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The design and operation of liquid-liquid and gas-liquid immiscible systems depend mainly on the method of dispersion/phase
contacting, whilst gas—liquid—solid and gas—gas—solid systems depend not only on the phase contacting, but also on the solid integration
principles employed. The microreactor design ideas employable, the methods of phase contacting and the consequent effects on the
reaction yields are reviewed.
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1. Introduction

Miniaturized chemical reactors, typically on-chip micro-
channel reactors have become important for analytical and
environmental monitoring,'™ as measuring devices for on-
line process optimisation,” as catalyst screening tools,® for
the production of micro fuel cells,” and especially for
microorganic synthesis/production in the pharmaceutical
industry where the test-rig stage in the development of a
drug does not require the production of large quantities of
the chemical.*'* The most striking advantages of such
microsystems are the high portability, reduced reagent
consumption, minimization of waste production, remote
(on-site) applications and efficient heat dissipation owing to
the high surface-area-to-volume ratios. Quite a number of
the reactions executed in such systems have involved
reagent phases which are immiscible with one another; these
include aqueous-organic liquid,"*™'® gas—liquid,'’ " gas—
liquid—solid,”*™*” and gas—gas—solid**>! systems. In such

Keywords: Lab-on-chip microreactors; Multiphase reactions; Immiscible

liquid-liquid; Gas-liquid; Gas-liquid—solid; Gas—gas—solid; Review.
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systems, there exists the complexity of forcing a reactant of
one phase to mix, diffuse and react with that of another,
making the flow dynamics, the methods of promoting phase
contacting and mixing critical.'®>’ The chemical kinetics
would not only depend on the concentrations of the reacting
species, but also on the mass transfer between the different
phases. Whereas the design and operation of liquid-liquid
and gas-liquid immiscible microreactor systems have
depended mainly on the method of dispersion/phase
contacting, gas—liquid—solid and gas—gas—solid systems
have depended not only on the phase contacting, but also
on the solid integration principles employed. In this paper,
we present an overview of the critical issues in the
development of on-chip multiphase chemistry systems.
The microreactor design ideas employable, the methods of
phase contacting and the consequent effects on the reaction
yields are discussed.

2. Immiscible aqueous-organic liquid systems

In immiscible organic-aqueous systems, the two different
liquids could be pumped from individual supply channels to
assume a parallel (longitudinal) contact-flow in a common
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reactor channel (Fig. 1), where the phase contacting,
diffusion-based dispersion and reaction occur at the
longitudinal interface established.'*'* Using a 250 pm
wide, 100 pym deep and 3 cm long microchannel reactor,
and a linear flow rate of 1.3cms ! (a residence time of
2.3s), Kitamori et al."” reported a specific interfacial
contact area of 80 cm ™' and a close-to-100% conversion
efficiency for the reaction between aqueous 4-nitrobenzene
diazonium tetrafluoroborate (10~* M) and ethyl acetate-
dissolved 5-methylresorcinol (1072 M), under continuous
flow conditions (Scheme 1). An undesirable insoluble
precipitate side product (a bisazo product), which is
normally produced from the main reaction product in
conventional macrosystems, was not observed for the
microsystem. This was said to be due to the large specific
interfacial area and short molecular diffusion distance in
the microsystem, which removed the main product from the
aqueous phase to the organic phase, thus preventing the
undesirable side reaction. Another configuration involves
multiple-pulse (segmented) injections of one liquid into a
main flow of the other, where diffusion and reaction occur at
the multiple transverse interfaces established (Fig. 2).'°
Mixing in immiscible liquid systems and, in particular, fluid
mobilization in electro-osmotic flow-based systems are
improved by changing the lipophilic properties of the non-

iquid 2 \

-
liquid 1 A

longitudinal interface

Figure 1. Cocurrent mobilization of two immiscible liquids, and
established longitudinal contact interface in a microchannel.
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Figure 2. Segmented-pulse injection of one liquid into the main flow of
another immiscible liquid, and established transverse contact interfaces in a
microchannel.

polar species in processes such as the addition of ion pairs
(e.g., quaternary ammonium salts), the formation of
micelles or, optimally, the formation of oil-in-water
micro-emulsions, using appropriate surfactants.'® This is,
however, possible where surfactant and any co-surfactant
additives would not interfere with the chemistry to be
carried out. Whichever of the above techniques are used,
however, the two liquid phases could be driven into a
temporary hold-up reservoir equipped with some sort of
turbulence-generating mechanism to improve upon the
dispersion and mass transfer.

3. Gas-liquid systems

Gas-liquid microreactor systems require an efficient method
of dispersing the gas in the liquid to increase the interfacial
contact area whilst maintaining the dispersed regime along
the whole microchannel reactor within a desired time frame.
These reactors have mainly been hollow microchannels
equipped with gas-liquid in-feeding mechanisms. Both the
gas and liquid streams could be made to flow-in cocurrently,
but, whilst the gas flows continuously, the liquid flow is
pulsated, which results in a single-line se_igmented gas—
liquid distribution in the channel (Fig. 3)."” The gas and
liquid streams could be fed at high speeds in a direct
counterflow configuration using a ‘T’ mixer, where the gas
and liquid streams collide head-on and generate a single-
line, segmented bubble-train into a perpendicular micro-
reactor side channel (Fig. 4).18 In another configuration
described by Ganan-Calvo et al.'>' for the generation of
monosized microbubbles dispersed in a liquid for bio-
medical applications, the gas was continuously supplied
through a capillary tube to form a large bubble in the
vicinity of a small orifice through which a surrounding
coflowing liquid stream is forced to produce a steady gas
ligament which is focused through the orifix (Fig. 5). After
passing through the orifice the gas ligament generated, at a
constant frequency, a single-line, same-sized microbubble

A A
A
I transverse interfaces

liquid

gas —> -

Figure 3. Cocurrent continuous mobilization of gas and pulse injection of
liquid stream, leading to single-line gas microbubble train in a microchanel.

gas

S
\

transverse interfaces

)

liquid

Figure 4. Counterflow mobilization of gas and liquid streams, leading to
single-line gas microbubble train in a microchannel.
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(@

4 Aiquid flow =

Figure 5. (i) (a) Cusplike bubble, attached to a capillary gas-feeding tube, from the cusp of which a gas ligament issues through the orifice placed in front of the
capillary. (b) Stream of gas bubbles issuing from the orifice. (c) Sketch of the region about the exit orifice, showing the steady and absolutely unstable regions
of the gas ligament. (ii) A ‘mesocrystal foam’ or lattice formed when microbubbles rise and settle (reproduced with permission from Ref. 19, pages 274501-1

and 274501-3).

train. By controlling the relative gas and liquid flow rates,
the orifice diameter (30-500 um) and liquid viscosities, the
authors reported microbubble sizes ranging between 5 and
120 pm. Recent advances in gas-liquid premixers called
(static) micromixers have been reported,zz_26 which have
been employed for gas-liquid contacting by coupling them
to microchannel reactors of internal diameters below
600 um. Some of these micromixers are based on the

(b)

principle of gas-liquid stream interdigitation (multilamina-
tion)**2® which, although it generates a uniform ordered
array of bubbles, normally supplies only a single-line
segmented microbubble train per reactor microchannel, due
to the bubble size constraints (Fig. 6). Using the sulphite
oxidation and carbon dioxide-sodium hydroxide reaction
models, specific interfacial areas as large as 9000-
50,000 m2/m3, with decreasing channel dimensions and

®

mini heat exchanger:
medium supply and withdrawal

reaction channel array

liquid supply

Figure 6. Static micromixer components/configuration: (a) Liga static micromixer, with arrows showing gas and liquid inflows; (b) inside design of the mixer;
(c) complete unit of mixer; (d) multiple mixer configuration in one unit device; () uniform, ordered array of microbubbles coming out of the micromixer; (f) a
micromixer coupled to a multichannel reactor (reproduced with permission from ref 23, page 107778, and Ref. 26, page 118).
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bubble sizes down to 50 um, have been reported,25 and
direct fluorination of toluene gave up to 20% yield of
monofluorinated products, calculated from the consumption
of toluene,**?° for the microbubble columns (Scheme 2).

QMe + F, —— @Me + HF
F

Scheme 2.

Additives such as surfactants and glycerol, which increase
the dispersion stability by influencing the surface tension
and liquid-phase viscosity, respectively, were found to
prevent coalescence of these bubbles. Gas-liquid disper-
sions in microfluidic structures could, however, also be
stabilized by integrating the mixing and reaction channels in
one microdevice, thus making chemical additives unnecess-
ary. The characteristics of such two-phase gas—liquid flows,
that is, void fractions, pressure drops and flow regimes
(patterns) ranging from dispersed bubbly to churn, stratified,
slug (elongated bubbles) and annular flow patterns (where
channel walls are wetted by a thin liquid film surrounding a
gas core), have been extensively studied and reported?’>°
for miniaturized channels of internal diameter up to 1.5 mm,
and which depend on the relative in-feed rates of the gas and
the liquid. The flow regimes have been found to change
from microbubble columns to slugs and then to subsequent
annular flow patterns (Fig. 7) as the flow conditions were

dry

- annular

= slug

bubbly

Figure 7. Microbubble columns, slugs and annular flow patterns, obtained
as a function of relative gas and liquid volume flow rates (reproduced with
permission from Ref. 25, page 178).

5.0

0.5
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0.4

40

changed from both high-gas and liquid flows to relatively
higher gas volume flow rates, by monitoring gas pressure
barriers. The turbulent and laminar behavior of two-phase
gas-liquid flows in miniaturized channels have also been
studied and reported,®® which depend on the Reynold’s
number.>’ Falling film microreactors,24’25’37 characterized
by a thin liquid film trickling down the walls of a vertically
oriented reaction channel by gravity and contacted by an
upward-moving gas occupying the middle of the channel,
have also been reported, that gave specific interfacial areas
greater than 15,000 m2/m3, and a 25% monofluorinated
toluene.”**® The bubbles generated by the micromixers,
however, have sizes of the order of the channel diameters
employed and would not break up into minute bubbles to
enhance further dispersion in the channel. A recent
development has demonstrated the use of in-channel
integrated micropipette tips, prior to the reactor chamber,
for online gas introduction and generation of multiple-line
bubble trains (microbubble beams) in a microchannel
(Fig. 8).*° The micropipettes are erected perpendicularly
to the main liquid flow and the energy of the moving liquid
breaks the gas into minute-bubble sprays in the channel. The
bubble sizes reported were far smaller, the bubble quantities
were larger and yielded gas—liﬁuid specific interfacial
contact areas as large as 40X 10" m*m® +10% (greater
than achieved with single-line bubble columns reported in
the literature), corresponding to bubbles as small as 5 pm in
diameter. The most important operational conditions for this
effective microbubble generation were small pipette internal
diameter (0.3-1.0 um), high liquid speed, reverse pipette-
liquid hydrophilicity and liquid hydrophobicity. A multiple-
micropipette configuration, rather than one large pipette
hole, was reported as the recommended means of increasing
the gas quantity requirements. If operated in conjunction
with liquid recycling for the purpose of further gas
enrichment, such a principle would go a long way to
improve upon gas-liquid microreactor performances.

4. Gas-liquid-solid systems

In gas-liquid—solid systems, besides the method of
dispersing the gas in the liquid and the maintenance of the
dispersed regime along the whole reactor within a desired

9.6 48 0

Liquid flow velocity / em/s —>

Figure 8. Pictures of a micropipet tip mounted horizontally and 2 mm deep in the channel perpendicular to liquid flow direction, and microbubble stream
configurations captured with a low-magnification microscope/low-speed camera system for different pipet hole sizes (0.4, 0.5, and 5.0 pm i.d.) at a liquid
velocity of 80 cm/s; and for different liquid velocitiess (40, 9.6, 4.8, and 0 cm/s) for the 0.5 um i.d. pipet. The channel in each case is 2 mm deep, 4 mm wide,

and 6 cm long. (Reproduced with permission from Ref. 40, page 3724).
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time frame, the method for incorporating the solid to
provide a large total solid surface area and a large net gas—
liquid—solid interfacial contact area, while reducing
pressure drops across the reactor channels, is also crucial
for the reactor success. Only a few gas-liquid—solid
microchannel reactor systems have been reported in the
literature, with the solid being a catalyst in most cases, and
these have relied on the microbubble train, slug and
annular flow gas-liquid dispersion principles described
above:,”*37 but in conjunction with monolithic,17’23*26’40*44
packed-bed®**>*¢ or fixed-bed*>*® solid integration
principles. The mass-transfer characteristics in such multi-
phase flow channel systems have been well studied and
reported,22:25:43:48-56

Monolithic microreactors are those with the solid/catalyst
immobilized on hollow channel surfaces as thin porous
membranes,'”*'*? by sputtering or surface chemistries and
wash-coats, and which normally require higher in-channel
pressures to aid gas diffusion through thin liquid films on the
channel walls to the solid/catalyst surface. An earlier
conventional monolithic device described by Hatziantoniou
et al.'” for the hydrogenation of nitrobenzoic acid consisted
of 427 parallel channels (each 1.5 mm wide and ~20 cm
long), created in a material made of a mixture of glass,
silica, alumina and minor amounts of other oxides
reinforced by asbestos. The catalyst was integrated by
impregnating the channel surfaces with a PdCl, solution for
2 h, drying at 450°C for 1h under nitrogen and then
reducing the Pd salt with hydrogen at 450 °C for 3 h,
resulting in a 2.5% Pd catalyst. The gas and liquid streams
were fed cocurrently, but, whilst the gas flow was
continuous, the liquid was pulsated using a displacement
pump, resulting in a single—line segmented bubble train flow
in the channel.'”**72** Yields of over 40% were reported
for the hydrogenation of the nitrobenzoic acid'’, depending
on the reagent concentration, the gas-liquid feed rates, and
the temperature and pressure employed (Scheme 3). The
reproducibility was found to be satisfactory, the catalyst
deactivation with time was negligible, and mean reaction
rates in the range of 0.74-6.16 mol of H,/s kg of catalyst
were reported, depending on the operational conditions
mentioned above. The reactor effectiveness was theoreti-
cally calculated to be 8.1-11.5%. Studies into smaller
microchannel monolithic systems have produced gas—solid
specific interfacial contact areas ranging from 9000 to
50,000 mz/m3, with decreasing channel dimensions and
bubble widths down to 50 um, and have been reported for
the microbubble train/slug configurations,**2® with the
annular flow configurations giving even higher specific
interfacial areas.”*® The chemical conversion efficiencies
achieved with these microchannel systems have been found
to be higher than the efficiencies achieved with many other
contacting mechanisms for the traditional trickle- and
packed-bed reactors described in the literature.”**> Con-
ventional bubble columns, for example, are characterized b;/
specific interfacial areas in the range of only 50-600 m*/m”,

Pd cat.
QCOOH —— COOH
O,N H, H,N

2

Scheme 3.

and even the special-type reactors designated for intensive
gas-liquid contacting such as the impinging jets only yield
specific areas of 2700 mz/m3, which are far smaller
compared with the microbubble column technique.”> As a
further step in the development of microsynthesis systems, a
mini-industrial system which employs a simple on-chip,
single-line monolithic microreactor etched in silicon for the
routine heterogeneous and high-pressure hydrogenation of
organic substrates, has been developed by us,** which is
based on in situ-generated microbubble slug or annular
dispersion regimes, a Pd/Al,O; catalyst and off-line
electrospray-TOF-MS detection. In this system, the liquid
is distributed in a main flow channel whilst a side-
intersecting channel feeds the gas. The channel width (up
to 200 pm) and depth (down to 5 um), the gas-inlet angle,
and the liquid velocity and gas in-flow pressure are
parameters optimized for the generation of the microbubble
slug and annular flow regimes and the maximization of the
gas—solid interfacial contact area (m2/m3), whilst the inside-
reactor pressure (reaction pressure), the temperature and
residence time (allowed reaction time) were optimized to
maximize the product yield. The catalyst deactivation,
versus time and number of reaction runs, and reproducibility
of the yield, were studied.

Most of the reported on-chip gas—liquid—solid microreactors
are packed-bed microhydrogenation reactors**>#¢
(channel widths 500-625 um; Fig. 9) etched in silicon,
and employing metal catalysts supported on granular porous
particles (25-75 pm). This is possibly because the packed-
bed principle presents the largest possible solid-catalyst
surface for reaction, whilst hydrogenation reactions
represent one of the typical and ubiquitous industrial
processes; nearly 20% of all the reaction steps in a typical

Figure 9. Packed-bed microchannel reactor, with interleaved gas-liquid
supply and distribution system (reproduced with permission from Ref. 22,
page 2559).
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fine chemical synthesis are catalytic hydrogenation,**
making it a good choice of study with respect to
microreactor systems. The metal catalysts supported on
granular porous particles are standard catalyst powders
which are readily available and information on their
chemical kinetics is already well known.”***~*" Proper
scaling of the reactor and catalyst dimensions is, however,
required to maintain an acceptable pressure drop; the
catalyst particle sizes employed in the above systems
range between 25 and 75 pm. In these systems, the gas and
liquid streams were fed continuously and cocurrently by a
series of interleaved (multilaminatedzz’%) inlet micro-
channels (25 um wide for the gas and 50 um wide for the
liquid), and a series of rectangular posts (40 um wide with
25 um inter-post gaps) etched in the silicon at the outlet of
the reactor served as filters to retain the catalyst particles,
but the particles eventually packed at the end of the reactor
and generated high-pressure drops across the channels.

Conversions of higher than 10% were reported for the
hydrogenation of a-methylstyrene to cumene over a Pd/C
catalyst, and the gas-liquid hydrogenation of cyclohexene
over 1 wt% Pt/Al,0O5 (Scheme 4), depending on the feed
composition and flow rates.

Pd/C
QC=CH2 e Pr
I
Me H,
PY/AlLO,
O =
H

Scheme 4.

To circumvent the problem of pressure drop, whilst still
achieving the large catalyst surface areas required, a fixed-
bed reactor principle that avoids packing variations
associated with catalyst size distribution was suggested*>*°
(Fig. 10) for future applications, which permit reactions on
the channel walls as well as in the inner volume of the
reactor. This involves the erection of microposts, in a

Figure 10. In-channel microposts on microreactor channel bed, produced
by deep reactive ion etching into silicon, for surface-catalyst immobiliz-
ation (reproduced with permission from Ref. 45, page 299).

staggered configuration, on the channel bed across the
whole length and breadth of the reactor channel by deep
reactive ion etching into silicon for surface solid-catalyst
immobilization. The posts can be made porous and modified
to have different organic groups. A suitable gas-liquid
feeding and distribution procedure that would be suitable for
such an in-channel micropost design has yet to be
established; the single-line bubble train gas-liquid distri-
bution may not be suitable for such a micropost, fixed-bed
microreactor principle, because the large gas bubble that
enters the reactor would not break-up into smaller bubbles
to disperse in the system.

5. Gas—gas—solid systems
Gas—gas—solid microreactor systems>’ ° are also based on
the monolithic, packed-bed or fixed-bed solid integration
principles, whilst the gas—gas mixin§ is almost completely
achieved at a simple T junction®”® (Fig. 11), due to the
inherently large radial diffusion rates of the gases in such
small-volume systems. In the work by Kursawe et al.,”’
monolithic microchannel reactors made up of stacks of
aluminum wafers were catalytically activated by anodic
oxidation, followed by calcination in air, then soaking with
toluene after a vacuum treatment and impregnating the
porous alumina with Ru(acac); dissolved in toluene for
several hours at slightly elevated temperatures, and, finally,
followed by calcination in air. 15 Wafers containing a total
of 450 Al/Al,03/Ru microchannels were assembled by a
mechanical packing process and were used for the difficult
partial hydrogenation of benzene to cyclohexene in a gas—
gas phase reaction, which yielded a 20% selectivity at 13%
total conversion degree after 15 h on stream (Scheme 5).
Dietzsch et al.,’® by using a similar system but with Pd—Zn
microchannels, coupled with a channel surface regeneration
procedure involving oxidation and reduction cycles in order
to use one microchannel for repeated catalytic runs to
improve the yield, as well as adding traces of carbon
monoxide to the reactor feed to improve on the selectivity,
obtained a 99.9% conversion and 98% selectivity in the

gas 1

|
| 7

reactor volume

gas 2

Figure 11. T-mixing of two gases in a gas—gas reactor system.

A/ALO/Ru
—_—
O — O
Pd-zZn
E——]
H2

Scheme 5.
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gas-phase hydrogenation of 1,5-cyclooctadiene to cyclo-
octene, depending on a high hydrogen/cyclooctadiene
in-feed ratio (Scheme 5).

6. Conclusions/outlook

Clearly, the most difficult multiphase system to develop is
the gas—liquid—solid system, with the solid being a catalyst
in most cases. The most advanced solid-catalyst integration
principle for such a system is the fixed-bed reactor
principle**¢ that involves the erection of microposts, in a
staggered configuration, on the channel bed across the
whole length and breadth of the reactor channel by deep
reactive ion etching into silicon for surface solid-catalyst
immobilization. It would circumvent most of the major
problems associated with these microreactor systems, which
include the problem of pressure drop, the achievement of
large catalyst surface areas, and the maximization of heat
transfer in exothermic systems. It would also permit
reactions on the channel walls as well as in the inner
volume of the reactor and the consequent maximization of
the product yield. As pointed out earlier, a gas-liquid
feeding and distribution procedure that would be suitable for
such an in-channel micropost design has yet to be
established and that is the challenge for future
developments.
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Abstract—Dynamic resolution of a-bromo and a-chloro acetamides in nucleophilic substitution with amine nucleophiles in the presence of
TBALI has been investigated for stereoselective syntheses of tri- and tetrapeptide analogues. Mechanistic investigations suggest that primary
pathway of the asymmetric induction is a dynamic kinetic resolution and real intermediate for the substitution is a-iodo acetamides. Also,
application of this mild and simple methodology to stereoselective preparations of N-carboxyalkyl, N-aminoalkyl and N-hydroxyalkyl

peptide analogues is demonstrated.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Stereospecific nucleophilic substitution (Sn2) reaction of
optically pure a-halo or a-sulfonyloxy acetamides with an
amine nucleophile is widely used for stereoselective
preparation of peptidomimetics." However, most of opti-
cally pure a-halo or a-sulfonyloxy acetamides are made
from natural amino acids and, consequently, this synthetic
method seems to lack generality. Since various o-halo
amides can be easily obtained in racemic form and
configurational lability of them is readily induced, dynamic
resolution of N-(a-haloacetyl) peptides in the substitution
reaction would be more attractive strategy for asymmetric
syntheses of peptide analogues. Recently, it has been shown
from our group that the chiral information of adjacent amino
acid residue is efficiently transferred to the new C-N bond
formation at o-bromo carbon center for asymmetric
syntheses of dipeptide analogues.” Herein we describe our
recent progress to extend the scope of the methodology to
tri- and tetrapeptide analogues via dynamic resolution of
a-chloro or o-bromo acetamides with various amine
nucleophiles. Application of this methodology to highly
stereoselective N-terminal functionalization of peptides is
also presented.

Keywords: Dynamic kinetic resolution; Peptidimimetics; Asymmetric

syntheses; Nucleophilic substitution.
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2. Results and discussion

We have previously reported that the treatment of N-(o-
bromo-a-phenylacetyl)-L-leucine methyl ester 1 with
dibenzylamine (1.2 equiv, Bn,NH), tetrabutylammonium
iodide (1.0 equiv, TBAI) and diisopropylethylamine
(1.0 equiv, DIEA) in CH,Cl, at rt provided the dipeptide
analogues 14 in 83% yield with 93:7 diastereomeric ratio
(dr, aR:aS) as shown in Table 1, entry 1.°* The chiral
information of L-leucine is transferred to the substitution at
a-bromo carbon center via dynamic kinetic resolution in the
nucleophilic substitution with dibenzylamine. In order to
assess the effect of the additional C-terminal amino acid
residues on stereoselectivity, a series of N-(a-bromo-o-
phenylacetyl)-L-leucine derivatives was initially examined
as shown in Table 1. No stereoselectivity was observed in
the reaction of glycine-L-leucine derivative 2, where the
C-terminal L-leucine was positioned apart from the reaction
center (entry 2). In all cases of N-(a-bromoacetyl) L-leucine
derivatives 3-5 having an additional C-terminal amino acid
residue in 1, tripeptide analogues 16, 17 and 18 were
obtained with lower selectivities (87:13-80:20 drs) com-
pared to the reaction of 1 as shown in Table 1, entries 3-5. It
is also noteworthy that chirality of the additional amino acid
residue affects the stereoselectivity as replacing L-Ala in 4
with D-Ala gives rise to loss of asymmetric induction
(entries 4 and 5).

In the reaction of N-(a-bromo-a-phenylacetyl)-L-proline
derivative 7 having an additional C-terminal glycine in 6,
the stereoselectivity was lower compared to the reaction of 6
as shown in entries 6 and 7. Under the same reaction
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Table 1. Effect of additional C-terminal amino acid residues

J. Chang et al. / Tetrahedron 61 (2005) 2743-2750

Q BnoNH Q
X _— BnyN
AAs-OMe TBAI AAs-OMe
Ph DIEA Ph
Entry X AA (SM.)* % Yield™® (product) dr® (aR:aS)
1 Br L-Leu (1) 83 (14) 93:7
2 Br Gly-L-Leu (2) 69 (15) 50:50
3 Br L-Leu-Gly (3) 69 (16) 81:19
4 Br L-Leu-L-Ala (4) 64 (17) 87:13
5 Br L-Leu-D-Ala (5) 75 (18) 80:20
6 Br L-Pro (6) 93 (19) >99:1
7 Br L-Pro-Gly (7) 91 (20) 95:5
8 Cl L-Pro-Gly (8) 84 (20) 95:5
9 Br L-Pro-L-Leu (9) 85 (21) >99:1
10 Cl L-Pro-L-Leu (10) 82 (21) >99:1
11 Cl L-Pro-D-Leu (11) 77 (22) 96:4
12 Cl L-Pro-L-Leu-L-Ala (12) 71 (23) 81:19
13 cl L-Pro-L-Leu-D-Ala (13) 68 (24) 76:24

 Initial drs of 1-13 are approximately 50:50.
b All reactions were carried out in CH,Cl, for 24 h at rt.
¢ Isolated yields.

4 The drs are determined by "H NMR of reaction mixture using the authentic products prepared from racemic phenylglycine as a standard.

condition a-chloro acetamide 8 produced 20 in 84% yield
with same selectivity as in the reaction of o-bromo
acetamide 7 (entry 8). This is somewhat surprising
considering the low reactivity of a-chloro acetamide and
hence inefficient epimerization for dynamic resolution. This
interesting fact was further supported by the reactions of
a-bromo acetamide 9 and a-chloro acetamide 10, where
both reactions gave tripeptide analogue 21 with >99:1 dr in
high yields (entries 9 and 10). While the additional
C-terminal L-leucine in 6 did not affect the stereoselectivity,
the selectivity was reduced with the additional C-terminal
D-leucine (entry 11). Moreover, nucleophilic substitutions
of both N-(a-chloroacetyl) tripeptides 12 and 13 were found
to be less stereoselective compared to those of 10 and 11
(entries 12 and 13). It is also interesting to note here that
chirality of third amino acid residue affects the stereo-
selectivity as replacing L-Ala in 12 with D-Ala gives rise to
loss of asymmetric induction. The absolute configurations
of major isomers of 14-24 were assigned as aR
by comparison to the 'H NMR of authentic epimers
individually prepared from the coupling of L-leucine and
L-proline derivatives and N,N-dibenzyl (S)- or (R)-
phenylglycine.

To understand the reaction pathway and the origin of
stereoselectivity, we carried out a series of reactions as
shown in Table 2, focusing on epimerization process and
transition state energy difference which may have a
profound role in dictating the stereoselectivity of the
substitution.” Two N-(a-bromoacetyl) dipeptides 3 and 5
were initially chosen for detailed study of their moderate
stereoselectivities. When the mixture of two epimers of 3
(78:22 dr) was allowed to reach thermodynamic equilibrium
in the presence of TBAI and DIEA, the epimeric ratio of
recovered 3 was determined to be 52:48 (entry 1). The result
indicates that a-bromo amide 3 is configurationally labile
under the reaction condition and the thermodynamic
stabilities of two epimers are almost same. Reaction of
same population of two epimers with a deficient amount of
nucleophile will give rise to a dr that reflects the intrinsic

difference in activation energies between substitution
reactions of each epimer.4 In the reaction of 3 (49:51 dr)
with 0.2 equiv of dibenzylamine in the absence of TBAI, the
product 16 with 81:19 dr was obtained in 13% yield (entry
2). At rt, this dr of 81:19 corresponds to a difference in free
energies of activation of about 0.9 kcal/mol. When 3 of
15:85 dr was treated with 1.2 equiv of dibenzylamine in the
presence of both TBAI and DIEA, the reaction gave the
product 16 with 81:19 dr as shown in entry 3. The dr is
identical to the dr of both reactions of 3 in entry 3 (Table 1)
and entry 2 (Table 2). This could be taken to suggest that the
stereoselectivity depend mainly on the difference in the
epimeric transition states energies and the primary pathway
of the asymmetric induction is a dynamic kinetic resolution.
However, with reversed diastereomeric enrichment of 3
(85:15 dr) slightly diminished dr of product 16 (73:27) was
observed in the reaction of 3 (entry 4). The results indicate
that the epimerization of 3 is not fast enough to get to
complete thermodynamic equilibrium with respect to the
substitution. As shown in entries 5-8, a series of reactions of
L-leucine-D-alanine derivative 5 showed same tendency of
stereochemical outcome as the reactions of L-leucine-
glycine derivative 3.

As expected, the reaction of a-chloro acetamide 8 does not
produce the substitution product in the absence of TBAI
(entry 9). In the presence of TBAB, the reactions of
a-chloro acetamide 8 and a-bromo acetamide 10 gave the
products 20 and 21, respectively, with same stereo-
selectivities observed in the reaction with TBAI (Table 1,
entries 8 and 10). However, the rate of the substitution is
substantially decreased compared to the reactions with
TBAI and require longer reaction time (60 h) to obtain
moderate yields shown in entries 10 and 11. In addition, as
shown in Table 2, entries 12 and 13, the reactions of
a-bromo acetamides 3 and 4 in the presence of TBAB gave
16 and 18 with much lower stereoselectivities (55:45 and
64:36 dr) compared to the reactions with TBAI (Table 1,
entries 3 and 4). The lower selectivity of the reaction of 3
than the selectivity estimated by the reaction with 0.2 equiv
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Table 2. Dynamic kinetic resolution of o-bromo and a-chloro acetamides

Ph

(0] (0]
|/,,, anNH anN
‘ AAs-OMe —— » R AAs-OMe
TBA Ph fast (R) Ph
AAs-OMe

Epimerization

(X =Cl, Br) &BAI o .

2745

|\')k anNH anN/,

AAs-OMe — 5 g AAs-OMe

Ph slow (S) Ph

Entry X AA S.M. (dr)* Condition” % Yield® (product) dr? (aR:aS)
1 Br L-Leu-Gly 3 (78:22) TBAI, DIEA 67 (3) 52:48
2 Br L-Leu-Gly 3 (49:51) Bn,NH (0.2 equiv) 13 (16) 81:19
3 Br L-Leu-Gly 3 (15:85) TBAI, DIEA, Bn,NH 74 (16) 81:19
4 Br L-Leu-Gly 3 (85:15) TBAIL DIEA, Bn,NH 83 (16) 73:27
5 Br L-Leu-D-Ala 5 (94:4) TBAI, DIEA 85 (18) 53:47
6 Br L-Leu-D-Ala 5 (47:53) Bn,NH (0.2 equiv) 11 (18) 84:16
7 Br L-Leu-D-Ala 5(19:81) TBAIL DIEA, Bn,NH 59 (18) 84:16
8 Br L-Leu-D-Ala 5(83:17) TBAI, DIEA, Bn,NH 85 (18) 80:20
9 Cl L-Pro-Gly 8 (50:50) DIEA, Bn,NH N.R. —

10 Cl L-Pro-Gly 8 (50:50) TBAB, DIEA, Bn,NH 77 (20) 95:5
11 Br L-Pro-L-Leu 10 (48:52) TBAB, DIEA, Bn,NH 70 (21) >99:1
12 Br L-Leu-Gly 3 (49:51) TBAB, DIEA, Bn,NH 48 (16) 55:45
13 Br L-Leu-L-Ala 4 (44:56) TBAB, DIEA, Bn,NH 51 (18) 64:36

# dr of S.M. before the reaction.

® All reactions were carried out in CH,Cl, at rt.

¢ Isolated yields.

9 The drs are determined by 'H NMR of reaction mixture using the authentic pro

of nucleophile (Table 2, entry 2) may be explained by less
efficient epimerization process in the presence of TBAB.
Although it is not exactly clear how iodide exerts its rate-
accelerating effects on the substitution, these results in
entries 9—13 can be taken to suggest that real intermediate
for the substitution in the presence of TBAI is a-iodo
acetamide rather than a-bromo and o-chloro acetamides.

Within the frame of a broad project aimed at asymmetric
syntheses of various N-terminal functionalized peptide

Table 3. Stereoselective syntheses of N-carboxyalkyl peptide derivatives

ducts prepared from racemic phenylglycine as a standard.

analogues, the scope of the methodology was examined
with o-amino ester nucleophiles for the preparation of
N-carboxyalkyl peptide analogues as shown in Table 3.
Several N-carboxyalkyl peptides are known inhibitors of
various metalloproteinases and angiotensin converting
enzymes (ACE).” Treatment of N-(a-bromo-o-phenyl-
acetyl)-L-leucine benzyl ester with glycine methyl ester
hydrochloride (1.0 equiv), TBAI (1.0 equiv) and DIEA
(2.2 equiv) in CH,Cl, at rt provided the tripeptide analogue
25 in 99% yield with 86:14 dr (aR:a.S) as shown in Table 3,

(0] o~-Amino ester (0]
Br (AA-OMe) MeO-AA'\HJ\
AA-OBn — > AA-OBn
TBAI
Ph DIEA Ph

Entrya’h AA’-OMe AA-OBn Product Yield® (%) dr® (aR:aS)
1 Gly-OMe L-Leu-OBn 25 99 86:14
2 L-Ala-OMe L-Leu-OBn 26 84 88:12
3 D-Ala-OMe L-Leu-OBn 27 83 91:9
4 L-Leu-OMe L-Leu-OBn 28 80 89:11
5 D-Leu-OMe L-Leu-OBn 29 63 937
6 L-Phe-OMe L-Leu-OBn 30 36 87:13
7 D-Phe-OMe L-Leu-OBn 31 49 92:8
8 L-Leu-OMe L-Pro-OBn 32 44 937

 Initial drs of S.M. are approximately 50:50.

® All reactions were carried out in CH,Cl, for 24-48 h at rt.

¢ Isolated yields.

9 The drs are determined by "H NMR of reaction mixture and HPLC analysis.
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entry 1.° When two enantiomers of alanine methyl esters
were used as nucleophiles, moderate double stereo-
differentiation is observed as shown in entries 2 and 3.
N-(o-Bromo-a-phenylacetyl)-L-leucine benzyl ester
experienced matching with D-alanine methyl esters to
afford tripeptide analogue 27 in a ratio of 91:9 (aR:a.S) and
mismatching with L-leucine amino ester to provide 26 in a
88:12 (aR:aS) ratio.®’ Furthermore, we found that this
tendency of stereodifferentiation was also observed in both
reactions of leucine and phenylalanine methyl ester
nucleophiles (entries 4-7). As shown in Table 3, even
mismatched cases (entries 2, 4 and 6) gave still high
stereoselectivities, which allows us to have easy access to
diverse N-carboxyalkyl peptide analogues. The substitution
of N-(a-bromo-a-phenylacetyl)-L-proline benzyl ester with
L-leucine methyl ester gave the tripeptide analogue 32 in
44% yield with 93:7 dr as shown in entry 8.

Finally, we were very pleased to demonstrate that this
methodology is also efficient for the substitution with
N-aminoxyalkyl and N-hydroxyalkyl amines, affording
N-(aminoalkyl) peptides 33-34 and N-(hydroxyalkyl)
peptide 35 with high selectivities and good yields as
shown in Scheme 1. For example, when N-Boc N,N'-
dibenzyl 1,3-propanediamine was used as a nucleophile for
the reaction with N-(a-bromo-a-phenylacetyl)-L-leucine
benzyl ester, the product 33 was formed in 63% yield
with 96:4 dr. Also, treatment of N-(a-bromo-a-phenyl-
acetyl)-L-proline benzyl ester with N,N'-dibenzyl 2,2’-
(ethylenedioxy)diethyleneamine produced the mono sub-
stituted product 34 in 70% yield with 90:10 dr. Furthermore,
we attempted the substitution reaction of L-proline methyl
ester derivative with 2-(benzylamino)ethanol and found that
the amino substituted product 35 was produced in 69% yield
with 93:7 dr. For stereoselective preparation of various N,N-
dialkyl substituted arylglycine peptide analogues, this

Boc
N\/\/N\HJ\

CO,Bn

33 (63% yield, 96:4 dr)
h
O/\/O\/\N N

Joo

a1 g

CO,Bn
Ph

HN.__Ph

34 ( 70% yield, 90:10 dr)

Ph
HO\/\N - N

Jo0

35 ( 69% yield, 93:7 dr)

CO,Me
Ph

Scheme 1.

methodology has potential advantages over N-alkylation
of optically active arylglycine analogues in simplicity and
cost. The products 33-35 should serve as versatile
intermediates not only for the sequential asymmetric
construction of non-natural oligopeptides but also for the
asymmetric preparation of a variety of chiral ligands.

3. Conclusion

We have shown that dynamic kinetic resolution of a-bromo
and o-chloro amides in nucleophilic substitution reaction
with dibenzylamine can be successfully applied towards the
preparation of tri- and tetrapeptide analogues. Mechanistic
investigations suggest that o-iodo acetamides is real
intermediate for the nucleophilic substitutions of both
a-bromo and a-chloro amides in the presence of TBAIL
The methodology has also been successful for the
N-terminal functionalization of peptides, affording a
generalized and practical method for the asymmetric
syntheses of N-carboxyalkyl, N-aminoalkyl and N-hydroxy-
alkyl peptide analogues. This mild and practical chemistry
requires no special precautions and can be run on a multi-
gram scale. The methodology of the present work should
also be applicable to stereoselective syntheses of a number
of related peptide analogues, now being used for the
asymmetric syntheses of chiral ligands and macrocycles.

4. Experimental

4.1. General procedure for the preparation of 1-13

For a-bromo acetamides. Dipeptide or tripeptide alkyl ester
(1.0 equiv), racemic a-bromo phenylacetic acid (1.0 equiv),
DCC (1.0 equiv), Et3N (2.2 equiv) and DMAP (0.2 equiv)
were dissolved in CH,Cl, and stirred at rt for 3 h. The
precipitate was filtered off and the organic phase was
washed with water. The organic phase was dried over
MgSO,, filtered and concentrated to provide the crude
product that was purified by column chromatography on
silica gel.

For a-chloro acetamides. Dipeptide or tripeptide alkyl ester
(1.0 equiv), racemic oa-chloro a-phenylacetyl chloride
(1.0 equiv) and Et;N (2.2 equiv) were dissolved in CH,Cl,
and stirred at rt for 2 h. The mixture was treated with
extractive work up and the organic phase was dried over
MgSO,. Filtration and concentration provided the crude
product that was purified by column chromatography on
silica gel.

4.1.1. N-(o-Bromo-a-phenylacetyl)-glycine-(S)-leucine,
methyl ester (2). A colorless oil was obtained in 55%
yield. '"H NMR (CDCl;, 400 MHz, two diastereomers)
7.61-7.27 (m, 6H), 6.91-6.89 (m, 1H), 5.45, 5.39 (s, 1H),
4.60-4.55 (m, 1H), 4.05-4.00 (m, 2H), 3.71 (s, 3H), 1.62—
1.47 (m, 3H), 0.90-0.89 (s, 6H); '*C NMR (CDCl;,
100 MHz) 173.5, 168.7, 168.5, 168.4, 137.3, 129.4, 128.9,
128.8, 128.4, 128.3, 52.8, 51.3, 50.6, 44.1, 41.5, 25.2, 23.2,
22.2. HRMS calcd for C;7H4BrN,O4 (M T +1): 399.0919.
Found: 399.0954.



J. Chang et al. / Tetrahedron 61 (2005) 2743-2750 2747

4.1.2. N-(o-Bromo-a-phenylacetyl)-(S)-leucine-glycine,
methyl ester (3). A colorless oil was obtained in 49%
yield. '"H NMR (CDCls, 400 MHz, two diastereomers)
7.50-7.27 (m, 7H), 5.53, 5.50 (s, 1H), 4.75-4.73 (m, 1H),
3.98-3.94 (m, 1H), 3.77-3.71 (m, 1H), 3.67, 3.65 (m, 3H),
1.71-1.57 (m, 3H) 0.94-0.82 (m, 6H); '>*C NMR (CDCl;,
100 MHz) 172.9, 170.3, 168.4, 137.3, 129.4, 129.2, 129.1,
128.9, 128.3, 52.6, 50.6, 49.8, 41.7, 41.5, 25.1, 23.2, 22.6.
HRMS caled for C;7H,4BrN,O, (MT +1): 399.0919.
Found: 399.0883.

4.1.3. N-(a-Bromo-a-phenylacetyl)-(S)-leucine-(S)-ala-
nine, methyl ester (4). A pale yellow oil was obtained in
66% yield. "H NMR (CDCl;, 400 MHz, two diastereomers)
7.48-7.27 (m, 6H), 7.02-6.81 (m, 1H), 5.44, 5.43 (s, 1H),
4.54-4.46 (m, 2H), 3.73, 3.72 (s, 3H), 1.68-1.62 (m, 3H),
1.34-1.24 (m, 3H), 0.92-0.86 (m, 6H); >*C NMR (CDCl;,
100 MHz) 173.4, 171.5, 168.2, 137.3, 129.5, 129.3, 128.8,
128.2, 128.1, 52.8, 52.5, 50.9, 48.5, 41.3, 25.3, 23.2, 22.5,
18.3. HRMS calcd for C;gH¢BrN,O4 (M ™ + 1): 413.1076.
Found: 413.1084.

4.1.4. N-(o-Bromo-a-phenylacetyl)-(S)-leucine-(R)-ala-
nine, methP'l ester (5). A colorless oil was obtained in
45% yield. H NMR (CDCl;, 400 MHz, two diastereomers)
7.48-7.27 (m, 6H), 7.02-6.81 (m, 1H), 5.44, 5.43 (s, 1H),
4.54-4.46 (m, 2H), 3.73, 3.72 (s, 3H), 1.68-1.62 (m, 3H),
1.34-1.24 (m, 3H), 0.92-0.86 (m, 6H); '*C NMR (CDCl;,
100 MHz) 173.4, 171.5, 168.2, 137.3, 129.5, 129.3, 128.8,
128.2, 128.1, 52.8, 52.5, 50.9, 48.5, 41.3, 25.3, 23.2, 22.5,
18.3. HRMS calcd for CgH,6BrN,O, (M +1): 413.1076.
Found: 413.1071.

4.1.5. N-(o-Bromo-oa-phenylacetyl)-(S)-proline-glycine,
methyl ester (7). A colorless oil was obtained in 27%
yield. 'H NMR (CDCl;, 400 MHz, two diastereomers)
7.52-7.25 (m, 6H), 5.62, 5.61 (s, 1H), 4.69-4.59 (m, 1H),
4.10-3.94 (m, 2H), 3.76-3.68 (m, 4H), 3.57-3.33 (m, 1H),
2.30-1.86 (m, 4H); '*C NMR (CDCl;, 100 MHz) 171.4,
170.4, 167.6, 135.9, 129.7, 129.6, 129.4, 128.7, 128.6, 61.0,
59.5, 52.7, 47.8, 41.7, 28.1, 25.4. HRMS calcd for
C16Ho0BrN,O, (M +1): 383.0606. Found: 383.0587.

4.1.6. N-(a-Chloro-a-phenylacetyl)-(S)-proline-glycine,
methyl ester (8). A colorless oil was obtained in 55%
yield. 'H NMR (CDCls, 400 MHz, two diastereomers)
7.50-7.25 (m, 6H), 5.63, 5.62 (s, 1H), 4.68-4.59 (m, 1H),
4.04-3.93 (m, 2H), 3.75-3.32 (m, 5H), 2.28-2.26 (m, 1H),
2.03-1.85 (m, 3H); '>*C NMR (CDCls, 100 MHz) 171.5,
170.4, 167.6, 135.8, 129.6, 129.4, 129.3, 128.7, 128.6, 61.0,
59.5, 52.6, 47.8, 41.5, 28.2, 25.4. HRMS calcd for
C16Hp0CIN,O, M1 4 1): 339.1122. Found: 339.1120

4.1.7. N-(o-Bromo-a-phenylacetyl)-(S)-proline-(S)-
leucine, methyl ester (9). A colorless oil was obtained in
43% yield. "HNMR (CDCl3, 400 MHz, two diastereomers)
7.52-7.23 (m, 6H), 5.58, 5.56 (s, 1H), 4.70-4.62 (m, 1H),
4.52-4.43 (m, 1H), 3.72-3.40 (m, 5H), 2.37-2.34 (m, 1H),
2.04-1.46 (m, 6H), 0.97-0.79 (m, 6H); '*C NMR (CDCl;,
100 MHz) 173.5, 170.7, 167.7, 135.7, 129.7, 129.6, 129.3,
128.7, 128.6, 61.9, 59.2, 52.6, 51.4, 47.8, 41.5, 27.4, 25.5,
25.2,23.3,22.2. HRMS calcd for CooH,gBrN,O, M +1):
439.1232. Found: 439.1248

4.1.8. N-(oa-Chloro-o-phenylacetyl)-(S)-proline-(S)-leu-
cine, methyl ester (10). A colorless oil was obtained in
68% yield. '"H NMR (CDCls, 400 MHz, two diastereomers)
7.52-7.29 (m, 6H), 5.60, 5.57 (s, 1H), 4.71-4.61 (m, 1H),
4.55-4.40 (m, 1H), 3.72-3.37 (m, 5H), 2.35-2.32 (m, 1H),
2.03-1.48 (m, 6H), 0.97-0.80 (m, 6H); '*C NMR (CDCl;,
100 MHz) 173.5, 170.7, 167.7, 136.0, 135.7, 129.6, 129.4,
129.3, 128.7, 128.5, 60.9, 58.9, 52.6, 51.4, 47.8, 41.4, 27 .4,
255, 252, 233, 22.2. HRMS calcd for ConngrN204
(M +1): 395.1738. Found: 395.1737.

4.1.9. N-(a-Chloro-a-phenylacetyl)-(S)-proline-(R)-leu-
cine, methyl ester (11). A colorless oil was obtained in
25% yield. "H NMR (CDCls, 400 MHz, two diastereomers)
7.55-7.08 (m, 6H), 5.63, 5.59 (s, 1H), 4.75-4.64 (m, 2H),
3.76-3.61 (m, 3H), 3.58-3.41 (m, 2H), 2.36, 2.35 (m, 1H),
2.17-1.96 (m, 3H), 1.67-1.58 (m, 3H), 0.96-0.90 (m, 6H);
3C NMR (CDCls, 100 MHz) 173.2, 170.6, 167.9, 135.5,
129.6, 129.5, 129.1, 128.8, 128.6, 61.0, 59.0, 52.6, 51.3,
47.8, 41.6, 27.5, 25.4, 25.2, 23.2, 22.2. HRMS calcd for
CaoH25CIN,O4 (MY +1): 395.1738. Found: 395.1766.

4.1.10. N-(a-Chloro-o-phenylacetyl)-(S)-proline-(S)-leu-
cine-(S)-alanine, methyl ester (12). A colorless oil was
obtained in 49% yield. '"H NMR (CDCl3, 400 MHz, two
diastereomers) 7.49-7.04 (m, 7H), 5.60, 5.59 (s, 1H), 4.55-
4.32 (m, 3H), 3.72-3.58 (m, 4H), 3.57-3.26 (m, 1H), 2.18-
1.71 (m, 4H), 1.69-1.34 (m, 6H), 0.94-0.78 (m, 6H); '°*C
NMR (CDCl5, 100 MHz) 173.5, 172.4, 171.6, 167.6, 135.7,
129.7, 129.4, 129.3, 129.1, 128.6, 61.3, 59.3, 52.7, 52.4,
48.5, 47.9, 40.8, 28.4, 25.5, 25.4, 23.3, 22.1, 18.2. HRMS
caled for C,3H33CIN;Os (M™ +1): 466.2109. Found:
466.2101.

4.1.11. N-(a-Chloro-a-phenylacetyl)-(S)-proline-(S)-leu-
cine-(R)-alanine, methyl ester (13). A colorless oil was
obtained in 17% yield. '"H NMR (CDCls, 400 MHz, two
diastereomers) 7.55-6.99 (m, 7H), 5.61 (s, 1H), 4.54-4.47
(m, 3H), 3.73-3.67 (m, 4H), 3.66-3.31 (m, 1H), 2.28-1.38
(m, 10H), 0.94-0.78 (m, 6H); '*C NMR (CDCl5, 100 MHz)
173.6, 171.9, 171.5, 168.0, 135.5, 129.8, 129.7, 129.6,
129.2, 128.7, 61.7, 59.3, 52.7, 52.1, 48.6, 48.0, 40.4, 28.7,
25.5,25.3,23.5,21.9, 17.9. HRMS calcd for C,3H33CIN3O5
M7 +1): 466.2109. Found: 466.2080.

4.2. General procedure for asymmetric preparation of
peptide analogues 14-35

To a solution of (RS)-a-bromo or a-chloro acetamides in
dry CH,Cl, (ca. 0.1 M) at rt was added amine nucleophile
(1.2 equiv), TBAI or TBAB (1.0 equiv) and DIEA (1.0 or
2.2 equiv). The resulting reaction mixture was stirred at rt
for 24 h. The solvent in mixture was evaporated and the
crude product was purified by column chromatography on
silica gel.

4.2.1. N-[(R)-a-Phenyl-N,N-(dibenzyl)glycinyl]-glycine-
(S)-leucine, methyl ester (15). A colorless oil was obtained
in 69% yield (two diastereomers). '"H NMR (CD(ls;,
400 MHz) 8.07-8.06 (m, 1H), 7.40-7.21 (m, 15H), 7.03-
7.01 (d, J=8.2 Hz, 1H) 4.64-4.52 (m, 1H), 4.44 (s, 1H),
4.13-4.08 (m, 2H), 3.84 (m, 2H), 3.67 (m, 3H), 3.27 (d,
J=13.7 Hz, 2H), 1.53-1.49 (m, 2H), 1.26-1.22 (m, 1H),
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0.87-0.80 (m, 6H); '°C NMR (CDCl;, 100 MHz) 173.5,
172.8, 169.1, 138.8, 134.3, 130.7, 129.4, 129.3, 129.0,
128.7, 128.6, 128.4, 127.8, 68.4, 5.1, 52.6, 51.2, 43.7, 41 4,
25.4,23.2, 22.2. HRMS caled for C3;HsgN304 (M ™' +1):
516.2862. Found: 516.2841.

4.2.2. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-leu-
cine-glycine, methyl ester (16). A colorless oil was
obtained in 69% vyield (two diastereomers). 'H NMR
(CDCl3, 400 MHz) 7.80 (d, J=6.4 Hz, 1H), 7.41-7.24 (m,
15H), 6.86 (m, 1H), 4.56 (m, 1H), 4.44 (s, 1H), 3.94-3.84
(m, 4H), 3.69 (s, 3H), 3.23 (d, J=14.0 Hz, 2H), 1.78-1.59
(m, 3H), 0.95-0.88 (m, 6H); '>*C NMR (CDCl;, 100 MHz)
172.6, 172.5, 170.4, 138.8, 133.8, 131.0, 129.4, 129.1,
129.0, 128.7, 128.6, 128.4, 127.8, 67.7, 54.9, 52.6, 51.8,
41.6, 41.4, 25.2, 23.5, 22.4. HRMS calcd for C3;H33N304
(M™ +1): 516.2862. Found: 516.2887.

4.2.3. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-leu-
cine-(S)-alanine, methyl ester (17). A colorless oil was
obtained in 64% vyield (two diastereomers). 'H NMR
(CDCl3, 400 MHz) 7.87 (d, J=17.5 Hz, 1H), 7.37-7.25 (m,
15H), 6.78 (d, J="7.3 Hz, 1H), 4.57-4.51 (m, 2H), 4.42 (s,
1H), 4.11 (d, J=13.7 Hz, 2H), 3.71 (s, 3H), 3.27 (d, J=
13.7 Hz, 2H), 1.73-1.56 (m, 3H), 1.28-1.23 (m, 3H), 0.93-
0.87 (m, 6H); '*C NMR (CDCls, 100 MHz) 173.5, 172.3,
171.9, 138.7, 134.1, 130.8, 129.3, 129.0, 128.6, 68.0, 54.9,
52.8,51.9, 48.4, 41.6, 25.2, 23.4, 22.3, 18.4. HRMS calcd
for C3,H4oN304 (M ™ +1): 530.3019. Found: 530.3043.

4.2.4. N-[(R)-a-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-leu-
cine-(R)-alanine, methyl ester (18). A colorless oil was
obtained in 72% yield (two diastereomers). 'H NMR
(CDCl3, 400 MHz) 7.77 (d, /J=8.2 Hz, 1H), 7.41-7.26 (m,
15H), 6.78 (d, J=7.4 Hz, 1H), 4.56-4.48 (m, 2H), 4.44 (s,
1H), 3.89-3.84 (m, 2H), 3.63 (s, 3H), 3.22 (d, /=13.6 Hz,
2H), 1.76-1.53 (m, 3H), 1.37-1.35 (m, 3H), 0.95-0.87 (m,
6H); '*C NMR (CDCl;, 100 MHz) 173.5, 172.6, 171.9,
138.7, 133.9, 131.0, 130.6, 129.4, 129.1, 129.0, 128.9,
128.7, 128.4, 127.8, 67.8, 54.8, 52.7, 51.7, 48.5, 25.2, 23.5,
22.3, 18.5. HRMS calcd for C3H4N304 (M +1):
530.3019. Found: 530.3011.

4.2.5. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-pro-
line-glycine, methyl ester (20). A colorless oil was
obtained in 91% vyield (two diastereomers). 'H NMR
(CDCl;, 400 MHz) 7.77-7.71 (m, 1H), 7.39-7.19 (m,
16H), 4.77-4.74 (m, 1H), 4.64 (s, 1H), 4.18-4.09 (m, 2H),
3.95-3.86 (m, 4H), 3.76 (s, 3H), 2.96 (m, 1H), 2.75 (m, 1H),
2.35 (m, 1H), 2.03-1.66 (m, 3H); '*C NMR (CDCl,,
100 MHz) 173.7, 172.2, 170.5, 140.8, 136.8, 130.4, 129.7,
129.5, 129.2, 129.1, 129.0, 128.8, 128.7, 128.4, 128.3,
127.6, 127.3, 64.5, 60.1, 55.1, 52.7, 47.3, 41.8, 27.8, 25.2.
HRMS calcd for C3oH34N30, (M +1): 500.2549. Found:
500.2538.

4.2.6. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-pro-
line-(S)-leucine, methpfl ester (21). A colorless oil was
obtained in 85% yield. 'H NMR (CDCl;, 400 MHz) 7.54 (d,
J=17.6 Hz, 1H), 7.36-7.20 (m, 16H), 4.71-4.63 (m, 3H),
3.86 (s, 4H), 3.76 (s, 3H), 2.96, 2.95 (m, 1H), 2.76 (m, 1H),
2.34 (m, 1H), 1.97-1.90 (m, 2H), 1.79-1.67 (m, 4H), 1.02—
0.99 (m, 6H); '*C NMR (CDCls, 100 MHz) 173.7, 173.5,

171.7, 140.7, 136.7, 130.0, 129.6, 129.4, 129.2, 129.0,
128.9, 128.8, 128.7, 128.6, 128.4, 127.6, 127.4, 64.4, 60.3,
54.9, 52.7, 51.6, 474, 42.0, 27.7, 25.3, 25.2, 23.4, 22.4.
HRMS calcd for C34H4oN30, (M ™' +1): 556.3175. Found:
556.3178.

4.2.7. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-pro-
line-(R)-leucine, methyl ester (22). A colorless oil was
obtained in 77% yield (two diastereomers). 'H NMR
(CDCl3, 400 MHz) 7.94 (d, J=7.8 Hz, 1H), 7.41-7.22 (m,
15H), 4.80 (d, J=6.6 Hz, 1H), 4.66 (m, 2H), 3.93-3.91 (m,
4H), 3.72 (s, 3H), 2.96 (m, 1H), 2.74 (m, 1H), 2.44 (m, 1H),
1.89-1.64 (m, 6H), 1.03-1.00 (m, 6H); '*C NMR (CDCl;,
100 MHz) 174.2, 173.5, 171.4, 140.8, 136.7, 129.4, 129.2,
129.0, 128.7, 128.5, 127.3, 64.5, 60.1, 54.9, 52.6, 51.5, 47.3,
42.0, 27.1, 25.3, 25.1, 23.4, 22.4. HRMS calcd for
C34H4oN304 M +1): 556.3175. Found: 556.3162.

4.2.8. N-[(R)-a-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-pro-
line-(S)-leucine-(S)-alanine, methyl ester (23). A colorless
oil was obtained in 71% yield (two diastereomers). "H NMR
(CDCl3, 400 MHz) 7.41-7.22 (m, 16H), 6.96 (d, J=7.1 Hz,
1H), 4.68-4.58 (m, 4H), 3.90-3.82 (m, 4H), 3.74 (s, 3H),
2.98-2.70 (m, 2H), 2.25 (m, 1H), 1.91-1.75 (m, 6H), 1.47—
1.42 (m, 3H), 1.03-091 (m, 6H); '*C NMR (CDCl;,
100 MHz) 173.6, 173.5, 172.0, 171.9, 140.6, 136.6, 129.7,
129.5, 129.3, 129.2, 129.1, 128.9, 128.7, 128.5, 127.4, 64.2,
60.4, 55.0, 54.9, 52.8, 52.5, 48.6, 47.4, 41.6, 28.3, 25.2,
236, 23.3, 18.6. HRMS calcd for C37H47N405 (M++l)
627.3546. Found: 627.3546.

4.2.9. N-[(R)-o-Phenyl-N,N-(dibenzyl)glycinyl]-(S)-pro-
line-(S)-leucine-(R)-alanine, methyl ester (24). A color-
less oil was obtained in 68% yield (two diastereomers). 'H
NMR (CDCl;, 400 MHz) 7.45-7.18 (m, 17H), 4.67-4.58
(m, 4H), 3.94-3.78 (m, 4H), 3.72-3.64 (m, 3H), 2.98-2.73
(m, 2H), 2.22 (m, 1H), 1.91-1.48 (m, 9H), 1.02-0.86 (m,
6H); '>*C NMR (CDCls, 100 MHz) 173.6, 173.4, 172.1,
172.0, 140.6, 136.5, 129.9, 129.8, 129.5, 129.3, 129.1,
128.9, 128.8, 128.7, 128.5, 127.7, 127.4, 64.6, 60.8, 54.9,
52.7, 52.3, 48.6, 47.5, 41.1, 28.7, 25.4, 23.6, 23.4, 22.2,
18.6. HRMS calcd for C37Hy7N4,Os (M1 +1): 627.3546.
Found: 627.3536.

4.2.10. N-[1-(Methoxycarbonyl)methyl]-(R)-phenyl-
glycine-(S)-leucine, benzyl ester (25). A colorless oil was
obtained in 99% yield (two diastereomers). '"H NMR
(CDCl;, 400 MHz) 7.49 (d, J=8.6 Hz, 1H), 7.39-7.28 (m,
10H), 5.16-5.08 (m, 2H), 4.69 (m, 1H), 4.26 (s, 1H), 3.71 (s,
3H), 3.46 (m, 2H), 2.30 (br, 1H), 1.70-1.57 (m, 3H), 0.92—
0.82 (m, 6H); '*C NMR (CDCls, 100 MHz) 173.1, 172.8,
171.8, 138.8, 135.8, 129.3, 129.2, 128.9, 128.6, 128.5,
128.3, 128.1, 128.0, 127.9, 127.7, 67.6, 52.4, 51.0, 50.8,
418, 254, 253, 22.2. HRMS calcd for C24H31N205 (M+ +
1): 427.2233. Found: 427.2207.

4.2.11. N-[1-(S)-(Methoxycarbonyl)ethyl]-(R)-phenyl-
glycine-(S)-leucine, benzyl ester (26). A colorless oil was
obtained in 84% yield (two diastereomers). '"H NMR
(CDCl;, 400 MHz) 7.36-7.23 (m, 10H), 5.18-5.08 (m,
2H), 4.67 (m, 1H), 4.31 (s, 1H), 3.69 (s, 3H), 3.26 (m, 1H),
2.25 (br, 1H), 1.66-1.53 (m, 3H), 1.30 (d, J=6.8 Hz, 3H),
0.90-0.85 (m, 6H); '*C NMR (CDCl;, 100 MHz) 175.3,
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173.1, 172.2, 138.9, 135.8, 129.3, 129.2, 129.1, 129.0,
128.9, 128.8, 128.7, 128.6, 128.3, 127.5, 77.5, 67.5, 54.6,
524, 51.1, 42.0, 25.3, 23.2, 22.2 19.1. HRMS calcd for
CsH33N,05 (M ™ +1): 441.2389. Found: 441.2379.

4.2.12. N-[1-(R)-(Methoxycarbonyl)ethyl]-(R)-phenyl-
glycine-(S)-leucine, benzyl ester (27). A colorless oil was
obtained in 83% yield (two diastereomers). '"H NMR
(CDCl3, 400 MHz) 7.79 (d, J=8.6 Hz, 1H), 7.41-7.27 (m,
10H), 5.18 (m, 2H), 4.69 (m, 1H), 4.16 (s, 1H) 3.71 (s, 3H),
3.34 (m, 1H) 2.25 (br, 1H), 1.74-1.61 (m, 3H), 1.33 (d,, J=
7.3 Hz, 3H), 0.96 (d, J=6.4 Hz, 6H); '*C NMR (CDCl,,
100 MHz) 175.8, 172.9, 172.1, 139.2, 135.8, 129.3, 129.2,
128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 129.3, 128.0, 67.5,
66.7, 56.4, 52.4, 51.0, 41.8, 25.6, 23.3, 22.2, 19.9. HRMS
caled for C,sH33N,Os (M1 +1): 441.2389. Found:
441.2420.

4.2.13. N-[1-(S)-(Methoxycarbonyl)-3-methylbutyl]-(R)-
phenylglycine-(S)-leucine, benzyl ester (28). A colorless
oil was obtained in 80% yield (two diastereomers). "H NMR
(CDCl3, 400 MHz) 7.36-6.99 (m, 10H), 6.99 (d, J=8.4 Hz,
1H), 5.17 (m, 2H), 4.69 (m, 1H), 4.26 (m, 1H), 3.69 (S, 3H),
3.13 (br, 1H), 2.25 (br, 1H), 1.73-1.47 (m, 6H), 0.93-0.74
(m, 12H); *C NMR (CDCls, 100 MHz) 175.7, 172.9, 171.8,
138.7, 135.8, 129.3, 129.2, 129.0, 128.8, 128.7, 128.6,
128.5, 128.4, 128.3, 127., 67.4, 66.7, 57.6, 52.2, 51.1, 42.8,
41.9, 254, 25.3, 25.1, 25.0, 23.2, 22.2. HRMS calcd for
CogH3oN,05 (M ™ +1): 483.2859. Found: 483.2842.

4.2.14. N-[1-(R)-(Methoxycarbonyl)-3-methylbutyl]-(R)-
phenylglycine-(S)-leucine, benzyl ester (29). A colorless
oil was obtained in 63% yield (two diastereomers). "H NMR
(CDCl3, 400 MHz) 7.81 (d, J=8.8 Hz, 1H), 7.38-7.25 (m,
10H), 5.13 (m, 2H), 4.72 (m, 1H), 4.11 (s, 1H), 3.71 (s, 3H),
3.34 (m, 1H), 2.09 (br, 1H), 1.89-1.47 (m, 6H), 0.97-0.86
(m, 12H); "*C NMR (CDCls, 100 MHz) 176.0, 172.9, 172.1,
129.5, 135.8, 129.2, 129.0, 128.9, 128.8, 128.6, 128.4,
128.3,128.2, 128.1, 127.9, 67.5, 66.7, 59.8, 52.3, 50.9, 43.8,
422, 254, 25.3, 23.2, 23.1, 22.9, 22.2. HRMS calcd for
CogH3oN,05 (M ™' +1): 483.2859. Found: 483.2867.

4.2.15. N-[1-(S)-(Methoxycarbonyl)-2-phenylethyl]-(R)-
phenylglycine-(S)-leucine, benzyl ester (30). A colorless
oil was obtained in 36% yield (two diastereomers). "HNMR
(CDCl3, 400 MHz) 7.35-7.09 (m, 16H), 5.16-5.07 (m, 2H),
4.60 (m, 1H), 4.24 (s, 1H), 3.65 (s, 3H), 3.40-3.39 (m, 1H),
3.05-3.00 (m, 1H), 2.90-2.79 (m, 1H), 2.27 (br, 1H), 1.66—
1.46 (m, 3H), 0.90-0.74 (m, 6H); *C NMR (CDCls,
100 MHz) 174.4, 172.8, 171.8, 138.1, 137.2, 135.8, 130.2,
129.6, 129.2, 129.0, 128.9, 128.8, 128.7, 128.6, 128.4,
127.6, 127.3, 67.4, 65.9, 60.5, 52.3, 51.1, 41.7, 39.8, 25.3,
23.3, 22.2. HRMS caled for Cs;H3;N,Os (M™ +1):
517.2702. Found: 517.2688.

4.2.16. N-[1-(R)-(Methoxycarbonyl)-2-phenylethyl]-(R)-
phenylglycine-(S)-leucine, benzyl ester (31). A colorless
oil was obtained in 49% yield (two diastereomers). "H NMR
(CDClz, 400 MHz) 7.37-7.25 (m, 16H), 5.10 (q, J=
12.3 Hz, 2H), 4.47-4.44 (m, 1H), 4.09 (s, 1H), 3.73 (s,
3H), 3.41-3.39 (m, 1H), 3.03-2.68 (m, 2H), 2.17 (d, J=
12.6, 1H), 1.39-1.36 (m, 2H), 1.01-0.84 (m, 7H); '>*C NMR
(CDCl3, 100 MHz) 175.0, 172.5, 171.7, 139.4, 138.0, 136.0,

130.0, 129.8, 129.3, 129.2, 129.0, 128.9, 128.8, 128.7,
128.1, 127.9, 127.4, 67.3, 66.5, 63.0, 52.6, 50.5, 41.3, 40.6,
25.3, 23.3, 22.0. HRMS calcd for C3H3;N,05 (M ™ +1):
517.2702. Found: 517.2683.

4.2.17. N-[1-(S)-(Methoxycarbonyl)-3-methylbutyl]-(R)-
phenylglycine-(S)-proline, benzyl ester (32). A colorless
oil was obtained in 44% yield (two diastereomers). "H NMR
(CDCl3, 400 MHz) 7.37-7.24 (m, 10H), 7.15 (m, 1H), 5.19
(m, 2H), 4.50 (m, 2H), 3.69 (s, 3H), 3.55 (m, 1H), 3.08 (m,
2H), 2.85 (br, 1H), 1.99-1.43 (m, 7H), 0.83 (d, J=6.6 Hz,
3H), 0.65 (d, J=6.6 Hz, 3H); '*C NMR (CDCl,, 100 MHz)
175.9, 172.3, 171.6, 138.2, 136.2, 129.5, 129.0, 128.9,
128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 67.1, 63.5, 59.9,
56.6, 52.1, 47.2, 427, 32.0, 29.4, 29.3, 25.2, 22.1, 22.0.
HRMS calcd for Co7H3sN,05 (M ™' +1): 467.2546. Found:
467.2523.

4.2.18. N-Benzyl-N-(N-Boc-N-benzyl-3-aminopropyl)-
(R)-phenylglycine-(S)-leucine, benzyl ester (33). A color-
less oil was obtained in 63% yield (two diastereomers). 'H
NMR (CDCls, 400 MHz) 7.46-7.19 (m, 20H), 5.17 (m, 2H),
4.70 (m, 1H), 4.34 (m, 3H), 3.81 (m, 1H), 3.30-3.08 (m,
3H), 2.57 (m, 1H), 2.16 (m, 1H), 1.7-1.26 (m, 14H), 0.97-
0.88 (m, 6H); '*C NMR (CDCls, 100 MHz) 173.2, 171.9,
139.1, 135.9, 134.3, 131.6, 130.7, 129.2, 129.0, 128.9,
128.8, 128.7, 128.6, 128.5, 128.3, 128.1, 128.0, 127.9,
127.8, 127.7, 127.6, 127.5, 127.4, 127.3, 80.1, 69.0, 67.4,
594, 51.0, 48.5, 45.1, 41.9, 28.9, 26.2, 25.4, 23.3, 22.2.
HRMS calcd for C43HssN3Os (M ' +1): 692.4063. Found:
692.4047.

4.2.19. N-Benzyl-N-[2-[2-(N-benzyl-2-aminoethoxy)-
ethoxy]ethyl]-(R)-phenylglycine-(S)-leucine, benzyl
ester (34). A colorless oil was obtained in 70% yield (two
diastereomers). '"H NMR (CDCl3, 400 MHz) 7.38-7.23 (m,
20H), 5.29 (m, 2H), 4.72 (m, 1H), 4.65 (m, 1H), 3.89-3.68
(m, 3H), 3.44-3.30 (m, 9H), 3.10-2.68 (m, 5H), 1.94-1.69
(m, 4H); *C NMR (CDCl;, 100 MHz) 172.6, 172.0, 141.1,
140.0, 137.4, 136.3, 130.0, 129.8, 129.7, 129.6, 129.5,
129.4, 129.3, 129.2, 129.1, 129.0, 128.9, 128.8, 128.7,
128.6, 128.5, 128.2, 128.1, 127.3, 127.2, 127.0, 71.8, 70.7,
70.2, 67.9, 66.0, 59.3, 56.7, 53.0, 52.2, 51.3, 50.0, 46.9,
29.5, 25.3. HRMS calcd for CaqoHssN3Os (MT +1):
650.3594. Found: 650.3582.

