.19, 55,17, 21.16, 20.58;
HRMS(DEI) m/z: calc. for [M — H*] C3H;N;0,: 524.233803;
found: 524.232151.

Ru[8-(4-methoxy-2,6-dimethyl-phenyl)-2-[6-(4-methoxy-2,6-di-
methylphenyl)-pyridin-2-yl]-1,10-phenanthroline], C1-PF,; (14) and
Ru[8-(4-methoxy-2,6-dimethyl-phenyl)-2-[6-(4-methoxy-2,6-dime-
thylphenyl)-pyridin-2-yl]-1,10-phenanthroline],-PF, (15). An
ethylene glycol solution (5 mL) of ligand 4 (0.038 g, 7.24 x
10~* moles) and RuCL(DMSO), (0.018 g, 3.62 x 10~° moles)
was heated at 125 °C for 4 h. The solution was cooled to room
temperature and a saturated aqueous solution of potassium
hexafluorophosphate was added to induce precipitation. The dark
reddish-brown precipitate was filtered over celite and washed
with water and diethyl ether. The precipitate was dissolved in
methylene chloride and dried over magnesium sulfate, filtered,
and evaporated to afford a red-brown crystalline solid (0.041 g).
Column chromatography on silica gel with ACN-H,O-sat. aq.
KPF¢ (100 : 0:0; 97 : 3 : 0.3; 95 : 5 : 0.5) as eluant gave 14
as a red-brown solid (0.009 g, 20%) (ESI-MS: m/z for [M]*
calc. 1187.3, found 1187.4) and 15 as a red crystalline solid
(0.05 g, 10%). Complex 14 was not characterized but dissolved
in a solution of ethylene glycol-dichloroethane-ethanol (1 : 1 :
0.5 mL) and heated to 150 °C for 2 days. After precipitation with
aq. KPF;, only compound 15 (0.006 g, 60%) was isolated (0.011 g,
21% over 2 steps). Mp >350 °C; "H NMR (600 MHz, CD;CN, ¢):
8.78 (2H, d, J =9.0 Hz), 8.75 (2H, dd, J = 8.4, 1.2 Hz), 8.68 (2H,
d,J =8.4Hz),8252H,d,J=9.0Hz),8.16 2H, t,J = 7.8 Hz),
7.56 (2H, d, J = 9.0, Hz), 7.22 (2H, dd, J = 7.80, 1.2 Hz), 6.93
(2H, d, J = 5.4 Hz), 6.79 (2H, d, J = 2.4 Hz), 6.68 2H, d, J =
2.4 Hz), 6.62 (2H, d, J = 6.0 Hz), 6.39 (2H, d, J = 2.4 Hz), 5.39
(2H, d, J = 1.8 Hz), 3.78 (6H, s), 3.77 (6H, s), 1.87 (6H, s), 1.27
(6H, s), 1.22 (6H, s), 0.18 (6H, s); *C NMR (150 MHz, CD;CN,
0): 167.70, 161.15, 161.07, 160.35, 157.18, 153.60, 150.90, 149.91,
147.20, 140.52, 138.45, 138.19, 137.81, 137.27, 133.96, 131.69,
131.25, 131.06, 130.66, 129.30, 128.82, 127.68, 127.44, 125.54,
123.80, 114.28, 114.19, 114.08, 112.18, 55.97, 55.83, 21.05, 20.80,
19.95, 19.07; ESI-MS: m/ z for [M]** calc. 576.2, found 575.4; m/z
for [M + PF,"]* calc. 1297.3, found 1297.2.
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Densely functionalized azoxabicyclo[3.3.1Jnonanones were prepared by regio- and diastereoselective
condensation of 1,1-bis(silyloxy)ketene acetals with isoquinolinium and quinolinium salts and

subsequent regioselective and stereospecific iodolactonization.

Introduction

1,1-Bis(trimethylsilyloxy)ketene acetals can be regarded as masked
carboxylic acid dianions and represent useful 1,3-dinucleophilic
building blocks in cyclization reactions.'” Rudler et al. have
reported the synthesis of lactones based on reactions of 1,1-
bis(trimethylsilyloxy)ketene acetals with chromium(0) complexes,*
allyl acetates,® and tropylium ions.® We have reported the cyclo-
condensation of 1,1-bis(trimethylsiloxy)ketene acetals with oxalyl
chloride” and 3-(siloxy)alk-2-en-1-ones, respectively.® Iminium
salts represent important synthetic building blocks.*!* The cy-
clization of iminium salts with bis(silyl enol ethers) has been
recently reviewed.!" Rudler e al. have reported the reaction of
1,1-bis(trimethylsiloxy)ketene acetals with pyridine'® and related
N-heterocycles.’ Cyclizations of 1,1-bis(trimethylsiloxy)ketene
acetals with pyrazine and quinoxaline were reported by Rudler'®
and by us.”® The cyclizations of 1,3-bis(trimethylsilyloxy)-1,3-
dienes (masked 1,3-dicarbonyl dianions)* with isoquinoline,’
quinoxaline,’® and quinazoline'” provide a convenient approach
to various bridged N-heterocycles. Recently, we reported the syn-
thesis of 7,8-benzo-9-aza-4-oxabicyclo[3.3.1]nonan-3-ones based
on the cyclocondensation of isoquinolinium salts with 1,1-
bis(trimethylsiloxy)ketene acetals.'® Herein, we report full details
of these studies and address questions related to the stereo-
chemistry of the reactions. In addition, the reaction of 1,1-
bis(trimethylsiloxy)ketene acetals with quinoline activated by
methyl chloroformate is reported.

Results and discussion

1,1-Bis(trimethylsilyloxy)ketene acetals 2 were prepared in two
steps from the corresponding carboxylic acids in analogy to
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Scheme 1 Rotamers of compound 4k.

known procedures.™ The reaction of alkyl-substituted 1,1-
bis(trimethylsilyloxy)ketene acetals 2a—d with isoquinoline (1a) in
the presence of methyl chloroformate afforded the condensation
products 3a-d (Scheme 1, Table 1). Treatment of 3a—d with
iodine in the presence of sodium bicarbonate (iodolactoniza-
tion) afforded the 7,8-benzo-9-aza-4-oxabicyclo[3.3.1]nonan-3-
ones 4a-d. The reaction of la with aryl-substituted 1,1-
bis(trimethylsilyloxy)ketene acetals 2e-h gave the condensation
products 3e-h which were transformed into 4e-g. The transfor-
mation of 3h into 4h (R' = 4-(MeO)C,H,) was unexpectedly
not successful. 7,8-Benzo-9-aza-4-oxabicyclo[3.3.1]Jnonan-3-ones
4i—k were prepared from 5-bromoisoquinoline (1b). Notably, the
formation of all condensation products 3a-k proceeded with
very good diastereoselectivity. In most cases, the syn-configured
diastereomer was formed. The anti-diastereomer was formed in
the case of 4¢ and 4e. Although the reason for the different
diastereoselectivity remains unclear at present, the results show
that stereochemical issues of the reactions reported herein have to
be treated with great care. In fact, different diastereoselectivities
were observed for similar types of substituents and substrates.
Minor changes of the reaction conditions may also play a role. It
is noteworthy that the iodolactonization of (diastereomerically
pure) acids 3a-k proceeded, as expected, with excellent trans-
stereospecificity and afforded products 4a—k as diastereomerically
pure racemic material.

The structure of all products was established by spectroscopic
methods. The '"H and *C NMR spectra of compounds 3 and 4
are largely dominated by the hindered rotation about the N-CO
bond of the carbamate moiety which gives rise to the existence
of two rotamers: I (major) and II (minor) (Scheme 1). Hence,
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Table 1 Synthesis of 4a—k
RZ

4c,e (R®=CO,Me)

3c,e (R®=CO,Me)

1 2 34 R! R? 3 (%) 4 (%)"
a a a Me H 56 46
a b b Et H 62 61
a c c nBu H 65 70
a d d nOct H 60 67
a e e Ph H 47 65
a f f 4-MeC4H, H 54 64
a g g 4-CIC¢H, H 83 72
a h h 4-(MeO)C,H, H 75 0
b [ i nBu Br 36 73
b d i nOct Br 54 67
b e k Ph Br 36 53

“Yields of isolated products.

some signals appear at room temperature as broadened or doubled
signals. Fig. 1 shows the influence of the temperature on the "H
NMR spectrum of compound 4k. At 243 K two sets of signals and
at 300 K only one set of signals are observed. The NMR signals
of 3 and 4 were assigned by DEPT and two-dimensional 'H,'H
COSY, 'H,'H NOESY and 'H,”C correlation spectra (HSQC,
HETCOR, HMBC). For example, in the HMBC spectrum of 4¢
cross-peaks are observed between C-3 and H-4, between C-8 and
H-7, and between C-CO,Me and H-2, H-8, H-9 and H-10, which
confirm the assignment of the signals and the given structures.

The stereochemistry of compounds 4 was established based on
the analysis of anisotropic effects and coupling constants of the
'H NMR spectra and based on the results of 'H,'"H NOESY
measurements. From the NMR data of 4c and 4e it can be
concluded that the butyl and the phenyl group (located at carbon
C-9), respectively, are in the spatial vicinity of the N-CO,Me
moiety (anti position). In contrast, the alkyl or aryl substituent
of derivatives 4a,b,d,f—k is spatially close to the aromatic proton
H-7, which leads to the assumption that a syn configuration is
present (Scheme 2).

Scheme 2 The anti and syn structures of compounds 4e and 4k.

The 'H and "C NMR spectra of 4¢ and 4e are very similar. For
example, a signal splitting is observed at ambient temperature,
while in the spectra of the other derivatives 4 only a broadening
of the respective signals is observed. The anti configuration of 4¢
was also proved by NOE correlations between MeO and Me,;,
of rotamer II. For the MeO group of compound 4e, high-field
proton chemical shifts and a relatively large difference between
the respective signals of rotamers I and II (Ad = 0.50 ppm) is
observed compared to the MeO signals of compound 4k (Ad =
0.04 ppm). This finding can be explained by the anisotropic effect
of the phenyl group which is located in the spatial vicinity of
the N-CO,Me moiety of 4e. In addition, the coupling constants
of the vicinal coupling of protons H-8 and H-9, which could be
determined for compounds 4c, 4e (Js, = 1.0 Hz) and 4k (*Js, =
5.7 Hz), indicate a different configuration at carbon atom C-9 of
these compounds.

In contrast to 4¢ and 4e, the alkyl and aryl groups of all other
compounds 4 are spatially located close to the aromatic proton H-7
(syn configuration). In the case of the aryl-substituted compounds
4f, 4g and 4k, the vicinity of the aryl group and proton H-7 is also
supported by a characteristic high-field shift of proton H-7, which
can be explained by its location in the anisotropic cone of the
phenyl ring. Thus, no or only small shift differences are observed
for the MeO signals of the two rotamers, due to the absence of
the anisotropic effect of the phenyl ring. The configuration at C-
3 could be also confirmed by inspection of the NOESY spectra.
For 4c¢ and 4e, correlations were observed for H-3 and H-4, which
proves that the iodine atom is located cis to the nitrogen. It should
be noted that in the phase-sensitive NOESY spectra, besides the
NOE correlations, EXSY signals are also displayed. For example,
in the case of 4c and 4e, EXSY signals for protons H-2,;, and H-
2y, H-8, and H-8;,, and MeO, and MeO;, (4e) independently
support the dynamic process operating in these compounds as
already mentioned above for 4k (Fig. 1).

Quinolines

The methyl chloroformate-mediated reaction of quinoline (5) with
1,1-bis(trimethylsilyloxy)ketene acetals 2i (R' = nPr) afforded
the condensation product 7a as a 1 : 1 mixture of diastereomers
(Scheme 3, Table 2). Notably, 7a was formed with very good
regioselectivity (by attack of 2i onto carbon atom C-2 of the
quinolinium salt). A diastereomerically pure sample of syn-7a
could be separated by crystallization and characterized by
X-ray crystal structure analysis (Fig. 2). The reaction of 7a with
iodine and sodium bicarbonate afforded 8a by iodolactonization
(dr = 1 : 1). The reaction of 5 with 2d (R' = nOct) afforded
diastereomerically pure anti-7b and syn-7b in 46 and 17% yields,
respectively (Scheme 3, Table 2). The iodolactonization of anti-7b

This journal is © The Royal Society of Chemistry 2008
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Fig. 1 '"H NMR spectra of 4k recorded at 300 K, 273 K and 243 K (CDCl;, 500 MHz).
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Scheme 3 Cyclization of 1,1-bis(trimethylsilyloxy)ketene acetals 2d,e,] with 5. Reagents and conditions: i, 5 (1.0 equiv.), 2 (2.0 equiv.), CICO,Me
(1.2 equiv.), CH,Cl,, 0 °C, 2 h, 20 °C, 12 h; ii, I, (2.0 equiv.), CH,Cl,, NaHCO;, H,O, 20 °C, 12 h (the atom numbers refer to the NMR assignments; see

Experimental section).
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Table 2 Synthesis of 8a—c

Entry R! 7 (Y0)” syn/anti 8 (%) syn/anti
a nPr 38 1:1° 86 1:1
b nOct 46 2:98 52 2:98
17 98:2 — —
c Ph 56 1:1.24 50 1:1¢

“Yields of isolated products. ® A sample of diastereomerically pure syn-
7a could be separated. ¢ Experiment was not carried out. ¢ Assignment
arbitrary. ¢ A sample of diastereomerically pure anti-8¢ could be separated.

Fig.2 Ortep plot of syn-7a (CCDC 680062).F

afforded diastereomerically pure anti-8b. The reaction of 5
with 2e (R' = Ph) gave 7c as a mixture of diastereomers. Product
7c was again formed with very good regioselectivity. However,
the attack of 2c¢ onto the quinoline moiety occurred at carbon
C-4 rather than C-2. The iodolactonization of 7c¢ afforded 8c as
a mixture of diastereomers. A diastereomerically pure sample of
anti-8¢ could be separated by repeated chromatography.

The syn/anti assignment of compounds 7 and 8 is based on
NMR results and on the X-ray crystal structure analysis of syn-
7a (Fig. 2 and 3).f Isomers syn-7b and anti-7b could not be
unambiguously assigned by simple comparison of the NMR data
with those of 7a. However, an assignment proved to be possible
by transformation of anti-7b into anti-8b as the stereochemistry
of the latter could be unambiguously established by NMR. In the
NOESY spectrum of 8b correlations are found between proton
H-3 and protons H-2, H-4 and H-10b, but not between H-3 and
H-9. Likewise, the anti configuration of 8¢ was established: in
the NOESY spectrum of 8c correlations were observed between
proton H-3 and protons H-2, H-4 and H-ortho, but not between H-
3 and H-9. In the case of compounds 7¢ and 8a, the diastereomers
could not be unambiguously assigned.

Rudler and coworkers have previously reported the reaction
of quinoline with 2,2-dimethyl-1,1-bis(trimethylsilyloxy)ethene.'?
The attack of the nucleophile occurred at carbon atom C-4 of
quinoline activated by methyl chloroformate. Due to the use of a
symmetrical bis(silyloxy)ketene acetal, no issue of diastereoselec-
tivity arose.

Dimeric structure of syn-7a.

Conclusions

In conclusion, a number of densely functionalized azoxabi-
cyclo[3.3.1]Jnonanones were prepared by condensation of 1,1-
bis(silyloxy)ketene acetals with isoquinolinium and quinolinium
salts and subsequent iodolactonization. The structures of the
complex products, which show a dynamic behaviour, were thor-
oughly elucidated by NMR spectroscopy. The diastereoselectivity
of the reaction of isoquinoline with 1,1-bis(silyloxy)ketene acetals
depends on the substituents of the latter. However, a clear trend
was not observed. The regioselectivity of the attack of 1,1-
bis(silyloxy)ketene acetals onto quinoline again depends on the
substituents. C-4 regioselectivity was observed for aryl-substituted
and 2,2-disubstituted 1,1-bis(silyloxy)ketene acetals. In contrast,
the reaction of alkyl-substituted 1,1-bis(silyloxy)ketene acetals
with quinoline occurs at carbon atom C-2 of the latter.

Experimental
General

All solvents were dried by standard methods and all reactions
were carried out under an inert atmosphere. For 'H and “C
NMR, the deuterated solvents indicated were used. The 'H NMR
(250.13 and 300.13 MHz) and “*C NMR (62.9 and 75.5 MHz)
were recorded on Bruker spectrometers AC 250 and ARX 300,
respectively, at 300 K. In addition to the routine measurements,
selected NMR spectra were recorded on a Bruker spectrometer
AVANCE 500 (*H: 500.13 MHz and "*C: 125.8 MHz) at 300 K
(4k also at lower temperatures), which is indicated in the NMR
data. Calibration of spectra was carried out using the solvent
signals (CDCl;: 6 'H = 7.25,6 ¥C = 77.0; DMSO-d,: 6 '"H = 2.50,
0 BC = 39.7). The NMR signals were assigned by DEPT and two-
dimensional '"H,'H COSY, 'H,'H NOESY and 'H,"C correlation
spectra (HSQC, HETCOR, HMBC). For assignment of NMR
signals the atoms are numbered according to Schemes 1 and 3.
The numbering of atoms of the aliphatic residues R' follows the
carbon chain starting from 10. Atoms of R' = aryl are given
corresponding to i-, o-, m-, p-nomenclature. Mass spectrometry
(MS) data were obtained by using the electron ionization (70 eV),
chemical ionization (CI, H,0), or electrospray (ESI) techniques.
For preparative scale chromatography, silica gel (60-200 mesh)
was used.
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Typical procedure for the synthesis of 1 H-isoquinoline-
2-carboxylic acids 3

To a CH,Cl, solution (20 mL) of isoquinoline (0.250 g, 1.90 mmol)
was added 1,1-bis(trimethylsilyloxy)hex-1-ene (1.00 g, 3.80 mmol)
and methyl chloroformate (0.218 g, 2.30 mmol) at 0 °C. The
solution was stirred for 2h at 0 °C and for 12 h at 20 °C. A saturated
aqueous solution of ammonium chloride (20 mL) was added and
the organic and the aqueous layers were separated. The latter was
extracted with CH,Cl, (3 x 100 mL). The combined organic layers
were dried (Na,SQO,), filtered and the filtrate was concentrated
in vacuo. The residue was purified by chromatography (silica
gel, hexane — hexane-EtOAc = 2 : 1) to give 3c as a slightly
brownish solid (0.384 g, 65%). Due to the restricted rotation of the
carbamate moiety, many compounds 3 exist as racemic mixtures
of two rotamers (doubled or broadened signals).

Methyl 1-(1-carboxyethyl)-1H-isoquinoline-2-carboxylate (3a).
Starting with isoquinoline (1a) (0.250 g, 1.93 mmol), 2a (0.632 g,
2.90 mmol) and methyl chloroformate (0.363 g, 3.87 mmol), 3a
(0.283 g, 56%) was isolated as a colourless solid; mp. 126 °C. 'H
NMR (250 MHz, CDCl,): 6 = 7.26-7.06 (m, 4H, ArH); 6.96, 6.80
(2°d’, 1H,*J,; = 7.6 Hz, H-2); 5.98, 5.89 (2d, 1H, *J,; = 7.6 Hz,
H-3);5.71, 5.58 (2 “d’, 1H, *J,, = 8.2 Hz, H-8); 3.79 (s, 3H, OMe);
2.83 (m, 1H, H-9); 1.19,1.16 (2d, 3H, *J = 6.0 Hz, Me). "CNMR
(63 MHz, CDCl;): 6 = 179.5, 179.3 (COOH); 154.1, 154.0 (NCO);
130.6, 130.5, 130.4, 130.3 (C-Ar); 128.2, 128.1, 127.1, 127.0, 126.8,
126.5, 125.2,124.9, 124.8, 124.5 (CH-Ar, C-2); 110.4, 110.1 (C-3);
57.0, 56.6 (C-8); 53.6, 53.1 (OMe); 45.3, 44.9 (C-9); 13.7, 13.5
(Me). IR (KBr, cm™): ¥ = 3414 (s), 2959 (s), 1712 (s), 1686 (m),
1603 (w), 1453 (s), 1340 (m), 775 (m). MS (EI; 70 eV) m/z (%) =
262.4 (IM + 1]*, 12), 203 (40), 188 (58), 129 (100), 102 (61), 75 (13).
HRMS (EI): calcd for C,,H,(NO, ([M + 1]*): 262.1074; found:
262.1094.

Methyl 1-(1-carboxypropyl)-1H-isoquinoline-2-carboxylate
(3b). Starting with isoquinoline (1a) (0.250 g, 1.93 mmol),
2b (0.903 g, 3.87 mmol) and methyl chloroformate (0.363 g,
3.87 mmol), 3b (0.330 g, 62%) was isolated as a slightly brownish
solid; mp. 102-103 °C. '"H NMR (250 MHz, CDCL): 6 =
7.23-7.05 (m, 4H, ArH); 6.94, 6.78 (2 dd, 1H, *J,5; = 7.6 Hz,
*J,s = 1.0 Hz, H-2); 6.01, 5.90 (2 d, 1H, *J,; = 7.6 Hz, H-3);
5.67,5.53 (2 dd, 1H, *Jgy = 8.5 Hz, *J,5 = 1.0 Hz, H-8); 3.80 (s,
3H, OMe); 2.70 (m, 1H, H-9); 1.85-1.45 (m, 2H, CH,); 0.87 (t,
3H, °J = 7.4 Hz, Me). ®C NMR (76 MHz, CDCl;): = 179.1,
179.0 (COOH); 154.2, 153.9 (NCO); 130.5, 130.4, 130.3, 130.2
(C-Ar); 128.2, 128.1, 127.1, 127.0, 126.6, 126.3, 125.0 (2), 124.8,
124.4 (CH-Ar, C-2); 110.7, 110.4 (C-3); 56.9, 56.3 (C-8); 53.5,
53.2 (OMe); 52.4, 52.2 (C-9); 21.7, 21.6 (CH,); 11.8 (2) (Me).
IR (KBr, cm™): 7 = 3443 (m), 3282 (m), 2964 (m), 1728 (s),
1684 (s), 1636 (m), 1458 (s), 1363 (s), 779 (s). MS (EI; 70 eV) m/z
(%) = 275.0 (M*, 2), 188 (100), 129 (98), 115 (60), 102 (85), 59
(60). HRMS (EI): calcd for C;sH,;NO, ([M]*): 275.1152; found:
275.1153.

Methyl 1-(1-carboxypentyl)-1 H-isoquinoline-2-carboxylate (3c).
Starting with isoquinoline (1a) (0.250 g, 1.93 mmol), 2¢ (1.00 g,
3.87 mmol) and methyl chloroformate (0.218 g, 2.32 mmol), 3c
(0.380 g, 65%) was isolated as a slightly brownish solid; mp. 82—
83 °C (major rotamer (I) 55%, minor rotamer (I1) 45%). '"H NMR
(500 MHz, CDCL;): 6 = 9.40 (br s, 1H, OHgy); 8.50 (br s, 1H,

OH )); 7.24-7.04 (m, 4H,,,, 4H;, H-4,5,6,7,,,4,5,6,71)); 6.94 (dd,
1H, *J,; = 7.5 Hz, *J,5 = 1.0 Hz, H-2,); 6.78 (dd, 1H, *J,; =
7.5Hz, *J,5 = 1.0 Hz, H-2;)); 6.01 (d, 1H, *J,; = 7.5 Hz, H-3);
5.90 (d, 1H, *J,; = 7.5 Hz, H-3)); 5.67 (dd, 1H, *Jgy = 8.5 Hz,
*J,s = 1.0 Hz, H-8); 5.52 (dd, 1H, *J3, = 9.0 Hz, *J,5 = 1.0 Hz,
H-8.); 3.81 (s, 3H, OMey); 3.80 (s, 3H, OMe); 2.79-2.73 (m,
1H,, 1Hqy H-94),94); 1.78-1.65 (m, 1H, H-10,); 1.49-1.39 (m,
1H, H-10); 1.32-1.13 (m, 2H;,, 2H ), H-11,125,,11,12y); 0.84 (¢,
3Hg, 3H, *J = 7.2 Hz, OMeg,q;). "C NMR (126 MHz, CDCl,):
0 = 178.8 (COOH,); 178.7 (COOH,,); 154.2 (NCOy,); 153.9
(NCOy)); 130.6, 130.4 (C-3ag,,7aqp); 130.4, 130.2 (C-3a4),7a);
128.2,126.9, 126.3, 125.0 (C-4,5,6,7)); 128.1, 127.1, 126.7, 124.8
(C-4,5,6,71)); 125.0 (C-2); 124.4 (C-2,); 110.8 (C-3,); 110.4
(C-31); 57.0 (C-84y); 56.4 (C-8)); 53.5 (OMey); 53.2 (OMeyy);
50.5 (C-9ap); 50.4 (C-9y)); 29.5 (C-11y)); 29.4 (C-11y); 28.1 (C-
10)); 28.0 (C-10yy); 22.4, 22.4 (C-12,qp); 13.8, 13.8 (Meg,an); IR
(KBr, cm™): ¥ = 3437 (m), 2956 (m), 1710 (s), 1693 (s), 1632 (m),
1456 (s), 1356 (s), 765 (m). MS (CI; pos.) m/z (%) = 304.0
(IM + 11"). HRMS (EI): calcd for C,;H, NO, (IM]*): 303.1465
found: 303.1472.

Methyl 1-(1-carboxynonyl)-1H-isoquinoline-2-carboxylate (3d).
Starting with isoquinoline (1a) (0.250 g, 1.93 mmol), 2d (0.914 g,
2.90 mmol) and methyl chloroformate (0.363 g, 3.87 mmol), 3d
(0.420 g, 60%) was isolated as a colourless solid; mp. 120 °C. 'H
NMR (300 MHz, CDCl;): § = 7.23-7.06 (m, 4H, ArH); 6.93, 6.79
(24, 1H, *J,; = 7.6 Hz, H-2); 6.03, 591 (2 d, 1H, *J,; = 7.6 Hz,
H-3); 5.66, 5.52 (2 d, 1H, *J;, = 8.8 Hz, H-8); 3.81, 3.81 (2 s, 3H,
OMe); 2.75 (m, 1H, H-9); 1.80-1.65 (m, 1H, H-10a); 1.50-1.35
(m, 1H, H-10b); 1.22 (br ’s’, 12H, 6 CH,); 0.87 (t, 3H,*J = 7.0 Hz,
Me). *C NMR (76 MHz, CDCl,): 6 = 178.3, 178.0 (COOH);
153.9, 153.7 (NCO); 130.5, 130.3 (2), 130.1 (C-Ar); 128.6, 128.5,
127.5,127.0, 126.7, 126.3, 125.4, 125.0, 124.8, 124.4 (CH-Ar, C-2);
110.8, 110.6 (C-3); 57.0, 56.8 (C-8); 53.5, 53.2 (OMe); 50.3 (C-9);
31.8 (2), 29.4, 29.3, 29.2 (2), 28.4, 27.3 (2), 22.6 (2) (CH,); 14.1
(Me). IR (KBr, cm™"): # = 3444 (br), 3288 (m), 2919 (m), 1727 (s),
1683 (s), 1635 (m), 1460 (s), 1360 (s), 778 (s). MS (EIL, 70 eV) m/z
(%) = 358.8 (M*, 2), 301 (4), 188 (100), 144 (90), 129 (84), 103
(44), 43 (49). HRMS (ED): calcd for C, H,NO, ([M]*): 359.2091;
found: 359.2074.

Methyl  1-(1-carboxyphenylmethyl)-1H-isoquinoline-2-carbo-
xylate (3e). Starting with isoquinoline (1a) (0.250 g, 1.93 mmol),
2e (1.08 g, 3.87 mmol) and methyl chloroformate (0. 218 g,
2.32 mmol), 3e (0.290 g, 47%) was isolated as a colourless solid;
mp. 178 °C (major rotamer (I) 57%, minor rotamer (II) 43%).
'"H NMR (500 MHz, CDCL,): 6 = 7.22-7.00 (m, 7H, H-4,5, Ph);
6.97 (d, 1H, *J,; = 7.5 Hz, H-2y)); 6.81-6.77 (m, 2H,;,, 1Hy,,
H-24,,60,6a); 6.39 (d, 1H, *J¢; = 8.0 Hz, H-7,); 6.34 (d, 1H,
3Js7 = 8.0 Hz, H-7,); 6.03 (d, 1H, *J,5 = 7.5 Hz, H-3,)); 6.01 (d,
1H, *Jso = 9.5 Hz, H-8;)); 5.93 (d, 1H, *J,5 = 7.5 Hz, H-3;)); 5.83
(d, 1H, *J9 = 9.5 Hz, H-8;); 3.99 (d, 1H, *Jsy = 9.5 Hz, H-9y);
3.97 (d, 1H, *Jsy = 9.5 Hz, H-9)); 3.82 (s, 3H, OMe,); 3.75 (s,
3H, OMegg). "C NMR (126 MHz, CDCl;): 6 = 176.6 (COOHy);
176.3 (COOHy); 154.0 (NCOgy); 153.6 (NCOy)); 134.1, 134.1
(i-Phgyam); 130.4, 128.7 (C-3auy,7aqn); 130.1, 128.9 (C-3ay),7a);
129.7 (0-Phy)); 129.5 (0-Phy); 128.1 (2) (m-Phg,qy); 128.0 (C-51);
127.9 (C-5¢); 127.7 (2) (p-Phyyw); 127.4 (C-T); 127.2 (C-Twy);
126.3 (C-6)); 126.0 (C-6y); 125.1 (C-2p); 124.6 (C-4y)); 124.5
(C-4y)); 124.4 (C-2()); 110.5 (C-3)); 110.3 (C-3); 58.6 (C-8);
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57.9 (C-8,); 54.0 (2) (C-9,m); 53.5 (OMey); 53.3 (OMey). IR
(KBr, em™"): 7 = 3429 (br), 2956 (m), 1716 (s), 1698 (s), 1630 (m),
1444 (s), 1353 (s), 766 (s). MS (CI; neg.) m/z (%) = 322.0 (M —
HJ"). Anal. Caled for CiH,;NO, (323.00): C 70.58, H 5.26, N
4.33; found: C 70.85, H 5.01, N 3.41.

Methyl 1-(1-carboxy-(4-tolyl)methyl)-1H-isoquinoline-2-carbo-
xylate (3f). Starting with isoquinoline (1a) (0.250 g, 1.93 mmol),
2f (0.850 g, 2.90 mmol) and methyl chloroformate (0.365 g,
3.87 mmol), 3f (0.350 g, 54%) was isolated as a colourless solid;
mp. 208 °C. 'H NMR (250 MHz, DMSO-d,): 6 = 12.60 (s, 1H,
OH); 7.33-7.08 (m, 8H, ArH); 6.78, 6.67 (2dd, 1H, *J,; = 7.5 Hz,
‘J,5 = 1.2 Hz, H-2); 6.24, 6.19 (2 d, 1H, *J,; = 7.5 Hz, H-3);
5.89, 5.73 (2 dd, 1H, *Jsy = 10.6 Hz, *J,5 = 1.2 Hz, H-8); 3.72,
3.67 (2 d, 1H, *Jgo = 10.6 Hz, H-9); 3.37, 3.25 (2 s, 3H, OMe);
2.28, 2.27 (2 s, 3H, Me). *C NMR (76 MHz, DMSO-d,): 6 =
172.5,172.4 (COOH); 153.0, 152.7 (NCO); 137.1, 136.9 (p-C.H,);
132.2, 132.0, 131.1, 130.8, 130.4, 130.2 (C-Ar, i-C¢H,); 128.7 (o-,
m-C¢H,); 128.4, 128.3, 127.1, 127.0 (2), 126.9, 125.1 (2) (CH-Ar);
125.3, 124.9 (C-2); 110.6, 110.3 (C-3); 57.3, 56.0 (C-8); 54.5, 54.2
(C-9); 53.2, 52.6 (OMe); 20.8 (Me). IR (KBr,cm™): # = 3410 (br),
2940 (s), 1709 (m), 1692 (m), 1349 (m), 1245 (w), 778 (w). MS (CI;
pos.) m/z (%) = 338.2 ((M + 1]*). HRMS (CI, neg.): calcd for
C,HsNO, (IM]"): 336.1230; found: 336.1224.

Methyl 1-[carboxy-(4-chlorophenyl)methyl]-1H-isoquinoline-2-
carboxylate (3g). Starting with isoquinoline (la) (0.250 g,
1.93 mmol), 2g (0.916 g, 2.90 mmol) and methyl chloroformate
(3.86 g, 3.87 mmol), 3g (0.583 g, 83%) was isolated as a colourless
solid; mp. 181 °C. '"H NMR (250 MHz, DMSO-d;): 6 = 12.60 (s,
1H, OH); 7.42-7.20 (m, 8H, ArH); 6.79, 6.68 (2 dd, 1H, *J,; =
7.5 Hz, *J,5s = 1.0 Hz, H-2); 6.25, 6.20 (2 d, 1H, *J,; = 7.5 Hz,
H-3); 5.89, 5.75 (2 dd, 1H, *Js, = 10.5 Hz, *J,5 = 1.0 Hz, H-
8); 3.79, 3.75 (2 d, 1H, *Js, = 10.5 Hz, H-9); 3.40, 3.30 (2 s, 3H,
OMe). "CNMR (63 MHz, DMSO-d;): 6 = 172.5, 172.1 (COOH);
152.9, 152.7 (NCO); 134.2, 134.0 (p-C,H,); 132.7, 132.5 (i-C¢H,);
130.7 (0-C4H,); 130.6, 130.4 (2), 130.1 (C-Ar); 128.5, 128.4, 127.2,
127.0 (2), 126.9, 125.1 (2) (CH-Ar); 125.1, 124.6 (C-2); 110.7,
110.6 (C-3); 57.3, 56.1 (C-8); 54.2, 54.0 (C-9); 53.3, 52.6 (OMe).
IR (KBr,cm™): # = 3430 (br), 3028 (m), 1732 (s), 1706 (s), 1491 (s),
1334 (s), 1253 (s), 705 (s). MS (CI; pos.) m/z (%) = 358.0 (M + 1]*).

Methyl 1-[carboxy-(4-methoxyphenyl)methyl]-1H -isoquinoline-
2-carboxylate (3h). Starting with isoquinoline (la) (0.258 g,
2.00 mmol), 2h (0.846 g, 3.00 mmol) and methyl chloroformate
(0.376 g, 4.00 mmol), 3h (0.263 g, 75%) was isolated as a colourless
solid; mp. 213 °C. "H NMR (250 MHz, DMSO-d,): 6 = 12.45 (s,
1H, OH); 7.31-7.15 (m, 6H, ArH, m-C,H,); 6.91-6.84 (m, 2H,
0-C¢H,); 6.78, 6.68 (2dd, 1H, *J,; = 7.6 Hz, *J,5s = 1.0 Hz, H-2);
6.23, 6.18 (2 d, 1H, *J,; = 7.6 Hz, H-3); 5.86, 5.72 (2 dd, 1H,
3Jso = 10.7 Hz, *J,5 = 1.0 Hz, H-8); 3.73, 3.73 (2 s, 3H, OMe);
3.70,3.66 (2d, 1H,*Js, = 10.7 Hz, H-9); 3.39, 3.30 (2 5, 3H, OMe).
BCNMR (76 MHz, DMSO-d,): 6 = 173.2, 172.6 (COOH); 159.0,
158.9 (p-C4H,); 153.0, 152.7 (NCO); 131.2, 130.9, 130.5, 130.4 (C-
Ar); 130.0 (0-C4H,); 128.4,128.3, 127.1, 126.9, 125.3, 125.1, 124.8
(CH-Ar, C-2); 113.6 (2) (m-C4H,); 110.5, 110.3 (C-3); 57.4, 56.1
(C-8); 55.3 (2) (MeOC4H,); 54.1, 53.9 (C-9); 53.2, 52.7 (OMe). IR
(KBr, cm™): 7 = 3443 (br), 3214 (s), 1725 (s), 1679 (s), 1458 (s),
1364 (s), 1248 (s), 779 (s). MS (EL; 70 eV) m/z (%) = 354.0 (M*, 2),
188 (100), 148 (26), 129 (23), 91 (5), 85 (30), 69 (72). Anal. Calcd

for CH,;sNO;s (353.36): C 67.98, H 5.42, N 3.96; found: C 67.87,
H 5.43, N 3.73.

Methyl 5-bromo-1-(carboxybutyl)-1H-isoquinoline-2-carbo-
xylate (3i). Starting from 5-bromoisoquinoline (0.416 g,
2.0 mmol), 1,1-bis(trimethylsilyloxy)pent-1-ene (1.042 g,
4.0 mmol) and methyl chloroformate (0.230 g, 2.4 mmol),
3i (0.271 g, 36%) was isolated as a colourless oil. '"H NMR
(250 MHz, CDCL): 6 = 7.45 (‘d’, 1H, °J = 8.0 Hz, ArH);
7.08-6.94 [m (2H, ArH) (1Hy,, H-24,)]; 6.88 (‘d’, 1H,, 3J,5 =
8.0 Hz, H-2,); 6.37,6.27 (2d, 1H, *J,; = 8.0 Hz, H-3); 5.63, 5.49
(2 ‘d’, 1H, *Jzo = 9.0 Hz, H-8); 3.82 (s, 3H, OMe); 2.76 (m, 1H,
H-9); 1.75-1.14 (m, 6H, CH,); 0.85 (t, 3H, *J = 7.0 Hz, Me).
BC NMR (63 MHz, CDCL): 6 = 178.7 (COOH); 153.9, 153.7
(NCO); 132.4, 132.3, 127.9, 127.7, 126.7, 126.1, 125.9, 125.6
(CH-Ar, C-2); 132.1, 131.9, 130.2, 130.0, 120.7, 120.5 (C-Ar);
109.4, 109.0 (C-3); 57.0, 56.5 (C-8); 53.7, 53.4 (OMe); 50.0 (C-9);
29.4,29.3,28.1, 22.4 (CH,); 13.8 (Me). MS (CI; pos.): m/z (%) =
384 (IM + 17, ¥'Br), 382 ([M + 1]*, ”Br). HRMS (CI; neg.): calcd
for C,;H,,BrNO, (IM]-, ”Br) 381.0576, found 381.0559; caled for
C;H,,BrNO, ([M]", ¥ Br) 383.0556, found 383.0536.

Methyl 5-bromo-1-(carboxyoctyl)-1 H-isoquinoline-2-carbo-
xylate (3j). Starting from 5-bromoisoquinoline (0.416 g,
2.0 mmol), 1,1-bis(trimethylsilyloxy)dec-1-ene (1.264 g, 4.0 mmol)
and methyl chloroformate (0.230 g, 2.4 mmol), 3j (0.472 g, 54%)
was isolated as a colourless oil. '"H NMR (250 MHz, CDCl;): 6 =
8.60 (br, 1H, OH); 7.44 (m, 1H, ArH); 7.07-6.94 [m (2H, ArH),
(1Hyy, H-2y)]; 6.87 (dd, 1Hy, *J,; = 8.0 Hz, “J,; = 1.0 Hz,
H-2,); 6.37, 6.26 (2 d, 1H, *J,; = 8.0 Hz, H-3); 5.63, 5.48 (2
dd, IH, *Jsy = 8.6 Hz, *J,5; = 1.0 Hz, H-8); 3.82, 3.81 (2 s, 3H,
OMe); 2.75 (m, 1H, H-9); 1.76-1.07 (m, 14H, CH,); 0.86 (t, 3H,
3J = 7.0 Hz, Me). "C NMR (63 MHz, CDCl;): 6 = 179.1, 179.0
(COOH); 153.9, 153.7 (NCO); 132.4, 132.3, 127.9, 127.7, 126.7,
126.1, 125.9, 125.6 (CH-Ar, C-2); 132.1, 131.9, 130.2, 130.0,
120.7, 120.5 (C-Ar); 109.4, 109.0 (C-3); 57.0, 56.4 (C-8); 53.7, 53.4
(OMe); 50.1 (C-9); 31.8 (2), 29.4, 29.3, 29.2 (2), 28.4, 27.3, 27.2,
22.6 (2) (CH,); 14.1 (Me). IR (cap.): # = 3072 (br, w), 2954 (s),
2925 (s), 2855 (s), 2671 (br, w), 1728 (s), 1707 (s), 1628 (m),
1555 (w), 1447 (s), 1410 (m), 1352 (s), 1276 (s), 1231 (m), 1195 (m),
1111 (m), 941 (m), 767 (m) cm~"'. MS (CI; pos.): m/z (%) = 440
(IM + 17, ' Br), 438 (M + 1]*, ”Br). HRMS (CI; neg.): calcd for
C,H,,BrNO, (IM — H], ¥Br) 436.1129, found 436.1120; calcd
for C,;H,;BrNO, ((M — H]~, ”Br) 438.1109, found 438.1100.

Methyl  S-bromo-1-(carboxyphenyl)-1H-isoquinoline-2-carbo-
xylate (3k). Starting from S5-bromoisoquinoline (0.416 g,
2.0 mmol), 2-phenyl-1,1-bis(trimethylsilyloxy)ethene (1.122 g,
4.0 mmol) and methyl chloroformate (0.230 g, 2.4 mmol), 3k
(0.292 g, 36%) was isolated as a colourless solid; mp. 202-203 °C.
'"H NMR (300 MHz, CDCly): § = 7.49-7.17 (m, 7H), 6.95-6.88
(m, 1H, ArH, Ph); 6.96, 6.74 (2 dd, 1H, *J,; = 7.8 Hz, *J,5 =
1.2 Hz, H-2); 6.47, 6.38 (2 d, 1H, *J,; = 7.8 Hz, H-3); 6.04, 5.79
(2 dd, IH, *Js = 10.5 Hz, *J ,; = 1.2 Hz, H-8); 4.01, 3.96 (2 d,
1H, *Jgy = 10.5 Hz, H-9); 3.44, 3.30 (2 s, 3H, OMe). “C NMR
(76 MHz, CDCl;): 6 = 176.5, 176.4 (COOH); 153.2, 152.9 (NCO);
133.8, 133.5 (i-Ph); 132.5, 132.4, 129.1, 128.9, 128.4, 128.3 (2),
128.2, 128.0, 127.8, 126.9, 126.3 (CH-Ar, o-, m-, p-Ph, C-2);
132.2,131.7, 130.2, 129.8, 120.6, 120.5 (C-Ar); 109.1, 109.0 (C-3);
57.8, 56.4 (C-8); 54.2, 53.7 (C-9); 53.3, 52.7 (OMe). IR (KBr):
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7 = 3440 (w), 3089 (br, m), 1730 (s), 1671 (s), 1465 (s), 1449 (s),
1413 (m), 1366 (s), 1323 (m), 1257 (s), 1202 (w), 1166 (m), 1120
(w) em™'. MS (CI; pos.): m/z (%) = 404 (M + 1]+, ¥'Br), 402
(IM + 1]*, ”Br). Anal. Calcd for C,yH,(BrNO, (402.24): C 56.73,
H 4.01, N 3.48. Found: C 56.54, H 4.14, N 3.19.

