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Mimicking the action of enzymes by simpler and more robust man-made catalysts has long inspired
bioorganic chemists.! During the past decade, mimics for RNA-cleaving enzymes, ribonucleases,” or,
more precisely, mimics of ribozymes® that cleave RNA in sequence-selective rather than base-selective
manner, have received special attention. These artificial ribonucleases are typically oligonucleotides (or
their structural analogs) that bear a catalytically active conjugate group and catalyze sequence-selective

hydrolysis of RNA phosphodiester bonds.*

1. Introduction

Artificial ribonucleases have received interest for two reasons.
Obviously, they may be used as artificial restriction enzymes for
sequence-selective manipulation of large RNA molecules in vitro.
Potential applications as catalytic antisense oligonucleotides in
chemotherapy have, however, attracted more attention, in spite
of the fact that numerous barriers still exist on the way to
oligonucleotide-based drugs in general.® The reason why gene
silencing by antisense oligonucleotides could benefit from artificial
ribonucleases is as follows. Oligodeoxyribonucleotides (ODN)
and their phosphorothioate analogs activate an intracellular
enzyme, RNase H, which degrades the RNA component of an
RNA/ODN duplex, releasing the antisense ODN.6 In other words,
mRNA hybridized with these kind of antisense oligonucleotides
is destroyed by the cells’ own machinery. Structurally more
extensively modified antisense oligonucleotides do not usually
trigger a similar activity.” Accordingly, their antisense effect
remains stoichiometric, unless they bear a catalyst that is able
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to destroy the target RNA and, hence, release the intact antisense
oligomer.

As mentioned above, artificial ribonucleases consist of two
moieties, a catalytic group and a probe for sequence recognition.
The role of the catalytic group is obvious; it cleaves the phos-
phodiester bond. The oligonucleotide moiety brings the sequence
selectivity. Hybridization with the target RNA increases the
effective concentration of the catalytic moiety in the vicinity of one
particular phosphodiester bond, converting the otherwise random
cleavage of the target to site-specific. The oligonucleotide moiety,
however, also plays another role. Duplex formation between the
artificial nuclease and the target may be exploited to shape the
secondary structure and chain folding of the target optimal for
cleavage. The site of tethering of the conjugate group within the
artificial nuclease and the length of the complementary region(s)
with the target, in turn affect the efficiency of turnover. The overall
construct should be such that it binds the intact target chain more
tightly than the cleavage products.

The predominant mechanism for cleavage of RNA under
physiological conditions involves the formation of a marginally
stable dianionic phosphorane by attack of the 2'-oxyanion on the
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phosphorus atom and the subsequent rate-limiting breakdown
of this intermediate by departure of the 5-linked nucleoside as
an oxyanion (Scheme 1).3'° This reaction may be accelerated by
facilitating the proton transfer from the attacking nucleophile,
2’-OH, to the leaving nucleophile, 5-O~. Accordingly, viable
candidates for cleaving agents are molecules or ions that (i) en-
hance deprotonation of the 2’-OH, (ii) reduce the electron density
at the phosphorus atom upon formation of the phosphorane
intermediate, but allow it to be increased upon cleavage of the
P-O5-bond, or (iii) reduce the electron density at the departing
5’-oxygen atom upon cleavage of the P-O5 bond.

Another factor that affects the stability of RNA phosphodiester
bonds is the secondary structure. Within double helical structures,
intra-strand base-stacking around the cleavage site prevents the
departing 5'-linked nucleoside (5-O~) to adopt an apical position
within the phosphorane intermediate,™** which is a prerequisite
for the chain cleavage. According to Westheimer’s rules on
oxyphosphorane species,* nucleophiles may enter and leave the
phosphorane only through an apical position. Base-stacking forces
the 5O to an equatorial position (Fig. la) and the dianionic
phosphorane, if ever formed, is too unstable to allow the 5O to
take an apical position (Fig 1b) via pseudorotation. Even within
a single strand, base-stacking around the cleavage site is rate-
retarding.” Artificial nucleases should, therefore, be designed so
that the phosphodiester bond aimed at being cleaved is not situated
in a double helical stem and will not be engaged in a double helix
upon hybridization with the nuclease. In addition, strongly stacked
poly(purine) sequences should not be selected as target sites even
when present in a single stranded region.
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Fig.1 Equatorial and apical orientation of the 5'-linked nucleoside within
the phosphorane intermediate of hydroxide ion-catalyzed cleavage.

The artificial ribonucleases developed so far fall in three
different categories according to the catalytically active conjugate
group, viz. cleaving agents based on (i) lanthanide ion chelates,
(ii) Cu** and Zn>* chelates, and (iii) metal ion-independent

conjugate groups. The success within each category has been
previously reviewed.*'*? The present discussion is aimed at giving
a general overview of the present situation and perspectives of
the development of artificial ribonucleases. Our attention is paid
to studies where sequence-selectivity has really been achieved. In
other words, reports on the catalytic activity of monomeric cleav-
ing agents generally fall outside the scope of the present review, in
particular when only aryl phosphoesters have been used as model
compounds. Since the rate-limiting step for the intramolecular
transesterification of aryl phosphodiesters is rather the formation
than the breakdown of the phosphorane intermediate, in striking
contrast to alkyl esters,’ efficient cleavage of an aryl ester does
not necessarily indicate efficient cleavage of RNA. Furthermore,
development of small molecule cleaving agents has been recently
reviewed.

In addition to the oligonucleotide conjugates described
above, deoxyribozymes composed entirely of 2'-deoxyribonucleo-
tide units constitute an interesting class of ribozyme mimics, which
might well be called artificial ribonucleases. These ODNs bearing
no conjugate group effectively cleave RNA phosphodiester bonds,
as shown for the first time in 1994.% Since then, many deoxyri-
bozymes that catalyze not only RNA cleavage, but also ligation,
have been identified by in vitro selection strategies.”® Owing to the
marked similarity of the action of these DNzymes to ribozyme
catalysis, they are not discussed in the present review.

2. Experimental techniques and conditions

The catalytic efficiency of artificial ribonucleases has usually been
determined in excess of the nuclease compared to the target olig-
oribonucleotide (ORN). The assumption behind this experimental
set-up is that the target is entirely engaged in a nuclease-target
complex and the cleavage of the target follows simple first-order
kinetics. In other words, the first-order rate constant and, hence
the half-life, is independent of the concentration of both the target
and the nuclease. Unfortunately, the validity of this assumption
has seldom been experimentally verified. A few studies apart,”°
the reported cleavage rates are based on densitometric traces of
gel electrophoretic autoradiograms of only few samples, a method
that at its best is semiquantitative. In addition, the results often
refer to only one pH, temperature and ionic strength and the
experimental conditions used by different groups differ somewhat
from each other. For these reasons, accurate comparison of the
efficiency of various artificial nucleases is impossible. Table 1
records illustrative examples of the data available. To facilitate
the comparison, an estimation for half-lives at pH 7.5 and
37 °C (I = 0.1 M), the most frequently used experimental
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Table 1 Cleaving efficiency of various artificial ribonucleases

Nuclease  Base pairs* ¢ (nuclease)/uM ¢ (target)/uM pH I/mM T (°C) Time/h  Cleavage (%) Ref.  Half-life/h’
1-Lu* 15 10 0.3 8.0 ca.l0 37 8 17 35 100
2a-Eu’ 20 0.4 0.05 7.4 ca30 37 16 88 37 4
2b-Eu’* 20 0.4 0.05 7.4 ca30 37 16 51 37 10
3a-Eu’* 20 0.0025-2.5 b 7.5 ca.130 37 28 30 38 50
3a-Dy** 20 0.05 0.002 7.5 ca.130 37 10 50 39 10
3b-Dy?** 20 0.05 0.002 7.5 ca.130 37 22 50 39 2
3c-Dy** 20 0.05 0.002 7.5 ca.130 37 2.1 50 39 2
4-Eu’** 29¢ 0.6 0.05 7.4 ca30 37 16 7 41 120
4-Eu** 29¢ 0.6 0.05 7.4 ca30 37 16 92 41 4
5-Dy** 17" 0.05 0.002 7.5 ca.130 37 2.2 50 40 2
6-Cu** 17¢ 5.0 0.01 7.5 ca.110 37 72 11 43 400
7-Cu?* 28" 5.0 0.25 7.4 ca.110 45 40 64 46 40
8-Cu** 12 1.0 0.10 7.5 ca.130 37 20 18 48 70
10-Cu* 16° 5.0 0.10 7.4 ca.110 37 15 65 50 8
11-Zn** 10¢ 4.0° 4.0 7.4 100 37 40 50 27 30
12-Zn** 10¢ 4.0° 4.0 7.4 100 37 11 50 27 9
13-Zn** 10¢ 4.0° 4.0 7.4 100 37 14 50 28 10
14-Zn** 10 5.0/ 0.1 7.4 100 37 24 30 53 40
15-Zn* 10 2.5% 0.5 7.0 1000 25 19 2-5 49 100
16-Zn** 13 18 18 7.3 100 35 130 50 30 80
17-Zn** 13 4.5 9 7.3 100 35 20 50 29 13
18a-Zn* 16" 18 18 7.3 100 35 160 50 30 100
18b-Zn** 16" 18* 18 7.3 100 35 180 50 30 120
18¢-Zn** 16" 18% 18 7.3 100 35 210 50 30 130
25 19 100 1.0 8.0 ca.l 50 4 10 65 200
26 20° 20 0.2 7.5 ca.50 37 16 3 67 400
27 10 2.0 0.06 7.0 ca.110 40 4 29 68 5
31a,b 17¢ 75 b 7.2 ca.130 25 120 10 78 130

“ Number of complementary bases between the artificial nuclease and the RNA target. * The concentration of the target is not reported, but is obviously
much lower than that of the nuclease. ¢ The nuclease and target are fully complementary. ¢ A dinucleotide bulge opposite to the cleaving agent. ¢ A
mononucleotide bulge opposite to the cleaving agent. £ A trinucleotide bulge opposite to the cleaving agent. ¢ A tetranucleotide bulge opposite to the
cleaving agent. " A pentanucleotide bulge opposite to the cleaving agent. ' [Zn**] = 100 uM. 7 [Zn**] = 10 uM. ¥ [Zn**] <50 pM ’ Estimate of the authors

for the half-life at pH 7.5 and 37 °C (I = 0.1 M).

conditions, is given. These values should, however, be taken only
as rough approximates, since the data available do not allow exact
extrapolation to the reference conditions.

It is worth noting that the data in Table 1 refers merely to
the efficiency of various sequence-selective cleaving agents as
stoichiometric reagents. To be a real catalyst, an artificial nuclease
should exhibit turnover, i.e. it should to be able to cleave the target
ORN entirely, even when the concentration of the target is much
higher than that of the nuclease. In many cases, the catalytic nature
of the action of the nuclease has been studied separately by using
the target in excess. The results of such studies are not included in
Table 1, but are discussed below.

3. Artificial ribonucleases based on lanthanide ions

It has been known since the 1960s that metal ions catalyze the
cleavage of RNA phosphodiester bonds at physiological pH.*!*
Among various metal ions, lanthanide ions are exceptionally
effective in this respect.®*** Accordingly, it is not surprising that
conjugates of lanthanide ion complexes have received interest as
artificial ribonucleases, and the most efficient nucleases so far
described belong to this category.

Komiyama ez al.* first showed that Lu** ion-promoted cleavage
could be converted to sequence selective with the aid of a 15-
mer ODN with iminodiacetic acid tethered to its 3'-terminus
(1). The cleaving activity of this Lu** chelate conjugate was,
however, quite modest. A 39-mer oligoribonucleotide (ORN)

target was predominantly cleaved at a single phosphodiester bond
two nucleotides towards the 3'-terminus from the last base pair, the
half-life in excess of the conjugate about 30 h at pH 8 and 37 °C
(Table 1). Since the metal ion-promoted cleavage usually shows
first-order dependence of the rate on hydroxide ion concentration
(higher order when multinuclear hydroxo complexes are formed),*
the half-life at pH 7.5 evidently is of the order of 100 h. The Eu**
complex exhibited a comparable cleaving activity, while the La*
complex was 50% less effective.

o
'OJ\ N Q
Lu* . N NN 0-P-0-[ODN}3’
Om/ /\lg o
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1

Although ligands containing negatively charged carboxylate
groups, such as 1, exhibit high affinity to lanthanide ions, they
markedly reduce the catalytic activity of the metal ion. For
this reason, conjugates derived from neutral macrocyclic ligands
appear more attractive and, indeed, such conjugates (when com-
plexed with a lanthanide ion) have shown considerably improved
cleaving activity. Two different types of macrocycles, viz. pyridine
cyclophanes (¢f 2a,b)*” and texaphyrin (¢f. 3a—c),*** have been
used for this purpose. The highest cleavage rate has been obtained
with the Dy** chelate conjugate, 3c-Dy?**, which cleave the target
at the 3'-side of the first unpaired nucleotide, the half-life being
2.1 hat pH 7.5 and 37 °C.* The conjugate has also been shown to
exhibit turnover.* 3a-Dy**** and 3a-Eu’***® exhibit half-lives of 10
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and 50 h, respectively, under the same conditions and the cleavage
site is shifted one nucleotide further from the last base pair. The
pyridino cyclophane derived conjugates, 2a-Eu** and 2b-Eu**, are
almost as efficient as 3¢-Dy**. They cleave the target at the 3'-side
of the third nucleotide from the last base pair, the half-lives at
pH 7.5 and 37 °C being 4 and 10 h, respectively.”’

Intra-chain conjugated versions of the most efficient cleaving
agents, Eu**-2a and Dy* -3¢, have additionally been prepared to
ensure turnover.*®** The underlying idea is that the affinity of the
artificial ribonuclease to the target is reduced upon cleavage of
the target within the double helical region and the release from
the target is facilitated. As discussed above, metal ion chelates are
not, however, able to cleave double-helical RNA,*" since strong
base-stacking interactions between the base pairs prevent the 5'-
linked nucleoside from taking an apical orientation within the
phosphorane intermediate. For this reason, the base sequence of
the artificial nuclease must be planned so that the target chain
forms a bulge at the aimed cleavage site upon hybridization.
Consistent with this, 4-Eu**, bearing the pyridino cyclophane
group at 2’-0 of an intra-chain 5-methyluridine nucleoside,* cleave
a fully complementary ORN sequence only slowly (z,,, 120 h at
pH 7.5, 37 °C), but introduction of a two nucleotide bulge at
the cleavage site accelerates the reaction by more than one order
of magnitude (z,,, 4 h). The site of attachment of the cleaving
agent still plays a role, since the reaction is retarded by a factor of
ten (t,,, 50 h) when the chelate is tethered to C5 of an intra-
chain 2’-deoxyuridine via the same linker. It has been argued
that conjugates reaching the bulge across the minor groove are

H(CH,)6-O- PO [ODN]-3"

et

(CHy)g-O- PO [ODN]-3'

2a 2b
0
5°-[ODN]—0 | /’\E
\
O=l?*0' N= ~0
Y o)
\O O\/\/\N
0=p-0-
O-[ODNJ-3°
4

more efficient than those interacting across the major groove. As
expected, these intra-chain conjugates exhibit efficient turnover.*
Up to 40 cleavage events have been shown to take place on using
the 4-Eu** at a concentration of 1 uM and the ORN target in a
50-fold excess. Similarly, 5-Dy**, bearing texaphyrin conjugated
to a non-nucleosidic intra-chain unit, has been reported to show
turnover.® In this case, a one nucleotide bulge, viz. the unpaired
nucleoside opposite to the cleaving agent, appears to be sufficient
to allow cleavage of the target.

4. Artificial ribonucleases based on Cu?* ion

The Cu*-based artificial nucleases introduced so far are less
efficient than their lanthanide ion counterparts. They are, however,
of interest for the reason that Cu®* is present in intracellular fluids.
Ligands that bind Cu** very tightly may, hence, be expected to
occur as Cu** complexes even in an intracellular environment.
The history of Cu**-based artificial nucleases is as long as that
of lanthanide ion based agents. The first such ribozyme mimic,
having terpyridine conjugated to C5 of an intra-chain uracil base
of a 17-mer ODN (6), was reported by Bashkin in 1994. When
a 159-mer segment of the gag-mRNA was used as a target, the
cleavage took place at the 5'-side of adenosine just opposite to
the cleaving agent. The half-life was, however, 400 h in excess
of Cu**-6 at pH 7.5 and 37 °C. The cleaving activity was later
improved by tethering the cleaving agent to a serinol backbone unit
(7)** and inserting propane-1,3-diol spacers to both sides of
the serinol unit.** Accordingly, a trinucleotide internal loop was

0
i

3a: R'<H, R%= .HQCYNH(CHZ)G-O-I?-_O-[ODN]-S'
0
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formed at the cleavage site, which facilitated the cleavage. The
half-life was in this manner reduced to 30 h at pH 7.4 and 45 °C,
corresponding a half-life of about 40 h at pH 7.5 and 37 °C. The
reaction also showed turnover in excess of the target.

3'- and 5-tethered Cu* -chelate conjugates show marked co-
operativity when hybridized to the target in such a manner that
no gap remains between them. While the 5'-terminal 2'-O-methyl
ORN conjugate (9-Cu?*) exhibited a half-life of 70 h at pH 7.4 and
45 °C and the 3'-conjugate (8-Cu?*) was inactive, the half-life was
reduced to 5 h in the presence of both conjugates.*”** When the
two conjugates were covalently tethered to each other via a flexible
linker (Fig. 2), the cleaving activity was twice as high as on using a
mixture of 8-Cu?* and 9-Cu?*.* The cleavage was fastest at pH 7.5
and showed turnover.

5'[2-0-Me-ORN]—g
—_ Base
0=pP-0— .

O-
CH O

1o //gase _ |

O Ome ° | N
0=p-0- _N

O-[2-0-Me-ORN]-3°
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Another Cu** chelate that has been used for construction
of artificial ribonucleases is 2,9-dimethyl-5-aminophenentroline.
When tethered to an intra-chain serinol unit of an ODN (10), the
cleaving activity is 5-fold compared to the corresponding terpyri-
dine conjugate.® The methyl substituents are essential, since they
retard dimerization of the Cu** chelates,>' which markedly reduces
the cleaving activity of phenanthroline conjugates.

o)

5"-[2-0-Me-ORN]—Q
|

o= IP_O fo)
O-
O
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O-[2"-0-Me-ORN]-3’

Fig. 2 Structure of the linker used to tether the 3'-and 5'-terminal
terpyridine conjugates of 2'~O-methyl oligoribonucleotides.* Notation:
n=0-2.
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5.  Artificial ribonucleases based on Zn2* ion

Zn* is another 3d transition metal ion that has received attention
in design of artificial ribonucleases. The intracellular concentra-
tions of Zn?* fall in micromolar range, being sufficiently high
to guarantee formation of complexes with formation constants
in the nanomolar range. The Zn>* chelate of 5-amino-2.9-
dimethylphenanthroline is a somewhat less efficient cleaving agent
than its Cu** counterpart; the cleaving activity of 7-Zn** has
been reported to be 40% of that of 7-Cu*.* Rather extensive
studies have been carried out with artificial ribonucleases derived
from this Zn?* chelate to elucidate the effects of the linker
structure and site of tethering on the cleaving activity.*”*® For
this purpose, three different types of conjugates of 11-mer 2'-
O-Me ORNSs (11-13) have been prepared. According to melting
temperature measurements, all these conjugates hybridize with
80-90% efficiency to complementary ORN targets containing a
bulge of 1-5 nucleosides opposite to the nucleoside that bears the
cleaving agent. Conjugates 12 and 13, containing a base-moiety
tethered cleaving agent, cleave these bulges somewhat faster than
the 2’—O-tethered conjugate, 11. The targets containing a tri- or
tetra-nucleotide bulge are usually cleaved more readily than those
with a smaller or larger bulge. 12-Zn**, the most efficient one
among the nucleases tested, cleaves a tetranucleotide bulge 5 times
as readily as a dinucleotide bulge.”” Usually the differences in
hydrolytic stability are, however, smaller. All the bonds within
a bulge are cleaved, those close to the double-helix somewhat
less readily than the others.”?® Since the stability constant for
the Zn** complex of 2,9-dimethylphenanthroline is only of the
order of 10° M~'% the maximal cleavage rate is achieved at
Zn** concentrations as high as 100 uM. Under such conditions
(pH 7.4, 37 °C), half-lives for the cleavage of a tetranucleotide
bulge have been reported to be 40 11 and 14 h with 11, 12 and 13,
respectively.?”? The acceleration compared to a non-conjugated
chelate is less than two orders of magnitude. At the 5'-terminal
position, the cleaving activity of the base moiety tethered chelates
is dropped to about one third. All the conjugates show turnover.
Instead of 2'-O-Me ORN, a peptide nucleic acid oligomer (PNA)
has been used as the sequence recognizing moiety (14). This
has not brought in any marked change in the cleaving activity.
Slow Zn**-promoted cleavage of an ORN target (z,,, 300 h at
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pH 7.0, 25 °C) has also been observed with a 3'-terminal imidazole
conjugate of a 10-mer ODN (15) in excess of the metal ion
(50 pmol dm™).%
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Zn* -based artificial ribonucleases that bind the Zn** ion more
tightly than those derived from 2,9-dimethylphenanthroline have
been obtained by functionalization of 2’-O-methyl ORNs with
1,4,7-triazacyclododecane.”® The stability constant of the Zn**
complex of this azacrown is 10*¢ M~'.>® The cleaving activity of
both 3'-terminal (16,17) and intrastrand (18a—c) conjugates have
been tested at pH 7.3 and 35 °Cin 1 : 1 mixtures of the conjugate
and target and in excess of the target.”*° Both types of conjugates
show turnover, in spite of the fact that the cleavage with 16-Zn**
and 17-Zn* takes place outside the complementary region of the
ORN target, viz. one nucleotide from the last base pair towards
the 5'-end of the target.*® The cleavage efficiency is surprisingly
sensitive to the structure of 3'-terminal linker. Although the linkers
in conjugates 16 and 17 are approximately aslong (10 and 12 atoms
from the 3'-terminal phosphate, respectively), the disulfide linker
(17) affords an 8 times higher cleavage rate than the B-peptide
linker (16). The reason for this difference remains obscure. As
with 2,9-dimethylphenanthroline conjugates, the average cleavage
rate is two orders of magnitude higher than that observed with
the non-conjugated chelate. The intra-chain conjugates (18a—c),
when targeted to a pentanucleotide (A;) bulge, exhibit cleavage
rates from 60 to 80% of that of 16-Zn**. The length of the linker
plays only a minor role, the cleavage being slightly retarded with
the increasing length. The cleavage rate of a trinucleotide bulge
(A;) is about 60% of that of a pentanucleotide bulge. Interestingly,
a U;-bulge has turned out to be virtually stable, possibly due to
the well-established> tendency of the Zn** azacrown chelates to
coordinate to uracil (and thymine) bases.

The only dinuclear Zn**-dependant nuclease described so far
is the 5'-terminal ODN conjugate 19.5 This has been shown to
cleave a complementary ORN approximately as readily as the 2,9-
dimethylphenanthroline conjugates (11-13), but at a considerably
lower Zn** concentration (10 uM).

6. Monomeric metal ion-dependent cleaving agents

Several metal ion-dependent cleaving agents have been intro-
duced that effectively catalyze the cleavage of 2-hydroxypropyl-4-
nitrophenylphosphate, which is generally used as a simple model
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of RNA. One should, however, bear in mind that efficiently
promoted cleavage of an aryl phosphodiester is not necessarily
an indication of an as markedly promoted cleavage of RNA. The
rate-limiting step of the metal ion promoted cleavage of RNA
phosphodiester bonds in all likelihood consists of intra-complex
proton transfer from the aquo ligand of the phosphate-bound
metal ion to the departing alkoxy ion. Consistent with this
argument, Co(ll1) complexes have been shown to accelerate the
cleavage of 3',5-ApA much more efficiently than the cleavage
of adenosine 3'-phenylphosphate, in which formation of the
phosphorane intermediate (rather than its breakdown) is rate
limiting.*® In addition, the f8, value for the metal ion catalyzed
cleavage of ribonucleoside 3'-alkylphosphates is close to zero
(—0.32 £ 0.04), suggesting that the leaving group departs as an
alcohol rather than an alkoxide ion.* In other words, while factors
facilitating the formation of the phosphorane intermediate play
an important role in the cleavage of aryl esters, acceleration of
the breakdown of the phosphorane intermediate is needed for
RNA cleavage. With some metal ion complexes, efficient cleavage
of RNA phosphodiester bonds has, however, been established.

[

Oy
NH " <\J_/N:><:N\_)

These include the trinuclear Zn** complex of N,N,N',N',N" ,N"-
hexakis(pyridin-2-ylmethyl)[tris(2-aminoethyl)amine] (20),*° the
trinuclear Cu** complex of N,N,N',N',N",N"-hexakis(pyridin-2-
ylmethyl)[1,3,5-tris(2-aminomethyl)benzene] (21),** the mononu-
clear Zn** complex of 2,6-bis[2-(guanidiniummethyl)pyrimidin-
4-yl)pyridine (22),** the heterodinuclear Zn** ,Ni** complex of
spiroazacrown 23, and the dinuclear Cu®** complex of 1,8-
bis[(1,4,7-triazacyclononan-1-yl)methyllnaphthalene (24).% So far
these cleaving agents have not been converted to sequence-selective
nucleases.

7. Metal ion-independent artificial ribonucleases

The simplest example of organic sequence-selective nucleases is
offered by diethylenetriamine conjugates of ODNSs. Unfortunately,
such simple conjugates are rather inefficient. A 19-mer ODN
bearing a 5'-terminal diethylenetriamine tail (25) has been shown
to cleave the target at the 3'-side of the first unpaired nucleoside,
the half-life being 40 h at pH 8 and 50 °C.%*% The half-life at pH 7.5
and 37 °C may be estimated to be at least 5-fold. The respective
intra-chain conjugate (26) is approximately as efficient (z,,, 400 h
at pH 7.5, 37 °C). A considerably higher cleaving activity has
been observed on using PNA for the sequence recognition and
a urea linkage for tethering the diethylenetriamine moiety (27).%
A half-life of only 8 h has been reported at pH 7.0 and 40 °C,
the cleavage taking predominantly place at the 3'-side of the third
nucleoside from the last base pair. This corresponds to a half-life
of 5 h at pH 7.5 and 37 °C. The efficiency compared to related
ODN conjugates, 25 and 25, is surprisingly high.
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Besides oligoamine conjugates, various imidazole containing
constructs have been studied as artificial nucleases. These struc-
tures are aimed at mimicking the catalytic center of RNase A
that contains two histidine residues, His-12 and His-119.%° The
results obtained are to some extent controversial. Several ODN-
conjugates bearing two imidazole residues at the 5'-terminus have
been prepared and studied by the group of Vlassov.”*’ Among
them, 28 has turned out to be most efficient.” Usually tRNAP™* has
been used as the target and the nuclease has been targeted towards
a site known to exhibit inherent instability. For example, when 28
was targeted to the sequence C61-ACA-G65, known to be one
of the most hydrolytically labile sites of tRNA™, the C63-A64
bond was cleaved very rapidly. The half-life in 50 mM imidazole
buffer (pH 7.0, 37 °C, I = 0.2 M) was only 1.5 h. In addition, the
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duplex formation rather than cleavage was suggested to constitute
the rate-limiting step of the overall process. Conjugates 297%™ and
3077 are other diimidazole constructs shown to cleave tRNA™®
rather rapidly.

Most likely, the high cleavage rate observed on using conjugates
28-30 reflects the exceptional inherent hydrolytic instability of
the scissile phosphodiester bond rather than the efficiency of the
diimidazole constructs as a cleaving agent. Fast cleavage of RNA
by imidazole-containing ODN conjugates has almost invariably
been obtained by targeting the nuclease towards a 5-CpA-3’ or
5'-UpA-3' site within a single stranded region of tRNAM*, .
towards sites known to exhibit high inherent cleavage rates.
Targeting of the same ODN conjugates towards shorter linear
ORNSs would be of interest, especially since several closely related
diimidazole conjugates planned to mimic the catalytic center of
RNase A have turned out to be catalytically inactive towards
simple ORN targets.”” Similarly, methanephosphonate ODNs
bearing an diimidazole (31a) or imidazole/amino (31b) cleaving
agent in an intra-chain position have been shown to cleave a
complementary 22-mer ORN only very slowly (z,,, 800 hat pH 7.2,
25°C, corresponding 7,,, ca. 130 hat pH 7.5, 37 °C).” Much faster
cleavage has again be observed when a 5-CpA-3’ bond of half-
tRNA*P has been used as a target: an imidazole/amino conjugate
(32) exhibited a half-life of 18 h at pH 7.0 and 37 °C.”
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Peptides composed of alternating basic and hydrophobic amino
acids cleave RNA at a moderate rate. For example, the 5'-
terminal ODN conjugate of H-Gly—(Arg—Leu), has been shown to
display pronounced 5'-GpX-3' cleaving activity, in addition to the
frequently encountered 5'-CpA-3' and 5-U’'pA-3 cleavages. Again
inherent instability of the scissile bond, however, seems to play
a dominant role, since the cleavage is not sequence-selective. In
other words, even when the ODN moiety does not participate by
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Watson—Crick base pairing, it still enhances the cleaving activity of
the peptide.?*® However, a sequence-selective cleavage of tRNAM®
has also been reported. A conjugate bearing a 5'-terminal H-Leu—
Arg—(Leu-Arg);—-Gly—NH, sequence has been shown to cleave
tRNAY; predominantly at the C56-A57 site, i.e. 3 nucleotides
towards the 3’-end from the last base pair with the conjugate.®!
This cleavage has also been shown to be subject to competitive
inhibition by the unconjugated ODN moiety.

Finally, the PNA conjugate of neamine (33) has been shown
to cleave in 4-fold excess (0.5 uM) a considerable proportion
of a 96-mer TAR RNA in 5 h at pH 7.4 and 25 °C.# The
cleavage rate is unaffected by Mg?** when the concentration of
this remains below 2 mmol dm~, but at a higher concentration,
metal ion inhibition takes place. Neomycin, the parent compound
of neamine, is known to exhibit high affinity to the TAR region
of HIV-1 RNA.# Accordingly, it is not clear whether this cleaving
agent could be targeted towards other sites and, hence, be of more
general applicability.

0
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HO HoN
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HoN-C-PNAT Jv\[(N\/\/\/\O NH,

H

33

Interestingly,  tris{2-[(benzimidazol-2-yl)amino]ethyl }amine
(34) has been shown to catalyze the cleavage of RNA
phosphodiester bonds without the need for any special secondary
or tertiary structure.®® A linear 29-mer ORN heterosequence
labelled with a fluorescent dye at the 5'-terminus was cleaved,
when incubated with this agents, to a mixture of labelled products
containing all possible truncated sequences. The half-life for the
overall disappearance of the intact ORN was 2 h at pH 6 and
37 °C (50 mM Tris-HCI buffer, I not adjusted). Accordingly, the
half-life for the cleavage of a single bond may be estimated to be of
the order of 60 h. This is a remarkable cleaving activity for a purely
organic monomeric cleaving agent at such a low pH. Congeners
of 34 may well form a solid basis for further development of
purely organic sequence-selective artificial nucleases.
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Some particular phosphodiester bond within RNA, usually
a 5-CpA-3' or 5-UpA-3 bond, has been cleaved with several
other organic small molecule compounds. These include an imi-
dazole conjugate of dicationic bicyclo[2,2,2]-1,4-diazaoctane,
diimidazole conjugates of phenazine,® imidazole conjugates of
oligoamines,”*! a cyclen conjugate of an arginine rich peptide,”
bleomycin in the absence of metal ions,”® kanamycin A in the
presence of Cu®* ion,*** and a bis(guanidinium) conjugate of
arginine.”®
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8. Hybridization directed cleavage by small
molecules or metal ions

An alternative way to tailor RNA site-selectively in vitro is
exploitation of an appropriate ODN probe and an exogenous
catalyst for the cleavage. Hybridization with the ODN probe
protects the ORN sequence from cleavage, leaving a bulge created
at a desired site susceptible to the influence of the exogenous
cleaving agent.”” Often, a non-nucleosidic unit is incorporated in
the ODN to form a one nucleotide bulge. The first example of this
approach was the study of Reynolds et al.” A methanephospho-
nate ODN incorporating an abasic unit (35) cleaved in the presence
of ethylenediamine the otherwise complementary ORN opposite
to the non-nucleosidic unit. More recently, a similar approach has
been applied by using an intra-chain acridine conjugate of ODN
for creation of a bulge in the target RNA and Lu’* ion as the
cleaving agent.”® Cleavage at two sites within RNA, resulting in
clipping of a designated RNA fragment, has also shown to be
possible.”” The efficiency of the cleavage reaction depends on the
structure of the linker used to tether it to the sugar—phosphate
backbone'™ and on substituents on the acridine ring.'*»%
Introduction of N®-(N-phenylcarbamoyl) group into a dA residue
within an ODN probe has been shown to result in site-selective
cleavage of the complementary ORN opposite to the modified base
in the presence of Mg**.'* The structure of the modified adenine
base is assumed to mimic an AT base pair and, hence, interrupt
base-stacking interaction within the ORN strand.

9. Concluding remarks

Several reasonably efficient artificial ribonucleases that contain a
metal ion chelate as the catalytic moiety have been introduced. In
principle, these could be used for tailoring of large RNA molecules
in vitro. Nevertheless, only few examples of such applications are
available. The structural analogs of conjugate 2b, with the Eu’**
chelate attached through the m-position (not para as in 2b) to the
5'-terminus of a 2'-0-(2-methoxyethoxy) substituted ORN, have
been shown to cleave 571- and 2977-nucleotide long c-raf-1 RNA
transcripts in a sequence specific manner.'” Up to 70% of the target
was cleaved in 4 h at 37 °C on using a 2-fold excess of conjugate
to the target. A 647-mer RNA related to the RNA component of
human telomerase has been cleaved to 399- and 248-nucleotide
long fragments with Zn**-14.% Finally, hybridization of RNA
target with an ODN conjugate bearing two acridine groups at
a distance of 12 nucleotides from each other, followed by cleavage
with Lu* ion at the bulged nucleotides, has been used to cut a
desired 13-mer fragment from the RNA.' Mass spectrometric
analysis of such a short fragment then allows precise detection of
single nucleotide polymorphism at the site of interest.
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Applications of artificial ribonucleases in vivo have so far
limited to the observation that the phosphorothioate analog of
conjugate 33 is a more efficient antisense agent towards HIV-
1 gag-mRNA than the corresponding unconjugated sequence.'”’
No real breakthrough has been described. The metal ion-
based nucleases tend to suffer from time-dependent leakage
and exchange reactions of metal ions, which may disturb their
intracellular use. The most efficient lanthanide ion-based nucleases
(2a, 3c) have, however, turned out to be so stable in vitro, that
in vivo applications appear feasible.”** Another possibility is
to use nucleases dependent on metal ions available at sufficient
concentration in biological fluids. The stability constants of the
Cu® and Zn* complexes of small azacrowns, for example, seem
to be sufficiently high (>10°~10" M) to guarantee binding of
these ions under intracellular conditions. Still, entirely covalent
organic nucleases appear more attractive. A major hurdle on
the way to oligonucleotide based drugs is poor cellular uptake
of polyionic antisense oligomers. Metal ions chelates tethered
to antisense oligomers may additionally retard their penetration
to cells. Unfortunately, sufficiently efficient organic catalysts that
cleave RNA phosphodiester bonds without any special demands
for the base composition or chain folding have not been described.
The initial results with diethylenetriamine-PNA conjugate (27)%®
are promising, but no in vivo screening has been reported. It has
only been observed that tethering of a cell-penetrating peptide
to 27 reduces the catalytic activity.'”® Recent studies of Zepik and
Benner'” imply that development of purely organic cleaving agents
may really be difficult. These authors, guided by the previous
studies of Anslyn,'"*""" Hamilton!'>'® and Gobel, ' investigated
the effect of numerous bisguanidinium compounds on the rate
of transesterification of 3',5-UpU to 2,3-cUMP in aqueous
triethanolamine buffer at pH 7.5. While some of the compounds
moderately accelerated the cleavage, their congeners exhibiting
quite similar ground state affinity to the starting material in-
hibited the transesterification. The recently reported sequence-
independent cleaving activity of tris(guanidinium) 34 construct,
however, lends some confidence to the feasibility of covalent
organic catalysts and motivates to continue the development.

A factor that has not yet been properly studied is the attachment
of the catalytic group to the sequence recognizing moiety. On using
metal ion chelates as cleaving agents, the catalytic activity of the
artificial nuclease is only 100-fold compared to the corresponding
unconjugated chelate. This acceleration probably results from a
proximity effect, i.e. from increased concentration of the cleaving
agent in the vicinity of the scissile bond. One might, however,
speculate that by a proper orientation and anchoring of the
cleaving agent, a considerably greater acceleration could be
achieved. This possibility may be more important with organic
cleaving agents than with metal ion chelates, since the long-range
electrostatic interaction between the metal ion and the negatively
charged phosphodiester bond will eventually play an important
role in the catalytic action of metal chelates. The efficiency of metal
ion-based nucleases would most likely benefit from synergy of two
appropriately immobilized metal ions. In an ideal case, two metal
ions may provide double Lewis acid activation by coordination
to both non-bridging phosphoryl oxygens, and simultaneously
their aquo ligand can serve as an intra-complex general acid,
protonating the leaving alkoxide concerted with rupture of the
P-O bond.

Success in development of artificial nucleases does not guaran-
tee that they also will find applications as chemotherapeutic agents.
The overall future of antisense oligonucleotide drugs still depends
on several other problems. The in vitro manipulation of RNA,
however, definitely benefits from tools, with which pre-designed
fragments could be cut from the RNA chains in such manner that
enzymatic relegation of a novel sequence is possible.
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The fluorination of organosilanes with the silyl groups directly attached or adjacent to an aryl or
alkenyl group has been only very recently examined despite the fact that the corresponding fluorinated
products are synthetically useful building blocks. In these reactions, the silyl group enhances the
reactivity of the m-nucleophile and controls the sense of regiochemistry upon addition of the
electrophilic source of fluorine. These reactions take advantage of the B effect of the silicon—carbon
bond and recent results from the literature revealed that this chemistry allows for the preparation of a
variety of novel fluorinated building blocks including enantioenriched derivatives.

Introduction

Ever since the first synthesis of hydrofluoric acid by Margraf
in 1764 and of elemental fluorine by Moissan in 1886, fluorine
chemistry has come a long way as reflected by the impressive
range of applications of fluorinated compounds in our daily life.
Very recently, several books, reviews and perspective papers have
highlighted the importance of fluorine chemistry and speculated
on its future. They discussed why fluorine-containing organic ma-
terials are commonly used in materials, medicinal, pharmaceutical
and agrochemical science and how the incorporation of fluorine
into an organic compound perturbs its chemical, physical and

University of Oxford, Chemistry Research laboratory, 12, Mansfield Road,
Oxford, UK OXI1 3TA. E-mail: veronique.gouverneur@chem.ox.ac.uk;
Fax: +44 (0)1865 275 644

biological properties.! Because naturally occurring organofluorine
compounds are rare, the preparation of fluorine-substituted target
molecules depends heavily on modern synthetic chemistry. Key
strategies for their preparation include the “fluorination method”,
the “building block method” and a combination of these two
approaches. The former allows for the synthesis of an increasing
repertoire of fluorinated target molecules along with intermediates
that provide scope for the “building block” approach. For some
applications, such as the preparation of fluorine-18 labelled tracers
for positron emission tomography, the fluorination method is
the most suitable strategy as the short half-life of fluorine-18
(t,,» = 110 minutes) necessitates the introduction of the fluorine
atom at as late a stage as possible in the synthetic sequence.”
The involvement of many research groups in synthetic fluorine
chemistry has been driven by the unusual reactivity sometimes
observed when using fluorinated building blocks or by the need
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to control product outcome and overcome selectivity issues when
working with fluorinating reagents. As a result, ingenious methods
for the preparation of fluorinated compounds have been disclosed
to address some of these challenges.* With the appearance of
“easy to handle” electrophilic fluorinating reagents and the
importance of organometallic chemistry, it is noteworthy that,
putting aside the preparation of a-fluorinated carbonyl derivatives,
relatively little progress has been made to access fluorinated
targets or intermediates by substitution of metals especially for the
preparation of compounds with the fluorine on an sp* hybridised
carbon. In this account, we briefly outline some of the problems
associated with the fluorination of organometallic species and
we describe how organosilanes other than silyl enol ethers are
emerging as a new class of suitable precursors for the preparation
of structurally diverse fluorinated targets or building blocks,
including homochiral compounds with the fluorine atom on a
stereogenic centre.

Organosilanes versus other organometallic derivatives
as precursors for the preparation of fluorinated
compounds

The reactivity of organometallics such as lithium, tin, germanium
and silicon in the presence of an electrophilic source of fluorine has
been examined mainly for the formation of aryl fluorides probably
due to the importance of this motif in the pharmaceutical industry
(Scheme 1).*

Vinyllithium, tin, and boron derivatives have also been con-
verted into the corresponding fluoroalkenes upon treatment with
an electrophilic source of fluorine. Molecular fluorine, perchloryl
fluoride, caesium fluoroxysulfate, xenon difluoride or diverse
N-F reagents were found to be suitable reagents for these
transformations allowing for the preparation of fluoroalkenes with
good yields (Scheme 2).°

With the exception of o-fluorinated carbonyl derivatives, the use
of organometallic precursors for the preparation of fluorinated
compounds, for which the fluorine atom is attached to an sp*-

OMe

H i) KHF, H,0 H
B(OH i) Selectfluor, CH;CN F
Ph)y (OH)2 ) 3 Ph)%?f
H H
89 %
50/50 E/IZ
BuzSn H F. H
‘ Selectfluor, CH3CN |
SACEEEENOR D
71 %
Li . F
©/\v PhSO,NF-tBu, -120 °C @/\v
76%

Scheme 2 Electrophilic fluorination of trifluoroborates, vinylstannanes
and vinyllithium.

hybridised carbon has not been examined to a great extent, despite
the synthetic value of the resulting fluorinated products. Until
recently, only organolithium, Grignard reagents, organothallium
and organomercury derivatives were successfully reacted in the
presence of electrophilic sources of fluorine for the preparation of
simple fluorinated compounds with the fluorine atom attached to
an sp’-hybridised carbon (Scheme 3).°

Altogether, the following trends emerge from these results. In
reaction with an electrophilic source of fluorine, organolithium
reagents are advantageous in comparison with Grignard reagents
due to the lack of a halogen partner present to neutralise the
bivalent magnesium metal. The presence of a bromide or iodide
ion complicates the electrophilic fluorination process as oxidation
of the halogen ion, particularly iodide can occur as a competitive
process. The group 1 organolithium reagents can be prepared
halogen-free and present the added advantage of being generally
more reactive than the group 2 organometallics. However, the

(R OMe
BocO 2
NHCHO e BOO NHCHO
CCI,F, 4 min, -20°C
COOEt COOEt
SnMe, 18
GeMe, [*FIF, *F
CCI,F, -78 °C
40%
CONHBu' i) 2 eq n-BuLi, THF CONHBu!
i) NFSi
F
OMe OMe
56%
Scheme 1 Electrophilic fluorination of organometallics for the preparation of aryl fluorides.
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Scheme 3  Direct substitution of metals on an sp*-hybridised carbon with
fluorine.

basicity of these lithiated precursors prevents the use of some N—
F reagents that decompose under strong basic conditions. The
chemistry of the milder organolead, tin, mercury and thallium
species has been little examined probably due the high toxicity of
their derivatives. Arylgermanium compounds have been used as
an alternative to aryltin but the yields obtained upon fluorination
with elemental fluorine and acetyl hypofluorite are generally lower
due to the stronger C—Ge bond. The lower reactivity coupled
with the high cost of germanium is probably the reason why
little research has been done in this area.” Organosilanes present
the advantage of being safe to handle but in comparison with
the corresponding tin or germanium derivatives, the increase of
carbon-metal bond energy and the decrease in carbon-metal
bond lengths result in lower reactivity. This is likely the reason
why this class of compounds was overlooked as an alternative
to other organometallic species. However, recent results suggest
that these compounds are now emerging as valuable precursors
for the preparation of a large variety of structurally diverse fluo-
rinated compounds. Organosilanes with the silyl groups directly
attached or adjacent to an aryl or alkenyl group are very useful
synthetic intermediates as they can react with electrophiles to give
structurally diverse products. In these reactions, the silyl group
enhances the reactivity of the n-nucleophile and controls the sense
of regiochemistry upon addition of the electrophile as illustrated
with a representative allylsilane in Scheme 4. These reactions take

uF+u
—_—

R2%SiMe3 F@})NSiMeg
F
R

R1

advantage of the B effect of a silicon center and when using
electrophilic sources of fluorine, recent results from the literature
revealed that structurally diverse fluorinated compounds are now
accessible from organosilanes, including enantioenriched targets.?®
In this account, we will not cover the long-established reactivity
of silyl enol ethers.

Arylsilanes

The ipso-substitution of arylsilanes for the formation of aryl
fluorides has been achieved using relatively strong fluorinating
agents such as F,, AcOF, caesium fluoroxysulfate (CFS) and
XeF,.? Early reports described the fluorination of arylsilanes for
the purpose of introducing "F into radiopharmaceuticals.’’ In
general, when using molecular fluorine for the fluorodesilylation
of arylsilanes, a large excess of substrate to fluorine is used
to minimise unwanted side-products resulting from subsequent
fluorination on the product. This limitation can be overcome by
carrying out the reaction in a polar solvent in the presence of boron
trifluoride, an additive that promotes polarisation of the F-F
bond. Under these optimised conditions, a stoichiometric amount
of the substrate can be used. For these reactions, secondary
products are sometimes observed arising from fluorodeprotona-
tion and/or 1,2-migration of the trimethylsilyl group. These 1,2-
shifts are driven by the fact that the carbocation produced after
migration of the silyl group is stabilised both by the B-silicon
effect and the mesomeric effect of the newly introduced a-fluorine.
Xenon difluoride in C4F, has also been used as the fluorinating
agent for the fluorodesilylation of arylsilane.” For these reactions,
it has been suggested that the mechanism of reaction involves an
aryl radical as the key intermediate (Scheme 5).

N-F Reagents including 1-chloromethyl-4-fluoro-1,4-diazonia-
bicyclo[2.2.2]octane bis(tetrafluoro-borate) (Selectfluor) are not
really suitable for the fluorodesilylation of arylsilanes as very low
yields of the desired products are obtained even after prolonged
reaction times. In addition, side products are observed, resulting
from a competitive flurorodeprotonation process.! These data
suggest that only strong electrophilic fluorinating agents are
suitable for the ipso fluorodesilylation of arylsilanes. This is likely
to be the result of the loss of aromaticity of the ring upon formation
of the B-silyl cation. In addition, the Si-C o bond and the ©
orbital to be stabilised are initially orthogonal and consequently,

RS

#%
F

R1

R3
Desilylation
E—

stabilisation by hyperconjugation

Scheme 4 Regioselective fluorination via a silicon-stabilised carbocation.
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stabilisation from the B-effect occurs only late in the approach to
the transition state.

Vinylsilanes

Vinylsilanes, which are slightly more reactive toward electrophiles
than arylsilanes, still require a highly reactive fluorinating agent
for the fluorodesilylation process to occur. Recent studies demon-
strated that vinylsilanes can be converted to fluoroalkenes upon
treatment with Selectfluor in acetonitrile at room temperature
(Scheme 6).1

TN\ 1 eq. Selectfluor /R,
nCgHy3 SiMes nCgHqz F
CH4CN, rt, 20 h (eq. 1)
45% ZIE 411
/:\ 2.5 eq. Selectfluor MeCONH CHF
i 2
Ph SiMes CHCN, t, 80 h or (eq. 2)
70%
— 2.5 eq. Selectfluor MeQ CHF
PH SiMes 2 (eg.3)
MeOH: CHyCN, 1t, 5days PR g0
HO
2.5 eq. Selectfluor HFZC>O (eq. 4)
Ph - SiMes  GHyCN, 1t, 48h PR” 0
62%
Cl
A\‘/-'._
Selectfluor =
N 2 BFy
F

Scheme 6 Mono- and difluorination of vinylsilanes.

When the starting vinylsilane is used as a single geometrical Z or
FE isomer, the corresponding fluoroalkene is formed as a mixture
of stereoisomers with retention of stereochemistry as the predom-
inant pathway [Scheme 6, eqn (1)]. The loss of stereochemical
integrity is more important for vinylsilanes bearing substituents
capable of stabilising inductively or mesomerically the presumably
formed positively charged reaction intermediates. The formation
of a mixture of stereoisomers and the faster reaction with the

F SiMes

+
F
OMe OMe
10% 25%
SiMe;
AN N
+ —F + —F
= =
86% 8% 6%

ipso-Electrophilic fluorosubstitution of para-substituted arylsilanes.

more nucleophilic vinylsilanes are consistent with an addition—
elimination mechanistic pathway via a carbocationic intermediate
followed by loss of the silyl group to restore neutrality. However
the results could not rule out the possibility of a single electron
transfer mechanism. The isolated yields for these reactions are
moderate. Prolonged reaction time did not improve the yields
as secondary products identified as difluoroamides are formed,
resulting from further fluorination of the fluoroalkenes followed
by reaction with acetonitrile. When alkenylsilanes are treated
with more than one equivalent of Selectfluor, the corresponding
difluoroamides are formed in good yields according to a Ritter-
type fluoro-functionalisation with acetonitrile [Scheme 6, eqn (2)].
This reaction is relatively limited in scope and can be applied only
to activated vinylsilanes. Indeed, vinylsilanes substituted with a
single alkyl group do not deliver the corresponding difluorinated
amide in the presence of an excess of Selectfluor because the
reaction halted at the first stage affording the fluoroalkene as
the only product. When the electrophilic fluorodesilylation of
activated vinylsilanes was carried out in aqueous acetonitrile or
in a mixture of methanol and acetonitrile, difluorinated alcohols
or ethers are obtained with high chemical yields [Scheme 6,
eqn (3)]. For these reactions, traces of the difluoroamides are
always detected but could be easily separated by chromatography.
The electrophilic double fluorination of vinylsilane bearing a
strategically positioned alcohol group allows for the preparation of
tetrahydrofurans and tetrahydropyrans bearing a difluoromethyl
group, resulting from the intramolecular trapping of the diflu-
orinated carbocationic intermediate with the primary alcohol
functionality [Scheme 6, eqn (4)]. This is the only route to these
compounds featuring the introduction of the fluorine as the last
step of the synthetic sequence.

Allylsilanes

Allylsilanes, which are typically more reactive than vinyl- or
arylsilanes, are perhaps the most useful type of silyl nucleophiles as
they react with a wide variety of electrophiles.”® With a o= hyper-
conjugative stabilisation of the B-carbonium ion of approximately
30 kcal mol~! combined with steric factors, the site of attack of the
electrophile is at C-y (C-3) with the development of a carbocation
at C-B(C-2). The resulting carbocationic intermediate can undergo

This journal is © The Royal Society of Chemistry 2006
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rapid loss of the silyl group allowing for the formation of a
product with a net transposition of the double bond. The overall
process is taking place according to an Sg2’ mechanism. The
electrophilic fluorodesilylation of allylsilanes has been the subject
of three recent reports. Research conducted in our laboratories
has established the utility of this process for the preparation
of structurally diverse allylic fluorides including enantioenriched
derivatives. The initial report described how diverse fiunctionalised
allylic fluorides are prepared using a simple two-step process
involving a cross-metathesis reaction of allyltrimethylsilane with
different olefinic partners followed by a fluorodesilylation of
the corresponding functionalised allylsilanes with Selectfluor
(Scheme 7). The fluorodesilylation process occurs with clean
transposition of the double bond as expected for a reaction taking
place according to an Sg2’ mechanism. The methodology has been
applied to the preparation of terminal secondary and tertiary
allylic fluorides bearing numerous functionalities such as ether,
ester, acetal, protected amine as well as imido groups. With no
side products detected in the crude reaction mixture, the isolated
yields of allylic fluorides are generally very good. The reaction does
not allow for the preparation of a-fluorinated carbonyl derivatives
as the corresponding allylsilanes featuring an electron-deficient
enone functionality is not sufficiently reactive toward Selectfluor.

The methodology has also been expanded to the preparation
of enantioenriched allylic fluorides using two complementary
strategies. The first approach relies on the use of non-racemic chiral
organosilanes combined with achiral fluorinating reagent and the
second involves the treatment of prochiral allylsilanes with chiral
fluorinating reagents. The first approach has been applied to chiral
allylsilanes possessing their stereogenic centre on the allylic carbon
not substituted by the silyl group because these precursors could
be readily prepared as single E-isomers by cross-metathesis of
commercially available allyltrimethylsilane with olefinic partners
which are the products resulting from an asymmetric deconjuga-
tive alkylation of known acetylated oxazolidinone (Scheme 8).%
Upon treatment with Selectfluor, the desired allylic fluorides were
obtained as a mixture of diastereomers that could be separated
cleanly by column chromatography. Hydrolytic cleavage of the
chiral auxiliary is taking place in high yields affording the B-
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Cross-metathesis
Ru-catalyst

Ru-catalyst

Mes—

oY

RUj
Cl Pcy3 Ph

Mes = CgHy-2,4,6-(CHg)s

N Mes

Selected examples:

PhCOO
NOCN

F Me
79%

[O
(o) N Et AN
100% F 0% F

1.1 eq. LDA, THF,
1.1eq. HMPA, -78°C

o o 0]
\
Me/\/kN)J\O NJ\NJJ\
> / then 3 eq. BnBr )—/

Bn 56 % Bn

k

syn gy )_/
Bn Me;Si : N O
0 Selectfluor Bn P
Bn
W_L )k acetone, NaHCp;,
N O 100% Conversion

95 % (E/Z = 100/0)

Grubbs catalyst

5 mo 1% 2nd generation
DCM reflux

synlanti = 1/2

Application to the synthesis of enantiopure fluorinated
(28S,3S)-2-benzyl-3-fluoropent-4-en-1-ol

3 Hp0p, LIOH90% XA~
: N 1. H20p, L % . OH
Bn >—‘ 2. LIAIH, 2% én

Scheme 8 Asymmetric synthesis of allylic fluorides.

fluorinated carboxylic acids as single diastereo- and enantiomer.
The corresponding alcohol was obtained by reduction of these
fluorinated acids with lithium aluminium hydride. It is noteworthy
that the direct reductive cleavage of the chiral auxiliary of the
fluorinated oxazolidinones was not successful as a competitive
elimination process occurred under these conditions.

A regio- and enantioselective synthesis of allylic fluorides has
also been reported based on the use of enantiopure N-F reagents
(Scheme 9).'¢ Allylsilanes derived from indanone and tetralone
were reacted in the presence of chiral N-fluorocinchona alkaloids,
which were prepared in situ by mixing the commercially available
cinchona alkaloids with Selectfluor. Amongst the numerous
alkaloids screened for this reaction, the reagent derived from
(DHQ),PYR was found to be most promising with enantiomeric

(e}
NN SiMe;
o = 3 Ph)J\o AN
84% Selectfluor 74% F
EliZ =41
Selectfluor

Cl
(Ve
MJ 2 BF,
F

Scheme 7 Sequential cross-metathesis/fluorodesilylation.
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Scheme 9 Enantioselective fluorodesilylation of prochiral allylsilanes.

excess up to 96% for the benzyl-substituted allylsilane derived
from indanone 1b. In general, higher enantiomeric excesses were
obtained for allylsilanes derived from indanones in comparison
with the ones derived from tetralones. The substitution pattern of
the substrate was also important with the best results obtained for
substrates substituted by large groups. This study also showed that
the replacement of the three methyl groups attached to the silicon
by three phenyl groups was beneficial as reflected in increased
enantiomeric excesses.

Allenylmethylsilanes

The Sg2' reaction of allenylmethylsilanes in the presence of
Selectfluor has also been recently investigated and allowed for
the preparation of 2-fluoro-1,3-dienes (Scheme 10)."7

For these reactions, acetone was found to be the solvent of
choice in order to facilitate the work-up procedure and the
purification of the product. This is the first route to these
valuable compounds that is not based on the use of a fluorinated
building block. To prevent the formation of the non-fluorinated
diene, a side product resulting from a protodesilylation process,
it is essential to carry out the reaction in the presence of 1.2
equivalent of NaHCO;. Using these reaction conditions, the
best yields were obtained for substrates with a substituent that
reinforces the B-effect of the trimethylsilyl group upon addition
of Selectfluor. Racemic di- and trisubstituted allenylmethylsilanes
led to the formation of the desired fluorodienes as mixtures of

F
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Scheme 10 Synthesis of fluorodienes from allenylmethylsilanes.

E/Z dienes (roughly 2 : 1) with the E isomer as the major
compound. Assuming that an Sg2' mechanism is operating, the
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preferential formation of the E isomer indicates that Selectfluor
approached the central carbon of the allenylmethylsilane from
the opposite side to the sterically demanding R substituent, with
the organosilane adopting a reactive conformation allowing early
stabilisation of the developing positive charge. As the two £ and Z
isomers are difficult to separate, the methodology is best applied
to fluorodienes that cannot be formed as mixtures of isomers
unless the stereochemistry of the double bond is unimportant for
subsequent transformations.

Outlook

The spectrum of organosilanes containing o-bonded silyl groups
attached to a participating m-bond and their use in organic
synthesis has grown considerably over the past years. Until
recently, little was done on the use of organosilanes for the
preparation of fluorocompounds probably because preliminary
work was centered on the less reactive aryl silanes and revealed
that within this series, aryltin and arylgermanes were more suitable
substrates. Vinylsilanes, allylsilanes and allenylmethyl silanes have
now been identified as highly valuable vinylic, allylic and dienylic
transfer reagents onto Selectfluor allowing for the formation of
structurally diverse fluorinated building blocks. More recently, the
fluorodesilylation of allenylsilanes has also been studied allowing
for the preparation of propargylic fluorides.”® This chemistry
takes advantage of the long-established B-effect of the silicon and
opens unprecedented pathways for the stereoselective synthesis of
cyclic and acyclic fluorinated targets. Exciting developments in
this field in the near future are expected, including studies aimed
at elucidating unambiguously the reaction mechanism of these
reactions.
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An efficient regioselective naphthoannulation strategy able
to fuse a newly formed naphthalene ring at its 1,2- and 3,4-
positions to two different heterocycles has been developed.

Selective synthesis of functionalized polycyclic heteroaromatic
compounds by annulation methods! has been an important task in
organic synthesis because polycyclic heterocycles are closely asso-
ciated with a variety of natural products and unnatural synthetic
targets of biological importance, and play an important role in
developing new organic electro-optical materials.? In this respect,
radical cyclization® and electrocyclic reaction* are among the most
powerful and versatile tools. We report here a simple and efficient
naphthoannulation strategy® starting from photoreactions of
N-methyl-3,4-dichloromaleimide (1) and 3.,4-dichlorocoumarin
(2) with phenyl-substituted heterocycles such as 2- and 3-phenyl-
benzofurans and 2 and 3-phenylbenzothiophenes 3a-3d which
involves radical cyclization and tandem electrocyclic reactions.

; ]\A U39 7
\ T %
L o H

d/ cl RZ o

3a-3d 4a-4d
a X=0,R'=Ph,R%=H b X=0,R'sH, R%=Ph
c X8, R'=Ph,R?=H d X=S, R'=H, R?>=Ph

_>|(

\\ Clpp
Y I P

;- X ¢

Irradiation of 1 with 3a in benzene gave 4a (73%) and 5a (24%).
While 4a is a normal [2 + 2] cycloadduct between triplet excited
1 (*1*) and 3a, 5a can be viewed as derived from a formal Diels—
Alder adduct I (Scheme 1) between 1 and 3a by eliminating two
HCI molecules. However, a control experiment showed that Sa
could not be formed by thermal reactions of 1 with 3a in the
dark either at ambient temperature or at elevated temperature by
prolonged refluxing in toluene. Similar irradiation of 2 with 3a
afforded the annulation product 7a in 58% yield. A cyclobutane
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product was not found in this case (Table 1). We further found
that 4a can be transformed to 5a in high yield by first heating on
silica gel at 100 °C to give the cyclobutane ring-opening product 6a
(94%) and 5a (19%), and then irradiating 6a in acetone solution to
give 5a (96%). As a result, the total yield of 5a in the photoreaction
and subsequent conversion of 4a is 94%. The mechanism for the
formation of Sa in the photoreaction of 1 with 3a and by the
conversion of 4a is proposed in Scheme 1.

Addition of *1* with 3a leads to the diradical intermediate A
in which the unpaired electron at C4 is delocalized to the o- and
p-carbon atoms in the phenyl ring. Then 1,4- and 1,6-diradical
recombination after intersystem crossing (ISC) to singlet manifold
gave 4a and 5a, respectively. Heating 4a absorbed on silica gel
results in the elimination of hydrogen chloride to afford the
thermally labile cyclobutene B which underwent electrocyclic ring-
opening to give 6a.° Subsequent 67 electrocyclization’ of 6a can
be achieved thermally or photochemically. As mentioned above,
thermal transformation of 6a to Sa is very sluggish and by heating
4a on silica gel for 10 h, only 1% yield of 5a is formed. On the other
hand, irradiating 6a in acetone led to smooth transformation to

This journal is © The Royal Society of Chemistry 2006
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Table 1 Synthesis of S and 7

Photoreaction Conversion of 4

Reactants Irradiation time/h Conversion (%0) Products and yield (%) Products and yield (%) Total yield of 5 and 7 (%)*
1,3a 21 100 4a (73), 52 (24) 52 (92) 5a (94)

1,3b 43 63 4b (87), 5b (6) 5b (95) 5b (89)

1,3c 27 79 4c (84), 5¢ (7) 5¢ (94) 5¢ (87)

1,3d 44 95 4d (75), 5d (8) 5d (36) 5d (72)

2,3a 43 43 7a (58) 7a (58)

2,3b 48 36 7a (71) 7b (71)

2, 3¢ Slow reaction®

2,3d 72 36 7d (67) 7d (67)

“Total yield of isolated products in the photoreaction and conversion of 4. ® Not further investigated.

5a in high yield (96%). These results are attributed to the fact that
thermal disrotatory ring-closure in 6a gave product C where H
and Cl atoms are in a cis-configuration, making their elimination
difficult and driving the reversible eletrocyclization backward
to the ring-opening form 6a. At the same time, photoinduced
conrotatory ring-closure gave D with the H and Cl atoms trans- to
each other for facile elimination to give product 5a. A key point
to the success of the conversion of 4a to 5a is the feasibility of 4a
to eliminate a hydrogen chloride when heating on silica gel. This
is because 4a has a sterically less hindered anti-configuration for
the pyrroledione and the benzofuran moieties so that the H and
Cl atoms are trans- to each other, favoring the elimination. This is
substantiated by an X-ray crystallographic analysis of 4a} (Fig. 1).

Fig.1 X-Ray structure of 4a.

The competition of 1,4- and 1,6-diradical recombination path-
ways in the diradical intermediates A and E (Scheme 1) are likely
decided by spin distribution and steric hindrance in the two ring-
closure modes. Density functional theory (DFT) calculations at
the UB3LYP 6-31G level® of A and E reveal that both in the
optimized geometry and in conformations suitable for rapid ISC
and bond formation,® not only do the two radical center C atoms
(C1 and C4) have a large spin density, but the o- and p-carbon
atoms in the phenyl ring also share significant spin density to
allow direct 1,6-cyclization to the annulation products 5a and 7a.

Irradiation of 1 with 3b furnished 4b (87%) and Sb (6%). Heating
4b on silica gel at 90 °C for 12 h resulted in complete conversion
of 4b and gave 6b in 96% yield. Photolysis of 6b gave 5b in 99%
yield. Therefore, the yield of 5b covering photoreaction and further
conversion of 4b is 89%. The structure of Sb was also confirmed
by an X-ray crystallographic analysis§ (Fig. 2). Similar to the

Fig. 2 X-Ray structure of 5b.

photoreactions of 2 with 3a, irradiation of 2 with 3b gave the
annulation product 7b as the only isolable product in 71% yield.

This annulation protocol was also performed for 2- and 3-
phenylbenzothiophenes 3¢ and 3d. The results are in Table 1.

Therefore, this naphthoannulation strategy is highly regios-
elective and high yielding, leading to the simple (sometimes
stratightforward) synthesis of polycyclic heterocycles in which
coumarin or maleimide (at their 3,4-position) and benzofuran or
benzothiophene (at their 2,3-position) are fused at the 1,2- and
3,4-positions of a newly formed naphthalene ring, respectively.
Regiochemistry in the annulation product can be controlled simply
by changing the position of the phenyl group in the benzofuran
and benzothiophene rings.

Aromatic annulated furans," polycyclic thiophene derivatives,!
3,4-disubstituted and annulated maleimides'? and angularly fused
polycyclic coumarin derivatives' are of current research interest
in view of their biological, optical and electrochemical properties,
and their syntheses have drawn much attention. However, more
thorough investigation of these compounds is still hampered
by the lack of general and efficient synthetic methods. The
naphthoannulation strategy reported here provides a convenient
methodology for the synthesis of these polycyclic systems, and
these previously unknown polycyclic systems 5 and 7 would
be interesting target compounds for the screening of biological
activity and optoelectric properties. All of these compounds are
bright yellow or yellow-green colored and are strongly fluorescent
in the blue region. The light absorption and emitting properties
are shown in Table 2.
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Table 2 Spectral properties of compounds 5 and 7 in benzene solution

Compound  A* /nm“ g, (x10*)/Lmol™' cm™ AL /nm® &,

Sa 397 0.70 450 0.41
5b 403 1.15 455 0.63
Sc 405 0.55 465 0.33
Sd 401 1.00 463 0.38
Ta 403 2.31 441 0.20
7b 410 1.59 448 0.73
7d 418 0.95 457 0.42

“ The longest wavelength absorption peak in the electronic spectrum. ® The
emission maximum in the fluorescence spectrum.

Research on further use of this annulation strategy for
phenyl-substituted heterocycles other than phenylbenzofurans
and phenylbenzothiophenes is in progress.

We thank the NSFC for financial support (20272024).
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in CIF or other electronic format see DOI: 10.1039/b514496¢.
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Reaction of hexa-N-Boc neomycin B with TPP and DIAD in
toluene results in the formation of an epoxide in ring IV, not
an aziridine or azetidine as previously reported.

Aminoglycosides were used as the first successful treatment of
the devastating effects of tuberculosis over 60 years ago. In
spite of drug resistance to these compounds, they are still an
important component of the chemotherapeutic arsenal against
this disease. Today, Mycobacterium tuberculosis continues to kill
more people than any other single microorganism due primarily
to its virulence in HIV-infected individuals.! The waxy, mycolate-
laden exterior of the mycobacterium presents a formidable barrier
to most drug molecules. Accordingly, we sought to modify
aminoglycosides with fatty acids to improve their efficacy against
this microorganism. Based on previous success with mycolic acids
in the Mitsunobu esterification of the primary hydroxyl groups
of trehalose, for the synthesis of cord factor analogues,® we set
out to apply this chemistry to hexa-N-Boc neomycin B. This
compound has a single primary hydroxyl group that should be
the most reactive site for this reaction, obviating the need for
selective protection. However, two recent reports have indicated
that it is preferable to protect all secondary hydroxyl groups as
acetates to maximise the yield of Mitsunobu displacement at the
SIII-position with thioacetic acid (84%)* and N*-benzoylthymine
(78%),* respectively. Similar chemistry has been carried out on
tobramycin analogues by Hanessian, et al.®

NHR NHR
HO o] HO Q
HO NHR HO NHR
R, RHN ¢ Ho-— RAN o
2 o o) NHR o O NHR
HO RHN HO (1 oRNH HO
v
o0 OH RHN 00 OH
RN™ 2 1
R R Ry
1. BOC OH OH 3:R=BOC

2: BOC OH 0,CCgH4NO,
4 BOC N;  OH

Fig. 1 Neomycin B derivatives.

As a model reaction, we treated hexa-N-Boc neomycin B 1
(Fig. 1, 1 equiv.) with p-nitrobenzoic acid (2 equiv.), triphenylphos-
phine (TPP) (2 equiv.), and diisopropyl azodicarboxylate (DIAD)
(2 equiv.) in various anhydrous solvents. While no significant con-
version was observed in DMF or THF, reaction in toluene did pro-
duce the desired SIII-ester. In addition to the anticipated product
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T Electronic supplementary information (ESI) available: 1D and 2D NMR
data for the peracetates of 1, 3, 4 and 5. See DOI: 10.1039/b513113h

2 (29%), dehydrated products of this ester and of neomycin were
obtained as by-products. When this reaction was attempted with
lauric acid and double the amount of DIAD and TPP (4 equiv. ea.),
more substantial amounts of these by-products were observed. In
order to better identify these dehydration products, the Mitsunobu
reaction was repeated in the absence of any carboxylic acid. Reac-
tion of 1 with TPP (2 equiv.) and DIAD (2 equiv.) in toluene at RT
for 20 h afforded a 40% yield of a major monodehydration product
(M + Na* = 1219.60032, HRMS), following purification by
column chromatography. Acetylation of this product produced a
pentaacetate (M + H* = 1407.67615, HRMS) indicating that two
hydroxyl groups of the parent neomycin had reacted under the
Mitsunobu conditions, consistent with formation of an epoxide
3).

Rigorous characterisation of these compounds by NMR ini-
tially proved quite difficult. The spectrum for the parent compound
as its peracetate (1-heptaacetate) in CDCl; at room temperature
appears broadened by exchange processes, presumably due to re-
stricted rotation and steric congestion. Significantly more spectral
dispersion is observed in d°-pyridine solution, however there is
still significant broadening of many resonances in the spectrum
and it is not readily assigned. Both 1-heptaacate and the epoxide
3-pentaacetate, however, gave well-resolved 'H-NMR signals in
d’-pyridine at 90 °C (Fig. 2). All further "H-NMR studies on
the neomycin derivatives were, therefore, undertaken using the
peracetylated compounds at elevated temperatures.

Analysis of the COSY, HMQC and HMBC and 1D NOE
spectra obtained for 1-heptaacetate at 363 K enabled the complete
assignment of the 'H-NMR signals of the four sugar units (I-1V).
The chair conformation of the ido ring (IV) is unchanged from
the unprotected parent species,® as confirmed by the small values
observed for the *Jyuy vicinal coupling constants of the ido ring
protons (*Jawsrys *Savarys “Javsiy = 2-3 Hz). These small couplings
attest to the mutually equatorial disposition of H,y, Hsy and
H,y in contrast to the trans-diaxial disposition of the H,;, Hy,
H,; sets of the gluco ring (I) residue CJyar, *Jspar, *Jast = 9.5-11
Hz). Comparison of the COSY spectra for 1-heptaacetate and 3-
pentaacetate confirms that the gluco ring, streptamine, and ribose
rings remain unchanged as a result of the reaction. The resonances
of the ido ring, however, are significantly different in the anhydro
derivative 3 in comparison to 1 (Fig. 2). The shielding of 'H-
NMR signals at Hyy and Hyyy in 3 is consistent with formation of
an epoxide at Cyy and Cyyy (0 Hyyy = 3.48, 0 Hyy = 3.30,0 Cyy =
52.4,0 Cyy = 52.7 ppm; ¢f- compound 1: 6 Hyy = 5.52,0 Hyy =
5.24, 6 Cyy = 70.0, 6 Cyy = 67.5 ppm). The loss of a distinctly
separated AX spin system observed for the Hgy protons and the
inversion of resonances for the H,y and Hy,y protons is indicative
of significant conformational change in the ido ring.

Further evidence in support of the epoxide structure was
obtained by reaction with sodium azide. A monoazide product
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Fig. 2 Expansions of the '"H NMR spectra (400 MHz, 363 K, C;D;N) obtained for 1-heptaacetate (bottom) and 3-pentaacetate (top), with suppression
of residual water present in the solvent. The changes observed in the resonances assigned to ring IV are highlighted.

4 was obtained the '"H-NMR data of which are consistent with
the stereochemistry shown. Such an arrangement would arise
from 3 through reaction at C3IV with inversion of configuration
(overall retention of neomycin B configuration) by the azide anion.
Formation of the (talo) epoxide 3 under Mitsunobu conditions is
consistent with generation of the (triphenylphosphonium) leaving
group on the less hindered O-3 position of the ido ring. Formation
of the alternative (altro) epoxide would require generation of
the (triphenylphosphonium) leaving group on the more hindered
O-4 position which would be subject to a severe 1,3-diaxial
interaction with the 2-N-Boc group. In addition, the transition
state for (altro) epoxide formation would be subject to a dipolar
repulsion’ (field effect) between the leaving group and the 2-N-Boc
group.

Fourrey, et al. have recently reported that in the Mitsunobu
reaction of hexa-N-Boc neomycin B with N*-benzoylthymine
(a reaction analogous to the reaction reported here with p-
nitrobenzoic acid) a highly strained tricyclic derivative of ring I'V of
hexa-N-BOC neomycin B is formed, in addition to the expected
displacement at the SIII-position by N3-benzoylthymine.* Their
proposed structure contains both aziridine and azetidine ring
systems fused to ring IV. We believe that epoxide formation is
much more likely than aziridine or azetidine formation based on
literature precedent and the additional evidence reported here. It is
noteworthy that the mass spectral data reported by Fourrey, et al.
is actually consistent with an epoxide, not the aziridine—azetidine
structure proposed, and there is a considerable degree of agreement
in the '"H- and C-NMR data reported for their compound and
epoxide 3. It is clear that their reported structure does not fit
our data, for several reasons, but particularly because we observe
carbamate proton (NH) resonances for both of the nitrogens at the
C2IV and C6IV positions (Fig. 2, see also ref. 11). Furthermore,
aziridine opening by azide in their putative compound would not
generate a product in the parent conformation of the ido ring as
was observed here.

In conclusion, we have presented evidence for the formation
of a new epoxide derivative of neomycin B. Epoxide formation is
favoured by the frans-diaxial arrangement of the vicinal diol in the
ido ring® and this competes effectively with reaction at the primary
hydroxyl group at C5IIL.® Although aziridines can be formed by
Mitsunobu reaction of N-Boc—amino alcohols,” we have seen no
evidence for aziridine or azetidine ring formation within ring I'V of
neomycin'® under these reaction conditions, or those of Fourrey
et al." This epoxide may have interesting biological properties in its
own right and serve as a versatile intermediate for the preparation
of modified neomycins or neomycin conjugates.
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At the suggestion of both a referee and Professor Fourrey, we
have repeated their experiment and isolated a compound identical
by “C-NMR to their compound 8. However, the '"H-NMR in d°-
pyridine at 90 °C shows 6 NH peaks (compound 5, refer to the
electronic supplementary information), consistent with an epoxide, but
not the aziridine-azetidine structure assigned. Note added in Proof.
In a personal communication, Professor Fourrey has accepted our
interpretation and agreed that the structure assigned to 8 in their paper
should be revised.
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Simple modular di- and tripeptides with a primary amine at
the N-terminus catalyze the aqueous asymmetric aldol reac-
tion between unmodified ketones and aldehydes to furnish
the corresponding B-hydroxy ketones with up to 86% ee in
water and 99% ee in aqueos media.

The asymmetric aldol reaction is a powerful method for forming
carbon-carbon bonds."* In Nature, there are two types of aldolase
enzymes that catalyze the direct aldol reaction with excellent
stereocontrol: class I aldolases employ chiral enamines whereas
class II aldolases utilizes chiral Zn enolates as nucleophiles for the
stereoselective addition of dihydroxyacetone phosphate (DHAP)
to aldehydes.! Water is the reaction media for most enzymatic
reactions in living systems. Thus, the stereoselective aldol reaction
plausibly evolved in aqueous media along with the evolution of
aldolase enzymes. In organic synthesis, there are several methods
for achieving directed catalytic stereoselective aldol reactions.>?
However, methods for catalyzing enantioselective aldol reactions
in water are rare.* For example, chiral organometallic complexes
have been developed that catalyze the asymmetric Mukaiyama-
type aldol reaction between activated silyl enol ethers and aldehy-
des in aqueous media.* Moreover, biocatalysts mediate the direct
asymmetric aldol reaction with high stereoselectivity in aqueous
buffers."” Organocatalysis is an active research area.® In this
context, proline and its derivatives are excellent catalysts for the
direct asymmetric aldol reaction in organic solvent.® However,
proline and other chiral pyrrolidine derivatives furnish nearly
racemic products in water.' Moreover, amino acids catalyze the
asymmetric dimerization of glycol aldehyde to furnish tetroses
with low ees in water.!! This has led to speculation that amino acid
catalysis is a plausible mechanism for the origins of homochirality.
We recently found that acyclic amino acids™ and small linear
peptides’® catalyze the direct intermolecular asymmetric aldol
reaction with high stereoselectivity in organic solvents. We there-
fore wanted to expand this concept to water or aqueous media
providing for the asymmetric assembly of aldol products under
environmentally benign reaction conditions. Moreover, the lessons
learnt from these studies would give important information on a
molecular level about the evolution of homochirality and catalysis
of aldolase enzymes. Herein, we report that small peptides with
a primary amine as the catalytic residue, catalyze the asymmetric
aqueous aldol reaction between unmodified ketones and aldehydes
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to furnish the corresponding aldol products with high ees (up to
86% in H,O, up to 99% in aqueous media). In stark contrast,
natural amino acids catalyzed the formation of nearly racemic
aldol products, which implies that peptide bond-formation is
important for the evolution of high asymmetry in water.

In initial experiments, we screened a variety of natural amino
acids, di- and tripeptides for their ability to catalyze the asymmetric
aldol reaction between cyclohexanone la (0.75 mmol) and p-
nitrobenzaldehyde (0.25 mmol) in water (1 mL) and sodium
dodecyl sulfate (SDS, 0.25 mmol) (Table 1).

We found a remarkable high difference in stereoselectivity
between the small peptide- and amino acid-catalyzed direct
aldol reactions: All the peptides tested catalyzed the asymmetric
formation of the desired aldol product 2a with 39-83% ee whereas
the simple amino acids catalyzed the formation of small amounts
of 2a with <5% ee. For example, L-vaL-L-phe and (L-ala); mediated
the asymmetric assembly of product 2a in 47% yield with 3 :
1 dr and 83% ee and 42% yield with 2 : 1 dr and 75% ee, respec-
tively. Moreover, the tripeptide (L-ala); catalyzed the asymmetric
assembly of 2a with a higher ee as compared to the dipeptide (L-
ala), showing the beneficial effect of structural complexity in water.
In addition, valine tetrazole 3 catalyzed the asymmetric formation
of 2a with 1 : 1 dr and 67% ee. Hence, converting amino acids to
tetrazole derivatives can have a beneficial effect in water as well

Table 1 Examples of screened catalysts for the direct asymmetric inter-
molecular aldol reaction between 1a and p-nitrobenzaldehyde in water

0] [e] Catalvst O OH
atalys
é + HJ\R (30 myol%) it;)\R
H,0, rt g
1a R = 4-NO,CgH, (SDS) 2a
Entry Catalyst Time/h  Yield (%)* Dr® Ee (%)
1 L-val-L-val 76 40 2:1 67
2 L-val-L-phe 52 47 3:1 83
3 L-val-L-phe 704 70 2:1 83
4 L-val-L-ala 96 30 2:1 71
5 L-val-L-ala 68 22 2:1 70
6 L-val-L-val 68 45 2:1 56
7 L-ala—L- 120 42 2:1 75
ala-L-ala
8 L-ser—L-ala 73 80 2:1 39
9 96 40 1:1 67
HoN /NN 3
HN-N
10 L-valine 41 20 1:1 <5
11 L-proline 42 10 1:1 <5
12 L-alanine 163 12 1:1 0

“Isolated yield after silica-gel column chromatography. ® anti : syn ratio
as determined by NMR analyses of the crude product. ¢ Determined by
chiral-phase HPLC analyses. 4 20 vol% DMF and no SDS.
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Table 2 The peptide-catalyzed direct intermolecular aldol reaction in
different aqueous media

dipeptide
(30 mol%)
1a *+ p-nitrobenzaldehyde ———— 2a
aqueous media, rt
1-4 days
Entry  Catalyst Solvent Yield (%)* Dr?  Ee (%)°

1 L-val-L-phe  Phosphate buffer? 48 2:1 83
2 L-val-L-phe = NaOAc buffer 27 2:1 85
3 L-val-L-phe H,0" 47 3:1 83
4 L-val-L-phe H,0# 48 3:1 86
5 L-val-L-phe H,O-DMF, 5:1 70 2:1 83
6 L-val-L-ala H,O-DMF, 1:1 67 3:1 93
7 L-ala-L-ala  H,O-EtOH, 1:1 72 3:1 83
8 L-ser-L-phe  H,O-MeOH, 1:1 90 2:1 81
9 L-ala-L-ala  H,O-NMP, 1:1 56 3:1 87
10 L-ala-L-ala H,O-DMSO,1:1 80 3:1 86

“Tsolated yield after silica-gel column chromatography. ® anti : syn ratio
as determined by NMR analyses of the crude product. © Determined by
chiral-phase HPLC analyses. ¢ Phosphate buffer, 40 mM, pH 7.2, SDS.
¢ NaOAc buffer, 0.1M, pH 4.2, SDS.” 1 equiv. SDS. ¢ 1 equiv. a-cyclodextrin
added.

as in organic solvent.” The addition of a small amount of DMF
(20 vol%) instead of SDS increased the yields and ees of 2a. Thus,
we also investigated the peptide-catalyzed direct asymmetric aldol
reaction in different aqueous buffer and media (Table 2).

The enantioselectivity of the dipeptide-catalyzed aldol reaction
was not affected by performing the reactions in buffered aqueous
media and product 2a was formed with high ees. However, the
efficiency of the peptide-catalyzed asymmetric aldol reactions
decreased at low pH. Inspired by the pioneering studies of Breslow
and co-workers,”® we also investigated whether the addition of o-
cyclodextrin to the peptide-catalyzed asymmetric aldol reaction in
water (no SDS) would improve the enantioselectivity by creating

a hydrophobic environment (entry 4). In fact, L-val-L-phe-L-ala
catalyzed the asymmetric assembly of 2a with 3 : 1 dr and 86%
ee under these reaction conditions. The dipetide-catalyzed direct
asymmetric aldol reaction proceeded smoothly in aqueous media
and product 2a was isolated in high yield with 3 : 1 dr and up
to 93% ee. Encouraged by these results we also investigated the
peptide-catalyzed aqueous asymmetric aldol reaction for a set of
different ketones and aldehydes in aqueous media (Table 3).

To our delight, the simple linear peptides catalyzed the asym-
metric aldol reactions with DHAP mimetic 1b and ketones 1
as the donors with high enantioselectivity and furnished the
corresponding aldol products 2b—e in 51-83% yield with up to 99%
ee. Notably, the small peptides catalyzed the first enantioselective
aldol reactions with dihydroxy acetone (DHA) as the donor.
For instance, L-val-L-phe catalyzed the asymmetric assembly of
aldol product 2e in 53% yield with 1 : 1 dr and 70% ee (entry
6). In comparison, proline and valine catalyzed the formation
of trace amounts of 2e (<10% ee). Thus, small peptides should
be considered for the development of direct asymmetric aldol
reactions with DHA as the donor.

Our recent density functional theory (DFT) calculations have
shown that the primary amino acids utilize a carboxylic acid-
catalyzed enamine mechanism (Fig. 1, I).**

0 0% .0 e
H™ H H™™H H™ ™ H H™ H
R? N R
17 == R 15 = I
RR\.:(_))I—H‘ L=aly I
27 0 g RZH--N" S0
0, :
H H % H R Oy

Fig. 1 Plausible transition states I and II for the primary amino
acid—dipeptide-catalyzed asymmetric aldol reactions.

The generation of nearly racemic aldol products 2 by amino
acid catalysis in water indicates that the H,O molecules prevent

Table 3 Examples of dipeptide-catalyzed direct intermolecular aldol reactions between different ketones aldehydes in aqueous media

o o - OH
DA e T
R! R? — R R?
1 (3equiv) aqueoLs aolvert, 1t 2
Entry Dipeptide Ketone R Product Conditions Yield (%) Dr* Ee (%)
1 L-val-L-phe I 4-NO,C¢H, 2 "L H,0-DMSO, 1:1 51 15:1 99
o b
s ™
1b
2 L-val-L-phe 1b 4-NO,C¢H, 2b H,0-MeOH, 1: 1 83 2:1 99
3 L-val-L-val 1b 4-NO,C¢H, 2b H,0-DMSO, 1:1 52 1:1 99
4 L-val-L-phe la 4-CIC¢H, it °”R H,0-MeOH, 1 : 1 65 1:1 86
72c
5 L-val-L-phe la 4-BrC,H, 2d H,0-MeOH, 1:1 66 1:1 63
6 L-val-L-phe I 4-NO,C¢H, 'S H,O0-DMSO, 1:1 53 1:1 70
7R
OH OH OH OH
1c 2e
7 L-val-L-val 1c 4-NO,C¢H, 2e H,O0-DMSO, 1:1 67 1:1 51

“Isolated yield after silica-gel column chromatography. ® anti : syn ratio as determined by NMR analyses of the crude product. ¢ Determined by chiral-phase

HPLC analyses.
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efficient stabilization of the six-membered transition state by the
chiral enamine, which lowers the energy difference between the
possible transition states. In contrast, the high enantioselectivity of
the small peptide-catalyzed aldol reactions in water suggests that
the peptide bond of the natural catalyst is crucial in preserving a
stabilized transition state structure, were the Re-face of the chiral
enamine is approached by the Si-face of the acceptor aldehyde
(Fig. 1, II). This is plausibly accomplished by stabilization of the
generated alkoxide of the product by hydrogen bonding by the
peptide backbone and the formation of a charge relay system that
increases the Bronstedt acidity of the di- and tri-peptides. In fact,
a charge relay system is very important in the enamine catalysis of
aldolase enzymes."

In summary, we present that small peptides with a catalytic
primary amino acid residue at the N-terminus catalyze the
asymmetric intermolecular aldol reaction between unmodified
ketones and aldehydes with high stereoselectivity in water. For
example, simple di- and tripeptides catalyzed the asymmetric
assembly of the corresponding B-hydroxy ketones in up to 86%
ee in water and 99% ee in aqueous media. The high modularity of
the small peptides should enable the construction of several novel
catalysts by combinatorial techniques for the aqueous asymmetric
aldol reaction. The remarkably high difference in stereoselectivity
between the peptide and amino acid-catalyzed aqueous aldol reac-
tions suggest that peptide bond-formation was an important step
towards the evolution of asymmetric catalysis and homochirality.
Moreover, the small peptide-catalyzed aqueous aldol reaction
may be of biological significance.'®"” Further development of
environmentally benign asymmetric C—C bond-forming reactions,
mechanistic studies and DFT calculations are ongoing.

We gratefully acknowledge the Swedish National Research
Council, Carl-Trygger, Lars-Hierta and Wenner-Gren Founda-
tions for financial support.

References

1 (@) W.-D. Fessner, in Stereoselective Biocatalysis, ed. R. N. Patel, Marcel
Dekker, New York, 2000, p. 239; (b) T. D. Machajewski and H. Wong,
C.-H., Angew. Chem., Int. Ed., 2000, 39, 1352.

2 (a) Comprehensive Organic Synthesis, vol 2., ed. B. M. Trost, 1. Fleming
and C.-H. Heathcock, Pergamon, Oxford, 1991; (») T. Mukaiyama,
Angew. Chem., Int. Ed., 2004, 43, 5590.

3 Modern Aldol Reactions, vol. 1 & 2, ed. R. Mahrwald, Wiley-
VCH, Weinheim, 2004; E. M. Carreira, in Comprehensive Asymmetric
Catalysis, ed. E. N. Jacobsen, A. Pfaltz and H. Yamamoto, Springer,
Heidelberg, 1999; J. S. Johnson and D. A. Evans, Acc. Chem. Res.,
2000, 33, 325; C. Palomo, M. Oiarbide and J. M. Garcia, Chem. Soc.
Rev., 2004, 33, 65. For examples of direct catalytic asymmetric aldol
reactions see: K. Juhl, N. Gathergood and K. A. Jergensen, Chem.
Commun., 2000, 2211; B. M. Trost, H. Ito and E. R. Silcoff, J. Am.
Chem. Soc., 2001, 123, 3367; Y. M. A. Yamada, N. Yoshikawa, H.
Sasai and M. Shibasaki, Angew. Chem., Int. Ed., 1997, 36, 1871; N.
Yoshikawa, Y. M. A. Yamada, J. Das, H. Sasai and M. Shibasaki,
J. Am. Chem. Soc., 1999, 121, 4168; D. A. Evans, C. W. Downey and
J. L. Hubbs, J. Am. Chem. Soc., 2003, 125, 8706.

4 For a reviews on asymmetric organic reactions in water, see: U. M.
Linstrom, Chem. Rev., 2002, 102, 2751; S. Kobayashi and K. Manabe,
Chem. Eur. J., 2002, 8, 4094.