4.2.20. N-Benzyl-N-(2-hydroxyethyl)-(R)-phenylglycine-
(S)-proline, methyl ester (35). A colorless oil was obtained
in 69% vyield (two diastereomers). 'H NMR (CDCls,
400 MHz) 7.43-7.24 (m, 10H), 4.68 (s, 1H), 4.55 (m, 1H),
3.88 (m, 2H), 3.81 (s, 3H), 3.60 (m, 1H), 3.37 (m, 1H), 2.96
(m, 3H), 2.15-1.67 (m, 5H); '*C NMR (CDCl;, 100 MHz)
173.4,171.8, 140.2, 13.6, 130.4, 130.0, 129.7, 129.5, 129.1,
129.0, 128.9, 128.8, 128.7, 128.6, 65., 59.8, 59.3, 55.7, 52.8,
52.6,46.8,29.4,25.2. HRMS calcd for Co3HyoN,O, M ™ +
1): 397.2127. Found: 397.2125.
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Abstract—The mannose monosaccharide derivative, acetylthiopropyl 2,3.4,6-tetra-O-acetyl-a-p-mannopyranoside (Man), and the
mannobiose derivative, acetylthiopropyl 2,4,6-tri-O-acetyl-3-0-(2',3',4’,6'-tetra-O-acetyl-o-D-mannopyranosyl)-e.-bD-mannopyranoside
(a-1,3-Man), were synthesized respectively. These mannose derivatives were introduced into carbosilane dendrimer scaffolds of the zero
and first generations. As a result, six carbosilane dendrimers were functionalized by Man and o-1,3-Man. Isothermal titration
microcalorimetry was done to determine binding assay between mannose moieties of carbosilane dendrimer and concanavalin A. It was
found that carbosilane dendrimers bound more efficiently to concanavalin A than free mannose (Me-a-Man) and mannobiose (Me-a.-1,3-

Man).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Oligosaccharide chains in natural glycoconjugates which
contain glycoproteins, glycolipids, and proteoglycans com-
ponents of extracellular matrixes and cell surfaces play
crucial roles in a variety of biological systems."> Mannose
is one of the important and characteristic monosaccharides
in N-glycans (asparagine-linked oligosaccharides).” A
group of N-glycans, which contain high levels of mannose
residues, is called a high-mannose type. The majority of
nascent peptides in the endoplasmic reticulum (ER) are
N-glycosylated with high-mannose type oligosaccharides.*
The functions of high-mannose type oligosaccharides in the
ER glycoprotein quality control have attracted recent
attention.

The interactions between lectins (carbohydrate-binding
proteins),” and carbohydrates in glycoconjugates glay
principal roles in many cellular recognition processes.” At
the monosaccharide level these interactions typically have
weak affinities (Kp in mM). However, multivalent

Keywords: Carbosilane dendrimer; Mannose; Mannobiose; N-Glycan;

Glycocluster; Isothermal titration calorimetry.
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carbohydrates are known to greatly enhance interaction
between the binding proteins (lectins) and the ligands
involving carbohydrates.” This phenomenon, called ‘the
cluster effect’,'” enticed to generate a large number of
functional neoglyconconjugates to achieve superior binding
affinity."' Dendrimers, one of the typical forms to manifest
the cluster effect, are targets of intensive investigation of the
cluster effect, because their structures are easy to control
and prepare.'?> Glycodendrimers with peripheral mannosyl
group as one of the neoglycoconjugates have been shown to
mimic the structure and functions of the high mannose type
N-glycans."*™"°

Large number of dendrimers with mannose moieties have
been synthesized.'*>~'> However, only one case of glyco-
coating carbosilane dendrimer with mannose moiety has
been synthesized by Lindhorst et al.'® as far as we know.
They described the pathway to introduce mannose deriva-
tives into carbosilane dendrimer scaffold via a hydrosilyl-
ation reaction of a protected allyl mannoside with a
carbosilane containing Si—H end groups in the presence of
a platinum catalyst, thus leading to an Si—C linked structure.

The carbosilane dendrimer scaffold is easy to control the
number of branches at each generation and the chain length
between the terminal silicon. We have been preparing
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carbosilane dendrimers with peripheral functional carbo-
hydrate moieties by a different route.'” Our approach to vary
the molecular design of carbohydrates containing carbo-
silane dendrimers is to control the methylene chain length
of dendrimer scaffolds and the aglycon moiety length of
carbohydrates. Peripheral globotriose clustered on carbo-
silane dendrimers were synthesized for the purpose of
neutralizing Shiga-toxin producing Escherichia coli
0157:H7."®

In this article, we describe syntheses of carbosilane
dendrimers with peripheral mannose, and their characteri-
zation by spectrometric methods. We also determined the
binding assay of concanavalin A (Con A), by the means of
isothermal titration microcalorimetry (ITC).

2. Results and discussion

2.1. Preparation of mannose monosaccharide derivative
(Man)

Scheme 1 summarizes the synthetic steps of mannose
monosaccharide derivative, acetylthiopropyl 2,3,4,6-tetra-
O-acetyl-o-pD-mannopyranoside (Man; 3). The treatment of
penta-O-acetylmannopyranose with allyl alcohol in the
presence of borone trifluoride diethyl ether complex as
Lewis acid produces allyl tetraacetylmannose (2).'”™'
Compound 3 was synthesized by the anti-Markovnikov
addition of the thio group to the allyl moiety of 2 although 3,
which is synthesized by another synthetic method of
activating 2,2'- azobisisobutyronitrile (AIBN) irradiated in
a photochemical reactor.” In this reaction, AIBN was
activated by heat at 80 °C."7%¢ Each NMR signal of 3 was
assigned by following measurements: lH, l3C, DEPT, HH,
and HC COSY. Chemical shifts of 3 are described in
Section 4.

HO oh AcO ¢ AcO e
-0, AcO! - AcO! -
HS&OH# Acoﬁjﬁ P b Acoﬁh‘

Scheme 1. (a) AcONa/Ac,0, then allyl alcohol, BF3-OEt,/CH,Cl,, 70% (2
steps); (b) AcSH, AIBN/1,4-dioxane, 73%.

2.2. Preparation of mannose disaccharide derivative
(a-1,3-Man)

Mannose disaccharide derivative, 1-O-(3'-acetylthiopro-
pyD)-2.,4,6-tri-O-acetyl-3-0-(2,3,4,6-tetra-O-acetyl-p-man-
nopyranosyl) p-mannopyranose (o-1,3-Man; 10), was
synthesized starting from p-mannose (Scheme 2). p-Man-
nose was converted to 1-bromo 2,3,4,6-tetra-O-acetyl
mannose (4)>' which will be used as a glycosyl acceptor
and will also lead to a donor. Compounds 5 and 6 were
synthesized by the method described in the literature:*>
1,2-O-ethylidene protection of 4 was prepared by using
NaBH, in acetonitrile at room temperature,22 then 4,6-0O-
benzylidene protection of 5 using benzaldehyde dimethyl
acetal and 1,10-camphorsulfonic acid.*®> Glycosylation of 6
with 4 in the presence in AgOTf, the reagent which was
used for the formation of a-glycoside, in dichloromethane at
—20 °C proceeded stereoselectively to give 7. Compound 7

HO  on AcO  oac
-Q a AcO, -
HS&OH;» Acoﬁﬁ
1 4 Br
AcO  oac AcO o
o b o c Ph--0 o
AcO - — > AcO C o——> o) _ o]
AcO AcO Ho
4 B 5
Ao AcO  oac
C
ogc Phﬁ%()&/ Acooﬁﬁ
AcO - X Ph" -0
Aco * %o &/
4 & 6
AcO  Hac AcO e
.0
AcO Ac
e Aco ACO opc ﬁﬁ AcO OAc
o2 e
8 N
AcO  oac
k)
g Ao ACO opc
0 -Q

Scheme 2. (a) HBr-AcOH, Ac,O, quant; (b) NaBH,/MeCN, 64%;
(c) NaOMe/MeOH, then PhCH(OMe),, CSA/DMF, quant. (2 steps);
(d) AgOTf, MS4A/CH,Cl,, 66%:; (e) 90% CF;COOH aq, then AcONa/Ac,0,
64% (2 steps); (f) allyl alcohol, BF;-OEt,/CH,Cl,, 43%; (g) AcSH,
AIBN/1,4-dioxane, 97%.

was assigned by measurements of the high resolution mass
and NMR spectra to form the o-1,3-glycoside bond with
both mannose moieties. Next 7 was treated with aqueous
trifluoroacetic acid (90% v/v) to remove both 1,2-O-
ethylidene and 4,6-O-benzylidene groups, followed by
acetylation with acetic anhydride and sodium acetate to
provide 8.%* 1-Allylation' """ and thioacetylation'’® of the
allyl moiety were synthesized by the same method to
mannose monosaccharide to give 10.

2.3. Preparation of carbosilane dendrimders having
peripheral mannose

For the introduction of mannose derivatives, we used three
carbosilane dendrimer scaffolds: three-branched (Fan(0)3-
Br), four-branched (Ball(0)4-Br), and six-branched (Dumb-
bell(1)6-Br), as described in Figure 1. Fan(0)3-Br and
Ball(0)4-Br are the zero generation scaffolds which were
prepared with triallylphenylsilane and tetraallylsilane by
following three reaction steps: hydroxylation, mesylation,
and bromination.'”®? On the other hand, Dumbbell(1)6-Br
is the first generation carbosilane dendrimer scaffold,

oA (o (A

Fan(0)3-Br Ball(0)4-Br Dumbbell(1)6-Br

Figure 1. Carbosilane dendrimer scaffolds.

ACQ opc Q AQ onc
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3 % i

Br
Fan(0)3-Br

HO on
e el
HO:
VN

o s SiPh
3

Fan(0)3-Man(OAc)

Fan(0)3-Man

Scheme 3. (a) NaOMe/MeOH, DMF, then Ac,O/pyridine, 66% (2 steps)
and (b) NaOMe/MeOH, then 0.1 mol/l NaOH aq, 61%.
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Figure 2. 'H NMR spectra (400 MHz, CDCl; or D,0): (A) Fan(0)3-
Man(OAc) and (B) Fan(0)3-Man.
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Figure 3. 13C NMR spectrum (100 MHz, D,0) of Fan(0)3-Man.
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Figure 4. Carbosilane dendrimers having peripheral mannose and
mannobiose moieties.

prepared with allylation of dichlorodimethylsilane followed
by hydrosilylation'’®*>~° with the first generation skeleton.
The resulting reactions were the same as for the zero
generation carbosilane dendrimer scaffolds.

Introduction of Man and Man-o-1,3-Man to carbosilane
dendrimer scaffolds was done concurrently with deacetyl-
ation, that is, using sodium methoxide/methanol and
N,N-dimethylformamide (Scheme 3). This reaction includes
de-O- and -S-acetylation, followed by SN2 replacement
reaction, and then acetylation for purification by silica gel
and gel permeation chromatography. After purification by
means of recycling GPC, products of mannose-coated
carbosilane dendrimers were obtained, and disulfide
byproducts (Man-SS-Man or o-1,3-Man-SS-a-1,3-Man)
was removed.

In summary, six carbosilane dendrimers were synthesized,
and functionalized with acetyl-protected derivatives of
mannose or mannose disaccharide (a-1,3-Man). The yields
of addition of mannose monosaccharide were 62-76%, and
those of a-1,3-Man were 30-35%. The difference in the
yields between the mannose and mannobiose derivatives
may be due to the bulkier structure of mannobioside.

All synthesized dendrimers were characterized by 'H and
'3C NMR and high resolution mass spectrometry. From the
results of high resolution mass spectrometry, the proton or
sodium ion adduct peaks, [M+H]" or [M+Na]t, were
determined and these showed good agreement with the
calculated values, within the 45 ppm error margins.
Moreover, from the measurement of '"H NMR measure-
ments, we found the new signal at ca. 2.5 ppm (Fig. 2A)
which showed that a bond was formed between the sulfur
atom of saccharide moiety and the methylene carbon of the
corresponding carbosilane dendrimer scaffold. Thus, these
spectrometric results confirmed the structures of a carbo-
silane dendrimer with peripheral mannose and mannobiose.

The dendrimers with acetylated mannose moieties were
deacetylated by sodium methoxide/methanol, deacetylation
is saponification to yield the corresponding carbosilane
dendrimers with peripheral mannose and mannose di-
saccharide, and then purified by gel filtration. All six
types of carbosilane dendrimers functionalized by periph-
eral mannose moieties were synthesized and characterized
by the measurements of 'H and '*C NMR, and high
resolution mass spectrometry. Figures 2B and 3 show 'H
and '>C NMR spectra of Fan(0)3-Man, respectively. Signals
of methyl proton from the acetyl groups in mannose moiety

Table 1. '*C NMR spectroscopic data (6 values) of carbosilane dendrimers functionalized peripheral mannose moieties (1)

Mannose moieties C-1 C-2 C-3 C-4 C-5 C-6
c-1 c-2/ Cc-3 C-4' C-5' Cc-6'
Fan(0)3-Man 100.7 71.1 67.2 71.7 73.5 61.5
Ball(0)4-Man 100.6 71.0 67.2 71.6 73.4 61.5
Dumbbell(1)6-Man 100.1 70.7 66.8 71.2 72.8 60.9
Fan(0)3-o-1,3-Man 100.5 70.5 79.3 66.7 73.8 61.1
102.9 70.8 71.0 67.1 73.4 61.4
Ball(0)4-o-1,3-Man 100.6 70.6 79.4 66.9 73.8 61.3
103.0 70.9 71.1 67.3 73.5 61.5
Dumbbell(1)6-a-1,3-Man 100.7 70.7 79.6 67.0 74.0 61.5
103.1 71.0 71.3 67.5 73.6 61.8
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Table 2. '*C NMR spectroscopic data (6 values) of carbosilane dendrimers functionalized peripheral mannose moieties (II)

Dendrimer scaffolds C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15
Fan(0)3-Man 66.9 30.1 29.1 36.2 24.6 12.4
Ball(0)4-Man 66.9 30.1 29.1 36.3 24.8 12.5
Dumbbell(1)6-Man 66.3 29.5 28.6 35.8 24.4 12.0 19.1 20.3 21.0
Fan(0)3-a-1,3-Man 66.1 29.8 28.9 35.9 24.1 12.1
Ball(0)4-o-1,3-Man 66.3 29.8 29.0 36.2 24.8 12.4
Dumbbell(1)6-a-1,3-Man 66.4 30.0 29.2 36.5 25.0 12.6 18.1 19.4 21.0

disappeared in Figure 2B, which is distinct from Figure 2A.
This is in agreement with the results of '*C NMR
measurements. Figure 4 shows all six carbosilane dendri-
mers. Signals of '*C NMR spectra are all assigned and
partly listed in Table 1 (mannose moieties) and Table 2
(carbosilane dendrimer scaffolds). Signals from mannose
moieties were assigned according to the published
results.”*>*” In Table 2, each signal displays good
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Figure 5. Calorimetric data for titration of concanavalin A, 0.21 mM, with
trivalent ligand Fan(0)3-Man, 2.1 mM. Both protein and ligand were
dissolved in buffer consisting of 50 mM 3,3-dimethylglutarate, 250 mM
NaCl, 1 mM CaCl,, and 1 mM MnCl, adjusted pH 5.2. Top, raw (power vs
time) data; bottom integrated heat vs molar ratio of ligand. Solid line shows
best fit of data using a one-site model: n=0.85; K=2.09X 104; AH=
—9.2 keal mol ~'. A fit to a two-site model does not provide a statistically
superior fit.

Table 3. Binding of carbosilane dendrimers to concanavalin A

agreement in spite of the differences between dendrimer
scaffolds and saccharides. Characteristic signals are
observed on Fan(0)3- and Dumbbell(1)6-scaffolds: these
were four signals of phenyl carbons at about 130 ppm on
Fan(0)3 types, and the signal of methyl carbon binding core
silicon atom at about —2 ppm on Dumbbell(1)6 types.

2.4. Binding affinity between carbosilane dendrimers
and concanavalin A

Con A is one of the most widely used lectins in biological
studies. Mannose residue is recognized specifically by Con
A. Recently, isothermal titration microcalorimetry (ITC)
has been utilized to study protein—carbohydrate inter-
action.'” A soluble protein is titrated with aliquots of a
soluble ligand in this measurement. The heat produced
during ligand addition serves as a reporter signal for
binding, which is yielded a binding constant, which, in turn
can be related to the free energy of binding. Since this
technique also directly measures binding enthalpies, an
entropy of binding can be readly calculated.

The bindings of tri-, tetra-, and hexavalent ligands Fan(0)3-
Man, Ball(0)4-Man, and Dumbbell(1)6-Man to dimeric Con
A (pH 5.2) were evaluated by titration microcalorimetry.
The titration microcalorimetry of all multivalent ligands
yielded curves indicative of simple reversible binding.
Figure 5 shows one of the titration curves for the carbosilane
dendrimer with peripheral mannose moieties (Fan(0)3-Man)
when bound to Con A in glutarate buffer (top) and the
resulting one-site fit of the integrated differential power
signal with respect to time (bottom). Table 3 lists the
calculated binding constant and other parameters of binding
between the carbosilane dendrimers and Con A. All of the
carbosilane dendrimers have higher binding constant values
with Con A, K, than the non-dendric mannose derivatives,
Me-a¢-Man and Me-o-1,3-Man,?® demonstrating cluster
glycoside effect. As for monosaccharide types of the

KM™! AG AH TAS?
kcal mol !

Man 42x10° —49 —28 22
Me-o-Man® 7.6X10° —53 —6.8 -15
Fan(0)3-Man 2.1x10* —59 -92 -33
Ball(0)4-Man 22x%10* —59 —5.6 0.3
Dumbbell(1)6-Man 6.0 10 —6.5 —3.6 3.0
Me-a-1,3-Man® 3.0x10* —6.0 —74 —14
Fan(0)3-0.-1,3-Man 7.9%10* —6.7 —14.1 —74
Ball(0)4-a-1,3-Man 9.1x10* —6.8 —98 —3.0
Dumbbell(1)6-0.-1,3-Man 6.1x10* —6.5 —42 23

4298 K.
b See Ref. 28c.
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synthesized carbosilane dendrimers, the magnitude of the
effects depend on the amount of mannose in a dendrimer. In
the case of three-branched dendrimer scaffolds having
peripheral mannose, K value of the carbosilane dendrimer
was higher than that of the non-carbosilane dendrimer, and
other thermodynamic parameters were similar values.?®!
However, the multivalency effect was not clearly measured
in the mannobiose-type of carbosilane dendrimers, because
these dendrimers became highly aggregated during titration
and the orientation of the saccharides could not match
tightly to the binding pockets of Con A.

3. Conclusion

We synthesized six carbosilane dendrimers with peripheral
mannose and mannobiose. The structures of these dendri-
mers were characterized by measurements of NMR and
mass spectrometry. Isothermal titration microcalorimetry
(ITC) was done for determining the binding assay between
the carbosilane dendrimer and concanavalin A (Con A).
It was found that the carbosilane dendrimers bound to Con
A more frequently than to free mannose (Me-o-Man) and
mannobiose (Me-a-1,3-Man), thus showing the cluster
effect.

4. Experimental
4.1. Analyses and GPC

NMR spectra were recorded with a Bruker DRX-400,
AM-400, and a Valian Gemini-2000 spectrometer. Fast
atom bombardment (FAB) and electron spray ionization
(ESI) mass spectra were obtained with a JEOL JMS-
HX110A spectrometer and a JEOL JMS-T100LC spectro-
meter, respectively. Optical rotations were measured with a
JASCO DIP-1000 digital polarimeter. Isothermal titration
microcalorimetry was performed using the MicroCal
Omega titration microcalorimeter. High resolution mass
spectrometry (HRMS) measurements were valid to
45 ppm. Recycling preparative GPC was performed with
a LC-908W (Japan Analytical Industry Co., Ltd) connected
to an RI detector RI-5 (column, JAIGEL-1H-A and
JAIGEL-2H-A; solvent, chloroform).

4.2. Materials

Concanavalin A (Type IV, lot No. 102K7044) was
purchased from Sigma Chemical Company and dialyzed
with a glutarate buffer. Protein concentration was deter-
mined by the method of Edelhoch.?® Carbohydrate concen-
trations were determined by phenol-sulfuric acid method.*®
For calorimetric measurements, water was purified with a
Millpore purification system that involved passage through
reverse osmosis, charcoal, and two ion exchange filters to
attain resistance of >10 MQcm ™.

4.3. Reactions
4.3.1. Acetylthiopropyl 2,3,4,6-tetra-0O-acetyl-o-D-man-

nopyranoside (3). p-Mannose (5.00 g, 27.8 mmol) was
acetylated to yield penta-O-acetyl-a-pD-mannose by using a

mixture of sodium acetate (2.51 g, 30.62 mmol) and acetic
anhydride (25.0 mL, 263 mmol). Under an argon atmos-
phere, penta-O-acetyl-o-pD-mannopyranose was dissolved in
dry-dichloromethane (123 mL) and allyl alcohol (9.50 mL,
139 mmol) was added, then the mixture was cooled to
—5°C. Boron trifluoride diethyl ether complex (94 mL,
742 mmol) was dropped into the solution. The reaction
solution was stirred for 30 min at 0 °C, then stirred for 54 h
at room temperature. After the reaction, the solution was
poured into ice-water, washed with water, saturated aqueous
sodium hydrogen carbonate, brine, and dried over anhy-
drous magnesium sulfate. The solution was filtered through
a celite bed and concentrated. The residue was purified by
silica gel column chromatography with toluene—ethyl
acetate (5:1 (v/v)) as eluent to yield pure 2 (7.53 g, 70%
(2 steps)).

To a stirred solution of 2 (3.65 g, 9.40 mmol) and thioacetic
acid (13.4 mL, 188 mmol) in 1,4-dioxane (2.0 mL), 2,2'-
azobisisobutyronitrile (AIBN; 7.72 g, 47.0 mmol) was
added at 50 °C under an argon atmosphere. The mixture
was stirred for 2.5h at 80°C, then cooled to room
temperature. Cyclohexene (5.0 mL, 49.3 mmol) was
added, and the mixture was stirred at room temperature
for 30 min. After evaporation, silica gel chromatography of
the residual syrup (toluene—ethyl acetate 10:1-5:1-3:1)
yielded sulfide 3 (3.16g, 73%): '"H NMR (400 MHz,
CDCl;, TMS) o0 (ppm); 5.33 (1H, m, H-3), 5.28 (1H, m,
H-4),5.24 (1H, dd, H-2, J, ,=1.61 Hz, J, 5=3.21 Hz), 4.81
(1H, H-1), 4.28 (1H, dd, H-6a, Jsc,=5.35 Hz, Jea b=
12.31 Hz), 4.11 (1H, dd, H-6b, Jse,=2.14 Hz, Jg,6p=
12.31 Hz), 3.98 (1H, m, H-5), 3.77 (1H, m, OCH,CH,CH,-
S), 3.52 (1H, m, OCH,CH,CH,S), 2.97 (2H, t, OCH,CH,-
CH,S, J=6.96 Hz), 2.34 (3H, s, CH3(SAc)), 2.16, 2.12,
2.06, 2.00 (12H, s, CH3(OAc)), 1.91 (2H, m, OCH,CH,-
CH,S); '>C NMR (100 MHz, CDCls) & (ppm); 195.2 (C,
C=0(SAc)), 170.3, 169.7, 169.5, 169.4 (C, C=0(Ac)),
97.4 (CH, C-1), 69.2 (CH, C-2), 68.8 (CH, C-3), 68.3 (CH,
C-5), 66.5 (CH,, OCH,CH,CH,S), 65.8 (CH, C-4), 62.2
(CH,, C-6), 30.3 (CH3, CH3(SAc)), 28.9 (CH,, OCH,CH,-
CH,S), 25.5 (CH,, OCH,CH,CH,S), 20.6, 20.5, 20.41,
20.39 (CHj3, CH3(0OAC)).

4.3.2. 4,6-O-Benzylidene-1,2-ethylidene-fB-p-manno-pyr-
anoside (6).23 Under an argon atmosphere, 1-bromo 2,3.4,6-
tetra-O-acetyl mannose ((4)21; 22.9 g, 55.6 mmol) was
dissolved in acetonitrile (130 mL), and sodium borohydrate
(10.5 g, 278 mmol) was added, then the mixture was stirred
for 22 h at room temperature. After the reaction, the solution
was diluted with ethyl acetate, washed with water and brine,
and dried over anhydrous magnesium sulfate. The solution
was filtered through a celite bed and concentrated. The
residue was purified by silica gel column chromatography
with n-hexane—ethyl acetate (5:1-3:1-2:1) yielded pure 5°
(11.8 g, 64%).

Under an argon atmosphere, 5 (5.73 g, 17.3 mmol) was
dissolved in methanol (5.0 mL), and sodium methoxide
(0.14 g, 2.60 mmol) was added, then the mixture was stirred
for 1 h at room temperature. After the reaction, IR120B
(H™) resin was added to neutralize the reaction solution,
and the suspension was filtered and evaporated. The residue
was dissolved in N,N-dimethylformamide (15.0 mL).
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Benzaldehyde dimethylacetal (3.70 mL, 24.6 mmol) and
(+)-10-camphorsulfonic acid (379 mg, 1.63 mmol) was
added, and the mixture was stirred over evaporation for 6 h
at 30 °C. The solution was cooled to room temperature, and
triethylamine (0.45 mL, 3.34 mmol) added to neutralize.
The solution was evaporated, and purified by silica gel
column chromatography with n-hexane—ethyl acetate
(10:1-5:1-3:1-1:1) as eluent to yield pure 6 (5.08 g,
quant. (2 steps)).

4.3.3. 4,6-0-Benzylidene-1,2-ethylidene-3-0-(2',3',4',6'-
tetra-O-acetyl-o.-D-mannopyranosyl)-B-p-mannopyrano-
side (7). 4,6-O-Benzylidene-1,2-ethylidene-3-0-(2',3/,4',6'-
tetra-O-acetyl-o-D-mannopyranosyl)-B-p-mannopyranoside
(7). A solution of 2,3,4,6-tetra-O-acetyl-o-D-mannopyrano-
syl bromide (4) (298 mg, 0.72 mmol) and 4,6-O-benzyl-
idene-1,2-ethylidene-B-p-mannopyranoside (6) (100 mg,
0.34 mmol) in anhydrous dichloromethane (8.0 mL) was
stirred in the presence of activated MS4A (1.0 g) and silver
trifluoromethanesulfonate (228 mg, 0.89 mmol) was added
under an argon atmosphere. The reaction mixture was
stirred for 2 h at —20 °C. Further, silver trifluoromethane-
sulfonate (113 mg, 0.44 mmol) was added to the mixture
under an argon atmosphere, and the mixture was stirred for
40 min at —20 °C. Sodium carbonate (302 mg, 2.85 mmol)
was added to the reaction solution, then the solution was
filtered through a celite bed, diluted with chloroform,
washed with saturated aqueous sodium hydrogen carbonate,
brine, and dried over anhydrous magnesium sulfate. Then
the solution was filtered through a celite bed and
concentrated. The residue was purified by silica gel column
chromatography with toluene—ethyl acetate (5:1) as eluent
to yield pure 7 (139 mg, 66%): HRMS (ESI); calcd for
C29H36015Na [M+Na]+ 6471952, found 647.1936.
[a]=—16.2° (¢=1.0 in CHCL;). '"H NMR (400 MHz,
CDCl;, TMS) 6 (ppm); 7.45-7.33 (SH, m, Ph), 5.59 (1H, s,
CH(4,6-bndn)), 5.45 (1H, m, H-3"), 5.40 (1H, m, H-4'), 5.34
(1H, q, J=5.35 Hz, CH-(1,2-etdn)), 5.30-5.25 (2H, m, H-1,
2", 5.19 (1H, d, J;1»=1.61 Hz, H-1'), 4.33-4.22 (4H, m,
H-2, 3, 6a, 6’a), 4.11-4.04 (3H, m, H-4, 5', 6'b), 3.78 (1H,
m, H-6b), 3.39 (1H, m, H-5), 2.11, 2.09, 2.05, 1.99 (12H, s,
Ac), 1.54 (3H, d, J=5.35 Hz, CH;-(1,2-etdn)); '>°C NMR
(100 MHz, CDCl3) 6 (ppm); 170.5, 169.8, 169.7, 169.6
(C, C=0 (Ac)), 136.9 (C, C (Ph)), 128.9, 128.2, 125.9 (CH,
CH(Ph)), 104.7 (CH, CH (1,2-etdn)), 101.1 (CH, CH (4,6-
bndn)), 99.5 (CH, C-1'), 96.8 (CH, C-1), 79.6 (CH, C-3),
76.9 (CH, C-4), 75.9 (CH, C-5'), 69.3 (CH, C-4'), 68.80
(CH, C-3%), 68.77 (CH, C-2), 68.4 (CH,, C-6), 66.4
(CH, C-2"), 65.7 (CH, C-5), 62.6 (CH,, C-6'), 21.8 (CHs,
CH;-(etdn)), 20.77, 20.75, 20.70, 20.66 (CH;3, CH5-(Ac)).

4.3.4. Allyl 2,4,6-tri-O-acetyl-3-0-(2',3',4',6'-tetra-O-
acetyl-o-pD-mannopyranosyl)-o-D-mannopyranoside (9).
A solution of 7 (860 mg, 1.38 mmol) in 90% (v/v) aqueous
trifluoroacetic acid (10 mL) was stirred for 22 h at room
temperature. The solution was cooled in an ice-water bath
and neutralized with sodium carbonate. Then the solution
was evaporated and dried with a vacuum pump. Sodium
acetate (229 mg, 2.79 mmol) and acetic anhydride (15 mL,
158 mmol) were added to the residue, and the reaction
mixture was stirred for 1h at 110 °C. To the reaction
mixture was added ice-water, and the mixture was extracted
with chloroform. The extract was washed with saturated

aqueous sodium hydrogen carbonate, brine, and dried over
anhydrous magnesium sulfate. The solution was filtered
through a celite bed and concentrated. The residue was
purified by silica gel column chromatography with n-hex-
ane—ethyl acetate (1:1-1:2) as eluent to yield pure 8
(598 mg, 64% (2 steps)).

Under an argon atmosphere, 8 (4.08 g, 6.01 mmol) was
dissolved in dry-dichloromethane (27 mL) and allyl alcohol
(2.1 mL, 30.7 mmol) was added, then cooled to —5 °C.
Boron trifluoride diethyl ether complex (8.0 mL,
63.1 mmol) was dropped into the solution. The reaction
solution was stirred for 30 min at 0 °C, then stirred for 71 h
at room temperature. After the reaction, the solution was
poured onto ice-water, washed with water, saturated
aqueous sodium hydrogen carbonate, brine, and dried over
anhydrous magnesium sulfate. The solution was filtered
through a celite bed and concentrated. The residue was
purified by silica gel column chromatography with toluene—
ethyl acetate (5:1-3:1-2:1-1:1-0:1) as eluent to yield pure 9
(1.73 g, 43%): "H NMR (400 MHz, CDCl;, TMS) 6 (ppm);
5.87 (1H, m, OCH,CH=CH,), 5.34-5.18 (6H, m, H-2, 3, 4,
3/, OCH,CH=CH,), 5.01 (1H, m, H-2'), 5.00 (1H, d, H-1’
Ji»=1.61 Hz), 4.88 (1H, H-1), 4.30-3.98 (8H, m, H-6, 4/,
5/, 6/, OCH,CH=CH,), 3.90 (1H, ddd, H-5, J4s=
10.17 Hz, Js6,=5.35Hz, J56,=2.68 Hz), 2.21, 2.14,
2.13, 2.113, 2.106, 2.06, 1.99 (21H, s, CH;(OAc)); "°C
NMR (100 MHz, CDCl3) 6 (ppm); 170.65, 170.62, 170.4,
170.0, 169.9, 169.8, 169.5 (C, C=O0(Ac)), 132.8 (CH,
OCH,CH=CH,), 118.5 (CH,, OCH,CH=CH,), 98.8 (CH,
C-1",96.5 (CH, C-1), 74.6 (CH, C-3), 70.9 (CH, C-2), 69.9
(CH, C-2), 69.3 (CH, C-5'), 68.7 (CH, C-5), 68.5 (CH,,
OCH,CH=CH,), 68.2 (CH, C-3"), 67.7 (CH, C-4'), 65.9
(CH, C-4), 62.5, 62.4 (CH,, C-6, 6'), 20.9, 20.8, 20.73,
20.71, 20.63, 20.60, 20.59 (CH3, CH;3(Ac)).

4.3.5. Acetylthiopropyl 2,4,6-tri-O-acetyl-3-0-(2',3/,4',6'-
tetra-O-acetyl-o-pD-mannopyranosyl)-o-D-mannopyrano-
side (10). AIBN (2.11 g, 12.8 mmol) was added to a stirred
solution of 9 (1.73 g, 2.56 mmol) and thioacetic acid
(3.7 mL, 52.0 mmol) in 1,4-dioxane (1.5 mL) at 50 °C
under an argon atmosphere. The mixture was stirred for 3 h
at 80 °C, then cooled to room temperature. Cyclohexene
(1.5 mL, 14.8 mmol) was added, and the mixture was stirred
for 30 min at room temperature. After evaporation, the
residue was purified by silica gel column chromatography
with toluene—ethyl acetate (10:1-5:1-3:1-2:1) and size
exclusion chromatography (Sephadex LH-20; eluent:
methanol) as eluent to yield pure 10 (1.87 g, 97%):
HRMS (ESI); caled for Cs3H440;0SNa [M+Na]™
775.2095, found 775.2065. [a]i = +33.8° (¢=1.0 in
CHCl3). '"H NMR (400 MHz, CDCl;, TMS) & (ppm);
5.29,5.26 (2H, m, H-3, 4), 5.23-5.19 (2H, m, H-2, 3"), 5.02
(1H, dd, H-2', J;1 ,y=1.61 Hz, J» 3 =2.14 Hz), 5.01 (1H, d,
H-1, J;1»=1.61Hz), 4.82 (1H, d, H-1, J,,=1.60 Hz),
4.31-4.21 (2H, m, H-6a, 6'a), 4.16 (1H, dd, H4/, J3 4=
3.75 Hz, Jy 5 =10.17 Hz), 4.13-4.04 (3H, m, H-6b, 5', 6'b),
3.86 (3H, m, H-5), 3.73 (1H, m, OCH,CH,CH,S), 3.50 (1H,
m, OCH,CH,CH,S), 2.94 (2H, t, OCH,CH,CH,S, J=
6.96 Hz), 2.34 (3H, s, CH3(SAc)), 2.21, 2.14, 2.13, 2.12,
2.11, 2.06, 2.00 (21H, s, CH3(OAc)), 1.88 (2H, m,
OCH,CH,CH,S); '*C NMR (100 MHz, CDCl;) 6 (ppm);
195.2 (C, C=0(SAc)), 170.5, 170.4, 170.2, 169.8, 169.7,



T. Mori et al. / Tetrahedron 61 (2005) 2751-2760 2757

169.6, 169.4 (C, C=0(0Ac)), 98.8 (CH, C-1/), 97.3 (CH,
C-1), 74.8 (CH, C-3), 70.7 (CH, C-2), 69.8 (CH, C-2), 69.2
(CH, C-5'), 68.7 (CH, C-5), 68.1 (CH, C-3/), 67.5 (CH,
C-4'), 66.4 (CH,, OCH,CH,CH,S), 65.7 (CH, C-4), 62.4,
62.2 (CH,, C-6, 6'), 30.4 (CH;, CHs(SAc)), 29.1 (CH,,
OCH,CH,CH,S), 25.6 (CH,, OCH,CH,CH,S), 20.8, 20.7,
20.60, 20.56, 20.49, 20.45 (CH;, CH3(OAC)).

4.3.6. Introduction of mannose and mannobiose into
carbosilane dendrimer scaffolds: Fan(0)3-Man(OAc).
Under an argon atmosphere, a mixture of 3 (348 mg,
0.75 mmol) and a dendrimer scaffold (for example, Fan(0)-
Br: 56.4 mg, 0.12 mmol) was dissolved in N,N-dimethyl-
formamide (0.5 mL) and methanol (0.5 mL), and stirred at
room temperature for 20 min. Sodium methoxide in
methanol solution (1.0 M, 0.75 mL, 0.75 mmol) was
added to the reaction solution and stirred at room
temperature over night. Acetic acid (0.1 mL) was added to
the reaction solution, and stirred at room temperature
for 10 min, then evaporated in vacuo. The residue was
suspended in a mixture of pyridine (0.5 mL) and acetic
anhydride (1.0 mL, 10.5 mmol), and stirred at room
temperature over night. The reaction mixture was evapo-
rated in vacuo, added to ice-water and chloroform, then
washed with 1 M hydrochloric acid, saturated aqueous
sodium hydrogen carbonate, brine, and dried over anhy-
drous magnesium sulfate. The solution was filtered through
a celite bed and concentrated. The residue was purified by
silica gel column chromatography with hexane—ethyl
acetate (1:1-1:2-0:1) as the eluent to produce pure
Fan(0)3-Man(OAc): Yield 136 mg (76% (2 steps)).
HRMS (ESI): Calcd for CgsHogO30S3SiNa [M+Na]*
1517.4972, found 1517.4990. [aliy= +42.3° (c=1.0 in
CHCl5). '"H NMR (400 MHz, CDCls, TMS) 6 (ppm); 7.50—
7.34 (5H, Ph), 5.34-5.24 (6H, m, H-3, 4), 5.23 (3H, dd, H-2,
J12,=160Hz, J,3=2.14Hz), 481 (3H, d, H-1, J,,=
1.60 Hz), 4.28 (3H, dd, H-6a, Js5c,=5.35Hz, Jeyob=
12.32 Hz), 4.11 (3H, dd, H-6b, J5¢,=2.14 Hz, Je,6b=
12.32 Hz), 3.98 (3H, m, H-5), 3.80 (3H, m, H-7a), 3.52 (3H,
m, H-7b), 2.55 (6H, t, H-9, J39=6.96 Hz), 2.53 (6H, t,
H-10, J19.11=6.96 Hz), 2.16 (9H, s, CH3(Ac)), 2.10 (9H, s,
CHj3(Ac)), 2.04 (9H, s, CH;(Ac)), 1.99 (9H, s, CH;(Ac)),
1.86 (6H, m, H-8), 1.60 (6H, m, H-11), 0.94 (6H, m, H-12);
3C NMR (100 MHz, CDCl3) 6 (ppm);170.4, 169.8, 169.7,
169.5 (C, C=0(Ac)), 136.0 (C, Ph), 133.8, 129.0, 127.8
(CH, Ph), 97.4 (CH, C-1), 69.4 (CH, C-2), 68.9 (CH, C-3),
68.3 (CH, C-5), 66.4 (CH,, C-7), 66.0 (CH, C-4), 62.2 (CH,,
C-6), 35.6 (CH,, C-10), 28.9 (CH,, C-8), 28.4 (CH,, C-9),
23.8 (CH,, C-11), 20.7, 20.6, 20.53, 20.51 (CH;3, CH3(Ac)),
11.7 (CH,, C-12).

Another carbosilane dendrimer with peripheral mannose or
mannobiose acetate was prepared by the same method as
Fan(0)3-Man. The mannobiose-bearing carbosilane dendri-
mers were synthesized using compound 10.

Ball(0)4-Man(OAc). Yield 120.3 mg (66% (2 steps)).
HRMS (FAB): Calcd for CgoH;2504084Si [M+H]™"
1881.6399, found 1881.6445. [a]d =+45.1° (¢c=1.0 in
CHCl3). "H NMR (400 MHz, CDCl;, TMS) & (ppm); 5.32
(1H, m, H-3), 5.28 (1H, m, H-4), 5.23 (1H, dd, H-2, J, ,=
1.60 Hz, J,3=2.14 Hz), 4.82 (1H, d, J, ,=1.60 Hz, H-1),
4.29 (1H, dd, H-6a, Js 6,=5.35 Hz, Je, 6o = 12.32 Hz), 4.12

(1H, dd, H-6b, Js ¢, =2.14 Hz, J¢, 6= 12.32 Hz), 3.99 (1H,
ddd, H-S, J4’5=9.63 HZ, ‘15,621:5-35 HZ, J5,6b=2'14 HZ),
3.83 (1H, m, H-7a), 3.56 (1H, m, H-7b), 2.60 (2H, t, H-9,
Js9=6.96 Hz), 2.53 (2H, t, H-10, Jyo;=6.96 Hz), 2.16
(3H, s, CH;(Ac)), 2.11 (3H, s, CHs(Ac)), 2.05 (3H, s,
CH;(Ac)), 2.00 (3H, s, CH5(Ac)), 1.90 (2H, m, H-8), 1.58
(2H, m, H-11), 0.67 (2H, m, H-12); '3C NMR (100 MHz,
CDCl3) 6 (ppm);170.4, 169.8, 169.6, 169.5 (C, C=0(Ac)),
97.4 (CH, C-1), 69.3 (CH, C-2), 68.9 (CH, C-3), 68.3 (CH,
C-5), 66.4 (CH,, C-7), 65.9 (CH, C-4), 62.2 (CH,, C-6),
35.7 (CH,, C-10), 28.9 (CH,, C-8), 28.4 (CH,, C-9), 23.9
(CH,, C-11), 20.7, 20.54, 20.48, 20.45 (CH;, CH;(Ac)),
11.7 (CH,, C-12).

Dumbbell(1)6-Man(OAc). Yield 141.6 mg (62% (2 steps)).
HRMS (FAB): Calcd for Cj28Hr05060S6Siz [M+H]"
2978.0622, found 2978.0669. [a]f = +40.1° (c=1.0 in
CHCls). "H NMR (400 MHz, CDCl;, TMS) & (ppm); 5.32
(3H, m, H-3), 5.28 (3H, m, H-4), 5.23 (3H, dd, H-2, J, ,=
1.61 Hz, J,3=2.14 Hz), 4.82 (3H, d, J,,=1.61 Hz, H-1),
4.29 (3H, dd, H-6a, Js 6,=4.82 Hz, Jg, 6= 12.32 Hz), 4.12
(3H, dd, H-6b, Js ¢, =2.14 Hz, J¢, 6= 12.32 Hz), 3.99 (3H,
ddd, H—S, J4’5:9.63 HZ, J5,6a:4~82 HZ, J5,6b:2'14 HZ),
3.83 (3H, m, H-7a), 3.55 (3H, m, H-7b), 2.60 (6H, t, H-9,
Js0=6.96 Hz), 2.53 (6H, t, H-10, Jyo,;=6.96 Hz), 2.16
(9H, s, CH;(Ac)), 2.11 (9H, s, CHs(Ac)), 2.05 (9H, s,
CH;(Ac)), 2.00 (9H, s, CH5(Ac)), 1.90 (6H, m, H-8), 1.57
(6H, m, H-11), 1.31 (2H, m, H-14), 0.67-0.62 (8H, m, H-12,
13), 0.56 (2H, m, H-15), —0.04 (3H, s, CH;(Si-Me)); '*C
NMR (100 MHz, CDCl3) 6 (ppm);170.4, 169.8, 169.6,
169.5 (C, C=0(Ac)), 97.4 (CH, C-1), 69.3 (CH, C-2), 68.9
(CH, C-3), 68.3 (CH, C-5), 66.4 (CH,, C-7), 65.9 (CH, C-4),
62.2 (CH,, C-6), 35.8 (CH,, C-10), 28.9 (CH,, C-8), 28.4
(CH,, C-9), 24.0 (CH,, C-11), 20.7, 20.55, 20.49, 20.46
(CHs;, CH5(Ac)), 20.2 (CH,, C-15), 18.1 (CH,, C-14), 16.9
(CH,, C-13), 11.9 (CH,, C-12), —3.4 (CHs, CH5(Si-Me)).

Fan(0)3-a-1,3-Man(OAc). Yield 61.2 mg (30% (2 steps)).
HRMS (ESI) Calcd for C102H146054S3SiNa [M+Na]+
2381.7508, found 2381.7485. [a]if= +32.3° (c=1.0 in
CHCls). '"H NMR (400 MHz, CDCls, TMS) 6 (ppm); 7.47—
7.34 (5H, Ph), 5.29, 5.26 (6H, m, H-3, 4), 5.23-5.19 (6H, m,
H-2, 3'), 5.02 (3H, m, H-2'), 4.99 (3H, H-1'), 4.82 (3H,
H-1), 4.29-4.21 (6H, m, H-6a, 6'a), 4.13 (3H, dd, H-4',
Jy.4=3.75 Hz, Jy 5=10.17 Hz), 4.12-4.03 (9H, m, H-6b,
5',6'b), 3.86 (3H, ddd, H-5, J, s=10.17 Hz, J5 ¢,=5.36 Hz,
Jseb=2.14 Hz), 3.75 (3H, m, H-7a), 3.51 (3H, m, H-7b),
2.51 (12H, t, H-9, 10, Jgo= Jy0.11=6.96 Hz), 2.21, 2.14,
2.13,2.102, 2.099, 2.05, 1.99 (63H, s, CH;(Ac)), 1.84 (6H,
m, H-8), 1.58 (6H, m, H-11), 0.92 (6H, m, H-12); '*C NMR
(100 MHz, CDCl3) 6 (ppm);170.4, 170.3, 170.2, 169.8,
169.65, 169.59, 169.4 (C, C=0(Ac)), 135.9 (C, Ph), 133.8,
129.1, 127.8 (CH, Ph), 98.8 (CH, C-1'), 97.2 (CH, C-1),
74.9 (CH, C-3), 70.7 (CH, C-2), 69.7 (CH, C-2'), 69.2 (CH,
C-5'), 68.5 (CH, C-5), 68.0 (CH, C-3/), 67.4 (CH, C-4),
66.3 (CH,, C-7), 65.7 (CH, C-4), 62.3, 62.1 (CH,, C-6, 6"),
35.6 (CH,, C-10), 28.8 (CH,, C-8), 28.4 (CH,, C-9), 23.7
(CH,, C-11), 20.7, 20.61, 20.58, 20.52, 20.46, 20.42 (CH;,
CH;(Ac)), 11.7 (CH,, C-12).

Ball(0)4-a-1,3-Man(OAc). Yield 81.1 mg (35% (2 steps)).
HRMS (FAB) Calcd for C128H18907ZS4Si [M+H]+
3033.9780, found 3033.9751. [a]if=+33.9° (¢c=1.0 in
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CHCI5). "H NMR (400 MHz, CDCl5, TMS) 6 (ppm); 5.30,
5.26 (2H, m, H-3, 4), 5.23-5.19 (2H, m, H-2, 3'), 5.02 (1H,
m, H-2'), 5.00 (1H, H-1), 4.83 (1H, H-1), 4.29-4.21 (2H, m,
H-6a, 6'a), 4.14 (1H, m, H4'), 4.13-4.03 (3H, m, H-6b, 5,
6'b), 3.88 (1H, m, H-5), 3.79 (1H, m, H-7a), 3.54 (1H, m,
H-7b), 2.56 (2H, t, H-9, J590=6.96 Hz), 2.51 (2H, t, H-10,
J10.11=6.96 Hz), 2.21, 2.14, 2.13, 2.11, 2.05, 1.99 (21H, s,
CH;(Ac)), 1.87 (2H, m, H-8), 1.57 (2H, m, H-11), 0.65 (2H,
m, H-12); >C NMR (100 MHz, CDCl5) ¢ (ppm); 170.5,
170.4, 170.3, 169.9, 169.71, 169.65, 169.4 (C, C=0(Ac)),
98.8 (CH, C-1'), 97.3 (CH, C-1), 75.0 (CH, C-3), 70.8 (CH,
C-2), 69.8 (CH, C-2'), 69.2 (CH, C-5'), 68.6 (CH, C-5), 68.1
(CH, C-3), 67.4 (CH, C-4"), 66.4 (CH,, C-7), 65.7
(CH, C-4), 62.4, 62.2 (CH,, C-6, 6'), 35.9 (CH,, C-10),
28.9 (CH,, C-8), 28.6 (CH,, C-9), 24.0 (CH,, C-11), 20.8,
20.68, 20.65, 20.58, 20.53, 20.47 (CH;, CH;(Ac)), 11.9
(CH,, C-12).

Dumbbell(1)6-a-1,3-Man(OAc). Yield 613 mg (31% (2
steps)). HRMS (FAB): Caled for CoooH3010108S6S13 [M +
H] " 4706.5693, found 4706.5679. [a]3 = +33.0° (c=1.0
in CHCl;). '"H NMR (400 MHz, CDCls, TMS) 6 (ppm);
5.30, 5.26 (6H, m, H-3, 4), 5.23-5.19 (6H, m, H-2, 3), 5.02
(3H, m, H-2), 4.99 (3H, d, H-1', J;1 »»=1.61 Hz), 4.83 (3H,
H-1), 4.29-4.21 (6H, m, H-6a, 6'a), 4.14 (3H, dd, H-4',
Jy 4 =3.75Hz, Jy 5=10.17 Hz), 4.13-4.03 (9H, m, H-6b,
5',6'b), 3.87 (3H, m, H-5), 3.79 (3H, m, H-7a), 3.54 (3H, m,
H-7b), 2.56 (6H, t, H-9, J3o=6.96 Hz), 2.51 (6H, t, H-10,
J1011=6.96 Hz), 2.21, 2.14, 2.13, 2.11, 2.05, 1.99 (63H, s,
CH;(Ac)), 1.87 (6H, m, H-8), 1.56 (6H, m, H-11), 1.29 (2H,
m, H-14), 0.65-0.60 (8H, m, H-12, 13), 0.54 (2H, m, H-15),
—0.05 (3H, s, CH5(Si-Me)); '3C NMR (100 MHz, CDCl5)
6 (ppm); 170.5, 170.4, 170.3, 169.9, 169.75, 169.70, 169.5
(C, C=0(Ac)), 98.9 (CH, C-1"), 97.3 (CH, C-1), 75.1 (CH,
C-3),70.8 (CH, C-2), 69.8 (CH, C-2'), 69.3 (CH, C-5'), 68.6
(CH, C-5), 68.1 (CH, C-3"), 67.5 (CH, C-4'), 66.5 (CH,, C-
7), 65.8 (CH, C-4), 62.4, 62.2 (CH,, C-6, 6'), 35.9 (CH,, C-
10), 29.0 (CH,, C-8), 28.6 (CH,, C-9), 24.1 (CH,, C-11),
20.8, 20.72, 20.70, 20.62, 20.57, 20.52 (CH;, CHs(Ac)),
20.4 (CH,, C-15), 18.2 (CH,, C-14), 17.0 (CH,, C-13), 12.0
(CH,, C-12), —3.4 (CHs, CH5(Si-Me)).

4.3.7. Deprotection of carbosilane dendrimers with
mannose and mannobiose: Fan(0)3-Man. A solution of
sodium methoxide in methanol (12.7 mg, 235 umol) was
added to a solution of Fan(0)3-Man(OAc) (135.8 mg,
90.8 umol) in methanol (1.5 mL) at room temperature
under an argon atmosphere. The solution was stirred for 1 h,
then the aqueous solution of sodium hydroxide (0.1 M) was
added and was stirred at room temperature over night. After
neutralizing with acetic acid, the solution was evaporated in
vacuo. The residue was subjected to Sephadex G-25 size
exclusion chromatography eluting with 5% (v/v) aqueous
solution of acetic acid. The fractions containing carbosilane
dendrimer were combined and lyophilized to yield Fan(0)3-
Man as a white solid (54.8 mg (61%)): HRMS (ESI): Calcd
for C42H74018$3SiNa [M+Na]+ 10133704, found
1013.3696. [a] =+49.0° (c=1.0 in H,0). 'H NMR
(400 MHz, D,0O) 6 (ppm); 7.52-7.19 (5H, m, Ph), 4.84
(3H, H-1), 3.93 (3H, m, H-2), 3.89-3.64 (15H, m, H-3, 4, 6,
7a), 3.64-3.45 (6H, m, H-5, 7b), 2.55 (6H, m, H-9), 2.48
(6H, m, H-10), 1.84 (6H, m, H-8), 1.56 (6H, m, H-11), 0.89
(6H, m, H-12); *C NMR (100 MHz, D,0) 6 (ppm); 137.3

(C, Ph), 134.8, 129.8, 128.8 (CH, Ph), 100.7 (CH, C-1), 73.5
(CH, C-5), 71.7 (CH, C-4), 71.1 (CH, C-2), 67.2 (CH, C-3),
66.9 (CHa,, C-7), 61.5 (CH,, C-6), 36.2 (CH,, C-10), 30.1
(CH,, C-8), 29.1 (CH,, C-9), 24.6 (CH,, C-11), 12.4 (CH,,
C-12).

Another carbosilane dendrimer with peripheral mannose or
mannobiose acetate was deacetylated by the same method
as Fan(0)3-Man. Carbosilane dendrimers with peripheral
mannose or mannobiose which have no protective group of
saccharide moieties were synthesized.

Ball(0)4-Man. Yield 64.8 mg (82%). HRMS (ESI): Calcd
for CugH9»,0,484SiNa [M+Na]* 1231.4528, found
1231.4581. [aly'=+52.7° (c=1.0 in H,0). '"H NMR
(400 MHz, D,0) 6 (ppm); 4.87 (1H, H-1), 3.95 (1H, m,
H-2), 3.89-3.78 (4H, m, H-3, 6a, 7a), 3.74 (1H, m, H-6b),
3.61 (2H, m, H-5, 7b), 2.65 (4H, m, H-9, 10), 1.93 (2H, m,
H-8), 1.66 (2H, m, H-11), 0.76 (2H, m, H-12); *C NMR
(50 MHz, D,0) 6 (ppm); 100.6 (CH, C-1), 73.4 (CH, C-5),
71.6 (CH, C-4), 71.0 (CH, C-2), 67.2 (CH, C-3), 66.9 (CH.,,
C-7), 61.5 (CH,, C-6), 36.3 (CH,, C-10), 30.1 (CH,, C-8),
29.1 (CH,, C-9), 24.8 (CH,, C-11), 12.5 (CH,, C-12).

Dumbbell(1)6-Man. Yield 33.6 mg (81%). HRMS (FAB):
Calcd for C80H156036568i3Na [M +Na] * 19917906, found
1991.7937. [a]y=+46.3° (¢c=1.0 in H,0). '"H NMR
(400 MHz, D,0) ¢ (ppm); 4.90 (3H, d, J;,=1.0 Hz, H-1),
3.99 (3H, m, H-2), 3.92-3.75 (15H, m, H-3, 4, 6, 7a), 3.68—
3.55 (6H, m, H-5, 7b), 2.66 (6H, m, H-9), 2.62 (6H, m,
H-10), 1.93 (6H, m, H-8), 1.66 (6H, m, H-11), 1.48 (2H, m,
H-14), 0.82-0.65 (10H, m, H-12, 13, 15), 0.06 (3H, s, Si-
CH>); *C NMR (50 MHz, D,0) 6 (ppm); 100.1 (CH, C-1),
72.8 (CH, C-5), 71.2 (CH, C-4), 70.7 (CH, C-2), 66.8 (CH,
C-3), 66.3 (CH,, C-7), 60.9 (CH,, C-6), 35.8 (CH,, C-10),
29.5 (CH,, C-8), 28.6 (CH,, C-9), 24.4 (CH,, C-11), 21.0
(CH,, C-15), 20.3 (CH,, C-14), 19.1 (CH,, C-13), 12.0
(CH,, C-12), —2.7 (CH3, Si—CHj;).

Fan(0)3-a-1,3-Man. Yield 44.6 mg (quant.). HRMS (FAB):
Calcd for CeoH;0403355SiNa [M+Na]™ 1499.5289, found
1499.5278. [a) = +78.7° (¢=0.87 in H,0). 'H NMR
(400 MHz, D,0) ¢ (ppm); 7.52-7.25 (5H, m, Ph), 5.14 (3H,
H-1'), 4.82 (3H, H-1), 4.08 (6H, m, H-2, 2), 3.92-3.50
(36H, m, H-3, 4, 5, 6, 3,4, 5, 6, 7), 2.52 (12H, m, H-9,
10), 1.85 (6H, m, H-8), 1.57 (6H, m, H-11), 0.91 (6H, m,
H-12); >C NMR (50 MHz, D,0) & (ppm); 137.1 (C, Ph),
134.6, 129.8, 128.6 (CH, Ph), 102.9 (CH, C-1'), 100.5 (CH,
C-1),79.3 (CH, C-3), 73.8 (CH, C-5), 73.4 (CH, C-5"), 71.0
(CH, C-3), 70.8 (CH, C-2'), 70.5 (CH, C-2), 67.1 (CH,
C-4'), 66.7 (CH, C-4), 66.1 (CH,, C-7), 61.4 (CH,, C-6'),
61.1 (CH,, C-6), 35.9 (CH,, C-10), 29.8 (CH,, C-8), 28.9
(CH,, C-9), 24.1 (CH,, C-11), 12.1 (CH,, C-12).

Ball(0)4-a-1,3-Man. Yield 75.5 mg (quant.). HRMS (ESI):
Calcd for C7,H13,044S4SiNa [M+Na]t 1879.6641, found
1879.6622. [a]yy= +100.4° (¢c=1.0 in H,0). '"H NMR
(200 MHz, D,0) 6 (ppm); 5.14 (H-1'), 4.92 (1H, H-1), 4.15
(2H, m, H-2, 2'), 4.08-3.60 (12H, m, H-3, 4, 5, 6, 3/, 4, 5/,
6', 7), 2.71 (4H, m, H-9, 10), 2.02 (2H, m, H-8), 1.73 (2H,
m, H-11), 0.82 (2H, m, H-12); '*C NMR (50 MHz, D,0) &
(ppm); 103.0 (CH, C-1"), 100.6 (CH, C-1), 79.4 (CH, C-3),
73.8 (CH, C-5), 73.5 (CH, C-5"), 71.1 (CH, C-3'), 70.9 (CH,



T. Mori et al. / Tetrahedron 61 (2005) 2751-2760 2759

C-2'),70.6 (CH, C-2), 67.3 (CH, C-4), 66.9 (CH, C-4), 66.3
(CH,, C-7), 61.5 (CH,, C-6/), 61.3 (CH,, C-6), 36.2 (CH,,
C-10), 29.8 (CH,, C-8), 29.0 (CH,, C-9), 24.8 (CH,, C-11),
12.4 (CHa, C-12).

Dumbbell(1)6-a-1,3-Man. Yield: 33.8 mg (90%). HRMS
(ESI) Calcd for C116H216066868i3N32/2 [M+2Na]2+/2
1493.5487, found 1493.5482. [a]d = +48.3° (¢=1.0 in
H,0). '"H NMR (400 MHz, D,0) 6 (ppm); 5.15 (3H, H-1),
4.86 (3H, H-1), 4.09 (6H, m, H-2, 2'), 4.00-3.65 (33H, m,
H-3,4,5,6,3,4',5,6/,7a),3.63 (3H, m, H-7b), 2.65 (12H,
m, H-9, 10), 1.94 (6H, m, H-8), 1.65 (6H, m, H-11), 1.46
(2H, m, H-14), 0.75 (8H, m, H-12, 13), 0.69 (2H, m, H-15),
0.05 (3H, s, Si—-CHs); '*C NMR (50 MHz, D,0) & (ppm);
103.1 (CH, C-1), 100.7 (CH, C-1), 79.6 (CH, C-3), 74.0
(CH, C-5), 73.6 (CH, C-5), 71.3 (CH, C-3'), 71.0 (CH,
C-2'),70.7 (CH, C-2), 67.5 (CH, C-4), 67.0 (CH, C-4), 66.4
(CH,, C-7), 61.8 (CH,, C-6'), 61.5 (CH,, C-6), 36.5 (CH.,,
C-10), 30.0 (CH,, C-8), 29.2 (CH,, C-9), 25.0 (CH,, C-11),
21.0 (CH,, C-15), 19.4 (CH,, C-14), 18.1 (CH,, C-13), 12.6
(CH,, C-12), —1.6 (CHs, Si—CH3).

4.4. Calorimetry

Isothermal titration microcalorimetry was performed using
the MicroCal Omega titration microcalorimeter. Details of
instrument design and data analysis are described by
Wiseman et al.*" A solution of concanavalin A (0.21 mM)
in a buffer of 50 mM 3,3-dimethylglutarate, 250 mM NacCl,
and 1 mM each of CaCl, and MnCl, at pH 5.2 were placed
in the sample cell. Carbosilane dendrimer solutions
([mannose]=2.1 mM) in a buffer identical to that used for
protein solutions were added in 10 pL increments during
30 s, with 3 min intervals between injections. Each calori-
metric titration was performed at a sample cell temperature
of 298 K. Protein concentrations were determined spectro-
metrically using an extinction coefficient of e,59=1.24 for a
1 mg/mL of solution.

The heat evolved upon each injection was digitally
recorded, and the data were integrated to generate a titration
curve upon completion of the experiment. The stoichio-
metry of the association, n, binding constant, K, and the
change in enthalpy, AH, were obtained from a nonlinear
least-squares fit using the Origin software program. All data
are presented on a valency-corrected basis.
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Abstract—Sesquiterpenoids (+ )-trans-dracuncuflifoliol (1) and (+ )-4-hydroxyoppositan-7-one (2) were prepared stereoselectively from
enantiomerically pure (7aR)-7a-methyl-1,2,5,6,7,7a-hexahydro-4H-inden-4-one ((—)-6), whose synthesis was described herein. Conjugate
addition of the organocopper (I) reagent 10 to (—)-6, followed by epimerization of the ring junction, generated 3 of the 4 contiguous chiral

centers of both natural products.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The sesquiterpenoid (+)-trans-dracunculifoliol (1) was
isolated from Vassoura oil and was previously synthesized
as a racemate in eighteen linear steps with an overall yield
of 1.8%." A structurally related natural product, (+)-4-
hydroxyoppositan-7-one (2) was isolated from the liver-
worts Chiloscyphus pallescens® and C. rivularis® and has
not yet been synthesized. While the absolute stereo-
chemistry of either 1 or 2 has not been reported, the natural
product chiloscyphone (3), isolated from C. polyanthus, was
elucidated by an X-ray crystallographic study.* One of the
goals of this synthetic study is to determine if the absolute
stereochemistry of 1 and 2 is as shown in Scheme 1.

Natural products 1 and 2 share a common trans-fused
[4.3.0] bicyclo skeleton and it was envisaged that three of
the four contiguous chiral centres could be created by the
conjugate addition of an organocopper (I) reagent to enone
(—)-6, to generate 5 which, after epimerization of the centre
alpha to the carbonyl, gives the common intermediate 4
(Scheme 1). The stereochemical outcome of the key
conjugate addition reaction was predicted to parallel those
obtained in the previously reported 1,4-addition reactions to
bicyclo[4.3.0Jnon-9-en-2-ones.>® Conjugate addition of
organocoper (I) reagents to enones of general structure 6
proceeds stereoselectively, with the group being introduced
trans to the angular methyl group (i.e., 5). In addition, a

Keywords: Natural product synthesis; Sesquiterpenoids.
* Corresponding author. Tel.: +1 514 428 3617; fax: +1 514 428 4900,
e-mail: renata_oballa@merck.com

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.089

~(D

Me
4 5 (-)-6

Scheme 1.

predominant cis-fused ring junction is obtained.® However,
equilibration of structurally related compounds generally
dictates that the cis-fused isomer can be equilibrated with
base to produce a mixture of epimers in which the trans-
fused isomer, the thermodynamically more stable of the two
epimers, predominates.’

2. Results and discussion

2.1. Synthesis of chiral enone (—)-6

Ohkubo et al.® reported an enantioselective synthesis of
(+)-6, but the route is laborious (8 steps from a non-
commercial starting material) with an overall yield of 38%.
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The synthesis of the chiral enone (—)-6 was readily
accomplished via the route outlined in Scheme 2. The
racemic enone 6’ was resolved by condensation with the
anion of (+)-(S)-N,S-dimethyl-S—phenylsulfoximine.10
These conditions delivered a readily separable mixture of
diastereomers 7 (39%) and 8 (50%). Sulfoximine-mediated
resolution of ketones is ideally suited for bicyclic enones
which exhibit diastereoface specificity towards the addition
of the anion of (+)-(5)-N,S-dimethyl-S-phenylsulfoximine.
Lastly, thermolysis of 8 regenerated the sulfoximine and the
optically pure (—)-6. The absolute stereochemistry was
assigned based on the comparison of the sign of rotation to
that of the reported (—i—)—6,8 in which the absolute
stereochemistry is known.

Q..Ph Q...Ph
Q o, % Ho, %
f NMe NMe
a +
Me Me (39%) Me (50%)
rac-6 7 8
o)
% b
eSPh
T e : (80%)

(90% recovery) (_)l\ge

Scheme 2. (a) (5)-(+)-PhS(O)(NMe)CH;, n-BuLi, THF, —78°C;
(b) toluene, 110-120 °C.

2.2. Synthesis of keto-alkene 4

For the synthesis of the key intermediate 4, the stereo-
selective conjugate addition of the organocopper (I) reagent
10 to the bicyclic enone (—)-6 was required (Scheme 3).
Reagent 10 was prepared by sequential treatment of 9'' with
t-BuLi and LiCl/CuCN. The conjugate addition of reagent
10 to the bicyclic enone (—)-6 in the presence of TMSBr
provided, after hydrolysis of the resultant silyl enol ether,
one single diastereomer 5 in 82% yield. It was gratifying to
find that the conjugate addition had proceeded stereo-
selectively, as expected (vide supra). The relative configur-
ation of 5 was confirmed by the following '"H NMR nOe
difference experiments. Irradiation of the signal due to
Me-10 caused an enhancement of the signal for H-1 and vice

%Br
9

la

Cu(CN)Liy

<

0

b
(82%)

(-)-6

Scheme 3. (a) +-BuLi, THF, —78 °C; LiCl/CuCN. (b) TMSBr, THF,
—178 °C; H,0, NH,OH-NH,CI. (c) NaOMe, MeOH, 55 °C.

versa (Scheme 3) and this confirmed the cis-fused nature of
the ring junction. Irradiation of the signal due to H-9 caused
an enhancement of the signal for H-1, thereby verifying that
reagent 10 had introduced the vinyl group trans to the
angular methyl group (Me-10), as predicted.

A trans-fused ring junction was required for the synthesis of
natural products 1 and 2. According to previous studies>°
and results reported by Dana and co-workers,” epimeriza-
tion of § should lead to a mixture of compounds in which the
trans-fused epimer 4 is thermodynamically favored. In fact,
treatment of 5 with NaOMe in MeOH at 55 °C resulted in a
33:1 mixture of epimers 4 and 5 (Scheme 3). These two
epimers were readily separated by flash chromatography on
silica gel, and the desired synthetic intermediate 4 was
obtained in 93% yield.

2.3. Synthesis of (+ )-trans-dracunculifoliol (1)

Elaboration of intermediate 4 to (+ )-trans-dracunculifoliol
(1) involved ozonolysis of the exocyclic alkene to afford,
after treatment with triphenylphosphine, the diketone 11
(Scheme 4). A regioselective Wittig reaction was then
attempted and complete selectivity was obtained to generate
the desired keto alkene 12 in 58% yield. This regioselective
Wittig reaction on the sterically less hindered ketone
eliminated the need for a protection/deprotection strategy.
Interestingly, even when 1.5 equiv of ylide were used, no
bis-olefinated product was detected. Reduction of 12 with
Super Hydride® afforded a mixture of 1 and epi-1 in a 3:1
ratio.' The '"H NMR and '>C NMR data derived from the
synthetic 1 are identical with those of the natural product 1."
The absolute configuration of the natural product was
confirmed by the fact that the sign of the specific optical
rotation of the synthetic material ([a]20D= +54.4 (¢ 0.8,
CHCly)) is the same as that reported for the natural product
([e]*°p= +19 (c 0.4, CHCI3), 85% pure by GC). Thus, the
synthesis of 1 was accomplished in a concise (5 steps) and
enantioselective manner. The overall yield of 1 from (—)-6
was 24%.

Me (22%) Ve (64%)

epi-1 1
Scheme 4. (a) O;, CH,Cl,, —78 °C; PPhs, rt; (b) PhsPCH;Br, n-BuLi,
THF, 0 °C; (c) LiEt;BH, THF, —78 °C to rt.

2.4. Synthesis of (+)-4-hydroxyoppositan-7-one (2)

Elaboration to (+)-4-hydroxyoppositan-7-one (2) required
the formation of a quaternary center at C-2. The first attempt
involved the addition of a methyl group to the ketone of the
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wrong
stereochemist -
HO’, (—\ H1
aorb g OMe [ §7—
B HO
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Me fo Me™ oe's
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stereochemlstr/i o o 7
\ o
c V
12 —— 10 e
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( O) Me (—4 Me ‘J
15 .
nOe's

Scheme 5. (a) MeMgBr, TMSBr, Et,0, —78 to 0 °C; (b) MAD, MeLi,
PhMe, —78 to —25 °C; (c) m-CPBA, CH,Cl,, 0 °C.

model compound 13 (Scheme 5). Reaction of 13 with
MeMgBr provided the tertiary alcohol 14 in 55% yield with
exclusively one stereoisomer at C-2. The following 'H
NMR nOe difference experiments confirmed that the methyl
group added from the less sterically hindered face of the
molecule to provide the undesired stereochemistry at C-2
(axial OH). Irradiation of the signal due to Me-11 caused an
enhancement of the signal for the tertiary alcohol proton
(Scheme 5) and irradiation of the signal due to the newly
introduced Me-10 caused an enhancement of the signal for
H-1, thereby verifying that the Grignard reagent had
delivered the methyl group trans to the axial angular methyl
group (Me-11). Even treatment with MAD (methyl
aluminum-bis-(2,6-di-tert-butyl-4-methylphenoxide)), a
Lewis acid known to complex with the less hindered face
of carbonyls, gave exclusively 14 upon addition of MeL.i.

Knowing that the face opposite to the angular axial methyl
group is more accessible, we decided to add the equatorial
alcohol functionality of 2 to the alkene of 12 from the less
hindered face. This transformation firstly required the
epoxidation of 12 with m-CPBA which did, indeed, provide
the desired epoxide 15 in which the stereochemistry was
confirmed by the following 'H NMR nOe difference
experiments (Scheme 5). Irradiation of the signal due to
Me-11 caused an enhancement of the signals for H-9 and the
epoxide protons on C-10 and vice versa.