Typical procedure for the preparation of 7,8-benzo-9-
aza-4-oxabicyclo[3.3.1]nonan-3-ones (4)

To a CH,Cl, solution (6 mL) of 3¢ (0.100 g, 0.35 mmol) and
iodine (0.17 g 0.70 mmol) was added a saturated aqueous solution
of NaHCO; (3.5 mL) and the solution was stirred for 12 h at
20 °C. The excess of iodine was removed by addition of a saturated
aqueous solution of sodium sulfite (20 mL). The organic and
the aqueous layers were separated. The latter was extracted with
CH,CIl, (3 x 30 mL). The combined organic layers were dried
(Na,SO,), filtered and the filtrate was concentrated in vacuo. The
residue was purified by chromatography (silica gel, hexane —
hexane-EtOAc = 2 : 1) to give 4c¢ as a yellow oil (0.10 g, 70%).
Due to the restricted rotation of the urethane moiety, compounds
4 exist as racemic mixtures of two rotamers (doubled or broadened
signals).

Methyl 8-iodo-12-methyl-11-0x0-10-0xa-13-azatricyclo[7.3.1.0>"}-
trideca-2,4,6-triene-13-carboxylate (4a). Starting with 3a(0.080 g,
0.30 mmol), iodine (0.084 g, 0.34 mmol) and a saturated aqueous
NaHCO; solution (3.5 mL) in CH,Cl, (6.0 mL), 4a (0.054 g,
46%) was isolated as a brownish solid; mp. 53 °C. '"H NMR
(300 MHz, CDCl;): 6 = 7.44 (dd, 1H, *J,s = 7.8 Hz, *J,, =
2.0 Hz, H-4); 7.35-7.27 (m, 2H, H-5,6); 7.00 (dd, 1H, *J,, =
7.4 Hz, *J5; = 1.3 Hz, H-7); 6.80-6.68 (br, 1H, H-2); 5.75 (d,
1H, *J,; = 1.8 Hz, H-3); 5.35-5.21 (br, 1H, H-8); 3.91 (s, 3H,
OMe); 3.00 (br °s’, 1H, H-9); 1.15 (d, 3H, *J = 7.2 Hz, Me). “C
NMR (76 MHz, CDCl;): 6 = 169.8 (COO); 154.5, 154.1 (NCO);
132.6-132.2 (br, C-Ar); 131.9, 131.2, 129.3, 128.4, 128.1 (CH-
Ar); 86.6, 86.2 (br) (C-2); 54.0 (OMe); 52.8 (br), 52.7 (br) (C-8);
43.0 (br), 42.7 (C-9); 24.0, 23.6 (br) (C-3); 13.1, 12.9 (Me). IR
(KBr, cm™): = 3428 (br), 2956 (w), 1708 (s), 1635 (s), 1454 (m),
1333 (m), 1254 (m), 1250 (m), 766 (m). MS (EI, 70 eV): m/z
(%) = 389.0 (M + 2]*, 10), 331 (39), 271 (19), 204 (39), 188 (100),
142 (9).

Methyl 12-ethyl-8-iodo-11-0x0-10-0xa-13-azatricyclo[7.3.1.0*7]-
trideca-2,4,6-triene-13-carboxylate  (4b). Starting with 3b
(0.120 g, 0.43 mmol), iodine (0.120 g, 0.48 mmol) and a saturated
aqueous NaHCO; solution (4.36 mL) in CH,Cl, (7.0 mL), 4b
(0.107 g, 61%) was isolated as a slightly yellow solid; mp. 63 °C.
'"H NMR (300 MHz, CDCL;): § = 7.43 (m, 1H, H-4); 7.33-7.23
(m, 2H, H-5,6); 7.02 (br d, 1H, H-7); 6.80-6.65 (br, 1H, H-2);
5.74 (d, 1H, *J,; = 1.8 Hz, H-3); 5.47-5.34 (br, 1H, H-8); 3.91 (s,
3H, OMe); 2.69 (br °s’, 1H, H-9); 1.89 (m, 1H, CH,(a)); 1.30 (m,
1H, CH,(b)); 1.17 (t, 3H, *J = 7.4 Hz, Me). "C NMR (76 MHz,
CDClL): 0 = 169.3 (br, COO); 154.0 (NCO); 132.7-132.3 (br,
C-Ar); 131.9, 131.4, 129.3, 128.6, 128.3, 127.6 (CH-Ar); 86.2,
85.7 (br) (C-2); 54.0 (OMe); 51.4 (br), 50.7, 50.0 (C-8,9); 24.1,
23.7 (br) (C-3); 20.0 (CH,); 12.2 (Me). IR (KBr, cm™): = 3439
(br), 2961 (s), 1743 (s), 1730 (s), 1442 (m), 1318 (m), 1250 (m),
1097 (m), 765 (m). MS (EI, 70 eV): m/z (%) = 401.0 (M*, 2), 314
(8), 204 (100), 188 (90), 144 (30), 129 (60). HRMS (EI): calcd for
CsH,INO, ([M]*): 401.0119; found: 401.0112.

Methyl 12-butyl-8-iodo-11-0x0-10-0xa-13-azatricyclo[7.3.1.0*7}-
trideca-2,4,6-triene-13-carboxylate  (4c). Starting with 3¢
(0.100 g, 0.35 mmol), iodine (0.177 g, 0.70 mmol) and a saturated
aqueous NaHCO; solution (2.0 mL) in CH,Cl, (6.0 mL), (4¢)
(0.105 g, 70%) was isolated as a yellow oil (major rotamer (I)
55%, minor rotamer (IT) 45%). '"H NMR (500 MHz, CDCl,):
0 = 7.40-7.35 (m, 1H,, 1Hy, H-4),4uw); 7.30-7.24 (m, 2H,
2H,,. H-5,64,5,6q1); 7.02-6.97 (m, 1H, 1Hy, H-74,7m); 6.82
(‘t, H, *J,; = 1.8 Hz, *J,3 = 1.5 Hz, H-2y); 6.68 (‘t’, 1H,
*Jos = 1.8 Hz, *J,5 = 1.5 Hz, H-2,)); 5.69 (d, 1H, *J,; = 1.8 Hz,
H-3,); 5.68 (d, 1H, *J,; = 1.8 Hz, H-3); 5.50 (br ‘s’, 1H,
‘J,s = 1.5 Hz, *Jyy = 1.0 Hz, H-8)); 5.36 (br ‘s’, 1H, *J,5 =
1.5 Hz, 3Jyy = 1.0 Hz, H-8,); 3.89 (s, 3H, OMe,); 3.88 (s,
3H, OMey,); 2.56-2.50 (m, 1Hy, 1Hg, H-94,9m); 1.75-1.35
(m, 6H, 6Hy, H-10,11,12(a,b),, 10,11,12(a,b)y); 0.944 (t,
3H, °J = 7.2 Hz, Me,); 0.936 (t, 3H,*J = 7.2 Hz, Mg,)). “C
NMR (126 MHz, CDClL): 6 = 169.3 (COOy)); 169.0 (COO,);
154.3 (NCOyyy); 153.8 (NCOy); 132.2, 132.2 (C-3auy,7aay); 132.2,
131.9 (C-3ay),7ay); 131.6 (C-4qy); 131.5 (C-4y); 129.5, 128.9
(C-50),60)); 129.4, 129.1 (C-541,6q1)); 126.6 (C-7)); 126.4 (C-7y);
85.4 (C-24); 84.8 (C-24p); 53.8 (OMey,)); 53.6 (OMey,); 52.2
(C-94)); 51.9 (C-9); 51.8 (C-8y); 50.6 (C-8y)); 30.7 (C-10); 30.5
(C-10ay); 29.4 (C-11y); 29.3 (C-11y); 23.5 (C-3y); 23.0 (C-3);
22.3 (C-12y); 22.2 (C-12)); 13.8, 13.8 (Megap)- IR (KBr, cm™):
= 3467 (br), 2956 (s), 1760 (s), 1716 (s), 1456 (m), 1333 (m),
1254 (m), 1002 (m), 763 (m). MS (EI, 70 eV): m/z (%) = 429 (M*,
2), 302 (7), 204 (19), 188 (100), 144 (25), 129 (36). HRMS (EI):
caled for C;H,0INO, ([M]*): 429.0432; found: 429.0426.

Methyl 8-iodo-12-octyl-11-o0x0-10-0xa-13-azatricyclo[7.3.1.0*7]-
trideca-2,4,6-triene-13-carboxylate  (4d). Starting with 3d
(0.100 g, 0.27 mmol), iodine (0.077 g, 0.30 mmol) and a saturated
aqueous solution of NaHCO; (2.0 mL) in CH,Cl, (5.0 mL), 4d
(0.088 g, 67%) was isolated as a yellow oil. '"H NMR (250 MHz,
CDCl,): 6 = 7.43 (dd, 1H, *J,5 = 7.5 Hz, *J,, = 2.0 Hz, H-4);
7.34-7.23 (m, 2H, H-5,6); 7.00 (dd, 1H, *J¢, = 7.0 Hz, *J5; =
1.3 Hz, H-7); 6.80-6.65 (br, 1H, H-2); 5.75 (d, 1H,*J,; = 1.8 Hz,
H-3); 5.45-5.34 (br, 1H, H-8); 3.91 (s, 3H, OMe); 2.76 (br ‘s’,
1H, H-9); 1.83 (m, 1H, H-10(a)); 1.56 (m, 2H, H-10(b),11(a));
1.34-1.25 (m, 11H, H-11(b), 5 CH,); 0.88 (t, 3H, *J = 7.2 Hz, Me).
BC NMR (76 MHz, CDCl;): 6 = 169.5 (COO); 154.0 (NCO);
132.7 (br), 132.5 (br) (C-Ar); 132.0, 129.3, 128.6, 128.3, 127.7
(CH-Ar); 86.2, 85.7 (br) (C-2); 54.0 (OMe); 51.6 (br), 50.9, 48.9
(br), 48.4 (C-8.,9); 31.8 (C-10); 29.4, 29.3, 29.2, 27.3, 26.6, 22.6
(CH,); 24.2 (br), 23.7 (br) (C-3); 14.1 (Me). MS (CI; pos.): m/z
(%) = 486.1 (M + 2]*). HRMS (CI; neg.): caled for C, H,,INO,
(IM]"): 484.0979; found: 484.0984.

Methyl 8-iodo-11-0xo0-12-phenyl-10-oxa-13-azatricyclo[7.3.1.0*}-
trideca-2,4,6-triene-13-carboxylate  (4e). Starting with 3e
(0.100 g, 0.30 mmol), iodine (0.152 g, 0.60 mmol) and a saturated
aqueous NaHCO; solution (2.5 mL) in CH,Cl, (5.0 mL), 4e
(0.088 g, 65%) was isolated as a yellow oil (major rotamer (I)
70%, minor rotamer (II) 30%). '"H NMR (500 MHz, CDCl,):
0 = 7.45-7.21 (m, 9H, H-4,5,6,7, Ph); 7.01 (‘t’, 1H, °J,; =
1.8 Hz, *J,5 = 1.5 Hz, H-2;)); 6.85 (‘t’, 1H, *J,5 = 1.8 Hz, *J,5 =
1.5 Hz, H-2y,); 5.78 (d, 1H, *J,; = 1.8 Hz, H-3); 5.76 (d, 1H,
3J,; = 1.8 Hz, H-3); 5.61 (br °s’, 1H, *J,5 = 1.5 Hz, 3Jgy =
1.0 Hz, H-8); 5.45 (br °s’, 1H, *J,5 = 1.5 Hz, *Jgy = 1.0 Hz,
H-8); 3.96 (br °s’, 1Hyy, H-9y); 3.95 (br s’, 1Hg,, H-9); 3.68
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(s, 3H, OMe,); 3.18 (s, 3H, OMg,). “C NMR (126 MHz,
CDCl;): 0 = 166.8 (COOy,)); 167.0 (COOy,;)); 154.5 (NCOy,); 153.2
(NCOyy); 136.2 (i-Phy)); 135.9 (i-Phgy)); 132.4, 131.5 (C-3ag,7a);
132.1, 131.8 (C-3auy,7aay); 131.7 (C-4(); 131.6 (C-4y); 129.7,
129.3 (C-5a11,6a1); 129.6, 129.5 (C-5;),64)); 129.1 (m-Phgy); 129.0
(m-Phy); 128.3 (p-Phyy); 128.0 (p-Phy); 127.7 (0-Phy); 127.5
(0-Phyy); 126.9 (C-7y); 126.7 (C-7p); 86.1 (C-2y); 85.7 (C-2);
57.5(C-8ay); 57.4 (C-9¢)); 56.4 (C-83)); 54.9 (C-9p)); 53.7 (OMey);
53.0 (OMey)); 23.4 (C-3y); 22.8 (C-3;). IR (KBr, cm™'): 7= 3429
(br), 2953 (w), 1745 (s), 1721 (s), 1444 (m), 1322 (m), 1238 (m),
1002 (m), 726 (w). MS (EIL; 70 eV) m/z (%) = 449.0 (M*, 2),
355(3), 279 (30), 225 (15), 118 (100), 167 (63), 77 (50). HRMS
(EI): calcd for C,oH,(INO, (449.0): 449.0119; found: 449.0138.

Methyl 8-iodo-11-0x0-12-p-tolyl-10-0xa-13-azatricyclo[7.3.1.0>]-
trideca-2,4,6-triene-13-carboxylate  (4f). Starting with 3f
(0.090 g, 0.26 mmol), iodine (0.073 g, 0.30 mmol) and a saturated
NaHCO; solution (2.5 mL) in CH,Cl, (5 mL), 4f (0.077 g, 64%)
was isolated as a brownish solid; mp. 82 °C. "H NMR (300 MHz,
CDCl,): 6 = 7.43 (‘d’, 1H, H-4); 7.25 (‘t’, 1H, H-5); 7.03 (‘d’,
2H, m-C4H,); 6.88-6.75 (br, 1H, H-2); 6.64 (br ‘d’, 2H, 0-CH,);
5.87 (‘d’, 1H, *J,, = 7.8 Hz, H-7); 5.84 (d, 1H, *J,5; = 1.8 Hz,
H-3); 5.45-5.33 (br, 1H, H-8); 4.27 (br, 1H, H-9); 3.97 (s, 3H,
OMe); 2.31 (s, 3H, Me). *C NMR (76 MHz, CDCl;): 6 = 167.7
(COO0); 154.2 (NCO); 137.8 (p-C4H,); 132.2, 131.3, 130.2 (C-Ar,
i-C¢H,); 130.1 (0-C4H,); 131.3, 129.5, 129.3, 127.3 (CH-Ar);
128.9 (m-C4H,); 86.7 (br, C-2); 54.5 (br), 54.2 (br), 54.1 (C-8,9,
OMe); 23.9 (br, C-3); 21.1 (Me). IR (KBr, cm™): 7= 3433 (br),
2955 (w), 1758 (s), 1718 (s), 1443 (s), 1316 (s), 1251 (m), 1044 (m),
767 (w). MS (EI; 70 eV) m/z (%) = 463.0 (M*, 10), 313 (18), 253
(53), 204 (25), 188 (100), 132 (87), 44 (48). HRMS (EI): calcd for
C,H s INO, ([M]*): 463.0275; found: 463.0270.

Methyl 12-(4-chlorophenyl)-8-iodo-11-ox0-10-oxa-13-azatricy-
clo[7.3.1.0*"]trideca-2,4,6-triene-13-carboxylate  (4g). Starting
with 3g (0.200 g, 0.56 mmol), iodine (0.156 g, 0.61 mmol) and
a saturated aqueous NaHCO; solution (5.6 mL) in CH,Cl,
(9.0 mL), 4g (0.195 g, 72%) was isolated as a colourless solid; mp.
93 °C. '"H NMR (500 MHz, CDCL,): 6 = 7.44 (‘d’, 1H, *J,5s =
7.9 Hz, H-4); 7.27 (d‘t’, 1H, *J,s =79 Hz,*Jsc = 7.6 Hz, *J5; =
1.3 Hz, H-5); 7.20 (m, 2H, m-C4H,); 6.94 (d’t’, 1H,°J,; = 7.9 Hz,
3Js¢ = 7.6 Hz, *J,s = 1.3 Hz, H-6); 6.85-6.76 (br, 1H, H-2); 6.71
(br ‘d’, 2H, 0-C¢H,); 5.88 (br ‘d’, 1H, °J,; = 7.9 Hz, H-7); 5.83
(d, 1H, *J,5; = 2.0 Hz, H-3); 5.41 (br, 1H, H-8); 4.27 (br, 1H,
H-9); 3.97 (s, 3H, OMe). *C NMR (126 MHz, CDCl,): 6 = 167.2
(COO0); 154.1 (NCO); 134.1 (p-C¢H,); 132.3 (br), 131.9, 127.2
(C-3a,7a, i-C.H,); 131.6 (0-C,H,); 131.5 (C-4); 129.6 (C-5); 129.2
(C-7); 128.5 (m-C,H,); 127.4 (C-6); 86.9 (br), 86.5 (br) (C-2); 54.3
(br), 54.2, 54.0 (br) (C-8,9, OMe); 23.4 (br), 23.1 (br) (C-3). IR
(KBr, cm™): # = 3433 (br), 2925 (w), 1727 (s), 1717 (s), 1445 (s),
1360 (m), 1249 (m), 1092 (m), 764 (w). MS (CI; 70eV) m/z (%) =
4842 (IM + 2]"). HRMS (CI; neg.): caled for C,,H;INO,Cl
(IM]"): 482.9729; found: 482.9716.

Methyl 6-bromo-8-iodo-11-o0xo0-12-butyl-10-oxa-13-azatricyclo-
[7.3.1.0*"]trideca-2,4,6-triene-13-carboxylate (4i). Starting with
3i(0.237 g,0.62 mmol), iodine (0.236 g, 0.93 mmol) and a saturated
aqueous NaHCO; solution (5.6 mL) in CH,Cl, (9.0 mL), 4i
(0.229 g, 73%) was isolated as a colourless solid; mp. 123-124 °C.
'"H NMR (300 MHz, CDClL): 6 = 7.55 (dd, 1H, *Js, = 8.0 Hz,

*Js; = 1.1 Hz, H-5); 7.19 (‘t’, 1H, *J54 = 8.0 Hz, *J,; = 7.5 Hz,
H-6);7.01 (br‘d’, 1H, 3J; = 7.5 Hz, H-7); 6.86-6.68 (br, | H, H-2);
5.56 (d, 1H, *J,; = 2.1 Hz, H-3); 5.47-5.34 (br, 1H, H-8); 3.92 (s,
3H, OMe); 2.77 (br ‘s’, 1H, H-9); 1.80 (m, 1H), 1.55 (m, 2H), 1.38
(m, 2H), 1.21 (m, 1H) (CH,); 0.95 (t, 3H, °J = 7.3 Hz, Me). “C
NMR (76 MHz, CDCl): 6 = 169.1 (COO); 153.8 (NCO); 134.1,
129.4, 127.1 (CH-Ar); 131.8 (br), 130.9 (br), 127.0 (C-Ar); 85.8,
85.2 (C-2); 54.0 (OMe); 51.6, 50.9, 49.4, 48.7 (C-8,9); 29.4, 26.2,
22.4 (CH,); 26.1 (br, C-3); 13.8 (Me). IR (KBr): ¥ = 3433 (br, m),
2956 (m), 2928 (m), 2863 (w), 1756 (s), 1718 (s), 1561 (w), 1445 (s),
1416 (m), 1345 (s), 1300 (m), 1105 (m), 959 (s) cm~'. MS (ESI):
m/z=509.96 (M + 1]*,* Br), 507.96 (M + 1]*, ”Br). Anal. Calcd
for C;H,;,BrINO, (508.15): C, 40.18; H, 3.77; N, 2.76. Found: C,
40.54; H, 3.73; N, 2.67.

Methyl 6-bromo-8-iodo-11-0x0-12-octyl-10-oxa-13-azatricyclo-
[7.3.1.0*"]trideca-2,4,6-triene-13-carboxylate (4j). Starting with
3j (0.365 g, 0.83 mmol), iodine (0.316 g, 1.245 mmol) and a
saturated aqueous NaHCO; solution (5.6 mL) in CH,Cl, (9.0 mL),
4j(0.324 g, 67%) was isolated as a colourless solid; mp. 113-115°C.
"H NMR (300 MHz, CDCl;): 6 = 7.57 (dd, 1H, *Js, = 8.0 Hz,
*Js, = 1.1 Hz, H-5); 7.21 (‘t’, *Js¢ = 8.0 Hz, °J,; = 7.5 Hz, 1H,
H-6); 7.03 (brd, 1H, *J,, = 7.5 Hz, H-7); 6.87-6.70 (br, 1H, H-2);
5.57 (d, 1H, *J,; = 2.1 Hz, H-3); 5.49-5.36 (br, 1H, H-8); 3.94 (s,
3H, OMe); 2.80 (br ‘s’, 1H, H-9); 1.93 (m, 1H), 1.58 (m, 2H), 1.39—
1.23 (m, 11H) (7 CH,); 0.89 (t, 3H, *J = 7.1 Hz, Me). *C NMR
(76 MHz, CDCl;): 6 = 169.2 (br), 168.9 (COO); 153.8 (NCO);
134.1, 129.5, 127.1 (CH-Ar); 131.9 (br), 131.0 (br), 127.0 (C-Ar);
85.8, 85.2 (C-2); 54.0 (OMe); 51.6 (br), 50.9, 49.3 (br), 48.8 (C-
8,9); 31.8,29.3(2),29.2, 27.3, 26.5, 22.6 (CH,); 26.2 (br), 25.9 (br)
(C-3); 14.1 (Me). IR (KBr): # = 3432 (br, w), 2952 (m), 2922 (m),
2853 (m), 1754 (s), 1709 (s), 1449 (s), 1420 (w), 1355 (s), 1299 (m),
1115 (m), 959 (m), 765 (m) cm~"'. MS (CI pos., isobutane): m/z
(%) =566 (M + 1]*, *'Br), 564 (M + 1]*, ”Br). HRMS (EI): calcd
for C, H,;BrINO, (M*, ”Br) 563.0163, found 563.0149.

Methyl 6-bromo-8-iodo-11-0x0-12-phenyl-10-oxa-13-azatricy-
clo[7.3.1.0*"|trideca-2,4,6-triene-13-carboxylate  (4k). Starting
with 3k (0.229 g, 0.57 mmol), iodine (0.217 g, 0.86 mmol) and
a saturated aqueous NaHCO; solution (5.6 mL) in CH,Cl,
(9.0 mL), 4k (0.160 g, 53%) was isolated as a slightly yellow solid;
mp. 71-73 °C. '"H NMR (500 MHz, CDCl;, 300K): § = 7.49
(dd, 1H, *Js4 = 8.0 Hz, *Js; = 1.0 Hz, H-5); 7.27 (m, 1H, p-Ph);
7.22 (m, 2H, m-Ph); 6.99-6.81 (br, 1H, H-2); 6.78 (‘t’, 1H, *J;s, =
3Je; = 8.0 Hz, H-6); 6.77 (br ‘d’, 2H, 0-Ph); 5.79 (br ‘d’, 1H,
3Js7 = 8.0 Hz, H-7); 5.67 (d, 1H, *J,; = 2.2 Hz, H-3); 5.50-5.36
(br, 1H, H-8); 4.34 (br, 1H, H-9); 3.99 (s, 3H, OMe). "C NMR
(126 MHz, CDCl;, 300K): 0 = 167.2 (br, COO); 153.9 (NCO);
134.1 (C-5); 133.2 (i-Ph); 131.6 (br, C-3a); 130.2 (0-Ph); 129.9 (br,
C-Ta); 128.7 (br, C-7); 128.5 (C-6); 128.4 (m-Ph); 128.2 (p-Ph);
126.2 (br, C-4); 86.4 (br), 85.9 (br) (C-2); 55.3 (br), 55.0, 54.5, 54.3
(C-8,9, OMe); 25.8 (br), 25.4 (br) (C-3). '"H NMR (500 MHz,
CDCl;, 243K); (major rotamer (I) 70%, minor rotamer (II) 30%):
0 =7.51(dd, 1H, *Js, = 8.0 Hz, *J5s, = 1.0 Hz, H-54,); 7.50 (dd,
IH, *Jss = 8.0 Hz, *J5;, = 1.0 Hz, H-5)); 7.29-7.20 (m, 3H,,,
3Huy, m-Phyyan), p-Phyyan); 6.97 (dd, 1H, *J,; = 2.2 Hz, *J,5 =
1.3 Hz, H-2,); 6.83 (dd, 1H, *J,; = 2.2 Hz, *J,3s = 1.3 Hz, H-2));
6.80 (‘t’, 1H(,), 1H(y), *Jss = *Js; = 8.0 Hz, H-6,,6.)); 6.73 (br,
2Hy), 2H ), 0-Phyyap)); 5.79 (dd, 1H, *J, = 8.0 Hz, *J5; = 1.0 Hz,
H-74); 5.75(dd, 1H, *J,; = 8.0 Hz, *J5, = 1.0 Hz, H-7;)); 5.65 (d,
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1H,*J,; = 2.2 Hz, H-3;)); 5.63 (d, 1H, *J,; = 2.2 Hz, H-3)); 5.47
(dd, 1H, *Jso = 5.7 Hz, *J,5s = 1.3 Hz, H-8); 5.40 (dd, 1H, *J,, =
5.7Hz, *J,s = 1.3 Hz, H-8y)); 4.36 (d, 1H, *J,y = 5.7 Hz, H-9));
4.30 (d, 1H, *Jg9 = 5.7 Hz, H-9y); 4.02 (s, 3H, OMe,); 3.98
(s, 3H, OMe,). "C NMR (126 MHz, CDCl;, 243K): 6 = 167.8
(COO); 167.5 (COOy); 153.8, 153.8 (NCOyya); 134.1 (C-51);
134.0 (C-5(); 132.7 (i-Phy,)); 132.6 (i-Ph,)); 131.2 (C-3a,); 130.9
(C-3ay); 130.0, 130.0 (0-Phgyan); 129.4 (C-Tay); 129.2 (C-Taq);
128.7 (C-7y); 128.6 (C-64)); 128.5, 128.5 (C-641),7qry); 128.3, 128.3
(m-Phgyay); 128.3 (p-Phyy); 128.1 (p-Phyy); 126.1 (C-4yy); 125.9
(C-4); 86.0 (C-2); 85.3 (C-2(p); 55.3 (C-9p); 54.8 (C-8xp)); 54.6
(C-90); 54.6 (OMeq); 54.4 (OMeg); 53.9 (C-8y); 25.8 (C-3y);
254 (C-3q). IR (KBr): # = 3449 (br, s), 1755 (m), 1725 (s),
1445 (m), 1354 (m), 1303 (m), 1264 (w), 753 (w) cm~'. MS (CI;
pos.): m/z (%) = 530 (M + 1]*, 8Br), 528 (M + 1]*, ”Br).
HRMS (CI; neg., isobutane): caled for C,yH,sBrINO, ((M — H]")
527.9307, found 527.9291.

Typical procedure for the preparation of methyl
2 H-quinoline-1-carboxylates 7

To a CH,Cl, solution (20 mL) of quinoline (0.250 g,
1.90 mmol) was added 1,1-bis(trimethylsilyloxy)pent-1-ene
(0.713 g, 2.90 mmol) and methyl chloroformate (0.362 g,
3.86 mmol) at 0 °C. The solution was stirred for 2 h at 0 °C and for
12hat 20 °C. A saturated aqueous solution of ammonium chloride
(20 mL) was added and the organic and the aqueous layers were
separated. The latter was extracted with CH,Cl, (3 x 100 mL).
The combined organic layers were dried (Na,SO,), filtered and
the filtrate was concentrated in vacuo. The residue was purified by
chromatography (silica gel, hexane — hexane-EtOAc =2 : 1) to
give 7a as colourless crystals (0.214 g, 38%), mp. 105-106 °C.

Methyl 2-(1-carboxybutyl)-2H-quinoline-1-carboxylate (7a).
Starting with quinoline (5) (0.250 g, 1.93 mmol), 2a (0.713 g,
2.90 mmol) and methyl chloroformate (0.362 g, 3.86 mmol), syn-7a
(0.214 g, 38%) was isolated as a colourless solid; mp. 105-106 °C.
'"HNMR (300 MHz, CDCl;): 6 = 7.52 (br ‘d’, 1H, H-8); 7.29-7.20
(m, 1H, H-7); 7.10 (m, 2H, H-5,6); 6.57 (d, 1H, *J;, = 9.5 Hz, H-
4); 6.09 (dd, 1H, *J;, = 9.5 Hz, *J,; = 6.0 Hz, H-3); 5.26 (dd, 1H,
3J,0=9.5Hz,°J,; = 6.0 Hz, H-2); 3.75 (s, 3H, OMe); 2.46 (m, 1H,
H-9); 1.68 (m, 1H, H-10(a)); 1.50-1.10 (m, 3H, H-10(b), H-11);
0.84 (t, 3H, °J = 7.2 Hz, Me). "C NMR (76 MHz, CDCl;): § =
178.0 (COOH); 154.8 (NCO); 134.3, 127.1 (C-Ar); 127.9, 126.6,
126.5, 126.2, 125.7, 124.8 (CH-Ar); 53.5 (C-2); 53.2 (OMe); 49.0
(C-9); 30.0 (C-10); 20.7 (C-11); 14.0 (Me). IR (KBr, cm™): ¥ =
3430 (br), 2953 (m), 1697 (s), 1443 (m), 1305 (s), 753 (w). MS (CI
pos.; 70 eV) m/z (%) = 290.1 (M + 1]*, 10), 330 (5), 290 (80), 188
(100). HRMS (CI; neg.): caled for C,(H;3sNO, ([M]"): 288.1230;
found: 288.1230.

Methyl 2-(1-carboxynonyl)-2 H-quinoline-1-carboxylate (7b).
Starting with quinoline (5) (0.250 g, 1.93 mmol), 2b (0.919 g,
2.89 mmol) and methyl chloroformate (0.364 g, 3.88 mmol),
anti-Th (0.320 g, 46%) was isolated as a colourless solid; mp.
77-78 °C. The second diastereomer, syn-7b (0.120 g, 17%), was
isolated as a colourless oil.

7b (anti): '"H NMR (500 MHz, CDCl;): 6 = 7.49 (br, 1H, H-8);
7.23 (m, 1H, H-7); 7.11-7.08 m, 2H, H-5,6); 6.55 (d, 1H, °J5, =
9.5Hz, H-4); 6.09 (dd, 1H,*/J;,=9.5Hz,*/J,; = 6.0 Hz, H-3); 5.23

(br, 1H, H-2); 3.79 (s, 3H, OMe); 2.38 (d't’, 1H, *Jy 00 = Jos =
9.8 Hz, *Jy) = 4.0 Hz, H-9); 1.64-1.51 (m, 2H, H-10); 1.31-
1.11 (m, 12H, 6 CH,); 0.88 (t, 3H, °J = 7.0 Hz, Me). *C NMR
(126 MHz, CDCL): § = 178.6 (COOH); 155.1 (NCO); 134.1 (C-
8a); 127.7 (C-7); 127.4 (C-3); 127.3 (C-4a); 126.4, 126.4 (C-4,5);
125.0 (C-8); 124.8 (C-6); 53.2 (OMe); 53.0 (C-2); 48.4 (C-9); 31.8,
29.3,29.2,29.1,28.5,26.7,22.6 (CH.); 14.0 (Me). IR (Nujol, cm™'):
7 = 3433 (br), 2925 (w), 1727 (m), 1445 (m), 1359 (m), 1249 (w),
764 (w). MS (EL 70 eV) m/z (%) = 359.2 (M*, 1), 347(2), 204 (2),
188 (100), 144 (48), 129 (12). HRMS (EI): caled for C,,HyyNO,
(IM]*): 359.2091; found: 359.2084.

7b (syn): "H NMR (500 MHz, CDCl,): 6 = 7.52 (br, 1H, H-8);
7.24 (m, 1H, H-7); 7.10 (m, 2H, H-5,6); 6.57 (d, 1 H, *J,, = 9.5 Hz,
H-4); 6.09 (dd, 1H, *J., = 9.5 Hz, *J,, = 6.0 Hz, H-3); 5.26 (dd,
1H, 3/, = 9.5 Hz, *J,, = 6.0 Hz, H-2); 3.76 (s, 3H, OMe); 2.45
(ddd, 1H, *J,, = 9.5 Hz, *Jy 00 = 11.0 Hz, *Js,00) = 3.6 Hz, H-
9); 1.69 (m, 1H, H-10(a)); 1.46 (m, 1H, H-10(b)); 1.30-1.13 (m, 6
CH.); 0.85 (t, 3H, *J = 7.0 Hz, Me). "C NMR (126 MHz, CDCL,):
5 = 178.3 (COOH); 154.8 (NCO); 134.4 (C-8a); 127.8 (C-7); 127.2
(C-4a); 126.5 (br, C-3); 126.5 (C-4); 126.1 (C-5); 125.6 (br, C-8);
124.7 (C-6); 53.5 (C-2); 53.1 (OMe); 49.2 (C-9); 31.8, 29.5, 29.2,
29.1,27.8,27.5, 22.6 (CH,); 14.1 (Me). IR (Nujol, cm™'): 7 = 3224
(br), 2945 (m), 1742 (s), 1671 (m), 1342 (m), 1277 (m), 1180 (m),
763 (w). MS (EL 70 eV) m/z (%) = 359.2 (M*, 1), 347 (2), 188
(100), 144 (48), 129 (12). Anal. Caled for Cy HyNO, (359.45): C
70.17, H 8.13, N 3.90; found: C 70.36, H 8.36, N 4.20.

Methyl 4-(carboxyphenylmethyl)-4 H-quinoline-1-carboxylate
(7c). Starting with quinoline (5) (0.250 g, 1.93 mmol), 2¢
(0.810 g, 2.90 mmol) and methyl chloroformate (0.362 g,
3.86 mmol), 7¢ (0.350 g, 56%) was isolated as a colourless solid;
mp. 42-43 °C. The product was obtained as a diastereomeric
mixture of enantiomers (major isomer (I) 55%, minor isomer (II)
45%, dr = 1.2 : 1). '"H NMR (500 MHz, CDCl,): § = 9.55 (br,
IH, OH,); 8.94 (br, 1H, OHy,); 7.90 (dd, 1H, °J,5; = 8.5 Hz,
*Jes = 1.2 Hz, H-8;); 7.84 (dd, 1H, *J,5 = 8.5 Hz, *J,5 = 1.2 Hz,
H-8); 7.30-7.04 (m, 6H, 8H, H-74, Phy, H-5u,60n,7m,
Phy,); 7.06 (d, 1H, *J,; = 7.6 Hz, H-2); 6.88 (d, 1H, 3J,; =
7.6 Hz, H-21)); 6.77 (d’t, 1H, *J 56 =°Js; = 7.6 Hz, *J s = 1.2 Hz,
H-6)); 6.33 (dd, 1H, *Jss = 7.6 Hz, *J5; = 1.6 Hz, H-54)); 5.60
(dd, 1H, *J,; =7.6 Hz,*J;, = 6.0 Hz, H-3;)); 5.19 (dd, 1H, */J,5 =
7.6 Hz, J,, = 6.0 Hz, H-3;)); 4.17 (dd, 1H, *J,y = 7.8 Hz, *J 4, =
6.0 Hz, H-4,)); 3.95 (dd, 1H, *J,, = 9.5 Hz, *J,, = 6.0 Hz, H-4));
3.87 (s, 3H, OMey); 3.76 (s, 3H, OMey,)); 3.72 (d, 1H, *J,, =
7.8 Hz, H-9,); 3.52 (d, 1H, *J,y = 9.5 Hz, H-9,). "C NMR
(126 MHz, CDCl;): 6 = 177.9 (COOH,); 177.8 (COOHy)); 152.8
(NCOy)); 152.5 (NCOqyy)); 137.0 (C-8ay); 136.7 (C-8ayy); 135.5
(i-Phgy); 134.7 (i-Phyy); 129.2 (C-54); 129.1, 128.9 (o-Phyya);
128.7 (C-4ay); 128.4 (C-54); 128.3, 128.0 (m-Phga); 128.1,
128.1 (C-20m); 127.7 (C-4ay); 127.6 (p-Phy); 127.4 (p-Phay);
126.9 (C-7Tup); 126.4 (C-7y); 125.0 (C-64y); 124.2 (C-6)); 121.5
(C-8up); 121.1 (C-8y)); 111.6 (C-3); 110.0 (C-31y); 58.2 (C-9);
57.9 (C-9y); 53.3 (OMeqy); 53.1 (OMe); 42.2 (C-4); 41.1
(C-44y). IR (Nujol, cm™): # = 3155 (br), 2945 (m), 1729 (m),
1708 (m), 1339 (m), 1239 (w), 1353 (s), 764 (w). MS (CI pos.;
70 eV) m/z (%) = 323.0 (M + 1]*, 80), 244 (12), 220 (66), 188
(100), 130 (15), 85 (33). HRMS (CT neg.): caled for C,,H,,NO,
(IM]"): 322.1074; found: 322.1075.
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Typical procedure for the preparation of
azoxabicyclo[3.3.1]nonanones 8

To a CH,Cl, solution (6 mL) of 7a (0.100 g, 0.35 mmol) and I,
(0.17 g 0.70 mmol) was added a saturated solution of NaHCO;
(3.5 mL) and the solution was stirred for 12 h at 20 °C. The
excess of iodine was removed by addition of a saturated aqueous
solution of sodium sulfite (20 mL). The organic and the aqueous
layers were separated. The latter was extracted with CH,Cl, (3 x
30 mL). The combined organic layers were dried (Na,SO,), filtered
and the filtrate was concentrated in vacuo. The residue was purified
by chromatography (silica gel, hexane — hexane-EtOAc=12:1)
to give 8a (0.110 g, 86%) as a yellow oil.

Methyl 13-iodo-11-0x0-10-propyl-12-oxa-8-azatricyclo[7.3.1.0>"}-
trideca-2,4,6-triene-8-carboxylate (8a). Starting with a 1 : 1
diastereomeric mixture of 7a (0.090 g, 0.31 mmol), iodine (0.086 g,
0.34 mmol) and a saturated aqueous NaHCO; solution (3.6 mL)
in CH,Cl, (7.0 mL), 8a (syn/anti = 1 : 1) (0.110 g, 86%) was
isolated as a yellow oil. The product contained a small amount of
hydrolyzed silyl enol ether which could not be separated. 'HNMR
(500 MHz, CDCl;) (2 diastereomers, dr =1:1): 6 = 7.78 (br, 1H,
H-8); 7.38 (m, 1H, H-7); 7.35-7.31 (m, 2H, H-5,7); 7.17 (m, 2H,
H-6,6); 5.62 (br, 1H, H-2); 5.35-5.27 (m, 4H, H-2,3,4,4); 4.92 (‘t’,
1H, *J,; = *J;, = 3.0 Hz, H-3); 3.88 (s, 3H, OMe); 3.78 (s, 3H,
OMe); 2.90-2.86 (m, 1H H-9); 2.74 (m, 1H, H-9); 1.91-1.84 (m,
1H, H-10); 1.66-1.36 (m, 7H, H-10,11); 0.95 (t, 3H, *J = 7.3 Hz,
Me); 0.90 (t, 3H, °J = 7.3 Hz, Me). *C NMR (126 MHz, CDCl;):
0 = 171.3 (COO0); 155.3 (NCO); 136.3, 133.3 (C-8a); 131.2, 130.4
(C-7); 129.6 (C-5); 127.8, 127.7 (br) (C-5,8); 126.9 (br), 125.4 (C-
6); 124.4 (C-8); 123.0 (C-4a); 81.4,77.5 (C-4); 55.4,55.2 (C-2); 53.8
(OMe); 45.3, 43.3 (br) (C-9); 31.0, 27.3 (C-10); 20.8, 20.3 (C-11);
14.0, 13.8 (Me). IR (KBr, cm™): ¥ = 3432 (br), 2923 (w), 1698 (s),
1494 (m), 1213 (m), 921 (w), 703 (s). MS (EI, 70 eV): m/z (%) =
415.0(M*, 17), 314 (28), 288 (62), 204 (100), 188 (27), 144 (27), 128
(21). HRMS (EI): calcd for C,sHsINO, ([M]*): 415.0275; found:
415.0268.