5 S. Kobayashi and K. Manabe, Acc. Chem. Res., 2002, 35,209; Y. Mori,
K. Manabe and S. Kobayashi, Angew. Chem., Int. Ed., 2001, 40, 2815;
C.-J. Li and T.-H. Chan, Tetrahedron, 1999, 55, 11149; A. Graven, M.
Groti and M. Meldal, J. Chem. Soc., Perkin Trans. 1, 2000, 955.

6 R. Schoevaart, F. Van Rantwijk and R. A. Sheldon, R. A., J Org
Chem., 2000, 65, 6940; H. J. M. Gijsen, L. Qiao, W. Fitz and C.-H
Wong, Chem. Rev., 1996, 96, 443.

7 P. G. Schultz and R. A. Lerner, Nature, 2002, 418, 485.

8 For reviews, see: P. I. Dalko and L. Moisan, Angew. Chem., Int. Ed.,
2004, 43, 5138; B. List, Tetrahedron, 2002, 58, 5573. For reviews on the
use of peptides in asymmetric organic reactions, see: S. J. Miler, Acc.
Chem. Res., 2004, 37, 601; A. Berkessel, Curr. Opin. Chem. Biol., 2003,
7, 409.

9 (a) Z. G. Hajos and D. R. Parrish, J Org. Chem., 1974, 39, 1615;
(b) U. Eder, R. Sauer and R. Wiechert, Angew. Chem., Int. Ed., 1971,
10, 496; (¢) B. List, R. A. Lerner and C. F. Barbas, 111, J. Am. Chem.
Soc., 2000, 122, 2395; (d) W. Notz and B. List, J. Am. Chem. Soc.,
2000, 122, 7386; (¢) K. S. Sakthivel, W. Notz, T. Bui and C. F. Barbas,
I, J Am. Chem. Soc., 2001, 123, 5260; (f) B. List, P. Porjarliev and
C. Castello, Org. Lett., 2001, 3, 573; (g) A. Cordova, W. Notz and
C. FE Barbas, III, J Org. Chem., 2002, 67, 301; (k) A. B. Northrup
and D. W. C. MacMillan, J. Am. Chem. Soc., 2002, 124, 6798; (i) A.
Bogevig, N. Kumaragurubaran and K. A. Jergensen, Chem. Commun.,
2002, 620; (j) Z. Tang, F. Jiang, L.-T. Yu, X. Cui, L.-Z. Gong,
A.-Q. Mi, Y.-Z. Jiang and Y.-D. Wu, J. Am. Chem. Soc., 2003, 125,
5262; (k) J. Casas, H. Sundén and A. Cordova, Tetrahedron Lett.,
2004, 45, 7697; (/) Torii, M. Nakadai, K. Ishihara, S. Saito and H.
Yamamoto, Angew. Chem., Int. Ed., 2004, 43, 1983; (m) A. Hartikaa
and P. 1. Arvidsson, Tetrahedron: Asymmetry, 2004, 15, 1831; (n) A.
Berkessel, B. Koch and J. Lex, Adv. Synth. Catal., 2004, 346, 1141;
(0) A. J. A. Cobb, D. M. Shaw, D. A. Longbottom, J. B. Gold and
S. V. Ley, Org. Biomol. Chem., 2005, 3, 84; (p) J. Casas, M. Engqvist,
I. Ibrahem, B. Kaynak and A. Cordova, Angew. Chem., Int. Ed., 2005,
44, 1343; (¢) D. Enders and C. Grondal, Angew. Chem., Int. Ed., 2005,
44, 1210; (r) I. Ibrahem and A. Cordova, Tetrahedron Lett., 2005, 46,
3363; (s) A. I. Nyberg, A. Usano and P. Pihko, SYNLETT, 2004,
1891; (1) D. E. Ward and V. Jheengut, Tetrahedron Lett., 2004, 45,
8347. For examples of N-terminal prolyl peptide-catalyzed asymmetric
aldol reactions, see: (#) J. Kofoed, J. Nielsen and J.-L. Reymend,
Bioorg. Med. Chem. Lett., 2003, 13, 2445; (v) H. J. Martin and B.
List, SYNLETT, 2003, 1901; (w) Z. Tang, Z.-H. Yang, L.-F. Cun,
L.-Z. Gong, A.-Q. Mi and Y.-Z. Jiang, Org. Lett., 2004, 6, 2285; (x) P.
Krattiger, R. Kovasy, J. D. Revell, S. Ivan and H. Wennemers, Org. Lett.,
2005,7, 119.

10 J. L. Reymond and Y. Chen, J. Org. Chem., 1995, 60, 6970; T. J.

Dickerson and K. D. Janda, J Am. Chem. Soc., 2000, 122, 7386; A.
Cordova, W. Notz and C. F. Barbas, III, Chem. Commun., 2002, 3024;
S. S. Chimni, D. Mahajan and V. V. S. Babu, Tetrahedron Lett., 2005,
46, 5617; Y.-Y. Peng, Q.-P. Ding, Z. Li, P. G. Wang and J.-P. Cheng,
Tetrahedron Lett., 2003, 44, 3871. For examples of aqueous aldol
reactions promoted by amino acid Zn complexes, see: M. Nakagawa,
H. Nakao and K.-I. Watanabe, Chem. Lett., 1985, 391; T. Darbre
and M. Machuqueiro, Chem. Commun., 2003, 1090; J. Kofoed, M.
Machuqueiro, J.-L. Reymond and T. Darbre, Chem. Commun., 2004,
1540.

11 S. Pizzarello and A. Weber, Science, 2004, 303, 1151; A. Coérdova, M.

Engquist, L. Ibrahem, J. Casas and H. Sundén, Chem. Commun., 2005,
2047; A. Cérdova, 1. Ibrahem, J. Casas, H. Sundén, M. Engqvist and
E. Reyes, Chem. Eur. J., 2005, 11, 4772.

12 (a) A. Cordova, W. Zou, 1. Ibrahem, E. Reyes, M. Engqvist and

W.-W. Liao, Chem. Commun., 2005, 3586; (b) W. You, I. Ibrahem,
P. Dziedzic, H. Sundén and A. Cordova, Chem. Commun., 2005,
DOI: 10.1039/5509902;.

13 R. Breslow, Chem. Rev., 1998, 98, 1997; D. Q. Yuan, S. D. Dong and R.

Breslow, Tetrahedron Lett., 1998, 39, 7673; R. Breslow and A. Graff,
J. Am. Chem. Soc., 1993, 115, 10988.

14 A. Bassan, W. Zou, E. Reyes, F. Himo and A. Coérdova, Angew. Chem.,

Int. Ed., 2005, 44, 7028.

15 A. Heine, G. Desantis, J. G. Luz, M. Mitchell and C.-H. Wong, Science,

2001, 294, 369.

16 We found that small peptides isolated from the cytosol of human

melanoma cells catalyzed the formation of 2a in 54% yield with 75% ee.
In addition, bovine serum albumin mediated the asymmetric formation
of 2a with 9% ee in water.

17 Small peptides (<40 amino acids) catalyze aldol reactions and related

reactions in buffer. However, the reactions were not enantioselective:
H. D. Dakin, J. Biol. Chem., 1910, 7, 49; K. Johnsson, R. K. Allemann,
H. Widmer and S. A. Benner, Nature, 1993, 365, 530; C. J. Weston,
C. H. Cureton, M. J. Calvert, O. S. Smart and R. K. Allemann,
ChemBioChem, 2004, 5, 1075; F. Tanaka, R. Fuller and C. F. Barbas,
111, Biochemistry, 2005, 44, 7583.

40 | Org. Biomol. Chem., 2006, 4, 38-40

This journal is © The Royal Society of Chemistry 2006






COMMUNICATION

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

Stereoselective synthesis of 2,4,5-trisubstituted piperidines by carbonyl ene

and Prins cyclisations

Claire A. M. Cariou and John S. Snaith*

Received 1st November 2005, Accepted 15th November 2005

First published as an Advance Article on the web 29th November 2005

DOI: 10.1039/b515547a

Cyclisation of aldehydes 3a—e catalysed by concentrated
hydrochloric acid affords predominantly the all cis 2,4,5-
trisubstituted piperidines 4a—e when the 2-substituent is
small, while catalysis by MeAICl, in refluxing chloroform
gives the rrans piperidines 5a—e with diastereomeric ratios
of up to99: 1.

Piperidines are widely distributed throughout Nature' and are an
important scaffold for drug discovery,? forming the core of many
pharmaceuticals. Methods for their stereocontrolled synthesis are
of continuing interest, driven by the wide variety of functionality
and substitution patterns present in piperidine targets.’

Intramolecular carbonyl ene reactions present an attractive
method for ring closure, leading to the formation of two contigu-
ous stereocentres with an often high degree of stereocontrol.* We
recently published a route to 3,4-disubstituted piperidines which
had a carbonyl ene reaction as the key ring-closing step.® The
Bronsted acid-catalysed reaction at low temperatures strongly
favoured a cis relationship between the two new stereocentres,
while the Lewis acid-catalysed reaction at elevated temperatures
gave the corresponding frans product.

We now describe our efforts towards extending this approach to
the synthesis of 2,4,5-trisubstituted piperidines, using cyclisation
precursors derived from o-amino alcohols. Such trisubstituted
piperidines are of particular interest as they form the core of a
number of important natural products, including the pseudodis-
tomin family of anti-tumour compounds. These were isolated by
Kobayashi® from a marine tunicate, and have recently been the
focus of synthetic attention.’

The cyclisation precursors were readily synthesised from com-
mercially available a-amino alcohols via a procedure involving a
one-carbon homologation by cyanide, Scheme 1. Bis tosylation
of the o-amino alcohols 1a—e followed by displacement of the
O-tosyl group by sodium cyanide in DMF proceeded smoothly

R, _NH, R, _NHTs Ra, s
'( a,b _ 'Ec c,d ’
OH N g L(
8
1a-e 2a-e 3a-e

Scheme 1  Synthesis of cyclisation precursors. (a) TsCl, pyridine, CH,Cl,,
25°C, 68-85%; (b) NaCN, DMF, 25 °C, 70-90%; (c) BrCH,CH=C(CH,),,
Cs,CO;, CH;CN, 25 °C, 82-98%; (d) Dibal-H, CH,Cl,, —78 °C, 83-97%.
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and in good yield to afford the N-tosyl-B-amino nitriles 2a—e.
These were alkylated with prenyl bromide before being reduced by
Dibal-H to the f-amino aldehyde cyclisation precursors 3a—e in
excellent overall yield. The B-amino aldehydes could be readily
chromatographed and were unchanged on storing for several
weeks at —20 °C.

Cyclisation of 3a-e was first studied using our optimised
Bronsted acid conditionst of three equivalents of concentrated
hydrochloric acid in CH,Cl, at —78 °C.? In our earlier work, these
conditions were found to favour formation of the kinetic product,
in which there is a cis relationship between the hydroxyl and
isopropenyl substituents. The results are summarised in Table 1.

In all cases, of the four possible sterecoisomers, only two,
piperidines 4 and 5, were observed, in excellent combined yields.
In the case of B-amino aldehydes with sterically undemanding 2-
substituents, entries 1-3, the diastereoselectivity was moderate to
good, although it decreased markedly in the case of 3d and 3e
with very bulky 2-substituents. Traces (typically <5%) of chloride
side-products were often isolated, arising from the addition of HCI1
across the double bond in 4 or 5. These were generally separable by
chromatography, but could also be converted back to the alkenes
4 and 5 by stirring with aqueous ammonia in THF.

The major diastereomer was confirmed as the all cis piperidine
4 by single crystal X-ray analysis of 4¢, Fig. 1.} Formation of this
product can be rationalised by considering two factors. Firstly,
there is a strong preference for the 2-substituent to adopt an
axial disposition in the chair-like transition state, thus avoiding
the pseudo A'? strain with the sulfonamide; this stereochemical
preference in N-acyl and N-sulfonamido piperidines has been
shown to be pronounced in a number of cases.® The second factor

Table 1 Cyclisations of 3a—e with HCI
Ts Ts T
R, N HCI, CHaCh, R, N R.., N2
-78°C +
A v ,
| o
o OH ] OH |
3a-e 4a-e Sa-e
Entry Aldehyde R 4.5 Yield (%)”
1 3a Me  78:22 70 (22)
2 3b Bn 94:6 70 (3)
3 3¢ Pr 80 : 20 75 (19)
4 3d ‘Bu 47:53 42 (37)
5 3e Ph 54:46 53 (40)

“ Ratio determined by '"H NMR of crude reaction mixtures. ® Isolated yields
of major (minor in parentheses) isomers following chromatography.
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Fig. 1 ORTEP?® representation of 4c; ellipsoids drawn at the 30%
probability level.

is the kinetic preference for the ene component and the aldehyde
to adopt a cis relationship in the cyclisation transition state, as
observed in our earlier work.® This cis relationship is achieved
with the aldehyde lying in an axial position in the TS, and the
more bulky ene component lying equatorial, Fig. 2. More bulky 2-
substituents lead to a lowering of the diastereoselectivity as a result
of increased 1,3-diaxial interactions with the aldehyde, forcing the
aldehyde into an equatorial position to give 5.

TSN\/Ql/ TSNﬁ"/
o
R ¢} R

OH

TsN TsN
m WH
R R

Fig. 2 Conformations leading to major and minor isomers in the
Bronsted acid-catalysed reactions.

Turning to the Lewis acid-catalysed reaction, aldehydes 3a—e
were treated with one equivalent of methyl aluminium dichloride,
which had been found to be the optimal Lewis acid in our earlier
studies.’> As in the Bronsted acid-catalysed reactions, only two
of the four possible diastereomers were observed (Table 2). The

Table 2 Cyclisations with methyl aluminium dichloride®

Entry Aldehyde R Temperature  4:5° Yield (%)°
1 3a Me 23 12:88 76 (5)

2 3a Me 40 7:93 60(4)

3 3a Me 60 4:96 71(4)

4 3b Bn 23 10:90 61 (10)

5 3b Bn 40 5:95  64(5)

6 3c Pr 40 2:98 82(2)

7 3d ‘Bu 60 1:99  88(1)

8 3e Ph 60 2:98  80(2)

@ All reactions were performed using 1 equivalent of MeAICl,. ® Ratio
determined by 'H NMR or HPLC of crude reaction mixtures. ¢ Isolated
yields of major (minor) isomers following chromatography.

stereoselectivities ranged from good to excellent, with the major
diastereomer identified as 5 from a combination of NOE data and
'"H NMR coupling constants. Further confirmation came from
single crystal X-ray analysis of 5a, Fig. 3.§

Fig. 3 ORTERP representation of 5a; ellipsoids drawn at 30% probability
level.

Under the equilibrating Lewis acidic conditions the thermody-
namic product is favoured, in which the 4- and 5-substituents are
equatorial, and the 2-substituent is axial to avoid the pseudo A?
strain with the sulfonamide. The increased 1,3-diaxial interactions
present in the TS leading to 4 results in the equilibration to
the thermodynamic product (Fig. 4) being facile even at room
temperature, but improved ratios were obtained on heating at 40
or 60 °C (see, for example, entries 1-3).

TsN TsN
=T Sy
-— | _Cl
R _ 0O R Me

Fig. 4 Increased 1,3-diaxial interactions in Lewis acid-catalysed reaction
favours the equatorial aldehyde.

Removal of the tosyl protecting group from a representative
range piperidines was readily effected by stirring with sodium
naphthalenide' for 5 min at —78 °C, Table 3. The crude yields of

Table 3 Tosyl removal

R, _N R, _N
" Na, CioHs, THF, -78 °C e
OH OH
4orb 6or7

Entry Tosyl piperidine R Product Yield (%)
1 4a Me 6a 54
2 5a Me Ta 52
3 4b Bn 6b 61
4 5b Bn 7b 87
5 5¢ Pr Te 90
6 5d ‘Bu 7d 99
7 Se Ph Te 67

52 | Org. Biomol. Chem., 2006, 4, 51-53

This journal is © The Royal Society of Chemistry 2006





essentially pure piperidines were near quantitative in most cases,
although compounds 4a and 5a in particular were difficult to
handle and chromatograph due to their significant polarity and
water solubility.

In summary, we have discovered a highly diastereoselective
synthesis of 2,4,5-trisubstituted piperidines from simple acyclic
precursors, which should have application to the synthesis of more
complex molecules.

We thank the Engineering and Physical Sciences Research
Council for the award of a studentship to C. A. M. C.

Notes and references

T Bronsted acid-catalysed cyclisation procedure. Preparation of (2S5%*,
4R*, 58%)-2-methyl-5-iso-propenyl-1-(p-toluenesulfonyl)piperidin-4-ol 4a.
Concentrated HCI (37%, 85 puL) was added to a solution of aldehyde
3a (0.102 g, 0.33 mmol) in dichloromethane (10 mL) at —78 °C. The
solution was stirred at —78 °C overnight, after which it was quenched
by addition of water (10 mL). The aqueous phase was then extracted
with dichloromethane (4 x 10 mL). The combined organic phases were
washed with brine (10 mL), dried over MgSO, and concentrated in vacuo to
leave a colourless oil, which was purified by flash column chromatography
(silica; ethyl acetate-hexane, 2 : 3, R; = 0.41) to afford the piperidine
4a (0.07 g, 70%) as a colourless thick oil. [a]] —3.6 (¢ 0.5 in CHCl,);
(Vmax (CHCLy)/cm™! 3525 (O-H), 2923 (C-H), 1644 (C=C aliphatic), 1598
(C=C aromatic), 1494 (C=C aromatic), 1451 (C=C aromatic), 1383 (C-
H), 1336 (SO,), 1305 (C-H), 1153 (SO,), 1088 (C-0);04(300 MHz, CDCl;)
1.21 (3H, d, J 7.0), 1.63-1.67 (2H, envelope), 1.73 (3H, s), 1.80-1.82 (1H,
m), 2.12 (1H, broad d, J 11.8), 2.40 (3H, s), 3.30 (1H, t, J 12.7), 3.62
(1H, dd, J 4.1, J 13.2), 3.99 (1H, d, J 2.6), 4.17-4.22 (1H, m), 4.69 (1H,
s), 5.00 (1H, s), 7.27 (2H, d, J 8.1), 7.69 (2H, d, J 8.1); (75 MHz,
CDClLy) 18.9, 21.5, 22.8, 35.7, 37.6, 46.5, 47.4, 64.6, 112.3, 127.0, 129.7,
138.4, 143.0, 144.1; m/z (ES*) 332 (100%, [M + Na]*) [HRMS Found:
(M + Na)* 332.1297. C,sH,;NNaO;S requires M, 332.1296]. Lewis acid-
catalysed cyclisation procedure. Preparation of (2R, 4S5, 55)-2-tert-butyl-
S-iso-propenyl-1-(p-toluenesulfonyl)piperidin-4-ol 5d. Methyl aluminium
dichloride (1 M solution in hexane, 480 pL, 0.48 mmol) was added to a
solution of the aldehyde 3d (0.168 g, 0.48 mmol) in chloroform (20 mL).
The solution was stirred overnight at 60 °C, after which it was quenched
by addition of water (20 mL). The aqueous phase was then extracted with
dichloromethane (4 x 20 mL). The combined organic phases were washed
with brine (20 mL), dried over MgSO, and concentrated in vacuo to leave
a colourless oil, that was purified by flash column chromatography (silica;
ethyl acetate-petroleum ether, 1 : 2, R; = 0.22) to afford piperidine 5d
as a colourless oil (0.147 g, 88%). [a]ly —6.0 (¢ 0.3 in CHCL;); (Found:
C, 64.8; H, 8.1; N, 3.8. C,yH,xNO;S requires C, 64.9; H, 8.3; N, 4.0%);
Vi (CHCL)/cm ™! 3498 (O-H), 2964 (C-H), 1646 (C=C aliphatic), 1598
(C=Caromatic), 1401, 1367 (C-H), 1336 (SO,), 1084 (C-0O); 9(300 MHz,
CDCl;) 1.05 (9H, s), 1.16-1.27 (1H, m), 1.30-1.38 (1H, m), 1.60 (3H, s),
1.71 (1H, s), 2.13 (1H, dd, J 4.4, J 14.0), 2.42 (3H, s), 3.04 (1H, dd, J
12.3,J15.4),3.79 (1H, dd, J 3.7, J 15.4), 3.91 (1H, dt, J 4.7, J 11.0), 3.99
(1H, d, J 8.1), 4.64 (1H, s), 4.89 (1H, s), 7.30 (2H, d, J 8.1), 7.73 (2H, d,
J 8.1); d¢(75 MHz, CDCl;) 20.3, 21.6, 29.5, 31.7, 36.9, 46.2, 49.9, 61.4,
66.5,113.9, 127.2, 129.9, 138.4, 142.6, 143.4; m/z (ES*) 374 (100%, [M +
Na]*) [HRMS Found: (M + Na)* 374.1768. C;yH»NNaO;S requires M,
374.1766]. Tosyl group removal procedure. Preparation of (25, 4S, 55)-
2-benzyl-5-iso-propenylpiperidin-4-ol 7b. To a solution of 5b (0.099 g,
0.26 mmol) in tetrahydrofuran (1.5 mL) under nitrogen was added at

—78 °C a freshly prepared solution of sodium naphthalenide (1.2 mL
of a 1 M solution in tetrahydrofuran, 4.6 eq). After 5 min the reaction
was quenched with methanol (0.4 mL), warmed up to room temperature,
diluted with water (5 mL) and acidified to pH 1 with aqueous HCI
(2 M). The aqueous phase was washed with diethyl ether (3 x 10 mL),
basified to pH 9 with aqueous NaOH (2 M) and extracted with ethyl
acetate (4 x 10 mL). The combined organic phases were washed with
brine (10 mL), dried over MgSO, and concentrated in vacuo to afford
piperidine 7b (0.052 g, 87%) as colourless crystals. Mp 119 °C; [a]3 —49 (¢
0.98 in CHCL,); Vo (CHCL;)/cm ™' 3306 (O-H, N-H), 2917 (C-H), 1641
(C=C aliphatic), 1602 (C=C aromatic), 1493 (C=C aromatic), 1455 (C=C
aromatic); 1090 (C-0); 0(300 MHz, CDCl;) 1.63 (1H, ddd, J 5.1, 9.9, J
12.9),1.79 (3H, s), 1.91 (1H, broad s), 1.97 (1H, dt, J 3.7, J 12.9), 2.07-2.15
(1H, m), 2.72 (1H, dd, J 6.4, J 13.4), 2.87-2.94 (3H, envelope), 3.33-3.40
(1H, m), 3.99 (1H, dt, J 4.1, J 9.4), 4.94 (1H, s), 4.98 (1H, s), 7.16-7.33
(5H, m); d(75 MHz, CDCl;) 21.2, 37.0, 38.8, 43.7, 53.4, 54.4, 66.4, 113.3,
126.4, 128.7, 129.1, 139.6, 144.4; m/z (ES*) 232 (65%, [M + HJ*), 214.1
(100, [M — OH]*) [HRMS Found: (M + H)* 232.1700. C,sH,,NO requires
M, 232.1701].

1 Crystal data for 4c. CisH;NO;S, M =337.47, mongc]inic, a=38.4757(1),
b =19.2080(3), ¢ = 11.8021(2) A, U = 1902.87(5) A*, T = 296 K, space
group P2,, Z = 4, u(Cu Ko) = 1.617 mm~', 5917 reflections measured,
5423 unique (R;,, = 0.0374) which were used in all calculations. The final
wR(F,) was 0.1035 (all data). Crystal data for 4a. C,;H;NO;S, M =
309.41, monoclinic, a = 22.4722(3), b = 7.8727(1), ¢ = 19.9610(2) A,
U = 3270.17(7) A®>, T = 296 K, space group C2/¢, Z = 8, u(Cu Ka)
= 1.837 mm~', 2943 reflections measured, 2689 unique (R;,, = 0.0392)
which were used in all calculations. The final wR(F,) was 0.1150 (all data).
CCDC reference number 288320. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b515547a

§ CCDC reference number 288321. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b515547a
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A mild and practically-convenient one-pot procedure for the
direct B-substitution of enones has been developed using a
conjugate addition—oxidation strategy with a full range of
copper-based reagents and N-tert-butylphenylsulfinimidoyl
chloride; alkyl- and aryl-substituted enones are delivered in
good to excellent yields.

B-Functionalised enones are of elevated importance in organic
chemistry and have wide preparative utility in transformations
such as Michael addition processes and Diels—Alder reactions.
Having stated this, synthetic methods for the production of
this moiety are somewhat limited. Although effective preparative
strategies exist, in general, most techniques involve multistage
processes, harsh reaction conditions, or the use of expensive
transition metals. In this regard, perhaps the most widely used
method for the formation of B-substituted enones is based on the
conjugate addition of an alkyl or aryl cuprate to an enone, followed
by the introduction of a selenyl species to provide an a-arylselenyl
ketone, which can then be oxidised and eliminated.! Despite the
efficacy of this strategy, the toxicity and two-step nature of the
process somewhat detract from its synthetic utility. The analogous
technique with a substituted sulfide? also has severe limitations
with regard to functional group compatibility, given the relatively
harsh reaction conditions required for the oxidation/elimination.
Another applicable method for enone functionalisation is the use
of B-halo enones which, following 1,4-addition, readily eliminate
to generate the substituted enone product.® Although valuable, the
difficulty in accessing B-halo enones and the formation of disub-
stituted by-products, limit the utility of this methodology severely.
More recently, Nicolaou* and co-workers have reported on the
use of IBX to generate B-substituted enones in an efficient manner,
from B-substituted trimethylsilyl enol ethers, themselves generated
by conjugate addition to enones. Although this methodology is
very mild and efficient, it again involves a multistep process.

In 2000, Mukaiyama and co-workers reported on the use of the
versatile reagent, N-fert-butylphenylsulfinimidoyl chloride (1),
as an oxidant which mediated the oxidation (dehydrogenation)
of a series of organic compounds.®’ In particular, this reagent
can be employed in the oxidation of alcohols, amines, and
hydroxylamines,” and in the dehydrogenation of ketones to enones
under very mild, low temperature conditions.®® In attempts to fur-
ther widen the applicability of this sulfinimidoyl species, and given
the commercial availability® and relative ease of preparation of 1 on
a large scale,* we believed that this reagent could be strategically
utilised in a novel fashion to directly access B-substituted enones.
More specifically and as illustrated in Scheme 1, we envisaged
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that, following conjugate addition of an organocuprate to an
a,B-unsaturated enone, N-tert-butylphenylsulfinimidoyl chloride
(1) could be applied as an electrophilic quench to generate B-
substituted enones directly from unsubstituted enones in a one-
pot, two-step procedure. Accordingly, this strategy was embarked
upon. However, following completion of our studies and during
the preparation of our manuscript for publication, Matsuo and
Aizawa divulged their findings using a very similar approach.'
Based on this, we now communicate the preparative outcomes
from our endeavours in this area, whilst highlighting the differ-
ences and potentially wider practical utility of our techniques over
the recently published procedures.

Based on the utility and synthetic complementarity of the range
of known organocuprate reagents and protocols,'! we felt that any
procedure that was developed as part of this programme should be
compatible with as wide a spectrum of the available copper-based
methods as possible. Nonetheless, to initiate our studies in this
area, we investigated the reaction of a simple Gilman cuprate,*
lithium di-n-butylcuprate, with cyclohex-2-enone, followed by
application of 1 as the electrophilic quench. As shown in Table 1,
Entry 1, using 2.5 equivalents of N-tert-butylphenylsulfinimidoyl
chloride (1), the desired one-pot transformation was found to
be achievable, albeit in a rather low 39% yield. In order to
optimise the efficiency of this process, the number of equivalents
of 1 was progressively increased. Gratifyingly, an improved yield
was obtained following each increase in the quantity of the
sulfinimidoyl chloride employed. Indeed, using 5 equivalents of
1 produced a good yield of 82% of the desired B-substituted enone
product (Table 1, Entry 4). Importantly, at this stage, we felt that
to enhance the reactivity of the intermediate enolate ion, formed
following conjugate addition, tuning of the polarity of the reaction
medium could be beneficial. Accordingly, the oxidant 1 was added
in the more polar THF. When this practical amendment was made,
the two-step, one-pot addition—oxidative quench was achieved in
an excellent and near quantitative 98% yield (Table 1, Entry 5).
Consequently, following this brief programme of optimisation, by
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Table 1 Optimisation of the one-pot B-substitution of cyclohex-2-enone
with a simple Gilman cuprate

Q 1. n-Bu,Cui (1.2equiv.) O

Et,0,-78°C, 1h

Cl
2. ‘S\ , solvent, Bu"
Ph” > NBU'
-78°Ctort., 16 h
Entry Solvent® 1 (equiv.) Yield (%)
1 Et,O 2.5 39
2 Et,0 32 59
3 Et,O 4.4 67
4 Et,O 5.0 82
5 THF 5.0 98

“Solvent used for the addition of 1. * Isolated yield.

employing readily prepared and handled simple cuprate reagents,
followed by sulfinimidoyl chloride (1), a practically-convenient
protocol had been established for the direct preparation of B-
substituted enones from the equivalent unsubstituted starting
materials. Importantly, this outcome contrasts with the work of

Table 2 One-pot B-substitution of a range of enones with a simple
Gilman cuprate

N 1. n-Bu,Culi (1.2equiv.)
)Jm Et,0,-78°C, 1h
cl g
e 2 L THR,
Ph” O NBU!
-78°Ctort,16h
Entry Substrate Product Yield (%)*
1 0 0 98
2 0 o] 80
Bu"
3 (0] o} 95
@ @Bun
4 0 0 90
i i Bu"
Bu! But
5b [¢] o 83¢
n
PhT X Ph(Bu )Cyk

“Tsolated yield. * Initial reaction performed at —20 °C. < Z : E 87 : 13

Matsuo and Aizawa, who found that use of a simple Gilman
cuprate, followed by the addition of 1 in ether (¢f. in THF within
our optimised system), only produced a low yield of the desired
substituted enone product from cyclohex-2-enone (Me,CulLi,
3 equiv. 1; 27% yield)."

Following these successful initial optimisation studies, the
generality and applicability of our developed method with alter-
native o, -unsaturated substrates was investigated using a Gilman
cuprate.t As Table 2 illustrates, this technique provides good to
excellent yields of B-substituted enones from all of the unsaturated
starting materials employed. In this regard, enones of varied ring
size (5-7) were applied without difficulty. Furthermore, a six-
membered ring substrate with a sterically demanding ¢-butyl group
present in the 4-position also reacted very efficiently (Table 2,
Entry 4). In addition, this method is not restricted to cyclic
substrates, as can be seen from Entry 5, with a good 83% yield
being obtained from the acyclic substrate shown. Again, this shows
some advantages over the recently published protocols, where the
optimised conditions (with higher-order cuprates) delivered only
low to moderate yields of substituted acyclic enones.'

Having demonstrated the use of various o,-unsaturated sub-
strates, our attention turned to the delivery of alternative suitable
lithium dialkylcuprates. Gratifyingly, the introduction of alterna-
tive alkyl groups was readily achieved, again in excellent yields.
As illustrated in Table 3, delivery of methyl and n-octyl groups
provided the product enones in 86 and 80% yield, respectively, with

Table 3 One-pot B-substitution of cyclohex-2-enone with alkyl and
aryl units of simple Gilman cuprates

Q 1. RyCuli (1.2 equiv.) o
Et,0,-78°C, 1h
cl 4
2L THF, R
Ph” " NBu!
-78°Ctor.t.
Entry Product Yield (%)*
1 o) 98
% Bu"
2 0 86
% Me
3 o) 80
% Oct"
4 0 84
@\Ph
“Isolated yield.
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the efficiency of the former process contrasting with the 27% yield
obtained with the same cuprate reagent and 1 under the recently
published conditions.” In addition and pleasingly, the conjugate
delivery of a phenyl group was also highly effective (Table 3, Entry
4) demonstrating that this methodology is not solely limited to the
introduction of alkyl groups.

Having established successful protocols with pre-formed
Gilman reagents, we then further expanded our study and initiated
investigations into alternative copper-mediated methods for 1,4-
attack on enones. In this regard, we firstly turned to copper
iodide-catalysed conjugate additions with Grignard reagents.™* As
shown in Table 4, the delivery of B-functionalised enones was,
again, possible using this method, with primary, secondary, and
tertiary alkyl groups all being delivered successfully. Whilst these
copper-catalysed Grignard processes were marginally less efficient
than the methods described above, good yields (73-74%) of the
functionalised enones were still obtained using this practically-
convenient protocol.

It is widely recognised that the requirement for two equivalents
of the nucleophilic component within dialkyl- or diarylcuprates
lowers their overall effectiveness as reagents in organic synthesis,
especially if the transferring alkyl or aryl unit is synthetically valu-
able. Despite the general effectiveness of the protocols developed
here, the cuprates (and the copper-catalysed Grignard processes)
employed, in conjunction with the sulfinimidoyl chloride 1, do
require excesses of the nucleophilic agent. Based on this, we pro-
ceeded to investigate a number of alternative and potentially more
preparatively economical organocuprate reagents, where only one
equivalent of the transferring unit is employed. In this regard,
use of a mono-organocuprate in dimethyl sulfide™ proceeded

Table 4 One-pot B-substitution of cyclohex-2-enone using copper-
catalysed Grignard processes}

1. RMgX (2 equiv.)

Cul (10mol %) 9
Et,0,-20°C, 2 h
Cl 4
2 Lo TR R
Ph” NBU!
-78°Ctor.t,16h
Entry Product Yield (%)*
1 0 74
Bu"
2 (e} 74
Pri
3 0 73°
Bu'

“Tsolated yield. ® Only reacted at —20 °C for 1 h prior to quench with 1.

Table S One-pot B-substitution of cyclohex-2-enone using more econom-
ical copper-based reagents with only one transferring unit.

0 1. "n-Bu-Cu" 0
solvent, -78 °C, 1 h
Cl 1
2 Lo THR, Bu"
Ph” " NBU!

-78°Ctort,16h

Entry Reagent Solvent* Yield (%)”

1 n-BuCu.SMe, Et,O 74
n-BuCu Et,O 77

3 n-Bu(2-thienyl)Cu(CN)Li, THF 76

“Solvent used for the addition of the copper reagent. * Isolated yield.

effectively to deliver a 74% yield of the desired B-substituted enone
product (Table 5, Entry 1). Indeed, as shown by Entry 2 in Table 5,
for the delivery of such a simple alkyl group in our addition—
oxidation procedure, the sulfide additive was not required. Finally
in this series, the popular thienylcuprates developed by Lipshutz,'®
in which the 2-thienyl group is used as a non-transferable ligand
within mixed higher-order cyanocuprates, were applied to our
system with 1. Pleasingly, this also proved highly effective and
produced a very good 76% yield of the desired enone product
(Table 5, Entry 3). Interestingly, Matsuo and Aizawa have reported
that, when using their established techniques, with ether as solvent
for both the cuprate and sulfinimidoyl chloride, use of Lipshutz-
type higher-order cuprates bearing ecither a 2-thienyl or an N-
imidazolyl group only gave very low to moderate yields of the a,f-
unsaturated ketone product. In contrast and to complement the
methods reported here, this previously published study shows how
higher order dialkyl (or diaryl) cyanocuprates can be employed
successfully in this addition—oxidation process, albeit with excesses
of the transferring unit being required.'

In summary, we have developed a mild and practically-
convenient one-pot conjugate addition—oxidation protocol, to
directly produce -substituted enones in a highly efficient manner.
This methodology has proven to be effective with both cyclic
and acyclic enones. Furthermore, the application of a series
of individual organocuprate reagents has also been success-
fully demonstrated, to install primary, secondary, and tertiary
alkyl units, as well as aryl moieties. Given all of these features,
coupled with the ease of preparation and commercial availability
of the oxidant, and linked with the simple experimental procedures
developed, we feel that these techniques will be of value to the
wider scientific community.

We thank the EPSRC for funding (G.J.T.), the C. K. Marr Trust
for a Postgraduate Scholarship (C.M.P.), Pfizer Global Research
and Development, Sandwich for generous funding of our research,
and the EPSRC Mass Spectrometry Service, University of Wales,
Swansea for analyses.
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1 Representative experimental procedure: to a slurry of Cul (229 mg, 1.2
mmol)in Et,O (10 ml) cooled to —78 °C, was added n-BuLi (2.5M, 0.96 ml,
2.4 mmol) dropwise. After stirring for 1 h, cyclohexanone (96.1 mg, 1
mmol) in Et,O (2 ml) was carefully added. After stirring for a further
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1 h, N-tert-butylphenylsulfinimidoyl chloride (1) (1077 mg, 5 mmol) was
added rapidly as a solution in THF (3 ml). The reaction was then allowed
to slowly warm to room temperature and stirring was continued for 16 h.
The reaction was then quenched with 2 M HCI (30 ml) and extracted
with EtOAc (3 x 20 ml). The combined organics were then washed
with brine (30 ml) and dried over MgSO,. The crude residue was then
carefully purified by silica chromatography eluting with ether—petroleum
ether mixtures. The product, 3-n-butylcyclohex-2-en-1-one was obtained as
a pale yellow oil (150 mg, 98%), with analysis identical to that described in
the literature;"” IR (lig. film) 1670 (C=0), 1624 (C=C) cm™'; d,; (400 MHz,
CDCl,): 5.87 (s, 1H), 2.34-2.37 (m, 2H), 2.27-2.30 (m, 2H), 2.17-2.23 (m,
2H), 1.95-2.02 (m, 2H), 1.19-1.51 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H). All
other compounds exhibited satisfactory spectral and analytical data.

1 A solution of the Grignard reagent in ether was added over 15 min to an
ether solution of Cul and enone at —20 °C and stirring was continued for
2 h; the reaction mixture was then cooled to —78 °C and a solution of 1
in THF was then added and the mixture allowed to slowly warm to room
temperature with continued stirring over 16 h.
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To meet recent advancements in the covalent reporter labeling
of proteins, we propose a flexible synthesis for reporter
analogs. Here we demonstrate a one-pot chemo-enzymatic
synthesis of reporter-labeled proteins that allows the covalent
tethering of any amine-terminal fluorescent or affinity label
to a carrier protein or fusion construct. This two-reaction se-
quence consists of activated panthothenate coupling, biosyn-
thetic conversion to the coenzyme A (CoA) analog, and enzy-
matic carrier protein modification via phosphopantetheinyl-
transferase (PPTase). We also probe substrate specificity for
CoAA, the first enzyme in the pathway. With this approach
CoA analogs may be rapidly prepared, thus permitting the
regiospecific attachment of reporter moieties from a variety
of molecular species.

Introduction

The post-translational modification of carrier protein domains
from polyketide, non-ribosomal peptide, and fatty acid biosynthe-
ses has recently attracted the attention of the biological chemistry
community for the selective covalent modification of proteins with
reporter molecules. Since introduction of this technology,! it has
been used as a multiplex functional assay,” as a fusion protein in
vitro and in vivo,® and as a phage library reporter.’® Each of these
studies utilized reporters attached to coenzyme A through selective
reactivity of the CoA thiol to a maleimide functionality incorpo-
rated into each reporter molecule.* While convenient, this coupling
method shows limited flexibility for diverse reporter identity, as
many desirable reporters require multi-step syntheses to introduce
the maleimide functionality. Additionally, excess maleimide can
lead to non-specific protein labeling if not rigorously purified
from unreacted starting materials after coupling to CoA. The
resulting sulfanylsuccinimide linkage may also not be compatible
with selected downstream applications, where a less-bulky or more
natural linkage is preferred. We have therefore developed the
following one-pot sequence for carrier protein labeling that may be
used with any amine-terminal reporter and allows great flexibility
in reporter and linkage choice.

In order to produce modified CoA analogs, we sought a linear
sequence via synthetic modification of CoA precursors. Along
with the introduction of a modular approach to panthetheine
and phosphopantetheine synthesis,” CoA biosynthetic enzymes
came to our attention with the potential of demonstrating
promiscuous substrate specificity akin to phosphopantetheinyl-
transferases (PPTases).! CoA biosynthesis has been a topic of
research for decades, yet only recently have prokaryotic and
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San Diego, 9500 Gilman Drive, La Jolla, CA, 92093-0358, USA.
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eukaryotic pathways been fully elucidated.® CoA is biosynthesized
from pantothenate (vitamin B5) through a series of five enzymes,
CoAA-E. CoA synthesis has also been shown to be possible
via an abbreviated approach beginning with pantetheine.”® We
found that CoAA, which is understood to accept pantothenate as
a metabolic substrate, will also catalyze the phosphorylation of
pantetheine and pantetheine derivatives at the 4'-hydroxyl group.’
Subsequently, CoAD (Phosphopantetheine adenylyltransferase,
PPAT) and CoAE (dephosphocoenzyme A kinase, DPCK) can be
used to complete the CoA molecule from 4'-phosphopantetheine.
The human version of these enzymes exists as a bifunctional fusion
protein (PPAT-DPCK)® ! and is utilized in our studies. Here
we introduce a synthetic scheme that allows any amine-terminal
reporter for covalent protein attachment. A one-pot, two-reaction
sequence, this scheme uses only two recombinant proteins to make
reporter-modified CoA analogs (Scheme 1), and a third enzyme
carries out carrier protein attachment (Scheme 2).
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Scheme 1 Pantothenate 1 activation and coupling to amine-terminal re-
porters 4a—c, followed by deprotection of 3 and in vitro enzymatic synthesis
of CoA analogs 7a—c by E. coli CoAA, H. sapiens PPAT-DPCK in one
pot. Reagents: (i) acetone, p-toluenesulfonic acid; (ii)) EDC, N-hydroxy-
succinimide, /Pr,NEt, DMF; (iii) Et;N, THF; (iv) 1 M HCI, THE.

Results and discussion

The chemo-enzymatic synthesis begins with the chemical synthesis
of pantetheine analogs via activated panthothenate coupling with
an N-terminal reporter. Subsequent enzymatic incubation with
two enzymes, recombinant E. coli CoAA and human PPAT-
DPCK, completes the synthesis of labeled CoA analogs. PPAT-
DPCK was chosen as a convenient natural fusion protein, thus
abbreviating recombinant enzyme production. Human DPCK
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Scheme 2 In vitro labeling of a carrier protein (CP) by a PPTase with
Ta—d to yield labeled protein 8a—d.

has also been shown to demonstrate more rapid kinetic turnover
for the natural substrate 4-phosphopantetheine than the E. coli
variant.®¢

Reaction of 2 with an amine-terminal reporter (1.5 eq.), followed
by acetonide deprotection (1 M HCI), led to the formation of
reporter-coupled pantothenate 3 (Scheme 1). Subsequent buffer-
ing and addition of recombinant E. coli CoAA (7.5 pg), human
PPAT-DPCK (50 pg), pyruvate kinase (5 units), and inorganic
pyrophosphatase (1 unit), as well as necessary cofactors (§ mM
ATP, 0.5 mM PEP), generated labeled CoA 7a—c. In the same
pot, recombinant Vibrio cholerae carrier protein VibB (30 pg) was
phosphopantetheinylated with a catalytic amount of the Bacillus
subtilis PPTase Sfp (Scheme 2). Samples were run on SDS-Page,
and reporter-labeled VibB was visualized by UV fluorescence and
Western blotting (Fig. 1).

Lane 1 2 3 4 5

-~
62 kDa —-

33kDa —

8 8b 8c 8d 8d

Fig. 1 One-pot synthesis of reporter-labeled VibB 8b—d separated by
SDS-PAGE and detected by fluorescence (4 = 254 nm, lanes 2-4) and
Western blot (BCIP-NBT, lane 5). Lane 1 shows Coomassie-stained
one-pot reaction, with VibB (33 kDa) and PPAT/DPCK (62 kDa)
indicated. Carrier protein species is indicated below each lane.

Using this scheme, fluorescent reporters BODIPY, coumarin,
and dansyl (4b—d, respectively) were coupled to pantothenate and
subsequently modified by the CoA-generating enzymes CoAA and
PPAT-DPCK to form labeled CoA derivatives. The phosphopan-
tetheine moiety of these derivatives was then covalently bound to
the V. cholerae carrier protein VibB via recombinant Sfp, a PPTase
from B. subtilis. Each reporter fluoresced when illuminated with
ultraviolet radiation (Fig. 1, lanes 2-4). In addition, the dansyl
reporter was detected using Western blot techniques with anti-
dansyl antibody (lane 5). Western blot methods have a picogram
detection limit for reporter-modified carrier proteins versus the
microgram limits of fluorescence. Therefore, the Western blotting

Table 1 Kinetic parameters of the CoA biosynthetic enzyme CoAA with
the natural substrate pantothenate and substrate analogs

Substrate kea/s™! K,/uM kew/Kn/s™ mM™!
1 Pantothenate 0.551 £0.021 26.7+5.1 20.6 4.0

4a Pantetheine 0.320 £ 0.016 91 £ 10 3.53+0.44

4b 0.101 £0.012 583 + 131 0.174 £+ 0.044

4c 0.395+0.019 249+3.7 159425

4d 0.413 £ 0.021 36.1 £6.2 11.4+2.0

technique in conjunction with this one-pot methodology is useful
for the identification of small quantities of protein.

Importantly, this coupled enzyme system showed remarkable
permissiveness to substrate identity. While 4a and 4b contain
short ethylenediamine linkers between pantothenic acid and
reporter, 4d incorporates a PEG tether distancing dansyl from
pantothenate. This was chosen to enable the antibody to bind
the dansyl moiety under native conditions. From studies by
Rock, we presume that the greatest selectivity in this enzyme
system is borne by CoAA, which acts as a gatekeeper for the
downstream pathway.!! To investigate the selectivity of CoAA,
we analyzed the substrate selectivity of E. coli CoAA on our
synthetic pantetheine derivatives (Table 1). Our kinetic values
were in agreement with previously reported values for CoAA
activity on 1, the natural substrate, although our enzyme fractions
appear to have slightly lower specific activity.® Interestingly, CoAA
displayed little preference for the natural substrate (1) over the
synthetic substrates 4¢c and 4d. However, we observed a slight
difference in the substrate specificity of pantothenate compared
with pantetheine. More significantly, the difference in specificity
between pantothenate and the fluorescent analog 4b suggests the
enzyme discriminates only modestly against more bulky substrates.
This is not surprising, as CoA precursors may exist in disulfide
form in vivo. Nevertheless, these values indicate that extended
pantetheine analogs are excellent substrates of E. coli CoAA,
which appears to function with broad promiscuity. Future studies
will be aimed at further determining the substrate specificity of
CoAA from E. coli and other organisms.

In conclusion, broad enzymatic protein modification with any
amine-terminated reporter molecule can be obtained from the
proposed one-pot reaction. The use of this methodology for native
and engineered carrier proteins is currently under investigation.
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Notes and references

1 General procedure for the one pot synthesis of reporter-labeled CoA and
enzymatic carrier protein modification: To N-hydroxysuccinimide ester of
pantothenic acid 2 dissolved in dry THF is added a THF solution of amine-
terminal reporter (1.5 eq.). The reaction is stirred at room temperature for
2 h, followed by evaporation to dryness. The acetonide protecting group
is subsequently hydrolyzed by the addition of a minimum volume of 1 M
HCI and stirring at rt for 10 min, leading to the in-situ formation of
reporter-coupled pantothenate. Subsequent addition of 1 M MES buffer

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 44-46 | 45





(pH 8.0) to a pH of 6.0 and 75 mM MES, 12.5 mM MgCl, is followed
by addition of recombinant E. coli CoAA (7.5 ng), recombinant PPAT—
DPCK (50 pg), pyruvate kinase (5 units), and inorganic pyrophosphatase
(1 unit), 8 mM ATP, and 0.5 mM PEP, recombinant Vibrio cholerae VibB
(30 pg), and recombinant Bacillus subtilis Sfp. The mixture is incubated at
room temperature for a minimum of 1 hour. For verification, samples are
run on 4-12% SDS-Page, where reporter-labeled VibB is visualized by UV
fluorescence or Western blotting.
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The evaluation of a chiral, nonracemic and C,-symmetric
2,2'-bipyridyl ligand in copper(1)-catalyzed asymmetric allylic
oxidation reactions of a series of cyclic alkenes with zert-butyl
peroxybenzoate is reported (up to 91% ee, the highest reported
enantioselectivity for a bipyridyl ligand copper(1) complex to
date).

We have previously reported an efficient synthesis of a chiral
nonracemic and C,-symmetric 2,2'-bipyridyl ligand 1 (Fig. 1).}?
In addition, we have demonstrated that this bipyridyl ligand is
an outstanding chiral director in asymmetric copper(1)-catalyzed
cyclopropanation reactions of a series of alkenes and diazoesters.!
The corresponding cyclopropanes were isolated in good yield
(up to 82%) and in very high enantioselectivities and diastere-
oselectivities (up to 99% ee and >95 : 5 dr). The application of
this bipyridyl ligand in asymmetric copper(i1)-catalyzed Friedel-
Crafts alkylation reactions of a series of substituted indoles with
methyl trifluoropyruvate has also been demonstrated.” In this
case, the corresponding 3,3,3-trifluoro-2-hydroxy-2-indole-3-yl-
propionic acid methyl esters were isolated in good yield (up to
79%) and in high enantiomeric excess (up to 90%).

Fig.1 Chiral nonracemic and C,-symmetric 2,2'-bipyridyl ligand 1.

In this paper and in regard to the further exploration of the
versatility of our chiral nonracemic 2,2"-bipyridyl ligand 1 (>99%
ee) in catalytic asymmetric synthesis, we report a study of the
application of this ligand in copper(1)-catalyzed asymmetric allylic
oxidation reactions.>* The specific reaction type we chose to
study was first reported in 1959 by Kharasch and Sosnovsky.**
It was shown that alkenes, such as cyclohexene, can be oxidized
with a stoichiometric amount of fert-butyl peroxybenzoate in the
presence of a catalytic amount of copper(1) bromide. This afforded
the corresponding racemic allylic ester in good yield (70%).
Asymmetric versions of this catalytic allylic oxidation reaction
using chiral nonracemic bisoxazoline copper(l)-complexes were
first reported independently by Pfaltz and co-workers and Andrus
and co-workers in 1995.7% In these cases, enantioselectivities of
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up to 80% ee were achieved when the reactions were performed in
acetonitrile at relatively low temperatures (—20 °C). High enantio-
selectivities of up to 99% ee have subsequently been achieved for
this reaction.” However, there still remains a significant problem in
that these catalytic asymmetric processes suffer from exceedingly
slow reaction rates. In some cases, the reaction has taken up
to three weeks to reach a satisfactory level of conversion.®* Tt
has been found that chiral nonracemic and C,-symmetric 2,2'-
bipyridyl copper(1)-complexes are very active catalysts for this
reaction in that they provide much faster reaction rates."* However,
the enantioselectivities obtained, thus far, have been somewhat
lower than with bisoxazoline complexes.'”> We also chose to study
this asymmetric process because of the inherent usefulness of the
reaction products in target-oriented synthesis."

The chiral nonracemic and C,-symmetric 2,2'-bipyridyl ligand
(L*) 1 was evaluated in the copper(1)-catalyzed allylic oxidation
reactions of three cyclic alkenes 2a—¢ (n = 1-3) (Table 1). The
active copper(1)-catalyst for these reactions was generated, by a
standard method, on reduction of the complex formed between
5 mol% of copper(n) triflate and 5.25 mol% of the bipyridyl
ligand 1 with 5.25 mol% of phenylhydrazine in either acetone or
acetonitrile."*"S These two solvents and reaction conditions were
chosen because they have provided the highest enantioselectivities
in related catalytic reactions.® Following the formation of the
catalytic species, the resultant bright red reaction mixtures were
treated with the stoichiometric oxidant, tert-butyl peroxybenzoate,
and an excess (5 equivalents) of the cyclic alkenes 2a—c.

The allylic oxidation reaction of cyclopentene 2a (n = 1) in
acetone at room temperature for 24 h afforded the desired reaction
product 3a (» = 1) in good yield (64%) and in relatively low
enantioselectivity (32% ee) (Table 1, entry 1). On repeating this
reaction in acetonitrile for 16 h, the reaction product 3a was
isolated in similar yield and enantioselectivity (69% and 34% ee,
respectively) (Table 1, entry 2). The allylic oxidation reaction of
cyclohexene 2b (n = 2) in acetone at room temperature for 16 h
afforded the corresponding reaction product 3b (n = 2) in good
yield (67%) and in higher enantiomeric excess (65%) (Table 1,
entry 3). Moreover, the enantioselectivity of this reaction was
substantially increased (84% ee) on employing acetonitrile as the
solvent at room temperature (Table 1, entry 4). In this instance,
however, the reaction rate was slower and the reaction product 3b
was isolated in slightly lower yield (56%) after 72 h. In view of
these encouraging results, we attempted to increase the enantios-
electivity of this reaction by repeating it at a lower temperature.
The product 3b was isolated in moderate yield (51%) and good
enantiomeric excess (81%) when the allylic oxidation reaction was
performed at 0 °C for 48 h (Table 1, entry 5). Moreover, a further
enhancement of enantioselectivity was observed when the reaction
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Table 1 Asymmetric allylic oxidation reactions of cyclic alkenes 2a—¢

BzOOt-Bu

5 mol % Cu(OTf),, 5.25 mol % L* 1,
+ 5.25 mol % PhNHNH,, 0Bz

acetone or MeCN, 0 °C orrt

&

&

2a-c (n=1-3) (S)-3a-c (n = 1-3)
Entry Substrate n Solvent Reaction temperature Reaction time/h Yield (%) Ee (%)*
1 2a 1 Acetone rt 24 64 32
2 2a 1 MeCN rt 16 69 34
3 2b 2 Acetone rt 16 67 65
4 2b 2 MeCN rt 72 56 84
5 2b 2 Acetone 0°C 48 51 81
6 2b 2 MeCN 0°C 96 45 91
7 2c 3 Acetone rt 16 72 36
8 2¢ 3 MeCN rt 16 76 40

“Tsolated yield, based on the amount of zerz-butyl peroxybenzoate employed, after purification by flash chromatography. ® Determined by analytical

chiral HPLC (Daicel Chiralcel OD column).

was performed in acetonitrile at 0 °C for 96 h (91% ee). However,
the yield was again somewhat compromised (45%) (Table 1, entry
6). To the best of our knowledge, this is the highest reported
enantioselectivity for an asymmetric allylic oxidation reaction with
a chiral nonracemic 2,2'-bipyridyl ligand. In addition, the rate of
this reaction was significantly greater than has been achieved with
several bisoxazoline ligands which have been shown to be highly
enantioselective.” The allylic oxidation reaction of cycloheptene
2c¢ (n = 3) in acetone for 16 h afforded the reaction product 3c
(n = 3) in good yield (72%) but only in relatively low enantiomeric
excess (36%) (Table 1, entry 7). When the corresponding reaction
was performed in acetonitrile for 16 h, the reaction product
3c was formed in similar yield and enantioselectivity (72% and
40% ee, respectively) (Table 1, entry 8). Collectively, the results
of these asymmetric catalytic reactions indicate that the process
is highly substrate-dependent. The absolute stereochemistry of
each of the above reaction products 3a—c (n = 1-3) was assigned
as (S) on comparison of the optical rotations with literature
values.'

A rationalization of the stereochemical outcome of the
copper(1)-catalyzed asymmetric allylic oxidation reactions of the
cyclic alkenes 2a—c (shown for cyclohexene 2b) is illustrated below
(Fig. 2).

+ +

o ) o
_0 6—/ _0 /
Et>gt c|> 0 J “Et Et>gt o E?/ Et
Ph Ph" S0
4 5

coan I o
o]

Fig. 2 Rationalization of the stereochemical outcome of the asymmetric
allylic oxidation reactions.

The asymmetry of the process is most likely the result of
the approach of the cyclohexenyl radical (generated by abstrac-
tion of a hydrogen atom from cyclohexene by a tert-butoxy

radical which in turn was generated by a copper(1)-mediated
homolytic cleavage reaction of the oxygen—oxygen bond of zerz-
butyl peroxybenzoate) to one of the less hindered quadrants of the
intermediate C,-symmetric copper(ll) benzoate complex 4. The
resultant copper(111) species 5 then would undergo a pericyclic
rearrangement (or direct reductive elimination) to afford the
observed product (15)-cyclohex-2-enyl benzoate 3b and regenerate
the initial catalytic copper(1) complex.'

In conclusion, we have evaluated our new chiral nonracemic
and C,-symmetric 2,2'-bipyridyl ligand 1 in copper(1)-catalyzed
asymmetric allylic oxidation reactions of the cyclic alkenes 2a—
¢ (n = 1-3) with fert-butyl peroxybenzoate. On performing the
reaction of cyclohexene 2b (n = 2) in acetonitrile at 0 °C for
96 h, the corresponding product, (15)-cyclohex-2-enyl benzoate
3b (n = 2), was isolated in 45% yield and in high enantiomeric
excess (91%). The yields and enantioselectivities of these copper(1)-
catalyzed processes were found to be dependent on the substrate,
solvent and reaction temperature.

Studies are currently underway to improve the enantioselec-
tivities that can be obtained with this new type of exceptionally
promising chiral nonracemic 2,2'-bipyridyl ligand, in various
metal-catalyzed asymmetric processes, by modification of the
substituents of the cyclic acetal moieties of the 2,2'-bipyridine.

We are grateful to the Natural Sciences and Engineering Re-
search Council of Canada (NSERC) and Simon Fraser University
(SFU) for financial support. We also wish to acknowledge the
Canadian Foundation for Innovation (CFI), the British Columbia
Knowledge Development Fund (BCKDF) and AstraZeneca
Canada, Inc. for support of our research program. M.P.A.L.
thanks SFU for an entrance scholarship and graduate research
fellowships.

References

1 M. P. A. Lyle and P. D. Wilson, Org. Lett., 2004, 6, 855.

2 M. P. A. Lyle, N. D. Draper and P. D. Wilson, Org. Lett., 2005, 7, 901.

3 For reviews on the synthesis and applications of chiral nonracemic 2,2'-
bipyridines and 1,10-phenanthrolines, see: (a) G. Chelucci and R. P.
Thummel, Chem. Rev., 2002, 102, 3129; (b) N. C. Fletcher, J. Chem.

42 | Org. Biomol. Chem., 2006, 4, 41-43

This journal is © The Royal Society of Chemistry 2006





RN =)}

[o<)

S o

11

12

Soc., Perkin Trans. 1, 2002, 1831; (¢) A. V. Malkov and P. Kocovsky,
Curr. Org. Chem., 2003,7, 1737.

For discussions on the coordination chemistry of 2,2'-bipyridines and
1,10-phenanthrolines, see: () J. Reedijk, in Comprehensive Coordination
Chemistry, ed. G. Wilkinson, R. D. Gillard and J. A. McCleverty,
Pergamon Press, Oxford, 1987, vol. 2, pp. 73-98; (b) C. Kaes, A. Katz
and M. W. Hosseini, Chem. Rev., 2000, 100, 3553.

M. S. Kharasch, G. Sosnovsky and N. C. Yang, J. Am. Chem. Soc.,
1959, 81, 5819.

For a review, see: M. B. Andrus and X. Chen, Tetrahedron, 1997, 53,
16229.

A. S. Gokhale, A. B. E. Minidis and A. Pfaltz, Tetrahedron Lett., 1995,
36, 1831.

M. B. Andrus, A. B. Argade, X. Chen and M. G. Pamment, Tetrahedron
Lett., 1995, 36, 2945.

M. B. Andrus and Z. Zhou, J. Am. Chem. Soc., 2002, 124, 8806.

A related pyridine bisdiphenyloxazoline type ligand, although highly
enantioselective (up to 86% ee), has required reaction times of up to
seventy five days. This also resulted in relatively low yields of the desired
reaction products in some instances, see: G. Sekar, A. DattaGupta and
V. K. Singh, J. Org. Chem., 1998, 63, 2961.

A pinene-derived bipyridyl ligand has been shown to be particularly
effective for copper(1)-catalyzed asymmetric allylic oxidation reactions
(reaction times of ca. 30 min and up to 75% ee), see: (a) A. V. Malkov,
M. Bella, V. Langer and P. Kocovsky, Org. Lett., 2000, 2, 3047. This
research group has also reported the evaluation of a closely related
carene-derived ligand in which the maximum enantioselectivity reached
82% ee. However, the reaction time required was 96 h and the isolated
yield of the reaction product [(1R)-cyclohept-2-enyl benzoate] was
only 35%, see: (b) A. V. Malkov, D. Pernazza, M. Bell, M. Bella, A.
Massa, F. Teply, P. Meghani and P. Kocovsky, J. Org. Chem., 2003, 68,
47217.

In addition to bisoxazolines, chiral nonracemic bicyclic proline deriva-
tives, tridentate trisoxazolines ligands and a pinene-derived 1,10-
phenanthroline ligand have also been found to perform well in
copper(1)-catalyzed asymmetric allylic oxidation reactions, see: (a) M. J.
Sodergren and P. G. Andersson, Tetrahedron Lett., 1996,37,7577; (b) Y.
Kohmura and T. Katsuki, Tetrahedron Lett., 2000, 41, 3941; (¢) G.
Chelucci, G. Loriga, G. Murineddu and G. A. Pinna, Tetrahedron Lett.,
2002, 43, 3601.

13 For example, (15)-cyclohex-2-enyl benzoate is a key starting material

in a notable synthesis of the inflammation mediator leukotriene B,, see:
R. Hayes and T. W. Wallace, Tetrahedron Lett., 1990, 31, 3355. The
preparation of the former compound by catalytic means represents
a marked improvement over previous routes which required multiple
steps from carbohydrate-based starting materials.

14 For discussion and experimental procedures regarding the use of

phenylhydrazine in the generation of copper(1) complexes from cop-
per(11) species, see: ref. 10 and citations therein.

15 General procedure for copper(1)-catalyzed asymmetric allylic oxidation

reactions: To a screw-cap vial was added copper(11) trifluoromethane-
sulfonate (6.3 mg, 17 pumol), the chiral nonracemic C,-symmetric
bipyridyl ligand 1 (8.5 mg, 18 umol) and the reaction solvent (acetone
or acetonitrile, 2.5 mL). The resultant solution was stirred at room
temperature for 1 h. Phenylhydrazine (2.0 pL, 20 pmol) was added
and the reaction mixture was stirred for an additional 5 min at room
temperature. The reaction mixture was then cooled to 0 °C in certain
instances (see: Table 1). One of the cyclic alkenes 2a—¢ (n = 1-3,
1.8 mmol) and fert-butyl peroxybenzoate (67 pL, 0.35 mmol) were
added. The reaction was monitored by thin-layer chromatography (di-
ethyl ether-hexanes, 1 : 1) until the oxidant, zerz-butyl peroxybenzoate,
had beenconsumed. The reaction mixture was concentrated in vacuo
to afford the crude product. The benzoates (S)-3a—c were isolated in
pure form as colourless oils by flash chromatography using hexanes—
diethyl ether (5 : 1) as the eluant. (15)-Cyclohex-2-enyl benzoate (S)-3b:
'"H NMR (400 MHz, CDCl;) ¢ 1.65-1.76 (1H, m), 1.78-2.21 (5H, m),
5.49-5.55 (1H, m), 5.80-5.87 (1H, m), 5.98-6.04 (1H, m), 7.40-7.66
(4H, m), 8.06 (1H, d, J = 7.3 Hz), 8.13 (1H, d, / = 7.3 Hz); *C NMR
(101 MHz, CDCl;) d 19.1, 25.1, 28.5, 68.8, 125.8, 128.4, 128.6, 129.7,
130.4, 132.9, 133.0, 133.9, 166.4; IR (neat) v, 2941, 1713, 1602, 1584,
1453, 1428, 1326, 1271, 1178, 1112, 1070, 1026, 918 cm™~'; MS (CI) m/z
(rel. intensity) 203 (M + H, 14), 181 (87), 159 (24), 91 (55). Analytical
chiral HPLC analysis using a Daicel Chiralcel OD column [hexanes—
isopropanol (250 : 1), flow rate at 0.50 mL min~', detection at A =
220 nm, fyajor = 26.1 min, tynor = 29.0 min]. (1S)-Cyclopent-2-enyl
benzoate (S)-3a: Analytical chiral HPLC as above [fyaj0r = 32.4 min,
tvivor = 43.6 min]. (15)-Cyclohept-2-enyl benzoate (S)-3¢: analytical
chiral HPLC as above [fya0r = 19.2 min, fyynor = 23.5 min].

16 A related mechanistic interpretation has been reported by Andrus and

Zhou (ref. 9).

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 41-43 | 43






PAPER

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

Borrowing hydrogen: iridium-catalysed reactions for the formation

of C—C bonds from alcohols

Phillip. J. Black, Gerta Cami-Kobeci, Michael G. Edwards, Paul A. Slatford, Michael K. Whittlesey and

Jonathan M. J. Williams*

Received 3rd August 2005, Accepted 26th October 2005

First published as an Advance Article on the web 25th November 2005

DOI: 10.1039/b511053j

Alcohols have been employed as substrates for C—C bond-forming reactions which involve initial
activation by the temporary removal of hydrogen to form an aldehyde. The intermediate aldehyde is
converted into an alkene via a Horner—-Wadsworth—Emmons reaction, nitroaldol and aldol reactions.
The ‘borrowed hydrogen’ is then returned to the alkene to form a C—C bond.

Introduction

The interconversion of alcohols and carbonyl compounds can be
readily achieved by transfer hydrogenation reactions.! We have
recently reported that the temporary, reversible interconversion of
alcohols and carbonyl compounds can lead to interesting transfor-
mations. Thus, the indirect nucleophilic addition to allylic alcohols
has been achieved by ‘borrowing hydrogen’ from the substrate
to provide an a,B-unsaturated ketone which readily undergoes a
conjugate addition reaction.> The alcohol functionality is then
restored by returning hydrogen to the temporarily formed carbonyl
group. We have employed a similar strategy for the indirect
bromination of alcohols, which proceeds via a-bromination of a
temporarily formed ketone.?

The construction of C-C bonds is a fundamental reaction
in organic synthesis, although alcohols are not generally used
as starting materials despite their wide availability. Herein, we
report a strategy involving ‘borrowing hydrogen’ as a method
for the formation of C—C bonds from alcohols. As outlined in
Scheme 1, this strategy involves borrowing hydrogen from the
substrate alcohol to generate an intermediate carbonyl compound.
Conversion of the carbonyl compound into an alkene can then be
achieved under the reaction conditions using a suitable method.
The hydrogen is then returned to the intermediate alkene to
provide the corresponding C-C bond.

R1 /\OH R1 N R2
[Ir]
[Ir]-Hz
R1™Xg R1/\/R2
alkene
formation

Scheme 1 C-C bond formation from alcohols.

Department of Chemistry, University of Bath, Claverton Down, Bath,
BA2 74Y, UK. E-mail: chsjmjw@bath.ac.uk; Fax: +44 (0)1225 386231;
Tel: +44 (0)1225 383942

We have reported our preliminary findings in an earlier
communication on indirect Wittig and Wadsworth-Emmons
reactions.* Herein, we wish to report further details of the indirect
Wadsworth-Emmons reaction, as well as previously unreported
variants of the aldol condensation.

Results and discussion

Initially, we wished to identify a suitable catalyst which would be
able to oxidise the alcohol and reduce the alkene via crossover
transfer hydrogenation (Scheme 2).

Ph"YoH + PN Scomn

1 2
catalyst
X + Ph\/\
Ph™ ~0 CO,Bn

3 4

Scheme 2 Crossover transfer hydrogenation.

Both steps one and three in the domino process identified
in Scheme 1 could be examined simultaneously by performing
a catalytic crossover transfer hydrogenation reaction between
suitable alcohol donors and alkene acceptors. The benefit of such
a system was that it was easy to determine whether a catalyst was
suitable or not.

A range of transfer hydrogenation catalysts was examined
for their performance in the model reaction between benzyl
alcohol 1 and benzyl cinnamate 2. The data reported in Table 1
indicate that although Meerwein—-Ponndorf—Verley/Oppenauer
type catalysts were unsuccessful (entry 3) both heterogeneous
(entries 1-2) and homogeneous transition metal catalysts were
successful. In 2001 Ishii and co-workers® reported an iridium-
based transfer hydrogenation system for the reduction of a,f-
unsaturated carbonyl compounds with isopropanol. Using an
[Ir(COD)CI],/dppp/Cs,CO; system the selective reduction of a,3-
unsaturated aldehydes or ketones into the saturated carbonyl
derivative could be accomplished, although under extended reac-
tion times reduction of the carbonyl group also occurred. Our re-
sults demonstrated that the reduction of o,3-unsaturated esters was
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Table 1 Crossover transfer hydrogenation studies”

Entry Catalyst (mol%) Temp/°C t/h Conversion (%)*
1 Ra-Ni (25) 110 24 33
2 Pd-C (25) 110 48 65¢
3 Al(O7Bu); (100) 110 48 <5
4 [Ru(n’-(p-cymene)(S,S-TsDPEN)] (5) 110 48 25
5 [Ir(COD)CI],/dppp/Cs,CO; (2) 80 24 35
6 [Ir(COD)CI],/dppp/Cs,CO;s (2) 150 4 25
7 [Ir(COD)CI],/dppp/Cs,CO; (5) 150 72 100

“ The reactions were carried out on a 0.5 mmol scale in toluene (1.5 mL). * Measured by '"H NMR. ¢ Reaction run in THF.

[Ir(COD)Cl]; (2 mol%)

dppp (2 mol%)

PN Ph -~ X, + Ph_~

PR "OH NO; "~ Ce,cO,Bmol%) . M © NO,

1 5 PhMe, 150 °C, 24 h 3 7

54%
CO,Bn X CO,Bn
as above Ph

P o+ PSP Sco,en % Ph o + CO,Bn

1 6 3 8

Scheme 3 Initial crossover transfer hydrogenation reactions.

more troublesome than the reduction of a,-unsaturated ketones;
longer reaction times and higher temperatures were necessary
(entries 4-7). However, judicious choice of reaction conditions
allowed complete conversion of benzyl alcohol 1 and benzyl
cinnamate 2 into benzaldehyde 3 and benzyl dihydrocinnamate
4 respectively (entry 7).

The catalytic crossover transfer hydrogenation of malonate-
and nitroaldol-derived alkenes was also demonstrated using these
conditions. In both cases, the Ishii catalyst was effective for the
crossover transfer hydrogenation reaction (Scheme 3).

Initially, we decided to investigate the indirect Wadsworth—
Emmons reaction according to Scheme 4, using benzyl alcohol
1 and phosphonates 9a and 9b (Table 2). Since caesium carbonate
was already present in the Ishii crossover transfer hydrogenation
catalyst system, it appeared sensible to use this base to deprotonate
the phosphonate. In fact, the literature contains several reports of
the use of caesium carbonate in Wadsworth—-Emmons reactions;

in particular Mouloungui and co-workers have exploited the use
of this base.®

To our delight, the crude product mixture contained the re-
quired dihydrocinnamate ester in addition to alkene and aldehyde
intermediates; the composition of the crude mixtures was however
surprising. The initial reaction with trimethylphosphonoacetate
produced not the expected methyl ester products, but 15% of
benzyl cinnamate 2b and 31% of benzyl dihydrocinnamate 4b
(entry 1). When this reaction was reproduced under more dilute
conditions (0.307 M solution), a mixture of benzyl and methyl
esters was obtained (entry 2). Both these results are indicative
of considerable transesterification under the reaction conditions.
When the problem of transesterification was removed via the use of
benzyl dimethylphosphonoacetate (entry 3) only a 14% conversion
into benzyl dihydrocinnamate 4b was obtained. Nevertheless, these
results were significant, since a three-step domino process had
created a C—C bond from an alcohol substrate. We had also

i1
(Meo)ZP\/COZR
9
Ph/\OH Ph/\o + Ph/\/COQR + Ph/\/COZR
[Ir(COD)Cl] (2 mol%)
1 dppp (2 mol%) 3 2a, R=Me 4a, R=Me
2b, R=Bn 4b, R=Bn

Cs,C03 (102 mol%)
PhMe, 150 °C, 72 h

Scheme 4

Initial domino indirect Wadsworth—Emmons reactions.

Table 2 Initial crossover transfer hydrogenation Wadsworth—-Emmons experiments®

Entry Phosphonate (R) Conc./M Conversion® (%) 3 (%) 2a (%) 4a (%) 2b (%) 4b (%)

1 Me, 9a 0.92 61 14 — — 15 31
Me, 9a 0.307 53 11 5 4 22 11

3 Bn, 9b 0.307 34 8 — — 13 14

« Reactions were carried out on a 0.92 mmol scale. ® Total conversion of benzyl alcohol 1 into compounds 3, 2a, 4a, 2b, 4b as determined by 'H NMR.
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achieved a proof of principle that the project could succeed, and
this spurred future development. These data also indicate that
concentration is clearly an important variable in the reaction, since
under greater dilution the process of transesterification was less
evident, though not completely eradicated.

Such a phenomenon has been noted previously with phos-
phonate esters. Takano and co-workers discovered that catalytic
amounts of DMAP effected an ester exchange reaction with phos-
phonoacetates and an alcohol substrate,” whilst in a study of the
Wadsworth—-Emmons reaction in alcoholic solvents, Mouloungui
and co-workers® found that transesterification was catalysed by
potassium carbonate.

The difficulty in separating the mixture of these three com-
ponents relates mainly to the alkene and alkane products; in
all solvent systems examined these two components co-ran on
silica. Perhaps the easiest solution to this problem would be to
convert all the alkene present into alkane by addition of hydrogen
at the conclusion of the reaction. This was unsatisfactory from
several perspectives; if hydrogen is added it is impossible to
establish the real amount of product formed, and furthermore
it removes the element of proof of principle from the system. The
separation of alkenes from alkanes (and other alkenes) has been
achieved frequently by use of silver-doped silica.’ Initially this
method appeared ideal, though in reality it proved impossible to
identify the two components on silver-doped TLC plates, and was
therefore discounted. Following considerable experimentation, we
discovered that the catalytic potassium permanganate/sodium
metaperiodate oxidative system reported by von Rudloff' was the
most effective method of removing the unwanted aldehyde and
alkene intermediates via chemical separation, leaving the product
dihydrocinnamate untouched.

The initial experiments showed that the domino reaction process
had the potential to succeed, but also revealed problems, most
notably the presence of large amounts of the intermediate aldehyde
and alkene in the reaction mixture. In theory, these should both

(MeO)zF"I

progress through to the final alkane product. To enable a better
understanding of the reaction process all the possible reaction
variables were examined thoroughly in attempts to optimise the
reaction conditions. Thus the catalyst, base, solvent, phosphonate,
reaction time and concentration were all probed in a series of
experiments.

The presence of intermediate benzaldehyde 3 in the product
mixtures indicated that there were problems with the formation
of the C=C bond, initially thought to be facile. In an attempt to
enhance conversion of aldehyde 3 into benzyl dihydrocinnamate
4b via benzyl cinnamate 2b, variation of the loading of benzyl
phosphonoacetate 9b and caesium carbonate used was examined
(Scheme 5, Table 3). These data indicate that increasing the
amount of either the base or phosphonate decreased the amount
of reaction, consistent with both of these components inhibiting
the reaction. The major effect of increasing the number of
equivalents of phosphonate was to promote hydrolysis of 2b and
4b, to cinnamic acid 2¢ and dihydrocinnamic acid 4c¢ respectively.
Presumably the water required is formed from carbonic acid
decomposition, which itself is formed by deprotonation of benzyl
dimethylphosphonoacetate 9b. Unsurprisingly, when no base or
catalytic base was used (entries 4 and 5) the reactions were
unsuccessful, indicating that any aldehyde formed by oxidation
cannot be olefinated.

The finding that both base and phosphonate could inhibit the
reaction prompted examination of pre-formed phosphonoacetate
enolates. In theory, pre-formation of the enolate would remove
the base from the system, leaving only the phosphonoacetate
anion and the catalytic caesium carbonate. Thus pre-formation
of the enolate of benzyl dimethylphosphonoacetate 9b with n-
butyllithium, sodium hydride and potassium hydride was at-
tempted (Table 4). Although these systems did appear to be more
reactive, the reactions afforded far more by-products than any
observed previously. In particular, large amounts of hydrolysis
were evident. Both n-butyllithium (entry 1) and sodium hydride

vCOan
9b
[I(COD)Cl], (2 mol%)
dppp (2 mol%) 3 gb, Ef E" :bv E = E"
Cs,C03 ¢R= ¢ R=
PhMe, 150 °C, 72 h
0.307 M
Scheme 5 Variation of base and phosphonoacetate quantities.
Table 3 Results of experiments examining phosphonoacetate and base variation®
Entry 9b (equiv.) Cs,CO;* (equiv.) Conversion® (%) 3 (%) 2b/2c (%) 4b/4c (%)
1 2 1.02 57 10 19 27
2 2 2.02 67 18 15 34
3 5 5.02 20 4 6 10
4 1 0 <1 <1 0 0
5 1 0.02 45 39 3 4
6 1 2 31 14 6 11
7 1 5 27 9 3 15

“ Reactions were carried out on a 0.46 mmol scale in toluene (1.5 mL). ? Includes 2 mol% of the catalyst combination (except for entry 4). ¢ Total conversion
of benzyl alcohol 1 into compounds 3, 2b/2¢ and 4b/4c as determined by '"H NMR.
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Table 4 Results with pre-formed phosphonate enolates”

Entry Base (equiv.) Conversion® (%) 3 (%) 2b/2¢ (%) 4b/4c (%)
1 nBuLi (1) 85 29 9 48 (239

2 KH (1) 52 18 12 21

3 NaH (1) 65 10 10 45

4 NaH (5)¢ 65 8 11 46 (26°)¢

“ Reactions were carried out on 0.92 mmol scale in toluene (3 mL). ® Total conversion of benzyl alcohol 1 into compounds 3, 2b/2¢ and 4b/4c as determined
by '"H NMR. ¢ Yield of isolated 4b after flash column chromatography and von Rudloff oxidative workup in parentheses. ¢ Reaction conducted using 5

equivalents of phosphonate 9b. ¢ 14% of dibenzyl ether was also obtained.

(entry 3) led to the formation of more significant amounts of
alkane product (45-48%); a 23% yield of benzyl dihydrocinnamate
4b was obtained from the reaction with n-butyllithium following
oxidative workup. Even in these cases though, significant amounts
of aldehyde and alkene remained. Sodium hydride appeared to
be the best base for these reactions; no hydrolysis was observed
when one equivalent was used. Therefore the reaction with five
equivalents of the pre-formed sodium enolate was disappointing
(entry 4). The results were ultimately the same as those obtained
with one equivalent of phosphonate, except that significant
hydrolysis occurred. The 26% yield of the product obtained from
this reaction was ultimately disappointing. In addition a 14% yield
of dibenzyl ether was obtained. Presumably this by-product arises
from a base-catalysed reaction at the high reaction temperatures.

Removing the base from the system had not removed the issue
of reaction inhibition, and thus the search for an alternative base
was conducted (Table 5). These results did not deviate substantially
from those observed previously; it was evident that large amounts
of benzaldehyde 3 and benzyl cinnamate 2b still remained in the
reaction mixture. A range of bases could successfully deprotonate
the phosphonate, the best being the strong organic bases DBU
and MTBD (entries 2 and 3). There is in fact precedent for this,
since both MTBD and DBU proved to be the most successful
bases in Taylor and co-workers’ domino oxidation—Wadsworth—
Emmons system.! With these two bases the progression through
the reaction cycle appeared more complete than for alternative
bases. Thus 58% (MTBD) and 45% (DBU) conversions to benzyl
dihydrocinnamate 4b were observed for these two reactions. In the
case of MTBD, an isolated 17% yield of benzyl dihydrocinnamate
4b was obtained. This is substantially lower than the observed
58% conversion and probably indicative of the messy nature of the
reaction mixture and the associated purification difficulties.

An examination of alternative solvent systems also proved futile.
As expected, the use of co-ordinating solvents (e.g. THF) inhibited

Table 5 Results from reactions with alternative bases”

the reaction, and amongst non-coordinating solvents toluene
proved to be the solvent of choice. The use of other phosphine
ligands, including PPh;, PCy; and BINAP did not provide any
significant change in product distribution, although the use of
excess (20 mol%) dppp completely inhibited the reaction.

Whilst we were pleased that some product was formed in the
indirect Wadsworth—-Emmons reaction from alcohols, there were
problems in obtaining a satisfactory yield. Significant amounts
of aldehyde and alkene consistently remained, and progression
through the domino sequence appeared to be troublesome. This
seemed to indicate that a common inhibitor was present in the
reactions. From these data the conclusion that the phosphonate
was responsible for the poor performance of the system was
reached, which led to the conclusion that the Wadsworth—-Emmons
phosphonate itself inhibits the reaction from proceeding. We
reasoned that the structural similarity of Wadsworth-Emmons
phosphonoacetates to acetoacetone may result in chelation to
the iridium catalyst centre. Thus, the sites required for the
oxidation/reduction steps to proceed are consumed. If the system
cannot proceed to completion then hydrogen is presumably lost
via alternative pathways such as aldehyde decarbonylation, and
hence the significant amounts of aldehyde and alkene remaining.
A search of the literature revealed that the complexation of -
carbonylphosphonates to metal centres is well known. The crystal
structures of several of these species have been reported.*?

Given the shortcomings of the indirect Wadsworth—-Emmons
reaction, our attention next turned to the indirect nitroaldol
reaction, since we had already determined that the crossover
transfer hydrogenation is feasible (vide supra). Using benzyl
alcohol 1 as the substrate, we examined conditions for the reaction
with nitromethane 10. Whilst we were able to achieve a modest
conversion (44%) to the desired product 7, the reaction also
contained intermediates from the catalytic cycle, benzaldehyde
3 and nitrostyrene 5. The use of 10 mol% Cs,CO; led to an

Entry Base Conversion * (%) 3 (%) 2b (%) 4b (%)
1 Rb,CO; 48 13 20 15

2 MTBD* 89 18 14 58 (179)
3 DBU 65 10 10 45

4 Phosphazene-P1-tBu 82 12 52 17

5 CsF 71 16 28 27

6 KO7Bu 77 39 15 22

“ Reactions were carried out on 0.46 mmol scale in toluene (1.5 mL). ® Total conversion of benzyl alcohol 1 into compounds 3, 2b and 4b as determined by
'"H NMR analysis. ¢ 1-Methyl-1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine. ¢ Yield of isolated product after flash column chromatography and

von Rudloff oxidative workup.
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Table 6 Results from nitromethane in the nitroaldol reaction”

Entry MeNO, (equiv.) Cs,CO; (equiv.) dppp (mol%) Conversion® (%) 3 (%) 5 (%) 7 (%) 11 (%)
1 1.5 2.5 2.5 74 7 22 44 —
2 1.5 5 2.5 60 10 10 40 —
3 1.5 5 5 70 — 20 40 10
4 1.5 10 2.5 100 7 16 5 72
5 3 2.5 5 57 — — 31 26

“ Reactions were carried out on a 4 mmol scale in toluene (1.5 mL). ® Total conversion of benzyl alcohol 1 into compounds 3, 5, 7, and 11 as determined

by '"H NMR analysis.

N
MeNO, (10) PR N0 P N2
ENO2
Ph”” OH 3 5
1 [I(COD)CI], (2.5 mol%)
NO,
dppp (2.5 mol%)
Cs2C03 (25mol%) o~~~ NO, NO,
PhMe, 150 °C, 72 h Ph
7 1

Scheme 6 Indirect nitroaldol reaction with nitromethane and benzyl
alcohol.

increased consumption of starting material, but afforded the di-
nitrocompound 11 as the main product,'* presumably by conjugate
addition of nitromethane 10 onto the intermediate nitrostyrene 5.
The results are summarised in Scheme 6 and Table 6.

Encouraged by these results we decided to test p-hydroxybenzyl
alcohol 12 as an alternative substrate in this reaction. Quite pleas-
ingly the reaction afforded the desired nitroalkane 13 in reasonable
conversion, along with the dinitro compound 14 (Scheme 7)."

The production of the undesired dinitroalkanes, by conju-
gate addition to the nitrostyrene, is in competition with the
hydrogenation of the nitrostyrene to give the nitroalkane. Thus
increasing the nitromethane concentration hinders the desired
reaction (hydrogenation) by increasing the competing conjugate
addition (Table 6, entry 5). To avoid this problem we changed
the nucleophile to nitroethane, since a search in the literature
revealed that increasing the carbon chain length markedly affects
the reactivity.’®

To our delight, the use of nitroethane 15 in the indirect
nitroaldol reaction afforded the corresponding nitroalkanes in 14—
70% conversion along with intermediate aldehyde and nitroalkene.
In these cases, isoxazoles were identified as byproducts, which
should be expected since it is known that 1,3-dinitro compounds
are able to form isoxazoles."> The results are summarised in
Scheme 8 and Table 7. Unsubstituted benzyl alcohol (entry 1) gave
the best conversion, whereas substrates containing an electron-
withdrawing group (entry 3) gave lowest yields of the desired
nitroalkane.

15 EtNO, (1.5 - 3 equiv. NO,

A OH a ) A 0 Ar/\(

[I(COD)CI], (2 mol%) Me

1a-f dppp (2 mol%) 3af 16a-f

Cs,CO3 (2 - 5 mol%) M

e

PhMe, 150 °C, 72 h NO, 0,

ArA( Y

/

Me Ar
Me
17a-f 18a-f

Scheme 8 Indirect nitroaldol reaction using nitroethane as the
nucleophile.

We have also investigated the use of dibenzyl malonate 19 in
an indirect crossed aldol (Knoevenagel) reaction. Thus, reaction
of benzyl alcohol 1 with dibenzyl malonate 19 under the iridium-
catalysed crossover transfer hydrogenation conditions provided
some of the expected product 22, along with decarboxylated

NO,
OH MeNO; (10) NO,
NO,
Ho [I{COD)Cl], (2 mol%)
12 dppp (2 - 5 mol%) HO
0,
Cs,CO3 (2 - 10 mol%) 13 57% HO 14 43%
150°C, 72 h
Scheme 7 Use of p-hydroxybenzyl alcohol in the indirect nitroaldol reaction.
Table 7 Variation of the substrate in the indirect nitroaldol reaction®
Entry Substrate EtNO, (equiv.) Cs,CO; (equiv.) Conversion® (%) 3 (%) 16 (%) 17 (%) 18 (%)
1 Ph, 1a 1.5 2.5 98 14 — 70 14
2 p-OH-C4H,, 1b 1.5 S 100 — — 49 51
3 p-Cl-C¢H,, 1c 1.5 2 93 42 28 14 9
4 p-OMe-CH,, 1d 1.5 2 100 — 55 33 11
5 m-NH,-C4H,, 1e 1.5 2 100 — — 57 43
6 3-Indolylmethanol 1f 1.5 2 100 — — 40 60

“ Reactions were carried out on a 4 mmol scale in toluene (1.5 mL). ® Total conversion of benzyl alcohol 1 into compounds 3, 16, 17, and 18 as determined

by 'H NMR analysis.
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product 23. We presume that decarboxylation is caused by
hydrolysis of one ester group of the malonate followed by a thermal
decarboxylation, the water being formed during the aldol conden-
sation process, and this also explains the presence of benzyl acetate
21, the decarboxylation product of the parent dibenzyl malonate
19. It is important to note that the loading of piperidinium actetate
20 plays an essential role in these reactions, since little or no
reaction was observed when using 5 mol%. However, 25 mol%
of 20 was found to give optimum results (Scheme 9).

BrIOzC\/COan 19 (0] BHOZC COan
[I(COD)CI]; (2.5 mol%)  ph” O \[

Ph” OH 21 e Ph

1 dppf (5 mol%)
K2CO3 (5 mol%) BnO,C.__CO,Bn  BnO,C
3 A molecular sieves \L
PhMe, 110 °C, 24 h Ph Ph
22 23

o 0,
(ujo Y 20 (25 mol%)

Scheme 9 C-C Bond formation with dibenzyl malonate.

A series of reactions was performed to determine whether the
base influences the ratio of products (¢f. Wadsworth—-Emmons
reactions, Table 3). As can be seen in Table 8, there is little
difference between the bases when employing 5 mol%, however
a noticeable change occurs when using higher loadings. Indeed,
almost complete decarboxylation was observed when employing
50 mol% caesium carbonate, although only a moderate overall
yield was achieved.

Unfortunately, when employing dimethyl malonate as the nuc-
leophile, substantial transesterification occured with benzyl alco-
hol to give an unpredictable mixture of methyl and benzyl esters in
the starting material, product, and side-products. Disappointingly,
this problem hindered the investigation on the scope of the
alcohol that can be employed, since any but the most hindered of
primary alcohols will undergo facile transesterification. To avoid
this problem our attention switched to 1,3-diketones, which are
also known to undergo Knoevenagel reactions with aldehydes."”