The reductive opening of the epoxide 15 was accomplished
with LiEt;BH to generate the desired tertiary alcohol with
concomitant reduction of the ketone to provide the diol 16 in
91% yield (Scheme 6). The secondary alcohol of 16 was
oxidized to the ketone with TPAP, thereby completing the
first total synthesis of (+)-4-hydroxyoppositan-7-one (2) in
7 steps and 25% overall yield from (—)-6. The "H NMR and
3C NMR data derived from the synthetic 2 are identical
with those of natural 2.% The absolute configuration of the

(91%)

16

Scheme 6. (a) LiEt;BH, THF, rt; (b) TPAP, NMO, 4A mol. sieves,
CH,Cl,, rt.

natural product was confirmed by the fact that the sign of the
specific optical rotation of the synthetic material
([a]*’p=+73.6 (c 0.65, CHCl3)) is the same as that
reported for the natural product ([a]20D= +76.1 (c 0.28,
CHCL)?).

3. Conclusion

The work described in this paper culminated in the first total
synthesis of (+)-4-hydroxyoppositan-7-one (2) and the first
enantiopure synthesis of (+)-frans-dracunculifoliol (1).
These syntheses started with the enantiomerically pure
bicyclic enone (—)-6, whose efficient synthesis is described
herein. The key step used to generate the advanced common
intermediate 4 involved a stereoselective conjugate addition
of the organocopper (I) reagent 10 to enone (—)-6, followed
by equilibration of the ring junction to the thermodynami-
cally more stable trans-fused isomer 4. This sequence
efficiently generated 3 of the 4 contiguous chiral centers
required in the natural products. Intermediate 4 was
elaborated in a straightforward manner to the keto alkene
12 which was then used to complete the syntheses of both
natural products 1 and 2. The absolute stereochemistries of 1
and 2 were also confirmed by these syntheses.

4. Experimental
4.1. General

All substrates and reagents were obtained commercially and
used without further purification unless otherwise noted. All
glassware was dried in an oven overnight and flame dried
under dry nitrogen. Reactions were carried out with
continuous stirring under a positive pressure of nitrogen
except where noted. Flash chromatography was carried out
with silica gel 60, 230-400 mesh. Anhydrous solvents were
purchased from Aldrich and used without further purifi-
cation. TSMBr was distilled from CaH, immediately before
use and LiCl was flame dried under vacuum. Proton (‘H
NMR) and carbon ('*C NMR) magnetic resonance spectra
were recorded on a Bruker AMX spectrometer at 300 and
75.3 MHz, respectively, unless otherwise noted. All spectra
were recorded in CDClj using residual solvent (CHCI5) as
internal standard. Signal multiplicity was designated
according to the following abbreviations: s=singlet, d=
doublet, dd =doublet of doublets, ddd =doublet of doublet
of doublets, t=triplet, q=quartet, dt=doublet of triplets,
dq=doublet of quartets, m =multiplet, br s=broad singlet,
br d=broad doublet. Elemental analyses were provided by
Oneida Research Services Inc., Whitesboro, NY. High
resolution mass spectra (HRMS-FAB ™) were obtained at
the Biomedical Mass Spectrometry Unit, McGill
University, Montreal, Quebec, Canada. Rotations were
measured on a Perkin Elmer polarimeter (model #241).

4.1.1. (4S,7aR)-7a-Methyl-4-[(N-methyl-S-phenylsul-
fonimidoyl)methyl]-2,4,5,6,7,7a-hexahydro-1H-inden-4-
ol (8). To a cold (—30°C) solution of (+)-(S)-N,S-
dimethyl-S-phenylsulfoximine (13.6 mL, 15.8 g,
93.3 mmol, 2equiv) in dry THF (230 mL) was slowly
added n-butyllithium (37.3 mL, 2.5M in hexanes,
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93.3 mmol, 2 equiv). The reaction was then warmed to
room temperature and stirred for 15 min. Once formation of
the sulfoximine ylide was complete, the mixture was cooled
to —78 °C and a solution of 6-methylbicyclo[4.3.0]non-9-
en-2-one (rac-6)° (7.0 g, 47 mmol, 1 equiv) in THF (50 mL)
was added via cannula, rinsing with THF (2X5 mL). The
reaction was allowed to stir at —78 °C for 1 h, then poured
into a 1:2 mixture of aqueous saturated ammonium chloride
and diethyl ether (200 mL). The aqueous phase was
extracted with diethyl ether (4 X200 mL) and the combined
organic extracts were washed with brine (150 mL) and dried
over sodium sulfate. Gradient flash chromatography of the
crude residue (90/10—80/20 hexane/ethyl acetate)
afforded, in order of elution, diastereomers 8 (7.1 g, 47 or
50% yield based on recovered starting material) and 7
(5.4g, 36 or 39% yield based on recovered starting
material).

Compound 8. [a]*°p = +21.5 (¢ 1.185, CHCl;); '"H NMR: ¢
7.87 (2H, d), 7.58 (3H, m), 5.83 (1H, brs), 3.38 (2H, q), 2.65
(3H, s), 2.19 (2H, m), 1.20-1.75 (9H, m), 0.80 (3H, s); 1°C
NMR: 6 150.9, 138.2, 133.0, 129.3, 129.2, 128.8, 125.7,
72.8, 622, 46.2, 43.9, 40.7, 39.5, 31.4, 28.6, 24.4, 22.4,
20.7, HRMS (FAB+) m/z Caled for C;gH,5NO,S
320.1606, found: 320.1685. Anal. Calcd for C;gH,5NO,S:
C, 67.67; H,7.89; N, 4.38, found: C, 67.64; H, 7.51; N, 4.33.

4.1.2. (4R,7aS)-7a-Methyl-4-[(N-methyl-S-phenylsul-
fonimidoyl)methyl]-2,4,5,6,7,7a-hexahydro-1H-inden-4-
ol (7). [a]*°p=+36.3 (¢ 1.075, CHCl;); '"H NMR: ¢ 7.81
(2H, d), 7.62 (3H, m), 5.87 (1H, br s), 3.35 (2H, br s), 2.61
(3H, s), 2.20-2.45 (2H, m), 1.20-1.85 (9H, m), 0.98 (3H, s).
13C NMR: 6 149.4, 138.9, 132.9, 129.3, 128.9, 128.8, 126.4,
72.1, 62.7, 60.2, 46.4, 43.6, 41.5, 40.9, 28.8, 28.7, 24.1,
20.0, HRMS (FAB+) m/z Caled for C;gH,5NO,S
320.1606, found: 320.1685. Anal. Calcd for C;gH,5NO,S:
C,67.67; H,7.89; N, 4.38, found: C, 67.10; H, 7.70; N, 4.32.

4.1.3. (7aR)-7a-Methyl-1,2,5,6,7,7a-hexahydro-4H-
inden-4-one ((—)-6). A solution of 8 (10.1 g, 31.6 mmol,
1 equiv) in toluene (200 mL) was refluxed overnight (oil
bath temperature 110-120 °C). Since it was difficult to
remove the toluene by rotary evaporation without also
evaporating the product (—)-6, the reaction mixture was
loaded directly onto a silica gel column and flushed with
hexane to elute the toluene. This was followed by gradient
elution (100/0 —90/10 hexane/diethyl ether) to afford
(—)-6 (3.7¢g, 79% yield). [a]*’p=—114.5 (¢ 1.135,
CHCl;). '"H NMR identical to that reported for rac-6. In
order to recover the (+)-(S5)-N,S-dimethyl-S-phenylsul-
foximine, the column was eluted with ethyl acetate/acetone
(50/50) to afford the sulfoximine (3.6 g, 90% recovery) in an
unchanged state of optical purity.

4.1.4. (3S,3aS,7aR)-3-(1-Isopropylvinyl)-7a-methylocta-
hydro-4H-inden-4-one (5). To a cold (—78 °C), yellow
solution of r-butyllithium (1.7 M in pentane, 31 mL,
53 mmol, 6 equiv) in THF (200 mL) was slowly added
2-bromo-3-methylbut-1-ene (9)11 (4.0 g, 27 mmol, 3 equiv)
in THF (50 mL) over 30 min. To the resultant clear, cold
(—78 °C) solution was added, via cannula, a solution of
LiClI (2.3 g, 53 mmol, 6 equiv) and CuCN (2.6 g, 29 mmol,
3.2 equiv) in THF (80 mL) followed by TMSBr (4.5 mL,

34 mmol, 3.9 equiv). This was immediately followed by the
addition of a solution of (—)-6 (1.3 g, 8.8 mmol, 1 equiv) in
THF (10 mL), via cannula. The orange solution was stirred
at —78 °C for 4 h followed by quenching with aqueous HCI
(1%, 200 mL). After warming to room temperature, the
mixture was poured into diethyl ether (400 mL) and sat. aq.
NH,CI/NH,OH (pH 8, 400 mL) and stirred vigorously
overnight. The deep blue aqueous phase was extracted with
diethyl ether (4X150 mL) and the combined organic
extracts were washed with water (2 X150 mL) and brine
(200 mL), then dried over MgSQO,4. Upon concentration, the
residual oil was subjected to flash column chromatography
(95/5 hexane/ethyl acetate) to yield 5 (1.4 g, 70% yield or
82% based on recovered starting material) followed by
recovered starting material (—)-6 (190 mg). '"H NMR: 6
491 (1H, s), 4.84 (1H, s), 3.07 (1H, dt, J=10.9, 7.3 Hz),
2.59 (1H, d, J=10.6 Hz), 2.11-2.28 (3H, m), 1.97-2.08
(1H, m), 1.85-1.93 (1H, m), 1.65-1.84 (4H, m), 1.45-1.54
(2H, m, 5d), 1.12 (3H, s), 0.98 (6H, dd, J=12.4, 6.8 Hz);
3C NMR (100.4 MHz): 6 213.9, 156.9, 106.0, 62.7, 47.2,
46.2,41.2, 39.4, 34.8, 33.6, 29.4, 29.0, 23.0, 21.4, 20.8.

4.1.5. (35,3aR,7aR)-3-(1-Isopropylvinyl)-7a-methylocta-
hydro-4H-inden-4-one (4). A solution of 5 (0.8 g,
3.5 mmol, 1 equiv) and NaOMe (6 mL, 0.5 M in MeOH,
3 mmol, 0.9 equiv) was stirred for 1 week at 55 °C. The
reaction was quenched with 30 mL of water, and the
residual methanol was removed by rotary evaporation.
Diethyl ether (60 mL) and sat. ag. NaHCO3 (60 mL) were
added and the aqueous phase was extracted with diethyl
ether (4X60 mL). The combined organic extracts were
washed with sat. ag. NaHCOj3 (125 mL), brine (125 mL)
and dried over MgSO,4. The 'H NMR ratio of the crude
material indicated a 33:1 ratio of epimers 4 and 5. The
mixture was subjected to flash column chromatography
(gradiant elution of 95/5—90/10 hexane/ethyl acetate) to
yield 4 (0.72 g, 93% yield). [a]*’pb=+53.4 (c 0.825,
CHCl5); '"H NMR: 6 4.70 (1H, s), 4.58 (1H, s), 2.83 (1H, dt,
J=10.9, 6.6 Hz), 2.56 (1H, d, /J=11.1 Hz), 2.21-2.32 (3H,
m), 1.75-2.13 (4H, m), 1.51-1.69 (3H, m), 1.36-1.47 (1H,
m), 1.03 (6H, dd, J=6.8, 5.5 Hz), 0.74 (3H, s); '>*C NMR: 6
210.5, 160.0, 104.1, 64.8, 49.1, 41.4, 39.9, 39.2, 38.5, 33.5,
29.6, 24.2, 22.4, 18.5; HRMS (FAB+) m/z Calcd for
Ci5sH,4,O 221.1827, found: 221.1904. Anal. Calcd for
C;5H»40: C, 81.76; H, 10.98; found: C, 81.04; H, 10.40.

4.1.6. (3S,3aR,7aR)-3-Isobutyryl-7a-methyloctahydro-
4H-inden-4-one (11). A solution of 4 (0.7 g, 3.3 mmol,
1 equiv) in CH,Cl, (73 mL) was cooled to —78 °C. O3 was
bubbled through the solution until it turned pale blue in
colour (5-10 min). N, was then bubbled through the
solution to remove the excess Os, rendering the reaction
mixture colourless. Triphenylphosphine (1.8 g, 6.8 mmol,
2.1 equiv) was added and the mixture was allowed to warm
to room temperature. The reaction was stirred for 3 h,
followed by removal of the solvent by rotary evaporation.
The crude mixture was flash chromatographed (gradient
elution of 95/5—90/10 hexane/ethyl acetate) to afford
the diketone 11 (0.6 g, 84% yield), a colourless oil.
[a]*’p=+58.8 (¢ 0.585, CHCl3); '"H NMR: 6 3.35 (1H,
dt, /=10.5, 5.7 Hz), 2.83 (1H, d, /=10.7 Hz), 2.76 (1H,
septet, J=6.9 Hz), 2.24 (2H, m), 1.80-2.06 (4H, m), 1.52—
1.71 (4H, m), 1.09 (6H, t, J=7.2 Hz), 0.73 (3H, s); "*C
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NMR: 6 209.5, 216.8, 62.6, 48.7, 44.0, 41.0, 40.5, 39.8,
37.6, 26.1, 23.7, 18.4, 17.9, 17.8; HRMS (FAB+) mi/z
Calcd for C14H»,0 223.1620, found: 223.1697. Anal. Calcd
for C,4H,,0: C, 75.63; H, 9.97; found: C, 75.03; H, 9.30.

4.1.7. 2-Methyl-1-[(15,3aR,7aS)-3a-methyl-7-methylene-
octahydro-1H-inden-1-yl]propan-1-one (12). To a cold
(0 °C), stirred solution of bromomethyltriphenylphosphine
(0.36 g, 1.0 mmol, 1 equiv) in THF (5.7 mL) was added
dropwise n-BuLi (2.5M in hexanes, 0.4 mL, 1.0 mmol,
1 equiv). The resultant bright yellow solution was stirred at
0 °C for 45 min, followed by the addition of a solution of
diketone 11 (0.23 g, 1.0 mmol, 1 equiv) in THF (6 mL). The
reaction mixture was allowed to warm slowly to room
temperature for 1 h. At this time another 0.25 equiv of ylide
was prepared using the above procedure. Since all the
starting material had not been consumed after 1h, the
0.25 equiv of prepared ylide was added to the reaction
mixture. After an additional h, the reaction was quenched
with sat. aq. NH4Cl (25 mL). The aqueous phase was
extracted with diethyl ether (4 X40 mL) and the combined
organic extracts were washed with brine (3X40 mL) and
then dried over MgSO,. After removal of the solvent by
rotary evaporation, the crude mixture was flash chromato-
graphed (gradient elution of 95/5—90/10 hexane/diethyl
ether) to afford product 12 (0.13 g, 58% yield). [a]*’p=
+100.7 (¢ 3.1, CHCls); "H NMR: 6 4.68 (1H, s), 4.31 (1H,
s), 3.08 (1H, dt, J=11.2, 6.3 Hz), 2.71 (1H, septet, J=
6.9 Hz), 2.35 (1H, d, J=11.3 Hz), 2.22 (1H, ddd, J=13.5,
2.9, 1.5 Hz), 1.89-2.10 (2H, m), 1.30-1.78 (7H, m), 1.07
(6H, dd, J=6.9, 3.0 Hz), 0.65 (3H, s); >C NMR: 6 217.2,
147.8, 104.8, 55.5, 47.5, 44.1, 40.4, 39.4, 38.8, 35.3, 26.5,
23.3, 18.3, 18.3, 17.9; HRMS (FAB+) m/z Calcd for
C,5H,,0 221.1827, found: 221.1904. Anal. Calcd for
C,5sH,40: C, 81.76; H, 10.98; found: C, 81.30; H, 10.85.

4.1.8. 2-Methyl-1-[(15,3aR,7aS)-3a-methyl-7-methylene-
octahydro-1H-inden-1-yl]propan-1-ol (1). To a cold
(—78°C), stirred solution of 12 (26 mg, 0.12 mmol,
1 equiv) in THF (1.5mL) was added Super Hydride®
(1 M in THF, 0.3 mL, 2.5 equiv). The mixture was allowed
to warm to 0°C and stirred for 1.5 h followed by the
addition of another aliquot of Super Hydride® (1 M in THF,
0.3 mL, 2.5 equiv). The mixture was warmed to rt and
stirred for 1.5 h. Water was added and the product was
extracted with diethyl ether (2 X20 mL), washed with brine
(1X10 mL) and dried over MgSO,. After removal of the
solvent by rotary evaporation, the crude mixture was
purified by flash chromatography (90/10 hexane/diethyl
ether) to afford the desired natural product 1 (16.8 mg, 64%
yield) followed by the corresponding diastereomer at C-12,
epi-1 (5.7 mg, 22% yield).

Compound 1. [a]*’p=+54.4 (¢ 0.80, CHCl5); natural 1:
[a]*’°5= +19 (¢ 0.4, CHCl;) 85% pure by GC.' "H NMR
(500 MHz): 6 4.86 (1H, d, J=1.3 Hz), 471 (1H, d, J=
1.4 Hz), 3.22 (1H, dd, J=9.9, 2.4 Hz), 2.27 (1H, dd, J=
13.0, 4.9 Hz), 2.21 (1H, dq, J=10.3, 5.0 Hz), 1.96 (1H, dt,
J=13.0,5.6 Hz), 1.5-1.86 (8H, m), 1.22-1.35 (3H, m), 0.97
(3H, d, J=6.9 Hz), 0.88 (3H, d, J=6.8 Hz), 0.64 (3H, s);
13C NMR: 6 151.2, 105.7, 82.9, 58.6, 45.4, 39.4, 39.19,
39.16, 36.6, 31.2, 25.6, 24.0, 20.4, 18.0, 14.6; HRMS
(FAB+) m/z Calcd for C;5H,cO 223.1984, found:

223.2063. Anal. Calcd for C;5H,60: C, 81.02; H, 11.79;
found: C, 81.94; H, 12.20.

Compound epi-1. [a]*°p= +49.4 (¢ 0.32, CHCl3); '"H NMR
(400 MHz): 6 4.76 (1H, d, J=1.5Hz), 439 (1H, d, J=
1.6 Hz), 3.36 (1H, d, J=7.9 Hz), 2.24 (2H, dq, J=9.4,
1.7 Hz), 1.97 (1H, d, J=11.7 Hz), 1.91 (1H, dt, J=13.1,
6.0 Hz),1.48-1.69 (7H, m), 1.21-1.35 (3H, m), 0.97 (3H, d,
J=6.6Hz), 0.90 (3H, d, J=6.7 Hz), 0.64 (3H, s); °C
NMR: 6 148.5, 104.3, 54.1, 44.1, 39.5, 39.2, 38.5, 36.2,
33.3, 23.9, 19.9, 19.5, 19.2, 17.8; HRMS (FAB+) m/z
Calcd for C5H»60 223.1984, found: 223.2024. Anal. Calcd
for C;sH,60: C, 81.02; H, 11.79; found: C, 81.01; H, 12.16.

4.1.9. (3S,3aR,7aR)-3-Isopropenyl-7a-methyloctahydro-
4H-inden-4-one (13). Synthesized as reported by Piers and
Boulet."?

4.1.10. (3S5,3aR,4S,7aR)-3-Isopropenyl-4,7a-dimethyl-
octahydro-1H-inden-4-o0l (14). To a cold (—78 °C), stirred
solution of MeMgBr (1.4 M in 3:1 toluene:THF, 1.1 mL,
1.5 mmol, 9 equiv) in diethyl ether (2 mL) was added, via
cannula, a solution of 13 (32.3 mg, 0.17 mmol) and TMSBr
(100 pl, 0.76 mmol, 4.5 equiv) in diethyl ether (1 mL). The
mixture was stirred at —78 °C for 30 min, —43 °C for 3 h
then 0 °C for 2 h. The reaction was quenched with water
(1 mL) and treated with aqueous HCI1 (10%, 0.5 mL) for 1 h
at room temperature. Water (10 mL) was added and the
product was extracted with diethyl ether (3 X5 mL). The
combined organic extracts were washed with brine (10 mL)
and dried over MgSOy. After rotary evaporation of solvents,
the product was flash chromatographed over silica (95/5
hexane/ethyl acetate) to yield 14 (19.5 mg, 55% yield). 'H
NMR (500 MHz): 6 4.82 (1H, s), 4.63 (1H, s), 2.80 (1H, dt,
J=11.4,5.5Hz), 1.89-1.98 (1H, m), 1.78 (1H, tq, J=13.7,
3.9 Hz), 1.69 (4H, br s), 1.59 (1H, br d, J=14.1 Hz), 1.45
(1H, brd, J=13.9 Hz), 1.34-1.40 (2H, m), 1.29 (1H, td, J=
13.8,4.8 Hz), 1.26 (1H, d, J=11.9 Hz), 1.17 (3H, s), 1.08-
1.20 (2H, m), 1.05 (1H, s), 1.02 (3H, s). *C NMR
(100.4 MHz): 6 149.9, 110.8, 72.6, 55.3, 44.1, 42.1, 41.4,
41.2,39.3, 29.6, 28.0, 19.9, 19.0, 17.7.

4.1.11. 2-Methyl-1-[(3S,3aR,4R,7aR)-Ta-methylocta-
hydrospiro[indene-4,2’-oxiran]-3-yl]propan-1-one (15).
To a cold (0°C), stirred solution of 12 (23 mg,
0.11 mmol, 1 equiv) in CH,Cl, (2 mL) was added m-chloro-
perbenzoic acid (m-CPBA, 70% pure, 31 mg, 0.13 mmol,
1.2 equiv) and the reaction was allowed to stir at 0 °C for
30 min. The reaction was then warmed to room temperature
and an additional aliquot of m-CPBA (44 mg, 1.7 equiv)
was added and the mixture was stirred for 45 min. Excess
m-CPBA was destroyed by the addition of sat. aq. Na,S,03
(1 mL). The aqueous layer was extracted with diethyl ether
(2X25 mL) and the combined organic extracts were washed
with sat. ag. NaHCO3; (2X25 mL) and then dried over
MgSO,. After removal of solvents by rotary evaporation,
the residue was flash chromatographed on silica gel (95/5
hexane/ethgll acetate) to yield epoxide 15 (18.5 mg, 75%
yield). [a]*p= +63.2 (¢ 0.85, CHCl;); "H NMR: 6 2.80
(1H, brs), 2.66 (1H, dt, /=11.1,5.6 Hz), 2.56 (2H, m), 2.26
(1H,d,J=11.4 Hz), 1.94 (1H, m), 1.47-1.83 (7H, m), 1.22—
1.32 (2H, m), 1.02 (6H, t, J=7.4 Hz), 0.82 (3H, s); °C
NMR: 6 217.1,59.2, 54.5,49.8, 45.5,45.4, 41.2,40.1, 37.9,
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34.4, 272, 222, 18.4, 18.0, 17.5; HRMS (FAB+) m/z
Caled for C,sH,,0, 237.1776, found: 237.1854.

4.1.12. (35,3aR,4R,7aR)-3-(1-Hydroxy-2-methylpropyl)-
4,7a-dimethyloctahydro-1H-inden-4-0l (16). To a stirred
solution of 15 (16 mg, 0.07 mmol, 1 equiv) in THF (1.5 mL)
was added Super Hydride® (1 M in THF, 0.3 mL, 4 equiv)
and the mixture was stirred at rt for 40 min. An additional
aliquot of Super Hydride® (1 M in THF, 0.3 mL, 4 equiv)
was added and the reaction mixture was stirred for 2 h at rt.
The reaction was then cooled to 0 °C and quenched with
10% HCI (~5 mL). The solution was neutralized with sat.
aq. NaHCO;. The mixture was extracted with ethyl acetate
(3X25 mL) and the combined organic extracts were washed
with brine (1X25 mL) and dried over MgSO,. After rotary
evaporation of solvents, the residue was flash chromato-
graphed on silica gel (gradient elution of 90/10— 80/20
hexane/ethyl acetate) to afford the diol 16 (14.7 mg, 91%
yield) as a white powder. "H NMR: 6 3.84 (2H, br s), 3.30
(1H, dd, J=9.5, 1.7 Hz), 2.04 (1H, m), 1.68-1.91 (3H, m),
1.27-1.62 (8H, m), 1.23 (3H, s), 1.01-1.22 (1H, m), 0.99
(3H, d, /=6.9 Hz), 0.86 (3H, d, /=7.0 Hz), 0.85 (3H, s).

4.1.13. 1-[(1S,3aR,7R,7aR)-7-Hydroxy-3a,7-dimethyl-
octahydro-1H-inden-1-yl]-2-methylpropan-1-one (2).
To a stirred mixture of the diol 16 (12.5 mg, 0.05 mmol,
1.0 equiv), 4-methylmorpholine-N-oxide, NMO (9 mg,
0.08 mmol, 1.5 equiv) and powdered 4 A molecular sieves
(20mg) in CH,Cl, (1.5 mL) was added tetrapropyl-
ammoniumperruthenate, TPAP (4.6 mg, 0.01 mmol,
0.25 equiv). The reaction was allowed to stir at rt for 3 h.
The reaction mixture was then filtered through a short
column of silica. After rotary evaporation of the solvents,
the residue was flash chromatographed on silica gel (80/20
hexane/ethyl acetate) to yield the desired natural product 2
(12.1 mg, 97% yield). [a]*’p=+73.6 (¢ 0.65, CHCI5);
natural 2: [a]*°p=+76.1 (¢ 0.28, CHCl;)* and +84 (c
0.31, CHCL;)’; '"H NMR: 6 3.07 (1H, dt, J=11.4, 5.8 Hz),
2.75 (1H, septet, J=6.9 Hz), 2.00 (1H, m), 1.86 (1H, d, J=
11.7 Hz), 1.79 (2H, br d), 1.63 (2H, dd, J=12.6, 2.5 Hz),

1.31-1.58 (4H, m), 1.13-1.26 (2H, m), 1.09 (9H, s and d),
0.86 (3H, s); °C NMR: 6 220.5, 72.4, 60.6, 46.1, 43.7, 43.6,
42.1, 41.7, 38.5, 27.0, 21.6, 21.3, 20.1, 18.3, 18.1; HRMS
(FAB M+H+Na) m/z Caled for C;sHs0, 261.1833,
found: 261.1830. Anal. Calcd for C;sH,¢0,: C, 75.58; H,
10.99; found: C, 74.93; H, 10.75.
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Abstract—o-Halogenophenyl- and o-halogenobenzyl-4-alkenyl-B-lactams can be prepared both in the racemic form and in optically pure
form using the ketene—imine cyclization. These 2-azetidinone-tethered haloarenes were used for the regio- and stereoselective preparation of
benzofused tricyclic B-lactams including benzocarbapenems and benzocarbacephems via intramolecular aryl radical cyclisation.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of penicillin, 2-azetidinone-based
heterocycles have been one of the main classes of drugs
used for the treatment of bacterial infections.' The extensive
use of common B-lactam antibiotics such as penicillins and
cephalosporins in medicine has resulted in an increasing
number of resistant strains of bacteria through mutation and
B-lactamase gene transfer.” In order to oppose the
destructive action of B-lactamases, one strategy consists of
modifying the structure of the B-lactam antibiotic, aiming to
render it insensitive to the P-lactamase attack. A second
approach uses a reagent, typically a B-lactam derivative,
which incapacitates the -lactamase, in synergy with the
B-lactam antibiotic. Among others, benzocarbapenems and
benzocarbacephems have been designed as suicide inacti-
vators of B-lactamases. The preparation of benzocarbace-
phems has received more attention,” while the synthesis of
benzocarbapenems is a less explored area. The first
synthesis of these benzofused B-lactams was reported by
Wakselman by using a copper-promoted intramolecular aryl
substitution of 4-(o-bromophenyl)methyl-2-azetidinones.*
A more recent contribution by Gilchrist described the
preparation of benzocarbapenems by reduction and cycliza-
tion of 2-substituted indoles.’ Both syntheses are racemic.

In connection with our current research interest in the
preparation and synthetic utility of B-lactams,® here we
examine the feasibility and efficiency of an approach

Keywords: Lactams; Nitrogen heterocycles; Radical reactions; Polycycles;

Cycloaddition.
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(racemic and asymmetric) to benzofused tricyclic B-lactams
including benzocarbapenems as well as benzocarbace-
phems, through intramolecular ar;fl radical cyclization of
2-azetidinone-tethered haloarenes.

2. Results and discussion

Starting cyclisation substrates, alkenyl- and alkynyl-f-
lactam-tethered haloarenes 1-8 (Scheme 1), were prepared
both in the racemic form and in optically pure form using
the ketene—imine cycloaddition as the key step.® 2-
Azetidinones 1-4 were obtained from the corresponding
imine’ through Staudinger reaction with the appropriate
acid chloride in the presence of Et;N (Scheme 1, Table 1).
Racemic compounds 1 bearing a N-(o-halophenyl) moiety
were obtained as cis/trans mixtures with low cis-selectivity,'”
the cis-isomers being easily separated by fractional
recrystallization of the mixtures. In contrast, racemic
compounds 2 were obtained as single cis-diastereomers.
Enantiomerically pure B-lactams (+)-3a, (+)-3b and (+)-4
were prepared by reaction of the corresponding imines with
the ketene derived from the Evans and Sjogren chiral
oxazolidinone."! B-Lactams 3 and 4 were obtained exclu-
sively as their cis-diastereoisomers with good to excellent
stereoselectivity.'?

Enantiopure B-lactam (+)-9 was obtained as a single cis-
enantiomer from the o-bromobenzyl imine of (R)-2,3-O-
isopropylideneglyceraldehyde, through Staudinger reaction
with phenoxyacetyl chloride in the presence of Et;N.
Sequential acidic acetonide hydrolysis and oxidative
cleavage of the resulting diol, followed by Wittig olefination
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R3 Scheme 2. Reagents and conditions: (a) PhOCH,COCI, Et3N, dichloro-
PhO M — Br H ,R3 methane, rt, 12 h; (b) PTSA, THF/H,O, reflux, 3 h; (c) NalO4, NaHCO;,
o= =/ X dichloromethane, rt, 2 h; (d) for 5a: PhsP=CHCO,Me, THF, reflux, 3 h.
N j;( For 5b: Phy(E)PI, LiBu, THF, tt, 16 h.
o N
B o PMP
(+)-5aR® = CO,Me (#)-6a R® = Ph, X = CH
(+)-5b R® = Me (£)-6b R® = CO,Me, X = CH
(#)-6c R®=Bn, X = N /T
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0 ‘ of B =
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(¥)-6a (71%)
- Br ; Br  CO,Me
Scheme 1. Starting B-lactam-tethered haloarenes 1-8. o H_—/ 2
O;\OH

of the corresponding 4-oxoazetidine-2-carbaldehyde

afforded the enantiopure alkenes (+)-5a and (+)-5b

(Scheme 2). The preparation of cyclization precursors 6a—

¢ bearing the haloaryl moiety at C3 is shown in Scheme 3. ‘ ab
Styryl-2-azetidinone 6a was obtained with total cis-
selectivity via direct Staudinger reaction of the E-cinnam- —\ P
aldehyde/p-anisidine derived imine and the ketene obtained NJ
from o-bromophenoxy acetic acid. Racemic B-lactam PMP’ (#)-10 (80%) @\
aldehyde 10 was obtained as a single cis-diastereoisomer,

following our one-pot method from N,N-di-(p-methoxy-
phenyl)glyoxal diimine.'> Alkene 6b was achieved through
Wittig olefination of aldehyde 10, while imine 6¢ was o PMP
prepared by condensation with benzylamine in the presence (¥)-6¢ (100%)
of magnesium sulphate.

(e}

PMP
(£)-6b (87%)

x@

MIW

Z

Scheme 3. Reagents and conditions: (a) PhOP(O)Cl,, Et3N, dichloro-
methane, 1t, 16 h; (b) 5% aqueous HCI; (c) PhsP=CHCO,Me, THF, reflux,

Alkynyl-2-azetidinones 7 and (+)-8 were obtained with 3 h.; (d) BaNH,, MgSO,, dichloromethane, rt, 16 h.

complete stereoselectivity in good yields, through the

ketene—imine cycloaddition of the imine obtained from stereoselective synthesis of complex heterocycles and

o-bromobenzaldehyde and propargylamine on reacting with carbocycles by radical cyclisation has now been established

the corresponding ketene (Scheme 4). as an efficient methodology in organic chemistry.'* This
wide research has been fostered by its operational simplicity

Having obtained the monocyclic precursors, the next stage and its tolerance to substrate functionalization. Furthermore,

was set to carry out the key radical cyclisation step. The by a combination of stereoelectronic and molecular orbital

Table 1. Preparation of B-lactams 1-4°

Product R! R? R} X n Yield (%)° cis/trans ratio®
la Me Me Ph Br 0 40

1b PhO H Ph Br 0 74 62:38

1c BnO H Ph 1 0 70 64:36

2a PhO H Ph Br 1 40 100:0

2b BnO H Ph Br 1 60 100:0

(+)-3a (8)-0x? H Ph Br 0 61 100:0

(+)-3b (S)-Ox H Me Br 0 69 90:10

(+)-4 ($)-Ox H Ph Br 1 50 100:0

# Compounds 1 and 2 are racemic.

®Yield of pure, isolated product (or mixture of isomers, when applicable) with correct analytical and spectral data.

© The ratio was determined by integration of well-resolved signals in the "H NMR spectra of the crude reaction mixtures before purification.
4(8)-0x= (8)-4-phenyl-2-oxo-1,3-oxazolidin-3-yl.
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(+)-8 (84%)

Scheme 4. Reagents and conditions: (a) PhOCH,COCI, Et;N, dichloro-
methane, rt, 12 h; (b) PhOP(O)Cl,, Et;N, dichloromethane, rt, 16 h.

effects, radical cyclisations occur, in general, with high
degrees of both regio- and stereo-control.

Haloaryl B-lactams 1-5 were reacted with tributyltin
hydride and AIBN in benzene at reflux to give the expected
benzocarbapenems 11 and 13 and benzocarbacephems 12,
14 and 15 in good yields as single diastereomers after
chromatographic purification (Scheme 5, Table 2). These
intramolecular radical reactions were carried out under

R
3 ~
R RH > rUBH S

— a,b 7

N N
O n o] n

X
@-1n=0 (t)-11ni0
®2n-1 (H-12n=1

O n
_q Br (#)-13n=0
g;j n- ? (+)-14n=1
3
R® R
pholy b = ab phoy
N N
g o
w5 B (#)-15

Scheme 5. Reagents and conditions: (a) BusSnH (1.2 equiv), AIBN
(0.1 equiv), benzene, reflux, 1-2 h. (b) 10% aqueous KF, 30 min.

Table 2. Preparation of fused tricyclic B-lactams 11-15

standard dilution conditions, and did not require the use of
high dilution techniques. Removal of the organotin halides
by a solution of KF in water is essential for an appropriate
chromatographic purification of compounds 11-15."> With
the exception of the reaction of (+)-3b, neither cyclisation
products different from 11-15 nor reduction products were
detected in the "H NMR spectra of the crude reaction
mixtures. The full stereoselectivity of the radical cyclisation
is particularly attractive, being independent of the substi-
tution at C3 or N1 on the B-lactam ring. In addition, 2-
azetidinones bearing styryl or carboxymethyl substituents at
C4 underwent 5(or 6)-exo-trig radical cyclization to
benzocarbapenems and benzocarbacephems 11-15 in a
totally regioselective fashion, as expected when the radical
acceptor has a radical-stabilizing moiety at the B-position.
The radical reaction of the crotonaldehyde-imine derived
B-lactam (+)-3b, lacking a radical-stabilizing moiety,
deserves special mention. Haloalkenyl B-lactam (+)-3b
formed, along with benzocarbapenem (+)-13b (major
product, 30%), benzocarbacephem (+ )-16 (minor product,
10%) and 1,4-dihydroquinoline 17 (relative proportions
3:1:2.5, respectively) (Scheme 6). Compounds (+)-13b,
(+)-16, and 17 were obtained as single diastereoisomers,
and thus it is clear that 6-endo cyclisation competes with
5-exo process when an unactivated double bond is used as
the radical acceptor. However, this result is in sharp contrast
with the radical reaction of compound (+)-5b, being
obtained exclusively the 6-exo cyclisation product. In this
case, independently of the substituent at the acceptor double
bond, the 7-endo mode of cyclisation is not competitive.'®
Formation of compounds 11, 13, 16, and 17 may be

Me —Me H H
(S)_Oxfﬁ oo @0 8 T @O e
Br — -
N N
e SO
(+)-3b (+#)-13b + (+)-18
srox  AypMe
N
o
(S)-Ox = (S)-4-phenyl-2-oxo-1,3-oxazolidin-3-yl 17

Scheme 6. Reagents and conditions: (a) Bu3SnH (1.2 equiv), AIBN
(0.1 equiv), benzene, reflux, 1.5 h. (b) 10% aqueous KF, 30 min.

Substrate® R! R? R} n Product® Yield (%)°
la Me Me Ph Br 0 11a 65
1b PhO H Ph Br 0 11b 66
cis-le BnO H Ph 0 cis-11¢ 60
trans-1¢ BnO H Ph 0 trans-11c¢ 65
2a PhO H Ph Br 1 12a 50
2b BnO H Ph Br 1 12b 61
(+)-3a Ph 0 (+)-13a 70
(+)-3b Me 0 (+)-13b 30
(+)-4 Ph 1 (+)-14 57
(+)-5a CO,Me (+)-15a 64
(+)-5b Me (+)-15b 47

# Compounds 1, 2, 11 and 12 are racemic.
® Yield of pure, isolated product with correct analytical and spectral data.
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rationalized as shown in Scheme 7. Bromine abstraction by
a stannyl radical followed by either 5-exo- or 6-endo
cyclisation of radical 18 would form radicals 19 and 20,
respectively, depending on which of the two olefinic
carbons is attacked. These radicals would lead to benzo-
carbapenems 11 and 13 or benzocarbacephem 16, respec-
tively, after hydrogen abstraction from tributyltin hydride.
Formation of compound 17 may be explained by an
homolytic C3-C4 bond cleavage in the 2-azetidinone
nucleus of intermediate 20 to form radical intermediate
21. This interesting process, which is an example of a
radical C3-C4 bond breakage in the B-lactam ring,'” is
closely related to the cyclobutylcarbinyl radical cleavage, a
useful methodology for the synthesis of medium size
rings."® In our case, the driving force of the cleavage may
be the stability of the captodative radical 21 together with
the strain in the B-lactam ring.

1 3
"~ T 16
11,13 17 [
g
21

Scheme 7.

The relative stereochemistry of the 4-membered ring was
established from the values of Js ¢ (benzocarbapenems) or
Je7 (benzocarbacephems) vicinal proton couplings and it is
transferred unaltered from the starting 2-azetidinone to the
cyclized products. The stereochemistry of the new stereo-
center at Cl in compounds 11-15 was derived from our
previous results on stannylcarbapenams and stannylcarbace-
phams,' as well as by qualitative homonuclear NOE
difference spectra on representative compounds. As an
example, irradiation of the HS hydrogen in compound 11a
resulted in a 5% increment on the proton signal of the
methylene group at lower field (2.67 ppm), and a 5%
increment on the phenyl group, and on the methyl group at
lower field (1.18 ppm). Irradiation of the H5 hydrogen in
compound (+)-13b gave a 3% increment both on the most
shielded proton of the methylene group (1.43 ppm), and on
the methyl group corresponding to the ethyl substituent at
C1. Similar figures were observed on performing NOE
experiments in tricycle 12a (Scheme 8). In this way, anti
stereochemistries H1/HS (benzocarbapenems) or HI1/H6
(benzocarbacephems) were assigned.

The complete selectivity observed in the formation of

”Ij

/K\Ph

Mr(g <S)OXIK@ oho IC@

(£)-11a (+)-13b (*)-12a

Scheme 8. Selected NOE effects and stereochemistry of compounds 11a,
(+)-13b and 12a.

benzocarbapenems 11 and 13 and benzocarbacephems 12,
14 and 15 must be due to the preference of the radical
intermediates for the conformation depicted in Scheme 9 for
these cyclisations.

R® 2 K
R M rREY
20y —_— —
R% @) N
o] 0 o
11,13
R® /R3
r! H ]! R°H ©
rR2>—~ . '
12, 14,15

Scheme 9.

Next, we decided to explore the extension of the above
radical intramolecular cyclisation of N-haloaryl-B-lactams
to 2-azetidinones bearing the proradical center at C3. The
treatment of haloarenes 6a—c under similar conditions for
the preparation of benzocarbapenems and benzocarbace-
phems 11-15 gave the fused tricyclic B-lactams 22a—c
(Scheme 10, Table 3). Compounds 22a and 22b were
obtained as mixtures of diastereomers, which are epimers at
the newly formed CS5 stereocenter, while the amino
derivative 22¢ could be prepared as a single isomer. The
relative stereochemistry of the new chiral center of
compounds 22 at C5 was determined by the value of
coupling constants of H5—-H6 protons (J=0-1.2 Hz for the
major anti-isomers; J=3.6-4.2 Hz for the minor syn-
isomers).”"

()-6 (+)-22

Scheme 10. Reagents and conditions: (a) Bu3SnH (1.2 equiv), AIBN
(0.1 equiv), benzene, reflux, 1 h. (b) 10% aqueous KF, 30 min.

The slight variation in the diastereomeric ratio in the
formation of compounds 22a and 22b, could be explained
taking into account the higher bulkiness of the phenyl group
in comparison to the carboxymethyl moiety. However,
steric reasons can not be used to explain the nearly total
stereoselectivity of the azaderivative 22c.

These cyclisations may be understood in terms of the
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Table 3. Preparation of fused tricyclic B-lactams 22*

Substrate® R? X dr® Product” Yield (%)°
6a Ph CH 85:15 22a 69
6b CO,Me CH 70:30 22b 56
6¢c Bn N >95:5 22¢ 60

4 PMP=4-MeOCgH,.
> Compounds 6 and 22 are racemic.

© The ratio was determined by integration of well-resolved signals in the "H NMR spectra of the crude reaction mixtures before purification.

4 Yield of pure product (mixture of isomers).

possible conformations presented in Scheme 11. The
highest overlap between the aryl radical and the 7* orbital
of the acceptor double bond is for the conformations giving
rise to the major anti-isomers. For 22¢, the possible
electronic repulsion between the unshared electronic pairs
of the nitrogen atoms can be responsible of the destabiliza-
tion of the conformation giving rise to the minor syn-isomer.

3 3
R _/R
I,H
PMp. PMp.
N R . N
o) ~0
@ o H
6a,b 22a,b (major, anti)
3
R R3
H
PMP< H PMP_ = = (\H
N Q N
(0] B (o)
ﬁ O H
6a,b 22a,b (minor, syn)
R
1
®N\ Hn R
PMP\% A\ PMP. H IR
0 - 7 « \
(0] & 2o
H
6c (not observed)
Scheme 11.

2-Azetidinones 7 and (+ )-8 were selected as monocyclic
precursors with the aim of using a terminal alkyne as a
proradical center in the synthesis of benzofused tricyclic
B-lactams. Unfortunately, tricycle 23 was isolated in a poor
20% yield from the alkynyl haloarene 7, while the radical
reaction of (+)-8 gave a complex mixture (Scheme 12).

BnsSnH R\ S

AIBN
CeHg/A O

#)-7R" = PhO
(+)-8 R = (S)-Ox

(£)-23 R" = PhO (20%)

Scheme 12. Reagents and conditions: (a) BusSnH (1.2 equiv), AIBN
(0.1 equiv), benzene, reflux. (b) 10% aqueous KF, 30 min.

In conclusion, easily available 2-azetidinone-tethered
haloarenes have proved to be appropriate substrates for
the regio- and stereoselective intramolecular aryl radical
cyclisation leading to different enantiopure or racemic

benzocarbapenems, benzocarbacephems, as well as other
fused tricyclic B-lactams. A new radical C3-C4 bond
cleavage of the B-lactam ring has been also observed.
Efforts to develop this methodology for the preparation of
more elaborate benzocarbapenems and benzocarbacephems
are currently underway in our research group.

3. Experimental
3.1. General methods

Melting points were taken using a Gallenkamp apparatus
and are uncorrected. IR spectra were recorded on a Perkin—
Elmer 781 spectrophotometer. 'H NMR and '*C NMR
spectra were recorded on a Bruker Avance-300, Varian
VRX-300S or Bruker AC-200. NMR spectra were recorded
in CDClj; solutions, except otherwise stated. Chemical shifts
are given in ppm relative to TMS ('H, 0.0 ppm), or CDCl;
(**C, 76.9 ppm). Mass spectra were recorded on a Hewlett—
Packard 5989A spectrometer. Microanalyses were per-
formed in the UCM Microanalysis Service (Facultad de
Farmacia, UCM, Madrid). Optical rotations were measured
using a Perkin—Elmer 241 polarimeter. Specific rotation
[a]p is given in deg cm? g~ ! at 25 °C, and the concentration
(c) is expressed in g per 100 mL. All commercially available
compounds were used without further purification. THF was
distilled from Na-benzophenone. Benzene, dichloro-
methane and triethylamine were distilled from CaH,.
Flame-dried glassware and standard Schlenk techniques
were used for moisture sensitive reactions. Flash chromato-
graphy was performed using Merck silica gel 60 (230-400
mesh). Identification of products was made by TLC
(Kiesegel 60F-254). UV light (A=254 nm), and a vanillin
solution in sulfuric acid and 95% EtOH (1 g vanillin, 5 mL
H,S0,, 150 mL EtOH) was used to develop the plates.

3.2. Materials

The following chemicals were prepared according to
previously reported procedures: N,N-di-(p-methoxy-phenyl)
glyoxaldiimine,>' 2,3-O-(isopropylidene)-p-glyceralde-
hyde,** (S)-4-phenyl-2-oxo-1,3-0xazolidin-3-yl-acetic
acid,” (2-bromophenoxy)acetic acid.**

3.3. General procedures for the synthesis of cyclisation
substrates 1-4, 6a, and 7-9

Method A. A mixture of aldehyde (10 mmol), 2-halogeno-
aniline (10 mmol) and a catalytic amount of ZnCl,/
a-phenylethylamine complex (0.1 mmol) in benzene
(50 mL) was heated at reflux (2—4 h) on a Dean—Stark
apparatus. Then, the mixture was filtered and the solvent
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was removed under reduced pressure. To a cooled (0 °C)
solution of the imine in anhydrous dichloromethane
(50 mL), EtzN (4.16 mL, 30 mmol), the corresponding
acid or acid chloride (15 mmol), [and PhOP(O)Cl,, only
when (S)-4-phenyl-2-oxo-1,3-oxazolidin-3-yl-acetic acid
and 2-(o-bromophenyl)acetic acid are used, 2.25 mL,
15 mmol] were successively added under argon. The
resulting mixture was allowed to warm to room tempera-
ture, and was stirred for 16 h. The crude mixture was diluted
with dichloromethane (100 mL) and washed with saturated
NaHCOj; (2X20 mL) and brine (40 mL). The organic layer
was dried (MgSO,) and concentrated under reduced
pressure.

Method B. A solution of the corresponding aldehyde
(10 mmol), and amine (10 mmol) in dichloromethane
(50 mL) was stirred overnight at room temperature over
MgSO, (100 mmol). Then, the MgSO, was filtered off,
washed with an additional 15 mL of dichloromethane, and
the resulting solution cooled at 0 °C under argon. Et;N
(4.16 mL, 30 mmol), the corresponding acid or acid
chloride (15 mmol), [and PhOP(O)Cl,, only when (§)-4-
phenyl-2-oxo-1,3-oxazolidin-3-yl-acetic acid and 2-(o-bro-
mophenyl)-acetic acid are used, 2.25 mL, 15 mmol] were
successively added under argon. The resulting mixture was
allowed to warm to room temperature, and was stirred for
16 h. The crude mixture was diluted with dichloromethane
(100 mL) and washed with saturated NaHCO; (2 X20 mL)
and brine (40 mL). The organic layer was dried (MgSOy,)
and concentrated under reduced pressure.

3.3.1. (£)-1-(2-Bromophenyl)-3,3-dimethyl-4-(E)-styryl-
azetidin-2-one (1a). Method A. From 1.32 g (10 mmol) of
trans-cinnamaldehyde, 1.67 g (10 mmol) of o-bromoaniline,
and 1.59 g (15 mmol) of 2-methylpropanoyl chloride,
840 mg (40%) of compound la was obtained as a pale
yellow oil after purification by flash chromatography
(hexanes/ethyl acetate, 2:1). '"H NMR: 6 1.30 (s, 3H), 1.52
(s, 3H), 4.79 (d, 1H, J=8.7Hz), 6.17 (dd, 1H, J=8.7,
15.9 Hz), 6.64 (d, 1H, J=15.9 Hz), 7.30 (m, 9H). '*C NMR:
0 172.2, 135.8, 134.4, 133.7, 128.6, 128.2, 128.1, 128.0,
128.0, 127.4, 126.6, 124.3, 118.2, 68.7, 55.5, 22.6, 17.9. IR
(CHCls, cm ™ '): v 1755, 1480. MS (EI), m/z: 357 M ™' +2,
7), 355 M™, 7), 286 (41), 284 (36), 158 (100), 143 (94%).
Anal. Calced for C;oH;sNOBr: C, 64.06; H, 5.09; N, 3.93.
Found: C, 64.18; H, 5.06; N, 3.91.

3.3.2. (=%)-cis-1-(2-Bromophenyl)-3-phenoxy-4-(E)-
styryl-azetidin-2-one (1b). Method A. From 790 mg
(6.0 mmol) of trans-cinnamaldehyde, 1.0 g (6.0 mmol) of
o-bromoaniline, and 1.53 g (9.0 mmol) of phenoxyacetyl
chloride, 1.87 g (74%) of compound 1b was obtained as a
mixture of isomers cis/trans (62:38). The cis isomer was
isolated by recrystallization as a colourless solid. Mp 130-
132 °C (hexanes/ethyl acetate). "H NMR: 6 5.50 (dd, 1H,
J=4.8, 9.0 Hz), 5.59 (d, 1H, J=4.8 Hz), 6.32 (dd, 1H, J=
9.0, 15.9 Hz), 6.74 (d, 1H, J=15.9 Hz), 7.30 (m, 14H). "*C
NMR: 6 164.4, 157.2, 137.7, 135.7, 133.7, 129.5, 128.7,
128.7, 128.5, 128.3, 128.1, 127.7, 126.7, 122.3, 121.7,
117.6, 115.6, 81.8, 64.0. IR (CHCl3, cm ™~ '): » 1750, 1480.
MS (EI), m/z: 421 M T +2, 1), 419 M ™, 1), 328 (15), 286
(36), 246 (45), 222 (23), 128 (100%). Anal. Calcd for

C,3H gNO,Br: C, 65.73; H, 4.32; N, 3.33. Found: C, 65.63;
H, 4.34; N, 3.35.

3.3.3. (%)-3-Benzyloxy-1-(2-iodophenyl)-4-(E)-styryl-
azetidin-2-one (cis- and trans-1c). Method A. From
1.44 g (11.0 mmol) of tramns-cinnamaldehyde, 2.39 g
(11.0 mmol) of o-iodooaniline, and 3.04 g (16.5 mmol) of
benzyloxyacetyl chloride, 3.70 g (70%) of compound 1c
was obtained as a mixture of isomers cis/trans (64:36). The
cis isomer was isolated by recrystallization, while the trans
isomer was purified by flash chromatography (hexanes/ethyl
acetate, 2:1).

2-Azetidinone cis-1c. Colourless solid. Mp 139-141 °C
(hexanes/ethyl acetate). '"H NMR: 6 4.68 (AB system, 2H,
J=8.7Hz), 497 (d, 1H, J=4.5 Hz), 5.13 (dd, 1H, J=4.5,
9.3 Hz), 6.34 (dd, 1H, J=9.3, 15.9 Hz), 6.61 (d, 1H, J=
15.9 Hz), 6.90 (m, 1H), 7.20 (m, 12H), 7.75 (dd, 1H, J=1.2,
7.8 Hz). *C NMR: 6 165.6, 139.9, 137.3, 137.2, 136.5,
135.8, 129.3, 129.0, 128.6, 128.4, 128.4, 128.3, 128.3,
128.1,127.8,122.6,93.7,82.9,73.0, 63.8. IR (CHCl;, cm ™~ 1):
v 1750, 1470. MS (EI), m/z: 390 (M ™ —91, 6), 298 (12), 245
(10), 115 (32), 91 (100%). Anal. Calcd for C,4H,oNO,I: C,
59.78; H, 4.21; N, 2.93. Found: C, 59.89; H, 4.19; N, 2.91.

2-Azetidinone trans-1c. Colourless oil. 'H NMR: 6 4.57 (d,
1H, J=2.1 Hz), 4.64 (d, 1H, J=12.0 Hz), 4.85 (dd, 1H, J=
2.1,9.0 Hz), 4.88 (d, 1H, J=12 Hz), 5.96 (dd, 1H, J=9.0,
16.2 Hz), 6.44 (d, 1H, J=16.2 Hz), 6.9 (m, 1H), 7.25 (m,
12H), 7.75 (d, 1H). '3C NMR: ¢ 164.7, 140.4, 137.6, 137.0,
135.6, 129.5, 129.1, 128.7, 128.6, 128.5, 127.7, 127.1,
126.8, 124.0, 122.8,93.7, 87.3, 83.1, 73.2, 65.7. IR (CHCl;,
cm_l): v 1760, 1600. Anal. Calcd for Cy4HoNO,I: C,
59.99; H, 4.16; N, 2.90. Found: C, 59.89; H, 4.19; N, 2.91.

3.3.4. (=)-cis-1-(2-Bromobenzyl)-3-phenoxy-4-(E)-
styryl-azetidin-2-one (2a). Method B. From 260 mg
(2.0 mmol) of trans-cinnamaldehyde, 370 mg (2.0 mmol)
of o-bromobenzylamine, and 450 mg (3.0 mmol) of
phenoxyacetyl chloride, 340 mg (40%) of compound 2a
was obtained as a pale yellow oil after purification by flash
chromatography (hexanes/ethyl acetate, 1:1). '"H NMR: 6
4.26 (d, 1H, J=15Hz), 4.35 (dd, 1H, J=4.5, 9.0 Hz), 4.7
(d, 1H, J=15Hz), 5.27 (d, 1H, J=4.5 Hz), 6.05 (dd, 1H,
J=9.0, 15.6 Hz), 6.48 (d, 1H, J=15.6 Hz), 7.15 (m, 14H,
Ar). ®C NMR: 6 165.3, 157.2, 137.1, 135.9, 134.3, 133.0,
131.1, 129.7, 129.7, 129.4, 129.2, 128.5, 128.2, 127.8,
126.6, 122.1, 115.6, 82.0, 61.0, 44.7. IR (CHCl3, cm ™ '): »
1760, 1600, 1500. Anal. Calcd for C,4H,,NO,Br: C, 66.37,;
H, 4.64; N, 3.22. Found: C, 66.46; H, 4.66; N, 3.20.

3.3.5. (L)-cis-3-Benzyloxy-1-(2-bromobenzyl)-4(E)-
styryl-azetidin-2-one (2b). Method B. From 260 mg
(2.0 mmol) of trans-cinnamaldehyde, 370 mg (2.0 mmol)
of o-bromobenzylamine, and 470 mg (3.0 mmol) of benzyl-
oxyacetyl chloride, 540 mg (60%) of compound 2b was
obtained as a colourless oil after purification by flash
chromatography (hexanes/ethyl acetate, 3:1). "H NMR: 6
4.11 (dd, 1H, J=4.5, 9.0 Hz), 4.21 (d, 1H, J=15.0 Hz),
4.56 (AB system, 2H, J=11.4Hz), 4.64 (d, 1H, J=
15.0 Hz), 4.74 (d, 1H, J=4.5 Hz), 6.09 (dd, 1H, J=9.0,
15.6 Hz), 6.44 (d, 1H, J=15.6 Hz), 7.20 (m, 14H). °C
NMR: ¢ 166.8, 136.7, 136.6, 136.2, 134.7, 133.1, 131.1,
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129.7, 128.7, 128.5, 128.4, 128.3, 128.2, 127.8, 126.8,
123.9, 123.2, 83.5, 72.9, 61.1, 44.5. IR (CHCls, cm ™ '): »
1755, 1600. Anal. Calcd for C,sH,,NO,Br: C, 66.97; H,
4.95; N, 3.12. Found: C, 66.86; H, 4.98; N, 3.10.

3.3.6. (+)-(35,4R)-1-(2-Bromophenyl)-3-[(S)-4-phenyl-
2-0x0-1,3-oxazolidin-3-yl]-4-(E)-styryl-azetidin-2-one,
(+)-3a. Method A. From 260 mg (2.0 mmol) of trans-
cinnamaldehyde, 330 mg (2.0 mmol) of o-bromoaniline,
660 mg (3.0 mmol) of (S5)-(2-oxo-4-phenyl-oxazolidin-3-
yl)-acetic acid, and 440 pL (3.0 mmol) of phenyl dichloro-
phosphate, 600 mg (61%) of compound (+)-3a was
obtained as a colourless solid after purification by flash
chromatography (hexanes/ethyl acetate, 1:1). Mp 169—
171 °C (hexanes/ethyl acetate). [a]p=+59.0 (¢ 1.0,
CHCl;). '"H NMR: 6 4.15 (dd, 1H, J=17.5, 8.7 Hz.), 4.61
(t, 1H, J=8.7 Hz), 4.64 (d, 1H, J=5.1 Hz), 4.87 (t, 1H, J=
8.7 Hz),5.24 (dd, 1H, J=5.1,9.3 Hz), 6.12 (dd, 1H, J=9.3,
15.9 Hz), 6.63 (d, 1H, J=15.9 Hz), 7.02 (m, 1H), 7.35 (m,
13H). '>*C NMR: 6 163.0, 158.0, 138.0, 137.0, 135.7, 134.2,
133.5, 129.7, 128.8, 128.8, 128.7, 128.5, 128.3, 127.9,
127.0, 127.0, 122.6, 117.7, 71.1, 64.2, 62.8, 60.5. IR
(CHCl3, cm ™ "): v 1760, 1740. MS (EI), m/z: 490 M* +2,
3), 488 (M™, 3), 286 (100), 284 (70%). Anal. Calcd for
C,6H,;N>O3Br: C, 63.81; H, 4.33; N, 5.72. Found: C, 63.93;
H, 4.31; N, 5.75.

3.3.7. (+)-(3S,4R)-1-(2-Bromophenyl)-3-[(S)-4-phenyl-
2-0x0-1,3-oxazolidin-3-yl]-4-[(E)-1-propenyl]-azetidin-
2-one, (+)-3b. Method A. From 130 mg (1.95 mmol) of
2-butenal, 326 mg (1.95 mmol) of o-bromoaniline, 630 mg
(2.85 mmol) of (S)-(2-ox0-4-phenyl-oxazolidin-3-yl)-acetic
acid, and 420 pL (2.85 mmol) of phenyl dichlorophosphate,
570 mg (69%) of compound (+)-3b was obtained as a
colourless solid after purification by flash chromatography
(hexanes/ethyl acetate, 1:1). Mp 201-203 °C (hexanes/ethyl
acetate). [a]p= +97.2 (¢ 0.6, CHCl5). '"HNMR: 6 1.65 (dd,
3H, J=1.8, 6.9 Hz), 4.26 (dd, 1H, /=7.5, 8.7 Hz), 4.65 (d,
1H, /J=5.4 Hz), 4.73 (t, 1H, /J=28.7 Hz), 4.96 (dd, 1H, J=
7.5, 8.7Hz), 5.07 (dd, 1H, J=5.4, 9.3 Hz), 5.25 (m, 1H),
5.80 (m, 1H), 7.25 (m, 9H). '*C NMR: 6 163.0, 137.2,
135.5, 134.2, 133.5, 129.7, 129.6, 128.7, 128.5, 128.2,
128.0, 127.8, 124.3, 117.7, 71.1, 63.8, 62.3, 60.2, 18.3. IR
(CHCl3, cm ™~ '): v 1752, 1748. MS (EI), m/z: 428 (M ™" +2,
3), 426 (M ™, 3), 229 (20), 224 (68), 184 (70), 144 (57%).
Anal. Calcd for C,;H;9N,O3Br: C, 59.03; H, 4.48; N, 6.56.
Found: C, 58.93; H, 4.51; N, 6.53.

3.3.8. (+)-(3S,4R)-1-(2-Bromobenzyl)-3-[(5)-4-phenyl-2-
oxo-1,3-oxazolidin-3-yl]-4-(E)-styryl-azetidin-2-one, (+)-4.
Method B. From 260 mg (2.0 mmol) of frans-cinnamalde-
hyde, 370 mg (2.0 mmol) of o-bromobenzylamine, 660 mg
(3.0 mmol) of (S)-(2-oxo0-4-phenyl-oxazolidin-3-yl)-acetic
acid, and 440 pL (3.0 mmol) of phenyl dichlorophosphate,
510 mg (50%) of compound (+)-4 was obtained as a
colourless solid after purification by flash chromatography
(hexanes/ethyl acetate, 1:1). Mp 193-195 °C (hexanes/ethyl
acetate). [a]p= +35.9 (¢ 2.0, CHCl5). '"HNMR: 64.10 (dd,
1H, /=17.5, 9.0 Hz), 4.20 (dd, 1H, /=4.8, 9.0 Hz), 4.28 (d,
1H, J=15.6 Hz), 4.47 (d, 1H, J=4.8 Hz), 4.55 (m, 2H),
4.80 (dd, 1H, J=7.5, 9.0Hz), 5.84 (dd, 1H, J=9.0,
16.2 Hz), 6.43 (d, 1H, J=16.2Hz), 7.20 (m, 14H). "°C
NMR: 6 170.0, 166.8, 152.2, 137.0, 135.7, 134.4, 132.8,

130.9, 129.6, 129.5, 129.4, 1294, 128.6, 128.4, 127.8,
126.8, 123.6, 123.1, 70.8, 62.8, 61.6, 60.1, 45.2. IR (CHCls;,
cmfl): v 1760, 1750. Anal. Calcd for C,;H,3N,O5Br: C,
64.42; H, 4.61; N, 5.56. Found: C, 64.53; H, 4.63; N, 5.53.

3.3.9. (1 )-cis-3-(2-Bromophenoxy)-1-(4-methoxyphenyl)-
4(E)-styryl-azetidin-2-one (6a). Method B. From 130 mg
(1.0 mmol) of trans-cinnamaldehyde, 120 mg (1.0 mmol) of
p-anisidine, 350 mg (1.5 mmol) of (o-bromo)phenoxyacetic
acid, and 220 pL (1.5 mmol) of phenyl dichlorophosphate,
320 mg (71%) of compound 6a was obtained as a colourless
solid after purification by flash chromatography (hexanes/
ethyl acetate, 1:1). Mp 80-82 °C (hexanes/ethyl acetate). 'H
NMR: 6 3.76 (s, 3H), 4.99 (dd, 1H, J=4.8, 8.7 Hz), 5.48 (d,
1H, J=4.8 Hz), 6.45 (dd, 1H, J=8.7, 16.2 Hz), 6.86 (m,
4H), 7.30 (m, 10H). °C NMR: 6 162.0, 156.7, 154.1, 137.2,
136.0, 133.6, 131.0, 128.8, 128.7, 128.5, 127.0, 123.6,
123.1, 1189, 115.7, 114.5, 112.4, 82.1, 60.9, 55.6. IR
(CHCl;, cmfl): v 1750. Anal. Calcd for C,4H,0NO;sBr: C,
64.01; H, 4.48; N, 3.11. Found: C, 64.12; H, 4.45; N, 3.09.

3.3.10. (£)-cis-4-(2-Bromophenyl)-3-phenoxy-1-prop-2-
ynyl-azetidin-2-one (7). Method B. From 370 mg
(2.0 mmol) of o-bromobenzaldehyde, 100 mg (2.0 mmol)
of propargylamine, and 510 mg (3.0 mmol) of phenoxy-
acetyl chloride, 450 mg (61%) of compound 7 was obtained
as a pale orange oil after purification by flash chromato-
graphy (hexanes/ethyl acetate, 1:1). '"H NMR: 6 2.28 (t, 1H,
J=2.5Hz), 3.77 (dd, 1H, J=2.5, 17.7 Hz), 4.47 (dd, 1H,
J=2.1,17.7Hz), 5.50 (d, 1H, J=4.7 Hz), 5.56 (d, 1H, J=
4.7 Hz), 7.15 (m, 9H). °C NMR: 6 165.6, 156.9, 132.9,
132.4,130.0, 129.3, 128.9, 127.3, 124.1, 122.4, 115.9, 82.5,
75.6, 73.7, 60.8, 30.3. IR (CHCls, cm ™~ '): » 3310, 1755.
Anal. Calcd for C;gH14NO,Br: C, 60.69; H, 3.96; N, 3.93.
Found: C, 60.60; H, 3.93; N, 3.96.

3.3.11. (+)-(3S,4R)-4-(2-Bromophenyl)-3-[(S)-4-phenyl-
2-0x0-1,3-0xazolidin-3-yl]-1-prop-2-ynyl-azetidin-2-one,
(+)-8. Method B. From 180 mg (1.0 mmol) of o-bromo-
benzaldehyde, 60 mg (1.0 mmol) of propargylamine,
330 mg (1.5 mmol) of (S5)-(2-oxo-4-phenyl-oxazolidin-3-
yl)-acetic acid, and 220 pL (1.5 mmol) of phenyl dichloro-
phosphate, 360 mg (84%) of compound ( + )-8 was obtained
as a colourless oil after purification by flash chromatography
(hexanes/ethyl acetate, 1:1). [a]p= +145 (¢ 1.0, CHCIy).
"H NMR: 6 2.17 (t, 1H, J=2.7 Hz), 3.77 (dd, 1H, J=2.7,
17.7 Hz), 3.92 (dd, 1H, J=17.5, 8.7 Hz), 422 (t, 1H, J=
8.7Hz), 435 (d, 1H, J=4.8 Hz), 4.53 (dd, 1H, J=2.7,
17.7 Hz), 4.66 (dd, 1H, J=17.5, 8.7 Hz), 5.15 (d, 1H, J=
4.8 Hz), 7.40 (m, 9H). >°C NMR: 6 164.0, 156.3, 136.5,
132.6, 132.2, 1299, 129.7, 129.6, 128.0, 127.4, 127.3,
122.7, 75.9, 73.5, 70.3, 63.1, 61.8, 60.2, 30.9. IR (CHCl;,
cm_l): v 3300, 1750. Anal. Calced for C,;H{7N,O3Br: C,
59.31; H, 4.03; N, 6.59. Found: C, 59.24; H, 4.10; N, 6.48.

3.3.12. (+)-(3R,4S5)-1-(2-Bromobenzyl)-4-(2,2-dimethyl-
[1,3]dioxolan-4-yl)-3-phenoxy-azetidin-2-one, (+)-9.
Method B. From 980 mg (7.6 mmol) of 2,3-O-isopropyliden-
D-glyceraldehyde, 1.42 g (7.6 mmol) of o-bromobenzyl-
amine, and 1.70 g (11.4 mmol) of phenoxyacetyl chloride,
2.0g (60%) of compound (+)-9 was obtained as a
colourless solid after purification by flash chromatography
(hexanes/ethyl acetate, 3:1). Mp 95-97 °C (hexanes/ethyl
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acetate). [a]p= +56.7 (¢ 1.0, CHCIy). "H NMR: 6 1.25 (s,
3H), 1.27 (s, 3H), 3.53 (dd, 1H, J=6.0, 8.7 Hz), 3.61 (dd,
1H,J=5.1,8.7 Hz), 4.05 (dd, 1H, J=5.4 Hz), 4.39 (m, 2H),
4.86 (d, 1H, J=15.3 Hz), 5.14 (d, 1H, J=5.4 Hz), 7.20 (m,
9H). *C NMR: 6 165.8, 157.3, 134.3, 133.0, 131.5, 129.6,
129.5, 127.3, 123.7, 122.5, 115.7, 109.7, 79.8, 76.9, 66.8,
59.9, 45.7, 26.5, 25.0. IR (CHCl;, cm ™ '): » 1770. Anal.
Calcd for C,H,o,NO4Br: C, 58.34; H, 5.13; N, 3.24. Found:
C, 58.24; H, 5.19; N, 3.26.

3.4. Synthesis of other cyclisation substrates

34.1. (+)-(3R,45)-1-(2-Bromobenzyl)-4-(E)-(2-methoxy-
carbonylethenyl)-3-phenoxy-azetidin-2-one, (+)-5a. To
a solution of the corresponding acetonide B-lactam (+)-9
(233 mg, 0.54 mmol) in THF/water (1:1, 12 mL) was added
solid p-TsOH-H,O (124 mg, 0.65 mmol) in a single portion.
The resulting clear solution was heated under reflux for 3 h.
The reaction mixture was allowed to cool to room tem-
perature, and then was neutralized with solid NaHCOs3. The
mixture was extracted with ethyl acetate, the organic layer
was dried (MgSO,4) and the solvent was removed under
reduced pressure. The crude product (colourless oil) was
used for next step without any further purification. Saturated
aqueous sodium hydrogen carbonate (0.05 mL) was added
to a solution of the corresponding diol (196 mg, 0.5 mmol)
in dichloromethane (10 mL), maintaining the temperature
below 25 °C. Solid sodium periodate (214 mg, 1.0 mmol)
was added over a 10 min period with vigorous stirring and
the reaction was allowed to proceed for 2 h, while the
temperature was maintained below 25 °C. The solid was
removed by filtration, the filtrate was dried (MgSO,) and the
solvent was removed under reduced pressure to afford the
crude aldehyde as a colourless oil (178 mg, 0.5 mmol)
which was directly used without further purification. To a
stirred solution of the aldehyde in THF (10 mL) at 0 °C a
solution of methyl (triphenylphosphoranylidene)acetate
(202 mg, 0.6 mmol) in THF (2 mL) was slowly added and
the mixture was heated at reflux under an argon atmosphere
for 3 h, before being concentrated under reduced pressure.
Flash chromatography of the residue eluting with hexanes/
ethyl acetate 3:1 mixture gave compound (+)-5a (185 mg,
82% overall yield from 9) as a colourless solid. Mp 96—
98 °C (hexanes/ethyl acetate). [a]p= +7.4 (¢ 1.0, CHCIy).
"H NMR: 6 3.62 (s, 3H), 4.25 (d, 1H, J=15.3 Hz), 4.31 (dd,
1H, J=5.1, 7.8 Hz), 4.72 (d, 1H, J=15.3 Hz), 5.26 (d, 1H,
J=5.1Hz),591 (d, 1H, J=15.9 Hz), 6.73 (dd, 1H, J=7.8,
15.9 Hz), 6.88 (m, 3H), 7.20 (m, 5H), 7.50 (m, 1H). "*C
NMR: 6 1654, 165.0, 157.2, 140.5, 134.0, 133.3, 131.5,
130.2, 129.7, 128.1, 126.8, 124.1, 122.6, 115.7, 82.3, 59.1,
51.9,45.2. 1R (CHCl;, cm ™ 1): v 1750, 1710. Anal. Calcd for
C,oH sNO4Br: C, 57.71; H, 4.36; N, 3.36. Found: C, 57.81;
H, 4.33; N, 3.38.