Methyl 13-iodo-10-0ctyl-11-0x0-12-0xa-8-azatricyclo[7.3.1.0*>"}-
trideca-2,4,6-triene-8-carboxylate (anti-8b). Starting with anti-
7b (0.147 g, 0.41 mmol), iodine (0.133 g, 0.45 mmol) and a
saturated aqueous NaHCO; solution (4.0 mL) in CH,Cl, (7.0 mL),
anti- 8b (0.103 g, 52%) was isolated as a brownish solid; mp. 101-
102 °C. "H NMR (500 MHz, CDCl;): 6 = 7.97 (br ‘d’, 1H, *J;5 =
8.5 Hz, H-8); 7.39 (ddd, 1H, *J,5s = 8.5 Hz, *J,, = 7.5 Hz, *J5; =
1.5 Hz, H-7); 7.35 (dd, 1H, *Jss = 7.7 Hz, *J5; = 1.5 Hz, H-5);
7.15(dt, 1H, *Jss = 7.7 Hz, *Js; = 7.5 Hz, *Jss = 1.0 Hz, H-6);
5.34 (‘t’, 1H, *J54 = 3.0 Hz, *J,, = 2.5 Hz, H-4); 4.98 (br, 1H,
H-2); 4.77 (‘t’, 1H, *J;, = *J,5 = 3.0 Hz, H-3); 3.89 (s, 3H, OMe);
2.73 (ddd, 1H, *Jy 4w = 8.5 Hz, *Jg 100y = 4.5 Hz, *J,y = 1.0 Hz,
H-9); 1.91 (m, 1H, H-10(a); 1.77 (m, 1H, H-10(b)); 1.53, 142 2 m,
2H, H-11(a),(b)); 1.36-1.23 (m, 10H, 5 CH,); 0.88 (t, 3H, °J =
7.0 Hz, Me). "C NMR (126 MHz, CDCl;): 6 = 170.5 (COO);
154.2 (NCO); 134.0 (C-8a); 131.5 (C-5); 130.7 (C-7); 124.6 (C-
6); 123.0 (C-8); 121.7 (C-4a); 77.6 (C-4); 56.8 (C-2); 53.6 (OMe);
47.4 (C-9); 33.2 (C-10); 31.8, 29.3, 29.3, 29.2 (CH,); 26.7 (C-11);
22.6 (C-16); 17.8 (C-3); 14.0 (Me). IR (KBr, cm™): ¥ = 3416 (br),
2916 (s), 1771 (s), 1716 (s), 1442 (m), 1331 (s), 1166 (m), 950 (m),
759 (m). MS (EIL, 70 eV): m/z (%) = 485.0 (M*, 74), 314 (82),

204 (20), 188 (100), 144 (30), 129 (15). HRMS (EI): calcd for
C, HyNIO, ([M]"): 485.10575; found: 4485.10581.

Methyl 13-iodo-11-0x0-12-phenyl-10-0xa-8-azatricyclo[7.3.1.0*}-
trideca-2,4,6-triene-8-carboxylate (8c). Starting with 7¢ (0.300 g,
0.93 mmol, dr = 1.2 : 1), iodine (0.260 g, 1.02 mmol) and
a saturated aqueous NaHCO; solution (10.0 mL) in CH,Cl,
(15.0 mL), 8¢ (0.210 g, 50%) was isolated as light yellow solid; mp.
73 °C (2 diastereomers, dr = 1 : 1). A sample of diastereomerically
pure anti-8¢ could be separated. Data of anti-8¢: 'H NMR
(500 MHz, CDCl): 6 = 8.27 (dd, 1H, *J,53 = 8.5 Hz, *Jes =
1.0 Hz, H-8); 7.44 (m, 2H, m-Ph); 7.39-7.35 (m, 2H, H-7, p-Ph);
7.28 (m, 3H, H-5, o-Ph); 7.21 (d’t’, 1H, *Jss = *Js; = 7.3 Hz,
*J¢s = 1.0 Hz, H-6); 6.84 (dd, 1H, *J,; = 3.8 Hz, *J,, = 2.0 Hz,
H-2); 4.94 (dd, 1H, *J,; = 3.8 Hz, *J;, = 2.2 Hz, H-3); 4.18 (d,
1H, *J,y = 2.2 Hz, H-9); 3.93 (s, 3H, OMe); 3.55 (‘q’, 1H, *J,, =
*J34 =2.2Hz,*J,, =2.0 Hz, H-4). "C NMR (126 MHz, CDCl;):
0 = 167.2 (COO); 153.5 (NCO); 136.6 (i-Ph); 132.2 (C-8a); 129.5
(C-5); 129.4 (m-Ph); 129.3 (C-7); 128.2 (p-Ph); 127.6 (0-Ph); 125.1
(C-6); 124.6 (C-4a); 122.0 (C-8); 84.4 (C-2); 57.8 (C-9); 53.9 (OMe);
48.0 (C-4); 12.8 (C-3). MS (CL; 70 eV) m/z (%) = 449.0 (M*, 9),
321(53), 219 (34), 203 (100), 159 (32), 129 (54), 90 (25). HRMS
(CI): calced for C,yH (NIO, ([M]*): 449.0119; found: 449.0113.
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The assembly and degradation behavior of oligoelectrolyte multilayer films (OEMs) self assembled by
layer-by-layer deposition of positively and negatively charged oligoelectrolytes 1-6 was investigated.
Next to colorless oligoelectrolytes we have employed representatives involving chromophores, in
particular porphyrins. This allows for the systematic observation of both assembly and disassembly of
the OEMs using optical spectroscopy, where chromophore containing building blocks serve as reporter
electrolytes. The OEMs investigated in this study were built in a consistent, monomolecular matter and
show linear correlation between the absorption and the number of layers. Using the concept of reporter

electrolytes we have introduced for the first time also the use of non-chromophoric oligoelectrolytes,
such as the new synthesized cationic system 2 as building blocks for OEMs. Moreover, we have
investigated for the first time the degradation behavior of OEMs. We demonstrated that two different
mechanisms of degradation proceed at the same time. The direct degradation is accompanied by a

second release mechanism.

Introduction

The search for new methods for the deposition of thin films
with precise control over the supramolecular assembly of the
constituting molecular building block films has led to the simple
but very efficient wet-coating layer-by-layer (LbL) technique.' Due
to the interplay of electrostatic attraction and repulsion, oppositely
charged polyions can be self-assembled on solid surfaces of, for
example, glass or metals.? Tterative dipping circles lead to the
deposition of thin films composed of alternating monolayers
of polycations and polyanions. This promising new method
convinces through its versatility and simplicity and offers a
novel approach to advanced materials based on polyelectrolyte
multilayer films (PEMs) in an easy and cheap way. Investigations
on the use of LbL modified materials for biomedical applications
including new concepts for drug delivery were recently reviewed
by Tang et al® Since polyelectrolyte films can also be loaded
with dyes,*® their performance as controlled release systems could
be studied. The recent progress report by Lynn® concentrates
on different types of erosion and disassembly of multilayered
polyelectrolyte thin films from rapid and triggered to sustained and
sequential release. Due to different types of erosion, control over
the administration of different agents in one film is conceptually
possible.* However, one inherent limitation of the current LbL-
method is the use of polymers as charged building blocks. They are
polydisperse and usually do not adopt a defined and controllable
shape and orientation within the deposited layers. This leads
to restrictions for precise fine tuning of the thin film properties
and the manageability of polymeric thin films is therefore very
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demanding as was recently pointed out by, for example, Park
et al” In this investigation, inhomogeneous layers of polymers
with dissimilar charge density were observed. We have recently
extended the LbL-concept to monodisperse oligoelectrolytes with
defined structures and number of charges.*** Implicit to non-
polymeric molecular oligoelectrolytes is the fact that the molecular
structures can be varied and as a consequence, their behavior
within the films can be widely modified. For example, features
such as color or amphiphilic behavior can easily be introduced
by employing additional molecular dye building blocks or hy-
drophobic moieties. The oligoelectrolytes that we used for the
LbL-assembly are mainly based on Newkome or Newkome-type
dendritic structures.’>* These perfect monodisperse molecules
possess a regular and highly branched structure and thus can
be used for various implementations in supramolecular aggre-
gation chemistry. Fullerene-linked amphiphiles containing polar
dendritic head groups were found to form stable single-layer
(unilamellar) vesicles as a new class of artificial lipids.® Similar
amphifullerenes form stable aggregates with positively charged
proteins like cytochrome ¢ as we found out through photophys-
ical investigations like fluorescence spectroscopy and transient
absorption spectroscopy.” The high electrostatic interaction and
complexation between anionic and cationic oligoelectrolytes was
investigated in a very detailed manner by gel electrophoresis
measurements.”> The strong electrostatic complexation between
the anionic Newkome type dendritic building blocks and cationic
oligoelectrolytes was also exploited for the construction of an
electrostatically arranged ITO photoelectrode that reversibly
transmits and processes solar energy.”®* A multicomponent redox
gradient on an ITO glass surface could be formed through elec-
trostatic assembly of redox active oligoelectrolytes. These devices
exhibit remarkable efficiencies with respect to photon to current
conversion. "
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In this contribution, we wish to present a detailed study on the
LbL-assembly and disassembly of a library of oligoelectrolytes
(formulas 1-6) in order to demonstrate the general feasibility of
this concept for the construction of oligoelectrolyte multilayer
films (OEMs). A key point of this study is the application of
so-called reporter oligoelectrolytes, which allow for precise moni-
toring of the successive film assembly using optical spectroscopy.
Next to their assembly, we present the first investigation of the
disassembly of OEMs. These investigations are motivated by the
idea of incorporating bioactive molecules at a certain inter-layer
position of OEMs, which after the removal of the outer layers can
be released to the environment. Such a drug delivery concept is
of great interest for biomedical applications, for example, future
transplantation technology.

=

9 050
o 0
o
NH
0
N
O,N
2 OH
HN
0
042 OH
o
(<) 00
($]

(S]

o0

0O

G)oo

Results and discussion

1. Synthesis of molecular oligoelectrolytes

The molecules used in this study (formulas 1-6) contain as charged
moieties either carboxylates or pyridinium groups. These can
be arranged either within Newkome-like dendrimers (1-4) or
evenly distributed substitutents around a tetraphenylporphyrin
architecture (5, 6). The negatively charged carboxylates are formed
from the corresponding acids by dissolution in an aqueous buffer
at neutral pH. We have already reported in previous contributions
the synthesis of the oligoelectrolytes 1, 3—6.'%!"*!7 Whereas the
access to Newkome-like dendrimers with peripheric carboxylic
groups is quite straightforward, no cationic representatives have
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been reported to date. However, defined cationic oligoelectrolytes
beyond the colored reporter representative 5 are required as
additional building blocks for a systematic development and
extension of a versatile LbL-concept for the deposition of OEMs.
For this purpose we synthesized as a first representative of
cationic Newkome-like dendrimer the nonapyridinium salt 2
by esterification of 1 with N-(hydroxyethyl)pyridinium bromide
(Scheme 1), which is easily available by the reaction of 4-ert-butyl-
pyridine with bromoethanol.” Dendrimer 2 provides high charge
density and keeps its cationic nature independent of the pH. This
is in contrast to most of the cationic dendrimers reported so far,
which are generated by reversible and pH-dependent protonation
of peripheral amino groups and not through irreversible reaction
to quaternary ammonium salts.

2. Layer-by-layer assembly of molecular oligoelectrolytes

2.1 Assembly of monolayers. The layers of the oligoelec-
trolytes 1-6 were deposited on planar fused silica substrates using
the alternate dipping method.! After charging a glass surface
through etching,” the substrate was immersed in solutions of
the corresponding cationic or anionic electrolytes for 30 minutes.
Etching with saturated solutions of KOH leads to deprotonation
of the hydroxyl groups on the glass surface and hence to the
formation of a negatively charged substrate, which is now ready
for the deposition of the electrolytes. For this purpose, we
followed two ways, namely, with and without pre-deposition of a
polymer electrolyte. As polymer for the pre-deposition of the initial
ground layer we choose poly(allylamine hydrochloride) (PAH) as
a polycationic component.’® Subsequently, the negatively charged
oligoelectrolytes 1, 3, 4, 6 were deposited. In the case of the chro-
mophore containing electrolytes 3, 4, 6 the deposition can easily
be followed by UV-Vis spectroscopy (Fig. 1). Oligoelectrolyte 3
involving the pyrene moiety' shows three characteristic pyrene
bands between 200 nm and 400 nm on the glass substrate (Fig. 1a).
In the range of 400-450 nm, the significant Soret-band of the
porphyrins within 4 and 6 can be detected (Fig. 1b, 1c), as well
as the Q-bands in the range of 550-700 nm.'""” In addition, the
characteristic absorptions of the fullerene chromophore in 4 can
be seen at 254 and 324 (Fig. 1b)."!
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Then we followed also the second way avoiding the pre-
deposition of the polymer ground layer. Since the surface of the
glass substrate is negatively charged due to the preceding etching
step it was possible to directly deposit the positively charged
porphyrin 5. Fig. 2 shows the electronic absorption spectrum of
the coated glass slide with the characteristic features of 5 (Soret-
band at 442 nm and Q-band at 573 nm)."* Compared to the
corresponding spectra recorded in solution, a red shift of 5 nm
was observed. Due to the molecular structure of 5 a formation of
J-aggregates®? is unlikely. Therefore, we attribute the 5 nm shift
to a distortion of 5 on the surface.

2.2 Assembly of multilayer systems. Before we investigated
the formation of OEMs themselves, we prepared multilayer
structures where PAH always served as the cationic component
forming subsequent interlayers for comparison. The alternating
deposition of the anionic oligoelectrolytes from our substance
library with PAH afforded the desired hierarchically ordered
structures on glass substrates. This was again demonstrated by
absorption spectroscopy. As can be seen, for example, with the
alternating deposition of PAH and 4 (Fig. 3) a linear correlation
between the number of layers and the absorbance at specific
wavelengths is established. After every dipping circle a UV-Vis
spectrum of the coated glass substrate was measured. The four
spectra shown in Fig. 3a show the increasing intensity of the
absorbance with an increasing number of deposited layers. The
plot of the maximum absorbance at 439 nm versus the number of
layers is presented in Fig. 3b and reveals linear correlation. The
linear relationship between film thickness and number of layers
was already shown for covalent multilayer systems by Vestberg
et al®

Fig. 4 shows the corresponding data for the deposited layers
of porphyrin 6 as a chromophoric reporter electrolyte alternating
with those of PAH. In Fig. 4a, UV-Vis spectra after every bilayer
are combined. The absorbance grows with the number of bilayers.
The linear correlation between the absorbance and the number of
layers is demonstrated at 435 and 320 nm (Fig. 4b).

The next step was to demonstrate that OEMs using exclusively
oligoelectrolytes as building blocks can be deposited in the same
way. Now, both the ground layer and the interlayers consisting of

\
Nh
O A7,
DCC, HOBt Oy NH 2 @Ok

(o] 7

N 0¢\,N~

|= oN UM o ®

HN o"\fﬁ~

Scheme 1 Synthesis of the novel cationic building block 2 through esterification of 1 (counterions not shown).
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Fig.1 UV-Vis spectra of molecular oligoelectrolytes 3 (1a), 4 (1b), 6 (1¢)
coated on an etched glass substrate over a ground layer of PAH (G = glass,
P = PAH).

PAH were completely left out. In the first example, the ground
layer was formed by the deposition of the cationic porphyrin S on
an etched glass slide. The dendrimer 1 was chosen as an anionic
building block. The successful LbL-assembly was monitored by
absorption spectroscopy (Fig. 5a). The absorbances at 441 and
571 nm, which are due to the porphyrin chromophore in 5, rise
linearly with an increasing number of layers (Fig. 5b).

In order to investigate initial approaches to possible application
of OEMs as potential drug delivery systems, we employed as an
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Fig. 2 UV-Vis spectra of one monolayer of porphyrin 5 directly coated
on etched glass.
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Fig. 3 UV-Vis spectra of a multilayer assembly of 8 layers of PAH (P)
and 4 (3a) and correlation of absorbance at 439 nm and number of layers

(3b).

anionic building block for the LbL-formation, a biologically active
agent 7 belonging to the class of bisphosphonates used to medicate
bone metastasis or hypercalcemia of malignancy caused by excess
bone resorption.?*
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Fig. 5 UV-Vis spectra of a multilayer assembly of 11 layers of 5 and
1 (5a) and linear correlation of absorbance at 441 nm and 571 nm and
number of layers.

Again we are in the position to abandon polymeric components
from this proto-type drug delivery system. As porphyrin 5 serves
as cationic component and at the same time as reporter electrolyte,
the detection of the anionic agent occurs indirectly. We observe an
increasing absorbance of 5 with increasing number of layers. This
allows for the regulation of the amount of deposited pamidronate
7 by the number of layers. The linearity between the number of
layers and absorbance at 442 nm is shown in Fig. 6b.
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Fig. 6 UV-Vis spectra of the assembly of 9 layers of 5 and pamidronate
(7) (6a) and correlation of absorbance at 442 nm and number of layers.

The linear correlation of the absorbance of the oligoelectrolytes
with the number of deposited layers serves as clear proof that the
LbL-method is a suitable concept for the formation of OEMs.
With every dipping circle the same amount of substance is de-
posited on the glass slide. In order to determine the exact amount
of oligoelectrolyte that is deposited on the surface, an etched
glass slide was dipped into a solution of the cationic porphyrin
5 and then washed with water for two minutes and subsequently
dried under atmospheric conditions. Then an absorption spectrum
of the sample was taken. The maximum absorption is found at
442 nm (Soret band) with a value 4 of 0.0715 (Fig. 2). Using
Lambert-Beers law and taking the extinction coefficient of 5 (¢ ~
430.000 M~'cm™!)* from solution, the Avogadro constant N, and
a roughness factor k, of 1.3 for glass, a mean molecular area®
(mma) of 2.6 nm? arises (eqn (1)). This calculation follows the fact
that mma is the inversed molecular surface density, which in turn
can be calculated by multiplying the concentration with the layer
thickness.!

k. e !
N A M

A

mma=

The minimum structure of porphyrin 5 was calculated on the
PM3 level® and resulted in a dimension of 2.9 nm? for the molecule

(Fig. 7). This corresponds quite nicely to the measured value
and approves the theoretical considerations that it is exclusively
monolayers that are built due to electrostatic repulsion.

Fig. 7 PM3-minimized structure®® of compound 5.

3. Degradation

Controlled degradation experiments were performed in a vial
containing 10 mL of phosphate buffer pH 7 (see experimental
section). The pre-coated and dried glass slides were immersed
and samples of the buffer solution were taken at certain times to
measure fluorescence spectra of the released reporter porphyrins.
We employed the much more sensitive fluorescence spectroscopy
instead of absorption spectroscopy because the concentrations
of the released reporter dyes can be estimated to be at most
10-* mol L-'. The correlation of the emission intensities at a
specific detection wavelength with degradation time allows for the
determination of the kinetics of the degradation process. Complete
degradation of the OEMs was achieved when no further increase
of the concentration of the reporter electrolyte in solution is
monitored and a saturation level is reached. For a single monolayer
of 5 on glass, this situation is reached after about 15 minutes only.
The corresponding degradation of the monolayer on the glass
substrate is shown in Fig. 8 and follows an exponential first order
decay with a rate constant of 4.38.

To investigate degradation of OEMs, we used films consisting
of eight layers as model cases. Seven layers consisted of colorless
dendritic oligoelectrolytes 1 and 2 whereas one layer of the
porphyrin 5 was deposited in a selected position between those
of 1 and 2. In this way, 5 served again as the reporter electrolyte
to monitor the degradation process. The position of the reporter
layer was varied from the very inside to the last but one layer. The
monitored time dependent release of 5 out of the [7,8] system
(position of the reporter layer is 7" out of 8) shows that the
concentration of the porphyrin rises very quickly and reaches
saturation after 30 minutes only (Fig. 9a).

The [3,8] system (reporter layer is the 3 out of 8) shows
analogous behavior, but over a considerably longer period of
time. The slower ascent of reporter concentration in solution
and the decelerated saturation shows that the release of the
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Fig. 8 Degradation kinetics of a monolayer of 5 on glass (G), fitting a
graph of first order.

reporter proceeds more slowly (Fig. 9b). We believe that this
behavior arises from the inner position of the reporter electrolyte
layer and suggests that it is protected by the outer layers of
1 and 2. To corroborate this assumption, we also investigated
the corresponding [1,8] system where the innermost layer is
represented by the reporter electrolyte 5. In this case, the release
was indeed very slow and the saturation of the concentration
occurs at a very late point of time (Fig. 9c). After three hours,
the reporter concentration in solution still increases. These data
nicely support our assumption. The different rates of degradation
can be monitored by the constant factors n1, and m, (eqn (2)) of the
fitting graphs of the experimental degradation plots. The smaller
the values, shown in Table 1, the faster the reaction proceeds. All
multilayer degradation kinetics showed a second order exponential
decay.

X
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In all OEM degradation experiments, we detected reporter
electrolytes in solution from the very beginning. This implies that
the degradation process is not only due to a subsequent peeling of
one layer after another in a regular degradation directed from the
top to the bottom. It is very likely that there are imperfections
such as holes in the OEMs, which serve as channels for the
immediate desorption of reporter electrolytes 5 located also in
inner layer positions. For PEMs these two modes of erosion are
known as top-down pathway and bulk-type pathway.®* We showed
that the bulk-type reaction only occurs when a multilayer system is
considered. Only in this case pitting is possible. The degradation of
simply one layer, where pitting is impossible, accordingly follows
an exponential first order decay.

Table 1 Degradation rate constants of the different multilayer systems

Multilayer system m m,

[7.8] 0.61 31.55
[3,8] 5.02 60.11
[1,8] 18.48 149.38
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Fig.9 Degradation kinetics of multilayer systems [7,8] (9a), [3,8] (9b) and
[1,8] (9¢), fitting graphs of second order.

Conclusion

In this study we examined the assembly and degradation be-
havior of OEMs self assembled by layer-by-layer deposition
of oligoelectrolytes. Next to colorless oligoelectrolytes we have
employed representatives involving chromophores, in particular
porphyrins. This allows for the systematic observation of both
assembly and disassembly of the OEMs using optical spectroscopy,
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where chromophore containing building blocks serve as reporter
electrolytes. The oligoelectrolytes used in this study are perfectly
monodisperse. Moreover, their structure and properties can be
varied in a broad range by applying new synthesis protocols
including those developed in dendrimer chemistry. This offers a
number of advantages compared with the classical layer-by-layer
concept using polymer electrolytes. The OEMs investigated in this
study were built in a consistent, monomolecular matter and show
linear correlation between the absorption and the number of layers.
Using the concept of reporter electrolytes, we have introduced for
the first time also the use of non-chromophoric oligoelectrolytes as
building blocks for OEMs. Moreover, we have investigated for the
first time the degradation behavior of OEMs. We demonstrated
that two different mechanisms of degradation proceed at the
same time. The direct degradation is accompanied by a second
release mechanism. These studies show that specifically loaded
and arranged OEMs can be used to develop time profiles for the
time dependent release of active components, which could be of
importance, for example, for drug delivery applications.

Experimental
General considerations

Silicon substrates (4.5 cm x 1 cm) were etched in a saturated
solution of KOH in isopropanol and water (all HPLC-grade
from Fluka) for 30 minutes.” After that, the samples were
rinsed with water until pH neutrality. Thin film deposition was
observed via UV-Vis spectroscopy using an Analytik Jena Specord
S600 spectrometer. Degradation measurements were performed
in buffer pH 7 and recorded by fluorescence spectroscopy with a
Shimadzu Spectrofluorometer RF-5301 PC.

Preparation of polyelectrolyte solutions

Oligoelectrolytes 1,6 3, 4, 5 and 6'*"7 were synthesized fol-
lowing the published descriptions. Millipore water (conductance
smaller than 2 uS cm™') was obtained from Fluka and was used
for the washing steps, the preparation of the buffer and for the
preparation of the oligoelectrolyte solutions. The concentration
was adjusted to 107> M in buffer pH 7. The buffer was prepared
from 0.1 M KH,PO, and 0.1 M NaOH solution. This buffer was
also used for the degradation experiments. All solutions were
filtrated trough a Millipore Millex-GP hydrophilic filter with a
pore size of 0.22 pm.

Polyelectrolyte deposition

All oligoelectrolyte thin films were constructed according to
the alternate dipping method.! Substrates were submerged in a
solution of a cationic oligoelectrolyte for 30 minutes followed by
a washing step with water. This procedure was repeated with a
solution of an anionic oligoelectrolyte. The cascade was repeated
until the required number of layers was achieved.

Measurement of thin film construction

The assembly of the layers was monitored by the incorporation
of chromophoric reporter electrolytes as film components. Every
second layer was built by such a molecule. After every second layer,

a UV-Vis spectrum was recorded and the absorption at a specific
wavelength was correlated with the number of layers.

Measurement of thin film degradation

The film degradation was studied with multilayer systems of achro-
matic molecules. A single cationic dendrimer layer was substituted
by a fluorescent, cationic porphyrin layer. All film degradation
studies were performed as follows. Films were immersed in 10 mL
of a buffer solution (pH 7). At designated times an assay was taken
from the solution and investigated by fluorescence spectroscopy.
The samples were put back in solution to ensure a constant volume.
The fluorescence emission at different wavelengths was correlated
with the time when the sample was taken.

9 Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne):2-(4-tert-
butyl)pyridiniumethyl-propanoate bromide (2)

A solution of 9-cascade:nitromethane[3]:(2-aza-3-oxopentyl-
idyne):propanoic acid 1 (0.21 g, 0.22 mmol) and HOBt (0.54 g,
3.96 mmol) in dry DMF (20 c¢cm?) is cooled to 0 °C and DCC
(0.82 g, 3.96 mmol) is added. After 30 min, 2-hydroxyethyl-(4-zert-
butyl)-pyridinium-bromide®® (1.03 g, 3.96 mmol) is added and the
solution is stirred for 7 days at room temperature. Precipitated
DCU is filtered off and the solvent is evaporated under reduced
pressure. The residue is dissolved in MeOH and precipitated with
acetone. The precipitation is repeated three times to give 2 (0.18 g,
26%) as slightly yellowish solid. (Found: C, 52.5; H, 6.6; N, 6.2.
Ci30H04BroN;0,; + 1H,O + 1DMF requires C, 52.7; H, 6.6; N,
6.1%); Vi (film)/cm=" 3412, 3254, 2968, 1733, 1640, 1536, 1459,
1158, 1116, 1042 and 849; dy (400 MHz; MeOD-d,) 1.44 (s,
81 H, CH,), 1.92 (br s, 18 H, CH,CH,COO), 2.28 (br s, 12 H,
CH,CH,CON), 2.34 (brs, 18 H, CH,CH,COO), 4.58 (br t, 18 H,
CH,O0), 4.96 (br t, 18 H, CH,N), 8.22 (d, J = 6.84 Hz, 18 H, Ar-
H), 9.03 (br d, 18 H, Ar-H); 6 (100 MHz; MeOD-d,) 29.3, 30.2,
30.4 (24 C, dendritic-C), 30.5 (27 C, CH,;), 37.8 (9 C, C(CH,),),
58.8 (3 C, CNH), 60.8 (9 C, CH,0), 64.1 (9 C, CH,N), 88.6 (1 C,
CNO,), 126.9 (18 C, Ar-C), 146.2 (18 C, Ar-C), 173.5 (9 C, COO),
173.9 (3 C, CONH), 174.4 (9 C, Ar-C); m/z (FAB) 3065 (M* —
Br); m/z (ESI) 1492 (M** — 2Br).
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Enzymes of the non-mevalonate pathway for isoprenoid biosynthesis are therapeutic targets for the
treatment of important infectious diseases. Whereas this pathway is absent in humans, it is used by
plants, many eubacteria and apicomplexan protozoa, including major human pathogens such as
Plasmodium falciparum and Mycobacterium tuberculosis. Herein, we report on the design, preparation
and biological evaluation of a new series of ligands for IspE protein, a kinase from this pathway. These
inhibitors were developed for the inhibition of IspE from Escherichia coli, using structure-based design
approaches. Structure—activity relationships (SARs) and a co-crystal structure of Aquifex aeolicus IspE
bound to a representative inhibitor validate the proposed binding mode. The crystal structure shows
that the ligand binds in the substrate-rather than the adenosine 5'-triphosphate (ATP)-binding pocket.
As predicted, a cyclopropyl substituent occupies a small cavity not used by the substrate. The optimal
volume occupancy of this cavity is explored in detail. In the co-crystal structure, a diphosphate anion
binds to the Gly-rich loop, which normally accepts the triphosphate moiety of ATP. This structure
provides useful insights for future structure-based developments of inhibitors for the parasite enzymes.

Introduction

The development of drugs with a novel mode of action for the
treatment of malaria and tuberculosis is of urgent necessity in
light of the rapid emergence of multi-drug-resistant parasites.’?
For this purpose, inhibition of the enzymes of the non-mevalonate
pathway for the biosynthesis of the essential isoprenoid precur-
sor molecules, isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP),? has been recognised as a highly attractive
approach (Scheme 1). This biosynthetic pathway starts with
the condensation of pyruvate and glyceraldehyde 3-phosphate
and is exclusively used by a number of pathogens, such as the
tuberculosis-causing M. tuberculosis* and the malaria-causing
P. falciparum.>® Both diseases still pose a major health concern
as they are responsible for an estimated 300-500 million new
infections and 3 million deaths annually."” Importantly, the non-
mevalonate pathway is completely distinct to that used by humans,
making its component enzymes highly attractive drug targets. In
fact, the enzymes of the pathway have been validated as drug
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targets by Jomaa et al., who showed that fosmidomycin [OHC-
N(OH)—(CH,);—PO;H,] cures malaria in rodents.® The compound
is a potent inhibitor of the second enzyme of the pathway, 1-deoxy-
D-xylulose 5-phosphate reductoisomerase (IspC, EC 1.1.1.267),
and is currently being tested in clinical trials.® In addition, other
series of phosphate and phosphonate-based inhibitors of IspC are
under investigation.’

The growing number of published X-ray crystal structures of
the constituent enzymes of the non-mevalonate pathway' has
opened up the opportunity for lead generation by structure-
based design.' In recent years, we applied this approach to
the development of the first families of ligands for two central
enzymes of the pathway, IspE (4-diphosphocytidyl-2C-methyl-
D-erythritol kinase, EC 2.7.1.148)'*"* and IspF (2C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase, EC 4.6.1.12)."* The
kinase IspE requires ATP and Mg* cations to catalyse the
phosphorylation of the 2-OH group of 4-diphosphocytidyl-2C-
methyl-D-erythritol (CDP-ME), producing 4-diphosphocytidyl-
2C-methyl-D-erythritol-2-phosphate (CDP-ME2P) (Scheme 1)."

Using the structure-based design approach, we developed first-
generation inhibitors of IspE, which target the substrate-rather
than the ATP-binding pocket and feature competitive inhibition
constants (K;) for the enzyme from E. coli down to the upper
nanomolar range.’* To extend this work further, a new series
of derivatives was designed to (i) improve their water solubility,
(1) validate the proposed binding mode through SARs and (iii)
explore the optimal filling of a small, hydrophobic cavity that
is not occupied by the substrate.’®'” The synthesis and in vitro
evaluation of these new inhibitors are reported here. Gratifyingly,
enhancement of ligand solubility enabled co-crystallisation with
IspE from A. aeolicus to give definitive proof of the postulated
binding mode.
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Scheme 1 The non-mevalonate pathway for the biosynthesis of the Cs precursors to isoprenoids, IPP and DMAPP.* ADP = adenosine 5'-diphosphate,
DXS = 1-deoxy-D-xylulose 5-phosphate synthase (EC 2.2.1.7), IspD = 4-diphosphocytidyl-2C-methyl-D-erythritol synthase (EC 2.7.7.60), IspG =
2C-methyl-D-erythritol 2,4-cyclodiphosphate reductase (EC 1.17.4.3), IspH = 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (EC 1.17.1.2).

Results and discussion
Inhibitor design

At the onset of this project, two X-ray crystal structures of IspE
were available, one of the apo-enzyme of Thermus thermophilus
(1.7 A resolution, RCSB Protein Data Bank (PDB) code: 1UEK)*
and the other of the ternary complex of E. coli IspE bound to
CDP-ME and 5'-adenyl-B,y-amidotriphosphate (AppNp), a non-
hydrolysable ATP analogue (2.0 A resolution, PDB code: 10J4,
Fig. S1).” In the course of this project, two co-crystal structures
of A. aeolicus IspE and synthetic, cytidine-based ligands were
solved (at 2.3 A and 2.4 A resolution, PDB codes: 2V2V and

2V2Q, respectively).” The active site of IspE can be divided into
three main binding pockets: the adenosine-binding, the cytidine-
binding and the ME/phosphate-binding pockets (Fig. S1).

We designed our first-generation inhibitors for E. coli IspE,
such as (£)-1-(+)-4 (Fig. 1),”* using the modelling programme
MOLOC?® and the crystal structure of the ternary complex men-
tioned above.” They target the cytidine-binding pocket as shown
in Fig. 2 for the cyclopropyl derivative (£)-1. This compound was
found to be a competitive inhibitor of the kinase with a K; value
of 290 £+ 100 nm."™ The central cytosine scaffold was predicted
to sandwich between Tyr25 and Phel85 and form three hydrogen
bonds to both backbone and side chain of His26, in analogy to

o_ 0
\
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4 // f}l R // R
N“ R2 NZ
)2 I
2 6
O N (o) l;l
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Fig. 1 Inhibitors of IspE investigated in this study.
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Fig. 2 MOLOC-generated molecular model of inhibitor ()-1" in the
active site of E. coli IspE (PDB code: 10J4).” (a) Overview of the
cytidine-binding pocket. (b) Close-up of the small, hydrophobic pocket
showing the van der Waals surfaces of the receptor and the cyclopropyl ring
of the ligand. Colour code: protein skeleton: C: grey; inhibitor skeleton:
C: green; O: red; N: blue; P: orange; S: yellow. Distances are given in A.
The units for the indicated distances and the colour code are maintained
throughout the article, if not otherwise stated.

the binding mode observed for the cytosine ring of CDP-ME. A
tetrahydrothiophenyl ring was selected as ribose substitute and
postulated to occupy the centre of a pseudo-n sandwich made
of Tyr25 and Prol82. According to the modelling, favourable
S-aromatic interactions* with the phenolic ring of Tyr25 are
established in both diastereoisomeric complexes formed by
(+£)-1, which are expected to be of similar stability. A propargylic
sulfonamide vector was chosen to direct an alkyl group, such as
the cyclopropyl substituent in (£)-1, into a newly discovered, small
and lipophilic pocket lined by the side chains of Phe185, Leul5 and
Leu28. This pocket is not utilised by the substrate CDP-ME. The
sulfonamide moiety in its favourable staggered conformation, with
the N-lone pair bisecting the O-S-O angle,'*** was expected to
form ionic hydrogen bonds to the side chains of Lys10 and Asp141.

Validation and quantification of these postulated individual
enzyme-ligand interactions clearly required more extensive SARs
and X-ray analysis of co-crystal structures. Thus, compounds
(£)-5-(%)-11 (Fig. 1) were newly prepared to explore the optimal
filling of the hydrophobic pocket occupied by the cyclopropyl
group of bound (£)-1. Replacement of the tetrahydrothiophenyl
ring in 12 and 13 by alicyclic residues was expected to yield
information on the postulated S—aromatic interaction. The N-
methylated sulfonamide (4)-14 was designed to evaluate the
energetics of the predicted hydrogen bond to the side chain of
Aspl4l. Compounds (£)-15-(+£)-17 lack the sulfonamide group
entirely.

IspE is difficult to crystallise and does not even tolerate
traces of organic solvents in the crystallisation buffer. This
has prevented the analysis of co-crystal structures of the first-
generation ligands," even though these compounds are sufficiently
soluble in the presence of small amounts of organic co-solvents for
conducting in vitro assays. Small cytosine derivatives possess re-
markably low water-solubility, despite low partition/distribution
coefficients (e.g. compound (%)-1: clogP = clogD = 0.3; Table 1).
Therefore, compounds 18-22 were specifically prepared with the
aim to obtain improved aqueous solubility. Particularly successful
in this respect was the introduction of an oxetane derivative as
a ribose substitute.”® The proposed, modelling-supported binding
mode of the resulting ligand 22 is depicted in Fig. S2.

Syntheses of the inhibitors

The syntheses of the representative target molecules 22 and
(+)-18 are shown in Schemes 2 and 3. The remaining ligands
were constructed by an analogous route or following the published
synthetic strategy (see the experimental section of the main text
for the synthesis and characterisation of the inhibitors, and the
ESI for the synthesis and characterisation of the precursors).'?
S-Todocytosine (23)** was reacted with the Michael acceptor 24%
to afford the alkylated cytosine derivative 25. The choice of both
the right base and temperature turned out to be crucial for this
reaction. The alkyne cross-coupling partner 26 was obtained in a
reaction of propargyl amine with cyclopropanesulfonyl chloride."
The cytosine derivative 25 and the alkyne 26'2 smoothly underwent
Sonogashira cross-coupling, affording inhibitor 22 in good yield
(71%, Scheme 2).

For the synthesis of ligand (£)-18, morpholine was converted
into morpholine-4-sulfonyl chloride (27) in 84% yield, following
a literature procedure.”® This intermediate was reacted with
propargyl amine to obtain alkyne 28. Sonogashira cross-coupling
of 28 with cytosine derivative (£)-29" afforded inhibitor (4)-18
in good yield (75%, Scheme 3).

Enzyme assay

The ICs, (IC5, = concentration of inhibitor at which 50%
maximum initial velocity is observed) and K; values for all new
inhibitors were determined in a photometric assay, employing a
complex set of auxiliary enzymes and E. coli IspE (see Table 1 and
ESI).? The inhibition was verified for selected ligands with a direct
NMR spectroscopic assay.?® Using the programme Dynafit, the
mode of inhibition was assigned (see Fig. S3 and S4 for selected
curves to determine ICs, and K; values).”” While a competitive
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Table 1 Inhibitory activities and calculated physicochemical properties of inhibitors for E. coli IspE

Ligand Ki./um* K /um® 1Cs5,/uM Mode¢ clogP? clogD?
(£)-12 0.29 +£0.1 8+0 Compet. 0.3 0.3
(+)-2"2 2.6+0.1 22+2 Compet. —0.03 —0.06
(£)-3" 0.64 +£0.1 6+0 Compet. 0.5 0.5
(£)-4" 82+1.7 273+ 11 48 4+ 20 Mixed 1.0 1.0
(£)-5 8.0+0.1 S1+1 Compet. 1.6 1.5
(+)-6 2.0+0.3 47+ 1 Compet. 2.6 2.6
(%)-7 1.84+0.3 8+0 Compet. 1.4 1.4
(+£)-8 0.52 £ 0.1 8+0 Compet. 0.9 0.8
(£)-9 0.56+0 17+1 Compet. 0.9 0.9
(+)-10 0.89 +0.1 19.0 £9.2 55+1 Mixed 1.5 1.4
(£)-11 2.5+04 67.7 £ 35 290 + 1 Mixed 2.0 2.0
12 1.5+0.2 39+0 Compet. 1.0 0.9
13 1.5+0.2 44+6 Compet. 0.9 0.9
(+)-14 2.54+0.2 13+1 Compet. 1.1 1.1
(£)-15 41.0 £ 3.0 1300 + 30 Compet. 0.9 0.9
(+)-16 4.7+0.3 190 + 10 Compet. 2.3 2.2
(£)-17 11.8 £0.8 395+ 20 Compet. 1.7 1.2
(+)-18 13.1+1.2 110+2 Compet. -1.0 -1.0
19 597 £ 15 —0.6 —4.0
20 117+ 3 0.4 0.4
21 144+ 1 2.3 1.6
22 28.7+ 1.7 590 £+ 10 Compet. —0.1 -0.2

“K;. = competitive inhibition constant. ® K;, = uncompetitive inhibition constant. < Compet.: competitive inhibition; mixed: mixed competitive—
uncompetitive inhibition. ¢ The logarithmic partition coefficients clogP (octanol/water) and clogD (octanol/water at pH 7.4) values were calculated
with the programmes ACD/LogP and ACD/LogD (ACD-Labs) with an uncertainty of 0.7 to 0.9.

NH, 0 NH; NH,
NN i NN %’ NT
A ) wo A NN S .
07N oo N / H /W - N
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23 24 o} 0 28
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\ O
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Scheme 2 Synthesis of inhibitor 22. Reagents and conditions: (i) Cs,COs;,
DMEF, 25 °C, 100 h, 33%; (ii) 25, Et;N, [PdCL,(PPh;),], Cul, DMF, 25 °C,
16 h, 71%. DMF = N,N-dimethylformamide.

mechanism with respect to CDP-ME binding was attributed to
most ligands, a mixed competitive (K;.)-uncompetitive (K;,) mode
of inhibition applied to some exceptions. The kinetics provide a
first indication that the ligands occupy the substrate-binding site,
as predicted.

The previously described cyclopropyl derivative (+)-1 remains
the best of the inhibitors of E. coli IspE reported to date.’*
The three-membered ring seems to provide an optimal filling of
the lipophilic pocket lined by the side chains of Phel85, Leul5
and Leu28. The binding affinity of ligands with a smaller alkyl
substituent is reduced as the pocket is not properly filled. Thus, the

(+)-18

Scheme 3 Synthesis of inhibitor (£)-18. Reagents and conditions: (i) Et;N,
[Pd(PPh;),], Cul, DMF, 50 °C, 3.5 h, 75%.

K; value increases by nearly an order of magnitude upon changing
from (+)-1 to methyl-substituted (+)-2 and by a factor of two
upon changing from (+£)-1 to ethyl-substituted (+)-3 (see Fig. S5
for its proposed binding mode). The affinity of isopropyl- ((+)-8)
and cyclobutyl- (()-9) substituted ligands is very similar to that of
ethyl-substituted (4)-3; in these cases, however, the alkyl residues
seem slightly too large for optimal volume occupancy.

Mecozzi and Rebek investigated the ideal volume occupancy
of apolar, confined spaces in capsular synthetic receptors. They
found that the most stable inclusion complex forms if 55 + 9%
of the cavity space is occupied by the guest.’® This so-called
“55% rule” holds for numerous complexation events in synthetic

2722 | Org. Biomol. Chem., 2008, 6, 2719-2730
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supramolecular chemistry.?®* Recently, it was applied to the filling
of a hydrophobic pocket in the active site of an enzyme, the
antimalarial target plasmepsin I1."” At smaller packing coefficients
(PCs), the van der Waals interactions in the cavity are less than
optimal, while at higher PCs, the mobility of the binding partners
becomes reduced, resulting in large entropic losses that counteract
enthalpic gains.

By filling the cavity with a hydrocarbon network using the
modelling package Spartan 06,'%'"* the free space in the small,
lipophilic pocket in E. coli IspE was determined to be about 100 A3.
Binding affinity indeed nicely correlates with volume occupancy:
the cyclopropyl ring in (£)-1 shows a PC of 56% and inhibition
is most effective (K; = 0.29 um). Lower PCs (28% for methyl in
(£)-2 and 45% for ethyl in (%)-3) or higher PCs (62% for isopropyl
in (+)-8 and 69% for cyclobutyl in (£)-9) correlate with weaker
inhibition.