Initially we focused on the reaction between benzyl alcohol 1
and pentane-2,4-dione (acetyl acetone) 24, and were pleased to
find that the reaction proceeded in 61% total conversion giving
27 as the major product (36%) (Scheme 10). Analysis of the
product mixture is exacerbated by the keto-enol tautomerism,
and closer examination determined that decarbonylation of the
product also occurred to give 25 (24%) (cf. decarboxylation with
dibenzyl malonate). Thus, a nucleophile was sought that eliminates
the problems we have observed (metal co-ordination, transester-

Table 8 Results from reaction with alternate bases®

(e} O O
O O
PN )J\/\Ph )J\ﬁ\
Ph" > OH 25 26 Spy,
, [I(COD)CI], (2.5 mol%)
dppf (5 mol%) O O OH O
KQCO:; (5 mol%) N
3 A molecular sieves )
PhMe, 110 °C, 24 h Ph Ph
o 0,
(E? oo A 20 (25 mol%) 27a 27b

Scheme 10 C-C Bond formation with 2,4-pentanedione.

ification, decarboxylation, decarbonylation). The commercially
available mixed ketone-nitrile 28 appeared to meet these criteria,
and was submitted to the standard reaction conditions with benzyl
alcohol 1a (Scheme 11, Ar = Ph). We were delighted to find that
the reaction proceeded to 55% conversion under these conditions
(Table 9, entry 1), and could be driven to completion by increasing
the reaction time (72 h) at an elevated temperature (150 °C) (entry
2). Having found a viable system for testing substrate specificity,
various alcohols (1a-h,d,g-k) were employed to test the scope of
the reaction. The results are summarised in Table 9.

o
%K/CN 0
28 CN
Ar/\OH ﬁ
. [I(COD)Cl], (2.5 mol%) A
dppf (5 mol%) 2 d

KQCO3 5 mol%)
3 A molecular sieves
PhMe, 110 °C, 24 h

o] 0,
@ o i 20 (25 mol%)

Scheme 11 C-C Bond formation with 4,4-dimethyl-3-oxopentanenitrile.

The results were somewhat mixed. Although the reaction
worked moderately well for benzylic alcohols (except p-NO,),
we were disappointed that in the case of n-phenethyl alcohol 1j
and sec-phenethyl alcohol 1k (entries 8 and 9 respectively) only
starting materials were recovered, though in the latter case it is
not surprising since more forcing conditions involving TiCl, are
usually required for the condensation of ketones.'

In summary, we have demonstrated the concept of ‘borrowing
hydrogen’ as a strategy for C—C bond formation. Whilst we were
able to form the anticipated products in each case, the reactions
suffered from the formation of by-products in many cases. The
high temperature required for the crossover transfer hydrogenation

Entry Base (mol%) Conversion® (%) 3 (%) 6 (%) 21 (%) 22 (%) 23 (%)
1 K,CO; (5) 54 9 10 4 31 2
2 K,CO; (50) 55 9 4 5 34 3
3 Cs,CO; (5) 59 14 14 8 22 1
4 Cs,CO; (50) 36 5 1 15 3 13
5 KOH (5) 58 11 25 7 12 2
6 KOH (50) 51 17 3 5 24 2

“Reactions carried out on a 1 mmol scale in toluene (1.0 mL). ® Total conversion of benzyl alcohol 1 into compounds 3, 6, 21, 22, and 23 as determined

by 'H NMR analysis.
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Table 9 Variation of the substrate in C—C bond formation from benzyl alcohol”

Entry ROH Product Conversion (%)” Isolated yield (%0)°
1 PhCH,OH, 1a 29a 55 46
24 PhCH,OH, 1a 29a 100 89
3 p-OH-C4H,CH,0H, 1b 29b 79 44
4 p-OMe-C¢H,CH,OH, 1d 29d 48 48
5 p-F-CqH,CH,OH, 1g 29g 40 30
6 p-NO,-C¢H,CH,OH, 1h — 18 —
7 <O]©/\OH 29i 72 46
o 1i
8 PhCH,CH,OH, 1j — <1 —
9 OH — <1 —

o

“Reactions were carried out on a 3 mmol scale in toluene (3 mL). ® Total conversion of alcohol 1 into compound 29 as determined by 'H NMR analysis.

¢ Yield of isolated 29 after flash column chromatography. 150 °C, 72 h.

process is almost certainly responsible for the lack of selectivity.
We are now trying to develop more efficient catalysts to allow the
reactions to proceed under milder conditions.

Experimental
General

Anhydrous toluene was distilled from sodium wire or obtained
from an Anhydrous Engineering drying column. NMR: Bruker
Avance 300, Bruker Avance 400, 'H and “C{'H} NMR spectra
were measured at 25 °C unless reported otherwise. 'H NMR
signals are reported relative to TMS (0.0 ppm) or alternatively
to the residual solvent peak. “C{'H} NMR signals are reported
relative to CDCl; (77.0 ppm). YF{'H} NMR signals were exter-
nally referenced to the *H lock signal. Coupling constants (J)
are quoted in Hertz (Hz) to the nearest 0.1 Hz. Mass spectra,
including high-resolution spectra, were recorded on a Fisons
Micromass Autospec mass spectrometer using EI, CI, and/or
FAB sources, or sent to the EPSRC National Mass Spectrometry
Service Centre, University of Wales Swansea, for analysis. FT-
IR: Perkin—Elmer 1600 series as either liquid films, KBr discs or
CDCI, solutions. Flash column chromatography: Davisil LC 60A
silica gel. TLC: 0.25 mm, Macherey—Nagel silica gel G/ UV,
visualising at 254 nm, or with acidic (H,SO,) aq. KMnO, solution,
or p-anisaldehyde stain.

General procedure 1: Iridium-catalysed crossover transfer
hydrogenation reactions

To a nitrogen-purged pressure tube containing the required
amounts of [Ir(COD)CIl],, dppp and caesium carbonate, and
benzyl cinnamate 2a (100 mg, 0.42 mmol) was added benzyl
alcohol 1 (42 pL, 0.42 mmol) followed by anhydrous toluene.
The tube was sealed, stirred vigorously and then heated at the
required temperature for the time in Table 1. Upon completion,
the reaction was quenched with wet diethyl ether (5 mL), filtered
to remove the insoluble residues and then concentrated in vacuo to
yield the crude product. Conversion was determined by analysis
of the "H NMR spectrum.

General procedure 2: Iridium-catalysed indirect
Wadsworth—Emmons reactions

To a nitrogen-purged ACE™ pressure tube containing
[Ir(COD)CI], (12.4 mg, 0.0184 mmol), dppp (7.6 mg, 0.0184
mmol), caesium carbonate (307 mg, 0.94 mmol) and benzyl
dimethylphosphonoacetate 9b (238 mg, 0.92 mmol) was added via
syringe benzyl alcohol 1 (92 nL, 0.92 mmol) followed by anhydrous
toluene (3 mL). The tube was sealed and then heated at 150 °C
for 72 h. Following cooling to room temperature the reaction was
quenched by the addition of wet diethyl ether (5 mL), and then
poured into a mixture of water (30 mL) and diethyl ether (50 mL).
The ether layer was separated and the remaining aqueous layer
further extracted with diethyl ether (3 x 20 mL). The combined
organic extracts were washed with saturated brine (50 mL),
dried (MgSO,), filtered and then concentrated in vacuo to afford
the crude product. Conversion was determined by analysis of the
'"H NMR spectrum. The crude reaction mixture was purified by
flash column chromatography on silica using 40 : 1 petroleum ether
(bp 40-60 °C)—diethyl ether as the eluent to afford an inseparable
mixture of benzyl cinnamate 2b and benzyl dihydrocinnamate 4b.

General procedure 3: von Rudloff oxidative workup procedure for
the removal of alkenes

The alkene/alkane mixture was suspended in 50 mL of a
3 : 2 water—tert-butanol solution and treated with potassium
permanganate (20 mg), sodium metaperiodate (1.625 g) and
potassium carbonate (125 mg) in a single portion. This created
a 0.0025 M/0.15 M/0.018 M potassium permanganate/sodium
metaperiodate/potassium carbonate solution, which was allowed
to stir for 2 h at room temperature and then diluted with diethyl
ether (50 mL) and water (50 mL). The ether layer was separated
and the remaining aqueous layer further extracted with diethyl
ether (3 x 20 mL). The combined organic extracts were washed
with 1 M sodium hydroxide (2 x 25 mL), saturated brine (50 mL),
dried (MgSO,), filtered and then concentrated in vacuo to yield
the desired product, benzyl dihydrocinnamate 4b. v,,, (liquid
film)/ecm™" 3061, 3026, 2948, 1735, 1603, 1495, 1453, 1159, 1077,
767, 685; oy (400 MHz; CDCl;; Me,Si) 2.67 2H, t, Juy 7.4,
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CH,CO,Bn), 2.96 2H, t, J,;y 7.4, PhCH,), 5.10 2H, s, OCH,Ph),
7.16-7.21 (3H, m, Ph-H), 7.24-7.37 (7TH, m, Ph-H); . (100 MHz;
CDCl;; CDCly) 31.4 (PhCH,), 36.3 (CH,CO,Bn), 66.7 (OCH,Ph),
126.5 (Ph-C), 128.5 (4 x Ph-C), 128.7 (Ph-C), 128.8 (Ph-C), 136.1
(i-Ph-C), 140.6 (i-Ph-C), 172.8 (C=0); m/z (FAB+) 240.1139
(M**, C¢H O, requires 240.1150).

Typical procedure for crossover transfer hydrogenation
Wadsworth—Emmons reactions with pre-formed enolates

To a solution of benzyl dimethylphosphonoacetate 9b (238 mg,
0.92 mmol) in anhydrous toluene (3 mL) cooled to —78 °C was
added dropwise n-butyllithium (2.5 M, 367 pL, 0.92 mmol). The
mixture was stirred at —78 °C for 1 h and then warmed to room
temperature. The phosphonate enolate solution thus obtained was
treated with the other reagents and the reaction conducted as in
General procedure 2. Purification of the crude reaction mixture
was achieved according to General procedure 3 to afford benzyl
dihydrocinnamate 4b (51 mg, 23%) as the isolated product.

Preparation of benzyl dimethylphosphonoacetate,”” 9b. A mix-
ture of benzyl bromoacetate (50.037 g, 218 mmol) and trimethyl
phosphite (58 mL, 492 mmol) was stirred vigorously and heated
at 85 °C for 60 h. The initial exothermic reaction and evolution
of methyl bromide subsided as the reaction proceeded. Upon
completion the mixture was purified by distillation under reduced
pressure. Excess trimethylphosphite distilled over initially (25 °C,
0.15 mmHg) followed by the by-product methyl dimethylphospho-
nate (75 °C, 0.15 mmHg). The desired product 9b was obtained as
a colourless 0il (45.76 g, 81%). Bp 150-152 °C @ 0.05 mmHg; v,
(liquid film)/cm™" 3032, 2956, 2852, 1735, 1607, 1586, 1498, 1456,
1403, 1375,1272, 1183, 1114, 1028, 912, 891, 849, 805, 751, 698; oy
(300 MHz; CDCl;; Me,Si) 3.04 (2H, d, Jp 21.5, CH,CO,Bn), 3.77
(6H,d, Jpy 11.3,2 x OCH;), 5.20 (2H, s, OCH,Ph), 7.37 (SH, brs,
Ph-H); é. (75.4 MHz; CDCl;; CDCl;) 165.8 (d, Jpc 6.0, C=0),
135.6 (i-Ph-C), 129.0 (Ph-C), 128.8 (Ph-C), 128.7 (Ph-C), 67.8 (s,
OCH,Ph), 53.5 (d, Jpc 6.0, OCHj;), 33.8 (d, Jpc 135, CH,CO,Bn);
op (121.4 MHz, CDCl,) 23.46 (s); m/z (EI4) 258 (8%), 151 (42),
124 (97), 109 (64), 108 (38), 107 (27), 94 (82), 93 (27), 91 (33),
79 (100), 77 (27), 63 (11), 47 (15); m/z (HRMS) 258.0664 (M"*,
C,,H,50,P requires 258.0657).

Preparation of B-nitrostyrene,”® 5. This procedure is typical:
Benzaldehyde 3 (106 mg, 1.00 mmol, 101 pL), was added to a
stirred solution of ammonium acetate (19.0 mg, 0.25 mmol) in
dry nitromethane 10 (5 mL) at 90 °C. The mixture was heated
at reflux for 5 h, poured into water and extracted with diethyl
ether (3 x 50 mL). The extract was washed with brine, dried
over MgSO,, filtered and evaporated under reduced pressure. The
residue was purified by recrystallisation from ethanol to give the
B-nitrostyrene 5 as yellow needles (132 mg, 0.88 mmol, 88% yield).
Mp 58-59 °C; vy, (KBr disc)/cm™" 3369 (O-H) 3113 (C-H), 1620
(C=0), 1481(C=C,,), 1434 (C-H,); 0y (400 MHz; CDCl;; CHCl,)
7.45-7.58 (SH, m, Ph-H), 7.59 (1H, d, Juy 13.3, PhnCH=CHNO,),
8.02 (1H, d, Juy 13.3, Ph\CH=CHNO,); m/z (EI) 149 (M"*, 48%),
102 (M — (HNO,")J*, 77), 91 (C,H;*, 77), 77 (C¢Hs*, 100).

Preparation of 2-nitro-1-phenylethane,® 7. This procedure
is typical: To a nitrogen-purged pressure tube containing
[Ir(COD)CI], (67.0 mg, 0.1 mmol), dppp (41.0 mg, 0.1 mmol),
caesium carbonate (32.6 mg, 0.1 mmol) and nitromethane (0.244 g,

4.0 mmol), was added benzyl alcohol (451 mg, 4.0 mmol, 432 uL)
followed by anhydrous toluene (1.5 mL). The tube was sealed,
stirred vigorously and then heated at 150 °C for 72 h. Upon
completion, the reaction was quenched with wet diethyl ether
(20 mL), filtered to remove the insoluble residues and then
concentrated in vacuo to yield the crude product. Purification by
flash chromatography on silica, using 25 : 1 petroluem ether (bp
40-60 °C)—ethyl acetate, afforded the desired product 7 as colorless
liquid (205 mg, 46% conversion by '"H NMR spectroscopy); oy
(300 MHz; CDCl;; Me,Si) 3.34 2H, t, Jyu 7.5, PhCH,CH,NO,),
4.63 2H, t, Juu 7.5, PhCH,CH,NQO,), 7.25-7.35 (5H, m, Ph-H).

Preparation of 4-(2-nitroethyl)phenol,”? 13. Prepared from p-
hydroxybenzyl alcohol 1b (0.496 g, 4.0 mmol) and nitromethane
10 (0.244 g, 4.0 mmol) to give the crude product in 57% conversion
by 'H NMR spectroscopy; dy (300 MHz; CDCl;; Me,Si) 3.09 (2H,
t,Jun 8.0, ArCH,CH,NO,),4.43 (2H, t, Juu 7.0, ArCH,CH,NO,),
6.60 (2H, d, Juy 8.0, Ar-H), 6.86 (2H, d, Juy 8.0, Ar-H).

Preparation of 1-phenyl-2-nitropropane, 17a. Prepared from
benzyl alcohol 1a (451 mg, 4.0 mmol) and nitroethane 15 (450 mg,
6.0 mmol). The crude mixture was purified by flash column chro-
matography on silica using 25 : 1 petroluem ether (bp 40-60 °C)—
ethyl acetate to afforded the desired product 17a as a colorless oil
(205 mg, 70% conversion, 31% yield). vy, (liquid film)/cm~" 3030
(C-H,,), 1548 (C-NO,), 1496 (CH), 1453 (C—CH,) 1230 (C,,—Ca,);
on (300 MHz; CDCl;; Me,Si) 1.47 (3H, d, Juy 6.7, CH(NO,)CH;),
2.93 (IH, dd, Juu 6.7 and 13.9, PhCH ,H;CH(NO,)CH;), 3.25
(1H, dd, Juy 7.5and 13.9, PhCH, H;CH(NO,)CH,), 4.7 (1H, ddq,
Jun 6.7, 6.7 and 7.5 CH(NO,)CH,), 7.17-7.29 (5H, m, Ph-H).

Preparation of 1-(4-chlorophenyl)-2-nitropropane,” 17c. Pre-
pared from p-chlorobenzyl alcohol 1c (0.57 g, 4.0 mmol) and
nitroethane 15 (450 mg, 6 mmol) to give the crude product in
14% conversion by "H NMR spectroscopy. dy (300 MHz; CDCl;;
Me,Si) 1.55 (3H, d, Juu 6.7, CH;), 2.99 (1H, dd, Juy 6.7 and
14.1, ArCH,H;CH(NO,)CH;), 3.29 (1H, dd, Jyu 7.8 and 14.1,
ArCH,HzCH(NO,)CH;), 4.67-4.84 (1H, ddq, Juu 6.7, 6.7 and
7.8, CH(NO,)CH;), 7.07-7.13 (2H, m, Ar-H), 7.26-7.32 (2H, m,
Ar-H).

Preparation of 1-methoxy-4-(2-nitropropyl)benzene,® 17d.
Prepared from p-methoxybenzyl alcohol 1d (0.55 g, 4.0 mmol)
and nitroethane 15 (450 mg, 6 mmol) to give the crude product in
33% conversion by '"H NMR spectroscopy. 4 (300 MHz; CDCl;;
Me,Si) 1.53 (3H, d, Juy 6.7, CH;), 2.95 (1H, dd, Juy 6.7 and
14.1, ArCH,HzCH(NO,)CH,), 3.25 (1H, dd, Juu 7.5 and 14.1,
ArCH,HzCH(NO,)CHs;), 3.78 (3H, s, OCHj;), 4.65-4.82 (1H,
ddq, Juu 6.7, 6.7 and 7.5, CH(NO,)CHj;), 7.14-7.32 (4H, m, Ar—
H).

Preparation of 3-(2-nitropropyl)aniline,” 17e. Prepared from
m-aminobenzyl alcohol 1e (0.55 g, 4.0 mmol) and nitroethane
15 (450 mg, 6.0 mmol) to give the crude product in 57%
conversion by '"H NMR spectroscopy. oy (300 MHz; CDCl;;
Me,Si) 1.50 (3H, d, Juu 7.0 Hz, CH5;), 2.86 (1H, dd, Juy 7.0 and
14.0, ArCH,H;CH(NO,)CH,), 3.27 (1H, dd, Jyu 7.0 and 14.0,
ArCH,H,CH(NO,)CH,), 4.73 (1H, ddq, Jux 7.0, 7.0 and 7.0,
CH(NO,)CH,), 6.48-7.23 (4H, m, Ph-H).

Preparation of 2-nitro-3-(3-indolyl)propane,” 17f. Prepared
from 3-indolylmethanol 1f (0.58 g, 4.0 mmol) and nitroethane 15

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 116-125 | 123





(450 mg, 6.0 mmol) to give the crude product in 40% conversion
by "H NMR spectroscopy. dy (300 MHz; CDCl;; Me,Si) 1.60 (3H,
d, Juu 6.6, CH;), 3.22 (1H, dd, Jyuy 6.6, 14.3, ArCH,H;CH), 3.51
(1H, dd, Juu 6.6, 14.3, ArCH,H,CH), 491 (1H, ddq, Jux 6.6,
6.6, 6.6, ArCH,CH), 6.95-7.40 (4H, m, Ar-H), 7.55-7.60 (1H, m,
Ar-H), 8.05-8.20 (1H, br s, NH).

Preparation of dibenzyl 2-benzylidenemalonate, 6. Benzalde-
hyde 3 (0.50 g, 5.0 mmol), dibenzyl malonate 19 (1.25 g, 5.5 mmol),
piperidine (0.085 g, 1.0 mmol) and AcOH (3 drops) in toluene
(20 mL) were heated to reflux for 4 h. The mixture was cooled
to ambient temperature, diluted with EtOAc (50 mL) and washed
with 10% aq. HCI (2 x 50 mL). The organic layer was dried
over Na,SO,, and concentrated in vacuo. Purification by flash
column chromatography (SiO,, 25 : 1 petroleum ether (bp 40—
60 °C)—diethyl ether) afforded 6 as a yellow oil. v, (film)/cm™"
3032 (C-0), 1731(C-0), 1627, 1497, 1454, 1378, 1325, 1255, 1195,
1056, 736, 695; dy (300 MHz; CDCl;; Me,Si) 5.29 (4H, s, 2 x
PhCH,0C(0)), 7.33 (15 H, m, Ph-H), 7.8 (1 H, s, PhACH=); m/z
(EI) 372.14 (M*, 40%), 321 (10), 221 (28), 194 (100), 167.1 (23),
149.1 (37), 118.1 (36), 105.1 (48), 91.1 (80).

Reaction of benzyl alcohol with dibenzyl malonate

This procedure is typical: Toluene (1 mL) was added to a mixture
of benzyl alcohol (103 pL, 1 mmol), dibenzyl malonate (250 pL,
1 mmol), [Ir(COD)CI], (16.8 mg, 0.025 mmol), dppf (28 mg,
0.05 mmol), potassium carbonate (6.9 mg, 0.05 mmol), piperi-
dinium acetate (36.3 mg, 0.25 mmol), and activated 3 A molecular
sieves in a carousel reaction tube. The reaction mixture was then
heated to 110 °C in a pre-warmed carousel reaction station, and
stirred for 24 h. Upon cooling, the reaction mixture was filtered
through a plug of silica (approx. 1 cm x 2 cm) washing with
CH,CI, (5 x 5mL). The solvent was removed in vacuo to give the
crude product as a black oil; "H NMR analysis showed that 6, 21,
22, and 23 were present. Purification of the crude reaction mixture
was achieved by flash column chromatography on silica using 9 :
1 petroleum ether (bp 40-60 °C)-EtOAc as the eluent.

Benzyl acetate,”® 21.  Jy (300 MHz; CDCl;; Me,Si) 2.10 (3H, s,
CH,), 5.10 (2H, s, CH,), 7.30-7.41 (5H, m, Ph-H); d. (75.5 MHz;
CDCl;; CDCL) 21.0 (CH,), 71.2 (CH,OC(0)), 122.2 (p-Ph-C),
128.5 (0-Ph-C), 135.9 (m-Ph-C),148.9 (i-Ph-C), 170.9 (C=0).

Dibenzyl benzylmalonate,” 22. J;; (300 MHz; CDCl;; Me,Si)
3.24(2H,d, Jyy, 8.1, PhCH,CH), 3.77 (1H, t, J 4, 8.1, PhCH,CH),
5.03 (4H, s, PACH,0C(0)), 6.94-7.27 (15H, m, Ph-H).

Benzyl 3-phenylpropionate,® 23. ¢ (300 MHz; CDCl;; Me,Si)
2.67 (2H, t, Juy 7.8, PACH,CH,C(0)), 2.96 (2H, t, Juy 7.8,
PhCH,CH,C(0)), 5.10 (2H, s, PhCH,OC(0)), 7.12-7.40 (10H,
m, Ph-H); . (75.5 MHz; CDCl;; CDCl;) 30.9 (PhCH,CH,), 35.8
(PhCH,CH,), 66.2 (PhCH,0C(0)), 126.2 (Ph-C), 128.1 (Ph-C),
128.2 (Ph-C), 128.5 (Ph-C), 135.8 (Ph-C), 140.3 (Ph-C), 172.6
(C=0).

Reaction of benzyl alcohol with 2,4-pentanedione. Prepared
from benzyl alcohol 1a (103 pL, 1 mmol) and 2,4-pentanedione
24 (103 pL, 1 mmol). '"H NMR of the crude reaction mixture
showed that 25, 26, and 27 were present, and the ratio determined
by integration of the relevant signals in the '"H NMR spectrum.
Purification of the crude reaction mixture was achieved by flash

column chromatography on silica using 9 : 1 petroleum ether (bp
40-60 °C)-EtOAc as the eluent.

Benzyl acetone, 25. J,; (300 MHz; CDCl;; Me,Si) 2.14 (3H, s,
CH,), 2.72 (2H, t, Juy 7.7, PACH,CH,C(O)), 2.90 (2H, t, Jun
7.7, PhCH,CH,C(0O)), 7.13-7.27 (5H, m, Ph-H); 6. (75.5 MHz;
CDCl;; CDCl,) 29.5 (CH;), 30.2 (CH,C(0)), 45.2 (PhCH,), 126.0
(Ph-C), 128.3 (Ph-C), 128.6 (Ph-C), 141.1(Ph-C), 207.6 (C=0).

Benzylidene-2,4-pentanedione,”” 26. J,; (300 MHz; CDCl;;
Me,Si) 2.29 (3H, s, CH,), 2.43 (3H, s, CH,), 7.40 (SH, m, Ph-H)),
7.50 (1H, s, PhCH=); d. (75.5 MHz; CDCl,; CDCl;) 26.5 (CH,),
31.6 (CHj;), 129.0 (Ph-C), 129.6 (Ph-C), 130.6 (Ph-C), 132.9 (Ph-
(), 139.8 (PhC=C), 142.8 (PhC=C), 196.4 (C=0), 205.5 (C=0).

Benzyl-2,4-pentanedione,* 27. 4§, (300 MHz; CDCl;; Me,Si)
(keto form) 2.08 (6H, s, 2 x CH;), 3.08 (2H, d, Juu 7.4,
PhCH,CHC(0)), 3.94 (1H, t, Jyy 7.4, PhCH,CHC(O)), 7.10-
7.40 (5H, m, Ph-H); (enol form) 2.13 (6H, s, 2 x CHj;), 3.59 (2H, s,
PhCH,), 7.10-7.40 (5H, m, Ph-H).

4,4-Dimethyl-3-oxo-2-benzylpentanenitrile, 29a. Prepared
from benzyl alcohol 1a (310 uL, 3 mmol) and 4,4-dimethyl-3-
oxopentanenitrile 28 (376 mg, 3 mmol), [Ir(COD)CI], (50.4 mg,
0.075 mmol), dppf (83 mg, 0.15 mmol), K,CO; (20.7 mg,
0.15 mmol), piperidinium acetate (109 mg, 0.75 mmol), and
activated 3 A molecular sieves in dry toluene (3.0 mL) at
110 °C. Purification of the crude reaction mixture was achieved
by flash column chromatography on silica using 19 : 1 petroleum
ether (bp 40-60 °C)-Et,O as the eluent, giving the title compound
29a (194 mg, 30.1% isolated yield) as a colourless oil (Found: C,
78.01; H, 7.95; N, 6.48. C,,H,;NO requires C, 78.10; H, 7.96; N,
6.51%); Vo (film)/cm™" 2969 (C-C), 2241 (C=N), 1715 (C=0),
1498, 1248, 1041; Jy (300 MHz; CDCl;; Me,Si) 1.00 (9H, s,
3 x CH,), 3.03 (1H, dd, Jygu 13.6 and 7.6, CH ,Hy), 3.11 (1H,
dd, Juu 13.6 and 7.6, CH,Hj), 3.96 (1H, dd, Juy 7.6 and 7.6,
CH(CN)CH,Ph), 7.1-7.3 (5H, m, Ph-H); d. (75.5 MHz; CDCl;;
CDCl;) 24.5 (3 x CH;), 34.9 (CHCH,Ph), 37.7 (CHCH,Ph), 44.4
((CH;);CC(0)), 116.1 (CN), 126.6 (Ph-C), 127.8 (Ph-C), 128.1
(Ph-C), 135.2 (Ph-C), 203.9 (C=0); m/z (CI + NH;) 233 (IM +
NH,]*, 100%), 208 (5), 85 (2), 52 (10); m/z (ESI) 233.1649 (M +
NH,]*, C,H,; N,O requires 233.1648).

4,4-Dimethyl-3-0x0-2-(4-hydroxybenzyl)pentanenitrile, 29b.
Prepared from p-hydroxybenzyl alcohol 1b (372 mg, 3 mmol) with
4,4-dimethyl-3-oxopentanenitrile 28 (376 mg, 3 mmol). The crude
mixture was purified by flash column chromatography, eluting
with 5 : 1 petroleum ether (bp 40-60 °C)-EtOAc to give the title
compound 29b as a white powder (306 mg, 44.1% isolated yield)
(Found: C, 72.6; H, 7.44; N, 6.06. C;sH;NO, requires C, 72.7; H,
7.41; N, 6.06%); v, (film)/cm™" 3592 (O-H), 2968 (C-C), 2253
(C=N), 1725 (C=0), 1514, 1255, 1170; é4 (300 MHz; CDCl;;
Me,Si) 1.11 (9H, s, 3 x CH;), 3.06 (1H, dd, Juy 13.7 and 7.6,
CH Hy), 3.13 (1H, dd, Juy 13.7 and 7.6, CH,H;), 4.00 (1H,
dd, Jyu 7.6 and 7.6, CH(CN)CH,Ph), 5.63 (1H, br s, OH), 6.77
(2H, d, Jux 8.5, m-Ph-H), 7.06 (2H, d, Juu 8.5, 0-Ph-H); Jc
(75.5 MHz; CDCl;; CDCl,) 25.6 (3 x CH,), 35.3 (CHCH,Ph),
39.2 (CHCH,Ph), 45.6 ((CH;);CC(0)), 115.8 (m-Ph-C), 117.2
(CN), 128.0 (i-Ph-C), 130.4 (0-Ph-C), 155.3 (p-Ph-C), 205.3
(C=0); m/z (CI + NH;) 263 (M + NH.,]*, 100%), 245 (4), 121
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(2), 52 (5); m/z (ESI) 263.1752 (IM + NH,]*, C,;sH»;N,O, requires
263.1754).

4,4-Dimethyl-3-oxo-2-(4-methoxybenzyl)pentanenitrile, ~ 29d.
Prepared from p-methoxybenzyl alcohol 1d (414 mg, 3 mmol)
with 4,4-dimethyl-3-oxopentanenitrile 28 (376 mg, 3 mmol). The
crude mixture was purified by flash column chromatography,
eluting with 9 : 1 petroleum ether (bp 40-60 °C)-EtOAc to give
the title compound 29d as a colourless oil (350 mg, 48% isolated
yield) (Found: C, 73.43; H, 7.90; N, 5.75. C;sH,,NO, requires
C, 73.44; H, 7.81; N, 5.71%); Vi (film)/cm™ 2967 (C-C), 2255
(C=N), 1722 (C=0), 1613, 1514, 1251, 1179, 1035; 5, (300 MHz;
CDCl;; Me,Si) 1.01 (9H, s, 3 x CH;), 2.98 (1H, dd, Juu 13.7
and 7.6, CH ,Hy), 3.07 (1H, dd, Jyy 13.7 and 7.6, CH,H ), 3.69
(3H, s, OCHj;), 3.92 (1H, dd, Jyu 7.6 and 7.6, CH(CN)CH,Ph),
6.75 2H, d, Juy 8.7, m-Ph-H), 7.04 (2H, d, Jug 8.7, 0-Ph-H); d¢
(75.5 MHz; CDCl;; CDCLy) 24.6 (3 x CH;), 34.2 (CHCH,Ph),
38.0 (CHCH,Ph), 44.5 ((CH;);CC(0)), 54.2 (OCH;), 113.2
(m-Ph-C), 116.2 (CN), 127.2 (i-Ph-C), 129.2 (0-Ph-C), 158.0
(p-Ph-C), 204.1 (C=0); m/z (CI + NH;) 263 (M + NH,]*,
100%), 245 (4), 121 (2), 52 (5); m/z (EST) 263.1752 (M + NH,]*,
C,sHx;N,0, requires 263.1754).

4,4-Dimethyl-3-oxo-2-(4-fluorobenzyl)pentanenitrile, 29g. Pre-
pared from p-fluorobenzyl alcohol 1g (327 uL, 3 mmol) with 4,4-
dimethyl-3-oxopentanenitrile 28 (376 mg, 3 mmol). The crude
mixture was purified by flash column chromatography, eluting
with 9 : 1 petroleum ether (bp 40-60 °C)-EtOAc to give the
title compound 29g as a yellow oil (212 mg, 30.4% isolated yield)
(Found: C, 72.03; H, 6.88; N, 6.04. C,;H,;FNO requires C, 72.08;
H, 6.91; N, 6.00%); v, (film)/cm~" 2963 (C-C), 2254 (C=N), 1723
(C=0), 1511, 1226; o4 (300 MHz; CDCl;; Me,Si) 1.02 (9H, s,
3 x CH,), 3.02 (1H, dd, Juy 13.7 and 7.6, CH,Hy), 3.10 (1H,
dd, Juy 13.7 and 7.6, CH,H,), 3.94 (1H, dd, Juu 7.6 and 7.6,
CH(CN)CH,Ph), 6.92 (2H, m, m-Ph-H), 7.11 (2H, m, o-Ph-H);
dc (75.5 MHz; CDCl;; CDCl;) 24.8 (3 x CHj;), 34.0 (CHCH,Ph),
37.8 (CHCH,Ph), 44.5 ((CH;);CC(0)), 114.4 2C, d, J ¢ 21.5, m-
Ph-C), 115.9 (CN), 129.8 (2C, d, Jr 8.1, 0-Ph-C), 131.0 (1C, d,
Jer 3.3, i-Ph-C), 161.2 (1C, d, Jr 246.3, p-Ph-C), 203.8 (C=0);
0r(376.5 MHz; CDCl;) —114.6 (1F, s, Ph-F); m/z (CI1 + NH;) 251
(IM + NH,]*, 100%), 233 (5), 226 (33), 208 (3), 186 (6), 171 (2); m/z
(ESI) 251.1553 (IM + NH,]*, C,;H»N,OF requires 251.1554).

4,4-Dimethyl-3-0x0-2-(3,4-methylenedioxybenzyl)pentanenitrile,
29i. Prepared from 3,4-(methylenedioxy)benzyl alcohol 1i
(456 mg, 3 mmol) with 4,4-dimethyl-3-oxopentanenitrile 28
(376 mg, 3 mmol). The crude mixture was purified by flash
column chromatography, eluting with 9 : 1 petroleum ether (bp
40-60 °C)-EtOAc to give the title compound 29i as a colourless
oil (358 mg, 46% isolated yield) (Found: C, 69.40; H, 6.65; N, 5.45.
C,sH;;NO; requires C, 69.48; H, 6.61; N, 5.40%); Vyax(film)/cm™
2970, 2928, 2891, 2260 (C=N), 1719 (C=0), 1507, 1501, 1448,
1369, 1247, 1040; Jy (300 MHz; CDCl;; Me,Si) 1.12 (9H, s,
3 x CH;), 3.03 (1H, dd, Juy 13.7 and 7.6, CH,Hy), 3.11 (1H,
dd, Juu 13.7 and 7.6, CH,H,), 3.99 (1H, dd, Juy 7.6 and 7.6,
CH(CN)CH,Ph), 5. 3 (2H, s, OCH,0), 6.63-6.75 (3H, m, Ph-H);
oc (75.5 MHz; CDCl;; CDCl,) 26.0 (3 x CH;), 36.1 (CHCH,Ar),
39.4 (CHCH,Ar), 45.9 ((CH;);CC(0)), 101.5 (OCH,0), 108.9

(Ar-CH), 109.8 (Ar-CH), 117.4 (CN), 122.8 (Ar-CH), 130.2
(i-Ar-C), 147.4 (Ar-C(OCH,)), 148.3 (Ar-C(OCH,)), 205.4
(C=0); m/z (CI + NH;) 277 (IM + NH,]*, 100%), 252 (5), 52
(15); m/z (ESI) 277.1546 (M + NH,]*, C;sH, N,O; requires
277.1547).
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A concise and convergent route to combretastatin D, is described together with some preliminary

biological data.

Introduction

Shrubs and trees of the Combretaceae family are much used in
Africa and India as a source of medicinal products, and the
constituent combretastatins have been extensively studied as po-
tential drugs." Of these, combretastatin A, (1a) and its phosphate
ester (1b) have shown particular promise as potential anti-cancer
agents. The latter is currently undergoing phase II clinical trials as
an inhibitor of angiogenesis.?

All of the combretastatins are acyclic with the exception of
combretastatins D, (2) and D, (3) and the recently described
combretastatins D; (4) and D, (5).® Several syntheses of D, and
D, have been described* but none of the routes was efficient,
and only one cytotoxicity study has been reported (using mouse
leukaemia P388) which showed modest activity (EDs, 35 ug ml™")
for these compounds.® Our interest in the design and synthesis of
angiogenesis inhibitors prompted us to design a new, convergent
route to this class of compounds with a view to further study of
the biological properties of both the natural products and their
analogues.
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Results and discussion

Our synthetic route is shown in Scheme 1 and uses a copper-
catalysed coupling of the phenol (6) and boronic acid (7) to provide
the key ether linkage of combretastatin D,. The phenol (6) was
synthesised from 3-hydroxy-4-methoxybenzaldehyde by means of
a Wittig reaction with carbomethoxymethylidene triphenylphos-
phorane, with subsequent catalytic transfer hydrogenation of
the resultant alkene (85% overall). In a parallel synthesis, the
ethylene ketal of 4-bromobenzaldehyde was converted into the
aryl lithium and then reacted with triisopropyl borate followed by
acid hydrolysis (70-75% overall). The coupling was accomplished
using a modification of the method of Evans er al® using
copper(ll) acetate to provide the required diaryl ether (8). This
reaction was somewhat capricious with yields ranging from 32—
81% but could be optimised to around 70% on the multigram
scale. Transesterification using allyl alcohol and dibutyltin oxide’
produced the allyl ester (9) in excellent yield (88-95%), and
this was reduced to the alcohol (10) using NaBH, and then
converted into the bromide (11) using CBr, and Ph;P (overall
yield 60%). Ozonolysis followed by cleavage of the ozonide
(Me,S) yielded aldehyde (12) (ca. 60-70% crude) which could
be converted into the phosphonium salt (13) over a period of
2 days (quantitative yield). This participated in an intramolecular
Wittig reaction following treatment with potassium carbonate in
dichloromethane containing 18-crown-6. The yield of the methyl
ether of combretastatin D, (14) was only 30% and has not yet
been optimised, although a large number of other bases, solvents
and reaction conditions have been investigated (Table 1). Stronger
bases than potassium carbonate invariably caused hydrolysis of
the ester group. Since compound (14) has been converted into
combretastatin D, by Boger et al. (using BI; and dimethylaniline
in benzene),* this constitutes a formal total synthesis of the natural
product. However, our approach is both shorter and more efficient
than the other published routes, and should allow access to a range
of analogues for biological evaluation.

Interestingly, in the product mixture from the Wittig reaction
the trans-alkene (15) could be seen, though this isomerised to
the cis-alkene during silica chromatography (isomerisation was
also effected using light). This isomer has never been reported
before and both alkenes exhibited interesting '"H NMR signals
for the aryl hydrogen B to the methoxy group. For the cis-
alkene this resonated at 5.11 ppm while for the trans-isomer
it appeared at 4.59 ppm, providing evidence in both cases of
significant diamagnetic shielding by the aromatic ring current
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Table 1 Selected conditions screened for the intramolecular Wittig reactions

X Solvent Base C/mM T/°C Yield (for 3 steps)
O=P(OMe), DME tBuOK 2 0to 20 Decomp.
O=P(OMe), DME NaH 2 0to 20 Decomp.
Ph;P*, CI~ DMF tBuOK 2 0to 20 <10%
Ph,P*, Br- DCM K,CO,/18-C-6 2 20 31%*
Ph;P*, Br- DCM K,CO,/18-C-6 5 20 29%*
Ph;P*, Br~ DCM K,CO,/18-C-6 10 20 26%?
Ph;P*, Br- DCM DBU 2 0to 20 <10%*
Ph;P*, Br- THF-DCM NaHMDS 2.5 0to20 15%*
Ph;P*, Br~ THF-DCM Amberlite 2.5 20 17%*
Ph,P*, Br- DCM-H,O Sat. K,CO, 10 Reflux 0%
« After isomerisation on silica gel. * After irradiation.
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Scheme 1

Synthesis of combretastatin D, methyl ether via intramolecular Wittig reaction. (a) Ph;P=CHCO,Me, DCM, r.t., overnight, 95%,

(b) HCO,NH,, 10% Pd/C, MeOH, reflux 3 h, 91%, (c) ethylene glycol, PhCHj;, pTsOH, 18 h, 75-89%, (d) i) nBuLi, THF, B(OiPr);, —78 °C to r.t.
overnight, ii) 3 N HCI, THF, 2 h, r.t., 70-75% overall, (e) Et;N, Cu(OAc),, DCM, 4A molecular sieves, r.t., 18 h, 55-70%, (f) allyl alcohol, Bu,SnO, reflux,
20 h, 88-95%, (g) NaBH,, MeOH, r.t., 3 h, 65%, (h) CBr,, PPh;, DCM, r.t, 3 h, 85-90%, (i) O;, DCM, —78 °C, then Me,S, DCM, —78 °C to r.t., 4 h,
(j) PPh;, MeCN, r.t., 2 d, (k) K,CO;-18-C-6, DCM, slow addition, 20 °C, overnight, 26-31% from 11, (1) light, CCl,-CHCl;, overnight, quantitative.

(Figs. 1 and 2). An X-ray crystal structure of compound (14)
confirmed the relationship of the f-hydrogen to the aromatic ring
(Fig. 3)1.

An alternative approach to (14) is shown in Scheme 2 and
involved an attempted ring-closing metathesis reaction. The

i Crystal data for C,yH3O,: the crystals are small and show very weak
diffraction and hence a low ratio of observed reflections (approx. 25%).
However, we were able to establish the atomic connectivity from this
crystal. M = 310.33, orthorhombic, space group Pbca, a = 13.47(5)
A, b = 10.86(4) A, ¢ = 21.40(10) A, U = 3132(22) A’>, Z =8, u =
0.092 mm™'. A total of 5614 reflections were measured for the angle range
2 < 20 < 45 and 2022 independent reflections were used in the refinement.
The final parameters were wR2 = 0.2935 and Rl = 0.1041 [/ > 20]].
CCDC reference number 283472. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b513515j

aldehydo-ester (8) was converted into the styrene (16) via a
Wittig reaction (80-87%), and transesterification as before with
allyl alcohol produced the diene (17) (85-95%). Attempted RCM
reactions with Grubbs’ catalyst I under a variety of conditions
(Table 2) provided no products, while reaction with Grubbs’
catalyst II yielded the dimeric product (18). The best conditions
employed 20% of catalysts in toluene at 80 °C with a 75%
conversion and 40% yield of the dimer. To date, other metathesis
catalysts (e.g. Schrock catalyst) have not been tried.

Biological evaluation

Compound (14) was evaluated for antiproliferative activity against
MCF-7 human breast carcinoma, RKO human colon carcinoma
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Table 2 Selected conditions for the RCM

Solvent (%ocat.) C/mM T/°C t Conversion (%)*
DCM (1, 6%) 5 50 20 h 0
DCM (1, 10% + 50% Ti(OiPr),) 5 50 3d 80% (decomp.)
Toluene (I, 20% + 30% Ti(OiPr),) 5 80 3d 45% (decomp.)
DCM (11, 5%) 5 50 2d 0
DCE (I, 10%) 5 90 2d <10
Toluene (II, 10%) 5 80 3d 60
Toluene (I, 20%) 5 80 2d 75 (40% yield)®
Toluene (II, 10%) 0.5 110 lh 0
Toluene (II, 10%) 2 80 2d <15
Toluene (II, 10%) 7.5 80 2d 37
Toluene (II, 10%) 10 80 2d 40

« Conversion determined by analysis of the NMR spectrum of the crude mixture. ® Isolated yield.
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Fig.2 NMR spectrum of combretastatin D, methyl ether.

and CRL 1730 human umbilical endothelial cells. It exhibited
activity in all the cell lines at around 5-10 uM (ICs, values,
see Figs. 4-6). No comparable data is available for (14) or
combretastatin D, using these cell lines. The other products
produced in this work have not yet been evaluated.

Fig.3 X-Ray structure of combretastatin D, methyl ether.
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Scheme 2 Attempted synthesis of combretastatin D, methyl ether via
ring-closing metathesis. a) Ph;P*CHj;, Br-, NaHMDS, THF, 0 °C to r.t.,
20 h, 80-87%, b) allyl alcohol, Bu,SnO, reflux, 20 h, 85-95%, c) Grubbs’
catalyst II, toluene, 80 °C, 30-75% conversion, 30-40% yield.
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Fig. 4 Antiproliferative activity of combretastatin D, methyl ether
against MCF-7 breast cancer cells.
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Fig. 5 Aantiproliferative activity of combretastatin D, methyl ether
against RKO colon cancer cells.
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Fig. 6 Antiproliferative activity of combretastatin D, methyl ether
against human endothelial cells.

Experimental
In vitro drug sensitivity as determined by MTT dye-exclusion assay

In vitro drug sensitivity was determined as previously described.?
Combretastatin was dissolved in dimethyl sulfoxide (DMSO) to
yield a stock solution of 10 mM. The fraction of viable cells
remaining after drug treatment was determined by the ability of
the cells to metabolise the water-soluble tetrazolium salt, 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
into a water insoluble formazan precipitate. Exponentially grow-
ing cells (MCF-7 human breast carcinoma, RKO human colon
carcinoma and CRL 1730 human umbilical endothelial cells) were
seeded 24 hours prior to treatment into sterile flat-bottomed 96
well plates, at varied seeding densities determined by their growth
characteristics. Cells were exposed to combretastatin (0.5-100 pM)
for 96 hours. MTT (50 pl of a 2 mg ml™" solution) was then
added to each well. The plates were incubated for a further
four hours and then the medium and any unconverted MTT was
aspirated from the wells. The remaining formazan precipitate was
dissolved in 100 pl DMSO and the absorbance read at 570 nm
using a Molecular Devices plate reader. ICy, values (compound
concentration that produces a 50% reduction in the growth of
the cells) were determined from plots of absorbance vs. drug
concentration.

General experimental procedures

All solvents were dried before use. Acetonitrile, dichloromethane
and methanol were either distilled from calcium hydride under
nitrogen or argon or used after drying on a high pressure alumina
column device (MBRAUN). Tetrahydrofuran was either dried
by distillation in the presence of sodium and benzophenone or
used after drying on a high pressure alumina column device
(MBRAUN). Dry DMF was purchased from Aldrich. Thin layer
chromatography was used to monitor reactions using Polygram®
SIL G/UV254 precoated plastic sheets with a 0.2 mm layer of silica
gel containing fluorescent indicator UV254. Plates were visualised
using a 254 nm UV lamp and potassium permanganate stain.
Flash column chromatography was carried out using Sorbsil® (or
Fluorochem®) C60 silica gel (40-60 mesh) with the eluent or the
gradient of eluents reported. NMR spectra were recorded using
Bruker Avance300 or Bruker DRXS500 spectrometers. Samples
were dissolved in CDCI; with tetramethylsilane as a reference. IR
spectra were recorded using a Perkin-Elmer RXI FT-IR system
spectrometer. Mass spectra were recorded on a VG Autospec
spectrometer and were carried out by ASEP (Queen’s University
of Belfast). Elemental analyses were carried out by ASEP (Queen’s
University of Belfast). Melting points were recorded on a Stuart
melting point apparatus and are uncorrected.

X-Ray crystallography

X-Ray crystallographic data for combretastatin D, methyl ether
were collected using a Bruker SMART diffractometer with
graphite monochromated Mo-K, radiation. Data were collected
at low temperature, ca. 153 K. Omega/phi scans were employed
for data collection and absorption, Lorentz and polarisation
corrections were applied.

The structure was solved by direct methods and ordered non-
hydrogen atoms were refined with anisotropic atomic displacement
parameters. Hydrogen-atom positions were added, and idealised
positions and a riding model with fixed thermal parameters
(U; =1.2U,, for the atom to which they are bonded (1.5 for CHy)),
was used for subsequent refinements. The function minimised for
wR2 was X[w(| F,|* — | F.|%)] with reflection weights w™! = [¢?
|F,1? + (g,P)* + g,P] where P = [max | F,|*> + 2| F.|*]/3 for all
F? and the function minimised for R1 was X[w(| F,| — | F.|)]. The
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SAINT? and SHELXTL packages were used for data collection,
reduction, structure solution and refinement. Additional material
available from the Cambridge Structural Database includes atomic
co-ordinates, thermal parameters, remaining bond lengths and
angles, and structure factors (CCDC no. 283472)}.

Synthesis of 3-(3-hydroxy-4-methoxyphenyl)-acrylic acid methyl
Carbomethoxymethylidene triphenylphos-
phorane (12.09 g, 36.1 mmol, 1.1 eq.) was added to a solution
of isovanillin (5 g, 32.9 mmol) in DCM (110 mL) under argon,
and the mixture was stirred at room temperature for 20 h, then
refluxed for 2 h. The solvent was removed under vacuum and the
crude product was purified by flash chromatography (EtOAc-P.E.,
4 : 6). The cis- and trans-isomers were not separated and 6.94 g
(quantitative) of a pale yellow solid were obtained. Rf: 0.62 (trans),
0.73 (cis) (EtOAc-PE., 4 : 6); v, /cm™': 3420 (OH), 1700 (C=0),
1511 (C=C), 1267 (C-0-C), 1162 (C-O-C); mp: 74-76 °C (lit."*
72.4 °C); 'H NMR Jy (CDCl,): 3.68 (0.82H, s, OMe-cis), 3.79
(3H, s, OMe-trans), 3.91 (0.82H, s, OMe-cis), 3.92 (3H, s, OMe-
trans), 5.63 (0.28H, s, OH-cis), 5.72 (1H, s, OH), 5.26-5.32 (d, 2H,
Hy, J,um = 18 Hz), 5.79-5.86 (1.61H, dm, Hy-trans + Ar-cis +
H,-cis, J, =9 Hz), 7.01-7.04 (1H, dd, Hy, J/ = 2.1 Hz, J, = 9 Hz),
7.13-7.14 (1H, d, Hy, J,, = 2.1), 7.22-7.25 (dd, Ar-cis), 7.32 (0.28,
d, J, = 1.8), 7.57-7.63 (1H, d, H,, J,... = 18 Hz); *C NMR J.
(CDCl,): 168 (C=0), 149 (Cy), 146 (C,), 145 (Cy), 129 (Cy), 122
(Cy), 116 (C,), 113 (Cy), 111 (Cy), 56 (OMe), 52 (CO,Me); m/z
(EIMS): 208 (M*, 100), 193 (13), 177 (52), 149 (11), 133 (20), 117
(11), 105 (12), 89 (17), 78 (14); mass found 208.073877, C,,H,,0,
requires 208.073559; found: C: 63.98, H: 5.66, C,;H,,0, requires
C: 63.45, H: 5.81, O: 30.74%.

ester cis and trans.

Synthesis of 3-(3-hydroxy-4-methoxyphenyl)-propionic acid
methyl ester (6). Pd/C (200 mg, 10% of the weight of the
olefin) and ammonium formate (6.06 g, 96 mmol, 10 eq.) were
added to a solution of the alkene (2 g, 9.61 mmol) in methanol
(50 mL). The mixture was refluxed under nitrogen for 3 h. The
cooled reaction mixture was filtered over Celite and the methanol
was removed under vacuum. Chloroform (20 mL) was added to
precipitate the excess of ammonium formate, which was removed
by filtration. After removal of the solvent and short purification
by flash chromatography (EtOAc-PE., 4 : 6), 1.81 g (90%) of a
white crystalline solid were obtained. Rf: 0.47 (EtOAc-PE., 3:7);
Vmax/cm ™2 1733 (C=0), 1506 (Ar), 1127 (C-O-C); mp: 96-97 °C
(1it."2: 94-95 °C); '"H NMR 6y (CDCl;,): 2.57-2.62 (t, 2H, H;, J =
8.1 Hz), 2.83-2.89 (t, 2H, H,, J = 8.1), 3.67 (s, 3H, OMe), 3.86
(s, 3H, OMe), 5.58 (s, 1H, OH), 6.66-6.69 (dd, 1H, Hy, J,, = 1.9
J, =8.2), 6.76-6.78 (m, 2H, H, and Hy); “C NMR 6. (CDCl;):
174 (C=0), 146 (Cy), 145 (Cy), 134 (Cy/), 120 (Cy), 115 (Cy), 111
(Cy), 56 (OMe), 52 (OMe), 36 (C,), 31 (C;); m/z (EIMS): 211
(M* 4+ H*, 11), 210 (M*, 63), 179 (9), 150 (34), 137 (100), 135 (20),
122 (9), 107 (14), 94 (9), 91 (14), 79 (11), 77 (13), 65 (10); mass
found 210.088452, C,, H,,0, requires 210.089209; found C: 63.09,
H: 6.62, C,;H,,0, requires C: 62.85, H: 6.71, O: 30.44%.

Synthesis of 2-(4-bromophenyl)-1,3-dioxolane. Ethylene glycol
(1.2 mL, 21.6 mmol, 2eq.) and p-toluenesulfonic acid (catalytic
amount) were dissolved in dry toluene (20 mL) under nitrogen in
a Dean Stark apparatus. The mixture was vigorously refluxed for
1.5 h to remove the water from the ethylene glycol. Bromobenz-
aldehyde (2 g, 10.8 mmol) dissolved in toluene (10 mL) was

added and the mixture was refluxed for 20 h. The cooled reaction
mixture was quenched with saturated NaHCO; and the product
was extracted with EtOAc (3 x 40 mL). The combined organic
layers were washed with brine and dried with MgSO,. The crude
product was purified by flash chromatography (Et,O-PE., 1 : 9)
and 2.209 g (89%) of a pale yellow solid were obtained. Rf: 0.38
(PE.-Et,0,9: 1); mp: 37-38 °C (lit."*: 39-40 °C); v, /cm~': 2886
(C-H), 1595 (Ar), 1082 (C-O-C); '"HNMR o4 (CDCl;): 4.00-4.03
(m, 2H, H, or Hjs), 4.07-4.10 (2H, m, H, or H;), 5.76 (s, 1H, H.,),
7.33-7.36 (d, 2H, Hy and Hy, J, = 8.4 Hz), 7.49-7.52 (dd, 2H,
H; and Hy, J, = 8.4 Hz, J,, = 1.5 Hz); "C NMR 6. (CDCl;): 137
(Cy), 132 (Cy and Cy), 129 (Cy and Cy), 124 (Cy), 103 (C,), 66
(C, and Cs); m/z (EIMS): 229 (M*(*'Br), 12), 227 (M*(Br), 12),
203 (48), 201 (48), 185 (96), 183 (97), 157 (37), 155 (37), 76 (40),
74 (18); mass found 227.978709, CyH,O,Br requires 227.978591.

Synthesis of 4-formyl phenyl boronic acid (7). 2-(4-Bromo-
phenyl)-1,3-dioxolane (3.89 g, 16.9 mmol) was dissolved in dry
THF (55 mL) under nitrogen and cooled to —78 °C with a dry
ice—acetone bath. n-Butyllithium (2.5 M in hexanes, 10.1 mL,
25.3 mmol, 1.5eq.) was added dropwise and the mixture was
stirred at —78 °C for 45 min. Triisopropyl borate (11.7 mL,
50.6 mmol, 3eq.) was added dropwise and the mixture was allowed
to heat slowly to room temperature and was stirred overnight. The
reaction was quenched with 3 N HCI and was stirred at room
temperature for 2 h. The crude product was extracted with ethyl
acetate and the combined organic layers were washed with brine
then dried with MgSO,. The crude product was purified by flash
chromatography (EtOAc-P.E., 5: 5, then MeOH) and 1.63 g (64%)
of a white solid were obtained. Rf: 0.63 (EtOAc-P.E., 6 : 4); mp:
235-237 °C (lit.: 240" and 252 °C"); vy /cm~': 3210-3411 (OH),
2927-2846 (CHO), 1670 (CHO), 1507 (Ar), 1343 (B-O); '"H NMR
o (DMSO): 7.92-7.94 (d, 2H, H, and Hy, J, = 7.8 Hz), 8.03-8.06
(d, 2H, H; and Hs, J, = 7.8 Hz), 8.40 (s, 2H, B(OH),), 10.09 (s,
1H, CHO); "C NMR §. (DMSO): 194 (C=0), 137 (C,), 135 (C;
and Cy), 129 (C, and Cy), 116 (C,); m/z (EIMS): 150 (M*, 25), 149
(M*—H", 64),121 (M* — H* — CO, 100), 105 (M* — B(OH),, 16);
mass found: 150.048187, C,H,BO; requires 150.048824; found C:
55.41, H: 4.68, C;H;BO; requires C: 56.07, H: 4.71, B: 7.21, O:
32.01%.

Synthesis of 3-[3-(4-formylphenoxy)4-methoxyphenyl}-propionic
acid methyl ester (8). The phenol (6) (984 mg, 4.68 mmol) was
dissolved in dry DCM (25 mL) and powdered molecular sieves
(6 g) were added. The boronic acid (7) (1.75 g, 11.7 mmol,
2.5 eq.), copper(ll) acetate (935 mg, 5.15 mmol, 1.1 eq.) and
triethylamine (3.26 mL, 23.4 mmol, 5 eq.) were successively added.
The mixture was vigorously stirred at room temperature for 24 h
under ambient atmosphere. The mixture was filtered over Celite
and 5% Na,EDTA was added. The organic layer was separated
and washed with 1 N HCI. The aqueous layer was extracted
with DCM. The combined organic layers were washed with brine
and dried with MgSO,. The crude product was purified by flash
chromatography and 1.005 g (68%) of a pale cream solid were
obtained. Rf: 0.39 (EtOAc-P.E., 2 : 8); mp: 52-54 °C; v, /cm™:
2839-2852 (CHO), 1735 (CO,Me), 1691 (CHO), 1512 (Ar), 1273-
1230-1126 (C-O-C); "H NMR Jy (CDCl;): 2.59-2.64 (t, 2H, H,,
J =7.8 Hz), 2.86-2.91 (t, 2H, H,, J = 7.8 Hz), 3.66 (s, 3H, OMe),
3.76 (s, 3H, OMe), 6.94-6.99 (m, 4H, Hy, Hy», Hy» and Hy), 7.05—
7.09 (dd, 1H, Hy, J,, = 2.1 Hz, J, = 8.4 Hz), 7.80-7.83 (dd, 2H,
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Hy and Hy, J,, =2.1,J, = 7.2 Hz), 9.90 (s, 1H, CHO); *C NMR
Jc (CDCL): 191 (CHO), 174 (C=0), 164 (C,»), 150 (Cy), 143 (Cy),
134 (Cy), 132 (Cy and Csr), 131 (Cyr), 126 (Cy), 123 (Cy), 117 (Cyr
and Cy), 113 (Cy), 61 (OMe), 52 (OMe), 36 (C,), 30 (C); m/z
(CIMS): 333 (M* + H* + NH,"), 332 (M* + NH,*), 315 (M* +
H*), 314 (M"), 241, 228, 210; mass found: 314.116638, C,sH,50;
requires 314.115424; found C: 68.47, H: 5.83, C3H3O; requires
C: 68.78, H: 5.77, O: 25.45%.

Synthesis of allyl 3-[3-(4-formylphenoxy)-4-methoxyphenyl]-
propanoate (9). The ester (8) (150 mg, 0.48 mmol) was dissolved
in allyl alcohol (4 mL), and dibutyltin oxide (24 mg, 0.096 mmol,
0.2 eq.) was added. The mixture was refluxed for 20 h. Saturated
Na,CO; was added to the cooled reaction mixture and the aqueous
layer was extracted with EtOAc. The combined organic layers
were filtered over Celite and dried with MgSO,. The solvents were
evaporated under vacuum and the crude product was purified
by flash chromatography (EtOAc-PE., 3 : 7) to give 143 mg
of a yellow oil. v,,,/cm™': 2832 (CHO), 1732 (CO,Me), 1694
(CHO), 1600-1580 (C=C), 1512 (Ar), 1273-1230-1126 (C-O-C);
'"H NMR ¢y (CDCly): 2.59-2.64 (t, 2H, H;, J = 8.0 Hz), 2.85-
2.94 (t, 2H, H,, J = 7.9 Hz), 3.77 (s, 3H, OMe), 4.55-4.60 (d,
2H, CH,C=C, J =4.6 Hz), 5.19-5.30 (m, 2H, C=CH,), 5.83-5.87
(ddt, 1H, CH=C, J,, = 11.0 Hz, J,,,, = 17.6 Hz, J = 4.6 Hz),
6.94-7.06 (m, 5H, Hy, H,», Hyr, Hy and Hy), 7.80-7.84 (dd, 2H,
H;» and Hy), 9.93 (CHO); "C NMR . (CDCl;): 191 (CHO), 174
(C=0), 164 (C»), 150 (Cy), 144 (Cy), 134 (C; and CH=C), 132
(Cy and Cy), 131 (Cy), 126 (Cy), 123 (Cy), 119 (C=CH,), 117
(Cy and Cy), 113 (Cy), 66 (CH,C=C), 56 (OMe), 36 (C,), 30 (C5);
m/z (CIMS): 359 (M* + H* + NH,*, 22), 358 (M* + NH,*, 100),
342 (27), 341 (M* + H*, 96); mass (calculated for M + H*) found:
341.140213, Cy H,, Os requires 341.138899.

Synthesis of allyl 3-{3-[4-(hydroxymethyl)phenoxy]-4-methoxy-
phenyl}propanoate (10). Sodium borohydride (60 mg,
1.58 mmol, 2 eq.) was added to a solution of the aldehyde
(9) (268 mg, 0.79 mmol) in MeOH (2.5 mL) at 0 °C and the
resulting mixture was stirred at this temperature for 1.5 h. The
reaction was quenched with 2 N HCI and the crude product
was extracted with EtOAc. The combined organic extracts were
washed with brine and dried over MgSO,. The crude product was
purified by flash chromatography (EtOAc-PE., 4 : 6) and 106 mg
(65% from ester 8) of a colourless oil were obtained. Rf: 0.42
(EtOAc-PE., 4 : 6); v,./cm™': 3444 (br, OH), 1734 (CO,Me),
1609 (C=C), 1507 (Ar), 1270-1225-1126 (C-O-C); '"H NMR 45
(CDCly): 2.60-2.65 (t, 2H, H;, J = 7.7 Hz), 2.87-2.92 (t, 2H,
H,, J = 7.7 Hz), 3.84 (s, 3H, OMe), 4.57-4.59 (d, 2H, CH,C=C,
J = 5.7 Hz), 4.67 (s, 2H, CH,0OH), 5.22-5.33 (m, 2H, C=CH,),
5.84-5.97(ddt, 1H,CH=C, J,, = 11Hz, J,,,, = 17Hz,J = 5.7 Hz),
6.84 (d, 2H, Hy, J, = 1.7 Hz), 6.93-6.99 (m, 4H, Hy, Hy, Hy/,
Hy), 7.31-7.34 (d, 2H, Hy» and Hy/, J, = 8.4 Hz); *C NMR d¢
(CDClL): 173 (C=0), 158 (Cy»), 150 (Cy), 145 (Cy), 135 (Cy),
134 (Cy), 133 (CH=C), 129 (C;» and Cy»), 125 (Cy), 121 (Cy),
119 (C=CH,), 118 (Cy and Cg¢), 113 (Cy), 66 (CH,OH), 65
(CH,C=C), 56 (OMe), 36 (C,), 30 (C,); m/z (EIMS): 342 (M*,
100), 256 (15), 243 (M* — CH,=CHCH, — CO,, 58), 239 (39),
197 (11), 153 (14), 137 (26), 134 (17), 121 (13), 105 (17), 77 (25);
mass found: 342.146004, C,,H,,O; requires 342.146724; found C:
69.56, H: 6.50, C5H,,0s5 requires C: 70.16, H: 6.48, O: 23.36%.

Synthesis of allyl 3-{3-[4-(bromomethyl)phenoxy]-4-methoxy-
phenyl}propanoate (11). Triphenylphosphine (91 mg, 0.35 mmol,
1.2 eq.) was added in small portions to a solution of the benzylic
alcohol (10) (100 mg, 0.29 mmol) and carbon tetrabromide
(194 mg, 0.58 mmol, 2 eq.) in DCM (1.5 mL) at room temperature.
The resulting mixture was stirred at room temperature for 2 h and
the reaction was quenched with a saturated solution of NaHCO;.
The crude product was extracted with DCM and the combined
organic extracts were washed with brine, then dried with MgSO,.
After evaporation of the solvent, the crude product was purified
by flash chromatography (EtOAc-PE., 3 : 7), and 147 mg (91%)
of the bromide (11) were obtained. Rf: 0.76 (EtOAc-PE., 3 : 7);
Vm/Ccm ™' 1735 (CO,Me), 1607 (C=C), 1506 (Ar), 1272-1226-
1168-1126 (C-O-C); "H NMR Jy (CDCl;): 2.61-2.67 (t, 2H, H;,
J =7.7Hz),2.89-2.94 (t, 2H, H,, J = 7.7 Hz), 3.83 (s, 3H, OMe),
4.53 (s, 2H, CH,Br), 4.58-4.60 (d, 2H, CH,C=C, J = 5.8 Hz),
5.23-5.33 (m, 2H, C=CH,), 5.84-5.97 (ddt, 1H, CH=C, J,, =
11.0 Hz, J,,, = 17.0 Hz, J = 5.7 Hz), 6.88-7.04 (m, 5H, H,,
Hy, Hy, Hy, Hy), 7.33-7.36 (d, 2H, Hy and Hy, J, = 8.54 Hz);
BC NMR ¢ (CDCLy): 173 (C=0), 159 (C,»), 150 (Cy), 145 (C,),
134 (Cy), 133 (Cy), 132 (CH=C), 131 (Cy» and Cy), 125 (Cy), 122
(Cy), 119 (C=CH,), 117 (Cy and Cy), 114 (Cy), 66 (CH,C=C), 57
(OMe), 36 (C,), 34 (C;), 30 (CH,Br); m/z (EIMS): 406 (M*(*'Br),
8), 404 (M*(”Br), 8), 336 (M*(*'Br) — CO,CH,CH=CH,, 9), 334
(M*(”Br) — CO,CH,CH=CH,, 9), 325 (M* — Br, 76), 299 (26),
253 (98), 251 (M* — Br — CO,CH,CH=CH,, 100), 249 (36), 211
(14), 172 (26), 149 (18), 91 (44), 79 (38); mass found: 404.060319,
CyH,,BrO, requires 404.062320.

Synthesis of 2-oxoethyl-3-{3-[4-(bromomethyl)phenoxy]-4-
methoxyphenyl}propanoate (12). Ozone was bubbled through a
solution of the benzylic bromide (11) (100 mg, 0.25 mmol) in DCM
(15 mL) at —78 °C for 2 min. Nitrogen was bubbled through the
resulting blue solution until the colour faded, and dimethyl sulfide
(130 uL, 2.5 mmol, 10 eq.) was added. The mixture was stirred at
—78 °C for 1 h, then at room temperature for 4 h. The volatiles
were removed under vacuum and the aldehyde (12) (120 mg, 116%
(DMSO0)) was used without further purification for the next step.
Vax/cm ™' 2919 (ArH), 1737 (CO,Me + CHO), 1507 (Ar), 1272—
1226-1168-1126-1027 (C-O-C); '"H NMR Jy (CDCl;): 2.70-2.73
(t,2H, H;, J = 7.6 Hz), 2.90-2.93 (t, 2H, H,, J = 7.6 Hz), 3.79 (s,
3H, OMe), 4.49 (s, 2H, CH,Br), 4.63 (s, 2H, CH,CHO), 6.85-6.87
(m, 3H, H,, Hy», Hyr, J = 8.5 Hz), 6.89-6.93 (d, 1H, Hy, J = 8.3
Hz), 6.99-7.00 (dd, 1H, Hy, J, = 8.3 Hz, J,, = 1.94 Hz), 7.30-
7.31 (d, 2H, Hy» and Hy, J, = 8.5 Hz), 9.54 (s, 1H, CHO); *C
NMR . (CDCL): 196 (CHO), 172 (C=0), 159 (C»), 151 (Cy),
145 (Cy), 134 (Cy), 132 (Cy»), 131 (Cy and Cyr), 125 (Cy), 122
(Cy), 117 (Cy and Cy), 113 (Cy), 69 (CH,CHO), 56 (OMe), 36
(C,), 34 (CH,Br), 30 (C;); m/z (EIMS): 407 (M*(*'Br), 22), 406
(M*(*'Br) — H*, 98), 405 (M*(”Br), 22), 404 (M*(”Br) — H*, 98),
391 (39), 380 (M*(*'Br) — H* — CO, 46), 378 (M*(”Br) — H* —
CO, 46),370(37), 366 (M*(*' Br) — CH,CHO, 43), 364 (M*(”Br) —
CH,CHO), 360 (58), 333 (10), 325 (14), 299 (14), 241 (13), 185 (17),
167 (16), 149 (54), 78 (58); mass found: 405.033638, C,,H,,BrO;
requires 405.033760.

Synthesis of (4-{2-methoxy-5-[2-(2-oxoethoxycarbonyl)-ethyl]-
phenoxy }-benzyl)-triphenylphosphonium bromide (13). Triphenyl-
phosphine (312 mg, 1.19 mmol, 1 eq.) was added to a solution of
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the bromide (12) (485 mg, 1.19 mmol) in acetonitrile (6 mL),
and the mixture was stirred for 2 days when a TLC of the
crude mixture showed completion of the reaction. The solvents
were removed under vacuum. A small amount of Et,O was
added, and the crude product was dried under high vacuum to
remove the DMSO, present in the crude starting material. A pale
cream hygroscopic crystalline compound was obtained (800 mg,
quantitative). vy,./cm™': 2924.4 (ArH), 1734.7 (CO + CHO),
1506.3 (Ar), 1438.5 (PPh), 1272-1194.8, 1112.4-1058.2 (C-0-C);
mp: 81-83 °C; "H NMR Jy (CDCl,): 2.66-2.71 (t,2H, H;, J = 7.4
Hz), 2.85-2.90 (t, 2H, H,, J = 7.4 Hz), 3.77 (s, 3H, OMe), 4.64
(s, 2H, CH,CHO), 5.34-5.38 (d, 2H, CH,P*, *J,y = 14 Hz), 6.68—
6.71 (d, 2H, Hy/, Hy/, J = 8.69 Hz), 6.75-6.76 (d, 1H, Hy, J =
1.8 Hz), 6.87-6.90 (d, 1H, Hy, J = 8.3 Hz), 6.93-6.97 (dd, 1H,
Hy, J, = 8.3 Hz, J,, = 1.8 Hz), 7.00-7.05 (dd, 2H, H;» and Hy,
J, =8.69 Hz, *Jpy = 2.56 Hz), 7.62-7.76 (m, 15H, PPh;), 9.55 (s,
1H, CHO); "C NMR J. (CDCl;): 196 (CHO), 172 (C=0), 159
(Cy), 150 (Cy), 145 (Cy), 135, (s, P*Ph;,), 134.8-134.9 (d, P*Ph;,,
2Jpe = 9.7 Hz), 134 (Cy), 132 (Cy), 132 (d, Cy» and Cy, 3Jpc =
9.84 Hz), 130.5-130.6 (d, P*Phs,, *Jpc = 12.6 Hz), 128 (P*Phs,
'Jpe = 34 Hz), 126 (Cy), 117 (Cy and Cy), 117 (Cy), 114 (Cy),
69 (CH,CHO), 56 (OMe), 36 (C;), 30.5-30.9 (d, CH,P*, 'Jpc =
50.3 Hz), 30 (C;); m/z (FAB*): 607 (M* + H,0, 17), 589 (M*, 52),
561 (31), 547 (33), 503 (14), 455 (15), 369 (56), 293 (28), 279 (100),
262 (52), 183 (33), 154 (49), 136 (41); mass found: 589.214401,
C3,H;3,05P* requires 589.214388.

Synthesis of allyl 3-{3-[4-(chloromethyl)phenoxy]-4-methoxy-
phenyl}propanoate. Thionyl chloride (44 uL, 0.60 mmol, 2eq.)
was added dropwise to a solution of the alcohol (10) (100 mg,
0.29 mmol) in DCM (1.5 mL) at 0 °C. The resulting mixture was
stirred at this temperature for 2 h. The volatile compounds were
removed under vacuum to yield the pure chloride (94 mg, 90%) as
a pale yellow oil, which was used without further purification. Rf:
0.39 (EtOAc-PE., 2 : 8); vy, /cm™': 1735 (CO,Me), 1609 (C=C),
1507 (Ar), 1270-1225-1126 (C-O-C); '"H NMR 6, (CDCl;): 2.62—
2.67 (t, 2H, H,, J = 7.8 Hz), 2.89-2.94 (t, 2H, H,, J = 7.8 Hz),
3.83 (s, 3H, OMe), 4.58-4.60 (d, 2H, CH,C=C, J = 5.8 Hz), 4.61
(s, 2H, CH,Cl), 5.23-5.33 (m, 2H, C=CH,), 5.85-5.98 (ddt, 1H,
CH=C, J., = 10.5Hz, J,,,.,, = 16.5 Hz, J = 5.8 Hz), 6.88-7.04 (m,
SH, Hy, Hy, Hy, Hyr, Hy), 7.32-7.35 (d, 2H, Hy» and Hy, J, =
7.34 Hz); "C NMR §. (CDCl;): 173 (C=0), 159 (C,»), 150 (Cy),
145 (Cy), 134 (Cy), 133 (Cy), 132 (CH=C), 130 (C;» and Cy»),
125 (Cy), 122 (Cy), 119 (C=CH,), 117 (Cy» and C¢»), 113 (Cy), 66
(CH,C=C), 56 (OMe), 46 (CH,Cl), 36 (C,), 30 (C;); m/z (EIMS):
362 (M*(*'Cl), 36), 360 (M*(**Cl), 100), 325 (M*, 35),319 (M*, 15),
261 (40), 241 (26), 136 (32), 215 (27), 153 (32), 137 (43), 113 (20),
91 (22); mass found: 360.112236, C,,H,, Cl1O, requires 360.112837;
found C: 65.58, H: 5.72, CyH,,ClO, requires C: 66.57, H: 5.87, O:
17.73, Cl: 9.83%.

Synthesis of 3-{3-[4-(dimethoxyphosphorylmethyl)-phenoxy]-4-
methoxyphenyl }-propionic acid allyl ester. A solution of the
chloride (94 mg, 0.26 mmol) in trimethyl phosphite (484 mg,
3.9 mmol, 15 eq.) was refluxed for 20 h. The excess of trimethyl
phosphite was co-evaporated with toluene under vacuum, and
103 mg of a yellow oil (91%) were obtained. The crude product was
used without further purification for the next step. vy, /cm™': 2954
(Ar), 1734.7 (C=0), 1506.5 (Ar), 1270.8-1227.3-1171.0-1127.2
(C-O-C, P=0 and P-0); '"H NMR ¢ (CDCl;): 2.60-2.65 (t, 2H,

H,, J = 7.8 Hz), 2.87-2.92 (t, 2H, H,, J/ = 7.8 Hz), 3.12-3.19 (d,
2H, CH,P, *Jp; = 21.3 Hz), 3.68-3.72 (d, 6H, P(OMe),, *Jpy =
10.8 Hz), 3.82 (s, 3H, OMe), 4.57-4.58 (d, 2H, CH,C=C, J =
5.6 Hz), 5.22-5.32 (m, 2H, C=CH,), 5.83-5.96 (ddt, 1H, CH=C,
J.s=10.7Hz, J,..,.= 17Hz,J =5.6 Hz), 6.84 (d, 1H,Hy, J,, = 1.7
Hz), 6.88-7.00 (m, 4H, Hy, Hy, Hy», He), 7.22-7.26 (dd, 2H, Hy»
and Hy/, J, = 8.54 Hz, J,, = 2.20 Hz); "C NMR J. (CDCl,): 173
(C=0), 158 (Cy»), 150 (Cy), 145 (Cy), 134 (Cy), 133 (CH=C), 131
(d, Cy and Cy/, *Jpc = 6.6 Hz), 130 (Cy), 125 (Cy), 122 (Cy),
119 (C=CH,), 118 (d, Cy» and Cy, *Jpc = 2.8 Hz), 113 (Cy),
66 (CH,C=C), 56 (OMe), 53 (P(OMe),, *Jpc = 6.9 Hz), 36 (C,),
32-33 (CH,P, 'Jpc = 139 Hz), 30 (C;); m/z (EIMS): 434 (M*, 8),
360 (10), 348 (6), 325 (7), 261 (8), 239 (18), 211 (15), 134 (15),
109 (100), 89 (27), 78 (33); mass found: 434.149195, C,H,,O,P
requires: 434.149442.

Synthesis of 3-{3-[4-(dimethoxyphosphorylmethyl)-phenoxy]-4-
methoxyphenyl }-propionic acid 2-oxoethyl ester. Ozone was bub-
bled through a solution of the phosphonate (85 mg, 0.20 mmol) in
DCM (15 mL) at —78 °C for 2 min. Nitrogen was bubbled through
the resulting blue solution until the colour faded, and dimethyl
sulfide (300 uL, 4 mmol, 20 eq.) was added. The mixture was stirred
at —78 °C for 1 h, then at room temperature for 4 h. The volatiles
were removed under vacuum and the product (85 mg, 98%) was
used without further purification for the next step. vy, /cm="': 2957
(Ar), 1734.4(C=0), 1507.8 (Ar), 1271-1226-1171-1127 (C-O-C);
"HNMR Jy (CDCL,): 2.70-2.76 (t, 2H, H;, J = 7.6 Hz), 2.88-2.95
(t,2H, H,, J = 7.6 Hz), 3.12-3.19 (d, 2H, CH,P, *J,y4 = 21.3 Hz),
3.68-3.71 (d, 6H, P(OMe),, *Jpy = 10.8 Hz), 3.82 (s, 3H, OMe),
4.66 (s, 2H, CH,CHO), 6.85-7.00 (m, 5H, Hy, H¢, Hy, H,», Hy),
7.22-7.24 (dd, 2H, Hy and Hy, J, = 8.54 Hz, J,, = 2.20 Hz),
9.56 (CHO); *C NMR d. (CDCl;): 196 (CHO), 172 (C=0), 158
(Cy»), 150 (Cy), 145 (Cy), 134 (Cy), 131 (d, Cy» and Cyr, *Jpc = 6.6
Hz), 130 (Cy), 125 (Cy), 122 (Cy), 118 (d, C,» and Cy¢r, *Jpc = 3.0
Hz), 113 (Cy), 69 (CH,CHO), 56 (OMe), 53 (P(OMe),, *Jpc = 6.9
Hz), 36 (C,), 32-33 (CH,P, 'Jc = 139 Hz), 30 (C;); m/z (EIMS):
436 (M*, 10), 408 (27), 394 (28), 348 (46), 334 (23), 327 (17), 299
(46), 285 (62), 261 (30), 239 (47), 216 (100), 211 (75); mass found:
436.129509, C,, H,;O4P requires 436.128707.

Synthesis of combretastatin D, methyl ether (14).

Procedure with tBuOK-DMF. Potassium t-butoxide was added
at 0 °C to a dilute solution of the phosphonium salt (13) in
DME. The resulting yellow solution was allowed to warm to room
temperature and was stirred overnight. The reaction was quenched
with saturated NH,Cl and the aqueous layer was extracted with
EtOAc. The combined organic extracts were washed several times
with brine, then dried with MgSO,.

General procedure for intramolecular Wittig reactions with
K,CO;-18-C-6. A slurry of potassium carbonate (4 eq.) and 18-
crown-6 (4 eq.) in DCM (15 mL mmol~') was stirred at room
temperature for 3 h before the slow addition of a solution of
the phosphonium salt (13) via a syringe pump (3 mL h™'). The
resulting yellow solution was stirred overnight and the mixture
was concentrated under vacuum. The reaction was quenched
with saturated NH,Cl, and the aqueous layer was extracted with
DCM. The combined organic extracts were washed with brine,
then dried with MgSO,. The crude product was purified by flash
chromatography (EtOAc-hexane, 2 : 8).
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(The same procedure was used for the intramolecular Wittig
reactions with the other bases listed in Table 1.)

Combretastatin D, methyl ether data:

white powder; Rf: 0.43 (EtOAc-hexane, 2 : 8); vy /cm™': 2925
(ArH), 1732 (C=0), 1586, 1519, 1502, 1265-1219-1149-1128 (C-
0-C); mp: 130-131 °C (lit.*: 130-132), '"H NMR d, (CDCl;):
2.28-2.30 (t, 2H, H,s, J = 5.4 Hz), 2.88-2.90 (t, 2H, H;5, J = 5.4
Hz), 3.95 (s, 3H, OMe), 4.65-4.67 (d, 2H, H,, J = 6.68 Hz), 5.12
(d, 1H, Hy, J = 1.99 Hz), 6.03-6.08 (dt, 1H, H;, J, = 11.1 Hz,
J, = 6.68 Hz), 6.67-6.69 (dd, 1H, H;, J, = 8.2 Hz, J, = 1.99
Hz), 6.82-6.84 (d, 1H, H,,, J = 8.2 Hz), 7.09-7.12 (m, 3H, H, H;
H,),7.31-7.32(d, 2H, Hy H;5, J = 8.2 Hz); *C NMR J. (CDCl;):
173 (Cyy), 156 (Cy), 151 (C,y), 146 (Cyy), 138 (C,), 135 (C,), 133
(Cs), 129 (C4/Cya), 125 (Cyg), 121 (C;/Cyy), 122 (Cy3), 113 (C)y),
112 (Cy), 59 (C,), 56 (OMe), 31 (Ci), 27 (C;5); m/z (EIMS): 310
(M*, 100), 253 (16), 239 (35), 183 (37), 149 (39), 123 (44), 115 (36),
112 (21), 97 (23), 91 (20), 83 (26), 71 (37), 57 (65); mass found:
310.120979, C,yH 30, requires 310.120509.

Synthesis of 3-[4-methoxy-3-(4-vinylphenoxy)phenyl] propionic
acid methyl ester (16). A 2 M solution of NaHMDS in THF
(600 pL, 1.2 mmol, 2.5 eq.) was added to a suspension of methyl-
phosphonium bromide (429 mg, 1.2 mmol) in THF (1.5 mL) under
nitrogen at 0 °C. After stirring for 1 h at this temperature, a solution
of the aldehyde (8) (150 mg, 0.48 mmol) in THF (1.5 mL) was
added dropwise and the mixture was stirred for 20 h. The reaction
was quenched with water and the crude product was extracted with
EtOAc. The combined organic layers were washed with brine then
dried with MgSO,. After evaporation of the solvents, the crude
product was purified by flash chromatography (EtOAc-PE., 2
: 8) and 130 mg (87%) of a yellow oil were obtained. Rf: 0.65
(EtOAC-PE., 2 : 8); v /cm™': 2849-2954 (C-H), 1734 (CO,Me),
1605 (C=C), 1506 (Ar), 1227-1270-1127 (C-O-C); '"H NMR dy
(CDCl,): 2.47-2.54 (t, 2H, H;, J = 7.5 Hz), 2.76-2.81 (t, 2H, H,,
J =17.5Hz), 3.57 (s, 3H, OMe), 3.74 (s, 3H, OMe), 5.07-5.11 (d,
1H, C=CH,, J,, = 10.9 Hz), 5.55-5.60 (d, 1H, C=CH,, J,,.,; =
17.6 Hz), 6.55-6.65 (dd, 1H, CH=C, J., = 109 Hz, J,,, =
17.6 Hz), 6.74-6.91 (m, 5H, Hy, Hy, Hy, Hy and Hy), 7.26—
7.28 (dd, 2H, Hy» and Hyr, J,, = 1.9 Hz, J, = 6.8 Hz); *C NMR d¢
(CDCl,): 172 (C=0), 157 (Cy»), 149 (Cy), 144 (C,), 135 (ArC=0C),
132(Cy), 131 (Cy), 127 (Cy» and Cyr), 123 (Cy), 120 (Cy), 116 (Cy
and Cy), 112 (ArCH=CH,), 111 (C,) 55 (OMe), 51 (CO,Me),
35 (Cy), 29 (Cs); m/z (CIMS): 313 (M* + H*), 281 (M* + H* —
OMe); mass (calculated for M + H*) found: 313.143349, C,H,,0,
requires 313.143984.

Synthesis of 3-[4-methoxy-3-(4-vinylphenoxy)phenyl] propionic
acid allyl ester (17). The ester (16) (190 mg, 0.61 mmol) was
dissolved in allyl alcohol (5 mL), and dibutyltin oxide (15 mg,
0.06 mmol, 0.1 eq.) was added. The mixture was refluxed for
20 h. Saturated Na,COj; was added to the cooled reaction mixture
and the crude product was extracted with EtOAc. The combined
organic layers were filtered over Celite and dried with MgSO,. The
solvents were evaporated under vacuum and the crude product
was purified by flash chromatography (EtOAc-PE., 2 : 8) to
yield 143 mg (71%) of a yellow oil. Rf: 0.36 (EtOAc-PE., 1 : 8);
Vmax/cm~': 2918 (C-H), 1734 (CO,Me), 1605 (C=C), 1506 (Ar),
1227-1270-1127 (C-O-C); '"H NMR dy (CDCl;): 2.50-2.55 (t,
2H, H;, J = 7.9 Hz), 2.77-2.82 (t, 2H, H,, J = 7.9 Hz), 3.73 (s,

3H, OMe), 4.46-4.48 (d, 2H, CH,-C=C, J = 4.6 Hz), 5.07-5.11
(d, 1H, ArC=CH,, J,, = 11.0 Hz), 5.15-5.22 (m, 2H, CH=CH,),
5.53-5.59 (d, 1H, ArC=CH,, J,,.., = 17.6 Hz), 5.79-5.85 (ddt, 1H,
CH=C, J, = 11.0 Hz, J,,,, = 17.6 Hz, J = 4.6 Hz), 6.55-6.65
(dd, 1H, ArCH=(C, J,, 109 Hz, J,..,, = 17.6 Hz), 6.75-6.91 (m,
5H, Hy, Hy, Hy, Hy» and Hy), 7.20-7.28 (dd, 2H, Hy» and Hy,
J,=2.0Hz, J, = 6.9 Hz); *C NMR d. (CDCl,): 171 (C=0), 156
(Cy), 149 (Cy), 144 (Cy), 135 (ArC=C), 132 (Cy), 131 (C4 and
CH=C), 126 (Cy» and Cy), 123 (Cy), 120 (Cy¢), 117 (C=CH,),
116 (Cy and Cy), 112 (ArCH=CH,), 111 (Cy), 64 (CH,C=C),
55 (OMe), 35 (C,), 29 (C;); m/z (CIMS): 339 (M* + H*); mass
(calculated for M + H*) found: 339.160606, C, H,;O, requires:
339.159634; found C: 74.12, H: 7.02, C,,H,,0, requires: C: 74.54,
H: 6.55, O: 18.91%.

Synthesis of the dimer (18). Representative procedure: a solu-
tion of the Grubbs’ catalyst 2™ generation (10 mol%) in toluene
(0.003 M) was added to a solution of the diene (17) in toluene
at 80 °C. The resulting brown/pink solution was stirred at 80 °C
for 2 days and the solvent was removed under vacuum. The crude
product was purified by flash chromatography (EtOAc-PE.,3:7).
Vma/Cm~': 2925.6, 1729.9 (CO,Me), 1602.7 (C=C), 1515.6 (Ar),
1506.4 (Ar), 1269.0-1230.2-1123.0 (C-O-C); mp: 216-217 °C; 'H
NMR Jy (CDCly): 2.49-2.54 (t, 2H, Hy, J = 8.8 Hz), 2.78-2.84
(t, 2H, H,s, J = 8.8 Hz), 3.88 (s, 3H, OMe), 4.65-4.67 (dd, 2H,
H,,J, = 6.9 Hz, J, = 0.9 Hz), 6.07-6.17 (dt, 1H, H;, J,.,,, = 15.9
Hz), 6.58-6.61 (d, 1H, H,, J = 15.9 Hz), 6.59 (d, 1H, H,, J,
= 1.8 Hz), 6.89-6.91 (dd, 1H, H;;, J, = 8.3 Hz, J,, = 1.8 Hz),
6.92-6.93 (d, 1H, H,,, J, = 8.3 Hz), 6.94-6.97 (dd, 2H, H,, Hy,,
J, =8.7Hz, J, = 2.0 Hz), 7.30-7.32 (dd, 2H, H, and Hy, J, =
8.7 Hz, J,, = 2.0 Hz); *C NMR 6 (CDCl;): 29.3 (C;s), 35.3 (Cys),
55.1 (OMe), 64.3 (Cy), 112 (Cy3), 117 (Cy), 118 (C; and Cyy), 121
(Cy), 123 (Cyy), 127 (Cs and Cyy), 130 (Cs), 132 (C,y), 134 (C)), 145
(C1)), 148 (Cy), 156 (Cy), 171 (Cyy); m/z (FAB): 621 (M*, 36), 391
(6), 311 (23), 307 (16), 251 (34), 195 (17), 176 (14), 154 (100), 136
(85), 131 (46), 121 (33); mass found: 620.241592, C;,H;,04 requires
620.241019.
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A mild and efficient route for the synthesis of quinolines and polycyclic quinolines via Friedlander
annulation, utilizing molecular iodine (1 mol%) as a new catalyst, is described.

Introduction

Recently, molecular iodine has received considerable attention as
an inexpensive, nontoxic, readily available catalyst for various
organic transformations, affording the corresponding products
in excellent yields with high selectivity. The mild Lewis acidity
associated with iodine enhanced its usage in organic synthesis to
realize several organic transformations using stoichiometric levels
to catalytic amounts. Owing to numerous advantages associated
with this eco-friendly element, iodine has been explored as
a powerful catalyst for various organic transformations.’? For
instance, it shows high efficiency in the Hantzsch reaction' as well
as the cyanation of imines.’”!” Recently, we found that it was also
efficient as a catalyst in the synthesis of quinolines and polycyclic
quinolines via Friedldnder annulation, which is disclosed herein.