3.4.2. (+)-(3R,4S5)-1-(2-Bromobenzyl)-3-phenoxy-4-[1-
(E)-propenyl]-azetidin-2-one, (+)-5b. The starting alde-
hyde obtained from B-lactam (+)-9 as described in Section
3.4.1 was directly used without further purification. To a
stirred suspension of ethyltriphenylphosphonium iodide
(292 mg, 0.7 mmol) in THF (5 mL) under an argon
atmosphere, BuLi (1.6 M in hexanes, 0.6 mmol) was
added dropwise. After the addition was finished, the
reaction mixture was stirred for further 30 min at room

temperature. Then, a solution of crude aldehyde (178 mg,
0.5 mmol) in THF (5§ mL) was added dropwise, and the
reaction mixture was stirred for 16 h at room temperature.
The crude mixture was diluted with brine and extracted with
ethyl acetate. The organic extract was washed with brine,
dried (MgSQ,), and concentrated under reduced pressure.
Compound (+)-5b (143 mg, 77%) was obtained as a
colourless oil after purification by flash chromatography
(hexanes/ethyl acetate, 5:1) as a mixture of isomers E/Z
(75:25). A fraction containing analytically pure E-isomer
could be isolated. [a]p= +45.0 (¢ 1.0, CHCIs). '"H NMR: 6
1.49 (dd, 3H, J=1.8, 7.0 Hz), 4.24 (d, 1H, J=17.8 Hz),
4.60 (dd, 1H, J=4.5, 10.2 Hz), 4.77 (d, 1H, J=17.8 Hz),
5.28 (d, 1H, J=4.5 Hz), 5.40 (m, 1H), 5.75 (m, 1H), 7.30
(m, 9H). IR (CHCls, cm_l): v 1750. Anal. Calcd for
CoHgNO,Br: C, 61.30; H, 4.87; N, 3.76. Found: C, 61.19;
H, 4.84; N, 3.78.

3.4.3. (%)-cis-3-(2-Bromophenoxy)-4-[(E)-(2-methoxy-
carbonylethenyl)]-1-(4-methoxyphenyl)-azetidin-2-one
(6b). To a stirred solution of aldehyde 10 (150 mg,
0.40 mmol) in THF (8 mL) at 0 °C a solution of methyl
(triphenylphosphoranylidene)acetate (162 mg, 0.48 mmol)
in THF (2 mL) was slowly added and the mixture was
heated at reflux under an argon atmosphere for 3 h, before
being concentrated under reduced pressure. Flash chromato-
graphy of the residue eluting with hexanes/ethyl acetate 1:1
mixture gave compound 6b (150 mg, 87%) as a colourless
oil. "H NMR: 6 3.66 (s, 3H), 3.72 (s, 3H), 4.91 (dd, 1H, J=
5.4, 7.5 Hz), 540 (d, 1H, J=54Hz), 6.14 (d, 1H, J=
16.5 Hz), 6.81 (d, 2H, /=9.0 Hz), 6.86 (m, 1H), 7.04 (dd,
1H, J=17.5,16.5 Hz), 7.22 (m, 4H), 7.45 (d, 1H, J=7.8 Hz).
CNMR: 6 165.5, 162.0, 157.0, 154.5, 151.6, 140.6, 133.7,
131.3, 128.8, 126.8, 124.1, 118.7, 116.2, 114.7, 82.4, 58.4,
55.6,52.0. IR (CHCl;, cmfl): v 1760, 1715. Anal. Calcd for
CyoH;sNOsBr: C, 55.57; H, 4.20; N, 3.24. Found: C, 55.68;
H, 4.24; N, 3.21.

3.4.4. Synthesis of B-lactam imine (£)-6¢c. A solution of
benzylamine (0.03 mL, 0.27 mmol) in dichloromethane
(1 mL) was added dropwise to a stirred suspension of the
4-oxoazetidine-2-carbaldehyde 10 (100 mg, 0.27 mmol)
and magnesium sulfate (320 mg, 2,7 mmol) in dichloro-
methane (5 mL) at room temperature. After stirring 16 h at
room temperature, the mixture was filtered and the solvent
was removed under reduced pressure to give 120 mg
(100%) of compound 6¢ which was directly used without
further purification. Colourless oil. '"H NMR: 6 3.80 (s, 3H),
4.70 (m, 2H), 4.90 (dd, 1H, J=5.0, 6.0 Hz), 5.50 (d, 1H, J=
5.0 Hz), 6.90 (d, 2H, J=9.0 Hz), 6.95 (m, 1H), 7.25 (m,
6H), 7.40 (d, 2H, J=9.0 Hz), 7.55 (d, 1H), 8.0 (d, 1H, J=
4.0 Hz). >C NMR: ¢ 161.3, 160.8, 156.8, 153.6, 137.7,
133.5, 130.8, 128.7, 128.6, 128.2, 127.3, 123.8, 118.5,
115.4,114.5,112.2,81.6,65.2,60.6, 55.5. IR (CHCl;,cm ™~ "):
v 1755, 1670.

3.5. General procedure for the radical cyclization
reaction. Synthesis of tricyclic B-lactams 11, 12, 13a, 14,
15, 23, and 24

A solution of the corresponding o-halogenophenyl-p-lactam
1-7 (1 mmol), Bu3SnH (1.2 mmol), and AIBN (0.1 mmol)
in dry benzene (20 mL) was refluxed under argon
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atmosphere until complete disappearance of the starting
substrate (TLC, 1.5-3 h). The resulting crude reaction
mixture was treated with 10% aqueous solution of KF
(20 mL) for 30 min. The organic layer was separated, dried
(MgS0,) and concentrated under reduced pressure. Flash
chromatography of the residue eluting with hexanes/ethyl
acetate mixtures gave analytically pure tricyclic B-lactam.

3.5.1. Tricyclic B-lactam (+)-11a. From 300 mg
(0.84 mmol) of compound 1a, 149 mg (65%) of compound
11a was obtained as a colourless solid after purification by
flash chromatography (hexanes/ethyl acetate, 1:1). Mp 123—
125 °C (hexanes/ethyl acetate). '"H NMR: 6 0.79 (s, 3H),
1.18 (s, 3H), 2.72 (dd, 1H, J=10.8, 13.5 Hz), 3.44 (dd, 1H,
J=4.3, 13.5 Hz), 3.66 (m, 1H), 3.79 (d, 1H, J=8.1 Hz),
7.20 (m, 9H). ">C NMR: 6 179.6, 141.6, 140.4, 139.1, 128.8,
128.8, 128.8, 126.7, 125.0, 124.5, 116.8, 69.7, 52.8, 45.9,
39.9,23.1, 18.1. IR (CHCls, cm ™ Y): » 1760, 1600. MS (EI),
m/z: 277 (M™, 11), 208 (25), 186 (96), 158 (59), 91 (100%).
Anal. Caled for C;9HoNO: C, 82.28; H, 6.90; N, 5.05.
Found: C, 82.12; H, 6.72; N, 5.28.

3.5.2. Tricyclic B-lactam (+)-11b. From 300 mg
(0.71 mmol) of compound 1b, 160 mg (66%) of compound
11b was obtained as a colourless solid after purification
by flash chromatography (hexanes/ethyl acetate, 1:1). Mp
> 130 °C (decomp.) (hexanes/ethyl acetate). '"H NMR: 6
2.92 (dd, 1H, J=8.4, 13.8Hz), 3.30 (dd, 1H, J_6.6,
13.8 Hz), 4.14 (m, 1H), 4.38 (dd, 1H, J=4.5, 7.8 Hz), 5.46
(d, 1H, J=4.5Hz), 7.05 (m, 14H). '*C NMR: 6 173.2,
157.2, 142.1, 141.1, 138.6, 129.8, 129.2, 128.8, 128.3,
126.8, 126.0, 125.2, 122.5, 117.9, 115.6, 80.7, 64.2, 43.0,
39.8. IR (CHCls, cm ™ Y): » 1740, 1670. MS (EI), m/z: 341
M™, 6), 319 (19), 250 (8), 235 (44), 105 (76), 91 (100%).
Anal. Calcd for C3HoNO,: C, 80.92; H, 5.61; N, 4.10.
Found: C, 80.77; H, 5.53; N, 4.05.

3.5.3. Tricyclic B-lactam cis-(£)-11c. From 400 mg
(0.92 mmol) of compound cis-1le, 170 mg (60%) of
compound cis-11c was obtained as a colourless oil after
purification by flash chromatography (hexanes/ethyl acet-
ate, 1:1). This compound decomposed quickly on standing
in solution at room temperature. '"H NMR: 6 2.80 (dd, 1H,
J=9.9, 13.8 Hz), 3.42 (dd, 1H, J=4.5, 13.8 Hz), 4.12 (m,
1H), 4.19 (dd, 1H, J=4.5, 4.8 Hz), 4.25 (AB system, 2H,
J=12.0 Hz), 4.78 (d, 1H, J=4.8 Hz), 7.20 (m, 14H). IR
(CHCls, cm ™~ '): v 1775, 1650.

3.5.4. Tricyclic B-lactam frans-(£)-11c. From 200 mg
(0.46 mmol) of compound trans-le, 90 mg (62%) of
compound frans-11c was obtained as a white solid after
purification by flash chromatography (hexanes/ethyl acet-
ate, 1:1). Mp 87-89 °C (hexanes/ethyl acetate). "H NMR: ¢
2.69 (dd, 1H, J=10.5, 13.8 Hz), 3.29 (dd, 1H, J=5.7,
13.8 Hz), 3.63 (m, 1H), 3.99 (m, 3H), 4.35 (d, 1H, J=
2.4 Hz), 7.0-7.3 (m, 14H). >*C NMR: ¢ 171.9, 141.0, 139.1,
138.8, 136.7, 129.3, 129.1, 128.6, 128.2, 127.9, 127.0,
125.6, 124.7, 116.6, 87.2, 71.9, 67.0, 48.0, 40.1, 25.3. IR
(CHCl3, cm ™ Y): » 1770, 1650, 1600. MS (EI), m/z: 298 (27),
264 (5), 91 (100). Anal. Calcd for C,4H,;NO,: C, 81.10; H,
5.96; N, 3.94. Found: C, 80.98; H, 6.03; N, 3.86.

3.5.5. Tricyclic B-lactam (=+)-12a. From 200 mg

(0.46 mmol) of compound 2a, 80 mg (50%) of compound
12a was obtained as a pale yellow oil after purification by
flash chromatography (hexanes/ethyl acetate, 1:1). 'H
NMR: 6 3.03 (dd, 1H, J=7.5, 14.7 Hz), 3.12 (dd, 1H, J=
5.1, 14.7 Hz), 3.68 (m, 1H), 3.82 (dd, 1H, J=4.5, 8.1 Hz),
4.06 (d, 1H, J=15.6 Hz), 4.72 (d, 1H, J=15.6 Hz), 5.28
(dd, 1H, J=1.5, 4.5 Hz), 7.15 (m, 14H). '*C NMR: 6 167.2,
157.6, 139.3, 136.7, 131.8, 129.7, 129.2, 128.7, 1284,
127.5, 126.9, 126.7, 126.5, 122.4, 115.9, 81.8, 54.7, 40.9,
38.9,36.3. IR (CHCl3, cm ~'): » 1760, 1600. Anal. Calcd for
C,4H, NO,: C, 81.10; H, 5.96; N, 3.94. Found: C, 81.22; H,
5.94; N, 3.94.

3.5.6. Tricyclic B-lactam (=£)-12b. From 220 mg
(0.49 mmol) of compound 2b, 110 mg (61%) of compound
12b was obtained as a colourless oil after purification by
flash chromatography (hexanes/ethyl acetate, 3:1). 'H
NMR: 6 3.00 (br s, 2H), 3.56 (br s, 2H), 3.97 (d, 1H, J=
18.3Hz), 445 (d, 1H, J=11.7Hz), 4.64 (d, 1H, J=
18.3 Hz), 4.64 (br s, 1H),4.72 (d, 1H, J=11.7 Hz), 7.15 (m,
14H). >*C NMR: 6 168.5, 139.5, 137.1, 136.8, 131.6, 129.1,
128.7, 128.6, 128.5, 127.8, 127.2, 126.7, 126.6, 126.4,
126.2, 82.4,72.7, 54.7, 40.4,38.9, 35.9. IR (CHCl5, cm ™~ '):
v 1750, 1640. Anal. Calcd for C,5sH,3NO,: C, 81.27; H,
6.27; N, 3.79. Found: C, 81.40; H, 6.24; N, 3.81.

3.5.7. Tricyclic B-lactam (+)-13a. From 100 mg
(0.20 mmol) of compound (+)-3a, 66 mg (70%) of
compound (+)-13a was obtained as a colourless solid
after purification by flash chromatography (hexanes/ethyl
acetate, 1:1). Mp 168-170 °C (hexanes/ethyl acetate).
[alp=+110.0 (¢ 0.5, CHCly). '"H NMR: ¢ 2.57 (dd, 1H,
J=11.1, 13.2 Hz), 3.05 (t, 1H, J=7.8 Hz), 3.45 (dd, 1H,
J=3.9, 13.2 Hz), 3.86 (dd, 1H, J=7.8, 8.7 Hz), 4.07 (m,
3H), 4.23 (t, 1H, J=8.7 Hz), 7.20 (m, 14H). ">C NMR: §
169.6, 157.3, 141.9, 140.8, 140.4, 136.6, 129.6, 129.5,
129.3, 129.2, 128.3, 127.3, 126.8, 125.7, 124.7, 117.4,70.9,
65.5, 59.7, 59.5, 46.3, 39.5. IR (CHCl;, cm ™ Y): » 1795,
1755, 1600. MS (EI), m/z: 410 M, 7), 319 (81), 207 (52),
130 (84), 104 (62), 91 (100%). Anal. Calcd for C,H,,N,O5:
C, 76.08; H, 5.40; N, 6.82. Found: C, 76.19; H, 5.43; N,
6.78.

3.5.8. Tricyclic B-lactam (+)-14. From 250 mg
(0.50 mmol) of compound (+)-4, 120 mg (57%) of
compound (+)-14 was obtained as a colourless solid after
purification by flash chromatography (hexanes/ethyl acet-
ate, 1:1). Mp 178-180 °C (hexanes/ethyl acetate). [a]p=
+97.4 (¢ 0.5, CHCl;). '"H NMR: ¢ 2.65 (dd, 1H, J=9.3,
13.8 Hz), 3.26 (br s, 1H), 3.41 (dd, 1H, J_4.5, 13.8 Hz),
3.53 (brs, 1H), 3.65 (dd, 1H, J=4.5, 8.7 Hz), 3.91 (dd, 1H,
J=5.7, 8.7 Hz), 4.04 (d, 1H, J=4.5 Hz), 4.06 (d, 1H, J=
17.1 Hz), 4.28 (t, 1H, J=8.7 Hz), 4.70 (d, 1H, J=17.1 Hz),
7.20 (m, 14H). C NMR: 6 162.9, 157.5, 140.2, 138.0,
135.6, 131.2, 129.6, 129.5, 129.3, 129.1, 128.3, 127.3,
127.2,126.9, 126.8, 126.6, 70.9, 62.6, 59.3, 56.8, 41.0, 40.4,
36.2. IR (CHClIs;, cmfl): v 1760, 1750. Anal. Calcd for
Cy7H4N>05: C, 76.39; H, 5.70; N, 6.60. Found: C, 76.51;
H, 5.68; N, 6.57.

3.5.9. Tricyclic B-lactam (+)-15a. From 70 mg
(0.17 mmol) of compound (+)-5a, 40 mg (64%) of
compound (+)-15a was obtained as a colourless oil after
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purification by flash chromatography (hexanes/ethyl acet-
ate, 4:1). [a]p= +56.0 (¢ 0.5, CHCl3). "H NMR: 6 2.76 (dd,
1H, J=6.0, 16.5 Hz), 2.85 (dd, 1H, J=5.1, 16.5 Hz), 3.57
(s, 3H), 3.62 (m, 1H), 4.04 (dd, 1H, J=4.2, 9.3 Hz), 4.21
(dd, 1H, J=1.8, 16.8 Hz), 4.78 (d, 1H, J=16.8 Hz), 5.43
(dd, 1H, J=1.8, 4.2 Hz), 7.10 (m, 9H). °C NMR: 6 172.2,
166.8, 157.5, 135.1, 131.1, 129.7, 127.7, 127.1, 127.0,
126.6, 122.5, 115.7, 81.5, 54.0, 52.0, 40.8, 35.2, 33.3. IR
(CHCl;, cm_l): v 1775. Anal. Calcd for C,0H;9NO,: C,
71.20; H, 5.68; N, 4.15. Found: C, 71.09; H, 5.72; N, 4.12.

3.5.10. Tricyclic B-lactam (+)-15b. From 200 mg
(0.54 mmol) of compound (+)-5b, 80 mg (47%) of
compound (+)-15b was obtained as a colourless oil after
purification by flash chromatography (hexanes/ethyl acet-
ate, 3:1). [alp= +47.0 (c 1.0, CHCl;). "H NMR: 6 0.89 (t,
3H, J=7.5 Hz), 1.90 (m, 2H), 3.23 (m, 1H), 3.74 (dd, 1H,
J=42,89Hz),4.13 (d, 1H, J=17.0 Hz), 4.73 (d, 1H, J=
17.0 Hz), 5.38 (dd, 1H, J=1.6, 4.2 Hz), 7.25 (m, 9H). °C
NMR: 6 166.8, 157.8, 135.9, 131.5, 129.7, 127.7, 1274,
126.9, 126.5, 122.4, 115.8, 81.9, 54.1, 40.6, 35.7, 24.0, 10.9.
IR (CHCls, cm ™ 1): » 1775. Anal. Caled for C;oH;oNO,: C,
77.79; H, 6.53; N, 4.77. Found: C, 77.91; H, 6.49; N, 4.75.

3.5.11. Tricyclic B-lactam (1)-22a. From 220 mg
(0.49 mmol) of compound 6a, 120 mg (69%) of compound
22a was obtained as a mixture (85:15) of epimers. The
major isomer could be isolated after purification by flash
chromatography (hexanes/ethyl acetate, 1:1). Colourless
solid. Mp 155-157 °C (hexanes/ethyl acetate). "H NMR: ¢
2.87 (d, 2H, J=8.1 Hz), 3.43 (t, 1H, J=8.7 Hz), 3.69 (s,
3H), 4.46 (dd, 1H, J=1.2, 5.1 Hz), 5.33 (d, 1H, J=5.1 Hz),
6.95 (m, 13H). *C NMR: ¢ 162.1, 156.5, 152.2, 138.5,
130.4, 129.7, 129.0, 128.9, 128.6, 126.8, 125.8, 123.5,
118.6, 118.5, 114.5, 79.6, 58.2, 55.4, 40.3, 39.9. IR (CHCl;,
cm_l): v 1755, 1590. Anal. Calcd for C,4H,NO3: C, 77.61;
H, 5.70; N, 3.77. Found: C, 77.73; H, 5.67; N, 3.75.

3.5.12. Tricyclic B-lactam (+)-22b. From 100 mg
(0.23 mmol) of compound 6b, 50 mg (56%) of compound
22b was obtained as a mixture (70:30) of epimers. The
major isomer could be isolated after purification by flash
chromatography (hexanes/ethyl acetate, 3:1). Colourless oil.
"H NMR: 6 2.49 (dd, 1H, J=5.1, 17.1 Hz), 2.70 (dd, 1H,
J=10.2, 17.1 Hz), 3.68 (s, 3H), 3.71 (s, 3H), 3.78 (dd, 1H,
J=5.1,9.9 Hz), 4.59 and 5.30 (d, each 1H, J=4.5 Hz), 6.81
(d, 2H, J=9.0 Hz), 6.93 (m, 3H), 7.15 (m, 1H), 7.35 (d, 2H,
J=9.0 Hz). >*C NMR: 6 172.1, 161.8, 156.6, 152.4, 130.0,
129.8, 129.4, 125.1, 124.0, 118.9, 118.6, 114.6, 79.5, 58.5,
55.5, 52.0, 37.1, 34.3. IR (CHCls, cm ™~ '): v 1760, 1750.
Anal. Calcd for C,yH;oNOs: C, 67.98; H, 5.42; N, 3.96.
Found: C, 67.87; H, 5.45; N, 3.98.

3.5.13. Tricyclic B-lactam (Z£)-22¢c. From 70 mg
(0.14 mmol) of compound 6¢, 30 mg (60%) of compound
22c¢ was obtained as a pale yellow oil after purification by
flash chromatography (hexanes/ethyl acetate, 3:1). 'H
NMR: 6 3.75 (s, 3H), 3.76 (br s, 2H), 4.13 (d, 1H, J=
1.2 Hz), 4.73 (dd, 1H, J=1.2, 5.1 Hz), 54 (d, 1H, J=
5.1 Hz), 6.80 (d, 2H, J=9.0 Hz), 7.0 (m, 2H), 7.18 (d, 2H,
J=9.0 Hz), 7.35 (m, 7H). >C NMR: 6 161.9, 156.6, 152.4,
139.4, 130.6, 130.0, 129.8, 128.6, 128.2, 127.3, 124.9,
123.5, 119.2, 118.5, 114.6, 79.5, 59.9, 55.5, 53.6, 51.3. IR

(CHCls, cm_l): v 3200, 1750, 1590. Anal. Calcd for
Co4HoN>05: C, 74.59; H, 5.74; N, 7.25. Found: C, 74.70;
H, 5.70; N, 7.20.

3.5.14. Tricyclic B-lactam (1)-23. From 500 mg
(1.40 mmol) of compound 7, 80 mg (20%) of compound
23 was obtained as a colourless oil after purification by flash
chromatography (hexanes/ethyl acetate, 3:1). '"H NMR: 6
3.75(d, 1H, J=15.3 Hz), 4.58 (d, 1H, J=15.3 Hz), 4.91 (d,
1H, J=4.4 Hz), 5.12 (s, 1H), 5.53 (d, 1H, J=4.4 Hz), 5.60
(s, 1H), 7.15 (m, 8H), 7.63 (d, 1H, J=7.7 Hz). *C NMR: 6
168.5, 157.5, 136.3, 133.3, 129.6, 129.5, 129.2, 128.6,
127.9, 1254, 122.3, 115.7, 112.2, 82.0, 54.2, 43.7. IR
(CHCls, crn_l): v 1760. Anal. Calcd for C;gH;sNO,: C,
77.96; H, 5.45; N, 5.05. Found: C, 77.84; H, 5.43; N, 5.08.

3.6. Radical reaction of haloaryl B-lactam (+)-3b.
Preparation of benzocarbapenem (+)-13b,
benzocarbacephem (+)-16, and 1,4-dihydroquinoline 17

According to the general procedure described in Section 3.5.
From 150 mg (0.35 mmol) of B-lactam (+)-3b, and after
column chromatography eluting with hexanes/ethyl acetate
(1:1), 40 mg (30%) of the less polar compound (+)-13b,
13 mg (10%) of compound (+)-16, and 33 mg (25%) of the
more polar compound 17 were obtained.

3.6.1. Benzocarbapenem (+)-13b. Colourless oil.
[alp=+126.0 (¢ 0.7, CHCl;). '"H NMR: 6 0.98 (t, 3H,
J=17.5Hz), 1.43 (m, 1H), 1.95 (m, 1H), 3.0 (m, 1H), 4.01
(dd, 1H,J=5.4, 8.1 Hz), 4.35 (dd, 1H, J=6.0,9.0 Hz), 4.75
(t, 1H, J=9.0 Hz), 4.96 (d, 1H, J=5.4 Hz), 5.02 (dd, 1H,
J=6.6, 9.0 Hz), 7.15 (m, 9H). '3C NMR: 6 170.6, 157.7,
141.6, 141.2, 137.9, 129.4, 129.3, 127.7, 127.7, 125.4,
124.7, 116.8, 71.0, 64.4, 61.9, 59.3, 44.3, 26.5, 11.8. IR
(CHCl;, cmfl): v 1760, 1600. Anal. Calcd for C,;H,oN,O5:
C, 72.40; H, 5.79; N, 8.04. Found: C, 72.28; H, 5.82; N,
8.07.

3.6.2. Benzocarbacephem (+)-16. Colourless solid. Mp
> 170 °C (decomp.) (hexanes/ethyl acetate). [a]p = +114.6
(c 0.5, CHCl;). "HNMR: 6 1.09 (d, 3H, J=7.2 Hz), 1.7 (m,
2H), 2.72 (m, 1H), 3.87 (dddd, 1H, J=1.5, 4.2, 8.1,
12.0 Hz), 4.34 (dd, 1H, J=5.4, 8.7 Hz), 4.70 (t, 1H, J=
8.7Hz), 481 (d, 1H, J=4.2 Hz), 5.01 (dd, 1H, J=54,
8.7 Hz), 7.0-7.4 (m, 9H). '*C NMR: 6 161.1, 157.9, 138.6,
132.6, 130.0, 129.4, 129.4, 128.0, 127.0, 126.5, 124.2,
118.5, 70.8, 63.2, 59.1, 54.1, 30.0, 29.3, 19.6. IR (CHCl;,
em ™ Y): » 1760, 1595. Anal. Caled for C,H,oN,O5: C,
72.40; H, 5.79; N, 8.04. Found: C, 72.54; H, 5.83; N, 8.00.

3.6.3. 1,4-Dihydroquinoline 17. Colourless oil. "H NMR: 6
1.19 (d, 3H, J=7.5Hz), 3.35 (m, 1H), 3.55 (d, 1H, J=
17.4 Hz), 4.18 (t, 1H, J=7.8 Hz), 4.64 (d, 1H, J=17.4 Hz),
475 (t, 1H, J=9.3 Hz), 5.19 (t, 1H, J=8.4 Hz), 5.51 (dd,
1H, J=5.1,7.2 Hz), 6.56 (d, 1H, J=7.2 Hz), 7.25 (m, 8H),
7.95 (d, 1H). IR (CHCl3, cm ™~ 1): » 1750, 1650. Anal. Calcd
for C,Hy9N,05: C, 72.40; H, 5.79; N, 8.04. Found: C,
72.52; H, 5.75; N, 8.08.
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Abstract—A method for the preparation of 3-fluoroalkyl substituted 2-aza-butadienes 6 by aza-Wittig reaction of 3-fluoroalkyl-N-vinylic
phosphazenes 4 and aldehydes 5 is reported. [4+2] Cycloaddition reaction of these heterodienes 6 with enamines 9 gives fluoroalkyl
substituted pyridine 15, 16, 24-27 and isoquinoline 12-14, 20 derivatives.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Functionalized 2-azabutadiene systems have proved to be
efficient key intermediates in organic synthesis for the
preparation of heterocycles'* although the great majority of
2-azadienes studied are substituted with electron-donating
groups and are excellent reagents in normal Diels—Alder
reactions with electron-poor dienophiles.'~ In this context,
we have described new methods for the preparation of
heterocycles,4 as well as for the synthesis of neutral
azadienes I (Fig. 1)° and of electron-poor 2-aza-1,3-
butadienes derived from o- and B-amino esters II (Fig. 1)°
and we have also reported their use in the preparation of
nitrogen heterocyclic compounds.*°

J (CO,R" (CO,RY
N/
N7 N7
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Figure 1.

Moreover, special interest has been focused on developing
synthetic methods for the preparation of fluorinated building
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blocks since they are used for the efficient and/or selective
preparation of fluorine-containing molecules with biological
activity’ and commercial applications.® Direct fluorination
is the simplest way to prepare fluorinated heterocyclic
compounds,’ but usually the use of fluorinated precursors
has been of more interest due to the easy formation of the
products and to the regioselectivity of the fluorine
substituents on the heterocyclic ring.10 In this context,
fluoroalkyl substituted 2-aza-1,3-butadienes III (Rg=CFj,
C,Fs, ... Fig. 1), despite their potential interest as synthons
in organic synthesis for the construction of more complex
fluoro-containing acyclic and cyclic compounds, have not
received much attention, probably owing to the lack of
general methods of synthesis of these compounds. More-
over, the presence of carboxylic groups in position 1 and 4
in compounds IIT (Fig. 1) may open new entries to the
formation of heterodienes derived from «- and B-amino-
acids. However, as far as we know, there has only been
synthesis of 4-alkoxy-1,4-disilyloxy-1-trifluoromethyl-,''*
l,1-bis-(triﬂuoromethyl-),llb 4.,4-difluoro- and 3-trifluoro-
methyl-2-aza-1,3-butadienes' ' and reactions of 4-alkoxy-
1,4-disilyloxy-1-trifluoromethyl-2-aza-1,3-butadienes with
carbonyl compounds'?* and 1,1-bis-(trifluoromethyl)-2-aza-
1,3-butadiene with bromide, amines, mercaptans,12b diazo-
methane'?® and phosphines'?? have been described. As a
continuation of our work on the design of new building
blocks, we report herein an easy and versatile method for
the synthesis of fluoroalkyl substituted 2-azadienes III
involving aza-Wittig reaction'® of N-vinylic phosphazenes
IV with aldehydes and the use of these substrates as starting
materials for the construction of fluoroalkyl functionalized
heterocycles (Fig. 2)."*
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2. Results and discussion

2.1. Synthesis of N-vinylic phosphazenes

Fluoroalkyl substituted N-vinylic phosphazenes 4 were
prepared by reaction of phosphorus ylides and perfluoro-
alkyl nitriles."> Gas nitriles 2a (Rp=CF;) and 2b (Rg=
C,Fs) were freshly generated'® and bubbled through a
solution of phosphorus ylides 1 (R2=Ph, CO,Me, CN),17
affording the corresponding N-vinylic phosphazenes 4a, 4b,
4d, 4e, 4g, 4i, 41 and 4m (Scheme 1) in good yields (Table 1,
entries 1, 2,4, 5, 7,9, 12 and 13). Commercially available
nitrile 2¢ (Rg=C;F;5) was also used for the synthesis of
phosphazenes 4c, 4f, 4h, 4j, 4k, 4n (Table 1, entries 3, 6, §,
10, 11 and 14). Inorganic salts were eliminated by filtration
and some phosphazenes were crystallized from ethyl acetate
and isolated. However, other phosphazenes were less stable

Table 1. N-Vinylic phosphazenes 4 obtained
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and, for this reason, were used without isolation (Table 1,
entries 6-11) from the crude mixtures.

Crystalline compounds 4 were characterized on the basis of
their spectroscopic data as E or Z isomers. Phosphazenes
4a—c with a phenyl group (R*=Ph) were exclusively
obtained as E isomers (Table 1, entries 1-3), while
phosphazenes 4d-h derived from methoxycarbonyl ylides
(R*=CO,Me) afforded phosphazenes whose HOESY
"F_'H experiments showed cross signals between fluori-
nated groups and vinylic protons, suggesting the formation
of Z isomers (Table 1, entries 4-8).

However, when ylides containing a cyan substituent were
employed (R?=CN) either only E isomers (Table 1, entries
10, 11 and 14) or mixtures of E and Z isomers (Table 1,
entries 9, 12 and 13) with a higher proportion of E isomers
were obtained. Formation of conjugated phosphazenes 4 can
be explained through [2+2] cycloaddition of phosphorus
ylides 1 and nitriles 2 followed by ring opening of the
unstable four-membered cyclic compounds 3°™'®
(Scheme 1). In this context, it is noteworthy that,
isomerization of E isomer towards Z isomer was observed
during purification (recrystallization or column chromato-
graphy) or thermal treatment.

For instance, spectroscopic analysis confirmed the total
thermal isomerization to the new Z isomers when only the E
isomers (phosphazenes 4a—c and 4n) as well as mixtures of
E- and Z-isomers (phosphazenes 4i, 41 and 4m) were heated
at 110 °C in toluene. For example, 'H NMR monitoring of
E-phosphazene 4a upon heating showed a singlet at dy
6.23 ppm for the vinylic proton of Z-phosphazene 4a,
instead of the doublet corresponding to the E precursor
(04=5.70 ppm, *Jpy=3.2 Hz). Configuration of vinylic
double bonds was also determined on the basis of hetero-
nuclear HOESY '"F-'H experiments. Similar isomeriza-
tions have been observed previously by us'® and by others.*°

2.2. Aza-Wittig reaction of fluoroalkyl substituted
N-vinylic phosphazenes 4 with carbonyl compounds 5

We then turned our attention to the preparation of

Entry Compound R R! R? Ry Time (h) Solvent Yield (%)  Mp (°C) EIZ (%)
1 4a Ph Ph Ph CF; 12 Et,O 90° 134-135 100:0°¢
2 4b Ph Ph Ph C,Fs 24 Et,0 81* 105-106 100:0°
3 4c Ph Ph Ph C;Fs 12 Toluene 83" 120-121 100:0°
4 4d Ph Ph CO,Me CF; 12 Et,O 65° 101-102 0:100
5 4e Ph Ph CO,Me C,Fs 24 Et,0 99* 93-94 0:100
6 af Ph Me CO,Me C;Fis 48 Toluene —d — 0:100
7 4g Me Me CO,Me CF; 12 Et,0 —d — 0:100
8 4h Me Me CO,Me C/Fys 12 Et,0 —d — 0:100
9 4i Ph Ph CN CF; 24 Et,0 —d — 60:40°
10 4j Ph Ph CN C/Fys 48 Toluene —d — 100:0
11 4k Ph Me CN CsF;5 48 Toluene —d — 100:0
12 4 Me Me CN CF; 12 THF 86° — 80:20°
13 4m Me Me CN C,Fs 12 THF 66° — 75:25¢
14 4n Me Me CN C;Fys 12 THF 40° 98-99 100:0°

? Yield of isolated compounds.

® Isomerization towards Z isomer was observed when purification by column chromatography was performed (see Section 4).
¢ Isomerization of E isomer towards Z isomer was observed when a solution of E isomer or the £/Z mixture was heated at 110 °C in toluene (see Section 4).

4 Not isolated, used in situ.
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2-azadienes III (Fig. 2) containing a carboxylate group or a
synthetic equivalent either in position 1 or in position 4,
because these substrates are heterodienes derived from o-
and B-amino acids respectively, containing fluoroalkyl
substituents on 3 position. The aza-Wittig reaction® of
fluoroalkyl E-N-vinylic phosphazenes 4a—c derived from
triphenylphosphine (R=R'=Ph) with ethyl glyoxalate 5
(R3=C02Et) at room temperature (Scheme 2) gave
fluoroalkyl 2-azadienes 6a—c (Table 2, entries 1-3) keeping
the E configuration of the vinylic double bond (1,2-
addition). These heterodienes 6a—c were unstable to
distillation or chromatography and therefore were not
isolated and used in situ for the following reactions, but
the presence of the non isolable compounds was established
on the basis of the spectroscopic data of their crude
mixtures. In the "H NMR spectrum of crude reaction of
compound 6b the olefinic hydrogen appeared as a singlet at
0 6.85ppm and the iminic hydrogen as a singlet at 6

Table 2. 3-Fluoroalkyl-2-azadienes 6 obtained

7.90 ppm. A significant signal enhancement (1.6% NOESY)
was observed between the vinylic proton at 6 6.85 ppm of
2-azadiene and iminic proton at 6 7.90 ppm for compound
6b. These data are consistent with the 1E,3E-configuration
of heterodienes 6a—c.

However, no aza-Wittig reaction (1,2-addition) was
observed between ethyl glyoxalate or aromatic aldehydes
5 with fluoroalkyl N-vinylic phosphazenes derived from
triphenylphosphine 4d,4e (R=R'=Ph, R*=CO,Me) or
4i4j (R=R'=Ph, R?=CN) or derived from diphenyl-
methy]phosPhine 4f (R=Ph, R' =Me, R>=CO,Me) and 4k
(R=Ph, R =Me, R2=CN). The electron withdrawing
effect of these groups (CN, CO,Me) on 4 position seems to
decrease the reactivity of conjugated phosphazenes 4
through the P=N linkage in the aza-Wittig reaction.
Conversely, when phosphazene 4i (R=R'=Ph, R*=CN,
Rp=CF;) was treated with p-nitrobenzaldehyde 5 (R®=4-
NO,—CgH,), olefinic derivative 8a (R®=4-NO,~C¢H,)*!
and triphenylphosphine oxide were isolated from the crude
mixture (Scheme 2). This result suggests an enaminic
behaviour (1,4-addition) of the conjugated phosphazene 4i.
Formation of compound 8a could be explained by an initial
addition of aldehyde 5 to the B-carbon atom of phosphazene
4i (1,4-addition) to give unstable 1,3,2-oxaazaphosphorane
7, whose opening afforded the corresponding triphenyl-
phosphine oxide (R=R'=Ph), the very volatile nitrile 2
(Rg=CFj3) and alkene derivative 8a.

Substitution in the phosphorus atom of phosphazenes of
phenyl by methyl groups increases the reactivity of the
phosphazene® (1,2-addition) in a similar way to that
observed for isosteric phosphorus ylides,?* therefore more
reactive phosphazenes derived from trimethylphosphine
were used. Initially, we explored the reaction of Z-con-
jugated phosphazene with an ester group in 4 position 4g
(R=R'=Me, R?=C0,Me, Rr=CF;) with aromatic alde-
hydes 5 (R>*=4-NO,—C¢H,, 2,4-(NO,),—CcHj). After heat-
ing the respective reaction mixtures in refluxing toluene the
exgected (1E,3Z)-2-azadienes 6d (R>=4-NO,—CgH,) or 6e
(R7=2,4-(NO,),—C¢H3) (Table 2, entries 4 and 5) were
obtained, keeping the Z-configuration of the starting vinyl
group from conjugated phosphazene 4g. Similar results
were observed when aza-Wittig reaction was attempted with
Z-conjugated phosphazenes containing a cyano group 41

Compound Starting R? RE R? T Time Solvent Yield

material °0) (h) (%)
1 (1E,3E)-6a (E)-4a Ph CF; CO,Et 20 1 CHCl, —
2 (1E,3E)-6b (E)-4b Ph C,Fs CO,Et 20 1 CHCl, —
3 (1E,3E)-6¢ (E)-4c Ph C;F;s CO,Et 20 0.5 CHCl, —
4 (1E,32)-6d (2)-4g CO,Me CF; 4-NO,—Cg¢Hy 110 3 Toluene —*
5 (1E,3Z)-6e (2)-4g CO,Me CF; 2,4-(NO,),—C¢H; 110 3 Toluene -
6 (1E,32)-6f (2)-41 CN CF; 4-NO,—CgHy 110 2 Toluene 45°
7 (1E,32)-6f (E)-41 CN CF; 4-NO,—CgHy 110 3 Toluene 35°
8 (1E,3Z)-6g (E)-41 CN CF; 2,4-(NO,),—C¢H; 110 6 Toluene 30°
9 (1E,3Z)-6g (E+2)-41 CN CF; 2,4-(NO,),—CgHj; 61 12 CHCl, 45°
10 (1E,3Z)-6h (E+2Z)-4m CN C,Fs 4-NO,—CgHy 110 120 Toluene —*
11 (1E,32)-6i (Z2)-4n CN C7Fs 4-NO,—Cg¢Hy 110 120 Toluene —
12 (1E,32)-6i (E)-4n CN C7Fs 4-NO,—CgHy 110 138 Toluene -
13 (1E,32)-6j (E)-4n CN C7F5 2,4-(NO,),—C¢H; 110 192 Toluene —

2 Not isolated, used in situ for the next reactions.

" Yield of isolated compounds by column chromatography.
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(R R'=Me, R*=CN, Rg=CF;) and 4n (R=R'=Me,
=CN, Rg=C7F;5) to give (1E,3Z)-heterodienes 6f and 6i
(Table 2, entries 6 and 11).

However, these azadienes 6f and 6i with the same
configuration (1E,3Z) were also obtained when E isomers
41 and 4n were used, although longer reaction times were
necessary than for 3-Z isomers (Table 2, entries 7 and 12).
"H NMR monitoring of reaction of E isomer of phosphazene
41 with p-nitrobenzaldehyde (R*=4-NO,~C¢H,) was
performed. Initially, signals corresponding to conversion
of E-phosphazene towards Z isomer were observed, the
latter being the precursor of corresponding (1E,3Z)-2-
azadiene 6f, whose signals began to be visible after
isomerization. In a similar way, reaction E isomer of
phosphazenes 41 and 4n with aromatic aldehyde 5 (R*=24-
(NO,),—C¢H3) (Table 2, entries 8 and 13) or reaction of E,Z
mixtures of phosphazene 41 (3E/3Z=80/20) with aromatic
aldehyde 5§ (R =2,4-(NO,),—Cg¢H3) or phosphazene 4m
(3E/3Z="75/25) with 4-nitrobenzaldehyde 5 (R*=4-NO,—
CegHy) led to the formation of (1E,3Z)-azadienes 6g h,_],
respectively (Table 2, entries 9, 10 and 13). HOESY ' °F-'H
experiment for compound 6j showed cross signal between
fluorinated group and vinylic proton, confirming the
formation of (1E,3Z) isomer. As far as we know, this
strategy describes the first synthesis'* of 3-perfluoroalkyl-2-
azabutadienes derived from a-amino esters 6a—c (Rp=CF3,
C,Fs, C;F;5) and 3-perfluoroalkyl-2-azabutadienes derived
from B-amino esters 6d,e (Rp=CF;3) and from B-amino
nitriles 6f—j (RFZCF3, C2F5, C7F15).

2.3. Reaction of 3-fluoromethyl-2-azadienes 6 with
enamines 9. [4 +2] versus [2 +2] cycloaddition processes

Pyridine nuclei are widespread in the alkaloid family and
constitute an important class of comg)ounds in pharma-
ceuticals, agrochemicals and dyestuffs.”**** For this reason,
in order to test the synthetic usefulness of the new
fluoroalkyl substituted azadienes 6 as key intermediates in
organic synthesis and specially in the preparation of new
nitrogen-containing heterocycles, the cycloaddition reaction
of fluoroalkyl substituted 2-azadienes 6 was explored.
Cycloaddition reactions with a range of dienophiles (diethyl
ketomalonate, trans-cyclooctene, ...) were inefficient.
Indeed, even on prolonged heating and at higher tempera-
ture no significant cycloaddition was observed, and so the
reaction of heterodienes 6 with electron-rich olefins such as
enamines was studied.

Initially, the reaction of 2-azadiene derived from o-amino
esters 6a was explored, because this substrate would be an
interesting startmg material for the preparation of pipecolic
acid derivatives.”> When the reaction of 2-azadiene 6a with
N-cyclohex-1-enyl pyrrolidine 9a was performed in reflux-
ing toluene, only the aromatic bicyclic compound 12
(Scheme 3, 40%) was obtained.

The formation of this tetrahydroisoquinoline can be
explained through a [4+2] cycloaddition reaction of
heterodiene 6a with enamine 9a and formation of
cycloadduct 10 followed by the loss of pyrrolidine and
oxidation. Then, we tried to stop the process in proposed
intermediates when the reaction was achieved in very mild

COzEt CO,Et
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Scheme 3.

reaction conditions. At room temperature in CHClj;,
alkylfluorinated 2-azadiene 6a, underwent efficient regio-
and stereoselective cycloaddition with enamine 9a affording
the endo-cycloadduct 10 (Scheme 3) in good yield (80%) in
a regio- and stereoselective fashion. The structure of
compound 10 was assigned on the basis of the 1D and 2D
spectroscopy, including COSY, NOE, HMQC and HMBC
experiments and mass spectral data. As far as we know, this
strategy describes the first synthesis'* of 3-trifluoromethyl-
isoquinolines derived from a-amino esters 10 and 12.

Then, we tried to extend the process to 3-trifluoromethyl-2-
azadienes derived from B-amino nitrile. Thus, 2-azadiene 6f
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Table 3. Pyridine derivatives 13—16 obtained from azadienes 6 and enamines 9
Entry Compound R? R? R* R’ Time (h) Yield (%)
1 13a CN 4-NO,—CgH, —~(CHp)4— 2 29°
2 13b CN 2,4-(NO,),~CeHj —~(CHo)4— 3 —be
3 14a CN 4-NO,-CeH, ~(CHa,)4— 272% 29%/93°
4 14b CN 2,4-(NO2)~CeH; —~(CHy)4— , 3/144f —Pe70¢
5 15a CO2MC 2,4-(N02)2—C6H3 H IPI' 3 35
6 15b CO,Me 4-NO,-CeH,4 H Pr 24 60"
7 16a CO,Me 2,4-(NO,),—C¢Hj H Pr 3/24' 43%/98
8 16b CO,Me 4-NO,—~CeH,4 H Pr 48t 72"
9 16¢ CN 4-NO,~CeH, H Pr 3 520
10 16d CN 2,4-(NO,),~CeHj H 'Pr 3 64°

# Isolated by column chromatography.
® Not isolated.
¢ Proportion 13b:14b, 6:1.

4 Obtained by oxidation of the mixture of 13 and 14 with p-benzoquinone in dioxane at 80 °C.

¢ Obtained by oxidation of 13a with p-benzoquinone in dioxane at 80 °C.
f Obtained by oxidation of 15 with p-benzoquinone in dioxane at 80 °C.

(R*=CN, R*=4-NO,-C¢H,) reacted with N-cyclohex-1-
enylpyrrolidine 9a at room temperature until disappearance
of starting material, affording a mixture (1:1) of bicyclic
cycloadduct 13a (29%) and the corresponding aromatic
heterocycle 14a (29%) (Scheme 4, Table 3, entries 1 and 3).
Oxidation of 13a with p-benzoquinone in dioxane at 80 °C
(72 h) gave only 3-trifluoromethyl-5,6,7,8-tetrahydro-iso-
quinoline 14a in very high yield (93%). Similarly, azadiene
6g (R’=CN, R’=24-(NO,),—C¢H3) was treated with
enamine 9a at room temperature to give an inseparable
mixture of heterocyclic derivatives 13b and 14b (6:1)
(Scheme 4, Table 3, entries 2 and 4). Oxidation of the
mixture with p-benzoquinone in dioxane at 80 °C gave only
the aromatic pyridine 14b (Scheme 4, Table 3, entry 4).

Formation of compounds 13 and 14 (R*R’>=(CH,),) could
be explained, as before, by formation of a [4+2]-
cycloadduct followed by the loss of pyrrolidine and
oxidation in a similar way to that described in Scheme 3.

The reaction was extended to N-(3-methyl)but-1-enyl-
pyrrolidine 9b (R*=H, R>='Pr). In this process, the
electron-withdrawing effect of substituents at position 4
(CO,Me, CN) seems to play an important role. 2-Azadiene
6e derived from PB-aminoester (RZ=CO,Me, R’*=24-
(NO,),—CcH3) reacted with enamine 9b in CHCl; at room
temperature to give heterocycles 15a (R*=CO,Me, R*=
2,4-(NO,),—C¢Hs, R*=H, R>='Pr) and 16a (R*=CO,Me,
R? =2,4-(NO,),—C¢Hs, (Scheme 4, Table 3, entries 5 and 7)
along with a small amount (< 10%) of aldehyde 18a (R3=
2,4-(NO,),—CeH;) and enamine 19.>° Formation of

heterocycles 15 and 16 (R*=H, R’='Pr) could be
explained, as before, by formation of a [4 +2]-cycloadduct
followed by the loss of pyrrolidine and oxidation in a similar
way to that described in Scheme 3. However, the formation
of aldehyde 18a (R*=2,4-(NO,),—CgH;) and primary
enamine 19 could be explained by a competitive [2+2]
cycloaddition of the enamine with the iminic double bond of
heterodiene®’ followed by ring opening of the four-
membered ring and formation of the intermediate 17
(Scheme 4), whose subsequent C-N bond cleavage gave
pyrrolidine, carbonyl compound 18 and primary enamine
19.

On the other hand, when 2-azadiene 6d (R2 =CO,Me, R3=
4-NO,—C¢H,) reacted in CHCI; at room temperature with
the same enamine 9b a complex mixture of several
compounds including decomposition products of starting
azadiene was obtained after very long period of time (10
days). Nevertheless, if the reaction was performed by
heating in toluene, only the 1,2-dihydropyridine 15b (R*=
CO,Me, R®*=4-NO,~C¢H,, R*=H, R>='Pr) was obtained
(Scheme 4, Table 3, entry 6). Oxidation of 1,2-dihydro-
pyridines 15a,b with p-benzoquinone in dioxane at 80 °C
(for 24 and 48 h respectively) gave pyridines 16a,b (98 and
72% see Table 3, entries 7 and 8).

Aromatic pyridines 16 can also be directly prepared in the
case of 2-azadienes derived from B-amino nitriles 6f,g
(R2=CN). Reactions of 2-azadienes 6f (R3 =4-NO,—CgHy)
and 6g (R*=2,4-(NO,),—~C¢H;) with enamine 9b was
performed in CHCI; at room temperature to give only

Table 4. Pyridine derivatives 20, 24-27 obtained from azadienes 6 and enamines 9

Entry Compound R? RS R* R® Yield
1 20 — CF; —(CHp)4— 60°

2 24a — CF; —(CHp)5— 42°

3 24b — CeFi3 —(CHy)s— 48°

4 25a 4-N027C6H4 CF3 H tPI' 40
5 25b 4-NO»,—CeH,4 CeF13 H Pr 35°
6 25¢ 2,4-(NO,),—C¢H; CeF15 H Pr —°
7 26a 4-NO,—C¢H,4 CF; H Pr 18°
8 26b 4-NO»,-CeH,4 CeF13 H Pr 18°
9 26¢ 2,4-(NO,),—C¢H; CeF13 H Pr —°
10 27b 4-NO»-CgH,4 CeFi3 H Pr 22°

* % Tsolated by column chromatography.
b Obtained as an inseparable mixture of 25¢ and 26¢ (1:2).
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pyridines 16c and 16d, respectively (Scheme 4, Table 3,
entries 9 and 10).

2.4. Reaction of 3-perfluoroethyl-2-azadienes and
3-perfluorohepthyl-2-azadienes with enamines

In order to test the influence of perfluoroalkyl substituents at
3 position on the reactivity of heterodienes 6 derived from
a-amino esters (R>=CO,Et), we tried to extend the study to
the reaction of 3-perfluoroethyl-2-azadiene 6b (R®=CF;)
and 3-perfluorohepthyl-2-azadiene 6¢ (R®=C¢F,3) with
enamines 9 (Scheme 5). However, an unexpected
behaviour was observed when 2-azadiene derived from
ethAyI 5glyoxalate 6b (R®=CF;) was treated with enamine 9a
(R"R”=(CH,)4). Spectroscopic data for the compounds
obtained showed that pyridine 20 (R°=CF;, R'R’=
(CH,)4) was obtained (Scheme 5, Table 4, entry 1) instead
of the expected compound 21 (R4R5 =(CH,)y).

Mass spectrometry of compound 20 showed the molecular
ion (m/z 381, 73%), which corresponds to the loss of HF
from expected cycloadduct 22, confirmed also by 'H NMR
and '*C NMR spectra. Thus, '"H NMR of compound 20
(R®=CF;, R*R’>=(CH,),) showed a double quadruplet at ¢
5.45 ppm with coupling constants of “Jyr=46 Hz and
3JHF=6 Hz and *C NMR spectrum shows a double
quadruplet at 6 122.0 ppm with coupling constants of
'Jcp=281.0 Hz and *Jcr=29.0 Hz.

Formation of this fluoroalkyl heterocycle 20 could be
explained through a [4 4 2]-cycloadduct 10 followed by the
loss of pyrrolidine, dehydrofluorination and formation of 23.
Enamine-imine tautomerization of 23 may give aromatic
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R R
SaTR O et
RS Ph i RS Ph Q
st UL
c -
6¢c R6=CGF13 253
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Scheme 5.

1-ethoxycarbonyl-4-phenyl-3-(1,2,2,2-tetrafluoroethyl)-
5,6,7,8-tetrahydroisoquinoline 20 (Scheme 5).28

Likewise, heterodienes derived from glyoxalate 6b (R®=
CF3) and 6¢ (R®=C¢F,3) with N-cyclopent-1-enyl pyrroli-
dine 9¢ (R*R>=(CH,)5) led also to the formation of bicyclic
heterocycles 24a (R°=CF;, R'R’=(CH.,);) and 24b (R°=
CeF13, R*R’ = (CH,)3) containing fluoroalkyl substituents at
3 position (Scheme 5, Table 4, entries 2 and 3). In these
processes the presence of an electron-withdrawing group
(CO,Et) at 1 position seems to favour the [4+2]
cycloaddition reaction with exclusive formation of aromatic
pyridine derivatives 20 and 24.

However, when heterodienes with an aryl group (1 position)
and derived from p-amino nitriles (R“=CN) such as
2-azadiene 6h (R®=CF;, R*=4-NO,—C¢H,) were treated
with enamine 9b, not only aromatic pyridines 25a and 26a
(Scheme 6, Table 4, entries 4 and 7) but also unsaturated
aldehydes 18b (R*=4-NO,~C¢Hs, E and Z) and enamine
28a (R®=CF;) were obtained (< 10%, Scheme 6).

Similar behaviour was observed in the reaction of
2-azadienes 6i (R°=CgF;5, R?=4-NO,-C¢H,) and 6j
(R®=Cg4F,3, R*=2,4-(NO,),—C¢H3) with this enamine 9b
to give mixtures of aromatic perfluoro substituted (position
2) pyridines 25b,c (Scheme 6) and pyridines with only a
fluorine atom in Ca. of C-2 26b,c (Table 4, entries 5, 6, 8 and
9). Formation of compounds 25, 26 could be explained, as
before, through a normal [4+ 2] cycloaddition reaction of
heterodienes and enamines with formation of cycloadducts
27. These intermediates could give either pyridines 25, by
oxidation under reaction conditions, or pyridines 26 by
dehydrofluorination, in a similar way to that observed
before in Scheme 5. Moreover, in the case of the reaction
of heterodiene 6i, the dihydropyridine derivative 27b
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(R®=C4F;3, R*=4-(NO,)-C¢H,) can also be isolated
(Table 4, entry 10). Spectroscopic data 1D and 2D,
including HMQC and HMBC experiments were consistent
with the structure of compound 27. In these processes a
small amount (<10%) of the corresponding unsaturated
aldehydes 18b (R*=4-(NO,)-C¢H4) and 18a (R>=24-
(NO,),—Cg¢H3) and enamine 28b (R®=C¢F,3, 6% and 8%
respectively) were obtained. The formation of compounds
28 and 18 could also be explained by a competitive [2+2]
cycloaddition of the enamine with the iminic double bond of
heterodiene and formation of intermediate 29 in a similar
manner to that reported in Scheme 4.

3. Conclusion

In summary, fluoroalkyl N-vinylic phosphazenes 4 can be
prepared readily from fluoroalkyl nitriles 2 and phosphorus
ylides 1. These conjugated phosphazenes react cleanly and
in good yields with aldehydes, by means of an aza-Wittig
reaction, to afford fluoroalkyl functionalized 2-azadienes 6,
which are excellent building blocks for the preparation of
fluorinated heterocycles. For instance, fluoroalkylated
heterocycles esters such as 5,6,7,8-tetrahydroisoquinolines
12, 14 and 20, substituted pyridines derived from pipecolic
esters 24, as well as pyridine compounds derived from
B-amino nitriles and B-amino esters such as 1,2,6,7,8,8a-
hexahydroisoquinolines 13, dihydropyridines 15 and 27 and
substituted pyridines 16, 25 and 26 can be prepared through
a [4+2] cycloaddition strategy involving heterodienes 6
with electron-rich dienophiles such as enamines. Most of
them are described for the first time. These fluoroalkylated
2-aza-1,3-butadienes may be important synthons in organic
synthesis and in the preparation of fluoroalkyl substituted
acyclic and heterocycles.'®

4. Experimental
4.1. General

Chemicals were purchased from Aldrich, Lancaster,
Fluorochem and Acros Chemical Companies. Solvents for
extraction and chromatography were technical grade. All
solvents used in reactions were freshly distilled from
appropriate drying agents before use. All other reagents
were recrystallized or distilled as necessary. All reactions
were performed under an atmosphere of dry nitrogen.
Analytical TLC was performed with Merck silica gel 60
F,s4 and aluminium oxide N/UV,s,4 plates. Visualization
was accomplished by UV light. Flash chromatography was
carried out using Merck silica gel 60 (230400 mesh
ASTM) and aluminium oxide 90 active neutre (70-230
mesh ASTM). Melting points were determined with an
Electrothermal IA9100 Digital Melting Point AIpparatus and
are uncorrected. 'H (400, 300 and 250 MHz), "*C (100 and
75 MHz), 'F NMR (376 and 282 MHz) and *'P NMR
(120 MHz) spectra were recorded on a Bruker Avance
400 MHZ and a Varian VXR 300 MHz spectrometer using
CDCl; or CD;OD solutions with TMS as an internal
reference (6=0.00 ppm) for 'H and '*C NMR spectra,
FCCl; as an internal reference (6 =0.00 ppm) for 9F NMR
spectra, and phosphoric acid (85%) (6=0.0 ppm) for *'P

NMR spectra. Chemical shifts (6) are reported in ppm.
Coupling constants (J) are reported in Hertz. Low-
resolution mass spectra (MS) were obtained at 50-70 eV
by electron impact (EIMS) on a Hewlett—Packard 5971 or
5973 spectrometer. Data are reported in the form mi/z
(intensity relative to base=100). Infrared spectra (IR) were
taken on a Nicolet IRFT Magna 550 spectrometer, and were
obtained as solids in KBr or as neat oils. Peaks are reported
in cm ™. Elemental analyses were performed in a LECO
CHNS-932 apparatus.

4.2. General procedure A for the preparation of
phosphazenes 4

A 1.6 M solution of methyllithium (3.125 mL, 5 mmol) in
ether was added dropwise to a solution of 5 mmol of
phosphonium salt in ether or toluene (20 mL) cooled to 0 °C
under N,. The clear red solution was heated at reflux for 1 h.
Fluoroalkylated nitrile was added dropwise or bubbled to
the ylide solution at 0 or —35 °C and the mixture was stirred
at room temperature. Inorganic salts were filtered under N,
and filtrate was concentrated to afford an oil.

4.3. General procedure B for the preparation of
phosphazenes 4

A 0.5 M solution of KHMDS in toluene (10 mL, 5 mmol)
was added dropwise to a solution of 5 mmol of phos-
phonium salt in THF (20 mL) cooled to 0 °C under N, and
was stirred for 4.5 h at room temperature. Inorganic salts
were filtered under N, and fluoroalkylated nitrile was added
dropwise or bubbled to the ylide solution at —35 °C. The
mixture was stirred at room temperature overnight.
Evaporation of solvent afforded an oil.

4.3.1. (3E)-1,1,1,4-Tetraphenyl-3-trifluoromethyl-2-aza-
123-phosphabuta-1,3-diene (4a). The general procedure A
was followed using benzyltriphenylphosphonium iodide
(2.40 g) in ether and bubbling trifluoroacetonitrile (CF;CN)
in excess at 0 °C for 12 h. Crystallization from ethyl acetate
gave the (E) isomer of 4a as a yellow solid (2.01 g, 90%) mp
134-135 °C (ethyl acetate). IR (KBr) » 1600, 1341 cm ™
"H NMR (400 MHz, CDCl5) 6: 5.70 (d, *Jpy=3.2 Hz, 1H),
6.98-7.85 (m, 20H). >C NMR (100 MHz, CDCl;) 6: 113.8
(dd, *Jep=11.3 Hz, *Jcp=1.7Hz), 122.8 (dq, 'Jep=
278.0 Hz, *Jep=24.5Hz), 125.5-133.7 (m), 137.0 (q,
2Jcg=21.3 Hz). *'P NMR (120 MHz, CDCl;) 6: 7.94. '°F
NMR (282 MHz, CDCly) 6: —64.1. MS (EI) m/z 447 (M ™,
100). Anal. Calcd for C,7H,F5NP (447): C, 72.48; H, 4.73;
N, 3.13. Found: C, 72.02; H, 4.68; N, 3.10.

4.3.2. (3E)-3-Perfluoroethyl-1,1,1,4-tetraphenyl-2-aza-
1A°-phosphabuta-1,3-diene (4b). The general procedure
A was followed using benzyltriphenylphosphonium iodide
(240 g) in ether and bubbling perfluoropropanenitrile
(C,F5CN) in excess at 0 °C for 24 h. Crystallization from
ethyl acetate gave the (E) isomer of 4b as a yellow solid
(2.01 g, 81%) mp 105-106 °C (ethyl acetate). IR (KBr) »
1608, 1203 cm™'. "H NMR (400 MHz, CDCl3) 6: 5.73 (s,
1H), 6.91-7.8 (m, 20H). '*C NMR (100 MHz, CDCl3) é:
112.4 (tq, 'Jep=259.9 Hz, %Jcr=40.8 Hz), 119.3 (tq,
1Jcp=286.6 Hz, *Jcp=40.8 Hz), 125.9-136.6 (m). °'P
NMR (120 MHz, CDCl3) 6: 7.46. 'F NMR (282 MHz,
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CDCly) 6: —64.3, —94.5; MS (EI) m/z 497 (M ™, 100).
Anal. Calced for CogH,FsNP (497): C, 67.61; H, 4.25; N,
2.82. Found: C, 67.72; H, 4.21; N, 2.81.

4.3.3. (3E)-3-Perfluorohepthyl-1,1,1,4-tetraphenyl-2-
aza-1)>-phosphabuta-1,3-diene (4c). The general pro-
cedure A was followed using benzyltriphenylphosphonium
iodide (2.40 g) at 0°C in toluene and adding dropwise
1.97 g (5 mmol) of perfluorooctanenitrile (C;F;sCN). The
mixture was stirred at room temperature for 12 h. Crystal-
lization from ethyl acetate gave the (E) isomer of 4¢ as a
yellow solid (3.10 g, 83%) mp 120-121 °C (ethyl acetate)
IR (KBr) » 1611, 1206 cm ™~ '. "H NMR (400 MHz, CDCl,)
0: 5.74 (s, 1H), 6.89-7.81 (m, 20H). '*C NMR (100 MHz,
CDCls) 6: 109.3-115.8 (m), 125.9-136.6 (m). >'P NMR
(120 MHz, CDCls) 6: 7.03. '?’F NMR (282 MHz, CDCl5) 6:
—81.2 (t, *Jgr=9.2 Hz), —107.1-126.5 (m); MS (EI) m/z
747 (MY, 40). Anal. Calcd for Cs3H, F sNP (747): C,
53.03; H, 2.83; N, 1.87. Found: C, 53.20; H, 2.80; N, 1.82.

4.3.4. (3Z)-4-Methoxycarbonyl-3-trifluoromethyl-1,1,1-
triphenyl-2-aza-1A>-phosphabuta-1,3-diene (4d). Tri-
fluoroacetonitrile in excess (CF;CN) was bubbled to a
suspension of commercial ylide (methoxycarbonyl-methyl-
en)-triphenylphosphoran (Ph;P—CHCO,CH;) in Et,O at
0 °C and the mixture was stirred at room temperature for
12 h. Filtration and evaporation of solvent afforded the (Z)
isomer of 4d as an orange solid (1.39 g, 65%) mp 101-
102 °C (CHCL5). IR (KBr) » 1702, 1208 cm ™~ '. '"H NMR
(300 MHz, CDCls) ¢: 3.17, (s, 3H), 5.41 (s, 1H), 7.31-7.58
(m, 15H). ">C NMR (75 MHz, CDCl5) é: 50.2, 96.7, 120.9
(q, "Jer=280Hz), 128.2-132.5 (m), 167.1. *'P NMR
(120 MHz, CDCl) 6: 10.2. 'F NMR (282 MHz, CDCls)
0: —71.3. MS (EI) m/z 429 (M™, 18). Anal. Calcd for
C,3H oFsNO,P (429): C, 64.34; H, 4.46; N, 3.26. Found: C,
64.58; H, 4.51; N, 3.13.

4.3.5. (3Z)-4-Methoxycarbonyl-3-perfluoroethyl-1,1,1-
triphenyl-2-aza-17%-phosphabuta-1,3-diene (4e). A
solution of commercial (methoxycarbonylmethylen)-tri-
phenylphosphorane (1.672 g, 5 mmol) in CH,Cl, was
cooled to 0 °C under N,. Perfluoropropanenitrile in excess
(C,F5CN) was bubbled and the mixture was stirred for 24 h.
Crystallization from ethyl acetate gave the (Z) isomer of 4e
as a white solid (2.37 g, 99%) mp 93-94 °C (ethyl acetate).
IR (KBr) » 1709, 1178 cm ™~ '. '"H NMR (400 MHz, CDCl5)
0:3.13, (d, “Jpy=0.97 Hz, 3H), 5.43 (s, 1H), 7.40-7.71 (m,
15H). >*C NMR (100 MHz, CDCl5) 6: 50.0, 95.8 (d, *Jpc=
4.5Hz), 111.1 (tq, 'Jep=258 Hz, 2Jcp=31 Hz) 119.2 (tq,
'Jep=287 Hz, *Jcp=237.8 Hz), 127.7-132.4 (m), 149.1 (t,
2Jcg=27.7Hz), 167.0. *'P NMR (120 MHz, CDCl;) ¢:
9.56. '""F NMR (282 MHz, CDCl;) 6 —59.6, —95.0. MS
(ED) m/z 479 (M, 100). Anal. Calcd for C, H;oFsNO,P
479): C, 60.13; H, 3.99; N, 2.92. Found: C, 60.21; H, 3.88;
N, 2.86.

4.3.6. (3Z)-1,1-Diphenyl-4-methoxycarbonyl-3-per-
fluorohepthyl-1-methyl-2-aza-1A>-phosphabuta-1,3-
diene (4f). The general procedure A was followed using
methoxycarbonylmethyldiphenylphosphonium bromide
(1.76 g) at 0°C in toluene and adding dropwise 1.97 g
(5 mmol) of perfluorooctanenitrile (C;F;5CN). The mixture
was stirred at room temperature for 48 h. The reaction

product is unstable to distillation or chromatography and
therefore was not isolated and used in situ for the following
reactions. Spectroscopic data of crude reaction mixture
[(32)-4f]: "H NMR (300 MHz, CDCly) 8: 2.36 (d, “Jpy=
13.4 Hz, 3H), 3.34 (s, 3H), 5.37 (s, 1H), 7.26-7.76 (m, 10H).
*'P NMR (120 MHz, CDCl3) é: 11.2.

4.3.7. (3Z)-4-Methoxycarbonyl-3-trifluoromehyl-1,1,1-
trimethyl-2-aza-1A>-phosphabuta-1,3-diene (4g). The
general procedure A was followed using (methoxy-
carbonyl)-tetramethylphosphonium bromide (1.15g) at
—35 °C in ether and bubbling trifluoroacetonitrile in excess
(CF;CN) for 12 h. The reaction product is unstable to
distillation or chromatography and therefore was not
isolated and used in situ for the following reactions.
Spectroscopic data of crude reaction mixture [(32)-4g]: '"H
NMR (400 MHz, CDCls) 6: 1.81 (d, 2Jpy=12.8 Hz, 9H),
3.67 (s, 3H), 544 (d, *Jpy=14Hz, 1H). *'P NMR
(120 MHz, CDCl;) 6: 22.2. 'F NMR (282 MHz, CDCl;)
o: —71.4.

4.3.8. (3Z)-4-Methoxycarbonyl-3-perfluorohepthyl-
1,1,1-trimethyl-2-aza-1A>-phosphabuta-1,3-diene (4h).
The general procedure A was followed using (methoxy-
carbonyl)-tetramethylphosphonium bromide (1.15g) in
ether at 0°C and adding dropwise 1.97 g (5 mmol) of
perfluorooctanenitrile (C7F;sCN). The mixture was stirred
at room temperature for 12 h. The reaction product is
unstable to distillation or chromatography and therefore was
not isolated and used in situ for the following reactions.
Spectroscopic data of crude reaction mixture [(3Z)-4h]: 'H
NMR (300 MHz, CDCl3) é: 1.70 (d, *Jp;;=12.8 Hz, 9H),
3.63 (s, 3H), 5.40 (s, 1H). >'P NMR (120 MHz, CDCl;) 6:
19.8. 'F NMR (282 MHz, CDCl3) 6: —81.0, —114.4 to
—126.4 (m).

4.3.9. (3E/3Z)-4-Cyano-3-trifluoromethyl-1,1,1-tri-
phenyl-2-aza-1A>-phosphabuta-1,3-diene (4i). The
general procedure A was followed using cyanomethyl-
triphenylphosphonium chloride obtained in situ [from
triphenylposphine 1.31 g (5 mmol) and 1-chloroacetonitrile
0.80 mL (12.5 mmol) the mixture was stirred at 70 °C for
12 h] in ether and bubbling trifluoroacetonitrile in excess
(CF;CN) for 24 h to give 4i as a mixture of isomers 3E/3Z
(60/40). The reaction product is unstable to distillation or
chromatography and therefore was not isolated and used in
situ for the following reactions. Spectroscopic data of crude
reaction mixture [(3E and 3Z)-4i]: 'H NMR (300 MHz,
CDCl3) o: 3.87 (s, 1H), 4.86 (s, 1H), 7.50-7.78 (m, 30H).
3Ip NMR (120 MHz, CDCl3) 6: 9.1, 12.8. "F NMR
(282 MHz, CDCl3) 6 —67.2, —71.2.

4.3.10. (3E)-4-Cyano-3-perfluorohepthyl-1,1,1-tri-
phenyl-2-aza-1A>-phosphabuta-1,3-diene (4j). The
general procedure A was followed using cyanomethyl-
triphenylphosphonium chloride (1.69 g) in toluene at 0 °C
and adding dropwise 1.97 g (5 mmol) of perfluorooctane-
nitrile (C;F;5CN). The mixture was stirred at room
temperature for 48 h. The reaction product is unstable to
distillation or chromatography and therefore was not
isolated and used in situ for the following reactions.
Spectroscopic data of crude reaction mixture [(3E)-4j]: 'H
NMR (300 MHz, CDCl3) é: 4.77 (d, *Jpy=1.07 Hz, 1H),
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7.14-7.79 (m, 15H). *'P NMR (120 MHz, CDCls) é: 11.1.
"F NMR (282 MHz, CDCl5) 6: —81.1, —113.8 to —126.5

(m).