When moving to slightly larger sulfonamide substituents, bind-
ing affinity decreases strongly. Thus, the K; values of n-propyl-
((£)-4) and n-butyl- ((£)-5) substituted ligands show a nearly
30-fold increase (K; ~ 8 um) with respect to (+)-1. Modelling
suggests that the n-propyl residue might still be accommodated in
the cavity, although in an energetically less favourable, contorted
gauche conformation (PC 61%).3! Even when folded, the n-butyl
substituent no longer fits well into the pocket. Hence, a facile
conformational change of the propargylic sulfonamide linker
could equally well direct this substituent out of the pocket into
solvent-exposed space. Larger substituents, such as n-hexyl (in
(£)-6), cyclopentyl (in (£)-10) or cyclohexyl (in (£)-11), most
certainly do not bind in the lipophilic pocket but rather reach
into the opposite direction, towards the solvent (see Fig. S6).
An increase in binding affinity measured for these ligands largely
results from their increased lipophilicity (see the clogP and clogD
values in Table 1), and the resulting more favourable partitioning
from the aqueous buffer into the less polar protein environment.

The tetrahydrothiophenyl ring remains the best ribose substitute
in the investigated family of ligands (for additional ribose replace-
ments, see ref. 12). Similar inhibitory activities are measured for
the cyclopentyl- and the cyclobutylmethyl-substituted ligands 12
and 13. Substitution of the tetrahydrothiophenyl ring in (4)-1 by
a cyclopentyl ring in 12 thus lowers the binding affinity by a factor
of five, corresponding to a free enthalpy increment of AAGpx ~
1 kcal mol~'. The two rings are sandwiched between the side chain
of Tyr25 and the pyrrolidine ring of Pro182 (see Fig. 2). We explain
the increased affinity with favourable interactions between the S
atom of the sandwiched heterocyclic ring and the phenolic side
chain. The energetics of the proposed S—aromatic interaction are
in good agreement with literature values.”

Important contributions of the sulfonamide moiety to the
observed binding affinity were clearly confirmed. N-methylation
in (+)-14 (K; = 2.5 pm) reduces the inhibitory potency nearly by a
factor of ten as compared to (+)-1. Therefore, the postulated ionic
hydrogen bond between the sulfonamide NH and the side chain of
Aspl41 (Fig. 2) could contribute as much as AAGsx = 1.3 kcal
mol~' to the overall binding free enthalpy. Complete substitution
of the sulfonamide moiety for heterocyclic amines in (%)-15-
(£)-17 further reduces the inhibitory potency. The piperidine
derivative (+)-16 maintains the largest affinity (K; = 4.7 um). This
finding can be explained with the formation of a favourable ionic
hydrogen bond between the protonated piperidinium residue and

the side chain of Aspl4l (d(O,,---N) = 2.9 A and 3.1 A, see
Fig. S7).

Finally, efforts to obtain fully water soluble inhibitors for
X-ray crystallography were rewarded. Among the five com-
pounds specifically prepared for this purpose, two [(£)-18 (K; =
13.1 um) and 22 (K; = 28.7 um)] did not require addition of Me,SO
to perform the in vitro binding assay. Although the former still
requires ethanol as a co-solvent, the latter is fully water soluble,
enabling X-ray crystallographic studies.

X-Ray crystallography

Building on previous experience,”* A4. aeolicus IspE was chosen
to obtain co-crystals with the water-soluble inhibitor 22. The
structure of 4. aeolicus IspE in complex with 22 was determined to
2.2 A resolution (PDB code: 2VF3, Fig. S8). The statistics indicate
that an acceptable medium resolution model was produced
(Table S1). For example, R, and Ry, values are 22.7 and
27.6%, respectively. The structure is isomorphous with previously
determined complexes.”® Although adenosine 5'-monophosphate
(AMP) was present in the crystallisation conditions, no electron
density corresponding to this ligand could be observed.

A. aeolicus IspE displays the typical galactose, homoserine,
mevalonate and phosphomevalonate (GHMP) kinase fold that
comprises two domains.” The N-terminal domain (residues 1—
155) consists of an elongated six-stranded B sheet, the concave
side of which is flanked by three a helices and two segments of
a 3, helix. The C-terminal domain comprises an anti-parallel
four-stranded [ sheet, bordering the N-terminal-domain 8 sheet,
four a helices and two 3,, helices. The overall distribution of
secondary-structure elements is well-conserved in this enzyme
family. Although the crystal structure presents two molecules in
the asymmetric unit, featuring “active sites A and B”, the enzyme
is a monomer as indicated by size exclusion gel chromatography
and analytical ultracentrifugation (data not shown). The enzyme
active site is a deep, polar cavity located between the N- and C-
terminal domains.

The co-crystal structure clearly shows that our proposed binding
mode is indeed adopted by the water-soluble inhibitor 22, i.e.
it binds at the cytidine-binding pocket (Fig. 3). As discussed
previously, the amino acid sequences and structures of the active
sites of A. aeolicus and E. coli IspE show minor differences.’®
As a result of this, the nucleobase portion and the sulfonamide
moiety form slightly different hydrogen-bonding patterns to those
predicted by modelling for E. coli IspE (see Fig. S2). In particular,
the cytosine moiety of 22 is engaged in two additional hydrogen
bonds (Fig. 3b). In active site B, the cytosine moiety forms four
hydrogen bonds to the side chain and backbone NH and C=0
of His25. An additional hydrogen bond is observed between the
NH, group of the ligand and the backbone C=0 of Lys145. The
cytosine ring is positioned at the centre of a n sandwich made of
Tyr24 and Tyrl175 (= Phel85 in E. coli IspE). The sulfonamide
functionality, at the other end of the inhibitor, is stabilised by
hydrogen bonds to the side chains of Asnll, Tyr31 and Asp130
(Fig. 3b).

The sulfonamide moiety of 22 is bound in a similar way in
active site A, whereas the nucleobase shows a modified hydrogen-
bonding pattern, which could arise from a different conformation
of the oxetanyl substituent. As a result, the hydrogen bonds
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Fig.3 X-Ray crystal structure of A. aeolicus IspE co-crystallised with 22 (PDB code: 2VF3). Shown is active site B (for a view of active site A, see Fig. S8).
(a) Overview of the binding mode of 22 in the cytidine-binding pocket. (b) View onto the cytosine and sulfonamide moieties and their hydrogen-bonding
interactions with the protein. (c) View onto the cyclopropyl residue approaching the OH group of Tyr175 in the small, lipophilic pocket. The distance
between the cyclopropyl substituent and the OH group of Tyr175 is given in A.

between cytosine and the backbone amide NH of His25 cannot
be formed (Fig. S8b). A superposition of 22 in active sites A and
B is shown in Fig. S8c. Although the protein backbone is almost
perfectly superposed throughout the active sites, some flexibility
can be seen at the level of the side chains. Most importantly, the
oxetanyl substituent clearly adopts a different conformation to
that of 22 bound in active site B.

Electron density was observed in the Gly-rich loop of the
adenosine-binding pocket but this was not compatible with AMP
that was present in the crystallisation conditions. The density could
be modelled, and refined satisfactorily as diphosphate. Indeed, this
overlays well with the diphosphate moiety of AppNp in the high-
resolution crystal structure of the E. coli enzyme complex (data
not shown). The diphosphate forms similar hydrogen bonds to the
backbone amide NH groups of the Gly-rich loop, a typical motif
for the recognition of phosphate groups.*

A superposition of the co-crystal structure of A. aeolicus IspE
with 22 and diphosphate (PDB code: 2VF3) and the previously
obtained co-crystal structure of a cytidine-based ligand (PDB
code: 2V2V)® confirmed our hypothesis that the Gly-rich loop is
extremely well conserved and preorganised (Fig. S9a). In addition,
it can be observed that the cytidine-binding pocket is equally

well conserved (Fig. S9b). This result consolidates the choice
of targeting the inhibitors to the cytidine-binding pocket and
establishes A. aeolicus IspE as a suitable model system for future
rounds of design.

Of particular interest for our future efforts to design inhibitors
for IspE from important pathogens such as M. tuberculosis
or P. falciparum is the fact that the cyclopropyl ring of 22
is accommodated in the small, hydrophobic pocket lined by
Leul4, Tle27, Tyr175 and Leu208 (Fig. 3c). The residence of the
cyclopropyl ring was not necessarily to be expected since the
change from Phel85 (in E. coli IspE) to Tyrl75 (in A. Aeolicus
IspE) makes the pocket much more hydrophilic. Indeed, the
cyclopropyl ring prevents any solvation of the phenolic OH group
of Tyr175 (Fig. 3c). Because this should be rather unfavourable,
it could well explain the reduced inhibitory activity of 22 against
A. aeolicus TspE. With the propargylic sulfonamide residue, our
ligands obviously provide an excellent vector for precisely and
favourably addressing this OH group in future studies. This
may be important since the enzymes from M. tuberculosis and
P. falciparum possess a conserved tyrosine residue here and
according to homology modelling (not shown), the phenolic OH
group is directed into the small pocket.
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Conclusion

We described the design, synthesis, in vitro evaluation and X-ray
co-crystal structure analysis of a series of inhibitors of the kinase
IspE. These were prepared as a follow-up to the first-generation
inhibitors to validate a proposed binding mode. Through inter-
esting SARs, we managed to gain additional evidence for our
hypothesis. By designing water-soluble inhibitors and solving the
co-crystal structure of one ligand with A. aeolicus IspE, the
suggested binding mode was validated. The inhibitor occupies
the cytidine-binding pocket and exhibits a K; value in the lower
micromolar activity range. This proof of concept opens the way
for further modification and optimisation of the inhibitors. The
ultimate goal of this research project is the development of ligands
with even better activity against IspE from medically important
species to make progress on the way to anti-infectives with a novel
mode of action.

Experimental
General details

Compounds 1-4,'2 23, 24,2 26, 27,5 (£)-29,> 30,% 31,* 32—
33% and 34" were prepared according to literature procedures.
The synthesis and characterisation of the precursors 35-45 is
described in the ESI. Reagents and solvents were purchased
reagent grade and used without further purification. THF and
CH,Cl, were freshly distilled from sodium benzophenone ketyl
and CaH,. All reactions were performed in oven-dried glassware
under an Ar atmosphere, unless otherwise stated. All products
were dried under high vacuum (10 Torr) before analytical
characterisation. TLC: Aluminium sheets coated with SiO,-60
UV,s, from Macherey-Nagel, visualisation by UV light at 245 nm
and staining with a solution of KMnO, (1.5 g), K,CO; (10 g),
5% NaOH (2.5 cm?) in H,O (150 cm?®) or a solution of ninhydrin
(0.3 g) in butanol (100 cm*) and glacial acetic acid (3 cm?). Column
chromatography (CC): SiO,-60 (230-400 mesh, 0.040-0.063 mm)
from Fluka. Uncorrected melting points (mp) were determined
in an open capillary using a Biichi-510 apparatus. IR spectra
were recorded on a Perkin-Elmer BX FT-IR spectrophotometer
(ATR-unit, Attenuated Total Reflection, Golden Gate) as a film
or neat. NMR spectra were recorded at 25 °C on a Varian
Gemini-300 spectrometer, using the solvent peak as an internal
reference. Coupling constants (J) are given in Hz. The resonance
multiplicity is described as s (singlet), br s (broad singlet), d
(doublet), t (triplet), q (quartet), quint (quintet), sext (sextet) and m
(multiplet). High-resolution mass spectra (HR-MS) were recorded
on an lonSpec Ultima FT-ICR with 3-hydroxypicolinic acid (3-
HPA) as matrix (MALDI), Micromass AutoSpec-Ultima (EI)
and Finnigan TSQ 7000 (electronspray ionisation). The detected
masses are given as m/z with M* representing the molecular
ion. Elemental analyses were performed by the Mikrolabor at the
Laboratorium fiir Organische Chemie, ETH Ziirich. The nomen-
clature was generated with the computer programme ACD/Name
(ACD/Labs).

Enzyme assays

Materials. [1,3,4-C;]-CDP-ME was prepared according to a
literature procedure.®® E. coli IspE was also obtained according

to the published protocol.’®® NADH and phosphoenolpyruvate
potassium salt were purchased from Biomol, ATP and pyruvate
kinase/lactate dehydrogenase from Sigma-Aldrich.

Enzyme-coupled photometric assay for IC;, determination.
Assay mixtures were prepared as described with some
modifications:?** 60 mm?® of a solution containing 100 mm Tris-
HCI (pH 8.0), 10 mm MgCl,, 2 mm dithiothreitol, 2.5 mm phos-
phoenolpyruvate potassium salt, 2 mm ATP, 0.46 mm NADH,
1 U of lactate dehydrogenase, 1 U of pyruvate kinase and IspE
protein were added to 60 mm® of the inhibitor solutions (final
concentration varied from 8-1000 um). The reaction was started
by addition of 60 mm® of CDP-ME (final concentration 1 mm)
and monitored at 340 nm.

Enzyme-coupled photometric assay for K; determination. Assay
mixtures were prepared as follows: 50 mm?® of a solution containing
100 mm Tris-HCI (pH 8.0), 10 mm MgCl,, 2 mM dithiothreitol,
2.5 mM phosphoenolpyruvate potassium salt, 2 mMm ATP, 0.46 mm
NADH, 1 U of lactate dehydrogenase, 1 U of pyruvate kinase
and 2.4 mU IspE protein were added to 50 mm® each of the
inhibitor solution. The reaction was started by addition of 50 mm?
CDP-ME. For the determination of each single Ky, value in the
presence of the inhibitor, the concentration of CDP-ME was varied
from 35-400 pum, while keeping the concentration of the inhibitor
fixed. The mixtures were incubated at 27 °C, and the reaction
was monitored photometrically at 340 nm. The K; values of the
inhibitors were obtained by observing the behaviour of Ky, values
at different inhibitor concentrations (0-400 pm) and processing
the data using the programme Dynafit.”’

3C NMR assay. Assay mixtures contained 100 mm Tris-HCI
(pH 8.0), 10 mm MgCl,, 5 mm ATP, 10% (v/v) D,O, 2 mm
dithiothreitol, 1.5 mm [1,3,4-°C;]-CDP-ME, and 13 ug IspE
protein in a volume of 500 mm?. Inhibitory substances were added
at final concentrations ranging from 0-3 mm. The mixtures were
incubated at 37 °C and terminated by the addition of EDTA
to a final concentration of 20 mM. The solution was analysed
by “C NMR spectroscopy on a Bruker DRX 500 (125 MHz)
spectrometer and referenced to an internal standard of [1-*C,]-
glucose (0.9 mm).

General procedures

General procedure A for the Sonogashira cross-coupling of
5-iodocytosine derivatives. To an Ar-degassed Schlenk flask
charged with the iodocytosine (1.0 eq.), the acetylene (1.4-2.3 eq.)
and Et;N (3.0-7.0 eq.) in dry DMF, [PdCl,(PPh;),] or [Pd(PPhs;),]
(0.10 eq.) and Cul (0.20 eq.) were added at 25 °C. The mixture
was left to stir at 25-50 °C in the dark, the solvent evaporated
in vacuo, and the residue purified by CC.

If purification by CC yielded the triethylammonium salt, the
solid was dissolved in CH,CL—i-PrOH (3 : 1), washed with
saturated aqueous NaClsolution (3x), dried over Na,SO,, filtered
and concentrated in vacuo.

Preparation of the inhibitors

(%)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2 - dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl }butane-1-sulfonamide ((£)-5). Gen-
eral procedure A, starting from (£)-29** (100 mg, 0.30 mmol), 30*
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(110 mg, 0.60 mmol), Et;N (0.12 cm?, 0.90 mmol), [PdCL,(PPh;),]
(21 mg, 0.030 mmol) and Cul (11 mg, 0.060 mmol) in dry DMF
(8.0 cm?®). The mixture was left to stir at 25 °C for 2.5 h. Purification
by CC (SiO,; CH,Cl,-MeOH 99 : 194 : 6) afforded (+)-5 (80 mg,
72%) as an off-white solid (Found: C 48.7, H 6.1, N 14.8. Calcd
for C,sH,,N,O;S,: C 48.6, H 6.0, N 15.1%); mp 149-151 °C;
Vm(n€at)/cm=' 3194, 2959, 2870, 1636, 1496, 1403, 1301, 1228,
1136, 1073, 972, 918, 833, 780, 726, 668; 6;(300 MHz, (CD;),SO)
0.84 (t, J = 7.4, 3 H), 1.35 (sext, J = 7.4, 2 H), 1.60-1.71 (m,
2 H), 1.91-2.07 (m, 3 H), 2.15-2.25 (m, 1 H), 2.81-2.89 (m, 1 H),
3.11(t, J =8.0,2 H), 3.18-3.26 (m, 1 H), 4.02 (d, / = 5.7, 2 H),
6.13-6.16 (m, 1 H), 6.94 (brs, 1 H), 7.61 (t,J =5.7, 1 H), 7.63 (brs,
1 H), 8.12 (s, 1 H); do(75 MHz, (CD;),SO) 13.5, 20.9, 25.2, 28.9,
32.7, 32.8, 36.9, 51.1, 64.1, 75.2, 89.1, 91.3, 145.0, 153.5, 163.8;
MALDI-HR-MS: calcd for C,sH»;N,O;S,* ([M + HJ*): 371.1206;
found: 371.1207.

(%) - N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl } hexane-1-sulfonamide ((£)-6). Gen-
eral procedure A, starting from (£)-29*? (100 mg, 0.30 mmol), 35
(100 mg, 0.60 mmol), Et;N (0.12 cm?, 0.90 mmol), [PdCL,(PPh;),]
(21 mg, 0.030 mmol) and Cul (11 mg, 0.060 mmol) in dry DMF
(8.0 cm®). The mixture was left to stir at 25 °C for 3 h. Purification
by CC (SiO,; CH,Cl,-MeOH 99 : 194 : 6) afforded (£)-6 (49 mg,
41%) as an off-white solid (Found: C 51.4, H 6.5, N 13.8. Calcd
for C,;HxN,O;S,: C 51.2, H 6.6, N 14.1%); mp 179-182 °C;
Vma(n€at)/cm=" 3325, 3061, 2929, 2858, 1640, 1496, 1402, 1304,
1228, 1134, 1076, 921, 858, 783; d4(300 MHz, (CD;),SO) 0.78 (t,
J =6.8,3 H), 1.16-1.36 (m, 6 H), 1.61-1.71 (m, 2 H), 1.91-2.06
(m, 3 H), 2.16-2.25 (m, 1 H), 2.82-2.89 (m, 1 H), 3.11 (t, J = 8.0,
2 H), 3.19-3.26 (m, 1 H), 4.02 (d, J = 5.7, 2 H), 6.13-6.17 (m,
1 H), 6.93 (brs, 1 H), 7.56 (t, J = 5.7, 1 H), 7.84 (br s, 1 H), 8.13
(s, 1 H); (75 MHz, (CD;),SO) 13.8, 21.9, 23.2, 27.3, 28.9, 30.8,
32.7, 32.8, 36.9, 51.3, 64.1, 75.2, 89.1, 91.3, 145.0, 153.4, 163.8;
MALDI-HR-MS: caled for C;H,;N,O;S,* (IM + HJ*): 399.1519;
found: 399.1514.

(%£)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl }butane-2-sulfonamide ((£)-7). Gen-
eral procedure A, starting from (£)-29' (120 mg, 0.37 mmol),
(£)-36 (94 mg, 0.53 mmol), Et:N (0.15 cm?, 1.1 mmol),
[PACL,(PPh;),] (26 mg, 0.037 mmol) and Cul (14 mg, 0.074 mmol)
in dry DMF (7.0 cm?). The mixture was left to stir at 25 °C for
2.5 h. Purification by CC (SiO,; CH,Cl,-MeOH 99 : 194 : 6)
afforded (£)-7 (99 mg, 72%) as an off-white solid (Found: C 48.7,
H 6.1, N 14.8. Calcd for C;sH,,N,0,S,: C 48.6, H 6.0, N 15.1%);
mp 184-186 °C; v, (neat)/cm™" 3382, 3297, 3207, 3073, 2938,
2861, 1640, 1495, 1405, 1300, 1234, 1122, 1088, 969, 847, 775,
721, 660; 0(300 MHz, (CD;),S0) 0.93 (t, J = 7.5, 3 H), 1.24 (d,
J =6.9,3 H), 1.33-1.49 (m, 1 H), 1.88-2.08 (m, 4 H), 2.14-2.25
(m, 1 H), 2.81-2.89 (m, 1 H), 3.03-3.16 (m, 1 H), 3.18-3.26 (m,
1 H),4.03(d, J =54,2H),6.12-6.16 (m, 1 H), 6.88 (br s, 1 H),
7.57 (t,J =5.4,1H),7.83 (brs, 1 H), 8.11 (s, 1 H); 6(75 MHz,
(CD»),S0O) 10.9, 12.9, 22.9, 28.9, 32.8 (2 C), 36.9, 57.1, 64.2,
75.1, 89.1, 91.4, 144.9, 153.4, 163.8; MALDI-HR-MS: calcd for
CsH,;N,O;S,* (IM + HJ%): 371.1206; found: 371.1206.

(%£)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl} propane-2-sulfonamide ((+£)8). Gen-
eral procedure A, starting from (£)-29" (97 mg, 0.30 mmol), 37

(80 mg, 0.50 mmol), Et;N (0.30 cm®, 2.1 mmol), [PdCL,(PPh;),]
(21 mg, 0.030 mmol) and Cul (11 mg, 0.060 mmol) in dry
DMF (8.0 cm®). The mixture was left to stir at 25 °C for 3 h.
Purification by CC (SiO,; CH,Cl,-MeOH 99 : 1—94 : 6) afforded
()-8 (99 mg, 92%) as an off-white solid; mp 197-200 °C;
Vmax(n€at)/cm=' 3387, 3068, 2974, 1668, 1636, 1506, 1489, 1457,
1439, 1403, 1312, 1232, 1136, 1074, 1057, 973, 889, 778, 692;
ou(300 MHz, (CD;),SO) 1.25 (d, J = 6.9, 6 H), 1.92-2.07 (m,
3 H), 2.16-2.23 (m, 1 H), 2.81-2.89 (m, 1 H), 3.19-3.32 (m, 2 H),
4.03(d,J =5.7,2H), 6.12-6.16 (m, 1 H), 6.86 (br s, 1 H), 7.55 (t,
J=5.7,1H),7.83 (brs, 1 H), 8.11 (s, 1 H); 6(75 MHz, (CD;),SO)
16.2(2C),28.9,32.8(2C), 36.8,51.5,64.2,75.1,89.1,91.3, 144.9,
153.5, 163.8; MALDI-HR-MS: caled for C,H, N,O;S,* (M +
H]*): 357.1050; found: 357.1049.

(£)-N-{3-[4-Amino-2-ox0-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl} cyclobutanesulfonamide (£)-9).
General procedure A, starting from (£)-29" (84 mg, 0.26 mmol),
38 (70 mg, 0.40 mmol), Et;N (0.11 cm?, 0.80 mmol), [PdCl,(PPhs),]
(19 mg, 0.026 mmol) and Cul (10 mg, 0.050 mmol) in dry DMF
(7.0 cm?). The mixture was left to stir at 25 °C for 2.5 h.
Purification by CC (SiO,; CH,Cl,-MeOH 99 : 194 : 6) afforded
(£)-9 (51 mg, 54%) as an off-white solid (Found: C 48.6, H
5.5, N 14.9. Calcd for C;sH,N,0;S,: C 48.9, H 5.5, N 15.2%);
mp 184-186 °C; v, (neat)/cm™" 3382, 3299, 3208, 3066, 2945,
2857, 2707, 1640, 1601, 1504, 1438, 1404, 1343, 1298, 1275, 1227,
1182, 1135, 1081, 1010, 971, 912, 881, 854, 780, 722, 675, 616;
0u(300 MHz, (CD;),S0O) 1.83-2.09 (m, 5 H), 2.14-2.37 (m, 5 H),
2.81-2.89 (m, 1 H), 3.19-3.27 (m, 1 H), 4.00 (d, J = 5.7, 2 H),
4.02 (quint, J = 8.1, 1 H), 6.13-6.16 (m, 2 H), 6.88 (br s, 1 H),
7.54 (t,J =5.7,1 H), 7.83 (br s, 1 H), 8.13 (s, 1 H); 6(75 MHz,
(CD;),S0) 16.2, 23.1 (2 ©), 28.9, 32.7, 32.8, 36.8, 53.0, 64.2,
75.0, 89.1, 91.5, 145.0, 153.4, 163.7; MALDI-HR-MS: calcd for
CisH, N,O;S,* (IM + H]*): 369.1050; found: 369.1048.

(%£)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl} cyclopentanesulfonamide ((%)-10).
General procedure A, starting from (4)-29'% (84 mg, 0.26 mmol),
39 (73 mg, 0.40 mmol), Et;N (0.11 cm?, 0.80 mmol), [PdCL,(PPhs),]
(19 mg, 0.026 mmol) and Cul (10 mg, 0.050 mmol) in dry DMF
(7.0 cm®). The mixture was left to stir at 25 °C for 2.5 h. Purification
by CC (SiO,; CH,Cl,-MeOH 99 : 1594 : 6) afforded (£)-10
(75 mg, 75%) as an off-white solid; mp 200-203 °C; v, (neat)/cm™!
3382, 3290, 3207, 3063, 2948, 2869, 2707, 1640, 1603, 1504, 1472,
1404, 1297, 1250, 1227, 1182, 1121, 1081, 971, 916, 881, 850, 779,
756, 722, 677; 0w(300 MHz, (CD;),SO) 1.48-1.73 (m, 4 H), 1.80-
2.08 (m, 7 H), 2.14-2.25 (m, 1 H), 2.81-2.89 (m, 1 H), 3.18-3.26
(m, 1H),3.68 (quint,J =7.7,1H),4.04(d,J=5.7,2H), 6.12-6.16
(m, 1 H), 6.88 (brs, 1 H), 7.56 (t, J = 5.7, 1 H), 7.83 (br s, 1 H),
8.12 (s, 1 H); (75 MHz, (CD;),S0) 25.5 (2 C), 27.4 (2 ©), 28.9,
32.7 (2 C), 36.9, 60.0, 64.2, 75.1, 89.1, 91.4, 145.0, 153.4, 163.7;
MALDI-HR-MS: calcd for C,¢H,;N,O;S,* ([M + H]*): 383.1206;
found: 383.1198.

(%£)-V-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl}cyclohexanesulfonamide  ((£)-11).
General procedure A, starting from (£)-29" (100 mg, 0.30 mmol),
40 (120 mg, 0.60 mmol), Et;N (0.30 cm?, 2.1 mmol), PACL,(PPh;),]
(21 mg, 0.030 mmol) and Cul (11 mg, 0.060 mmol) in dry DMF
(8.0 cm?®). The mixture was left to stir at 25 °C for 3 h.
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Purification by CC (SiO,; CH,Cl,~MeOH 99 : 1—94 : 6) afforded
(£)-11 (78 mg, 66%) as an off-white solid; mp 203-205 °C;
Vmax(N€at)/cm=' 3389, 3300, 3212, 3065, 2935, 2854, 2705, 1644,
1605, 1505, 1451, 1403, 1309, 1271, 1248, 1226, 1179, 1136, 1081,
972, 921, 878, 857, 779, 705; 64(300 MHz, (CD;),SO) 1.08-1.40
(m, 5 H), 1.58-1.61 (m, 1 H), 1.75-1.79 (m, 2 H), 1.91-2.23 (m,
6 H), 2.82-2.89 (m, 1 H), 3.04-3.14 (m, 1 H), 3.18-3.25 (m,
1 H),4.01 (d, J =5.7,2 H), 6.13-6.17 (m, 1 H), 6.93 (brs, 1 H),
7.56 (t, J = 5.7, 1 H), 7.83 (br s, 1 H), 8.13 (s, 1 H); 6(75 MHz,
(CD»),S0)24.5(2C),24.8,25.9(2 C), 28.8,32.8 (2 C), 36.9, 59.1,
64.2,75.1,89.1,91.4, 145.0, 153.5, 163.8; MALDI-HR-MS: calcd
for C;H,sN,O5S,* (M + H]*): 397.1363; found: 397.1364.

N-|3-(4-Amino-1-cyclopentyl-2-oxo-1,2-dihydropyrimidin-5-yI)-
prop-2-yn-1-yl]cyclopropanesulfonamide (12). General procedure
A, starting from 41 (100 mg, 0.33 mmol), 26'* (100 mg, 0.66 mmol),
Et;N (0.14 cm?®, 0.98 mmol), [PdC1,(PPh;),] (23 mg, 0.033 mmol)
and Cul (13 mg, 0.066 mmol) in dry DMF (7.6 cm?). The mixture
was left to stir at 25 °C for 2.5 h. Purification by CC (SiO,;
CH,Cl,-MeOH 96 : 4) afforded 12 (100 mg, 90%) as an off-white
solid (Found C 53.4, H 5.9, N 16.6. Calcd for C,sH,N,O;S:
C 53.6, H 6.0, N 16.7%); mp > 197 °C (decomposition);
vma(nEat)/cm=' 3382, 3055, 1669, 1653, 1635, 1617, 1506, 1495,
1456, 1403, 1352, 1238, 1084, 1039, 988, 972, 930, 914, 885, 832,
809, 779, 752, 734, 697, 668, 659; 64(300 MHz, (CD;),SO) 0.94
(d, J =6.3,4 H), 1.53-1.91 (m, 8 H), 2.63 (quint, J = 6.3, 1 H),
4.04 (d,J =5.7,2 H), 4.72 (quint, J = 7.8, 1 H), 6.69 (br s, 1 H),
7.56 (t, J = 5.7, 1 H), 7.64 (br s, 1 H), 7.89 (s, 1 H); 6(75 MHz,
(CD»),S0) 5.0 (2 ©), 23.6 (2 C), 29.5, 30.7 (2 C), 33.0, 57.7,
75.6, 88.8, 91.4, 146.0, 154.1, 164.0; MALDI-HR-MS: calcd for
C;sH; N,O;S* (IM + HJ*): 337.1329; found: 337.1328.

N-{3-[4-Amino-1-(cyclobutylmethyl)-2-oxo-1,2-dihydropyrimi-
din-5-yllprop-2-yn-1-yl }cyclopropanesulfonamide (13). General
procedure A, starting from 42 (100 mg, 0.33 mmol), 26'* (100 mg,
0.66 mmol), Et;N (0.14 cm?, 0.98 mmol), [PdCL,(PPh;),] (23 mg,
0.033 mmol) and Cul (13 mg, 0.066 mmol) in dry DMF (7.6 cm?®).
The mixture was left to stir at 25 °C for 2.5 h. Purification by CC
(SiO,; CH,Cl,-MeOH 96 : 4) afforded 13 (82 mg, 74%) as an oft-
white solid (Found C 53.8, H 6.0, N 16.7. Calcd for C;sH,N,O;S:
C 53.6, H 6.0, N 16.7%); mp 152-153 °C; v, (neat)/cm™" 3438,
3056, 2963, 2854, 2323, 1662, 1652, 1622, 1505, 1456, 1444, 1394,
1367, 1326, 1306, 1233, 1192, 1150, 1037, 933, 889, 825, 760, 694,
683, 659; 04(300 MHz, (CD;),SO) 0.95 (d, J = 6.3, 4 H), 1.65-
1.91 (m, 6 H), 2.58-2.94 (m, 2 H), 3.69 (d, J = 7.4, 2 H), 4.03 (d,
J =5.6,2H),6.69 (brs, | H), 7.57 (t, J = 5.6, 1 H), 7.61 (br s,
1 H), 7.97 (s, 1 H); 6c(75 MHz, (CD;),S0O) 5.0 (2 C), 17.7, 24.8
(2 ©), 29.6, 33.0, 34.0, 53.4, 75.4, 88.0, 91.5, 149.1, 154.2, 164.6;
MALDI-HR-MS: calcd for C;sH, N,O;S* ([M + H]*): 337.1329;
found: 337.1330.

(£)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl|prop-2-yn-1-yl}-/N-methylcyclopropanesulfonamide
((£)-14). General procedure A, starting from (4)-29' (120 mg,
0.36 mmol), 43 (87 mg, 0.50 mmol), Et;N (0.15 cm?, 1.1 mmol),
[Pd(PPhs;),] (42 mg, 0.036 mmol) and Cul (15 mg, 0.072 mmol)
in dry DMF (7.0 cm?). The mixture was left to stir at 50 °C for
26 h. Purification by CC (SiO,; CH,Cl,L-MeOH-Et;N 95:5: 1)
afforded (+)-14 (41 mg, 31%) as an off-white solid; mp 83-85 °C;
Vmax(N€at)/cm="' 3403, 3209, 1644, 1417, 1325, 1272, 1245, 1150,

1106, 1066, 983, 916, 886, 753, 691; 9,(300 MHz, CD;OD) 1.02—
1.06 (m, 2 H), 1.08-1.14 (m, 2 H), 1.90-2.15 (m, 3 H), 2.28-2.33
(m, 1 H), 2.58-2.63 (m, 1 H), 2.91-2.96 (m, 1 H), 3.00 (s, 3 H),
3.21-3.27 (m, 1 H), 4.32 (s, 2 H), 6.21-6.24 (m, 1 H), 8.30 (s, 1 H);
3(75 MHz, CD;0D) 5.5 (2 C), 27.9, 29.8, 34.2, 35.4, 39.2, 41 4,
67.1,77.4,90.8,91.8, 147.2, 156.9, 166.0; MALDI-HR-MS: calcd
for C,sH, N,O,S,* (IM + HJ*): 369.1050; found: 369.1050.

(£)-4-Amino-5-(3-morpholin-4-ylprop-1-yn-1-yl)-1-(tetrahydro-
2-thienyl)pyrimidin-2(1H)-one ((£)-15). General procedure A,
starting from (£)-29" (68 mg, 0.21 mmol), 31* (53 mg,
0.42 mmol), Et;N (0.90 mm?*, 0.63 mmol), [PdCL,(PPh,),] (15 mg,
0.033 mmol) and Cul (8.0 mg, 0.066 mmol) in dry DMF (4.8 cm?).
The mixture was left to stir at 25 °C for 2 h. Purification by CC
(Si0,; CH,Cl,-MeOH 95 : 5) afforded (£)-15 (64 mg, 95%) as
an off-white solid; mp 194-196 °C; v, (neat)/cm="' 3466, 2919,
2853, 2323, 1979, 1656, 1643, 1561, 1555, 1510, 1502, 1477, 1401,
1323, 1300, 1229, 1108, 1072, 1004, 976, 919, 889, 859, 774, 728,
700, 668, 632; 0(300 MHz, CDCl,) 1.81-1.94 (m, 1 H), 2.02-2.18
(m, 2 H), 2.28-2.40 (m, 1 H), 2.60 (t, J = 4.4, 4 H), 2.91-2.99
(m, 1 H), 3.15-3.23 (m, 1 H), 349 (s, 2 H), 3.76 (t, ] = 4.4, 4
H), 5.70 (br s, 1 H), 6.31-6.34 (m, 1 H), 7.56 (br s, 1 H), 8.18 (s,
1 H); 6c(75 MHz, (CD;),80) 29.1,32.9, 36.7,47.5,52.0 (2 C), 64.1,
66.1 (2 C), 76.5,89.9,90.8, 145.3, 153.8, 164.1; MALDI-HR-MS:
caled for CsH, N,O,S* (IM + H]*): 321.1380; found: 321.1384.

(£)-4- Amino-5-(piperidin-1-ylprop-1-yn-1-yl)-1-(tetrahydro-
2-thienyl)pyrimidin-2(1H)-one ((£)-16). General procedure A,
starting from (£)-29"* (68 mg, 0.21 mmol), 32% (52 mg,
0.42 mmol), Et;N (0.90 mm?, 0.63 mmol), [PdCL,(PPh;),] (15 mg,
0.021 mmol) and Cul (8.0 mg, 0.042 mmol) in dry DMF (4.8 cm?).
The mixture was left to stir at 25 °C for 2 h. Purification by CC
(Si0,; CH,Cl,-MeOH 91 : 9) afforded (£)-16 (29 mg, 43%) as
a brown oil; v, (thin film)/cm™"' 3441, 3288, 3081, 2934, 2854,
1653, 1634, 1558, 1539, 1521, 1505, 1496, 1399, 1363, 1308, 1263,
1229, 1149, 1125, 1036, 993, 939, 889, 803, 780, 732, 697, 653;
ou(300 MHz, CDCl;) 1.45-1.47 (m, 2 H), 1.63-1.69 (m, 4 H),
1.80-1.93 (m, 1 H), 2.00-2.18 (m, 2 H), 2.30-2.42 (m, 1 H), 2.55
(m, 4 H), 2.91-2.99 (m, 1 H), 3.15-3.22 (m, 1 H), 3.47 (s, 2 H),
5.86 (brs, 1 H), 6.31-6.34 (m, 1 H), 7.28 (br s, 1 H), 8.16 (s, 1 H);
Jc(75 MHz, CDCl,) 23.7, 25.7 (2 C), 28.3, 33.4, 38.9, 48.5, 53.7,
66.0 (2 C), 75.7,90.9,91.6, 145.3, 155.1, 164.4; MALDI-HR-MS:
caled for C,sH;N,OS* (IM + H]*): 319.1587; found: 319.1586.

(£)-4-Amino-5-(pyrrolidin-1-ylprop-1-yn-1-yl)-1-(tetrahydro-2-
thienyl)pyrimidin-2(1H)-one ((£)-17). General procedure A,
starting from (£+)-29" (68 mg, 0.21 mmol), 33* (46 mg,
0.42 mmol), Et;N (0.90 mm?*, 0.63 mmol), [PACL,(PPh;),] (15 mg,
0.021 mmol) and Cul (8.0 mg, 0.042 mmol) in dry DMF (4.8 cm?).
The mixture was left to stir at 25 °C for 2 h. Purification by CC
(Si0,; CH,Cl,-MeOH 91 : 9) afforded (£)-17 (34 mg, 53%) as
a brown oil; v, (thin film)/cm=" 3289, 3143, 1662, 1646, 1653,
1635, 1506, 1457, 1404, 1363, 1317, 1229, 1127, 1034, 1008, 903,
804, 783, 668, 649; 64(300 MHz, CDCl;): 1.83-2.03 (m, 5 H),
2.04-2.16 (m, 2 H), 2.28-2.38 (m, 1 H), 2.66 (m, 4 H), 2.91-2.99
(m, 1 H), 3.15-3.23 (m, 1 H), 3.61 (s, 2 H), 5.76 (br s, 1 H),
6.31-6.35 (m, 1 H), 7.16 (br s, 1 H), 8.16 (s, 1 H); d.(75 MHz,
(CD»),S0) 23.1 (2 C), 28.9, 32.7, 36.6, 43.2, 52.1 (2 C), 64.0,
76.3, 89.5, 90.2, 145.3, 153.6, 163.9; MALDI-HR-MS: calcd for
CsH, N,OS* (IM + HJ]*): 305.1431; found: 305.1432.
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(£)-N-{3-[4-Amino-2-oxo-1-(tetrahydro-2-thienyl)-1,2-dihydro-
pyrimidin-5-yl]prop-2-yn-1-yl }morpholine-4-sulfonamide ((£)-18).
General procedure A, starting from (+)-29 (120 mg, 0.37 mmol),
28 (110 mg, 0.54 mmol), Et;N (0.15 cm?, 1.1 mmol), [Pd(PPh,),]
(43 mg, 0.037 mmol) and Cul (14 mg, 0.054 mmol) in dry
DMF (7.0 cm?). The mixture was left to stir at 50 °C for 3.5 h.
Purification by CC (SiO,; CH,Cl,-MeOH 92 : 8) afforded
(£)-18 (110 mg, 75%) as an off-white solid; mp 197-199 °C;
Vmax(N€At)/cm="' 3327, 2846, 2551, 2401, 2149, 1639, 1489, 1402,
1348, 1322, 1261, 1229, 1175, 1137, 1111, 1068, 1023, 993, 924,
837, 779, 728, 688, 627; o0x(300 MHz, (CD;),SO) 1.92-2.05 (m,
3 H), 2.15-2.22 (m, 1 H), 2.80-2.88 (m, 1 H), 3.06 (t, J = 4.5, 4
H), 3.18-3.22 (m, 1 H), 3.30 (s, 1 H), 3.62 (t, J = 4.5, 4 H), 3.98
(d, J =3.6,2 H), 6.12-6.15 (m, | H), 6.83 (brs, 1 H), 7.84 (t,J =
3.6, 1 H), 8.12 (s, 1 H); (75 MHz, (CD;),SO) 28.9, 32.8, 33.2,
37.0, 45.7 (2 C), 64.4, 65.5 (2 C), 75.3, 89.3, 91.7, 145.2, 153.8,
164.0; MALDI-HR-MS: calcd for CsH,,N;O,S,* ([M + HJ"):
400.1108; found: 400.1113.

Triethylammonium [4-amino-5-{3-|[(cyclopropylsulfonyl)amino]-
prop-1-yn-1-yl}-2-oxo-1,2-dihydropyrimidin-1(2 H)-yl]acetate (19).
A solution of 20 (70 mg, 0.20 mmol) in aq. Et;N solution (1 M,
9.0 cm®) was heated to reflux for 1 h. The resulting mixture was
concentrated in vacuo, co-evaporated with ethanol (3 x 10 cm?)
and dried to afford 19 (60 mg, 90%) as a white solid; mp > 220 °C
(decomposition); vy.(neat)/cm=" 3286, 3202, 3060, 2449, 1728,
1660, 1609, 1495, 1427, 1393, 1309, 1241, 1187, 1142, 1050, 949,
892, 834, 799, 784, 760, 716, 624; 5,,(300 MHz, (CD;),S0) 0.95 (d,
J =15.7,4H),2.59-2.63 (m, 1 H), 4.04 (d, J = 5.7,2 H), 4.35 (s,
2 H), 6.81 (brs, 1 H), 7.59 (t, J = 5.7, 1 H), 7.73 (br s, | H), 7.92
(s, 1 H); d¢(75 MHz, (CD;),SO) 5.1 (2C), 29.6, 33.0, 50.1, 75.1,
88.5,91.6, 149.8, 154.2, 165.0, 169.8; MALDI-HR-MS: calcd for
C,H;5sN,O;S* (IM + HJ*): 327.0758; found: 327.0763.