As a privileged fragment, quinoline is a ubiquitous subunit
in many quinoline-containing natural products with remark-
able biological activities.® Members of this family have wide
applications in medicinal chemistry, being used as antimalarial,
antiinflammatory, antiasthmatic, antibacterial, antihypertensive,
and tyrosine kinase inhibiting agents.* In addition, quinolines
are valuable synthons, used for the preparation of nano- and
mesostructures with enhanced electronic and photonic properties.*
Because of their importance as substructures in a broad range of
natural and designed products, significant effort continues to be
directed into the development of new quinoline-based structures®
and new methods for their construction.®

As part of a continuing effort in our laboratory toward the
development of new methods for the expeditious synthesis of bio-
logically relevant heterocyclic compounds,” we became interested
in the possibility of developing a novel and efficient method to
construct the quinoline scaffold. Though some methods such as
the Skraup, Doebner—von Miller, and Combes reactions® are avail-
able, the protocol reported by Friedldnder is one of the most simple
and straightforward methods for the synthesis of polysubstituted
quinolines. The Friedldnder annulation, that is, a condensation fol-
lowed by a cyclodehydration between 2-aminoaryl ketones and o-
methylene ketones, is catalyzed by both acids and bases. Brensted
acids like sulfamic acid, hydrochloric acid, sulfuric acid, p-toluene
sulfonic acid and phosphoric acid were widely used as catalysts.’
However, many of these methods require harsh reaction conditions
and lead to several side reactions. Under base catalysis conditions,

Department of Chemistry, Fudan University, 220 Handan Road, Shanghai,
200433, China. E-mail: jie_wu@fudan.edu.cn; Fax: 86 21 6510 2412;
Tel: 86 21 5566 4619

o-aminobenzophenone fails to react with simple ketones such
as cyclohexanone and f-keto esters.” Recently, Lewis acids such
as FeCl;, Mg(ClO,),, ZnCl,, SnCl,, Bi(OTf);, Sc(OTf),, silver
phosphotungstate, sodium fluoride, and NaAuCl,-2H,0 have been
reported to be effective for the synthesis of quinolines.’* However,
many of these procedures also suffered from harsh reaction
conditions, low yields, difficulties in work-up, and the use of
stoichiometric and/or relatively expensive reagents. And in some
cases, high catalyst loading had to be employed in order to obtain
respectable yields. Since quinoline derivatives are increasingly
useful and important in pharmaceuticals and industry, the devel-
opment of a simple, eco-benign, low cost protocol is still desirable.

Inspired by reports of continuation of interest in catalytic
applications of elemental iodine for organic transformation,?
we considered employing molecular iodine as a catalyst for
Friedlander quinoline synthesis since most of the iodine-catalyzed
transformations are acid-induced processes. As Friedlinder an-
nulations are among the most important acid-mediated reactions,
development of a reaction that uses catalytic amounts of low toxic,
economic, readily available iodine should greatly contribute to the
creation of environmentally benign processes.

Results and discussion

An initial study was performed by the treatment of 2-
aminobenzophenone la with ethyl acetoacetate 2a in EtOH in
the presence of a catalytic amount of I, (10 mol%) at room
temperature. To our delight, we observed the formation of ethyl-2-
methyl-4-phenylquinoline-3-carboxylate 3a. Complete conversion
and 96% isolated yield were obtained after 16 hours. Further
studies established that 1 mol% of catalyst was also efficient in this
reaction (1 mol%: 16 hours, 96% yield). Moreover, it is noteworthy
that this reaction could be run under air without loss of efficiency
(Scheme 1).

Ph
@ M |2 (1 moi%) @(%/Lcoza
o
EtOH r.t., air N7 CH,
0
2a 96% yield 3a

Scheme 1 Reaction of 1a and 2a catalyzed by I, (1 mol%) in EtOH at
room temperature.

Among the solvents (EtOH, THF, H,0O, CH;CN, toluene)
screened, EtOH was demonstrated as the best solvent. Under
solvent-free conditions, the reaction also proceeded smoothly to
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Table 1 Molecular iodine-catalyzed Friedlander synthesis of quinolines®

R2
X0 % lp (1 mol%)
R oo AR
Z NH, R EtOH, r.t., air
1 2
Entry 2-Aminoaryl ketone 1 Ketone 2 Product 3 Yield (%)”
1 Ph o © Ph 96
CO,Et
@O )J\/U\OEtZa ©\)\I 2
o~
NH; 1, N" CHs 34
2 o O Ph O 90

) E
N~

(=2

Zg\ /g

3b
3 Ph 73
X
Ech ii\lp;;c
4 0 Ph O 88
X
. o,
5 Me o O 0 68
0 )J\)J\OEt 2a ©\/%ikost
NHz 1 N 3e
6 o O o 53
N 3f
7 Ph o o Ph O 98
c o )J\/U\OEt 2a c Ny oEt
NHz ¢ N 3g
8 o O 93
A
9 e} 71
Ech
10 ¢} 83
2d
11 o O 76
cl O )J\/U\OEt 2a
cl o
NH; 14
12 61

“Reaction conditions: 2-aminoaryl ketone 1 (0.5 mmol), a-methylene ketone 2 (0.6 mmol, 1.2 equiv.), iodine (1 mol%), EtOH (1.0 mL), r.t. * Isolated
yield based on 2-aminoaryl ketone 1.
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afford the corresponding product although the yield was slightly
lower (89%). To demonstrate the generality of this method, we next
investigated the scope of this reaction under the optimized condi-
tions (EtOH, 1 mol% of iodine, r.t.) and the results are summarized
in Table 1. As shown in Table 1, this method is equally effective for
both cyclic and acyclic ketones. Various substituted 2-aminoaryl
ketones 1 such as 2-aminobenzophenone, 2-aminoacetophenone,
and 2-amino-5-chlorobenzophenone reacted smoothly with o-
methylene ketones 2 to produce a range of quinoline derivatives.
Complete conversion and good to excellent isolated yields were
observed for all substrates employed. This reaction is very clean
and free from side reactions, such as self-condensation of ketones,
which are normally observed under basic conditions. Unlike
reported methods, the present protocol does not require high
temperature or drastic conditions to produce quinoline derivatives.
In the absence of a catalyst, the reaction did not yield any product
even after long reaction times. Interestingly, cyclic ketones such
as cyclopentanone and cyclohexadione also underwent smooth
condensation with 2-aminoaryl ketones to afford the respective
tricyclic quinolines (for example: Table 1, entries 3 and 4).

Conclusions

In conclusion, we describe a mild and efficient route for the
synthesis of quinolines and polycyclic quinolines utilizing molec-
ular iodine as a novel catalyst via Friedlinder annulation. This
method not only provides an excellent complement to quinoline
synthesis via Friedldnder annulation, but also avoids the use of
hazardous acids or bases and harsh reaction conditions. The
advantages of this method include good substrate generality, the
use of inexpensive reagents and catalyst under mild conditions,
and experimental operational ease. Reactions employing iodine as
a catalyst for other organic transformations are currently under
investigation in our research group, and will be reported in due
course.

Experimental
General procedure

A mixture of the 2-aminoaryl ketone 1 (0.5 mmol), the a-methylene
ketone 2 (0.6 mmol, 1.2 equiv.) and I, (1 mol%) in EtOH (1.0 mL)
was stirred at r.t. After completion of the reaction as indicated by
TLC, the reaction mixture was quenched with water (15 mL) and
extracted with EtOAc (2 x 10 mL). Evaporation of the solvent
followed by purification on silica gel afforded pure quinoline.
(All the products are known compounds. The characterizations
of these compounds are identical with the literature reports.'®)

3a: ethyl-2-methyl-4-phenylquinoline-3-carboxylate. 'H NMR
(500 MHz, CDCl;): 6 (ppm) 0.94 (t, J = 7.1 Hz, 3H), 2.79 (s, 3H),
4.04-4.09 (m, 2H), 7.36-7.72 (m, 8H), 8.07 (d, J = 8.4 Hz, 1H).

3b: 1-(2-methyl-4-phenylquinolin-3-yl)ethanone. 'H NMR
(400 MHz, CDCl;): ¢ (ppm) 2.00 (s, 3H), 2.71 (s, 3H), 7.36-8.11
(m, 9H).

3c: 9-phenyl-2,3-dihydro-1H-cyclopenta[b]quinoline. 'H NMR
(400 MHz, CDCl;): 6 (ppm) 2.16-2.19 (m, 2H), 2.91 (t,J/ = 7.3 Hz,
2H), 3.25 (t, J = 7.6 Hz, 2H), 7.36-8.10 (m, 9H).

3d: 9-phenyl-3,4dihydroacridin-1(2H)one. 'H NMR (400 MHz,
CDCl): 6 (ppm) 2.24-2.27 (m, 2H), 2.69 (t, J = 6.6 Hz, 2H), 3.36
(t,J =6.4Hz, 2H), 7.17-7.19 (m, 2H), 7.40-7.46 (m, 6H), 8.05 (d,
J =8.7Hz, 1H).

3e:  ethyl-2,4-dimethylquinoline-3-carboxylate. 'H NMR
(500 MHz, CDCl,): 0 (ppm) 1.41 (t, J/ = 7.1 Hz, 3H), 2.61 (s, 3H),
2.71 (s, 3H), 4.45-4.49 (m, 2H), 7.46 (t, J = 7.6 Hz, 1H), 7.66 (t,
J = 7.6 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.99 (d, J = 8.4 Hz,
1H).

3f: 142,4-dimethylquinolin-3-yl)ethanone. 'H NMR (500 MHz,
CDCl,): 0 (ppm) 2.54 (d, J = 12.3 Hz, 6H), 2.62 (s, 3H), 7.49 (t,
J =17.6 Hz, 1H), 7.66 (t, J = 7.6 Hz, 1H), 7.91 (d, J/ = 8.3 Hz,
1H), 7.99 (d, J = 8.4 Hz, 1H).

3g: ethyl-6-chloro-2-methyl-4-phenylquinoline-3-carboxylate. 'H
NMR (500 MHz, CDCl,): 6 (ppm) 0.94 (t, J = 7.1 Hz, 3H), 2.77
(s, 3H), 4.04-4.09 (m, 2H), 7.34-7.66 (m, 7H), 8.00 (d, / = 9.0 Hz,
1H).

3h:  1-(6-chloro-2-methyl-4-phenylquinolin-3-yl)ethanone. 'H
NMR (500 MHz, CDCl;): ¢ (ppm) 2.00 (s, 3H), 2.68 (s, 3H),
7.33-7.35 (m, 2H), 7.53-7.66 (m, 5H), 8.00 (d, J = 8.9 Hz, 1H).

3i: 7-chloro-9-phenyl-2,3-dihydro-1 H-cyclopenta[b]quinoline. 'H
NMR (400 MHz, CDCl;): 6 (ppm) 2.14-2.18 (m, 2H), 2.89 (t, J =
7.3Hz, 2H), 3.21 (t, J = 7.8 Hz, 2H), 7.32-7.34 (m, 2H), 7.52-7.53
(m, 5H), 7.98 (d, / = 9.2 Hz, 1H).

3j: 7-chloro-9-phenyl-3,4-dihydroacridin-1(2H)-one. 'H NMR
(400 MHz, CDCl;): 6 (ppm) 2.22-2.27 (m, 2H), 2.69-2.72 (m, 2H),
3.34-3.37 (m, 2H), 7.15-8.00 (m, 8H).

3k: ethyl 6-chloro-4-(2-chlorophenyl)-2-methylquinoline-3-car-
boxylate. 'H NMR (400 MHz, CDCl,): ¢ (ppm) 0.95-0.98 (m,
3H), 2.81 (s, 3H), 4.06-4.08 (m, 2H), 7.27-7.55 (m, 6H), 8.02 (d,
J=9.3Hz 1H).

3l:  1-(6-chloro-4-(2-chlorophenyl)-2-methylquinolin-3-yl)etha-
none. 'H NMR (400 MHz, CDCL): ¢ (ppm) 2.15 (s, 3H), 2.71
(s, 3H), 7.23-7.28 (m, 2H), 7.40-7.67 (m, 4H), 8.01 (d, / = 9.2 Hz,
1H).
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The gas phase reactions between HF and the protonated alkyl fluorides MeFH*, EtFH*, Pr'FH"*, and
Bu'FH* have been studied using ab initio methods. The potential energy profiles for both nucleophilic
substitution (Sy2) and elimination (E2) pathways have been investigated. Both backside Walden
inversion and frontside nucleophilic substitution reaction profiles have been generated. Backside
substitution is very favourable, but shows relatively little variation with the alkyl group. Frontside
substitution reaction barriers are only slightly higher than the barrier for backside substitution for
HF + MeFH", and the difference in barrier heights for frontside and backside displacement seems
negligible for the larger alkyl groups. Reaction barrier trends have been analysed and compared with
the results of similar studies of the H,O/ROH,* and NH;/RNH;* systems (R = Me, Et, Pr', and Bu’).
Compared to the two other classes, protonated fluorides have extreme structures which, with the
exception of the Me substrate, are weakly bound complexes between an alkyl cation and HF. The results
nourish the idea that nucleophilic substitution reactions are better understood in view of competition

between frontside and backside substitution than from the traditional Sy1/S\2 perspective.

Introduction

Many chemical reactions are catalyzed by acids,'?* and very
often the key step is protonation of the substrate molecule at
a hetero atom. Typically, this leads to bond activation of polar
bonds like C-O, C=0, C-N and C-X (X = F, Cl, Br, I). As
a direct result of protonation, the heterolytic bond dissociation
energies are lowered. A most remarkable feature of protonation is
encountered for aryl and alkyl fluorides, both in the gas phase and
in super acidic solutions. While bond distances between carbon
and electronegative atoms normally increase somewhat upon
protonation, C-F bonds are extreme in becoming very long, in
some cases close to being broken.**! This stands in stark contrast
to the native C—F bond which is very robust, as in Teflon.
Recently, we studied the reactions between water and pro-
tonated alcohols in the gas phase, both experimentally and
theoretically."*"® The alcohols become much more susceptible
to nucleophilic substitution and elimination upon protonation.
Our study gave one very surprising result, namely that the Sy2
reactivity trend with regard to alkyl substitution is opposite to
what is normally found in solution. This challenges the idea of
steric hindrance as the reason behind the normal reactivity trend
(CH; > CH;CH, > (CH;),CH > (CHj;);C). Obviously, factors
other than the size of the alkyl group are playing a role. We
have also studied the analogous reaction between ammonia and
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protonated amines." In this reaction the normal reactivity trend
is encountered. We note that the polarity of the C-N bond,
both in the neutral and protonated amines, is lower than in
the corresponding C-O bonds, so the electronegativity of the
heteroatom seems to play a key role in alkyl group reactivity trends.

Another interesting finding of the calculations is that for
reactions of water with protonated isopropanol or tertiary bu-
tanol, the potential energy barriers for frontside substitutions
are only slightly higher than for the normal Walden backside
substitution.'* Again, this appears atypical, at least for reactions
of negatively charged nucleophiles on methyl substrates, which
are known to have high barriers for frontside substitution.'*'®
The feasibility of frontside substitution in sufficiently activated
substrates is very interesting, and calls for mechanistic alternatives
to classical Syl and Sy2. Clearly, more investigations into this
phenomenon are required.

On the basis of these observations, it is logical to consider a more
electronegative element than oxygen, and fluorine is the obvious
choice. The identity nucleophilic substitution reaction

HF + RFH* — HFR* + FH, (1)

with R = CH;, CH;CH,, (CH;),CH, and (CH;),;C was studied at
an appropriate level of theory. This study parallels our previous
theoretical investigations of the corresponding reactions with
protonated alcohols and amines.””™ The main advantage of
choosing an identity reaction is that the absence of thermodynamic
driving forces provides insight into the intrinsic reactivity.'”*® In
addition to backside and frontside nucleophilic substitution we
wanted to study the likelihood for elimination reactions when
hydrogen fluoride reacts with a protonated alkyl halide. While
the chemical reactions under study are only achievable in the gas
phase or in superacid solution, the results will be generally valid
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in defining a borderline for chemical reactivity within or beyond
the Sy2/Sy1 paradigm.

Computational details

Quantum chemical calculations were carried out using the
program system GAUSSIAN 03." All relevant critical points
(reactants, transition structures, intermediates and products) of
the potential energy surface were characterized by complete opti-
mization of the molecular geometries at the MP2/6-31++G(d,p)
level of theory. Geometry optimizations were performed with
the full analytical Hessian calculated at every geometry step
and without any geometrical or symmetry constraints. Harmonic
frequencies were also calculated using this wave function by
diagonalizing the mass-weighed Cartesian force constant matrix,
calculated from the analytical second derivatives of the total
energy (the Hessian). The energies presented here are 0 K energies
including the zero point vibrational energies (ZPVEs). Proton
affinities at room temperature (PAs) were estimated by adding 5/2
RT (with T =298 K) to the 0 K enthalpy differences between the
base and the corresponding acid, thereby ignoring heat capacity
differences.

A +H* — AH*, PA = — AH° )

Results and discussion
Accuracy considerations and choice of method

The compound G2 and G3 methods provide estimates of calcula-
tions at the QCISD(T)/6-311 4+ G(3df,2p) and QCISD/G3Large
levels, respectively, through a series of lower level calculations.?**!
It has previously been established that both methods are excellent
in reproducing the appropriate thermochemical quantities as well
as barrier heights with an accuracy of the order of 5 kJ mol~'.13142
This applies for both Sy2 and E2 gas phase reactions. One
limitation of G2 and G3 is that geometry optimization is carried
out at the relatively modest MP2/6-31G(d) level. Usually this
provides a very good fundament for accurate energetics for a
majority of simple organic molecules since molecular geometries
of first, second and third row atoms normally give very reasonable
bond lengths and angles with MP2/6-31G(d). It is convenient that
errors in geometries scale to the square in energy, but the major
advantage in calculations of relative energies is that most of the
errors due to displaced geometries cancel out because geometrical
errors tend to be systematic. The present case, however, poses a
challenge in this respect, since it is well known that small basis
sets, lacking diffuse functions, often give quite poor molecular
geometries of fluorine containing molecules. The polar C-F and
H-F bonds, and in particular the low polarizability of the fluorine
atom, may create difficulties in describing molecules with weak
bonding such as complexes and transition structures.

The problems with the 6-31G(d) basis set became evident after
some time. A first indication was encountered in the case of the HF
dimer—one product of a potential elimination reaction. Geometry
optimization with MP2/6-31G(d) gives rise to a rhombic C; ar-
rangement, in which the two H-F dipoles are oriented parallel, but
pointing oppositely. Klopper et al. demonstrated that inclusion of
diffuse functions in the basis set is prerequisite for reproducing the

Table 1 Proton affinities (kJ mol™")

Molecule MP2/6-31++G(d,p) Experiment”
HF 480 484

(HF), 600

Ethene 683 683

Propene 745 752
Isobutene 802 802

“ Reference 26.

spectroscopically known non-linear, head-to-tail arrangement.?
We found that by using MP2/6-314++G(d,p) this characteristic
is fully accounted for. We therefore expect that the geometrical
arrangements in the many weakly bound species involved in this
study are more correctly described with this wave function than
MP2/6-31G(d). In addition to this, MP2/6-31++G(d,p) should
give accurate relative energies, although not as accurate as G2/G3-
like calculations based on MP2/6-31++4G(d,p) geometries.

To validate our calculated energetics, we compare calculated
PAs with experimental. As evident from Table 1 the comparison
is very favourable.

The geometry of methyl fluoride is correctly reproduced with
MP2/6-31G(d). The C—F bond length is calculated to be 1.392 A,
compared to the experimental r. = 1.380 A. Upon protonation
the MP2/6-31G(d) bond length becomes 1.606 A, which should
be compared with the MP2/6-31++G(d,p) value of 1.631 A. The
MP2/6-31G(d) geometry used in the G2 method should therefore
provide a solid basis for the higher level calculations, and we would
expect the G2 barrier height for the reaction

HF + CH,FH* — CH,FH* + HF, 3)

of —34 kJ mol~' as a highly reliable estimate of the true value.* The
MP2/6-31++4G(d,p) value of —37 kJ mol~" is therefore very satis-
fying. On the basis of these indicators we would expect that barriers
and relative energies are somewhat less accurately described with
MP2/6-31++G(d,p) than with a G2- or G3-like scheme based on
the more accurate MP2/6-31++G(d,p) geometries. We estimate
the average error to be less than 10 kJ mol .

After having established the reliability of our quantum chemical
scheme, the rest of the manuscript will be devoted to presentation
and discussion of the MP2/6-31++G(d,p) data.

General results

Optimized geometries for the stationary points on the MP2/6-
31++G(d,p) potential energy surface (PES) for reactions eqn
(1) and the competing E2 reactions are presented in Figs. 1-4.
Cartesian co-ordinates for all species and imaginary frequencies
of vibrations for the transition structures are given in the electronic
supplementary information (ESI)f. The corresponding potential
energy profiles are given in Figs. 5-8.

Dissociation RFH* — R* + HF

Protonated ethyl, isopropyl and tertiary butyl fluoride (structures
B1, C1 and D1) display similar behaviour towards dissociation,
while protonated methyl fluoride, CH;FH* (A1), is an exception.
Despite a significant increase in the C-F bond length upon
protonation, the latter does not dissociate and keeps its integrity
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Fig. 1 Structures of stationary points on the PES for the substitution
reaction between HF and MeFH" as well as HF, H,F*, and their adduct
(the protonated dimer of HF) calculated at the MP2/6-31++G(d,p) level.
All bond lengths are given in A. Cartesian co-ordinates for these structures
have been included as ESIf.
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Fig. 2 Structures of stationary points on the PES for the substitution
and elimination reaction between HF and EtFH* calculated at the
MP2/6-314++G(d,p) level. All bond lengths are given in A. Cartesian
co-ordinates for these structures have been included as ESIf.

as a covalently bonded molecule, although the bond dissociation
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Fig. 3 Structures of stationary points on the PES for the substitution
and elimination reaction between HF and Pr'FH* calculated at the
MP2/6-314+G(d,p) level. All bond lengths are given in A. Cartesian
co-ordinates for these structures have been included as ESIf.

2787
2866
1.480 1.459 1.460
1.460
1.460 1is0a
D1a TS(D1a,D1b)

0.832 9

O

1695

2370 Q 0.843

2587

1.462

0.932 9
o

2810
1.461
1.463
1.458
2810
() T8(D2,02))

0832 LJ

Fig. 4 Structures of stationary points on the PES for the substitution
and elimination reaction between HF and Bu'FH* calculated at the
MP2/6-314+G(d,p) level. All bond lengths are given in A. Cartesian
co-ordinates for these structures have been included as ESIf.

is rather low (Table 2). On the basis of the data of Table 2 the rest
of the molecules must be considered to be weakly (largely electro-
statically) bound complexes R* - - - FH, having bond dissociation

This journal is © The Royal Society of Chemistry 2006
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Table 2 Binding in protonated alkyl fluorides at the MP2/6-31++4G(d,p)
level compared with available experimental data

C-F bond distance in Calc. heterolytic BDE

Molecule RFH*/A vs. exp./kJ mol™!
MeF 1.631 124 (1259)

EtF 2.536 43 (55%)

Pr'F 2.600 46 (439)

Bu'F 2.866 42

“ References 26,33

energies below 50 kJ mol™". This is illustrated by the fact that the
interaction energy between an ion and a permanent dipole of 2.1 D
(corresponding to the hydrogen fluoride molecule) is calculated to
be 20 kJ mol~" at a distance of 3 A. As a consequence of this, we
would expect the chemical properties of these R* - - - FH species to
be closer to that of the separate constituents than of a covalently
bonded RFH*.

Reactions HF + MeFH*

The gross features of the PES of HF/CH,FH* are the
same as for the previously studied systems NH;/RNH;* and
H,0/ROH,* (Fig. 5). As will be evident below, the situation
is not the same for the higher alkylated systems. Encounters
between HF and CH;FH* (A1) may give rise to the back-
side complex HF---CH;FH*(A2) or the frontside complex
CH;FH* - - - FH(A3), the latter being the more stable. A barrier
due to the symmetric transition structure TS(A2,A3) separates
the two complexes. All these species have potential energies well
below the reactants. From the backside complex there is a route
via TS(A2,A2) accomplishing nucleophilic substitution in the
traditional backside fashion. The reaction is energetically very
favourable, with the transition structure at —37.3 kJ mol™', only
5.2 kJ mol~! above the complex A2. It appears there are no reports
on experiments of reactions between HF and protonated alkyl
fluorides. However, it is known that HF in CH;FH" is readily
displaced by xenon.*

TS(A3,A3")
CH,FH* A1 —

LHF J148N Al+ HF
0.0_“‘ / \ ,"_00
\ ,' \ 1
\ / \ 1
| TS(A2,A3)/ o \TS(A2,A3) |
|\ -836r— TS(A2A%) \~—-336 |
AT AV
‘\ ,’ / : A2 '\ \\ ,'

\ 1/ -425 -425 \ |\ ]
Voo U
17 vV
\ I/ Al !
\ 1/ \ L 1
\\ IIII \\‘\ l,
-87.3— — 873
CH,4FH" FH
A3

Fig. 5 Potential energy diagram for the substitution reaction between
HF and MeFH" calculated at the MP2/6-31++G(d,p) level. All relative
energies are given in kJ mol~" at 0 K.

It is remarkable that there is also a possible route for frontside
Sx2 substitution at methyl via TS(A3,A3') with a barrier as low
as +14.6 kJ mol~'. The signature of the reaction co-ordinate is
clearly that of one HF molecule substituting the other. This was

confirmed by finding that the two intrinsic reaction co-ordinate
(IRC) paths starting at the TS end at A3 and A3. Although
frontside substitution is quite possible for the identity reactions
between water and protonated alcohols having large alkyl groups,
R = (CH;),CH, and (CH5;);C,'>"* the transition structures for the
homologous frontside substitutions

H,0 + CH,0OH,* — CH,OH," + H,0, (5)

NH, + CH,NH,* - CH,NH," + NH,, (6)

are unreachable under thermal conditions, lying at 120 and
226 kJ mol™!, respectively.’>** The corresponding values for the
backside TSs are at 3 and 56 kJ mol~".

Reactions HF + EtFH*

The structure resulting from geometry optimization of protonated
ethyl fluoride depends strongly on the quantum chemical method.
MP2/6-31G(d) gives the classical structure CH;CH,FH*, while
MP2/6-31++G(d,p) which includes the important low exponent
functions in the basis set, gives the non-classical structure Bl
illustrated in Fig. 2. Protonated ethyl fluoride forms a backside
complex (B2) with HF (having a non-classical ethyl moiety),
as well as a frontside complex (B3) (having a classical ethyl
moiety). One should notice that HF association reinforces the
C-F bond considerably by shortening it by 0.9 A and by
strengthening it (Fig. 6). Also for this reaction system, we find
a very attractive TS for Sy2 backside displacement at TS(B2,B2'),
lying at —27.7 kJ mol™'. Upon searching for a transition structure
for a frontside substitution we found a transition structure at
—26.6 kJ mol™' which from its geometry appeared to be a
candidate. However, running the IRC revealed this not to be the
case. As a matter of fact, the IRC from this TS ends up at B2 and
B3, respectively, showing that the proper description is TS(B2,B3).

CH, CHj+HF+ HF
~ +
3617~ CH;CH, + (HF),
1233
i
HF + !
CH, CH, FH'(B1) B1+HF
0.0 ,’o_.ol
1
i
TS(B2,B3) Ts(B2,B2) TS(B2B3) ’x
-266 —27.7 -26.6— I
m—
! \ m [N |
! \ ! \ / \ !
i ! \ ! \ / \ [
/I \ B2 / \E/I \\ "
-415 —415 —
-46.8 . - 46.8
CH4CH,FH - FH
e B3

Fig. 6 Potential energy diagram for the substitution and elimination
reaction between HF and EtFH* calculated at the MP2/6-31++G(d,p)
level. All relative energies are given in kJ mol™" at 0 K.

It was not possible to locate a proper transition structure for
frontside displacement, and the looseness of a transition structure
resembling B3 could hamper its location if it exists. Most likely,
however, it is a multi-step reaction. In the extreme case, frontside
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substitution can be envisaged to occur in three formal steps,
involving full bond dissociation:

CH,CH,FH* - - - FH (B3) - CH,CH," + (FH,FH)
- CH,CH,* + (FH,FH) — CH,CH,FH" - .- FH(B3) (7)

The theoretical upper limit for frontside displacement is therefore
23.3 kJ mol™! (corresponding to the energy of CH;CH,* + (HF),,
Fig. 6). Most likely the necessary reorientation of the two HF
molecules may occur within a bonded complex at a potential
energy below zero, including both the species B2 and B3. This
option will be discussed below in conjunction with the two largest
alkyl fluorides.

Elimination products were observed in the experiments with
water and protonated alcohols. In reactions between hydrogen
fluoride and ethyl fluoride, we therefore investigated the possibility
for an E2 reaction. From Fig. 6 it is evident that forming the ethyl
cation plus the dimer (HF), requires 23.3 kJ mol~'. Elimination
would require subsequent or concerted transfer of a proton from
ethyl to this dimer. Since the proton affinity of the HF dimer
is calculated to be 601 kJ mol™' (Table 1) the total elimination
reaction

HF + CH,CH,FH* — CH,CH, + (HF ---H.--FH)*  (8)

would be around 100 kJ mol~' endothermic, since ethylene has a
proton affinity of 680.5 kJ mol~'.?® For the higher alkyl fluoride
the reaction becomes even less realistic, since the proton affinities
of the corresponding alkenes are higher.

Reactions HF +Pr'FH*

For protonated isopropyl fluoride (C1) the reactivity trends
reported above are enforced (Fig. 7). Interestingly, the backside
complex (C2) is now slightly lower in potential energy than the
frontside complex (C3). Moreover, a genuine transition structure
for a backside Walden inversion no longer exists. The backside
complex and the TS have collapsed into one stable symmetric
minimum structure (C2). This is exactly the same situation that
Ruggiero and Williams have described for He/CH;He* and
Ne/CH;Ne*.” It should also be mentioned in this context that
for third and fourth row nucleophiles, symmetric minimum energy
structures of the type [Nu - - - R - - - Nu] appear to be the rule, rather
than the exception.®* In a new paper we have discussed this
in more general terms, especially in relationship to the periodic
table.

Also for this system it is not possible to localize a proper
TS for frontside substitution. However, the reaction is very
likely to take place, probably with nearly the same probability
as backside substitution. This can be inferred from a limited
number of HF/3-21G Born Oppenheimer dynamics calculations
of the reaction.?! From these simulations it appears that frontside
nucleophilic substitution reactions between hydrogen fluoride and
protonated isopropyl fluoride occurs via a mechanism which has
close resemblance to a billiard ball game, since both the incoming
and the departing HF interact with the central C;H,* moiety
with weak electrostatic forces. Momentum transfer seems to be
an essential part of the mechanism. The simulations show that
also backside substitution happens via a sequence dominated by
momentum transfer events.

CHgCH CHj* + HF+ HF
83\ CHyCH CHZ +(HF),
\\\ /m
FHY+ s
| \ 7 H
CHg-CH » +HF \ -
CHy \ / F
c1 0.0 ™ ,:4
AN e
N
N F
[N i +
\\ \\ CIH
\\_\-33.3 o
5 CHj CH,
FHY + cs
Ot /
/ \_H
HeC  \
FH
c2

Fig. 7 Potential energy diagram for the substitution and elimination
reaction between HF and Pr'FH* calculated at the MP2/6-31++G(d,p)
level. All relative energies are given in kJ mol~' at 0 K.

Reactions HF +Bu'FH*

The interactions within protonated butyl fluoride (CH;),C---
FH*(D1) and the collision complexes HF /D1 turned out to be so
weak that the binding within these structures and their reactions
are subject to the conformation of the central tertiary butyl cation.
Protonated z-butyl fluoride has two conformers, Dla and D1b
(Fig. 4). An almost degenerate transition structure TS(D1a,D1b)
separates the two, with all three stationary points effectively at
the same potential energy. The conformers differ by having two
or one C-H bonds pointing outwards to the fluorine. Exactly
the same phenomenon is observed for the frontside complexes,
D3a and D3b. These two species are effectively of the same
potential energy. Slight shortening of the C- - - F contact can be
observed upon formation of the frontside complexes. The backside
complex (D2) is of the same energy as the frontside complexes
(Fig. 8). The C---F distances are slightly different, one (the
shortest) approximately as in D1a, while the other corresponds
to D1b. The bond lengths are in accordance with the positions
of the C-H bonds of the methyl groups relative to each of the
fluorine atoms, as in Dla and D1b. The transition structure
TS(D2,D2') which separates D2 from its mirror image D2, is
formally that of an Sy2 reaction, with a symmetric arrangement
of the to HF groups relative to the alkyl. In reality, however, the

CHg* +HF+ HF
36.1 > o -
S CyHqg*+HP),
,’22.8
1
D1 D1
2P o 0.0 F2®
\ 1
\ !
\ 1
\ !
\ 1
\ 1
\ !
\\ II
D2\-338 -338 -33.8/D2
L ——
D3a+b =340 15y oy~ 340 D3ath

Fig. 8 Potential energy diagram for the substitution reaction between
HF and Bu'FH* calculated at the MP2/6-31++4G(d,p) level. All relative
energies are given in kJ mol~' at 0 K.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 135-141 | 139





arrangement in TS(D2,D2’) is the result of rotation of one of the
methyl groups, as for TS(D1a,D1b). The potential energy does
not change significantly as the results of these movements, and the
potential energy surface is essentially flat. Here, as demonstrated
by dynamics calculations, nucleophilic substitution has more or
less degenerated into billiard ball ligand exchange.!

Properties of protonated alkyl fluorides

In many respects, protonated alkyl fluorides lie in between proto-
nated alkanes and protonated alkyl chlorides;* the proton affinity
of methyl fluoride is the arithmetic mean of that of methane and
that of methyl chloride. The relative increase in the C—F bond upon
protonation appears to be amid C—Cl and C-H. For example, the
C—Cl bond in methyl chloride increases quite modestly (0.07 A)**
while methane gives rise to a non-classical side-on adduct between
H, and a methyl cation.* From Fig. 1, we see that the C-F binding
in Al is in between. However, in the second row of the periodic
table (alcohols, amines, alkyl fluorides) fluorine is at the extreme,
being the most electronegative element. With the exception of
the cationic noble gas species RE* (E = He, Ne) and protonated
alkanes, protonated fluorides give rise to structures which are
closest to naked alkyl cations. In this respect, HF exchange appears
to be close to the archetype Sy1 reaction.

Nucleophilic substitution mechanisms

The weakness of the Sy2/Sy1 paradigm of nucleophilic substitu-
tion is not that it requires the free alkyl cation as the limiting
situation, but that mechanism and stereochemistry are linked
together in an artificial way. Upon going from Sy2 to Sy1, some-
where along the line there is an abrupt change from a bimolecular
reaction to a unimolecular reaction, or a gradual shift from Sy2 to
Sy 1. In the latter, the mixed mechanism has usually been used to
account for the normal result of enantiomeric mixtures different
from 50 : 50 and 100 : 0, and different mechanistic modifications
are necessary to explain salt effects and solvent participation.' As
our examples show, a much simpler and more realistic picture
is obtained by invoking the topographically distinct backside
and frontside substitution situations, and realizing that frontside
substitution becomes gradually more competitive when the alkyl
group becomes bigger and the leaving group/nucleophile becomes
better.

Conclusion

Comparing the present results on HF/RFH* with the earlier ones
on alcohols (H,O/ROH,*)"*" and amines (NH;/RNH;*)* the
following trends are discovered.

For a given alkyl group, the barrier for identity Sy2 reaction
(backside displacement) is highest for the protonated amines,
decreasing via the protonated alcohols to the protonated alkyl
fluorides. This has recently been explained as resulting from
differences in the electronegativity of the hetero atom.?* For the
amines, the normal textbook “steric effect” is observed with
barriers increasing with size (Me < Et < Pr' < Bu’). For the
alcohols a practically inverse behaviour is observed, while the
fluorides show little variation with alkyl substitution.

Within each class (protonated amines, alcohols and fluorides)
the barriers for frontside displacement decrease with increasing

size of the alkyl group, following the general pattern (Me > Et >
Pr' > Bu'). By making the alkyl group larger and the hetero
atom more electronegative, the barrier for frontside substitution
becomes gradually closer to that for backside substitution. While
the difference for MeNH;* is 172 kJ mol', it has disappeared for
Bu'FH".

Elimination (to give the corresponding alkene; CH,CH,,
CH,;CHCH, > (CH;),CCH,) becomes less favourable the larger
the alkyl group is, since the thermodynamical factor, i.e. PA of
alkene dominates, except for CH;CH,OH,* which has a small
barrier for the proton transfer.>"* The combination of a favourable
enthalpy for heterolytic C-XH"* bond dissociation enthalpy and
PA (for XH as well at its dimer) makes elimination easier for the
alcohols compared to the corresponding amines and fluorides.
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Iminophosphorane-mediated efficient synthesis of new tricyclic
3,5-dihydro-1,2,3-triazolo|4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones
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The carbodiimides 2, obtained from aza-Wittig reactions of iminophosphorane 1 with aromatic
isocyanates, reacted with hydrazine to give selectively 6-amino-7H-1,2,3-triazolo[4,5-d]pyrimidin-
7-ones 5. Compounds 5 were further transformed to iminophosphoranes 6 by reaction with triphenyl-
phosphine, hexachloroethane and triethylamine. A tandem aza-Wittig reaction of iminophosphorane 6
with isocyanate or acyl chloride generated previously unreported 3,5-dihydro-1,2,3-triazolo[4,5-d]-
1,2,4-triazolo[1,5-a]pyrimidin-9-ones 10 or 12 in satisfactory yield. X-ray structure analysis of 10g

verified the proposed structure and the reaction selectivity.

Introduction

7H-1,2,3-Triazolo[4,5-d]pyrimidin-7-ones (azaguanines) are of
great importance because of their structural similarity with
guanines. Some derivatives of them have shown remarkable bi-
ological (antiguanine) properties such as antitumor, antiviral, and
anti-HIV activities,'* whereas others exhibited good fungicidal
activities.®* On the other hand, heterocycles containing the 1,2,4-
triazole nucleus also exhibit various biological activities; several
of them have been used as fungicidal, bactericidal, insecticidal,
antitumor and anti-inflammatory agents.”™ The introduction
of a triazole ring to the triazolo[4,5-d|pyrimidin-7-one system
is expected to influence the biological activities significantly.
However, this tricyclic system has been much less investigated and
there is no report on synthesis of 3,5-dihydro-1,2,3-triazolo[4,5-
d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones.

Recently we have been interested in the synthesis of quinazoli-
nones, thienopyrimidinones and imidazolinones via aza-Wittig re-
action of a or § ethoxycarbonyl iminophosphorane with aromatic
isocyanate and subsequent reaction with various nucleophiles
under mild conditions.’*'® Here we wish to report an efficient
approach to the synthesis of previously unreported 3,5-dihydro-
1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones by
tandem iminophosphorane-mediated annulation of easily acces-
sible N-(5-arylamino-7H-1,2,3-triazolo[4,5-d]pyrimidin-7-on-6-
yDiminotriphenylphosphorane with isocyanates or acyl chloride.

Results and discussion

Iminophosphorane 1* reacted with aromatic isocyanates to give
carbodiimides 2, which were allowed to react with hydrazine to
give selectively 6-amino-7H-1,2,3-triazolo[4,5-d]pyrimidin-7-ones
5 in 72-81% yields (Scheme 1, Table 1). No formation of the
potential regioisomer 4 was observed. It is worth noting that
the reaction of B ethoxycarbonyl carbodiimide with hydrazine
seems to be controversial. Our recent result on reaction of -
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Table 1 Preparation of compounds 5 or 6

Ar! Ar? Yield (%)
Sa Ph Ph 91
5b Ph 4-CIC¢H, 86
5¢ Ph 4-MeC,H, 84
6a Ph Ph 88
6b Ph 4-CIC¢H, 90
6¢c Ph 4-MeC,H, 90
“Isolated yields based on iminophosphorane 1.
COOEt COOEt
N N
N, a, N \ b
N7 TN=PPhy = N\ S N=c=NAR
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Scheme 1  Synthesis of compounds 5 and 6. (a) Ar’NCO, CH,Cl,, 0-5°C,
24-30 h; (b) NH,NH,-H,0, CH;CN, rt, 10-20 min; (c) PPh;, C,Cl,, NEt;,
CH,Cl,, rt, 4-6 h.

ethoxycarbonyl phenylcarbodiimide with hydrazine gave selec-
tively 3-aminoquinazolin-4(3 H)-one,” consistent with formation
of 5. However, an early report on a similar reaction using carbodi-
imide 7 resulted in the formation of 2-hydrazinopyrimidinone 8,
another possible regioisomer (Scheme 2).'° The selective formation
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Scheme 2 Literature synthesis of compounds 8 from carbodiimide 7.
(a) NH,NH,-H,0, EtOH, rt, 3 h.

of 5 can be rationalized in terms of an initial nucleophilic addition
of hydrazine to give the guanidine intermediate 3 which directly
cyclizes to give 5 across the strong nucleophilic hydrazine group
rather than the arylamine one.”*

Compounds 5 were easily converted to novel functional-
ized iminophosphoranes 6 via reaction with triphenylphosphine,
hexachloroethane and triethylamine in good yields (88-90%,
Scheme 1, Table 1). When solutions of iminophosphoranes 6 in
dry methylene chloride were treated with aromatic isocyanate at re-
fluxing temperature, the previously unreported 6-arylamino-1,2,3-
triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones 10 were iso-
lated as crystalline solids in good yields (78-91%, Table 2,
Scheme 3). Presumably, the conversion of 6 into 10 involves initial
aza-Wittig reaction between the iminophosphorane 6 and the
isocyanate to give a carbodiimide 9 as highly reactive intermediate,

0 -
{N/N_Pphs ] /N=C=NAI’3
N N )
PN nbar —2 | N
N. P—N N N/>\NHAr2

y N
Ph Ph
6 9
] N
. NHAr®
N AN
ey
N N N Ar?
|
Ph

10

Scheme 3 Preparation of tricyclic compound 10. (a) Ar’NCO, CH,Cl,,
40°C, 1-2 h.

Table 2 Preparation of compounds 10a-h or 12a—f

Ar? Ar’ R Yield (%)
10a Ph Ph 91
10b Ph 4-CIC4H, 84
10c 4-CIC4H, Ph 78
10d 4-CICsH, 4-CIC4H, 90
10e 4-CIC4H, 4-MeC¢H, 83
10f 4-CIC4H, 3-MeCH, 84
10g 4-MeCgH, Ph 82
10h 4-MeC¢H, 4-MeC¢H, 87
12a Ph Ph 78
12b Ph Me 84
12¢ 4-CIC4H, Ph 86
12d 4-CICsH, Me 73
12e 4-MeC¢H, Ph 75
12f 4-MeC¢H, Me 85

“ Isolated yields based on iminophosphorane 6.

which easily undergoes ring closure across the arylamino group
to give the otherwise not readily available 6-arylamino substituted
1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones 10. It is
noteworthy that the reaction can be easily carried out at refluxing
temperature (CH,Cl, as solvent) under mild neutral condition
and the separation of 10 from the reaction mixture was also easily
carried out by simple filtration.

Iminophosphoranes 6 reacted with acyl chlorides in the presence
of triethylamine in methylene chloride at refluxing tempera-
ture to give 6-substituted 1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-
alpyrimidin-9-ones 12 in good yields (73-86%, Table 2, Scheme 4).
The formation of 12 can be viewed as an initial aza-Wittig reaction
between the iminophosphorane 6 and acyl chloride in presence of
triethylamine affording the intermediate imidoyl chloride 11 which
undergoes cyclization to give 12.

o) -
_N=PPhs

N N a

M \ N/)\NHArZ —

R

0 N=
N N j<0|
NI )~Nrar
W N

N N
Ph Ph
6 11
] N
AN R
N{ NG
N\N N “ar2
Ph
12

Scheme 4 Synthesis of compounds 12 (a) RCOCI, CH,Cl,, NEt;, 40 °C,
2-4h.

The structure of 3,5-dihydro-1,2,3-triazolo[4,5-d]-1,2,4-tri-
azolo[1,5-a]pyrimidin-9-ones 10 and 12 was confirmed by their
spectral data. Furthermore a single crystal of 10g was obtained
from a DMF solution of 10g. X-ray structure analysis verified
again the proposed structure, and showed that all ring atoms in the
tricyclic moiety are essentially planar, with the maxim deviation of
0.0392 A for N(2) from the heterocyclic plane (Fig. 1). The bond
lengths of C(4)=N(4), C(5)=N(6), and C(1)=C(2) are 1.307(3) A,
1.311(3) A and 1.386(3) A, are longer than that of the typical C=N
(1.28 A) and C=C (1.34 A) bonds respectively, while the single
bond lengths of C(1)-N(1), C(2)-N(3), C(1)-N(4), C(4)-N(5),
C(4)-N(7), N(7)-C(5) and C(2)-C(3) are 1.354(3) A, 1.371(3)
A, 1.3613) A, 1.370(3) A, 1.368(3) A, 1.389(3) A and 1.435(3)
A respectively, are significantly shorter than the typical C(sp?)—
N(1.426 A) and C—C(1.53 A), showing a degree of delocalization.

In conclusion, we have developed an efficient iminophospho-
rane-mediated synthesis of previously unreported 3,5-dihydro-
1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-ones via
aza-Wittig reactions. The spectral and X-ray analysis of the
product verified the proposed structure and the reaction selectivity.

Experimental

General materials and methods

Reagents and chemicals were obtained from Acros, Aldrich,
Shanghai or Beijing chemicals and were used without further

This journal is © The Royal Society of Chemistry 2006
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Fig. 1 ORTEP diagram of the crystal structure of tricyclic compound
10g (50% thermal ellipsoids). For clarity, solvent molecular (DMF)
and all hydrogen atoms have been omitted. Select bond lengths [A]:
C(1)-N(1) 1.354(3), N(1)-N(2) 1.377(3), N(2)-N(3) 1.304(3), C(2)-N(3)
1.371(3), C(1)-C(2) 1.386(3), C(2)-C(3) 1.435(3), C(3)-N(5) 1.420(3),
C(4)-N(5) 1.370(3), C(4)-N(4) 1.307(3), C(1)-N(4) 1.361(3), N(5)-N(6)
1.403(3), C(5)-N(6) 1.311(3), C(5)-N(7) 1.389(3), C(4)-N(7) 1.368(3),
C(3)-0O(1) 1.211(3), C(5)-N(8) 1.347(3), C(6)-N(8) 1.414(3). Selected
bond angles [deg]: N(3)-N(2)-N(1) 108.3(2), C(1)-N(1)-N(2) 109.8(2),
N(1)-C(1)-C(2) 104.5(2), N(2)-N(1)-C(19) 120.9(2), C(1)-C(2)-C(3)
121.7(2), N(5)-C(3)-C(2) 107.5(2), C(4)-N(5)-C(3) 124.9(2), N(4)-C(4)-
N(S) 128.5(2), C(4)-N(4)-C(1) 108.3(2), N(4)-C(1)-C(2) 129.0(2),
C(4)-N(5)-N(6) 112.23(18), C(5)-N(6)-N(5) 103.03(19), N(6)-C(5)-N(7)
112.9(2), C(4)-N(7)-C(5) 107.0(2), N(7)-C(4)-N(5) 104.8(2), C(4)-N(7)-
C(12) 123.9Q2).F

purification. All solvents were freshly distilled. Melting points
are uncorrected. MS were measured on a Finnigan Trace MS
spectrometer. IR were recorded on a PE-983 infrared spectrometer
as KBr pellets with absorption in cm™'. NMR were recorded in
CDCIl; or DMSO-dg on a Varian Mercury 400 spectrometer and
resonances are given in ppm (J) relative to TMS. Elementary
analyses were taken on a Vario EL III elementary analysis
instrument.

5-Arylamino-6-amino-7 H-1,2,3-triazolo[4,5-d|pyrimidin-7-ones (5)

To a solution of iminophosphorane 1° (2 mmol) in dry methylene
chloride (15 mL) was added aromatic isocyanate (2 mmol) under
nitrogen at room temperature. After the reaction mixture was
stood for 24-30 hours at 0-5 °C, the solvent was removed off
under reduced pressure and ether—petroleum ether (1:2, 20 mL)
was added to precipitate triphenylphosphine oxide. After filtration
the solvent was removed to give carbodiimide 2, which was used
directly without further purification. To the solution of 2 prepared
above in CH;CN (15 ml) was added hydrazine hydrate (0.24 g,
4 mmol, 85%) in EtOH (5 mL). The mixture was stirred for 10 min
at room temperature and filtered to give 5-arylamino-6-amino-
7H-1,2,3-triazolo[4,5-d]pyrimidin-7-ones 5.

6-Amino-3,6-dihydro-3-phenyl-5-phenylamino-7 H-1,2,3-triazolo-
[4,5-d]pyrimidin-7-one (Sa). White crystals (580 mg, 91% yield),

T CCDC reference number 279775. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b513715b

mp: 253-255 °C; IR (KBr) cm™' 3329, 3262 (N-H), 1718 (C=0),
1542, 1203; "H NMR (400 MHz, CDCl;) 6 4.75 (s, 2H), 7.19-8.15
(m, 10H), 8.94 (s, 1H); MS m/z (%) 319 (M*, 9), 291 (2), 274 (2),
118 (18), 77 (100); Anal. Calcd for C,¢H,;N,O: C, 60.18; H, 4.10;
N, 30.70. Found: C, 60.35; H, 4.03; N, 30.93%.

6-Amino-5-(4-chlorophenyl)amino-3,6-dihydro-3-phenyl-7H-1,2,3-
triazolo[4,5-d]pyrimidin-7-one (5b). White crystals (607 mg, 86%
yield), mp: >300 °C; IR (KBr) cm™' 3309, 3263 (N-H), 1716
(C=0), 1559, 1204; 'H NMR (400 MHz, DMSO-d;) é 5.75 (s,
2H), 7.43-8.04 (m, 9H), 10.01 (s, LH); MS m/z (%) 355/353 (M*,
15/45), 325 (12), 309 (5), 111 (23), 77 (100); Anal. Calcd for
C,¢H,CIN;O: C, 54.32; H, 3.42; N, 27.71. Found: C, 54.47; H,
3.64; N, 27.57%.

6-Amino-3,6-dihydro-5-(4-methylphenyl)amino-3-phenyl-7H -
1,2,3-triazolo[4,5-d|pyrimidin-7-one (5¢). White crystals (560 mg,
84% yield), mp: 253-255 °C; IR (KBr) cm™ 3314, 3260 (N-H),
1701 (C=0), 1556, 1205; '"H NMR (400 MHz, DMSO-d,) 6 2.30
(s, 3H), 5.74 (s, 2H), 7.18-8.07 (m, 9H), 9.80 (s, 1H); MS m/z (%)
333 (M*, 57), 305 (19), 289 (15), 131 (26), 77 (100); Anal. Calcd
for C;;HsN,O: C, 61.25; H, 4.54; N, 29.41. Found: C, 61.08; H,
4.69; N, 29.64%.

5-Arylamino-6-(triphenylphosphoranylidene)amino-7 H-
1,2,3-triazolo[4,5-d|pyrimidin-7-ones (6)

To a mixture of 5 (8 mmol), PPh; (3.14 g, 12 mmol) and C,Cl,
(2.84 g, 12 mmol) in dry CH,Cl, (40 mL), was added dropwise
NEt; (2.42 g, 24 mmol) at room temperature. The colour of the
reaction mixture quickly turned yellow. After being stirred for
4-6 h, the solvent was removed under reduced pressure and the
residue was recrystallized from EtOH to give iminophosphorane 6.

3,6-Dihydro-3-phenyl-5-phenylamino-6-(triphenylphosphoranyl-
idene)amino-7 H-1,2,3-triazolo[4,5-d]pyrimidin-7-one (6a). White
crystals (4.07 g, yield 88%), mp: 278-280 °C; IR (KBr) cm™': 3264
(N-H), 1699 (C=0), 1550, 1110; '"H NMR (CDCl;, 400 MHz) ¢:
7.12-8.18 (m, 25H), 9.90 (s, 1H); MS m/z (%) 579 (M*, 62), 551
(8), 262 (74), 183 (83), 77 (100); Anal. Calcd for C;,H,sN,OP: C,
70.46; H, 4.52; N, 16.92. Found: C, 70.68; H, 4.37; N, 16.75%.

5-(4-Chlorophenyl)amino-3,6-dihydro-3-phenyl-6-(triphenylphos-
phoranylidene)amino-7 H-1,2,3-triazolo[4,5-d|pyrimidin-7-one (6b).
White crystals (4.42 g, yield 90%), mp: 287-288 °C; IR (KBr)cm™":
3305 (N-H), 1701 (C=0), 1549, 1107; 'H NMR (CDCl;,
400 MHz) 0: 7.26-8.14 (m, 24H), 9.93 (s, 1H); MS m/z (%)
615/613 (M*, 3/9), 276 (16), 262 (24), 183 (78), 77 (100); Anal.
Calcd for C;,H,sCIN,OP: C, 66.51; H, 4.10; N, 15.97. Found: C,
66.35; H, 4.35; N, 15.84%.

3,6-Dihydro-5-(4-methylphenyl)amino-3-phenyl-6-(triphenylphos-
phoranylidene)amino-7 H-1,2,3-triazolo[4,5-d|pyrimidin-7-one (6c).
White crystals (4.26 g, yield 90%), mp: >300 °C; IR (KBr) cm™":
3276 (N-H), 1699 (C=0), 1557, 1107, '"H NMR (CDCl;,
400 MHz) J: 2.36 (s, 3H), 7.17-8.19 (m, 24H), 9.79 (s, 1H);
MS m/z (%) 593 (M*, 28), 304 (40), 262 (60), 183 (100), 77 (95);
Anal. Calcd for C;sH,xN,OP: C, 70.82; H, 4.75; N, 16.52. Found:
C, 70.75; H, 4.76; N, 16.68%.
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6-Arylamino-1,2,3-triazolo|4,5-d]-1,2,4-triazolo|1,5-a]pyrimidin-
9-one (10)

To a solution of iminophosphorane 6 (1 mmol) in dry methylene
chloride (10 mL) was added aromatic isocyanate (1 mmol) under
nitrogen at room temperature. After the solution is stirred at
refluxing temperature for 1-2 h, the white precipitated solid is
collected by filtration and recrystallized from CH,Cl,—ethanol to
give 10 as crystalline solids.

3,5-Dihydro-3,5-diphenyl-6-phenylamino-1,2,3-triazolo[4,5-d -
1,2,4-triazolo[1,5-a]pyrimidin-9-one ~ (10a). White  crystals
(384 mg, yield 91%), mp: >300 °C; IR (KBr) cm~': 3413 (N-H),
1720 (C=0), 1544, 1399; 'H NMR (DMSO-d,, 400 MHz) ¢:
7.08-7.95 (m, 15H), 9.16 (s, IH); *C NMR (DMSO-d,, 100 MHz)
0 119.8, 123.5 (2), 124.6, 125.7 (2), 127.8 (2), 129.5 (2), 129.8 (2),
130.2, 130.4, 132.3 (2), 134.1, 134.9, 135.8, 147.7, 148.3, 150.2,
150.4; MS m/z (%) 420 (M*, 26), 392 (10), 260 (14), 245 (16), 77
(100); Anal. Caled for C,;H (N;O: C, 65.71; H, 3.84; N, 26.65.
Found: C, 65.94; H, 3.97; N, 26.58%.

6-(4-Chlorophenyl)amino-3,5-dihydro-3,5-diphenyl-1,2,3-triazolo-
[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one (10b). White crystals
(381 mg, yield 84%), mp: >300 °C; IR (KBr) cm™': 3403 (N-H),
1721 (C=0), 1544, 1493; '"H NMR (DMSO-d,, 400 MHz) ¢:
7.42-7.94 (m, 14H), 9.30 (s, 1H); MS m/z (%) 456/454 (M*, 3/9),
426 (6), 274 (13), 258 (10), 77 (100); Anal. Calcd for C,;H;5sCIN;O:
C, 60.73; H, 3.32; N, 24.63. Found: C, 60.65; H, 3.35; N, 24.52%.

5-(4-Chlorophenyl)-3,5-dihydro-3-phenyl-6-phenylamino-1,2,3-
triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one (10c). White
crystals (355 mg, yield 78%), mp: >300 °C; IR (KBr) cm™': 3402
(N-H), 1721 (C=0), 1540, 1492; '"H NMR (DMSO-d;, 400 MHz)
0: 7.08-7.94 (m, 14H), 9.16 (s, IH); MS m/z (%) 456/454 (M*,
15/44), 426 (17), 294 (15), 273 (38), 77 (100); Anal. Caled for
C,;H,;CIN;O: C, 60.73; H, 3.32; N, 24.63. Found: C, 60.87; H,
3.41; N, 24.47%.

5-(4-Chlorophenyl)-6-(4-chlorophenyl)amino-3,5-dihydro-3-
phenyl-1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one
(10d). White crystals (440 mg, yield 90%), mp: >300 °C; IR
(KBr) cm™': 3407 (N-H), 1729 (C=0), 1544, 1492; '"H NMR
(DMSO-d,, 400 MHz) 6: 7.44-7.93 (m, 13H), 9.30 (s, 1H); MS
m/z (%) 492/490/488 (M*, 3/16/25), 460 (12), 308 (15), 273 (43),
77 (100); Anal. Calcd for C,;H ,CI,N;O: C, 56.46; H, 2.88; N,
22.90. Found: C, 56.31; H, 2.90; N, 22.81%.

5-(4-Chlorophenyl)-3,5-dihydro- 6 - (4-methylphenyl)amino-3-
phenyl-1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one
(10e). White crystals (388 mg, yield 83%), mp: >300 °C; IR
(KBr) cm™": 3364 (N-H), 1731 (C=0), 1541, 1493; '"H NMR
(DMSO-d,, 400 MHz) d: 2.27 (s, 3H), 7.16-7.93 (m, 13H), 9.04
(s, 1H); MS m/z (%) 470/468 (M*, 11/35), 440 (14), 308 (28), 273
(42), 77 (100); Anal. Calcd for C,,H,,CIN,O: C, 61.48; H, 3.65;
N, 23.90. Found: C, 61.35; H, 3.52; N, 23.97%.

5-(4-Chlorophenyl)-3,5-dihydro-6-(3-methylphenyl )amino-3-
phenyl-1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]|pyrimidin-9-one
(10f). White crystals (393 mg, yield 84%), mp: >300 °C; IR
(KBr) ecm™": 3359 (N-H), 1733 (C=0), 1543, 1493; '"H NMR
(DMSO-d,, 400 MHz) J: 2.29 (s, 3H), 6.87-7.94 (m, 13H), 9.07
(s, 1H); MS m/z (%) 470/468 (M*, 9/28), 440 (10), 308 (17), 273

(26), 77 (100); Anal. Caled for C,,H,;CIN;O: C, 61.48; H, 3.65;
N, 23.90. Found: C, 61.41; H, 3.78; N, 23.84%.

3,5-Dihydro-5-(4-methylphenyl)-3-phenyl-6-phenylamino-1,2,3-
triazolo[4,5-d]-1,2,4-triazolo[1,5-a|pyrimidin-9-one (10g). White
crystals (355 mg, yield 82%), mp: >300 °C; IR (KBr) cm™:
3402 (N-H), 1719 (C=0), 1543, 1457; '"H NMR (CDCI1;-TFA,
400 MHz) o: 2.54 (s, 3H), 6.88-7.82 (m, 14H); “C NMR
(CDCIL,-TFA, 100 MHz) 6 21.1, 119.4, 123.0 (2), 124.4, 125.4 (2),
127.7 (2), 129.5 (2), 129.9 (2), 130.0, 130.4, 132.1 (2), 134.3, 135.6,
143.7, 147.8, 148.4, 150.3, 150.6; MS m/z (%) 434 (M*, 42), 406
(19), 288 (22), 274 (17), 77 (100); Anal. Caled for C,,H;3sNzO: C,
66.35; H, 4.18; N, 25.79. Found: C, 66.15; H, 4.10; N, 25.88%.

3,5-Dihydro-5-(4-methylphenyl)-3-phenyl-6-(4-methylphenyl)-
amino-1,2,3-triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one
(10h). White crystals (390 mg, yield 87%), mp: >300 °C; IR
(KBr) em™": 3411 (N-H), 1717 (C=0), 1545, 1510; '"H NMR
(CDCIL;-TFA, 400 MHz) ¢: 2.15 (s, 3H), 2.54 (s, 3H), 6.70-7.82
(m, 13H); C NMR (CDCI,-TFA, 100 MHz) § 20.6, 21.1, 122.8
(2), 124.1, 125.3 (2), 127.5 (2), 128.4, 129.2 (2), 129.7 (2), 129.8,
130.2, 132.0 (2), 134.0, 135.5, 143.8, 147.7, 148.2, 150.1, 150.4;
MS m/z (%) 448 (M*, 42), 420 (19), 288 (40), 273 (16), 91 (100).
Anal. Caled for C,sH, N;O: C, 66.95; H, 4.49; N, 24.98; Found:
C, 66.84; H, 4.57; N, 25.05%.

1,2,3-Triazolo[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one (12)

To a solution of iminophosphorane 6 (1 mmol) in dry CH,Cl,
(10 mL) was added acyl chloride (1 mmol) and triethylamine
(0.10 g, 1 mmol) under nitrogen at room temperature. The
solution was stirred at refluxing temperature for 2-4 h. The white
precipitated ammonium salt was separated by filtration and the
filtrate was concentrated to dryness. The residue was recrystallized
from CH,Cl,—ethanol to give 12 as crystalline solids.

3,5-Dihydro-3,5,6-triphenyl-1,2,3-triazolo[4,5-d]-1,2,4-triazolo-
[1,5-alpyrimidin-9-one (12a). White crystals (316 mg, 78% yield),
mp: >300 °C; IR (KBr) cm™': 1736 (C=0), 1548, 1510; '"H NMR
(400 MHz, CDCl;) ¢ 7.36-7.59 (m, 13H), 8.02 (d, J = 8.4 Hz,
2H); “C NMR (CDCl;, 100 MHz) ¢ 121.4, 123.0, 124.2, 126.7
(2), 128.4 (2), 128.6 (2), 128.8 (2), 129.2, 129.5 (2), 130.7 (2),
132.0, 132.4, 134.4, 141.0, 148.6, 150.2, 150.4, 153.2; MS m/z (%)
405 (M*, 6), 377 (5), 245 (7), 103 (30), 77 (100); Anal. Calcd for
C;HsN,O: C, 68.14; H, 3.73; N, 24.18. Found: C, 68.25; H, 3.81;
N, 24.05%.

3,5-Dihydro-3,5-diphenyl-6-methyl-1,2,3-triazolo[4,5-d]-1,2,4-
triazolo[1,5-a]pyrimidin-9-one (12b). White crystals (289 mg,
84% yield), mp: >300 °C; IR (KBr) cm™': 1743 (C=0), 1557,
1498; '"H NMR (400 MHz, CDCL,-TFA) 6 2.52 (s, 3H), 7.46-7.89
(m, 10H); *C NMR (CDCL-TFA, 100 MHz) 6 11.9, 121.7 (2),
125.0, 127.0 (2), 129.0, 129.4 (2), 130.4 (2), 130.5, 131.0, 135.0,
148.4, 149.6, 150.1, 153.0; MS m/z (%) 343 (M*, 23), 315 (16),
286 (16), 245 (9), 77 (100); Anal. Calcd for C;sH;N,0: C, 62.97;
H, 3.82; N, 28.56. Found: C, 62.75; H, 3.91; N, 28.36%.

5-(4-Chlorophenyl)-3,5-dihydro-3,6-diphenyl-1,2,3-triazolo[4,5-
d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one  (12¢). White crystals
(377 mg, 86% yield), mp: 287-288 °C; IR (KBr) cm™ 1731
(C=0), 1535, 1494; '"H NMR (400 MHz, CDCL;-TFA) ¢ 7.25-
7.59 (m, 12H), 7.96 (d, J = 8.4 Hz, 2H); MS m/z (%) 441/439
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(M*, 6/20), 411 (16), 279 (22), 111 (69), 77 (100); Anal. Caled for
C,.H,,CIN,O: C, 62.80; H, 3.21; N, 22.29. Found: C, 62.73; H,
3.15; N, 22.33%.

5-(4-Chlorophenyl)-3,5-dihydro-6-methyl-3-phenyl-1,2,3-triazolo-
[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one (12d). White crystals
(275 mg, 73% yield), mp: >300 °C; IR (KBr) cm™' 1740 (C=0),
1554, 1509; '"H NMR (400 MHz, CDCI;/TFA) 6 2.49 (s, 3H),
7.42-7.92 (m, 10H); MS m/z (%) 379/377 (M*, 8/27), 349 (19),
320 (19), 273 (21), 111 (100); Anal. Calcd for C3H,,CIN,O: C,
57.23; H, 3.20; N, 25.95. Found: C, 57.47; H, 3.15; N, 25.87%.

3,5-Dihydro-3,6-diphenyl-5-(4-methylphenyl)-1,2,3-triazolo[4,5-
d]-1,2,4-triazolo[1,5-a|pyrimidin-9-one  (12¢). White crystals
(314 mg, 75% yield), mp: >300 °C; IR (KBr) cm™' 1732 (C=0),
1543, 1510; '"H NMR (400 MHz, CDCl;) 6 2.48 (s, 3H), 7.26-8.09
(m, 14H); “C NMR (CDCl,;, 100 MHz) ¢ 21.1, 121.8, 123.2,
124.8, 127.0 (2), 128.8 (2), 128.9 (2), 129.0 (2), 129.3, 129.5 (2),
130.9 (2), 132.3, 134.9, 141.4, 148.5, 150.2, 150.5, 153.3; MS m/z
(%) 419 (M*, 90), 391 (61), 262 (24), 259 (80), 91 (100); Anal.
Calcd for C,,H;N;0: C, 68.73; H, 4.09; N, 23.38. Found: C,
68.80; H, 4.16; N, 22.36%.

3,5-Dihydro-6-methyl-5-(4-methylphenyl)-3-phenyl-1,2,3-triazolo-
[4,5-d]-1,2,4-triazolo[1,5-a]pyrimidin-9-one (12f). White crystals
(304 mg, 85% yield), mp: >300 °C; IR (KBr) cm™' 1737 (C=0),
1558, 1517; '"H NMR (400 MHz, CDCl;) ¢ 2.48 (s, 3H), 2.51 (s,
3H), 7.34-8.05 (m, 9H); *C NMR (CDCl;, 100 MHz) ¢ 11.9,
21.2,122.2 (2), 124.7, 126.7 (2), 127.6, 129.5 (2), 129.6, 131.1 (2),
134.7, 141.9, 148.5, 149.7, 150.2, 153.6; MS m/z (%) 357 (M*, 70),
329 (49), 288 (21), 259 (26), 91 (100). Anal. Calcd for C,yH,5N;O:
C, 63.86; H, 4.23; N, 27.44. Found: C, 63.73; H, 4.36; N, 27.31%.
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Analogues of GM; and GM, gangliosides were chemoenzymatically synthesized on a multifunctional
ceramide-type tether designed to facilitate diverse strategies for glycoconjugate synthesis. The truncated
ceramide aglycon maintains the stereogenic centres of natural ceramide while avoiding extensive
hydrophobicity that can hamper synthesis and purification of the glycolipids. Tetanus toxoid and BSA
glycoconjugates of these two gangliosides were prepared for immunization of mice, and for solid phase

assays to screen for ganglioside-specific antibodies. Inhibition experiments showed that antibodies
generated by tetanus toxoid conjugates of GM; and GM, exhibited specificity for the carbohydrate

epitope and the stereogenic centres of the ceramide.

Introduction

Oligosaccharides at the surface of mammalian cells act as key
elements in recognition processes occurring during embryogenesis,
metastasis, inflammation and pathogen recognition. Among other
glycoconjugates at the cell surface, gangliosides, a group of
complex sialylated glycosphingolipids, play a significant role in
a variety of cell functions. They have been proposed to control
growth and differentiation of cells, mediate cell-cell interactions,
regulate cell signalling by acting as receptors for growth factors,
and act as specific receptors for various microbial toxins.!
Furthermore, these glycolipids have found wide applications in
oligosaccharide microarrays,” investigations of sialic acid binding
proteins,® immunotherapy,* and in the study of cell membrane
events. Their importance in biological recognition requires
efficient methods for their preparation.

The synthesis of gangliosides is particularly challenging due
to their amphiphilic nature and the difficulties associated with
stereoselective coupling of N-acetyl neuraminic acid.® Enzymatic
methods have proved to be very useful in the synthesis of
sialylated structures,® avoiding many of the problems associated
with chemical approaches. Due to their hydrophobic lipid chain
and their hydrophilic head group, gangliosides exhibit surfactant-
like properties such as low solubility in organic solvents and
aqueous solutions, as well as aggregation, resulting in low reaction
yields and purification problems.” Several lines of evidence in
the literature relating to ganglioside recognition by proteins,
implicate the ceramide portion of glycolipids either directly or
via its influence on the orientation of the polar head group when
the ganglioside is located in the mammalian cell membrane.? In
order to build a capability to include tandem recognition of the
ceramide and the carbohydrate, we developed a truncated version
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Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2.
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of sphingosine.® This moiety confers increased aqueous solubility
and allows for the elaboration with different lipid chains at a late
stage of the synthesis, thereby facilitating manipulation of the
intermediates involved.

Gangliosides, in particular GM;, GM,, GD; and GD, (Fig. 1)
are highly overexpressed in melanoma and other tumors of neu-
roectodermal origin, making these structures interesting targets
for active cancer immunotherapy.*~<!* Unfortunately, gangliosides
are poorly immunogenic, making their use as immunogens im-
practical and the preparation of anti-ganglioside antibodies for
passive immunization difficult. Conjugation of an oligosaccharide
epitope to an immunogenic carrier protein has been widely
used as a strategy to enhance the immunogenicity of otherwise
T-cell independent carbohydrate antigens, and has been applied to
augment the immunogenicity of gangliosides." Thus far, vaccines
based on naturally occurring gangliosides or semi-synthetic gan-
gliosides conjugated to keyhole limpet hemocyanin (KLH) have
displayed only limited success in clinical trials.*='> These results
have motivated new strategies for the design of ganglioside-based
vaccines in order to improve their immunogenicity.*<*** In this
context, ganglioside analogues containing functional groups that
facilitate flexible conjugation strategies, constitute a valuable tool
for the design and development of cancer vaccines as well as for
the study and modulation of ganglioside functions at membrane
interfaces.
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Fig. 1 Structure of gangliosides GM; (1), GM, (2), GD; (3), and GD,
).
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Here we address some of these issues and report the chemoenzy-
matic synthesis of versatile GM; and GM, ganglioside analogues
designed for conjugation via their ceramide moiety. These com-
pounds contain a truncated ceramide aglycon® which enhances
water solubility of the molecule while conserving the important
stereochemical and structural features of naturally occurring
ceramides. The inherent flexibility to functionalize the ganglio-
side analogues with different linkers for covalent attachment to
proteins, surfaces, or fluorescent probes, is demonstrated by the
synthesis of tetanus toxoid (TT) and bovine serum albumin (BSA)
glycoconjugates of GM; and GM,. The immune response to both
conjugates shows a good IgG response in mice, directed against
the sialylated portion of the molecule and the ceramide moiety.

Results and discussion

Our chemoenzymatic approach was centred on a versatile lactosyl
ceramide analogue 6, which could be elaborated to gangliosides of
higher complexity or functionalized with different acyl chains at
the sphingosine amine. Intermediate 6 was synthesized as outlined
in Scheme 1. The azide 5 was reduced in the presence of hydrogen
sulfide in a mixture of pyridine, water and triethylamine.>** The use
of the free amine in the next enzymatic step has proven not to be
very practical in our hands. Therefore, we envisioned that protec-
tion of the amine group would ease purification of the compound
in the subsequent enzymatic reactions. Due to the acid lability of
the N-acetyl neuraminic acid residue,'® an amine protecting group
such as trifluoroacetamide, which could be removed under mild
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Scheme 1 Reagents and conditions: (a) H,S, pyridine-H,O-Et;N
(10 : 1 : 0.3), 87%; (b) methyl trifluoroacetate, MeOH, 75%; (c)
o-(2,3)-NeuSAc transferase, CMP-NeuSAc, 88%; (d) B-(1,4)-GalNAc
transferase, UDP-GIcNAc 4-epimerase, UDP-GIcNAc, 95%.

basic conditions, was preferred. The free amine was acylated by
reaction with methyl trifluoroacetate to yield 6.

Enzymatic synthesis of oligosaccharides obviates many of
the problems associated with chemical synthesis, including la-
borious protecting group manipulations and separation of nu-
merous diastereomeric glycosylation products. We envisioned
elaborating our ganglioside analogues from a lactose core us-
ing sialyltransferase- and N-acetyl-galactosaminyl transferase-
catalyzed reactions. A major drawback of glycosylation reactions
catalyzed by glycosyltransferases is their requirement for expensive
nucleotide sugar donors. However, we have employed recombinant
CMP-Neu5Ac synthetase and UDP-GIcNAc 4-epimerase in the
production of glycosyl donors. The crude product obtained was
subsequently used to effect sialylation of the acceptor 6 catalyzed
by a recombinant a-(2,3)-sialyltransferase from Campylobacter
Jejuni to obtain 7 in good yield.® The carbohydrate portion of
intermediate 7 was further elaborated via an enzymatic glycosyla-
tion yielding the GM, analogue 8 (Scheme 1). Using a recombinant
B-(1,4)-N-acetylgalactosaminyl transferase® and UDP-GIcNAc 4-
epimerase’” from Campylobacter jejuni, GM, analogue 8 was
produced from acceptor 7 in excellent yield.

The immobilization of oligosaccharides on solid surfaces and
particles as well as their conjugation to proteins, are important
tools in glycobiology for the study and modulation of carbohy-
drate functions. Oligosaccharide intermediates bearing a func-
tional group designed for conjugation are valuable compounds
for such undertakings. To this end, GM; and GM, analogues
containing a functionalized N-acyl chain were synthesized from
intermediates 7 and 8 (Scheme 2). Deprotection of the sphin-
gosine amine followed by reaction with a succinimide-activated
octadecanoate’® yielded compound 9. It can be envisioned that the
long acyl chain could be used to non-covalently coat microtiter
plates via hydrophobic interactions.” Furthermore, following
protection, the truncated ceramide could be extended to a natural
ceramide via olefin metathesis.?® Alternatively, the alkene portion
of the truncated ceramide could serve as a handle for protein
conjugation via radical addition of cysteamine to the terminal
olefin.**' In an analogous fashion, compounds 7 and 8 were
converted to GM; and GM, mimics 10 and 11, which contain
an azide group at the N-acyl chain terminus. These ganglioside
analogues could be covalently attached to alkyne-functionalized
surfaces via 1,4-dipolar cycloaddition or coupled to proteins or
functionalized surfaces upon reduction of the azide to an amine.
Similarly, compounds 7 and 8 were converted to 12 and 13, which
bear a terminal thioester. Upon deprotection of the thiol, these
molecules would be suitable for attachment to gold surfaces or
nanoparticles, and for conjugation to proteins.

The method described above for accessing GM; and GM,
analogues from a lactose core, was particularly useful for the
synthesis of compounds incorporating a long hydrophobic chain
at the sphingosine nitrogen. However, compounds functionalized
with a shorter acyl chain could be synthesized via an alternate
pathway as shown in Scheme 3. The azide group of 14 was
reduced under Staudinger conditions.” Acylation of the amine
with p-nitrophenyl 6-trifluoroacetamidohexanoate followed by
deprotection, afforded compound 15. Alternatively, the benzoy-
lated lactosyl azidosphingosine 14 could be deprotected and
reduced in the presence of H,S. Reaction of the amine with butyric
anhydride afforded 16. The lactosyl ceramides functionalized with
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Scheme 3 Reagents and conditions: (a) PPh;, pyridine—-H,0 (9: 1), 50 °C;
(b) p-nitrophenyl 6-trifluoroacetamidohexanoate, pyridine-H,O (9 : 1),
50 °C; (c¢) NaOMe, MeOH, 58%, three steps; (d) NaOMe, MeOH; (e)
H.,S, pyridine-H,O-Et;N (10 : 1 : 0.3); (f) butyric anhydride, MeOH,
40 °C, 71%, three steps; (g) 0-(2,3)-Neu5Ac transferase, CMP-Neu5Ac,
80% for 17, 79% for 18; (h) B-(1,4)-GalNAc transferase, UDP-GIcNAc
4-epimerase, UDP-GIcNAc, 79% for 19, 83% for 20.

shorter acyl chains were soluble in aqueous solutions and thus
could be used as acceptors in enzymatic glycosylation reactions.

Reaction in the presence of a-(2,3)-sialyltransferase yielded GM;
analogues 17 and 18, which could be further elaborated to
GM, analogues 19 and 20 using B-(1,4)-N-acetylgalactosaminyl
transferase.

Recent work from our group has focused on the incorporation of
thiooligosaccharides in anti-cancer vaccines as a means to increase
their immunogenicity.*> We hypothesized that the metabolic sta-
bility of the S-linked glycans® could increase the immunogenicity
of the conjugates, while producing antibodies cross-reactive with
the corresponding O-linked antigen. In order to compare the
immunogenicity, cross-reactivity, and metabolic stability of the
S-linked GM; and GM, antigens, their O-linked counterparts
were required. Evaluation of the response against the immunogen
by ELISA necessitates the synthesis of a set of glycoconjugates,
incorporating heterologous proteins and linkers as well as water-
soluble oligosaccharides. The methods described herein were used
to rapidly access GM; (25 and 26), and GM, (27) conjugates for
immunization and solid phase assays (ELISA).

The use of tetanus toxoid in commercial carbohydrate conjugate
vaccines and our recent successes in inducing high antibody
titers against tetanus toxin glycoconjugates, motivated the use
of this carrier protein for our studies.* Typical strategies for
the generation of a conjugate vaccine involve the coupling of
a carbohydrate antigen via a linker to reactive groups at the
surface of a carrier protein.”® Ideally, the coupling chemistry
should allow for appropriate levels of substitution, while using
a minimal amount of precious synthetic hapten. To this end, an
adipate-based linker®® was chosen to effect conjugation of haptens
17 and 19, without introducing a potentially immunogenic tether.
The generation of the GM; and GM, conjugates (Scheme 4) first
involved the introduction of an amine-terminated spacer unit.
Treatment of intermediates 7 and 8 with sodium methoxide in
methanol yielded the corresponding amines. N-Acylation with 6-
trifluoroacetamidohexanoic anhydride afforded intermediates 21
and 22. Following deprotection of the primary amine, compounds
17 and 19 were functionalized for conjugation to proteins.
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Scheme 4  Reagents and conditions: (a) NaOMe, MeOH, 40 °C; (b) 6-trifluoroacetamidohexanoic anhydride, MeOH, 78% for 21, 78% for 22, two steps;
(c) NaOMe, MeOH, 40 °C, 72% for 17, 73% for 19; (d) p-nitrophenyl adipate diester, DMF-Et;N; (e) tetanus toxoid, PBS, pH 7.2 (f) bovine serum

albumin, water.

Reaction of 17 and 19 with p-nitrophenyl adipate diester in a
mixture of N,N-dimethylformamide and triethylamine followed
by reverse phase HPLC purification in the presence of 1% acetic
acid afforded activated ganglioside analogues 23 and 24 for protein
coupling. Incubation of tetanus toxoid with approximately 30
equivalents of the activated sugars yielded glycoconjugates 25 and
27 with hapten incorporation levels of 6 and 7 respectively.

The tetanus toxoid glycoconjugates 25 and 27 were used to
immunize mice and their ability to raise an immune response
was evaluated by ELISA. Synthetic glycoconjugates possessing a
heterologous protein were required to detect carbohydrate-specific
antibodies by solid phase assays (ELISA). For this purpose,
ganglioside analogue 17 was coupled to bovine serum albumin
using a similar approach to the one used to generate tetanus
toxoid conjugates (Scheme 4). A hapten incorporation level of
S was obtained for the GM;-bovine serum albumin conjugate.
In order to perform a more stringent assay for carbohydrate-
specific antibodies and to exclude the possibility of tether-specific
antibodies, we sought a glycoconjugate consisting of the same
carbohydrate hapten conjugated to a heterologous protein via
a tether that was distinct from that of the immunizing agent.
Bovine serum albumin conjugates containing a squarate linker
were prepared from intermediates 17 and 19 to address this
requirement.*?

Preliminary experiments established that mice immunized with
either GM;-TT conjugate 25 or GM,-TT conjugate 27 had a
high titer of glycolipid-specific antibodies.** Mice immunized with
GM;-TT conjugate 25 responded with an IgG titer of 10*.>* In or-

der to establish that the antibodies recognize sialoside-containing
epitopes and not just the internal segment of the oligosaccharide
hapten, inhibition of antibody binding to glycoconjugate-coated
ELISA plates was performed with a panel of oligosaccharides
(Fig. 2). These results showed that antibody binding had a strict
requirement for the terminal sialic acid residue. GM; derivative
21 was at least 1000-fold more effective inhibitor than the lactosyl
derivative 31 (ICs, of 0.39 uM vs. >1000 uM, data not shown). The
ceramide portion of the molecule also has an effect on antibody

o
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Fig.2 Structure of immobilized glycoconjugates (33 and 35) and soluble
inhibitors (21, 22, 31, 32, 34 and 36) used for inhibition ELISA
experiments.
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binding, since substitution of the truncated sphingosine aglycon
by an S-octyl analogue resulted in a 100-fold decrease in the ICs,
(Fig. 3).

® 21(IC,,=0.39 )
100 v 34(C, =465 M) e
80
c
5 60
=
g2 |
€ 404 ’
2 /
20 //
1 L)
0 e—e— v
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Inhibitor Concentration (uM)

Fig. 3 ELISA inhibition experiments with serum obtained from mice
immunized with GM;-TT conjugate 25. Synthetic oligosaccharides 21 and
34 were used to inhibit antibody binding to immobilized GM; conjugate
33.

Similar results were observed for mice immunized with GM,-TT
conjugate 27. Sera from immunized mice were titered against an
immobilized GM,-BSA conjugate (35). The mice responded to im-
munization with an IgG titer of ~10°.2* Further study of the bind-
ing epitope by ELISA inhibition experiments indicated that both
the terminal sialic acid residue and the N-acetylgalactosamine
residue were required for antibody binding (Fig. 4). Comparison
of ICs, values for compounds containing the truncated ceramide
and for compounds containing the S-octyl aglycon again indicated
that the ceramide portion of the molecule is also recognized by
antibodies. Substitutions at the ceramide end of the molecule affect
antibody binding to a smaller extent than either deletion of the
sialic acid or the N-acetylgalactosamine residues.
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1004 @ 36(IC, =2.39 uM)
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& 31 (|c = 34.87 uM)
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Fig. 4 ELISA inhibition experiments with serum obtained from mice
immunized with GM,-TT conjugate 27. Synthetic oligosaccharides 21, 22,
31, 32, 34, and 36 were used to inhibit antibody binding to immobilized
GM, conjugate 35.

Conclusions

We have demonstrated a versatile approach for the chemoenzy-
matic synthesis of ganglioside analogues in a form suitable for

conjugation. The truncated ceramide aglycon allows coupling of
the molecule via a wide variety of conjugation strategies, while
maintaining the relevant stereochemical and structural features
of natural ceramide. Mice immunized with GM;-TT and GM,-
TT conjugates gave a high IgG hapten-specific response. The
preponderance of the IgG subtype is indicative of an antibody class
switch and activation of T} cells. Immunochemical data obtained
with the synthetic antigens created by this approach indicate
that ceramide elements are recognized by antibodies induced by
glycoconjugates 25 and 27. This suggests that it can be important
toinclude at least the stereogenic centres of the ceramide portion of
gangliosides in conjugate vaccine design. Although the main thrust
of the current work was directed toward ganglioside analogues in
the context of tumor immunotherapy, the design of the tether is
not limited to vaccine applications. Through the introduction of
different terminal functionalities, these ganglioside mimics may be
tailored for applications that present glycolipids in ordered arrays
and model membranes.

Experimental
General methods

All chemical reagents were of reagent grade and used as supplied
from Sigma-Aldrich, without further purification unless otherwise
indicated. Organic solvents used in reactions were distilled under
an inert atmosphere, except N,N-dimethylformamide, which was
stored over 3 A molecular sieves and subjected to reduced pressure
for several minutes (<0.5mm Hg) prior to use. Pyridine was dried
over solid KOH and used without further purification. Analytical
thin layer chromatography (TLC) was conducted on silica gel 60-
F,ss (Merck). Plates were visualized under UV light, and/or by
treatment with either acidic cerium ammonium molybdate or 5%
ethanolic sulfuric acid, followed by heating. HPLC purification
was conducted using a UV absorbance detector. Separations were
performed on Beckman C s-silica, Kromasil C s-silica or Hamilton
PRP-1 reverse-phase semi-preparative columns with combinations
of water and methanol as eluent (flow rate 1.5-2.0 mL min™").
Size exclusion chromatography purification was performed using
Biorad P-4 Biogel resin and 5% methanol-water as eluent (flow
rate 0.4 mL min™").

"H NMR spectra were recorded at 500 or 600 MHz and “C
NMR spectra were recorded at 125 MHz. Chemical shifts are
reported in 0 (ppm) units using “C and residual 'H signals
from deuterated solvents as references. '"H and C NMR spectra
were assigned with the assistance of COSY, HMQC, HMBC,
and TOCSY spectra. NMR data for compounds containing
sphingosine/ceramide and derivatives such as the aglycon were
labelled as follows. Hydrogen atoms of sphingosine are denoted
H—Xnine, Where numbering begins with H-1 at the glycosyl linkage.
The cis and trans olefinic hydrogen atoms of the truncated lipid
are denoted H-Xcpin, and H-Xt, i, respectively. Similarly, the
axial and equatorial protons at the 3-position of the neuraminic
acid unit are denoted H-3a and H-3e respectively. For some com-
pounds, the coupling pattern of the H-2 of the glucopyranosyl unit
is reported as a multiplet, due to high order coupling.

Electro-spray ionization (ESI) and MALDI mass spectra were
recorded by the mass spectrometry laboratory service at the
University of Alberta. For high resolution mass determination,
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spectra were obtained by voltage scan over a narrow range
at a resolution of approximately 10000. Optical rotations were
determined in a 10 cm cell at 22 £+ 2 °C. [a], values are given
in units of 107! deg cm? g~'.

Enzymatic synthesis

1. CMP-Neu5Ac synthetase from Neisseria meningitidis”.
The enzyme was expressed in Escherichia coli AD202. After a
24 h incubation, the cells were harvested by centrifugation at
8000 rpm, 4 °C for 20 min. The cells were resuspended in 20 mM
Tris, pH 8.0 and lysed using a French press. The enzyme was
isolated by centrifugation of the supernatant at 6000 rpm, 4 °C for
30 min followed by ultracentrifugation of the supernatant at 40 000
rpm, 4 °C for 60 min. The supernatant, containing CMP-Neu5Ac
synthetase, was used to produce the CMP-Neu5Ac needed for
enzymatic sialylation reactions.

2. 0-(2,3)-Sialyltransferase from Campylobacter jejuni OH43-
84", The enzyme was expressed in Escherichia coli AD202.
After a 24 h culture, the cells were harvested by centrifugation at
8000 rpm, 4 °C for 20 min. The cells were resuspended in 50 mM
HEPES, pH 7.5 containing 10% (v/v) glycerol. The enzyme was
isolated by centrifugation at 13 000 rpm at 4 °C for 30 min followed
by ultracentrifugation of the supernatant at 40000 rpm at 4 °C
for 60 min. The enzyme was recovered in the pellet, which was
resuspended in 50 mM HEPES, pH 7.5 containing 10% (v/v)
glycerol. The suspension was used without any further purification
in subsequent sialylation reactions.

3. B-(1,4)-N-Acetylgalactosaminyl transferase from Campy-
lobacter jejuni 0:36°. The enzyme was expressed in Escherichia
coli AD202. After a 24 h culture, the cells were harvested by
centrifugation at 8000 rpm, 4 °C for 20 min. The cells were
resuspended in 50 mM HEPES, pH 7.5 containing 10% (v/v)
glycerol and disrupted using a French press. The enzyme was
isolated by centrifugation of the supernatant at 6000 rpm, 4 °C for
30 min followed by ultracentrifugation of the supernatant at 40 000
rpm, 4 °C for 60 min. The supernatant, containing the enzyme,
was used in subsequent reactions without any further purification.

4. Bifunctional UDP-GIcNAc/Glc 4-epimerase from Campy-
lobacter jejuni NCTC 11168%. The enzyme was expressed in
Escherichia coli AD202. After a 24 h culture, the cells were
harvested by centrifugation at 8000 rpm, 4 °C for 20 min. The cells
were resuspended in a solution of 20 mM HEPES, pH 7.0, 200 mM
NaCl, 5 mM B-mercaptoethanol and 1 mM EDTA. Pop culture
reagent (Novagen) (200 pL) followed by lysonase (Novagen) (2 uL)
were added. The content was vortexed and subsequently incubated
for 15 min at room temperature. The mixture was centrifuged at
14000 rpm, 4 °C for 20 min. The supernatant, containing the
enzyme, was collected and used in subsequent reactions without
any further purification.