4.3.11. (3E)-4-Cyano-1,1-diphenyl-1-methyl-3-per-
fluorohepthyl-2-aza-1A>-phosphabuta-1,3-diene (4k).
The general procedure B was followed using cyanomethyl-
methyldiphenyl phosphonium chloride (1.20 g) at 0 °C in
toluene and adding dropwise 1.97 g (5 mmol) of perfluoro-
octanenitrile (C;F;sCN). The mixture was stirred at room
temperature for 48 h. The reaction product is unstable to
distillation or chromatography and therefore was not
isolated and used in situ for the following reactions.
Spectroscopic data of crude reaction mixture [(3E)-4k]:
'"H NMR (300 MHz, CDCl3) 6: 2.14 (d, *Jpy=13.3 Hz,
3H), 4.74 (s, 1H), 7.18-7.79 (m, 10H). *'P NMR (120 MHz,
CDCl3) 6: 14.4. ""F NMR (282 MHz, CDCl;) 6: —81.1 (t,
3Jer=10.7Hz) —111.9 to —126.5 (m).

4.3.12. 4-Cyano-3-trifluoromethyl-1,1,1-trimethyl-2-aza-
12°-phosphabuta-1,3-diene (41). The general procedure B
was followed using cyanotetramethylphosphonium chloride
(0.76 g) in THF and bubbling trifluoroacetonitrile in excess
(CF5CN) for 12 h to give 41 (0.90 g, 86%) as a mixture of
isomers 3E/3Z (80/20). '"H NMR (300 MHz, CDCls) of
crude reaction mixture [(3E and 32)-41] ¢: 1.72 (d, 2JPH=
12.8 Hz, 9H), 1.80 (d, *Jpy=12.9 Hz, 9H), 4.02 (d, *Jpy=
0.6 Hz, 1H), 4.71 (s, 1H). Chromatographic separation (10/
1, hexane/ethyl acetate) gave 0.54 g (52%) of E isomer 41 as
a white solid; mp 133-134 °C (CHCls/hexane). IR (KBr) v
2195, 1360 cm ™~ '. "H NMR (300 MHz, CDCl5) ¢: 1.72 (d,
2Jp=12.8 Hz, 9H), 4.02 (d, *Jpy=0.6 Hz, 1H). >*C NMR
(75 MHz, CDCl5) é: 13.5 (d, ' Jcp=68.0 Hz), 70.5, 116.5 (q,
YJep=279 Hz), 117.7, 1554 (q, *Jcp=32 Hz). *'P NMR
(120 MHz, CDCl5) ¢: 21.5. "?’F NMR (282 MHz, CDCl5) 6:
—68.5. MS (ED) m/z 210 (M, 100). Anal. Calcd for
C,H(FsN,P (210): C, 40.01; H, 4.80; N, 13.33. Found C,
39.96; H, 4.56; N, 13.12.

4.3.13. 4-Cyano-3-perfluoroethyl-1,1,1-trimethyl-2-aza-
1A5-phosphabuta-1,3-diene (4m). The general procedure
B was followed using cyanotetramethylphosphonium
chloride (0.76 g) in THF and bubbling perfluoropropane-
nitrile in excess (C,FsCN) for 12 h to give 4m (0.86 g, 66%)
as a mixture of isomers 3E/3Z (75/25). "H NMR (300 MHz,
CDCl5) of crude reaction mixture [(3E and 3Z)-4m] 6: 1.71
(d, 2Jp=12.8 Hz, 9H), 1.80 (d, *Jpg=13.0 Hz, 9H), 4.09
(, 4JPH=O.6 Hz, 1H), 4.73 (s, 1H). Chromatographic
separation (10/1, hexane/ethyl acetate) gave 0.56 g (43%)
of E isomer 4m as a brown solid; mp 143-144 °C (CHCl5/
hexane). IR (KBr) 2199, 1371 cm ™ . '"H NMR (300 MHz,
CDCly) 6: 1.71 (d, *Jpy=12.8 Hz, 9H), 4.09 (d, *Jpy=
0.6 Hz, 1H). '*C NMR (75 MHz, CDCl;) 6: 13.8 (d, 'Jcp=
68 Hz), 72.0 (d, *Jcp=16 Hz), 111.7 (tq, 'Jcp=143 Hz,
3Jep=37Hz), 117.7, 118.8 (tq, 'Jer=288 Hz, *Jop=
37 Hz), 156.3. >'P NMR (120 MHz, CDCl;) ¢: 21.3. '°F
NMR (282 MHz, CDCl3) 6: —82.4, —115.6 (d, “Jpr=
7.6 Hz); MS (CI) m/z 261 (M" +1, 100). Anal. Calcd for
CgHoFsN,P (260): C, 36.94; H, 3.87; N, 10.77. Found: C,
36.65; H, 3.58; N, 10.63.

4.3.14. (3E)-4-Cyano-3-perfluorohepthyl-1,1,1-tri-
methyl-2-aza-1A°-phosphabuta-1,3-diene (4n). The

general procedure B was followed using cyanotetramethyl-
phosphonium chloride (0.76 g) in THF at 0 °C and adding
dropwise 1.97 g (5 mmol) of perfluorooctanenitrile
(C7F5CN). The mixture was stirred at room temperature
for 12 h to give the (E) isomer of 4n as a brown solid
(1.02 g, 40%) mp 98-99 °C (CHCI;). IR (KBr) » 2196,
1379 cm ™ '. "H NMR (400 MHz, CDCl5) 6: 1.70 (d, *Jpy=
12.8 Hz, 9H), 4.09 (d, *Jpy=0.8 Hz, 1H). °*C NMR
(100 MHz, CDCl3) &: 142 (d, 'Jep=68 Hz), 72.7 (d,
3Jep=16 Hz), 110.5-115.7 (m), 117.5, 155.0-157.2 (m).
3Ip NMR (120 MHz, CDCl,) 6: 21.1. '°F NMR (282 MHz,
CDCly) 6: —81.1, —112.1to —126.4 (m). MS (CI) m/z 511
(M™ +1, 100). Anal. Calcd for C;5H;oF;sN,P (510): C,
30.60; H, 1.98; N, 5.49. Found: C, 30.49; H, 1.86; N, 5.47.

4.4. General procedure A for isomerization of (E) isomer
towards (Z) isomer of phosphazenes 4

Purification by colum chromatography of (E)-phosphazene
4 (2 mmol) on neutral alumina using ethyl acetate as eluent.

4.5. General procedure B for isomerization of (E) isomer
towards (Z) isomer of phosphazenes 4

A solution of (E)-phosphazene 4 or a mixture of E/Z isomers
of phosphazene (2 mmol) in toluene under N, was stirred at
reflux (110 °C), until "H NMR of crude reaction mixture
indicated the disappearance of (E)-isomer of phosphazene.

4.5.1. (3Z)-3-Trifluoromethyl-1,1,1,4-tetraphenyl-2-aza-
12°-phosphabuta-1,3-diene (4a). The general procedure A
was followed using (3E)-1,1,1,4-tetraphenyl-3-trifluoro-
methyl-2-aza-12>-phosphabuta-1,3-diene (4a) and 0.54 g
(60%) of (3Z2)-4a were obtained. When the general
procedure B was followed for 12 h, 0.88 g (98%) of (32)-
4a were obtained. In both cases evaporation of solvent and
crystallization from ethyl acetate give a yellow solid mp
121-122°C. IR (KBr) v 1613, 1467cm™'. 'H NMR
(400 MHz, CDCl3) 6: 6.23 (s, 1H), 7.05-7.81 (m, 20H).
3C NMR (100 MHz, CDCl3) 6: 112.6-112.8 (m), 122.5
(dq, 'Jep=279.0 Hz, *Jcp=3.7 Hz), 125.9-133.7 (m),
133.7 (q, *Jcp=29.5 Hz). *'P NMR (120 MHz, CDCl5) é:
2.13; '”F NMR (282 MHz, CDCl;) 6 —68.2. MS (EI) m/z
447 (M™, 100). Anal. Caled for Cy;H, F5NP (447): C,
72.48; H, 4.73; N, 3.13. Found: C, 72.22; H, 4.70; N, 3.10.

4.5.2. (3Z)-3-Perfluoroethyl-1,1,1,4-tetraphenyl-2-aza-
1)\5-phosphabuta-1,3-diene (4b). The general procedure
A was followed using (3E)-3-perfluoroethyl-1,1,1,4-tetra-
phenyl-2-aza-1A°-phosphabuta-1,3-diene (4b) and 0.61 g
(62%) of (3Z)-4b were obtained. When the general
procedure B was followed for 12 h, 0.97 g, (98%)of (32)-
4b were obtained. In both cases evaporation of solvent and
crystallization from ethyl acetate give a yellow solid mp 97—
98 °C (ethyl acetate). IR (KBr): v 1626, 1328, 1150 cem” L.
"H NMR (400 MHz, CDCl5) é: 6.17 (s, 1H), 7.08-7.67 (m,
20H). '*C NMR (100 MHz, CDCl5) &: 112.4 (tq, 'Jep=
259.8 Hz, 2Jcp=236.7 Hz), 115.3 (t, *Jcp=7.3 Hz), 119.4
(tq, '"Jep=287.0 Hz, *Jcp=39.8 Hz), 125.8-132.9 (m),
133.5 (t, 2Jcp=21.9 Hz). *'P NMR (120 MHz, CDCl;) 6:
2.35. 'F NMR (282 MHz, CDCl3) 6 : —66.3, —96.5. MS
(EI) m/z 497 (M™, 76). Anal. Calcd for CogH,;FsNP (497):
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C, 67.61; H, 4.25; N, 2.82. Found: C, 67.70; H, 4.29; N,
2.79.

4.5.3. (3Z)-3-Perfluorohepthyl-1,1,1,4-tetraphenyl-2-
aza-1A°-phosphabuta-1,3-diene (4c). The general
procedure B was followed using (3E)-3-perfluorohepthyl-
1,1,1,4-tetraphenyl-2-aza-1 » -phosphabuta-1,3-diene (4c)
for 12h, and 1.46g (98%) of (3Z)-4c were obtained.
Evaporation of solvent give a yellow oil; R;=0.13 (1/10,
ethyl acetate/hexane). IR (KBr) » 1612, 1438, 1206 cm ™!
"H NMR (300 MHz, CDCl5) 6: 6.07 (s, 1H), 6.93-7.82 (m,
20H). '*C NMR (100 MHz, CDCls3) é: 107.2-119.1 (m),
125.8-137.3 (m). *'P NMR (120 MHz, CDCl5) 6: 1.44. '°F
NMR (282 MHz, CDCl5) §: —81.15to —82.3 (m), —109.8
(t, *Jgp=152Hz), —117.0 to —127.2 (m). MS (EI) m/z
747 (MY, 69). Anal. Calcd for Cs3H, FsNP (747): C,
53.03; H, 2.83; N, 1.87. Found: C, 52.90; H, 2.86; N, 1.86.

4.5.4. (3Z)-4-Cyano-3-trifluoromethyl-1,1,1-triphenyl-2-
aza-12>-phosphabuta-1,3-diene (4i). The general pro-
cedure B was followed for 24 h using a mixture of 3E/3Z
(60/40) of 4-cyano-3-trifiluoromethyl-1,1,1-triphenyl-2-aza-
12>-phosphabuta-1,3-diene (4i) prepared in situ. Evapor-
ation of solvent and crystallization gave the (Z) isomer of 4i
(0.68 g, 86%) as a white solid mp 122-123 °C (hexane/ethyl
acetate). IR (KBr) » 2207, 1432 cm ™~ '. '"H NMR (400 MHz,
CDCly) 6: 4.86 (s, 1H), 7.50-7.78 (m, 15H). '*C NMR
(100 MHz, CDCl3) 6: 75.8, 119.1, 120.5 (q, 'Jcp=280 Hz),
128.6-132.7 (m), 152.6 (q, 2Jcp=32Hz). *'P NMR
(120 MHz, CDCls) 6: 9.03. '°F NMR (282 MHz, CDCls)
0: —71.2. MS (ED) m/z 396 (M™, 100). Anal. Calcd for
CyH cF5NLP (396): C, 66.67; H, 4.07; N, 7.07. Found: C,
66.76; H, 3.86; N, 7.17.

4.5.5. (3Z)-4-Cyano-3-trifluoromethyl-1,1,1-trimethyl-2-
aza-1\°-phosphabuta-1,3-diene (41). The general
procedure B was followed for 4 h using (3E)-4-cyano-3-
trifluoromethyl-1,1,1-trimethyl-2-aza-1A°-phosphabuta-
1,3-diene (41). Evaporation of solvent gave the (Z) isomer of
41 (0.38 g, 91%) as a yelow oil; R;=0.17 (ethyl acetate). IR
(KBr) » 2175, 1295 cm ™ '. '"H NMR (300 MHz, CDCl5) 6:
1.80 (d, *Jpy=12.9 Hz, 9H), 4.71 (s, 1H). '*C NMR
(75 MHz, CDCly) 6: 17.8 (d, 'Jcp=69 Hz), 69.8 (dd, *Jcp=
11 Hz, *Jep=4Hz), 121.8 (dq, 'Jer=253 Hz, ‘Jcp=
27Hz), 121.6, 154.7 (q, *Jer=31Hz). *'P NMR
(120 MHz, CDCl;) 6: 19.7. "F NMR (282 MHz, CDCl;)
0: —72.5. M/S (EI) m/z 210 (M™, 84). Anal. Calcd for
C,H,;(FsN,P (210): C, 40.01; H, 4.80; N, 13.33. Found C,
40.09; H, 4.65; N, 13.27.

4.5.6. (3Z)-4-Cyano-3-perfluoroethyl-1,1,1-trimethyl-2-
aza-1)\°-phosphabuta-1,3-diene (4m). The general
procedure B was followed for 120 h using (3E)-4-cyano-
3-perfluoroethyl-1,1,1-trimethyl-2-aza-1A’-phosphabuta-
1,3-diene (4m). Evaporation of solvent and crystallization
gave the (Z) isomer of 4m (0.49 g, 95%) as a brown solid;
mp 43-44 °C (ethyl acetate). IR (KBr) » 2189, 1326 cm L
"H NMR (300 MHz, CDCl5) 6: 1.80 (d, 2Jpy= 13 Hz, 9H),
473 (s, 1H). '3C NMR (75 MHz, CDCl3) 6 =17.9 (d,
"Jep=69 Hz), 70.7, 110.2-111.5 (m), 118.8 (tg, Yep=
287 Hz, *Jop=38 Hz), 121.9, 154.4-155.1 (m). °'P NMR
(120 MHz, CDCl5) é: 18.8. '°F NMR (282 MHz, CDCl5) 6:
—81.9, —118.2. MS (EI) m/z 260 (M ™", 85). Anal. Calcd for

CgH,oFsNoP (260): C, 36.94; H, 3.87; N, 10.77. Found C,
36.89; H, 3.75; N, 10.72.

4.5.7. (3Z)-4-Cyano-3-perfluorohepthyl-1,1,1-trimethyl-
2-aza-1)\°-phosphabuta-1,3-diene (4n). The general
procedure B was followed for 120 h using (3E)-4-cyano-
3-perfluorohepthyl-1,1,1-trimethyl-2-aza-1X’-phosphabuta-
1,3-diene (4n). Evaporation of solvent and crystallization
gave the (Z) isomer of 4n (0.87 g, 85%) as a white solid; mp
90-91 °C (CHCL5). IR (KBr) » 2211, 1248 cm ™~ '. "H NMR
(400 MHz, CDCl5) 6: 1.80 (d, 2Jpy=12.9 Hz, 9H), 4.71 (s,
1H). *C NMR (100 MHz, CDCI;5) ¢: 18.0 (d, 'Jcp=69 Hz),
70.8, 110.5-115.7 (m), 122, 157.0-157.5 (m). *'P NMR
(120 MHz, CDCI3) 6: 18.9. '°F NMR (282 MHz, CDCl5) 6:
—81.1 (t, *Jgp=9 Hz), —118.1 to —126.4 (m). MS (EI)
mlz 510 (M, 95). Anal. Calcd for C;3H,oF;sN,P (510): C,
30.60; H, 1.98; N, 5.49. Found: C, 30.69; H, 2.02; N, 5.51.

4.6. General procedure for preparation of azadienes 6

Aldehyde (2 mmol) was added to a 0-10 °C solution of
phosphazene 4 (2 mmol) in CHCls;, toluene or xylenes under
N,, and the mixture was stirred at room temperature or
reflux, until TLC indicated the disappearance of
phosphazene.

4.6.1. (1E,3E)-1-Ethoxycarbonyl-4-phenyl-3-trifluoro-
methyl-2-azabuta-1,3-diene (6a). The general procedure
was followed using (3E)-3-trifluoromethyl-1,1,1,4-tetra-
phenyl-2-aza-1)°-phosphabuta-1,3-diene (0.89 g) 4a and
ethyl glyoxalate (0.20 g) for 1 h at room temperature in
CHCI;. The reaction product is unstable to distillation or
chromatography and therefore was not isolated and used in
situ for the following reactions. Spectroscopic data of crude
reaction mixture (6a-+Ph;PO): 'H NMR (300 MHz,
CDCl3) 6: 1.26 (t, J=7.1 Hz, 3H), 4.26 (q, J=7.1 Hz,
2H), 6.89 (s, 1H), 7.09-7.56 (m, 20H), 7.82 (s, 1H). "°F
NMR (282 MHz, CDCl;) 6: —71.2.

4.6.2. (1E,3E)-1-Ethoxycarbonyl-4-phenyl-3-perfluoro-
ethyl-2-azabuta-1,3-diene (6b). The general procedure
was followed using (3E)-3-perfluoroethyl-1,1,1,4-tetra-
phenyl-2-aza-12>-phosphabuta-1,3-diene (0.99 g) 4b and
ethyl glyoxalate (0.20 g) for 2 h at room temperature in
CHCI;. The reaction product is unstable to distillation or
chromatography and therefore was not isolated and used in
situ for the following reactions. Spectroscopic data of crude
reaction mixture (6b+Ph;PO): '"H NMR (300 MHz,
CDCl3) o: 1.46 (t, J=7.2Hz, 3H), 445 (q, J=7.2 Hz,
2H), 6.85 (s, 1H), 7.40-7.80 (m, 20H), 7.90 (s, 1H). '°F
NMR (282 MHz, CDCl;) 6: —62.0, —93.6.

4.6.3. (1E,3E)-1-Ethoxycarbonyl-4-phenyl-3-perfluoro-
hepthyl-2-azabuta-1,3-diene (6¢). The general procedure
was followed using (3E)-4-phenyl-3-perfluorohepthyl-
1,1,1-triphenyl-2-aza-1)>-phosphabuta-1,3-diene (1.50 g)
4c and ethyl glyoxalate (0.20g) for 0.5h at room
temperature in CHCl3. The reaction product is unstable to
distillation or chromatography and therefore was not
isolated and used in situ for the following reactions.
Spectroscopic data of crude reaction mixture (6c¢-+
Ph;PO): 'H NMR (300 MHz, CDCls) 6: 1.22 (t, J=
7.2Hz, 3H), 4.21 (q, J=7.2Hz, 2H), 6.63 (s, 1H),
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7.16-7.59 (m, 20H), 7.70 (s, 1H). '°F NMR (282 MHz,
CDCl3) 6: —81.1 (t, *Jpr=9.2 Hz), —111.3 to — 126.5 (m).

4.6.4. (1E,3Z)-4-Methoxycarbonyl-1-(4-nitrophenyl)-3-
trifluoromethyl-2-azabuta-1,3-diene (6d). The general
procedure was followed using (3Z)-4-methoxycarbonyl-3-
trifluoromethyl-1,1,1-trimethyl-2-aza-1A>-phosphabuta-
1,3-diene 4g obtained in situ and 4-nitrobenzaldehyde
(0.31 g) for 3h at 110 °C in toluene. The reaction product
is unstable to distillation or chromatography and therefore
was not isolated and used for the following reactions.
Spectroscopic data of crude reaction mixture (6d +MesPO).
'"H NMR (300 MHz, CDCl3) 6: 1.53 (d, 2Jyp=12.9 Hz,
9H), 3.71 (s 3H), 5.96 (s, 1H), 8.10 (d, J=28.8 Hz, 2H), 8.36
(d, J=8.8 Hz, 2H), 8.50 (s, 1H). 'F NMR (282 MHz,
CDCl3) 6: —70.8.

4.6.5. (1E,3Z)-1-(2,4-Dinitrophenyl)-4-methoxycar-
bonyl-3-trifluoromethyl-2-azabuta-1,3-diene (6e). The
general procedure was followed using (3Z)-4-methoxy-
carbonyl-3-trifluoromethyl-1,1,1-trimethyl-2-aza-1A>-phos-
phabuta-1,3-diene 4g obtained in situ and 2,4-
dinitrobenzaldehyde (0.39 g) for 3 h at 110 °C in toluene.
The reaction product is unstable to distillation or chroma-
tography and therefore was not isolated and used for the
following reactions. Spectroscopic data of crude reaction
mixture (6e+MesPO). 'H NMR (400 MHz, CDCls) 6: 1.53
(d, %Jyp=12.9 Hz, 9H), 3.73 (s, 3H), 5.98 (s, 1H), 8.48 (d, /=
8.5 Hz, 1H), 8.61 (dd, /=8.5, 2.1 Hz, 1H), 8.93 (s, 1H), 8.99
(d, J=2.1 Hz, 1H). '"°F NMR (282 MHz, CDCl;) 6: —70.6.

4.6.6. (1E,3Z)-4-Cyano-1-(4-nitrophenyl)-3-trifluoro-
methyl-2-azabuta-1,3-diene (6f). The general procedure
was followed using (3Z)-4-cyano-3-trifluoromethyl-1,1,1-
trimethyl-2-aza-1\’-phosphabuta-1,3-diene 41 (0.42 g) and
4-nitrobenzaldehyde (0.31 g) for 2 h at 110 °C in toluene.
Chromatographic separation (10/1, hexane/ethyl acetate)
gave 0.24 g (45%) of 6f as a yellow oil; R;=0.50 (1/5, ethyl
acetate/hexane). When (3E)-4-cyano-3-trifluoromethyl-
1,1,l—trimethyl-Z-aza-lKs-phosphabuta—l,S-diene 41
(0.42 g) was used the mixture was stirred for 3 h at 110 °C
in toluene and chromatographic separation (10/1, hexane/
ethyl acetate) gave 0.19 g (35%) of 6f. IR (KBr) » 2204,
1708 cm ™. 'H NMR (300 MHz, CDCls) 6: 5.56 (s, 1H),
8.14 (d, J=8.8 Hz, 2H), 8.37 (d, /=8.8 Hz, 2H), 8.68 (s,
1H). '3C NMR (75 MHz, CDCls) 6: 87.7, 113.5, 119.5 (q,
'Jer=276 Hz), 124.2, 130.9, 138.5, 150.7, 155.7 (q, *Jcp=
33 Hz), 165.3. '°F NMR (282 MHz, CDCl;) 6: —69.8. MS
(ED) m/z 269 (M ™, 100).

4.6.7. 1E,3Z)-4-Cyano-1-(2,4-dinitrophenyl)-3-trifluoro-
methyl-2-azabuta-1,3-diene (6g). The general procedure
was followed using a mixture 80/20 of (3E/3Z)-4-cyano-3-
trifluoromethyl-1,1,1-trimethyl-2-aza-1A>-phosphabuta-
1,3-diene 41 (0.42 g) and 2.4-dinitrobenzaldehyde (0.39 g)
for 12h at 61 °C in CHCIl;. Chromatographic separation
(10/1, hexane/ethyl acetate) gave 0.29 g (45%) of 6g as an
orange oil; Ry=0.48 (1/5, ethyl acetate/hexane). When
(3E)-4-cyano-3-trifluoromethyl-1,1,1-trimethyl-2-aza-11’-
phosphabuta-1,3-diene 41 (0.42 g) was used the mixture was
stirred for 6 h at 110 °C in toluene and chromatographic
separation (10/1, hexane/ethyl acetate) gave 0.19 g (30%) of
6g. IR (KBr) v 2210, 1708 cm~'. '"H NMR (300 MHz,

CDCl5) 6: 5.67 (s, 1H), 8.47 (d, J=8.5 Hz, 1H), 8.61 (dd,
J=8.5, 2.1 Hz, 1H), 9.01 (d, J=2.1 Hz, 1H), 9.19 (s, 1H).
3C NMR (75 MHz, CDCl5) 6: 90.0, 112.9, 119.3 (q, 'Jcr=
277 Hz), 120.6, 128.2, 132.1, 133.4, 149.3, 149.9, 154.6
(q, *Jerp=234 Hz), 162.5. '°F NMR (282 MHz, CDCl;) 6:
—69.5. M/S (ED) m/z 314 (M, 4).

4.6.8. (1E,3Z)-4-Cyano-1-(4-nitrophenyl)-3-perfluoro-
ethyl-2-azabuta-1,3-diene (6h). The general procedure
was followed using a mixture 75/25 of (3E/3Z)-4-cyano-3-
perfluoroethyl-1,1,1-trimethyl-2-aza-1A”-phosphabuta-1,3-
diene 4m (0.52 g) and 4-nitrobenzaldehyde (0.31 g) for
120 h at 120 °C in toluene. The reaction product is unstable
to distillation or chromatography and therefore was not
isolated and used for the following reactions. Spectroscopic
data of crude reaction mixture (6h-+Me;PO): '"H NMR
(300 MHz, CDCl3) 6: 1.53 (d, “Jyp=12.9 Hz, 9H), 5.50 (s,
1H), 8.10 (d, *Juy=8.6 Hz, 2H), 8.37 (d, *Juu=28.8 Hz,
2H), 8.65 (s, 1H)."”F NMR (282 MHz, CDCl5) 6: —82.4,
—114.3.

4.6.9. (1E,3Z)-4-Cyano-1-(4-nitrophenyl)-3-perfluoro-
hepthyl-2-azabuta-1,3-diene (6i). The general procedure
was followed using (3Z)-4-cyano-3-perfluoroepthyl-1,1,1-
trimethyl-2-aza-1A’-phosphabuta-1,3-diene 4n (1.02 g) and
4-nitrobenzaldehyde (0.31 g) for 120 h at 110 °C in toluene.
When (3E)-4-cyano-3-perfluoroepthyl-1,1,1-trimethyl-2-
aza-12\’-phosphabuta-1,3-diene 4n (1.02 g) was used the
mixture was stirred for 138 h at 110 °C in toluene. The
reaction product is unstable to distillation or chromato-
graphy and therefore was not isolated and used for the
following reactions. Spectroscopic data of crude reaction
mixture (6i+Me;PO): "H NMR (300 MHz, CDCls) ¢: 1.53
(d, 2Jyp=12.9 Hz, 9H), 5.47 (s, 1H), 8.10 (d, J=8.7 Hz,
2H), 8.36 (d, J=8.7 Hz, 2H), 8.66 (s, 1H). '’F NMR
(282 MHz, CDCl3) ¢: —81.1, —115.4 to —126.4 (m).

4.6.10. (1E,3Z)-4-Cyano-1-(2,4-dinitrophenyl)-3-per-
fluorohepthyl-2-azabuta-1,3-diene (6j). The general
procedure was followed using (3E)-4-cyano-3-perfluoro-
hepthyl-1,1,1-trimethyl-2-aza- 1 A°>-phosphabuta-1,3-diene
4n (1.02 g) and 2,4-dinitrobenzaldehyde (0.39 g) for 192 h
at 120 °C in toluene. The reaction product is unstable to
distillation or chromatography and therefore was not
isolated and used for the following reactions. Spectroscopic
data of crude reaction mixture (6j+Me;PO): 'H NMR
(400 MHz, CDCl3) 6: 1.53 (d, Jyp=12.9 Hz, 9H), 5.56 (s,
1H), 8.39 (d, /=8.4 Hz, 1H), 8.63 (dd, J=8.3, 1.4 Hz, 1H),
9.04 (d, J=1.5 Hz, 1H), 9.17 (s, 1H). '’F NMR (282 MHz,
CDCl;) 6: —81.0, —118.1 to —126.3 (m).

4.7. General procedure for reactions of 2-azadienes (6)
with enamines (9)

Enamine (5 mmol) was added to a 0-10 °C solution of
azadiene 6 (5 mmol) in CHCI; or toluene (15 mL) under N,
and the mixture was stirred to adequate temperature, until
TLC indicated the disappearance of azadiene.

4.7.1. Reaction of 2-azadiene (6a) with enamine (9a).
4.7.1.1. 1-Ethoxycarbonyl-3-trifluoromethyl-4-phe-

nyl-4a-pyrrolidyl-1,4,5,6,7,8-hexahydroisoquinoline

(10). The general procedure was followed using (1E,3E)-1-
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ethoxycarbonyl-4-phenyl-3-trifluoromethyl-2-azabuta-1,3-
diene 6a obtained in situ and 1-cyclohex-1-enylpyrrolidine
9a (0.23 g) at room temperature in CHCI; for 15 h.
Chromatographic separation (15/1, hexane/ethyl acetate)
gave 0.51 g (80%) of 10 as a yellow oil; R;=0.42 (1/5, ethyl
acetate/hexane). IR (KBr) v 1733, 1193 cm~ L. '"H NMR
(400 MHz, CDCl3) 6: 1.09-1.72 (m, 16H), 2.41 (s, 1H),
2.53-2.56 (m, 1H), 2.86-2.88 (m, 1H), 3.06-3.09 (m, 1H),
3.84 (s, 1H), 4.30-4.36 (m, 2H), 4.79 (d, /=9.8 Hz, 1H),
7.23-7.37 (m, 5H). >C NMR (100 MHz, CDCl;) ¢: 14.1,
19.3, 20.6, 22.5, 24.8, 25.2, 32.3, 32.5, 43.2, 43.7, 49.2,
56.6, 61.7, 65.2, 119.3 (q, 'Jcp=280.8 Hz), 127.7-135.7
(m), 161.4 (q, 2Jcp=32.0 Hz), 171.6. "°F NMR (282 MHz,
CDCls) 6: —71.3.MS (EI) m/z 422 (M, 2). Anal. Calcd for
Cu3HyoF3N>0, (422): C, 65.39; H, 6.92; N, 6.63. Found C,
65.41; H, 6.90; N, 6.68.

4.7.1.2. 1-Ethoxycarbonyl-3-trifluoromethyl-4-phe-
nyl-5,6,7,8-tetrahydroisoquinoline (12). The general
procedure was followed using (1E,3E)-1-ethoxycarbonyl-
4-phenyl-3-trifluoromethyl-2-azabuta-1,3-diene 6a
obtained in situ and 1-cyclohex-1-enylpyrrolidine 9a
(0.23 g) in refluxing toluene (110 °C) for 48 h. Chromato-
graphic separation (10/1, hexane/ethyl acetate) gave 0.70 g
(40%) of 12 as a yellow oil; R;=0.25 (1/10, ethyl acetate/
hexane). IR (KBr) » 1738, 1210 cm ™~ '. "H NMR (400 MHz,
CDCl3) 6: 0.94 (t, J=7.1 Hz, 3H), 1.88-2.00 (m, 4H), 2.82
(t, J=6.2Hz, 2H), 3.08 (t, /=6.4 Hz 2H), 4.00 (q, J=
7.1 Hz, 2H) 7.26-7.40 (m, 5H). >C NMR (100 MHz,
CDCl3) 6: 13.6,22.0,22.3,26.1,32.7, 61.6, 122.0 (q, ' Jpc=
33.0 Hz), 123.2-157.3 (m), 166.4. '’F NMR (282 MHz,
CDCl3) 6: —61.3. MS (70 eV) m/z 349 (M™*, 5). Anal.
Calcd for CoH gF3NO; (349): C, 65.32; H, 5.19; N, 4.01.
Found C, 65.29; H, 5.23; N, 3.98.

4.7.2. Reaction of 2-azadiene (6f) with enamine (9a).
4.7.2.1. 4-Cyano-1-(4-nitrophenyl)-3-trifluoromethyl-
1,2,6,7,8,8a-hexahydroisoquinoline (13a) and 4-cyano-1-
(4-nitrophenyl)-3-trifluoromethyl-5,6,7,8-tetrahydroiso-
quinoline (14a). The general procedure was followed using
(1E,3Z)-4-cyano-1-(4-nitrophenyl)-3-trifluoromethyl-2-
azabuta-1,3-diene 6f obtained in situ and 1-cyclohex-1-
enylpyrrolidine 9a (0.23 g) at room temperature in CHCl;
for 2 h. Chromatographic separation (10/1, hexane/ethyl
acetate) gave 0.20 g (29%) of 13a as a brown solid mp 156—
157 °C (CH,Cly/hexane) and 0.20 g (29%) of 14a as a
brown oil R;=0.42 (1/5, ethyl acetate/hexane). Data for
13a: IR (KBr) v 3296, 2211, 1522cm”~'. 'H NMR
(300 MHz, CDCl3) ¢: 1.06-2.44 (m, 7H), 4.00 (d, J=
10.7 Hz, 1H), 4.76 (s, 1H), 6.21 (s, 1H), 7.52 (d, J=8.7 Hz,
2H), 8.30 (d, J=8.8 Hz, 2H). '>*C NMR (75 MHz, CDCl;)
0:21.5,25.4,29.6,39.6, 61.1, 85.3, 114.7, 119.9 (q, 'Jcp=
276 Hz), 124.3, 126.2, 127.3, 128.7, 140.0 (q, “Jcr=
33 Hz), 145.5, 148.2. '9F NMR (282 MHz, CDCl;) 6:
—66.6. MS (EI) m/z 349 (M, 5). Anal. Calcd for C;H;4
F3N30, (349): C, 58.45; H, 4.04; N, 12.03. Found C, 58.91;
H, 3.93; N, 12.13. Data for 14a: IR (KBr) v 2234, 1522 cm ™ L
"H NMR (300 MHz, CDCl5) é: 1.84 (m, 2H), 1.97 (m, 2H),
2.79 (t, J=6.4 Hz, 2H), 3.16 (t, J=6.1 Hz, 2H), 7.74 (d, J=
8.8 Hz, 2H), 8.36 (d, J=8.8 Hz, 2H). >*C NMR (75 MHz,
CDCly) 6: 21.0, 21.7, 107.4, 112.6, 1203 (q, 'Jcp=
276 Hz), 123.6, 130.1, 135.2, 143.9, 146.8 (q, “Jop=
35 Hz), 148.2, 153.9, 158.5. 'F NMR (282 MHz, CDCl;) 6:

—65.9. MS (EI) m/z 347 (M™", 100). Anal. Calcd for
C17H12F3N302 (347) C, 5879, H, 348, N, 12.10. Found C,
58.81; H, 3.53; N, 12.07.

4.7.3. Reaction of 2-azadiene (6g) with enamine (9a).

4.7.3.1. 4-Cyano-1-(2,4-dinitrophenyl)-3-trifluoro-
methyl-1,2,6,7,8,8a-hexahydroisoquinoline (13b) and
4-cyano-1-(2,4-dinitrophenyl)-3-trifluoromethyl-5,6,7,8-
tetrahydroisoquinoline (14b). The general procedure was
followed using (1E,3Z)-4-cyano-1-(2,4-dinitrophenyl)-3-
trifluoromethyl-2-azabuta-1,3-diene (6g, 1.57 g) and
1-cyclohex-1-enylpyrrolidine 9a (0.23 g) at room tempera-
ture in CHCl; for 3 h. After column chromatography
(hexane/ethyl acetate 10/1) a mixture (1.348 g) of com-
pounds 13b and 14b (6/1) was obtained. Spectroscopic data
of mixture 13b and 14b: 'H NMR (300 MHz, CDCl5) 6:
1.11-2.35 (m, 11H), 2.48 (m, 2H), 3.16 (t, J=6.1 Hz, 2H),
4.66 (d, J=10.4 Hz, 1H), 5.38 (s, 1H), 6.21 (s, 1H), 7.64 (d,
J=8.4 Hz, 1H), 7.90 (d, /J=8.7 Hz, 1H), 8.54 (dd, J=8.7,
2.2 Hz, 1H), 8.62 (dd, J=8.4, 2.3 Hz, 1H), 8.70 (d, J=
2.1 Hz, 1H) 9.09 (d, J=2.3 Hz, 1H)."”F NMR (282 MHz,
CDCl3) 6: —65.8, —71.5. Compound 13b is unstable and
the separation of both products was not possible. Therefore
p-benzoquinone (0.15 g) was added to a solution of (0.39 g)
of 13b and 14b mixture in dioxane and was heated at 80 °C
for 144 h. Evaporation of solvent and chromatographic
separation (10/1, hexane/ethyl acetate) gave 0.27 g (70%) of
14b as a brown oil; R;=0.40 (1/5, ethyl acetate/hexane).
Data for 14b: IR (KBr) v 2210. "H NMR (300 MHz, CDCl5)
0: 1.85 (m, 2H), 1.96 (m, 2H), 2.48 (m, 2H), 3.16 (t, J=
6.1 Hz, 2H), 7.64 (d, J=8.4 Hz, 1H), 8.62 (dd, /=284,
2.3 Hz, 1H), 9.09 (d, J=2.3 Hz, 1H). >*C NMR (75 MHz,
CDCl3) o: 20.9, 21.3, 26.7, 28.6, 108.2, 112.3, 118.3 (q,
'Jep=269 Hz) 120.7, 128.1, 132.4, 135.2, 139.0, 147.5.(q,
2Jcp=42 Hz), 148.3, 153.7, 156.7. '"’F NMR (282 MHz,
CDCly) 6: —65.8. MS (EI) m/z 392 M ™, 11).

4.7.4. Reaction of 2-azadiene (6e) with enamine (9b).
4.7.4.1. 5-Isopropyl-6-(2,4-dinitrophenyl)-2-trifluoro-
methyl-1,2-dihydropiridine-3-carboxylic acid methyl
ester (15a) and 5-isopropyl-6-(2,4-dinitrophenyl)-2-tri-
fluoromethylnicotinic acid methyl ester (16a). The
general procedure was followed using (1FE,3Z)-1-(2,4-
dinitrophenyl)-4-methoxycarbonyl-3-trifluoromethyl-2-
azabuta-1,3-diene 6e obtained in situ and frans 3-methyl-1-
pyrrolidyl-but-1-ene 9b (0.67 g) at room temperature in
CHCI; for 3 h. Chromatographic separation (10/1, hexane/
ethyl acetate) gave 0.72 g (35%) of 15a as a brown oil; R;=
0.26 (1/5, ethyl acetate/hexane) and 0.88 g (43%) of 16a as a
brown oil; Ry=0.39 (1/5, ethyl acetate/hexane), 0.09 g of
18a (7%) and 0.06 g of 19 (9%).?° Data for 15a: IR (KBr) v
3362, 2867, 1692cm ™. '"H NMR (300 MHz, CDCl5) 6:
0.88 (d, J/=6.8 Hz, 3H), 0.93 (d, J=6.8 Hz, 3H), 1.90 (dq,
J=6.8 Hz, 1H), 3.82 (s, 3H), 4.30 (d, J=5.6 Hz, 1H), 5.21
(dq, *Jur=7.3 Hz, J=6.7 Hz, 1H), 7.45 (s, 1H), 7.72 (d,
J=8.3 Hz, 1H), 8.53 (dd, J=8.3, 2.1 Hz, 1H), 8.81 (d, J=
2.2 Hz, 1H). ">*C NMR (75 MHz, CDCl;) 6: 21.1, 23.3, 28.1,
51.9, 52.1 (q, 2Jep=32Hz), 117.1, 1183 (q, Jer=
284 Hz), 119.7, 127.5, 134.4, 135.9, 136.2, 136.6, 142.5,
148.1, 148.4, 165.6. '°’F NMR (282 MHz, CDCl5) 6: —81.3.
MS (EI) m/z 415 (M ™, 3). Data for 16a: IR (KBr) v 2873,
1744, 1601 cm~'. "H NMR (300 MHz, CDCl5) é: 1.23 (d,
J=6.7 Hz, 6H), 2.76 (m, J=6.8 Hz, 1H), 4.02 (s, 3H), 7.65
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(d, J=8.2 Hz, 1H), 8.17 (s, 1H), 8.59 (dd, J=8.3, 2.2 Hz,
1H), 9.05 (d, J=2.1 Hz, 1H). '*C NMR (75 MHz, CDCl,)
0: 23.2, 30.1, 53.4, 120.1, 120.5, 120.6 (q, "Jer=275 Hz),
127.6, 132.8, 136.9, 139.5, 145.2, 148.1, 153.7-154.1 (m),
154.3, 165.7. 'F NMR (282 MHz, CDCly) 6: —64.6. MS
(EI) m/z 413 (M ™, 5). "H NMR (300 MHz, CDCl;) for 18a
6: 1.22 (d, J=6.7 Hz, 6H), 3.02-3.11 (m, 1H), 7.58 (d, J=
8.4 Hz, 1H), 7.70 (s, 1H), 8.49 (dq, J=8.4, 2.4 Hz, 1H),
9.06 (d, J=2.4 Hz, 1H), 9.63 (s, 1H).

4.7.5. Reaction of 2-azadiene (6d) with enamine (9b).

4.7.5.1. 5-Isopropyl-6-(4-nitrophenyl)-2-trifluoro-
methyl-1,2-dihydropiridine-3-carboxylic acid methyl
ester (15b). The general procedure was followed using
(1E,3Z)-4-methoxycarbonyl-1-(4-nitrophenyl)-3-trifluoro-
methyl-2-azabuta-1,3-diene 6d obtained in situ and trans
3-methyl-1-pyrrolidylbut-1-ene 9b (0.67 g) at 120 °C in
toluene for 24 h. Chromatographic separation (10/1,
hexane/ethyl acetate) gave 1.11 g (60%) of 15b as an
orange solid; mp 155-157 °C (hexane/CH,Cl,). IR (KBr) »
3426, 2852, 1679 cm ™~ '. "H NMR (400 MHz, CDCl;) 6:
0.96 (d, J=6.8 Hz, 3H), 1.19 (d, J=6.9 Hz, 3H), 2.48 (dq,
J=6.9, 6.8 Hz, 1H), 3.85 (s, 3H), 4.15 (d, J=5.2 Hz, 1H)
520 (q, *Jup=7.5Hz, *Jyyu=5.6 Hz, 1H), 7.57 (d, J=
8.8 Hz, 2H), 7.58 (s, 1H), 8.30 (d, J=8.8 Hz, 2H). >*C NMR
(100 MHz, CDCl3) 6: 23.7, 29.7, 52.6-53.2 (m), 53.3,
117.0, 119.4 (q, 'Jep=285 Hz), 123.7, 130.2, 137.2, 141.6,
144.5, 145.1, 148.1, 165.9. 'F NMR (282 MHz, CDCl;) é:
—64.8. MS (EI) m/z 370 (M™', 9). Anal. Calcd for
C7H7F;N,04 (370): C, 55.14; H, 4.63; N, 7.56. Found:
C, 55.22; H, 4.72; N, 7.61.

4.7.5.2. 5-Isopropyl-6-(4-nitrophenyl)-2-trifluoro-
methylnicotinic acid methyl ester (16b). p-Benzoquinone
(0.32 g, 3 mmol) was added to a solution of 15b (0.74 g,
2 mmol) in dioxane and the mixture was heated at 80 °C for
48 h. Evaporation of solvent and chromatographic separ-
ation (10/1, hexane/ethyl acetate) gave 0.53 g (72%) of 16b
as a green solid; mp 145-146 °C (hexane/ethyl acetate). IR
(KBr) » 1727, 1606, 1522cm™". 'H NMR (300 MHz,
CDCl5) 6: 1.26 (d, J=6.9 Hz, 6H), 3.17 (q, J=6.9 Hz, 1H),
4.00 (s, 3H), 7.68 (d, J=8.8 Hz, 2H), 8.15 (s, 1H), 8.35 (d,
J=8.8 Hz, 2H). '>*C NMR (75 MHz, CDCl,) é: 23.7, 29.2,
53.3, 120.9 (q, 'Jep=275 Hz), 123.7, 130.1, 137.1, 142.8
(q, 2Jcp=37 Hz), 144.5, 145.1, 148.1, 156.9, 165.9. '°F
NMR (282 MHz, CDCls) 6: —64.7. MS (EI) m/z 368 (M ™,
47). Anal. Caled for Cy7H;sF3N,04 (368): C, 55.44; H,
4.11; N, 7.61. Found: C, 55.99; H, 4.23; N, 7.58.

4.7.6. Reaction of 2-azadiene (6f) with enamine (9b).
4.7.6.1. 5-Isopropyl-6-(4-nitrophenyl)-2-trifluoro-
methyl-3-cyanopiridine (16¢). The general procedure
was followed using (1E,3Z)-4-cyano-1-(4-nitrophenyl)-3-
trifluoromethyl-2-azabuta-1,3-diene 6f (1.35 g) and trans
3-methyl-1-pyrrolidylbut-1-ene 9b (0.67 g) at room
temperature in CHCl; for 3 h. Chromatographic separation
(10/1, hexane/ethyl acetate) gave 0.87 g (52%) of 16¢ as a
white solid; mp 143-144 °C (hexane/ethyl acetate). IR
(KBr) v 2234, 1600, 1526 cm™'. '"H NMR (300 MHz,
CDCl3) o: 1.28 (d, /J=6.8 Hz, 6H), 3.22 (dq, /J=6.8 Hz,
1H), 7.69 (d, J=8.9 Hz, 2H), 8.22 (s, 1H), 8.39 (d, J=
8.9 Hz, 2H). >C NMR (75 MHz, CDCl5) 6: 23.6, 29.3,
107.3, 113.7, 120.1 (q, 'Jcp=276 Hz), 123.8, 130.1, 141.3,

143.5, 145.7, 146.4 (q, *Jcp=36 Hz), 148.4, 158.4. '°F
NMR (282 MHz, CDCl;) 6: —65.9. MS (EI) m/z 334
(M™* —1, 35). Anal. Caled for C,¢H,2F3N50, (335): C,
57.32;H, 3.61; N, 12.53. Found: C, 57.33; H, 3.65; N, 12.50.

4.7.7. Reaction of 2-azadiene (6g) with enamine (9b).

4.7.7.1. 5-Isopropyl-6-(2,4-dinitrophenyl)-2-trifluoro-
methyl-3-cyanopiridine (16d). The general procedure was
followed using (1E,3Z)-4-cyano-1-(2,4-dinitrophenyl)-3-
trifluoromethyl-2-azabuta-1,3-diene 6g (1.57 g) and trans
3-methyl-1-pyrrolidylbut-1-ene 9b (0.67 g) at room
temperature in CHCl; for 3 h. Chromatographic separation
(10/1, hexane/ethyl acetate) gave 1.22 g (64%) of 16d as an
orange solid; mp 96-97 °C (hexane/ethyl acetate). IR (KBr)
v 2240, 1731, 1602 cm ™~ '. "H NMR (400 MHz, CDCls) 6:
1.25 (d, J=6.9 Hz, 6H), 2.76 (dq, /=6.9 Hz, 1H), 7.65 (d,
J=28.4 Hz, 1H), 8.24 (s, 1H), 8.64 (dd, /=38.3, 2.2 Hz, 1H),
9.10 (d, J=2.2 Hz, 1H). '*C NMR (100 MHz, CDCl;) é:
23.1, 30.2, 108.1, 113.5, 119.9 (q, 'Jcp=276 Hz), 120.7,
127.9, 132.4, 138.6, 140.9, 145.8, 146.5 (q, “Jcr=36 Hz),
147.9, 148.5, 156.2; "’FNMR (282 MHz, CDCl5) 6: —65.9.
MS (CI) m/z 381 (M"+1, 100). Anal. Calcd for
C,6H11F3N304 (380): C, 50.53; H, 2.92; N, 14.99. Found:
C, 50.33; H, 2.94; N, 15.01.

4.7.8. Reaction of 2-azadiene (6b) with enamine (9a).

4.7.8.1. 1-Ethoxycarbonyl-3-(1,2,2,2-tetrafluoro-
ethyl)-4-phenyl-5,6,7,8-tetrahydroisoquinoline (20). The
general procedure was followed using (1E,3E)-1-ethoxy-
carbonyl-4-phenyl-3-pentafluoroethyl-2-azabuta-1,3-diene
6b in situ and 1-cyclohex-1-enylpyrrolidine 9a (0.68 g) in
refluxing CHCI; for 60 h. Chromatographic separation (15/
1, hexane/ethyl acetate) gave 1.33 g (70%) of 20 as a yellow
solid, mp 84-85 °C (ethyl acetate/hexane). IR (KBr) v 1747,
1173 cm™~". "H NMR (400 MHz, CDCls) 6: 1.45 (t, J=
7.2 Hz, 3H), 1.64-1.85 (m, 4H), 2.35-2.41 (m, 2H), 3.00-
3.02 (m, 2H), 4.48 (q, J=7.2 Hz, 2H), 5.45 (dq, *Jyr=
46 Hz, *Jyr=6.0 Hz, 1H), 7.13-7.55 (m, 5H). °C NMR
(100 MHz, CDCl5) ¢: 14.2,21.7,21.8,26.1, 28.5,61.7, 85.0
(dq, 'Jep=187.8 Hz, %Jcp=34.7 Hz), 122.0 (dq, "Jer=
281.0 Hz, %Jcp=29.0 Hz), 128.3-160.2 (m), 166.5. '°F
NMR (282 MHz, CDCl3) 6: —75.6 (dd, *Jpr=14 Hz,
3Tur=6Hz), —190.1 (dq, *Jur=46 Hz, *Jrr=14 Hz).
MS (EI) m/z 381 (M™", 73). Anal. Calcd for CooH;oF4sNO,
(381): C, 62.99; H, 5.02; N, 3.67. Found C, 63.01; H, 5.00;
N, 3.66.

4.7.9. Reaction of 2-azadiene (6b) with enamine (9¢).
4.7.9.1. 2-Ethoxycarbonyl-6-(1,2,2,2-tetrafluoro-
ethyl)-3,4-trimethylen-5-phenylpyridine (24a). The gen-
eral procedure was followed wusing (1E,3E)-1-
ethoxycarbonyl-4-phenyl-3-pentafluoroethyl-2-azabuta-
1,3-diene 6b obtained in situ and 1-cyclopent-1-enylpyrro-
lidine 9¢ (0.67 g) in CHCI; at room temperature for 2 h.
Chromatographic separation (15/1, hexane/ethyl acetate)
gave 0.77 g (42%) of 24a as a colorless oil; R;=0.23 (1/10,
ethyl acetate/hexane). IR (KBr) v 1724, 1294 cm™ . 'H
NMR (400 MHz, CDCl5) 6: 1.46 (t, J=7.1 Hz, 3H), 2.10-
2.17 (m, 2H), 2.70-2.76 (m, 2H), 3.41-3.45 (m, 2H), 4.47
(m, 2H), 5.67 (dq, *Jyr=45 Hz, *Jyz=6.0 Hz, 1H), 7.23—
7.51 (m, 5H). >*C NMR (100 MHz, CDCly) 6: 14.3, 24.4,
32.4,33.1,61.6, 85.9 (dq, 'Jop=188.6 Hz, *Jcp=234.6 Hz),
122.0 (dq, 'Jep=282.7 Hz, *Jcp=29.1 Hz), 126.4-156.7
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(m), 165.3. ’F NMR (282 MHz, CDCl;) 6: —75.2 (dd,
3Jep=15Hz, *Jgqr=6Hz), —190.0 (dq, *Jur=45 Hz,
3JFF= 15 Hz). MS (ED) m/z 367 (M, 3). Anal. Calcd for
C,sH;oF4NO, (367): C, 62.12; H, 4.66; N, 3.81. Found: C,
61.99; H, 4.70; N, 3.83.

4.7.10. Reaction of 2-azadiene (6¢) with enamine (9c¢).

4.7.10.1. 2-Ethoxycarbonyl-6-(1,2,2,3,3,4,4,5,5,6,6,7,
7,7-tetradecafluoro-heptyl)-3,4-trimethylen-5-phenyl-
pyridine (24b). The general procedure was followed using
(1E,3E)-1-ethoxycarbonyl-4-phenyl-3-perfluorohepthyl-2-
azabuta-1,3-diene 6c¢ obtained in situ and 1-cyclopent-1-
enylpyrrolidine 9¢ (0.67 g) in CHCI; at room temperature
for 15 h. Chromatographic separation (15/1, hexane/ethyl
acetate) gave 1.76 g (56%) of 24b as a colorless oil; R;=
0.43 (1/5, ethyl acetate/hexane). IR (KBr) » 1724,
1224 cm™'. '"H NMR (400 MHz, CDCls) 6: 1.46 (t, J=
7.1 Hz, 3H), 2.08-2.18 (m, 2H), 2.71-2.76 (m, 2H), 3.41-
3.48 (m, 2H), 4.44—4.55 (m, 2H), 5.83-5.99 (m, 1H), 7.18-
7.51 (m, 5H). >*C NMR (100 MHz, CDCl3) 6: 14.2, 24.3,
32.4, 33.1, 61.6, 82.5-85.0 (m), 107.0-120.2 (m), 128.1-
156.6 (m), 165.4. "°F NMR (282 MHz, CDCl;) 6: —81.2,
—117.1 to —126.6 (m). MS (EI) m/z 617 (M, 2). Anal.
Calcd for Co4H7F14NO, (617): C, 46.69; H, 2.78; N, 2.27.
Found: C, 46.73; H, 2.81; N, 2.25.

4.7.11. Reaction of 2-azadiene (6h) with enamine (9b).
4.7.11.1. S-Isopropyl-6-(4-nitrophenyl)-2-perfluoro-
ethyl-3-cyanopiridine (25a) and 5-isopropyl-6-(4-nitro-
phenyl)-2-(1,2,2,2-tetrafluoroethyl)-3-cyanopiridine
(26a). The general procedure was followed using (1E,32)-4-
cyano-1-(4-nitrophenyl)-3-perfluoroethyl-2-azabuta-1,3-
diene (6h) obtained in situ and trans 3-methyl-1-pyrro-
lidylbut-1-ene 9b (0.67 g) in CHCl; at room temperature for
3 h. Chromatographic separation (15/1, hexane/ethyl
acetate) gave 0.78 g (40%) of 25a as a white solid; mp
120-121 °C (ethyl acetate/hexane); 0.33 g (18%) of 26a as
an orange oil, Rg=0.50 (1/5, ethyl acetate/hexane); 0.04 g
(4%) of E-18b as yellow oil, R;=0.27 (1/5, ethyl acetate/
hexane); 0.03 g (3%) of Z-18b and as a orange oil, R;=0.45
(1/5, ethyl acetate/hexane) and 0.06 g (6%) of 28a as an
orange solid; mp 69-70 °C (ethyl acetate/hexane). Data for
25a: IR (KBr) » 2237, 1520 cm™'. '"H NMR (400 MHz,
CDCl3) 6: 1.30 (d, J=6.8 Hz, 6H), 3.26 (dq, J=6.8 Hz,
1H), 7.68 (d, J=8.7 Hz, 2H), 8.24 (s, 1H), 8.38 (d, J=
8.7 Hz, 2H). '>*C NMR (100 MHz, CDCl5) é: 23.6, 29.2,
108.6, 110.9 (tq, 'Jcp=258 Hz, Jcr=39 Hz), 113.8, 118.5
(tq, 'Jep=287 Hz, *Jcp=36 Hz), 123.8, 130.1, 141.7,
143.4, 145.6, 145.8-146.4 (m), 148.5, 158.2. 'F NMR
(282 MHz, CDCl3) 6: —82.4, —113.3. MS (EI) m/z 385
(M™, 23). Anal. Calcd for C;7H;,FsN;0, (385): C, 52.99;
H, 3.14; N, 10.91. Found: C, 52.48; H, 3.31; N, 10.81. Data
for 26a: IR (KBr) » 2236, 1522 cm ™~ '. "H NMR (400 MHz,
CDCl5) 6: 1.26 (d, J=7.1 Hz, 3H), 1.28 (d, J=7.0 Hz, 3H),
3.20 (dq, J=7.0, 7.1 Hz, 1H), 5.97 (dq, *Jur=44.3 Hz,
3Jur=6.0 Hz, 1H), 7.66 (d, J=8.8 Hz, 2H), 8.16 (s, 1H),
8.37 (d, J=8.8 Hz, 2H). '>*C NMR (100 MHz, CDCl;) 6:
23.6, 23.7, 29.2, 87.8 (dq, 'Jcr=194 Hz, *Jcr=35 Hz),
109.2, 114.5, 121.5 (dq, 'Jer=283 Hz, “Jcr=28 Hz),
123.7, 130.0, 140.6, 143.9, 144.2, 148.3, 158.6. '’F NMR
(282 MHz, CDCl3) 6: —76.6 (dd, *Jegp=12.5Hz, *Jyyr=
6.0 Hz), —197.9 (dq, Jur=44.3 Hz, *Jgp=12.5 Hz). MS
(CI, 80V) m/z 368 (M'+1, 100). Anal. Caled for

C,7H3F4sN30, (367): C, 55.59; H, 3.57; N, 11.44. Found:
C, 55.48; H, 3.38; N, 11.31. "H NMR (400 MHz, CDCl;) for
E-isomer of 18b, 6: 1.28 (d, /=7.0 Hz, 6H), 3.02 (dq, /=
7.0 Hz, 1H), 7.50 (s, 1H), 7.51 (d, J=28.8 Hz, 2H), 8.30 (d,
J=28.8 Hz, 2H), 9.59 (s, 1H). 'H NMR (400 MHz, CDCl5)
for Z-isomer of 18b, ¢6: 1.18 (d, J=6.8 Hz, 6H), 3.05 (dq,
J=6.8 Hz, 1H), 7.46 (d, J=28.7 Hz, 2H), 7.50 (s, 1H), 8.26
(d, J=8.7Hz, 2H), 9.82 (s, 1H). '"H NMR (400 MHz,
CDCls) for 28a, 6: 4.51 (s, 1H), 5.19 (bs, 2H).

4.7.12. Reaction of 2-azadiene (6i) with enamine (9b).

4.7.12.1. 5-Isopropyl-6-(4-nitrophenyl)-2-perfluoro-
hepthyl-3-cyanopiridine (25b), S-isopropyl-6-(4-nitro-
phenyl)-2-(1,2,2,3,3,4,4,5,5,6,6,7,7,7-tetradecafluoro-
hepthyl)-3-cyanopiridine (26b) and 3-isopropyl-2-(4-
nitrophenyl)-6-perfluorohepthyl-1,2-dihydro-5-cyano-
piridine (27b). The general procedure was followed using
(1E,3Z)-4-cyano-1-(4-nitrophenyl)-3-perfluorohepthyl-2-
azabuta-1,3-diene (6i) obtained in situ and and trans
3-methyl-1-pyrrolidylbut-1-ene 9b (0.67 g) in CHCI; at
room temperature for 5h. Chromatographic separation
(10/1, hexane/ethyl acetate) gave 1.11 g (35%) of 25b as
an orange solid; mp 80-81°C (CH,Cl,/hexane); 0.56 g
(18%) of 26b as a yellow solid; mp 93-94 °C (CH,Cly/
hexane); 0.68 g (22%) of 27b as a yellow solid; mp 90—
91 °C (ethyl acetate/hexane) 0.03 g (3%) of 18b (see
reaction of 2-azadiene 6h with enamine 9b) and 0.15 g
(7%) of 28b as a white solid mp 127-128 °C (hexane/ethyl
acetate). Data for 25b: IR (KBr) » 2233, 1523 cm™'. 'H
NMR (300 MHz, CDCl5) 6: 1.30 (d, J=6.9 Hz, 6H), 3.25
(dq, J=6.9 Hz, 1H), 7.68 (d, /=28.8 Hz, 2H), 8.23 (s, 1H),
8.38 (d, J=8.8 Hz, 2H). '*C NMR (75 MHz, CDCl;) 6:
23.6, 29.7, 109.2, 110.2-111.1 (m), 113.9, 123.8, 130.1,
141.6, 143.4, 145.6, 145.7-146.4 (m), 148.5, 158.4. '°F
NMR (282 MHz, CDCl;3) 6: —81.0, —110.8 to —126.3
(m). MS (EI) m/z 635 (M™, 20). Anal. Calcd for
CxHoF5N30, (635): C, 41.59; H, 1.90; N, 6.61. Found:
C, 41.31; H, 1.91; N, 6.79. Data for 26b: IR (KBr) v 2235,
1524 cm™'. 'H NMR (300 MHz, CDCl3) 6: 1.29 (d, J=
6.7 Hz, 3H), 1.30 (d, /=6.7 Hz, 3H), 3.21 (dq, J=6.7 Hz,
1H), 6.20 (dd, 'Jyr=24.9 Hz, *Jyr=19.1 Hz, 1H), 7.66 (d,
J=8.8 Hz, 2H), 8.18 (s, 1H), 8.37 (d, J=8.8 Hz, 2H). "°C
NMR (75 MHz, CDCly) &: 23.6, 29.2, 87.3 (dt, 'Jep=
195 Hz, *Jcp=23 Hz), 109.8, 110.2-111.2 (m), 114.5,
123.7, 123.7, 130.0, 140.7, 143.1-143.6 (m), 144.0, 144.2,
148.3, 158.6. '"F NMR (282 MHz, CDCl;) 6: —81.1,
—110.8 (t, *Jpgr=13.7Hz), —120.8 to —126.4 (m),
—198.6 (d, *Jpr=13.7Hz). MS (CI) m/z 618 M™ +1,
100). Anal. Calcd for C»H;3F4N50, (617): C, 42.80; H,
2.12; N, 6.81. Found: C, 42.77; H, 2.09; N, 6.85. Data for
27b: IR (KBr) v 3284, 2214, 1531cm™'. 'H NMR
(300 MHz, CDCl3) ¢: 1.00 (d, J=6.8 Hz, 3H), 1.05 (d,
J=6.7 Hz, 3H), 2.07 (dq, J=6.8, 6.7 Hz, 1H), 5.25 (s, 1H),
5.33 (d, J=3.3 Hz, 1H), 6.08 (s, 1H), 7.50 (d, /J=8.7 Hz,
2H), 8.26 (d, J=8.8 Hz, 2H). '3C NMR (75 MHz, CDCl,)
0: 20.7, 21.2, 31.6, 57.1, 83.8, 109.8-110.9 (m), 116.0,
116.6, 124.4, 128.0, 137.6, 143.5-144.2 (m), 147.4, 148.3.
9F NMR (282 MHz, CDCl5) 6: —81.1, —112.7 to —126.4
(m). MS (CI) m/z 638 (M +1, 100). Anal. Calcd for
CyoH 4F15N30, (637): C, 41.46; H, 2.21; N, 6.59. Found: C,
41.41; H, 2.26; N, 6.57. '"H NMR (400 MHz, CDCls) for
28b, 0: 4.56 (s, 1H), 5.30 (bs, 2H).
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4.7.13. Reaction of 2-azadiene (6j) with enamine (9b).

4.7.13.1. 5-Isopropyl-6-(2,4-dinitrophenyl)-2-per-
fluorohepthyl-3-cyanopiridine (25c¢) and 5-isopropyl-6-
(2,4-dinitrophenyl)-2-(1,2,2,3,3,4,4,5,5,6,6,7,7,7-tetra-
fluorohepthyl-3-cyanopiridine (26c). The general
procedure was followed using (1E,3Z)-4-cyano-1-(2,4-
dinitrophenyl)-3-perfluorohepthyl-2-azabuta-1,3-diene (6j)
obtained in situ and 9b (0.23 g) at room temperature in
CHCI; for 5 h. After column chromatography (hexane/ethyl
acetate 10/1) 2.0 g of an inseparable mixture of compounds
25¢ and 26¢ (1/2), 0.05 g (4%) of 18a (see reaction of
2-azadiene 6e with enamine 9b) and 0.18 g (8%) of 28b (see
reaction of 2-azadiene 6g with enamine 9b) were obtained.
Spectroscopic data of mixture 25¢ and 26¢c: IR (KBr) v
2239, 1640, 1547 cm~'. 'H NMR (300 MHz, CDCl;) é:
1.19-1.28 (m, 18H), 2.77-2.86 (m, 2H) for 25¢ and 26c,
6.12 (dq *Jp=25.1 Hz, *Jgy=2.8 Hz, 1H) for 26¢, 7.65 (d,
J=28.3 Hz, 4H) for 25¢ and 26c¢, 8.21 (s, 1H) for 26¢, 8.27 (s,
1H) for 25c¢, 8.64 (d, J=8.3 Hz, 2H) for 26¢, 8.66 (d, J=
8.3 Hz, 2H) for 25¢, 9.07-9.13 (m, 2H) for 25¢ and 26¢. '*C
NMR (75 MHz, CDCl3) ¢6: 23.1, 30.1, 87.3 (dt, 'Jep=
167 Hz, *Jcp=23 Hz), 107.0-119.1 (m), 120.8, 127.8,
132.2, 138.5-148.5 (m), 156.2. '"F NMR (282 MHz,
CDCl;) 6: —81.1, —111.3 to —126.5 (m), —198.6 to
—199.6 (m).
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Abstract—Amphidinols are a unique dinoflagellate metabolite with potent antifungal activity. We examined membrane permeabilizing
action by amphidinol analogues with structural variations in polyhydroxy and polyene moieties. Consequently, the polyene and polyhydroxy
moieties turned out to play important roles in binding to lipid bilayer membrane and in forming ion-permeable pore/lesion across membrane,
respectively. NMR-constrained modeling experiments have revealed for the fist time that amphidinols in membrane generally take a hairpin
configuration, which plausibly accounts for their potent antifungal and other membrane permeabilizing activities.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Dinoflagellates are known to be a rich source of bioactive
secondary metabolites."? Polyketide metabolites with
unique structures and powerful bioactivities have been
frequently discovered from the species implicated in
seafood poisoning; e.g. brevetoxins, ciguatoxins, maito-
toxin, okadaic acid, and palytoxin. Amphidinols (AMs)
have been isolated as a potent antifungal agent from the
dinoflagellate Amphidinium klebsii. Eight congeners inclu-
ding those bearing closely related structures with different
names have been so far reported,>® among which the
absolute configuration of AM3 has been recently deter-
mined by our group (Fig. 1)’. Their structures are best
characterized by a long carbon chain encompassing multiple
hydroxyl groups and polyolefins, which endow amphiphilic
nature to the molecule. AMs enhance the permeability of the
biological membrane by direct interaction with the mem-
brane lipids, which is thoubght to be responsible for their
potent antifungal activity.*

A number of membrane-active peptides such as melittin,
alamethicin and magainin are known to spontaneously
induce transmembrane pores in biomembrane. These
bilayer pores deprive the affected organisms of their
electrochemical gradients across membrane, which elicits
the influx of water and leads to cell swelling, osmolysis and

Keywords: Amphidinol membrane-permeabilization.
* Corresponding author. Tel./fax: +81 66850 5774;
e-mail: murata@ch.wani.osaka-u.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.069

death. Most of them are short, helical and amphiphilic
peptides; one side along the helix largely consists of
hydrophobic side chains, and the other side comprises
hydrophilic residues.* "> Some non-peptide antibiotics such
as amphotericin B possess a similar amphiphilic structure.
The barrel-stave model was proposed for the ion channel
formed by amphotericin B."*'* In our previous study on the
membrane permeabilizing actions of AM3 in comparison
with those of polyene antibiotics, amphotericin B and
filipin,'"> membrane pores or lesion formed by AM3 have
shown the similar features to those of amphotericin B,
implying that the membrane activity is caused by the
molecular assemblage formed in biomembrane. On the
other hand, the size of pore/lesion in erythrocyte membrane
was estimated to be 2.0-2.9 nm in diameter, which is much
larger than that of amphotericin B, 0.8 nm.

To gain a better understanding of the mechanism of
membrane permeabilizing activity, we examined the
structure—activity relationship using AM congeners, and
the conformation of AM3 in sodium dodecyl sulfate (SDS)
micelles on the basis of high-resolution NMR and
simulations. In this report we present these results.

2. Results and discussion

2.1. Structure and membrane permeability activity

We measured the antifungal and hemolytic activities of AM
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OH CH; OH OH OH OH

Amphidinol 3 (AM3)

Amphidinol 4 (AM4) n=0
Amphidinol 6 (AM6) n=1

OH CH; OH CHy; CH; OH CH; OH OH OH OH

Amphidinol 2 (AM2)

Figure 1. Absolute configuration of AM3 and structures of amphidinol congeners, AM4, AM6 and AM2.

congeners; antifungal on Aspergillus niger in minimal
effective concentration, AM3: 10-20 ng/disk, AM4: 20-
40 pg/disk, AM2: 20-40 pg/disk and hemolysis on human
erythrocytes in ECso, AM3: 0.15 uM, AM4: 0.6 uM, AM6:
1.0 uM and AM2: 1.5 uM. AM3 revealed very potent
hemolytic activity, which was somewhat less potent than the
reported value,*® but still significantly exceeded those of
AM4 and AM2. The interaction of AMs with phospholipid
vesicles was further investigated by measuring ion efflux
through the liposomal membrane. For evaluating their
membrane permeability activities, we employed NMR-
based Na® efflux assays using liposomes. From the
concentration-dependence shown in Figure 2, AM3
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Figure 2. Concentration dependence of Na™® efflux from liposomes for
AM3 (diamonds), AM4 (squares) and AM?2 (triangles). Na™ efflux was
measured with pure eggPC liposomes at the lipid concentration of 25 mM.
The Y-axis represents percentage of decrease in peak areas at 0 ppm in *Na
NMR spectra as described in Section 4.1.

revealed the most potent ion efflux activity, followed by
AM4, and AM?2, the latter of which elicited 30%
permeability even at 60 pM. The activities of AM4, which
possesses a vinyl group in lieu of butadiene in AM3 at the
polyene terminus were less potent than that of AM3. AM2
structurally differing in the polyhydroxy part showed the
weakest activities among them.

The middle core part (C30-C50) of the molecule is
structurally common among amphidinol family including
luteophanol A'® and lingshuiols.'” Interestingly, luteo-
phanol A is reported to exhibit no antifungal activity.'®
AMs comprise a hydrophobic polyene region in one end
of the molecule whereas the corresponding portion of
luteophanol A is substituted with three hydroxyl groups,
which makes this side of molecule less hydrophobic,
implying the importance of the hydrophobicity of the
polyene chain in the membrane permeabilizing activities.