Ethyl [4-amino-5-{3-[(cyclopropylsulfonyl)amino]prop-1-yn-1-
yl}-2-0xo0-1,2-dihydropyrimidin-1(2H)-yl]acetate (20). General
procedure A, starting from 44 (323 mg, 1.0 mmol), 26" (318 mg,
2.0 mmol), Et;N (0.42 cm®, 3.0 mmol), [Pd(PPh;),] (120 mg,
0.10 mmol) and Cul (38 mg, 0.20 mmol) in dry DMF (20 cm?®).
The mixture was left to stir at 50 °C for 3.5 h. Purification by
CC (SiO,; CH,Cl,-MeOH 90 : 10) afforded 20 (267 mg, 75%) as
a white solid; mp 221-223 °C; v, (neat)/cm™" 3421, 3053, 2875,
2233, 1750, 1668, 1644, 1508, 1489, 1440, 1422, 1397, 1382, 1356,
1327, 1308, 1205, 1166, 1144, 1061, 1035, 936, 888, 838, 785, 739,
701, 675; 6,(300 MHz, (CD;),S0) 0.95 (d, J = 6.3, 4 H), 1.18 (¢,
J =17.1,3 H), 2.62 (quint, J = 6.3, | H), 4.04 (s, 2 H), 4.11 (q,
J=7.1,2H),4.46 (s,2 H), 6.88 (brs, 1 H), 7.58 (brs, 1 H), 7.80
(brs, 1 H), 7.96 (s, 1 H); 6c(75 MHz, (CD;),S0) 5.1 (2 O), 14.1,
29.6, 32.9, 49.9, 61.0, 74.8, 88.7, 91.7, 149.3, 153.8, 164.8, 168.1;
MALDI-HR-MS: calcd for C,,H,,N,OsS* ([M + H]*): 355.1071;
found: 355.1067.

Methyl 4-{[4-amino-2-ox0-5-(3-{[(2,2,2-trifluoroethyl)sulfonyl]-
amino }prop-1-yn-1-yl)pyrimidin-1(2H)-yl]methyl } benzoate  (21).
General procedure A, starting from 45 (310 mg, 0.81 mmol), 2,2,2-
trifluoro-N-prop-2-yn-1-ylethanesulfonamide (34)* (260 mg,
1.3 mmol), Et;N (0.34 cm?, 2.5 mmol), [PdCL,(PPh;),] (58 mg,
0.081 mmol) and Cul (32 mg, 0.16 mmol) in dry DMF (17 cm?).
The mixture was left to stir at 25 °C for 20 h. Purification by CC
(SiO,; CH,Cl,-MeOH 90 : 10) afforded 21 (270 mg, 73%) as an

off-white solid; mp 198-200 °C; v, (neat)/cm~' 3403, 3301, 3006,
2563, 1725, 1639, 1603, 1506, 1437, 1389, 1355, 1338, 1318, 1273,
1245, 1198, 1186, 1152, 1132, 1108, 1067, 1020, 986, 934, 889, 846,
799,781,752, 690, 668; 6,;(300 MHz, (CD5),SO) 3.83 (s, 3 H), 4.10
(d,J=5.1,2H),4.49 (q, J =9.9,2 H), 495 (s, 2 H), 6.86 (br s,
1 H), 738 (d, J =8.1,2 H), 7.78 (br s, 1 H), 7.92 (d, J = 8.1,
2 H), 8.19 (s, 1 H), 8.33 (t, J = 5.1, 1 H); 6.(75 MHz, (CD;),SO)
32.6,51.4,52.0, 52.8 (q, J = 30.3), 75.3, 88.7, 90.6, 122.2 (q, J =
276.4), 127.5 (2 C), 128.5, 129.2 (2 C), 142.7, 149.3, 153.9, 164.6,
165.8; MALDI-HR-MS: calcd for C,sHsF;N,OsS* (M + HJ*):
459.0945; found: 459.0947.

Ethyl {3-[4-amino-5-{3-[(cyclopropylsulfonyl)amino]prop-1-yn-
1-yl}-2-oxopyrimidin-1(2H)-ylJoxetan-3-yl }acetate (22). Gen-
eral procedure A, starting from 25 (46 mg, 0.12 mmol), 26" (44 mg,
0.28 mmol), Et;N (50 mm?, 0.36 mmol), [PdCL,(PPhs;),] (7.0 mg,
0.01 mmol) and Cul (4 mg, 0.02 mmol) in dry DMF (3 cm?®). The
mixture was left to stir at 25 °C for 16 h. Purification by CC (SiO,;
CH,Cl,-MeOH 95 : 5) afforded 22 (35 mg, 71%) as an off-white
solid; mp 146-148 °C; v, (neat)/cm~" 3103, 2930, 2388, 2284,
1712, 1645, 1542, 1495, 1410, 1372, 1326, 1302, 1245, 1203, 1148,
1086, 1069, 1021, 980, 906, 887, 836, 785, 732, 708; 5,;(300 MHz,
CDCl;) 0.98-1.04 (m, 2 H), 1.17-1.26 (m, 5 H), 2.51-2.60 (m, 1
H), 3.40 (s, 2 H), 4.08 (q, J = 7.2,2 H), 4.12 (d, J = 4.2, 2 H),
4.62 (d, J =7.52H),488(d, J =7.5,2H), 6.54 (brs, | H),
6.68 (brs, 1 H), 6.99 (brs, 1 H), 7.56 (s, 1 H); .(75 MHz, CDCl;)
52 (2 C), 13.7, 30.0, 32.9 (2 C), 38.5, 60.6, 60.9, 74.1, 78.4 (2
C), 91.8, 146.2, 153.4, 164.5, 170.1; MALDI-HR-MS: calcd for
C;H;3N,O6S* (M + HJ): 411.1338; found: 411.1333.

Ethyl  [3-(4-amino-5-iodo-2-oxopyrimidin-1(2 H)-yl)oxetan-3-
yllacetate (25). A suspension of 23** (190 mg, 0.80 mmol) and
Cs,CO; (144 mg, 0.44 mmol) in dry DMF (9.0 cm?) was left to
stir at 25 °C for 1 h. Compound 24* (0.042 cm?, 0.40 mmol)
in dry DMF (2.0 cm®) was added, and the mixture was left to
stir at 25 °C for 100 h. The resulting mixture was concentrated
in vacuo. Purification by CC (SiO,; CH,Cl,-MeOH 95 : 5)
afforded 25 (50 mg, 33%) as a yellow solid (Found C 35.2, H 4.05,
N 10.8. Caled for C;;H;,IN;0,: C 34.9, H 3.75, N 11.1%); mp >
175 °C (decomposition); vy, (neat)/cm~" 3403, 3212, 1712, 1644,
1418, 1353, 1318, 1272, 1244, 1151, 1132, 1151, 1105, 1083, 1066,
982, 917, 886, 863, 752, 691, 614; 64(300 MHz, CD,0D) 1.21 (t,
J=7.1,3H),3.34(s,2H),4.12(q,J =7.1,2H),4.60 (d, J = 7.8,
2H),4.92(d,J=17.8,2H),7.81 (s, | H); 0-(75 MHz, (CD;),SO)
14.0, 56.0, 60.2, 60.4, 62.7, 77.7 (2 C), 148.9, 153.1, 164.0, 169.5;
MALDI-HR-MS: calcd for C;;HsIN;O,* (M + HJ*): 380.0102;
found: 380.0098.

N-Prop-2-yn-1-ylmorpholine-4-sulfonamide (28). To a solu-
tion of propargyl amine (0.10 cm?®, 1.5 mmol) and Et;N (0.23 cm?®,
1.7 mmol) in dry CH,Cl, (10 cm?®), 27* (280 mg, 1.5 mmol) was
slowly added at 0 °C. The mixture was left to stir at 40 °C for 18 h
and concentrated in vacuo. The residue was taken up in CH,Cl,
(50 cm®) and washed with saturated aqueous NaCl solution (3 x
30 cm?®). The organic phase was dried over Na,SO,, filtered and
concentrated in vacuo and afforded 28 (140 mg, 46%) as a yellow
solid; mp 70-72 °C; v, (neat)/cm™"' 3276, 3257, 2963, 2929, 2857,
1622, 1458, 1430, 1314, 1304, 1261, 1213, 1140, 1125, 1110, 1088,
1075, 1018, 995, 936, 924, 840, 722, 711, 659, 628; J,(300 MHz,
CDCl;)2.35(t,J =2.4,1H),3.25(t,J =4.2,4H),3.76 (t,J = 4.2,
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4 H), 3.87 (dd, J = 2.4, 6.3, 2 H), 4.71 (br s, 1 H); -(75 MHz,
CDCl;) 33.0, 459 (2 C), 66.0 (2 C), 72.7, 79.4; electrospray-
ionisation-HR-MS: calcd for C;H,;N,0,S* (M + HJ*): 205.0641;
found: 205.0658.

X-Ray crystal structure of the complex with 22

Sample preparation. A plasmid encoding A. aeolicus IspE with
an N-terminal histidine tag with a protease cleavage site was used
to produce recombinant enzyme. Purification by affinity and ion
exchange chromatography gave a yield of 15 mg dm~* of enzyme.*

Crystallisation, data collection and processing. A. aeolicus
IspE at 30 mg dm~® in 10 mMm Tris-HCI, 20 mm NaCl, 1 mm
dithriothreitol, pH 8.5, was incubated with AMP and 22 each at
4 mmM for 1 h on ice, filtered using a 0.1 pm spin filter (Milli-
pore) then crystallised using hanging drop vapour diffusion at
18 °C. Crystals grew in 2 days in 2 mm?® drops consisting of 1 mm?
protein complex and 1 mm? reservoir solution (1.6 M (NH,),SO,,
0.1 M Na cacodylate, pH 6.5, 0.1 M NaBr). The pyramidal crystals
typically grew to dimensions of 0.4 x 0.4 x 0.4 mm. Crystals
were cryo-protected in artificial mother liquor containing 20%
glycerol and flash cooled for data collection on beam-line BM 14
at the European Synchrotron Radiation Facility, Grenoble, using
a MAR CCD 225 detector. Data to 2.2 A were processed and
scaled using MOSFLM?* and SCALA,® respectively (Table S1).
The crystals are cubic in space group P2,3 with two molecules in
the asymmetric unit and a unit cell length ¢ = 137.3 A and are
isomorphous with the previously solved 4. aeolicus IspE structure
(to be published elsewhere).

Structure determination. The CCP4 suite of programmes was
used for the analysis.* Rigid body and rounds of restrained
refinement,* interspersed with model building in COOT.,* al-
lowed two molecules of 22, nine halide ions and 156 water
molecules to be included in the model. The head group of 22
was well-defined in the electron density and given full occupancy,
but parts of the tail appeared to be more flexible and occupancy
of 0.75 was assigned to this region of the inhibitor. AMP was in
the crystallisation conditions but there was no electron density
corresponding to adenine. A diphosphate and water molecules
could be modelled in the ATP binding site. The use of NaCl
and NaBr in the crystallisation conditions resulted in six Cl~ and
three Br~ ions being assigned. The complex was refined to an
Ri.or and Ry, of 22.7% and 27.6%, respectively. Model geometry
was assessed using PROCHECK,* and all residues were found
in the most favourable or allowed regions of the Ramachandran
plot. Crystallographic statistics are presented in Table S1, and
coordinates and structure factors have been deposited in the PDB
under accession code 2VF3.

Acknowledgements

This work was supported by the following agencies: ETH Research
council (to A.K.H.H. and F.D.), F. Hoffmann-La Roche Ltd,
Basel, Hans-Fischer Gesellschaft (to S.L., A.B., F.R. and W.E.),
The Wellcome Trust (to M.S.A and W.N.H.), Biotechnology
and Biological Sciences Research Council (UK) (to M.S.A and
W.N.H.) and the European Synchrotron Radiation Facility. We

thank Prof. Erick M. Carreira and Georg Wuitschik, ETH Ziirich,
for kindly providing compound 24.

References

1 (@) U. Weiss, Nature, 2002, 415, 669; (b) J. K. Baird, New
Engl. J. Med., 2005, 352, 1565-1577; (c) http:/www.cdc.gov/malaria/
impact/index.htm; (d) M. Schlitzer, ChemMedChem, 2007, 2, 944-986.

2 (a) A. L. Kritski, L. S. Rodrigues de Jesus, M. K. Andrade, E. Werneck-
Barroso, M. A. Vieira, A. Haffner and L. W. Riley, Chest, 1997, 111,
1162-1167; (b) J. E. Ollé-Goig, Trop. Med. Int. Health, 2006, 11, 1625—
1628.

3 (@) M. Rohmer, M. Knani, P. Simonin, B. Sutter and H. Sahm,
Biochem. J., 1993, 295, 517-524; (b) M. K. Schwarz, ETH Zurich, Ph.
D. dissertation, No. 10951, 1994; (¢) S. T. J. Broers, PhD dissertation,
No. 10978, ETH Zurich, 1994; (d) W. Eisenreich, B. Menhard, P. J.
Hylands, M. H. Zenk and A. Bacher, Proc. Natl. Acad. Sci. U. S. A.,
1996, 93, 6431-6436; (¢) W. Eisenreich, M. Schwarz, A. Cartayrade, D.
Arigoni, M. H. Zenk and A. Bacher, Chem. Biol., 1998, 5, R221-R233.

4 Y. Boucher and W. F. Doolittle, Mol. Microbiol., 2000, 37, 703-716.

5 (@) E. Rohdich, J. Wungsintaweekul, M. Fellermeier, S. Sagner, S. Herz,
K. Kis, W. Eisenreich, A. Bacher and M. H. Zenk, Proc. Natl. Acad. Sci.
U S. 4., 1999, 96, 11758-11763; (b) F. Rohdich, S. Hecht, A. Bacher
and W. Eisenreich, Pure Appl. Chem., 2003, 75, 393-405.

6 H. Jomaa, J. Wiesner, S. Sanderbrand, B. Altincicek, C. Weidemeyer,
M. Hintz, I. Tiirbachova, M. Eberl, J. Zeidler, H. K. Lichtenthaler, D.
Soldati and E. Beck, Science, 1999, 285, 1573-1576.

7 http://www.cdc.gov/tb/WorldTBDay/resources_global.htm.

8 (a) For some selected publications on fosmidomycin and derivatives: T.

Kuzuyama, T. Shimizu, S. Takahashi and H. Seto, Tetrahedron Lett.,

1998, 39, 7913-7916; (b) M. A. Missinou, S. Borrmann, A. Schindler, S.

Issifou, A. A. Adegnika, P-B. Matsiegui, R. Binder, B. Lell, J. Wiesner,

T. Baranek, J. Jomaa and P. G. Kremsner, Lancet,2002, 360, 1941-1942;

(¢) J. Wiesner, R. Ortmann, H. Jomaa and M. Schlitzer, Angew. Chem.,

Int. Ed.,2003, 42, 5274-5293; (d) B. Lell, R. Ruangweerayut, J. Wiesner,

M. A. Missinou, A. Schindler, T. Baranek, M. Hintz, D. Hutchinson,

H. Jomaa and P. G. Kremsner, Antimicrob. Agents Chemother., 2003,

47, 735-738; (e) S. Oyakhirome, S. Issifou, P. Pongratz, F. Barondi, M.

Rambharter, J. F. Kun, M. A. Missinou, B. Lell and P. G. Kremsner,

Antimicrob. Agents Chemother., 2007, 51, 1869-1871; (f) N. Singh, G.

Cheve, M. A. Avery and C. R. McCurdy, Curr. Pharm. Des., 2007, 13,

1161-1177.

(a) Y.-H. Woo, R. P. M. Fernandes and P. J. Proteau, Bioorg. Med.

Chem., 2006, 14, 2375-2385; (b) V. Devreux, J. Wiesner, J. L. Goeman,

J. Van der Eycken, H. Jomaa and S. Van Calenbergh, J. Med. Chem.,

2006, 49, 2656-2660; (c¢) T. Haemers, J. Wiesner, S. Van Poecke, J.

Goeman, D. Henschker, E. Beck, H. Jomaa and S. Van Calenbergh,

Bioorg. Med. Chem. Lett., 2006, 16, 1888-1891.

10 W. N. Hunter, J. Biol. Chem., 2007, 282, 21573-21577.

11 F. Hof and F. Diederich, Chem. Commun., 2004, 477-480.

12 A. K. H. Hirsch, S. Lauw, P. Gersbach, W. B. Schweizer, F. Rohdich,
W. Eisenreich, A. Bacher and F. Diederich, ChemMedChem, 2007, 2,
806-810.

13 C. M. Crane, A. K. H. Hirsch, M. S. Alphey, T. Sgraja, S. Lauw, V.
Illarionova, F. Rohdich, W. Eisenreich, W. N. Hunter, A. Bacher and F.
Diederich, ChemMedChem, 2008, 3, 91-101.

14 (a) C. M. Crane, J. Kaiser, N. L. Ramsden, S. Lauw, F. Rohdich,
W. Eisenreich, W. N. Hunter, A. Bacher and F. Diederich, 4Angew.
Chem., Int. Ed., 20006, 45, 1069-1074; (b) C. Baumgartner, C. Eberle,
F. Diederich, S. Lauw, F. Rohdich, W. Eisenreich and A. Bacher, Hely.
Chim. Acta, 2007, 90, 1043-1068.

15 (@) FE. Rohdich, J. Wungsintaweekul, H. Littgen, M. Fischer, W.
Eisenreich, C. A. Schuhr, M. Fellermeier, N. Schramek, M. H. Zenk
and A. Bacher, Proc. Natl. Acad. Sci. U. S. A., 2000, 97, 8251-8256;
(b) H. Liittgen, F. Rohdich, S. Herz, J. Wungsintaweekul, S. Hecht,
C. A. Schuhr, M. Fellermeier, S. Sagner, M. H. Zenk, A. Bacher and W.
Eisenreich, Proc. Natl. Acad. Sci. U. S. A., 2000, 97, 1062-1067; (¢) T.
Kuzuyama, M. Takagi, K. Kaneda, H. Watanabe, T. Dairi and H. Seto,
Tetrahedron Lett., 2000, 41, 2925-2928.

16 S. Mecozzi and J. Rebek Jr., Chem.—Eur. J., 1998, 4, 1016-1022.

17 M. Zircher, T. Gottschalk, S. Meyer, D. Bur and F. Diederich,
ChemMedChem, 2008, 3, 237-240.

o

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2719-2730 | 2729





18 T. Wada, T. Kuzuyama, S. Satoh, S. Kuramitsu, S. Yokoyama, S. Unzai,
J.R. H. Tame and S.-Y. Park, J. Biol. Chem., 2003, 278, 30022-30027.

19 L. Miallau, M. S. Alphey, L. E. Kemp, G. A. Leonard, S. M.
McSweeney, S. Hecht, A. Bacher, W. Eisenreich, F. Rohdich and W. N.
Hunter, Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 9173-9178.

20 (a) P. R. Gerber and K. Miiller, J. Comput. Aided Mol. Des., 1995, 9,
251-268; (b) Gerber Molecular Design (http://www.moloc.ch).

21 E. A. Meyer, R. K. Castellano and F. Diederich, Angew. Chem., Int.
Ed., 2003, 42, 1210-1250.

22 V. Petrov, V. Petrova, G. V. Girichev, H. Oberhammer, N. I. Giricheva
and S. Ivanov, J. Org. Chem., 2006, 71, 2952-2956.

23 G. Wuitschik, M. Rogers-Evans, K. Miiller, H. Fischer, B. Wagner, F.
Schuler, L. Polonchuk and E. Carreira, Angew. Chem., Int. Ed., 2006,
45, 7736-7739.

24 K. A. Watanabe, T.-L. Su, R. S. Klein, C. K. Chu, A. Matsuda, M. W.
Chun, C. Lopez and J. J. Fox, J. Med. Chem., 1983, 26, 152-156.

25 J. U. Jeong, Int. Pat., WO 2005/013909, 2005.

26 V. Illarionova, J. Kaiser, E. Ostrozhenkova, A. Bacher, M. Fischer, W.
Eisenreich and F. Rohdich, J. Org. Chem., 2006, 71, 8824-8834.

27 P. Kuzmic, Anal. Biochem., 1996, 237, 260-273.

28 (a) O. Hayashida, L. Sebo and J. Rebek Jr., J. Org. Chem., 2002, 67,
8291-8298; (h) A. Scarso, L. Trembleau and J. Rebek Jr., Angew. Chem.,
Int. Ed.,2003,42, 5499-5502; (¢) L. Trembleau and J. Rebek Jr., Science,
2003, 301, 1219-1220; (d) A. Scarso, L. Trembleau and J. Rebek Jr.,
J. Am. Chem. Soc., 2004, 126, 13512-13518; (e) B. W. Purse and J.
Rebek Jr., Proc. Natl. Acad. Sci. U. S. A.,2006,103,2530-2534; (f)R.J.
Hooley and J. Rebek Jr., Org. Lett., 2007, 9, 1179-1182.

29 (a) L. Pirondini, D. Bonifazi, B. Cantadori, P. Braiuca, M. Cam-
pagnoloa, R. De Zorzi, S. Geremia, F. Diederich and E. Dalcanale,

Tetrahedron, 2006, 62, 2008-2015; (b) T. Gottschalk, B. Jaun and F.
Diederich, Angew. Chem., Int. Ed., 2007, 46, 260-264.

30 Spartan ‘06, Wavefunction Inc., Irvine, CA, USA, 2006.

31 For the binding of linear alkanes in confined spaces, see: J. Rebek Jr.,
Chem. Commun., 2007, 2777-2789.

32 A. K. H. Hirsch, F. R. Fischer and F. Diederich, Angew. Chem., Int.
Ed., 2007, 46, 338-352.

33 J. Deng, J. Tabei, M. Shiotsuki, F. Sanda and T. Masuda, Macro-
molecules, 2004, 37, 5538-5543.

34 P. Malherbe and R. Masciadri, Int. Pat., WO2005/094828, 2005.

35 (a) A. Viola, J. J. Collins, N. Filipp and J. S. Locke, J. Org. Chem., 1993,
58, 5067-5075; (b) J. H. Biel and F. DiPierro, J. Am. Chem. Soc., 1958,
80, 4609-4614.

36 T. Sgraja, M. S. Alphey, S. Ghilagaber, R. Marquez, M. N. Robertson,
J. L. Hemmings, S. Lauw, F. Rohdich, A. Bacher, W. Eisenre-
ich, V. Illarionova and W. N. Hunter, FEBS J., 2008, 275, 2779—
2794,

37 A. G. W. Leslie, Joint CCP4 and ESF-EAMCB Newsletter on Protein
Crystallography, 1992, No. 26.

38 P. Evans, Acta Crystallogr., Sect. D: Biol. Crystallogr., 2006, 62, 72—
82.

39 Collaborative Computational Project, Number 4: Acta Crystallogr.,
Sect. D: Biol. Crystallogr., 1994, 50, 760-763.

40 G. N. Murshudov, A. A. Vagin and E. J. Dodson, Acta Crystallogr.,
Sect. D: Biol. Crystallogr., 1997, 53, 240-255.

41 P. Emsley and K. Cowtan, Acta Crystallogr., Sect. D: Biol. Crystallogr.,
2004, 60, 2126-2132.

42 R. A. Laskowski, D. S. Moss and J. M. Thornton, J. Mol. Biol., 1993,
231, 1049-1067.

2730 | Org. Biomol. Chem., 2008, 6, 2719-2730

This journal is © The Royal Society of Chemistry 2008






PAPER

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

Antioxidant activity of (+)-bergenin—a phytoconstituent isolated from the
bark of Sacoglottis uchi Huber (Humireaceae)f

Heitor A. De Abreu,*“ Izandina Aparecida dos S. Lago,” Gilmar P. Souza,” Dorila Pilo-Veloso,*

Heélio A. Duarte® and Antonio Flavio de C. Alcantara?

Received 13th March 2008, Accepted 21st April 2008
First published as an Advance Article on the web 2nd June 2008
DOI: 10.1039/b804385j

(+)-Bergenin (1) was isolated from Sacoglottis uchi, a species of vegetable found in the Amazon region

and popularly used for the treatment of several hepatic problems. The structure of 1 was fully
characterized using IR, GC-MS and NMR (1D and 2D) analyses. This phytoconstituent has been used
as an oriental folk medicine for the treatment of many diseases and shows antihepatotoxic properties.
Tests with f-carotene, DPPH and a heterogeneous Fenton system were carried out, confirming the
antioxidant activity of 1. Theoretical calculations were performed to investigate the formation of the
radical derivatives of 1 using "H, *OH, *CHj, and *CCl, as initiator radicals. DFT thermodynamic
calculations showed that the methoxyl group (O-6-CH,) is the most favorable site for radical attack.
Frontier molecular orbital analysis showed that nucleophilic radical attack is favored on the aromatic
ring of 1 where the LUMO is localized, with antibonding character with respect to the O-6-CHj; bond.
The possibilities of attack at other sites on 1 were investigated in detail in order to understand the

regiospecificity of this reaction.

1. Introduction

Oxygenated metabolites are reactive species that can induce lipidic
peroxidation, causing different toxicities, mainly tumorigenesis,
mutagenesis, tissue necrosis, and hypersensitivity reactions. Ox-
idative stress in tissues and membranes has been related to
artherosclerosis, diabetes, inflammation, Alzheimer’s disease, and
hepatitis.! Antioxidants can be used for the treatment of these dis-
eases by removing oxidative stress. Hepatitis is directly associated
with covalent bonds formed between reactive metabolites and the
hepatic tissue. The metabolite is recognized as a strange body,
stimulating antibody production and local hypersensitivity.>
The hepatotoxic reactions promote the formation of oxygenated
radicals having steric hindrance to interactions with detoxifying
enzymes, such as epoxide hydrolase and glutathione S-transferase.*

Sacoglottis uchi Huber (Humiriaceae) is known in the Amazon
region as cumaté, paruru, and uchi. This species is commonly found
in firm land forests in the Purus and Solimdes river basins.>® The
local population uses uchi bark tea for the treatment of many
diseases, including leukemia and hepatic ills.” The fruits present
high amounts of phytosterols, carboxylic acids (oleic, linoleic, and
linolenic acids), eugenol, and fatty acid esters.'®!!

We report, in this work, the first phytochemical study of the
bark of Sacoglottis uchi, resulting in the isolation and structural

“Departamento de Quimica, ICEx—Universidade Federal de Minas
Gerais, 31270-901, Belo Horizonte, MG, Brazil. E-mail: haabreu@qui.
dout.ufmg.br; Fax: +55-31-3409-5700; Tel: +55-31-3409-5748
*Coordenagdo de Pesquisas em Produtos Naturais, Instituto Nacional de
Pesquisas da Amazénia, 69077-000, Manaus, AM, Brazil

T Electronic supplementary information (ESI) available: Total energies
(E*49Y), zero-point energies (ZPE), and thermal contributions (G*™) of
1 and its radical derivatives, and other species included in eqn (3) to (6);
thermodynamic quantities (in kcal mol™") calculated for the reactions of 1
with "H, "OH, *CHj; and *CCl;. See DOI: 10.1039/b804385j

characterization of (+)-bergenin (1 in Fig. 1) using IR, GC-MS,
and NMR (1D and 2D) analyses. This isocoumarin presenting a
C-glycosidic skeleton and an aryl -lactone ring was also isolated
from some species of vegetable,'”*** showing anti-inflammatory,
anticancer, anti-HIV, anticoagulant, antimalarial, hypolipidic,
and other activities.’*? The antioxidant properties of 1**5 can be
demonstrated by its protective activity against the hepatotoxicity
induced by carbon tetrachloride*® and galactosamine,” and its
protective effect against viral hepatitis in mice.”® Some work shows
that the hepatoprotective activity is increased in derivatives of 1,
mainly in acetylbergenins.®®*!

Fig.1 Chemical structure of (+)-bergenin (1).

In this work, the antioxidant activity of 1 has also been
investigated in the presence of the hydroxyl radical ("OH). Further,
DFT calculations were performed aiming to investigate the
regiospecificity in the formation of the radical derivatives. DFT
methodology has already been successfully applied to studying the
chemical properties of neutral, cationic, and anionic radicals.’**
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2. Experimental
2.1. General

The uncorrected melting point was determined using METTLER
equipment, model FP62. The IR spectrum was taken on a
Perkin-Elmer Spectrum 2000 FTIR spectrometer with the sample
prepared in potassium bromide discs. Mass spectrum (EI, 70 eV)
was taken on a Q-Mass 910 spectrometer coupled to a Perkin-
Elmer Auto System gas chromatographer. The 'H and *C NMR
spectra, as well as the 'H '"H COSY ('"Jyyu and *Jyy), 'H 'H
NOESY (/1 long distance), 'H*CHMBC ("Jyc,n=1,2, 3, and
4), "H *C HMQC (*Jy.), and 'H “C HSQC ('Jy ) experiments
were taken on a Bruker DRX400 AVANCE spectrometer, using
CDCl;, DMSO-dg, and CH;0D as solvents. The chemical shifts
were registered in parts per million (J) relative to TMS used
as internal standard. The coupling constants (J) were registered
in Hertz. In the antioxidant activity tests, the absorbances were
measured with a UV-vis 800M Analyser spectrophotometer.

2.2. Phytochemical procedures

Sacoglottis uchi was collected in February 2004 at the Reserva
Adolpho Ducke, in Manaus-AM (Brazil). A voucher specimen of
Sacoglottis uchi was deposited in the herbarium of the Instituto
Nacional de Pesquisas da Amazonia (INPA-Manaus), under the
code 82,627. The barks were dried, triturated and powdered. This
material (3000.0 g) was subjected to extraction using hexane
and methanol as solvents, giving the extracts EH (11.83 g) and
EM (212.48 g), respectively. The EM extract was recrystallized
from ethanol : methanol (99 : 1), giving a white solid (3.00 g).
(+)-Bergenin (1); m.p.: 232.0-234.0 °C; IR (KBr; cm™) v 3450-
3200, 2944, 2894, 2724, 1702, 1612, 1528, 1460, 1375, 1090, 1070,
859, 818, 587, and 541; '"H NMR (400 MHz; DMSO-d;) d,;: 9.76
(s; HO-C-95), 8.45 (s; HO-C-7), 6.98 (s; H-4), 5.64 (d, J = 5.3 Hz;
HO-C-13),5.42 (d, J = 5.0 Hz; HO-C-12),4.96 (d, J = 10.4 Hz;
H-9), 491 (m; HO-C-16), 4.00 (dd, J = 10.4 and 9.5 Hz; H-14),
3.85(dd, J = 10.9 and 3.2 Hz; H-16b), 3.78 (s; H-15), 3.65 (ddd,
J=9.5,8.8,and 5.3 Hz; H-13), 3.58 (ddd, / = 7.6, 3.2, and 1.9 Hz;
H-11), 3.44 (ddd, J = 10.9, 8.1, and 1.9 Hz; H-16a), and 3.20 (ddd,
J =8.8,7.6,and 5.0 Hz; H-12); *C NMR (100 MHz; DMSO-d;)
dc: 163.4 (C-2), 150.9 (C-3), 148.1 (C-6), 140.6 (C-5), 118.1 (C-8),
115.9(C-7), 109.4 (C-4), 81.7 (C-11), 79.8 (C-14), 73.7 (C-13), 72.1
(C-9), 70.7 (C-12), 61.1 (C-16), and 59.8 (C-15); MS (EI, 70 eV)
m/z: 328 [M*], 279, 208 (base peak), 195, 180, 152, and 61.

2.3. Antioxidant activity tests

The antioxidant activity of 1 was qualitatively analyzed by
silica gel TLC using ethanol as the mobile phase and revealing
with a methanolic solution of f-carotene (0.02%). Antioxidant
compounds showed a persistent yellow coloration under solar
irradiation. Another qualitative test was performed using the
same TLC procedure but revealing with a methanolic solution
of 2,2-diphenyl-1-picrylhydrazyl (DPPH; 0.2%). After 30 min
the antioxidant compounds were revealed by purple to yellow
colorations.

The quantitative evaluation of the antioxidant activity of 1 was
performed using the UV-vis absorbance band of a methylene blue
solution in the presence of hydroxyl radicals ("OH). The decol-

oration of the methylene blue solution was used as an indicator of
its oxidation. The radical "OH shows a high oxidation potential
(¢ = 2.80 V), being generated in situ by the reaction between
hydrogen peroxide and magnetite (a heterogeneous Fenton system)
according to eqn (1).4¢4

Fe** + H,0, — Fe* + OH™ + "OH (1)

To a 20 mL beaker was added 5.0 mL of the methanolic solution
of methylene blue (0.16 mmol L"), magnetite (30.0 mg), H,O, at
30% (0.2 mL), and methanol (0.5 mL). Three other mixtures were
prepared, adding different quantities of 1 (7.0, 14.0 and 21.0 mg).
The reaction was interrupted at 10 min intervals and the ferric
derivatives were temporarily removed from the medium using a
magnet. After this the UV-vis absorbances of the solution were
measured at A = 545 nm.

2.4. Theoretical methodology

Theoretical calculations were performed using the Gaussian 03
program package.** Gas phase optimization and evaluation of the
harmonic frequencies at the PBE/6-311++G(d,p) level of theory*
were performed. Geometries were characterized as true minima in
the potential energy surface (PES) when all vibrational modes
were real. The species “H, *OH, "CH;, and "CCl; were considered
as initiator radicals in the oxidation of 1, resulting in the formation
of the radical derivatives shown in Fig. 2. For the most important
reactions the non-specific solvent effects were estimated using
the united atoms Hartree—Fock/polarizable continuum model
(UAHF/PCM). In the UAHF/PCM approach the solute is placed
in a polarizable cavity formed by spheres centered on atomic
groups. Inside the cavity the dielectric constant is the same as
in a vacuum, while outside it takes the value of the solvent
used (¢ = 78.4 for water).* The DFT optimized geometries in
the gaseous phase were used for all calculations of the UAHF
radii obtained by single point calculations at the HF/6-31+G(d,p)
level of theory. The solvation energies were estimated using the
Gaussian 03 program package. It is important to mention that
the combination of DFT and the continuum solvent model has
already been successfully used for describing complex systems.*~2
As it was pointed out elsewhere, for the open shell systems it is
important to use the restricted open shell Hartree-Fock model
(ROHF/PCM) in order to obtain reasonable solvation energy
estimates.***’

The antioxidant potential of 1 was investigated through thermo-
dynamic calculations of the radical species formation according
to eqn (2). It is worth considering the whole amount of reaction
energy (AG“®) as the sum of two parts: electronic plus nuclear
repulsion energy (AE™) and thermal correction to the Gibbs free
energy (AG™™). The thermal contribution is estimated using the
ideal gas model and calculated harmonic vibrational frequencies
to estimate the zero-point energy correction (ZPE) and the
correction due to the thermal population of the vibrational levels.

AGlmal — AEele + AGlherm (2)

The possible reaction mechanisms involving 1 are described by
eqn (3) to (6). In eqn (3), radicals O-5, O-7, O-12, 0-13, and O-16
are formed from the hydroxyl groups of the rings A and C of 1.
By eqn (4) radical O-6 and RCH; are formed at the same time.
Radicals C-2, C-2(OH), C-2(CHs;), and C-2(CCl;) are formed by
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0-2(OH)

0-2(CHy) 0-2(CClLy)

Fig. 2 Chemical structure of radical derivatives of (+)-bergenin.

the homolytic breakage of the n-bond of the ester group, and
formation of a bond between the oxygen O-C-2 and the radicals
‘R [eqn (5)]. The formation of bonds between C-2 and the different
radicals "R results in the species O-2, O-2(OH), O-2(CHs;), and
0-2(CCly), as shown in eqn (6). The stereochemistry of C-2 in
these latter species was considered as having the alkoxyl radical in
an equatorial position, i.e. g-position.

A

%O\H + R —— /-"-,’O'+RH L)
A Lo @
Y T"CH; + R —> —7 - + RCH,
: (l; ) s )
\O/‘\/\O/—}'R - \"\O/C\O/R
, ——C|“. //—\ , "|’" (6)
o7 Co + R " X\
R

3. Results and discussion
3.1. Structural analysis

The IR spectrum of 1 shows absorptions between 3450 and
3200 cm™' (voy), at 1702 cm™ (ve—o), 1612, 1528, 1460, and
1375 cm™" (v aromatic ring), and 1090 and 1070 cm™"' (vco). The
mass spectrum shows the molecular ion peak [M*] at m/z 328. The

base peak at m/z 208 can be attributed to the coumarinic cation-
radical. The "H NMR spectra of 1 in DMSO-d, and MeOD show
broad signals at J,; 9.76 (HO-C-5), 8.45 (HO-C-7), 5.64 (HO-C-
13), 5.42 (HO-C-12), and 4.91 (HO-C-16). As these signals are
not observed in the corresponding spectrum using CDCI; as the
solvent, they can be attributed to acidic hydrogen atoms. *C NMR,
DEPT 135°, '"H'H COSY, 'H “C HMQC, 'H *C HSQC, and 'H
3C HMQC data of 1 correspond to (+)-bergenin. Fig. 3 shows
the correlations observed in the "H '"H NOESY contour map of
1. These correlations correspond to (+)-bergenin. This structure
shows the high stability of the trans-fused bicyclic system.>

H3C
3 \T
HO C OH
N AN
w0
HOW"7 ?(Oﬂ?/c\ 20N,
9

Fig. 3 Correlations observed in the 'H 'H NOESY contour map of 1
(400 MHz; DMSO-d).
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3.2. Antioxidant activity analysis

The antioxidant activity tests of 1 with f-carotene and DPPH
radical gave positive results. Fig. 4 shows the curves for the
decoloration of the methylene blue solutions as a function of
time. After 60 min the mixture without (+)-bergenin showed
close to 25% decoloration. The mixtures containing 7.0, 14.0, and
21.0 mg of 1 showed less decoloration (close to 11%, 9%, and
7%, respectively). The *OH radical oxidizes 1 more quickly than
it does methylene blue. Furthermore the methylene blue oxidation
is not verified even in low concentrations of 1, indicating its high
antioxidant activity.

1004 =

™\

e,

gk % “5“\&.-,:_“&____*

= ks 21mg

—r =

00 . o— Y4

\ ' 7mg

NN

80 T

O

conc. methylene blue / %

75 a0 mg

70 T T T T T T T

Time / min

Fig.4 Methylene blue oxidation in H,0,, Fe;0,, methanol, and 0.0, 7.0,
14.0 or 21.0 mg of (+)-bergenin as a function of time.

3.3. Theoretical results

All thermodynamic quantities of the species included in eqn (3)
to (6), obtained using the PBE/6-311++G(d,p) level of theory,
are shown in the ESI (Supplementary Table 1).T Table 1 shows
the calculated thermodynamic quantities for reactions of 1 with
the initiator radicals “H, *OH, *CH;, and *CCl;, respectively, to
form the most stable radical 0-6. The calculated values for the
reaction of 1 with radical "H (Supplementary Table 2)T show that
the formation of 0-6 (AG**™ = —55.3 kcal mol™") is 36.4 kcal mol ™"
more favored than the generation of any other radical. Although
all reactions of 1 with the radical *OH are thermodynamically
favored (Supplementary Table 3)t, the formation of O-6 is 8.3 and
8.9 kcal mol™' more favored than the formation of O-5 and O-7,
respectively. Comparing the reaction energies for radicals O-5 and
O-7 under attack by "H and *OH, the latter leads to relatively more
stable products. Apparently, the secondary products (H, and H,O,
respectively) significantly contribute to the formation of the radical
derivatives of 1. For *CHj; and *CCl; (Supplementary Tables 4 and
5)t, radical O-6 is also the most favored and the other ones are, at
least, 20.8 and 29.6 kcal mol™! respectively, higher in energy.

The sites O-5 and O-7 are also favored for all the investigated
radical reactions. These sites are similar and reaction at both leads
to similar products. For the formation of O-5, 0-6, and O-7, the
solvation free energy (AG*") has been estimated. The calculated
AG*™" values are similar for the three reactions and do not change
the order of stability (0-6 > O-5 > O-7). In fact these radical
derivatives of 1 are geometrically similar, therefore it is expected

Table 1 Thermodynamic quantities (in kcal mol™") calculated for the
reaction of 1 with different radical species using the PBE/6-311++G(d,p)

level of theory

Reaction AEclc AGlhcrm AG‘oml
(+)-Bergenin + ‘"H — 0-6 + CH, —56.18 0.86 —55.3
(+)-Bergenin + "OH — 0-6 + CH;OH —45.56 2.45 —43.1
(+)-Bergenin + "CH; — 0-6 + CH;-CH; —43.28 4.42 —389
(+)-Bergenin + *CCl; - 0-6 + CH,~CCl; —3432 -0.33 —34.7

that the solvation energy will not be important for determining
the preferred site for radical reaction. From the thermodynamic
analysis one can argue that the order of the secondary product
stability is responsible for the regiospecificity of the antioxidant
activity of 1 towards O-6. This hypothesis is reasonable because
0-5 and O-7 (Supplementary Table 1)1 have similar energy values
(AE*% ~ 1.8 kcal mol™).

The frontier orbitals of 1 can have an important role in driving
the attack of highly reactive species such as the initiator radicals
*H, *OH, "*CH;, and *CCl;. The unpaired electrons of these radicals
are in high energy orbitals and must be transferred to the lowest
unoccupied molecular orbital (LUMO) of 1 (Fig. 5), i.e. a relatively
nucleophilic radical has a higher energy singly occupied molecular
orbital (SOMO) and will react faster with molecules having a low-
energy LUMO. This orbital is mostly localized in the aromatic
portion of the molecule. It also has an important contribution
from the atomic orbitals of the methoxyl group. In fact, the LUMO
has anti-bonding character with respect to the O-6—-CH; bond.
Therefore, it can suffer a nucleophilic radical attack, weakening
the O-CH; bond and, consequently, favoring the formation of the
radical O-6. However, according to the thermodynamic analysis,
the O-7, O-6 and O-5 are similar (+)-bergenin radicals. The
secondary products (H-R) formed from the radical attack on the
sites O-7 and O-5 are the same, explaining why they have similar
reaction energies (Supplementary Table 1)f. Therefore, we decided
to calculate a model structure for the radicals O-5 and O-7 with the
methyl group at the O-6 position replaced by hydrogen, permitting

J

J

Fig. 5 LUMO of 1, calculated using the PBE/6-311++G(d,p) level of
theory.
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0-2(CH:)

0-2(CCly)

Fig. 6 SOMO of the radical derivatives of 1.

the direct comparison of the stability of the three radicals and its
effect on the regiospecificity. The most stable radical is 0-6, and
0-5 and O-7 are about 8.5 and 9.7 kcal mol™' higher in energy,
respectively. It is clear that the difference in the stability of O-6 is
predominantly due to the secondary product CH;—R being more
stable than the H-R one.