5. Radiochemical assays®. The activity of the a-(2,3)-sialyl-
transferase and the B-(1,4)-N-acetylgalactosaminyl transferase
was determined by radiochemical assays using 8-(methoxy-
carbonyl)octyl O-(B-D-galactopyranosyl)-(1 — 4)-O-B-D-gluco-
pyranoside and 8-(methoxycarbonyloctyl) O-(5-acetamido-3,5-
dideoxy-D-glycero-a-D-galacto-non-2-ulopyranosylonic acid)-

(2 — 3)-0-(B-p-galactopyranosyl)-(1 — 4)-O-B-D-glucopyrano-
side respectively as substrates.

The activity of the bifunctional UDP-GIcNAc/Glc 4-epimerase
was determined by a radiochemical assay in which the formation
of labeled UDP-GalNAc is monitored through a glycosyltrans-
ferase reaction using octyl O-(o-D-fucopyranosyl)-(1 — 2)-O-B-D-
galactopyranoside as an acceptor.

One unit of enzyme activity was defined as the amount that
catalyzes the formation of 1 pmol of product per minute at 37 °C
using the corresponding acceptor.

6. Synthesis of CMP-Neu5Ac”’. N-Acetyl neuraminic acid
(25.0 mg; 75.5 pmol) and cytidine triphosphate disodium salt
(4.77 mg; 90.6 pmol; 1.2 eq.) were suspended in 0.5 M MgCl,
(2.0 mL; 50 mM in reaction) and 0.04 M dithiothreitol (100 pL;
0.2 mM in reaction). The pH was adjusted to 8.0 with 1 M NaOH
solution and CMP-NeuSAc synthetase enzyme preparation
(17.9 mL) was added. The mixture was gently tumbled overnight
at room temperature. The reaction mixture was then centrifuged
at 14000 rpm for 20 min, the supernatant was then collected and
lyophilized. The crude solid obtained was used in sialylation reac-
tions without any further purification assuming 90% conversion
of starting material.

Immunization protocol

BALB/c mice were immunized by interperitoneal injection of
tetanus toxoid conjugates 25 and 27 (50 ug in 100 uLL PBS and
100 uL Freund’s complete adjuvant, homogenized). Subsequent
injections (50 pg in 100 pL PBS and 100 pL Freund’s incomplete
adjuvant, homogenized) were made subcutaneously on days 21
and 28. Mice were bled on day 38 and the sera were isolated by
centrifugation and stored at —20 °C.

Enzyme-linked immunosorbent assay (ELISA)

BSA-carbohydrate-protein conjugates (10 pg mL~" in PBS) were
used to coat 96-well microtiter plates (MaxiSorp, Nunc) overnight
at 4 °C. The plate was washed 5 times with PBST (PBS containing
0.05% (v/v) Tween 20). Sera were diluted with PBST containing
0.1% BSA. The solutions were distributed on the coated microtiter
plate and incubated at room temperature for 2 hours. The plate
was washed with PBST (5 times) and goat anti-mouse IgG
antibody conjugated to horseradish peroxidase (Kirkegaard &
Perry Laboratories; 1 : 2000 dilution in 0.1% BSA-PBST; 100 uL
per well) was added. The mixture was then incubated for 1 hour.
The plate was washed 5 times with PBST before addition ofa 1:1
mixture of 3,3',5,5-tetramethylbenzidine (0.4 g L") and 0.02%
H,0, solution (Kirkegaard & Perry Laboratories; 100 pL per
well). After 2 minutes, the reaction was stopped by addition of
1 M phosphoric acid (100 uL per well). Absorbance was read at
450 nm.

Oligosaccharide inhibition of enzyme-linked immunosorbent assay
(ELISA)

Carbohydrate-protein conjugates (10 pg mL~' in PBS) were used
to coat 96-well microtiter plates (MaxiSorp, Nunc) overnight at
4 °C. The plate was washed 5 times with PBST (PBS containing
0.05% (v/v) Tween 20). The serum solution (1 : 2000 dilution
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in 0.1% BSA-PBST) was mixed with inhibitor dissolved in
0.1% BSA-PBST at concentrations ranging from 0.001 uM to
1 mM. The resulting solutions were added to the coated microtiter
plate in triplicates, and incubated at room temperature for 2 hours.
The plate was washed with PBST (5 times) and goat anti-mouse
IgG antibody conjugated to horseradish peroxidase (Kirkegaard &
Perry Laboratories; 1 : 2000 dilution in 0.1% BSA-PBST; 100 uL.
per well) was added. The mixture was then incubated for 1 hour.
The plate was washed 5 times with PBST before addition ofa 1 : 1
mixture of 3,3,5,5-tetramethylbenzidine (0.4 g L") and 0.02%
H,O, solution (Kirkegaard & Perry Laboratories; 100 uL per
well). After 2 minutes, the reaction was stopped by addition of
1 M phosphoric acid (100 uL per well). Absorbance was read
at 450 nm and percent inhibition was calculated relative to wells
containing sera without inhibitor.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 - 1)-(2S,3R)-2-(trifluoroacetamido)-pent-4-ene-1,3-diol (6).
The lactosyl azidosphingosine 5 (151.5 mg; 324 pmol) was
dissolved in a solution of pyridine-water—triethylamine (10 : 1 :
0.3; 11.3 mL). The solution was saturated with H,S by bubbling
the gas into the solution for 1 h at 0 °C, followed by stirring for
36 h. The solvent was evaporated and the residue was dissolved in
water. After addition of acetic acid (200 pL), the mixture was
applied to a Sep-Pak (C18; 5 g). The salt obtained was then
eluted through Amberlite IRA-400 (CI") resin preconditioned
with 2 M NaOH yielding the free amine (124.7 mg; 282 pL;
87%). A portion of the material (76.8 mg; 174 umol) was dissolved
in dry degassed methanol (5.0 mL) and methyl trifluoroacetate
(334.0 mg; 2.61 mmol; 15 eq.) was added. The reaction mixture
was stirred at room temperature overnight. The solution was then
concentrated. The residue was redissolved in water and applied to
a Sep-Pak (C18; 5 g). Gradient elution (MeOH-H,0) afforded 6.
A sample (110.0 mg; 249.0 pmol) was further purified by HPLC
(100.0 mg; 18.6 umol; 75%): [alp +9.1 (¢ 0.55, H,0). '"H NMR
(500 MHz, D,0): 04 5.85(ddd, 1H, J,5, = 17.3 Hz, J,5, = 10.4 Hz,
Ji3=7.0Hz, H-4,,), 5.34 (ddd, 1H, J5,,=17.3Hz, J5,;=1.1 Hz,
Jsise = 1.1 Hz, H-5t,), 5.29 (ddd, 1H, Js., = 10.4 Hz, J5.5 =
1.1Hz, J5.; = 1.1 Hz, H-5¢gine), 4.48 (d, 1H, J,, = 7.9 Hz, H-15,),
444 (d, 1H, J,, =79 Hz, H-14,), 4.31 (dd, 1H, J5, = 7.0 Hz, J5,
= 7.0 Hz, H-3,,.,,), 4.30 (dd, 1H, J,,,, = 7.0 Hz, J,,, = 7.0 Hz,
H-lag,), 4.22 (ddd, 1H, J,; = 7.0 Hz, J,,, = 7.0 Hz, H-2 ),
3.98 (dd, 1H, Jg 6 = 12.3 Hz, J4,5 = 2.1 Hz, H-6a,.), 3.92-3.89
(m, 2H, H-4.,, H-1bgie), 3.81-3.70 (m, 4H, H-6bg,., H-5.1, H-
6ac,, H-6bg,), 3.67-3.57 (m, 4H, H-3¢.;, H-3a., H-46., H-561),
3.53 (dd, 1H, J,; = 9.9 Hz, J,, = 7.9 Hz, H-2,), 3.32 (m, 1H,
H-25.). "C NMR (125 MHz, D,0): é. 160.0 (q, Jcr = 37 Hz),
136.4, 119.4, 116.7 (q, Jr = 286 Hz), 103.8, 103.0, 79.3, 76.2,
75.7,75.1, 73.6, 73.4, 72.4, 71.8, 69.4, 68.6, 61.9, 61.0, 54.8. ESI
HRMS calcd for C,yH; F;NO;Na: 560.15615. Found: 560.15593.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-trifluoroacetamido-pent-
4-ene-1,3-diol (7). The acceptor 6 (13.6 mg; 25.2 pmol; 5.04 mM
in reaction), crude CMP-Neu5Ac (~45.3 umol; ~9.06 mM in
reaction; ~1.8 eq.), MnCl, (100 pL of 0.5 M solution; 10 mM
in reaction), MgCl, (100 puL of 0.5 M solution; 10 mM in
reaction), dithiothreitol (125 uL of 0.1 M solution; 2.5 mM
in reaction), water (600 pL), o-(2,3)-sialyltransferase (4.5 mL;

~4.5 U), and alkaline phosphatase (Roche Bioscience) (2.5 pL;
~2.5U) in 0.05 M HEPES buffer, pH 7.5 containing 10% (v/v)
glycerol were combined in a 15 mL Falcon tube. The mixture
was tumbled gently at room temperature for 24 h after which
time TLC (CHCl;-MeOH-H,O-AcOH; 10 : 7 : 1 : 2) indicated
almost complete disappearance of the starting material 6. The
reaction mixture was centrifuged at 14000 rpm for 30 min and
the supernatant was applied to a Sep-Pak (C18; 10 g). Gradient
elution (MeOH-H,O) afforded 7. Further purification by size
exclusion chromatography (Biogel P-4 resin; 50 cm x 2 cm) using
5% MeOH-H,O0 as an eluent yielded 7 (18.9 mg; 22.2 umol; 88%):
[alp +5.1 (¢ 1.08, H,0). '"H NMR (500 MHz, D,0): 6y, 5.83 (ddd,
1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.2 Hz, H-4,,,), 5.33
(m, 1H, H-5¢,), 5.28 (m, 1H, H-5¢.in), 4.51 (d, 1H, J,, =
7.8 Hz, H-lg.), 447 (d, IH, J,, = 8.0 Hz, H-15.), 4.30
(dd, 1H, J;, = 7.2 Hz, J;, = 7.2 Hz, H-3,), 4.22 (ddd,
IH, Jy; = 7.1 Hz, J,,, = 7.1 Hz, Jy,, = 3.6 Hz, H-2,.),
4.11-4.07 (m, 2H, H-lagu,,, H-3c.), 3.98 (dd, 1H, Jea =
12.2 Hz, J45s = 2.1 Hz, H-6ag,), 3.94 (d, 1H, J,; = 3.05 Hz,
H-464), 3.91-3.79 (m, 9H, H-1bgun,, H-8xeu, H-9ane, H-5ca,
H-9bxe, H-6news H-7new, H-264, H-6bgi), 3.75-3.56 (m, 6H,
H-4\.., H-6ag,, H-6bg,, H-5xi, H-361, H-4g., H-561), 3.32 (m,
1H, H-2g,.), 2.75 (dd, 1H, Js.3, = 12.2 Hz, J,., = 4.7 Hz, H-3ey..),
2.02 (s, 3H, C(O)CH;), 1.79 (dd, 1H, Js,3. = 12.2 Hz, J3,4 =
12.2 Hz, H-3ay,,). “C NMR (125 MHz, D,0): . 175.9, 174.7,
160.0, 136.4, 119.4, 116.7 (q, Jcr = 285 Hz), 103.6, 100.7, 79.2,
76.4,76.1,75.7,75.1, 73.8, 73.6, 72.7, 72.4, 70.2, 69.2, 69.0, 68.6,
68.4, 63.5, 61.9, 60.9, 54.8, 52.6, 49.8, 40.5, 22.9. ESI HRMS
calcd for C;)H,4N,O,, F5: 827.25448. Found: 827.25507.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic  acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-1 —  1)-(2S,3R)-2-trifluoroacetamido-
pent-4-ene-1,3-diol (8). The acceptor 7 (41.6 mg; 50.2 pumol)
and UDP-N-acetylglucosamine disodium salt (49.0 mg;
75.2 pmol; 1.5 eq.) were combined in a Falcon tube. UDP-N-
acetylglucosamine 4-epimerase (1.0 mL; ~1.0 U) in 0.2 M NacCl,
1.0mM EDTA, 20 mM HEPES, 5 mM B-mercaptoethanol, pH 7.0
and N-acetylgalactosaminyl transferase (2.94 mL; ~2.5 U) were
added to the mixture followed by 48 L of 0.5 M MgCl, (6.0 mM in
reaction) and alkaline phosphatase (10 uL; ~10 U). The reaction
was gently tumbled for 16 h until the reaction was completed
as observed by silica gel TLC (EtOAc-MeOH-H,0-AcOH; 6 :
3 : 3 : 2). The mixture was centrifuged for 20 min at 14000
rpm, the supernatant was collected and applied to a Sep-Pak
(C18; 5g). Elution with a gradient of water-methanol afforded
8. A portion (18.5 mg; 17.9 umol) was further purified by size
exclusion chromatography (Biogel P-4 resin; 50 cm x 2 cm) and
eluted with 5% MeOH-H,O to yield 8 (17.7 mg; 17.2 umol; 95%):
[alp +14.2 (¢ 0.32, H,0). '"H NMR (600 MHz, D,0): 5, 5.85 (ddd,
1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.33
(m, 1H, H-5¢,in,), 5.30 (d, 1H, H-5¢ymine), 4.74 (d, overlapped
with HOD, 1H, H-1g,nac), 4.52 (d, 1H, J,, = 8.0 Hz, H-14,),
449 (d, 1H, J,, = 8.0 Hz, H-1¢,), 4.32 (dd, 1H, J5, = 7.0 Hz, J,
= 7.0 Hz, H-3,), 4.23 (ddd, 1H, J,; = 7.0 Hz, J,,, = 7.0 Hz,
Jow =3.9 Hz, H-2 i), 4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 2.6 Hz,
H-364), 4.12-4.10 (m, 2H, H-1aging, H-464), 3.99 (d, 1H, Jo 6 =
12.1 Hz, H-6ag,.), 3.93-3.86 (m, 4H, H-4G,xac, H-26unac, H-1Dgning,
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H-%9ay..), 3.83-3.59 (m, 16H, H-5y., H-6bg., H-4ne, H-56u,
H-6ac., H-6bgy, H-5cunac, H-6aginac, H-6bgunac, H-8yew, H-
3Gamacs H-3G1es H-9bxews H-4gie, H-Tyews H-5a1), 3.49 (d, 1H, Jo5 =
10.1 Hz, H-6y..), 3.37-3.31 (m, 2H, H-2¢,, H-25.), 2.66 (dd, 1H,
Jseza = 12.3 Hz, J3.4 = 4.5 Hz, H-3en.,), 2.03,2.02 (2 x 5,2 x 3H,
2 x C(O)CH;), 1.92 (dd, 1H, J;,; = 12.3 Hz, J;,, = 11.8 Hz,
H-3ay.,). ®C NMR (125 MHz, D,O): 6. 1759, 175.7, 174.9,
159.8, 136.4, 119.4, 116.7 (q, Jcr = 285 Hz), 103.7, 103.5, 103.0,
102.5, 79.5, 78.0, 75.7, 75.6, 75.2, 75.1, 74.9, 74.0, 73.5, 73.1,
72.5,72.2,70.9, 69.6, 68.9, 65.1, 63.7, 62.1, 61.5, 61.0, 54.8, 53.2,
52.5,49.8, 37.9, 23.6, 22.9. ESI HRMS calcd for C;HsoN;O,F;:
1030.33444. Found: 1030.33555.

Procedure (A) for deprotection and acylation of sphingosine amine
using succinimide esters

Oligosaccharide 7 or 8 (5-40 umol) was dissolved in dry methanol
(2.0 mL). Sodium methoxide (~3.0 eq.) was added and the
mixture, stirred for 3 days at room temperature until completion
of the reaction. The pH of the reaction mixture was adjusted
to 9.0 using 0.5 M HCI and the methanol was evaporated. The
compound was purified by HPLC (Hamilton semi-preparative
PRP-1 column) using a MeOH-H,O gradient. A portion of
the amine (5-15 pmol), the acylating agent (2.0-5.0 eq.) and 4-
N,N-dimethylaminopyridine (1.0-3.0 eq.) were dissolved ina 9 :
1 pyridine-water mixture (1.0 mL). The reaction mixture was
stirred overnight at 40 °C and concentrated. The residue was
redissolved in a solution of 5% NaHCO;-H,O and applied to a
C18 Sep-Pak cartridge. Gradient elution (MeOH-H,O) afforded
the target compound which was further purified by size exclusion
chromatography (Biogel P-4 resin; 50 cm x 2 cm) using 5%
MeOH-H,O as an eluent.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-octadecanamido-pent-
4-ene-1,3-diol (9). Compound 9 was prepared using procedure
(A). Trisaccharide 7 (30.3 mg; 36.6 pmol) was deprotected and
a portion of the amine (6.37 mg; 8.44 pmol) was acylated with
N-(octadecanoyloxy)succinimide (7.43 mg; 19.4 umol; 2.3 eq.).
Standard work-up and purification as described in procedure (A)
afforded 9 (4.70 mg; 4.60 pmol; 55%): [a], +6.4 (¢ 0.34, H,0). 'H
NMR (600 MHz, CD;0D): dy4 5.86 (ddd, 1H, J,5, = 17.2 Hz,
Jus. = 10.4 Hz, J,; = 6.7 Hz, H-4,,), 5.26 (ddd, 1H, Js5,, =
17.2 Hz, Js,5. = 1.5 Hz, J5,; = 1.5 Hz, H-5¢,), 5.13 (ddd, 1H,
Jsea =104 Hz, Js., = 1.5 Hz, J5.5 = 1.5 Hz, H-5¢ ), 4.42 (d,
1H, J,, = 7.8 Hz, H-15,), 429 (d, 1H, J,, = 7.8 Hz, H-1g.),
4.17-4.13 (m, 2H, H-1a,,ping, H-34pming)> 4.04 (dd, 1H, J;, = 9.7 Hz,
J34 = 3.2 Hz, H-3g,), 4.01 (m, 1H, H-2,,,,.), 3.93-3.82 (m, 5H,
H-45., H-6a¢., H-6ac,, H-6bg,, H-6x.,), 3.76 (dd, 1H, Jo,0, =
11.7 Hz, Jo.s = 7.7 Hz, H-9ay,), 3.71-3.69 (m, 2H, H-4y.,
H-564), 3.65 (dd, 1H, Jo,e, = 11.7 Hz, Jo,5s = 4.2 Hz, H-9by..),
3.61-3.52 (m, 7H, H-5xey, H-561c; H-1bghing H-8xew> H-2621, H-3G1c,
H-4.), 3.47 (dd, 1H, Jge = 9.0 Hz, J4s = 1.8 Hz, H-6bg,),
3.42 (m, 1H, H-7x,), 3.27 (dd, 1H, J,; = 7.8 Hz, J,, = 7.8 Hz,
H-24.), 2.86 (m, 1H, H-3ex.), 2.18 (t, 2H, J = 7.5 Hz, CH,C(0)),
2.00 (s, 3H, C(O)CH,), 1.72 (m, 1H, H-3ay,,), 1.59-1.56 (m, 2H,
CH,CH,C(0)), 1.30-1.28 (m, 28H, alkane CH,), 0.89 (t, J =
7.0 Hz, CH;). ®C NMR (125 MHz, CD;OD): 6. 176.2, 175.5,
174.9, 139.6, 116.9, 116.1, 105.1, 104.5, 101.1, 80.9, 77.7, 77.1,

76.5, 76.3, 75.0, 74.8, 73.3, 73.0, 70.9, 70.2, 69.71, 69.70, 69.4,
69.0, 64.7, 64.2, 62.8, 61.88, 61.86, 54.7, 54.00, 53.98, 49.0, 48.8,
42.1, 37.2, 33.1, 30.49, 30.46, 30.4, 27.1, 22.6, 14.4. ESI HRMS
caled for C,Hg N,O, Na,: 1043.51272. Found: 1043.51243.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(11-azidoundecanamido)-
pent-4-ene-1,3-diol (10). Compound 10 was synthesized
according to procedure (A). Trisaccharide 7 (30.3 mg; 36.6 umol)
was deprotected and a portion of the amine (11.9 mg; 15.8 pmol)
was acylated with N-(11-azidoundecanoyloxy)succinimide (see
ESIT) (15.3 mg; 47.2 pmol; 3.0 eq.). Standard work-up and
purification as described in procedure (A) yielded 10 (8.4 mg;
8.8 umol; 78%): [a]lp +2.0 (¢ 0.45, H,0). '"H NMR (500 MHz,
D,0): 6y 5.83 (ddd, 1H, J,5, = 17.3 Hz, J,5. = 104 Hz, J,; =
6.9 Hz, H-4,,.,), 5.31 (ddd, 1H, Js,, = 17.3 Hz, J5,5, = 1.2 Hz,
Jsi3 = 1.2 Hz, H-5t ), 5.26 (ddd, 1H, Js., = 10.4 Hz, Js5.5, =
1.2 Hz, Js.; = 1.0 Hz, H-5bg,), 4.50 (d, 1H, J,, = 7.9 Hz,
H-164), 445 (d, 1H, J,, = 7.9 Hz, H-1g,), 4.20 (dd, 1H, J;, =
7.0 Hz, J;, = 6.9 Hz, H-31in,), 4.11-4.04 (m, 3H, H-36.1, H-24ning»
H-1a,hine), 4.00 (dd, 1H, J¢, 6 = 12.3 Hz, J4,5 = 2.2 Hz, H-6ag,),
3.95 (d, 1H, J,5 = 3.1 Hz, H-4¢,), 3.90-3.78 (m, 4H, H-8x..,
H-9%eu, H-6bgie, H-5xe,), 3.76 (m, 1H, H-1byy,), 3.73-3.66 (m,
2H, H-56., H-4xe), 3.65-3.61 (m, 5H, H-6ag,, H-6bg., H-36,
H-4¢,., H-9bye,), 3.60-3.55 (m, 4H, H-56., H-6xcus H-7neu> H-2641),
3.35-3.29 (m, 3H, H-2,., CH,N;3), 2.75 (dd, 1H, Js.;, = 12.3 Hz,
Jses = 4.7 Hz, H-3exa), 2.25 (t, 2H, J = 7.3 Hz, CH,C(0)),
2.03 (s, 3H, C(O)CH,), 1.79 (dd, 1H, Js,3. = 12.3 Hz, J3,4 =
12.3 Hz, H-3ay.,), 1.61-1.56 (m, 4H, CH,CH,C(0), CH,CH,N;),
1.38-1.29 (m, 12H, alkane CH,). *C NMR (125 MHz, D,0): d.
178.2, 175.9, 174.7, 137.2, 119.0, 103.6, 103.3, 100.7, 79.4, 76.4,
76.1,75.7,75.1,73.8, 73.7, 72.7, 72.6, 70.3, 69.6, 69.2, 69.0, 68.4,
63.5,61.9, 61.0, 53.9, 52.6, 52.2, 40.5, 36.8, 36.7, 29.4 (2C), 29.2,
29.1, 29.0, 28.8, 26.2, 22.9. ESI HRMS calcd for C;yH;N;O,Na:
964.42263. Found: 964.42227.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic  acid)-(2 —  3)-|2-acetamido-2-deoxy-O-p-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(11-azidoundecanamido)-
pent-4-ene-1,3-diol (11). Compound 11 was prepared using
procedure (A). Tetrasaccharide 8 was deprotected and a portion
of the amine (4.8 mg; 5.0 umol) was acylated with N-(11-
azidoundecanoyloxy)succinimide (see ESIT) (2.4 mg; 7.4 umol;
1.5 eq.). Work-up and purification as described above afforded
11 (4.5 mg; 3.8 umol; 76%): [a]p +6.4 (¢ 0.45, H,0). 'H NMR
(600 MHz, D,0O): dy4 5.85 (ddd, 1H, J,5, = 17.3 Hz, J,5 =
10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.33 (m, 1H, H-5¢,,,), 5.27
(m, 1H, H-5¢ ), 4.74 (d, 1H, J,, = 7.3 Hz, H-1Gunac), 4.51 (d,
1H, J,, = 8.0 Hz, H-154), 4.47 (d, 1H, J,, = 8.0 Hz, H-1g:.),
422 (dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-3,4,), 4.15-4.06
(m, 4H, H-36,, H-25e, H-1agnine, H-464), 3.99 (d, 1H, Je =
12.1 Hz, H-6a5.), 3.92-3.90 (m, 2H, H-4c.unac, H-26amac), 3-87
(dd, 1H, Jg,o» = 11.0 Hz, Jo,s = 1.1 Hz, H-9ay.,), 3.83-3.58 (m,
17H, H-5xeu, H-6bg, H'lbsphings H-4yeu, H-564, H-6ac,, H-6bg,,
H-56unac, H-6acanac, H-6bganac, H-8xews H-36amac, H-361c, H-9byeu,
H-46., H-7xews H-561), 3.48 (dd, 1H, J¢s = 9.9 Hz, J,; = 1.9 Hz,
H-6xe), 3.38-3.30 (m, 4H, H-2g,, H-26,., CH,N;), 2.66 (dd, 1H,
Jseza = 12.7 Hz, J3.4 = 4.5 Hz, H-3ex..), 2.25 (t, 2H, J = 7.3 Hz,
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CH,C(O)N), 2.03, 2.01 (2 x s, 2 x 3H, 2 x C(O)CH,), 1.92
(dd, 1H, Jy. = 12.7 Hz, J,, = 11.4 Hz, H-3aw.), 1.59-1.56
(m, 4H, CH,CH,N,, CH,CH,C(0)), 1.38-1.27 (m, 12H, alkene
CH,). C NMR (125 MHz, D,O): o 178.2, 175.9, 175.7, 174.9,
137.2,136.4, 119.0, 103.6, 103.3, 102.5, 79.6, 78.0, 75.6 (2C), 75.2,
75.1, 74.9, 74.0, 73.6, 73.1, 72.7, 72.2, 70.9, 69.6, 68.9, 68.7, 64.6,
63.7, 62.0, 61.4, 53.9, 53.2, 52.5, 52.1, 42.8, 37.8, 36.8, 29.4, 29.3,
29.2,29.1, 29.0, 28.8, 26.2, 26.1, 23.5, 22.9. EST HRMS calcd for
CHoyN4O5Na: 1167.50200. Found: 1167.50205.

O-(5-Acetamido-3,5-dideoxy-D-glycero-o-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(11-thioacetylundecan-
amido)-pent-4-ene-1,3-diol (12). Compound 12 was synthesized
according to procedure (A). Trisaccharide 7 (30.3 mg; 36.6 pmol)
was deprotected and a portion of the amine (4.0 mg; 5.3 umol) was
acylated with (11-thioacetylundecanoyloxy)succinimide™ (3.8 mg;
10.6 pmol; 2.0 eq.). Work-up and purification as described above
yielded 12 (4.2 mg; 4.2 umol; 80%): [a]p +2.3 (¢ 0.42, H,0). 'H
NMR (500 MHz, D,0): oy 5.84 (d, IH, J,5, = 17.3 Hz, J,5. =
10.5 Hz, J,5 = 7.0 Hz, H-4,,in,), 5.32 (m, 1H, H-5¢,,), 5.26 (m,
1H, H-5¢,hine), 4.51(d, 1H, J,, =7.9Hz, H-15,),4.46 (d, 1H, J,, =
8.0 Hz, H-1g.), 4.21 (dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-
3ophing)s 4.11-4.05 (m, 3H, H-36,, H-2 e, H-1agme), 3.99 (dd,
1H, Jeeo = 12.1 Hz, J4,5 = 1.8 Hz, H-6a5,.), 3.95 (d, 1H, J,; =
3.0 Hz, H-4,), 3.89-3.55 (m, 16H, H-8x..,, H-9ax.., H-6bg,
H-5xeus H-1bgpnings H-56u, H-4news H-6860, H-6bga, H-36., H-4g,
H-9byeu, H-561, H-65eus H-Txew, H-2641), 3.33 (m, 1H, H-25,), 2.89
(t,2H,J =7.2Hz, CH,SAc),2.76 (dd, I1H, J3.3, = 12.3Hz, J;.4 =
4.6 Hz, H-3ex.), 2.36 (s, 3H, SC(O)CH), 2,25 (t, 2H, J =
7.2 Hz, CH,C(O)N), 2.03 (s, 3H, C(O)CH;), 1.80 (dd, 1H,
Jyze = 12.3 Hz, J3,, = 12.3 Hz, H-3ay.,), 1.60-1.55 (m, 4H,
CH,CH,C(O)N, CH,CH,C(0)S), 1.37-1.28 (m, 12H, alkane
CH,), "C NMR (125 MHz, D,0): 6. 203.4, 178.2, 175.9, 174.7,
137.2, 119.0, 103.6, 103.4, 100.7, 79.4, 76.4, 76.1, 75.7, 75.1,
73.8,73.7,72.7, 72.6, 70.3, 69.6, 69.2, 69.0, 68.4, 63.5, 61.9, 61.0,
53.9, 52.6, 40.5, 36.8, 31.0, 29.9, 29.41, 29.36, 29.3, 29.2, 29.1,
29.0, 28.7, 26.2, 22.9. ESI HRMS caled for C, HguN,0,,NaS:
1019.38581. Found: 1019.38566.

0-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-[2-acetamido-2-deoxy-O-B-D-
galactopyranosyl-(1 — 4)]-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S5,3R)-2-(11-thioacetylundecan-
amido)-pent-4-ene-1,3-diol (13). Compound 13 was prepared
according to procedure (A). Tetrasaccharide 8 (14.7 mg;
14.0 umol) was deprotected and a portion of the amine (7.0 mg;
7.3 pmol) was acylated with (11-thioacetylundecanoyloxy)-
succinimide™ (5.20 mg; 14.6 pmol; 2.0 eq.). Standard work-up
and purification as described in procedure (A) afforded 13
(8.3 mg; 6.9 umol; 95%): [a]l, +15.4 (¢ 0.31, H,0). '"H NMR
(500 MHz, D,0): 04 5.83 (ddd, 1H, J,5, = 17.2 Hz, J,5, = 10.4 Hz,
Jiy = 7.0 Hz, H-4,), 531 (m, 1H, H-5¢,,), 5.25 (m, 1H,
H-5¢ming), 4.73 (d, 1H, J,, = 7.3 Hz, H-16.nac), 4.50 (d, 1H, J,,
= 8.0 Hz, H-15.), 4.46 (d, 1H, J,, = 8.0 Hz, H-14,.), 4.20 (dd, 1H,
Js4 = 7.0 Hz, J;, = 7.0 Hz, H-3,,,), 4.14-4.04 (m, 4H, H-3:,,
H-2hing> H-1a0ine, H-46a), 3.98 (dd, 1H, Jg, 6, = 11.7 Hz, J, 5 =
1.5 Hz, H-6ag,.), 3.93-3.86 (m, 3H, H-4G.nac» H-2Ganacs H-98Ne0)s
3.80-3.57 (m, 17H, H-5yc,, H-6bgi, H-1bgpine, H-4new, H-564, H-
6ag., H-6bg., H-5ganac, H-6acunac, H-6bganac, H-8xews H-3gamac,

H'3Glc’ H'9bNeu’ H'4Cvlca H_7Neu; H'SGIC)’ 3.47 (dd’ lH’ Jﬁ,s =
9.9 Hz, Js; = 1.9 Hz, H-6x..), 3.37-3.31 (m, 2H, H-25,, H-2¢,),
2.88 (t, 2H, J = 7.2 Hz, CH,SAc), 2.65 (dd, 1H, Js.., = 12.8 Hz,
Jss = 4.4 Hz, H-3ey.), 2.35 (s, 3H, SC(O)CH,), 2.24 (t, 2H, J =
7.3 Hz, CH,C(O)N), 2.03, 2.01 (2 x s, 2 x 3H, 2 x C(O)CH,),
1.92 (dd, 1H, J5, 5. = 12.8 Hz, J1,, = 11.5 Hz, H-3ay,,), 1.59-1.56
(m, 4H, CH,CH,SAc, CH,CH,C(0)), 1.30-1.28 (m, 12H, alkane
CH,). "C NMR (125 MHz, D,0): 6. 203.1, 178.2, 175.9, 175.7,
174.9,137.5,119.2,103.6, 103.5, 102.7, 79.6, 78.0, 75.6 (2C), 75.2,
75.1, 74.9, 73.9, 73.6, 73.1, 72.7, 72.2, 70.9, 69.5 (2C), 68.9, 68.6,
63.7, 62.1, 61.4, 61.0, 59.8, 53.9, 53.2, 52.5, 37.9, 36.8, 31.0, 29.9,
29.4, 29.3, 29.2, 29.0, 28.9, 28.6, 26.2, 23.5, 22.9. ESI HRMS
caled for C,uHg,N;3O,,SNa,: 1222.46522. Found: 1222.44480.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 —» 1)-(2S,3R)-2-(6-aminohexanamido)-pent-4-ene-1,3-diol (15).
The benzoylated lactosyl azidosphingosine 14° (200 mg;
0.15 mmol) was dissolved in 90% aqueous pyridine (10.0 mL) and
triphenylphosphine (100 mg; 0.38 mmol; 2.5 eq.) was added. After
stirring for 8 h, p-nitrophenyl 6-trifluoroacetamidohexanoate
(10 eq.) was added, and stirring was continued overnight. The
mixture was concentrated, applied to a short plug of silica gel in
2 : 1 hexanes—ethyl acetate, and eluted with a gradient of the same
mixture (3 : 2 — 1 : 1). The material obtained was deprotected
by stirring with a catalytic amount of sodium methoxide in
methanol (5.0 mL) at 45 °C overnight. After cooling to room
temperature, the solution was neutralized by addition of acetic
acid, concentrated, suspended in water—-methanol (95 : 5) and
filtered. The solution was then applied to a Sep-Pak (C18; 5 g)
which had been preconditioned with methanol and water con-
taining ~2% ammonium hydroxide, and eluted with a gradient of
water and methanol containing the same. Concentration of the
eluent afforded 15 (49.8 mg; 90.0 pmol; 58%). A portion of the
material was purified further for analysis on a Hamilton PRP-1
semi-preparative HPLC column using a H,O-MeOH gradient:
[alp +4.9 (¢ 0.40, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd,
1H,J,5,=17.2Hz,J,5,=10.4Hz, J,; = 7.0 Hz, H-4,n,), 5.32 (m,
1H, H-5¢4ine), 5.27 (m, 1H, H-5¢nine), 4.48 (d, 1H, J,, = 8.0 Hz,
H-1g.), 4.44 (d, IH, J,, = 7.8 Hz, H-1g,), 4.22 (dd, 1H, J,; =
7.0Hz, J,,,=7.0HHz, H-3,,,,,), 4.11(ddd, 1H, J,; =7.0Hz, J,,, =
6.4 Hz, J,,, = 3.6 Hz, H-21,,), 4.06 (dd, 1H, J,,,, = 10.6 Hz,
Ji2 = 6.4 Hz, H-1ag,,,), 3.98 (dd, 1H, J¢q = 12.3 Hz, J45 =
2.2 Hz, H-6as.), 3.93 (d, 1H, J,; = 3.4 Hz, H-4:,), 3.86-3.69 (m,
5H, H-6bgy., H-1bpine, H-6a6,, H-6b6.1, H-56,), 3.67-3.62 (m, 3H,
H-364, H-361, H-461), 3.60 (m, 1H, H-5¢.), 3.54 (dd, 1H, J,; =
9.9 Hz, J,, = 7.9 Hz, H-25,), 3.33 (m, 1H, H-2¢,), 2.98-2.95 (m,
2H, CH,NH,), 2.36-2.30 (m, 2H, J, CH,C(O)N), 1.68-1.58 (m,
4H, CH,CH,NH,, CH,CH,C(0)), 1.40-1.34 (m, 2H, CH,). “C
NMR (125 MHz, D,0): 6 177.6, 137.2, 119.0, 103.8, 103.2, 79.4,
76.3,75.7,75.1,73.7,73.4, 72.8, 71.8, 69.5, 61.9, 60.9, 53.8, 40.2,
36.4, 27.5, 26.0, 25.6, 24.2. ESI HRMS caled for C;H,;3N,O5:
555.27597. Found: 555.27626.

O-(p-p-Galactopyranosyl)-(1 —  4)-O-(B-pD-glucopyranosyl)-
(1 — 1)-(2S5,3R)-2-butanamidopent-4-ene-1,3-diol (16). The ben-
zoylated lactosyl azidosphingosine 14° (3.6 g; 2.8 mmol) was dis-
solved in anhydrous methanol (40 mL) and treated with a catalytic
amount of sodium methoxide. After stirring overnight, the mixture
was neutralized with a Rexyn 101 ion exchange resin. Removal
of the resin by filtration and evaporation of the solvent yielded
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a white solid. Purification of the compound by reverse-phase
column chromatography using water as an eluent afforded the
deprotected compound (1.1 g; 2.3 mmol; 83%). A portion of the
lactosyl azidosphingosine (151.5 mg; 324 pumol) was dissolved
in a solution of pyridine-water—triethylamine (10 : 1 : 0.3;
11.3 mL). The solution was saturated with H,S by bubbling
the gas in the solution for 1 h at 0 °C. The mixture was
stirred for 36 h before the reaction was completed. The solvent
was evaporated and the residue was dissolved in water. After
addition of 200 pL of acetic acid, the mixture was applied to
a Sep-Pak (C18; 5 g). The salt obtained was eluted through
Amberlite IRA-400 (C17) resin preconditioned with 2 M NaOH
to yield the free amine (124.7 mg; 282 pmol; 87%). A portion
of the material (20.0 mg; 45.0 umol) was dissolved in methanol
(2.0 mL) and butyric anhydride (19 pL; 113 pmol; 2.5 eq.) was
added. After stirring for 2.5 hours the solution was concentrated
and redissolved in water (1.5 mL). The mixture was applied to
a CI18 Sep-Pak cartridge and eluted with water to afford 16
(20.0 mg; 39.0 umol; 86%): [a]p +8.8 (¢ 0.15, H,0). '"H NMR
(600 MHz, D,0): 4 5.86 (ddd, 1H, J,5, = 17.2 Hz, J,5. =
10.5 Hz, J,5; = 7.0 Hz, H-4,,,,,), 5.33 (m, 1H, H-5¢,,,), 5.27
(m, 1H, H-5¢qine), 4.48 (d, 1H, J,, = 8.0 Hz, H-15,.), 4.45 (d, 1H,
Ji, =79 Hz, H-1g,), 4.23 (dd, 1H, J,5; = 7.1 Hz, J,,, = 7.1 Hz,
H-3hine), 4.11 (ddd, 1H, J,5 = 7.1 Hz, J,,, = 6.7 Hz, J,,, =
3.7 Hz, H-2), 4.06 (dd, 1H, J,,,, = 10.5 Hz, J,,, = 6.4 Hz,
H-lag,), 3.98 (dd, 1H, J¢ 6 = 12.3 Hz, J4,5s = 2.1 Hz, H-6ag,),
3.93 (d, 1H, J,; = 3.3 Hz, H-4¢.), 3.83-3.71 (m, 5H, H-6bg,, H-
1Bgphing> H-626.1, H-6bg., H-56.1), 3.68-3.62 (m, 3H, H-3,, H-36,
H-4¢.), 3.60 (m, 1H, H-5¢.), 3.54 (dd, 1H, J,; =99 Hz, J,, =
7.9 Hz, H-2,), 3.35 (m, 1H, H-2g,), 2.23 (t, 2H, J = 7.4 Hz,
CH,C(O)N), 1.62-1.58 (sextet, 2H, J = 7.4 Hz, CH,CHj;), 0.90 (t,
3H,J = 7.4 Hz, CH;). *"C NMR (from HMQC-HMBC spectra):
oc 178.2, 137.2, 119.0, 103.8, 103.2, 79.5, 79.4, 76.4, 75.4, 75.2,
73.5,73.3, 72.8, 71.8, 69.6, 69.4, 62.0, 53.9, 38.8, 19.9, 13.7. ESI
HRMS calcd for C,;H,NO;Na: 534.21571. Found: 534.21514.

0-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-aminohexanamido)-
pent-4-ene-1,3-diol (17). Compound 21 (15.3 mg, 15.9 pmol)
was dissolved in dry degassed methanol (3.0 mL) and sodium
methoxide (275 puL of 0.173 M solution; 47.6 pmol; 3.0 eq.) was
added. The reaction mixture was stirred at 40 °C for 36 h. The pH
of the reaction mixture was adjusted to 9.0 using 0.5 M HCI and
the methanol was evaporated. The compound was purified by
HPLC using a Hamilton PRP-1 semi-preparative column. Elution
with a MeOH-H,O gradient afforded 17 (10.0 mg; 11.5 pmol;
72%). Alternatively, the acceptor 15 (25 mg; 45 umol; 9.0 mM in
reaction) was combined with CMP-sialic acid (135 mg of crude
mixture, estimated 1.3 eq.), 0.5 M MnCl, (100 pL; 10 mM in
reaction), 0.5 M MgCl, (100 uL; 10 mM in reaction), 0.4 M
dithiothreitol (37.5 uL; 3 mM in reaction), a-(2,3)-sialyltransferase
(4.75 mL; ~4.75 U), and alkaline phosphatase (8 uL; 8 U). The
mixture was tumbled gently overnight and then centrifuged at
14000 rpm for 30 min to remove cellular debris. The supernatant
was applied directly to a size exclusion column (Biogel P-4; 50 x
2 cm). Elution with 5% aqueous methanol afforded 17 (31 mg;
36 umol; 80%): [a]p +2.7 (¢ 0.24, H,O). '"HNMR (500 MHz, D,0):
Oy 5.84 (ddd, 1H, J,5, = 17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz,

H-4,,), 5.31 (ddd, 1H, Js, = 17.2 Hz, Js5, = 1.2 Hz, Jy,, =
1.2 Hz, H-5¢,,), 5.25 (ddd, 1H, Js., = 10.4 Hz, Js.5, = 1.2 Hz,
Jss = 1.2 Hz, H-5¢,,), 4.51 (d, 1H, J,, = 7.9 Hz, H-1¢,), 4.46
(d, 1H, J,» = 7.9 Hz, H-15,), 4.21 (dd, 1H, J5, = 7.0 Hz, J,, =
6.6 Hz, H-3,1n,), 4.12-4.08 (m, 2H, H-2,11n,, H-364), 4.04 (dd, 1H,
Jiuw = 10.5 Hz, J,,, = 6.4 Hz, H-lagy,,), 3.98 (dd, 1H, Joq =
12.3Hz, Jos = 2.2 Hz, H-6ag.), 3.94 (d, 1H, J,, = 3.1 Hz, H-4c,),
3.90-3.73 (m, 5H, H-8y.,, H-5y., H-9ay,, H-6bge, H-1byun,),
3.71-3.67 (m, 3H, H-4y.,, H-6a,, H-6bgy), 3.66-3.61 (m, SH,
H-56.1, H-36, H-dg, H-9by, H-6y), 3.59-3.55 (m, 3H, H-54.
H-7xen, H-264), 3.32 (m, 1H, H-2g.), 2.97 (t, 2H, J = 7.6 Hz,
CH,NH,), 2.75 (dd, 1H, J5s, = 12.2 Hz, Jy., = 4.6 Hz, H-3exo),
2.28 (t, 2H, J = 7.4 Hz, CH,C(0)), 2.03 (s, 3H, C(O)CH), 1.79
(dd, 1H, Jo = 12.2 Hz, Jo,, = 12.1 Hz, H-3ay.), 1.69-1.59
(m, 4H, CH,CH,NH,, CH,CH,C(0)), 1.41-1.34 (m, 2H, CH.).
13C NMR (125 MHz, D,O): dc 177.6, 175.9, 174.7, 137.2, 118.9,
103.6, 103.2, 100.7, 79.2, 76.4, 76.1, 75.6, 75.1, 73.8, 73.7, 72.8,
727, 70.2, 69.5, 69.2, 69.0, 68.4, 63.5, 61.9, 60.9, 53.8, 52.6,
40.6, 40.2, 36.4, 27.4, 26.0, 25.6, 22.9. ESI HRMS caled for
C..HyN,O,,: 846.37193. Found: 846.37177.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 —
4)-O-(p-p-glucopyranosyl)-(1 — 1)-(2.5,3R)-2-(butanamido)-pent-
4-ene-1,3-diol (18). Lactoside 16 (20.0 mg; 36.3 umol) and crude
CMP-Neu5Ac (~47.0 umol; ~11.1 mM in reaction; ~1.2 eq.)
were combined as solids. MnCl, (100 pL of a 0.5 M solution;
10 mM in reaction), MgCl, (100 uL of a 0.5 M solution; 10 mM
in reaction), dithiothreitol (32 uL of a 0.4 M solution; 2.5 mM in
reaction), a-(2,3)-sialyltransferase (4.0 mL; ~4.0 U) and alkaline
phosphatase (5 pL; ~5 U) were then added sequentially and the
mixture was tumbled gently overnight. When the starting material
had been consumed as judged by TLC (CHCl;-MeOH-H,0-
AcOH; 10 : 7 : 1 : 2), the mixture was centrifuged at 14000 rpm
for 30 min and the supernatant was applied to a Sep-Pak (C18; 5
g) which was eluted with water (30 mL), followed by a gradient
of water—methanol. The product obtained was further purified
by HPLC (Kromasil Cg-silica semi-preparative column) using a
gradient of water and methanol as eluents to afford 18 (24.9 mg;
31.0 umol; 79%): [a]p +2.4 (¢ 0.30, H,O). '"H NMR (600 MHz,
D,0): 6y 5.85 (dddd, 1H, J,5, = 17.3 Hz, J,5. = 10.5 Hz, J,5 =
7.1 Hz, J,, = 1.1 Hz, H-4.), 5.32 (m, 1H, H-5¢.), 5.27 (m,
1H, H-5¢pming), 4.52 (dd, 1H, J,, = 7.8 Hz, J,; = 0.9 Hz, H-15,),
447 (dd, 1H, J,, = 7.9 Hz, J,; = 0.9 Hz, H-15,), 4.22 (ddd, 1H,
Jss=7.1Hz,J;, =7.1Hz, J;; = 0.9 Hz, H-3,,), 4.12-4.05 (m,
3H, H-36., H-2gnine> H-1a4mine), 3.99 (d, 1H, Js, 6o = 11.4 Hz, J o, 5 =
1.8 Hz, H-6ag,.), 3.95 (d, 1H, J,; = 2.7 Hz, H-4¢,), 3.90-3.73
(m, 5H, H-8yey, H-5xeu, H-9aye, H-6bgi, H-1bgi), 3.71-3.62
(m, 8H, H-4y.,, H-6ac,, H-6bg,;, H-5c., H-3g., H-4c,, H-9byu,
H-6xc.), 3.60-3.55 (m, 3H, H-56, H-Txeu, H-264), 3.33 (m, 1H,
H-26.),2.75(dd, 1H, J;.3, = 12.3 Hz, J3., = 4.6 Hz, H-3ex..), 2.22
(t, 2H, J = 7.1 Hz, CH,C(0)), 2.03 (s, 3H, C(O)CH;), 1.79 (dd,
1H, J3.5. = 12.3 Hz, J;,, = 12.1 Hz, H-3ay,,), 1.62-1.56 (m, 4H,
CH,CH,C(0), CH,CH,CH,C(0)), 0.89 (t, 3H, J = 9.3 Hz, CH5).
BC NMR (125 MHz, D,0): 6. 178.1, 175.9, 174.8, 137.1, 119.0,
103.6, 103.3, 100.7, 79.2, 76.4, 76.1, 75.6, 75.1, 73.8, 73.7, 72.74,
72.66, 70.3, 69.5, 69.2, 69.0, 68.4, 63.5, 61.9, 61.0, 53.9, 52.6,
40.7, 38.7, 22.9, 19.9, 13.7. ESI HRMS calcd for C;,Hs;N,O,;:
801.31336. Found: 801.31463.
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O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-aminohexanamido)-
pent-4-ene-1,3-diol (19). Compound 22 (6.0 mg; 5.1 umol)
was dissolved in dry degassed methanol (1.5 mL) and sodium
methoxide (89 puL of 0.17 M solution; 15.4 pmol; 3.0 eq.) was
added. The reaction mixture was stirred at 35 °C for 36 h.
The methanol was evaporated, redissolved in water and the
pH of the mixture was adjusted to 9.0 with 1 N hydrochloric
acid. The compound was purified by HPLC using a Hamilton
PRP-1 semi-preparative column. Elution with a MeOH-H,O
gradient afforded 19 (4.0 mg; 3.7 umol; 73%). Alternatively,
UDP-N-acetylglucosamine disodium salt (15 mg; 34 umol;
1.2 eq.) was added to a Falcon tube containing 17 (23.4 mg;
28.0 umol; 1.0 eq.). N-Acetylgalactosaminyl transferase (1.5 mL,
~1.5 U) in 50 mM HEPES, pH 7.5 containing 10% glycerol
(v/v) and UDP-N-acetylglucosamine 4-epimerase (1.5 mL, ~1.5
U) in 0.2 M NaCl, 1.0 mM EDTA, 20 mM HEPES, 5 mM
B-mercaptoethanol, pH 7.0 were added to the mixture, followed
by 75 puL of 0.5 M MnCl, and alkaline phosphatase (Roche
Biosciences) (10 uL; 10 U). The mixture was tumbled overnight
and then centrifuged for 30 min at 14 000 rpm. The supernatant
was applied to a Sep-Pak (C18; 5 g), washed with water and eluted
with a water-methanol gradient. The residue thus obtained was
applied to a Biogel P-4 column (50 cm x 2 cm) and eluted with
5% MeOH-H,O to yield 19 (23 mg; 22 pmol; 79%): [a]p +27.1 (¢
0.24, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd, 1H, J,5, =
17.2 Hz, J,5. = 10.4 Hz, J,; = 7.0 Hz, H-4,,,), 5.32 (m, 1H,
H-5¢hing), 5.27 (m, 1H, H-5¢gne), 4.73 (d, 1H, J,, = 7.3 Hz,
H-1ganac), 4.52 (d, 1H, J,, = 7.9 Hz, H-1g,), 448 (d, 1H, J,, =
8.0 Hz, H-16,), 4.23 (dd, 1H, J;,=7.0 Hz, J;, = 7.0 Hz, H-3,i0e)»
4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 3.0 Hz, H-35,), 4.12-4.09 (m,
2H, H-46,, H-2e), 4.06 (dd, 1H, J,, , = 10.4 Hz, J,,, = 6.2 Hz,
H-1agne), 3.99 (dd, 1H, J, 6 = 12.2 Hz, Js,s = 1.9 Hz, H-6ag,),
3.93-3.90 (m, 2H, H-4g.nac, H-26unac), 3.87 (dd, 1H, Jo,0 =
12.0 Hz, Jo,s = 2.2 Hz, H-9ay,,), 3.83-3.58 (m, 17H, H-5y.,
H-6bg,, H_lbsphinga H-4xeu, H-564, H-6ac,, H-6bg,, H-Scinac
H-6acunac, H-6bganac, H-8xews H-36amac, H-361c, H-9bxew, H-46c,
H-7xews H-561), 3.49 (dd, 1H, J5s = 10.1 Hz, J4; = 2.1 Hz, H-6x.),
3.36 (dd, 1H, J,; = 9.5 Hz, J,, = 7.8 Hz, H-25,), 3.32 (dd, 1H,
J,5 = 9.2 Hz, J,, = 8.1 Hz, H-2¢,.), 2.98 (t, 2H, J = 7.6 Hz,
CH,NH,), 2.66 (dd, 1H, J;.3, = 12.3 Hz, J;., = 4.3 Hz, H-3ex.),
2.28 (t,2H, J = 7.3 Hz, CH,C(0)), 2.03,2.01 (2 x 5,2 x 3H, 2 x
C(O)CH>), 1.92(dd, 1H, J;,3. = 12.3 Hz, J3,, = 12.3 Hz, H-3ay.,),
1.69-1.60 (m, 4H, CH,CH,NH,, CH,CH,C(0)), 1.40-1.36 (m,
2H, CH,). "C NMR (125 MHz, D,O): d. 177.6, 175.9, 175.7,
174.9, 137.2, 118.9, 103.6, 103.5, 103.2, 102.5, 79.5, 78.0, 75.6
(2C), 75.2,75.1,74.9, 74.0, 73.6, 73.1, 72.7, 72.1, 70.9, 69.6, 69.5,
68.9, 68.7, 63.7, 62.0, 61.5, 61.0, 53.8, 53.2, 52.5, 40.2, 37.9, 36.4,
27.4, 26.0, 25.6, 23.5, 22.9. ESI HRMS calcd for C,,H;3N,Ox:
1049.45131. Found: 1049.45134.

O-(5-Acetamido-3,5-dideoxy-D-glycero-o-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-[2-acetamido-2-deoxy-O-(p-D-
galactopyranosyl)-(1 —  4)]-O-(B-p-galactopyranosyl)-(1 —
4)-O-(B-p-glucopyranosyl)-(1 — 1)-(2S,3R)-2-(butanamido)-pent-
4-ene-1,3-diol (20). UDP-N-acetylglucosamine disodium salt
(15 mg; 18 umol; 1.2 eq.) was added to a Falcon tube containing

18 (12 mg; 15 pumol; 1.0 eq.). Freshly prepared B-(1,4)-N-
acetylgalactosaminyl transferase (2.0 mL; ~1.6 U) in 50 mM
HEPES, pH 7.5 containing 10% glycerol (v/v) and UDP-N-
acetylglucosamine 4-epimerase (2.0 mL; ~2.0 U) in 0.2 M NaCl,
1.0mM EDTA, 20 mM HEPES, 5 mM B-mercaptoethanol, pH 7.0
were added to the mixture, followed by 4.0 uL of 0.5 M MnCl,
(0.5 mM in reaction) and 8 pL (~8 U) of alkaline phosphatase
(Roche Biosciences). The mixture was tumbled gently overnight
and then centrifuged for 20 min at 14000 rpm. The supernatant
was applied to a C18 Sep-Pak cartridge (C18; 5 g), washed with
water and eluted with a water-methanol gradient. The residue
thus obtained was applied to a Biogel P-4 column in 5% aqueous
methanol (50 cm x 2 ¢cm) to yield 20 (13 mg; 13 umol; 83%): [a]p
+14.8 (¢ 0.73, H,0). '"H NMR (600 MHz, D,0): 6, 5.85 (ddd,
1H, J,5, = 17.3 Hz, J,5. = 10.5 Hz, J,; = 7.0 Hz, H-4 ), 5.32
(m, 1H, H-5¢e), 5.26 (m, 1H, H-5¢gu,), 4.73 (d, overlapped
with HOD, 1H, H-1gunac), 4.51 (d, 1H, J,, = 8.0 Hz, H-1,), 4.47
(d, 1H, J,, = 8.0 Hz, H-14,), 4.22 (dd, 1H, J;, = 7.0 Hz, J;, =
7.0 Hz, H-3), 4.14 (dd, 1H, J;, = 9.8 Hz, J;, = 3.0 Hz, H-3g,)),
4.11-4.05 (m, 3H, H-4., H-2 hing, H-1agpmine), 3.99 (dd, 1H, J g, 0 =
12.2 Hz, Je,5s = 1.9 Hz, H-6ag,), 3.92-3.89 (m, 2H, H-45,nac»
H-26.nac), 3.87-3.58 (m, 18H, H-9ay,,, H-5xc, H-6bgic, H-1Dghing,
H-4xei, H-56a, H-6ac,, H-6bgy, H-5canac, H-6acunac, H-6bgamac
H-8xews H-36amacs H-36ie, H-9bnew, H-46e, H-Tnew, H-561), 3.48
(dd, 1H, J¢s = 10.1 Hz, Js; = 1.8 Hz, H-6y.,), 3.37-3.31 (m,
2H, H-2:,, H-26.), 2.65 (dd, 1H, Js.;, = 12.6 Hz, J;., = 4.5 Hz,
H-3enw), 2.22 (t, 2H, J = 7.3 Hz, CH,C(0)), 2.02,2.01 (2 x 5,2 %
3H, 2 x C(O)CH»), 1.91 (dd, 1H, J;,;. = 12.2 Hz, J;,, = 12.2 Hz,
H-3ay..), 1.61-1.55 (m, 4H, CH,CH,CH,C(0), CH,CH,C(0)),
0.89 (t, 3H, J = 7.3 Hz, CH;). "C NMR (125 MHz, D,0): J¢
178.0 (20), 175.9, 174.9, 137.1, 119.0, 103.6, 103.5, 103.2, 102.5,
79.5, 78.0, 75.60, 75.59, 75.2, 75.1, 74.9, 74.0, 73.6, 73.1, 72.7,
72.2,70.9, 69.6, 69.5, 68.9, 68.7, 63.7, 62.0, 61.4, 61.0, 53.9, 53.2,
52.5, 38.7, 37.9, 23.5, 22.9, 19.9, 13.7. ESI HRMS calcd for
CyHgN;0,: 1004.39404 Found: 1004.39400.

Procedure (B) for deprotection and acylation of sphingosine amine
using anhydride

Oligosaccharide 7 or 8 (17-40 pmol) was dissolved in dry methanol
(2.0 mL). Sodium methoxide (~2 eq.) was added and the mixture
was stirred for 3 days at room temperature until completion of
the reaction. The pH of the reaction mixture was adjusted to
9.0 using 0.5 M HCI and the methanol was evaporated. The
compound was purified by HPLC (Hamilton semi-preparative
PRP-1 column) using a MeOH-H,O gradient. A portion of
the amine (15-18 pmol), 6-trifluoroacetamidohexanoic anhydride
(~5.0 eq.), and triethylamine (2-4 eq.) were dissolved in dry
degassed methanol (3.0 mL). The solution was stirred overnight
at room temperature. The mixture was concentrated, redissolved
in water, and applied to a C18 Sep-Pak cartridge. Gradient elution
(MeOH-H,O0) afforded the target compound, which was further
purified by HPLC (Hamilton semi-preparative PRP-1 column)
using a MeOH-H,O gradient.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(B-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-trifluoroacetamido-
hexanamido)-pent-4-ene-1,3-diol  (21). Compound 21 was
prepared according to procedure (B). Trisaccharide 7 (33.5 mg;
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40.4 umol) was deprotected and a portion of the amine (14.0 mg;
18.6 umol) was acylated with 6-trifluoroacetamidohexanoic
anhydride (40.5 mg; 92.8 pmol; 5.0 eq.). Work-up and
purification as described in procedure (B) afforded 21
(13.9 mg; 14.4 pmol; 78%): [a]p +16.8 (¢ 0.23, H,0). 'H
NMR (500 MHz, D,0): dy 5.82 (ddd, 1H, J,5, = 17.2 Hz, J,5. =
10.5 Hz, J,; = 7.0 Hz, H-4,,,,,), 5.30 (ddd, 1H, J5,, = 17.2 Hz,
Jsise = 1.1 Hz, J5,5 = 1.1 Hz, H-5t,), 5.24 (ddd, 1H, Js5.4 =
10.5 Hz, Js.5, = 1.1 Hz, Js.; = 1.1 Hz, H-5¢n), 4.50 (d, 1H,
Ji, = 7.9 Hz, H-1g,), 445 (d, 1H, J,, = 8.0 Hz, H-1¢,.), 4.20
(dd, 1H, J;, = 7.0 Hz, J;, = 7.0 Hz, H-3,,,,), 4.10-4.03 (m, 3H,
H-2ine> H-36u, H-1agmine), 3.98 (dd, 1H, Jg, 6o = 12.2 Hz, Jo,5 =
2.2 Hz, H-6aq,.), 3.94 (d, 1H, J,; = 3.0 Hz, H-44,), 3.89-3.61 (m,
13H, H-8xeuw, H-5xews H-9anew, H-6bgi, H-1b e, H-4new, H-6a64,
H-6bg,, H-564, H-361c, H-461e, H-9bxey, H-65e0), 3.59-3.54 (m, 3H,
H-561, H-75ew, H-26a1), 3.32-3.29 (m, 3H, H-2,., CH,NHTFA),
2.75 (dd, 1H, Js3, = 12.3 Hz, Js, = 4.6 Hz, H-3ex..), 2.25 (t,
2H, J = 7.4 Hz, CH,C(0)), 2.02 (s, 3H, C(O)CH;), 1.79 (dd,
IH, J3.5. = 12.3 Hz, J3,, = 12.3 Hz, H-3ay,,), 1.62-1.55 (m, 4H,
CH,CH,NHTFA, CH,CH,C(0)), 1.35-1.30 (m, 2H, CH,). *C
NMR (125 MHz, D,0): o 177.8, 175.9, 174.7, 159.7 (q, Jcr =
37 Hz), 137.2, 119.0, 116.8 (q, Jr = 285 Hz), 103.6, 103.3, 100.7,
79.3,76.4,76.1,75.7,75.1, 73.8, 73.7, 72.8, 72.7, 70.3, 69.5, 69.2,
69.0, 68.4, 63.5, 61.9, 61.0, 60.5, 53.8, 52.6, 40.5, 36.6, 28.3,
26.3,25.8,22.9. ESI HRMS caled for C;Hs;N;0,,F;: 940.33913.
Found: 940.33845.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-f-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(25,3R)-2-(6-trifluoroacetamido-
hexanamido)-pent-4-ene-1,3-diol (22). Compound 22 was
prepared according to procedure (B). Tetrasaccharide 8 (18.8 mg;
17.8 pmol) was deprotected and a portion of the amine (14.7 mg,
15.3 pumol) was acylated with 6-trifluoroacetamidohexanoic
anhydride (30.4 mg; 69.7 umol; 5.0 eq.). Work-up and purification
as described in procedure (B) afforded 22 (13.9 mg; 11.9 umol;
78%): [alp +26.4 (¢ 0.14, H,0). 'H NMR (500 MHz, D,0):
Oy 5.82 (ddd, 1H, J,5, = 17.2 Hz, J,s. = 104 Hz, J,; =
7.0 Hz, H-4,u.,,), 5.28 (ddd, 1H, Js5, = 17.2 Hz, J5; =
1.0 Hz, J5,; = 1.0 Hz, H-5¢,), 5.27 (ddd, 1H, Js., = 10.4 Hz,
Jsess = 1.0 Hz, Js.5 = 1.0 Hz, H-5¢e), 4.72 (d, overlapped
with HOD, 1H, H-1ganae), 4.50 (d, 1H, J,, = 7.9 Hz, H-1g,),
445 (d, I1H, J,, = 8.0 Hz, H-14.), 4.20 (dd, 1H, J;, = 7.0 Hz,
Ji, = 7.0 Hz, H-3,,,,), 4.13 (dd, 1H, J;, = 9.8 Hz, J;, =
3.1 Hz, H-3g,), 4.10-4.04 (m, 3H, H-46,, H-2nine, H-1agmine),
3.97 (dd, 1H, Jg = 12.1 Hz, Jo,5s = 1.6 Hz, H-6a,.), 3.92-3.88
(m, 2H, H-46.nae, H-26anac), 3-85 (dd, 1H, Jo, 0, = 12.0 Hz, Jo, s =
2.2 Hz, H-9ay.,), 3.82-3.57 (m, 17H, H-5xe., H-6bgi, H-1bg5ping,
H-4xew, H-564, H-6ac,, H-6bgy, H-5canac, H-6acunac; H-6bgamacs
H-8xews H-36anacs H-36ie, H-9bxew, H-4Gie, H-Tnew, H-561), 3.47
(dd, 1H, Js5 = 10.1 Hz, J¢, = 2.1 Hz, H-6x.,), 3.36-3.29 (m, 4H,
H-26., H-26., CH,NHTFA), 2.65 (dd, 1H, J3.5, = 12.1 Hz, J54 =
4.3 Hz, H-3en.), 2.25 (t, 2H, J = 7.3 Hz, CH,C(0)), 2.02, 2.01
(2 x5, 2 x 3H, 2 x C(O)CH;), 1.91 (dd, 1H, J3,3 = 12.1 Hz,
Jas = 12.1 Hz, H-3ay.,), 1.63-1.55 (m, 4H, CH,CH,NHTFA,
CH,CH,C(0)), 1.35-1.29 (m, 2H, CH,). "C NMR (125 MHz,
D,0): . 177.8, 1759, 175.7, 174.9, 159.7 (q, Jcr = 37 Hz),
137.2, 118.7, 116.8 (q, Jcr = 286 Hz), 103.6, 103.5, 103.3, 102.5,

79.6, 78.0, 75.6 (2C), 75.2, 75.1, 74.9, 74.0, 73.6, 73.1, 72.7, 72.2,
70.9, 69.6, 69.5, 69.0, 68.7, 63.7, 62.0, 61.4, 61.0, 53.8, 53.2, 52.5,
40.5, 37.9, 36.5, 28.3, 26.3, 25.8, 23.5, 22.9. ESI HRMS calcd for
CyuH7N,OyF;Na,: 1189.39749. Found: 1189.39720.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 — 3)-O-(p-p-galactopyranosyl)-(1 — 4)-
O-(p-p-glucopyranosyl)-(1 — 1)~(2.5,3R)-2-{6~(5-p-nitrophenyloxy-
carbonylpentanamido)hexanamido]-pent-4-ene-1,3-diol (23). The
amine 17 (4.5 mg; 5.2 pmol) was dissolved in dimethylformamide
(1.5 mL), and triethylamine (2.2 pL; 15.6 pmol; 3.0 eq.) was
added. p-Nitrophenyl adipate diester®® (21.0 mg; 5.2 umol,;
10.0 eq.) was added. After 15 min, the reaction was complete as
observed by TLC (CH,Cl,-MeOH-H,0-AcOH; 4 :5:1:0.5).
The pH was adjusted to 5.0 with acetic acid and the reaction
mixture was co-evaporated with toluene (3x). The residue was
suspended in 1% acetic acid solution and filtered through cotton.
The filtrate was concentrated and the residue obtained was
purified by HPLC (Beckman Cs-silica semi-preparative column)
using a gradient of MeOH-H,O containing 1% acetic acid. The
'"H NMR spectrum was acquired in CD;OD. Although visible,
resonances were significantly broadened. ESI HRMS caled for
CysHgN,O: 1093.41946. Found: 1093.41886.

O-(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-non-2-ulo-
pyranosylonic acid)-(2 —  3)-|2-acetamido-2-deoxy-O-p-D-
galactopyranosyl-(1 — 4)]-O-(p-p-galactopyranosyl)-(1 — 4)-O-
(B-p-glucopyranosyl)-(1 — 1)-(2S5,3R)-2-[6-(5-p-nitrophenyloxy-
carbonylpentanamido)hexanamido]-pent-4-ene-1,3-diol (24). The
amine 19 (3.4 mg; 3.2 pmol) was dissolved in dimethylformamide
(1.0 mL) and triethylamine (2.0 uL; 14.2 umol; 4.4 eq.) was added.
p-Nitrophenyl adipate diester® (12.5 mg; 32.2 umol; 10 eq.) was
added. After 15 min, the reaction was complete as observed by
TLC (CH,Cl,-MeOH-H,0-AcOH; 4 : 5: 1 :0.5). The pH was
adjusted to 5.0 with acetic acid and the reaction mixture was
co-evaporated with toluene (3x). The residue was suspended in
1% acetic acid solution and filtered through cotton. The filtrate
was concentrated and the residue obtained was purified by HPLC
(Beckman C;-silica semi-preparative column) using a gradient of
MeOH-H,O containing 1% acetic acid. The '"H NMR spectrum
was recorded in CD;OD. Although visible, the resonances were
significantly broadened. EST HRMS caled for C5,Hg,N5O; Na,:
1342.47892. Found: 1342.47920.

Preparation of tetanus toxoid conjugates 25 and 27

Purified monomeric tetanus toxoid (~6.6 mg mL~") in PBS, pH 7.2
(840 uL for 23, 1.07 mL for 24) was added to the activated sugars 23
or 24 (~30 eq.). The mixture was gently tumbled overnight before
being dialyzed against PBS (5 x 2 L) at 4 °C. The incorporation
level was determined by MALDI mass spectrometry. Results are
presented in Scheme 4.

Preparation of bovine serum albumin conjugate 26

The activated sugar 23 (~30 eq.) was dissolved in water and
bovine serum albumin (4.3 mg) was added. The mixture was gently
tumbled overnight before being dialyzed against water (5 x 2 L)
at 4 °C. The incorporation level was determined by MALDI mass
spectrometry. Results are presented in Scheme 4.
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(R)-all-trans-3-hydroxyretinal 1, (S)-all-trans-4-hydroxyretinal 3 and (R)-all-trans-4-hydroxyretinal

5 have been synthesized stereoselectively by Horner—Wadsworth-Emmons and Stille cross-coupling as
bond-forming reactions. The CBS method of ketone reduction was used in the enantioface-
differentiation step to provide the precursors for the synthesis of the 4-hydroxyretinal enantiomers.
The kinetic constants of Xenopus laevis ADHS8 with these retinoids have been determined.

Introduction

Vitamin A (retinol) and its metabolites (retinoids) are essential
to the proper function of a number of biological processes. The
visual cycle! is perhaps the best characterized* with 11-cis-retinal
acting as the inverse agonist of the apoprotein opsin in verte-
brates. Reproduction,® cell growth and differentiation, embryonic
development (e.g. limbs, nervous system, heart, kidney), immune
response* and intermediary metabolism are regulated by all-trans-
retinoic acid and 9-cis-retinoic acid. These gene transcription
regulators are the ligands for two classes of nuclear receptors,
acting as ligand-dependent transcription factors: the retinoic acid
receptors (RARa, B and y) and the retinoid X receptors (RXRa,
Bandvy).®

An increasing number of studies attribute a physiological role
as signalling molecules to ring-oxidized derivatives at position C,,
which are major metabolites of retinoids.® In fact, C,-oxidized
retinoids are natural ligands of several RAR receptors.5 %7
Studies in Xenopus embryos revealed that 4-hydroxyretinol and
4-hydroxyretinoic acid can transactivate RAR receptors.” Retinol
metabolism to 4-hydroxy and 4-oxoretinol is detected in murine
stem cells® and a wide variety of cancer cell lines.”® In addition,
4-hydroxyretinol endogenously occurs in serum and liver of
normal neonatal rats."® A specific role in the onset of neuronal
differentiation is postulated for 4-hydroxyretinoic acid," and
both 4-hydroxyretinoic and 4-oxoretinoic acid exhibit biological
activity in skin retinoid responsive systems in vivo.'* In Xenopus
eggs and early embryos, the major bioactive retinoids are 4-
oxoretinol and, particularly, 4-oxoretinal, which are critical for
proper cell differentiation,* whereas 4-oxoretinoic acid is a potent
modulator of positional specification.®

Retinoic acid is synthesized from retinol by a metabolic
sequence involving two consecutive oxidation reactions, in which
the reversible oxidation of retinol to retinal is considered to be
the rate-limiting step. Further oxidation of retinal to retinoic
acid appears to be irreversible.”® Three different enzyme types,
grouped as superfamilies, have been suggested to be responsible

“Departamento de Quimica Organica, Universidade de Vigo, 36310, Vigo,
Spain. E-mail: qolera@uvigo.es; Fax: +34-986-811940; Tel: +34-986-
812316

*Department of Biochemistry and Molecular Biology, Universitat Autonoma
de Barcelona, E-08193 Bellaterra, Barcelona, Spain

for the reversible conversion of retinol to retinal: alcohol dehydro-
genases (ADH) of the medium-chain dehydrogenase/reductase
(MDR), retinol dehydrogenases of the short-chain dehydroge-
nase/reductase (SDR)"* and several members of the aldo-keto
reductases (AKR)."

In vertebrates, the ADH family comprises eight different classes,
involved in ethanol metabolism and also in the transformation of
a variety of alcohols and aldehydes of physiological relevance,
such as retinoids, steroids and cytotoxic aldehydes.”> ADHI1 and
ADH4 have been the best studied in mammals because of their
wide expression in tissues and their activity towards ethanol and
retinol. While ADHI1 is present in all vertebrate groups, ADH4
has only been reported in mammals. In amphibians, an enzyme
showing kinetic properties similar to those of ADH4 has been
described, but it exhibits specificity towards NADP(H) instead
of NAD(H), the common cofactor for these enzymes. ADHS,
isolated from the stomach of Rana perezi, displayed high activity
towards retinal.'® This property and the coenzyme requirement
suggested that this enzyme might have a significant role in retinal
metabolism, probably as a retinal reductase.

We are interested in deciphering the substrate specificity of
ADHs towards retinoids in order to understand more deeply the
biochemical pathways for the formation of vitamin A metabo-
lites through oxidation/reduction reactions. Previous reports
have dealt with the kinetic constants of ADH1 and ADH4
from humans and mice towards some ring-oxidized derivatives
(rac-4-hydroxyretinol, 4-oxoretinal, 3,4-didehydroretinol and 3,4-
didehydroretinal). All these compounds are good substrates for
ADHs, judging from the low and similar K, values measured in
all cases. The 4-hydroxyretinol derivative appeared to be the most
active, showing a catalytic efficiency ca. 30 times higher than parent
compound retinol. The data supported the involvement of the
enzymes in the red-ox metabolism of the C,-oxidized retinoids."”

The availability of recombinant ADHS8 from Xenopus laevis, the
interest of this species to developmental studies, the high activity of
ADHS with retinal, and the physiological presence of several ring-
oxidized retinoids in Xenopus prompted us to study the specificity
and catalytic efficiency of this enzyme with chemically-modified
retinals of biological significance.

Whereas in previous reports we determined the kinetic
characteristics of racemic 4-hydroxyretinoids'’, we consider the
preparation of the corresponding enantiopure substrates to be
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of interest in order to determine whether enantiomeric discrim-
ination by the enzyme can occur. In addition to the C,-hydroxyl
derivatives, the study was extended to C;-hydroxyretinal, easily
obtained from enantiopure starting material. The C, and C;-ring-
oxidized retinoids of the R configuration are components of the
visual cycle in the animal kingdom, namely in the bioluminescent
squid Watasenia scintillans™® and in most insects," respectively.

We report herein the stereoselective synthesis of (R)-all-trans-
3-hydroxyretinal 1, (S)-all-trans-4-hydroxyretinal 3, (R)-all-trans-
4-hydroxyretinal 5, and the kinetic constants measured upon
incubation of these retinoids with Xenopus ADHS. Due to the
pharmacological interest of 13-cis-retinoids, we also isolated the
13-cis isomers (2, 4 and 6, respectively) of the above compounds,
which allowed a comparison of the catalytic efficiencies of Cj;—
C,,-double-bond stereoisomers (Fig. 1).

HO H

1A= E
2AB14 =7

OH 3ABM=F OH
4ABY=7

A4 =
6AT314=7

Fig. 1 All-trans and 13-cis-isomers of enantiopure C;- and C,-
hydroxyretinals.

For the construction of the polyene side chain of these analogs,
we took advantage of palladium-catalyzed cross-coupling reac-
tions, a group of processes that have been found in general to
be chemo- and stereoselective and to take place with retention of
configuration of the coupling partners. We selected the Stille cross-
coupling reaction for the construction of the C,—C; bond [(R)-3-
hydroxyretinal] and Cy—C, bond [(S)- and (R)-4-hydroxyretinal]
guided by our comprehensive study on the scope and limitations
of this process as applied to the synthesis of retinoids.?

Results and discussion
Synthesis of (R)-3-hydroxyretinal

The Stille cross-coupling reaction of the already described triflate
7*' and tributylstannyldienol 8,** using Pd,dba;/AsPh; as a
catalyst and a LiCl additive, provided, after stirring for 14 h at
80 °C, alcohol 10 in 68% yield. Oxidation of 10 with catalytic
quantities of tetra-n-propylammonium perruthenate (TPAP) and
N-methylmorpholine N-oxide (NMO) as co-oxidant,? afforded

aldehyde 11 in good yield (Scheme 1).
RO

10 R=TBDMS, R4= CH,OH b
11 R=TBDMS, R4= CHO :l

7 R =TBDMS

Scheme 1 (a) Pd,dba;, AsPh;, NMP, tributylstannyldiene 8, LiCl, 80 °C,
14 h (68%); (b) TPAP, NMO, CH,Cl,, 25 °C (83%).

The pentaene ester 13 was obtained by the Horner—Wadsworth—
Emmons reaction between aldehyde 11 and phosphonate 12, using
n-BuLi as a base in THF and DMPU as the cosolvent, in excellent
yield after purification (99%).>* Deprotection of 13 with TBAF
in THF at 0 °C afforded 14 in 58% yield (Scheme 2), which was
uneventfully reduced to the corresponding alcohol with Dibal-
H in THF at —78 °C and the latter oxidized using MnO, (52%
combined yield) to afford a 3 : 1 mixture of 1 and 2, which was
separated by HPLC. No improvement could be achieved when
the order of reactions (reduction—deprotection and oxidation)
in the last functional group interconversion steps was reversed.
Reduction of ester 13 with Dibal-H in THF at —78 °C afforded
alcohol 15 in 89% yield, deprotection of which (68%), followed by
oxidation with MnO, under basic conditions at 25 °C afforded a
mixture of 1 and 2 in lower yield (42%) and stereoselectivity (2 : 1
ratio) (Scheme 2).

o

N ] N

PPN c+4o(E‘o)2F’\)1}\/COZEt A AN COEt

a

RO RO 13 R = TBDMS
/ \b

LA A A CH,0H &

NN CO,Et

RO 15 R = TBDMS HO

11 R=TBDMS

& A
14
f,g\ y
S ) N N CHO
HO' H
1ABM=E
QA= 7

Scheme2 (a) THF, n-BuLi, DMPU, phosphonate 12, —78 — > 25°C, 14h
(99%); (b) n-Bu,NF, THF, 25 °C (58%); (c) Dibal-H, THF, —78 °C (66%);
(d) MnO,, Na,CO,, CH,Cl,, 25 °C (52%); (¢) Dibal-H, THF, —78 °C
(89%); (f) n-BuyNF, THEF, 25 °C (68%); (g) MnO,, Na,CO;, CH,Cl,, 25°C
(42%).

Synthesis of (S) and (R)-4-hydroxyretinal

The C;—C, Stille disconnection for the preparation of (S)-4-
hydroxyretinal 3 and (R)-4-hydroxyretinal 5 required the con-
densation of known stannylated trienol 16 (Scheme 4) and
dienyliodides (S)-17 or (R)-17, both having trans geometries. The
ketone 18'® already described was envisaged as the precursor
of the electrophilic component of the Stille cross-coupling. For
the enantioselective reduction of enynone 18, we selected the
CBS chiral oxazaborolidine catalysts.?® Treatment of enynone 18
with (R)- or (S)-2-methyl-CBS-oxazaborolidine and BH;-SMe, in
THF at —30 °C afforded alcohols (S)-19 or (R)-19 in excellent
yields (97% and 94%, respectively). Enantiomeric ratios [95% ee
for (S)-19 and 91% ee for (R)-19] were determined by chiral HPLC
(Chiralcel OD-H; 0,46 cm ¢ x 15 cm, cellulose on 5 um silica
gel and 95 : 5 hexane/MeOH as eluent) (Scheme 3). The CBS
model for enantioface differentiation”” was adopted to assign
the absolute configuration of the major enantiomer in each
case.

156 | Org. Biomol. Chem., 2006, 4, 155-164

This journal is © The Royal Society of Chemistry 2006





S)-19
18 ER))—19

Scheme 3 (a) (R) or (S)-2-methyl-CBS-oxazaborolidine, BH;-SMe,,
THE, 21 h, —30 °C [97% for (S)-19 and 94% for (R)-19]; (b) K,CO;,
MeOH, 25°C, 3.5h [91% for (S)-20 and 98% for (R)-20]; (c) Ac,O, DMAP,
Et;N, CH,Cl, [96% for (S)-21 and 94% for (R)-21].

~ Q 0o &
$ 2 N B«o%< N
_a . _b
OAc OAc
(

OAc
S)-21 (S)-22 )17
(R)-21 (R)-22 %R))-ﬂ
BU-Sh )\/\)\/CHZOH c
3!

)23 L. -
gR))-zs R = Ac, Ry = CH,OH

g)):"z’: R = Ac, R= CHO

FABM = gABM= 7
5ABM=F gABYM=7

Scheme 4 (a) i. pinacol, BH;-SMe,, CH,Cl,, 0->25 °C, ii. Enyne (S)-20
or (R)-20, CH,Cl,, 0—>50 °C [54% for (S)-22 and 57% for (R)-22]; (b) i.
MeONa, MeOH, THF, —78 °C, ii. ICl, CH,Cl,, —78 °C [81% for (S)-17
and 86% for (R)-17]; (c) trienylstannane 16, Pd,(dba);, AsPh;, NMP, 40 °C,
7 h [70% for (S)-23 and 65% for (R)-23]; (d) Dess—Martin Periodinane,
CH,Cl,, pyridine, 25 °C, 6 h, [71% for (S) and 63% for (R)]; €) K,CO;,
MeOH, 25 °C, 5 h [73% for 3 and 67% for 5).

Deprotection of (S)-19 and (R)-19 with K,CO; in MeOH
provided efficiently unstable alkynes (91% and 98%, respectively),
which were protected as acetates using Ac,O, DMAP and Et;N in
CH,Cl, in excellent yield (Scheme 3).

We attempted first to prepare the alkenyliodides by tin-iodide
exchange of the corresponding alkenylstannanes, themselves ob-
tained from the terminal alkynes by radical addition of tributyltin
hydride,® a methodology already used in the synthesis of the
racemic material,'”” but we encountered a number of difficulties,
obtaining mixtures of alkenylstannanes with £ and Z geometry
as a result of the quality of the tributyltinhydride used being

Table 1 Kinetic constants of Xenopus laevis ADHS8 with retinoids 1-6*

the most significant. In order to circumvent this problem, the
alkenyl boronate was chosen instead of the alkenylstannane.
Hydroboration of alkynes (S)-21 and (R)-21 using pinacol borane
regio- and stereoselective provided the boronic esters (S)-22 and
(R)-22 (54% and 57%, respectively, based on recovered starting
material). In large-scale reactions, variable amounts of the minor
regioisomer are obtained. Boron-halogen exchange with retention
of configuration was effected by treatment of 22 with MeONa at
—78 °C followed by addition of ICI. Alkenyl iodides (S)-17 and
(R)-17 were isolated in very high yields, and their E geometry was
confirmed by the value of the coupling constant (J = 14.8 Hz) for
the alkenyl protons in their '"H-NMR spectrum (Scheme 4).

Coupling of iodides 17 with stannanyltrienol 16 under Farina’s
conditions [Pd,(dba);, AsPh;, NMP] required 7 h at 40 °C and
afforded (S)-23 and (R)-23 in 70 and 65% yield, respectively.
Oxidation of diols (S)-23 and (R)-23 was carried out with the
Dess—Martin reagent in CH,Cl,-pyridine to minimize isomer-
ization at the terminal double bond. Despite these precautions,
8.5 : 1 and 6.5 : 1 mixtures of the frans:13-cis-isomers for the
(S) and (R) enantiomers were obtained in 71 and 63% yield,
respectively. Although they could be separated at this stage by
column chromatography if desired, additional isomerization of
the C;;—C,, bond took place upon deprotection of the acetates
with K,CO; in MeOH, affording 3 : 1 mixtures of all-trans:13-cis-
isomers of both (S)-4-hydroxyretinal and (R)-4-hydroxyretinal.
These isomers were separated by HPLC (Preparative Nova Pak®
HR silica, 60 A, 19 x 300 mm and 95:5 hexane/ ethyl acetate as
eluent) (Scheme 4). The ee measured for the final compounds (89%
ee for 3 and 93% ee for 4)* indicates that enantiopurity has been
mostly preserved along the sequence.

Kinetics of ADHS with retinoids

The kinetics of Xenopus ADHS8 with these C;- and C,-oxidized
derivatives of all-trans-retinal and 13-cis-retinal are shown in
Table 1. All the hydroxyretinals assayed were very active, suggest-
ing that they can be physiological substrates for ADH8. When
compared with the corresponding parent compounds, the k.,
values for the ring-oxidized retinals showed a 10-fold increase,
while K,, values remained essentially constant. This effect was
independent of the position of the hydroxyl group since no
substantial differences were found between the C,- and the C,-
hydroxyl derivatives of either all-trans-retinal or 13-cis-retinal.
Furthermore, no differences were observed between R and S

Substrate K./uM kee/min~! kea/ Ky/mM™"-min™!
All-trans-retinal 21.5+3.5 270 + 13 12560 + 2100
(R)-all-trans-4-hydroxy-retinal 132+ 1.8 2080 + 90 157600 + 23500
(S)-all-trans-4-hydroxyretinal 126 £ 1.3 2360 £+ 70 187300 4 20000
(R)-all-trans-3-hydroxyretinal 10.1 £ 0.9 2460 + 70 243600 + 23800
13-cis-retinal® 15 63 4200
(R)-13-cis-4-hydroxyretinal 23.7+23 860 + 30 36300 £ 3700
(S)-13-cis-4-hydroxyretinal 20.3+2.3 860 + 30 42400 + 5000
(R)-13-cis-3-hydroxyretinal 21.9+2.5 760 + 30 34700 + 4200
Hexanal 794+ 11.8 18600 + 900 234000 + 37000

“« Activities were determined in 0.1 M sodium phosphate, pH 7.5, 0.02% Tween 80, using 0.6 mM NADPH, at 25 °C. ® Constants measured for the ADHS8

enzyme of Rana perezi.'®
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enantiomers of the C,-hydroxyl derivatives of both all-¢rans-retinal
and 13-cis-retinal, thus concluding that ADHS8 does not exhibit
chiral discrimination, at least at position C,. On the other hand,
the frans-ring-oxidized retinal stereoisomers showed 2.4- to 3.2-
fold higher k., values with respect to the derivatives of 13-cis-
retinal, known to be a poor substrate for several ADH enzymes
studied.!™ %

The k., values of ADHS8 toward C;- and C,-hydroxyretinals are
the highest among all retinoid substrates assayed for this enzyme.
Similarly, C,-ox0- and C,-hydroxyretinoids were the most active
retinoids for ADH1 and ADH4.7>3! In general, ADH shows low
turnover numbers (k) with retinol isomers, in comparison to
those for aliphatic substrates.’”*? For retinoids the release of
product may be a significant rate-limiting step, in contrast to
the kinetics with aliphatic substrates, where the limiting step is,
in general, the cofactor release.’® For ADHS8 the k., for ring-
oxidized retinals (about 2000 min~!, Table 1) is still lower than that
for the best aliphatic aldehydes (k. for hexanal = 18600 min™!
and 14000 min~' for Xenopus laevis (Table 1) and Rana perezi
enzymes, respectively). Thus, it can be suggested that the k.,
for the ring-oxidized-retinals is higher than that for the parent
compounds because the extra polarity facilitates the delivery to the
aqueous environment of the reduced product, but still this product
release is rate limiting in the reduction of hydroxy-retinals by
ADHS.

The fact that ADH8 does not discriminate between the hydroxyl
groups at the C; or C, positions of the cyclohexene ring, or between
the C,-hydroxyretinal enantiomers, is consistent with docking
studies using several retinoids as ligands and the crystallographic
ADHS structure from Rana perezi** and other ADH structures.®
While the functional group of the retinoid interacts with the active
site Zn, buried in the inner part of the molecule, the cyclohexene
ring localizes in the wide entrance of the substrate-binding pocket,
accessible to the solvent, and presumably with little structural
constraints.

Finally, this is the first time that ring-oxidized derivatives of
the 13-cis-retinal isomer have been assayed for ADH activity, and
they also show a great increase in their k., values when compared
with 13-cis-retinal. The rate increase is about 10-fold, similar
to that observed for the hydroxyl derivatives of all-trans-retinal.
The 13-cis-isomers are among the worst retinoid substrates for
ADHs because of their low k., values, being virtually inactive
with ADH1.'* In fact, ADHS is the most active known ADH
with 13-cis-retinoids.'

Conclusions

The catalytic constant (k) values of Xenopus laevis ADHS8
with enantiopure C3- and C4-hydroxyretinals were about 10-fold
those for the parent all-trans-retinal. The kinetic studies revealed
neither enantiomeric discrimination (4R vs 4S) nor positional
discrimination (3R vs 4R) by the enzyme, consistent with an
external position of the cyclohexene ring in the ADH-retinoid
complex structure. The corresponding 13-cis isomers of the ring
oxidized derivatives, obtained as isomerization by-products in the
synthetic sequence, showed from 2.4- to 3.2-fold lower k., than
the trans-isomers.

The OH substitution at the cyclohexene ring would facilitate
the study of the kinetic effect of the double bond isomerization,

even using compounds, such as 13-cis-retinoids, with poor activity
with ADHs.