2.2. Partition coefficients to lipid bilayer

It is known that retention time on reversed-phase HPLC is
generally in parallel with the membrane affinity of
amphipathic peptides.'®'® We measured retention times of
AMs with an octadecylsilyl (ODS) column and aqueous
acetonitrile as a mobile phase; AM3 at 30.1 min, AM4 at
14.6 min and AM2 at 33.5 min. The retention times of
melittin analogues on reversed-phase HPLC are known to
reflect their affinity to biomembranes, and is roughly
correlated with their hemolytic activities.”® However, no
such correlation could be obtained for AM congeners.
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We then determined the apparent partition coefficients to
multi lamellar vesicle (MLV) membrane using a method
reported by Betageri et al.*' Figure 3 depicts the plot of
mass ratio of eggPC/water [W,/W,] versus mole ratio of AM
in lipid/AM in water [(C,— C,,)/C,,] for the AM congeners
(see Section 4). The slope corresponds to apparent molar
partition coefficient, K’ .., from equation 1, AM3: 22.2 X 10°,
AM4, 2.24 X 10” and AM2, 0.77 X 10°. The difference in the
values suggest that AM3 with a diene terminus binds most
efficiently to eggPC membrane and their order in K'j;, values
is same as that in the membrane permeabilizing activities
(Figs. 2 and 3). The greater retention of AM2 compared with
that of AM4 on the HPLC, despite their polyolefin region
bearing the same structure, can be explained by the
interaction between the octadecyl group of the ODS surface
and the methyl groups of polyhydroxy region; five methyl
groups in AM?2 versus two in AM4. Thus, the length of the
polyolefin region of AM is predominantly responsible for
binding to lipid bilayer membrane.
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Figure 3. Partition coefficients derived from dependence of mass ratio of
eggPC/water [W,/W] versus mole ratio of AM in lipid/AM in water [(C,—
Cy,)/Cy] for AM3 (diamonds), AM4 (squares) and AM2 (triangles). AMs
incubated with the various concentrations of eggPC MLV in phosphate
buffer. After incubation, MLVs solutions were centrifuged. The concen-
trations of AMs in supernatant were determined by peak area on HPLC. The
slope express apparent molal partition coefficient, K’ .

2.3. Estimation of pore size

To estimate the size of pores formed by AMs in
biomembrane, we carried out colloid osmotic protection
assays. This method with use of erythrocytes is widely
applied for measuring the size of channels.’**> When a
osmotic-protecting agent added to the medium is too large
in size to pass through a channel formed on erythrocytes, no
hemolysis takes place; the osmotic pressure of the
intracellular hemoglobin is balanced by a protecting agent
added outside. Thus, size of the pore in the membrane can
be estimated by the molecular size of the efficacious
protecting agent.

In our previous study'’, AM3 caused the rapid perme-
abilization of erythrocyte membrane, which led to the
simultaneous leakage of macromolecules including hemo-
globin. These observations indicate that the pore size of
AM3 increases with increased concentrations of AM3, as
reported for melittin.”> The concentrations used in these
experiments, therefore, were taken as least doses necessary
for hemolysis. According to the results in Figure 4, the size
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Figure 4. Osmotic protection experiments for AM3 (diamonds), AM4
(squares), AMO6 (circles) and AM2 (triangles) using erythrocytes. The size
of a pore or lesion formed by these agents was estimated by hemolytic tests
in the presence of various osmotic protectants. A blood cell suspension at
1% hematocrit was suspended in 90% PBS buffer and added with 30 mM of
the following solutes as an osmotic protectant; raffinose, polyethylene
glycols 600, 1000, 1540, 2000, and 4000, whose diameters were estimated
as 1.1, 1.6, 2.0, 2.4, 2.9, and 3.8 nm, respectively. The concentrations of
AM3, AM4, AM6 and AM2 were 0.28, 1.1, 2.0, and 3.1 uM, respectively,
where 100% hemolysis occurs in PBS in the absence of a protectant.

of a pore formed by AM3 and AM4 was deduced to
2.0-2.9 nm since the hemolysis occurred in the presence of
polyethylene glycol 1000 (PEG 1000) and was suppressed
by PEG 2000, while that of AM2 pore was estimated
significantly smaller around 1.6-2.0 nm.

The antibacterial activity of alamethicin analogues is known
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Figure 5. Partial NOESY spectrum of AM3 with SDS-d,5 in D,O (a) and
partial ROESY spectrum in CD;O0D/pyridine-ds (2:1) (b).
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to be correlated with the mean number of monomers per
conducting aggregate or channel, which roughly corre-
sponds to their pore size.”* When their size becomes
smaller, the single-channel conductance decreased as
well.? In our study the diameter of AM2 pore was smaller
than that of AM4 (Fig. 4), implying that their difference in
the membrane permeability activities can be partly
attributable to the pore size formed in bilayer membrane.
In addition, the pore side of AM6, which possesses an
additional hydroxyl group in the polyhydroxy region
compared with AM4*, was also deduced to be 2.0-2.9 nm
from the same experiment. The tetrahydropyrane (THP)
ring in the end of polyhydroxy region of AM2 presumably
narrows the pore size.

2.4. Conformation analysis in SDS micelles

To further investigate AM’s mode of action, the confor-
mation of AM3 in SDS micelle and that in organic solvent
were compared by two-dimensional NMR experiments.
Micelle dispersions of small membrane peptides have been
often used to reproduce the membrane environments, where
orientational averaging due to smaller and spherical
micelles facilitates high-resolution NMR measurements.
Because of their high curvature, use of micelles as a bilayer

Table 1. '"H NMR data of AM3 with SDS-d,s5 micelle (DO at 4.7 ppm)

membrane model is sometimes controversial. SDS micelles
are, however, reported to mimic the amphipathic nature of a
bilayer membrane even for a conformationally sensitive
peptide such as gramicidin A; the conformation of the
peptide was shown to form a stable right-handed B®-helix
in SDS micelles,”® which was also observed in 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer
membrane?”*® while different conformations were shown in
organic solvents such as MeOH/CHC13,29 trifluoroethanol
(TFE)*® and dimethyl sulfoxide (DMSO).*!

Signal assignment was effected by DQF-COSY, TOCSY,
and NOESY (ROESY) (Fig. 5) experiments. The chemical
shifts and NOE interactions of AM3 in SDS-d,5 micelles are
listed in Table 1. As shown in the table, most of NOEs
including conformationally relevant ones (e.g., H25-H69,
H69-H70, and H43-H51) were observed in the middle
region (the C20—C51 moiety) including the core part. From
the 83 structures calculated for AM3 with NOE constrains
by Molecular Dynamics, five of them were retained for
AM3 on the basis of their low potential energy. Figure 6a
shows superimpose of conformation ensemble in SDS
micelles.

Molecular Dynamics simulations reveal partly converged

Position Oy NOEs* Position On NOEs"

1 3.44,3.59 2° 35 4.09 37°, 38°

2 3.75 36 4.06 37°

3 2.14,2.17 37 1.79 38, 39°

4 5.68 6° 38 3.44 39¢, 69°, 70/
5 5.59 6° 39 3.70 41h°

6 4.15 7° 40 1.61, 1.75 70h¢, 70

7 223 41 207,237 44°, 70K, 7016
8 5.64 10¢ 42 —

9 5.56 10° 43 420 449, 51°, 53¢, 70K°, 701
10 4.08 11¢, 12h° 44 3.46 459, 46n°

11 1.46, 1.53 45 3.99 46h°, 461°, 479, 49°
12 1.29, 1.63 13¢ 46 1.65, 2.02 47°

13 1.43 14° 47 4.17 48¢

14 3.60 48 4.05 494

15 n.d. 49 3.80 51¢

16 n.d. 50 4.01 514

17 n.d. 51 437 53°

18 n.d. 52 5.62 53°

19 1.37, 1.49 204, 21° 53 5.81 54°

20 3.39 21°, 229, 68¢ 54 2.20

21 3.50 22°, 23, 68¢ 55 2.20 574

22h 1.36 68° 56 5.68

221 1.50 68° 57 6.05

23 2.00 24° 68¢ 58 n.d.

24 3.38 25°, 26K°, 261° 59 n.d.

25 3.73 26h°, 261°, 27°, 68¢, 69° 60 6.04 624

26h 1.58 27¢, 29°, 694 61 5.61

261 1.92 27° 62 2.15

27 3.84 69° 63 2.15

28 n.d. 64 5.64

29 2.15 319, 694 65 6.00

30 — 66 6.22

31 5.51 32°, 33, 69° 67 4.90, 5.01

32 456 334, 34¢, 35° 389, 69¢ 68 0.92

33 3.75 34° 359 36°, 38¢ 69 171 70h°, 701
34 3.94 35¢ 70 491,5.03

h: high field resonance, /: low field resonance, n.d. not assigned by the overlapped crosspeaks.
* The NOEs connectivities are listed once according to the proton having the lower number.

® Intensity of the NOEs are medium.
¢ Intensity of the NOEs are weak.
4 Intensity of the NOEs are strong.
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Figure 6. Superimpose of five low potential energy structures (a) and the
lowest energy structure calculated for AM3 in SDS micelles derived from
NOE data (b). The dotted lines between hydroxyl groups expressed the
hydrogen bonds network involving O"20-H°51, H°24-0"51. One of the
lowest energy structures calculated in MeOH/pyridine (2:1) (c).

conformation, which takes a hairpin-like shape for the
vicinity of two THP rings, and is rather dispersed for
polyhydroxy and polyolefinic side chains. In the case of a
MeOH/pyridine solution, the restraints were also abundant
for the core region, by which the simulation reveals the
similar hairpin-like arrangement as one of major conformers
(Fig. 6¢). In particular, the conformation of the C28-C51
moiety in MeOH/pyridine, which was previously obtained
from the J-based configuration analysis,”>* resembles that
in micelles (Fig. 6a), supporting the hairpin shape for AM3.

However, there are small but significant differences between
them. In the micelles, hydrogen-bonding network stabiliz-
ing the conformation is formed with 0"20-H°51,
H%24-0"51 and O"24-H®51 (Fig. 6b) while hydrogen
bonds were not apparent in MeOH/pyridine (Fig. 6¢); highly
polar solvents such as MeOH and pyridine generally
weaken hydrogen bond.**** In addition to long-range
NOEs such as H43/H51 and H69/H70, middle-range
NOEs for H69/H25, H69/H26, H69/H27, and H69/H29
were observed for the polyhydroxy side chan in SDS
micelles (Fig. 5a) while these middle-range interactions
were not seen on ROESY in MeOH/pyridine (Fig. 5b). The
results suggest that the conformation of the core part
including the hairpin shape is stabilized by rotational
restriction with respect to each acyclic C—C bond and by
intramolecular hydrogen bonds. In the case of AM2, the
observed NOEs of the middle part in SDS micelle were
similar to those of AM3, indicating that the conformation of
the core structure is common among AM congeners.

Protegrins are short and amphiphilic peptides bearing potent
antimicrobial activity. Their conformations are known to
take a rigid antiparallel two-stranded [3-sheet that is stabilized
by two disulfide bonds.> >’ Such a disulfide linked B-sheet
motif is common in other antimicrobial peptides such as
human defensins and tachyplesin.** Breaking these disulfide
bonds has greatly reduced the activity.***° The presence of
the disulfide bonds is key to the stability of the [B-sheet
structure and to the membrane disturbing activity. A hairpin-
like structure of the central region of AM molecule somewhat
mimics these peptidic antimicrobes, implying its important
role in the membrane activity.

To determine the position of AM3 molecule relative to the
surface and interior of the SDS micelles, spin-lattice
relaxation time 7; was determined from "H NMR spectra
in the presence and absence of paramagnetic manganese
ion, Mn>* (Fig. 7). Although a large portion of proton

Amphidinol 3

Sodium dodecyl sulfate

Figure 7. Hypothetical illustration of the relative positions of AM3 and
SDS in micelle with respect to depth from the surface. The detectable
paramagnetic contribution to the spin-lattice relaxation time Tjy (in
seconds) are following data; H1, 0.47; H68, 2.06; H27, 1.75; H69, 1.36;
H32, 2.20; H34, 1.17; H49, 0.92; H53, 1.82; H57,60, 6.58; H67, 11.35 for
AM3 in SDS-d,s micelles and OCH,, 1.25; OCCH,, 2.14; (CH,)q: 9.11;
CHj3: 12.00 for pure SDS micelles. The chemical shifts of pure SDS in D,O
are OCH,: 4.0 ppm, OCCH;: 1.6 ppm, (CH,)o: 1.2 and 0.8 ppm. The
concentration of Mn?* used in this experiment was 10 uM.
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signals heavily overlap and prevent 7| measurements, the
relaxation data for methylene protons (H1), methine protons
(H27, H34 and H49), methyl groups (H68, H69), terminal
olefin (H67) and olefinic protons (H53 and H57,60) in SDS-
d,s micelles were obtained. The relaxation times of signals
from SDS micelles without AM3 were also measured for
comparison. The Ty values calculated from Eq. 2 are
related to the distance between the proton of interest and
Mn** . Figure 7 shows the relative distance of AM3 protons
from the surface of micelles, which indicates that H1, H27,
H32, H34,, H49, H68, H69 and H53 reside near the surface
while the other olefin protons (H57,60 and H67) inside the
micelle. In other words, the hydrophilic region of the
molecule is predominantly present in the surface while
the hydrophobic polyolefin region penetrating in the interior
of micelle.

3. Conclusion

All these findings allow us to hypothesize the molecular
mode of action for AMs as follows: (a) binding to bilayer
membrane chiefly with the polyolefin region (the C52-
moiety) and the membrane affinity is markedly dependent
on the length of the polyolefinic chain; (b), the size of the
pore formed in the membrane is influenced by the
polyhydroxy region (the C1-C20 moiety); (c) the central
region (the C20—C52 moiety) takes hairpin-shaped confor-
mation, which is stabilized by hydrogen bonds in amphi-
pathic environments. The conformation of AMs in
membrane environment is reminiscent of amphotericin B;
the hairpin-like conformation for the vicinity of two THP
rings and closing two strands (one is a hydrophilic and the
other is a hydrophobic). Thus, the activity may be accounted
for by the facial amphiphilic interaction with membrane
lipids although further experiments are necessary to clarify
the mechanism of membrane action by AM.

4. Experimental
4.1. Materials

Dysprosium chloride hexahydrate (DyCls-6H,0), sodium
tripolyphosphate (NasPPP), Manganese chloride tetra-
hydrate (MnCl,-4H,0), raffinose and polyethylene glycols
(PEG 600, 1000, 1540, 2000, and 4000) were purchased
from Wako Pure Chemical Industries (Osaka, Japan), egg
york phosphatidylcholine (eggPC) from Nacalai Tesque
(Osaka, Japan). Polycarbonate filters were obtained from
Nuclepore (Pleasanton, CA). Sodium dodecyl sulfate
(SDS-d,s) was from Cambridge Isotope Laboratories, Inc.
(Andover, MA). Other chemicals were from standard
commercial sources and used without further purification
otherwise noted.

4.2. Culture and isolation

The marine dinoflagellate Amphidinium klebsii was sepa-
rated from Aburatsubo-Bay, Kanagawa, Japan, and depos-
ited in National Institute of Environmental Studies (NIES
613). The culture medium was artificial seawater (Marin Art
Hi, Tomita Pharmaceutical, 3% w/v) enriched with ES-1

supplement. Amphidinium carterae was separated from
Kauaroa, South Island, New Zealand. This was used for
production of AM4. Briefly, the unialgal culture was grown
in a three-liter glass flask containing 2 L of 80% seawater
enriched with GSe supplements.

Extract and purification of amphidinols were carried out as
previously reported.*” Briefly, the cultured cells were
extracted with methanol and acetone, and the combine
extract, after the solvents were removed, was subjected to
ethyl acetate—H,O partition and the resultant aqueous layer
was extracted with 1-butanol. The butanol layer was further
purified by chromatography over HW-40F (Toyopearl,
methanol-H,O, 1:1) and then HPLC (YMC-Pack ODS-
AM, MeCN-H,0, 1:2) to furnish 1.0 mg of AM3 and
0.2 mg of AM2 from 10L of the culture media. Similar
extraction and purification from the cells of A. carterae in
10 L of the media provided 1.0 mg of AM4.

4.3. Na™ efflux assay using *Na NMR

For liposome preparation, eggPC was dissolved in chloro-
form to prepare stock solutions. The solvent was then
evaporated to form a thin film on the bottom of the flask. To
ensure complete removal of solvent, the flask was placed
under vacuum for over night. The filmy residue was
hydrated with a 100 mM NacCl solution containing 10 mM
Tris—HCI at pH 7.2 or 10 mM phosphate buffer at pH 7.4,
and incubated for 2 h to form multi-lamellar vesicle (MLV).
The MLVs solution was frozen and thawed three times. The
sized liposomes thus obtained were extruded through
polycarbonate membrane with the pore size of 800 nm
(AVESTIN Liposofast™). Na™ efflux assays were carried
out basically following a method by Kimura et al.*
Liposomes (800 nm in diameter) in 100 mM NaCl/10 mM
Tris-HCI (pH 7.2) buffer was dialyzed against 2L of
120 mM KCI/10 mM Tris—HCI buffer for 12 h to replace
external Na* with K™. An NMR sample was made by
mixing 100 uL of D,0O, 2.0 uL of 89.3 mM sodium
bis(tripolyphosphate) dysprosium, Na;Dy(PPP),, and
500 pL of liposome solution. The shift reagent was prepared
by mixing 50 pL of 250 mM DyCl;-6H,0 and 90 puL. of
500 mM Nas(PPP) at pH 7.0%. Na™ efflux was measured by
Z*Na NMR at 30 °C with the lipid concentration of 25 mM.
The »Na NMR spectra were determined with an liposome
suspension containing 100 mM NaCl inside and 100 mM
KCI outside the vesicles. The residual Na™* outside
liposomes was shifted to 1}tp—ﬁeld around —1.0 ppm by
shift reagent Na,Dy(PPP),,** whereas leaving a signal due
to the inside ions at O ppm unaffected. An aliquot of a
sample solution in methanol (10 pL) was added to liposome
suspensions (600 pL) and incubated for 2h at room
temperature.

When an agent permeabilizes the membrane, the peak
around —1.0 ppm increases while a peak at O ppm
decreases, which clearly shows that inside Na™ and outside
K™ was exchange through liposomal membrane. Percen-
tage of a reduction of peak area at 0 ppm was expressed as
(Nat,-Na*,)/Na®t ;X 100, where Na™, is the molar
quantity of Na™ inside the vesicles in the presence of a
sample, and Na™, is that in the absence of a sample.
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4.4. Determination of partition coefficients

Apparent molar partition coefficients of AM congeners into
bilayer membrane were determined by following a method
by Betageri et al.?! AMs incubated with the various
concentration (0, 0.10, 0.50 and 1.0 mM) of eggPC MLV
in 10 mM phosphate buffer (100 uL) for 3 h at room
temperature After incubation, MLV solutions were centri-
fuged at 18,800g for 30 min. The concentrations of AMs in
supernatant (50 pL) were determined by peak area on HPLC
analysis (Cosmosil 5C18-AR Waters 4.6X 150 mm,
MeCN-H,O0, 13:7). The retention time of AM3, AM4 and
AM2 is 30.1, 14.6 and 33.5 min, respectively. The apparent
molar partition coefficients, K',,, were calculated from

C, —C,)W
Krln — ( t w) 1 (l)
Cw WZ
where C,: peak area of AM without eggPC MLV, C,,: peak
area of AM of aqueous phase with eggPC MLV, W;: weight
of aqueous phase (g), W,: weight of phospholipid (g).

4.5. NMR measurements

Samples for NMR experiments were prepared by dissolving
a mixture of 2.8 mg of AM3 and 6.6 mg of perdeuterated
SDS (SDS-d5s) in 0.55 mL of D,0 or by dissolving 4.4 mg
of AM3 in 500 pL of CD3;0D/pyridine-ds (2:1). The MnCl,
was dissolved in D,O before added to a micelle suspension.
The spin-lattice relaxation time, 77, was measured with the
absence and presence of 10 uM of MnCl,.

The NMR spectra were recorded on a LA500 instrument.
The 2D NMR spectra such as DQF-COSY, TOCSY and
NOESY were measured with a sweep width of 4000 Hz in
both dimensions, 512 real data points in F1 and 1000 real
data points in F2, 16 scans per increment. Mixing times of
150 and 300 ms were used for NOESY experiments. The
data were apodized with shifted sine-bell window functions
in both F1 and F2 dimensions after zerofilling in the F1
dimension to obtain a final matrix of 1024 (F1) X 1024 (F2)
real data points. The spin-lattice relaxation time 7', were
determined using a standard 180-7-90 inversion recovery
pulse sequence with > 5T, delay between pulse sequence
allowing the spin system to relax to equilibrium. Twenty 7
values between 0.01 and 10 s were applied and evaluated by
the linear curve fitting software of the spectrometer. All the
spectra were recorded at 303 K.

The paramagnetic contribution to the relaxation time, Ty,
were calculated from

1 1 1
— =75 2
T Ty T
- r_6
T\m

where T and 79: spin-lattice relaxation time in the presence
and absence of paramagnetic ion, Mn>", r: time average
distance between the groton of interest and Mn** ion.*' The
concentration of Mn** ion used in this experiments was
10 uM.

4.6. Molecular dynamics calculations

The force field used in this calculation was MMFFs under
vacuum since NOEs data were supposed to incorporate
solvent effects. All interproton-distance restraints were
derived from two-dimensional NOESY experiments. The
restraints were classified into three categories. Upper
bounds were fixed at 2.6, 3.4 and 5.0 A for strong,
medium and weak correlations, respectively. The THP
rings and all double bonds were fixed as a chair
conformation and E configurations, respectively, judging
from *J-coupling constants on DQF-COSY. Simulated
annealing®® performed three different tasks with the
NMR-based restraints; (1) 10 ps equilibrium run at
1000 K, (2) 20 ps equilibrium run at 300 K, (3) 20 ps
equilibrium run at 100 K. After simulated annealing,
Conformational search in MacroModel® was carried out.
This process typically cycles through the sequence of
generating a new structure, minimizing it, and then
determining if the structure should be retained. The same
force field and restraints were used in simulated annealing.
The MCMM method was used during a calculation and a
50 kJ/mol cutoff was applied, eventually leaving several
final conformations.

4.7. Antifungal assay, hemolytic test, and osmotic
protection experiments

The fungus Aspergillus niger was cultured in a GP liquid
medium (2% glucose, 0.2% yeast extract, 0.5% polypep-
tone, 0.05% MgSQy, and 0.1% KH,PO,) at 25 °C for 2 days.
An aliquot of the broth was then spread onto a GP agar plate
(1.5% agar). Samples dissolved in methanol were spotted on
paper disks (8 mm in diameter). They were then placed on
an agar plate spread with A. niger mycelia. After incubation
at 25 °C for 2 days, the diameter of the inhibitory zone on
each paper disk was measured. For each hemolytic test,
human blood cells were collected in 3.13% sodium citrate
and immediately separated from the plasma by centrifu-
gation at 1000g for 5 min. Sedimented cells were washed
three times with phosphate buffer saline (PBS), containing
137 mM NaCl, 2.68 mM KCl, 8.10 mM Na,HPO,, and
1.47mM KH,PO, at pH 7.4. A sample dissolved in
methanol (10 pL) was added to 190 pL of the blood cell
suspension in 1% hematocrit PBS and incubated for 12 h at
30°C. After incubation, the resultant supernatant was
subjected to colorimetric measurements at 450 nm on
micro-plate reader (Molecular Devices) to determine the
absorbance (Ag4sp). Total hemoglobin in the suspension
was obtained from the value upon complete hemolysis
(An4s0). The percentage amount of hemoglobin released
from erythrocytes was calculated as Agys0/Anaso X 100.
From dose-response curves, the concentration that
caused 50% hemolysis (ECsg) was determined. In
osmotic protection experiments, a blood cell suspension
with 1% hematocrit was mixed with 90% PBS, and added
with 30 mM of the following solutes as an osmotic
protectant; raffinose, and polyethylene glycols (PEG 600,
1000, 1540, 2000, and 4000), whose molecular diameters
are estimated to be 1.1, 1.6, 2.0, 2.4, 2.9 and 3.8 nm,
respectively.?>4¢
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Abstract—A simple synthesis of all eight C-22, C-23, and C-25 diastereoisomers of the cephalostatin north 1 side chain has been
accomplished from (25R)-5a-spirostan-3-ol (tigogenin). The synthesis involves selective hydroxylations at C-23 and C-25 and reductive
opening of the 1,6-dioxaspiro[4.5]decane spirostan system to give a conveniently protected 5Sa-furostan-3f3,23,25,26-tetrol. The construction
of the required 1,6-dioxaspiro[4.4]nonane system entailed an intramolecular hydrogen abstraction reaction promoted by the C-25 alkoxyl
radical as the key step. Acid-catalyzed isomerization of the spiroketal unit suggested that 22R isomers are the thermodynamic products while
the 22S isomers are the result of kinetic control. The acid-catalyzed equilibrium between 1,6-dioxaspiro[4.4]nonane and 1,6-
dioxaspiro[4.5]decane systems was also studied. In the 1,6-dioxaspiro[4.4]nonane units, the observed 3J23’24 coupling constants suggest
that the five-membered puckered ring-F undergoes substantial conformational changes on going from 22§ to 22R isomers.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cephalostatins' and the structurally related ritterazines®
comprise a group of secondary metabolites isolated from
marine invertebrates (Cephalodiscus gilchristi and Ritter-
ella tokioka, respectively) which have attracted consider-
able attention from synthetic organic chemists and
pharmacologists due to their complex structures and
significant biological properties.” They are alkaloids con-
stituted by two steroidal units linked through a pyrazine ring
involving the C2-C3 position of each monomeric unit and
are among the most potent cytotoxins ever isolated from a
natural source. In most of these substances the steroidal eight-
carbon side chain has been transformed into a 1,6-dioxaspiro
[4.4]nonane system. In particular, a polyoxygenated
(25,4R,55,95)-2-hydroxymethyl-2,9-dimethyl-1,6-dioxaspiro
[4.4]nonan-4-ol substructure is found in the side chain of the
north unit in many cephalostatins (17 out of 19), and the
majority of ritterazines have a 2,2,9-trimethyl-1,6-diox-
aspiro[4.4]nonane system on one or other side of their
skeletons (Fig. 1).

Keywords: Cephalostatin; Radical reaction; Hydrogen abstraction; Alkoxyl

radical; Steroid; Spirostan sapogenin.

* Corresponding author. Tel.: +34 922 251004; fax: +34 922 260135;
e-mail: esuarez@ipna.csic.es

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.01.077

The syntheses of several of these natural products and
analogues have been achieved* and during these studies
very interesting methodologies have been brought to light.”
Nevertheless, despite efforts by several research groups, the
mechanism of biological action remains unknown.® The
structure-activity relationship between cephalostatins and
OSW-1 (Fig. 1), a related cholestane glycoside isolated
from a terrestrial plant (Ornithogalum saundersiae),’
supports the hypothesis that the bioactive intermediate
might be an oxocarbenium ion located at rings E or F and
originated by opening the dioxaspiro grouping.6’7b’8 We can
deduce from this that the stereochemistries at C-22, C-23,
and C-25, which doubtless have a strong influence on the
conformation and stability of the dioxaspiro[4.4]nonane
system, may also influence the activity of cephalostatins.

With these ideas in mind, we decided to develop a simple
methodology to permit the synthesis of all eight possible
isomers of this system by modification of the steroidal side
chain of a commercially available spirostan sapogenin,’ the
key step being the formation of the spiroketal system by an
intramolecular hydrogen abstraction reaction (IHA) pro-
moted by alkoxyl radicals.'® In previous papers from this
laboratory we have demonstrated the utility of IHA
reactions in the synthesis of dioxaspiro[4.4]nonane ring
systems in the carbohydrate field."" From this previous
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Ritterazine B; 22R
Ritterazine F; 22S

OSW-1
OMe

Figure 1. Examples of representative cephalostatins and reitterazines.

experience we were confident that both spiroketal isomers
could be obtained using this methodology. This is
synthetically important because in most of the ritterazines
both stereoisomers at the spiroketal center were obtained
from the natural source.'?

2. Results and discussion

The synthesis began with 3-methoxy-23-oxotigogenin (2)
(Scheme 1) prepared by using a previously described
procedure via oxidation of 3-methoxy-tigogenin (1) with
NaNO,/BF;-Et,0.!* The reduction of 2 with L-selectride
furnished a mixture of alcohols 3 and 4 (72%, 1.7:1) from
which the alcohol 3 with the correct natural orientation
(23R) could be obtained in moderate yield. The reduction of
2 with NaBH, afforded preferentially the alcohol 4 (235)
with the non-natural stereochemistry (91%, 19:1).

The two C-23 diastereoisomers 3 and 4 were taken through
the following steps of the synthesis separately (Scheme 1).
The tigogenin dioxaespiro[4.5]decane system present in 3
was regio- and stereoselectively reduced with Ph,SiH,/
TiCl, to give the diol 5-R."* Conversion of 5-R to the
monoprotected secondary alcohol 8-R was accomplished by
a three-step protection-deprotection sequence involving
formation of the primary pivalate 6-R, silylation of the 23-
alcohol with TBDMSOTY, and hydrolysis of pivalate 7-R
with KOH in methanol. Nitrophenylselenenylation of the
primary alcohol in 8-R followed by oxidative elimination
furnished alkene 10-R."” In a series of reactions identical to

o[ 5-R, 5-S;R' = H; R? = OH
o[ 6-R, 6-S; R' = H; R? = OPiv
i 7-R, 7-S; R' = Si; R? = OPiv
8-R, 8-S;R' = Si; R? = OH
9-R, 9-S; R' = Si; R? = SePhNO,

4R=H, OH; 2
, OH; 23S g[:

Si = Si'BuMe,

Scheme 1. Reagents and conditions: (a) NaNO,, BF3-Et,0, AcOH, rt, | h,
68%; (b) NaBH,, EtOH, rt, 1 h, 91% (3/4 ratio 5:95) or L-selectride, THF,
—20°C, 1.5 h, 72% (3/4 ratio 63:37); (c) Ph,SiH,, TiCly, CH,Cl,, —20 °C;
(d) pivaloyl chloride, Py, CH,Cl,, 1t, 6-R 95%, 6-S 97%; (e) ‘BuMe,SiOTH,
CH,Cl,, E3N, rt, 7-R 81%, 7-S 98%; (f) KOH, MeOH, rt, 8-R 92%, 8-S
91%; (g) 0-NO,PhSeCN, n-BusP, THF, 1t, 9-R 99%, 9-S 97%; (h) H,0,,
THF, rt, 10-R 92%, 10-S 82%; (i) OsOy, Py, CH,Cl,, rt; (j) Ac,0, Py, rt.
[For yields of the (i) and (j) reactions, see supplementary data section]. The
(R,S) designs the stereochemistry at C-23.

those described (Scheme 1), the 23S isomer 4 was converted
into 10-S via 5-S, 6-S, 7-S, 8-S, and 9-S. Stoichiomeric
osmylation of the 10-R olefin afforded an inseparable
mixture of diols 11-R and 13-R which could be separated
after acetylation of the primary alcohol 12-R and 14-R in a
1:2 ratio (99%). In contrast, the osmylation of the 10-S
isomer afforded a separable mixture of diols 11-S and 13-S
in a 2:1 ratio (98%), which were subsequently and
separately acetylated to give 12-S and 14-S.

Initials attempts to asymmetrically dihydroxylate the 25-
olefin were unsuccessful.'® Using the Corey (1S5,2S)-
N',N*-bis(mesitylmethyl)-1,2-diphenyl-1,2-ethanediamine
reagent,'” the 10-R olefin gave the diols with similar yield
and diastereomeric ratio (11-R/13-R, 1:2, 97%) compared
with the uncatalyzed reaction. As both isomeric diols were
required for this study the uncatalyzed osmylation reaction
was preferred.

The THA reaction was carried out by separately treating
compounds 12-R, 12-S, 14-R, and 14-S with (diacetoxyiodo)
benzene and iodine under irradiation with two 80 W
tungsten-filament lamps at 50 °C (Scheme 2). The alcohols
that possess the natural stereochemistry at C-23 (R) 12-R
and 14-R gave 1,6-dioxaspiro[4.4]nonane compounds 15
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z Hoj =
TOH s B
22: 23 OAc
é N

0
OsiBuMe, —2
5 -
12R o[ 15 R" = Si'BuMe,; R? = Ac
17R'=H;R?=H

= 16 R' = Si'BuMe,; R? = Ac 19
18 R" = H; R = H (X-ray)

14R b 20 R' =si'BuMe,; R? = Ac
22R"=H;R?=H

128 o[ 25 R' = 8{'BuMe,; R? = Ac
27R"=H;R*=H

b 21 R' = si'BuMe,; R? = Ac 24
23R"=H; R?=H (X-ray)

1_ it . R2 - .
b[:ZGR = SiBuMey; R” = Ac 29 (X-ray)

28R'=H;R?=H

148 o[ 30 R" = Si'BuMe,; R = Ac
32R"=H;R*=H

31R" = Si'BuMe,; R? = Ac
bE33R1=H;R2=H

34 R = H (X-ray)
35R=Ac

Scheme 2. Reagents and conditions: (a) PhI(OAc),, I, cyclohexane, hv, 70 °C, 15 23%, 16 60%; 20 28%, 21 55%; 25 23%, 26 74%; 30 28%, 31 47%; (b) (i)
TBAF, THF, tt, (ii) KOH, MeOH, 1t (yields too steps: 17 62%, 18 73%, 22 74%, 23 70%, 27 6%, 28 87%, 32 99%, 33 91%); (c) H*, CH,Cl,, rt.

and 16 (83%, 28:72) and 20 and 21 (83%, 33:67), respec-
tively. On the other hand, the alcohols with the inverted
stereochemistry at C-23 (S) 12-S and 14-S afforded after the
IHA reaction dioxaspiro compounds 25, and 26 (97%,
24:76) and 30 and 31 (75%, 37:63), respectively. The
protecting groups of the alcohols at C-23 and C-25 were
selected to favor the 1,5-hydrogen atom transfer reaction. A
weak electron-withdrawing group (EWG) at C-23 (silyl
ether) should favor the hydrogen abstraction and the
subsequent oxidation of the C-22 radical to the oxocarbe-
nium ion intermediate.'® Also the stronger EWG at C-26
(acetyl ester) should prevent the competitive B-fragmentation
of the alkoxyl radical. The choice of the protecting group
could be critical and a hypothetical model where the two
protecting groups have been interchanged (acetyl at C-23
and silyl at C-26) should give significant amounts of the
methyl ketone from B-fragmentation.'® The desired diols
17, 18, 22, 23, 27, 28, 32, and 33 were obtained by
hydrolysis of the silyl and acetyl protective groups. The
structures of these eight stereoisomers of the cephalostatine
north 1 side chain were determined by extensive 'H and '°C
NMR 1D and 2D studies including DEPT, COSY, HMBC,

and HSQC experiments. Using 2D NOESY and DNOE, the
relative stereochemistry of the newly created stereogenic
centers (C-22 and C-25) with respect to the known
stereochemistry of the alcohol at C-23 may be assigned in
each case.”® As the flexibility of the 1,6-dioxaspiro system
(vide infra) may introduce some uncertainty in the NOE
results, the structure and stereochemistry were subsequently
confirmed by X-ray crystallographic analysis of compounds
18 and 23.2' The (225,23R,255)-diol 17 possesses the
stereochemistry of the natural cephalostatins. Compounds
17, 22, 27, and 32 appear to be the products of kinetic
control whereas 18, 23, 28, and 33 are the thermodynamic
products. The relative stability of these compounds was
determined by following the evolution of the acid-catalyzed
rearrangement through a C-22 oxocarbenium ion. Due to the
presence of the 25,26-glycol, dioxaspiro compounds of the
1,6-dioxaspiro[4.5]decane type (e.g. 19) may also be
formed.*

In a preliminary experiment, diol 17 was transformed into
the 22R-isomer 18 and both 17 and 18 finally led to the
dioxaspiro[4.5]decane 19 under prolonged acid treatment
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(Scheme 2). Subsequently, it was established that, in the
1,6-dioxaspiro[4.4]nonane system the 22§ isomers 17, 22,
27, and 32 are easily transformed, under mild acid
conditions, into the 22R isomers 18, 23, 28, and 33,
respectively, confirming that the 22R are the most stable
compounds.

The transformation from the dioxaspiro [4.4]nonane to the
[4.5]decane system deserves further comment.> Although
compound 19 is obtained in moderate yield by acid-
catalyzed isomerization of diol 18, we observed that even
under prolonged reaction times neither 22 nor 23 yielded
the corresponding dioxaspiro[4.5]-compound 24 to any
appreciable extent. Furthermore, the reactions of 28 and 33
under similar conditions reach an equilibrium (28/29, 60:40
and 33/35, 66:34) after several hours at room temperature.

Aware that iodine is a Lewis acid, we also explored the
iodine-catalyzed isomerization of 22R-isomers and similar
results to those obtained with protic acids were achieved.
For example, reaction of diol 27 in cyclohexane with iodine
(10 mM) under the same conditions of the THA reaction
afforded after 1 h at 70 °C the equilibrium mixture of 28 and
29 in a ratio of 60:40. Analogously, 32 was isomerized to a
mixture of 33 and 34 (60:40) under the same conditions.
These findings suggest that a possible iodine-catalyzed
partial isomerization between 22§ and 22R isomers may
well have occurred during the IHA reaction. Partial
isomerization at the spirocenter may indeed be accom-
plished by treatment of fully protected compound 25 with
iodine under conditions emulating the IHA reaction, to give
a mixture of 25 and 26 (2:8) after 4 h at 70 °C.

These finding are in agreement with the results of a MM2
study (Table 1), compounds 17, 24, 27, and 32 being the
highest energy isomers in the respective series while 19, 23,
28, and 33 are the most stable.?* The isomeric pairs 28 and
29, and 33 and 34 have similar energy (AE=0.4-0.6 Kcal/

Table 1. Structural characteristics of dioxaspiro compounds

mol) and in consequence, an acid-catalyzed equilibrium
(ca. 60:40) is reached after extended periods of time.

Several other interesting features in the structure of these
compounds are shown in Table 1. For instance, compounds
with the same stereochemistry at C-23 display significantly
different coupling constants between the protons H,3 and
H,4, on changing from the 22R to the 22S series of
compounds (compare the coupling constant of 17 with 18
or 22 with 23 in which the stereochemistry at C-23 is always
R, or 27 with 28 and 32 with 33 where the stereochemistry is
23S). The small couplings (0, 5 Hz) suggest a pseudoaxial
orientation of the C-23 alcohol (e.g. 18) while the larger
couplings (8, 10 Hz) are more consistent with a pseudo-
equatorially disposed alcohol (e.g. 17). Nevertheless, a
reasonable explanation for this phenomenon is necessarily
associated with a change of the conformation of the
tetrahydrofuran F-ring on going from the 225 to 22R series
of compounds (Fig. 2). The study of the conformation of this
1,6-dioxaspiro ring system may not be an easy task due to
the significant flexibility of the puckered five-membered
rings, although, in this case, some conformational con-
straint, exerted by the substituents and the fused D-ring,
may be expected. In this approach we have determined the
conformations of the E- and F-rings of the eight different

17 (X-ray)

18 (X-ray)

Figure 2. Ring F conformations of 17 and 18, taken from the X-ray crystal
structures. For the sake of clarity only E and F rings are shown.

Compound AE* (kcal/mol) P® (conformation) 3123,24‘1 (Hz)
E-ring F-ring

17 6.8 134 (E1q) 146 (**Ty,) 8.1,8.4

17 (X-ray)° — 127 (Eyq) 145 (33Ty,) —

18 3.4 102 (°T}g) 339 (E»3) 0.0,5.7

18 (X-ray) — 93 (°E) 332 (PTy3) —

19 0.0 96 (°E) — (PCys) 2.8,2.8

22 29 141 (T4 155 (*E) 8.1,9.8

23 0.0 85 (°E) 320 (3T»3) 0.0, 5.6

23 (X-ray) — 90 (°E) 324 (**Ty3) —

24 43 99 (°E) — (PCys) —

27 4.4 148 ("'Ty¢) 144 (**Ty,) 0.0, 4.9

28 0.0 89 (°E) 346 (E»3) 8.3, 10.5

29 0.4 89 (°E) — (Cys) 5.3,11.6

29 (X-ray) — 80 (°T2») — (PCs) —

32 4.6 145 ("'Ty6) 153 (3*Ty,) 0.0, 4.6

33 0.0 85 (°E) 320 (3T»3) 8.5,9.8

34 0.6 91 (°E) — (Cys) 5.3, 11.7

34 (X-ray) — 72 (°T5) — (PCs) —

# Changes of the relative MM2 energy (in kcal/mol) with respect to the lowest energy isomer in the respective series.

® Altone-Sundaralingam phase angle (in degrees) as defined in Ref. 29c.

© An adaptation of the [UPAC nomenclature of carbohydrates is used (Ref. 30).

4 Experimental >/ coupling from 500 MHz spectra.

¢ Data were taken from the X-ray analysis of (225,23R,255)-3p,12-diacetoxy-22,25-epoxy-5a-furostan-23,26-diol (Ref. 27).
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isomers over minimized structures (MM2) using the X-ray
structures 17,27 18, and 23 (X-ray) as starting geometry.”®
With this study we are not attempting to make a complete
conformational analysis of the 1,6-dioxaspiro system, but
simply to explain the apparently anomalous coupling
constants observed for the proton at C-23.

The structures of lowest energy calculated by this
methodology have E- and F-ring conformations that were
very similar to those found in the crystallographic struc-
tures. A comparison of the conformations from the crystal
structure with those established by molecular mechanics
calculations is presented in Table 1 [compare 17 with 17
(X-ray), 18 with 18 (X-ray), and 23 with 23 (X-ray)]. The
ring conformations have been described by the Altone-
Sundaralingam phase angle*® and the IUPAC conformational
nomenclature for the furanose form of monosaccharides has
been adapted to these rings.?® The E-ring of the 22S-isomers
(17, 22, 27, and 32) adopts a preferred conformation E;¢ or
T (P=134-148% in the southern hemis;z)here of the
pseudorotational itinerary of the ring (Table 1).?’ The E-ring
conformation in the 22R series of isomers (18, 23, 28, and
33) is located in the east °E (P=102-85°) of the
pseudorotational wheel. On the other hand, the F-ring of
the 22S-isomers adopts a preferred conformation **T», or
2E (P=144-155°) in the southern hemisphere, while,
conformations 22T23 or E,3 (P=320-346°) in the northern
hemisphere are found for the F-ring of the 22R-isomers.

The experimental 3J23,24 H-H coupling constants were
measured in 500 MHz spectra (Table 1), and are in agree-
ment with those calculated over minimized structures using
the HLA equation,’’ the largest individual discrepancy
between experimental and calculated constants being
1.4 Hz.

In the 1,6-dioxa[4.5]decane compounds 19, 29 and 34, firm
evidence in favor of a >2C,s conformation for the F-ring was
obtained by the 3J23,24 coupling constants. The alternative
25(,, chair conformation can be ruled out on the basis of the
same measurements (Table 1).>? X-ray diffraction analysis
confirmed the *>C,s conformation in the solid state for 29
and 34.%'

3. Conclusion

In summary, we have demonstrated the usefulness of the
IHA reaction in the construction of the steroidal 1,6-
dioxaspiro[4.4]nonane ring system.> Since thermodynami-
cally less stable isomers at the spirocenter can be obtained,
this methodology should be especially useful in the
synthesis of the natural products when both isomers are
isolated from nature, as described for several ritterazines. '

The preparation of all eight possible isomers has led to the
discovery that the spirocenter stereochemistry can pro-
foundly influence the conformation of the F-ring. Taking
such an effect into account, the apparently anomalous
coupling constant for the proton at C-23, observed in the
NMR spectra of these compounds, can be readily explained.
From these findings the question that now arises is whether
the conformation of the F-ring might influence the

biological activity, as occurs in other types of tetrahydro-
furan derivatives.>”>** In any case, this should be taken into
consideration in the development of new biologically active
cephalostatin and ritterazin analogs.

Although we are aware that our conclusions regarding the
stability and conformation of the spiroketal side chain in the
different series of these simple monomers may not be fully
extrapolatable to the bioactive products, we believe that
they could help in designing such compounds.

4. Experimental
4.1. General methods

Melting points were determined with a hot-stage apparatus
and are uncorrected. Optical rotations were measured at the
sodium line at ambient temperature in CHClj solutions. IR
spectra were recorded in CHClj; solutions unless otherwise
stated. NMR spectra were determined at 500 MHz for 'H
and 125.7 MHz for '3C in CDCl; unless otherwise stated, in
the presence of TMS as internal standard. Mass spectra were
determined at 70eV. Merck silica gel 60 PF (0.063—
0.2 mm) was used for column chromatography. Circular
layers of 1 mm of Merck silica gel 60 PF,s, were used on a
Chromatotron for centrifugally assisted chromatography.
Commercially available reagents and solvents were ana-
Iytical grade or were purified by standard procedures prior
to use. All reactions involving air- or moisture-sensitive
materials were carried out under a nitrogen atmosphere. The
spray reagents for TLC analysis were conducted with 0.5%
vanillin in H,SO4~EtOH (4:1) and further heating until
development of color.

4.1.1. (225,23R,25S5)-3B-Methoxy-23-tert-butyldimethyl-
silyloxy-26-acetoxy-22,25-epoxy-Sa-furostan (15) and
(22R,23R,255)-33-methoxy-23-tert-butyldimethylsilyl-
oxy-26-acetoxy-22,25-epoxy-Sa-furostan (16). A solution
of the alcohol 12-R (60 mg, 0.096 mmol) in cyclohexane
(10 mL) containing (diacetoxyiodo)benzene (40 mg,
0.124 mmol) and iodine (25 mg, 0.098 mmol) was irra-
diated with two 80 W tungsten-filament lamps at 50 °C for
3.5 h. The reaction mixture was then poured into aqueous
solution of sodium thiosulfate (10%) and extracted with
Et,O. The combined organic extracts were washed with
brine, dried (Na,SO4) and concentrated. Chromatotron
chromatography (hexanes—EtOAc, 95:5) of the residue
afforded compound compound 15 (14 mg, 0.022 mmol,
23.4%) and 16 (36 mg, 0.058 mmol, 60%). Compound 15:
amorphous; [a]p — 18 (c 0.23); IR 1746 cm™'; '"H NMR
0.07 (3H, s), 0.09 (3H, s), 0.64 (1H, m), 0.81 (3H, s), 0.87
(3H, s), 0.90 (9H, s), 1.06 (3H, d, J=7.2 Hz), 1.32 (3H, s),
191 (1H, dd, J=11.0, 11.4 Hz), 2.03 (1H, dd, J=7.6,
11.6 Hz), 2.08 (3H, s), 2.30 (1H, dddd, J=7.0, 7.0, 7.0,
7.0 Hz), 3.12 (1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.35
(3H, s), 3.88 (2H, s), 4.30 (1H, dd, /=7.8, 10.4 Hz), 4.62
(1H, ddd, J=7.1,7.1,7.1 Hz); *C NMR —5.4 (CH3), —4.0
(CH3), 12.3 (CHj3), 16.1 (CH3), 16.6 (CH3), 17.8 (C), 20.9
(CH,), 21.1 (CH3;), 25.8 (4 X CH3y), 27.9 (CH,), 28.8 (CH,),
32.3 (CH,), 32.4 (CH,), 34.3 (CH,), 35.0 (CH), 35.9 (O),
36.9 (CH,), 37.5 (CH), 40.2 (CH,), 40.3 (CH,), 41.1 (C),
44.8 (CH), 54.5 (CH), 55.5 (CH3), 55.6 (CH), 61.6 (CH),
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70.3 (CH,), 73.2 (CH), 79.0 (C), 79.8 (CH), 81.7 (CH),
117.9 (C), 170.6 (C); MS m/z (rel intensity) 618 (M T, <1),
561 (6), 475 (30), 287 (23); HRMS calcd for C3gHg,O6Si
618.4316; found 618.4255. Anal. Calcd for C36Hg,O6Si: C,
69.86; H, 10.10. Found: C, 69.01; H, 10.17. Compound 16:
amorphous; [a]lp —45 (¢ 0.24); IR 1745 cm™ ' 'TH NMR
0.07 (3H, s), 0.08 (3H, s), 0.62 (1H, m), 0.76 (3H, s), 0.80
(3H, s), 0.90 (9H, s), 1.06 (3H, d, J=6.9 Hz), 1.33 (3H, s),
1.59 (1H, dd, /=0.0, 13.3 Hz), 1.93 (1H, ddd, J=5.7, 7.5,
12.4 Hz), 2.05 (3H, s), 2.22 (1H, dd, J=5.4, 13.3 Hz), 2.32
(1H, dddd, J=6.1,6.1, 6.1, 6.1 Hz), 3.11 (1H, dddd, J=4.5,
4.5, 10.8, 10.8 Hz), 3.33 (3H, s), 3.88 (1H, d, /=10.9 Hz),
4.10 (1H,d, J=10.9 Hz), 4.14 (1H, d, J=4.6 Hz), 4.44 (1H,
ddd, J=5.6, 7.8, 7.8 Hz); '*C NMR —5.1 (CH3), —5.0
(CH3), 12.3 (CHs3), 16.3 (CH3), 16.8 (CH3), 17.9 (C), 20.9
(CH,), 21.0 (CH3), 25.0 (CH3), 25.7 (3 X CHy), 27.9 (CH,),
28.7 (CH,), 32.0 (CH,), 32.2 (CH,), 34.3 (CH,), 35.3 (CH),
35.9 (0), 36.2 (CH), 36.9 (CH,), 39.8 (CH,), 41.0 (C), 42.3
(CH,), 44.7 (CH), 54.4 (CH), 55.5 (CH3), 56.3 (CH), 63.1
(CH), 70.8 (CH,), 78.5 (CH), 79.8 (CH), 81.3 (CH), 82.0
(C), 120.9 (C), 171.0 (C); MS m/z (rel intensity) 618 (M,
<1), 561 (2), 545 (7), 475 (32), 287 (43); HRMS calcd for
Ci36HgrO06Si 618.4316; found 618.4238. Anal. Calcd for
C36He206Si1: C, 69.86; H, 10.10. Found: C, 69.93; H, 10.22.

4.1.2. (225,23R,25S)-33-Methoxy-22,25-epoxy-5a-furo-
stan-23,26-diol (17). To a solution of compound 15
(13 mg, 0.021 mmol) in THF (3 mL) was added TBAF
(0.1 mL, 0.1 mmol, 1.0 M in THF) and stirred at room
temperature for 2 h. The mixture was then poured into
aqueous saturated solution of NaHCO; and extracted with
AcOEt. The organic extracts were washed with brine,
dried (Na,SO,) and concentrated. Chromatotron chroma-
tography (benzene—EtOAc, 90:10) of the residue afforded
(225,23R,25S)-3B-methoxy-26-acetoxy-22,25-epoxy-5a.-
furostan-23-ol (8.6 mg, 0.017 mmol, 81%): mp 151-154 °C
(from EtOAc); IR 3447, 1744 cm ™ '; "TH NMR 0.64 (1H, m),
0.81 (3H,s), 091 (3H, s), 1.13 (3H, d, /=7.5 Hz), 1.29 (3H,
s), 2.01 (1H, ddd, J=5.7, 7.2, 12.3 Hz), 2.07 (3H, s), 2.27
(1H, dd, J=7.8, 12.6 Hz), 2.34 (1H, dddd, J=3.5,7.4, 7.4,
7.4 Hz), 3.11 (1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.33
(3H, s), 3.86 (2H, s), 4.25 (1H, ddd, J=8.8, 8.8, 8.8 Hz),
4.54 (1H, ddd, J=17.0, 7.0, 7.0 Hz); '3C NMR 12.3 (CH;),
16.1 (CH3), 17.5 (CH3), 20.9 (CH3), 20.9 (CH,), 25.8 (CH53),
279 (CH,), 28.8 (CH,), 32.4 (CH,), 34.0 (CH,), 34.3
(CH,), 34.8 (CH), 35.9 (C), 36.9 (CH,), 39.1 (CH), 40.1
(CH,), 41.5 (C), 41.9 (CH,), 44.8 (CH), 54.5 (CH), 55.48
(CH), 55.52 (CHy), 63.3 (CH), 70.2 (CH,), 73.0 (CH),
78.9 (C), 79.8 (CH), 83.7 (CH), 118.5 (C), 170.7 (C); MS m/
z (rel intensity) 486 (M —H,0, 3), 471 (< 1), 426 (4), 413
4), 361 (39), 287 (100); HRMS calcd for CsoHy05
486.3345; found 486.3363. Anal. Calcd for C39Hug04: C,
71.39; H, 9.59. Found: C, 71.51; H, 9.71. A solution of this
acetate (8 mg, 0.0158 mmol) in MeOH (5 mL) containing
KOH (0.15 g) was stirred at room temperature for 4 h. The
mixture was poured into water and extracted with AcOEt.
The combined extracts were washed with brine, dried
(Na,S0O,) and concentrated. Chromatotron chromatography
(hexanes—EtOAc, 7:3) of the residue afforded compound 17
(5.6 mg, 0.012 mmol, 76%): mp 187.5-190 °C (from
EtOAc-n-hexane); [a]lp +11 (c 0.19); IR 3417 cm ™ '; 'H
NMR 0.64 (1H, m), 0.81 (3H, s), 0.92 (3H, s), 1.13 (3H, d,
J=7.4Hz), 1.27 (3H, s), 1.69 (1H, dd, J=28.4, 12.6 Hz),

2.02 (1H, ddd, J=5.6, 7.3, 12.4 Hz), 2.20 (1H, br d, J=
10.0 Hz), 2.29 (1H, dd, J=8.1, 12.6 Hz), 2.34 (1H, dddd,
J=4.0,7.5,7.5,7.5Hz),3.12 (1H, dddd, J=4.7, 4.7, 11.0,
11.0 Hz), 3.29 (1H, d, J=11.3 Hz), 3.34 (3H, s), 3.38 (1H,
d, J=11.3 Hz), 4.22 (1H, ddd, J=8.4, 8.4, 8.4 Hz), 4.56
(1H, ddd, J=17.0, 7.0, 8.7 Hz); '>C NMR 12.3 (CH3), 16.2
(CHs), 17.5 (CH3), 20.9 (CH,), 25.3 (CHs), 27.8 (CH,), 28.7
(CH,), 32.3 (CH,), 33.9 (CH,), 34.3 (CH,), 34.8 (CH), 35.9
(0), 36.9 (CH,), 39.4 (CH), 40.1 (CH,), 41.5 (C), 41.7
(CH,), 44.8 (CH), 54.5 (CH), 55.4 (CHs), 55.5 (CH), 63.4
(CH), 69.7 (CH,), 73.3 (CH), 79.8 (CH), 81.3 (C), 83.7
(CH), 118.6 (C); MS m/z (rel intensity) 461 M —H, <1),
431 (4), 287 (100); HRMS calcd for C,gH4505 461.3267;
found 461.3225. Anal. Calcd for C,gH4605: C, 72.69; H,
10.02. Found: C, 72.81; H, 10.19.

4.1.3. (22R,23R,25S)-3B3-Methoxy-22,25-epoxy-Sa-furo-
stan-23,26-diol (18). To a solution of compound 16
(35 mg, 0.056 mmol) in THF (5 mL) was added TBAF
(0.3 mL, 0.3 mmol, 1.0M in THF) and stirred at room
temperature for 3 h. The mixture was then poured into
aqueous saturated solution of NaHCO; and extracted with
Et,O. The organic extracts were washed with brine, dried
(Na,SO,4) and concentrated. Chromatotron chromato-
graphy (hexanes—EtOAc, 80:20) of the residue afforded
(22R,23R,255)-3B-methoxy-26-acetoxy-22,25-epoxy-Sa.-
furostan-23-ol (23 mg, 0.045 mmol, 81%): mp 208.5-
209 °C (from EtOAc-n-hexane); [a]p —57 (¢ 1.03); IR
3516, 1723 cm ™ '; "H NMR 0.62 (1H, m), 0.77 (3H, s), 0.80
(3H,s), 1.09 (3H, d, J=6.9 Hz), 1.34 (3H, s), 1.93 (1H, ddd,
J=5.8, 7.4, 12.6 Hz), 2.07 (3H, s), 2.28 (1H, dd, J=5.6,
13.7 Hz), 2.39 (1H, dddd, /=64, 6.4, 6.4, 6.4 Hz), 3.11
(1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.33 (3H, s), 3.93
(1H, d, J=10.9 Hz), 4.09 (1H, d, J=10.9 Hz), 4.18 (1H, br
d, J=4.9Hz), 444 (1H, ddd, J=5.7, 7.8, 7.8 Hz); °C
NMR 12.3 (CH3), 16.1 (CH3), 16.8 (CH3), 20.9 (CH3), 21.0
(CH,), 25.5 (CH3), 27.9 (CH,), 28.7 (CH>), 31.9 (CH,), 32.2
(CH,), 34.3 (CH,), 35.2 (CH), 35.9 (C), 36.1 (CH), 36.9
(CH,), 39.7 (CH,), 41.0 (C), 42.0 (CH,), 44.8 (CH), 54.4
(CH), 55.5 (CH3), 56.3 (CH), 63.3 (CH), 70.9 (CH,), 78.1
(CH), 79.8 (CH), 81.2 (CH), 81.6 (C), 120.2 (C), 171.0 (C);
MS m/z (rel intensity) 504 (M ™ < 1), 486 (11), 431 (6), 287
(100); HRMS caled for C;39H4306 504.3451; found
504.3455. Anal. Calcd for C3gHug06: C, 71.39; H, 9.59.
Found: C, 71.06; H, 9.86. A solution of this acetate (20 mg,
0.0397 mmol) in MeOH (10 mL) containing KOH (0.35 g)
was stirred at room temperature for 4 h. The mixture was
poured into water and extracted with AcOEt. The combined
extracts were washed with brine, dried (Na,SO,) and
concentrated. Chromatotron chromatography (hexanes—
EtOAc, 7:3) of the residue afforded compound 18
(16.5 mg, 0.036 mmol, 90%): mp 211.5-213.5°C (from
EtOAc-n-hexane); [a]p —55 (¢ 0.108); IR 3426, 1453 cm ™~ L
"H NMR 0.63 (1H, m), 0.78 (3H, s), 0.81 (3H, s), 1.10 (3H,
d, J=7.2 Hz), 1.30 (3H, s), 1.58 (1H, dd, /=0.0, 13.8 Hz),
1.96 (1H, m), 2.46 (1H, dddd, /=7.0, 7.0, 7.0, 7.0 Hz), 2.56
(1H, dd, J=5.7,13.8 Hz), 3.11 (1H, dddd, J=4.5, 4.5, 10.7,
10.7 Hz), 3.31 (1H, d, J=9.0 Hz), 3.33 (3H, s), 3.49 (1H, d,
J=9.0 Hz), 4.21 (1H, d, J=5.7 Hz), 4.53 (1H, ddd, J=5.6,
7.5,7.5 Hz); *C NMR 12.3 (CH3), 16.0 (CH3), 17.0 (CH3),
20.9 (CH,), 25.2 (CH3), 27.9 (CH,), 28.7 (CH»), 31.9 (CH,),
32.2 (CH,), 34.3 (CH,), 35.2 (CH), 35.5 (CH), 35.9 (C),
36.9 (CH,), 39.5 (2 XCH,), 41.1 (C), 44.7 (CH), 54.4 (CH),
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55.5 (CHs3), 56.2 (CH), 63.5 (CH), 68.5 (CH,), 78.9 (CH),
79.8 (CH), 81.8 (CH), 85.3 (C), 120.3 (C); MS m/z (rel
intensity) 462 (M1, <1), 444 (1), 431 (28), 287 (100);
HRMS caled for C,ygHys05 462.3345; found 462.3338.
Anal. Calcd for CogHy605: C, 72.69; H, 10.02. Found: C,
72.83; H, 9.78.

4.1.4. (225,23R,255)-3B3-Methoxy-5a-spirostan-23,25-
diol (19). A solution of compound 18 (10 mg, 0.02 mmol)
in CHCl; (10 mL) was treated with an undetermined
catalytic amount of HCI (some gas taken with a Pasteur
pipet from of a concd HCI bottle) and stirred at room
temperature for 24 h. The reaction mixture was poured into
aqueous saturated NaHCO; and extracted with CHCIs.
Chromatotron chromatography (hexanes—EtOAc, 85:15) of
the residue afforded compound 19 (5 mg, 0.01 mmol, 50%):
mp 250.5-252.5 °C (from EtOAc-n-hexane); [a]p —80 (¢
0.45); IR 3601, 3492 cm™~'; "H NMR 0.63 (1H, m), 0.77
(3H, s), 0.80 (3H, s), 1.12 (3H, s), 1.15 (3H, d, /=6.9 Hz),
1.82 (1H, ddd, J=2.8, 2.8, 14.3 Hz), 1.96 (1H, dd, /=3.2,
14.3 Hz), 2.30 (1H, dddd, /=6.9, 6.9, 6.9, 6.9 Hz), 3.11
(1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.33 (3H, s), 3.39
(1H, dd, J=2.8, 11.8 Hz), 3.63 (1H, dd, J=2.8, 2.8 Hz),
3.77 (1H, d, J=11.8 Hz), 4.47 (1H, ddd, J=5.7, 7.8,
7.8 Hz); >*C NMR 12.3 (CH;), 16.2 (CH3), 16.7 (CH3), 20.9
(CH,), 26.2 (CH3), 27.8 (CH»), 28.7 (CH,), 32.0 (CH»), 32.2
(CH,), 34.3 (CH,), 35.2 (CH), 35.9 (C), 36.9 (CH,), 38.3
(CH,), 39.6 (CH,), 40.4 (CH), 41.0 (C), 44.8 (CH), 544
(CH), 55.5 (CH3), 56.4 (CH), 64.1 (CH), 68.8 (C), 69.2
(CH,), 70.9 (CH), 79.8 (CH), 81.8 (CH), 108.7 (C); MS m/z
(rel intensity) 462 (M, 2), 444 (2), 426 (2), 411 (2), 361
(46), 287 (100); HRMS calcd for C,gHy605 462.3345; found
462.3401. Anal. Calcd for CogHy6O5: C, 72.69; H, 10.02.
Found: C, 72.71; H, 10.13.

4.1.5. (225,23R,25R)-3B-Methoxy-23-tert-butyldimethyl-
silyloxy-26-acetoxy-22,25-epoxy-Sa-furostan (20) and
(22R,23R,25R)-3B-methoxy-23-tert-butyldimethylsilyl-
oxy-26-acetoxy-22,25-epoxy-Sa-furostan (21). A solution
of the alcohol 14-R (137 mg, 0.22 mmol) in cyclohexane
(25 mL) containing (diacetoxyiodo)benzene (84 mg,
0.264 mmol) and iodine (56 mg, 0.22 mmol) was irradiated
with two 80 W tungsten-filament lamps at 55 °C for 7 h. The
reaction mixture was then poured into aqueous solution of
sodium thiosulfate (10%) and extracted with Et,O. The
combined organic extracts were washed with brine, dried
(Na,S0O,) and concentrated. Chromatotron chromatography
(hexanes—EtOAc, 95:5) of the residue afforded compound
20 (38 mg, 0.061 mmol, 27.8%) and compound 21 (76 mg,
0.122 mmol, 55.3%). Com;l)ound 20: amorphous; [a]p —27
(c 0.064); IR 1746 cm ™~ '; 'TH NMR 0.07 (3H, s), 0.10 (3H,
s), 0.63 (1H, m), 0.80 (3H, s), 0.85 (3H, s), 0.90 (9H, s), 1.06
(3H, d, J=7.3Hz), 1.20 (3H, s), 1.85 (1H, dd, J=7.5,
11.1 Hz), 1.90 (1H, ddd, /=6.0, 6.8, 12.3 Hz), 1.98 (1H, dd,
J=11.2,10.4 Hz), 2.05 (3H, s), 2.31 (1H, dddd, /=6.9, 6.9,
6.9, 6.9 Hz), 3.10 (1H, dddd, J=4.6, 4.6, 10.7, 10.7 Hz),
3.35 (3H, s), 4.01 (1H, d, /=10.9 Hz), 4.10 (1H, d, J=
10.9 Hz), 4.22 (1H, dd, J=7.5, 10.4 Hz), 4.59 (1H, ddd, /=
6.8, 6.8, 6.8 Hz); '’C NMR —5.3 (CH3), —4.0 (CH3), 12.3
(CHy), 16.0 (CH3), 16.5 (CH3), 17.8 (C), 21.0 (CHy), 21.0
(CHy), 25.0 (CH3), 25.8 (3 X CHs3), 27.9 (CH,), 28.8 (CH,),
32.3 (CH,), 33.4 (CH,), 34.3 (CH,), 35.0 (CH), 35.9 (O),
36.9 (CH,), 37.4 (CH), 40.1 (CH,), 40.2 (CH,), 41.2 (O),

44.8 (CH), 54.5 (CH), 55.5 (CH3), 55.6 (CH), 61.9 (CH),
71.0 (CH,), 72.7 (CH), 78.5 (C), 79.8 (CH), 81.8 (CH),
118.0 (C), 170.9 (C); MS m/z (rel intensity) 618 (M T, <1),
617 (<1), 561 (6), 475 (31), 287 (20); HRMS calcd for
C36Hgr06Si 618.4316; found 618.4335. Anal. Caled for
C36Hg>06Si: C, 69.86; H, 10.10. Found: C, 69.98; H, 10.22.
Compound 21: amorphous; [a]p —58.2 (¢ 0.5); IR
1745 cm™'; 'TH NMR 0.06 (3H, s), 0.07 (3H, s), 0.63 (1H,
m), 0.76 (3H, s), 0.80 (3H, s), 0.89 (9H, s), 1.02 (3H, d, /=
7.0 Hz), 1.29 (3H, s), 1.84 (1H, dd, J=0.0, 13.5 Hz), 1.96
(1H, ddd, J=5.7, 7.3, 12.7 Hz), 2.04 (1H, dd, J=5.1,
13.5 Hz), 2.06 (3H, s), 2.33 (1H, dddd, J=6.9, 6.9, 6.9,
6.9 Hz), 3.11 (1H, dddd, J=4.5, 4.5, 10.9, 10.9 Hz), 3.33
(3H, s), 4.04 (1H, d, J=10.6 Hz), 4.08 (1H, d, J=10.6 Hz),
4.17 (1H,d, J=4.4 Hz), 4.52 (1H, ddd, J=5.7,7.9, 7.9 Hz);
3C NMR —5.1 (CH;), —5.0 (CH3), 12.3 (CH;), 164
(CH3), 16.8 (CH3), 17.9 (C), 20.91 (CH,), 20.96 (CHj3), 25.7
(3XCHj), 26.1 (CH3), 27.9 (CH,), 28.7 (CH,), 32.1 (CH,),
32.2 (CH,), 34.3 (CH,), 35.3 (CH), 35.9 (C), 36.4 (CH),
36.9 (CH,), 39.8 (CH,), 41.1 (C), 42.7 (CH,), 44.8 (CH),
54.4 (CH), 55.5 (CH3), 56.3 (CH), 63.2 (CH), 70.4 (CH,),
78.7 (CH), 79.8 (CH), 81.4 (CH), 81.8 (C), 122.0 (C), 170.9
(C); MS m/z (rel intensity) 618 ™M™, 1), 603 (<1), 561
(43), 545 (23), 287 (68); HRMS calcd for CigHgrOgSi
618.4316; found 618.4324. Anal. Calcd for C3cHg,O6Si: C,
69.86; H, 10.10. Found: C, 69.71; H, 9.98.

4.1.6. (225,23R,25R)-3B3-Methoxy-22,25-epoxy-Sa-furo-
stan-23,26-diol (22). To a solution of compound 20
(38 mg, 0.061 mmol) in THF (8 mL) was added TBAF
(0.4 mL, 0.4 mmol, 1.0 M in THF) and stirred at room
temperature for 1.5 h. The mixture was then poured into
aqueous saturated solution of NaHCOj; and extracted with
Et,0. The organic extracts were washed with brine, dried
(Na,SO,4) and concentrated. Chromatotron chromato-
graphy (benzene-EtOAc, 90:10) of the residue afforded
(225,23R,25R)-3B-methoxy-26-acetoxy-22,25-epoxy-5a.-
furostan-23-ol (28 mg, 0.055 mmol, 90%): amorphous; [«]p
+10 (¢ 0.39); IR 3443, 1745 cm ™~ '; "H NMR 0.62 (1H, m),
0.80 (3H, s), 0.89 (3H, s), 1.12 (3H, d, /J=7.5 Hz), 1.19 (3H,
s), 1.82 (1H, dd, J=9.1, 12.4 Hz), 1.87 (1H, ddd, J=5.7,
7.3, 12.2 Hz), 2.06 (3H, s), 2.36 (1H, dddd, /=3.5,7.4, 7.4,
7.4 Hz), 3.11 (1H, dddd, J=4.5, 4.5, 10.6, 10.6, Hz), 3.33
(3H, s), 3.96 (1H, d, /=10.8 Hz), 4.06 (1H, d, J/=10.8 Hz),
4.25 (1H, ddd, /=38.8, 8.8, 8.8 Hz), 4.54 (1H, ddd, J=7.0,
7.0, 7.0 Hz); *C NMR 12.2 (CH3), 15.9 (CH3), 17.3 (CH3),
20.9 (CH3y), 20.9 (CH,), 25.2 (CH3), 27.8 (CH,), 28.7 (CH,),
32.3 (CH,), 32.8 (CH,), 34.2 (CH,), 34.7 (CH), 35.9 (C),
36.8 (CH,), 39.1 (CH), 40.0 (CH,), 41.4 (C), 41.7 (CH,),
44.7 (CH), 54.5 (CH), 55.5 (CH), 55.5 (CH3), 63.3 (CH),
70.4 (CH,), 72.4 (CH), 78.5 (C), 79.7 (CH), 83.7 (CH),
128.3 (C), 170.8 (C); MS m/z (rel intensity) 505 (M ™' + H,
< 1),486 (< 1),471 (<1),413 <1), 361 (83), 287 (100);
HRMS calcd for C30H4605 486.3345; found 486.3335.
Anal. Calcd for C3gHy304: C, 71.39; H, 9.59. Found: C,
71.52; H, 9.71. A solution of this acetate (24 mg,
0.047 mmol) in MeOH (15 mL) containing KOH (0.3 g)
was stirred at room temperature for 8 h. The mixture was
poured into water and extracted with AcOEt. The combined
extracts were washed with brine, dried (Na,SO,) and concen-
trated. Chromatotron chromatography (hexanes—EtOAc, 7:3)
of the residue afforded compound 22 (18 mg, 0.039 mmol,
82%): mp 166.5-168 °C (from EtOAc-n-hexane); [a]p —4
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(c 0.55); IR 3408 cm~'; "H NMR 0.62 (1H, m), 0.80 (3H,
s), 0.89 (3H, s), 1.13 (3H, s), 1.16 (3H, d, J=7.5 Hz), 1.96
(1H, dd, J=8.1, 12.3 Hz), 2.04 (1H, ddd, J=17.3, 7.3,
7.3 Hz),2.15 (1H, dd, /=9.8, 12.4 Hz), 2.39 (1H, dddd, /=
3.3, 7.3, 7.3, 7.3 Hz), 3.11 (1H, dddd, J=4.5, 4.5, 10.7,
10.7 Hz), 3.25 (1H, d, J=11.4 Hz), 3.33 (3H, s), 3.45 (1H,
d, J=11.5Hz), 4.26 (1H, dd, J=9.0, 9.0 Hz), 4.58 (1H,
ddd, J=7.3,7.3,7.3 Hz); '*C NMR 12.2 (CH3), 16.1 (CH3),
17.2 (CH3), 20.8 (CH»), 24.9 (CH3), 27.8 (CH,), 28.7 (CH,),
32.2 (CH,), 34.0 (CH,), 34.2 (CH,), 34.8 (CH), 35.9 (O),
36.9 (CH,), 38.5 (CH), 38.5 (CH,), 39.7 (CH,), 41.5 (C),
44.7 (CH), 54.4 (CH), 55.4 (CHs), 55.6 (CH), 63.8 (CH),
68.1 (CH,), 73.4 (CH), 79.7 (CH), 81.7 (C), 83.8 (CH),
118.2 (C); MS m/z (rel intensity) 444 M+ —H,0, 2), 431
(6), 426 (9), 411 (4), 287 (100); HRMS calcd for C,3H440,4
444.3240; found 444.3221. Anal. Calcd for C,gH460s5: C,
72.69; H, 10.02. Found: C, 72.71; H, 10.14.