The SOMO of the radical derivatives of 1 are shown in
Fig. 6. For all of them, the SOMO is mostly localized on the
aromatic portion, showing that this region is responsible for the
radical scavenging ability of (+)-bergenin. In fact, the SOMO
is delocalized through the aromatic portion, stabilizing it and,
consequently, favoring the radical formation.

Conclusions

The popular use of Sacoglottis uchi for the treatment of hepatic
diseases can be attributed to the presence of (+)-bergenin as
a phytoconstituent. (+)-Bergenin has been isolated and unam-
biguously characterized. Tests with f-carotene, DPPH and a
heterogeneous Fenton system showed that (+)-bergenin is a good
free radical scavenger and presents excellent antioxidant activity.
The frontier orbital analysis and the calculated electronic and
thermodynamic properties showed that the aromatic portion

is responsible for the antioxidant activity of (+)-bergenin. The
radical attack is favored at the aromatic portion due to the fact that
the LUMO is completely localized on this region. Furthermore,
the LUMO has anti-bonding character at O-6-CHj, facilitating
the breaking of the bond at the O-6 site. The singly occupied
molecular orbital of the radical derivatives of (+)-bergenin are
greatly stabilized due to their delocalization through the aromatic
ring. The thermodynamic stability of the secondary product, CH;—
R, is also important in understanding the preference of radical
attack towards the O-6 site when compared to the O-5 and O-7
sites. The presence of the aromatic ring in the structure of (+)-
bergenin is of fundamental importance for its antioxidant activity
and, modification of its structure can be envisaged to improve its
radical scavenging properties.
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The reaction of secondary alcohols 1 with chlorodimethylsilane (HSiMe,Cl) proceeded in the presence
of a catalytic amount of GaCl;/diethyl tartrate to give the corresponding organic chlorides 3. In the
catalytic cycle, the reaction of diethyl tartrate 4a with HSiMe,Cl 2 gives the chlorosilyl ether 5 with
generation of H,. Alcohol-exchange between the formed chlorosilyl ether 5 and the substrate alcohol 1
affords alkoxychlorosilane 6, which reacts with catalytic GaCl; to give the chlorinated product 3. The
moderate Lewis acidity of GaCl, facilitates chlorination. Strong Lewis acids did not give product due to
excessive affinity for the oxy-functionalities. Although tertiary alcohols were chlorinated by this system
even in the absence of diethyl tartrate, certain alcohols that are less likely to give carbocationic species
were effectively chlorinated using the GaCl;/diethyl tartrate system.

Introduction

Chlorination of alcohols is an important process in organic
transformation. There are numerous chlorination systems, but
most of them are employed under acidic conditions.! Therefore,
substrate selection is severely limited and development of chlori-
nation systems that operate under neutral conditions is required.
Recently, we reported a neutral system for chlorination of alcohols
using dimethylchlorosilane (HSiMe,Cl) and an InCl; catalyst.”
However, this system requires an equimolar amount of benzil to
avoid background reduction of the alcohol.® To the best of our
knowledge, a completely catalytic system for direct chlorination
of a wide range of alcohol substrates under neutral conditions has
never been realized.

Chlorohydrosilane (HSiR,Cl) has interesting structural fea-
tures. In particular, the silicon center has two reactive sites —
hydrogen and chlorine — either of which can be utilized for or-
ganic transformations. Both chlorosilane (R;SiCl) and hydrosilane
(R;SiH) react with alcohols to give silyl ethers in the presence of
either promoters or catalysts.** Both chlorohydrosilane (HSiR,Cl)
sites react with diols to give cyclic silanes.® The selective reaction
of HSiR,Cl at only the Si—H site prior to reaction with the Si—
Cl site is a difficult problem. The reaction of chlorohydrosilanes
(HSiR,Cl) with alcohols is effectively catalyzed by InClsto give a
reduced product (alkane) D through hydrosilyl ether A with release
of HCI. In this reaction, Si—Cl reacts prior to reaction with Si-H.?
During chlorination, formation of chlorosilyl ether B necessitates
H, release, although this phenomenon is rarely observed. Thus,
we were motivated to develop a new, effective catalytic system that
yields B. A dummy alcohol (R'OH) that favors production of H,
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T Electronic supplementary information (ESI) available: Experimental
procedures. See DOI: 10.1039/b804589¢

over HCI when reacted with chlorohydrosilane would give a route
to chlorosilyl ether C, followed by alcohol-exchange to give the
chloride E via B. Moreover, R'OH should not give the chloride,
R'Cl, under these conditions. In this paper, we report GaCl;-
catalyzed direct chlorination of alcohols with chlorohydrosilane
using tartrate as a dummy alcohol.

Results and discussion
Optimization of catalytic chlorination of alcohol

Table 1 summarizes optimization of the catalyst system for
the reaction of 4-phenyl-2-butanol 1a with chlorodimethylsilane
(HSiMe,Cl) 2. After testing many alcohols, diethyl tartrate was
found to be effective in the synthesis of the chlorinated product.
As shown in entry 2, combined use of 10 mol% of diethyl tartrate
4a and 5 mol% of GaCl; effectively catalyzed the reaction to
give the corresponding chloride 3a.” As the reaction progressed,
generation of H, gas was observed. Exclusive use of GaCl; or
tartrate 4a did not yield the product (entries 1 and 8). GaBrs;,
Gal;, or Ga(OTf); showed low product yields (entries 4-6). InCl,
also acted as a catalyst, giving 3a, but in lower yield (entry 7). The
amount of 4a, an R'OH, was important as loading of 50 mol%
of 4a gave a low yield (entry 3). Other metal halides, such as
AICl;, ZnCl,, TiCl,, or BiCl;, were examined, but did not yield the
product (entries 9—12). An o-hydroxyl carbonyl unit in the alcohol
(R'OH) is indispensable. Both hydroxyl ester 4b and ketone 4c
gave the product when the GaCl; catalyst was used, although the
yields were low (entries 13 and 14). Neither benzoin ethyl ether 4d
(containing a protected hydroxy carbonyl group) nor the diol 4e
showed catalytic activity.

Chlorination of secondary alcohols catalyzed by the
GaCl,/tartrate system

Next, we explored the generality of the GaCl,/tartrate-catalyzed
reaction with chlorodimethylsilane by testing different alcohols
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Table 1 Optimization of the catalyst system for chlorination of alcohol

la
Ph catalyst system Ph
+ HSMeCl ———— 77"
1a OH 2 CHxCl, 11, 6 h 3 Cl
Catalyst system

Entry R’'OH (10 mol%) Metal halide (5 mol%) Yield (%)

1 None GaCl, 0

2 4a GaCl, 75

3 4a (50 mol%) GacCl, 19

4 4a GaBr; 35

5 4a Gal, 15

6 4a Ga(OTH); 4

7 4a InCl, 28

8 4a None 0

9 4a AICI, 0
10 4a ZnCl, 0
11 4a TiCl, 0
12 4a BiCl; 0
13 4b GacCl, 19
14 4c GaCl, 65
15 4d GacCl, 0
16 4e GaCl, 0

(e} OH (o) (]
OEt Ph Ph OH
EtoJ\‘/H( EtO)S/ Ph)H/ HO™ N
OH O OH OR
4a (+)-DET 4b R=H;4c de

R =Et; 4d

(Table 2). Various secondary alcohols were effectively converted
to the corresponding chlorides, while primary alcohols did not
yield the product.® The reaction of 2-octanol 1b afforded the 2-
chlorooctane 3b in moderate yield with some unidentified rear-
ranged chlorides (entry 2). The elemental analysis of the mixture
of the products showed good agreement with chlorooctane. The
ratio of 3b to byproducts is almost 1 : 0.6 by NMR. This result
suggests that our system includes cationic mechanism that often
gives rearranged isomers. Cyclohexanol le¢ exclusively gave the
chlorocyclohexane 3¢ (entry 3). 2-Adamantanol 1d, 3-phenyl-2-
propanol 1e and 2-butanol 1f gave the corresponding chlorides in
high yields (entries 4-6). The acid-sensitive substrate 1g exclusively
gave the corresponding product 3g without any contamination
because the system was employed under neutral conditions
(entry 7). Substrate 1h, bearing both secondary and primary
hydroxyl sites, was chlorinated exclusively at the secondary site
(entry 8). In contrast, conventional chlorination of 1h using a
Ph;P/CCl, system afforded 13-chloro-2-tridecanol (81% yield)
via reaction at a primary OH group. Our system was selective
for chlorination of polyols. The N-phthaloyl-substituted starting
alcohol 1i was effectively transformed into the chloride form,
while the nitrogen moiety was not involved in the reaction
(entry 9).

Investigation of reaction mechanism

A plausible reaction mechanism is shown in Scheme 2. Diethyl
tartrate 4a acts as a dummy alcohol (R’OH), as shown in Scheme 1,
and gives chlorosilyl ether 5 and H, as a byproduct (path a).
Compound 5 undergoes alcohol-exchange with the substrate
alcohol 1 to form chlorosilyl alkoxide 6 with regeneration of
4a (path b). The chlorosilyl alkoxide 6 is catalyzed by GaCl,

HOL_ R_ 0 cat Y
ast
R\SV/C| R/SI " H
i
R/ \H OH i:at InCl3 D
BRI |
oS
R O cat.
\ N7 E——
R'—OH /SI\ Cl
R C
R\Si/CI B E
R” “o-R'
(o]
| b
R'—ClI

Scheme 1 Catalytic chlorination mediated by a dummy alcohol (R'OH).

HSiMe,Cl 2 Ha

cat. GaCl

57
al 0 OH OEt O— '\
OEt ~0
_5—0  OEt
OH O 4 Sl\C |
GaCly 5
(Me,SiO),
Pathb
GaCls
s Gacly Nl R—OH
C'\' e panc " 9 1
R R 6

Scheme 2 Plausible reaction mechanism.

to give the chlorinated product 3 with siloxane release (path c).
Among paths a—c, path a is crucial. We sought dummy alcohols
(R’OH) that favor production of H, over HCl during generation of
chlorosilyl ethers. In addition, the formed chlorosilyl ether should
not transform into chloride. The tartrate 4a satisfies these require-
ments for the dummy alcohol. Typically, formation of hydrosilyl
ether with generation of HCl is kinetically favored; this was the
only reaction observed during the reaction of benzhydrol with
chlorohydrosilane.® In the case of tartrate, however, chlorosilyl
ether 5 forms with evolution of H,. Even if the hydrosilyl ether
was generated, transformation into the reduced tartrate would not
take place because the carbocation generated with assistance from
Ga(l, is destabilized by the electron-withdrawing carbonyl group
in 4a. The pathway to the hydorosilyl ether is reversible; therefore,
the irreversible and thermodynamically favorable pathway to the
chlorosilyl ether proceeds, giving H,. The chlorosilyl ether 5 does
not form chlorinated tartrate, also due to destabilization of the
carbocation. Thus, 4a appears to be a suitable dummy alcohol,
although direct evidence is yet to be obtained.

We confirmed each step for paths a— of the catalytic cycle
shown in Scheme 2. Path a: A 1 : 2 mixture of 4a and 2 in the
presence of 5 mol% of GaCl; generated H, gas and gave the
starting material 4a, after aqueous work-up. The corresponding

This journal is © The Royal Society of Chemistry 2008
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Table 2 Chlorination of secondary alcohols 1*

Entry Alcohol

Time/h

o
-
o)
=%
=
Q
=

Yield (%)

1 6

hY

>
e
Y

o
I

&}
o
T §
&
~

14
1c

w
@)
I

~
o
T

24
1d

8

=N w
T
0
E o
I
—
=
-
)
EN —_

OH
7 OH 20
1g
OAc
10
g OH 24
1h
OH
10
9 OH 24
1i
)\W\Npm
2

75

3
g

Q

0
o)
&
&
4 K

o
g

3
Q‘z
#
2

/Y 62°
3f
Cl
Cl 53
39
OAc
10
Cl 39
3h
OH
10
Cl 84
)\6{\ NPh 3i
2

“ All reactions were carried out at room temperature in CH,Cl, with 1.0 equiv of alcohol 1, 1.3 equiv of HSiMe,Cl 2, 5 mol% of GaCl;, and 10 mol% of
diethyl tartrate 4a. ® Direct observation of the product by NMR because of the high volatility of 3f. ¢ HSiMe,Cl (3.0 equiv) was used.

reduced or chlorinated compounds did not form, probably because
the carbocation at the o-position of the carbonyl is unstable.
This result suggests generation of chlorosilyl ether 5. In fact,
NMR analysis of the reaction mixture prior to work-up indicated
generation of 5 (eqn 1, Fig. 1-ii). The OCH,Me signal appeared
as an ABq when irradiated at the Me group, presumably because
of a rigid structure caused by Si-chelation in 5. Si NMR showed
a reasonable chemical shift at 7.53 ppm without 'Jgy, coupling.
Since the use of Et;SiH instead of HSiMe,Cl resulted in slow
generation of H, under the same conditions, chlorine on Si
must be important for the formation of the silyl ether. GaCl,
is indispensable in this step because a control experiment, in
which the GaCl;-catalyst was not used, did not give 5. Path b:
Addition of 1-octanol to the generated species 5 afforded a mixture
of Me,(OctO)SiCl 7 and 4a by alcohol-exchange (eqn 2)." The
species formed showed 'H, *C, and *Si NMR signals comparable
to those reported for similar compounds (Fig. 1(iii))."* Path c:
The isolated chlorosilyl ether 9 reacted with catalytic GaCl,
(5 mol%) to give the chloride 3a in 62% yield (eqn 3). These
results provide strong support for the reaction course illustrated
in Scheme 2.

9

9 .

i) 4a + 2Me,SHCI2 —— 5

Jj\j\m\irradiated at CHyCH, in 5
}fﬂ/%nlargement of CH;CH, in5
A 1

i)5 + ROH —~ 7 +4a (+8)
; 8
4a 4a 8
| T T

7
LI L L L L L L L L L LB
5 4 3 2 1

0 3('H)

Fig. 1 NMR study for mechanistic investigation (CD,Cl,). Reagents and
conditions: (1) diethyl tartrate 4a. (ii) 2 : 1 mixture of HSiMe,Cl 2 and 4a.
(iii) Mixture of generated 5 with 1-octanol (ROH).
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GaCly OEt O— SiMexCl
H\S /Me (5 mol%) \O
da + 2 i =
cl” \Me CDCly o~ (1)
2 -2H, €29l

5
5(29Si) 7.53

B Me_ Me Me_ Me
ROH (R = n-Oct) i . N
GaCls 5mol%) RO’ ro” “OR 2

CD.Cly, 11,6 h 8
3(%°Si) 13.37 (12.82)" -4.20 (-4.30)"
3('°C of SiMey) 2.28 (2.10)'T  -2.90 (-2.78)""

Ph Ph
\/Y GaClg (5 mol%) \/\(
_— 62% 3)
9

OSiMe,Cl Cl
3a

Chlorination of tertiary alcohols

When tertiary alcohols were used as the substrate, diethyl tartrate
4a was not necessary when the GaCl; catalyst was used (Table 3,
entries 1-3). These reactions proceeded via a mechanism different
from that shown in Schemes 1 and 2, as H, generation was not
observed during the reaction. The reaction probably proceeded
through an Sy1-type chloro-dehydroxylation with the assistance
of a GaCl; as a Lewis acid, as has been reported for the same type
of reaction using BiCl;.” However, certain tertiary alcohols that
would not be good substrates for Sy1-type reactions showed low
chloride product yields (entries 4 and 6). In fact, BiCl;-catalyzed
reactions of 11 and 1m with 2 for 3 h resulted in low yields (19% and
0%), respectively,” probably due to destabilization of the tertiary
carbocation either by steric or electronic effects. Interestingly, the
GacCl,/tartrate system significantly improved chlorination of 11
and 1m, resulting in satisfactory yields (entries 5 and 7). In this
case, generation of H, was observed. Thus, it was concluded that
the reaction proceeds via the mechanism shown in Scheme 2. The

Table 3 Chlorination of tertiary alcohols 1¢

GacCl;/tartrate system can be applied to chlorination of variety of
tertiary alcohols.

Conclusions

In summary, the combination of GaCl; and diethyl tartrate effec-
tively catalyzed the chlorination of secondary alcohols. Tertiary
alcohols that give destabilized carbocations can also be chlorinated
using this combined catalyst system. With this system, we have
developed a completely catalytic reaction for the chlorination of
alcohols under neutral conditions.

Experimental

IR spectra were recorded as thin films or as solids in KBr pellets
on a HORIBA FT-720 spectrophotometer. 'H, *C, and ¥Si NMR
spectra were obtained with a 400, 100, and 78.7 MHz spectrometer,
respectively, with TMS as internal standard. Mass spectra were
recorded on a JEOL JMS-DS303 spectrometer. All reactions were
carried out under nitrogen. GLC analyses were performed on a
Shimadzu GC-14A with FID using a 15 m x 3 mm capillary
column packed with TC-WAX, TC-5, or TC-1701 (0.25 um).
Column chromatography was performed on silica gel (MERK
C60). Bulb-to-bulb distillation (Kugelrohr) was accomplished
in a Sibata GTO-250RS at the oven temperature and pressure
indicated. Yields were determined by GLC or 'H NMR using
internal standards.

General procedure for chlorination of alcohols catalyzed by the
GaCl;/tartrate system (Table 2)

To a solution of (+)-diethyl tartrate (0.1 mmol) in CH,Cl, (1 mL)
were added GaCl; in pentane (0.5 M, 0.1 mL, 0.05 mmol), alcohol
1 (1.0 mmol), and HSiMe,Cl 2 (1.3 mmol) under nitrogen. The

Entry Alcohol Time/h Product Yield (%)
1 _ 1.5 _ 99
oH i c S
2 OAc 2 OAc 99
OH Cl
1k 3k
3 3 99
PhtN OH PhtN c
1l 3l

6
Cl 3m 65

16°
cl s 89°

Q

@ All entries were carried out at room temperature in CH,Cl, with 1.0 equiv of alcohol 1, 1.3 equiv of HSiMe,Cl 2, and 5 mol% of GaCl;. * (+)-DET
(10 mol%) 4a was added. ¢ Direct observation of the product by NMR because of the high volatility of 3n.
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reaction mixture was stirred under the conditions noted in text.
H, gas was generated for the first ca. 15 minutes. The mixture was
quenched by addition of water (10 mL) and extracted with diethyl
ether (3 x 10 mL). The collected organic layer was dried over
M¢gSO, and concentrated in vacuo.

General procedure for chlorination of alcohols catalyzed by the
GaCl,; system (Table 3)

To a solution of GaCl; (0.5 M in pentane, 0.1 mL, 0.05 mmol) in
CH,CI, (I mL) were added alcohol 1 (1.0 mmol) and HSiMe,Cl
2 (1.3 mmol) under nitrogen. The reaction mixture was stirred
under the conditions noted in the text. The mixture was quenched
by addition of water (10 mL) and extracted with diethyl ether (3 x
10 mL). The collected organic layer was dried over MgSO, and
concentrated in vacuo.

Product data

The spectral data of 3a,® 3b," 3d, 3e, and 3k' were in an
excellent agreement with the reported data. The spectral data of
3c, 3f, 3m, and 3n were in an excellent agreement with those of
commercially available products.

12-Chlorotetradecyl acetate (3g). According to the general
procedure, this compound was prepared from HSiMe,Cl, 1g,
GaCl; and (+)-diethyl tartrate in dichloromethane to give the
product as a colorless liquid after chromatography (hexane—
EtOAc, 97 : 3). Further purification was performed by distillation
under reduced pressure, to give the product (including some
rearrangement products): bp. 165 °C/0.4 mmHg; IR: (neat) 2927
(C-H), 1743 (C=0), 1242 cm™'; '"H NMR: (400 MHz, CDCl;)
4.05 (t, J = 6.8 Hz, 2H, 1-H,), 3.85 (m, 1H, 12-H), 2.05 (s, 3H,
COCH,), 1.03 (t, / = 7.4 Hz, 3H, 14-H;) (other signals could
not be identified due to overlap with those of rearrangement by-
products); *C NMR: (100 MHz, CDCl;) 171.3 (C, CO), 65.9
(CH, C-12), 64.5 (CH,, C-1), 31.5 (CH,, C-13), 10.9 (CH;, C-
14) (other signals could not be identified due to overlap with
those of rearrangement by-products); MS: (CI, 200 eV) m/z 293
(M* + 3, 31), 291 (M* + 1, 100), 255 (M* + 1 — HCI, 65), 195
(M* +1— HCI — CH;COOH, 47); HRMS: (CI, 200 eV) calcd for
C¢H;,ClO, 291.2091 found m/z 291.2086 (M* + 1). Anal. Calcd
for C,¢H;,ClO,: C, 66.07; H, 10.74. Found: C, 66.36; H, 10.59.

12-Chloro-1-tridecanol (3h). According to the general proce-
dure, this compound was prepared from HSiMe,Cl, 1h, GaCl;
and (+)-diethyl tartrate in dichloromethane to give the product
as a colorless liquid after chromatography (hexane-EtOAc, 90 :
10). Further purification was performed by distillation under
reduced pressure and GPC, to give the product (including some
rearrangement products): bp. 175 °C/0.5 mmHg; IR: (neat) 3309
(OH) cm™'; "THNMR: (400 MHz, CDCl;) 4.02 (tq, J = 6.6, 6.6 Hz,
1H, 12-H), 1.50 (d, J = 6.6 Hz, 3H, 13-H;) (other signals could
not be identified due to overlap with those of rearrangement by-
products); *C NMR: (100 MHz, CDCl;) 63.1 (CH,, C-1), 59.0
(CH, C-12), 40.4 (CH,, C-11), 25.7 (CH;, C-13) (other signals
could not be identified due to overlap with those of rearrangement
by-products); MS: (CI, 200 eV) m/z 237 (M* + 3, 3.47), 235 (M* +
1,12.3),217 (M* + 1 — H,0, 41.0), 199 (M* + 1 — HCl, 100), 181
(M* + 1 — HCI — H,0, 22.1), 125 (24.0), 111 (26.6), 97 (21.1);

HRMS: (CI, 200 ¢V) calcd for C;H,sClO 235.1829 found m/z
235.1822 (M* + 1). Anal. Calcd for C,;H,,CIO: C, 66.50; H, 11.59.
Found: C, 66.42; H, 11.44.

2-(4-Chloropentyl)isoindole-1,3-dione (3i). According to the
general procedure, this compound was prepared from HSiMe,Cl,
1i, GaCl; and (+)-diethyl tartrate in dichloromethane to give
the product as a colorless liquid after chromatography (hexane—
EtOAc, 80 : 20); further purification was performed by distillation
under reduced pressure: bp. 175 °C/1.0 mmHg; IR: (neat) 1774,
1712 cm™"; "HNMR: (400 MHz, CDCl;) 7.85(dd, J = 5.4, 3.2 Hz,
2H, 5-H and 8-H), 7.73 (dd, J = 5.4, 3.2 Hz, 2H, 6-H and 7-H),
4.08 (tq,J = 6.8, 6.8 Hz, 1H, 4-H), 3.72 (t, ] = 6.8 Hz, 2H, 1'-H,),
1.92 (m, 1H, 3-H*), 1.87-1.72 (m, 3H, 3'-H® and 2'-H,), 1.50 (d,
J = 6.8 Hz, 3H, 5-H;); "C NMR: (100 MHz, CDCl;) 168.4 (s,
C-1and C-3), 134.0 (d, C-6 and C-7), 132.0 (s, C-4 and C-9), 123.2
(d, C-5 and C-8), 57.9 (d, C-7), 37.3 (d, C-1"), 37.3 (d, C-3), 25.9
(t, C-2Y, 25.4 (q, C-5); MS: (EL, 70 eV) m/z 253 (M* + 2, 0.82),
251 (M*, 2.5), 160 (M* — CH,CH,CHCICH;, 100); HRMS: (EI,
70 ¢V) caled for C;H,,CINO, 251.0709 found m/z 251.0713 (M*).
Anal. Calcd for C;H,,CINO,: C, 62.03; H, 5.61; N, 5.56. Found:
C, 61.74; H, 5.49; N, 5.60.

2-Chloro-2-methylhexane (3j). According to the general proce-
dure, this compound was prepared from HSiMe,Cl, 1j and GaCl,
in dichloromethane to give the product as a colorless liquid after
chromatography (hexane-EtOAc, 90 : 10); further purification
was performed by distillation under reduced pressure: bp. 58 °C/
50 mmHg; IR: (neat) 2962, 1466 cm~'; '"H NMR: (400 MHz,
CDCl;) 1.74 (m, 2H, 3-H,), 1.57 (s, 3H, 1-H; or 2-Me), 1.57 (s,
3H, 2-Me or 1-H;), 1.46 (m, 2H, 4-H,), 1.33 (tq, / = 7.4, 7.4 Hz,
2H, 5-H,), 0.93 (t, J/ = 7.4 Hz, 3H, 6-H;); *C NMR: (100 MHz,
CDCl;) 71.3 (s, C-2), 45.8 (t, C-3), 32.4 (q, C-1 and 2-Me), 27.3
(t, C-4), 22.8 (t, C-5), 14.0 (q, C-6); MS: (EI, 70 eV) m/z 121
(M* +2 — CH,, 0.75), 119 M* — CH;, 2.2), 99 M* — Cl, 17), 77
(C(CH;),Cl, 65), 56 (100), 41 (55); HRMS: (EI, 70 eV) calcd for
C¢H,,Cl1 119.0628 found m/z 119.0630 (M* — CHj;). Anal. Calcd
for C;H5sCl: C, 62.44; H, 11.23. Found: C, 62.59; H, 11.05.

2-(7-Chloro-3,7-dimethyloctyl)isoindole-1,3-dione (31). Accor-
ding to the general procedure, this compound was prepared from
HSiMe,Cl, 11 and GaCl; in dichloromethane to give the product
as a solid after recrystallization (hexane—ether): mp. 88-90 °C; IR:
(KBr) 1770, 1712 cm™'; '"H NMR: (400 MHz, CDCl;) 7.84 (dd,
J =15.6,3.2Hz, 2H, 5-H and 8-H), 7.71 (dd, J = 5.6, 3.2 Hz, 2H,
6-H and 7-H), 3.71 (m, 2H, 1’-H,), 1.70 (m, 3H), 1.56 (s, 6H, 8-H;
and 7'-Me), 1.59-1.21 (m, 5H), 1.21 (m, 1H), 0.99 (d, J = 6.3 Hz,
3H, 3'-Me); "C NMR: (100 MHz, CDCl;) 168.4 (C, C-1 and C-3),
133.8 (CH, C-6 and C-7), 132.2 (C, C-4 and C-9), 123.1 (CH, C-5
and C-8), 71.2 (C, C-7'), 46.2 (CH,), 36.7 (CH,), 36.2 (CH,), 35.5
(CH,), 32.4 (CH;, 7-Me), 32.4 (CH;, C-8), 30.6 (CH, C-3), 22.3
(CH,), 19.3 (CH;, 3-Me); MS: (E1, 70eV) m/z 323 (M* + 2, 2.41),
321 (M*, 6.94), 200 (23.0), 161 (47.2), 160 (PhthNCH,, 100), 148
(28.2); HRMS: (EI, 70 eV) caled for C3H,,CINO, 321.1496 found
m/z 321.1502 (M*). Anal. Calcd for C;sH,,CINO,: C, 67.17; H,
7.52; N, 4.35. Found: C, 67.15; H, 7.38; N, 4.47.
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Some chiral lanthanide complexes of the Schiff base adducts of: a) bis(2-pyridylcarboxaldehyde) and
(1R),(2R)-trans-1,2-diaminocyclohexane (Pyr-R,R’-chxn: 3); b) 6-methyl-2-pyridylcarboxaldehyde and
(1R),(2R)-trans 1,2-diaminocyclohexane (MePyr-chxn, 4); and c) 2,6-pyridyldicarboxaldehyde and
(1R),(2R)-trans-1,2-diaminocyclohexane ((Pyr-R,R’-chxn),, 5) have been screened for their utility to
promote kinetic resolution via metal catalyzed alcoholyses of the p-nitrophenyl esters of chiral - and
L-Boc-protected glutamine and phenylalanine. Solvents were varied to optimize the kinetic selectivity
values, defined as k,"“/k,® or k,°/k,", for the methanolysis and in some cases, ethanolysis of these
substrates. At ambient temperature the greatest selectivity was found for the ethanolysis of
Boc-GIn-OPNP, catalyzed by 3:Yb**:(“OEt) (k,“/k,° = 7.2). The greatest selectivity for
Boc-Phe-OPNP is k,P/k," = 3.9 for its methanolysis promoted by 5:La*:(“OMe). A kinetic method is
introduced for the determination of both D and L rate constants for catalyzed alcoholysis from a single
kinetic experiment. The activation parameters AH* and AS* were determined for the metal catalyzed

methanolysis and ethanolysis of the Boc-GIn-OPNP substrates, and selectivity factors were found to
increase at lower temperatures. A low temperature time course for the ethanolysis of racemic
Boc-GIn-OPNP catalyzed by 3:Yb**:(OEt) at —15 °C indicated that after 3 hours 60% residual
D-enantiomer was observed having an enantiomeric excess of >95% ee. The activation parameters for
the ethanolysis of the same substrate catalyzed by (Pyr-R,R’-chxn),:La*":(~OEt) predict a k,°/k," =
40.4 at —40 °C with a large ee of >99% with ~80% of L isomer remaining at that temperature which has

been experimentally confirmed.

Introduction

Kinetic resolution of racemates is an emerging tool for the
separation of enantiomers' although it has an inherent problem
in that the yield of a given enantiomeric product necessarily
decreases with time due to the buildup in concentration of the less
reactive enantiomer of the starting material. This is particularly
so when the chiral kinetic discrimination between the L and D
substrates (defined as the kinetic selectivity, ky /kp or kp/k.) is
not large. Several successful kinetic resolutions are known using
man-made catalysts’ and the use of enzymes for the purpose
of selective hydrolysis has been investigated for many years.?
Although transesterification reactions are well-known* and recent
work has provided the mechanistic intricacies of metal ion
catalyzed transesterifications,’ the use of this technique for kinetic
resolution of esters is still very under-developed.®!

Our recent extensive mechanistic investigations of the rapid
methanolysis reactions of both activated and non-activated es-
ters in the presence of [La**(~OCH;)],, Eu**("OCHj;) and the
Zn**(“OCHj;)-complex of 1,5,9-triazacyclododecane’® suggested
that these metal ion/alkoxides, when complexed to chiral ligands,
might provide useful catalysts for the kinetic resolution of
esters and related compounds. Herein we describe our proof-of-
principle studies of the kinetic resolution of p-nitrophenyl esters
of the D and L N-tert-butoxycarbonyl derivatives of glutamine

Department of Chemistry, Queen’s University, Kingston, Ontario, Canada
K7L 3N6. E-mail: rsbrown@chem.queensu.ca; Fax: +1 613 533 6667;
Tel: +1613 533 2400

(Boc-GIn-OPNP, 1) and phenylalanine (Boc-Phe-OPNP, 2) pro-
moted by various metal complexes of the bis(2-pyridyl carboxalde-
hyde) Schiff base of (1R),(2R)-trans-1,2-diaminocyclohexane™
(Pyr-R,R’-chxn:M, 3:M).

In addition, we have screened some metal ion complexes
of two other Schiff base variants, namely those of 6-methyl-
2-pyridylcarboxaldehyde and (1R),(2R)-trans-1,2-diaminocyclo-
hexane®® (MePyr-chxn:M, 4:M) and the macrocyclic tetra-Schiff
base formed from 2,6-pyridyldicarboxaldehyde and (1R),(2R)-
trans-1,2-diaminocyclohexane ((Pyr-R,R’-chxn),:M, 5:M). Herein
we report the results of these studies along with the rate constants
k. and ky, for the catalyzed reactions of the enantiomers at room
temperature. We also present a useful method involving a single
kinetic experiment to determine the k; and ky, rate constants for a
given ester from which one can readily calculate the ee vs. percent
conversion curves. Finally, in two cases we have determined the
activation parameters for the catalyzed transesterification and
from these predicted, and subsequently experimentally verified,
enantiomeric excesses (ee’s) of greater than 99% at selected reduced
temperatures.

Experimental
Materials

Methanol (99.8% anhydrous), sodium methoxide (0.5 M
solution in methanol), Boc-L-glutamine 4-nitrophenyl ester
(98%+), Boc-D-glutamine 4-nitrophenyl ester (98%-+), Boc-L-
phenylalanine 4-nitrophenyl ester (98%-+), Boc-D-phenylalanine
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4-nitrophenyl ester (98%-+), 6-methyl-2-pyridinecarboxaldehyde,
2-pyridinecarboxaldehyde and (+)-and (—)-trans-1,2-cyclo-
hexanediamine (99%) were obtained from Aldrich and used as
received. M**(~OTY), salts, where M = Zn, Yb, Tm, Nd, La,
Eu, Ho were all obtained from Aldrich. Anhydrous ethanol was
obtained from Commercial Alcohols, Brampton, Ontario. Pyr-
chxn and MePyr-chxn were prepared as reported,'>'® as was ligand
5, termed here (Pyr-R,R’-chxn),."

General methodology for determination of enantiomeric excess by
kinetic studies

Stock solutions (50 mmol dm~?) of the catalyst M**(~OTf),
where M = Zn, Yb, Tm, Nd, La, Eu, Ho (50 mmol dm™),
ligand (50 mmol dm~?), and NaOMe (25 mmol dm~?) were
prepared in anhydrous methanol. Stock solutions (4 mmol dm~—)
of each enantiomer of the substrate (Boc-GIn-OPNP and Boc-
Phe-OPNP) were prepared in anhydrous acetonitrile.

For each kinetic run the catalyst was formulated in situ by
the addition of 25 uL of each M(OTY),, ligand and NaOMe
stock solution and subsequently 50 pL of the stock solution of
substrate to methanol such that the final volume was 2.5 mL. The
5:La**-complex formation was relatively slow as judged by the
increase in catalytic rate constant as a function of time, so
the freshly made complex solutions were allowed to stand at
room temperature overnight prior to use. The reaction rates were
followed at 324 nm (for the formation of p-nitrophenol) using
a Cary Bio-100 spectrophotometer with the cell compartment
thermostated at 25.0 £ 0.1 °C. First order rate constants (k) were
evaluated from fits of the absorbance vs. time profiles to a standard
exponential model. Specifically, two identical sample solutions in
1 cm cuvettes were prepared. To one sample the L enantiomer
was added and the reaction was allowed to go to completion to
determine the first order rate constant for its disappearance (k).
Subsequently an aliquot of the stock solution of the D enantiomer
was added to the same cuvette and a first order rate constant
for its disappearance (k) was similarly obtained. For the other
sample solution, the D enantiomer was added followed by the L
enantiomer and two first order rate constants corresponding to kp,

and k; were obtained. The rate constants for each enantiomer were
then averaged to give the reported rate constant. This methodology
controls for variations between prepared samples and effects due
to the order of addition of the enantiomers but has an estimated
2% error attributed to dilution of the catalysts in the subsequent
experiments which is incorporated into the standard deviations
reported.

The single kinetic run method to obtain both the &k, and k. was
conducted as per the following example. Two UV/vis cuvettes,
each containing 0.1 mmol dm~3 Pyr-R,R’-chxn:Yb* (~OCH,) cat-
alyst, were prepared as described above. To one cuvette was added
25 puL of the enantiomerically pure D-Boc-GIn-OPNP substrate
(4.0 mmol dm~ in acetonitrile), and the cuvette was placed into
the sample chamber of a dual beam UV/vis spectrophotometer.
To the second cuvette was added 25 pL of a stock solution of
racemic substrate (4.0 mmol dm~* in acetonitrile) after which it
was placed in the reference cell position. The resulting biphasic
kinetic traces were analyzed to determine &, and k, by NLLSQ
fitting the absorbance vs. time data to eqn (1);

Abs, = Abs, + 0.5(AAbs)e ™ — 0.5(AAbs)e P’ (1)

where AAbs = Abs,, — Abs,.

Determination of activation parameters

Following the general methodology outlined above, the kg,
constants for transesterification of each enantiomer of Boc-Gln-
OPNP were obtained in MeOH and EtOH solvent at four to
five temperatures between 25 °C and 5 °C with the Pyr-R,R’-
chxn:Yb*(~OR) catalyst, and four to seven temperatures between
40 °C to 10 °C for the (Pyr-R,R’-chxn),:La("OR) catalyst. Three
reactions of each substrate were followed at each temperature and
the corresponding k,,, values were averaged to give the values
reported in Tables 5 and 6. The k, rate constants were then fit to a
standard Boltzman equation k = ATe A/ +AS/R paged on a 1/k
weighting: the activation parameters, AH* and AS* are given in
Table 7.
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General methodology for determination of enantiomeric excess by
HPLC

A Hewlett Packard Series 1050 HPLC using a Chiralcel OD-H
column (Daicel Chemical Industries) was used for the determina-
tion of the enantiomeric excess produced by 5:La**(-OEt), Pyr-
R,R’-chxn:Yb**(“OEt) and Pyr-S,S'-chxn:Yb*(-OEt) catalyzed
reactions of a racemic mixture of L- and D-Boc-GIn-OPNP (formu-
lated by adding equal amounts of the authentic enantiomers). All
chromatograms were run with a mobile phase of 10% isopropanol—
90% hexanes at 2.00 ml min—' and monitored at a wavelength
of 270 nm. The retention times for the starting materials and
catalysts were determined from authentic samples. A 25 pL aliquot
of a 4 mmol dm~* solution of the commercial D-Boc-Gln-OPNP
substrate was found to contain about 6-7% of the corresponding
L-enantiomer as an impurity.

In a typical experiment to monitor the enantiomeric excess of
the reaction as a function of time, a reaction vial equipped with a
rubber septum was charged with Yb(OTf); (5 uL, 50 mmol dm~?),
ligand Pyr-R,R’-chxn (5 pL, 50 mmol dm™), NaOEt (5 pL,
25 mmol dm~?) and an internal standard of toluene (50 pL,
1.63 mol dm~?) in 0.5 mL of ethanol. An identical reference
vial was prepared with substrate but no catalyst. The vials were
placed in the freezer in CaCl,—acetone bath held at a temperature
of —15 °C. After 15 minutes of cooling, the reaction was
initiated by adding the racemic Boc-GIn-OPNP substrate (50 pL,
10 mmol dm~) to each vial. After addition of substrate the final
volume in each vial was 0.635 mL, with final concentrations of
3.9 x 107" mmol dm~® Yb(OTf);, 3.9 x 10~ mmol dm~* Pyr-
R,R’-chxn, 2.0 x 10~' mmol dm~ NaOEt, 8 x 10~! mmol dm of
the racemic Boc-GIn-OPNP substrate and 0.13 mol dm~ toluene.
Immediately after the addition of substrate, a 10 pL aliquot of
the reference mixture without catalyst was injected to provide
a time zero point. Subsequent injections of 10-25 pL aliquots
from the reaction vial containing catalyst were made at 25 minute
intervals. For experiments run at —40 °C, 5:La* (“OEt) catalyst
mixtures at the concentrations described above were prepared in
six vials which were placed in a freezer at —40 °C. At three times,
duplicate reactions were stopped with the addition of HCIO, (7.8 x
107" mmol dm~) and LiCl (3.9 mmol dm~?) for future HPLC
analysis. The relative concentrations of each residual starting
enantiomer were determined based on the peak areas of the L
and D enantiomers corrected by dividing the peak area of interest
by that of the internal standard. The ee was calculated using eqn
(2), where 4, and Ay, are the corrected peak areas of the L and D
enantiomers.

A -A
%) =100 —L—=L
ee (%) LLMJ 2

Results and discussion

Shown in Fig. 1 and 2 are plots of the ., values vs. [Pyr-R,R-
chxn:Yb*":0.5(-OCH,)] for the catalyzed methanolysis reaction of
L- and D-Boc-GIn-OPNP and L- and D-Boc-Phe-OPNP. Similar
plots (not shown) are obtained for the reaction of L- and D-Boc-
GIn-OPNP promoted by La**:(Pyr-R,R’-chxn), in the presence of
0.5 eq. of NaOCHj;. Previous work® established that the active
forms of these and related complexes contain one methoxide per
metal ion, but the use of the 0.5 eq. buffers the medium at the
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Fig. 1 Plots of kg, vs. [Pyr-R,R’-chxn:Yb**:0.5(NaOMe)] for methanol-
ysis of D-Boc-GIn-ONp (@) and L-Boc-GIn-ONp (O) (0.05 mmol dm~?)
in methanol at 25 °C.
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Fig. 2 Plots of k., vs. [Pyr-R,R’-chxn:Yb**:0.5(NaOMe)] for methanol-

ysis of D-Boc-Phe-ONp (@)and L-Boc-Phe-ONp (O) (0.05 mmol dm~?) in
methanol at 25 °C.

spH" corresponding to the pK, of the catalyst system when the
[Pyr-chxn:M*:(HOCH5;)]/[Pyr-chxn:M?**:(~OCHj;)] ratio is unity.
The fact that the plots in Fig. 1 and 2 are linear with intercepts of
zero rules out the involvement of free methoxide in the production
of the p-nitrophenol product and also rules out involvement of
higher order species such as dimers.

Given in Table 1 are the second order rate constants for
methanolysis of the L and D substrates promoted by La**(“OCH,;),
Eu*(~OCH,), and Yb**(~OCHj;) complexes of Pyr-R,R’-chxn as
well as the La**-complex of 5 in pure methanol at 25 °C. The
gradients of the lines in Fig. 1 and 2 are taken as the second
order (k,) constants, although we know that only half of the
complex is present as the active CH;O -containing form. At
ambient temperature, none of the three complexes is particularly
enantioactive with the Boc-Phe-OPNP substrate and all the
selectivity values, defined as k,“/k,", are less than unity. On the
other hand, the k,"“/k,P ratios are all greater than unity with the
Pyr-R,R’-chxn:Ln** complexes for the Boc-Gln-OPNP substrate,
while the 5:La’* catalyst has the opposite preference where k,"/k,"
is <1 for reasons that are not clear.