Experimental
General

Solvents were dried according to published methods and distilled
before use. HPLC grade solvents were used for the HPLC purifica-
tion. All other reagents were commercial compounds of the highest
purity available. All reactions were carried out under an argon
atmosphere, and those not involving aqueous reagents were carried
out in oven-dried glassware. Analytical thin layer chromatog-
raphy (TLC) was performed on aluminium plates with Merck
Kieselgel 60F254 and visualised by UV irradiation (254 nm)
or by staining with solution of phosphomolibdic acid. Flash
column chromatography was carried out using Merck Kieselgel
60 (230-400 mesh) under pressure. High performance liquid
chromatography was performed using a Waters instrument using
a dualwave detector (254 and 300 nm) with a Preparative Nova
Pak® HR silica, 60 A, 19 x 300 mm and 95 : 5 hexane/ethyl acetate
as eluent. Enantiomeric excess was calculated by chiral HPLC
with a Waters™ 996 (Photodiode Array) detector with a Chiralcel
OD-H Column 0,46 cm x 15 cm cellulose on 5 pm silica gel and
95: 5hexane/MeOH as eluent. UV-Vis spectra were recorded on a
Cary 100 Bio spectrophotometer using MeOH as solvent. Infrared
spectra were obtained on JASCO FT-IR 4200 spectrophotometer,
from a thin film deposited onto a NaCl glass. Specific rotation
was obtained on JASCO P-1020. Mass spectra were obtained
on a Hewlett-Packard HP59970 instrument operating at 70 eV
by electron ionisation. High resolution mass spectra were taken
on a VG Autospec instrument. '"H NMR spectra were recorded
in CDCl;, C¢D¢ and (CD;),CO at ambient temperature on a
Bruker AMX-400 spectrometer at 400 MHz with residual protic
solvent as the internal reference (CDCl;, 6y = 7.26 ppm; C¢Dq,
oy = 7.16 ppm; (CD;),CO, dy = 2.05 ppm); chemical shifts (6)
are given in parts per million (ppm), and coupling constants
(J) are given in Hertz (Hz). The proton spectra are reported as
follows: 0 (multiplicity, coupling constant J, number of protons,
assignment). *C NMR spectra were recorded in CDCl;, C¢Dy
and (CD;),CO at ambient temperature on the same spectrometer
at 100 MHz, with the central peak of CDCI; (0. = 77.0 ppm), C¢Dy
(0c = 128.0 ppm) or (CD;),CO (0 = 30.8 ppm) as the internal
reference. DEPT135 are used to aid in the assignment of signals
in the "C NMR spectra.

(=)-(2EAE)-5-|(R)-4-(tert-Butyldimethylsilyloxy)-2,6,6-tri-
methylcyclohex-1-en-1-yl]-3-methylpenta-2,4-dien-1-ol 10. General
procedure for Stille cross coupling. A solution of (R)-5-(tert-
butyldimethylsilyloxy)-2-{(trifluoromethanesulfonyl)oxy]-1,3,3-tri-
methylcyclohex-1-ene 7 (0.70 g, 1.75 mmol) in NMP (15.6 mL)
was added to a solution of Pd,(dba); (0.04 g, 0.042 mmol), AsPh;
(0.11 g, 0.35 mmol) in NMP (3.2 mL). After stirring for 10 min,
a solution of (2FE,4F)-3-methyl-5-(tri-n-butylstannyl)penta-2,4-
dien-1-ol 8 (0.82 g, 2.10 mmol) in NMP (3.2 mL) and LiCl
(0.22 g, 5.26 mmol) was added. The mixture was stirred for
14 h at 80 °C. An aqueous solution of KF (10 mL) was added
and the mixture was stirred for 10 min and then extracted with
t-BuOMe (3x). The combined organic layers were washed with
H,O (3x), dried (Na,SO,) and the solvent was evaporated. The
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residue was purified by column chromatography (silica gel, 90 :
10 hexane/ethyl acetate) to afford 0.42 g (68%) of a yellow
oil identified as 10. [a]p"® — 64.9 (¢ 0.02, MeOH). '"H-NMR
(400.16 MHz, CDCl;): 6 6.1-6.0 (m, 2H, H, + H;), 5.61 (t, J =
6.8 Hz, 1H, H,), 4.30 (d, J = 6.8 Hz, 2H, 2H,), 4.0-3.8 (m, 1H,
Hy), 2.22 (dd, J = 17.0, 5.2 Hz, 1H, Hy), 2.1-2.0 (m, 1H, Hy),
1.85 (s, 3H, C;—CH,), 1.68 (s, 3H, C,—CHj;), 1.6-1.5 (m, 1H, Hy),
1.45 (t, J = 12.0 Hz, 1H, Hy), 1.03 (s, 3H, C¢y—CHj;), 1.02 (s,
3H, C¢—CHj;), 0.90 (s, 9H, SiC(CHj;);), 0.08 (s, 6H, Si(CH;),).
“C-NMR (100.62 MHz, CDCl;): 6 137.9 (d), 137.5 (s), 137.1 (s),
129.2 (d), 127.0 (s), 126.7 (d), 66.1 (d), 59.8 (1), 49.1 (1), 43.3 (1),
37.4 (s), 30.5 (9), 28.9 (q), 26.4 (q, 3x), 21.9 (q), 18.6 (s), 12.8 (q),
—4.2(q, 2x). MS (ETI*): m/z (%) 332 (M*-H,O0, 10), 219 (100), 185
(12), 174 (35), 159 (50), 145 (11), 75 (39). HRMS (EI*): Calcd. for
C, H;,08i (M*-H,0)*, 332.2535; found, 332.2529. IR (NaCl): v
3500-3100 (br, OH), 2955 (s, C-H), 2928 (s, C-H), 2856 (s, C-H),
1084 cm™'.

(—)H2E ,4E)-5-|(R)4(tert-Butyldimethylsilyloxy)-2,6,6-trimethyl-
cyclohex-1-en-1-yl]-3-methylpenta-2,4-dienal 11. To a cooled
(0 °C) stirred solution of NMO (0.11 g, 0.94 mmol) in CH,Cl,
(3.6 mL) containing 4 A molecular sieves was added a solution
of 10 (0.22 g, 0.63 mmol) in CH,Cl, (1.8 mL). After stirring for
10 min, TPAP (0.012 g, 0.032 mmol) was added and the mixture
was stirred at 25 °C for 3 h. The mixture was diluted with CH,Cl,
(4 mL) and washed with aqueous Na,SO; (3x). The organic layer
was dried (Na,SO,) and the solvent was evaporated. The residue
was purified by column chromatography (silica gel, 93 : 4 : 3
hexane/ethyl acetate/Et;N) to afford 0.17 g (83%) of a yellow
oil identified as 11. [a]p* — 130.6 (¢ 0.026, MeOH). '"H-NMR
(400.16 MHz, C¢Dy): 6 10.01 (d, J = 7.8 Hz, 1H, H,), 6.38 (d,
J =16.1 Hz, 1H, Hy), 5.96 (d, J = 16.1 Hz, 1H, H,), 592 (d, J =
7.8 Hz, 1H, H,), 4.1-4.0 (m, 1H, H,), 2.26 (dd, J = 17.0, 5.7 Hz,
1H, Hy), 2.15 (dd, J = 17.0, 8.9 Hz, 1H, Hy), 1.8-1.7 (m, 1H,
Hy), 1.71 (s, 3H, C;—CH,), 1.7-1.6 (m, 1H, Hy), 1.54 (s, 3H,
C,—CH,;), 1.05 (s, 9H, SiC(CH5;)s), 1.01 (s, 3H, C¢—CH,), 0.97 (s,
3H, C¢—CH,;), 0.15 (s, 6H, Si(CHj;),). "C-NMR (100.62 MHz,
(CD;),CO): 6 190.4 (d), 153.8 (s), 136.6 (s), 136.4 (d), 134.0 (d),
129.2 (d), 128.9 (s), 65.1 (d), 48.6 (1), 42.9 (1), 36.6 (s), 29.5 (q),
27.9 (q), 25.3 (g, 3x), 20.8 (q), 17.7 (s), 11.9 (q), —5.3 (q, 2x). MS
(EI*): m/z (%) 291 (M*-t-Bu, 28), 235 (90), 216 (21), 205 (23),
199 (25), 197 (21), 190 (48), 175 (59), 173 (29), 171 (33), 157 (36),
147 (38), 145 (26), 143 (38), 133 (78), 121 (29), 119 (49), 105 (41),
95 (42), 91 (25), 75 (100). HRMS (EI*): Calcd. for C, H;,0,Si,
348.2485; found, 348.2487. IR (NaCl): v 2956 (s, C-H), 2928 (s,
C-H), 2856 (s, C-H), 1666 (s, C=0), 1083 cm~'. UV (MeOH):
Amax 280 nm.

Ethyl (-)-(R)-all-trans-3-(tert-butyldimethylsilyloxy)-retinoate
13. A cooled (0 °C) solution of diethyl (E)-3-(ethoxycarbonyl)-
2-methylprop-2-en-1-ylphosphonate 12 (0.09 g, 0.35 mmol) and
DMPU (0.064 mL, 0.53 mmol) in THF (0.2 mL) was treated with
n-BuLi (0.25 mL, 1.32 M in hexane, 0.33 mmol) and stirred for
30 min. The mixture was cooled down to —78 °C, and a solution of
11 (0.07 g, 0.19 mmol) in THF (0.2 mL) was added. The resulting
mixture was allowed to warm to 25 °C for 14 h, and H,O (1 mL)
was added. The reaction was extracted with Et,O (3x) and the
organic layers were washed with H,O (3x) and brine (3x), dried
(Na,SO,) and the solvent was evaporated. The residue was purified
by column chromatography (silica gel, 91 : 6 : 3 hexane/ethyl

acetate/Et;N) to afford 81 mg (99%) of a yellow oil identified
as 13. [a]p® —; 94.0 (c 0.034, MeOH). '"H-NMR (400.16 MHz,
(CD;),CO): 6 7.13(dd, J = 15.1, 11.4 Hz, IH, H,,), 6.42 (d, J =
15.1 Hz, 1H, H,,), 6.25 (d, J = 11.4 Hz, 1H, H,,), 6.3-6.2 (m, 2H,
H, + Hy), 5.82 (s, 1H, Hy,), 4.13(q, J = 7.1 Hz, OCH,-CH;), 4.1-
4.0 (m, 1H, H;), 2.36 (s, 3H, C;;-CH;), 2.4-2.3 (m, 1H, H,), 2.1 (d,
J=11.1Hz, 1H, H,), 2.05 (s, 3H, C,—CHj;), 1.75 (s, 3H, C;—CH,),
1.7-1.6 (m, 1H, H,), 1.48 (t, / = 11.9 Hz, 1H, H,), 1.25(t, J =
7.1 Hz, 3H, OCH,-CH,), 1.11 (s, 3H, C,—~CH,), 1.09 (s, 3H, C,-
CH,), 0.93 (s, 9H, SiC(CHs;)5), 0.11 (s, 6H, Si(CH;),). "C-NMR
(100.62 MHz, (CD;),CO): 6 167.6 (s), 153.7 (s), 140.4 (s), 139.3 (d),
138.6 (s), 136.8 (d), 132.3 (d), 131.4 (d), 128.8 (d), 128.4 (s), 119.9
(d), 66.6 (d), 60.4 (t), 50.1 (t), 44.3 (1), 38.0 (s), 31.1 (q), 29.4 (q),
26.7 (g, 3x), 22.3 (q), 19.1 (s), 15.1 (q), 14.2(q), 13.3(q), —3.9(q,
2x). MS (EI*): m/z (%) 459 (M* + 1, 37), 458 (M*, 100), 326 (23),
285 (91), 133 (16), 131 (15), 121 (27), 105 (19), 91(13), 74 (31),
73 (35). HRMS (EI*): Calcd. for C,H,0;Si, 458.3216; found,
458.3216. IR (NaCl): v 2955 (s, C-H), 2927 (s, C-H), 2856 (s, C-H),
1708 (s, C=0), 1149 cm™'. UV (MeOH): ., 348 nm (¢ = 26800).

Ethyl (—)-(R)-all-trans-3-hydroxyretinoate 14. A cooled (0°C)
solution of 13 (0.078 g, 0.17 mmol) in THF (4 mL) was treated
with #n-Bu,NF (0.21 mL, 1 M in THF, 0.21 mmol) and stirred
for 7 h. The mixture was diluted with Et,O (2 mL) and washed
with an aqueous solution of NaHCO; (1x). The aqueous layer
was extracted with AcOEt (3x) and the combinated organic layers
were washed with brine (3x), dried (Na,SO,) and concentrated.
The residue was purified by column chromatography (silica gel,
60 : 40 hexane/ethyl acetate) to afford 53 mg (58%) of a yellow
oil identified as 14. [a],* — 114.1 (¢ 0.028, MeOH). 'H-NMR
(400.16 MHz, (CD;),CO):6 7.15(dd, J = 15.1, 11.2 Hz, IH, H,)),
6.43 (d, J = 15.1 Hz, 1H, H,,), 6.26 (d, J = 11.2 Hz, 1H, H,,),
6.3-6.2 (m, 2H, H, + Hy), 5.82 (s, 1H, Hy), 4.13(q, / = 7.1 Hz,
OCH,-CH,), 4.0-3.9 (m, 1H, H;), 2.36 (s, 3H, C;;~CH;), 2.3-2.2
(m, 1H, H,), 2.07 (s, 3H, C,—CH,), 2.1-2.0 (m, 1H, H,), 1.8-1.7
(m, 1H, H,), 1.74 (s, 3H, C;—CH,), 1.43 (t, / = 11.9 Hz, 1H, H,),
1.26 (t, J = 7.1 Hz, 3H, OCH,—CH,), 1.10 (s, 3H, C,—CH,), 1.07
(s, 3H, C,—CH;). "C-NMR (100.62 MHz, (CD;),CO): 6 166.2 (s),
152.4 (s), 139.0 (s), 137.7 (d), 137.2 (s), 135.3 (d), 130.9 (d), 129.9
(d), 127.6(d), 127.1 (s), 118.4 (d), 63.3 (d), 58.9 (1), 48.5 (1), 42.5 (1),
36.5(s), 29.7 (q), 27.9 (q), 20.8 (q), 13.6 (q), 12.8 (q), 11.9 (q). MS
(ET*): m/z (%) 345 (M* + 1, 24), 344 (M*, 100), 285 (19), 271 (35),
197 (37), 192 (22), 191 (25), 173 (33), 171 (45), 159 (25), 157 (30),
131 (30), 119 (39), 107 (38), 105 (39), 91 (42). HRMS (EI*): Calcd.
for C,H;,0;, 344.2351; found, 344.2350. IR (NaCl): v 3500-3150
(br, OH), 2957 (s, C-H), 2921 (s, C-H), 1706 (s, C=0), 1151 cm~".
UV (MeOH): Ay, 353 nm (e = 47000).

(=)-(R)-All-trans-3-hydroxyretinal 1. Dibal-H (0.85 mL, 1 M
in hexane, 0.85 mmol) was added to a solution of 14 (0.074 g,
0.21 mmol)in THF (2mL), at —78 °C, and the resulting suspension
was stirred for 1 h. After careful addition of H,O, the mixture
was extracted with Et,O (3x) and the organic layers were dried
(Na,S0O,) and concentrated. The residue was purified by column
chromatography (silica gel, 97:3 hexane/Et;N) to afford 43 mg
(66%) of a yellow oil that was oxidized immediately.

To a solution of this compound (0.04 g, 0.14 mmol) in CH,Cl,
(2.6 mL) was added MnO, (0.22 g, 2.54 mmol) and Na,CO; (0.27 g,
2.54 mmol), and the suspension was stirred for 5 h. The mixture
was filtered throught Celite and the solvents were removed. The
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residue was purified by column chromatography (silica gel, 97 :
3 hexane/ethyl acetate) to afford 0.022 g (52%) as a yellow oil
identified as a mixture of 1 and 2 in a 3 : 1 ratio, which were
separated by HPLC.

Data for (—)-(R)-all-trans-3-hydroxyretinal 1: [a],® — 68.6
(¢ 0.022, MeOH). 'H-NMR (400.16 MHz, (CD;),CO): 6 9.81
(d,J=8.0Hz, 1H, H};),6.98 (dd, J =15.1,11.4Hz, 1H, H,,), 6.17
(d,J=15.1Hz,1H,H,,),6.03(d,J=16.1Hz,1H, H,),5.98(d,J =
11.5Hz,1H,H,,),5.90(d,J=16.1 Hz, 1H, Hy), 5.59 (d, J = 8.0 Hz,
1H, Hy,), 3.7-3.5 (m, 1H, H;), 2.49 (s, 3H, C;;—CH;), 2.1-2.0 (m,
1H, H,), 1.74 (s, 3H, C,—CH;), 1.7-1.6 (m, 1H, H,), 1.4-1.3 (m,
1H, H,), 1.41 (s, 3H, C;—CH;), 1.09 (t, / = 11.9 Hz, 1H, H,), 0.75
(s, 3H, C,—CH,), 0.74 (s, 3H, C,—CH;). "C-NMR (100.62 MHz,
(CD;),CO): 6 190.3 (d), 154.2 (s), 140.3 (s), 137.7 (d), 137.1 (),
135.0 (d), 132.2 (d), 129.9 (d), 128.9 (d), 128.3 (d), 127.4 (s), 63.3
(d), 48.5 (1), 42.5 (1), 36.5 (s), 29.7 (q), 27.9 (q), 20.8 (q), 12.0
(q), 11.9 (q). MS (ET*): m/z (%) 300 (M*, 72), 171 (63), 159 (295),
157 (26), 147 (25), 145 (27), 133 (25), 131 (26), 119 (43), 105
(39), 95 (36), 91 (40), 69 (100). HRMS (EI*): Calcd. for C,)H,0,,
300.2089; found, 300.2086. IR (NaCl): v 3550-3150 (br, OH), 2957
(s, C-H), 2918 (s, C-H), 2850 (s, C-H), 1658 (s, C=0), 1574 cm™".
UV (MeOH): 4., 378 nm (& = 28000).

Data for (—)-(R)-13-cis-3-hydroxyretinal 2: [a]p® — 64.8 (¢
0.012, MeOH). '"H-NMR (400.16 MHz, (CD;),CO): ¢ 10.25 (d,
J =179 Hz, 1H, Hy;), 7.50 (d, J = 15.0 Hz, 1H, H,,), 7.20 (dd,
J=15.0,11.5Hz, 1H, H,,), 6.37 (d, / = 15.9 Hz, 1H, H;), 6.35 (d,
J=11.1Hz, 1H, Hy), 6.23 (d, J/ = 15.9 Hz, 1H, Hy), 5.80 (d, J =
79Hz, 1H, H,,), 3.9-3.8 (m, 1H, H;), 2.4-2.3 (m, 1H, H,), 2.17 (s,
3H, C,;—CHs;), 2.04 (s, 3H, C,—CH;), 2.0-1.9 (m, 1H, H,), 1.8-1.7
(m, 1H, H,), 1.74 (s, 3H, C;—CHj;), 1.42 (t, / = 12.0 Hz, 1H, H,),
1.08 (s, 3H, C,—CH,;), 1.07 (s, 3H, C,—CH;). MS (ET*): m/z (%)
300 (M*, 100), 147 (22), 121 (24), 119 (40), 105 (25), 95 (24), 91
(29), 77 (19). HRMS (EI*): Calcd. for C,Hx0,, 300.2089; found,
300.2086. IR (NaCl): v 3580-3150 (br, OH), 2956 (s, C-H), 2927
(s, C-H), 2855 (s, C-H), 1658 (s, C=0), 1575 cm™'. UV (MeOH):
Amax 374 nm (& = 22000).

(—)-(R)-All-trans-3-(tert-butyldimethylsilyloxy)retinol  15.
Following the general procedure for Dibal-H reduction, the
reaction of 13 (0.08 g, 0.17 mmol) with Dibal-H (0.7 mL, I M in
hexane, 0.7 mmol) in THF (1.6 mL) at —78 °C for 1.5 h, afforded,
after purification by column chromatography (silica gel, 85 : 15
hexane/ethyl acetate) 0.064 g (89%) of a yellow oil identified
as 15. [a]p® — 89.9 (¢ 0.03, MeOH). 'H-NMR (400.16 MHz,
(CD;),CO): 6 6.65 (dd, J = 15.1, 11.3 Hz, 1H, H,)), 6.34 (d,
J =15.1 Hz, 1H, H,,), 6.3-6.2 (m, 3H, H, + H; + H,), 5.70 (t,
J =5.8Hz, 1H, H,,), 425 (t, J = 5.8 Hz, 2H, 2H,5), 4.1-4.0 (m,
1H, H,), 2.8-2.7 (m, 1H, H,), 2.4-2.3 (m, 1H, H,), 1.97 (s, 3H,
C;;—CH,), 1.83 (s, 3H, C,—CHj;), 1.73 (s, 3H, C,—CH,;), 1.8-1.7
(m, 1H, H,), 1.5-1.4 (m, 1H, H,), 1.10 (s, 3H, C,—CH,), 1.07 (s,
3H, C,—CHj;), 0.92 (s, 9H, SiC(CH;);), 0.11 (s, 6H, Si(CH;),).
BC-NMR (100.62 MHz, (CD;),CO): ¢ 139.7 (d), 138.7 (s), 138.6
(d), 136.2 (s), 135.9 (s), 134.2 (d), 132.3 (d), 127.6 (s), 126.6 (d),
125.4 (d), 66.7 (d), 59.7 (1), 50.1 (t), 44.2 (1), 38.0 (s), 31.0 (q),
29.4 (q), 26.7 (g, 3x), 22.2 (q), 19.1 (s), 13.1 (q), 13.0 (q), —3.9
(q, 2x). MS (EI*): m/z (%) 253 (44), 209 (13), 201 (20), 143 (24),
123 (24), 121 (25), 75 (100). HRMS (ET*): Calcd. for C,sH,,0,Si,
416.3126; found, 416.3111. IR (NaCl): v 3550-3150 (br, OH),
2929 (s, C-H) cm™'. UV (MeOH): 4., 323 nm (¢ = 19000).

(=)-(R)-All-trans-3-hydroxyretinal 1. Following the gen-
eral procedure for TBAF deprotection, the reaction of
15 (0.036 g, 0.087 mmol) with »n-Bu,NF (0.35 mL,
1 M in THF, 0.35 mmol) in THF (2 mL) afforded, after purification
by column chromatography (silica gel, 60 : 40 hexane/ethyl
acetate) 18 mg (68%) of a yellow oil that was used immediately.
Following the general procedure for MnO, oxidation, the reaction
of the above alcohol (0.018 g, 0.14 mmol) with MnO, (0.093 g, 1.06
mmol) and anhydrous Na,CO; (0.11 g, 1.06 mmol) in CH,Cl, (1.2
mL) afforded, after purification by column chromatography (silica
gel, 80 : 20 hexane/ethyl acetate), 7 mg (42%) of a yellow mixture
containing 1 and 2 in a 2 : 1 ratio.

(—)-(S5)-2,4,4-Trimethyl-3-(trimethylsilylethynyl)cyclohex-2-en-
1-ol (S)-19. General procedure for enantioselective reduction of
ketones. To a cooled (=78 °C) solution of 2,4,4-trimethyl-
3-(trimethylsilylethynyl)cyclohex-2-en-1-one 18 (1.0 g, 4.26
mmol) in THF (50 mL) were sequentially added a solution of
(R)-2-methyl-CBS-oxazaborolidine (0.43 mL, 1 M in toluene,
0.43 mmol) and BH;-SMe, (0.43 mL, 4.26 mmol). After stirring
for 21 h at —30 °C, H,O (30 mL) was added and the mixture
was extracted with ~-BuOMe (4x). The combined organic layers
were dried (Na,SO,) and the solvent was evaporated. The
residue was purified by column chromatography (silica gel, 93 :
7 hexane/ethyl acetate) to afford 0.98 g (97%) of a white solid
identified as (S)-19. MP: 57-59 °C (-BuOMe). [a],** — 38.4
(¢ 0.026, MeOH)."H-NMR (400.13 MHz, CDCL;): ¢ 4.01 (t,
J = 5.0 Hz, 1H, H,), 2.00 (s, 3H, C,-CHj;), 1.9-1.8 (m, 1H, Hj),
1.7-1.6 (m, 1H, Hy), 1.6-1.5 (m, 1H, Hs), 1.4-1.3 (m, 1H, Hs),
1.14 (s, 3H, C,—CH,), 1.08 (s, 3H, C,—CH,), 0.2 (s, 9H, Si—(CHs;);)
ppm. "C-NMR (100.62 MHz, CDCl;): 6 141.7 (s), 127.7 (s),
103.3 (s), 99.4 (s), 68.8 (d), 34.1 (s), 33.0 (1), 28.8 (q), 28.1 (1),
27.6 (q), 19.3 (q), 0.0 (q, 3x) ppm. MS (FAB*): m/z (%) 237
(M* + 1, 10), 236 (M*, 22), 219 (M*-OH, 100), 180 (33), 165 (13).
HRMS (FAB*): Calcd. for C,,H,;OSi (M + 1)+, 237.1675; found,
237.1671. IR (NaCl):v 3600-3100 (br, OH), 2961 (m, C-H), 2938
(m, C-H), 2866 (m, C-H), 2136 (w, C=C), 1249 cm~'. Elemental
analysis: caled. for C,,H,;0Si: C, 71.12; H, 10.23; found: C, 71.12;
H, 10.27.

(+)-(R)-2,4,4-Trimethyl-3-(trimethylsilylethynyl)cyclohex-2-en-
1-0l (R)-19. Following the general prodedure for enantioselective
reduction of ketones, the reaction of 18 (1.0 g, 4.26 mmol) in
THF (50 mL) with (.S)-2-methyl-CBS-oxazaborolidine (0.43 mL,
1 M in toluene, 0.43 mmol) and BH;-SMe, (0.43 mL, 4.26 mmol)
afforded, after purification by column chromatography (silica
gel, 93 : 7 hexane/ethyl acetate), 0.95 g (94%) of a white solid
identified as (R)-19. [a]p* + 37.6 (¢ 0.027, MeOH). Elemental
analysis: caled. for C,,H,;0Si: C, 71.12; H, 10.23; found: C, 71.09;
H, 10.26.

(—)-(5)-3-Ethynyl-2,4,4-trimethylcyclohex-2-en-1-o0l (.5)-20.
General procedure for deprotection with K,CO;. To a cooled
(0 °C) solution of (S)-19 (0.34 g, 1.45 mmol) in MeOH (6.5 mL)
was added K,CO; (0.38 g, 2.91 mmol) and the mixture was
stirred at 25 °C for 3.5 h. H,O was added (4 mL) and the
mixture was extracted with Et,O (4x). The combined organic
layers were dried (Na,SO,) and the solvent was evaporated. The
residue was purified by column chromatography (silica gel, 90:10
hexane/ethyl acetate) to afford 0.22 g (91%) of a white solid
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identified as (S)-20. MP : 47-49 °C (+~-BuOMe). [a]p,* — 77.6
(¢ 0.036, MeOH)."H-NMR (400.13 MHz, CDCl,): § 4.02 (t,
J = 4.8 Hz, 1H, H)), 3.13 (s, 1H, Hy), 2.00 (s, 3H, C,-CHj;),
1.7-1.5 (m, 2H, 2Hy), 1.5-1.4 (m, 2H, 2H;), 1.15 (s, 3H, C,~CH,),
1.08 (s, 3H, C,—CH;) ppm. *C-NMR (100.62 MHz, CDCl,): §
142.3 (s), 126.9 (s), 82.2 (d), 81.6 (s), 69.0 (d), 34.2 (s), 33.2 (),
28.8 (q), 28.2 (1), 27.6 (q), 19.2 (q) ppm. MS (ET*): m/z (%) 164
(M*,47), 149 (28), 109 (10), 108 (100), 107 (46), 91 (18),90 (13), 79
(18), 77 (12). HRMS (EI*): Calcd. for C,;H O, 164.1201; found,
164.1206. IR (NaCl): v 3600-3100 (br, OH), 2961 (s, C-H), 2937
(s, C-H), 2866 (m, C-H), 2087 (w, C=C) cm™".

(4)-(R)-3-Ethynyl-2,4,4-trimethylcyclohex-2-en-1-0l (R)-20.
Following the general procedure for deprotection with K,CO;,
the reaction of (R)-19 (0.16 g, 0.66 mmol) in MeOH (3 mL) with
K,CO; (0.17 g, 1.32 mmol) afforded, after purification by column
chromatography (silica gel, 90 : 10 hexane/ethyl acetate), 0.11 g
(98%) of a white solid identified as (R)-20. [a]p? + 79.87 (¢ 0.03,
MeOH).

(—)-(S)-3-Ethynyl-2,4,4-trimethylcyclohex-2-en-1-yl acetate
(S)-21. General procedure for protection of alcohols as acetates.
To a solution of (5)-20 (0.04 g, 0.24 mmol) in CH,Cl, (2.5 mL) were
sequentially added Et;N (0.11 mL, 0.86 mmol), DMAP (1.5 mg,
0.12 mmol) and Ac,O (37.4 mg, 0.37 mmol). After stirring for
4 h, a saturated aqueous NaHCO; solution (3 mL) was added.
The mixture was extracted with AcOEt (3x) and the organic layers
were washed with brine (3x), dried (Na,SO,) and the solvent was
evaporated. The residue was purified by column chromatography
(silica gel, 95 : 5 hexane/ethyl acetate) to afford 0.048 g (96%)
of a colorless oil identified as (S)-21. [a]p* — 104.4 (¢ 0.022,
MeOH).'H-NMR (600.13 MHz, CDCl;): 6 5.24 (t, J = 4.1 Hz,
1H, H)), 3.16 (s, 1H, Hy), 2.05 (s, 3H, C,—CH,), 1.9-1.8 (m, 1H,
Hs), 1.86 (s, 3H, COOCH;), 1.7-1.6 (m, 1H, Hy), 1.6-1.5 (m, 1H,
H;), 1.5-1.4 (m, 1H, H;), 1.16 (s, 3H, C,—CH,), 1.08 (s, 3H, C,~
CH;) ppm. *C-NMR (100.62 MHz, CDCI;): 6 170.8 (s), 138.6 (s),
129.1 (s), 82.9 (d), 81.2 (s), 70.8 (d), 34.1 (s), 33.2 (), 28.7 (q), 27.4
(q), 25.0 (1), 21.2 (q), 19.1 (q) ppm. IR (NaCl): v 3287 (m, C-H),
2961 (s, C-H), 2938 (s, C-H), 2861 (m, C-H), 2087 (w, C=C), 1735
(s, C=0), 1236 cm™'. MS (ET*): m/z (%) 206 (M*, 8), 147 (31),
146 (56), 132 (43), 131 (100), 129 (59), 128 (53), 116 (75), 115 (75),
108 (44), 91 (76), 77 (41), 65 (12), 63 (12). HRMS (EI*): Calcd. for
C;H50,, 206.1307; found, 206.1310.

(4)-(R)-3-Ethynyl-2,4,4-trimethylcyclohex-2-en-1-yl acetate
(R)-21. Following the general procedure for protection of al-
cohols as acetates, the reaction of (R)-20 (0.86 g, 5.24 mmol) in
CH,CI, (52.5 mL) with Et;N (2.38 mL, 18.34 mmol), DMAP
(32 mg, 0.26 mmol) and Ac,0O (0.74 mL, 7.86 mmol) afforded,
after purification by column chromatography (silica gel, 95 : 5
hexane/ethyl acetate) 1.02 g (94%) of a colorless oil identified as
(R)-21. [alp* + 99.8 (¢ 0.016, MeOH).

(—)-(S)-3-[2-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-
ethen-1-yl]-2,4,4-trimethylcyclohex-2-en-1-yl acetate (5)-22. Gen-
eral procedure for the preparation of pinacol boronates. BH;-SMe,
(0.35mL, 3.77 mmol) was slowly added to a cooled (0 °C) solution
of pinacol (0.45 g, 3.77 mmol) in CH,Cl, (0.4 mL). The mixture
was stirred at this temperature for 1h and at 25 °C for an
additional 1h. A solution of (S)-21 (0.131 g, 0.63 mmol) in
CH,Cl, (0.1 mL) was slowly added at 0 °C, and the reaction

mixture was stirred at 25 °C for 1 h and at 50 °C for an additional
5 h. After cooling down to 25 °C, Et,O (1 mL) and a saturated
aqueous NH,Cl (I mL) were added. The organic layer was
washed with saturated aqueous NH,Cl (3x), dried (Na,SO,)
and the solvent was evaporated. The residue was purified by
column chromatography (silica gel, 95 : 5 hexane/ethyl acetate)
to afford 0.086 g (54% based on recovered starting alkyne (S)-21)
of a colorless oil identified as (S5)-22. [a]p* — 87.4 (¢ 0.024,
MeOH)."H-NMR (600.13 MHz, CDCl;): 6 6.94 (d, J = 18.6 Hz,
1H, Hy), 5.46 (d, J = 18.6 Hz, 1H, Hy), 5.21 (t, J = 4.6 Hz, 1H,
H,), 2.07 (s, 3H, COOCH;), 1.9-1.8 (m, 1H, Hy), 1.8-1.7 (m, 1H,
Hy), 1.67 (s, 3H, C,—CH;), 1.6-1.5 (m, 1H, Hs), 1.5-1.4 (m, 1H,
Hs), 1.29 (s, 12H, -OC(CH;),C(CH,),0-), 1.07 (s, 3H, C,—CH,),
1.02 (s, 3H, C,—CH;) ppm. "C-NMR (100.62 MHz, CDCL,): 6
171.4 (s), 148.9 (d, 2x), 145.8 (s), 127.0 (s), 83.6 (s, 2x), 72.8 (d),
35.2 (1), 34.6 (s), 29.2 (q), 27.6 (q), 25.6 (1), 25.2 (q, 4x), 21.8 (q),
18.5 (@) ppm. MS (ETI*): m/z (%) 274 (M*-OAc, 45), 259 (82),
172 (25), 159 (100), 158 (18), 146 (29), 145 (15), 133 (22), 131 (67),
101 (76), 84 (15), 83 (40). HRMS (ET*): Calcd. for C,;H;BO,,
274.2219; found, 274.2230. IR (NaCl): v 2975 (s, C-H), 2864 (m,
C-H), 1736 (s, C=0), 1619, 1349, 1242, 1142 cm™".

(+)-(R)-3-[2-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-
ethen-1-yl]-2,4,4-trimethylcyclohex-2-en-1-yl  acetate  (R)-22.
Following the general procedure for the preparation of pinacol
boronates, the reaction of (R)-21 (0.17 g, 0.81 mmol) with
BH;-SMe, (0.45 mL, 4.8 mmol) and pinacol (0.57 g, 4.80 mmol)
in CH,Cl, (0.6 mL) afforded, after purification by column
chromatography (silica gel, 95 : 5 hexane/ethyl acetate), 0.074 g
(57% based on recovered starting alkyne (R)-21) of a colorless oil
identified as (R)-22. [a]p** + 74.9 (¢ 0.012, MeOH).

(R)-3-[1-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-ethen-
1-yl]-2,4,4-trimethylcyclohex-2-en-1-yl ~ Acetate. 'H-NMR
(600.13 MHz, CDCl;): 0 6.05 (d, J = 3.9 Hz, 1H, Hy), 5.45 (d,
J =39 Hz, 1H, Hy), 5.28 (t, J = 5.3 Hz, 1H, H,), 2.10 (s, 3H,
COOCH,), 1.9-1.8 (m, 1H, Hy), 1.8-1.7 (m, 1H, Hy), 1.6-1.5 (m,
1H, Hs), 1.5-1.4 (m, 1H, Hj), 1.46 (s, 3H, C,—CH,), 1.27 (s, 12H,
OC(CH,),), 1.00 (s, 3H, C,—CH;), 0.94 (s, 3H, C,—~CH;) ppm.
BC-NMR (100.62 MHz, CDCl,): d 171.6 (s, COOCHs;), 147.2 (s,
C,), 132.5 (t, Cy), 132.5 (s, Cy), 123.7 (s, C,), 83.8 (s, C(CH;),),
73.0 (d, C)), 35.4 (1, Cs), 34.8 (s, Cy), 28.4 (q, C,—CH,), 27.6 (q,
C,—CH,), 25.9 (t, Cs), 25.0 (q, 4x, C(CHs),), 21.8 (q, COOCH,),
17.7 (q, C,—CHs;) ppm. MS (EI*): m/z (%) 334 (M*, 2), 292 (41),
274 (93), 259 (M*-OAc, 100), 258 (25), 236 (42), 218 (28), 191
(22), 159 (35), 136 (26), 101 (60), 91 (26), 83 (33). HRMS (EI"):
Calcd. for C,yH;,BO,, 334.2315; found, 334.2308.

(—)-(5)-3-(2-1odoethen-1-yl)-2,4,4-trimethylcyclohex-2-en-1-yl
acetate (5)-17. General procedure for the boron/iodine exchange
reaction. A solution of (—)-(S)-3-[2-(4.4,5,5-tetramethyl-[1,3,2]-
dioxaborolan-2-yl)-ethen-1-yl]-2,4,4-trimethylcyclohex-2-en-1-yl
acetate (5)-22 (0.32 g, 0.97 mmol) in THF (15 mL) was cooled
down to —78 °C and treated with a suspension of MeONa
(0.11 g, 2.12 mmol) in MeOH (1 mL). After stirring for 30 min,
ICI (1.02 mL, 1 M in CH,Cl,, 1.02 mmol) was slowly added
and the mixture was stirred at —78 °C for an additional 2 h.
Et,0 (15 mL) was added, the organic layer was separated and
washed with a saturated aqueous Na,S,0; (2x), H,O (2x) and
brine (2x), dried (Na,SO,) and the solvent was evaporated. The
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residue was purified by column chromatography (silica gel, 97 :
3 hexane/ethyl acetate) to afford 0.20 g (81%) of a colorless oil
identified as (S)-17. [a]p* — 84.2 (¢ 0.032, MeOH)."H-NMR
(400.16 MHz, CDCl;): 6 6.95 (d, J = 14.8 Hz, 1H, H,), 6.07 (d,
J =14.8 Hz, 1H, Hy), 5.18 (t, J = 4.6 Hz, 1H, H),), 2.07 (s, 3H,
COOCH,), 1.9-1.8 (m, 1H, Hy), 1.7-1.6 (m, 1H, Hy), 1.64 (s, 3H,
C,—CH,), 1.6-1.5 (m, 1H, H;), 1.5-1.4 (m, 1H, Hj), 1.04 (s, 3H,
C,—CH,), 0.99 (s, 3H, C,—CH;) ppm. “C-NMR (100.62 MHz,
CeDy): 0 170.3 (s), 144.9 (s), 143.6 (d), 128.7 (s), 80.6 (d), 72.0 (d),
35.0 (1), 34.5 (s), 28.8 (q), 27.3 (q), 25.9 (1), 21.2 (q), 18.5 (q) ppm.
MS (ET*): m/z (%) 275 (M*-OAc, 1), 274 (24), 259 (47), 147 (53),
131 (100), 117 (40), 105 (32), 91 (54). HRMS (EI*): Calcd. for
C, Hysl, 275.0297; found, 275.0298. IR (NaCl): v 2929 (s, C-H),
2926 (s, C-H), 2864 (m, C-H), 1735 (s, C=0), 1241 cm™".

(+)-(R)-3-(2-Iodoethen-1-yl)-2,4,4-trimethylcyclohex-2-en-1-
yl acetate (R)-17. Following the general procedure for the
boron/iodine exchange reaction, the reaction of (R)-22 (0.38 g,
1.15 mmol) in THF (18 mL) with MeONa (0.14 g, 2.53 mmol) in
MeOH (1.15 mL) and ICl1 (1.21 mL, 1 M in CH,Cl,, 1.21 mmol)
afforded, after purification by column chromatography (silica
gel, 96 : 4 hexane/ethyl acetate), 0.31 g (86%) of a colorless oil
identified as (R)-17. [a]p** + 81.7 (¢ 0.022, MecOH).

(—)-(S)-All-trans-4-acetoxyretinol (S)-23. Following the gen-
eral procedure for Stille cross-coupling, the reaction of (—)-(.5)-3-
(2-iodoethen-1-yl)-2,4,4-trimethylcyclohex-2-en-1-yl acetate (S)-
17 (0.063 g, 0.19 mmol) with (2E,4E,6E)-3,7-dimethyl-7-(tri-
n-butylstannyl)hepta-2,4,6-trien-1-ol 16 (0.09 g, 0.20 mmol),
Pd,(dba); (4.3 mg, 0.0047 mmol) and AsPh; (11.9 mg, 0.038 mmol)
in NMP (3.5 mL) at 40 °C for 6 h, afforded, after purification by
column chromatography (silica gel, 85 : 15 hexane/ethyl acetate),
0.046 g (70%) of a yellow oil identified as (S)-23. [a]p* — 44.4
(¢ 0.036, MeOH)."H-NMR (400.13 MHz, (CD;),CO): § 6.65 (dd,
J=15.1,11.2Hz, 1H, H,)), 6.13(d, J/ = 15.1 Hz, 1H, H,,), 6.3-6.2
(m, 3H, H; + Hg + Hy), 5.70 (t, / = 6.4 Hz, 1H, H,,), 5.20 (t,
J =4.6 Hz, 1H, H,), 4.32 (t, / = 6.4 Hz, 2H, 2H;), 2.05 (s, 3H,
COOCH;), 2.02 (s, 3H, C;;-CHj;), 1.9-1.8 (m, 1H, H;), 1.85 (s, 3H,
Cy—CH,), 1.8-1.7 (m, 1H, H;), 1.69 (s, 3H, Cs;—CH;), 1.7-1.6 (m,
1H, H,), 1.5-1.4 (m, 1H, H,), 1.07 (s, 3H, C,—CH,), 1.04 (s, 3H,
C,—CH;) ppm. "C-NMR (100.62 MHz, (CD;),CO): § 171.9 (s),
145.6 (s), 141.0 (d), 139.6 (d), 136.6 (s), 136.5 (s), 135.1 (d), 133.6
(d), 127.9 (s), 126.7 (d), 125.9 (d), 73.6 (d), 60.3 (1), 36.4 (1), 36.3
(s), 30.3 (q), 28.6 (q), 27.0 (1), 22.1 (q), 19.6 (q), 13.7 (q), 13.6 (Q).
MS (EI*): m/z (%) 284 (M*—OAc, 2), 278 (25), 262 (54), 247 (54),
245 (49), 232 (46), 207 (53), 195 (45), 179 (43), 171 (50), 165 (51),
157 (55), 143 (55), 141 (58), 133 (64), 131 (45), 129 (64), 128 (65),
119 (59), 117 (39), 115 (78), 105 (71), 95 (54), 91 (100), 77 (39).
HRMS (EI*): Calced. for C0H,O, 284.2140; found, 284.2143. IR
(NaCl): 6 3550-3100 (br, OH), 2956 (s, C-H), 2926 (s, C-H), 1731
(s, C=0), 1241 cm™'. UV (MeOH): 4 323 nm (¢ = 37000).

(4)-(R)-All-trans-4-acetoxyretinol (R)-23. Following the gen-
eral procedure for Stille cross-coupling, the reaction of (R)-
17 (0.047 g, 0.14 mmol) with (2E,4E,6E)-3,7-dimethyl-7-(tri-
n-butylstannyl)hepta-2,4,6-trien-1-ol 16 (0.064 g, 0.15 mmol),
Pd,(dba); (3.2 mg, 0.0035 mmol) and AsPh; (8.7 mg, 0.028 mmol)
in NMP (3.5 mL) at 40 °C for 7 h afforded, after purification by
column chromatography (silica gel, 90 : 10 hexane/ethyl) 31.2 mg

(65%) of a yellow oil identified as (R)-23. [a]p** + 42.8 (¢ 0.014,
MeOH).

(—)-(S)-All-trans-4-acetoxyretinal (S)-24. General procedure for
Dess—Martin oxidation. To a solution of (—)-(S)-all-trans-3-
acetoxyretinol (S)-23 (0.055 g, 0.16 mmol) in CH,Cl, (7.5 mL)
were sequentially added pyridine (0.145 mL) and Dess—Martin
periodinane (0.09 g, 0.21 mmol). After stirring for 6 h, a saturated
aqueous NaHCO; solution (3 mL) was added. The mixture was
extracted with CH,Cl, (3x) and the organic layers were washed
with NaHCO,; (3x) and Na,S,0; (3x), dried (Na,SO,) and the
solvent was evaporated. The residue was purified by column
chromatography (silica gel, 93 : 7 hexane/ethyl acetate) to afford
0.04 g (71%) of a mixture of (S)-24 and (S, 13Z2)-24 ina 8.5: 1
ratio.

Data for (—)-(S)-all-trans-4-acetoxyretinal (S)-24. [a]p** —
19.4 (¢ 0.036, MeOH)."H-NMR (400.16 MHz, C¢Dy): 6 10.01 (d,
J =7.8 Hz, 1H, Hs), 6.80 (dd, J/ = 15.0, 11.5 Hz, 1H, H,,), 6.20
(s, 2H, H; + Hy), 6.04 (d, / = 15.1 Hz, 1H, H,,), 6.1-5.9 (m, 2H,
H, + Hy), 5.50 (t, / = 4.6 Hz, 1H, H,), 1.83 (s, 3H, COOCH,),
1.78 (s, 3H, C-CH,;), 1.73 (s, 3H, C-CHj;), 1.72 (s, 3H, C-CH,),
1.7-1.6 (m, 2H, 2H;), 1.4-1.2 (m, 2H, 2H,), 1.05 (s, 3H, C,—CH,),
0.96 (s, 3H, C,—CHj;) ppm. "C-NMR (100.62 MHz, (CD;),CO):
0190.3 (d), 170.1 (s), 155.1 (s), 143.5(s), 139.9 (s), 138.5(d), 135.5
(d), 132.0 (d), 130.7 (d), 129.0 (d), 127.6 (d), 127.2 (s), 71.5 (d),
34.4 (1), 32.5 (s), 28.6 (q), 26.6 (q), 24.9 (1), 20.1 (q), 17.6 (q),
12.0 (q), 11.9 (q). MS (EI*): m/z (%) 342 (M*, 62), 300 (50), 283
(37), 282 (M*-OAc, 100), 187 (34), 119 (51), 105 (44), 95 (45), 91
(45), 77 (24). HRMS (ET*): Calcd. for C,,H;,05, 342.2195; found,
342.2193. IR (NaCl): § 2953 (s, C-H), 2924 (s, C-H), 2854 (m,
C-H), 1735 (m, C=0), 1661, 1457, 1240 cm™'. UV (MeOH): 4
368 nm (¢ = 23300).

Data for (S)-13-cis-4-acetoxyretinal (S, 137)-24. '"H-NMR
(400.13 MHz, C,Dy): ¢ 10.13 (d, J = 7.3 Hz, 1H, H;), 7.10 (d,
J =152 Hz, 1H, Hy;,), 6.71 (dd, J = 15.2, 11.5 Hz, 1H, H,)),
6.21 (s, 2H, H; + Hy), 6.00 (d, J = 11.5 Hz, 1H, H,,), 5.75 (d,
J =17.3Hz IH, Hy,), 549 (t, J = 4.5 Hz, 1H, H,), 1.84 (s, 3H,
COOCH,), 1.77 (s, 3H, C-CH,), 1.71 (s, 3H, C-CH3;), 1.58 (s, 3H,
C-CHj;), 1.6-1.2 (m, 4H, 2H; + 2H,), 1.05 (s, 3H, C,—CHs;), 0.96
(s, 3H, C,—CH,) ppm.

(+)-(R)-All-trans-4-acetoxyretinal (R)-24. Following the gen-
eral procedure for Dess—Martin oxidation, the reaction of (R)-23
(0.055 g, 0.16 mmol) with piridine (0.143 mL) and Dess—Martin
periodinane (0.088 g, 0.21 mmol) in CH,Cl, (7.3 mL) afforded,
after purification by column chromatography (silica gel, 96 : 4
hexane/ethyl acetate), 0.034 g (63%) of a yellow oil identified as a
mixture of (R)-24 and (R, 13Z2)-24 in a 6.5:1 ratio.

Data for (R)-24. [o]** + 17.6 (¢ 0.034, MeOH)

(=)-(S)-All-trans-4-hydroxyretinal 3. Following the general
procedure for deprotection with K,CO;, the reaction of (—)-
(S)-all-trans-4-acetoxyretinal (S)-24 (0.022 g, 0.064 mmol) in
MeOH (0.6 mL) with K,CO; (8.9 mg, 0.064 mmol) afforded,
after purification by column chromatography (silica gel, 85 : 15
hexane/ethyl acetate), 0.014 g (73%) of a yellow oil identified as a
mixture of 3and 4 in a 3 : 1 ratio, which were separated by HPLC.

Data for (—)-(S)-all-trans-4-hydroxyretinal 3. [a]p* — 89.0
(¢ 0.016, MeOH).'"H-NMR (400.13 MHz, (CD;),CO): 6 10.13 (d,
J = 8.0 Hz, 1H, H,s), 7.31 (dd, J = 15.1, 11.5 Hz, 1H, H,)),

162 | Org. Biomol. Chem., 2006, 4, 155-164

This journal is © The Royal Society of Chemistry 2006





6.51 (d, J = 15.1 Hz, 1H, H,,), 6.37 (d, J = 16.1 Hz, 1H, H,),
6.32 (d, J = 11.5 Hz, 1H, H,), 6.24 (d, J = 16.1 Hz, 1H, Hy),
592 (d, J = 8.0 Hz, 1H, Hy,), 3.94 (t, J = 4.5 Hz, 1H, H,),
2.38 (s, 3H, C,,-CH,), 2.07 (s, 3H, C,-CH,), 1.9-1.8 (m, 1H, H,),
1.82 (s, 3H, Cs-CH,), 1.7-1.6 (m, 2H, H, + H,), 1.4-1.3 (m, 1H,
H.), 1.04 (s, 3H, C,~CH,), 1.03 (s, 3H, C,~CH,) ppm. *C-NMR
(100.62 MHz, (CD),CO): § 190.3 (d), 154.2 (s), 140.2 (s), 139.7
(s), 137.9 (d), 135.1 (d), 132.1 (d), 131.9 (s), 130.1 (d), 128.9 (d),
128.5 (d), 68.9 (d), 34.7 (1), 34.2 (s), 28.5 (1), 28.2 (q), 27.1 (q), 17.9
(q), 12.0 (q), 11.9 (q). MS (EI"): m/z (%) 300 (M*, 72), 203 (15),
190 (14), 175 (15), 161 (26), 119 (43), 105 (37), 91 (37), 86 (69).
HRMS (EI*): Caled. for CoyHa0,, 300.2089; found, 300.2086. IR
(NaCl): 6 3500-3100 (br, OH), 2918 (s, C-H), 2850 (m, C-H),
1656 (m, C=0), 1575, 1164, 996 cm™'. UV (MeOH): 4., 375 nm
(e = 31900).

Data for (—)-(S)-13-cis-4-hydroxyretinal 4. [a]p* — 75.8
(¢ 0.018, MeOH)."H-NMR (400.13 MHz, (CD;),CO): 6 10.25 (d,
J =78 Hz, 1H, Hy), 7.52 (d, J = 15.0 Hz, 1H, H,,), 7.20 (dd,
J =150, 11.3 Hz, 1H, H,,), 6.38 (d, J = 16.2 Hz, 1H, H,), 6.36
(d, J = 11.3 Hz, 1H, H,), 6.25 (d, J = 16.2 Hz, 1H, Hy), 5.80 (d,
J =8.0 Hz, 1H, H,), 3.94 (t, J = 4.5 Hz, 1H, H,), 2.18 (d, J =
0.9 Hz, 3H, C,,—CHj), 2.07 (s, 3H, C,—CHS), 1.9-1.8 (m, 1H, H),
1.82 (s, 3H, Cs—CH3), 1.7-1.6 (m, 2H, H; + H,), 1.4-1.3 (m, 1H,
H,), 1.05 (s, 3H, C,—~CH;), 1.03 (s, 3H, C,—CHj;) ppm. MS (EI*):
m/z (%) 300 (M*, 100), 161 (25), 135 (25), 119 (38), 107 (25), 105
(33), 95 (25), 91 (33), 69 (31). HRMS (EI*): Calcd. for CoyHysOs,
300.2089; found, 300.2087. IR (NaCl): v 3580-3150 (br, OH), 2956
(s, C-H), 2927 (s, C-H), 2855 (s, C-H), 1658 (s, C=0), 1575 cm™".
UV (MeOH): /... 368 nm (¢ = 28500).

(+)-(R)-All-trans-4-hydroxyretinal 5. Following the general
procedure for deprotection with K,CO;, the reaction of (R)-24
(0.026 g, 0.08 mmol) in MeOH (0.7 mL) with K,CO; (0.011 g,
0.07 mmol) afforded, after purification by column chromatogra-
phy (silica gel, 85 : 15 hexane/ethyl acetate), 0.015 g (67%) of a
yellow oil identified as a mixture of 5 and 6 in a 3 : 1 ratio, which
were separated by HPLC.

Data for (+)-(R)-all-trans-4-hydroxyretinal 5: [a]p* + 87.0
(c 0.018, MeOH).

Data for (+)-(R)-13-cis-4-hydroxyretinal 6: [a],* + 73.2
(¢ 0.012, MeOH).

Cloning, expression and purification of Xenopus laevis ADHS

ADHS8 cDNA sequence from Xenopus laevis was obtained by
nested-PCR, using two sets of degenerated primers based on
the sequence of the orthologous enzyme from Rana perezi,'®
followed by 3'-end RACE-PCR amplification. The sequence
was deposited in the GenBank data base under the accession
no. AJ566764. The full-length ¢cDNA was then generated by
PCR amplification, cloned in the expression vector pGEX-4T-2
(Amersham Biosciences) and used to transform E. coli BL21 cells,
as described previously.'™ Expression, cell lysis and purification of
Xenopus ADHS as a fusion protein with glutathione-S-transferase
(GST) were conducted as described for the Rana perezi enzyme.’
Finally, the homogeneity of the purified protein was assessed
by SDS-PAGE followed by Coomassie Brilliant Blue (Sigma)
staining.

Enzyme kinetics

Enzymatic activities of purified Xenopus ADHS8 were determined
in a Varian Cary 400 spectrophotometer, at 25 °C. Standard
activity was measured with 1.92 mM octanol (Merck) and 2.4 mM
NADP* (Roche) in 0.1 M glycine, pH 10.0, at 340 nm, in 1-cm
pathlength cuvettes. A specific activity of 34.02 U mg~! for octanol
was considered. One unit (U) of ADH activity is defined as the
amount of enzyme required to transform 1 pmol of substrate or
cofactor per min at 25 °C. Activities for retinal reduction kinetics
were determined at 400 nm, with 0.6 mM NADPH (Roche), and
0.1 M sodium phosphate, pH 7.5, 0.02% Tween 80 (assay buffer),
in 0.2-cm pathlength cuvettes. Retinoid concentration ranged from
0.1 x K,,to 10 x K,, and each individual rate measurement was run
in duplicate. Kinetic constants were calculated using the GraFit
5.0 program (Erithacus Software Limited), and the results were
expressed as the mean value + SEM. A molecular weight of 80,000
for ADH dimer was used to calculate k., values.

Molar absorption coefficients in the assay buffer, used to
calculate retinoid concentration, were &, = 29500 M~! cm™' for
all-trans-retinal (Sigma) and é&;,, = 27000 M~' cm™' for 13-cis-
retinal (Sigma). Since the absorption coefficients for the ring-
oxidized retinals were not known, these values were first estimated
in methanol, and then calculated in the assay buffer: &;; =
30300 M~! cm™' for 4-hydroxyretinal, 5,3 = 26600 M~! cm™" for 3-
hydroxyretinal, &5 = 28500 M~! cm™! for 4-hydroxy-13-cis-retinal,
and &;;, = 25400 M~! cm™! for 13-cis-3-hydroxyretinal. Substrate
solutions were prepared by diluting 1 mg retinal, dissolved in 150—
500 uL methanol, with the appropriate volume of the assay buffer
to have a final concentration of approximately 200 uM, at 4 °C
and under dim red light. The stability of the retinoid was checked
spectrophotometrically.
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The advantages of combining heterogeneous catalysis and aryl chloride substrates for cross-coupling are
introduced. A heterogeneous Pd/C catalyst is used for activating aryl bromides and electron withdrawing
aryl chlorides via a one-pot ‘domino’ HALEX-Sonogashira reaction. No ligand or co-catalyst

is required, and the cross-coupling products are obtained in moderate to good yields. The influence

of the solvent, base, iodide source and catalyst is evaluated. The catalyst is reusable for at least six
consecutive reaction cycles. A variation on this reaction using catalytic amounts of KI is also proposed.

Introduction

The palladium and copper co-catalyzed coupling of terminal
alkynes with aryl halides (the Sonogashira reaction) is one of the
most widely used tools to form C—C bonds." It provides an efficient
route to aryl alkyne derivatives, which are useful in diverse areas
ranging from natural product chemistry? to materials science.’
Since its discovery, a variety of modifications were reported for
this reaction, including microwave conditions** and Pd-free,*"!
Cu-free, > and ligand-free versions.®'""* However, in most
studies aryl iodides are used as coupling partners to the alkynes.
For practical purposes, the less reactive bromo- and chloro-aryls
are attractive because of their lower cost and wider availability
compared to iodides.” The few efficient protocols reported for
coupling of these substrates rely heavily on the use of electron-
rich Pd complexes with or without Cul co-catalyst.?*2¢ These
homogeneous Pd catalysts are laborious to synthesize, and their
separation from the product mixture is often difficult and costly.
Recently, we discovered ligand-free Cu and Cu/Pd nanoparticles
as catalysts for Sonogashira'* and Suzuki coupling reactions.””?
While they are highly active, the separation and recovery of
these nanoparticles is tedious and may result in Pd-contaminated
products. This problem can be overcome by using easily separable
supported catalysts that are extensively studied for Heck and
Suzuki reactions.” Nevertheless, only a few reports describe the
Sonogashira reaction catalyzed by these catalysts.!>83%-32 Kotschy
and co-workers®® have shown that the heterogeneous system
(5 mol% Pd/C + 10 mol% Cul + 10 mol% PPh,) is active for
coupling of aryl bromides and two activated chlorides with
alkynes. However, its success remained linked to the use of Cul as
co-catalyst, that also catalyzes the undesired oxidative homocou-
pling (Hay coupling) of terminal alkynes to the corresponding
diyne.**3* A Cu-free Pd-modified zeolite catalyst was also recently
applied to couple non-activated bromides,”® but the yields were
moderate (20-45%). Therefore, an efficient ‘Pd/C only’ catalyst
system for coupling of aryl halides other than iodides would be
of major interest for both industrial and academic applications.

van't Hoff Institute for Molecular Sciences, University of Amsterdam,
Nieuwe Achtergracht 166, 1018 WV, Amsterdam, The Netherlands. E-mail:
gadi@science.uva.nl; Fax: +31 20 525 5604

One of the possible ways of activating these halides is to use
the halogen exchange (HALEX) reaction®?¢ [eqn (1)] prior to
Sonogashira coupling [eqn (2)]. In this two-step system, the aryl
chloride is first converted to the reactive iodide that can then
readily couple with the alkyne. However, for economical and
environmental reasons it is essential to reduce the number of
reaction steps for any synthesis. To shorten the synthetic procedure
the promising strategy is to carry out a one pot sequential reaction,
commonly referred to as a ‘multistep one-pot reaction’.* Such
reactions are attractive because they minimize waste and reduce
processing times. We report here a ligand-free and Cu-free het-
erogeneous Pd/C catalyst to activate aryl bromides and chlorides
using a ‘domino’ HALEX-Sonogashira reaction [eqn (3)].

X
I
| ~ 4 g 3mol% P | N, o
V&7 130 °C =
R
R
1 2 M)
| It
A 3 mol% Pd/C
| + base
R// 130 °C
2 3 )
— S +HI
\ K
4
X It
3 mol% Pd/C
| ~ + base, Kl
/ 0,
R/ 130 °C
1 3
— 77 + HX
\ 7 R
4
X=Br, Cl; R=H, Me, CF3, C(H)=0, COCHs, CN; (3)
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Results and discussion

In 1988, Bozell and Vogt* reported an interesting two stage
process where they activated chloroarenes using Nal for Heck
reactions catalyzed by bimetallic Pd(dba),~NiBr,. Inspired by
this system, we tried the HALEX reaction to activate 4-
chlorobenzonitrile 1 using KI as the iodide source in the presence
of Pd/C catalyst. A mixture containing 1, 3 equiv. KI and 0.03
equiv. Pd/C (pellets) in DMF was heated at 130 °C under N, for
48 h. The reaction progress was monitored by GC. We were excited
to observe 64% conversion of 1 to 4-iodobenzonitrile 2 after 48 h.
Further reaction for 24 h did not improve the yield. No conversion
was observed at 110 °C, even after 3 d.

In another experiment we carried out the Sonogashira cou-
pling of 2 with phenylacetylene 3 using the same catalyst and
solvent. In a typical reaction, 1.5 equiv. 3 and one equiv. aryl
halide 2 were mixed in the presence of 2.5 equiv. KF and 0.03
equiv. Pd/C pellets at 130 °C under N,. A quantitative yield
of 4-cyanodiphenylacetylene 4 was obtained within 8 h. After
reaction completion, the catalyst was separated and the substituted
diphenylacetylene 4 was isolated and analyzed by GC/MS.

These reactions can be considered as a sequential two-step
procedure to obtain a Sonogashira coupling product. In principle,
it should be possible to carry out a one pot reaction, where the in
situ formed aryl iodide (vie HALEX reaction) can readily couple
with phenylacetylene to give the desired coupling product. We then
examined this possibility using aryl halide 1, alkyne 3, KI, KF
and Pd/C in DMF under similar reaction conditions and molar
ratios of reagents as mentioned above. Note that no ligands or Cu
co-catalysts were used as opposed to the Pd/C system described
recently.®' After 48 h, we obtained a 34% yield of the substituted
diphenylacetylene 4. Additionally, 2-3% dehalogenation of aryl
halide and 5-6% homocoupling of phenylacetylene was observed.
However, we did not observe any aryl fluoride, which can form via
halogen exchange between aryl chlorides and KF in presence of
phase transfer agents.*” Note that when the stirring rate was kept
below 300 rpm the reaction failed, probably due to mass transfer
limitations. Therefore, all further reactions were carried out at a
sufficiently high stirring rate.

To optimize our system and find an efficient protocol for Sono-
gashira coupling, we studied the effect of various parameters such
as the type of base, presence of water, iodide source and catalyst.
The coupling of 4-chlorobenzonitrile 1 with phenylacetylene 3 to
give diphenylacetylene 4 was used as a model reaction. Table 1
shows the results obtained for various bases, amount of water
added and different iodide sources. Choosing the right base is
crucial for a successful reaction. We obtained low yields with
inorganic bases such as KOH, NaOH, acetate and carbonate, both
in presence and absence of water (entries 1-5). Surprisingly, the
most commonly used bases, tetrabutylammonium acetate (TBAA)
and Et;N were not effective (entries 7 and 8). The best results
were obtained with tetrabutylammonium fluoride (TBAF) and
KF (entries 6 and 9). This indicates that the presence of fluorides
is necessary to achieve good yields.

We used a DMF-H,O mixture to dissolve the bases that were
not soluble in pure DMF, assuming that this might improve the
yield. Indeed, in the case of KF the yield of 4 was nearly doubled
when the DMF-H,O ratio was maintained at 3 : 1 (Table 1, entry
12). However, increasing the amount of water decreased the yield

Table1 ‘Domino’ HALEX-Sonogashira reaction catalyzed by Pd/C*

c»—@fcr\u:—@—;. — O CN

Entry lodide source Base Solvent Yield of 4 (%)®
1 KI KOH DMF 15
2 KI KOH DMF-H,O(1:1) 22
3 KI NaOH DMF-H,0 (1: 1) 14
4 KI NaOAc DMF-H,O0 (1: 1) 8
5 KI K,CO; DMF-H,0O(1: 1) 10
6 KI TBAF DMF 51
7 KI TBAA DMF 6
8 KI Et;N DMF 3
9 KI KF DMF 34

10 KI KF DMF-H,0 (1:1)c 41

11 KI KF DMF-H,0 (2:1) 49

12 KI KF DMF-H,0(3:1) 58

13 KI KF H,0 0

14 None KF DMF-H,0 (3:1) <1

15 Nal KF DMF-H,O0 (3: 1) 43

16 TBAI KF DMF 2

17 Cul KF DMF-H,0 (3: 1) 44

“Reaction conditions: 1.0 mmol 4-chlorobenzonitrile, 1.5 mmol pheny-
lacetylene, 2.5 mmol base, 3.0 mmol iodide source, 3 mol% Pd/C, 5 mL
solvent, N, atmosphere, 130 °C, 48 h (the reaction time was not optimised).
> GC yield of 4, corrected for the presence of an internal standard. ¢ 5-
8% dehalogenation of 1 was also observed. “ Complete conversion of
phenylacetylene to homocoupling product.

and the reaction in pure water failed completely (entries 10, 11
and 13). This agrees with the trend reported for Sonogashira
coupling using DMF-H,O solvent in presence of heterogeneous
Pd-modified zeolites.”® We also observed that the presence of
water led to 5-8% dehalogenation, giving 4-cyanobenzene. Arai
and Zhao*' observed a significant amount of dehalogenation of
chlorobenzene in the Heck reaction using a Pd/C catalyst. They
suggested that this reaction is likely to occur heterogeneously on
the surface of Pd/C, whereas leached molecular Pd species are
responsible for the desired cross-coupling product. This may also
apply to our system, with the DMF-H,O combination acting as a
source of formic acid and ultimately hydrogen.***

Next, we tested different iodide sources for this reaction. KI
was the most efficient, followed by Nal, whereas Bu,NI and Cul
gave less than 5% yield. In the case of Cul the starting alkyne
3 was completely consumed via the competitive Hay coupling
pathway. Control experiments confirmed that no product was
formed without iodide source, affirming that the cross-coupling
proceeds via a HALEX reaction.

We also screened several commercially available catalysts and co-
catalyst combinations (Table 2). Nevertheless, among the screened
catalysts only 5 wt% Pd/C (pellets, from Ventron) A1 was effective
(entry 1). It is known that a Cul co-catalyst can enhance the prod-
uct yield for Sonogashira coupling of bromides and/or chlorides.
In our case, however, we observed a deleterious effect on the yield
in the presence of 5 mol% Cul, with formation of 45-50% of the
homocoupling (Hay coupling) product (entry 2). A similar sup-
pression of catalytic activity and oligomerisation/dimerisation of
alkyne was also reported elsewhere.'®2%4 NiCl, is generally used as
a catalyst for activating chlorides towards the HALEX reaction,*
but using it along with A1 too did not improve the yield (entry 3).
5 wt% Pd/C (powder, from Fluka) A2 gave only moderate yield
(entry 4). This was surprising because one imagines that powdered
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Table2 Coupling of phenylacetylene and 4-chlorobenzonitrile using
various catalysts*

Entry Catalyst (3 mol%) Yield of 4 (%)®
1 Pd/C (pellets) Al 58¢

2 Al + 5 mol% Cul 204

3 Al + 5 mol% NiCl, 41

4 Pd/C (powder) A2 18

5 Pd(dba), + 5 mol% Cul 124

6 Pd/AlLO; 5¢

7 Pd/BaSO, 0°

8 Pd(OAc), 4

“Reaction conditions: 1.0 mmol chlorobenzonitrile, 1.5 mmol pheny-
lacetylene, 2.5 mmol KF, 3.0 mmol KI, 5 mL DMF-H,O (3 : 1), N,
atmosphere, 130 °C, 48 h (the reaction time was not optimised). > GC yield
of 4, corrected for the presence of an internal standard. ¢ Commercial
catalyst (Alfa-Ventron). 45-50% of homocoupling product was also
observed. ¢ Commercial catalysts (Fluka, Pd/Al,O; # 76002; Pd/BaSO,
# 76022).

catalysts should offer less diffusion resistance for the reactants
compared to pellets, leading to higher activity. We measured the
surface areas of both the catalysts and found that it was higher for
catalyst A1 (1039 m? g') compared to A2 (824 m? g~'), which ex-
plains our results. Other catalysts gave very low yields (entries 5-9).

We then examined the scope and limitations of this ‘domino’
HALEX-Sonogashira protocol. As TBAF and KF were equally
effective, various substrates were tested with both bases (Table 3).

Table3 Pd/C catalyzed coupling of various aryl halides with
phenylacetylene”

Yield (%), Yield (%),
Entry Substrate KF base? TBAF base*
58 (439) 51

1
2 FiG <:> | 68 62
3 H3COCOCI 31 3

>99 (82¢) 82

62 46

“Reaction conditions: 1.0 mmol substrate, 1.5 mmol phenylacetylene,
2.5 mmol base, 3.0 mmol K1, 3 mol% Pd/C, solvent 5 mL, N, atmosphere,
130 °C, 48 h (time was not optimised). * GC yield of 4, corrected for the
presence of an internal standard. ¢ Isolated yields. “ DMF-H,O (3 : 1) as
solvent. ¢ Pure DMF as solvent.

We were able to couple aryl chlorides with phenylacetylene in
moderate to good yields and bromides in good to excellent
yields. In the case of aryl chlorides, the highest yield (68%)
was observed for p-CF,—C,H,—Cl (entry 2), reflecting the strong
electron withdrawing effect. The decrease in the yields of aryl
chlorides was in accordance with the decrease in the strength
of the electron withdrawing group (entries 1-4). Our attempts
to couple electron-neutral and electron-rich aryl chlorides failed
even with 5 mol% Pd/C. For aryl bromides, a quantitative yield
for the electron-neutral p-C¢Hs—Br (entry 7) and a good yield
for the moderately electron-donating p-CH;—C,H,—Br (entry 9)
were obtained. Little or no conversion was observed using aryl
bromides with electron donating substituents. This shows that the
HALEX step is crucial (¢f- entries 4 and 8). Both bases gave similar
yields for all the substrates. Control experiments carried out using
chlorobenzene and KT in the presence of Pd/C at 130 °C confirmed
that no HALEX product (iodobenzene) was formed. This is the
reason for the failure of subsequent Sonogashira reaction when
using deactivated aryl chlorides. Although the yields are not
excellent, they are higher than any reported for heterogeneously
catalyzed Sonogashira coupling of aryl chlorides. Moreover, this is
the first demonstration of activating aryl chlorides using a ligand-
free and Cu-free Pd/C catalyst.

The reusability of the Pd/C Al catalyst was also examined for
the coupling of 1 with 3 using KF as the base in DMF-H,O (3 :
1). After the first run the catalyst was separated by simple vacuum
filtration, washed with acetone and dried at 50 °C under vacuum
for 4 h. The dried catalyst was then reused without any further
activation. The same procedure was repeated for all further cycles
(Fig. 1). The catalyst showed a slight decrease in the activity after
the first cycle, but retained its activity in all further cycles.

70

X 60 4

.y

21 e ,
%///“,/%
=S
=0l

1 2 3 4 5 6

Reaction cycles

Fig. 1 Recycling experiments for Pd/C in the HALEX-Sonogashira
system.

An attractive variation on this ‘domino’ process would be to use
KI in catalytic amounts. If we can initiate the HALEX reaction
using a catalytic amount of KI, the resulting iodide 2 would then
readily react with 3 to give the Sonogashira product 4 plus HI. This
acid could be neutralized by excess KOH releasing KI back to the
system and closing the cycle (Scheme 1). This cycle can continue
until the aryl chloride is consumed. We investigated this approach
under various conditions but unfortunately we failed as yet to
obtain any Sonogashira product. Although in theory the acid—base
reaction step looks simple, it is possible that under our reaction
conditions this step fails. One reason for this may be the low
solubility of KOH and/or the reactants in the DMF-H,0 (3 : 1)
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Scheme 1 A variation on the one-pot HALEX-Sonogashira reaction
using catalytic KI.

solvent. We could not find an optimum ratio of DMF-H,O where
both KOH and the reactants were completely soluble. We are
currently investigating this problem.

In conclusion, we have demonstrated that it is possible to
activate aryl chlorides and bromides via a one-pot HALEX-—
Sonogashira process, using heterogeneous Pd/C catalysts under
ligand-free and copper-free conditions. The yields are good and the
catalyst separation is simple and quantitative. This is an attractive
alternative to the homogeneous Pd complexes generally used for
activating aryl halides.

Experimental
Materials and instrumentation

'"H NMR spectra were recorded in CD,Cl, on a 300 MHz Varian
Inova instrument. Chemical shift values are in ppm relative to
Me,Si. Melting points were measured on a Gallenkamp melting
point apparatus and are uncorrected. GC analysis was performed
using an Interscience GC-8000 gas chromatograph with a 100%
dimethylpolysiloxane capillary column (DB-1, 30 m x 0.325 mm).
GC/MS analysis was performed using a Hewlett-Packard
5890/5971 GC/MS equipped with a ZB-5 (zebron) column
(15 m x 0.25 mm). All products are known compounds and
were identified by comparison of their spectral properties to
those of authentic samples. Samples for GC were washed with an
equivalent amount of water, extracted with hexanes and filtered
through an alumina plug prior to injection. GC conditions:
isotherm at 105 °C (2 min); ramp at 30 °C min~' to 280 °C;
isotherm at 280 °C (5 min). All reactions were carried out under
N, atmosphere. 5 wt% Pd/C pellets Al were obtained from Alfa-
Ventron and 5 wt% Pd/C powder A2, 5 wt% Pd/Al,O; and 10 wt%
Pd/BaSO, were purchased from Fluka. The textural analysis of
the catalysts (Al and A2) was performed by means of nitrogen
adsorption at 77 K, using a Sorptomatic 1990 of CE Instruments.
The isotherms were both of type I, indicating a microporous
structure. The monolayer equivalent surface area was calculated
using the Horvath Kawazoe equation.*® All other chemicals were
purchased from commercial firms and were used as received.

Halogen exchange (HALEX) reaction of 4-chlorobenzonitrile
using KI

A Schlenk-type glass reactor equipped with a rubber septum,
reflux condenser and a magnetic stirrer was evacuated and refilled
with N,. The reactor was then charged with Pd/C (3.0 mol%)
and KI (0.50 g, 3.0 mmol) in DMF. 4-Chlorobenzonitrile (1.0 mL,
1.00 M, 1 mmol) was added and the mixture was stirred at 130 °C
for 48 h under a slight N, overpressure. Reaction progress was
monitored by GC.

Pd/C catalysed Sonogashira coupling of phenylacetylene with
iodobenzonitrile

The reactor was charged with Pd/C (3.0 mol% Pd relative to
aryl halide), phenylacetylene (2.0 mL, 1.0 M, 1.5 mmol) and
KF (0.14 g, 2.5 mmol) in DMF-H,0 (1 : 1). 4-Iodobenzonitrile
(1.0 mL, 1.00 M, 1 mmol) was added and the mixture was stirred
at 130 °C for 8 h under a slight N, overpressure. Reaction progress
was monitored by GC.

Parallel screening of catalysts and substrates for the one-pot
HALEX-Sonogashira coupling reaction

Sets of 16 reactions were performed using a Chemspeed Smart-
start 16-reactor block, modified in-house for efficient reflux and
stirring. The reactors were charged with Pd catalysts (3.0 mol%),
phenylacetylene (2.0 mL, 1.0 M, 1.5 mmol), base (2.5 mmol),
iodide source (3.0 mmol) and aryl halide (1.0 mL, 1.00 M,
1 mmol). The reactors were evacuated and refilled with N,
three times and the mixture was stirred at 130 °C for 48 h under
a slight N, overpressure. Reaction progress was monitored by GC
(pentadecane internal standard).

Pd/C catalysed one pot HALEX-Sonogashira reaction

Example 1: 4-cyanodiphenylethyne from 4-chlorobenzonitrile.
A Schlenk-type glass reactor equipped with a rubber septum,
reflux condenser and a magnetic stirrer was evacuated and refilled
with N,. The reactor was then charged with Pd/C (3.0 mol%),
phenylacetylene (0.41 g, 4.0 mmol), KF (0.37 g, 6.3 mmol) and KI
(1.30 g, 7.8 mmol). 4-Chlorobenzonitrile (0.36 g, 2.6 mmol) was
added and the mixture was stirred at 130 °C for 48 h under a slight
overpressure of N,. After 48 h the reaction mixture was poured
into a separatory funnel, diluted with water (20 mL) and extracted
with hexanes (3 x 15 mL). The organic layers were combined,
dried over anhydrous MgSO, and concentrated under vacuum at
25 °C to yield 0.15 g of yellow product (43 wt% yield based on
4-chlorobenzonitrile). The crude material was recrystallised from
hot ethanol to give a light yellow solid, mp = 107-109 °C.** 'H
NMR: 64 7.61 (m, 4H), 7.53 (d, 2H, J = 8.2 Hz), 7.42 (m, 3H).
Good agreement was found with literature values.**

Example 2: 4-diphenylacetylene from 4-bromobenzene. Re-
action and work-up were performed as above, but using 4-
bromobenzene (0.40 g, 2.6 mmol) to give 0.33 g of product (82.5
wt% yield based on 4-bromobenzene). The crude product was
recrystallised from hot ethanol to give a white needles, mp = 57—
58 °C. '"HNMR: §,; 7.61 (m, 4H), 7.40 (m, 6H). Good agreement
was found with literature values.’
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Catalyst reusability for coupling of phenylacetylene with
4-chlorobenzonitrile

For reusability studies the catalyst used in a preparative scale was
separated using a vacuum filter, washed with acetone (3 x 10 mL)
and reused after drying at 50 °C. All further runs were similar
to that described for the fresh catalyst. Reaction samples were
analysed by GC.

Pd/C catalysed ‘domino’ HALEX—-Sonogashira reaction using
catalytic KI

The reaction set-up and the pre-reaction procedure were similar
to that used in the one-pot HALEX and Sonogashira reaction
performed on a preparative scale. The reactor was then charged
with Pd/C (3.0 mol%), phenylacetylene (0.41 g, 4.0 mmol), KF
(0.23 g, 4.0 mmol) and KI (0.02 g, 0.13 mmol, 5 mol%). 4-
Chlorobenzonitrile (0.36 g, 2.6 mmol) was added and the mixture
was stirred at 130 °C for 48 h under a slight overpressure of N,.
Reaction progress was monitored by GC.
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Design and synthesis of iridium(1ir) azacrown complex: application as a
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A new metal cation probe 1 bearing a central Ir(111) element and 1-aza-15-crown-5-ether substituted
pyridyl pyrazolate as the chelate was synthesized. The octahedral molecular structure of 1 was
confirmed using single crystal X-ray diffraction analyses. Subsequent photophysical study showed
yellow-green emission at ~560 nm in both fluid solution and solid state at room temperature.
Remarkable differentiation in spectral properties upon metal cation (e.g. Ca’") complexation makes

complex 1 a highly sensitive phosphorescence probe.

Introduction

Detection of alkali or alkaline earth ions has great potential
for practical applications in areas such as analytical chemistry,
environmental chemistry and the biological sciences.! One method
is to use the so-called chemosensor that shows the basic molecular
configurations such as chromophore-receptor or chromophore—
spacer—receptor. As the receptor can selectively bind with the
guest cations, measurable and reversible changes in color and/or
luminescence can be detected at the signalling unit (i.e. chro-
mophore) linking to the receptor, which allows the recognition and
quantification of the metal cation by conventional spectroscopic
methods.> A common design contains a crown ether to serve as
the receptor, together with an organic dye or other metal based
fluorophores.® Recently, extension was made to systems with third-
row transition-metal complexes.* Work by a number of groups,
mainly pioneered by Schanze and co-workers,® has established
the importance of utilizing long-lived phosphorescence. Typical
signalling involves the switching between non-emissive intra-
ligand (IL) nn* and metal-to-ligand charge transfer CMLCT)
states,® so that a positive luminescent response vs. concentration
of cation can be obtained. Moreover, it may allow the design
of “light-controlled ion switches”, for which the cation ejection
from the crown ether can be triggered by the effective reduction
of electron donation at the receptor on excitation of the nearby
chromophore.

In this article, we present a novel system in which an azacrown
receptor is attached to the pyridyl pyrazolate chelate of a heterolep-
tic Ir(1ir) complex. This design provides three inherent advantages.
First, the Ir(111) metal atom forms a highly stable, octahedral coor-
dinated structure and induces strong phosphorescent emission due
to the heavy atom effect. Moreover, the ancillary cyclometalated
phenyl pyrazole ligands, for which the nn* energy levels are far
higher than those of the respective MLCT and other ligand-

“Department of Chemistry, National Taiwan University, Taipei, 106, Taiwan.
E-mail: chop@ntu.edu.tw

*Department of Chemistry, National Tsing Hua University, Hsinchu, 300,
Taiwan. E-mail: ychi@mx.nthu.edu.tw

centered nn* excited states,” enable both the HOMO and LUMO
to reside predominantly on the azacrown substituted pyridyl
pyrazolate segment. This architecture enhances the effectiveness
of this design over others having more delocalized electronic
configurations; the latter should be less capable of recognizing the
cation due to the spreading of their electronic perturbation over
the whole complex. Thirdly, the azacrown fragment is attached
to an anionic pyrazolate chelate ligand, forming a neutral Ir(1)
metal complex. Such a charge-neutral characteristic is similar to
that of the Re(1) and Pt(11) based sensor complexes, but is in sharp
contrast to most of the Ru(11) based polypyridyl sensors,? for which
the net cationic charge on the overall metal complex is expected to
reside, in part, at the azacrown ether site, giving a much reduced
sensitivity in recognizing metal cations.’

Experimental
General information and materials

Elemental analyses and mass spectra (operating in FAB mode)
were carried out at the NSC Regional Instrument Centre at
the National Chiao Tung University, Taiwan. 'H and *C NMR
spectra were recorded on a Varian Mercury 400 or an Inova-
500 MHz instrument; chemical shifts are quoted with respect to
an internal standard, Me,Si. All synthetic manipulations were
performed under a N, atmosphere, while solvents were used as re-
ceived. Synthesis of 1-[4-(1,4,7,10-tetraoxa-13-aza-cyclopentadec-
13-yl)-phenyl] ethanone follows the procedures reported by Oka-
hara and co-workers," using the starting materials 4-N,N-bis(2-
hydroxyethyl)aminoacetophenone and triethylene glycol di(p-
toluenesulfonate). Triethylene glycol di(p-toluenesulfonate) was
prepared using the literature method," while 1-phenyl-3,5-
dimethyl pyrazole (pdpz)H was prepared from the condensation
of phenyl hydrazine hydrochloride with acetylacetone according
to literature procedures.”? Treatment of (pdpz)H with IrCl;-nH,O
in refluxing methoxyethanol afforded the chloride bridged dimer
[(pdp2),IrCl], in 75% yield;* it was then used for subsequent
reactions without further purification.
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Synthesis of [3-(4-aza-15-crown-5-phenyl)pyridyl(1,3-dione)]

To a stirred suspension of NaH (0.75 g, 31.3 mmol) in THF
(40 mL), was slowly added 15 mL of THF solution of 1-[4-
(1,4,7,10-tetraoxa-13-aza-cyclopentadec-13-yl)-phenyl]-ethanone
(2.6 g, 7.8 mmol) at room temperature. The solution was heated to
reflux, and ethyl picolinate (2.0 mL, 15 mmol) was added over the
course of 1 h. After the addition was completed, the temperature
was gradually lowered to room temperature. The solution was
continuously stirred for another 3 h and then quenched with
dilute HCI solution. After the removal of the solvent, the residue
was extracted with CH,Cl, (3 x 60 mL). The extracts were
combined, washed twice with water, and dried over anhydrous
MgSO, to afford a yellow solid (2.4 g, 5.4 mmol, 70%).

Selected spectral data. 'H NMR (500 MHz, CDCl;, 294 K):
0 16.87 (s, 1H), 8.69 (d, Juy = 7.5 Hz, 1H), 8.13 (d, Jyy = 7.5 Hz,
1H), 7.98 (d, Juu = 8.7 Hz, 2H), 7.87 (dd, Juy = 7.5, 4.5 Hz,
1H), 7.49 (s, 1H), 7.42 (dd, Juu = 7.5, 4.5 Hz, 1H), 6.68 (d, Jyu =
8.7Hz, 2H), 3.77 (t, Jux = 6.0 Hz, 4H), 3.67 ~ 3.63 (m, 12H), 3.61
(s, 4H).

Synthesis of 3-(4-aza-15-crown-5-phenyl) pyridyl pyrazole

A solution of [3-(4-aza-15-crown-5-phenyl) pyridyl(1,3-dione)]
(1.7 g, 3.8 mmol) and 98% of hydrazine monohydrate (1.94 mL)
in 45 mL of anhydrous ethanol was refluxed for 12 h. Next, the
solvent was removed under vacuum, and the residue was dissolved
in CH,Cl,, washed twice with water, dried over anhydrous MgSO,,
and the solution was concentrated to dryness. The crude product
was purified by silica gel column chromatography (ethyl acetate
and methanol = 5: 1, v/v), giving a light yellow powdery material
(azppz)H (1.2 g, 2.74 mmol, 71%).

Selected spectral data. '"H NMR (500 MHz, CDCl;, 294 K):
08.6(d, Juy =4.5Hz, 1H), 7.79 ~ 7.72 (m, 2H), 7.61 (d, Jyy =
9.0Hz,2H), 7.21 (t, Juy =4.5Hz, 1H), 6.96 (s, 1H), 6.79 (d, Juuy =
9.0 Hz, 2H), 3.76 (t, Juy = 6.2 Hz, 4H), 3.66 ~ 3.60 (m, 16H).

Preparation of [(pdpz),Ir(azppz)] (1)

A mixture of [(pdpz),IrCl], (100 mg, 0.088 mmol), azacrown
substituted pyridyl pyrazole (azppzH, 85 mg, 0.19 mmol) and
Na,CO; (93 mg, 0.88 mmol) in 2-methoxyethanol (25 mL) was
heated to reflux for 4 h. Excess of water was added after cooling
the solution to room temperature. The precipitate was collected
by filtration and subjected to silica gel column chromatography
using ethyl acetate and methanol (5 : 1) as eluent. Yellow-green
crystals of [(pdpz),Ir(azppz)] (1) were obtained from repeated
recrystallization using a mixture of THF and pentane at room
temperature (70 mg, 0.07 mmol, 41%).

Spectral data of 1. MS (FAB, '*Ir) actual m/z (calculated)
[assignment]: 973 (972.4) [M + 1]. 'H NMR (500 MHz, CD,Cl,,
294 K): 6 7.68 ~ 7.61 (m, 3H), 7.52 (d, Juu = 8.5 Hz, 2H), 7.41
(dd, Juy = 9.0, 8.5 Hz, 2H), 6.97 ~ 6.92 (m, 2H), 6.86 (s, |H), 6.79
(t, Juu = 6.3 Hz, 1H), 6.78 ~ 6.71 (m, 2H), 6.58 (d, Juy = 8.5 Hz,
2H), 6.42 (d, Juu = 7.5 Hz, 1H), 6.31 (d, Juu = 7.5 Hz, 1H), 5.98
(s, 1H), 5.94 (s, 1H), 3.68 (t, Juy = 6.0 Hz, 4H), 3.60 ~ 3.57 (m,
8H), 3.56 (s, 4H), 3.52 (t, Jun = 6.0 Hz, 4H), 2.79 (s, 3H), 2.74 (s,

3H), 1.61 (s, 3H), 1.57 (s, 3H). Anal. calcd. for C;Hs IrN;O,: C,
56.83; H, 5.29; N, 11.53. Found: C, 57.01; H, 5.13; N, 11.73.

Single crystal X-ray diffraction data were acquired on a Bruker
Smart CCD diffractometer using A(Mo K,) radiation (1 =
0.71073 A). Data collection was executed using the SMART
program. Cell refinement and data reduction were made with
the SAINT program. The structure was determined using the
SHELXTL/PC program and refined using full-matrix least
squares. All non-hydrogen atoms were refined anisotropically,
whereas hydrogen atoms were placed at the calculated positions
and included in the final stage of refinements with fixed parameters.
Selected crystal data of 1: C5xH;IrNyOg, M = 1206.48, triclinic,
space group P-1,a =10.3194(7), b = 16.8549(12), ¢ = 18.3003(13)
A, a = 63.527(2), f = 89.840(2), y = 76.006(2)°, V = 2744.4(3)
A, Z =2, paes = 1.460 gem™', F(000) = 1244, crystal size =
0.35 x 0.17 x 0.08 mm, A (Mo K,) =0.7107 A, T = 150(1) K, u =
2.495 mm™', 12566 reflections collected (R, = 0.0645), final R,[/
> 2((1)] = 0.0558 and wR,(all data) = 0.1406.

Preparation of [(pdpz),Ir(dappz)] (2)

A mixture of [(pdpz),IrCl], (100 mg, 0.088 mmol), NMe, substi-
tuted pyridyl pyrazole (dappzH, 51 mg, 0.19 mmol) and Na,CO;
(93 mg, 0.88 mmol) in 2-methoxyethanol (25 mL) was heated to
reflux for 4 h. Excess of water was added after cooling the solution
to room temperature. The precipitate was collected by filtration
and subjected to silica gel column chromatography using ethyl
acetate and methanol (5 : 1) as the eluent. Yellow-green powders
of [(pdpz),Ir(dappz)] (2) were collected after washing with acetone;
yield: 50 mg, 0.063 mmol, 36%.

Spectral data of 2. MS (FAB, *Ir): actual m/z (calculated)
[assignment]: 799 (798.3) [M + 1]. "TH NMR (500 MHz, CD,Cl,,
294 K): 6 7.68 ~ 7.61 (m, 3H), 7.52 (d, Juy = 8.5 Hz, 2H), 7.41
(dd, Jun = 9.0, 8.5 Hz, 2H), 6.96 ~ 6.92 (m, 2H), 6.87 (s, 1 H), 6.79
(t, Juu = 6.5 Hz, 1H), 6.77 ~ 6.71 (m, 2H), 6.66 (d, Juy = 8.5 Hz,
2H), 6.42 (d, Juy = 7.5 Hz, 1H), 6.31 (d, Jyu = 7.5 Hz, 1H), 5.98
(s, 1H), 5.94 (s, 1H), 2.89 (s, 6H), 2.79 (s, 3H), 2.74 (s, 3H), 1.62 (s,
3H), 1.57 (s, 3H). Anal. calcd. for CyH;;IrNg: C, 57.20; H, 4.67;
N, 14.04. Found: C, 57.52; H, 4.43; N, 14.33.