4.1.7. (22R,23R,25R)-3B-Methoxy-22,25-epoxy-Sa-furo-
stan-23,26-diol (23). To a solution of compound 21 (23 mg,
0.037 mmol) in THF (5 mL) was added TBAF (0.2 mL,
0.2 mmol, 1.0 M in THF) and stirred at room temperature
for 3 h. The mixture was then poured into aqueous saturated
solution of NaHCOj; and extracted with Et,O. The organic
extracts were washed with brine, dried (Na,SO,) and con-
centrated. The crude residue was saponified with methanolic
KOH (10 mL, 3%) for 4 h at room temperature. Chromato-
tron chromatography (benzene—EtOAc, 75:25) of the
residue afforded compound 23 (12 mg, 0.026 mmol, 70%):
mp 269.5-270 °C (from MeOH); [a]p —72 (c 0.122); IR
3317 cm™'; "H NMR 0.63 (1H, m), 0.79 (3H, s), 0.80 (3H,
s), 1.11 (3H, d, /J=6.7 Hz), 1.27 (3H, s), 1.93 (1H, dd, J=
0.0, 14.0 Hz), 1.96 (1H, ddd, J=5.8, 7.4, 12.4 Hz), 2.28
(1H, dd, J=5.5, 14.0 Hz), 2.53 (1H, dddd, /=7.0, 7.0, 7.0,
7.0 Hz), 3.11 (1H, dddd, J=4.5, 4.5, 10.7, 10.7 Hz), 3.33
(3H, s), 3.39 (1H, d, J=11.2 Hz), 3.65 (1H, d, J=11.2 Hz),
4.02 (1H,d,J=5.5Hz),4.51 (1H,ddd, J=5.7,7.9,7.9 Hz);
13C NMR 12.3 (CH3), 16.1 (CH;), 17.1 (CH;), 20.9 (CH,),
26.2 (CH3), 27.8 (CH,), 28.7 (CH»), 32.0 (CH,), 32.2 (CH»),
34.3 (CH,), 35.1 (CH), 35.9 (C), 36.3 (CH), 36.9 (CH,),
39.8 (CH,), 41.1 (C), 42.4 (CH,), 44.8 (CH), 54.4 (CH),
55.5 (CHs3), 56.3 (CH), 63.6 (CH), 68.9 (CH,), 77.0 (CH),
79.8 (CH), 81.0 (CH), 83.2 (C), 120.6 (C); MS m/z (rel
intensity) 444 M+ —H,0, <1), 413 (2), 287 (45); HRMS
calcd for C,ogHy4404 444.3240; found 444.3268. Anal.
Calcd for CogH4605: C, 72.69; H, 10.02. Found: C, 72.69;
H, 9.90.

4.1.8. (225,235,255)-33-Methoxy-23-tert-butyldimethyl-
silyloxy-26-acetoxy-22,25-epoxy-5a-furostan (25) and
(22R,23S8,25S5)-33-methoxy-23-tert-butyldimethylsilyl-
oxy-26-acetoxy-22,25-epoxy-Sa-furostan (26). A solution
of the alcohol 12-S (420 mg, 0.68 mmol) in cyclohexane
(70 mL) containing (diacetoxyiodo)benzene (437 mg,
1.36 mmol) and iodine (172 mg, 0.68 mmol) was irradiated
with a 80 W tungsten-filament lamp at 70 °C for 1 h. The
reaction mixture was then poured into aqueous solution of
sodium thiosulfate (10%) and extracted with CH,Cl,. The
combined organic extracts were washed with brine, dried
(Na,S0,) and concentrated. Flash-chromatography (hexanes—
EtOAc, 93:7) of the residue afforded compound 25 (96 mg,
0.15 mmol, 23%) and compound 26 (310 mg, 0.50 mmol,
74%). Compound 25: mp 62.4-63.7 °C (from EtOAc); [a]p

+21.2 (¢ 0.08); IR 1745 cm ™ '; '"H NMR 0.07 (3H, s), 0.08
(3H, s), 0.64 (1H, m), 0.81 (3H, s), 0.86 (3H, s), 0.90 (9H, s),
1.13 3H, d, J=7.2 Hz), 1.33 (3H, s), 1.89 (1H, dd, J=3.3,
13.1 Hz), 2.01 (1H, dd, J=5.2, 13.1 Hz), 2.07 (3H, s), 3.11
(1H, dddd, J=4.7, 4.7, 11.0, 11.0 Hz), 3.33 (3H, s), 4.02
(1H,d,J=10.7 Hz), 4.11 (1H, d, J=10.4 Hz), 4.26 (1H, dd,
J=3.4,5.1Hz), 438 (1H, ddd, J=17.5, 7.5, 9.4 Hz); NOE
correlation from 23-H to 21-Me and to 27-Me; >°C NMR
(100.6 MHz) —5.2 (CH;3), —3.8 (CH3), 12.3 (CH3), 16.2
(CH3), 17.0 (CHy), 17.8 (C), 20.9 (CHs), 21.2 (CH,), 25.6
(CHs), 25.9 (3 X CHs;), 27.9 (CH,), 28.8 (CH,), 32.5 (CH,),
33.1 (CH,), 34.3 (CH,), 34.4 (CH), 36.0 (C), 36.9 (CH,),
39.4 (CH), 41.0 (CH,), 41.1 (C), 42.6 (CH,), 44.9 (CH),
54.6 (CH), 54.9 (CH), 55.5 (CHs), 62.1 (CH), 70.5 (CH,),
77.7 (CH), 79.8 (CH), 80.5 (C), 81.7 (CH), 120.6 (C), 170.8
(C); MS m/z (rel intensity) 618 (M ™, <1), 561 (3), 545 (2),
198 (100); HRMS calcd for C36Hg>,06Si 618.4316; found
618.4317. Anal. Calcd for C36Hg,0gSi: C, 69.86; H, 10.10.
Found: C, 69.92; H, 10.04. Compound 26: mp 135.0—
136.0 °C (from EtOAc); [a]p —34 (¢ 0.10); IR 1745 em L
'"H NMR 0.06 (3H, s), 0.07 (3H, s), 0.60 (1H, m), 0.77 (3H,
s), 0.78 (3H, s), 0.88 (9H, s), 0.92 (3H, d, J=6.9 Hz), 1.17
(3H, s), 1.89 (1H, dd, J=7.9, 11.8 Hz), 2.05 (3H, s), 2.14
(1H, m), 3.10 (1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.32
(3H, s), 3.97 (1H, d, J=10.8 Hz), 4.01 (1H, dd, J=7.28,
10.6 Hz), 4.04 (1H, d, J=10.8 Hz), 4.43 (1H, ddd, /=74,
7.4, 7.4 Hz); NOE correlation from 23-H to 21-Me and to
27-Me; '3C NMR (100.6 MHz) —4.8 (CH3), —4.7 (CHs),
12.3 (CH3), 14.0 (CH3), 16.6 (CH3), 18.2 (C), 20.9 (CH,),
20.9 (CH3), 25.1 (CHj3), 25.8 (3 X CH3), 27.9 (CH,), 28.7
(CH,), 31.8 (CH,), 32.2 (CH,), 34.3 (CH,), 34.9 (CH),
35.0 (CH), 35.8 (C), 36.9 (CH,), 40.1 (CH,), 40.5 (CH,),
40.9 (C), 44.7 (CH), 54.4 (CH), 55.5 (CH3), 56.2 (CH),
61.4 (CH), 70.6 (CH), 71.1 (CH,), 78.0 (C), 79.8 (CH),
80.8 (CH), 116.7 (C), 170.8 (C); MS m/z (rel intensity)
618 (M™, <1), 562 (3), 545 (2), 287 (100); HRMS calcd
for C36Hg,06S1 618.4316; found 618.4317. Anal. Calcd
for C36Hg,06Si: C, 69.86; H, 10.10. Found: C, 69.84; H,
10.26.

4.1.9. (228,235,255)-33-Methoxy-22,25-epoxy-5a-furo-
stan-23,26-diol (27). To a solution of compound 25 (96 mg,
0.15 mmol) in THF (22 mL) was added TBAF (0.75 mL,
0.75 mmol, 1.0 M in THF) and stirred at room temperature
for 2 h. The mixture was then poured into aqueous saturated
solution of NaHCO; and extracted with CH,Cl,. The
organic extracts were washed with brine, dried (Na,SO,4)
and concentrated. A solution of the residue in MeOH
(46 mL) containing KOH (1.5 g) was stirred at room
temperature for 0.5 h. The mixture was poured into water
and extracted with EtOAc. The combined extracts were
washed with brine, dried (Na,SO,) and concentrated.
Chromatotron chromatography (hexanes—-EtOAc, 7:3)
afforded compound 27 (48 mg, 0.10 mmol, 67%): mp
172.5-173.2 °C (from n-hexane-EtOAc); [a]p +30.8 (c
0.12); IR 3352 cm ™ '; '"H NMR 0.62 (1H, m), 0.79 (3H, s),
0.94 (3H,s), 1.19 (3H,d, J=7.3 Hz), 1.25 (3H, s), 1.89 (1H,
dd, /=0.0, 13.6 Hz), 2.19 (1H, dd, J=4.9, 13.7 Hz), 2.36
(1H, dddd, J=2.0,7.2,7.2,7.2 Hz), 3.11 (1H, dddd, J=4.6,
4.6, 11.0, 11.0 Hz), 3.32 (3H, s), 3.33 (1H, d, J=11.2 Hz),
3.53 (1H, d, J=11.2 Hz), 3.93 (1H, dd, J=0.0, 4.8 Hz),
4.54 (1H, ddd, J=17.8, 7.8, 7.8 Hz); NOE correlation from
23-H to 21-Me; "*C NMR (100.6 MHz) 12.2 (CH3), 16.1
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(CH3), 19.3 (CH;3), 21.1 (CH,), 26.1 (CH3), 27.8 (CH,), 28.8
(CH,), 32.5 (CH,), 33.7 (2XCH,), 34.3 (CH), 35.9 (O),
36.8 (CH,), 38.6 (CH), 41.0 (CH,), 41.4 (C), 42.2 (CH,),
44.8 (CH), 54.6 (2XCH), 55.5 (CH;3), 64.2 (CH), 68.3
(CH,), 74.8 (CH), 79.8 (CH), 82.4 (C), 83.8 (CH), 121.7
(C); MS m/z (rel intensity) 462 MT, <), 444 (7), 426
(16), 287 (100); HRMS calcd for C,gH4605 462.3345; found
462.3326. Anal. Calcd for C,gH4cOs: C, 72.69; H, 10.02.
Found: C, 72.77; H, 10.03.

4.1.10. (22R,23S,255)-33-Methoxy-22,25-epoxy-5a-furo-
stan-23,26-diol (28). To a solution of compound 26 (83 mg,
0.13 mmol) in THF (19 mL) was added TBAF (0.65 mL,
0.65 mmol, 1.0 M in THF) and stirred at room temperature
for 1 h. The mixture was then poured into aqueous saturated
solution of NaHCOj; and extracted with EtOAc. The organic
extracts were washed with brine, dried (Na,SO4) and
concentrated. A solution of the residue in MeOH (40 mL)
containing KOH (1.3 g) was stirred at room temperature for
0.5 h. The mixture was poured into water and extracted with
EtOAc. The combined extracts were washed with brine,
dried (Na,SO,) and concentrated. Chromatotron chromato-
graphy (hexanes—EtOAc, 6:4) afforded compound 28
(54 mg, 0.12 mmol, 87%): mp 183.8-184.2 °C (from n-
hexane-EtOAc); [a]lp —46.7 (¢ 0.06); IR 3571, 3466 cm” L
"H NMR 0.63 (1H, m), 0.77 (3H, s), 0.78 (3H, s), 0.94 (3H,
d, /J=7.0Hz), 1.14 (3H, s), 1.97 (1H, dd, /=28.3, 12.3 Hz),
2.12 (1H, dd, J=10.5, 12.4 Hz), 2.31 (1H, dddd, J=6.9,
6.9, 6.9, 6.9Hz), 3.10 (1H, dddd, J=4.6, 4.6, 10.9,
109 Hz), 3.29 (1H, d, J=10.3 Hz), 3.32 (3H, s), 3.44
(1H, d, J=11.3 Hz), 4.04 (1H, m), 4.55 (1H, ddd, J=7.1,
7.1, 8.7 Hz); NOE correlation from 23-H to 21-Me, to 20-H
and to 27-Me; '*C NMR (100.6 MHz) 12.2 (CH;), 14.3
(CHy), 16.4 (CH3), 20.9 (CH,), 24.6 (CH3), 27.8 (CH,), 28.6
(CH,), 31.8 (CH,), 32.2 (CH»), 34.2 (CH,), 34.9 (CH), 35.0
(CH), 35.8 (), 36.8 (CH,), 38.1 (CH»), 39.9 (CH,), 41.1
(©), 44.7 (CH), 54.3 (CH), 55.5 (CH3), 56.0 (CH), 61.7
(CH), 68.3 (CH,), 72.2 (CH), 79.7 (CH, C-3), 82.0 (C), 82.3
(CH), 116.8 (C); MS m/z (rel intensity) 431 (M — CH,OH,
26), 413 (11), 287 (100); HRMS calcd for C,7H4304
431.3161; found 431.3106. Anal. Calcd for C,gHy605: C,
72.69; H, 10.02. Found: C, 72.75; H, 9.92.

4.1.11. (225,235,255)-38-Methoxy-5a-spirostan-23,25-
diol (29). A solution of compound 28 (47 mg, 0.1 mmol)
in CHCl; (2.4 mL) was treated with p-TsOH (5 mg
dissolved in 0.5 mL CHCl;) and stirred at room temperature
for 1 h. The reaction mixture was neutralized with Amberjet
4400 OH, filtered and concentrated. Chromatotron chromato-
graphy (toluene-EtOAc, 60:40) of the residue afforded
starting material 28 (30 mg, 0.06 mmol, 60%) and com-
pound 29 (15 mg, 0.03 mmol, 30%). Compound 29: mp
214-216 °C (from acetone); [a]lp —92.2 (¢ 0.09); IR
3579 cm™'; '"H NMR 0.64 (1H, m), 0.80 (6H, s), 1.00
(3H, d, J=7.0Hz), 1.13 (3H, s), 1.56 (1H, dd, J=12.3,
12.3 Hz), 2.05 (1H, ddd, J=2.7, 5.3, 12.7 Hz), 2.56 (1H,
dddd, J=6.9, 6.9, 6.9, 6.9 Hz), 3.11 (1H, dddd, /=4.7, 4.7,
10.9, 10.9 Hz), 3.23 (1H, dd, J=2.7, 11.6 Hz), 3.33 (3H, s),
3.62 (1H, d, J=11.5Hz), 3.75 (1H, dd, J=5.3, 11.6 Hz),
4.45 (1H, ddd, J=7.1, 7.1, 7.1 Hz); NOE correlation from
23-H to 20-H, to 21-H; and from 26-Hj, to 24-H,; '*C NMR
(100.6 MHz) 12.3 (CHj3), 14.0 (CHj3), 16.6 (CH3), 21.0
(CH,), 24.8 (CH3), 27.8 (CH»), 28.7 (CH,), 31.7 (CH,), 32.3

(CH,), 34.3 (CH,), 34.9 (CH), 35.7 (CH), 35.9 (C), 36.9
(CH,), 40.1 (CH,), 41.1 (C), 42.6 (CH,), 44.8 (CH), 54.4
(CH), 55.5 (CHy), 56.3 (CH), 61.5 (CH), 64.3 (CH), 68.4
(CH,), 70.3 (C), 79.8 (CH), 82.1 (CH), 110.5 (C); MS m/z
(rel intensity) 462 (M, 6), 444 (3), 426 (3), 287 (100);
HRMS calcd for C,gHy6Os5 462.3345; found 462.3324.
Anal. Calced for CogHy605: C, 72.69; H, 10.02. Found: C,
72.67; H, 10.17.

4.1.12. (225,235,25R)-3B-Methoxy-23-tert-butyldi-
methylsilyloxy-26-acetoxy-22,25-epoxy-Sa-furostan (30)
and (22R,23S,25R)-3B-methoxy-23-tert-butyldimethyl-
silyloxy-26-acetoxy-22,25-epoxy-Sa-furostan (31). A solu-
tion of the alcohol 14-§S (49 mg, 0.08 mmol) in cyclohexane
(8.6 mL) containing (diacetoxyiodo)benzene (52 mg,
0.16 mmol) and iodine (21 mg, 0.08 mmol) was irradiated
with a 80 W tungsten-filament lamp at 70 °C for 1 h. The
reaction mixture was then poured into aqueous solution of
sodium thiosulfate (10%) and extracted with CH,Cl,. The
combined organic extracts were washed with brine, dried
(Na,SO,) and concentrated. Chromatotron chromatography
(hexanes—EtOAc, 93:7) of the residue afforded compound
30 (14 mg, 0.02 mmol, 28%) and compound 31 (23 mg,
0.04 mmol, 47%). Compound 30: mp 144.0-144.7 °C (from
EtOAc); [a]p +24 (¢ 0.10); IR 1745 cm™'; "H NMR 0.07
(3H, s), 0.08 (3H, s), 0.62 (1H, m), 0.80 (3H, s), 0.89 (3H, s),
0.91 (9H, s), 1.13 (3H, d, J=7.3 Hz), 1.34 (3H, s), 1.67 (1H,
dd, /=2.3, 13.1 Hz), 2.06 (3H, s), 2.12 (1H, dd, /=5.12,
13.0 Hz), 2.33 (1H, m), 3.10 (1H, dddd, J=4.6, 4.6, 10.9,
10.9 Hz), 3.33 (3H, s), 3.98 (1H, d, /=10.7 Hz), 4.03 (1H,
d, J=10.7 Hz), 4.18 (1H, dd, J=2.3, 5.0 Hz), 4.37 (1H,
ddd, J=17.4, 7.4, 7.4 Hz); NOE correlation from 23-H to
21-Me and to 26-H,; >C NMR (100.6 MHz) —5.2 (CH3),
—3.7 (CH3), 12.3 (CH3), 16.1 (CH3), 17.7 (CH3), 17.8 (O),
20.9 (CH3), 21.1 (CHy), 25.2 (CH3), 25.9 (3X CHy), 27.9
(CH,), 28.8 (CH>), 32.5 (CH»), 33.1 (CH,), 34.3 (CH,), 34.5
(CH), 35.1 (C), 36.9 (CH»), 39.2 (CH), 40.9 (CH,), 41.2 (O),
42.7 (CH,), 44.8 (CH), 54.6 (CH), 54.9 (CH), 55.5 (CH3),
62.8 (CH), 71.4 (CH,), 76.9 (CH), 79.8 (CH), 80.5 (C), 81.9
(CH), 121.1 (C), 171.0 (C); MS m/z (rel intensity) 618 (M,
<1), 561 (5), 198 (100); HRMS calcd for C3gHgO6Si
618.4316; found 618.4321. Anal. Calcd for C3¢Hg>O4Si: C,
69.86; H, 10.10. Found: C, 69.80; H, 10.07. Compound 31:
mp 157.0-157.8 °C (from EtOAc); [a]p —37.5 (¢ 0.12); IR
1746 cm ™ '; "TH NMR 0.04 (6H, s), 0.60 (1H, m), 0.76 (3H,
s), 0.77 (3H, s), 0.85 (3H, d, J=5.3 Hz), 0.87 (9H, s), 1.28
(3H, s), 1.91 (1H, dd, J=10.6, 11.9 Hz), 2.02 (3H, s), 2.11
(1H, m), 3.07 (1H, dddd, J=4.5, 4.5, 10.8, 10.8 Hz), 3.29
(3H, s),3.77 (1H,d, J=11.2 Hz), 3.93 (1H, d, J=11.2 Hz),
4.04 (1H, dd, /=8.1, 10.4 Hz), 4.48 (1H, ddd, /=7.3, 7.3,
7.3 Hz); NOE correlation from 23-H to 21-Me and to 20-H;
3C NMR (100.6 MHz) —4.9 (CH;), —4.8 (CHj), 12.2
(CH3), 13.9 (CH3), 16.6 (CH3), 18.2 (C), 20.8 (CH3), 20.9
(CH,), 25.8 (3 X CHj3), 26.0 (CH3), 27.8 (CH>), 28.7 (CH,),
31.8 (CH,), 32.2 (CH,), 34.2 (CH,), 35.0 (2XCH), 35.8
(©), 36.9 (CH,), 40.1 (CH,), 40.4 (CH,), 40.9 (C), 44.7
(CH), 54.3 (CH), 55.4 (CHy), 56.2 (CH), 61.6 (CH), 70.3
(CH,), 71.2 (CH), 78.3 (C), 79.7 (CH), 80.8 (CH), 116.5
(C), 170.5 (C); MS m/z (rel intensity) 618 (M ™, <1), 561
(6), 545 (1), 75 (100); HRMS calcd for Cs¢HgrOgSi
618.4316; found 618.4303. Anal. Calcd for CsgHgrOgSi:
C, 69.86; H, 10.10. Found: C, 69.95; H, 10.13.
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4.1.13. (225,23S5,25R)-3B3-Methoxy-22,25-epoxy-Sa-furo-
stan-23,26-diol (32). To a solution of compound 30 (55 mg,
0.09 mmol) in THF (12.6 mL) was added TBAF (0.42 mL,
0.42 mmol, 1.0 M in THF) and stirred at room temperature
for 3 h. The mixture was then poured into aqueous saturated
solution of NaHCO; and extracted with CH,Cl,. The
organic extracts were washed with brine, dried (Na,SOy)
and concentrated. A solution of the residue in MeOH
(26 mL) containing KOH (0.9 g) was stirred at room
temperature for 1.5 h. The mixture was poured into water
and extracted with EtOAc. The combined extracts were
washed with brine, dried (Na,SO4) and concentrated.
Chromatotron chromatography (hexanes—-EtOAc, 7:3)
afforded compound 32 (41 mg, 0.09 mmol, 99%): mp
145.1-146.7 °C (from AcOEt); [a]lp +7.8 (c 0.09); IR
3629, 3448 cm ™ '; "TH NMR 0.62 (1H, m), 0.79 (3H, s), 0.93
(3H, s), 1.25 (3H, d, /=7.3 Hz), 1.31 (3H, s), 1.55 (1H, dd,
J=0.0, 13.5 Hz), 2.46 (1H, dddd, /=3.1, 7.3, 7.3, 7.3 Hz),
2.56 (1H, dd, J=4.6, 13.6 Hz), 3.11 (1H, dddd, /=4.6, 4.6,
11.0, 11.0 Hz), 3.31 (1H, d, /=10.3 Hz), 3.32 (3H, s), 3.54
(1H, d, J=11.3 Hz), 4.15 (1H, dd, /=0.0, 4.5 Hz), 4.53
(1H, ddd, J=7.1, 7.1, 9.3 Hz); NOE correlation from 23-H
to 21-H;; >*C NMR 12.2 (CH3), 15.9 (CH;), 18.7 (CH3),
20.9 (CH,), 25.8 (CH3), 27.8 (CH,), 28.6 (CH,), 32.3 (CH,),
33.5 (CH,), 34.2 (CH,), 34.4 (CH), 35.8 (C), 36.8 (CH,),
38.4 (CH), 39.1 (CH,), 40.5 (CH,), 41.4 (C), 44.7 (CH),
54.5 (CH), 55.0 (CH), 55.4 (CH3), 64.6 (CH), 68.3 (CH,),
76.7 (CH), 79.8 (CH), 83.1 (CH), 84.4 (C), 120.6 (C); MS
m/z (rel intensity) 444 (M -H,0, 5), 426 (34), 287 (100);
HRMS calcd for CogHy4404 444.3240; found 444.3239.
Anal. Calcd for CogHy60s5: C, 72.69; H, 10.02. Found: C,
72.85; H, 9.74.

4.1.14. (22R,23S,25R)-3B3-Methoxy-22,25-epoxy-Sa-furo-
stan-23,26-diol (33). To a solution of compound 31
(108 mg, 0.17 mmol) in THF (25 mL) was added TBAF
(0.84 mL, 0.84 mmol, 1.0 M in THF) and stirred at room
temperature for 1h. The mixture was then poured into
aqueous saturated solution of NaHCO; and extracted with
CH,Cl,. The organic extracts were washed with brine, dried
(Na,SO,) and concentrated. A solution of the residue in
MeOH (50 mL) containing KOH (1.7 g) was stirred at room
temperature for 5 h. The mixture was poured into water and
extracted with EtOAc. The combined extracts were washed
with brine, dried (Na,SO,) and concentrated. Chromatotron
chromatography (hexanes—EtOAc, 7:3) afforded compound
33 (74 mg, 0.16 mmol, 91%): mp 198.5-199.7 °C (from n-
hexane-EtOAc); [a]p —47.7 (¢ 0.13); IR 3567 mmolcm — L
"H NMR 0.64 (1H, m), 0.77 (3H, s), 0.79 (3H, s), 0.95 (3H,
d, J=7.0Hz), 1.26 (3H, s), 1.69 (1H, dd, J=9.8, 12.4 Hz),
2.32 (1H, dd, J=38.5, 12.4 Hz), 3.10 (1H, dddd, J=4.6, 4.6,
11.0, 11.0 Hz), 3.30 (1H, d, J=11.0 Hz), 3.32 (3H, s), 3.39
(1H, d, J=11.3 Hz), 4.03 (1H, ddd, J=9.0, 9.0, 9.0 Hz),
4.55 (1H, ddd, J=6.6, 6.6, 8.7 Hz); NOE correlation from
23 to 21-Me, to 20-H and to 26-H,; '3C NMR (100.6 MHz)
12.2 (CH3), 14.3 (CH3), 16.4 (CH3), 20.9 (CH,), 25.6 (CH53),
27.8 (CH,), 28.7 (CH,), 31.8 (CH»), 32.2 (CH,), 34.3 (CH,),
349 (CH), 35.5 (CH), 35.8 (C), 36.8 (CH,), 40.0 (CH,),
41.0 (C), 41.3 (CH,), 44.7 (CH), 54.3 (CH), 55.5 (CHj),
56.1 (CH), 61.8 (CH), 69.8 (CH,), 72.2 (CH), 79.7 (CH),
81.3 (CH), 81.3 (C), 116.7 (C); MS m/z (rel intensity) 444
M™"-H,0, 5), 426 (27), 287 (100); HRMS calcd for

CosH 4O, 444.3240; found 444.3252. Anal. Calcd for
C,gHy460s5: C, 72.69; H, 10.02. Found: C, 72.72; H, 9.98.

4.1.15. (225,235,25R)-3B-Methoxy-22,26-epoxy-5o-
spirostan-23,25-diol (34). A solution of compound 33
(46 mg, 0.1 mmol) in CHCI; (2.5 mL) was treated with p-
TsOH (5 mg dissolved in 0.5 mL CHCI;) and stirred at room
temperature for 24 h. The reaction mixture was neutralized
with Amberjet 4400 OH, filtered and concentrated.
Chromatotron chromatography (toluene-EtOAc, 65:35) of
the residue afforded starting material 33 (31 mg, 0.06 mmol,
60%) and compound 34 (13 mg, 0.03 mmol, 30%).
Compound 34: mp 263-263.5 °C (from acetone); [a]p
—132.8 (¢ 0.07); IR 3576 cm ™ '; 'H NMR 0.64 (1H, m),
0.79 (3H, s), 0.80 (3H, s), 0.95 (3H, d, /="7.0 Hz), 1.30 (3H,
s), 1.99 (1H, ddd, J=5.5, 7.6, 12.3 Hz), 2.07 (1H, ddd, J=
2.5,5.2,11.6 Hz), 2.50 (1H, dddd, /=7.0, 7.0, 7.0, 7.0 Hz),
3.11 (1H, dddd, J=4.6, 4.6, 10.9, 10.9 Hz), 3.19 (1H, dd,
J=2.5, 104 Hz), 3.33 (3H, s), 349 (1H, dd, J=5.3,
11.7 Hz), 3.50 (1H, d, /=10.2 Hz), 4.46 (1H, ddd, J=7.1,
7.1, 8.7 Hz); NOE correlation from 23-H to 20-H, to 21-Hjs;
13C NMR (100.6 MHz) 12.3 (CH3), 13.9 (CH3), 16.6 (CH3),
21.0 (CH,), 25.0 (CH3), 27.8 (CH,), 28.7 (CH,), 31.6 (CH,),
32.3 (CH,), 34.3 (CH,), 34.9 (CH), 35.6 (CH), 35.9 (O),
36.9 (CH,), 40.1 (CH,), 41.0 (C), 44.6 (CH,), 44.8 (CH),
54.4 (CH), 55.5 (CH3), 56.2 (CH), 61.5 (CH), 65.8 (CH),
68.2 (CH,), 68.9 (C), 79.8 (CH), 82.0 (CH), 110.0 (C); MS
mlz (rel intensity) 462 (M, 1), 444 (2), 426 (5), 287 (100);
HRMS calcd for C,gHys05 462.3345; found 462.3336.
Anal. Calcd for CrgHy605: C, 72.69; H, 10.02. Found: C,
72.89; H, 10.13.

4.1.16. (225,235,25R)-3B3-Methoxy-23-acetoxy-5a-spiro-
stan-23,25-diol (35). The compound 34 (4 mg, 8.6X
10~ mmol) was acetylated with Ac,O and pyridine to give
after chromatography (hexanes—EtOAc, 85:15) compound
353 mg, 59X 10> mmol, 68%): amorphous; [a]p —72.0
(c 0.05); IR 3434, 1745 cm ™ '; "TH NMR 0.64 (1H, m), 0.78
(3H, s), 0.80 (3H, s), 0.96 (3H, d, J=7.0 Hz), 1.37 (3H, s),
2.04 (3H, s), 2.07 (1H, m), 3.12 (1H, dddd, /=4.6, 4.6, 10.9,
10.9 Hz), 3.22 (1H, dd, /=2.0, 10.5 Hz), 3.33 (3H, s), 3.60
(1H, d, J=10.6 Hz), 4.45 (1H, ddd, J=7.7, 7.7, 7.7 Hz),
4.84 (1H, dd, J=5.3, 11.9 Hz); NOE correlation from 23-H
to 20-H, to 21-H; and to 27-Hs; *C NMR (100.6 MHz) 12.3
(CH3), 13.9 (CH3), 16.1 (CH3), 20.9 (CH,), 21.0 (CH3), 25.3
(CH3), 27.9 (CH,), 28.7 (CH,), 31.6 (CH,), 32.3 (CH,), 34.3
(CH,), 35.2 (CH), 35.9 (C), 36.0 (CH), 36.9 (CH,), 39.9
(CH,), 40.3 (CH,), 41.1 (C), 44.8 (CH), 54.4 (CH), 55.5
(CH3), 56.3 (CH), 61.5 (CH), 66.7 (CH), 68.1 (CH,), 69.0
(C), 79.8 (CH), 81.6 (CH), 108.2 (C), 170.4 (C); MS m/z (rel
intensity) 504 (M, 3), 486 (6), 444 (31), 287 (100); HRMS
calcd for C3gH304 504.3451; found 504.3418. Anal. Calcd
for C3oH45306: C, 71.39; H, 9.59. Found: C, 71.27; H, 9.84.

Acknowledgements

This work was supported by the Investigation Programmes
nos. BQU2000-0650 and BQU2001-1665 of the Direccion
General de Investigacion Cientifica y Técnica, Spain. L.P.-
M. thanks the I3P-CSIC Program for a fellowship.



C. Betancor et al. / Tetrahedron 61 (2005) 2803-2814 2813

Supplementary data

Detailed experimental procedures, and spectral and analy-
tical data for compounds 6-R, 6-S, 7-R, 7-S, 8-R, 8-S, 9-R, 9-
S, 10-R, 10-S, 11-S, 12-R, 12-S, 13-S, 14-R, and 14-S (15
pages) are provided. A figure with the pseudorotational
wheels for E and F-rings is also included.

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2005.01.
077

References and notes

1. (a) Pettit, G. R.; Inoue, M.; Kamano, Y.; Herald, D. L.; Arm,
C.; Dufresne, C.; Christie, N. D.; Schmidt, J. M.; Doubek,
D. L.; Krupa, T. S. J. Am. Chem. Soc. 1988, 110, 2006-2007.
(b) Recent publication: Pettit, G. R.; Tan, R.; Xu, J.-P;
Ichihara, Y.; Williams, M. D.; Boyd, M. R. J. Nat. Prod. 1998,
61, 955-958 and references cited therein.

2. (a) Fukuzawa, S.; Matsunaga, S.; Fusetani, N. J. Org. Chem.
1994, 59, 6164-6166. (b) Fukuzawa, S.; Matsunaga, S.;
Fusetani, N. J. Org. Chem. 1995, 60, 608-614. (c) Fukuzawa,
S.; Matsunaga, S.; Fusetani, N. Tetrahedron 1995, 51,
6707-6716. (d) Fukuzawa, S.; Matsunaga, S.; Fusetani, N.
J. Org. Chem. 1997, 62, 4484-4491.

3. (a) Pettit, G. R.; Xu, J.-P.; Williams, M. D.; Christie, N. D.;
Doubek, D. L.; Schmidt, J. M.; Boyd, M. R. J. Nat. Prod. 1994,
57, 52-63. (b) LaCour, T. G.; Guo, C.; Ma, S.; Jeong, J. U.;
Boyd, M. R.; Matsunaga, S.; Fusetani, N.; Fuchs, P. L. Bioorg.
Med. Chem. Lett. 1999, 9, 2587-2592. (c) Dirsch, V. M.;
Muller, I. M.; Eichhorst, S. T.; Pettit, G. R.; Kamano, Y.;
Inoue, M.; Xu, J. P.; Ichihara, Y.; Wanner, G.; Vollmar, A. M.
Cancer Res. 2003, 63, 8869-8876. (d) Komiya, T.; Fusetani,
N.; Matsunaga, S.; Kubo, A.; Kaye, F. J.; Kelley, M. J.;
Tamura, K.; Yoshida, M.; Fukuoka, M.; Nakagawa, K. Cancer
Chemother. Pharm. 2003, 51, 202-208.

4. (a) Heathcock, C. H.; Smith, S. C. J. Org. Chem. 1994, 59,
6828-6839. (b) Drogemiiller, M.; Jautelat, R.; Winterfeldt, E.
Angew. Chem., Int. Ed. Engl. 1996, 35, 1572-1574. (c) LaCour,
T.G.; Guo, C.; Bhandaru, S.; Boyd, M. R.; Fuchs, P. L. J. Am.
Chem. Soc. 1998, 120, 692-707. (d) Drogemiiller, M.;
Flessner, T.; Jautelat, R.; Scholz, U.; Winterfeldt, E. Eur.
J. Org. Chem. 1998, 2811-2831. (e) Jautelat, R.; Miiller--
Fahrmow, A.; Winterfeldt, E. Chem. Eur. J. 1999, 5,
1226-1233. (f) Kim, S.; Sutton, S. C.; Guo, C.; LaCour,
T. G.; Fuchs, P. L. J. Am. Chem. Soc. 1999, 121, 2056-2070.
(g) Jeong, J. U.; Guo, C.; Fuchs, P. L. J. Am. Chem. Soc. 1999,
121, 2071-2084. (h) Li, W.; Fuchs, P. L. Org. Lett. 2003, 5,
2849-2852. (i) Jeong, J. U.; Sutton, S. C.; Kim, S.; Fuchs, P. L.
J. Am. Chem. Soc. 1995, 117, 10157-10158. (j) For a short
review see: Ganesan, A. Angew. Chem., Int. Ed. Engl. 1996,
35, 611-615.

5. (a) Li, W.; Fuchs, P. L. Org. Lett. 2003, 5, 2853-2856. (b) Lee,
J. S.; Fuchs, P. L. Org. Lett. 2003, 5, 3619-3622. (c) Lee, J. S.;
Fuchs, P. L. Org. Lett. 2003, 5, 2247-2250. (d) Lee, S.; Fuchs,
P.L.J. Am. Chem. Soc. 2002, 124, 13978—-13979. (e) Flessner,
T.; Ludwing, V.; Siebeneicher, H.; Winterfeldt, E. Synthesis
2002, 1373-1378. (f) Li, W.; LaCour, T. G.; Fuchs, P. L.

11.

13.

14.

15.

16.

17.

18.

J. Am. Chem. Soc. 2002, 124, 4548-4549. (g) Lee, S.; Fuchs,
P. L. Org. Lett. 2002, 3, 317-318. (h) LaCour, T. G.; Tong, Z.;
Fuchs, P. L. Org. Lett. 1999, 1, 1815-1818.

. LaCour, T. G.; Guo, C.; Boyd, M. R.; Fuchs, P. L. Org. Lett.

2000, 2, 33-36.

. Isolation (a) : Kubo, S.; Mimaki, Y.; Terao, M.; Sashida, Y.;

Nikaido, T.; Ohmoto, T. Phytochemistry 1992, 31, 3969-3973.
Synthesis (b): Guo, C.; Fuchs, P. L. Tetrahedron Lett. 1998,
39, 1099-1102. (c) Deng, S.; Yu, B.; Lou, Y.; Hui, Y. J. Org.
Chem. 1999, 64, 202-208. (d) Morzycki, J. W.; Gryszkiewicz,
A.; Jastrzebska, 1. Tetrahedron Lett. 2000, 41, 3751-3754.
(e) Yu, W.; Jin, Z. J. Am. Chem. Soc. 2001, 123, 3369-3370.
) Yu, W.; Jin, Z. J. Am. Chem. Soc. 2002, 124, 6576-6583.

. Guo, C.; LaCour, T. G.; Fuchs, P. L. Bioorg. Med. Chem. Lett.

1999, 9, 419-424.

. Part of this work was previously published as a preliminary

communication: Betancor, C.; Freire, R.; Pérez-Martin, 1.;
Prangé, T.; Suarez, E. Org. Lett. 2002, 4, 1295-1297.

. (a) Majetich, G.; Wheless, K. Tetrahedron 1995, 51,

7095-7129. (b) Feray, L.; Kuznetsov, N.; Renaud, P. In
Hydrogen Atom Abstraction; Renaud, P., Sibi, M. P., Eds.;
Radicals in Organic Synthesis; Wiley-VCH: Weinheim, 2001;
Vol. 2, pp 246-278. (c) Robertson, J.; Pillai, J.; Lush, R. K.
Chem. Soc. Rev. 2001, 30, 94-103. (d) Togo, H.; Katohgi, M.
Synlett 2001, 565-581.

(a) Martin, A.; Salazar, J. A.; Sudrez, E. J. Org. Chem. 1996,
61, 3999-4006. (b) Dorta, R. L.; Martin, A.; Salazar, J. A.;
Suarez, E.; Prangé, T. J. Org. Chem. 1998, 63, 2251-2261.

. See for example: pairs of ritterazines A/D, B/F (Ref. 2b) and

N/O, P/Q, R/S and W/X (Ref. 2c¢).

(a) Barton, D. H. R.; Sammes, P. G.; Taylor, M. V.; Werstiuk,
E. J. Chem. Soc. (C) 1970, 1977-1981. (b) Gonzalez, A. G.;
Freire, R.; Garcia-Estrada, M. G.; Salazar, J. A.; Suarez, E.
Tetrahedron 1972, 28, 1289-1297. (¢) Gonzilez, A. G.; Freire,
R.; Garcia-Estrada, M. G.; Salazar, J. A.; Suarez, E. Anal.
Quim. 1971, 67, 903-905.

Oikawa, M.; Oikawa, H.; Ichihara, A. Tetrahedron 1995, 51,
6237-6254.

(a) Grieco, P. A.; Gilman, S.; Nishizawa, M. J. Org. Chem.
1976, 41, 1485-1486. (b) Grieco, P. A.; Takigawa, T.;
Schillinger, W. J. J. Org. Chem. 1980, 45, 2247-2251.

For similar unsuccessful results on a related olefin using
(DHQ),PHAL as ligand Sharpless, K. B.; Amberg, W.;
Bennani, Y. L.; Crispino, G. A.; Hartung, J.; Jeong, K. S.;
Kwong, H. L.; Morikawa, K.; Wang, Z. M.; Xu, D.; Zhang,
X. L. J. Org. Chem. 1992, 57, 2768-2771 see: Refs. 5¢,17b.

Corey, E. J.; Jardine, P. D.; Virgil, S.; Yuen, P.-W.; Connell,
R. D. J. Am. Chem. Soc. 1989, 111, 9243-9244.

For studies of the influence of polar factors on intermolecular
hydrogen abstraction reactions see: (a) Beckwith, A. L. J.;
Zavitsas, A. A. J. Am. Chem. Soc. 1995, 117, 607-614.
(b) Zavitsas, A. A.; Chatgilialoglu, C. J. Am. Chem. Soc. 1995,
117, 10645-10654. (c) Kaushal, P.; Mok, P. L. H.; Roberts,
B. P. J. Chem. Soc., Perkin Trans. 2 1990, 1663-1670.

. Although we have no experimental support for this reasoning,

it is strongly supported by previous results on related models.
For examples of the influence of the polarity of the substituents
on the 1,5-hydrogen atom tranfer reaction compared with
competing B-fragmentation of alkoxyl radicals, see: (a) Allen,
P. R.; Brimble, M. A.; Farés, F. A. J. Chem. Soc., Perkin
Trans. 11998, 2403-2411. (b) Lee, S.; LaCour, T. G.; Lantrip,
D.; Fuchs, P. L. Org. Lett. 2002, 4, 313-316.

. For example, irradiation at H-23 in each of the different


http://www.chem.qmul.ac.uk/iupac/2carb/
http://www.chem.qmul.ac.uk/iupac/2carb/

2814

21.

22.

23.

24.

25.

diastereoisomers results in enhancement of the following
protons: 17 (21-Me and 26-H,), 18 (18-Me and 20-H), 22 (21-
Me and 27-Me), 23 (18-Me, 20-H, and 27-Me), 27 (21-Me), 28
(20H, 21-Me, and 27-Me), 32 (21-Me), 33 (21-Me and 26-H,).
Crystallographic data (excluding structure factors) for the
structures 18, 23, 29, and 34 in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supple-
mentary publication numbers CCDC-176076, CCDC-176077,
CCDC-243668, CCDC-243669 respectively. Copies of the
data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 (0) 1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk].

Acid-catalyzed spiroketal equilibration in 23-deoxy compounds:
(a) Thompson, M. J.; Scheer, 1.; Mosettig, E. J. Am. Chem. Soc.
1959, 81, 5222-5224. (b) Thompson, M. J.; Scheer, I.; Mosettig,
E. J. Am. Chem. Soc. 1959, 81, 5225-5230. (c) Gonzalez, A. G.;
Freire, R.; Salazar, J. A.; Suarez, E. Phytochemistry 1971, 10,
1339-1346. (d) Gonzalez, A. G.; Freire, R.; Salazar, J. Anal.
Quim. 1972, 68, 1021-1027. (e) Jeong, J. U.; Fuchs, P. L.
Tetrahedron Lett. 1994, 35, 5385-5388.

No compounds of the 1,6-dioxaspiro[4.5]decane type belong-
ing to the (22S)-spirostan, (20R,22R)-spirostan (cyclopseudo-
iso), or (20R,225)-spirostan (cyclopseudoneo) series of
spirostan sapogenins, which are theoretically possible
through an oxocarbenium ion via an intermediate of furost-
20(22)-en sapogenin, were detected during these acid-
catalyzed experiments. (a) Fieser, L. F.; Fieser, M. In Steroids;
Reinhold Publishing Corp: New York, 1959. (b) IUPAC-IUB
Revised Tentative Rule for Nomenclature of Steroids Verkade,
P. E.; Hoffmann-Ostenhof, O. J. Org. Chem. 1969, 34, 1517-
1532.

CS Chem3D Ultra v. 6.0, CambridgeSoft Corp.: Cambridge,
MA.

Dihedral angles consistent with these configurations are observed
in the X-ray crystallographic structures of 17 (X-ray) (Hy3—Coxs—

26.

217.

28.

29.

30.

31.

32.

33.

34.

C. Betancor et al. / Tetrahedron 61 (2005) 2803-2814

C24—H24a: 154.4 and H23—C23—C24—H24b: 3480) and 18 (H23—
C23—C24—H24a =29.7 and H23—C23—C24—H24b = 9060)

(a) Fuchs, B. Top. Stereochem. 1978, 10, 1-94. (b) Romers, C.;
Altona, C.; Buys, H. R.; Havinga, E. Top. Stereochem. 1969, 4,
36-97.

Data were taken from the X-ray analysis of (225,23R,255)-
3B,12B-diacetoxy-22,25-epoxy-5a-furostan-23,26-diol Jeong,
J. U.; Fuchs, P. L. J. Am. Chem. Soc. 1994, 116, 773-774.
The five endocyclic dihedral angles ¢; (J=0-4) were obtained
from the X-ray cif files using Mercury v. 1.2.1 (Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK) (http://www.ccdc.cam.ac.uk/mercury/).

(a) Houseknecht, J. B.; Altona, C.; Hadad, C. M.; Lowary,
T. L. J. Org. Chem. 2002, 67, 4647-4651. (b) Altona, C;
Sundaralingam, M. J. Am. Chem. Soc. 1973, 95, 2333-2344.
(c) Altona, C.; Sundaralingam, M. J. Am. Chem. Soc. 1972, 94,
8205-8212.

IUPAC: Nomenclature of Carbohydrates, IUPAC, (http://
www.chem.qmul.ac.uk/iupac/2carb/). Rule 2-Carb-7.1.
Coupling constants were measured using the HLA equation as
implemented in MacroModel v. 7.0: Haasnoot, C. A. G.; de
Leeuw, F. A. A. M.; Altona, C. Tetrahedron 1980, 36,
2783-2792.

For an early conformational study of the F-ring of natural
spirostan sapogenins deoxygenated at C-23 see: Callow, R. K.;
James, V. H. T.; Kennard, O.; Page, J. E.; Paton, P. N.; Riva di
Sanseverino, L. J. Chem. Soc. (C) 1966, 288-297.

Shortly before submitting our preliminary communication
(Ref. 9) we became aware of the studies by Prof. P.L. Fuchs in
the ASAP section of Organic Letters (Refs. 5g, 19b, see also
Ref. 5c) where IHA reactions are used to prepare related
dioxaspiro compounds.
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Abstract—1,2-Diaza-1,3-butadienes derived from phosphine oxides and phosphonates and with optically active substituents on N-1 and C-3
are obtained by 1,4-elimination from chlorohydrazonoalkyl-phosphine oxides and -phosphonates in the presence of bases. Michael addition
(1,4-addition) of ammonia, aliphatic and aromatic amines and aminoesters to these azo-alkenes gives functionalized «-amino-phosphine

oxides and -phosphonates.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrazones constitute an important class of compounds due
to the rich chemistry of the hydrazono group and have
attracted a great deal of attention in recent years because of
their range of applications.' They form part of the structure
of new azapeptides,” biologically active antibiotic com-
pounds,*® as well as potent anticancer’® and antimalarial
agents®® and have been also extensively used as versatile
precursors in acyclic* and heterocyclic synthesis.> 1,2-
Diaza-1,3-butadienes I (Fig. 1) are widely used intermedi-
ates in organic synthesis®’ because they offer easy access to
a broad range of heterocycles.® Many of these heterodienes
containing alkylga (I, R'=Me), aryl’™° (I, R' = Ar), tosyl9C
(I, R'=ArS0,), or carbonyl®® (I, R'=COR, COOR,
CONR,) derivatives as substituents in the terminal nitrogen
(N-1) and with alkyl®® (I, R*=Me), halogen™ (I, R*=Br,
Cl), carbonyl®®®" (I, R*=COR, COOR, CONR,) or
carbohydrate’® (I, R®=p-arabino-(CHOAc);CH,0Ac)
derivatives as well as without substituents” in the terminal
carbon (C-4) have been described. However, very little
information about the behaviour of 1,2-diaza-1,3-buta-
dienes II (Fig. 1) containing phosphorus substituents have
been reported.'® Furthermore, it is known that phosphorus
substituents regulate important biological functions,'' and
that molecular modifications involving the introduction of

Keywords: o-Amino-phosphine oxides; o-Amino-phosphonates; 4-Phos-

phinyl-1,2-diaza-1,3-butadienes; 4-Phosphonyl-1,2-diaza-1,3-butadienes;

Hydrazones; Michael addition.
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organophosphorus functionalities in simple synthons could
be very interesting from a synthetic point of view because
they can be useful substrates for the preparation of
biologically active compounds.

R' R!
| I
_N N
N* N~
R2 A R2 X
R? PR

Figure 1.

We have previously described the synthesis of 2-aza-
dienes'? and the application of phosphorus substituted
enamines,'> oximes'* and hydrazones' as starting materials
for the preparation of acyclic and cyclic compounds. In this
context, the usefulness of carbanions derived from hydra-
zones for carbon—carbon bond formation reaction, has been
well documented.""'® Besides enantioselective a-alkylations
of aldehydes and ketones, the carbanion hydrazone method
can be successfully applied to the introduction of electro-
philic reagents in the Co—carbon atom (Scheme 1) and we
have used this strategy for the functionalization of
hydrazonoalkyl-phosphine oxides and -phosphonates'>* IV
(Scheme 1). Hydrazones can be considered as protected
carbonyl compounds and can also be used as starting
materials for the preparation of 1,2-diaza-1,3-butadienes.6
These heterodienes react very easily with nucleophilic
reagents through a conjugate addition (1,4-addition).® We
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envisaged the use of hydrazonoalkyl-phosphine oxides and
-phosphonates (III, X=NNHR, R=Y =H) and derivatives
containing a chiral substituent at 3-position (III, X=
NNHR, R=Me, Y=0Bn) as starting materials for the
preparation of functionalized hydrazones containing a
nucleophilic substituent V. The sequence involve halogena-
tion with formation of an o-halogenated hydrazone VI,
subsequent formation of aza-alkene VII, and Michael
addition of nucleophiles to the heterodiene.'” Therefore
with this strategy it could be possible to reverse the polarity
of Ca—carbon atom of the phosphonate (or phosphine oxide)
group favouring the introduction of nucleophiles in order to
prepare functionalized hydrazones or their synthetic equiv-
alent carbonyl compounds V (Scheme 1).

This strategy could present special interest for the
introduction of amino substituents (NuH=RNH,) in the
Co~—carbon atom of hydrazones, because we could obtain
azapeptides” or a-aminophosphonates. It is noteworthy that
a-aminophosphonates'®'® are important substrates in
organic and medicinal chemistry because they can be
considered as surrogates for oc-aminoacids,20£l and have been
used as haptens for the generation of catalytic antibodies,***
as antibacterial agents,zo‘i’e and as nucleoside,mf or as
phosphapeptide enzyme inhibitors.”¢™ For this reason,
here we wish to describe a novel strategy for the preparation
of functionalized o-amino-phosphine oxides VIII (R=Ph)
and -phosphonates VIII (R =OEt) from hydrazones X (R=
Ph, OEt) involving nucleophilic addition of racemic and
optically pure amines to 1,2-diaza-1,3-butadienes IX as
shown in Scheme 2. The effect of optically active
substituents®>' on the terminal nitrogen (N-1) VIII-X

FI{1 FI{1 |$1
HN. N HN.
H
Rz\l)\r N.ps = RN — RZ\I)\
Y PR, Y PR, Y PR
o o
Vil 1X X

Scheme 2.

(R'=CO,(—)-Ment, R>=Y =H) and on the carbon (C-3)
atoms VIII-X (R'=CO,R, R*=Me, Y=O0Bn) in the
Michael addition of amine derivatives to phosphorylated
1,2-diaza-1,3-butadienes IX (R=Ph, OEt) is also reported.

2. Results and discussion

2.1. Preparation of 1,2-diaza-1,3-butadienes 5

The required functionalized B-hydrazones X (R=Ph, OEt;
R?’=Y=H) were prepared by the reaction of allenic
phosphine oxide 1a (R=Ph) or phosphonate 1b (R=OEt)
with carbazates 2, in a similar way to that previously
reported for simple hydrazines.'”® Addition of ethoxycar-
bonylhydrazide 2a (R'=Et) to allene 1a in refluxing
chloroform (TLC control) led to the formation of 3-hydrazono
phosphine oxide 3aa (R=Ph, R! =Et) (Scheme 3, Table 1,
entry 1). This compound 3aa was characterized by its
spectroscopic data, which indicated that it was isolated as
the anti-hydrazone 3aa. *'P NMR spectrum of 3aa showed
one absorption at ¢p 32.3 ppm. Likewise, the 'H NMR
spectra of 3aa gave a well resolved doublet for the
methylene proton at dy 3.33 ppm (CJpy=14.8 Hz) and a
singlet at 10.63 ppm for the NH grouP,22 while in '*C NMR
a doublet appeared at 6c 36.2 ppm (" Jpc=63.0 Hz) for the
carbon bonded to the phosphorus atom.

The process was extended to allenes derived from
phosphonate, and this allene 1b (R=OEt) reacted also
with hydrazide 2a and gave B-functionalized phosphonate
3ba (R=OEt, R1=Et) (Scheme 3, Table 1, entry 2),

cI;ozR1
2 e M
PR, H,N-NHCO,R' (2) !
1a R=Ph o-FRe
1b R =OEt 3
1. HoN-NHCO,R' (2)
2.NCS NCS
C|202R1
HN\lN
R = OEt cl
o PRe
4

Scheme 3.
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Table 1. Hydrazones 3 and 4 and 1,2-diaza-1,3-butadienes 5 obtained

Entry Compound R R! Yield (%)
1 3aa Ph Et 92°

2 3ba OEt Et 76°

3 3bb OEt Bn 95°

4 3be OEt (—)-Ment 93°

5 4aa Ph Et 70*

6 4ba OEt Et 47¢

7 4bb OFEt Bn 55¢

8 4be OEt (—)-Ment 43°

9 5aa Ph Et >9g>d
10 5ba OEt Et > 098>
11 5bb OEt Bn >9gbd
12 5be OEt (—)-Ment >98¢

? Yield of isolated purified compounds.
® Conversion calculated by *'P NMR on the crude reaction mixture.

© Yield of isolated purified compounds 4 in a ‘one pot’ reaction from allene 1b.

4 Non-isolated compounds 5.

although in this case hydrazone 3ba was isolated as a
mixture of the syn- and anti-isomers in a ratio of 57:43 (op
23.5 and 24.1 ppm). Likewise, the "H and '*C NMR spectra
gave singlets for the NH at 7.67 (syn-isomer) and 9.21 ppm
(anti-isomer) and well resolved doublets for the methylene
proton at oy 2.79 (*Jpu=23.2 Hz, anti) and 2.88 (*Jpy=
22.1 Hz, syn) as well as for the carbon at oc 28.6 (MUpe=
132.4 Hz, syn) and 35.1 ('Jpc=135.0 Hz, anti) of 3ba. The
same strategy was used for the preparation of the hydrazone
with a benzyl carboxylate in the terminal nitrogen 3bb (R=
OEt, R'=Bn) by using benzyl carbazate 2b (R'=Bn)
(Scheme 3, Table 1, entry 3).

The preparation of 1,2-diaza-1,3-butadienes S involves base
treatment of hydrazone derivatives bearing a leaving group
in the Ca—carbon atom of the hydrazono carbon-nitrogen
double bond.® For this reason, we explored the synthesis of
Co~—chlorohydrazones derived from phosphine oxides and
phosphonates 4 and their use for the preparation of the
diaza-alkenes by treatment with bases. Functionalized
chlorohydrazone (R=Ph, R'=Et) 4aa was prepared
from B-hydrazone 3aa by treatment with 1.1 equiv of
N-chlorosuccinimide (NCS) in refluxing carbon tetra-
chloride (Scheme 3, Table 1, entry 5). This compound 4aa
was isolated as the anti-substituted hydrazone (dp
28.0 ppm). In the case of phosphonates 4ba (R=OEt,
R'= Et) and 4bb (R =OEt, R'= Bn), these hydrazones were
directly prepared from allene 1b and crude products 3ba or
3bb, obtained from allene 1b and carbazates 2a or 2b, were
treated without isolation with 1.1 equiv of NCS in CCl, at
room temperature to give anti-chlorohydrazone derived
from phosphonate 4ba or 4bb in moderate yield (Scheme 3,
Table 1, entries 6 and 7).

Heterodienes 5 were synthesized from chlorohydrazones 4
in the presence of bases (Scheme 4). The addition of an
excess (1.5equiv) of triethylamine to a solution of
functionalized chlorohydrazone 4aa (R=Ph, R1=Et) in
dichloromethane underwent 1,4-elimination of HCI and led
to the formation of the red coloured 4-phosphinyl-1-
ethoxycarbonyl-1,2-diaza-1,3-butadiene 5aa (R=Ph, R'=
Et) in almost quantitative yield (Scheme 4, Table 1, entry 9).
Diaza-alkene Saa proved to be not enough stable for
chromatography, yet not purified crude mixtures could be
satisfactorily used for the next step. The presence of the

diazabutadiene Saa in the crude reaction mixture was
confirmed by NMR spectroscopy and showed as a mixture
of the E- and Z-isomers in a ratio of 85:15 (dp 20.5 and
26.4). Likewise, the 'H NMR spectrum showed a well
resolved doublet at 6y 2.18 ppm (“Jpy=1.5Hz) for the
methyl group corresponding to the Z-isomer, while in the
case of the E-isomer this signal appeared at lower field at 0y
2.29 ppm (doublet, *Jpy;=2.3 Hz).”**" A similar behaviour
was observed for chlorohydrazones 4ba (R = OEt, R'=Et)
and 4bb (R =OEt, R! =Bn) and after addition of triethyl-
amine 4-phosphonyl-1-alcoxycarbonyl-1,2-diaza-1,3-buta-
diene 5ba and Sbb were obtained (Scheme 4, Table 1,
entries 10 and 11) as a mixture of the E- and Z-isomers in a
ratio of 90:10. 1,2-Diaza-1,3-butadienes 5 were used in situ
without isolation in subsequent Michael additions.

C|:02R1 C|202R1
HN. N N7 N
)\/CI Et3N )%
o PR, —Et3N-HCI o PR,
4 5
Scheme 4.

2.2. Michael addition of ammonia and amines to 1,2-
diaza-1,3-butadienes 5

The presence of electron-poor groups on the terminal
nitrogen atom of the azo-ene system of 1,2-diaza-1,3-
butadienes favoured the Michael addition of nucleophilic
reagents on the terminal carbon atom (1,4-addition). On the
other hand, electron-withdrawing groups enhance the
electrophilic character of this atom.® Some conjugate
additions of amines to 1,2-diaza-1,3-butadienes have been
reported.zz’23 However, both Michael additions of ammonia
and amines to phosphorus substituted 1,2-diazadienes, and
the effect of an optically active group?' on the N-1 and C-3
atoms of 1,2-diazadienes towards nucleophilic additions
have not been reported. For these reasons, we explored the
addition of amine derivatives to phosphorus substituted 1,2-
diaza-1,3-butadienes 5. In addition, this strategy could be
useful for the preparation of functionalized a-aminophos-
phorus derivatives.
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Initially, we explored the addition of ammonia to 1,2-
diazadiene 5aa (R=Ph) and generated in situ from
chlorohydrazone 4aa. When ammonia was bubbled through
a solution of chlorohydrazone 4aa in chloroform, the
reaction mixture became red, showing the formation of
1,2-diazadiene Saa. The red colour disappeared very fast
(<10 min) and TLC control showed the end of the reaction
with the formation of only the anti-a-amino phosphine
oxide 6aa (R=Ph, R1=Et) in good yield (Scheme 5,
Table 2, entry 1). Mass spectrometry of 6aa supported the
molecular ion peak, while in the *'P NMR spectrum the
phosphonate group resonated at dp 31.3 ppm. The '"H NMR
spectrum showed an absorgtion at 0y 4.53 ppm as a doublet
with coupling constant “Jpy=10.4 Hz for the methine
proton and '>C NMR spectrum showed an absorption at d¢
58.6ppm as a doublet with coupling constant 'Jpc=
74.0 Hz for the carbon atom directly bonded to the
phosphorus atom. The formation of anti-o-amino phosphine
oxide 6aa could be explained by selective Michael addition

(|202R1 QOQR1
HN. N
| Base
AN N
o// PR2 O// PRZ
4 5
1. NHs NH3
NH
2. Base/TsCl R = Ph 3
R = OEt
1
GOR COR'
HN
N HN.
)\/H TsCl / Base |N
. NH
Ts R = OEt )\( 2
O// P(OEt)2 o//PRZ
7 6

Scheme 5.

Table 2. Michael addition of ammonia and amine derivatives to azo-alkenes 5

(1,4-addition) of ammonia to conjugated diaza-alkene Saa
(Scheme 5).

The process was extended to 4-phosphonyl-1-benzyloxy-
carbonyl-1,2-diaza-1,3-butadiene Sbb (R=OEt, R1=Bn).
However, in this case after the addition of ammonia to
hydrazone 4bb, o-amino phosphonate 6bb (R=OEt, R'=
Bn) was not isolated, being very unstable, although its
protection with tosyl chloride in the presence of base, made
possible the isolation of the corresponding anti-o-tosyl-
amino phosphonate 7bb (R=OEt, R1=Bn) (Scheme 5,
Table 2, entry 2).

We also studied the addition of primary amines. The
addition of aryl 8a (R*=p-MeO-C¢H,) or propargyl 8b
(R?=CH,C=CH) amines to 4-phosphinyl-1,2-diaza-1,3-
butadiene Saa, generated in situ from chlorohydrazone 4aa
and triethylamine, led to the formation of functionalized
anti-a-amino phosphine oxide 9aaa (R=Ph, R!'=Et, R*=
p-MeO-CgH,) and 9aab (R =Ph, R' =Et, R?=CH,C=CH)
in good yields (Scheme 6, Table 2, entries 3 and 4). The
reaction can be extended to functionalized amines such as
ethyl glycinate 10. Treatment of o.-aminoester 10 with 1,2-
diaza-1,3-butadiene 5aa (R=Ph) afforded functionalized
anti-a-amino phosphine oxide 1laaa (R=Ph, R'=Et)
derived from glycine in excellent yield (Scheme 6,
Table 2, entry 7).

In a similar way, the treatment not only of aryl 8a (R*=p-
MeO-C¢H,) and alkyl amines 8c (R2=Bn) but also of
functionalized amines such as o-aminoester 10 to 4-
phosphonyl-diaza-1,3-butadienes Sba and Sbb gave func-
tionalized anti-o-aminophosphonates 9 (R=O0Et) and 11
(R=O0E?) in excellent yields (Scheme 6, Table 2, entries 5,
6 and 8, 9). The anti-configuration is supported by the
chemical shift of the hydrazone protons (0g=7.69—
8.10 ppm) and NOE experiments on 9baa showed that
selective saturation of the NH singlet at 7.77 ppm afforded
positive NOE (7.8%) over the adjacent methyl group. It is
noteworthy that these new functionalized o-aminophos-
phonates 11baa and 11bba derived from a-aminoesters can
be considered as ‘depsi-phosphapeptides’ and could be
interesting substrates in medicinal chemistry.'%"

Entry Compound R R' R? Yield (%)*
1 6aa Ph Et — 68

2 7bb OEt Bn — 38°
3 9aaa Ph Et p-MeO-CgH, 86

4 9aab Ph Et CH,C=CH 78

5 9baa OEt Et p-MeO-CgH, 92

6 9bbc OEt Bn Bn 98

7 11aaa Ph Et — 89

8 11baa OEt Et — 99

9 11bba OEt Bn — 93
10 18 OEt (—)-Ment 43
11 19 OEt (—)-Ment 82
12 20 OEt (—)-Ment 92
13 21 OEt (—)-Ment g3
14 22 OEt (—)-Ment 794

? Yield of isolated purified compounds.

" Yield of isolated purified compound 7bb obtained in a two-step procedure (addition of ammonia and protection of primary amine with TsCl).

“d.e. 10.
4 d.e. was determined by *'P NMR on the crude reaction mixture.
“de. 15.



F. Palacios et al. / Tetrahedron 61 (2005) 2815-2830 2819

gozR1 C|302R1
HN\lN . HN\lN ’
3
)\(NQJ\OH )\(NYR
o-PRe o7PR R?
11 13 R%2=Ph,R®=Me

14 R?*=CO,Me, R*= Pr
15 R?='Pr,R®=CO,Me
16 R?='Pr,R®= CO,Et

Scheme 6.

Then, we studied the diastereoselective addition of optically
active amines 12 to 1,2-diaza-1,3-butadienes 5. Very low
diastereoselectivity (<10% d.e.) was obtained when (R)-
benzylmethylamine 12a (R?=Ph, R*=Me) was treated at
0°C with I-ethoxycarbonyl-4-phosphinyl-1,2-diaza-1,3-
butadiene 5aa (R=Ph, R! =Et). Functionalized a-amino-
phosphine oxide 13aa (R=Ph, R'=Et, R*=Ph, R’=Me)
was obtained as a non-separable diastereoisomeric mixture
and very low diastereoselective excess (<10% d.e.) was
observed* (Scheme 6, Table 3, entry 1).

A similar behaviour was observed when 1,2-diaza-1,3-
butadienes containing a phosphonate group was used and, as
before, a very low diastereoselectivity was obtained when
(R)-benzylmethylamine 12a (R2=Ph, R3=Me), methyl
(R)-valinate 12b (R?=CO,Me, R*="Pr) or (§)-valinate 12¢
(R*="Pr, R?=CO,Me) as well as ethyl (S)-valinate 12d
(R?="Pr, R*=CO,Et) were treated at 0°C with 1-
ethoxycarbonyl-4-phosphonyl-1,2-diaza-1,3-butadiene Sba
(R=OEt, R'=Et) and benzyloxycarbonyl-4-phosphonyl-
1,2-diaza-1,3-butadienes Sbb (R =O0Et, R! =Bn). Adducts
13ba and 14-16 were obtained as non-separable diastereo-
isomeric mixtures and very low diastereoselective excess>*
(Scheme 6, Table 3, entries 2-6). At low temperatures
(—40 °C) the ratio (d.e.) (Table 3, entries 5 and 6) can
be slightly enhanced.

Table 3. Diastereoselective addition of optically active amines to azo-alkenes 5

2.3. Michael addition of amine derivatives to 1,2-diaza-
1,3-butadiene 5bc

Then, we explored the influence in this process of the
presence of an optically active group ((—)-menthyl-
carboxylate substituent)*' in the terminal nitrogen atom
(N-1) of 1,2-diazadienes. (—)-Menthyl carbazate 2¢ was
prepared by addition of (—)-menthyl chloroformiate in
dichloromethane to hydrazine hydrate in the presence of
carbon tetrachloride, potassium carbonate and triethyl-
benzylamonium chloride. Treatment of (—)-menthylcar-
bonylhydrazide 2¢ with allene derived from phosphonate 1b
in refluxing chloroform (TLC control) afforded anti- and
syn-B-hydrazono phosphonate 3be (62:38) (Scheme 3,
Table 1, entry 4). Functionalized chlorohydrazone 4bc
was directly prepared from allene 1b and crude product 3be
was treated without isolation with 1.1 equiv of NCS in
refluxing CCly to give anti-chlorohydrazone derived from
phosphonate 4bc in moderate yield (Scheme 3, Table 1,
entry 8). 4-Phosphonyl-1,2-diaza-1,3-butadiene Sbe (E/Z
ratio 83:17) was synthesized from chlorohydrazones 4bc by
addition of triethylamine in almost quantitative yield
(Scheme 4, Table 1, entry 12). Diaza-alkene 5bec is unstable
and crude reaction mixture without purification was used.

Conjugate additions of ammonia and amine derivatives to azo-
alkene Sbc were then explored. Ammonia was bubbled
through a solution of 1,2-diazadiene Sbe in chloroform and
anti-a-amino phosphonate 17 was obtained. As before, this
a-amino phosphonate 17 could not be isolated, although its
protection with tosyl chloride gave the corresponding anti-
a-tosylamino phosphonate 18 as a diastereisomeric ratio of
1:1 (Scheme 7, Table 2, entry 10). The addition of aryl
amine 8 (R*= p-MeO-CgH,) or ethyl glycinate 10 (R’=
CH,CO,Et) to 1,2-diaza-1,3-butadiene Sbe gave functiona-
lized anti-a-amino phosphonates 19 and 20, respectively, in
good yields (Scheme 7, Table 2, entries 11 and 12).
Likewise, optically active amines (R)-benzylmethylamine
12a (R*=Ph, R’ =Me) or ethyl (S)-valinate 12d (R*="Pr,
R?>=CO,Et) were used and adducts 21 and 22 were
obtained with very low diastereoselectivity (Scheme 7,
Table 2, entries 13 and 14). These results suggest that the
chiral group on the nitrogen atom of the azo-alkene is too
distant from reaction centre (C-4 atom) with negligible
influence on it.