We introduce here a faster way to screen the catalytic activity
by which one can determine both the kp and &, constants and
selectivity factors for a given catalyst in a single reaction. This

2798 | Org. Biomol. Chem., 2008, 6, 2796-2803

This journal is © The Royal Society of Chemistry 2008





Table1 Second order rate constants (k,) for the methanolysis of L- and D-Boc-Phe-OPNP and Boc-GIn-OPNP catalyzed by Pyr-R,R’-
chxn:Ln*:0.5(“OCHj;) and by 5:(Pyr-R,R’-chxn),:0.5("OCHj;) complexes at 25 °C”

Substrate

Boc-Phe-OPNP

Boc-GIn-OPNP

k,t/dm? k,P/dm? kb /dm? k,P/dm?

Catalyst mol~'s! mol~'s™! k,t/k,Pb mol~'s! mol~'s! kot /k Pt
Pyr-R,R’-chxn:La**:(~OCHs;), *pH = 8.3 7.5 10.8 0.70 31.5 27.0 1.17

(18% ee, 43% L) (8% ee, 37% D)
Pyr-R,R’-chxn:Eu**:("OCH,),:pH = 6.5 4.9 6.4 0.77 63.8 25.0 2.6

(13% ee, 42% 1) (44% ee, 55% D)
Pyr-R,R’-chxn:Yb**:("OCH,),:pH = 6.5 14.5 24.6 0.50 340 89 3.8

(25% ee, 47% 1) (58% ee, 62% D)
5:La*:("OCH,),:pH = 8.8 2.5 7.0 0.35 2.8 7.8 0.36

(47% ee, 56% L) (47% ee, 56% L)

“k, defined from the gradient of the plot of kg, vs. [ligand:M?**:0.5(“OCHj;)]. ® ee values and residual yield of predominant stereoisomer calculated at

optimal catalytic conversion (OCC) using eqn (3)—(5)

is similar to the ‘quasi-racemate’ method for determining small
kinetic isotope effects,'”” which we have adapted to dual-beam
UV/vis spectrophotometry. In the typical example, illustrated
here with the methanolysis of Boc-GIn-OPNP promoted by the
Yb**:(“OCHj;) complex of Pyr-R,R’-chxn, the reference and sam-
ple cells of the spectrometer are respectively charged with equal
amounts of the racemic and enantiomerically pure substrates,
along with identical amounts of catalyst and the absorbance
difference vs. time curve (Fig. 3) is monitored until the completion
of the reaction. Characteristically these have an ‘up/down’ or
‘down/up’ behaviour depending on which enantiomer reacts more
rapidly, and if both react at the same rate, then there is no rise/fall
behaviour. The k; and kp, rate constants are easily obtained from
NLLSQ fits of the Abs vs. time curve to the expression in eqn 1.
For the example chosen here, k&, = 0.028 s and kp, = 0.0068 s~
and the k. /kp, = 4.1, which is experimentally the same as what was
obtained from the single run experiments in Table 1, row 3. The
AADbs vs. time curve in Fig. 3 also visually provides the time (Zocc)
at which the rates of catalytic conversion of the D and L isomers
are the same (vertical dashed line) which we will define here as the
‘optimal catalytic conversion (OCC)’. The exact equations for the

A Abs

LJ LJ L]
1000 1250 1500

L) L) L]
0 250 500 750
time, s

Fig. 3 A AAbs vs. time plot for the methanolysis of D-Boc-Gln-OPNP
and racemic Boc-GIn-OPNP (0.04 mmol dm~ in sample and reference
cell respectively) promoted by 0.1 mmol dm— Pyr-R,R’-chxn:Yb*" in the
presence of 0.05 mmol dm—* NaOCH,. Dashed vertical line defines the
time (~65 s) where the catalyzed rates of conversion of the D- and L-
isomers are equal (Zocc)-

determination of #ycc and the [residual D] and [residual L] isomers
at that time are given as:

toce = In(ky /kp)/ (ky — kp) (3)
[L]/[Lo] = exp(—kLtocc) 4)
[)/[Do] = exp(—knloce) (5)

The ee at 7occ is defined as: ([L] — [D])/([L] + [D])100. These
values are given in Tables 1-6 along with the percentage of the
dominant enantiomer remaining at the OCC.

The effect of changing the metal ion and ligand to metal ion
ratio was investigated in methanol with 0.5 mmol dm~ of metal
ion (added as the corresponding triflate), one or two equivalents
of Pyr-R,R’-chxn and 0.25 mmol dm~* of added NaOCHj;, The
same series of reactions was investigated in a solvent comprising
90% CH;CN-10% methanol and the results are also presented in
Table 2. Of the various metal ions Yb* and Tm** have the greatest
selectivity factors, and although increasing the ligand/M** ratio
from one to two may increase, decrease or have no effect on the
reaction rate in selected cases, this does not seem to have any
profound effect on the selectivity factors. Only in the case of Nd**
does the change in the solvent to 9 : 1 acetonitrile increase the
rate and the selectivity factor appreciably: in all other cases the
ki /kp ratio drops or remains constant. The same thing is seen
for La**:(Pyr-R,R’-chxn), where the 9 : 1 acetonitrile : methanol
solvent system increases the selectivity factor to 3.5 from 2.8 in
methanol.

Some additional screening was done to investigate the effect
of 9 : 1 solvent : methanol compositions on the selectivity
factor for the Yb**:(“OCHj;) complex of Pyr-R,R’-chxn with L-
and D-Boc-GIn-OPNP using THF, ether, dichloromethane, 1,2-
dichloroethane and toluene. Only THF and toluene with 2 : 1
ligand : Yb** ratio gave selectivity factors approaching those in
methanol, the respective values being 3.9 and 3.4.
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Table 2 Observed first order rate constants for the catalysis methanolysis of 4 x 10~ mol dm™* L- and D-Boc-GIn-OPNP in methanol and 90%
acetonitrile-methanol promoted by 0.5 mmol dm~— of metal ion, one or two equivalents of Pyr-R,R’-chxn and 0.25 mmol dm~ of added NaOCH;

M~ Lig : M 103k /5! 103k /s™! ki /kp ee, with residual yield®
Yb* 1:1 155.1 40.8 3.8 58%, 62% D

CH,OH 2:1 192.0 40.5 4.7 65%, 66% D

9:1(A: M) 2:1 163 41.2 4.0 60%, 63% D

Tm* 1:1 102.0 27.2 3.8 58%, 62% D

CH,OH 2:1 170.5 452 3.8 58%, 62% D

9:1(A: M) 1:1 152.0 53.2 29 48%, 57% D

9:1(A: M) 2:1 201.8 71.3 2.8 47%, 57% D

Nd* 1:1 24.7 12.3 2.0 33%, 50% D

CH,;0OH 2:1 12.0 7.0 1.7 26%, 47% D

9:1(A: M) 1:1 28.3 12.7 2.3 38%, 52% D

Zn** 1:1 21.2 11.0 1.9 31%, 49% D

CH;0H 2:1 21.0 9.5 2.2 37%, 52% D

9:1(A: M) 1:1 52.5 33.8 1.6 22%, 45% D

9:1(A: M) 2:1 52.5 34.3 1.5 21%, 45% D

“90% acetonitrile-methanol solution. ® ee values and residual yield of predominant stereoisomer calculated at optimal catalytic conversion (OCC) using
eqn (3)(5).

Complex 4 cell was added 0.05 mmol dm~ of L-Boc-GIn-OPNP, and its

As one expects a more sterically demanding complex might lead
to greater chiral discrimination, we undertook single run kinetic
studies of the rates of methanolysis of the Yb**(“OCHj;) and
La**(“OCHj;) complexes of MePyr-chxn. The results in Table 3
indicate, that only in the cases of the Yb* complexes in the
presence of 2 ligands is there an appreciable selectivity and under
these conditions the reactions are markedly slower in the presence
of a single equivalent of ligand. This probably means that the
complexes are not fully formed when the ligand/M?* ratio is 1.
Even so, the dramatic reduction in reaction rate, coupled with a
poorer selectivity than was realized with Pyr-R,R’-chxn:Yb** and
La’*:(Pyr-R,R’-chxn),, made us discontinue study with ligand 4.

Comparison of selectivity factors in methanol, ethanol and
n-propanol

As our earlier results indicated that the metal ion catalysts
are generally active in other light alcohols such as ethanol
and propanol, we compared the selectivity factors obtained in
these three solvents. For this series of reactions the k; and kp
constants were obtained in a single cell containing 0.5 mmol dm~*
each of Yb** (introduced as its triflate) and of Pyr-R,R’-chxn,
and 0.25 mmol dm~ of added NaOCH; which immediately
equilibrates to form the NaOR of the ROH solvent. Into this

transesterification reaction was followed to completion. To the
same cell was then added 0.05 mmol dm~* of the D isomer of Boc-
GIn-OPNP, and this reaction was again followed to completion.
The entire process was repeated with a fresh solution of the catalyst
formulated in the same way, and the reaction of the D and then
L isomer of the substrate was followed to completion. Given in
Table 4 are the averages of the various first order rate constants
determined in this way, and it can be seen that the selectivity
factors are highest in ethanol. For (Pyr-R,R’-chxn),:La** with
0.5 eq. of added methoxide, the second order rate constants in
ethanol for transesterification of L- and D-Boc-GIn-OPNP are
k, ' = 2.0 dm® mol! s7! and k,® = 11.1 dm> mol™ s7! for a
stereoselectivity factor of 5.5.

Table 4 First order rate constants for the alcoholysis reaction of
L- and D-Boc-GIn-OPNP promoted by 0.5 mmol dm~ Pyr-R,R'-
chxn:Yb*:0.5(-OR) in various alcohols at 7' = 25 °C

Solvent  10%k,/s™! 10%kp/s™! ki/ky  ee, with residual yield*
MeOH 155+£10 40.8+1.0 3.8 58%, 62% D
EtOH 51.5+1.5 72+04 69 75%, 73% D
PrOH 6.4+19 20+0.7 32 52%, 59% D

“ee values and residual yield of predominant stereoisomer calculated at
optimal catalytic conversion (OCC) using eqn (3)—(5).

Table 3 First order rate constants for methanolysis of substrates promoted by Yb**(~OCH;) and La*(~OCHj;) complexes of ligand 4 in MeOH,

T =25°C, [M*] = 0.5 mmol dm~3, [TOCH;] = 0.25 mmol dm™}

Subst. M Lig: M 103k, /s7! 10%kp/s7! ki /ko ee with residual yield*
1 Yb 1:1 31.0 27.0 1.1 7%, 39% D
2:1 19.3 8.5 2.3 38%,52% D
La 1:1 26.2 26.3 1 0.2%,37% D
2:1 35.8 34.0 1 2.6%,38% D
2 Yb 1:1 0.30 0.28 1.1 3.4%,38% D
2:1 0.20 0.13 1.5 21%.,45% D
La 1:1 7.8 7.5 1 1.9%,38% D
2:1 8.3 9.0 0.9 4.0%,35% L

“ ee values and residual yield of predominant stereoisomer calculated at optimal catalytic conversion (OCC) using eqn (3)—(5).
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Activation parameters for the methanolysis and ethanolysis
reactions of L- and D-Boc-GIn-OPNP promoted by
Pyr-R,R’-chxn:Yb*:(~OR) and (Pyr-R,R’-chxn),:La*:("OCHs,)

Although none of the complexes provided excellent selectivity at
25 °C, any difference in the activation enthalpies (AH*) for the
catalytic transesterification of the D and L isomers must be mani-
fested in a changing k, /kp, ratio as a function of temperature, with
the magnitude of the change being a reflection of the AAH* D),
Knowledge of the activation parameters for the catalyzed reactions
is essential for calculating the temperature where the best compro-
mise between ee and maximal residual enantiomer is realized. The
activation parameters were determined in methanol and ethanol
following the procedures described in the previous sections. Given
in Tables 5 and 6 are the observed first order rate constants of

Table 5 First order rate constants for the alcoholysis of L- and D-
Boc-GIn-OPNP (4 x 10~° mol dm™®) promoted by active catalyst
(0.25 mmol dm~? Pyr-R,R’-chxn:Yb**:(“OR), (3:Yb**:("OR))) in ethanol
and methanol at various temperatures®

T/°C 103k, /s~ 10%kp/s™! k/kp ee with residual yield®

EtOH

25 515415 72404 72 5%, 73%D

20 369424 46+0.1 8.5 8%, 74%D

10 139410  1.9+0.1 73 76%,73%D
5 1.0+£08  10+£02 110 83%, 79%D

MeOH

25 155+ 10 40.8 + 1.0 3.8 58%, 62% D

20 115+1 31.0£0.7 3.7 58%, 62% D

10 70.7 £ 2.0 17.3+£0.3 4.1 60%, 63% D
5 52.6 £ 1.8 11.1 £ 1.0 4.7 65%, 66% D

“Error limits are given as maximum deviation from the mean of 2 or
3 independent runs for each constant. ®ee values and residual yield
of predominant stereoisomer calculated at optimal catalytic conversion
(OCC) using eqn (3)—(5).

Table 6 First order rate constants for the alcoholysis of L- and D-Boc-
GIn-OPNP (0.04 mmol dm~—*) promoted by active catalyst (0.1 mmol dm~?
in ethanol and by 0.05 mmol dm= (Pyr-R,R’-chxn),:La’**:(~OR),
(5:La**:("OR)), in methanol) at various temperatures”

T/°C 10%kp/s™! 103, /5! kp/k.  ee with residual yield*
EtOH

40 3.8+£0.2 1.95+0.1 2.0 32%, 50% L
35 27+0.2 1.1 £0.1 2.4 42%, 54% L
30 25+0.1 0.95 +0.07 2.6 55%, 44% L
25 19403 0694002 30  56%,47%1L
MeOH

40 17.0 £ 0.2 93+03 1.8 29%, 48% L
35 12.0£0.9 5.7+0.7 2.1 36%, 51% L
30 9.7+ 1.1 444+09 2.2 38%, 52% L
25 7.8+0.7 28+03 2.8 47%, 56% L
20 49+0.6 1.4+03 3.5 56%, 61% L
15 3.59 £0.02 0.82 + 0.02 4.3 62%, 65% L
10 25+0.1 0.54 +0.01 4.6 64%, 66% L

“ee values and residual yield of predominant stereoisomer calculated at
optimal catalytic conversion (OCC) using eqn (3)—(5).

Table 7 Activation parameters for the ethanolysis and methanolysis
of L- and D-Boc-GIn-OPNP promoted by Pyr-R,R’-chxn:Yb**:("OR),
3:Yb*:("OR) and (Pyr-R,R’-chxn),:La*":("OR), 5:La**:("OR)"

System AH/kJ mol dm™ AS/J mol dm= K~!
3:Yb*:("OR) L D L D

MeOH 339+1.0 393+14 -—-73.7+3.6 —66.0 4.8
EtOH 543+24 67.6+38 —-164+84 —44+124
5:La**:("OR) L D L D

MeOH 69.0+24 47.7+23 23.7+£79 —39+38
EtOH 673+39 454433 -9.1+£12.0 -73+ 11

“Error limits are given as maximum deviation from the mean of two or
three independent runs for each constant.

the catalyzed reactions along with the selectivity factors at various
temperatures. The errors limits are computed as the maximum
deviation from the mean of two or three determinations of the
constant. When the first order rate constants are divided by the
[active catalyst]® ([Pyr-R,R’- chxn:Yb*:("OR)] = 0.25 mmol dm3
or[Pyr-R,R’-chxn),:La*:("OR)] = 0.1 mmol dm~* in ethanol and
0.05 mmol dm~* in methanol), the so-produced second order rate
constants (k,) can be used to compute the activation parameters
for the catalyzed transesterifications of L and D Boc-GIn-OPNP
given in Table 7.

The activation parameters refer to the overall catalyzed process
which we have shown previously’ with La*,("OCH,), and a
1,5,9-triazacyclononane:Zn**(~OCHj;) complex, involves the steps
shown in eqn (6) and (7) with a pre-equilibrium catalyst and
substrate binding followed by the formation of an anionic tetra-
hedral intermediate (T, ") that is stabilized by complexation. With
good leaving groups such as p-nitrophenoxy, the breakdown of the
tetrahedral intermediate is fast,’ so the k, step for formation of the
metal-stabilized intermediate is rate limiting. Thus, for the metal
catalyzed alcoholyses operative here, the activation parameters
refer to the overall second order rate constant given as k,°* = K k.
At 25 °C the transesterification reactions in ethanol for the b and
L isomers with both catalysts are about three to five times slower
than the corresponding reactions in methanol but the selectivities
are larger in ethanol. In both alcohols, the selectivity factors with
the catalysts get larger as the temperatures drop, indicating that
one can reduce the temperature to a point that this would be a
viable kinetic resolution technique for selected substrates.

M**("OCH,) + RCO,R'===RCO,R*M**("OCH,)  (6)
RCO,R*M" ("OCH,}==(CH,OT,-)M" —:5P (7

In order to demonstrate experimentally that the enantiomeric
excesses of the reaction do improve markedly at low temperature,
we determined, using HPLC, the time course for disappearance
of each enantiomer of a racemic Boc-GIn-OPNP mixture (8 x
107" mmol dm~) in the presence of each of the chiral Pyr-R,R’-
chxn:Yb*(“OR) and Pyr-S,S'-chxn:Yb*(~OR) complexes (3.9 x
10" mmol dm—) in EtOH at —15 °C over the course of three hours.
Given in Fig. 4 is the time course promoted by the Pyr-R,R’
complex showing the residual amounts of the D and L isomers
and the enantiomeric excesses in the total product mixture as a
function of time. After three hours, essentially all the starting L-
isomer has reacted while about 60% of the enantiomerically pure
D-isomer is left (experimental ee after 180 min is 97%) A similar
plot (not shown) obtained with the Pyr-S,S'-chxn:Yb*(~OCHs;)
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Fig. 4 Time course for the ethanolysis of racemic Boc-Gln-OPNP
promoted by Pyr-R,R’-chxn:Yb**(~OCHj;) at —15 °C : solid bar, residual
D-isomer; dotted bar, residual L-isomer; solid line, enantiomeric excess.

complex reveals a correspondingly fast reaction of the D-isomer,
with about 54% of the residual enantiomerically pure L-isomer
remaining after about 195 minutes, ee ~100%).

As a final demonstration of the accuracy of prediction of ee for
the ethanolysis of a racemic Boc-GIn-OPNP mixture at reduced
temperature, the activation parameters for the reaction of the D
and L enantiomers with (Pyr-R,R’-chxn),:La**:("OEt) given in
Table 7 were used to find an optimum temperature and [catalyst]
at which the compromise of high ee and maximum amount
of residual substrate are achieved in a conveniently accessible
reaction time. An appropriate compromise was calculated to be
at —40 °C with 1 mmol dm™ catalyst and the computed plots of
residual D and L isomer concentrations, ee and AAbs. vs. time are
given in Fig. 5.
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Fig. 5 Time course for various parameters arising from the ethanolysis
of D-Boc-Gln-OPNP and (1.0 mmol dm~?) and rac-Boc-GIln-OPNP, each
promoted by 1.0 mmol dm~ (Pyr-R,R’-chxn),:La*":(~OEt) in ethanol at
—40 °C. Plots are constructed using first order rate constants calculated
from activation parameter values (k® = 4.53 x 107 s7', k* = 1.12 x
10° s7'). Shown are the ee (dotted line, right axis), and the residual
fractions of D and L enantiomers vs. time (--—, ---, left axis). Solid line
is the computed AAbs. vs. time plot where the right y-axis represents
the maximum absorbance expected for cleavage of one isomer. (] and @
symbols are duplicates of experimentally observed amounts of residual of
D and L isomers at times 720, 1440 and 2160 min.

The computed data indicate that at —40 °C the k,°/k," = 40.4
and at 2200 minutes the predicted ee is >99%, with 84% of residual

L isomer remaining. We confirmed this prediction by running the
reaction at —40 °C in six vials, quenching the reaction in duplicate
vials at 720, 1440 and 2160 minutes by the addition of an excess
of perchloric acid and LiCl, and analyzing the reaction mixtures
by HPLC. The observed experimental points for residual D and L
isomers are placed on Fig. 5 as [J and @ symbols. The experiment
confirms the prediction that a so-constituted catalytic mixture run
for 36 hours at —40 °C yields ~79% of the L isomer with an
enantiomeric excess of >99%.

Conclusion

We have described a study of the use of some chiral lanthanide
metal ion complexes to effect kinetic resolutions via transesterifi-
cation of the nitrophenyl esters of N-Boc protected amino acids of
glutamine and phenylalanine under mild conditions of essentially
neutral ‘pH’ (in alcohol). The choice of the p-nitrophenyl esters is
dictated by the ease with which the kinetics can be determined by
UV/visible spectrophotometry. Only the La** complex of ligand
5 ((Pyr-R,R’-chxn),) is moderately effective at room temperature
for selective cleavage of the phenyl alanine derivative (k./kp, =
0.26). The best selectivity for the glutamine derivative comes
from the Yb*:Pyr-R,R’-chxn complex in ethanol where the &k, /&y,
ratio is 11 at 5 °C, but activation parameter analysis indicates
that a far better selectivity can be achieved with both catalysts
at lower temperatures. The activation parameters allow one to
predict an optimum reaction condition for a given concentration
of catalyst where maximum values of the ee and residual unreacted
enantiomer can be achieved in a conveniently accessible time. In a
selected example we showed that a catalyst having an unimpressive
k,®/k,~ = 3 at 25 °C is predicted to have a k,°/k,* = 40.4 at
—40 °C and we experimentally confirmed a predicted large ee of
>99% with ~80% of the L isomer remaining."

In order to more conveniently screen the catalytic systems at var-
ious temperatures, we have presented a simplified kinetic method
where the rate constants for both enantiomers can be determined
in a single experiment. Application of this methodology allows
rapid determination of the activation parameters of the reactions
for a given catalyst with each of the two enantiomers. This is
essential for calculation of a temperature where one can obtain
high enantiomeric excesses in reasonable times with appreciable
amounts of the less reactive isomer remaining.
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Deprotonation of o-hydroxybenzyl acetate with 'PrMgCl provides a method of generating an o-quinone
methide under mild, anionic conditions, such that highly sensitive exo-enol ethers can be employed as

2w partners in hetero-Diels—Alder reactions. This process results in mono-benzannelated spiroketals
such as those found in the natural products berkelic acid, the chaetoquadrins or cephalostatin 6.

Introduction

Spiroketals are found in a large and diverse range of natural
products. The complex structures and often interesting biological
activity of such molecules has attracted the interest of many
synthetic chemists.! Indeed, there is growing opinion that
spiroketals are privileged pharmacophores.> By far the most
common method of forming a spiroketal is the cyclodehydration
of a keto-diol. Often, a large number of steps are required
to synthesise these precursors, and in certain instances
spiroketalisation does not occur.® Overall these factors can detract
from the attractiveness of such an approach. An alternative, and
often more step efficient strategy for the synthesis of spiroketals
comprises the hetero-Diels—Alder reaction between an a,f-
unsaturated carbonyl (4) component and an exo-enol ether as a
2n partner. This method was introduced by Paul and Tchelitcheff
in 1954,* when they showed that acrolein undergoes cycloaddition
with 2-methylenetetrahydrofuran to give a [5,6]-spiroketal. Even
so, the use of this reaction was almost completely overlooked
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until the early 1980’s when Ireland and Habich initially applied
this method to the synthesis of insect pheromones.’> Research
by Ireland and his group continued to pioneer this reaction
throughout the rest of that decade and on into the early 1990%.6
Since then this process has been used in various forms by
only a handful of groups,” and is, in general, underutilised. It
was considered whether such an approach could be applied to
mono-benzannelated spiroketals, since these motifs are found in
a range of biologically interesting natural products, for example
berkelic acid 1,® chaetoquadrin A (2)° and cephalostatin 6 (3).%°

Within the context of such an approach, the o,B-unsaturated
carbonyl (4n) component would be an o-quinone methide
(Scheme 1)." The realisation of this concept is the basis of the
current paper.

oy = &0

Scheme 1 Retrosynthesis of a mono-benzannelated spiroketal.

Results and discussion

Baldwin and co-workers have examined the generation of an
o-quinone methide via thermolytic extrusion of AcOH from 4
in the presence of 4,5-dihydro-2,4-dimethylfuran (Scheme 2)."?
The major product was the expected benzopyran 5, which was

o]0 OAc

HO

OAc

6: 25%

Scheme 2 Unexpected observation of a mono-benzannelated spiroketal.
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subsequently saponified to give the racemate of the natural product
alboatrin. However, simple exo-enol ethers readily equilibrate
with their endo-isomers under acidic and sometimes also ther-
mal conditions. This may explain why they also observed the
mono-benzannelated spiroketal 6 (as a mixture of diastereomers)
in 25% yield. Presumably this was the result of cycloaddi-
tion of the intermediate o-quinone methide with 4-methyl-2-
methylenetetrahydrofuran.”

If this is the case, then equilibration needed to be avoided
in the present work, since simple exo-enol ethers were to be
employed as starting materials and are thermodynamically the
less stable isomers.'"* Therefore the primary requirement was
a method to generate an o-quinone methide under very mild,
anionic conditions.”® Pettus et al. have reported hetero-Diels—
Alder reactions of B-substituted o-quinone methides generated
from O-BOC-salicylic aldehydes upon addition of organometallic
reagents. However, when simple enol ethers were employed as 2w
partners, the reactions where almost exclusively carried out using
the 27 partner as solvent.'® In addition, in related work, when a
fluoride initiated release of a f-unsubstituted o-quinone methide
was investigated, the use of >35 equivalents of 2m partner was
required for efficient cycloaddition.” Obviously, processes that
require such large excesses of 2n partner do not lend themselves
to natural product synthesis. Loubinoux et al. have reported
that treatment of o-hydroxybenzyl acetate 7 with ‘BuOK in the
presence of only 2 equiv. of a malonate nucleophile leads to overall
nucleophilic substitution of the acetate group, presumably via an
o-quinone methide intermediate.”® However, not only are there no
reports of this procedure being used in conjunction with a hetero-
Diels—Alder reaction, but in addition, elevated temperatures were
required for efficient reaction (>45 °C). Consequently, although
this method was of interest, there was a need to identify an
alternative base that would allow for the efficient generation of o-
quinone methides at ambient temperature (or below). A solution
of o-hydroxybenzyl acetate 7 in THF was treated with a range
of common bases at 0 °C in the presence of 2,3-dihydrofuran
(20 equiv.), as an initial test 2 partner. The reactions were then
warmed to 25 °C and stirred for 16 h. The use of either K,CO;
or Cs,CO; as base did not lead to any reaction, whereas the
use of n-BuLi led to precipitation of the phenolate anion. In
stark contrast, the use of PrMgCl (1.04 equiv.) led to benzopy-
ran adduct 8a in 72% yield following column chromatography
(Scheme 3).

PrMgCl
HO. -~ (1.04egqiv.)| Ou TRy
Ao = “ =
N o ” = b ~
H
7 - 8a
20 equiv. 0°Cc —25°C 72%
20 equiv. T 87%
10 equiv. 85%
5 equiv. -78°C —~25°C{ gy
2.5 equiv. 45%

Scheme 3 Examining the number of equivalents of 2,3-dihydrofuran.

Ultimately, it was found to be most experimentally convenient
and higher yielding to deprotonate the phenolic proton of 7 at

Table 1 Examining the scope of 2x partners

Entry 2 partner? Product Yield®
l O 8a 8 5(]
w 0° 0
i
2 H 8b 68%

3 EtOW EtO.__O 8¢ 73%
| o

4 BuOW BuO.__O 8d 77%
| o

5 EtSj EtS 0. 8e 59%

| T
6 <:O§ C)i/\o/\© 8f 76%
8 8g 59%
9 (:1 (oiolj 8h 119%4

“10 equivalents. ® Isolated yield following flash column chromatography.
1.00 equiv. of PrMgCl used. *6 : 1 mixture of 8h : 8g.

—78 °C before addition of the 2n partner, the reaction then being
allowed to warm slowly to 25 °C over 16 h. Using otherwise
identical conditions, the expected cis-fused benzopyran adduct
8a was obtained in 87% yield. The importance of the number
of equivalents of the 2n partner was then investigated: the use
of only 10 equivalents of 2,3-dihydrofuran led to only a small
drop in the yield of 8a to 85% (Table 1, entry 1), and on
decreasing to only 5 equivalents, the yield of 8a remained at a
respectable 68%. Even when only 2.5 equivalents of the 2n partner
were used, the yield was still 45%. The use of a range of other
21 partners was then examined; 3,4-dihydro-2H-pyran gave the
cis-fused benzopyran adduct 8b in 68% yield (entry 2), whereas
the use of ethyl- and n-butyl vinyl ether gave 8c and 8d in 73%
and 77% yields respectively (entries 3 and 4). When ethyl vinyl
sulfide was used as the 2n partner, the hemi-thioacetal 8e was
obtained in 59% (entry 5). Finally, with a view to establishing
methodology that would allow access to the natural products
1-3, two exo-enol ethers were examined as the 2m partners.
Gratifyingly, the use of 2-methylenetetrahydrofuran® under the
reaction conditions described above, led to the [5,6]-spiroketal 8f
[0c 106.6 (0,C)] in 76% yield (entry 6), with no sign (as judged by
"H NMR spectroscopy) of any products due to isomerisation of
the 2 partner. Similarly the use of 2-methylenetetrahydropyran
gave 8g [0c 95.8 (0,C)] in 59% yield (entry 8). It is particularly
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noteworthy that when only 1.00 equivalent of 'PrMgCl was
employed in the attempted synthesis of 8g (entry 9), a 6 : 1
mixture of 8h : 8 was obtained. The major product, 8h, is
that derived from cycloaddition of the intermediate o-quinone
methide with 6-methyl-3,4-dihydro-2 H-pyran, the endo-isomer of
2-methylenetetrahydropyran. This result serves to demonstrate the
importance of ensuring that no phenolic protons from 7 are present
when the exo-enol ether is added, lest isomerisation should occur.

Conclusion

The development of very mild, anionic reaction conditions for the
generation of an o-quinone methide intermediate has allowed for
the use of highly sensitive exo-enol ethers as 2w partners in hetero-
Diels—Alder reactions. The ease with which the o-quinone methide
is generated from a readily available precursor using a common
base is of note. This rapid, and simple strategy is clearly applicable
to the synthesis of a range of natural products including berkelic
acid 1, chaetoquadrin A (2) and cephalostatin 6 (3).%

Experimental

Commercially available reagents were used without further purifi-
cation except THF which was distilled from Na-benzophenone
ketyl. All reactions required anhydrous conditions and were con-
ducted in flame-dried apparatus under an atmosphere of nitrogen.
Analytical thin-layer chromatography (TLC) was performed on
silica gel plates (0.25 mm) precoated with a fluorescent indicator.
Standard flash chromatography procedures were performed using
Kieselgel 60 (40-63 um). Residual solvent was removed using a
static oil pump (<1 mbar). Melting points were determined using
a Gallenkamp melting point stage and are uncorrected. Infrared
spectra were recorded on a Bruker Tensor 27 FTIR machine using
a MIRacle ATR accessory. '"H and *C NMR spectra were recorded
in CDCI; at 270 and 67.5 MHz respectively on a JeoL EX270.
Chemical shifts are reported relative to CHCl; ['"H J 7.27] or
CDCI; [BC 6 77.0]. Mass spectra were obtained by the EPSRC
National Mass Spectrometry Service Centre (Swansea) using a
high resolution double focussing mass spectrometer (Finnigan
MAT 95 XP).

o-Hydroxybenzyl acetate'> 7

To a stirred solution of salicyl alcohol (1.00 g, 8.06 mmol) and
Ac,O (0.74 cm’, 7.90 mmol, 0.98 equiv) in anhydrous THF
(10 cm?) at —10 °C was added BF;-OEt, (0.15 cm?, 1.18 mmol,
0.15 equiv) dropwise over 1 min. The reaction was warmed to
4 °C and stirred for a further 16 h. The reaction was quenched
at 4 °C by the addition of sat. aq. NaHCO; (10 cm?). The
layers were separated and the aqueous phase was extracted with
EtOAc (10 cm?). The combined organic phases were washed with
water (10 cm?), then dried over MgSO, and filtered. The solvent
was removed in vacuo (bath temp. <20 °C) and the residue was
purified by flash column chromatography (30% EtOAc in petrol)
to give the title compound as a viscous oil, which solidified after
approximately 1 week in the freezer leaving a white waxy solid
(1.04 g, 80%); mp 35-36 °C (decomp) (lit.,'* oil); all other data as
previously reported.

General procedure for the preparation of compounds 8a—g

To a solution of o-hydroxybenzyl acetate 7 (165 mg, 1 mmol) in
THF (0.50 cm?) at —78 °C was added 'PrMgCl (2.0 M in THF;
0.52 cm?, 1.04 mmol). The solution was stirred for 15 min before
the addition of the 2r partner (10 equiv.). The solution was then
allowed to warm slowly to 25 °C over 16 h after which time, EtOAc
(5 cm?®) was added and the resulting solution was filtered through
a short plug of silica (~3cm? x 2 cm) using EtOAc (~20 cm?)
as eluent. The filtrate was reduced in vacuo and the residue was
purified by flash column chromatography (SiO,, EtOAc/40-60
petrol) to give the following compounds:

2,3,3a,9a-Tetrahydro-4H-1,9-dioxa-cyclopenta|blnaphthalene* 8a

According to the general procedure, o-hydroxybenzyl acetate 7
(167 mg, 1.00 mmol) and 2,3-dihydrofuran (0.76 cm®) gave the
title compound 8a (150 mg, 85%) as white solid; mp 35-36 °C;
R; 0.74 (20% EtOAc in petrol); vy, (film)/cm™' 2954 w, 1584
m, 1487 m, 1453 m, 1232 m, 1181 m, 1095 s, 1061 s, 1040 s;
Ju (270 MHz; CDCl;) 7.18-7.04 (2H, m, 2 x ArCH), 6.94-6.86
(2H, m, 2 x ArCH), 5.67 (1H, d, J 4.7, O,CH), 4.07-3.86 (2H,
m, OCH,), 3.08 (1H, dd, J 16.4 and 5.5, O,CHCH), 2.81-2.66
(2H, m, ArCH,), 2.12-1.96 (1H, m, OCH,CH(H)), 1.77-1.61
(1H, m, OCH,CH(H)); . (67.5 MHz; CDCl;) 153.5 (ArCO),
129.2 (ArCH), 127.9 (ArCH), 121.6 (ArC), 121.4 (ArCH), 117.1
(ArCH), 101.8 (0,C), 68.2 (OCH,), 38.0 (CH), 28.3 (CH,) and
26.4 (CH,).

3,4,4a,10a-Tetrahydro-2H ,5 H-pyrano[2,3-b]chromene* 8b

According to the general procedure, o-hydroxybenzyl acetate 7
(166 mg, 1.00 mmol) and 3,4-dihydro-2H-pyran (0.91 cm?) gave
the title compound 8b (129 mg, 68%) as white solid; mp 59-60 °C;
R; 0.70 (20% EtOAC in petrol); vy, (film)/cm~" 2926 m, 1582 w,
1486 m, 1240 m, 1128 m, 1078 s, 1032 m; dy (270 MHz; CDCl,)
7.18-7.02 (2H, m, 2 x ArCH), 6.93-6.83 (2H, m, 2 x ArCH),
5.35(1H,d, J 2.3, O,CH), 4.09-3.96 (1H, m, OCH(H)), 3.79-3.68
(1H, m, OCH(H)), 2.95 (1H, dd, J 16.6 and 5.9, ArCH(H)), 2.68
(1H, dd, J 16.6 and 4.8, ArCH(H)), 2.26-2.12 (1H, m, OCHCH),
1.78-1.59 (4H, m, 2 x CH,); d (67.5 MHz; CDCI;) 152.8 (ArCO),
129.4 (ArCH), 127.4 (ArCH), 120.8 (ArCH), 119.9 (ArC), 116.4
(ArCH), 96.6 (0,C), 62.6 (OCH,), 31.7 (CH), 28.9 (CH,), 24.1
(CH,) and 23.5 (CH,).

2-Ethoxychroman'’ 8¢

According to the general procedure, o-hydroxybenzyl acetate 7
(175 mg, 1.05 mmol) and ethyl vinyl ether (1.01 cm®) gave the title
compound 8¢ (136 mg, 73%) as colourless oil; R; 0.40 (10% EtOAc
in petrol); v, (film)/cm™" 2932 w, 1583 m, 1488 m, 1456 m, 1373
w, 1351 w, 1328 w, 1301 w, 1274 w, 12235, 1178 m, 1118 s, 1102 s,
1057 s; oy (270 MHz; CDCl;) 7.19-7.05 (2H, m, 2 x ArCH),
6.94-6.80 (2H, m, 2 x ArCH), 5.28 (1H, t, J 2.8, O,CH), 3.92
(1H, dq, J 9.6 and 7.1, OCH(H)), 3.67 (1H, dq, J 9.6 and 7.1,
OCH(H)), 2.91 (1H, m, ArCH(H)), 2.66 (1H, ddd, J 5.7, 11.3
and 16.0, ArCH(H)), 2.14-1.90 (2H, m, CH,), 1.22 3H, t, J 7.1,
Me); dc (67.5 MHz; CDCl;) 152.3 (ArCO), 129.3 (ArCH), 127.3
(ArCH), 122.7 (ArC), 120.6 (ArCH), 117.0 (ArCH), 97.0 (O,0),
63.7 (OCH,), 26.7 (CH,), 20.6 (CH,) and 15.2 (Me).
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2-Butoxychroman 8d

According to the general procedure, o-hydroxybenzyl acetate 7
(166 mg, 1.00 mmol) and butyl vinyl ether (1.29 cm?®) gave
the title compound 8d (158 mg, 77%) as colourless oil; R; 0.46
(10% EtOAc in petrol); vy, (film)/cm="' 2932 s, 2871 m, 1583
m, 1489 s, 1457 s, 1224 s, 1213 m, 1177 w, 1119 m, 1103 s,
1064 s; dy (270 MHz; CDCL;) 7.18-7.04 (2H, m, 2 x ArCH),
6.94-6.82 (2H, m, 2 x ArCH), 5.26 (1H, t, J 2.9, O,CH), 3.87
(1H, dt, J 9.7 and 6.7, OCH(H)), 3.61 (1H, dt, J 9.7 and 6.7,
OCH(H)), 3.09-2.93 (1H, m, ArCH(H)), 2.65 (1H, ddd, J 3.7, 5.7
and 16.2, ArCH(H)), 2.13-1.89 (2H, m, O,CHCH,), 1.64-1.50
(2H, m, OCH,CH,), 1.42-1.26 (2H, m, CH,Me), 0.90 (3H, t, J
7.3, Me); o (67.5 MHz; CDCI;) 152.2 (ArCO), 129.1 (ArCH),
127.1 (ArCH), 122.5 (ArC), 120.4 (ArCH), 116.8 (ArCH), 96.9
(0,0), 67.8 (OCH,), 31.6 (CH,), 26.5 (ArCH,), 20.4 (CH,), 19.1
(CH,) and 13.7 (Me). m/z (EI) 206.1303 [M]*, C;;H 30O, requires
206.1303.

2-Ethylsulfanylchroman 8e

According to the general procedure, o-hydroxybenzyl acetate 7
(166 mg, 1.00 mmol) and ethyl vinyl sulfide (1.01 cm?) gave the
title compound 8e (115 mg, 59%) as light yellow oil; R; 0.30
(10% EtOAc in petrol); vy, (film)/cm™" 2926 s, 1582 s, 1480 s,
1456 s, 1273 s, 1208 s, 1183 s, 1109 s, 1074 s, 1043 s, 1022 s;
oy (270 MHz; CDCl;) 7.16-7.03 (2H, m, 2 x ArCH), 6.94-
6.81 2H, m, 2 x ArCH), 5.57 (1H, t, J 4.1, O(S)CH), 3.06—
2.65 (4H, m, SCH, and CH,), 2.38-2.24 (1H, m, CH(H)), 2.20-
2.08 (1H, m, CH(H)), 1.34 (3H, t, J 7.4, Me); d. (67.5 MHz;
CDCl;) 152.5 (ArCO), 129.6 (ArCH), 127.4 (ArCH), 122.0 (ArC),
121.0 (ArCH), 117.5 (ArCH), 80.3 (SCO), 27.4 (CH,), 24.7 (CH,),
22.7 (CH,) and 15.2 (Me); m/z 194.0764 [M]*, C,,H,,0S requires
194.0760.

mono-Benzannelated [5,6]-spiroketal 8f

According to the general procedure, o-hydroxybenzyl acetate 7
(190 mg, 1.14 mmol) and 2-methylenetetrahydrofuran® (1.06 cm?)
gave the title compound 8f (166 mg, 76%) as colourless oil; R,
0.23 (5% EtOAc in petrol); v, (film)/cm™ 2938 s, 2887 m,
1582 s, 1490 s, 1457 s, 1356 m, 1302 m, 1235 s, 1216 s, 1184 s,
1136 s, 1116 m, 1084 s, 1022 m; Jy (270 MHz; CDCl;) 7.15-
7.04 2H, m, 2 x ArCH), 6.90-6.73 (2H, m, 2 x ArCH), 4.14—
3.93 (2H, m, OCH,), 3.14-2.99 (1H, m, ArCH(H)), 2.76 (1H,
dt, 4.9 and 16.3, ArCH(H)), 2.36-1.82 (6H, m, 3 x CH,); dc
(67.5 MHz; CDCl;) 153.1 (ArCO), 129.2 (ArCH), 127.2 (ArCH),
121.9 (ArC), 120.5 (ArCH), 117.1 (ArCH), 106.7 (0,C), 68.1
(OCH,), 37.0 (O,CCH,), 30.0 (ArCH,), 24.2 (CH,) and 22.8
(CH,); m/z (E1) [M + NH,]*C,,H O, N requires 208.1332, found
208.1332.

mono-Benzannelated [6,6]-spiroketal 8g

According to the general procedure, o-hydroxybenzyl acetate 7
(166 mg, 1.00 mmol) and 2-methylenetetrahydropyran® (1.08 cm?)
gave the title compound 8g (120 mg, 59%) as white solid; mp 53—
54 °C; R; 0.26 (5% EtOAc in petrol); v, (film)/cm™"' 2937 w,
1581 w, 1486 m, 1454 m, 1231 m, 1215 s, 1156 m, 1142 m,

1101 s, 1076 s, 1044 s, 1034 s; 6, (270 MHz; CDCl;) 7.19-7.06
(2H, m, 2 x ArCH), 6.95-6.87 (2H, m, 2 x ArCH), 3.86 (1H,
dt, J 4.1 and 11.2, OCH(H)), 3.69-3.59 (1H, m, OCH(H)), 3.06
(1H, ddd, J 16.3, 13.0 and 6.3, ArCH(H)), 2.65 (1H, ddd, J
16.3, 6.3 and 2.0, ArCH(H)), 2.27-1.54 (8H, m, 4 x CH,); dc
(67.5 MHz; CDCl;) 152.2 (ArCO), 129.1 (ArCH), 127.0 (ArCH),
122.7 (ArC), 120.5 (ArCH), 116.9 (ArCH), 95.8 (0,C), 61.7
(OCH,), 34.8 (CH,), 31.9 (CH,), 25.2 (CH,), 21.0 (CH,) and 18.4
(CH,); m/z (ED) [M + Na]*, C;3H,,0,Na requires 227.1043, found
227.1040.
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Using “chemically misacylated AMP” which is photogen-
eratable, tRNA can be enzymatically acylated with N-
methylamino acids in an efficiency comparable to that of the
corresponding natural aminoacylation process with amino
acids.