Preparation of [Ph,B(azppz)] (3)

In a 50 mL reaction flask, a mixture of azacrown substituted
pyridyl pyrazole (azppzH, 219 mg, 0.5 mmol), 4.4 mL of 2.5 M
BPh;, and 20 mL of anhydrous THF solvent was heated to
reflux for 24 h. The solution was then concentrated to dryness
and an orange-red crystalline solid of 3 was obtained from
recrystallization using a mixture of CH,Cl, and methanol (100 mg,
0.166 mmol, 33%).

Spectral data of 3. MS (FAB, ""B), actual m/z (calculated)
[assignment]: 602 (602.3) [M*]. "H NMR (500 MHz, CD,Cl,, 294
K): 0 8.47(d, J = 7.5 Hz, 1H), 8.08 (m, 1H), 7.84 (d, J = 7.5 Hz,
1H), 7.32 (d, J = 8.5 Hz, 2H), 7.40 ~ 7.37 (m, 1H), 7.30 ~ 7.28
(m, 4H), 7.24 ~ 7.18 (m, 6H), 6.95 (s, 1H), 6.68 (d, / = 8.5 Hz,
2H), 3.72 (t, J/ = 6.2 Hz, 4H), 3.61 ~ 3.60 (m, 8H), 3.58 ~ 3.55
(m, 8H). Anal. calcd. for C;H3;BN,O,: C, 71.76; H, 6.52; N, 9.30.
Found: C, 71.40; H, 6.61; N, 9.27.
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Measurements

Steady-state absorption and emission spectra were recorded by a
Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920)
fluorimeter, respectively. Emission quantum yields were measured
at excitation wavelength A,. = 380 nm in CH,Cl, at room
temperature. In this approach, coumarin 480 (Exciton, @, = 0.93
in EtOH) was used as the reference. The association constant
K, of 1:1 1/guest complex formation calculated by the UV-Vis
absorption method is obtained by the following equation.™

A € 1
0 _ M +1 (1)
Ay, — A &M — & K,C,

where C, is the added guest (e.g. Ca’) concentration. A, (&y)
and A (&) denote the absorbance (molar extinction coefficient)
of free 1, and in solution after adding e.g. Ca**, respectively, at
a selective wavelength. Eqn. (1) can be further extended to the
emission titration experiment expressed as'

F, _ Dyiev 1
Fy—F  (Dyen — Dpe,) \K,C,

+ 1) )

where F, (D) and F (®;) denote the photoluminescence (quan-
tum yield) of free 1, and in solution after adding Ca**, respectively,
at a selective wavelength.

For the phosphorescence lifetime measurements in the microsec-
ond region, a third harmonic of an Nd:YAG laser 355 nm (~8 ns)
was used as an excitation source. Emission decay was detected
by a photomultiplier tube and averaged over 500 shots using
an oscilloscope. Laser energy was reduced to <1 mJ pulse™ to
prevent possible photochemical decomposition. For the lifetime
measurements of <10 ns, the fundamental train of pulses from
a Ti-sapphire oscillator (82 MHz, Spectra Physics) was used
to produce second harmonics (375 ~ 425 nm, ~120 fs) as
an excitation light source. The signal was detected by a time-
correlated single photon counting system (Edinburgh OB 900-L).
The system response time was determined to be ~30 ps.

Computational methodology

All calculations were performed with the Gaussian03 package.’
Geometrical optimization on the electronic ground state was
carried out using the hybrid Hartree—Fock/Density functional
theory (HF/DFT) method, B3LYP.'* “Double-{” quality ba-
sis set consisting of Hay and Wadt’s effective core potentials
(LANL2DZ)" was employed for iridium atom and 6-31G* basis"®
for H, C, and N atoms. A relativistic effective core potential (ECP)
replaced the inner core electrons of Ir(111), leaving the outer core
(5s25p°) electrons and the 5d° valence electrons. Time-dependent
DFT (TDDFT) calculations were then performed with the same
functional and basis set at the optimized geometry to obtain
electronic transition energies. Oscillator strengths were deduced
from the dipole transition matrix elements (for singlet states only).

Results and discussion

A multi-step synthetic pathway leading to the desired iridium
metal complexes is depicted in Scheme 1. First of all, an
azacrown substituted pyridyl pyrazole ligand, (azppz)H, was
obtained from the condensation reaction of an azacrown substi-
tuted acetophenone and ethyl picolinate, followed by treatment

(i) NaH; (i) NoH4
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O )
© S

Me
« |N 7 S
M ] /N =

~ “NH > AN

! N7 N
N [(pdpz),IrCll, \=

2
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¢ ) ™)
o/ \— ° 9
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N

I .<
Me N X
\ /N N| P
Me2

Scheme 1 Synthetic scheme of 1 and molecular structures of 2 and 3.

with hydrazine monohydrate in ethanol solution (Scheme 1).
The subsequent reaction of (azppz)H with the chloride bridged
dimer complex [(pdpz),IrCl], and slight excess of Na,CO; in
refluxing methoxyethanol solution afforded the required iridium
chelate complex [(pdpz),Ir(azppz)] (1), where (pdpz)H = 1-phenyl-
3,5-dimethyl pyrazole. Moreover, the analogous dimethylamino
substituted iridium derivative (2) and a BPh, substituted complex
(3) (see Scheme 1) bearing identical azppz pyrazolate ligand were
synthesized from reaction with the boron reagent BPh;, and these
then served as the standards for photophysical measurements.

As indicated in Fig. 1, single crystal X-ray structural analysis
of 1 shows the expected octahedral geometry around the irid-
ium metal center, along with two N-phenyl pyrazole fragments
and one azacrown substituted pyridyl pyrazolate ligand. The
cyclometalated N-phenyl pyrazoles adopt an eclipse orientation,
while the azacrown pyrazolate chelate is located opposite to the
cyclometalated carbon atoms, with the spatial arrangement being
akin to those observed for other heteroleptic pyridyl pyrazolate

Fig. 1 The X-ray crystal structure of 1; selected distances: Ir-C(25) =
1.984(6), Ir-C(36) = 2.020(6), Ir-N(1) = 2.155(5), Ir-N(2) = 2.112(5),
Ir-N(5) = 2.023(5) and 2.021(5) A.
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complexes.” Moreover, the azacrown fragment shows unusually
large deformation toward the iridium metal fragment, for which
the calculated dihedral angle between the adjacent p-phenyl group
and the O,N plane of azacrown is 117.5°.

As shown in Fig. 2, ion-free 1 in CH;CN exhibits a 318 nm
absorption band, accompanied by a shoulder at ~375 nm. In
comparison, the boron complex 3 bearing the same pyridyl
pyrazolate ligand reveals two low-lying absorption bands with
peak wavelengths at 315 and 375 nm, the spectral features of which
are similar to that of complex 1. Due to lack of both MLCT and the
transition associated with cyclometalated phenyl pyrazole ligand
in boron complex 3, it is reasonable to assign both 315 and 375 nm
bands as the 'nn* transitions incorporating pyrazolates — pyridyl
types of charge transfer. Transitions associated with MLCT in
1 are probably too weak and thus are hidden inside the 'nr*
bands. Further firm support is given in the theoretical approaches
(vide infra). Likewise, absorption features associated with the *nr*
intra-ligand bands and *MLCT could not be resolved although
an effective enhancement of the spin-orbit coupling from Ir is
expected.

k
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Fig. 2 Absorption spectrum changes of 1 (2.2 x 10~ M) upon addition
of various concentrations of anhydrous Ca(ClO,), in aerated CH;CN
solution (a) 0, (b) 1.45 x 1073, (¢) 1.83 x 107, (d) 1.84 x 1075, (¢) 2.13 x
1075, () 2.71 x 1075, (g) 4.39 x 107>, (h) 8.70 x 107, (i) 1.45 x 107,
(4) 2.03 x 10~* M. (---) absorption spectrum of 3 in CH;CN. Insert: the
plot of 4,/ A4, — A against 1/[Ca**] at 320 nm.

The emission spectrum of 1 in CH;CN is depicted in Fig. 3
and the corresponding relaxation dynamics are listed in Table 1.
The emission band with a peak wavelength at 560 nm revealed a
drastic oxygen quenching effect, the intensity of which decreased
from 0.22 in degassed CH;CN, to ~1.0 x 10~* upon aeration.
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Fig.3 The emission spectrum changes of 1 (2.2 x 10~ M) upon addition
of various concentrations of anhydrous Ca(ClO,), in aerated CH;CN
solution (a) 0, (b) 3.15 x 107¢, (c) 3.25 x 107, (d) 5.40 x 107°, () 5.57 x
1075, () 7.89 x 107, (g) 1.16 x 105, (h) 2.09 x 10-5, (i) 3.48 x 103,
(G) 5.8 x 107, (k) 1.85 x 10~* M. A: 300 nm. Insert: the plot of Fo/F —
F, against 1/C, at 520 nm.

Table 1 Photophysical data of 1 and the respective cationic adducts

PL /. 0.Y:" lifetime (7)* K,
1 560 nm 0.001 (0.22) 38 ns (8.2 us)
1/Ca* 520 nm 0.012(0.20) 42ns(0.6ps) 4.2 x 10*
1/Mg* 518 nm 0.013(0.23)  48ns(0.8us) 1.6 x 10°
1/Ba* 521 nm 0.010(0.20) 41 ns(0.6ps) 53 x 10°
1/Na* 520 nm 0.012(0.18)  40ns(0.5us) 4.7 x 10°

“data in parentheses are measured in the degassed solution.

Likewise, the corresponding observed lifetime decreased from 8 ps
(degassed) to 38 ns (aerated, see Table 1). The ~1/9 diffusion
controlled rate of O, quenching, in combination with a long
radiative decay rate of 3.5 x 10* s, leads to an unambiguous
conclusion that 1 exhibits predominantly the phosphorescence
resulting from the enhancement of Ir(1r) spin—orbit coupling.

Upon addition of Ca*", the absorption and emission titration
spectra of 1 (2.2 x 10~°* M) in CH;CN are shown in Figs. 2 and 3,
respectively. Increasing [Ca®*] leads to a hypsochromic shift of the
absorption profile, in which the appearance of an isosbestic point
at ~295 nm verifies a two-species equilibrium. The 1 : 1 1/Ca*
complexation was supported by a straight-line plot for the ratio
of absorbance, 4,/(A4, — A), versus 1/[Ca*] (see the experimental
section) throughout the titration, and an association constant K,
of 4.0 x 10* M~ was thus deduced in CH;CN. Likewise, drastic
changes on the Ca?* phosphorescence titration spectra were also
observed. Upon excitation at the isosbestic point of 295 nm,
the 560 nm phosphorescence was gradually blue shifted toward
520 nm, accompanied by the increase of the emission intensity.
Taking the emission peak intensity of Ca**-free and Ca**-added
complex 1 to be F, and F, respectively, a straight line plot of
Fo/(F — F,) versus 1/[Ca*] (see the experimental section) at e.g.
520 nm is depicted in the insert of Fig. 3. The deduced K, value
of 4.2 x 10* M~', within experimental error, is in agreement with
that extracted from the absorption titration.

It should be noted that both complexes 2 and 3 showed
negligible changes in their absorption and emission spectra upon
addition of Ca**, manifesting the importance of the coexistence
of Ir and 1-aza-15-crown-5-ether in complex 1 toward the Ca**
recognition. The results can be rationalized by weakening the
electron donating ability of the aza-nitrogen upon Ca**/azacrown
complex formation and consequently greatly alters the photo-
physical properties of 1. This viewpoint can be firmly supported
by theoretical modelling. Presently, ab initio calculation on 1 is
formidable due to its structural complexity. Alternatively, the
dimethyl amino analogue 2 was selected, of which the major ligand
chromophores remain intact with respect to 1. Furthermore,
the protonated form of 2, 2H*, serves as a model for the Ca**
bonded complex 1. We then applied density functional theory
incorporating B3LYP method with 6-31G* basis for non-metal
atoms and a relativistic effective core potential for the inner core
electrons of Ir(i11) metal atom. The resulting frontier orbitals for
the low-lying transitions revealed drastic differences between 2
and 2H*. As shown in Fig. 4, the lowest triplet manifold for 2
exhibits predominantly HOMO — LUMO intraligand charge
transfer (ILCT) transition, in which HOMO and LUMO are
mainly located at the phenyl pyrazolate and pyridyl chromophores,
respectively. In sharp contrast, upon protonation (2H*) the
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Fig. 4 Frontier orbitals of complexes 2 and 2H"*, see text for detail
description.

transition switches greatly to a ligand-ligand charge transfer
(LLCT) incorporating cyclometalated phenyl pyrazole ligand
(HOMO) — p-dialkylamino-phenyl pyrazolate (LUMO). Assum-
ing that the differences in photophysical behavior between 2 and
2H* can be likewise applied to 1 and 1/Ca** complex, changes
of absorption and emission spectra during Ca’* titration are
thus be rationalized by the swap of lowest transition from ILCT
(p-dialkylaminophenyl pyrazolate — pyridine) in 1 to LLCT
(cyclometalated phenyl pyrazolate — p-dialkylaminophenyl pyra-
zolate) in 1/Ca* complex.

Similar titration experiments have been performed for the hard,
bivalent metal cation such as Mg** and Ba’* and K, values of
1.6 x 10° M~" and 5.3 x 10° M, respectively, were obtained. In
another approach, negligible changes of absorption spectra were
observed for soft divalent ions like Hg?*. Titration experiments
were also performed for Na* and the results indicated a K, value
of 4.7 x 10* M~ for the 1/Na* complex formation. The resulting
metal ion dependent association strengths can be qualitatively
rationalized by the amount of charge density, p, specified as p =
g/(4/3nr*) where g and r are the corresponding formal charge (+1
or +2) and radius, respectively. Evidently, the value of p(Mg** ~
0.75, Ca** ~ 0.24, Na* ~ 0.10 and Ba®* ~ 0.13)* correlates well
with the trend of K, values deduced experimentally (see Table 1).
Furthermore, negligible spectral changes were observed for K*
throughout [K*] of 102 M. This result can simply be rationalized
by the mismatched sizes between K* and the 1-aza-15-crown-5
ether.

In solid form 1 exhibits a 565 nm phosphorescent emission with
a quantum yield as high as 0.25 (z, ~ 12 ps). Thus, from the
viewpoint of application, we have also examined whether a similar
recognition capability can be applied in the heterogeneous solid
film in aqueous solution. Note that 1 is insoluble in water. To
simplify the process, a silica-based TLC plate was used as a solid
support to soak 1in CH;CN so that a complex 1 coated TLC plate
was prepared with an optical density of ~1.0 at 350 nm. This plate
was then dipped into an aqueous solution (pH ~ 7.0) containing
~1073 M CaClO, for ~30 s, and then vacuum-dried to remove
water. With the use of a commercially available UV-lamp (366
nm) as an excitation source, a photograph in TOC demonstrates

a salient change of emission from yellow-orange for the Ca* -free,
complex 1 coated TLC plate to a bright green emission upon
complexation with the Ca* ion.

Conclusions

In conclusion, we demonstrate a novel metal ion sensor, complex 1,
based on the rare metal-ion sensitive phosphorescence. In this case,
the chromophores designed act as both recognition and signal-
transducing units, while the center heavy metal, i.e. Ir(111), serves
as a perturbing base to enhance the phosphorescence. Thus, the
current system is versatile in that functional derivatization can
be achieved with methods similar to those strategically designed
for the singlet mn* (i.e. fluorescence) ligand chromophores. In
view of drastic oxygen quenching, in a steady state approach,
one can then saturate the solution with N, so that the enhanced
phosphorescence can also serve as an additional signalling to
distinguish it from the fluorescence interference. Alternatively, in a
time-resolved manner, due to its much longer lifetime (even in the
aerated solution) than that of typical fluorescence, the associated
phosphorescence can be obtained free from fluorescence interfer-
ences in the solution simply by acquiring the phosphorescence
only after a certain time delay of the excitation pulse. The success
in the recognition of Ca**(aq) in the TLC plate demonstrates its
suitability for the future development of a practical device, such
as a metal ion sensor anchored on cellular membranes. We thus
believe that results presented in this study may spark a broad
range of interest in both fundamental approach and applications
relevant to the third-row transition metal complexes.
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Human glutathione transferase Al-1 (hGST A1-1) can be reengineered by rational design into a
catalyst for thiolester hydrolysis with a catalytic proficiency of 1.4 x 107 M. The thiolester hydrolase,
A216H that was obtained by the introduction of a single histidine residue at position 216 catalyzed the
hydrolysis of a substrate termed GSB, a thiolester of glutathione and benzoic acid. Here we investigate
the substrate requirements of this designed enzyme by screening a thiolester library. We found that only

two thiolesters out of 18 were substrates for A216H. The A216H-catalyzed hydrolysis of GS-2
(thiolester of glutathione and naphthalenecarboxylic acid) exhibits a k., of 0.0032 min~' and a K, of
41 uM. The previously reported catalysis of GSB has a k., of 0.00078 min~' and K, of 5 uM. The k,
for A216H-catalyzed hydrolysis of GS-2 is thus 4.1 times higher than for GSB. The catalytic proficiency
(kear/ Kni)/ Kunea for GS-2is 3 x 10° M~'. The promiscuous feature of the wt protein towards a range of
different substrates has not been conserved in A216H but we have obtained a selective enzyme with

high demands on the substrate.

Introduction

The design of novel catalysts is a challenging task that, in addition
to extending our knowledge of proteins, eventually may lead to the
development of selective and environmentally friendly catalysts!
for reactions not catalyzed by Nature. Progress in this field has
been made by rational design,>* computational design®® and
combinatorial approaches.* Other studies have been performed
with enzyme models® and through covalent modification of natural
proteins to introduce artificial functional groups.’*"’

A prerequisite in the redesign of proteins is the use of an
appropriate scaffold and the glutathione transferases (GSTs
EC 2.5.1.18){§ are good candidates because of their stability,
ease of purification’ and the wealth of knowledge concerning
structure-activity relationships.” The GSTs belong to a large
family of detoxication enzymes that catalyze the conjugation of
the tripeptide glutathione (GSH) (Scheme 1) to a broad range
of different hydrophobic electrophiles.*** The proteins exist as
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T Electronic supplementary information (ESI) available: Stability of
A216H as measured by CDNB activity; the acetonitrile gradients used
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i Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene; GSH, glutathione,
v-Glu-Cys-Gly; GST, glutathione transferase; hGST Al-1, GST Al-
1 isoform from human; G-site, glutathione-binding site; GS-thiolester,
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homo- or heterodimers®* and the active site consists of a G-
site, where GSH binds, and a promiscuous hydrophobic substrate-
binding site, the H-site, where the electrophilic molecules bind.***
Catalysis is mediated through a conserved tyrosine, serine, or
cysteine residue that activates GSH for nucleophilic attack? and
the G-site is essentially conserved throughout the classes.”** The
differences that provide the substrate specificities of the isozymes
are mainly located in the H-site.”® In the alpha class, the H-site is
shielded from the solvent by a flexible helical segment.?

We have previously, through rational design, constructed a
thiolester hydrolase by introducing a single histidine residue in
position 216 in hGST Al-1 (Fig. 1).”” The reaction catalyzed
by the designed enzyme, A216H, is an example of catalytic
promiscuity®*? where an alternative function is revealed by a
minimal change of active site residues. The A216H-catalyzed
hydrolysis of the synthetic substrate GSB (Scheme 1) to form GSH
and benzoic acid showed a catalytic proficiency® (ke/Ku)/Kunca
of more than 10" M~'.* The wt protein is instead covalently
modified with the acyl moiety on residue Y9.3? This acylated Y9 is
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Fig. 1

A close-up of the crystal structure (IGUH) of hGST Al-1 in a complex with S-benzyl-glutathione.? The amino acids Y9 and A216 are shown

in “stick” representation and helix 9 (¢9) is also indicated. The protein is dimeric but shown here as a monomer for reasons of clarity of presentation.

an intermediate on the reaction pathway in the A216H-catalyzed
hydrolysis reaction of GSB.”

Since the natural detoxication activity of wt hGST A1-1 includes
a wide range of substrates,” we were interested in investigating the
substrate requirements of the novel thiolester hydrolase A216H. A
panel of 17 thiolesters of glutathione (GS-thiolesters) was used
as a library in screening experiments. The library contains GS-
thiolesters that vary in size, shape, reactivity and hydrophobicity.**
Two non-aromatic GS-thiolesters were included since GST Al-1
from rat (rGST A1-1), a protein highly homologous to hGST Al-
1, has been shown to hydrolyze non-aromatic thiolesters.** This
library has previously been used to investigate the requirements for
the site-specific Y9 modification of wt hGST A1-1.** In that study
78% of the GS-thiolesters were able to site-specifically modify Y9
and since the same library was used in this study, we hoped to
explore the requirements for catalysis versus modification.

Results

To analyze all GS-thiolesters (18 including GSB) with five time
points per sample, would generate more than 300 injections when
using reversed phase HPLC (samples incubated with protein
and reference samples). This is a time-consuming process (ap-
proximately 15 000 min of HPLC time) and, in addition, the
measurements would have been performed only once. We have
instead used an alternative method with a screening approach
where the selection criteria have been sharpened in every new step.
In total, four screening experiments (A-D) were performed to
verify the results and to elucidate the substrate requirements of
the designed enzyme A216H.

The reaction products of the hydrolysis reaction would be
GSH and the corresponding acid (Scheme 1) but we have only
tried to detect either the decrease of substrate (GS-thiolester) or
formation of acid. This is because GSH was very difficult to detect
quantitatively in our pilot experiments using reversed phase HPLC
due to its high solubility in water and thus poor and unreliable
retention times.*® In addition, the thiol is prone to oxidation and
this also makes quantitative HPLC analyses difficult.

Prior to starting the screening experiment, we determined that
a common detection limit for the acids was approximately a
few uM using our HPLC method with detection at 250 nm.

This experiment also provided the retention time of each acid. To
maximize the yields of the reactions, the samples were incubated
for an extended period of time (26 h), something that is possible
due to the stability of A216H as measured by the CDNB activity
that is constant over at least 72 hours incubation at 25 °C
(ESIYT). As discussed in our previous study, the uncatalyzed
hydrolysis reactions of the substrates were almost negligible.?”**
All compounds in the library were incubated separately in all
experiments either with or without protein. The reaction mixtures
were quenched with trifluoroacetic acid and analyzed by reversed
phase HPLC following addition of internal standard.

Selection criteria

The selection criteria of the screening procedure were initially
generous and a stepwise sharpening of the analytical processing
filtered out false positives. This procedure also automatically in-
cluded repeated measurements of potential substrates even though
a screening process was used. We had previously determined?”
that 5.6 uM benzoic acid was produced after 24 h using 5 uM
A216H and 75 uM GSB. With the detection limits taken into
account, a higher concentration (15 uM) of A216H was used in
screening experiment A to allow the identification of substrates
that displayed at least 25% of the rate constant of A216H-catalyzed
hydrolysis of GSB. The selection criteria in screening experiment
A were generous and samples that showed any trace of acid with
a signal-to-noise ratio larger than 10 were further analyzed in
screening experiment B.

In screening experiment B the concentrations of A216H and
GS-thiolester were lowered to match previous studies performed
with A216H* since we intended to analyze the reactions with UV
spectroscopy. The lowered concentration of A216H from 15 uM
to 5 uM placed higher demands on the substrate. To elucidate the
importance of the histidine residue in position 216, samples of GS-
thiolesters incubated with wt protein were included in screening
experiments B-D. Background samples of the GS-thiolesters
incubated without protein were also examined. A threshold was
set in experiment B so that there had to be a difference of 65%
or more in relative concentration for A216H compared to the wt
sample in either GS-thiolester consumption or acid production.
This threshold was set to allow for the fact that the wt protein

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 90-97 | 91





reacts covalently in a stoichiometric fashion with 13 of the 17 GS-
thiolesters in the panel.** In addition, it has previously been shown
that the wt protein hydrolyzes some non-aromatic GS-thiolesters®
and the threshold was also set to filter out such GS-thiolesters.

Table 1 Summary of screening experiments A-D. X denotes that the GS-
thiolester has participated in the screening experiment

Screening experiment

The stringency in experiment C was increased by the use of  GS-thiolester A B C D Saturation kinetics
a kinetic analysis of the samples. The observed rate constants GSB X X
for both GS-thiolester consumption and acid production had to GS-1 X
display a difference of 65% or more for the A216H-incubated  Gs-2 X X X X X
sample compared to the sample incubated with wt protein. GS-3 X X X X
The final screening experiment, D, was mainly performed to GS-4 ; § X
resolve the ambiguity concerning one of the GS-thiolesters (GS-3). gg:g X
GS-7 X
. . GS-8 X X
Results from the screening experiments GS-9 X
. . . GS-10 X X
A summary of the outcome of the screening experiments is  Gg.q] X X
presented in Table 1. In screening experiment A, nine of the GS- GS-12 X X X
thiolesters (Table 1) and the control substrate GSB displayed traces GS-13 X X X
of acid in the presence of A216H (Figs. 2A and B). The previously GS-14 X
e - . GS-15 X
thoroughly investigated substrate GSB* was included as a GS-16 X
control (Fig. 2A) to verify that the reaction conditions used were GS-17 X
satisfactory and that the protein was in good shape. The analyses oF £ 27
were done at various wavelengths based on the UV spectrum rom ek 27
i
A i B i
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Fig. 2 Representative data from the screening experiments A—D. In screening experiment A, 15 uM A216H was incubated with 100 uM GS-thiolester,
and analyzed by reversed phase HPLC. Traces are shown from (A) the positive control GSB (4 = 229 nm) and (B) GS-2 (4 = 250 nm). The GS-thiolester
and the acid reference are shown as well. The observed peak from the product (A) benzoic acid and (B) naphthalenecarboxylic acid (2) is indicated
with an arrow. (C) Data from GS-2 obtained in screening experiment B. The thiolester GS-2 (75 uM) was incubated with 5 pM A216H and wt protein
respectively. A background sample with no protein present was also collected. Late time points (after 46 hours of incubation) were analyzed by reversed
phase HPLC and the peak areas were derived from integration of the peaks in the chromatograms. The increased production of naphthalenecarboxylic
acid in the A216H sample compared to the wt and reference samples is seen. (D) In screening experiment C, a kinetic analysis was performed with both
early and late time points that were analyzed by reversed phase HPLC. Here, the peak area of remaining GS-2 divided by the peak area of the internal
standard is plotted as a function of time. (E) Data from screening experiment D that was derived from HPLC analysis of 5 uM A216H incubated with
75 uM GS-2. The concentration of GS-2 was obtained by using relative responses and is plotted as a function of time.
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of each acid and GS-thiolester (typically 229 and 250 nm)
since the HPLC was equipped with a photo diode detector.
However, a peak from the protein was seen in close proximity to
the internal standard at 229 nm (Fig. 2A) so analysis was made
at 250 nm when allowed by the UV spectrum of each compound.
The remaining eight GS-thiolesters that did not show any trace of
acid were excluded from further experiments.

The reactions in screening experiment B were followed by
UV spectroscopy but due to the complexity of the resulting
UV traces no effort was put into the interpretation of the
data. Instead, late time points were collected after approximately
two days and analyzed by reversed phase HPLC. The peaks in
the chromatograms were integrated and the relative concentration
was determined by dividing the area of the GS-thiolester or acid
peak respectively by the area of the internal standard (Fig. 2C).
Five of the GS-thiolesters (Table 1) fulfilled the selection criteria
and were further analyzed in experiment C. The remaining four
GS-thiolesters were rejected.

The kinetic analysis in screening experiment C is illustrated
in Fig. 2D. Only one GS-thiolester (GS-2) fulfilled the selection
criteria. The data from GS-3 were irreproducible but GS-3 showed
interesting results and was further analyzed by conducting a fourth
screening experiment (D).

The final screening experiment (D) was carried out with GS-2
and GS-3. The concentration of GS-3 was varied in an attempt
to resolve the ambiguities concerning the irreproducible results.
For all samples, five time points were withdrawn and analyzed
by reversed phase HPLC. The concentration of remaining GS-
thiolester was calculated, using relative responses, and plotted
as a function of time (Fig. 2E) to determine the rate constants.
Due to the low signal-to-noise ratio of the acids 2 and 3, only
the decrease in GS-thiolester concentration was used. Again,
experiments performed with GS-3 were not reproducible and GS-
3 was therefore excluded as a possible substrate. Hence, only GS-2
was found to be a substrate for A216H.

Saturation Kinetics of A216H

The Michaelis—Menten behavior of A216H towards GS-2 was
analyzed by incubating various concentrations of GS-2 with 5 uM
A216H at pH 7 and 25 °C. The hydrolytic reaction to form
naphthalenecarboxylic acid (2) and GSH from GS-2 was followed
by monitoring the consumption of GS-2 by reversed phase HPLC
at five time points (ESIT). The reaction followed saturation kinetics
under turnover conditions and the kinetic profile is seen in Fig. 3.
The kinetic parameters were determined to be k., = 0.0032 min™"
and Ky = 41 uM (Table 2). The wt protein is acylated at Y9 by
GS-2* but the reaction stops after addition of one equivalent of

Table 2 A216H-catalyzed hydrolysis of GSB and GS-2

Parameter GSB* GS-2

Ko /min~! 0.00078 0.0032
Ky/uM 5 41

K ypea/min ! 1.1 x 107 3% 10°°
kewKy™' /M~ min™ 156 78
Keakunca™ 71 107

(ke Kna ™)/ Ko /M 1.4 x 107 2.7 x 10

“ From ref. 27.
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Fig. 3 A216H-catalyzed hydrolysis of GS-2 to form GSH and naph-
thalenecarboxylic acid. The kinetic studies were performed with 5 uM
A216H at pH 7 and 25 °C and the reaction rates were determined by
analyzing five time points by reversed phase HPLC. The peaks of GS-2
and the internal standard (IS) were integrated to determine the remanining
concentration of GS-2. HPLC traces (inset) show the decrease of GS-2
and formation of naphthalenecarboxylic acid (2) in the prescence of
A216H. The decrease of GS-2 in the wt sample is due to acylation of
Y9'33

reagent and hGST Al-1 is thus not a catalyst for hydrolysis of
GS-2 as shown by the inset in Fig. 3.

The background hydrolysis of GS-2 was determined using N-
acetylated GS-2. This is due to a previous observation with GSB
where a competing intramolecular acyl transfer reaction to form
N-acylated GSH proceeds with a rate of 5.8 x 10 M min~!
when no protein is present. The first-order rate constant of the
uncatalyzed hydrolysis of N-acetylated GS-2 was determined by
reversed phase HPLC to be 3 x 10~° min™' at pH 7 (100 mM
NaP;) and 25 °C. The rate constant for hydrolysis of N-acetylated
GSB has previously been determined to be of the same order of
magnitude (1.1 x 10~ min™").”

Computer simulation studies

The distance between the epsilon nitrogen of H216 in A216H and
the carbonyl carbon of the substrate was investigated by molecular
modeling to obtain supporting information about why catalysis
occurs for only two out of 18 GS-thiolesters tested. The acyl groups
of nine representative GS-thiolesters (Table 3) were attached
covalently to the side chain of Y9 using the crystal structure of
A216H* (Fig. 4) as a starting point. Energy minimizations of
the modified structures were then done by Monte Carlo methods
and the observed distances between the epsilon nitrogen (Ng2) of
H216 and the carbonyl carbon (C0) of the Y9 ester are shown in
Table 3. The only GS-thiolesters in this subset that show distances
less than 5 A between Ne2 and C are GSB and GS-2. It should be
noted that acyl groups that do not display reoccurring structures
are probably not in the lowest energy conformation since several
different structures were found when repeating the simulations.
Out of the nine acids modeled at Y9, five show reoccurring
structures, where typically half the simulations have very similar
conformations and energies.
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Fig. 4 Close-up of the active site of the crystal structure (1USB) of A216H?” with (A) benzoic acid and (B) naphthalenecarboxylic acid introduced by
computer modeling at the side chain of Y9. The distance between H216 and the carbonyl carbon of the Y9 ester is (A) 4.6 A and (B) 4.0 A.

Table 3 Distances between the Ne2 atom of H216 and the CO atom of
acylated Y9 in A216H

GST/\©\ JOL H<NTGST
N\

Tyr-9 O T X T His-216

co Ne2

Ester* Distance Ne2-C8/A  Reoccurring structure®

Tyr-B 4.6 +

Tyr-2 4.0 -

Tyr-3 5.1 —

Tyr-4 6.6 +

Tyr-8 6.1 +

Tyr-10 5.9 -

Tyr-11 8.2 +

Tyr-12 5.2 -

Tyr-13 6.2 +

“ B corresponds to benzoic acid and the numbers to the acids in Chart 1.
® Several simulations have given the same conformation (rmsd < 0.6 A)
with similar energies. ¢ + corresponds to yes and — to no.

Discussion

We have previously reported that hGST A1-1 can be reengineered
into a thiolester hydrolase by a single point mutation, A216H.”
This new enzyme catalyzed the hydrolysis of GSB to form GSH
and benzoic acid via an Y9-acylated intermediate. The wt protein is
also acylated at Y9 by GSB but the reaction stops at that stage. The
introduced histidine thus opens up a new reaction pathway.”” In a
separate line of investigation we found that Y9 in the wt protein
could be acylated with a range of different GS-thiolesters** and
we were thus encouraged to explore the substrate requirements of
A216H in order to investigate if the introduction of a histidine
residue could open up the hydrolytic pathway for GS-thiolesters
other than GSB.

Only two out of 18 GS-thiolesters are substrates for A216H

Four successive screening experiments filtered out GS-2 as the
only new substrate in the library. In each experiment a number of
potential substrates were eliminated but false positives survived

each round. The reasons behind the false positives are complex
but the worst problems are probably low S/N ratios of the acid
products, and acylation of Y9 without subsequent hydrolysis.
Using this screening procedure we were able to analyze all the
potential substrates in the library with a mere 160 injections
instead of >300 as outlined in the Results section.

Recently, the same GS-thiolesters (Chart 1) were also used
to obtain information about the requirements for site-specific
modification of Y9 in wt hGST Al-1, a step that corresponds to
the first step in the catalytic cycle of A216H-catalyzed hydrolysis
of GSB. We found that 14 of the 18 GS-thiolesters (78%) in the
library (including GSB) were able to acylate Y9.** The generality
was perhaps not so surprising given that the natural function of the
GSTs is conjugation of glutathione to a wide range of electrophiles
and the H-site is thus accordingly promiscuous.?*%* Interestingly,
we now observe that A216H is only able to hydrolyze two out
of the 18 GS-thiolesters tested (10%). Even though several of
the GS-thiolesters were able to acylate Y9 as demonstrated by
decreases in the concentration of starting material, only in the case
of GS-2 (and GSB) is this a true intermediate that allows H216
to complete the catalytic cycle. This demonstrates that correct
orientation of the catalytic residues is necessary during the whole
cycle. In retrospect, we were indeed fortunate when we designed
and synthesized GSB and not a similar substrate. This further
illustrates the difficulties encountered when trying to design novel
enzymes; it is not only the protein but also the substrate that needs
to be taken into account. Perhaps the best starting point would be
to investigate a whole panel of substrates and not just one or a few
to evaluate the effect of a certain mutation.

The library contains a range of different GS-thiolesters with
respect to size, shape, hydrophobicity and pK, of the acid.*
The non-aromatic GS-thiolesters (GS-15 and GS-16) were also
included in the library since the wt rat GST Al-1 (closely
homologous to hGST Al-1) is capable of hydrolysis of non-
aromatic GS-thiolesters.** Even though the library contains this
variance, only two GS-thiolesters are substrates for A216H and
it is thus not possible to draw any relevant conclusions about
the substrate requirements. For example, the difference between
GS-1 and GS-2 is very small and the substitution in position 5
of GS-1 may perhaps possess a sterical hindrance. It would be
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Chart 1

interesting to use a more refined library based on GSB where
methyl groups are introduced in various positions in the aromatic
ring. A primary choice would, for example, be 3,4-dimethylbenzoic
acid that closely resembles GS-2.

The distance between acylated Y9 and H216 is the shortest for the
two successful substrates

The computer simulations support our experimental finding that
only GSB and GS-2 are substrates for A216H. The carbonyl
carbons of the esters formed from Y9 and benzoic acid and
naphthalenecarboxylic acid (2), respectively, are the only ones
that are within a distance of 5 A with respect to the epsilon
nitrogen of H216 (Table 3). In the case of GSB a reoccurring
structure appeared (Fig. 4A) with a distance of 4.6 A between the
epsilon nitrogen of H216 and the carbonyl carbon of the ester
formed from benzoic acid and Y9. In the case of GS-2 (Fig. 4B)
no reoccurring structure was obtained, however, the structure
with lowest energy (out of 14 simulations) has been used for a
qualitative comparison. The corresponding distance in the case
of GS-2 was 4.0 A. This suggests that only for GSB and GS-2 is
the histidine residue in the correct orientation to aid in catalysis
and it again stresses that precise positioning of the catalytic amino
acids is of utmost importance in the design of novel enzymes.
However, other factors may also contribute to the discrimination
mechanism. For example, the positioning of the acyl intermediate
may render some of the intermediates to be more stabilized than
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others. The naphthylated side chain of Y9 may, for example, bind
better in the active site than the benzoylated one and thus give rise
to a higher activation energy.

The k..(GS-2)/k.(GSB) is 4.1

The kinetic parameters derived from the saturation kinetics studies
show that the ratio k., (GS-2)/k..(GSB) is 4.1. A higher k., indi-
cates that the introduced histidine 216 possibly is more favorably
oriented for catalysis of hydrolysis of GS-2 than GSB. That the
K\ for GS-2 should be higher (41 uM) than that for GSB (5 uM)
is somewhat surprising since naphthalenecarboxylic acid (2)
seemingly has the potential to interact more favorably with the
hydrophobic H-site of A216H due to its larger aromatic system.
However, it should be noted that K\, cannot be treated as a pure
dissociation constant (Kp) in a multistep reaction. Again, the
conclusion is that it is not easy to a priori model the outcome
of the dynamic process of catalysis.

The background hydrolysis rates of GSB and GS-2 were
obtained using N-acetylated GS-thiolesters since we previously
found that GSB does not hydrolyze even after nine days at pH 7
and 25 °C but rather undergoes a rearrangement reaction where
the acyl group migrates to the a-amino group of GSH.?” Thiolester
hydrolysis is not expected to be affected by N-acetylation. The cat-
alytic proficiency (ke./Ky)/ ke of A216H-catalyzed hydrolysis
of GS-2 was calculated to be 3 x 10° M~'. Thus, the higher k.,
compensates for the higher Ky,.
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The suggested mechanism for A216H-catalyzed hydrolysis of GS-2

Through detailed mechanistic studies” we determined that an
acylated Y9 is an intermediate in the A216H-mediated hydrolysis
of GSB. It is highly likely that the mechanism of hydrolysis of GS-
2 by A216H also proceeds via an acylated Y9-intermediate. The
basis of this assumption is that the wt protein becomes modified
at Y9 by both GS-2 and GSB as shown by HPLC and MALDI-
MS.323 The introduced histidine residue in A216H is crucial for
the catalytic cycle to proceed and in the case of GSB it almost
certainly functions as a general base and not a nucleophile.” We
find it highly likely that the same type of mechanism operates in
the case of GS-2, especially since this is the only new substrate
found during the screening process and it is not likely that the
amino acids are positioned such that the mechanism would switch
to nucleophilic catalysis by the histidine.

Conclusion

The substrate requirements of the designed enzyme A216H have
been investigated through a combinatorial screening process of
17 GS-thiolesters. Only one new substrate, GS-2, was found and
the ratio k., (GS-2)/k..(GSB) is 4.1. The ratio of the catalytic
proficiencies (GS-2/GSB)is 0.2. The promiscuous feature of the wt
protein towards a range of different natural substrates has not been
conserved in the designed enzyme A216H but we have obtained a
selective enzyme with high demands on the substrate. We believe
that our findings illustrate the challenges encountered in rational
design of novel protein function and may be of importance for
future biotechnological applications using GSTs.

Experimental

All chemicals and reagents used were of the highest purity
available. The synthesis of the GS-thiolesters has previously
been reported®® and in this study the same stock solutions were
used. The HPLC experiments were performed with a Varian
system (ProStar 410 autosampler together with a ProStar 230
delivery system and a ProStar 330 photodiode array detector)
using a Kromasil C8 column (4.6 mm x 250 mm, Supelco
Inc, Bellefonte, USA) and shallow acetonitrile gradients with
aqueous trifluoroacetic acid (0.1%) (ESIT). The HPLC samples
were mixed with the internal standard 2-chloro-4-nitrophenol and
trifluoroacetic acid to a final volume of 30 pL and stored at —20 °C
until analysis. The chromatograms in screening experiment B-D
and in the saturation kinetic studies were integrated using the
Varian software. The UV measurements were carried out with a
Varian Cary-100 UV-visible spectrophotometer and submicrocells
(Varian, Palo Alto, USA).

Site-directed mutagenesis and protein expression

The A216H mutant was prepared by inverse PCR using the
wt vector pGNdeA1*” and custom-synthesized primers (DNA
Technology, Aarhus, Denmark) as described previously.”” The wt
protein and the mutant A216H were expressed in Escherichia coli
BL21(DE3) (Novagen, San Diego, USA) and purified by cation-
exchange chromatography using a HiTrap SP column (Amersham
Biosciences, Piscataway, USA).*® SDS-PAGE was used to confirm
the purity and concentrations were determined spectrophotomet-

rically using e,(hGST Al-1) = 24700 M~' cm™').® A standard
assay® using 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) and
1 mM GSH in 100 mM NaP; pH 6.5 at 30 °C was conducted
to check the activity of the proteins.

Screening procedures

The screening procedures are illustrated in Fig. 5.

/ Screening experiment A \
Samples: 100 M GS-thiolester (Chart 1 and GSB) incubated with 15 uM A216H.
Conditions: 100 mM NaP; pH 7 and 25 °C. Incubation for 26 hours.

Analysis: Reversed phase HPLC analysis. The corresponding acids in group B (100
uM) were injected separately and run on the same gradient. Chromatograms of the
Kstarting GS-thiolesters were obtained from a previous study.’ )

aus

Screening experiment B

Samples: 75 uM GS-thiolester (group B, Table 1) was incubated with (1) 5 uM

A216H (2) 5 uM wt protein (3) no protein present

Conditions: 100 mM NaP; pH 7 and 25 °C. Incubation for 2 days.

Analysis: UV spectroscopy whereafter late time points were withdrawn for further

analysis by reversed phase HPLC. The peaks corresponding to the GS-thiolester, acid

and internal standard were integrated. The relative concentration of GS-thiolester and
Qcid was obtained by dividing respective peak areas with that of the internal standard.

O

Screening experiment C \
Samples: 75 uM GS-thiolester (group C, Table 1) was incubated with
(1) 5 UM A216H (2) 5 UM wt protein (3) no protein present
Conditions: 100 mM NaP; pH 7 and 25 °C. Incubation more than 2 days.
Analysis: Six time points (20 min, 2.5 h, 8.2 h, 21 h, 27 h, 57 h) were collected and
analyzed by reversed phase HPLC. The peaks were integrated and the relative
concentrations of GS-thiolester and acid were determined. The relative concentration
Qvas plotted as a funtion of time to obtain the rate constant. /
o
Screening experiment D
Samples: (1) 5 uM A216H was incubated with 75 pM GS-2
(2) 5 M A216H was incubated with 5, 20, 40, 50, 75, 100 and 175 pM GS-3
(3) 5 M wt protein was incubated with 20, 75, 100 and 175 uM GS-3
(4) 5. 20, 40, 50, 75, 100 and 175 uM GS-3 was incubated with no protein present
Conditions: 100 mM NaP; pH 7 and 25 °C. Incubation for 2 days.
Analysis: Five time points (at 1.8 h, 6.0 h, 24 h, 30 h and 47 h) were collected and
analyzed by reversed phase HPLC. The peaks of the GS-thiolesters and internal
standard were integrated. The extinction coefficients of the substrates were determined
by UV spectroscopy in 100 mM NaP; pIl 7 to be €575 (GS-2) = 5978 M1 ecm™! and
€494 (GS-3) = 15736 M1 cm!. The extinction coefficient of GSB has previously been
determined to €55 = 7889 M~! cm*1.27 The relative responses of the substrates were
obtained by HPLC analysis of three independent samples of 75 uM and one 50 pM

sample each in 100 mM NaP; pH 7. The relative responses were found to be rys, (GS-
2) =0.255 and rpsy (GS-3) = 1.24.

Fig. 5 A flow chart of the experimental procedures used for screening
experiments A-D.

Saturation Kinetics

The saturation behavior of A216H towards GS-2 was analyzed
by mixing 5 pM A216H with different concentrations of GS-2 in
100 mM NaP; pH 7 and 25 °C. Time points (4-6 per sample)
were collected and analyzed by reversed phase HPLC. Due to the
high concentration of enzyme relative to substrate, the Michaelis—
Menten equation in the form in which no assumption of [E] «
[S] has been made was used to analyze the results, eqn (1).** The
kinetic parameters, k., and Ky, were determined using eqns (2)
and (3).
V= kei/2(Ky + [Ely + [S]y

= Ky + [Ely + [Sh)* — 4[EL[SLD (1)
kcal = Vmax/[E]O (2)

Ky=Vo/2 (3)
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The saturation kinetics in the case of GSB was previously
determined by monitoring the disappearance of the thiolester
functionality of GSB at 266 nm by UV spectroscopy.”’

Background hydrolysis rate

N-Acetylated GS-2 was synthesized by adding four portions of
10 equivalents of sulfo-N-hydroxysuccinimide acetate during a
period of four hours to GS-2 (final concentration 75 uM) in
100 mM NaP; pH 7. HPLC was used to confirm the acetylation
of GS-2. The background hydrolysis sample was incubated at
25 °C and time points were collected over 11 days and mixed with
internal standard and trifluoroacetic acid to quench the reaction
whereupon the samples were stored frozen until analysis. Reversed
phase HPLC was used to determine the remaining concentration
of N-acetylated GS-2.

Computer simulations

The PDB file 1USB was used as a starting structure for the
simulations and a subset of acids were covalently attached to
produce an ester at the side chain of Y9 before the computer
simulations were started. The energy of the modified structure was
then minimized by a Monte Carlo-based method as implemented
in the ICM program (Molsoft LLC, La Jolla, CA). The method
uses the ECEPP/3 forcefield* and a form of implicit solvation
called atomic solvation.* For non-bonded interactions the energy
function is a combination of van der Waals interaction,* hydrogen
bonding,* torsion energy*® and electrostatic interactions.** Amino
acid residues included in the simulation where located within a
sphere of 5 A around Y9. Remaining residues of the molecule were
fixed in order to speed up the calculations. Thus, 18 residues (7-16,
20, 33-35, 55-57 and 216) were included in the energy minimiza-
tion, but in order for the Monte Carlo method to work there must
be at least four amino acid residues in sequence. Therefore, only
ten of the residues (7-16) could be run through the Monte Carlo
minimization and the other eight residues were minimized with
localized methods in the Monte Carlo simulation. Between four
and fourteen simulations with one million Monte Carlo iterations
per simulation were performed for each thiolester substrate.
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A suite of synthetic hydraphile ion channels has been used to probe the possibility of cation—n
interactions between the channel and the phospholipid bilayer. The hydraphiles selected for this study
contained either no sidearm, aliphatic sidearms or aromatic sidearms that varied in electron-richness.
An ion selective electrode (ISE) method was used to evaluate the ion transport ability of these
hydraphiles across synthetic bilayers. Transport was dependent on sidearm identity. Ion transport

activity for the aromatic sidechained compounds was greatest when the sidearms were electron rich and

vesicles were prepared from 100% DOPC (trimethylammonium cation headgroup, overall neutral).
When the lipid headgroups were made more negative by changing the composition from DOPC to 70 :
30 (w/w) DOPC : DOPA, transport by the aromatic-sidechained channels was reduced. Fluorescence
studies showed that when the lipid composition changed, the headgroups experienced a different

polarity, suggesting reorientation. The data are in accord with a stabilizing cation—= interaction

between the aromatic sidearm of the hydraphile channel and the ammonium phospholipid headgroup.

Introduction

The phospholipid bilayer is a molecular cloister that defines the
boundary of most cells and organelles. The plasma membranes
of eukaryotic cells typically contain only about 50% by weight of
phospholipids. The other half is a mixture of sterols, various other
lipids, peptides, proteins, various anchor groups, and the like. Even
within the group of phospholipids, there is remarkable structural
variation in chain length, unsaturation, and head group identity.
It is clear that all aspects of membrane structure contribute to the
bilayer’s ability to interact with various guest molecules, fuse, form
lipid rafts, etc., although details of many such interactions remain
elusive. We report here that the transport efficacy of hydraphile
synthetic ion channels depends in part on the headgroup present
on phospholipid monomers.

Synthetic ion channels were essentially unknown two decades
ago but a number of credible examples have been reported in
recent years.! We have developed structurally different families of
cation-* and anion-selective® channels. The hydraphile family of
cation channels is now well characterized and structure-activity
studies have revealed details about ion transport mediated by sim-
ple, synthetic ion channels. The hydraphiles consist of two distal
diaza-18-crown-6 macrocycles that serve as portals for ion entry
and egress. The central relay serves the function* of the “water
and ion-filled capsule” recently identified in protein channels.’
We have shown that the central relay, typically a macrocycle,
adopts an extended conformation and lies parallel to the lipid
bilayer’s acyl chains.® The distal macrocycles are connected by

“Department of Molecular Biology & Pharmacology, Washington University
School of Medicine, Campus Box 8103, 660 S. Euclid Ave., St. Louis,
MO, 63110, USA. E-mail: ggokel@wustl.edu; Fax: +1 314 362 9298;
Tel: +1314 362 9297

*Department of Chemistry, Washington University, 1 Brookings Drive, St.
Louis, MO, 63130, USA

polymethylene linkers to the central relay (macrocycle), both of
which were dodecyl chains in the original design.

A method we used at an early stage to evaluate hydraphile-
mediated ion transport relied on dynamic *Na NMR in phos-
pholipid vesicles.” Although useful and reliable, this method is
somewhat cumbersome and labor-intensive. We have developed
and recently reported a methodology utilizing a Na* selective
microelectrode® The ion selective electrode (ISE) method is
equally reliable but has proved to be faster and more reproducible.
We have used the ISE method to record Na* transport mediated
by hydraphiles having systematically varied lengths as a means to
dynamically assay liposomal membrane thickness. We found that
shorter channels were active in the thinnest membranes but not
thicker ones, and vice versa.’

Our confidence in the ion transport function of these synthetic
channels has now permitted us to assay the effect of changes in
various hydraphile subunits. In previous studies, we found that
changes in the sidearms profoundly altered Na* transport ability.®
A surprising observation was that Na* transport was significantly
higher when benzyl groups comprised the sidearms than when
they were n-dodecyl groups. Another program underway in our
laboratory has been to identify alkali metal cation—m interactions,
both in solution and in the solid state.’ It occurred to us that the
difference in activity of aromatic vs. alkyl-sidearmed hydraphiles
might result, at least in part, from cation—= interactions between
the channels’ benzyl headgroups and the cationic phospholipid
headgroups. We report here an effort to assay the interaction
between hydraphile sidearms and the phospholipids in the bilayers
where the former are active.

Results and discussion

We have studied hydraphile-mediated Na* transport in liposomes
prepared from several different phospholipid monomer mixtures.

This journal is © The Royal Society of Chemistry 2006
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The transport results we obtained were reproducible for specific
lipid mixtures, but sometimes quite different from other membrane
compositions. In particular, we compared sodium cation transport
in pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with
results obtained in a 70 : 30 (w/w) mixture of DOPC and 1,2-
dioleoyl-sn-glycero-3-phosphate (DOPA). Relatively little differ-
ence was observed when the hydraphile sidearms were aliphatic
(see below) but significant when the sidearms were benzyl or
substituted benzyl.

. CH
Q‘/O ! 3CH
to
0, OV(\O’P‘O/\/N\ 3
Q CHs
0]
0

In earlier work, we found that sodium cation transport by
hydraphiles having substituted benzyl sidearms correlated with the
arene’s electron richness (its Hammett parameter).! The observed
effect could have resulted from an electronic effect on the distal
macrocycle nitrogen to which the benzyl group was attached.
Alternately or additionally, it could have indicated a cation—
7 interaction, but how this might operate remained obscure.
Moreover, cation— interactions were poorly documented at the
time of that earlier study. Extensive work in our™ and other
laboratories' has placed on firm footing the cation—= interaction
for benzene,"” phenol, and indole® with sodium or potassium
cations.

Compounds studied

The compounds used in this study are shown as 1-8. The covalent
spacer chains are 1,12-dodecyl and the macrocycles are 4,13-
diaza-18-crown-6 in all of the compounds studied. The distal
macrocycles are terminated by the groups indicated as “R”, and
are aliphatic (1) or aromatic (2-7). Channel 8 does not contain
a sidearm; rather it terminates in a secondary amine as the
macrocycle nitrogen.

Compounds 2, 4, 5, and 6 are benzyl derivatives for which
Hammett constants are available. Compound 3 is a phenethyl
derivative that was chosen because previous studies showed that
this sidechain is subject to alkali metal cation—n interactions.'®™
The dansyl sidechain (7) was used as a fluorescent probe to
help assess sidechain environment. Two comments are appropriate
concerning phenethyl-sidearmed 3. First, it is attached to nitrogen

VA I\ I\
0 o—> <—o o—> <-o o—>

N=(CHz)12——N N=(CHz)12—N N=R

B S R

7/
R =
-(CH3)11CH3
2 4

Nl

N(CH3),
5 6 7 8

through a two-carbon, ethylene unit, so it is not a benzyl
derivative. Second, we were able to prepare numerous cation—
n complexes of diaza-18-crown-6 derivatives when the sidearm
was 2-phenylethyl>™ but not when it was benzyl. Thus, a direct
comparison between 2 and 3 is problematic.

Sodium transport studies

Liposomes of approximate diameter 200 nm were prepared from
an individual phospholipid or a mixture of lipids, as described in
the Experimental section. The liposome’s internal and external
buffers were 750 mM NaCl and 750 mM choline chloride,
respectively. Addition of an active hydraphile (1-8, 12 uM) led
to Na* efflux, which was monitored by ISE. The method used
to assay sodium release from liposomes was reported recently
in detail.® The results obtained for compounds 2-7 in DOPC
liposomes are shown graphically in Fig. 1. Reproducibility by this
method is good: each curve shown is the average of at least three
experiments.
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0.24

Fractional Na* Release

04 Y ———
0 200 400 600 800 1000 1200 1400
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Fig. 1 Fractional sodium ion release from liposomes ([lipid] = 0.4 mM)
mediated by 12 uM of compounds 27 as determined by ISE methods.

The data show an activity order for Na* release of 4 (4-methoxy-
benzyl) > 3 (2-phenylethyl) > 2 (benzyl) > 5 (4-fluorobenzyl) > 6 (4-
nitrobenzyl). Compounds 2, 4, 5, and 6 can be directly compared.
Sodium transport decreases with decreasing electron richness of
the sidearm. Thus, 4-methoxybenzyl channel 4, which has the
most electron-rich sidearms in the series, afforded 100% release
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by ¢ = 1500 s. Hydraphiles 2 and 3 both have benzene-terminated
sidearms, but compound 3 has an additional methylene spacer in
the sidearm. The latter (3) was ~25% more active than the former
(2). The X-ray crystallographic studies of diaza-lariat ethers noted
above showed clear evidence for cation—r complexation of alkali
metal cations when the sidearm was phenylethyl but not when
it was benzyl.' This difference, observed originally in the solid
state between lariat ethers having the sidearms of 2 and 3, was
confirmed for the solution state by use of NMR .

Among compounds 2-6, those having electron-deficient arenes
in the sidearms are the least active. Thus 5 (p-fluorobenzyl sidearm)
mediates only 40% release at 1500 s, and the compound having p-
nitrobenzyl (6) sidearms releases ~20% of the total Na*.

As noted above, changing the benzyl group’s para substituent
predictably alters Na* transport through liposomal bilayers.!
Variations in transport rates observed when the lipid composition
was altered suggested an additional effect. It seemed possible that
a cation—n interaction between the cationic headgroup of DOPC
and the benzyl sidearm was enhancing channel function. The
quaternary ammonium residue of DOPC is cationic even though
the headgroup is overall neutral. If a cation—= interaction was
involved, changing from a zwitterionic to an anionic lipid should
diminish or eliminate the observed differences.

The activity of each hydraphile was determined under otherwise
identical conditions in DOPC (zwitterionic headgroups) and a
70 : 30 (w/w) mixture of DOPC and 1,2-dioleoyl-sn-glycero-3-
phosphate (DOPA). In each case, the hydraphile was present at
12 uM and the lipid concentration was 0.4 mM. Each line, graphed
in Fig. 2, is the average of at least three replicates.

-
o

- I FDOPC
o o

= 08 o 17 DOPC:
B o6 3 DOPA
n

8

< 04

1

+£ 0.2-

1 2 3 4 5 6 71

Fig. 2 Dependence of Na* release at 1500 s from liposomes mediated by
compounds 1-7. Filled bars: liposomes prepared from pure DOPC. Open
bars: liposomes prepared from 70 : 30 (w/w) DOPC : DOPA.

The data in Fig. 2 reveal four interesting properties. First, the
presence of a sidearm is required for significant Na* transport
in this assay system. The activity for channel 8 (not shown on
graph), which lacks a sidearm, is <2% total Na* release. We
previously showed, by using an NMR assay, that no activity at
all could be detected when the NH group of 8 was replaced by an
oxygen atom.® The present study confirmed that finding (data not
shown). Second, the activity of otherwise identical hydraphiles
is dependent on the stereoelectronic character of the sidearm
residue. A clear correlation of substituted dibenzyldiaza-18-
crown-6 compounds binding Na* with Hammett parameters was
reported some years ago.'” The effect is particularly quantifiable
for benzyl-sidearmed compounds 2, 4, 5, and 6, which differ
only in the arene substituent. Third, strikingly different transport

activity was observed for certain individual compounds when the
lipid composition changed. Finally, the transport by the aliphatic
sidechained compound 1 is not significantly lipid dependent.

Itisalso apparent from the data of Fig. 2, that when the sidearms
are aliphatic (1), changing the lipid composition makes little or no
difference. Little effect is also apparent when the benzyl sidechains
bear electron withdrawing groups. In marked contrast, however,
more electron rich benzyl hydraphiles 2 and 3 show much higher
Na* transport in pure DOPC (filled bars in Fig. 2) than in the
70 : 30 DOPC : DOPA mixture. It is tempting to say that electron
poor 5 and 6 are slightly more effective when the lipid headgroups
are partly negative (DOPC : DOPA) than when wholly positive
(DOPC), but the transport rates are within experimental error
of each other (see error bars in Fig. 2). The data presented here
comprise what is, to our knowledge, the first evidence of a cation—
m interaction that affects ion transport through a phospholipid
membrane.

A final observation is that the lipid dependence of 4 is the
most dramatic of the group. The successful Hammett correlation
discussed above makes the high transport value observed in 7 : 3
DOPC : DOPA seem reasonable. Why transport is so low for 4
in DOPA (open bars) is less clear. There are at least two possible
explanations, both of which are speculative. First, the electron
donating ability of the methoxy group, transmitted through the
benzyl group to a distal macroring nitrogen, could enhance
complexation and restrict ion transport. Alternately, the arene’s
increased electron richness could manifest itself in T-complexation
of the transient cation and thus reduce flux. Of course, both effects
could contribute to the poor transport.

Structural information

A search of the Cambridge Structural Database (CSD) revealed
structural information for only six phospholipids. Two of these
(LAPETM10"® and QACGACY) are structures of phosphatidyl-
ethanolamines. The group includes a structure of a phosphatidic
acid, namely sodium 2,3-dimyristoyl-D-glycero-1-phosphate (so-
dium 1,2-sn-dimyristoylphosphatididate, CSD: DAHJAX).* One
structure possesses a dimethylamine headgroup: 2,3-dilauroyl-rac-
glycero-1-phospho-N,N-dimethylethanolamine ~ (QACGAC)."”
The two remaining structures are of phosphocholines: 1,2-di-
palmitoyl-L-lecithin (PALLEC*') and 1,2-dimyristoyl-sn-glycero-
3-phosphorylcholine dihydrate (WAHQAX?®). The structure of
sodium 1,2-sn-dimyristoylphosphatididate, (CSD: DAHJAX) is
typical in that the fatty acyl chains are linear and aligned through-
out the crystal as are the headgroups. The monomers crystallize
in bilayers in which the fatty acid chains and headgroups are
alternately in contact. Although these results are as expected, they
shed no light on the interaction of the headgroups with aromatic
residues.

Ammonium ion interactions with arenes

The CSD reveals numerous contacts between tetramethylammo-
nium ion and various arenes that are part of larger molecules
such as metal complexes of phenol or catechol. An example is the
tin complex (tetramethylammonium 2-chloro-5,5-dimethyl-2,2'-
spirobis(1,3,2-benzodithiastannole)) shown below and identified
in the CSD as BTHSNA10.2® Using the crystal coordinates, we
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measured the distance** from the quaternary nitrogen to the
arene’s centroid as 4.541 A. In a previous study of ammonium
ion—arene contacts,” we identified relatively few structures in the
CSD that exhibited contacts shorter than 4.7 A.

(CH3)4N+C|_
S, S
Sn
S S
BTHSNA10

Lipid-hydraphile interactions

We infer from the results shown in Fig. 2 that the hydraphile’s
aromatic sidechains interact with the lipid headgroups. The
solid state structures available for the phospholipids suggest
that there is room between headgroups for interstitial placement
of the hydraphile sidechains. It seems probable that when this
interaction involves an arene and a quaternary ammonium cation,
the hydraphile’s active ion-conducting conformation is stabilized,
resulting in increased ion transport. The distances involved are
clearly critical, however, as interposition of a single methylene
group (2 — 3) enhances transport activity. The ammonium-n
interaction is not favorable when the hydraphile headgroup is
electron poor. Thus, ion transport activity in DOPC is lower for 5
and 6 than for 2 and 4. When the lipids are changed from DOPC
to a DOPC : DOPA mixture (filled bars in Fig. 2), the chance of
such a favorable interaction is diminished. In the DOPC : DOPA
case, neither 5 nor 6 is much affected.

One might expect the electron poor hydraphiles to show
improved transport when DOPA is present. The latter is a shorter
lipid and it is unknown whether the distribution of DOPA is
uniform throughout the bilayer. If the chain length sensitivity of
3 compared to 2 is extensible to the lipids, positioning alone may
account for the differences in transport rates in the lipid mixture.

The Hammett relationship

The Hammett equation describes a linear free energy relationship
that permits the correlation of stereoelectronic properties with
structural variables. Compounds 2 and 4-6 are benzyl derivatives
that differ only in the para-substituent. As noted above, we
previously reported that Na* cation transport obeys a Hammett
relationship as determined by *Na NMR transport studies.!! The
experiments presented here assume that there is a predictable
electronic effect on the distal macrocycles. The effect should be
separate from the cation—= interaction with trimethylammonium
cations. Indeed, the results presented here, obtained by use of
the ISE method, confirm the previous *Na-NMR studies for the
DOPC system.

Fig. 3 shows the Hammett plot of Na* transport vs. ¢° for 2 and
4-6, which are the only sidearms in our study for which Hammett
coefficients are available.”® The data are correlated by a straight
line, which shows that the variation in channel activity corresponds
with the electronic effect of the sidearms in pure DOPC liposomes
(r* = 0.86, slope = —0.86). No correlation was observed when the
liposomes were prepared from 70 : 30 (w/w) DOPC : DOPA. When
a linear fit of the obviously poor data set was forced, the slope was
~0 as was the correlation (i.e., r*). We note that in the previous
study" using the rather complex NMR method, we observed a
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Fig.3 Hammett substituent constant dependence of Na* release at 1500 s
from liposomes mediated by compounds 2, 4, 5, and 6. The transport data
show a reasonable correlation with the electronic effect.

similar correlation, albeit with fewer compounds and with a lipid
mixture.

Dansyl fluorescence emission spectra

Dansyl channel (7) emission spectra were recorded in the absence
or presence of DOPC or DOPC-DOPA vesicles. The results are
presented in Fig. 4. Maximal fluorescence was observed for 7
at 532 nm in sodium-free external buffer (Fig. 4, bottom line).
This absorption maximum is typical for a dansyl group in a
polar environment. The emission spectrum for dansyl channel in
DOPC vesicles (Fig. 4, middle trace) showed a small blue shift,
to a fluorescence maximum of 527 nm and fluorescence intensity
increased. The fluorescence maximum for dansyl typically occurs
at shorter wavelength and is often more intense in less polar
media.” The largest blue shift was observed for 7 (532— 515 nm),
when it was inserted into liposomes prepared from a 70 : 30 mixture
of DOPC-DOPA (Fig. 4, upper curve). The maximum blue shift
(17 nm) was observed in the 70 : 30 system; no further shift was
observed in a 50 : 50 mixture of these lipids (data not shown).
We interpret the data of Fig. 4 to reflect movement of the dansyl
group to a more apolar environment when the surface charge of
the lipid becomes more negative.

7:3 DOPC:DOPA \/ Amax =515 nm

[
[=]
[=]

Amax =

200 527 nm¥

DOPC
100

Amax =532 nm ¥

Fluorescence Intensity (a.u.)

buffer only

0
400 425 450 475 500 525 550 575 600
Wavelength (nm)

Fig. 4 Fluorescence spectra for dansyl channel 7 in (bottom line) buffer,
in pure DOPC liposomes, and (top line) 70 : 30 (w/w) DOPC : DOPA
liposomes.

We have previously used dansyl channel fluorescence to assess
the position of the headgroup in the bilayer.”® We reported that the
dansyl headgroup of 7 experienced a local dielectric similar to that
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expected for the midpolar regime of the bilayer.”” The latter mea-
surements were confirmed using fluorescence depth quenching.
We now consider the effect of lipid composition on the position
of dansyl channel 7, as reported by its fluorescence maximum.
The difference in the fluorescence maximum when 7 is in DOPC
compared to DOPC : DOPA is apparent in Fig. 4. When the lipids
have a neutral surface charge (DOPC), the sidearms are closer to
the bilayer surface. Stabilizing cation—r interactions between the
sidearm arenes and quaternary ammonium groups are likely. The
presence of DOPA in DOPC makes the membrane surface more
negative, obviating the favorable cation—= interaction.

When the liposome surface is more negative, the electron rich
sidearms are repelled, they move closer to the hydrophobic core,
and the headgroup fluorescence spectrum is blue-shifted (Fig. 4).
The fluorescence data show that the sidearm of 7 is closer to
the DOPC liposome surface than when DOPA is present in the
bilayer. The ion transport data show greater efficacy for those
hydraphiles that can interact favorably with an ammonium cation.
When this stabilization is diminished, either by electronegative
substitution on the sidearm arenes or inclusion of negative lipids
in the liposomal bilayer, Na* transport decreases.

Implications for proteins

Cation-r interactions are increasingly documented. In our own
work, we showed using solution and solid state methods that
sodium and potassium are m-complexed by benzene, phenol,
and indole, the sidechain arenes of Phe, Tyr, and Trp.'*'¢* The
preference of tryptophan residues for membrane interfaces is well
documented.’' In some cases, cation—r interactions between Trp
and positively charged Arg or Lys, have been observed.’ The
possible roles of Phe residues have been less well investigated
but were recently implicated in hydrophobic interactions in the
neuropeptide Achatin-1.** Molecular dynamics simulations in that
case predicted the existence of close contacts between amino acid
sidechains and lipid headgroups.* Recent NMR studies have re-
ported a cation—7 interaction between the quaternary ammonium
headgroup of phosphatidylcholine and Trp* alone or Trp and
Tyr.* The crystal structure of human phosphatidylcholine transfer
protein (PC-TP) shows that the lipid’s quaternary ammonium
headgroup is surrounded by an “aromatic cage” formed from a
Trp and two Tyr residues.”” We note that so-called aromatic side
chain “belts” have been recognized as stabilizing ensembles.*®

In other work from our lab, we noted that the indole residues of
tryptophan could serve as amphiphilic headgroups® at aqueous—
bilayer boundaries.*” We illustrate this potential with the ribbon
diagram drawn from the coordinates in reference 5 and shown
as Fig. 5. It illustrates the position of the aromatic sidechains of
the KcsA potassium channel from Streptomyces lividans. With the
exception of four Phe residues in the ion pathway, every aromatic
amino acid in the structure is found at the lipid interface. The
hydraphile synthetic channels show that the electron richness of
n-donor residues near the membrane interface correlates with
increased ion transport activity.

Conclusion

‘We have used an ion selective electrode method in conjunction with
fluorescence studies to show that hydraphile channels can be sta-

Fig. 5 Ribbon structure of the KcsA potassium channel with Phe
(yellow), Tyr (pink), Trp (blue) depicted as space filling models. This
image was constructed using Protein Explorer from the crystallographic
coordinates 1BLS8 of the KcsA channel from Streptomyces lividans as
determined by Doyle et al.®

bilized in the bilayer to afford Na* transport activity. These com-
pounds, which contain sidearms with varying degrees of n-density,
demonstrate the importance of cation—r interactions in obtaining
a stable, active conformation for cation transport by hydraphile
channels. In a liposome system comprising neutral lipid head-
groups, those compounds with n-dense sidearms exhibit higher
levels of Na* transport than those with electron-withdrawing
groups on the arene system. When the lipid headgroup is negative,
the activity of the latter channels is unaffected, while the channels
with highly aromatic sidearms have decreased transport ability.
The difference in activity is presumably due to hydraphile
stabilization in the bilayer that is lost when the lipid surface
is negatively charged. The fluorescence studies presented above
confirm that the channel’s sidearm is localized further into the
hydrophobic core of the bilayer in the negative headgroup system,
suggesting that this stabilization comes from the lipid headgroup.
We presume this interaction to be a cation—r interaction between
the quaternary amine of the phosphocholine headgroup and the
arene-containing sidearms of the hydraphile channel.

Experimental
General

'"H-NMR were recorded at 300 MHz in CDCI; solvents and
are reported in ppm (0) downfield from internal (CHj;),Si. *C-
NMR were recorded at 75 MHz in CDCI; unless otherwise stated.
Infrared spectra were recorded on a Perkin-Elmer 1710 Fourier
Transform Infrared Spectrophotometer and were calibrated
against the 1601 cm™' band of polystyrene. Melting points were
determined on a Thomas Hoover apparatus in open capillaries and
are uncorrected. Thin layer chromatographic (TLC) analyses were
performed on aluminium oxide 60 F-254 neutral (Type E) with a
0.2 mm layer thickness or on silica gel 60 F-254 with a 0.2 mm layer
thickness. Preparative chromatography columns were packed with
activated aluminium oxide (MCB 80-325 mesh, chromatographic
grade, AX 611) or with Kieselgel 60 (70-230 mesh).

All reactions were conducted under dry N, unless otherwise
stated. All reagents were the best (non-LC) grade commercially
available and were distilled, recrystallized, or used without further
purification, as appropriate. Combustion analyses were performed
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by Atlantic Microlab, Inc., Atlanta, GA, and are reported as
percents. Where water is factored into the analytical data, spectral
evidence is presented for its presence.

Synthesis of hydraphiles

Compounds 1, 2, 4-8 have been reported previously.>*#!

Preparation of 3,
PhCH,CH,<N18N>C,;,<N18N>C,,<N18N>CH,CH,Ph

H<NI18N>(CH,),,<N18N>(CH,),,<NI8N>H (9) (149 mg,
0.134 mmol) and (2-bromoethyl)benzene (55 pL, 0.4 mmol),
Na,CO; (716 mg, 6.7 mmol), and KI (cat.) were dissolved in »n-
PrCN (30 mL). The reaction was stirred at reflux for 72 h and the
solvent was removed. The residue was washed with 5% NaHCO,
(3 x 20 mL), dried and concentrated to afford a yellow residue
which was crystallized from acetone to give 3 (128 mg, 73%) as
white crystals (mp 65-66 °C). 'H-NMR: 1.25 (s, 32H), 1.43 (m,
8H), 2.47 (m, 8H), 2.77 (m, 24H), 2.855 (t, J = 6.0, 8H), 3.58—
3.64 (m, 48H), 3.59 (s, 4H), 7.16-7.27 (m, 10H). *C-NMR: 27.10,
27.50,29.61, 33.74,53.91, 56.01, 57.88, 69.96, 70.23, 70.73, 125.91,
128.32,128.73, 140.52 ppm. Calculated for C;sH, ;s NsO,,: C, 68.74;
H, 10.47; N, 6.33%. Found: C, 68.52; H, 10.47; N, 6.32%.

Vesicle preparation and sodium transport measurements

Details of this ion selective electrode (ISE) methodology
were recently reported.” Liposomes were formed (20 s sonica-
tion) from 1,2-dioleoyl-sn-glycero-3-phosphocholine and 0% or
30% (w/w) of 1,2-dioleoyl-sn-glycero-3-phosphate (Avanti Polar
Lipids, AL). The internal buffer was 750 mM NaCl-15 mM
N-2-hydroxyethylpiperazine- N'-2-ethanesulfonic acid (HEPES),
pH 7.0. The liposomes were filtered (0.2 um membrane) and passed
over a Sephadex G25 column equilibrated in sodium-free buffer
(750 mM cholineCl-15 mM HEPES, pH 7.0). Lipid concentration
was measured as previously reported® and vesicle size was
confirmed on a Coulter N4MD submicron particle analyzer to
be ~200 nm. Sodium efflux was measured by using a pH-
Na* combination microelectrode (Thermo-Orion) as previously
described.’ Final values were determined after vesicular lysis and
curve calibration.

Data analysis

The data were acquired in mV units, which were converted to
concentration by using the calibration curve for the electrode
(recalibrated each ~3 weeks). After converting from mV to
concentration, the data were normalized to the total sodium
concentration, as determined by lysing the vesicles with n-
octylglucoside. Data manipulation was done using Origin Pro 7
software.

Dansyl fluorescence emission spectra

Fluorescence was measured using a Perkin Elmer LS50B fluo-
rimeter with continuous stirring. A stock solution of 0.67 mM
dansyl channel (7) in 2-propanol was prepared and stored at 4 °C
when not in use. Dansyl channel was added and stirred for ~60 s
before spectra were taken. The emission spectrum for 17 uM 7 was
measured in 2 mL of buffer (750 mM cholineCl-15 mM HEPES,

pH 7.0). The dansyl group was excited at 340 nm and the emission
scanned from 350-700 nm. In each case, five scans were averaged
to reduce baseline noise. For the measurements in vesicles, 7 was
added to the liposome suspension (as prepared above) in buffer to
achieve a total volume of 2 mL and overall lipid concentration of
0.4 mM.
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The study of highly conjugated, carbonyl-containing molecules such as 1,4,5,8-naphthalene
tetracarboxylic dianhydride, II1, is of interest since reactivity differences and transmission of electronic
effects through the conjugated framework can be evidenced. The kinetics of hydrolysis of III in aqueous
solution were determined from 5 M acid to pH 10. In basic solution hydrolysis of III yields,
sequentially, 1,4,5,8-naphthalene diacid monoanhydride, II, and 1,4,5,8-naphthalene tetracarboxylic
acid, I. The second order rate constant for alkaline hydrolysis is 200 fold higher for the first ring
opening. The water-catalyzed hydrolysis of III yields a pH-dependent mixture of ionic forms of I and
II. The rate constant for water-catalyzed hydrolysis of Il is 25 fold higher than that for II. In
concentrated acid the rates for reaching equilibrium (I, IT and III) increase and III is the major product.
The pK,s of 1 (3.24, 5.13 and 6.25) and II (3.05, 5.90) were determined by potentiometric, fluorescence
and UV spectroscopy titrations and by quantitative fit of the kinetic and equilibrium data. The
apparent, pH-dependent, equilibrium constants, Kg,, for anhydride formation between I and II were
obtained from the UV spectra. The quantitative fit of kinetic and equilibrium data are consistent with
the assumption that anhydride formation only proceeds with the fully protonated species for both I and
IT and permitted the estimation of the equilibrium constants for anhydride formation, K. The value
of Kggn (I = II) between pH 1 and 6 was ca. 5. Geometry optimization calculations in the gas phase of

the reactions of III in alkaline, neutral and acid conditions, at the DFT level of theory, gave electronic
distributions that were qualitatively consistent with the experimental results.

1 Introduction

The experimental and theoretical analysis of anhydride formation
in intramolecular reactions is a paradigmatic model chemical
system, extensively used to analyze ground and transition state
contributions to the rates of intramolecular and enzymatic
reactions.’

Hydrolysis of carboxylic anhydrides in aqueous solution can
be spontaneous, acid or base-catalyzed.' Dicarboxylic acids can
be in equilibrium with the correspondent anhydrides in aqueous
solutions and, in general, the equilibrium is displaced towards
the diacid.™® The equilibrium constant may vary from 1077 to 25
depending on structure and the unionized diacid is the kinetically
significant species for anhydride formation.”

The equilibrium between 1,8-naphthalic anhydride, 1,8-An,
and its hydrolysis product 1,8-naphthalene dicarboxylic acid, 1,8-
Acid, in aqueous solution has been analyzed previously." The
pH dependence of hydrolysis kinetics of 1,8-An is complex and
indicates an equilibrium reaction between 1,8-An and 1,8-Acid
at pHs lower than 5.0. Kinetics and equilibrium results were
rationalized by assuming that protonated forms of the 1,8-Acid
are in equilibrium with 1,8-An. The values of the equilibrium
constants for 1,8-An formation range from 4, between pH 0
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and 6, to 100 in concentrated acid. Ab initio calculations for
the pathway connecting the undissociated 1,8-Acid to the 1,8-
An are consistent with a mechanism involving a rate determining
intramolecular proton transfer concerted with oxygen alignment
towards the carbonyl center forming a transition state with a
neutral and planar intermediate with an sp® carbon. The second
step is dehydration, through another transition state, yielding a
complex between water and 1,8-An."

Tetra-substituted naphthalene acid, namely 1,4,5,8-naphtha-
lene tetracarboxylic acid, I, Scheme 1, and its mono II and
dianhydrides, III, are intermediates in the synthesis of polymers
and dyes."

Fully protonated I yields 1,4,5,8-naphthalene tetracarboxylic
dianhydride, III, upon drying."! Hydrolysis of III in aque-
ous base was reported to yield I without the formation of
1,4,5,8-naphthalene diacid monoanhydride, IL, as an intermediate,
Scheme 1."' Compound II was obtained by acidification of I
with mineral acid at temperatures above 60 °C. Kofman and
coworkers prepared I, and its derivatives, II and III, in acid at
90 °C and 140-150 °C, respectively." Acid dissociation constants
and alkaline hydrolysis in aqueous DMSO were also analyzed.!
Compounds I, II and III showed 4, 3 and 2 dissociable groups,
respectively, and the authors rationalized the data by assuming an
intermediate, formed after OH™ attack at carbonyl groups of 111,
leads to the appearance of a dissociable group and the opening
of the two anhydrides to yield I. The formation of II in aqueous
solution upon heating was suggested from NMR spectra and it
was proposed that, in moist DMSO, an equilibrium between I and
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Scheme 1 Reactions involved in the hydrolysis of I1I to II and 1.

IIT is possible.”?
known.'*1¢
1,4,5,8-Naphthalene tetracarboxylic acid, I, Scheme 1, is an
interesting model where short-range electronic and steric interac-
tions, as well as protonation states, can modulate chemical reactiv-
ity. Intramolecular reactions of I exhibit short range interactions
that are typical of those encountered in an enzyme active site.
The detailed pathways of anhydride formation and hydrolysis
in the 1,4,5,8-naphthalene tetracarboxylic system have not been
analyzed. It seemed unlikely that the hydrolysis of III yielded I
without the intervening formation of II, as described previously.!
Here we present kinetic and equilibrium data that contribute to
the understanding of the mechanism of formation and hydrolysis
of III in aqueous solutions. Cyclization of I to II and further
cyclization to III, in acid, were also studied. The pKs of I and
II were determined using UV-Vis and fluorescence spectroscopy,
potentiometric titration and kinetic data. Cyclization of both I and
II depends on the protonation of the carboxylic groups. Geometry
optimization of III, selected intermediates and monoanhydrides
was performed to define differences in reactivity between the

Crystal structures of compounds I, IT and III are

mono and dianhydrides in the acid, water and base-catalyzed
reactions.

2 Experimental
2.1 Materials

1,4,5,8-Naphthalene tetracarboxylic dianhydride, III, (Aldrich)
was used without further purification. The tetra sodium salt of
1,4,5,8-naphthalene tetracarboxylic acid,"” I-Base, (Scheme 1) was
prepared by alkaline hydrolysis of III, adding III to yield a final
concentration of 0.001 M in aqueous solutions of NaOH and
maintaining the sample at 30 °C for 30 min (see results). At the end
of the reaction, absorbance measurement at 368 nm guaranteed
complete hydrolysis of III to I-Base (see results).
1,4,5,8-Naphthalene diacid monoanhydride, II: 12.5 mL of an
aqueous solution of I-Base (I x 10~ M) in NaOH (0.005 M)
was added to a 25 mL volumetric flask containing water and HCl
sufficient to give pH 1.0 and 5 x 10~* M of protonated I-Base,
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I-H,. The solution was maintained at 30 °C until I-H, was almost
completely cyclized (ca. 80%, see results) to II-H,.

Other reagents (Merck, Aldrich or Sigma) were P.A. or spec-
troscopic grade and used as supplied. All aqueous solutions and
buffers were prepared in freshly glass bi-distilled water. The buffers
used were the sodium salts of borate (pH 9.0 to 10.0), phosphate
(pH 6.4 to 8.0), acetate (pH 3.8 to 5.6), citrate (pH 2.2 to 6.0),
4-morpholineethanesulfonic acid, MES (pH 5.5 to 6.5), and [2-
(hydroxymethyl) aminomethane], TRIS (pH 7.5 to 8.5). Buffer
concentrations, shown in the figure legends, varied from 0.01 M
to 0.05 M. HCI or HCIO, were used for pHs lower than 2.0,
and in the H, region.”® NaClO, was obtained by neutralization of
concentrated HCIO, with sodium hydroxide.

2.2 Methods

UV-Vis absorption spectra and kinetic measurements were
recorded using Hitachi U-2000, Cary 3E, Shimadzu UV-2401 PC
or Beckman DU-7 spectrophotometers. Kinetic measurements
were done at 30 °C =+ 0.1. Fast reactions, above pH 7, were
recorded in an Applied Photophysics Model SX-18 MV Stopped
Flow system. Steady-state fluorescence spectra were recorded
either in SPEX-1681 or Hitachi-F-2000 spectrofluorimeters. The
excitation and emission slit widths were set to 1 mm, band-pass
of 13 nm. Fluorescence emission spectra obtained with the SPEX
fluorometer were corrected using the fabricant software. pHs were
measured with a Beckman model ®71 pH meter. I was titrated
using a Radiometer PHM 82 Standard pH Meter equipped with
a glass electrode calibrated with standard buffers at 30 °C.

Absorbance and fluorescence measurements. Absorption and
fluorescence measurements were made using 3 mL quartz cuvettes
with 10 mm optical path. Final concentrations of III or I, usually
1 x 10> M, were obtained by adding 1% (v/v) of the stock
solution into the appropriate solvent or buffer. Stock solutions
of III and I (1 x 10~ M) were prepared in CH;CN or DMSO
and in aqueous NaOH respectively. The standard errors of the
extinction coefficients were less than 5%.

Kinetic measurements. The kinetics of hydrolysis and cycliza-
tion were followed at the maximum absorbance wavelength as
follows: 368 nm for II (¢ = 23 737 M~'cm~') and 308 nm for I (¢ =
10 000 M~'cm™"). Reactions were initiated by adding 0.025 mL of
stock solutions of the substrates to 2.5 mL of buffer giving a final
concentration of 1.0 x 10~° M. Rate constants were calculated
from first-order kinetics with at least 4-5 half-lives in all cases and
are the averages of at least three independent experiments differing
by no more than 5%.

Fast kinetics. At each shot of the stopped flow system 0.1 mL
of I stock solution in CH;CN was mixed with 2.5 mL of buffer.

Observed first-order rate constants, k,, calculated by the SVI8
MYV program, are the mean values of at least 8 runs.

Potentiometric titrations. [-Base was titrated with 0.1148 M
HCI, under N,, using 50 mL of a 0.001 M solution of I-Base
prepared in NaOH (pH 11.5). Titrant HCI was added to the
solution with a Hamilton micro-syringe in volumes from 25 to
500 puL. All potentiometric titrations of I-Base were completed in
ca. 15 min in order to minimize cyclization (see results). Data (pH
vs. acid volume) were linearized with modified Gran functions to
obtain pK,s values."”

Spectrophotometric titrations. The pKy,; and pKy,, of II were
determined from the absorbance (365 nm) measured at several
pHs, by adding 50 uL of 1 x 10~ M solution of I, prepared at
pH 1.0, to 2.0 mL of 0.05 M buffer at several pHs.

pKim and pKyy, of I were determined from measurement of
the absorbance (at 250 nm), at several pHs, by adding 40 pL of
1 x 1073 M of I-Base, prepared at pH 11.5, to 2.0 mL of 0.05 M
buffer. The absorbances were measured within intervals of 30 s to
minimize cyclization.

All kinetic reactions, titrations and equilibrium measurements
were performed at 30 °C. I was also titrated by fluorescence
(emission 454 nm, excitation 290 nm).

Structural calculations. Geometry optimization was per-
formed by DFT level of theory using perturbed BP; DN**
(Spartan v5).2

3 Results and discussion
3.1 Spectra

Typical UV-Vis absorption and fluorescence emission spectra
of IIT are presented in Fig. 1. The UV maximum absorbance
wavelengths, 4,.,, and corresponding molar absorptivities, ¢, of I11
in carbon tetrachloride and acetonitrile are collected in Table 1.
The value of ¢ of IIT in CH;CN (363.5 nm), is 30 618 M~' cm™!,
a typical value of mt, * transitions, indicating a highly conjugated
aromatic system. Spectral resolution of III and high ¢ values were
similar to that observed for 1,4,5,8-naphthalene derivatives.!

Emission and excitation spectra of III in CH;CN showed fine
vibrational structure and were symmetric, demonstrating that the
ground and excited states have the same geometry (Fig. 1A). Fluo-
rescence quantum yields, @, and maximum emission wavelength,
2™ ax, Of IIIin CH;CN and CCl, are presented in Table 2. The low
@; value of III in CCl, can be attributed to a solvent quenching
effect.?

The fluorescence spectra (emission and excitation) of III in a
mixture of 50% CH;CN-water changed with time (Fig. 1A). This
effect is assigned to a hydrolysis reaction which leads to opening of
the anhydride moiety and to a decrease in the aromatic conjugation

Table 1 Absorption maximum wavelengths (4,,,,) and molar absorptivity coefficients (g) of III in several solvents

Solvent A/nm &/M~'em™! J»/nm &/M™ ecm™! A;/nm & /M~'em™!
CH;CN 329 13214 345.5 23410 363.5 30618
CCl, 329 10 189 346 18 600 364 25294
HCIO, 0.1 M 332 11 708 348 19 699 368 23737
HCIO, 0.1 M + NaClO, 4 M 333 12 215 351 18 607 370 17 784
HCIO, 12 M 336 11 700 354 20 751 375 25552
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Fig.1 (A) Fluorescence excitation (a, b, ¢) and emission (a’, b/, ¢) spectra
of III, 1 x 10~° M, in acetonitrile-water (1:1 v/v) at different times, in
minutes: zero (a, a’), 8 (b, b') and 45 (c, ¢'). (B) UV-Vis spectra of IIl, 1 x
10> M, in phosphate buffer, 0.02 M, pH 7, as a function of time: (1) t =
zero; (2)t=6s;(3)t=12s;(4)t=18s;(5)t=30s;(6)t =545s;(7) t =
5 min; (8) 1 =9 min (9) = 20 min; (10) 1 =40 min; (11) s =1h; (12) r =
1.5h; (13)t=2h;(14) t =3 h; (15) t =4 h.

Table 2 Fluorescence parameters for III in CH;CN and CCl,

Solvent Ay/nm* A,/nm As/nm [OXd
CH;CN 372 390 414 0.130
CCl, 369 389 415 0.015

“ 1, 4, A3 are the emission maximum wavelengths (excitation wavelength
A was 330 nm). * @; = Quantum yield.

extent and consequently in a decrease in @;. Using methanol or
ethanol as solvents, a time dependent shift was observed in III
absorption A,,,, from 368 nm to 346 nm, also indicative of solvolysis
(not shown).

Like in other solvents (Table 1) compound III, as its diimide
homologues,”* showed a well-resolved UV-Vis absorbance spec-
trum in aqueous solution (phosphate buffer 0.02 M, pH 7.0)
(Fig. 1B, line 1). The UV-Vis spectrum of III in water exhibits
a Anae at 368 nm and a second peak at 348 nm, similar to that
obtained for films of III.>® These features show that, as dianhydride
or diimide, the chromophoric group remains relatively unsolvated.

Adding III to aqueous buffer (pH 7.0) resulted in a time-
dependent spectral change (Fig. 1B). The absorbance at 368 nm

(Fig. 1B) shows a rapid decrease, with half-life of ca. 24 s followed
by a much slower process with a half-life of ca. 2 h which leads to
further decrease in the absorbance at 368 nm and an increase in
absorbance at 308 nm. The initial fast decrease in the absorbance
at 368 nm is attributed to hydrolysis of III yielding II (Scheme 1).
Compound IT at pH 7 is almost completely dissociated (see below)
and the fully dissociated ionic form of II will be referred as I1-Base,
(Scheme 1, and see below). Note that, in this initial reaction, an
isosbestic point at 338 nm is evident (Fig. 1B). Above 260 nm the
UV spectrum of II-Base shows a single 1., at 348 nm (Fig. 1B,
line 7). The slower process can be attributed to base catalyzed
hydrolysis of II-Base yielding I (Fig. 1B, line 15), which at pH 7.0 is
also fully dissociated, I-Base, see below (Scheme 1). The spectrum
of I-Base exhibits a 4, at 308 nm. In the alkaline hydrolysis of
II — I an isosbestic point at 326 nm is clear.

In the following section a kinetic study of the reactions III —
Il and IT = I in a wide range of acidities are presented.

3.2 Kinetics

The first order rate constant, k,, for the reaction III — II was
calculated from the absorbance change followed at 368 nm (where
III absorbs) using only the fast change process. The variation of
the observed rate constants, k,,, for the alkaline hydrolysis of III
yielding II-Base with pH is shown in Fig. 2A. The solid line in
Fig. 2A was obtained by fitting the data with eqn (1), where £, is
the first order rate constant for the water-catalyzed reaction and
kou the second-order rate constant for hydroxide attack (III —
II-Base, Scheme 1). The best-fit parameters were: &k, = 0.005 s~!
and kog™ = 8.5 x 10* M~'s7!.

k\, =k, + kou[OH] (H

The k, for the water-catalyzed hydrolysis and hydroxide attack
on II-Base yielding I-Base, were obtained starting the reaction by
addition of II-Base to solutions of different pHs (insert, Fig. 2A).
Using eqn (1) the best-fit parameters were k,"" = 2.0 x 10~* s7!
and koy" = 4.5 x 10> M~! 57!, The k,"™/k," and koy™/koy™ ratios
(25 and 190, respectively) show the difference in reactivity between
the dianhydride and monoanhydride towards water and OH".

Addition of III to buffers of pHs between 1 and 6, also led to
a time dependent changes in A,,, from 368 nm to 348 nm and a
slower change from 348 to 308 nm (not shown). The fast process
can be attributed to hydrolysis of III to II as analyzed above. The
slower process, however, is more complex, since the UV spectra of
the products correspond to II = I equilibrium mixture and the
concentration of I at equilibrium was pH-dependent, decreasing
with acidity (see below).

The time-dependent spectrum of a reaction mixture in 0.1 M
HCIO,, with III as the initial reagent, is shown in Fig. 2B. Two
consecutive isosbestic points can be differentiated: one at 341 nm
during the fast first absorbance decrease and another at 320 nm
in the slower phase. The existence of two consecutive isosbestic
points lends credence to our assumption that the observed kinetics
can be best explained by two consecutive reactions also at this
pH, i.e. IIl - II and II = 1. The peak at 4,,, of III disappears
after ca. 10 min (Fig. 2B) therefore, at equilibrium the spectrum
corresponds to that of II, with a small contribution of L. It is
also clear from the spectra that in the 1-6 pH range the final
concentration of III is negligible.
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Fig. 2 (A) pH effect on k,, of hydrolysis of III to II. Inset: pH effect on
k, of hydrolysis of II to I. All buffers used were 0.02 M (see methods). The
final concentrations of I and III were 1 x 10~> M. Lines were calculated
using eqn (1). (B) UV-Vis spectra of reaction mixtures of III in equilibrium
with II as a function of time, in minutes, in 0.1 M HCIO,, pH = 1.0 at: (1)
t=zero,(2)t=0.503)t=15@)t=3;5)t=5(6)t=9;(7) t=19; (8)
t = 70. The reaction was started with 1. (C) Spectra at the end of reaction
starting from I-Base, 1 x 10~° M, in different [HCIO,].

Above 1.0 M acid only the equilibrium between III and II
was observed. The final spectrum of the reaction products, using
either III or II or I as the initial reagent, shows a mixture of
both compounds, with the III/II ratio increasing with [HCIO,]
(Fig. 2C).

As described above, the rate constant, k,, for hydrolysis of III
yielding II can be obtained following the reaction at 368 nm. The
variation of k, with acidity was studied from pH 6 to H, = —5 and
three different regions are evident (Fig. 3A). Between pH 6 t0 0.5,
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Fig.3 (A) Effect of pH on k, of reactions starting from I to II (O, @, &)
and starting from II to III (A). Different symbols correspond to different
sets of experiments. Buffers used were 0.02 M. (B) Effect of [NaClO,] on
hydrolysis of III in HCIO, 0.1 M. (C) Final absorbance, at 368 nm, after
attainment of equilibrium, between II and III as a function of H,, starting
with [II] = 2.5 x 10~° M. Different symbols correspond to independent
sets of experiments (O, @, A, A).

was constant, between pH 0.5 to Hy, = —2 k,, decreased with acidity

to a minimum and below H, = —2, k, increased with acidity.
Between pH 0.5 to 6, the reaction must be water catalyzed,

since k, did not vary with acidity and the value was identical to
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that calculated for the water reaction with eqn (1) for the alkaline
region (i.e., k,™ = 0.005 s7') (Fig. 3A).

From pH 0.5 to H, = —1.5, k, decreased with acidity and the
product was also II (spectra, not shown). As described previously
for the hydrolysis of anhydrides,* the decrease in &, from pH 0.5
to —1.5 is due mainly to the increase in ionic strength. The effect
of [NaClO,] on the spectrum of IIl Table 1, and on k, was
determined in HCIO, at several [NaClO,]. As the concentration
of acid increases there is a continuous shift in A,,,, of III from 368
to 375 nm, due a combination of specific salt (i.e. Cl10,") effects,
ionic strength and further protonation of III (Table 1). Addition of
NaClO, (5.0 M) to a solution of III in 0.80 M HCIO, red-shifted
the A, from 368 to 372 nm (Table 1), indicating that part of the
spectral changes observed in concentrated acid can be attributed
to a medium polarity effect.

The value of k, of the reaction (Il — II) in 0.1 M HCIO,
decreased with [NaClO,] from 5 x 107* s7! (no added salt) to
43 x 10* s7' (5.0 M NacClO,) (Fig. 3B). This inhibitory salt
effect, consistent with the decrease in observed in Fig. 3A in that
acidity range, indicates that the minimum in the k,, vs. acidity plot
results from ionic strength effect on the reaction.

Below H, —2 the hydrolysis of Il is acid catalyzed, k, increasing
with H, (Fig. 3A). Further protonation of III and/or II can be
proposed to rationalize these results. In order to ascertain that
in the H, region II and III are in equilibrium we demonstrated
that the value of the rate constants are identical upon starting the
reaction with II or III (Fig. 3A).

The change in the spectra at the end of the reactions demon-
strates the increase in III/II ratio with acidity (Fig. 2C). Upon
increasing HCIO,, the spectrum approaches that of III and the
absorbance at 368 nm, at the end of the reaction, 4., increases,
indicating that III is the major equilibrium product (Fig. 3C).
The equilibrium constant (II = III) was not calculated because
the spectral changes reflect not only alteration in the III/II ratio
but also the effects of ionic strength in the A, and ¢ of IIL. It is
clear, however, that the equilibrium IT = III is strongly displaced
towards the dianhydride.

It has not escaped our attention that the use of the H, function is
subject to debate.” The H, function may be more appropriate to
describe the variation of both rate constant and absorbance with
acid concentration in our system.”*“? The differences between
using several functions to describe the effect of concentrated acid
are evident,? but no difference between H, and H, is obtained,
in our data, in the region where the minimum in the rate constant
was obtained (Fig. 3A). We have thus used the H, function as a
descriptive tool rather than as a method to rationalize mechanism
or calculate values of equilibrium constants in concentrated acid.

The rate constants for reaching equilibrium in the  =II reaction
and the final reaction spectra were determined between pHs 1
and 6. Both rate constants and final spectra were identical upon
starting the reaction(s) with either reagent. When using I as a
reagent we added an aliquot of I-Base, prepared by complete III
hydrolysis at pH 10.2, to solutions of buffers at pHs < 6. A time-
dependent change of spectra was obtained with 4, changing
from 308 nm to 348 nm, indicating formation of II. Final spectra
of these reactions, at several pHs, are presented in Fig. 4A. The
absence of a peak at 368 nm indicates no significant formation
of III in this pH range. As the acidity increases, the II/I ratio
increases, as evidenced by the increase in absorbance at 348 nm
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Fig. 4 (A) UV-Vis final spectra of cyclization of I to II at several pH’s:
(a) pH 2.3; (b) pH 3.0; (c) pH 4.0; (d) pH 4.9; (e) pH 5.2; (f) pH 5.5
and (g) pH 6.5. (B) pH effect on k, of equilibrium reaction between II
and I, starting from I-Base, followed at 348 nm and [I-Base] = 1.05 x
10 M. The solid line was obtained using eqn (14) and the different
symbols correspond to independent sets of experiments. (C) pH effect on
the absorbance at equilibrium between II and I, at 348 nm, starting the
reaction from [I-Base] = 8.8 x 10~ M. The different symbols correspond
to independent sets of experiments. The solid line was obtained using eqn
(10).

(Fig. 4A). The spectra of the final reaction mixture are complex
because the carboxylic groups of I and II dissociate at this pH
range (Scheme 1, see below) and the spectra, at each pH, reflects
also the change in the concentration of ionic species of II and 1.
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The equilibrium constant for II = I reaction was measured at
348 nm. At this wavelength the ionic species of II have essentially
the same absorption coefficient and absorption by I is insignificant
(see below, Fig. 5B). Absorbance at the end of the reactions, 4.,
at this wavelength was used to calculate the equilibrium constant
between (I = I) at several pHs (see below).

Below pH 6 the k,s for reaching equilibrium (I = I), followed
at 348 nm, increased sigmoidally with pH, reaching a plateau at
pH = 1 (Fig. 4B). The A, of the reaction mixture plotted against
pH increases with acidity to a plateau extending from pH 3 to pH 1
(Fig. 4C). The increase in k,,‘s and 4., with acidity led us to suggest
that the protonated form of I is that involved in the cyclization to
II and that formation of II is favored over I at low pH.

In order to determine the dissociation state of the species
involved in the reactions of I and II, pK,s were determined.

3.3 pK, Determination

The pK,s of I and II (Scheme 1) were determined by spectrophoto-
metric and potentiometric methods. Protonation of I-Base, yields
species I-H,, I-H;, I-H,, I-H and I-Base and the corresponding
pK.s are pKius, PKius, PKinz, and pKpy,, respectively. It should
be noted that the ionic species I-H, can correspond to different
and indistinguishable isomers (I-H,, I-H,') as shown in Scheme 1.
The ionic forms of II are II-H,, II-H and II-Base and the pK,s are
pKinz and pKiy, respectively.

Potentiometric titration allowed the determination of pK,s of I
(see Methods). Titration data (pH vs. HCI volume) were treated
by modified Gran functions (Fig. 5A)." The calculated pK,s of
I were 3.24 £ 0.11, 5.13 4+ 0.08 and 6.25 4 0.05. Titration of
a fully dissociated 1 mM solution of I with HCI (see Methods)
needed 1.96 4+ 0.36, 1.23 4+ 0.09 and 1.16 + 0.13 mM acid for full
protonation at the above indicated pK, regions. These data indicate
a stoichiometry of 2 : 1: 1, respectively (Table 3). The carboxylate
dissociations around pH 3.2 can be attributed to those of the
carboxylic groups at opposite sides of the naphthalene ring (pK.ns
and pKus3, Scheme 1). The sensitivity of the titration method and
the error in this pH region does not allow differentiation if those
pK.,s are identical or similar. Although IH, is neutral and IH;
is negatively charged the pK,s can be similar. The dissociated
carboxylate of IH; is at the opposite side of the naphthalene ring
in relation to the carboxyl group that dissociates to yield IH,.

IH; is highly conjugated and, furthermore, H bonding between
the dissociated and protonated carboxylates of IHj;, at the same
side of the ring, may decrease further the effect of the negative
charge on the pK, of IH; yielding IH,. The pK,s 5.13 and 6.25 can
be assigned to pK.y, and pKyy; (Scheme 1).

The different ionic species of II and I can also be differenti-
ated spectrophotometrically, allowing faster pK, determinations
without significant cyclization.

Table 3 pK’soflandIl

LI I

pH
Modified Gran Function (F)

HCI (mL)

ABS

A (nm)
oos
DO«
v
@0
I
]
& om
om
oot "
o 1 F] 3 . 5 & 7 ] 5 10

pH

Fig.5 (A)Experimental titration curve of I (@) linearized by the modified
Gran functions (O) Fo_ (x10%), (A) Fyyy (x10%), (A) Fyp, (x10') and (0)
Fu; + Fry (x10%) with Foy_, Fyy, Fi, and Fy; + Fy, corresponding to the
titration of the excess of OH™ and ionizable groups with pK,s: 6.25 £ 0.05;
5.13 £ 0.08 and 3.24 £ 0.11, respectively. (B) pH effect on the absorbance
spectra of II: (---) pH = 2; (---) pH = 4; (—) pH = 7. (C) pH effect on
dissociation of II, 2.5 x 10~° M, at 365 nm. Continuous line was generated
using eqn (2). Buffer concentrations were 0.05 M.

Method PKimz PKum PKina PKius PKim2 PKim
Potentiometry 3.24 +£0.11 3.24 +£0.11 5.13+£0.08 6.25 +0.05
Fluorescence 3.65

Equilibrium 3.40 3.70 3.70

Kinetic 3.40 3.52 3.52

UV Spectra 3.05 5.90
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The UV-Vis spectrum of II changes with pH upon deproto-
nation (Fig. 5SB). The absorbance of II at 365 nm was recorded
immediately after injecting an aliquot of II into buffered solutions
in order to avoid ring opening. Absorbance vs. pH data are in
Fig. 5C and the pK,s were calculated using the eqn (2):'

Abs =
H—pKiyy- H—pKp- H—pKp-
En- asel()(p K Hz)lo(p PKi-n1) +8II- l()(? PKu-H1) +8“_ )

1 4 10®H=PKu-11) 4 1(QPH-PKI-11) ] )(PH-PK11-H2)

Cr 2
where Abs is the absorbance at 365 nm at each pH, Cy is the total
concentration of II, &ypae, enn and &y, are the molar extinction
coefficient of the species (Scheme 1). The fit of eqn (2) to the
experimental data in Fig. 5Cyields a pK,.; = 3.05 and pKy, = 5.9,
Table 3, in good agreement with those obtained of 1,8-naphthalene
diacid."

The pH-dependent change of the maximum fluorescence wave-
length of I-Base (data not shown) was attributed to changes in
the protonation of the carboxylic groups. Only one pK, could
be determined by fluorescence, at 454 nm, with a value of 3.65
(Table 3).

Considering the differences in the methods used, the pK,s of I
obtained by different methods agree very well (Table 3).

3.4 Quantitative analysis of equilibria

Since the absorptivity at 348 nm of II-Base, II-H and II-H,
are similar (Fig. 5B), this wavelength was used to measure the
equilibrium constant between II and I, Kg,y. At 348 nm the
absorption of I is less than 5% of that of compound II and can be
neglected.

An initial estimation of Kg.y between I-H, and II-H, was
obtained from the following experiment: an aliquot of 0.05 mL
of III, 1 x 10~ M in DMSO, was added to 2.5 mL of a 0.02 M
phosphate buffer, pH 7.1, and allowed to react for 3 min, yielding
II-Base (the half life of this reaction is 24 s). At this time, 0.02 mL
of 12 M HCIO, were added to lower the pH to 1.3. At this pH II
is in the fully protonated form, II-H, (Table 3). The absorbance
obtained after HCI1O, addition was used to calculate &4, and the
reaction was allowed to reach equilibrium, where a mixture of II-
H, and I-H, was obtained. I-H, does not absorb at this wavelength
and, therefore, Ky, is given by:

Abs;

Kocn = 1385~ Abs] S
where Abs; is the initial absorbance of IT at pH 1.3, Abs; is the final
absorbance of II at equilibrium and (Abs; — Abs;) is equivalent
to the concentration of I. The values of eyn, and Kg,.n were 16
715 M~ cm~" and 5.6 respectively.

The effect of pH on the [II]/[I] ratio was determined by
measuring the A4, of the reaction as a function of pH. 4., was
measured by adding III in DMSO to buffers with different pHs.
I yields I1, that subsequently equilibrates with I. The absorbance
at equilibrium (I = I) are in Fig. 4C. The decrease in pH led to
the increase of 4., corresponding to an increase in the II-H,/I-
H,ratio. The definitions of the dissociation equilibrium shown in
Scheme 1 are in eqn (4)—(7).

ki [II-H,]

KEq-ll = E = [I-H4] (4)

_ [I-H][H]

KII-HZ - W (5)
_ [I-Hs][HY]

KI-H4 - W (6)
_ [I-K,][HY]

Kiw = T %)

Between pH 0 to 5, where the concentration of Il at equilibrium
is negligible, the total concentration of reagents, Cr is given by eqn

(8):
Cr = [I-H,] + [I-H;] + [I-H,] + [II-H,] + [II-H] (8)

As commented on above, the absorbance at equilibrium at
348 nm, Abs,, at each pH, is given by the sum of the absorbance
due only to II-H and II-H, because the ionic forms of I do not
contribute to the absorbance at this wavelength:

Abs,, = e [II-H] + ey, [11-H,] )

where &, and ¢, are the absorption coefficients. ¢, and ¢, are
essentially equal (Fig. 5B) and only one value for the coefficient
was used here (gn.12)-

Créniz (1 + ﬁ)

= 1+ Kn-n2 + 1 + Ki-Ha

[H*] Kgg-nt [H+]KD1—II

Abs.,

Ki-n4Ki-n3 (10)

[T K

The values of pKug, PKrus, PKunz and Ky .y, were obtained by
fitting the data in Fig. 4C using eqn (10). The solid line in Fig. 4C
was obtained with the following values: Cr = 8.8 x 107 M, &y, =
16,715 M~ ecm™, Kypp = 4 x 107 (pKyy = 3.4), Kiyy = Koz =
2.0 x 107, (pKns = pKruz = 3.7) (Table 3). The best fit value for
Kgyn was 5.0.

3.5 Quantitative analysis of kinetics

From the data presented above it can be concluded that the
ionic species involved in the reaction I = II are I-H, and II-
H,. Between pH 1 and 3, the concentration of II at equilibrium
is pH independent (Fig. 4C). Hence, it is reasonable to conclude
that equilibrium is established between species I-H, and II-H,,
i.e. between the fully protonated tetra-acid and the di-protonated
mono-anhydride.

The II/1 ratio at equilibrium is negligible above pH 5 (Fig. 4B),
supporting the equilibrium data that also indicated that only I-
H, cyclizes. As only I-H, cyclizes the system can be described as
follows:

dII-H,] d[I'Hal

dt dt
where k, and k_, are the rate constants for formation and
decomposition of II-H, from I-H, respectively, Scheme 1. The

total concentration of I, [I];, and II, [II];, below pH 5, can be
described by eqn (12) and (13).

(Ix = [I-H] + [I-H3] + [I-H,] (12)

= ki [IFH,] — k., [II-H,] (11)

[, = [[I-H,] + [1I-H] (13)
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The ionic forms I-H, I-Base and II-Base, and the respective dissoci-
ation constants, need not be considered, since their concentrations
are negligible at pH < 5. Using eqn (4)—(7) and (11)—(13), the value
of k, is:

ki [HT ko [H]
([H+]2 + KI-H4 [H+] + KI-H4KI-H3) ([H+] + KII-HZ)

The fit of eqn (14) to the kinetic data in Fig. 4B was obtained
using k_, = 0.000275, k; = 0.00165 and Ky, =4 x 107 (pKy, =
34), Kiys = Kip = 3 x 107* (pKying = pKiws = 3.52). The
ratio between k, and k_, yields the equilibrium constant, Kgeu,
eqn (3). The best-fit value of the kinetic data was obtained with
Kyeu = ki/k_, = 6, in good agreement with that obtained from
the equilibrium data, i.e., Kgon = 5.

These results led us to conclude that protonation of the four
carboxylic acids of I is necessary for, at least, one ring cyclization
leading to II-H.,. The value of K, indicates that IT is favored over
I at low pH, in agreement with the previous data for cyclization
of 1,8-naphthalic dicarboxylic acid to the anhydride (Kg, = 3 at
30°C).1°

k, = (14)

3.6 Structural calculations

Our kinetic and equilibrium data showed unequivocally a major
decrease in reactivity upon opening of the first anhydride (i.e.,
compare the rates of reaction of III to II with those from II
to I) from pH 2 to pH 7, i.e. water reaction, and in alkali.
Furthermore, it was evident that the monoanhydride II was
reversibly transformed into dianhydride III only at high [H*]. It
was of interest to obtain independent structural data supporting
these experimental observations. For this purpose we calculated
the electronic density maps of geometry optimized structures (see
Methods) in the gas phase. Calculations, performed exclusively for
the first ring opening, were done separately for the acid, water and
base-catalyzed reaction manifolds (Schemes 2-4).

Schemes 2-4 show some model structures possibly involved in
the acid, base and water catalysis of hydrolysis of III. The color
intensities depict electronic isosurfaces referring to each structure.
Relative color intensities, from one structure to another, cannot
be compared. Selected values of electrostatic potential at the same
of the atoms in the structures shown in Schemes 2—4 are presented
in Table 4 for clarity.

Scheme 2 Mechanism of alkaline hydrolysis of I1I.
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Scheme 3 Mechanism of water hydrolysis of III.

Table 4 Electrostatic potential at some regions of molecular structures
defined in Schemes 2-4

Structures  V* (kcalmol™')* V'~ (kcal mol™")® V* (kcal mol")¢
A -59

B 9

C —126

D —135

E —62

1I-H, 8 (trans); 8 (cis)  —41 (trans); —41 (cis)
II-H —56

1I-Base —131

F 19 18
J 14 -36

K 15 98
L 12

11 17 -33

“Potential at carbonyl carbon in the opposite side of reaction center.
b Potential at carbonyl oxygen in the opposite side of reaction center.
¢ Potential at carbonyl carbon in the same side of reaction center.

Scheme 2 shows the geometry optimization calculations for
the presumed intermediates formed upon OH- attack on III.
Although the calculated structures in base were not detected here
by UV absorption in water, structure B in aprotic DMSO had
been observed by IR and 'H NMR spectroscopy.® In a highly
conjugated molecule such as III, hydroxide addition to one of the
carbonyl carbons increases the electronic density along the whole
structure. This is demonstrated both by the density potential plots
in Scheme 2 (compare III with intermediates and products) as
well as the values of electrostatic potential (¥*) at the carbonyl
carbon centered at the opposite side of the reaction (Table 4).
Hence we chose to calculate simple model structures, starting
material and those most likely to be formed along the reaction
pathways, excluding more complex, water bridged models. It
should be noted that III, although containing six oxygen atoms
and four carbonyls, is poorly water soluble and that the calculated
electrostatic potential at the carbonyl carbon of III does not vary
significantly after inclusion of a hydrogen bonded water molecule
(See Table 4). Our calculations do not allow decisions of preferred
pathways but the methodological choice permitted estimation
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OH slow

11-H,

Scheme 4 Mechanism of acid hydrolysis of III.

of electronic correlation dependent properties. The calculations,
as will be discussed below, were sufficiently accurate to permit
better molecular level understanding of part of the experimental
findings. Structures shown in Scheme 2, with the exception of C
were stationary states, suggesting that a proton loss from A may
lead to II-Base with no intervening intermediate. The electronic
isosurface shown above C corresponds to that of II-Base. In
the first proposed structure formed after OH~ attack to one
of the carbonyl carbons, (A), we calculated extensive electronic
availability along the molecular structure (Scheme 2, Table 4).
The redistribution of charge in the molecule is maintained in the
final product and while the value of the electrostatic potential at
the carbonyl carbon of TIT was 17 kcal mol~' that of TI-Base was
—131 kcal mol™" (Table 4).

Although our calculations in the gas phase allow for the
existence of II-H,, II-H and II-Base, only II-Base is significant
in alkali (see above). The increase in negative charge density at
the carbonyl carbon of the remaining anhydride is in qualitative
agreement with the 200 fold decrease in reactivity observed
experimentally when reactions III to II and II to I in alkali are
compared (see text).

From pH 2 to 7 the rate of anhydride hydrolysis remains
unchanged, suggesting a water-catalyzed hydrolysis (see above).
Water attack to the carbonyl carbon can be calculated from a
solvated III (F in Scheme 3), similar to a protonated species in
acid (K in Scheme 4). A H,O-III complex, hydrogen bonded to
a carbonyl oxygen, and a nucleophilic attack by water oxygen to
carbonyl carbon, produces structures F and G (Scheme 3). The
attempts to calculate structure G (Scheme 3) by correlated DFT
level of theory failed, probably due to very weak interactions.

A HF/6-31G* calculation did not result in reasonable distances
for any significant interactions. Structure F (Scheme 3) presents
a weak hydrogen bond with a water molecule, in agreement with
the low water solubility of Il in that pH range. In fact the small
differences observed in the values of the electrostatic potential at
the carbonyl carbon in the same side of reaction center of species
IIT (17 kcal mol™") and J (18 kcal mol™") (Table 4) also indicate
very small water-reagent interaction. In the assumed structure
J (Scheme 3) the water O carbonyl C distance is large, and the
contribution of this species can be neglected. The calculations
shown in Scheme 3 suggest that the preferred pathway for water-
catalyzed hydrolysis follows the pathway IIIl = F = II-H,. The
rate difference between the III to II and II to I water-catalyzed
reactions was 20 fold, an order of magnitude lower than that for the
corresponding OH™ reactions of the same species. The calculated
differences in electrostatic potentials also were correspondingly
lower (Table 4).

The limited number of structures considered in acid suggests a
straightforward protonation followed by water attack (Scheme 4).

4 Conclusions

Product composition and rates for the hydrolysis of IIl in aqueous
solution varied significantly with acidity. In base III hydrolyzed
to yield II and I and, at infinite time, the only significant
product was I. In moderate acidic solutions the hydrolysis of
II gave an I = II equilibrium mixture. III only equilibrates
with II in concentrated acid. pK, determinations using different
methods and quantitative analysis of equilibrium and kinetic data
permitted the full description of the hydrolysis of III from alkaline
solutions to concentrated acid. Carboxylic acid protonation at
the same side of the ring was demonstrated to be necessary for
anhydride formation. The rates of water or hydroxide attack on
the dianhydride III were significantly higher when compared to
the monoanhydride II. Geometry optimization calculations clearly
indicated that addition of a nucleophile to the dianhydride resulted
in a redistribution of the electronic density over the whole molecule
and were qualitatively consistent with the observed reactivity
differences between III and II. These results represent the first
mechanistic description of the hydrolysis of IIl in aqueous solution
over a wide range of conditions and contribute to the understand-
ing of anhydride reactivity in highly conjugated systems.
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Organocatalytic allylic C—C bond-forming addition of activated alkylidenes to alkyl and aryl
nitroalkenes has been achieved with high diastereo- and enantioselectivity. Chiral tertiary amine
catalysts are used to give allyl intermediates which exhibit y-selectivity in the C—C bond forming step.
The reactions proceed with up to >99 : 1 syn : anti ratio for both the alkyl- and aryl nitroalkenes with
up 96% and 98% ee, respectively. The products of this conjugate addition are transformed into a range
of intermediates, such as optically active conjugated dienes and 1-substituted tetralones, which are

difficult to access via alternative methods.

Introduction

One of the fundamental reactions in organic chemistry is that
between active methylene compounds and carbonyl compounds
to give unsaturated (Knoevenagel) condensation products.! Since
the first reports by Knoevenagel* and the classic papers on the
efficient synthesis and reactivity of such systems?® (e.g. alkylidene
malonates, cyanoacetates, and malononitriles), attention from
the synthetic community has been continuous.* Activated alkyli-
dene structures are common intermediates in complex molecule
synthesis, where their electrophilic character has been especially
exploited.’

As part of our recent research on organocatalyzed asymmetric
reactions,® we have introduced a new concept exploiting the latent
nucleophilic reactivity of activated alkylidenes for performing
allylic aminations with excellent regio- and stereocontrol.” This
concept relies on the deprotonation of an allylic hydrogen by a
chiral base.

Scheme 1 shows the activated alkylidene systems (1), which
undergo a stereoselective electrophilic addition leading to a
substitution of the allylic C-H bond with the electrophile (E) via
a chiral ion-pair intermediate.

R’ R’ R
EWG%(RZ B* EWG‘\()\VRZ E EWG'\%\*(F@
[S)

" EWG Bb EWG  E.,
f
1 2

Scheme 1 Organocatalytic asymmetric electrophilic addition to allylic
C-H bonds.

Asymmetric functionalization of the allylic position plays an
important role in organic chemistry due to the great utility of the
optically active allylic compounds formed e.g. as intermediates in
total synthesis.® Catalysis using chiral metal complexes, to give nt-
allyl-metal intermediates, which undergo nucleophilic addition, is
a well developed method for asymmetric allylic functionalization.’

Danish National Research Foundation: Center for Catalysis, Department of
Chemistry, Aarhus University, DK-8000, Aarhus C, Denmark. E-mail: kaj@
chem.au.dk; Fax: +45 8619 6199; Tel: +45 8942 3910

T CCDC reference numbers [285436 and 285437]. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b514564c

The organocatalyzed asymmetric C-C bond formation by
addition of carbon-electrophiles to the allylic position of acti-
vated alkylidenes has not yet been investigated in great detail.
A recent letter'® presenting the asymmetric direct vinylogues
Michael reaction of activated alkenes with aromatic nitroalkenes
prompted us to present a full account of our contribution towards
organocatalyzed asymmetric C-C bond formation by addition of
carbon-electrophiles to the allylic position of activated alkylidenes.

Results and discussion

Our studies commenced by examining the feasibility of the
reaction between the alkylidene malononitrile 3a derived from
1-tetralone and Michael-acceptor trans-p-nitrostyrene 4a in the
presence of different cinchona alkaloid derivatives under various
reaction conditions [eqn (1), Table 1]."' The reaction was found
to take place smoothly, with near quantitative conversion to the
y—substituted product as well as traces of side products. To our
surprise, the '"H NMR spectrum of the reaction mixture showed
only one diastereoisomer. This turned out to be the case for all
screening experiments.

A screening of reaction conditions in CH,Cl, showed that
(DHQD),PYR was the most effective catalyst at —15 °C giving
95% conversion with 86% ee (entry 4). The quasienantiomer
(DHQ),PYR gave the opposite configuration as expected with
76% ee (compare entries 3 and 4). Lower temperatures slightly
improved the enantiocontrol (86% ee at —15 °C and 92% ee at
—40 °C, entries 4 and 7). Poor conversion in the case of TBME as
the solvent is attributed to low solubility of the starting materials.
Surprisingly, acetone was identified as the best solvent for this
reaction (95% conversion, >99:1 dr and 95% ee, entry 12), which
is unusual for chiral ion-pair based reactions, and improves
the enantioselectivity of the reaction compared to CH,Cl,. It
should be noted that the reaction also proceeds in EtOAc with
excellent enantioselectivity (entry 11). The use of 1.5 equiv. of the
nitroalkene was found to be beneficial to the reaction rate.

The scope of the asymmetric allylic C-C bond-forming
reaction was probed using a range of nitroalkenes 4 reacting with
alkylidene malononitriles 3a [eqn (2), Table 2].

Aryl and heteroaryl nitroalkenes reacted cleanly to give the
desired products in 92-99% yield with 92-98% ee (Table 2, entries
1-7, 9) with the exception of 2-Cl-trans-B-nitrostyrene (97% yield
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NC.__CN . . NC CN __NO, Et Et
ch|ratl alam|tne Ph ‘N
catalys Ph Oﬁ)\(o" 2
+ Ph\/\No2 - Q] M Ry \ H
eO ) ‘ N?N OMe
3a 4a 5a
N Ph N
(DHQD),PYR
(1)
Ph
(DHQ),PYR (DHQ),AQN (DHQ),PHAL
Table 1 Initial Screening®

Entry Cat./mol% Temp./°C Solvent (0.25 M) Time/h Conv. (%)" dr (syn/anti)® ee (%0)°

1 (DHQ),AQN (10) ~15 CH,Cl, 16 >95 >99:1 +50

2 (DHQ),PHAL (10) ~15 CH,Cl, 24 95 >99:1 +61

3 (DHQ),PYR (10) ~15 CH,Cl, 16 >95 >99:1 +76

4 (DHQD),PYR (10) —15 CH,(l, 14 >95 >99:1 —86

5 (DHQD),PYR (10) —15 Toluene 14 95 >99:1 —88

6 (DHQD),PYR (10)  —15 1,2-DCE 20 >95 >99:1 —88

7 (DHQD),PYR (10) —40 CH,(Cl, 40 >95 >99:1 -92

8 (DHQD),PYR (10) —40 THF 20 95 >99:1 —86

9 (DHQD),PYR (10)  —40 THF/Tol 1:4 20 68 >99:1 —90

10 (DHQD),PYR (10) —40 TBME 20 11 >99:1 -90

11 (DHQD),PYR (10) —40 EtOAc 20 70 >99:1 -95

12 (DHQD),PYR (10)  —40 acetone 25 >95 >99:1 —95

“Reaction performed at a 0.15 mmol scale (3a) with 1.5 eq. of 4a. ® Determined by 'H NMR analysis of the crude mixture. < Of the syn-isomer,
determined by CSP-HPLC analysis (see Experimental section for details). 4 Reaction mixture is heterogenous. TBME = tert-butyl methyl ether.

1,2-DCE = 1,2-dichloroethane.

NC.__CN (DHQD),PYR NC.__CN _NO,
+ RS _ (10 mol%) H
NO2 acetone, -40 °C R® (2)
3a 4 5

Table 2 Reaction scope with respect to the electrophile (4)*

Entry R Yield®(%) dre (syn/anti) ee!(%)
1 C¢H; 5a-98(95) >99:1( >99:1) 95(89)
2¢ 2-naphthyl 5b-98 >99:1 92
3 2-thienyl 5¢-93 >99:1 97
4 2-furyl 5d-99 13:1 94
5 4-MeO-C¢H, 5e-97 >99:1 98
6 4-NO,-C¢H, 5£-99(92) >99:1( >99:1) 95(90)
7 4-Br-C¢H, 5g-96 >99:1 96
8 2-CI-C¢H, 5h-97 >99:1 53
9 3-NO,-C4H, 5i-92 >99:1 91

10 c-hexyl 5§-82 >99:1 96

11 n-pentyl 5k-99 19:1 94

“Reaction carried out with 0.25 mmol of 3a and 1.5 eq. of 4, values
in parenthesis obtained with the quasienantiomer (DHQ),PYR in ace-
tone/THF (3:1). ® Isolated yield. ¢ Determined by 'H NMR. “ Of the syn-
isomer determined by CSP-HPLC (see Experimental section). ¢ Reaction
carried out in acetone/EtOAc (1:1, 0.25 M).

and 53% ee, entry 8). This lower selectivity is possibly due to the
closeness of the ortho-substituent to the new C—C bond. Aromatic
substrates with a para- or meta-substituent reacted in a comparable
way to the benchmark reaction regardless of the electron density
of the aryl ring. The alkyl substituted nitroalkenes also reacted
smoothly to give high yields and enantioselectivities (82 and 99%
yield, 96 and 94% ee, entries 10 and 11). Only in two cases did we
observe the formation of the anti-diastereomer, although in very
small amounts (entry 4, 13:1 and entry 11, 19:1). Our experiments
so far indicate, that the excellent diastereomeric ratios observed
are due to kinetic control and, therefore, not due to base-mediated
equilibration of the y-stereocenter.

The generality of the allylic functionalization as demonstrated
in Table 2 prompted us to investigate the reaction for a series of
alkylidene malononitriles 3b—i with trans-p-nitrostyrene 4a. The
results are presented in Table 3.

Increasing the ring-size to seven carbon atoms (3b) afforded
similar results to the six-membered system with the enantios-
electivity remaining high at 92% ee and a small decrease in
diastereoselectivity (15:1, Table 3, entry 1). Many important
bioactive compounds contain a methoxy-substituted aromatic
ring fused with a cyclohexane ring. We were therefore pleased
that placing a methoxy group in the 5, 6, or 7 position gave high
enantioselectivity (93, 96 and 94% ee), yield (90, 96 and 99%)
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Table 3 Reaction scope with different activated alkylidenes 3b—i*

Entry Substrate Product Yield (%)® dr (syn/anti) ee (%0)?
NC— N N O NO,
1 3b Ph 51-96 15:1 92
NC.__CN NC.__CN NO,
8 8 H
2 R7# A 7-MeO-3¢ '_\,7; A Ph 5m-96(94) >99:1( >99:1) 96(86)
N 6~
5 5
3 6-MeO-3d 5n-99 >99:1 94
4 5-MeO-3e 50-90 >99:1 93
5 6,7-MeO-3f 5p-99 >99:1 80
6 5,7-Me-3g 5¢-95 >99:1 91
7 7-NO,-3h — — —
NC._ CN NC CN _NO,
H
8 3i Ph 5r-95 >99:1 74
O (0]

“Reaction carried out with 0.25 mmol of 3 and 1.5 eq. of 4a at —40 °C in acetone (0.25 M) in the presence of 10 mol% (DHQD),PYR, value in parenthesis
obtained with the quasienantiomer (DHQ),PYR in acetone/ THF (3:1). ? Isolated yield. ¢ Determined by '"H NMR. “ Of the syn-isomer determined by
CSP-HPLC (see Experimental section). ¢ Reaction carried out in EtOAc (0.25 M)./No conversion observed, even at higher temperatures.

and diastereocontrol (>99:1 in all cases) (Table 3, entries 2-4).
An alkylidene possessing the ubiquitous 6,7-dimethoxy motif (3f)
reacted cleanly to give good, if slightly lower enantiocontrol (99%
yield and 80% ee, entry 5). The 5,7-dimethyl substituted compound
(3g) reacted with high yield and stereocontrol (95%, 91% ee, entry
6). Surprisingly the introduction of a nitro-group in the 7-position
of the alkylidene (3h) completely retarded the reaction even at
higher temperatures. Finally the 4-chromanone derived alkylidene
(3i) gave 95% yield and 75% ee (entry 8).

The absolute configuration of the products was established to
be (25,3 R) by examination of an X-ray crystal structure obtained
from the 4-Br substituted nitrostyrene (5g) (Table 4, Fig. 1).'%!

To show the ease with which the present reaction allows access
to larger quantities of enantiopure material, we subjected 10 mmol

Table 4 Crystallographic data for 5g and 6

5¢g 6

Formula, weight C, H;,BrN;0, C, H\;N;0,
Crystal system orthorhombic monoclinic
a, A 6.7062 (5) 8.990 (1)
b, A 12.4969 (10) 23.048 (2)
¢, A 22.780 (2) 15.980 (1)
a, deg 90 90
B, deg 90 96.130 (3)
y,deg 90 90
Volume, A* 1909.1 (3) 3292.1 (4)
Temperature 150 (1) 100 (1)
Space group P2(1)2(1)2(1) P2(1)/¢c
z,7' 4.4 8,2
n 2.174 0.091
N neas 38312 65363
N unique 5814 4696

it 0.043 0.081
R(F), all 0.061 0.107
R, (F2), all 0.064 0.148
Flack —0.01 (1) N/A

.50 ® NC._ _CN _NO,
@ . I
*—« .-: R}
sedey  CETQ,
[ ] o 5g
e @
| S

Fig. 1 X-ray crystal structure of (25,3R)-5g (most hydrogen atoms have
been omitted for clarity).

of alkylidene 3a and 1.1 eq. nitroalkene 4a to the standard reaction
conditions in the presence of 3 mol% of (DHQD),PYR [eqn (3)].
After the nucleophile had been consumed as judged by TLC-
analysis the product was filtered through a short pad of silica
to remove the catalyst. Recrystalization from EtOH afforded the
Michael adduct as a single stereoisomer in 84% yield.

N N
Cr© 1) (DHQD),PYR 3 mol%)  NC EN NO,
Acetone, -40 °C, 38 h Ph
* Ph\/\NOZ 2) Recrystalization (3)
3a 4a 5a
1949 1649 2.88 g, 84% yield
(10 mmol) (11 mmol) >99.9% ee

During the course of our initial studies we sometimes noted
the formation of intensely coloured orange/red reaction mixtures,
especially when the catalytic reactions were carried out at higher
temperatures. The origin of this phenomenon was identified to
be the formation of an interesting, highly conjugated three ring
system. Optically active diene 6 (structure confirmed by X-ray
analysis,’”? Scheme 2) arises from an intramolecular cyclisation
between the nitroalkane and one of the cyano groups followed
by tautomerization. Previous reports on similar ring-closures
performed under harsher conditions yielded the fully aromatized
compounds. Different bases were evaluated for this transformation
(Scheme 2) and quinidine was found to give the highest isolated
yield.”® A chiral base is obviously not necessary to effect this
transformation, however, the efficiency of quinidine compared to
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N NO, Ha
bmse NC NO;, ¢ &
L ] L
CHQClz (0.25M), @ L P
t, 15 h ! S oo

>99, 9% ee base (mol%)

NEt5 (50): 26% yield, 93% ee .i. .“'
quinidine (10): 81% yield, 98% ee

Scheme 2 Ring-closing reaction of 5a to afford optically active diene 6 under different conditions. To the right, X-ray crystal structure of 6 (most

hydrogen atoms have been omitted for clarity).

achiral bases tested combined with its low cost renders this the
best alternative. In fact, the high loadings necessary of e.g. Et;N
to afford even low isolated yields of diene 6 leads to an erosion of
the optical purity (>99.9% ee to 93% ee). This observation might
be ascribed to racemization through a retro-Michael mechanism,
being increasingly favored under high base concentrations.

As mentioned in the introduction, activated alkylidene systems
are related to their parent carbonyl compounds through Kno-
evenagel condensation with malononitrile. Obviously, the reverse
transformation—i.e. the formation of the carbonyl compound
from the Knoevenagel condensation product—does not have
much synthetic relevance, unless the formation of the activated
alkylidene system allows for chemical transformations not possible
with the parent carbonyl compound. The similarity between the
CO and the C=C(CN), functionality has been noted by several
groups.’® The similarity, however, is of course only qualitative,
and in fact very fundamental differences in reactivity do exist.
As we have demonstrated here and previously,” the formation
of an activated alkylidene system permits deprotonation in the
a-position of the group (the y-position of the alkylidene system),
thereby enabling chiral base-catalyzed asymmetric reactions to be
performed. To the best of our knowledge, similar transformations
cannot be carried out on the parent carbonyl compound. Thus, the
C(CN), group can be regarded as a transient activating group in
a synthetic sequence towards the catalytic asymmetric functional-
ization of the carbonyl compound. In fact, the justification of this
indirect a-functionalization of carbonyl compounds is increased,
when efficient direct approaches to the same transformation are
not available—as is indeed currently the case for substituted 1-
tetralones (Scheme 3)."

Q 0
Knoevenagel\ Cc)l)e(ig\?;igee
NC.__CN Organocatalytic NC. _CN

reaction
mild conditons

O vos

Scheme 3 Indirect catalytic asymmetric functionalization of 1-tetralone,
via carbonyl activation, chiral base chemistry, and oxidative cleavage.

The desired oxidative cleavage could be carried out using
potassium permanganate in a mixture of acetone and water at
ambient temperature [eqn (4)]. After column chromatography,
optically active substituted 1-tetralone 7 was obtained as a single
stereoisomer in 77% yield.

NC._CN __NOz KMnO,(2.5eq.) 0 NO;
H MgSOy4 H
gL acetone/H;0 Rh (4)
t,1h
5a 7
>99.9% ee T1% yield, >99.9% ee

Conclusions

In conclusion, we have presented a direct organocatalytic enan-
tioselective C—C bond forming reaction in the allylic position
of activated alkylidene systems. The reaction is broad in scope
and takes place with excellent regio- and diastereoselectivity,
and with good to excellent enantioselectivity for both aryl
and alkyl nitroalkenes. Furthermore, we have demonstrated the
synthetic utility of the optically active products by performing
reactions exploiting the electron-deficient alkylidene double bond.
Thus, oxidative cleavage of the alkylidene moiety allows for the
preparation of optically active substituted 1-tetralones.

Experimental
General Methods

NMR spectra were acquired on a Varian AS 400 spectrometer,
running at 400 and 100 MHz for 'H and "*C, respectively. Chemical
shifts (§) are reported in ppm relative to residual solvent signals. *C
NMR spectra were acquired on a broad band decoupled mode.
Mass spectra were recorded on a micromass LCT spectrometer
using electrospray (ES*) ionization techniques. Flash column
chromatography (FC) was carried out using the FlashMaster II
from Jones Chromatography with columns containing silica gel.
Analytical thin layer chromatography (TLC) was performed using
pre-coated aluminium-backed plates (Merck Kieselgel 60 F254)
and visualized by ultraviolet irradiation or KMnO, dip. Optical
rotations were measured on a Perkin-Elmer 241 polarimeter. The
enantiomeric excess (ee) of the products was determined by chiral
stationary phase HPLC (Daicel Chiralpak AS/AD or Daicel
Chiralcel OD columns).

Materials

Analytical grade solvents were used as received. For flash
chromatography (FC) silica gel was purchased from Iatron
Laboratories Inc. (Iatrobeads 6RS-8060) or from Fluka (Silica
gel 60, 230400 mesh). All catalysts are commercially available
and were used as received. Alkylidene malononitriles 3a and
3c-j were prepared from the corresponding commercially avail-
able ketone and malononitrile by Al,O;-mediated Knoevenagel
condensation.”® 3b was prepared by condensing commercially
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available 1-benzosuberone with malononitrile in the presence of
catalytic amounts of triethylamine.'” Nitroalkenes 4a,c-i were ob-
tained from commercial suppliers and used as received. Naphthyl-
substituted nitroalkene 4b was prepared by Henry-reaction,?
followed by elimination.?* Alkyl-substituted nitroalkenes 4j-k were
prepared according to a literature procedure.”

Representive procedure for the enantioselective addition of
alkylidene malononitriles to conjugated nitroalkenes. Alkylidene
malononitrile 3a (0.25 mmol, 48.5 mg) and trans-B-nitrostyrene
(0.375 mmol, 56.1 mg) were mixed in a glass flask equipped with a
magnetic stirring bar. Solvent (1.0 mL) was added, and the mixture
was cooled to —78 °C. At this temperature (DHQD),PYR (10
mol%, 0.025 mmol, 22 mg) was added, and the resulting mixture
was placed at —40 °C for the time specified below. The mixture was
then cooled to —78 °C and passed quickly through a short pad of
iatrobeads (elute Et,0) to remove the catalyst. The pure product
was obtained by FC on iatrobeads eluting with CH,Cl,/n-hexane
(50 : 50 to 100 : 0).

(S,R)-2-]2-(2-Nitro-1-phenyl-ethyl)-3,4-dihydro-2H-naphthalen-
1-ylidene]-malononitrile (5a). The title compound was obtained
according to the general procedure (reaction time 29 h, reaction
with (DHQ),PYR 80 h) as a white crystalline solid (mp =
157-160 °C), yield 98%. '"H NMR (CDCl;) ¢ 8.08 (d, J 7.9 Hz,
1H), 7.60 (dt, J 7.6, 1.1 Hz, 1H), 7.26-7.44 (m, 7H), 4.70 (dd,
J 12.6, 10.2 Hz, 1H), 4.42 (dd, J 12.6, 5.1 Hz, 1H), 3.64 (dt, J
11.4, 3.4 Hz, 1H), 3.46 (td, J 11.0, 4.9 Hz, 1H), 3.02 (ddd, J
18.5, 11.9, 6.3 Hz, 1H), 2.88 (dd, J 18.6, 7.3 Hz, 1H), 1.94-2.03
(m, 1H), 1.77-1.85 (m, 1H). *C NMR (CDCl,) ¢ 174.5, 139.5,
136.0, 134.5, 130.0, 129.4 (2C), 128.7, 128.6, 127.8, 127.7 (20),
127.3, 113.1 (2C), 81.0, 78.6, 44.7, 44.5, 25.4, 24.0. HRMS calc.:
C, H;;N;NaO, 366.1218; found: 366.1224. [a]p,® — 214 (¢ =
1.0, CH,Cl,, 91% ee). The ee was determined by HPLC using
a Chiralpak AD column [hexane/i-PrOH (90:10)]; flow rate
1.0 mL min™"; Tpyjor = 13.5 min, Typinor = 11.8 min (95% ee).

(S,R)-2-[2-(1-Naphthalen-2-yl-2-nitro-ethyl)-3,4-dihydro-2H-
naphthalen-1-ylidene]-malononitrile (5b). The title compound
was obtained according to the general procedure (reaction time
29 h) as a pale yellow crystalline solid (mp = 184-186 °C), yield
98%. 'H NMR (CDCl,) ¢ 8.11 (d, J 8.0 Hz, 1H), 791 (d, J
8.4 Hz, 1H), 7.84 (m, 2H), 7.70 (s, 1H), 7.62 (t, J 7.6 Hz, 1H),
7.53 (m, 2H), 7.36-7.46 (m, 3H), 4.81 (dd, J 12.5, 10.0 Hz, 1H),
4.50 (dd, J 12.5, 5.0 Hz, 1H), 3.76 (dt, J 11.8, 3.5 Hz, 1H), 3.64
(td, J 11.7, 4.9 Hz, 1H), 3.08 (ddd, J 18.0, 11.8, 6.0 Hz, 1H), 2.88
(dd, J 18.8, 7.7 Hz, 1H), 1.95-2.05 (m, 1H), 1.77-1.86 (m, 1H).
BC NMR (CDCl;) d 174.5, 139.4, 134.4, 133.2 (2C), 133.0, 130.0,
129.5, 128.6, 127.7 (4C), 127.2, 126.7, 126.6, 124.0, 113.1 (20),
80.9, 78.5, 44.6, 44.5, 25.5, 23.9. [a]p® — 190 (¢ = 0.5, CH,Cl,,
92% ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (80 : 20)]; flow rate 1.0 mL min™"; 7o, =
11.2 min, 7m0 = 12.4 min (92% ee).

(S,R)-2-[2-(2-Nitro-1-thiophen-2-yl-ethyl)-3,4-dihydro-2H-naph-
thalen-1-ylidene]-malononitrile (5c). The title compound was
obtained according to the general procedure (reaction time 30 h)
as a pale yellow crystalline solid (mp = 150-152 °C), yield 93%.
'H NMR (CDCl;) ¢ 8.01 (d, J 8.0 Hz, 1H), 7.58 (t, J 7.5 Hz,
1H), 7.39 (t, J 7.7 Hz, 1H), 7.33 (d, J 7.7 Hz, 1H), 7.29-7.30 (m,
1H), 6.98-6.99 (m, 2H), 4.66 (d, J 12.7, 9.9 Hz, 1H), 4.45 (dd, J

12.6, 5.2 Hz, 1H), 3.85 (dt, J 10.4, 5.2 Hz, 1H), 3.58 (td, J 11.0,
3.7 Hz, 1H), 3.04-3.07 (m, 1H), 2.91-2.94 (m, 1H), 1.99-2.08 (m,
2H). BC NMR (CDCl;) 6 174.0, 139.4, 138.1, 134.5, 129.9, 128.6,
127.8,127.3,127.0, 125.8,113.0, 112.9, 81.3, 79.0, 45.8, 40.0, 25.5,
24.2. HRMS calc.: C,y,H;sN;NaO,S 372.0783; found: 372.0791.
[a]lp® — 260 (¢ = 1.0, CH,Cl,, 93% ee). The ee was determined
by HPLC using a Chiralpak AD column [hexane/i-PrOH (90 :
10)]; flow rate 1.0 mL min™"; 7,5, = 15.4 min, 7y, = 13.9 min
(97% ee).

(S,R)-2-2<(1-Furan-2-yl-2-nitro-ethyl)-3,4-dihydro-2H-naphthalen-
1-ylidene]-malononitrile (5d). The title compound was obtained
according to the general procedure (reaction time 30 h) as a pale
yellow crystalline solid (mp = 165-167 °C), yield 93%. '"H NMR
(CDCly) 0 7.99 (d, J 8.0 Hz, 1H), 7.56 (t, J 7.6 Hz, 1H), 7.36-7.40
(m, 2H), 7.31 (d, J 7.7 Hz, 1H), 6.32 (m, 1H), 6.26 (d, J 3.3 Hz,
1H), 4.73-4.78 (m, 1H), 4.39 (dd, J 12.7, 4.1 Hz, 1H), 3.68-3.70
(m, 2H), 3.00-3.04 (m, 1H), 2.90-2.92 (m, 2H), 2.06-2.08 (m,
1H), 1.80-1.85 (m, 1H). *C NMR (CDCl;) J 174.1, 148.9, 143.5,
139.8, 134.6, 130.1, 128.8, 128.2, 127.5, 113.3, 113.1, 110.8, 110.0,
81.8, 76.5, 43.5, 39.0, 25.8, 24.7. HRMS calc.: C,yH ;sN;NaO;
365.1011; found: 365.1006. [a],* — 321 (¢ = 1.0, CH,Cl,, 99%
ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (90 : 10)]; flow rate 1.0 mL min™"; 7,5, =
15.2 min, 7,0 = 13.7 min (95% ee).

(S,R)-2-{2-[1-(4-Methoxy-phenyl)-2-nitro-ethyl]-3,4-dihydro-2H-
naphthalen-1-ylidene } -malononitrile (5e¢). The title compound
was obtained according to the general procedure (reaction time
30 h) as a pale yellow crystalline solid (mp = 163-166 °C), yield
97%. 'HNMR (CDCl;) ¢ 8.07 (d, J 8.0 Hz, 1H), 7.59 (t, J 7.6 Hz,
1H), 7.40(t,J 7.7 Hz,2H), 7.33(d, J 7.7Hz, 1H), 7.18 (d, J 8.5 Hz,
1H), 6.90 (d, J 8.5 Hz, 1H) 4.65 (dd, J 12.4, 10.6 Hz, 1H), 4.39
(dd, J 12.5,5.1 Hz, 1H), 3.79 (s, 3H), 3.58 (td, J 11.3, 3.4 Hz, 1H),
3.41(dt,J 10.9,5.0 Hz, 1H), 3.01 (m, 1H), 2.87 (dd, J 18.5, 6.4 Hz,
1H), 1.95-1.99 (m, 1H) 1.80-1.85 (m, 1H). *C NMR (CDCl,) ¢
174.8, 159.6, 139.5, 134.5, 130.0, 128.8 (20), 128.6, 127.8, 127.6,
127.3, 114.7, 113.1 (2C), 78.8, 78.7, 55.2, 44.9, 43.8, 25.5, 24.0.
HRMS calc.: C,,H;yN;NaO, 396.1324; found: 396.1315 [a]p* —
204 (¢ = 1.0, CH,Cl,, 81% ee). The eec was determined by HPLC
using a Chiralcel OD column [hexane/i-PrOH (80 : 20)]; flow
rate 1.0 mL min™; 7, = 28.2 min, Ty, = 23.4 min (98% ee).

(S,R)-2-{2-[2-Nitro-1-(4-nitro-phenyl)-ethyl]-3,4-dihydro-2H-
naphthalen-1-ylidene }-malononitrile (5f). The title compound
was obtained according to the general procedure (reaction time
30 h, reaction with (DHQ),PYR 80 h) as a pale yellow crystalline
solid (mp = 196-199 °C), yield 99%. 'H NMR (CDCl;) ¢ 8.27
(d, J 8.6 Hz, 2H), 8.10 (d, J 8.0 Hz, 1H), 7.63 (t, J 7.6 Hz, 1H),
7.49 (d, J 8.6 Hz, 2H), 7.44 (t, J 7.7 Hz, 1H), 7.37 (d, J 7.8 Hz,
1H) 4.73 (dd, J 12.8, 10.1 Hz, 1H), 4.46 (dd, J 13.0, 4.5 Hz,
1H), 3.59-3.67 (m, 2H), 2.95-2.99 (m, 2H), 2.07-2.03 (m, 1H)
1.70-1.75 (m, 1H). "C NMR (CDCl;) ¢ 173.1, 148.1, 143.4,
139.0, 134.8, 130.2, 128.9, 128.7 (2C), 127.6, 127.5, 124.6 (20),
113.0, 112.8, 81.5, 77.9, 44.2, 44.1, 25.3, 24.0. [a],® — 223 (c =
1.0, CH,Cl,, 85% ee). The ee was determined by HPLC using
a Chiralpak AD column [hexane/i-PrOH (90 : 10)]; flow rate
1.0 mL min™"; 7,0, = 40.2 min, Ty, = 35.1 min (95% ee).

(S,R)-2-{2-[1-(4-Bromo-phenyl)-2-nitro-ethyl]-3,4-dihydro-2H-
naphthalen-1-ylidene }-malononitrile (5g). The title compound
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was obtained according to the general procedure (reaction time
30 h) as a pale yellow crystalline solid (mp = 195-197 °C), yield
96%. "HNMR (CDCl;) 6 8.07 (d, J 8.0 Hz, 1H), 7.60 (t, J 7.0 Hz,
1H), 7.53 (d, J 8.5 Hz, 1H), 7.42 (t, J 7.4 Hz, 1H), 7.34 (d, J
7.6 Hz, 1H), 7.15 (d, J 8.4 Hz, 2H) 4.66 (dd, J 12.8, 10.5 Hz,
1H), 4.40 (dd, J 12.8, 5.0 Hz, 1H), 3.58 (td, J 11.5, 3.5 Hz,
1H), 3.40-3.46 (m, 1H), 2.91-2.98 (m, 2H), 1.97-2.02 (m, 1H)
1.76-1.81 (m, 1H). "C NMR (CDCl;) ¢ 174.3, 139.6, 135.3, 134.9
(2C), 130.4, 129.7 (2C), 128.9, 127.9, 127.7, 123.1, 113.3, 113.2,
81.4, 78.6, 44.7, 44.3, 25.7, 24.2. [a]p®™ — 185 (¢ = 1.0, CH,Cl,,
91% ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (90 : 10)]; flow rate 1.0 mL min™"; 7,50 =
10.1 min, 7,0 = 9.4 min (96% ee).

(S,R)-2-{2-[1-(2-Chloro-phenyl)-2-nitro-ethyl]-3,4-dihydro-2H-
naphthalen-1-ylidene }-malononitrile (5h). The title compound
was obtained according to the general procedure (reaction time
29 h) as a pale yellow crystalline solid (mp = 164-166 °C), Yield
97%. The compound was found to exist as a 1 : 4 mixture of
rotameric isomers at room temperature (at 60 °C in CDCl; the
signals in the "H NMR spectrum merge into one set of broadened
signals). "H NMR (CD,Cl,, 0 °C) ¢ 8.04 (d, J 7.8 Hz, 1H), 7.61
(t, J 7.6 Hz, 1H), 7.14-7.46 (m, 6H), 4.65 (dd, J 12.7, 10.1 Hz,
0.8H), 4.44 (dd, J 12.7, 5.1 Hz, 1.2 H), 4.16 (td, J 10.9, 5.1 Hz,
1.0H), 3.66 (dt, J 11.2, 3.5 Hz, 0.8H), 3.52 (td, J 11.5, 5.3 Hz,
0.2H), 3.21 (ddd, J 18.4, 11.3, 6.2 Hz, 0.8H), 2.91 (dd, J 18.8,
7.0 Hz, 1.2 H), 1.94-2.11 (m, 1.0H), 1.70-1.82 (m, 1.0H). “C
NMR (CD,Cl,, 0 °C)* 6 174.5, 140.3, 135.2, 134.7, 134.8, 134.3,
134.2,131.8, 130.6, 130.5, 130.3, 129.9, 129.0, 128.7, 128.4, 128.0,
127.8, 127.7, 127.2, 113.5, 113.4, 81.5, 78.4, 76.0, 46.8, 45.2,
40.8, 39.7, 26.0, 25.5, 24.6, 24.0. HRMS calc.: C,;H,,CIN;NaO,
400.0829; found: 400.0764. [a]p® — 108 (¢ = 0.5, CH,Cl,, 53%
ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (80 : 20)]; flow rate 1.0 mL min™"; 7,5 =
9.0 min, Ty, = 8.1 min (53% ee). *The *C NMR spectrum
contains extra signals due to the presence of distinct rotameric
isomers.

(S,R)-2-{2-[2-Nitro-1-(3-nitro-phenyl)-ethyl]-3,4-dihydro-2H-
naphthalen-1-ylidene }-malononitrile (5i). The title compound
was obtained according to the general procedure (reaction time
29 h) as a pale yellow crystalline solid (mp = 214-216 °C*), yield
92%. 'H NMR (CDCl;) 6 8.25 (dt, J 7.3, 2.1 Hz, 1H), 8.14 (t, J
2.0 Hz, 1H), 8.10 (d, J 7.7 Hz, 1H), 7.62-7.70 (m, 3H), 7.45 (t,
J 7.9 Hz, 1H), 7.39 (d, J 8.0 Hz, 1H), 4.75 (dd, J 13.3, 10.4 Hz,
1H), 4.46 (dd, J 13.0, 4.5 Hz, 1H), 3.58-3.76 (m, 2H), 2.96-3.08
(m, 2H), 2.07 (m, 1H), 1.75 (m, 1H). "C NMR (CD,Cl,) ¢ 173.7,
148.9, 139.9, 138.7, 134.9, 134.1, 130.9, 130.6, 128.9, 128.0, 127.5,
124.0, 123.5, 113.4 (2C), 82.0, 78.3, 44.5, 44 4, 25.5, 24.3. HRMS
calc.: C,;H(N,NaO, 411.1069; found: 411.1015 [a]p* — 209 (¢ =
0.5, CH,Cl,, 91% ee). The ee was determined by HPLC using
a Chiralpak AD column [hexane/i-PrOH (75 : 25)]; flow rate
1.0 mL min™"; 7,0, = 11.8 min, 7y, = 9.6 min (91% ee).

(S,R)-2-[2-(1-Cyclohexyl-2-nitro-ethyl)-3,4-dihydro-2H-naph-
thalen-1-ylidene]-malononitrile (5j). The title compound was
obtained according to the general procedure (reaction time 30 h)
as a yellow oil, yield 82%. '"H NMR (CDCl;) §7.91 (d, J 8.0 Hz,
1H), 7.50 (t, J 7.5 Hz, 1H), 7.32 (t, J 7.7 Hz, 1H), 7.26 (d, J
7.7 Hz, 1H), 4.40 (dd, J 13.6, 4.4 Hz, 1H), 4.18 (dd, J 13.6,

7.0 Hz, 1H), 3.43 (dt, J 11.0, 3.6 Hz, 1H), 2.96-3.00 (m, 2H),
2.31-2.36 (m, 2H), 2.06-2.14 (m, 1H) 1.70-1.84 (m, 5H) 1.54 (d, J
12.3 Hz, 1H) 1.10-1.31 (m, 5H), 0.92(dd, J 12.5, 3.3 Hz, 1H). *C
NMR (CDCl;) 6 175.0, 138.6, 133.5, 129.0, 128.3, 128.1, 126.6,
112.7 (2C), 80.7, 77.1, 43.2, 38.0, 32.1, 28.6, 25.3, 24.9, 22.6, 14.2.
HRMS calc.: C,;H,;N;NaO, 372.1688; found: 372.1695. [a],® —
353 (¢ = 1.0, CHCl;, 96% ee). The ee was determined by HPLC
using a Chiralpak AD column [hexane/i-PrOH (90 : 10)]; flow
rate 1.0 mL min™; 7,0, = 12.2 min, Ty, = 9.2 min (96% ee).

(S, R)-2-|2-(1-Nitromethyl-hexyl)-3,4-dihydro-2H-naphthalen-1-
ylidene]-malononitrile (5k). The title compound was obtained
according to the general procedure (reaction time 30 h) as a
yellow oil, yield 99%. '"H NMR (CDCl;) ¢ 7.93 (d, J 8.0 Hz, 1H),
7.53 (t, J 7.6 Hz, 1H), 7.36 (t, J 7.7 Hz, 1H), 7.29 (d, J 7.7 Hz,
1H), 4.38 (dd, J 12.6, 7.3 Hz, 1H), 4.20 (dd, J 12.7, 6.1 Hz, 1H),
3.34 (dt, J 8.6, 4.3 Hz, 1H), 2.43-2.48 (m, 1H), 2.15-2.18 (m,
2H), 1.44-1.46 (m, 2H) 1.25-1.32 (m, 6H) 0.86-0.89 (m, 3H). *C
NMR (CDCl,) ¢ 175.6, 139.9, 134.2, 129.7, 129.2, 128.5, 127.5,
113.4, 113.1, 81.8, 77.1, 43.2, 38.0, 32.1, 28.6, 25.3, 24.9, 22.6,
14.2. HRMS calc.: C,yH,;N;NaO, 360.1688; found: 360.1700.
[a]o® — 391 (¢ = 1.0, CHCl;, 94% ee). The ee was determined
by HPLC using a Chiralcel OD column [hexane/i-PrOH (90 :
10)]; flow rate 1.0 mL min™"; 7,5, = 22.2 min, Tpipe, = 13.8 min
(94% ee).

(S,R)-2-{6-(2-Nitro-1-phenyl-ethyl)-6,7,8,9-tetrahydro-benzocyclo-
hepten-5-ylidene]-malononitrile (51). The title compound was
obtained according to the general procedure (reaction time 24 h)
as a white solid. The compound was obtained as a 1 : 15 mixture
of diastereomers (anti : syn), yield 96% (of both diastereomers).

syn-diastereomer. "H NMR (CDCl;) 6 7.49 (t, J 6.5 Hz, 1H),
7.40 (t, J 7.6 Hz, 1H), 7.23-7.36 (m, 5SH), 7.14 (d, J 6.3 Hz, 2H),
4.56 (dd, J 12.4, 10.8 Hz, 1H), 4.39 (dd, J 12.4, 8.6 Hz, 1H), 3.60
(dt,J 11.6,4.1 Hz, 1H), 3.30 (td, J 10.8, 3.7 Hz, 1H), 2.71-2.87 (m,
2H), 1.61-1.83 (m, 4H). *C NMR (CDCl;) ¢ 183.6, 138.8, 135.5,
133.2, 132.0, 130.8, 129.4 (2C), 128.6, 128.4, 128.0 (2C), 127.4,
111.5 (2C), 88.2, 78.7, 46.5, 44.8, 35.8, 33.2, 21,7. HRMS calc.:
C,,HyN;NaO, 380.1375; found: 380.1376. [a]p>™ — 202 (¢ = 0.25,
CH,Cl,, 92% ee). After separation of the diastereomers by FC
(Et,0/hexane 0: 100 to 50 : 50), the ee of the syn-diastereomer was
determined by HPLC using a Chiralpak AS column [hexane/i-
PrOH (85 : 15)]; flow rate 1.0 mL min™"; 7., = 14.9 min, 7,0, =
13.8 min (92% ee).

(S, R)-2-|7-Methoxy-2-(2-nitro-1-phenyl-ethyl)-3,4-dihydro-2H-
naphthalen-1-ylidene]-malononitrile (Sm). The title compound
was obtained according to the general procedure (reaction time
27 h, reaction with (DHQ),PYR 80 h) as a a pale yellow crystalline
solid (mp = 163-166 °C), yield 96%. '"H NMR (CDCl;) ¢ 7.54
(d, J 2.5 Hz, 1H), 7.34-7.40 (m, 3H), 7.27 (m, 3H), 7.23 (d, J
8.5 Hz, 1H), 4.71 (dd, J 12.7, 10.3 Hz, 1H), 4.44 (dd, J 12.7,
4.9 Hz, 1H), 3.87 (s, 3H), 3.60 (td, J 11.4, 3.3 Hz, 1H), 3.49 (td,
J 10.8, 5.0 Hz, 1H), 2.95 (m, 1H), 2.79 (dd, J 18.0, 6.2 Hz, 1H),
1.96 (m, 1H) 1.78 (m, 1H). *C NMR (CDCl;) ¢ 174.6, 158.1,
136.0, 131.6, 131.0 (2C), 129.3 (20), 128.6, 128.2, 127.6, 122.6,
113.2,113.1, 111.4, 80.8, 78.6, 55.6, 44.6, 44.5, 25.8, 23.2. HRMS
calc.: C,,H;yN;0;Na 396.1324; found: 396.1324. [a]p* — 165 (¢ =
1.0, CH,Cl,, 86% ee). The ee was determined by HPLC using
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a Chiralpak AD column [hexane/i-PrOH (90 : 10)]; flow rate
1.0 mL min™; 7,0, = 11.7 min, Ty, = 8.7 min (96% ee).

(S,R)-2-|6-Methoxy-2-(2-nitro-1-phenyl-ethyl)-3,4-dihydro-2H-
naphthalen-1-ylidene]-malononitrile (Sn). The title compound
was obtained according to the general procedure (reaction time
27 h) as a a pale yellow crystalline solid (mp = 157-159 °C), yield
99%. '"H NMR (CDCl;) 6 8.13 (d, J 8.9 Hz, 1H), 7.34-7.40 (m,
3H), 7.27 (d, J 7.7 Hz, 2H), 6.80 (d, J 2.0 Hz, 1H), 4.72 (dd, J
12.6, 10.5 Hz, 1H), 4.42 (dd, J 12.7, 4.9 Hz, 1H), 3.91 (s, 3H),
3.58 (td, J 11.5, 3.3 Hz, 1H), 3.46 (dt, J 10.9, 4.8 Hz, 1H), 3.02
(ddd, J 18.3, 12.0, 6.1 Hz, 1H), 2.83 (dd, J 18.5, 6.5 Hz, 1H),
1.95 (m, 1H) 1.74 (m, 1H). "C NMR (CDCl;) ¢ 173.4, 164.5,
142.2, 136.2, 130.9, 129.4 (20), 128.7, 127.7 (2C), 120.6, 114.8,
113.8,113.7, 113.5, 78.6, 77.8, 55.7, 44.6, 44.5, 25.2, 24.3. HRMS
calc.: C,,H;sN;NaO; 396.1324; found: 396.1302. [a]p* — 430 (¢ =
1.0, CH,Cl,, 89% ee). The ee was determined by HPLC using
a Chiralpak AD column [hexane/i-PrOH (90 : 10)]; flow rate
1.0 mL min™"; 70, = 15.3 min, 7o, = 13.1 min (94% ee).

(S,R)-2-|5-Methoxy-2-(2-nitro-1-phenyl-ethyl)-3,4-dihydro-2H-
naphthalen-1-ylidene]-malononitrile (50). The title compound
was obtained according to the general procedure (reaction time
30 h) as a yellow crystalline solid (mp = 189-192 °C), yield 90%.
'"H NMR (CDCl) 6 7.67 (d, J 8.0 Hz, 1H), 7.34-7.42 (m, 4H),
7.27 (d, J 6.9 Hz, 2H), 7.14 (d, J 8.3 Hz, 1H), 4.70 (dd, J 12.6,
10.5 Hz, 1H), 4.38 (dd, J 12.6,4.9 Hz, 1H), 3.92 (s, 3H), 3.58 (td, J
11.5,3.2 Hz, 1H), 3.44 (td J 10.9, 4.9 Hz, 1H), 2.74-2.81 (m, 2H),
1.83-1.90 (m, 2H). "C NMR (CDCl;) d 175.2, 157.6, 136.4, 129.6
(2C), 129.0, 128.7 (2C), 128.5, 128.3, 128.0, 120.5, 115.5, 113.4,
81.3,78.7,55.9,44.9,44.5,25.2,19.2. [a]p™ — 201 (¢ = 1, CH,Cl,,
93% ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (95 : 5)]; flow rate 1.0 mL min™; 7, =
15.3 min, 7y, = 13.7 min (93% ee).

(S,R)-2-]6,7-Dimethoxy-2-(2-nitro-1-phenyl-ethyl)-3,4-dihydro-
2H-naphthalen-1-ylidene]-malononitrile (5p). The title com-
pound was obtained according to the general procedure (but
at a temperature of —25 °C, reaction time 29 h) as a yellow
crystalline solid (mp = 191-193 °C), yield 99%. 'H NMR
(CDCly) 0 7.62 (s, 1H), 7.26-7.41 (m, 5H), 6.73 (s, 1H), 4.74
(dd, J 12.8, 10.2 Hz, 1H), 4.45 (dd, J 12.7, 4.6 Hz, 1H), 3.98
(s, 3H), 3.96 (s, 3H), 3.45-3.60 (m, 2H), 3.02 (m, 1H), 2.79 (dd,
J 17.6, 7.2 Hz, 1H), 1.92-2.01 (m, 1H), 1.73-1.79 (m, 1H). “C
NMR (CDCl;) ¢ 173.2, 154.5, 147.7, 136.3, 134.7, 129.3 (20),
128.6, 127.6 (2C), 120.0, 114.0, 113.8, 111.5, 110.1, 78.7, 77.6,
56.1 (2C), 44.7, 44.3, 25.5, 24.0. HRMS calc.: C,;;H, N;NaO,
426.1430; found: 426.1440 [a]p® — 381 (¢ = 0.5, CH,Cl,, 80%
ee). The ee was determined by HPLC using a Chiralpak AD
column [hexane/i-PrOH (75 : 25)]; flow rate 1.0 mL min™"; 7,5, =
9.8 min, 7y, = 7.8 min (80% ee).

(S, R)-2-[5,7-Dimethyl-2-(2-nitro-1-phenyl-ethyl)-3,4-dihydro-2H-
naphthalen-1-ylidene]-malononitrile (5q). The title compound
was obtained according to the general procedure (reaction time
30 h) as a yellow crystalline solid (mp = 150-152 °C), yield 95%.
'"H NMR (CDCly)d 7.72 (s, 1H), 7.34-7.41 (m, 3H), 7.31 (s, 1H),
7.26 (d, J 6.3 Hz, 1H), 4.71 (dd, J 12.6, 10.8 Hz, 1H), 4.38 (dd,
J 12.6, 4.8 Hz, 1H), 3.58 (td, J 11.5, 3.3 Hz, 1H), 3.41 (td J 1.1,
4.8 Hz, 1H), 2.70 (dd, J 8.8, 3.9 Hz, 2H), 2.39 (s, 3H), 2.27 (s
3H), 1.83-1.97 (m, 2H). *C NMR (CDCl;) ¢ 176.0, 138.0, 137.6,

137.0, 136.3, 134.9, 129.6 (2C), 129.0 (2C), 128.0, 127.9, 127.0,
113.6 (2C), 80.4, 78.8, 44.8, 44.6, 25.8, 22.2, 21.1, 19.8. [a]p®* —
191 (¢ = 1, CH,Cl,, 91% ee). The ee was determined by HPLC
using a Chiralpak AD column [hexane/i-PrOH (98 : 2)]; flow rate
1.0 mL min™"; 7,0, = 21.6 min, Ty, = 14.0 min (91% ee).

(S, R)-2-[3-(2-Nitro-1-phenyl-ethyl)-chroman-4-ylidene]-malono-
nitrile (Sr). The title compound was obtained according to the
general procedure (reaction time 29 h) as a yellow crystalline solid
(mp = 150-152 °C), yield 95%. '"H NMR (CDCl;) 6 8.25 (d, J
8.2 Hz, 1H), 7.61 (t, J 7.2 Hz, 1H), 7.29-7.45 (m, SH), 7.15 (t, J
7.3 Hz, 1H), 7.06 (d, J 8.4 Hz, 1H), 4.85 (dd, J 12.9, 10.6 Hz, 1H),
4.50 (dd, J 12.9, 5.3 Hz, 1H), 4.04-4.15 (m, 2H), 3.73 (td, J 10.9,
5.4 Hz, 1H), 3.31 (d, J 11.4 Hz, 1H). *C NMR (CDCl;) ¢ 165.2,
156.0, 137.7, 135.3, 129.6 (2C), 129.0, 128.0 (2C), 127.8, 122.3,
118.5, 114.8, 113.0, 112.8, 78.9, 77.4, 66.5, 43.4, 42.8. [a],™ —
289 (¢ = 0.5, CH,Cl,, 74% ee). The ee was determined by HPLC
using a Chiralpak AD column [hexane/i-PrOH (75 : 25)]; flow
rate 1.0 mL min™'; o, = 7.2 Min, Typinor = 6.6 min (75% ee).

Procedure for large scale preparation of 5a. Alkylidene mal-
ononitrile 3a (10.0 mmol, 1.94 g) and trans-B-nitrostyrene 4a
(11.0 mmol, 1.64 g) were mixed in a glass flask equipped with
a magnetic stirring bar. Acetone (40.0 mL) was added, and the
mixture was cooled to —78 °C. At this temperature (DHQD),PYR
(3 mol%, 0.3 mmol, 260 mg) was added, and the resulting mixture
was placed at —40 °C for 37 h (until 3a had be consumed, as
observed on TLC). The mixture was then cooled to —78 °C
and passed quickly through a short pad of silica (elute Et,0)
to remove the catalyst. The solvent was then removed in vacuo.
The pure product was obtained in 84% yield and >99% ee after
recrystalization in EtOH (725 mL).

Procedure for cyclization of 5a to 6. 5a (103.2 mg, 0.30 mmol,
>99.9% ee) was added to a screw capped plastic vial equipped with
a magnetic stirring bar. Then quinidine (10 mol%, 9.8 mg, 0.03
mmol) was added, followed by addition of CH,Cl, (1.5 mL). The
mixture was stirred at ambient temperature for 15 h, at which time
the colour of the mixture is intensely red. The solution was then
quickly passed through a short pad of SiO, to remove the catalyst.
The pure compound 6 was obtained by FC on SiO, eluting with
CH,Cl,/Et,0 (100:0 to 95:5) in 81% yield.

3-Amino-2-nitro-1-phenyl-1,9,10,10a-tetrahydro-phenanthrene-4-
carbonitrile (6). The title compound was obtained according to
the procedure above as a brightly yellow crystalline solid (mp =
116-118 °C). '"H NMR (CDCl;) 6 9.41-10.38 (br s, 1H), 7.9 (d, J
7.9 Hz, 1H), 7.46 (t, J 7.5 Hz, 1H), 7.22-7.37 (m, 7H), 6.00-6.79
(br s, 1H), 4.44 (d, J 2.2 Hz, 1H), 3.03-3.21 (m, 3H), 2.30-2.38
(m, 1H), 2.11-2.22 (m, 1H). *C NMR (CDCl;) 6 167.5, 144.7,
143.4, 139.3, 133.2, 132.2, 129.4, 128.9 (2C), 127.3, 126.5, 126.3
(2C), 126.2, 117.1, 115.0, 99.8, 47.6, 43.9, 32.7, 29.1. HRMS
calc.: C,)H;N;NaO, 366.1218; found: 366.1224. [a]p® — 347
(c = 0.5, CH,Cl,, 98% ee). The ee was determined by HPLC
using a Chiralcel OD column [hexane/i-PrOH (80 : 20)]; flow rate
1.0 mL min™"; 7,0, = 19.1 min, 7y, = 29.0 min (98% ee).

Procedure for the oxidative cleavage of 5ato7. A flask equipped
with a magnetic stirring bar was charged with 5a (113.3 mg,
0.33 mmol, >99.9% ee), KMnO, (130.4 mg, 0.83 mmol), and anh.
MgSO, (44.0 mg). Then acetone (2 mL) and water (3 mL) was
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added, and the mixture was stirred at ambient temperature for 1 h.
At this time the mixture was passed through a short pad of SiO,
with EtOAc/CH,Cl, (1: 1) to remove residual KMnO, and MnO,.
More water was added and the organic phase separated, and the
aqueous phase was extracted twice with CH,Cl,. The combined
organic phases were concentrated under reduced pressure to afford
the crude product (by 'H found to be consisting of the ketone along
with traces of starting material and unidentified by-products).
The pure product was obtained after FC on SiO, eluting with
Et,O/pentane (1 : 1) in 77% yield.

2-(2-Nitro-1-phenyl-ethyl)-3,4-dihydro-2H-naphthalen-1-one (7).
The title compound was obtained according to the procedure
above as a white crystalline solid (mp = 112-114 °C). '"H NMR
0 8.03 (d, J 7.8 Hz, 1H), 7.49 (t, J 7.5 Hz, 1H), 7.21-7.37 (m,
7H), 5.11 (dd, J 12.9, 5.5 Hz, 1H), 4.77 (dd, J 12.9, 9.8 Hz, 1H),
4.06 (td, J 9.5, 5.6 Hz, 1H), 2.79-3.02 (m, 3H), 1.97-2.04 (m, 1H),
1.66-1.75 (m, 1H). "C NMR ¢ 198.3, 143.4, 137.4, 133.8, 132.0,
128.9 (2C), 128.7, 128.2 (2C), 127.8, 127.6, 126.8, 79.0, 49.3, 43.0,
27.6,26.3. HRMS calc.: C;3sH;NNaO; 318.1106; found: 318.1008.
[a]lp® — 15 (¢ = 0.5, CH,Cl,, >99.9% ee). The ee was determined
by HPLC using a Chiralcel OD column [hexane/i-PrOH (90 :
10)]; flow rate 1.0 mL min™; 7,5, = 18.2 min, 7y, = 25.3 min
(>99.9% ee).
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Positive impact!

As Organic & Biomolecular Chemistry
(OBC) enters its fourth year of publica-
tion, 2006 is shaping up to be a promis-
ing year. 2005 proved to be very successful
for OBC. The quality, and international
authorship and readership reflected in the
journal’s first impact factor of 2.2.

We would like to thank all of our
authors, referees and readers for their
support for OBC and we look forward
to your continued support for years to
come. Thanks are also due to the editorial
and advisory editorial boards who have
worked well alongside the editorial staff
to promote OBC and to help attract some
of the very best work to the journal.

Indeed these are exciting times for
organic chemistry in all its forms. Or-
ganic chemistry has proved its worth
with the Nobel Prize in Chemistry 2005
being awarded to Yves Chauvin (Insti-
tut Frangais du Pétrole, France), Robert
H. Grubbs (California Institute of Tech-
nology, US) and Richard R. Schrock
(Massachusetts Institute of Technology,
US) for their work in the area of
metathesis.

The 2004 impact factors, released by
ISI® in June 2005, showed an impressive
average increase of over 10% for RSC
journals. Calculated annually, ISI® impact
factors provide an indication of the quality

of a journal. They take into account the
number of citations in a given year for
all the citable documents published within
a journal in the preceding two years. It
is worth noting that together with ACS
Publications, journals from RSC Pub-
lishing have the highest median impact
factor among publishers in the chemical
sciences (Fig. 1). This encouraging statistic
demonstrates the recognition and status
that researchers place in Society-published
work.

Fast publication

We continue to be proud of our times
to publication on OBC. Since its launch,
our times to publication have been con-
sistently faster than our competitors. With
the fastest times to publication in the field,
OBC is the ideal place for researchers to
publish their best work and get it read
quickly by peers.

For Communications, average time to
publication on the web is just 40 days.
This time is 10 days faster than our closest
competitor, Organic Letters. A full paper
in OBC will be published in 68 days on
average, over three weeks faster than in
the Journal of Organic Chemistry and three
months faster than the European Journal of
Organic Chemistry.?

OBC also continues to fulfil its remit
to bring a balanced coverage of all areas,

ACS RSC Wiley

Fig. 1

Elsevier Springer Taylor and

Francis

Median impact factor in the ISI® core chemistry categories.

within the journal scope, to our readers
with the best work being publicised in
the wider scientific press. A paper pub-
lished in OBC detailing a new breed of
organocatalyst used in asymmetric reac-
tions was among the Chemical Abstracts
Service top ten most requested articles in
the first quarter of 2005. This work on
new proline-based catalysts by Steven Ley
(University of Cambridge, UK) reflects the
increasing number of research groups that
are working in this area.’

I hope that you will agree that this
issue starts the New Year off well with
a Perspective article by Teija Niittymaki
and Harri Lonnberg* on artificial ri-
bonucleases and an Emerging Area arti-
cle by Matthew Tredwell and Véronique
Gouverneur,” which discusses how syn-
thetically versatile fluorinated building
blocks can be prepared.

This issue also sees the introduction of
a new easy-to-read format. The improved
legibility will enable readers to browse the
articles quickly and effortlessly, which is es-
pecially important as increasing numbers
of readers access the journal electronically.

Technological advances

2005 has seen RSC Publishing invest sig-
nificantly in technological developments
across all of its products. The introduction
of the new website in the summer brought a
contemporary, fresh look and an enhanced
structure for improved and intuitive navi-
gation between relevant, associated con-
tent.

The improvements to the technological
infrastructure have made the site more flex-
ible and efficient, and better equip the RSC
to deliver enhanced publishing products
and services in the future. The new look
was just the start, and towards the end of
the year we were pleased to provide further
enhancements in the form of RSS Feeds
and ‘forward linking’ facilities.
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RSS feeds

RSS, or ‘really simple syndication’, is the
latest way to keep up with the research
published by the RSC. The new service
provides subscribers with alerts as soon as
an Advance Article is published in their
journal of choice. Journal readers simply
need to go to the journal homepage, click
on the RSS link, and follow the step-
by-step instructions to register for these
enhanced alerts.

RSS feeds include both the graphical
abstract and text from a journal’s con-
tents page. Access to the latest research
is delivered straight to a reader’s PC, as
soon as it is published! Most ‘feed reader’
software also remembers what you have
read, which makes tracking and managing
journal browsing more efficient.

Forward linking

‘Forward linking’, the reverse of reference
linking, enables readers to link from any
RSC published paper to the articles in
which it is cited. This allows researchers to
track easily the progression of a concept
or discovery, since its original publication.
With one click of a button (on the ‘search
for citing articles’ link) a list of citing
articles included in Cross-Ref is presented,
complete with DOI links.

At a time when research is becoming
increasingly interdisciplinary in nature and
the number of published works continues
to grow, it is hoped that this new technol-
ogy, developed in conjunction with Cross-
Ref, will significantly reduce the time
spent by researchers searching for infor-
mation.

These developments demonstrate the
investment in publishing products and
services over the past year, and 2006 will
see us enhancing our products further, with
improvements to the HTML functionality
of all journals and ReSourCe (the author
and referee web interface) already under-
way.

Soft Matter and Molecular
BioSystems

Following successful launches last year,
the two new RSC journals, Soft Matter
and Molecular BioSystems, continue to
thrive. Molecular BioSystems is devoted

to publishing the best work in chemical
biology with a particular focus on the
interface between chemistry and the -omic
sciences and systems biology, whilst Soft
Matter provides a forum for the communi-
cation of generic science underpinning the
properties and applications of soft matter.
Both journals have already seen many
top authors from prestigious organisations
around the world submit articles and have
been very well-received in the commu-
nity.

In particular, Molecular BioSystems has
attracted top-quality work® which comple-
ments work in OBC and will be of interest
to many of our readers. Subscribers to
OBC in 2006 will continue to receive free
(online) access to both these exciting new
additions to the RSC portfolio.

Chemical biology

Chemical biology content published in this
journal s highlighted in the Chemical Biol-
ogy Virtual Journal.” The portal, launched
in 2002 in recognition of the significant
amount of chemical biology material pub-
lished across RSC journals, enables inter-
ested readers to access relevant articles
readily. All chemical biology articles and
related papers published in RSC journals
are drawn together online every two weeks,
with a selection of the primary literature
free to access for a month.

January 2006 sees the launch of another
exciting new supplement from the RSC:
Chemical Biology. A companion publi-
cation of Chemical Science and Chemi-
cal Technology, it draws together cover-
age from RSC publications and provides
succinct accounts of the latest chemical
biology research. It will appear monthly as
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a free print supplement in the front of this
journal, and is also available free online.

Not just journals

As well as an impressive portfolio of jour-
nals, the RSC has a significant collection
of book titles. The first titles in three new
series: RSC Biomolecular Sciences; RSC
Nanoscience & Nanotechnology Series; and
Issues in Toxicology were published in
2005, with further titles due during 2006.
Future growth in the books publishing
programme is planned, which reflects the
increasingly interdisciplinary nature of the
chemical sciences.

We hope that you agree that OBC has
made a great start in establishing itself as
an essential read for all researchers in all
areas of organic chemistry. We hope that
you will enjoy reading this issue and the
other issues to come in 2006. As always, we
welcome any suggestions that you might
have for development for OBC.

On behalf of the Organic & Biomolecular
Chemistry editorial board and the Royal
Society of Chemistry we wish all of our
readers and authors a very happy and
successful 2006.

Professor Ben Feringa, Chair Editorial
Board

Dr Vikki Allen, Editor
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