A challenge currently exists in the manipulation of the ribosomal
translation system for the sense codon-directed synthesis of non-
natural molecules'® or biopolymers,” with possible applications
for the systematic selection or evolution of active ligands in
combination with ribosome-based display technologies.

Among the multi-step processes of translation, misacylation of
tRNA with nonnatural substrates is one of the vital steps. tRNA
can be chemically misacylated® at the 3'-terminus with a variety
of nonnatural substrates without severe structural limitations,
allowing incorporation of the latter into proteins and also enabling
probing of the substrate acceptability of the ribosomal translation
machinery.” Nevertheless, enzymatic aminoacylation still has a
great advantage in its simplicity, efficiency (catalytic activity), and
in situ applicability, as revealed by the remarkably efficient protein
synthesis in naturally occurring translation systems. Evolution-
based engineering of aminoacyl-tRNA synthetases (aaRSs) has
allowed the use of many nonnatural amino acids as substrates.'
A simpler method for sense codon-templated synthesis is to use
wild-type aaRS. Previous’ and recent® studies have suggested
that wild-type aaRSs can aminoacylate tRNAs with a variety
of substrates beyond the canonical ones, especially when used
under highly purified conditions.*® Very recently, Wolfson et al.
have reported that the use of acyl- or hydroxyacyl-adenylate
as substrates enables enzymatic tRNA acylation by acid and
a-hydroxy acid analogues of amino acids."' Independently, we
developed a new strategy for “chemically-misacylated AMP”
with N-methylamino acids, potent candidates as building blocks
for ribosomally synthesizable peptides/proteins with protease
resistance and membrane permeability.”* Our approach allows
photogeneration of the active (and hence rather unstable) N-
methylaminoacyl adenylate from N-NVOC-protected precursors,
which are stable even at neutral pH. Here we show that this strategy
relaxes the substrate specificity of aaR S and dramatically enhances
the acylation efficiencies of N-methyl substrates, enabling us to
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enzymatically attach N-methylphenylalanine onto the 3'-end of
the cognate tRNA with efficiency comparable to that of the natural
aminoacylation system.

Enzymatic aminoacylation consists of two successive reactions.
The aaRS first recognizes ATP and the cognate amino acid (aa)
to form an aminoacyl-adenylate (aa-AMP) and releases inorganic
pyrophosphate (PPi) (step 1: aa + ATP — aa-AMP + PP,). The
tRNA then binds to the resulting complex of RS-(aa-AMP) and
the amino acid is transferred to tRNA at the 3'-end (step 2: aa-
AMP + tRNA — aa-tRNA + AMP). The binding affinity of
the amino acid to aaRS should be much weaker than that of
the resulting aa-AMP, so that step 1 is expected to be primarily
responsible for the substrate specificity of aaRS. We hypothesized
that if a nonnatural N-methylamino acid is converted to an AMP
derivative in advance, the misacylated AMP could bind to aaRS
by avoiding the strict substrate filtration step 1, allowing it be
attached to the tRNA.

NH,
R N
e g e, (T
S o-F-0 NN
o N o o
H.CO Ri O Ri=H, R,=Phe :NVOC-Phe-AMP

2 OH OH Ri=CHs Ry =Phe :NVOC-N-Me-Phe-AMP
OCHg Ri=CH3 R;=H :NVOC-N-Me-Ala-AMP

We selected Escherichia coli PheRS/Phe pair as a target. Based
on an early demonstration,”® we first investigated whether the
preacylated Phe-AMP could be practically used as a multi-
turnover substrate for acyl-transfer reaction by E. coli PheRS.
E. coli tRNAP* was run-off transcribed by T7 RNA polymerase
from the PCR-generated dsDNA template. Putative substrate Phe-
AMP was initially synthesized by a simple DCC coupling of
phenylalanine with AMP."* However, the Phe-AMP was unstable
against hydrolysis and found to be unsuitable for purification by
HPLC (half-life ~ 60 s in an acylation buffer (100 mM Tris-
HCI, pH 7.5 containing 15 mM MgCl,, 40 mM KCI, and 1 mM
DTT) at 37 °C) (Fig. S1t). We found that protection of the amino
group of aa-AMP enhances its stability against hydrolysis.’> We
thus prepared the Phe-AMP substrate as an N-NVOC-protected
derivative, which can be deprotected by photo-irradiation at
365 nm just prior to or during the course of the aminoacylation
reaction. The half-life of the resulting NVOC-Phe-AMP reached
40 min (kgecomp = 1.7 x 107> min™") in the acylation buffer.

Enzymatic aminoacylation of E. coli tRNA™* (4 uM) by PheRS
(50 nM) was carried out in 100 mM Tris-HCI buffer (pH 7.5)
containing 15 mM MgCl,, 40 mM KCl, 0.04 units uL~! inorganic
pyrophosphatase, and 1 mM DTT at 37 °C. Aminoacylation
reactions were analyzed by 9% acid PAGE with SYBR green
staining (Fig. 1a). The presence of both of phenylalanine (100 uM)
and ATP (4 mM) produced distinct bands for phenyalanyl-tRNA
(Phe-tRNA) and intact tRNAM (lane 5). The absence of ATP
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15 30 45 60 300
time (sec)

Fig. 1 a) Acid PAGE analysis of aminoacylation (5 min) of tRNA™* by
E. coli PheRS using Phe-AMP (lanes 2-4) and Phe + ATP (lanes 5-8)
as substrates and time courses of respective aminoacylation reactions of
tRNA™ using b) 100 uM Phe + ATP, ¢) 100 uM N-Me-Phe + ATP,
d) | mM N-Me-Phe + ATP, and ¢) ~100 uM N-Me-Phe-AMP. The
reactions were carried out in a 100 mM Tris-HCl buffer (pH 7.5) containing
15 mM MgCl,, 40 mM KCl, 0.04 units pL~' inorganic pyrophosphatase,
1 mM DTT, and 10% DMSO (except for lanes 5-8 in Fig. la) at 37 °C
using substrates as indicated.

completely suppressed the production of acylated tRNA (lane 7),
indicating that other components were completely free from
ATP. Following the validation of the reaction conditions for
enzymatic acylation, we proceeded to enzymatic aminoacylation
using Phe-AMP as a substrate. When Phe-AMP (~100 uM,' final
concentration), generated by deprotection of NVOC-Phe-AMP by
365 nm photo-irradiation in the solution of 0.33 mM KOAc pH 5.0
(33% DMSO)," was used in place of phenylalanine and ATP, a
band for Phe-tRNA was clearly observed on the gel in a yield of
approximately 50% (lane 2), indicating that preacylated Phe-AMP
can work as a practical substrate of E. coli PheRS to transfer the
phenylalanine moiety to tRNA™,

We then moved on to the acylation reaction using AMP
chemically misacylated with an N-methylamino acid. The ATP-
based normal aminoacylation reaction using ATP (4 mM) and N-
methylphenylalanine (N-Me-Phe, 100 uM) produced no detectable
band of N-Me-Phe-tRNA within 5 min under our experimental
conditions (Fig. 1c). A higher concentration of N-Me-Phe (1 mM)
allowed the production of N-Me-Phe-tRNA*. However, incuba-
tion for 5 min was not sufficient to give a distinct product (Fig. 1d),
suggesting the potency of wild-type E. coli PheRS to accept N-
Me-Phe; however, the efficiency was much lower than that for
natural substrate Phe. This was consistent with recent findings that
N-Me-Phe is a poor substrate for PheRS.* On the other hand, as
shown in Fig. le, a distinct band of acylated tRNA™ was observed
in the new system using N-Me-Phe-AMP (~100 uM).'*!® The
acylation yield reached about 60% within 5 min (Fig. 1le), which
was comparable to that of the natural E. coli Phe/PheRS system
(Fig. 1b). Ten-fold higher concentrations of PheRS (500 nM)
and N-Me-Phe substrate (1 mM) afforded acylated tRNA in a
yield of 50%; however, it required longer (15 min) incubation time
(Fig. S3c). Furthermore, the acylated tRNAs obtained turned out
to contain a substantial amount of Phe-tRNAP* (Fig. S4c). The
present N-Me-Phe-AMP system reached 50% acylation within

10 s (Fig. S3d) under the same E. coli PheRS concentration
with much lower concentration of substrate N-Me-Phe-AMP
(~100 uM).

To further confirm the attachment of N-Me-Phe on the 3-
end of tRNA in an active form, we then isolated tRNA™- after
the reaction using N-Me-Phe-AMP (100 uM in the presence
of 50 nM PheRS with 5 min incubation) and subjected it to
a translation reaction in a reconstituted cell-free translation
system free from PheRS and Phe. An mRNA encoding 16-
prepared for this assay. The N-terminal 9-mer is identical with
the FLAG-tag sequence (underlined) and allowed isolation of
the translated peptide for direct mass analysis. If N-Me-Phe was
incorporated at Phe codon (bold), the resulting peptide should
give a mass of [M + H]* = 2053.95. The translated peptide
indeed gave a mass peak of 2053.88 (Fig. 2), indicating that
N-Me-Phe was precisely attached at the 3'-end of tRNA™. An
additional mass peak at 2005.84 was also observed (Fig. 2).
This was assigned as the peptide containing Leu or Ile (calcd.
2005.95) incorporated at the Phe codon by tRNA™* or tRNA'",
as demonstrated by production of peptide with the same mass
value in the translation reaction using nonacylated tRNAP®
(Fig. S4a). Interestingly, preliminary experiment suggested that
the present aa-AMP/RS system still possesses the original side-
chain selectivity. When the acylation reaction (500 nM PheRS, 30 s
incubation) was carried out in the presence of N-Me-Phe-AMP
(~100 uM) and N-Me-Ala-AMP (~200 uM),” E. coli PheRS
selectively recognized N-Me-Phe-AMP to give N-Me-Phe-tRNA,
as revealed by the mass spectrum showing the presence of N-Me-
Phe-containing oligopeptide (found 2053.14) and the absence of
N-Me-Ala-containing oligopeptide (calcd. 1977.92) (Fig. S4b).

oligopeptide
fMDYKDDDDKQKLXLTH X = N-Me-Phe calcd. 2053.95

X = Leullle calcd. 2005.95
Leu/lle N-Me-Phe
2005.84 | 2053.88

MWM"‘WM
1950 2000

miz 2050 2100

Fig. 2 MALDI-TOF mass spectrum for the oligopeptide produced in
the presence of tRNA™ preacylated by N-Me-Phe-AMP (~100 uM) with
E. coli PheRS (50 nM).

In conclusion, we have demonstrated a strategy of chemically
misacylated AMP for catalytic attachment of N-methylamino
acids to tRNA with an efficiency comparable to that of the natural
parent. The advantage of the present strategy is that otherwise ac-
tive (and hence unstable) N-Me-aa-AMP can be photo-generated
from stable NVOC-protected derivatives that can be present even
at physiological pH without significant decomposition. Therefore,
in principle, the present strategy can be directly used for in
situ application in the translation system without lowering pH;!!
this is a notable merit of this system in view of possible pH-
dependence of the activity of protein translation machinery.®
In addition, the active N-Me-aa-AMP could be gradually gen-
erated simply by controlling light intensity. This may be an-
other merit of our strategy. Production of sequence-programmed
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N-Me peptides or proteins is also an intriguing application in view
of retaining inherent side-chain selectivity. Further work is now
underway along these lines.
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The azaquinone-methide elimination is a powerful and effi-
cient reaction useful for disassembly of spacers in prodrug
systems. We and others have used the spacer-technique to
develop dendritic and polymeric self-immolative molecular
systems that can disassemble through a domino-like mech-
anism upon a stimulus event. In this report, we study the
disassembly of a system that can disintegrate through para-
and ortho-azaquinone-methide eliminations. The disassembly
was evaluated with molecules that undergo single 1,6- or
1,4-elimination and with molecules that undergo double 1,6-
and 1,4-elimination. The 1,6-elimination was slightly faster
than the 1,4-elimination under physiological conditions. This
study sheds light on the disassembly-behavior of prodrug
systems.

In 1981, the group of Katzenellenbogen discovered that 4-amino-
benzyl alcohol can function as an efficient self-immolative spacer
in prodrug design. The spacer is used to link a drug to an
enzymatic substrate, thereby generating a tripartate prodrug.! The
prodrug is stable as long as the enzymatic substrate is attached.
However, cleavage of the substrate by the enzyme generates an
intermediate that rapidly releases the free active drug. The concept
was demonstrated with 4-nitroaniline as a model drug and lysine
as an enzymatic substrate for trypsin (Fig. 1). Incubation of
compound 1 with trypsin resulted in release of amine la that
spontaneously underwent 1,6-elimination to generate azaquinone-
methide 1b and free 4-nitroaniline.

Since this discovery, numerous scientists have used this spacer-
technique for prodrug design.? It was shown that 4-hydroxy-
benzyl alcohol and 4-mercapto-benzyl alcohol also undergo 1,6-
elimination upon exposure of the hydroxyl or the thiol groups.**
When 2-amino-benzyl alcohol is used as a spacer, the system can
undergo analogous 1,4-elimination through an ortho-azaquinone-
methide. We have used the spacer technique to develop dendritic
and polymeric self-immolative molecular systems that disassemble
through a domino-like mechanism upon a stimulus event.>” The
systems act as molecular amplifiers for diagnostic and drug
delivery applications.*® The azaquinone-methide elimination was
shown to serve as a powerful and efficient reaction in the design
of self-immolative molecular systems.’” The design of a self-
immolative dendritic adaptor was based on a molecule where
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Fig. 1 Activation mechanism of a tripartate prodrug by enzymatic
cleavage and elimination through an azaquinone-methide species.

both 1,4 and 1,6-elimination reactions occurred in the same
aromatic ring (Fig. 2). In this contribution, we report a comparison
study of the reaction rates of para- and ortho-azaquinone-methide
eliminations. Compound type I (Fig. 2) has two reporter groups
(R) on the benzylic substituents, located at the para and ortho
positions of the corresponded aniline. An amide linkage with an
enzymatic substrate blocks the aromatic-amino group. Removal
of the substrate by the enzyme initiates the disassembly of the
system through para and ortho-azaquinone-methide eliminations
to release the two reporters.

In order to compare the rates of 1,4 and 1,6-elimination,
we initially synthesized two simple model compounds 2 and 3
(Fig. 3, see Supporting Information for synthesis detailst). Both
compounds have a trigger group that can be removed through
cleavage of the phenylacetamide catalyzed by penicillin-G-amidase
(PGA)." Enzymatic cleavage is followed by spontaneous 1,4- or
1,6-climination and decarboxylation to release the corresponded
aniline (the 4-amino-benzyl alcohol unit is used as a spacer
between the aniline and the phenylacetamide enzymatic substrate).
While aniline 2a undergoes 1,6-elimination to release the 5-
amino-2-nitrobenzoic acid, aniline 3a disintegrates through 1,4-
elimination.

Compounds 2 and 3 were incubated in phosphate buffer saline
(pH 7.4; PBS) with PGA and the release of 5-amino-2-nitrobenzoic
acid was monitored by RP-HPLC (Fig. 4). Compound 2 disassem-
bled within 30 min without any detectable intermediate to release
the reporter unit (Fig. 4A). The disassembly of compound 3 under
the identical conditions occurred over 60 min and the appearance
and disappearance of intermediate 3a were observable (Fig. 4B).
These results show that the reaction-rate of the 1,4-elimination is
slightly slower than that of the 1,6-elimination (the identification of
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Fig. 2 Disassembly of compound type I through 1,6- and 1,4-elimination reactions to release the reporter units.
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Fig.3 PGA-catalyzed disassembly of compound 2 through 1,6-elimination and of compound 3 through 1,4-elimination to release 5-amino-2-nitrobenzoic

acid.

intermediate 3a was confirmed through its UV spectrum observed
by the photo-diode array detector of the HPLC).

With these results in hand, we evaluated the disassembly of
compound type 1. Compounds 4 and 5 were synthesized (see
Supporting Informationt) with a triggering group designed for
cleavage by PGA (Fig. 5). Upon activation, each of the compounds
can undergo 1,4 and 1,6-climination reactions to release its
reporter units according to Fig. 1. Two different reporters were
introduced on each one of compounds 4 and 5. On compound 4,
the reporter 5-amino-2-nitrobenzoic acid was linked at the para-
benzyl substituent and the reporter 4-nitroaniline at the ortho
one. On compound 5, 4-nitroaniline was linked at the para-benzyl
substituent and 5-amino-2-nitrobenzoic acid at the ortho one.

Compounds 4 and 5 were incubated in PBS (pH 7.4) with PGA
and the release of 5-amino-2-nitrobenzoic acid and 4-nitroaniline
was monitored by RP-HPLC (Fig. 6). As shown in Fig. 6A, most

of compound 4 disappeared within 1 h. The reporter 5-amino-
2-nitrobenzoic acid, linked at the para-benzyl substituent, was
released faster than the ortho-linked 4-nitroaniline. For compound
5, the para-linked 4-nitroaniline unit was released more rapidly
than the 5-amino-2-nitrobenzoic acid (Fig. 6B). In both examples,
the disassembly was complete after approximately six hours. The
concentration of PGA used, 0.01 mg mL~', allowed the enzymatic
cleavage on a time-scale suitable for monitoring of the reaction by
HPLC.

The results obtained in this study clearly indicate that the 1,6-
elimination through the para-azaquinone-methide occurs faster
than the 1,4-elimination through the ortho-azaquinone-methide
species. Although compound 2 disassembled rapidly through 1,6-
elimination with no detectable intermediate, the disassembly of
compound 3 through 1,4-elimination occurred more slowly and
the generation of intermediate 3a was observed. The disassembly
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Fig. 4 PGA-catalyzed the release of 5-amino-2-nitrobenzoic acid from
compounds 2 and 3 through 1,6- and 1,4-eliminations respectively.
Conditions: 2 or 3, [5S00 uM] in PBS 7.4 and PGA [0.01 mg mL™"].

of compounds 4 and 5, which bear two different substituents to
allow independent analysis of 1,4- and 1,6-elimination reactions
of the same compound, occurred with a faster release of the para-
reporter than the ortho one, indicating that the 1,6-elimination
was faster. However, the difference between the reaction rates of
the two eliminations was relatively small. The biphasic kinetics
observed for the disassembly of compounds 4 and 5, is probably
derived of the mechanism described in Fig. 2. Both the para- and
ortho-azaquinone-methide eliminations can be used to effectively
release drug/reporter molecules under physiological conditions. A
similar observation was made previously with mercapto analogs
of the corresponding anilines used in this report.?
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Fig. 6 PGA-catalyzed the release of 5-amino-2-nitrobenzoic acid and
4-nitroaniline from compounds 4 and 5 through 1,6- and 1,4-eliminations.
Conditions: 4 or 5, [500 uM] in PBS 7.4, PGA [0.01 mg mL™"].

In summary, we have described here a study of a new system
that can disassemble through para- and ortho-azaquinone-methide
elimination.’? The disassembly was evaluated with molecules
that undergo single 1,6- or 1,4-elimination and with molecules
that undergo double-elimination. The 1,6-elimination was shown
to occur slightly faster than the 1,4-elimination under physi-
ological conditions. This study will aid in design of prodrug
systems that are based on a stimulus activation and release
mechanism.

s/ -

PBS 7.4 O,N NH,

PGA HO,C

Fig.5 PGA-catalyzed the release of 5S-amino-2-nitrobenzoic acid and 4-nitroaniline from compounds 4 and 5 through a 1,6- and 1,4-double elimination.
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A novel 2™ generation Grubbs-type catalyst tethering an
isopropoxystyrene has been synthesized and automatically
polymerized in solution to form a self-supported polymeric
Ru-carbene complex, which catalyzed ring-closing metathesis
homogeneously, but was recovered heterogeneously.

Olefin metathesis has become one of the simplest and most
effective synthetic methods for carbon-carbon double bond
construction and is widely employed in a variety of fields
of chemistry including natural products, pharmaceuticals, and
polymer chemistry.! Much of the recent successful progress in
olefin metathesis stems largely from the availability of several,
well-defined ruthenium catalysts such as Grubbs-type ruthenium
alkylidenes 1* and Hoveyda/Grubbs-type ruthenium catalysts 2,
which are easy to handle and are tolerant towards different kinds of
functional groups (Fig. 1). Despite the general superiority offered
by these Ru catalysts, they share some disadvantages associated
with difficulties in the recovery and reuse of the expensive metal
catalysts as well as product contamination caused by metal
leaching. Hence, from an economic and environmental point of
view, development of immobilization technology for recycling of
the catalyst is of great importance.* A common approach for
immobilization of homogeneous ruthenium catalysts is grafting of
the catalyst, particularly Hoveyda/Grubbs-type 2 to supports such
as polymers,® dendrimers,® or nanoparticles.” The use of tagged
catalysts has also been employed as alternative immobilization
methods for fluorous? or ionic liquid phase catalysis,’ in which the
tagged catalyst can be easily separated from untagged products by
liquid-liquid partition.
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Ru=\ cr | > <Nj
v
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Fig. 1 Representative Ru-complexes for olefin metathesis.
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T Electronic supplementary information (ESI) available: Details of syn-
thetic procedures for 4 and 5. See DOI: 10.1039/b809025d

Another promising and recent strategy involves heterogeniza-
tion of the homogeneous catalysts or precursors by homocombi-
nation of multi-topic organic ligands to generate “self-supporting”
metal-organic polymeric networks.'* Compared to other methods,
the self-supporting strategy can produce heterogeneous catalysts
without using any supports with a high density of catalyti-
cally active units. However, these heterogeneous self-supported
catalysts often have decreased catalytic activity compared to
their homogeneous counterparts. Taking advantage of this self-
supporting strategy, it could conceptually be possible to generate
new types of self-supported catalysts or catalyst precursors to
conduct catalysis homogeneously with heterogeneous recovery. We
anticipated that the structural features and “release and return”
metathesis mechanism could provide an excellent opportunity for
the generation of a new type of self-supported Ru-complexes,
allowing homogeneous catalysis and heterogeneous recovery.

Quite recently, we demonstrated for the first time the validity of
this strategy for ring-closing metathesis with Ru-carbene catalyst
3 (type A in Fig. 2)."' The catalytically active dimeric Ru-
methylidene and dimeric isopropoxybenzylidene were dissociated
from the polymer matrix, and after catalysis, could be re-associated
to form the polymeric catalyst precursor 3, which was recovered
heterogeneously. In principle, homo-coupled, self-supported poly-
meric Ru-carbene complexes such as 4 (type B in Fig. 2) would
also be possible, in which the catalytically active Ru-methylidene

recovery
heterogeneously

catalysis
homogeneously

Type A: *KO—@#’ ‘\__i o0

bt
Type 8: 4O—0OF =——= O~
Mes
CL N Mes
Oﬁ'}‘i{ NGl i
& Mes )~Ru—0

N Tl 7/
Mes

3
' : active species
Cl, N o
O—Ru’—< ] ( :ligating ligand
ITIN

MeS = : linker

4

Fig. 2 Schematic presentation of self-supported catalysts for homoge-
neous catalysis and heterogeneous recovery.
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species, having a chelating isopropoxystyrene group, would be
generated. Herein we report the synthesis of this new-type of
2" generation Ru-carbene complex 5 tethering an isopropoxy
styrene group, and its conversion to a self-supported polymeric
Ru-carbene complex 4, and their catalytic activity and reusability
in ring-closing metathesis.

As a precursor for the homo-coupled, self-supported polymeric
Ru-carbene complex 4, the Grubbs’ 2™ generation-type Ru-
carbene complex 5, tethering an isopropoxystyrene with a butyl
linker, was designed and synthesized as shown in Scheme 1.
The 5-hydroxy-2-isopropoxystyrene 6 was alkylated with 1-
chloro-4-iodobutane, and the resulting chloride reacted with
1-mesitylimidazole” to form imidazolium chloride 7. For the
synthesis of complex 5, the NHC-carbene was generated in situ
by reaction of imidazolium chloride 7 with ~BuOK in toluene
at 0 °C, then reacted with Grubbs’ 1% generation catalyst at
room temperature for 3 h. After short silica-gel chromatographic
purification, the desired Ru-carbene complex 5, bearing an iso-
propoxystyrene moiety linked with a butyl tether, was isolated in
60% yield.} In the 'H NMR spectrum, the characteristic resonance
signals of Ru=CH-Ph at 19.2 ppm and the free vinyl protons of
styrene, =CH,, at 5.69 ppm (dd, J = 17.8, 1.3 Hz) and 5.24 ppm
(dd, J = 11.1 and 1.3 Hz) were observed.* However, it was
found that 5 was not stable in CDCl;, and converted to the
homo-coupled self-supported polymeric Ru-carbene complex 4.
As shown in Fig. 3, during the NMR measurement, the intensity
of the Ru=CH- peak at 19.2 ppm (Fig. 3a) rapidly decreased,

1. NaH/I(CH),Cl |,

'Pro | DMF.rt10h PO
76%
2. N7 N-Mes C%
— N
OH toluene, reflux ~ O—(CH2)4—N” “NMes
48 h, 85% 7 \—/
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0°C,1h Cl | ~7*Ph
c. “Ru=/
then )\CI
(PCy3),RU(=CHPh)Cl,  O—(CH2)4—N" "NMes
1t, 3 h, 60% 5 =

Scheme 1 Synthesis of Ru-carbene complex 5 tethering an iso-
propoxystyrene group.
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Scheme 2 Synthesis of homo-coupled polymeric Ru-carbene complex 4.

and a new Ru=CH- resonance peak at 16.1 ppm corresponding
to the isopropoxybenzylidene Ru-complex appeared after 5 min
(Fig. 3b). After 30 min, the resonance peak at 19.2 ppm was
completely converted to the peak at 16.1 ppm (Fig. 3c). Moreover,
disappearance of the vinyl proton resonance signals at 5.69 ppm
and 5.24 ppm in 5 clearly indicated formation of complex 4 (see
ESI for full scale spectrumt).

(a)  19.18

0.0 195 19.0 185 18.0 17.5 17.0 165 160 155 150 145 140 135 13
ppm

(b)  19.16
l 16,14
0.0 19.5 19.0 18.5 18.0 17.5 17.0 186.5 16.0 15.5 15.0 14.5 14.0 13.5 134
ppm
‘C) 16.14

J

0.0 18.5 19.0 18.5 18.0 17.5 17.0 186.5 16.0 15.5 15.0 14.5 14.0 13.5 13,
ppm

Fig. 3 'H NMR (250 MHz, CDCl,) spectra of the Ru=CH- region of
(a) 5; (b) after 5 min; (c) after 30 min.

Based on these observations, we anticipated that the poly-
meric Ru-complex 4 could be prepared during ring-closing
metathesis (RCM) with monomeric Ru-complex 5 (Scheme 2).
Thus, the RCM of the benchmark substrate, N,N-bisallyl p-
toluenesulfonamide, was carried out in methylene chloride at 40 °C
in the presence of 5.0 mol% of 5, and the reaction was complete in
4 h with >98% yield (entry 1 in Table 1). After RCM, complex 5
was converted to polymeric complex 4, which could be recovered
via precipitation using ethyl acetate, as previously observed in
hetero-coupled, self-supported polymeric Ru-carbene complex 3.1
Inductive coupled plasma atomic emission spectroscopic (ICP-
AES) analysis of isolated 4 showed 18 wt% incorporation of Ru
into the polymer matrix. The recovered polymeric Ru-carbene
complex showed slightly decreased catalytic activity compared to
monomeric 5 (entry 2). The decreased catalytic activity of 4 could
be ascribed to the slow dissociation of the catalytically active Ru-
species from the polymer matrix. The recovered 4 can be reused
2 more times without loss of catalytic activity (entries 3 and 4).
However, ICP-AES analysis indicated significant amounts of Ru

Table 1 Catalyst recycling in ring-closing metathesis of N,N-bisallyl p-
toluenesulfonamide using Ru-carbene complexes 4 and 5¢

Entry Catalyst Time/h’ Yield (%)° Ru leaching?
1 5 4 >98

2¢ 4 6 >98 25 ppm

3¢ 4 6 >98 20 ppm

4¢ 4 6 >98 —

5¢ 4 8 >98 —

6° 4 12 >98 —

“ Reactions were carried out using 5.0 mol% of Ru at 40 °C in methylene
chloride (0.5 M). ®*Time for completion. ¢ Determined by 'H NMR
analysis. ¢ Determined by ICP-AES analysis of the ethyl acetate layer.
¢ Recovered catalyst from previous entry was used.
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leached out into the ethyl acetate layer in each cycle, thus requiring
longer times to complete the reaction from 5™ (entry 5) and 6™
runs (entry 6). Although reusability of the polymeric Ru-carbene
complex was not sufficiently high, this approach might provide an
alternative way to generate self-supported recoverable Ru-catalysts
for metathesis.

In summary, we have synthesized a new type of Grubbs’ 2™
generation Ru-carbene complex 5 tethering an isopropoxystyrene
moiety, which was rapidly converted to the homo-coupled,
self-supported polymeric Ru-carbene complex 4. Polymeric Ru-
carbene complex 4 catalyzed ring-closing metathesis homoge-
neously and was recovered heterogeneously. Further studies on
the impact of a linker on both structure of assemblies and their
catalytic performance are under way.

This work was supported by the Korean Research Foundation
(KRF-2006-312-C00587).
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i Synthesis of 5 and its polymeric Ru-carbene complex 4 via RCM. A
solution of imidazolium salt 7 (0.12 g, 0.26 mmol) in toluene (10 mL)
was treated with ‘BuOK (29.5 mg, 0.26 mmol) and (PCy;),Cl,Ru=CHPh
(0.18 g, 0.22 mmol) at 0 °C. The reaction mixture was stirred at room
temperature for 3 h under N,. The suspension was filtered and the solvent
was evaporated by vacuum. The resulting residue was purified by silica
gel chromatography using EtOAc-hexane (1 : 3) as the eluent to afford
5 (0.075 g, 0.13 mmol, 60%). '"H NMR (CDCl;, 250 MHz) ¢ 19.24 (s,
1H), 7.41 (m, 2H), 7.16-6.99 (m, 6H), 6.81 (m, 4H), 6.47 (br s, 1H), 5.74
(dd, 1H, J = 1.3, 17.8 Hz), 5.27 (dd, 1H, J = 1.3, 11.1 Hz), 4.82 (t, 2H,
J =7.2 Hz), 4.38 (sept, 1H, J = 6.1 Hz), 4.07 (t, 2H, J = 5.7 Hz), 2.41-
2.34 (m, 6H), 2.04 (m, 2H), 1.93 (m, 8H), 1.63 (m, 24H), 1.32 (d, 6H,
J = 6.1 Hz), 1.25-1.21 (m, 6H). A 10 mL oven-dried round-bottom flask
equipped with a reflux condenser was charged with polymeric Ru-catalyst
5 (13.5 mg, 0.014 mmol). The flask was evacuated and filled with N,.
N,N-Diallyl-p-toluenesulfonamide (120.0 mg, 0.279 mmol) and anhydrous
CH,Cl, (5.0 mL) were added, the flask was then heated to gentle reflux for
6 h, and the solvent was evaporated. Ethyl acetate (5 mL) was added to the
residue, and the precipitated polymeric Ru-complex 4 was recovered by
filtration and washed with ethyl acetate (5 mL x 2). After evaporation of
the ethyl acetate, '"H NMR analysis of the crude residue revealed complete
conversion, and the product was isolated by flash chromatography (n-
hexane-EtOAc = 3 : 1) to afford pure product as a white crystalline solid
(61 mg, 99%). A second run of the metathesis using the recovered polymeric

Ru-complexes 4 was conducted in the same way as described for the first
run. This reaction was repeated, each time using the catalyst recovered
from a previous cycle. The results are listed in Table 1.
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The desymmetrisation of prochiral o,0-dicyanoalkenes via
tandem Michael-Michael addition reactions with o,-unsatu-
rated ketones catalysed by 9-amino-9-deoxyepicinchona alka-
loids was investigated, from which bicyclic products bearing
four stereogenic centers were afforded in a single operation
with high stereoselectivities (>99% de, up to >99.5% ee).

The desymmetrisation of meso-configured or prochiral substrates
is a versatile protocol to yield enantiomerically pure products in
organic synthesis. A number of enzyme, metal or organic molecule-
based catalysis has been successfully applied to various desym-
metrisation reactions.! In comparison with the termini differenti-
ation of C,-symmetric compounds by mono-functionalisation,? it
would be more desirable if the new carbon—carbon bond forming
reaction was accompanied by a desymmetrisation process, because
the chiral products bearing two or more stereogenic centers could
be constructed simultaneously.?

The domino reaction is a powerful strategy for generating
complex chiral molecules from simple substrates in an atom-
economical way.* It permits the stereoselective formation of several
bonds with a single catalyst in a single operation, without the
need for isolation of the intermediates. Abundant organocatalytic
domino reactions have been well presented over the past years.®
Recently, we have reported a novel vinylogous Michael addition
reaction of a,a-dicyanoalkenes® and a,B-unsaturated ketones by
employing primary aminocatalysts derived from cinchona alka-
loids. A domino Michael-Michael addition reaction was realised
in the reaction of some a,a-dicyanoalkenes and a,-unsaturated ke-
tones through tandem iminium-enamine catalysis.”® We wondered
whether the desymmetrisation of prochiral a,a-dicyanoalkenes
from 4-substituted cyclohexanones and malononitrile could be
well furnished in such a domino process, from which chiral bicyclic
compounds bearing up to four stereocenters could be efficiently
constructed (eqn (1)).
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T Electronic supplementary information (ESI) available: Experimental
procedures, structural proofs, NMR and HPLC spectra of the products,
CIF file of enantiopure 4¢c. CCDC reference number 690120. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b809308¢c

NC CN CN

0]

/\)J\ primary aminocatalyst NC
+ RITX R!

desymmetrisation-
domino reaction

(M
Inspired by these considerations, we investigated the reaction of
prochiral o,0-dicyanoalkene 2a and benzylideneacetone 3ain THF
by employing a previously reported 9-amino-9-deoxyepiquinine
1a-TFA-DIPEA catalytic system (Fig. 1).” As illustrated in
Table 1, the expected cascade Michael-Michael adduct 4a was
cleanly isolated in excellent stereoselectivity (>99% de, 99% ee)
at 0 °C after 110 h, but the reaction rate was too sluggish
(Table 1, entry 1). To our gratification, a much better isolated
yield could be obtained when the reaction was conducted at
25 °C without affecting the high stereoselectivity, and a few
unidentified byproducts were detected only in trace amounts (entry
2). Subsequently, other acid additives were explored, and inferior
results were generally attained (entries 3-5). Nevertheless, almost
no reaction occurred when strong triflic acid was used (entry 6).
Less satisfying data were also observed in other solvents (entries 7
and 8). On the other hand, primary amines 1b and 1¢, derived from
cinchonine and quinidine, respectively, were tested. The desired
adduct 4a possessing the opposite configuration to that of la
was obtained in high stereoselectivity (entries 9 and 10). Thus
both enantiomers could be readily available catalysed by different
primary amines derived from natural cinchona alkaloids.

N A

1b N F 1c

Fig. 1

The structures of chiral primary aminocatalysts.

With the optimised reaction conditions in hand, the scope
and limitation of the desymmetrisation-domino reaction were
investigated. As revealed in Table 2, the tandem process generally
served as a versatile approach to the preparation of highly
functionalised chiral bicyclic compounds. The electronic and steric
nature of the substituents of a,3-unsaturated ketones 3 had limited
influences on the stereo outcome. Excellent stereoselectivities
were obtained in the reactions of prochiral o,o-dicyanoalkene
2a and o,B-unsaturated ketones with a diverse array of aryl or
heteroaryl substitutions (Table 2, entries 1-8). $-Alkyl substituted
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Table 1 Screening studies on the asymmetric domino reaction of prochi-
ral a,0-dicyanoalkene 2a and benzylideneacetone 3a“

0
NC CN
| 1.(20 mol%) CN
(o] acid (40 mol%)
/\)k DIPEA (15 mol%) NG
+ PR solvent, 25 °C, 110 h Ph

2a 3a 4a

Entry Cat. 1 Solvent Acid Yield® (%) ee (%)
14 la THF TFA 16 99
2 1a THF TFA 81 99
3 la THF p-TSA 64 93
4 la THF PhCOOH 70 95
5 la THF AcOH 60 95
6 1a THF CF;SO;H Trace /
7 la DCM TFA 76 87
8 la Toluene TFA 78 66
9 1b THF TFA 75 —87

10 1c THF TFA 81 —-90

“Unless noted otherwise, reactions were conducted with 2a (0.1 mmol),
3a (0.12 mmol), catalyst 1 (0.02 mmol) and acid (0.04 mmol) in solvent
(0.3 mL) at 25 °C for 110 h. ® Isolated yield. ¢ Determined by chiral HPLC
analysis, >99% de. ¢ At 0 °C.

Table 2 Asymmetric desymmetrisation-domino reaction of prochiral
a,0-dicyanoalkenes 2 and a,B-unsaturated ketones 3¢

CN
1a (20 mol%)
(0] TFA (40 mol%)
DIPEA (15 mol%) NC

_ =
+ R1/\)l\ R’

THF, 25°C, 110 h

R 4

Entry R R' Product Yield® (%) ee (%)

1 Me Ph 4a 81 99

2 Me p-CH;0-Ph 4b 71 >99.5

34 Me p-Cl-Ph 4c 64 >99.5

4 Me m-Cl-Ph 4d 72 95

5 Me 0-Cl-Ph 4e 68 92

6 Me 1-Np 4f 45 98

7 Me 2-Furyl 4g 64 97

8 Me 2-Thienyl 4h 60 97

9° Me n-Pr 4i 54 98
10 Ph Ph 4j 61 95
11 Ph p-CH;0-Ph 4k 66 97
12 Ph p-Cl-Ph 41 67 97
13 Ph 2-Furyl 4m 62 90
14 n-Pr Ph 4n 61 94
15 -Bu Ph 40 71 99.5
16 BzO Ph 4p 60 98
17 Me p-CH;0-Ph 4b 69 -90
18 Me p-Cl-Ph 4c 61 —87

“Unless noted otherwise, reactions were performed with 2 (0.1 mmol),
3 (0.12 mmol), catalyst 1a (0.02 mmol) and TFA (0.04 mmol) in THF
(0.3 mL) at 25 °C for 110 h. ?Isolated yield. ¢ Determined by chiral
HPLC analysis, >99% de was observed. “ The absolute configuration of
enantiopure 4¢ was determined by X-ray analysis (see Fig. 2).1 The other
products were assigned by analogy. ¢ For 160 h./ With catalyst 1c.

o,B-unsaturated ketone could also be successfully applied, while a
longer reaction time was required (entry 9). On the other hand,
the structural effects of prochiral a,a-dicyanoalkenes 2 in the

Fig. 2 X-Ray structure of enantiopure 4c. Thermal ellipsoids are shown
at 30% probability.

domino reaction were probed, and good reactivity and remarkable
stereoselectivities were afforded (entries 10-15). It should be noted
that the functionalised o,0-dicyanoalkene also gave rise to good
results under the same conditions (entry 16). Moreover, further
application of catalyst 1c¢ derived from quinidine was conducted,
and products 4b and 4c with the opposite configuration to that
of 1a were delivered in high stereoselectivities (entries 17 and 18).
On the other hand, a very sluggish reaction was observed when
enone, having an ethyl group as the a-substituent, was applied.

The domino reaction products could be converted to some
interesting compounds without any racemisation. As outlined in
Scheme 1, the elimination of malononitrile readily proceeded in
the presence of Cs,CO; to give cyclic enone 5, which might serve
as a useful building block for further transformations. With the
aid of in situ formed low-valent titanium reagent (TiCl,—Zn), an
intramolecular reductive coupling reaction could be conducted to
provide multifunctional tricyclic compound 6.°

- NC i

4a, 99% ee

6, 99% ee

5,99% ee
Conditions: i) Cs,CO3, THF, 50 °C, 99%; ii) TiCl4-Zn, THF, rt, 45%.

Scheme 1 Transformations of the domino reaction product 4a.

In conclusion, we have developed the highly stereoselective
desymmetrisation—-domino Michael-Michael addition reactions
of prochiral a,o0-dicyanoalkenes condensed from 4-substituted
cyclohexanones and malononitrile with a,B-unsaturated ketones,
employing chiral primary amines derived from natural cinchona
alkaloids. These reactions exhibited high synthetic efficacy, and
two new C-C bonds, four stereogenic centers, including one
quaternary carbon center, were assembled in a single operation
with a high level of stereoselectivity. Currently, the study of the
potential applications of these multifunctional adducts in the
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synthesis of some biologically important molecules is under way
in this laboratory.
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