2.4. Michael addition of amine derivatives to 1,2-diaza-
1,3-butadiene 26

Finally, we explored the effect of the presence of an
optically active group®' at C-3 of 1,2-diazadienes II (Fig. 1)
in the Michael addition of these substrates. The preparation

Entry Compound R R' R? R? T (°C) de. (%)* Yield (%)°
1 13aa Ph Et Ph Me 0 <10 79
2 13ba OEt Et Ph Me 0 <10 88
3 14 OEt Bn CO,Me Pr 0 12 91
4 15 OEt Bn pr CO,Me 0 12 96
5 16ba OEt Et Pr CO,Et —40 20 95
6 16bb OEt Bn Pr CO,Et —40 18 91

* d.e. was calculated by *>'P NMR on the crude reaction mixture.
® Yield of isolated purified compounds.
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of phosphorus substituted 1,2-diaza-1,3-butadiene IX
(Scheme 2, R2=Me, Y =0Bn) derived from lactate was
performed in several steps. Initially, we synthesized
optically pure B-ketophosphonate 23 by addition of (2S)-
ethyl lactate benzyl ester to lithium salts derived from
diethyl methylphosphonate through a modified procedure of
the Shapiro method?’ (Scheme 8, Table 4, entry 1).
Condensation reaction of -ketophosphonate 23 with benzyl
carbazate 2b in refluxing methanol led to the formation of
unstable syn-B-hydrazone 24 (Scheme 8, Table 4, entry 2).

ICOan
0 H,N-NHCO,Bn _NH
2b NoQ
\l)\/P(OEt)z
BnO | P(OEt), BnO
g
z 1.HoN-NHCO,Bn (2b) 24
2.NCS
COBn O8N
N NH
N Base N| 9
\l)ﬁ - \|)\(P(0Et)2
BnO ~P(OE), BnO Cl
26 25
Scheme 8.

Phosphonate 25 was directly prepared from carbonyl
compound 23, and crude product 24 were treated without
isolation with 1.1 equiv of NCS in carbon tetrachloride at
room temperature to give syn-chlorohydrazone 25 in
moderate yield (Scheme 8, Table 4, entry 3). Addition of
triethylamine to a solution of chlorohydrazone 25 in
dichloromethane gave the red coloured heterodiene 26
(Scheme 8, Table 4, entry 4). Diaza-alkene 26 is unstable to
chromatography and crude reaction mixture without
purification was satisfactorily used for the next step. As
before, the presence of the diazabutadiene 26 in the crude
reaction mixture was confirmed by *'P NMR spectroscopy
(E/Z ratio 83:17).

Michael addition of primary amines to heterodienes 26 was
explored. The addition of benzyl amine 8¢ (R*=Bn) or
ethyl 3-aminopropanoate 8d (R*=CH,CH,CO,E) to 1,2-
diaza-1,3-butadiene 26 derived from lactate gave func-
tionalized syn-o-aminohydrazone 27a and 27b, respec-
tively, (Scheme 9, Table 4, entries 5 and 6) with moderate
diastereoisomeric excess. The hydrazonic protons appeared
in "H NMR at higher shifts than 10 ppm, and is consistent
with the syn-configuration, because in the case of a-amino-
hydrazones the hydrazonic protons were found between 7.5
and 8.5 ppm.””> However, a considerable increase of
diastereoselectivity was observed when aryl amines 8a
(R2 =p-MeO-CgH,) or 8e (R2 =p-EtO,C-C¢H,) was treated
with heterodiene 26 to give syn-o-aminohydrazones 27¢
and 27d, respectively, with quite good d.e. (70-84%)
(Scheme 9, Table 4, entries 7 and 8). The high diastereo-
selectivity observed in the case of aryl amines could be
explained by means of a m-stacking interaction between the
phenyl group of aromatic amines and the benzyl group of
the substituent at C-3 in aza-alkene.

Finally, we studied the diastereoselective addition of
optically active amino esters 12 to 4-phosphonyl-1,2-
diaza-1,3-butadiene 26 to give syn-o-aminohydrazones
28a (R2=’Pr, R? =CO,Me) obtained also as a non-
separable diastereoisomeric mixture and moderate dia-
stereoselectivity (40% d.e.) when (S)-valine ester 12¢
(R?="Pr, R*>=CO,Me) was used (Scheme 9, Table 4,
entry 9). Aryl substituents in the amino esters did not seem
to play such an important role as before in the case of
aromatic amines, because when (S)-phenylalanine ester 12e
(R*=Bn, R’=CO0,Me) was used moderate diastereoselec-
tivity (50% d.e.) in the preparation of a-aminophosphonate
28b (R2=Bn, R3=C02Me) was observed (Scheme 9,
Table 4, entry 10). The diastereoselectivity increases in the
case of methyl (R)-valinate 12¢ (R*=CO,Me, R*="Pr) and
even in this case major diastereoisomer 28¢ (R2=C02Me,
R3=’Pr) was isolated (Scheme 9, Table 4, entry 11).

In conclusion, the synthesis of 1-alcoxycarbonyl-1,2-diaza-
1,3-butadienes containing a phosphine oxide group Saa or
a phosphonate group Sba and Sbb at 4-position as well as
4-phosphonyl-1,2-diaza-1,3-butadienes containing optically
active substituents at the terminal nitrogen (N-1) Sbe and at
C-3 (derived from lactate) 26, is described. The process
implies 1,4-elimination of HCI from chlorohydrazones in
the presence of amines. Michael addition of ammonia, alkyl
and aryl amines and aminoesters on phosphorylated 1,2-
diaza-1,3-butadienes 5 and 26 is reported and functionalized
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Table 4. Hydrazone compounds derived from lactate 23-28

Entry Compound R? R? de. (%)* Yield (%)°
1 23 — 79°

2 24 — >9ged
3 25 — 56°

4 26 — >9ged
5 27a Bn 40 75°

6 27b CH,CH,CO,Et 30 64°

7 27¢ p-MeO-CeH, 70 83°

8 27d p-EtO,C-CeH, 84 77°

9 28a Pr CO,Me 40 87°

10 28b Bn CO,Me 50 81°

11 28¢ CO,Me Pr 65 57°F

 d.e. was calculated by >'P NMR on the crude reaction mixture.

" Yield of isolated purified compounds.

¢ Non-isolated compound.

4 Conversion calculated by 3P NMR of the crude reaction mixture.
° Yield of isolated purified compound 25 from ketone 23.

' Yield of isolated major diastereoisomer.
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AN
BnO -P(OEt), 508
3 ~NH
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R
(12) BnO ,/P(OEt)Q
28

Scheme 9.

a-amino-phosphine oxide and -phosphonates are obtained
in very good yields. These hydrazonoalkyl-a-aminophos-
phonate derivatives may be important synthons in organic
synthesis and for the preparation of biologicaH%/ active
compounds of interest to medicinal chemistry.*'*°

3. Experimental

3.1. General

Solvents for extraction and chromatography were of
technical grade. All solvents used in reactions were freshly
distilled. All other reagents were recrystallized or distilled
as necessary. All reactions were performed under an
atmosphere of dry nitrogen. Analytical TLC’s were
performed with silica gel 60 F,s4 plates. Spot visualization
was accomplished by UV light or KMnO, solution. Flash
chromatography was carried out using silica gel 60 (230-
400 mesh). Melting points were determined with a
Electrothermal IA9100 digital apparatus and are

uncorrected. 'H (300 MHz), '*C (75 MHz) and *'P NMR
(120 MHz) spectra were recorded on a Varian Unity Plus
300 MHz spectrometer using tetramethylsilane (TMS)
(0.00 ppm) or chloroform (7.24 ppm) as an internal
reference in CDCl5; solutions for '"H NMR spectra, or
chloroform (77.0 ppm) as an internal reference in CDCl3
solutions for '>*C NMR spectra, and phosphoric acid (85%)
for *'P NMR spectra. Chemical shifts (8) are given in ppm;
multiplicities are indicated by s (singlet), bs (broad singlet),
d (doublet), dd (double-doublet), t (triplet), q (quadruplet) or
m (multiplet). Coupling constants (J) are reported in Hertz.
Low-resolution mass spectra (MS) were obtained on a
Hewlett Packard 5971 MSD Series spectrometer at 50—
70 eV by electron impact (EI) or on a Hewlett Packard 1100
MSD Series spectrometer by chemical ionization (CI). Data
are reported in the form m/z (intensity relative to base=
100). Infrared spectra (IR) were taken on a Nicolet FTIR
Magna 550 spectrometer, and were obtained as solids in
KBr or as neat oils in NaCl. Peaks are reported in cm ™.
Elemental analyses were gerformed in a Perkin Elmer
Model 240 instrument. [a]zD were taken on a Perkin Elmer
Model 341 polarimeter using a Na/Hal lamp. Methyl
phosphonic acid diethyl ester”® and 2-benzyloxy propionic
acid ethyl ester” were synthesized according to literature
procedures.

3.1.1. Synthesis of (— )-menthyl carbazate (2¢). Following
the literature procedure®’ with some modifications: to a
stirred solution of benzyltriethylammonium chloride
(0.02 g, 0.1 mmol) and K,CO;5 (2.07 g, 15 mmol) in CCly
(10 mL) and CH,Cl, (40 mL), was added hydrazine hydrate
80% (2.0 g, 50 mmol) at room temperature. After 15 min at
room temperature a solution of (—)-menthyl chloroformate
(2.14 mL, 10 mmol) in CH,Cl, (10 mL), was added
dropwise. Then, the mixture was stirred at room temperature
for 3 h. The crude mixture was washed with H,O (2X
20 mL) and extracted with CH,Cl, (10 mL), and the solvent
was dried over MgSO,4 and evaporated under vacuum. The
crude product was purified by crystallization from hexanes
to give 2¢ (1.88 g, 88%) as a white solid: mp 97-98 °C.
Anal. Calcd. for C;{H»,N,O,: C, 61.65; H, 10.35; N, 13.07.
Found C, 61.73; H, 10.32; N, 13.05.
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3.2. General procedure for the preparation of
functionalized -hydrazones derived from phosphine
oxides and phosphonates (3)

To a stirred solution of phosphorylated allene 1a or 1b
(10 mmol) in dry chloroform (50 mL), was added carbazate
2 (12 mmol) under a nitrogen atmosphere. Then, the mix-
ture was stirred and heated at reflux for 16-24 h. The solvent
was evaporated under vacuum, and the crude product was
precipitated with diethyl ether and recrystallized from a
mixture of hexanes/CH,Cl, (for B-hydrazones derived from
phosphine oxides 3aa); while B-hydrazones derived from
phosphonates 3ba, 3bb and 3bc were purified by flash-
chromatography (silica gel).

3.2.1. Anti-ethyl N-[2-(diphenylphosphinoyl)-1-methyl-
ethylidene] hydrazinecarboxylate (3aa). (3.16 g, 92%)
obtained as a white solid from allene 1a (2.40 g, 10 mmol)
and ethyl carbazate (1.25 g, 12 mmol) as described in the
general procedure: mp 168-169 °C; '"H NMR (CDCls) 6
10.63 (s, 1H), 7.74-7.21 (m, 10H), 4.20 (q, *Juy=7.0 Hz,
2H), 3.33 (d, “Jpy=14.8 Hz, 2H), 1.58 (s, 3H), 1.25
(t, *Jyu=7.0 Hz, 3H); >*C NMR (CDCl;) 6 155.8, 146.8,
132.8-128.6 (m), 61.5, 36.2 (d, 'Jpc=63.0 Hz), 26.0, 14.6;
3'P NMR (CDCl5) 6 32.3; IR (KBr) 3186, 2989, 2957, 1741,
1521, 1244, 1164, 1043; MS (EI) m/z 344 (M™, 8). Anal.
Calcd. for C1gH,1N,O3P: C, 62.78; H, 6.15; N, 8.14. Found
C, 62.58; H, 6.17; N, 8.17.

3.2.2. Syn- and anti-diethyl [2-(ethoxycarbonyl hydrazono)
prog?rl] phosphonate (3ba). 76% conversion calculated
by P NMR on the crude reaction mixture. Obtained
as an oil from allene 1b (1.76 g, 10 mmol) and ethyl
carbazate 2a (1.25 g, 12 mmol) as described in the general
procedure. The crude product was purified by flash-
chromatography (silica gel, AcOEt, R;=0.23, AcOEt): 'H
NMR (CDCls) 6 9.21 (s, 1H, anti), 7.67 (s, 1H, syn), 4.13
(m, 6H syn and anti), 2.88 (d, 2JPH=22.1 Hz, 2H, syn), 2.79
(d, 2Jpy=23.2 Hz, 2H, anti), 2.06 (d, *Jpy=2.9 Hz, 3H,
syn), 1.92 (d, *Jpy=2.9 Hz, 3H, anti), 1.26 (m, 9H, syn and
anti); *C NMR (CDCls) 6 157.2 (syn), 153.0 (anti), 144.5
(syn), 143.7 (anti), 61.1-59.4 (m), 35.1 (d, 'Jpc=135.0 Hz,
anti), 28.6 (d, 1Jpcz 132.4 Hz, syn), 14.5, 15.1 (syn), 12.8
(anti); >'P NMR (CDCl3) 6 24.1 (anti), 23.5 (syn); IR
(NaCl) 3264, 2986, 1726, 1527, 1249; MS (CI) m/z 281
(M* 41, 100). Anal. Caled. for C;oH,;N,OsP: C, 42.86; H,
7.55; N, 10.00. Found C, 42.77; H, 7.56; N, 9.96.

3.2.3. Syn- and anti-diethyl [2-(benzyloxycarbonyl
hydrazono)propyl] phosphonate (3bb). 95% conversion
calculated by *'P NMR on the crude reaction mixture.
Obtained as an oil from allene 1b (1.76 g, 10 mmol) and
benzyl carbazate (1.99 g, 12 mmol) as described in the
general procedure. The crude product was purified by flash-
chromatography (silica gel, AcOEt/hexanes 70:30, R;y=
0.14, AcOEt/hexanes 50:50): "H NMR (CDCl5) 6 9.36 and
8.06 (s, 1H, syn and anti), 7.41-7.31(m, 5H, anti and syn),
5.22 (s, 2H, syn and anti), 4.18-4.05 (m, 4H, anti and syn),
2.92 (d, 2H, *Jpy=22.1 Hz, anti), 2.83 (d, 2H, *Jpy=
23.2 Hz, syn), 2.12 (d, 3H, 4JpH=2.9 Hz, syn), 1.95 (d, 3H,
*Jpu=3.1 Hz, anti), 1.30 (t, 6H, *Jyy=7.0 Hz, anti and
syn); *C NMR (CDCl3) & 154.4 (syn), 153.7 (anti), 145.9
(syn), 145.7 (anti), 135.8-127.6 (m), 66.7, 62.5 (d, 2Jpc=

6.6 Hz, syn), 61.7 (d, 2Jpc=6.6 Hz, anti), 36.5 (d, 'Jpc=
136.0 Hz, anti), 30.5 (d, 1JPCZ 135.0 Hz, syn), 25.0, 15.8;
3'P NMR (CDCls) 6 24.1 (anti), 23.4 (syn); IR (NaCl) 3230,
2979, 1739, 1513, 1228; MS (CI) m/z 343 M ™' +1, 67).
Anal. Calcd. for C;sH,3N,OsP: C, 52.63; H, 6.77; N, 8.18.
Found C, 52.80; H, 6.75; N, 8.21.

3.2.4. Syn- and anti-diethyl [2-((— )-menthyloxycarbonyl
hydrazono)propyl] phosphonate (3bc). 93% conversion
calculated by *'P NMR on the crude reaction mixture.
Obtained as an oil from allene 1b (1.76 g, 10 mmol) and
(—)-menthyl carbazate 2¢ (2.57 g, 12 mmol) as described in
the general procedure. The crude product was purified by
flash-chromatography (silica gel, AcOEt/hexanes 70:30,
R;=0.24 and 0.38 AcOEt/hexanes 50:50): 'H NMR
(CDCl3) 6 9.06 (s, 1H, syn), 7.63 (s, 1H, anti), 4.76-4.67
(m, 1H, syn and anti), 4.22—4.11 (m, 4H, syn and anti), 2.95
(d, Jpy=21.8 Hz, 2H, anti), 2.85 (d, *Jpy=23.2 Hz, 2H,
syn), 2.14-0.78 (m, 27H, syn and anti); "*C NMR (CDCl;) 6
154.2 (syn), 153.4 (anti), 145.2 (syn), 144.7 (anti), 75.3
(anti), 74.6 (syn), 62.5-62.0 (m), 47.1 (anti), 46.7 (syn), 40.9
(anti), 40.7 (syn), 36.3 (d, "Jpc = 136.0 Hz, anti), 34.0 (anti),
33.8 (syn), 31.1 (anti), 30.9 (syn), 30.5 (d, 1JpC: 135.0 Hz,
syn), 25.9 (anti), 25.6 (syn), 23.2 (anti), 23.0 (syn), 21.7
(anti), 21.6 (syn), 20.5 (anti), 20.3 (syn), 16.1 (syn), 16.0
(anti), 15.8 (syn), 15.9 (anti), 15.8 (syn), 15.7 (anti); *'P
NMR (CDCl3) o6 24.2 (anti), 23.4 (syn); IR (NaCl) 3230,
2952, 1725, 1699, 1540, 1235; MS (CI) m/z 391 M™* +1,
100). Anal. Calcd. for C1gH35sN,OsP: C, 55.37; H, 9.04; N,
7.17. Found C, 55.56; H, 9.01; N, 7.17. [a]& —36.0 (¢ 0.78,
CH,Cl,).

3.3. General procedure for the synthesis of
functionalized chlorohydrazones derived from
phosphine oxides and phosphonates (4)

Method A. To a stirred solution of phosphorylated B-
hydrazones 3 (10 mmol) in dry carbon tetrachloride
(150 mL), was added dropwise NCS (1.50 g, 11 mmol)
under a nitrogen atmosphere. Then, the mixture was stirred
at room temperature for 16 h. The crude mixture was diluted
with CH,Cl, (20 mL), washed with H,O (2X20 mL) and
the solvent was dried over MgSO,4 and evaporated under
vacuum. The crude product was purified by precipitation
with diethyl ether. Method B. To a stirred solution of
phosphorylated allene 1 (10 mmol) in dry chloroform
(50 mL), was added carbazate 2 (12 mmol) under a nitrogen
atmosphere. Then, the mixture was stirred and heated at
reflux for 16-24 h. The solvent was evaporated under
vacuum, and crude products 3 were diluted in dry carbon
tetrachloride (150 mL). NCS (1.50 g, 11 mmol) was added
dropwise under a nitrogen atmosphere and the mixture was
stirred at room temperature for 16 h. The crude mixture was
diluted with CH,Cl, (20 mL), washed with H,O (2X
20 mL) and the solvent was dried over MgSO, and
evaporated under vacuum. The crude product was purified
by flash-chromatography (silica gel).

3.3.1. Ethyl N-[2-chloro-2-(diphenylphosphinoyl)-1-
methylethylidene] hydrazinecarboxylate (4aa). (2.65 g,
70%) obtained as a white solid from hydrazone 3aa (3.44 g,
10 mmol) as described in the general procedure (method A).
The crude product was recrystallized from CH,Cl,/hexanes:
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mp 161-162 °C; '"H NMR (CDCls) 6 7.74-7.39 (m, 11H),
5.30 (s, 1H), 4.20 (q, *Jyr=7.1 Hz, 2H), 1.96 (s, 3H), 1.22
(t, *Jgu=7.1 Hz, 3H); °C NMR (CDCl;) 6 153.8, 145.7,
134.0-128.0 (m), 62.1, 59.5 (d, ' Jpc=68.5 Hz), 14.4, 12.6;
3P NMR (CDCl5) 6 28.0; IR (KBr) 3238, 2933, 1700, 1441,
1262, 1189; MS (CI) m/z 379 (M 41, 100). Anal. Calcd.
for C;5H,0CIN,OP: C, 57.07; H, 5.32; N, 7.40. Found C,
56.84; H, 5.34; N, 7.36.

3.3.2. Diethyl [1-chloro-2-(ethoxycarbonyl hydrazono)-
propyl] phosphonate (4ba). (1.48 g, 47%) obtained as an
oil in a ‘one pot’ reaction from allene 1b (1.76 g, 10 mmol)
as described in the general procedure (method B). The crude
product was purified by flash-chromatography (silica gel,
AcOEt, Ry=0.43, AcOEt): "H NMR (CDCl;) 6 8.07 (s, 1H),
478 (d, *Jp=13.6 Hz, 1H), 4.32-4.09 (m, 6H), 2.00 (d,
*Jpy=2.1 Hz, 3H), 1.39-1.23 (m, 9H); '*C NMR (CDCl;) 6
154.5, 145.0, 65.2-61.3 (m), 55.5 (d, "Jpc=158.6 Hz), 15.8,
13.9, 11.9; *'P NMR (CDCl5) 6 15.5; IR (NaCl) 3230, 2979,
1725, 1533, 1208; MS (CI) m/z 315 (M™ +1, 100). Anal.
Calcd. for C;oH,,CIN,OsP: C, 38.17; H, 6.41; N, 8.90.
Found C, 38.05; H, 6.44; N, 8.89.

3.3.3. Diethyl [1-chloro-2-(benzyloxycarbonyl hydrazono)
propyl] phosphonate (4bb). (2.07 g, 55%) obtained as an
oil in a ‘one pot’ reaction from allene 1b (1.76 g, 10 mmol)
as described in the general procedure (method B). The crude
product was purified by flash-chromatography (silica gel,
AcOEt/hexanes 30:70, R¢=0.45, AcOEt/hexanes 50:50):
"H NMR (CDCl3) 6 8.06 (s, 1H). 7.39-7.28 (m, 5H), 5.23 (s,
2H), 4.77 (d, *Jpy=13.4 Hz, 1H), 4.29-4.09 (m, 4H), 2.00
(s, 3H), 1.36-1.27 (m, 6H); '*C NMR (CDCls) 6 153.5,
145.7,135.5-128.4 (m), 128.3, 67.6, 64.2 (d, *Jpc=6.5 Hz),
63.7 (d, YJpc=7.1Hz), 55.7 (d, Jpc=158.1 Hz), 16.2,
12.0; *'P NMR (CDCl;3) 6 15.4; IR (NaCl) 3204, 2992,
1699, 1540, 1261; MS (CI) m/z 377 M™ +1, 45). Anal.
Calcd. for C;sH,,CIN,OsP: C, 47.82; H, 5.89; N, 7.44.
Found C, 47.98; H, 5.86; N, 7.47.

3.3.4. Diethyl [1-chloro-2-((—)-menthyloxycarbonyl
hydrazono)propyl] phosphonate (4bc). (1.83 g, 43%)
obtained as a white solid in a ‘one pot’ reaction from allene
1b (1.76 g, 10 mmol) as described in the general procedure
(method B). The crude product was purified by flash-
chromatography (silica gel, AcOEt/hexanes 30:70): mp 70—
71 °C; "H NMR (CDCl3) 6 7.76 (s, 1H), 4.82—4.70 (m, 2H),
4.32-4.15 (m, 4H), 2.03 (d, *Jp;=2.0 Hz, 3H), 1.94-0.79
(m, 24H); '°C NMR (CDCl3) 6 153.0, 144.8, 76.2, 64.4 (d,
2Jpc=6.6 Hz), 63.8 (d, “Jpc=7.1Hz), 558 (d, "Jpc=
158.1 Hz), 47.3, 41.1, 34.2, 31.4, 26.2, 23.4, 22.0, 20.7,
16.4, 16.3, 11.8; *'P NMR (CDCl5) 6 15.5; IR (KBr) 3217,
2965, 1706, 1533, 1261; MS (CI) m/z 425 M ™ +1, 38).
Anal. Calcd. for C;gH34CIN,OsP: C, 50.88; H, 8.07; N,
6.59. Found C, 51.04; H, 8.09; N, 6.56. [a(& —32.0 (c 1.00,
CH,Cl,).

3.4. Preparation of 1,2-diaza-1,3-butadienes (5)

To a room temperature solution of chlorohydrazone 4
(5§ mmol) in dry CH,Cl, (25 mL), was added dropwise
triethylamine (0.85 mL, 6 mmol) under a nitrogen atmos-
phere. The mixture was stirred at this temperature for
45 min. The crude mixture was diluted with CH,Cl,

(20 mL), washed with H,O (2X20 mL) and the aqueous
phase was extracted twice with CH,Cl, (10 mL). The
solvent was dried over MgSO, and evaporated under
vacuum. Diaza-alkenes 5 proved to be unstable to
chromatography and were then used in the next steps
without further purification.

3.4.1. 4-(Diphenylphosphinoyl)-1-ethoxycarbonyl-3-
methyl-1,2-diaza-1,3-butadiene (5aa). >98% conversion
calculated by 31p NMR on the crude reaction mixture, from
chlorohydrazone 4aa (1.90 g, 5 mmol) as described in the
general procedure: (R;=0.81, AcOEt). '"H NMR (CDCl3) 6
7.89-7.40 (m, 11H), 4.48 (q, *Jun="7.2 Hz, 2H, E), 4.21 (q,
3Jun=7.2 Hz, 2H, Z), 2.29 (d, *Jpy=2.3 Hz, 3H, E), 2.18
(d, *Jpy=1.5Hz, 3H, Z), 1.43 (t, *Jyu=7.2 Hz, 3H, E),
1.26 (t, *Jyy=7.2 Hz, 3H, Z); '*C NMR (CDCl;) 6 (E-
isomer) 165.1 (d, 2Jpc=7.1 Hz), 161.8, 135.2 (d, "Jpc=
97.2 Hz), 134.7-127.8 (m), 64.1, 13.5 (d, *Jpc=9.1 Hz),
11.3; *'P NMR (CDCl;) 6 26.4 (Z), 20.5 (E); IR (NaCl)
2979, 1732, 1533, 1440, 1228.

3.4.2. 4-(Diethoxyphosphoryl)-1-ethoxycarbonyl-3-
methyl-1,2-diaza-1,3-butadiene (5ba). >98% conversion
calculated by *'P NMR on the crude reaction mixture, from
chlorohydrazone 4ba (1.57 g, 5 mmol) as described in the
general grocedure: (R;=0.63, AcOEt). '"H NMR (CDCl;) 6
6.84 (d, 2Jp=13.0 Hz, 1H, E), 6.70 (d, *Jp;=13.0 Hz, 1H,
Z), 4.52-4.10 (m, 6H), 2.04-2.00 (m, 3H), 1.47-1.24 (m,
9H); '>C NMR (CDCl;) & (E-isomer) 164.7 (d, *Jpc=
15.1 Hz), 161.9, 129.8 (d, 'Jpc=187.9 Hz), 64.3-61.9 (m),
16.0-11.4 (m); *'P NMR (CDCl5) 6 14.2 (E), 13.0 (Z); IR
(NaCl) 3482, 2979, 1752, 1255.

3.4.3. 4-(Diethoxyphosphoryl)-1-benzyloxycarbonyl-3-
methyl-1,2-diaza-1,3-butadiene (Sbb). >98% conversion
calculated by *'P NMR on the crude reaction mixture, from
chlorohydrazone 4bb (1.88 g, 5 mmol) as described in the
general procedure: (R;=0.78, AcOEt). '"H NMR (CDCl) 6
7.46-7.37 (m, 5H), 6.84 (d, 2Jpy=13.0 Hz, 1H, E), 6.69 (d,
2Jeu=13.0 Hz, 1H, Z), 5.42 (s, 2H, E), 5.40 (s, 2H, Z), 4.22—
4.06 (m, 4H), 2.21 (d, *Jp=2.90 Hz, 3H, E), 1.98 (s, 3H,
7), 1.38-1.21 (m, 6H); '°C NMR (CDCls) 6 (E-isomer)
164.4 (d, *Jpc=15.2 Hz) 161.5, 130.2 (d, 'Jpc=187.9 Hz)
133.6-127.6 (m), 69.3, 61.6 (d, “Jpc=5.5Hz), 15.7 (d,
3Jpc=6.0 Hz), 11.1; >'PNMR (CDCly) 6 14.2 (E), 12.8 (2);
IR (NaCl) 3456, 2979, 1765, 1235.

3.4.4. 4-(Diethoxyphosphoryl)-1-(— )-menthyloxycarbonyl-
3-methyl-1,2-diaza-1,3-butadiene (5bc). >98% conver-
sion calculated by 31p NMR on the crude reaction mixture,
from chlorohydrazone 4bc (2.12 g, 5 mmol) as described in
the general procedure: (R;=0.78, AcOEt). 'H NMR
(CDCls) 6 6.75 (d, 2Jp=13.0 Hz, 1H, E), 6.60 (d, *Jpg=
13.0 Hz, 1H, Z), 4.87-4.78 (m, 1H), 4.15-4.08 (m, 4H),
2.16-0.74 (m, 27H); '*C NMR (CDCl3) 6 (E-isomer) 164.7
(d, *Jpc=15.5Hz), 161.7, 129.2 (d, *Jp; = 187.9 Hz), 78.7,
61.7 (d, *Jpc=5.5Hz), 46.0, 40.1, 33.5, 31.0, 25.7, 22.9,
21.4,20.1, 15.8, 15.7-11.3 (m); *'P NMR (CDCl;) 6 14.5
(E), 13.1 (Z); IR (NaCl) 3482, 2959, 1752, 1248.

3.4.5. Synthesis of ethyl N-[2-amino-2-(diphenylphos-
phinoyl)-1-methylethylidene] hydrazinecarboxylate
(6aa). To a stirred solution of chlorohydrazone 4aa
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(0.38 g, 1 mmol) in chloroform (10 mL), ammonia was
bubbled for 10 min at room temperature. Then, the solvent
was evaporated under vacuum and the crude product was
purified by flash-chromatography (silica gel, CH,Cl,/
MeOH 95:5) affording compound 6aa (0.24 g, 68%) as a
white solid: 174—176 °C; "H NMR (CDCls) 6 7.96-7.46 (m,
11H), 4.53 (d, 2Jpy=10.4 Hz, 1H), 4.24-4.17 (m, 2H), 2.19
(bs, 2H), 1.92 (s, 3H), 1.28-1.24 (m, 3H); >C NMR
(CDCl3) 6 150.0, 144.5, 132.8-128.0 (m), 61.2, 58.6 (d,
1Jpc=74.0 Hz), 14.4, 14.0; >'P NMR (CDCl;) 6 31.3; IR
(KBr) 3350, 2972, 1712, 1427, 1235; MS (CI) m/z 360
(M7 +1, 7). Anal. Calcd. for C1gH,,N;05P: C, 60.16; H,
6.17; N, 11.69. Found C, 60.48; H, 6.20; N, 11.69.

3.4.6. Synthesis of diethyl [2-(benzyloxycarbonyl hydra-
zono)-1-(toluene-4-sulfonylamino)propyl] phosphonate
(7bb). To a stirred solution of chlorohydrazone 4bb
(0.38 g, 1 mmol) in chloroform (10 mL), ammonia was
bubbled for 10 min at room temperature. Then, the solvent
was evaporated under vacuum and the crude product was
diluted in CH,Cl, (5 mL). TsCl (0.23 g, 1.2 mmol) and
Et;N (0.21 mL, 1.5 mmol) were then added at room
temperature. The mixture was stirred at this temperature
for 6 h. The crude mixture was diluted with CH,Cl,
(10 mL), washed with H,O (2X5mL) and the aqueous
phase was extracted twice with CH,Cl, (5 mL). The solvent
was dried over MgSQO, and evaporated under vacuum. The
crude product was purified by flash-chromatography (silica
gel, AcOEt/hexanes 70:30) to obtain (0.19 g, 38%) of 7bb
as a white solid. mp 145-146 °C; '"H NMR (CDCl3) 6 7.82—
7.27 (m, 10H), 6.28 (bs, 1H), 5.22 (s, 2H), 4.34-4.11 (m,
5H), 2.30 (s, 3H), 1.62 (d, *Jpy=2.6 Hz, 3H), 1.31-1.26 (m,
6H); '3C NMR (CDCly) 6 153.6, 144.9, 143.6-126.4 (m),
67.6, 64.5 (d, 2Jpc=7.1Hz), 63.7 (d, *Jpc=7.1 Hz), 56.4
(d, "Jpc=155.1 Hz), 21.4, 16.2, 14.2; *'P NMR (CDCls) 6
16.7; IR (NaCl) 3350, 3297, 3138, 1745, 1454, 1195; MS
(CI) m/z 512 (M*+1, 100). Anal. Caled. for
C,,H30N30,PS: C, 51.66; H, 5.91; N, 8.21. Found C,
51.70; H, 5.89; N, 8.25.

3.5. General procedure for the addition of primary
amines to azo-alkenes (5)

Method A. To a stirred solution of chlorohydrazone 4
(1 mmol) in CH,Cl, (5 mL) was added Et;N (0.21 mL,
1.5 mmol) at room temperature and under a nitrogen
atmosphere. The mixture was stirred at room temperature
for 1545 min and a solution of primary amine (1.2 mmol)
in CH,Cl, (5 mL) was then added at the same temperature.
The reaction mixture was stirred at room temperature for
20-120 min. The crude mixture was diluted with CH,Cl,
(10 mL), washed with H,O (2X5mL) and the aqueous
phase was extracted twice with CH,Cl, (5 mL). The organic
layer was dried over MgSO, and evaporated under vacuum
and the crude product was purified by flash-chromatography
(silica gel). Method B: to a stirred solution of chloro-
hydrazone 4 (1 mmol) in CH,Cl, (5 mL) was added Et;N
(0.21 mL, 1.5 mmol) at room temperature and under a
nitrogen atmosphere. The mixture was stirred at room
temperature for 30-45 min. The crude mixture was diluted
with CH,Cl, (10 mL), washed with H>O (2 X5 mL) and the
aqueous phase was extracted twice with CH,Cl, (5 mL).
The organic layer was dried over MgSO, and evaporated

under vacuum. Diaza-alkenes 5 were diluted with CH,Cl,
(10 mL) and a solution of primary amine (1.2 mmol) in
CH,Cl, (5 mL) was then added at the same temperature.
The reaction mixture was stirred at room temperature for
20-120 min. The solvent was evaporated under vacuum and
the crude product was purified by flash-chromatography
(silica gel).

3.5.1. Ethyl N-[2-(diphenylphosphinoyl)-2-(4-methoxy-
phenylamino)-1-methylethylidene] hydrazinecarboxy-
late (9aaa). (0.40 g, 86%) obtained as a white solid from
4aa (0.38 g, 1 mmol) and 4-methoxyaniline (0.15¢g,
1.2 mmol) as described in the general procedure (method
A). The crude product was crystallized from ethyl ether: mp
183-184 °C; '"H NMR (CDCl3) 6 7.73-6.55 (m, 15H), 4.94
(dd, *Jun=9.2, 2Jpy=12.2 Hz, 1H), 4.76 (m, 1H), 4.06 (q,
*Jun=7.0 Hz, 2H), 3.56 (s, 3H), 1.56 (s, 3H), 1.11 (t,
3Jun=7.0 Hz, 3H); >*C NMR (CDCls) 6 152.8, 149.1,
140.2-114.8 (m), 61.6, 60.8 (d, 'Jpc=74.0 Hz), 55.6, 14.4,
12.4; *'P NMR (CDCls) 6 31.5; IR (NaCl) 3357, 3291,
1746, 1501, 1441, 1235; MS (CI) m/z 466 M ™ +1, 100).
Anal. Calcd. for C,sH,gN3O4P: C, 64.51; H, 6.06; N, 9.03.
Found C, 64.29; H, 6.08; N, 9.00.

3.5.2. Ethyl N-[2-(diphenylphosphinoyl)-2-propargyl-
amino-1-methylethylidene] hydrazinecarboxylate (9aab).
(0.31 g, 78%) obtained as a white solid from 4aa (0.38 g,
1 mmol) and propargilamine (0.066 g, 1.2 mmol) as
described in the general procedure (method A). The crude
Product was crystallized from ethyl ether: mp 134-136 °C;
H NMR (CDCls3) 6 8.00-7.40 (m, 11H), 4.35 (d, *Jpy=
13.9 Hz, 1H), 4.23-4.16 (m, 2H), 3.35 (s, 2H), 2.45 (bs, 1H),
2.17 (s, 1H), 1.92 (s, 3H), 1.28-1.22 (m, 3H); '*C NMR
(CDCl3) 0 153.5, 148.7, 132.0-128.2 (m), 81.1, 72.1, 63.8
(d, "Jpc=79.6 Hz,), 61.6, 37.1 (d, *Jpc=14.6 Hz), 14.6,
14.5; *'P NMR (CDCls) 6 29.5; IR (NaCl) 3330, 3197,
2979, 1739, 1527, 1447, 1241; MS (CI) m/z 398 M™* +1,
5). Anal. Calcd. for C,1H,4N3;O5P: C, 63.47; H, 6.09; N,
10.57. Found C, 63.62; H, 6.10; N, 10.53.

3.5.3. Diethyl [2-(ethoxycarbonyl hydrazono)-1-(-4-
methoxyphenylamino)propyl] phosphonate (9baa).
(0.37 g, 92%) obtained as an oil from 4ba (0.32 g,
1 mmol) and 4-methoxyphenilaniline (0.15 g, 1.2 mmol)
as described in the general procedure (method A). The crude
product was purified by flash-chromatography (silica gel,
AcOEt, R;=0.44, AcOEt): "HNMR (CDCl3) 6 7.77 (s, 1H),
6.77-6.67 (m, 4H), 4.55-4.49 (m, 2H), 4.31-4.13 (m, 6H),
3.73 (s, 3H), 1.86 (d, *Jpy=2.7 Hz, 3H), 1.34—1.28 (m, 9H);
13C NMR (CDCl5) 6 152.6 148.2, 140.3-114.4 (m), 63.4 (d,
2Jpc="7.1Hz), 62.9 (d, *Jpc=7.1 Hz), 61.4, 58.9 (d, 'Jpc=
151.6 Hz), 55.3, 16.0, 14.2, 12.5; *'P NMR (CDCl5) 6 20.8;
IR (NaCl) 3323, 2998, 1739, 1513, 1235, 1049; MS (CI) m/z
402 (M +1, 100). Anal. Calcd. for C;;H,sN;O¢P: C,
50.87; H, 7.03; N, 10.47. Found C, 51.03; H, 7.00; N, 10.43.

3.5.4. Diethyl [2-(benzyloxycarbonyl hydrazono)-1-benzyl-
aminopropyl] phosphonate (9bbc). (0.44 g, 98%) obtained
as an oil in a reaction from 4bb (0.38 g, 1 mmol) and
benzylamine (0.13 g, 1.2 mmol) as described in the general
procedure (method A). The crude product was purified by
flash-chromatography (silica gel, AcOEt/hexanes 30:70,
Ry=0.32, AcOEt/hexanes 50:50): '"H NMR (CDCl;) 6 7.85
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(s, 1H), 7.42-7.22(m, 10H), 5.25 (s, 2H), 4.21-4.08 (m, 4H),
3.85 (d, 2Jpy;=21.7 Hz, 1H), 3.78-3.67 (m, 2H), 2.27 (bs,
1H), 1.85 (d, *Jp;=2.6 Hz, 3H), 1.32-1.26 (m, 6H); *C
NMR (CDCls) 6 153.7, 148.2, 138.8-126.6 (m), 66.6, 62.7
(d, 2Jpc=6.6 Hz), 62.2 (d, >Jpc=7.5 Hz), 61.5 (d, Jpc=
152.6 Hz), 51.7 (d, *Jpc=17.8 Hz), 15.8, 13.1; >'P NMR
(CDCl3) 6 22.2; IR (NaCl) 3211, 2965, 1752, 1527, 1208;
MS (CI) m/z 448 (M*'+1, 100). Anal. Caled. for
C22H30N305P2 C, 5905, H, 676, N, 9.39. Found C,
58.88; H, 6.73; N, 9.42.

3.5.5. Ethyl [1-(diphenylphosphinoyl)-2-(ethoxycarbonyl
hydrazono)propylamino] acetate (11aaa). (0.40 g, 89%)
obtained as a white solid from cholorohydrazone 4aa
(0.38 g, 1 mmol), glycine ethyl ester hydrochloride (0.17 g,
1.2 mmol) and Et;N (0.42 mL, 3 mmol) as described in the
general procedure (method A). The crude product was
purified by flash-chromatography (silica gel, AcOEt): mp
147-149 °C; "H NMR (CDCls) 6 7.93-7.30 (m, 11H), 4.43
(d, 2Jpy=11.8 Hz, 1H), 4.22-4.07 (m, 4H), 3.33 (s, 2H),
2.56 (bs, 1H), 1.89 (s, 3H), 1.27-1.18 (m, 6H); '*C NMR
(CDCl3) 6 171.5, 153.4, 148.9, 132.0-128.2 (m), 64.7 (d,
'pc=78.6 Hz), 61.7, 60.7, 49.3 (d, *Jpc=13.6 Hz), 14.4,
14.0, 13.5; *'P NMR (CDCl3) 6 29.5; IR (KBr) 2979, 1732,
1533, 1440, 1228; MS (CI) m/z 446 (M™ +1, 100). Anal.
Calcd. for C5,H»gN3OsP: C, 59.32; H, 6.34; N, 9.43. Found
C, 59.11; H, 6.37; N, 9.41.

3.5.6. Ethyl [1-(diethoxyphosphoryl)-2-(ethoxycarbonyl
hydrazono)propylamino] acetate (11baa). (0.38 g, 99%)
obtained as an oil from hydrazone 4ba (0.32 g, 1 mmol),
glycine ethyl ester hydrochloride (0.17 g, 1.2 mmol) and
Et;N (0.42mL, 3 mmol) as described in the general
procedure (method A). The crude product was purified by
flash-chromatography (silica gel, AcOEt, Ry=0.25,
AcOEY): 'H NMR (CDCl;) 6 8.10 (s, 1H), 4.20-4.05 (m,
8H), 3.87 (d, *Jpy=20.6 Hz, 1H), 3.33 (d, *Jpy=1.8 Hz,
2H), 1.90 (d, *Jp=1.5 Hz, 3H), 1.34-1.18 (m, 12H); 1*C
NMR (CDCls) 6 171.6, 153.9, 1484, 63.1 (d, *Jpc=
6.8 Hz), 62.9 (d, *Jpc=7.0 Hz), 62.0 (d, 'Jpc=152.8 Hz),
61.6, 60.7, 49.0 (d, *Jpc=16.3 Hz), 16.3-13.0 (m); >'P
NMR (CDCls) 6 20.9; IR (NaCl) 3237, 2979, 1732, 1546,
1367, 1222, 1029; MS (CI) m/z 382 (M ™ +1, 100). Anal.
Calcd. for C14H,5N;0-,P: C, 44.09; H, 7.40; N, 11.02. Found
C, 43.98; H, 7.43; N, 11.03.

3.5.7. Ethyl [1-(diethoxyphosphoryl)-2-(benzyloxycarbonyl
hydrazono)propylamino] acetate (11bba). (0.41 g, 93%)
obtained as an oil in a reaction from 4bb (0.38 g, 1 mmol)
and glycine ethyl ester hydrochloride (0.17 g, 1.2 mmol) as
described in the general procedure (method A) by using
Et;N (0.42 mL, 3 mmol). The crude product was purified by
flash-chromatography (silica gel, AcOEt, Ry=0.22, AcOEt/
hexanes 50:50): '"H NMR (CDCly) 6 7.86 (s, 1H), 7.41-7.35
(m, 5H), 5.23 (s, 2H), 4.23-4.10 (m, 6H), 3.87 (d, *Jpu=
20.7 Hz, 1H), 3.38 (d, *Jpy=2.8 Hz, 2H), 1.93 (d, *Jpuy=
2.6 Hz, 3H), 1.34-1.20 (m, 9H); "*C NMR (CDCl5) 6 171.2,
153.5, 148.2, 135.6-128.0 (m), 127.8, 66.7, 62.7 (d, *Jpc=
7.1 Hz), 62.5 (d, *Jpc=7.0 Hz), 61.8 (d, 'Jpc=144.5 Hz,),
60.3, 45.6 (d, *Jpc=16.1 Hz), 15.8, 13.6, 12.8; *'P NMR
(CDCl3) 6 20.8; IR (NaCl) 3224, 2985, 1725, 1208, 1023,;
MS (CI) m/z 444 (M* +1, 100). Anal. Caled. for

C1oH3oN;0,P: C, 51.46; H, 6.82; N, 9.48. Found C,
51.59; H, 6.80; N, 9.47.

3.5.8. Ethyl N-[2-(diphenylphosphinoyl)-1-methyl-2-(1-
(R)-phenylethylamino)ethylidene] hydrazinecarboxylate
(13aa). (0.37 g, 79%) obtained as an oil from hydrazone 4aa
(0.38 g, 1 mmol) and (R)-methylbenzylamine (0.16 mL,
1.2 mmol) as described in the general procedure (method A)
and addition of primary amine at 0 °C. The crude product
was purified by flash-chromatography (silica gel, AcOEt,
Ry=0.60, AcOEt): "H NMR (CDCls) 6 7.95-7.03 (m, 16H),
4.40-4.09 (m, 3H), 3.69-3.51 (m, 1H), 2.48 (bs, 1H), 2.45
(bs, 1H), 1.87 (d, *Jpy=2.1 Hz, 3H, mayor), 1.56 (d, *Jpy =
2.1 Hz, 3H, minor), 1.42-1.25 (m, 6H); '>*C NMR (CDCl;) 6
153.8 (minor), 149.2 (mayor), 144.6 (minor), 143.5 (mayor),
132.1-125.6 (m), 63.4 (d, 'Jpc=79.6 Hz, minor), 61.7 (d,
'Joc=80.1 Hz, mayor), 61.1, 57.3 (d, *Jpc=11.1 Hz,
minor), 55.8 (d, 3JPC= 13.6 Hz, mayor), 24.3 (mayor),
22.5 (minor), 14.2, 13.6; *'P NMR (CDCls) 6 30.5 (mayor),
29.7 (minor); IR (NaCl) 3217, 2985, 1706, 1447, 1222; MS
(CI) mlz 464 (M ™ +1, 72). Anal. Calcd. for Co6H30N;0P:
C,67.37;H, 6.52; N, 9.07. Found C, 67.28; H, 6.51; N, 9.04.

3.5.9. Diethyl [2-(ethoxycarbonyl hydrazono)-1-(R)-
(methylbenzylamino)propyl] phosphonate (13ba). (0.35 g,
88%) obtained as an oil in a reaction from 4ba (0.32 g,
1 mmol) and (R)-methylbenzylamine (0.16 mL, 1.2 mmol)
as described in the general procedure (method A) and
addition of (R)-methylbenzylamine at 0°C. The crude
product was purified by flash-chromatography (silica gel,
AcOEt, R;=0.50, AcOEt): "HNMR (CDCl;) 6 7.79 (s, 1H),
7.34-7.20 (m, 5H), 4.28-4.02 (m, 6H), 3.89 (d, *Jpu=
21.7 Hz, 1H, mayor), 3.82-3.65 (m, 1H), 3.55 (d, *Jpy=
23.5 Hz, 1H, minor), 2.32 (bs, 1H), 1.89 (d, 4JpH=2.8 Hz,
3H, minor), 1.59 (d, 4JPH=2.6 Hz, 3H, mayor), 1.41-1.23
(m, 12H); '>C NMR (CDCly) 6 154.6 (minor), 149.1
(mayor), 145.2 (minor), 144.4 (mayor), 128.9-125.8 (m),
63.4-62.3 (m), 62.5 (d, 'Jpc=141.0 Hz, mayor), 60.2 (d,
Joc=154.6 Hz, minor), 57.3 (d, *Jpc=13.6 Hz, minor),
56.4 (d, 3Jpc =17.1 Hz, mayor), 24.9 (mayor), 23.0 (minor),
16.6-13.5 (m); *'P NMR (CDCly) 6 22.7 (minor), 22.2
(mayor); IR (NaCl) 3462, 2965, 1725, 1228, 1016; MS (CI)
mlz 400 (M ™ + 1, 100). Anal. Calcd. for C;gH3N3OsP: C,
54.13; H,7.57; N, 10.52. Found C, 54.24; H, 7.61; N, 10.55.

3.5.10. Methyl 2-(R)-[2-(benzyloxycarbonyl hydrazono)-
1-(diethoxyphosphoryl)propylamino]-3-methyl butyrate
(14) and methyl 2-(S)-[2-(benzyloxycarbonyl hydra-
zono)-1-(diethoxyphosphoryl)propylamino]-3-methyl
butyrate (15). (0.43 g, 91%) and (0.45 g, 96%) obtained as
an oil from 4bb (0.38 g, 1 mmol) and D-valine methyl ester
hydrochloride (0.20 g, 1.2 mmol) or L-valine methyl ester
hydrochloride (0.20 g, 1.2 mmol), respectively, as described
in the general procedure (method A) by using Et;N
(0.42mL, 3 mmol) and addition of amine at 0°C. The
crude product was purified by flash-chromatography (silica
gel, AcOEt/hexanes 70:30, Ry=0.32, AcOEt/hexanes
50:50): 'H NMR (CDCl3) 6 7.79 (s, 1H), 7.69 (s, 1H),
7.24-7.20 (m, 5H), 5.16-5.08 (m, 2H), 4.09-3.93 (m, 4H),
3.74 (d, 2Jpy=20.0 Hz, 1H), 3.67 (d, 2Jpy=19.1 Hz, 1H),
3.55 (s, 3H), 3.41 (s, 3H), 2.98-2.93 (m, 1H), 2.76-2.71 (m,
1H), 2.27 (bs, 1H), 1.78 (d, *Jpy=2.9 Hz, 3H), 1.75 (d,
*Jpy=2.3 Hz, 3H), 1.29-1.18 (m, 6H), 0.91-0.82 (m, 6H);
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13C NMR (CDCly) 6 175.0, 174.2, 154.2, 154.1, 149.4,
148.5, 135.4-127.1 (m), 66.2, 65.5 (d, 3JPC= 16.1 Hz), 64.1
(d, 3Jpc=16.1 Hz), 62.6-60.5 (m), 50.8, 50.6, 31.1, 30.6,
18.7-12.3 (m); *'P NMR (CDCl5) 6 21.1, 20.6; IR (NaCl)
3217, 2959, 1739, 1540, 1222; MS (CI) m/z 472 Mt +1,
100). Anal. Calcd. for C,;H34N304P: C, 53.50; H, 7.27; N,
8.91. Found from L-Valine C, 53.31; H, 7.25; N, 8.94; from
D-Valine C 53.38; H, 7.28; N, 8.92.

3.5.11. Methyl 2-(S)-[1-(diethoxyphosphoryl)-2-(ethoxy-
carbonyl hydrazono)propylamino]-3-methyl butyrate
(16ba). (0.40 g, 95%) obtained as an oil from 4ba (0.32 g,
1 mmol) and L-valine ethyl ester hydrochloride (0.22 g,
1.2 mmol) as described in the general procedure (method A)
by using Et;N (0.42 mL, 3 mmol) and addition of amine at
—40 °C. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt, R;=0.50, AcOEt): 'H NMR
(CDCl3) 6 7.83 (s, 1H, mayor), 7.71 (s, 1H, minor), 4.30-
4.09 (m, 8H), 3.84 (d, 2Jpy=20.1 Hz, 1H, mayor), 3.11—
3.06 (m, 1H), 2.88-2.83 (m, 1H), 2.34 (bs, 1H), 1.95 (d,
4Jou=2.8 Hz, 3H, mayor), 191 (d, *Jpy=2.1Hz, 3H,
minor), 1.41-1.19 (m, 12H) 0.99-0.90 (m, 6H); '*C NMR
(CDCl3) 6 174.0 (minor), 173.1 (mayor), 153.6 (minor),
148.2 (mayor), 65.6 (d, 3JpC=16.1 Hz, minor), 64.4 (d,
3Jpc=16.1 Hz, mayor), 63.9-59.1 (m), 31.4 (minor), 30.9
(mayor), 18.9-12.3 (m); *'P NMR (CDCl) 6 21.1 (mayor),
20.7 (minor); IR (NaCl) 3224, 2985, 1725, 1235, 1016; MS
(CI) m/z 424 (M™ +1, 100). Anal. Calcd. for C,7H34N50,P:
C,48.22; H, 8.09, N, 9.92. Found C. 48.37; H. 8.06; N. 9.89.

3.5.12. Ethyl 2-(S)-[2-(benzyloxycarbonyl hydrazono)-1-
(diethoxyphosphoryl)propylamino]-3-methyl butyrate
(16bb). (0.44 g, 91%) obtained as an oil from 4bb (0.38 g,
I mmol) and L-valine ethyl ester hydrochloride (0.22 g,
1.2 mmol) as described in the general procedure (method A)
by using Et3N (0.42 mL, 3 mmol) and addition of amine at
—40 °C. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt/ hexanes 70:30, Ry=0.54, AcOEt/
hexanes 50:50): 'H NMR (CDCls) 6 7.83 (s, 1H, mayor),
7.71 (s, 1H, minor), 7.63-7.27 (m, SH), 5.27-5.22 (m, 2H),
4.26-3.99 (m, 6H), 3.82 (d, *Jpu=19.8 Hz, 1H, mayor),
3.73-3.71 (m, 1H, minor), 3.16-3.10 (m, 1H), 2.85-2.79 (m,
1H), 2.33 (bs, 1H), 1.92 (d, 4JpH=2.9 Hz, 3H, mayor), 1.89
(d, *Jpu=2.2 Hz, 3H, minor), 1.35-1.13 (m, 9H), 0.99-0.90
(m, 6H); >C NMR (CDCly) 6 174.1, 173.2, 154.2, 153.8,
148.4 (minor), 147.9 (mayor), 135.6-127.7 (m), 66.6, 65.7
(d, *Jpc=16.1 Hz, minor), 64.4 (d, >Jpc=17.0 Hz, mayor),
62.8-62.0 (m), 60.9 (d, 'Jpc=148.1 Hz), 60.1, 59.9, 31.4
(minor), 30.9 (mayor), 19.0-12.4 (m); *'P NMR (CDCls) ¢
21.1 (mayor), 20.6 (minor); IR (NaCl) 3230, 2998, 1739,
1235, 1036; MS (CI) m/z 486 (M™ + 1, 100). Anal. Calcd.
for C5,H36N3O,P: C, 54.42; H, 7.47; N, 8.65. Found C,
54.21; H, 7.46; N, 8.63.

3.5.13. Synthesis of diethyl [2-((-)-menthyloxycarbonyl
hydrazono)-1-(toluene-4-sulfonylamino)propyl] phos-
phonate (18). To a stirred solution of chlorohydrazone
4bc (0.42 g, 1 mmol) in CH,Cl, (5 mL) was added Et;N
(0.21 mL, 1.5 mmol) at room temperature and under
nitrogen atmosphere. Then, the mixture was stirred at
room temperature for 30 min. The crude mixture was
diluted with CH,Cl, (10 mL), washed with H,O (2X5 mL)
and the aqueous phase was extracted twice with CH,Cl,

(5 mL). The organic layer was dried over MgSO, and
evaporated under vacuum. Diaza-alkene Sbc was diluted
with chloroform (10 mL) under a nitrogen atmosphere and
ammonia was bubbled for 10 min. The solvent was
evaporated under vacuum and the crude product was diluted
with CH,Cl, (5 mL). EtzN (0.21 mL, 1.5 mmol) and tosyl
chloride (0.23 g, 1.2 mmol) was added at room temperature.
Then, the mixture was stirred at room temperature for 6 h
and the crude mixture was diluted with CH,Cl, (10 mL),
washed with H,O (2X5 mL) and the aqueous phase was
extracted twice with CH,Cl, (5 mL). The organic layer was
dried over MgSO, and evaporated under vacuum and the
crude product was purified by flash-chromatography (silica
gel, AcOEt/hexanes 70:30) affording compound 18 (0.24 g,
43%) as a white solid: 162-164 °C; '"H NMR (CDCls) 6
7.72-7.69 (m, 2H), 7.35 (s, 1H), 7.21-7.20 (m, 2H), 6.32
(bs, 1H), 4.72-4.64 (m, 1H), 4.36-4.10 (m, 5H), 2.39 (s,
3H), 2.19-0.81 (m, 27H); '*C NMR (CDCl5) 6 152.8, 144.0,
143.3, 136.6-127.6 (m), 76.1, 75.8, 63.7-62.8 (m), 54.3 (d,
Upc=155.1 Hz), 47.0, 41.0, 34.0, 31.2, 26.2, 26.1, 23.3,
232, 21.9, 21.4, 20.6, 162, 16.1-13.4 (m); *'P NMR
(CDCl3) 0 164, 16.2; IR (KBr) 3297, 3138, 2959, 2919,
1752, 1520, 1215; MS (CI) m/z 560 (M +1, 100). Anal.
Calcd. for C,sH4oN3O4PS: C, 53.65; H, 7.56; N, 7.51.
Found C, 53.42; H, 7.59; N, 7.53.

3.5.14. Diethyl [2-((—)-menthyloxycarbonyl hydra-
zono)-1-(4-methoxyphenylamino)propyl] phosphonate
(19). (0.42 g, 82%) obtained as an oil from 4bc (0.42 g,
1 mmol) and 4-methoxyaniline (0.15 g, 1.2 mmol) as
described in the general procedure (method A) and addition
of amine at —40 °C. The crude product was purified by
flash-chromatography (silica gel, AcOEt/hexanes 50:50,
R;=0.48, AcOEt/hexanes 50:50): "H NMR (CDCls) 6 7.74
(bs, 1H), 6.77-6.66 (m, 4H), 4.76-4.67 (m, 1H), 4.50 (d,
2Jpn=23.0 Hz, 1H), 4.25-4.12 (m, 4H), 3.73 (s, 3H), 2.08—
0.79 (m, 27H),; 3C NMR (CDCls) 6 152.9, 153.4, 148.1,
140.5-114.7 (m), 75.8, 63.7-62.2, 59.2 (d, 'Jpc=
151.6 Hz), 55.6, 47.3, 41.1, 34.1, 31.3, 26.3, 26.1, 23.5,
23.3,21.9,20.8,20.7, 16.4, 16.3, 16.2, 16.1, 12.4; >'P NMR
(CDCl3) 6 20.7, 20.6; IR (NaCl) 3230, 2965, 1712, 1513,
1235, 1036; MS (CI) m/z 512 (M +1, 25). Anal. Calcd. for
C,sH4oN306P: C, 58.69; H, 8.27; N, 8.21. Found C, 58.73;
H, 8.24; N, 8.20.

3.5.15. Ethyl [1-(diethoxyphosphoryl)-2-((—)-menthyl-
oxycarbonyl hydrazono)propylamino] acetate (20).
(0.45 g, 92%) obtained as an oil from hydrazone 4bc
(0.42 g, 1 mmol), glycine ethyl ester hydrochloride (0.17 g,
1.2 mmol) and Et;3N (0.42 mL, 3 mmol) as described in the
general procedure (method A) and addition of primary
amine at 0 °C. The crude product was purified by flash-
chromatography (silica gel, AcOEt/hexanes 50:50, R;=
0.57, AcOEt/hexanes 50:50): '"H NMR (CDCls) 6 7.69 (s,
1H), 4.69-4.67 (m, 1H), 4.20—4.11 (m, 6H), 3.87 (d, 2Jpy=
20.6 Hz, 1H), 3.37 (s, 2H), 2.14-0.78 (m, 30 H); '>C NMR
(CDCl3) 6 170.8, 153.2, 147.1,74.6, 62.3 (d, *Jpc =5.5 Hz),
62.1 (d, 2Jpc=6.5 Hz), 61.5 (d, ' Jpc=152.6 Hz), 59.8, 48.3
(d, *Jpc=16.6 Hz), 46.5, 40.5, 33.5, 30.6, 25.4, 22.8, 21.2,
19.9, 15.6, 13.4, 12.3; *'P NMR (CDCls) 6 21.2, 21.1; IR
(NaCl) 3217, 2972, 1739, 1387, 1228, 1016; MS (CI) m/z
492 M™ +1, 8). Anal. Calcd. for C,,H4,N30,P: C, 53.75;
H, 8.61; N, 8.55. Found C, 53.59; H, 8.62; N, 8.56.



F. Palacios et al. / Tetrahedron 61 (2005) 2815-2830 2827

3.5.16. Diethyl [2-(2-(—)-menthyloxycarbonyl hydra-
zono)-1-(1-(R)-phenylethylamino)propyl] phosphonate
(21). (0.42 g, 83%) obtained as an oil from hydrazone 4bc
(0.42 g, 1 mmol) and (R)-methylbenzylamine (0.16 mL,
1.2 mmol) as described in the general procedure (method A)
and addition of primary amine at —40°C. The crude
product was purified by flash-chromatography (silica gel,
AcOEt/hexanes 50:50, R;=0.52, AcOEt/hexanes 50:50):
"HNMR (CDCls) 6 7.76 (s, 1H, minor), 7.47 (s, 1H, mayor),
7.35-7.20 (m, 5H), 4.74-4.66 (m, 1H), 4.25-3.70 (m, 5H),
3.50 (d, 2Jpy=24.9 Hz, 1H, mayor), 2.80 (bs, 1H), 2.14—
0.80 (m, 30H); '*C NMR (CDCls) 6 153.9 (minor), 147.9
(mayor), 144.9 (minor), 144.1 (mayor), 128.3—-125.9 (m),
75.7, 63.3-62.2 (m), 61.0 (d, "Jpc=153.1 Hz, minor), 59.8
(d, Jpc=154.1 Hz, mayor), 57.2 (d, Jpc=14.1 Hz,
minor), 56.2 (d, 3JpC=17.1 Hz, mayor), 47.1, 41.0, 34.0,
31.2, 26.1 (minor), 26.0 (mayor), 24.6 (minor), 23.4
(mayor), 23.2, 21.8, 20.6 (minor), 20.5 (mayor), 16.2,
16.1-13.1 (m); *'P NMR (CDCls) 6 22.7 (minor), 22.2
(mayor); IR (NaCl) 3217, 2965, 1712, 1235, 1023; MS (CI)
mlz 510 (M ™ +1, 100). Anal. Calcd. for CogH4uN;OsP: C,
61.28; H, 8.70; N, 8.25. Found C, 61.11; H, 8.74; N, 8.23.

3.5.17. Ethyl 2-(S)-[1-(Diethoxyphosphoryl)-2-((—)-
menthyloxycarbonyl hydrazono)propylamino]-3-methyl
butyrate (22). (0.42 g, 79%) obtained as an oil in a reaction
from 4be (0.42 g, 1 mmol) and L-valine ethyl ester
hydrochloride (0.22 g, 1.2 mmol) as described in the general
procedure (method A) by using Et;N (0.42 mL, 3 mmol)
and addition of amine at —40 °C. The crude product was
purified by flash-chromatography (silica gel, AcOEt/hexanes
50:50, R;=0.63, AcOEt/hexanes 50:50): 'H NMR (CDCl5)
0 7.71 (s, 1H, mayor), 7.60 (s, 1H, minor), 4.71 (bs, 1H),
4.24-4.08 (m, 6H), 3.85 (d, 2JpH=20.4 Hz, 1H, mayor),
3.29-3.12 (m, 1H, mayor and minor), 2.89 (bs, 1H), 2.36
(bs, 1H), 2.09-0.81 (m, 36H); '*C NMR (CDCls) 6 175.2
(minor), 174.7 (mayor), 153.2 (minor), 148.2 (mayor), 75.5,
74.6, 662 (d, *Jpc=16.1 Hz, minor), 64.9 (d, *Jpc=
16.1 Hz, mayor), 63.3-59.7 (m), 47.1, 41.0, 34.0, 31.2
(minor), 31.1 (mayor), 26.0, 23.3 (minor), 23.2 (mayor),
21.8, 20.5, 19.4-14.0 (m); *'P NMR (CDCl3) 6 22.1
(minor), 21.7 (mayor); IR (NaCl) 3211, 2939, 1719, 1367,
1235, 1036; MS (CI) m/z 543 (M +1, 100). Anal. Calcd.
for C,5H4gN;O,P: C, 56.27; H, 9.07; N, 7.87. Found C.
56.07; H. 9.10; N. 7.90.

3.5.18. Synthesis of diethyl (3-(S)-benzyloxy-2-oxobutyl)
phosphonate (23). To a —78 °C stirred solution of methyl
phosphonic acid diethyl ester”® (1.82 g, 12 mmol) in THF
(70 mL) was added a solution of MeLi (8.1 mL, 13 mmol)
under a nitrogen atmosphere. The mixture was stirred at the
same temperature for 1 h. Then, a solution of 2-benzyloxy
propionic acid ethyl ester”” in THF (5 mL) was added at
—78 °C, and stirred for 16 h allowing to standing from
—78 °C to room temperature. The solvent was evaporated
under vacuum and the crude reaction mixture was hydro-
lyzed by adding 10% HCI solution (15 mL) for 1 h. The
crude mixture was extracted with CH,Cl, (3 X 10 mL), the
organic phase was dried over MgSO, and evaporated under
vacuum. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt/hexanes 1:20, Ry=0.27, AcOEt/
hexanes 50:50) affording compound 23 (2.98 g, 79%) as an
oil; "H NMR (CDCls) 6 7.36-7.28 (m, SH), 4.63-4.51 (m,

2H), 4.18-4.07 (m, 5H), 3.35-3.18 (m, 2H), 1.36 (d, *Jyu=
6.8 Hz, 3H), 1.34—1.28 (m, 6H); >C NMR (CDCl5) 6 203.6
(d, 2Jpc=6.6 Hz), 137.4-127.7 (m), 80.2, 71.8, 62.3 (d,
2Jpc=6.5Hz), 36.5 (d, 'Jpc=131.3 Hz), 16.3, 16.1; *'P
NMR (CDCl;) 6 20.4; IR (NaCl) 3462, 2992, 1719, 1454,
1387, 1255; MS (CI) m/z 315 (M™* +1, 100). Anal. Calcd.
for C;5H,305P: C, 57.32; H, 7.38. Found C, 57.19; H, 7.36.
[a]®—31.4 (¢ 1.00, CH,CL,).

3.5.19. Synthesis of syn-diethyl [3-(S)-benzyloxy-2-
(benzyloxycarbonyl hydrazono)butyl] phosphonate
(24). To a stirred solution of ketone 23 (1.57 g, 5 mmol)
in MeOH (5 mL), was added benzyl carbazate 2b (1.00 g,
6 mmol) at room temperature. The mixture was refluxed for
20 h and the solvent was evaporated under vacuum. The
crude mixture was diluted in CH,Cl, (5 mL) and dried over
MgSO,. Finally, the solvent was evaporated under vacuum
to give crude product 24 which was not possible to purify
and was then used in the next step without further
purification. > 98% conversion calculated by *'P NMR
on the crude reaction mixture. (R;=0.56, AcOEt/hexanes
50:50). "H NMR (CDCl3) 6 10.3 (bs, 1H), 7.44-7.25 (m,
10H), 5.30-5.22 (m, 2H), 4.42 (dd, *Jyu=21.9 Hz, *Jyn=
11.8 Hz, 2H), 4.35 (q, *Jun=6.7 Hz, 1H), 4.13 (q, *Jun=
7.5Hz, 4H), 1.36 (d, *Juy=6.7 Hz, 3H), 1.32-1.28 (m,
6H); '°C NMR (CDCl;) 6 154.8, 138.0, 136.2-127.7, 78.6,
71.0, 67.2, 63.1-63.0 (m), 24.7 (d, "Jpc=138.5 Hz), 18.9,
16.3,16.2; *'P NMR (CDCl5) 6 24.8; IR (NaCl) 2972, 1752,
1241, 1049; MS (CI) m/z 463 M ™" +1, 100).

3.5.20. Synthesis of syn-diethyl [3-(S)-benzyloxy-2-
(benzyloxycarbonyl hydrazono)-1-chlorobutyl] phos-
phonate (25). To a stirred solution B-hydrazone 24
(4.62 g, 10 mmol) in dry carbon tetrachloride (150 mL),
was added dropwise NCS (1.50g, 11 mmol) under a
nitrogen atmosphere. Then, the mixture was stirred at
room temperature for 16 h. The crude mixture was diluted
with CH,Cl, (20 mL), washed with H,O (2X20 mL) and
the solvent was dried over MgSO, and evaporated under
vacuum. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt/hexanes 30:70, R;=0.27, AcOEt/
hexanes 50:50) affording compound 25 (2.78 g, 56%) as an
oil; 'H NMR (CDCls) 6 10.50 (bs, 1H), 10.33 (bs, 1H),
7.54-7.26 (m, 10H), 5.42-5.12 (m, 2H), 4.85-4.02 (m, 8H),
1.59 (d, *Jyg=6.9 Hz, 3H), 1.58 (d, *Juu=6.9 Hz, 3H),
1.46-1.18 (m, 6H); '*C NMR (CDCl3) 6 154.8, 153.2,
146.4, 145.7, 138.0-127.3 (m), 74.8, 73.5, 72.0, 71.7, 67.6—
63.8 (m), 55.0 (d, 'Jpc=160.0Hz), 54.6 (d, 'Jpc=
159.1 Hz), 18.6-16.2 (m); *'P NMR (CDCls) 6 15.1, 14.6;
IR (NaCl) 3297, 2972, 1752, 1500, 1222; MS (CI) m/z 497
(M™ +1, 100). Anal. Calcd. for C3H3,CIN,OP: C, 55.59;
H, 6.09; N, 5.64. Found C, 55.82; H, 6.08; N, 5.68.

3.5.21. Synthesis of 1-benzyloxycarbonyl-3-(1-(S)-benzyl-
oxyethyl)-4-diethoxyphosphoryl-1,2-diaza-1,3-butadiene
(26). To a room temperature solution of chlorohydrazone 25
(2.48 g, Smmol) in dry CH,Cl, (25 mL), was added
dropwise triethylamine (0.85 mL, 6 mmol) under nitrogen
atmosphere. The mixture was stirred at this temperature for
45 min. The crude mixture was diluted with CH,Cl,
(20 mL), washed with H,O (2X20 mL) and the aqueous
phase was extracted twice with CH,Cl, (10 mL). The
solvent was dried over MgSO, and evaporated under
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vacuum. Diaza-alkene 26 proved to be unstable to
chromatography and was then used in the next steps without
further purification. > 98% conversion calculated by *'P
NMR on the crude reaction mixture. (R;=0.62, AcOEt/
hexanes 50:50). 'H NMR (CDCl;) 6 7.48-7.24 (m, 10H),
6.95 (d, *Jpu=12.1 Hz, 1H, E), 5.72 (d, *Jpu=10.6 Hz, 1H,
Z),5.42 (s, 2H), 5.32 (s, 2H), 4.57-4.38 (m, 3H), 4.17-4.08
(m, 4H), 1.70 (s, 3H, E), 1.68 (s, 3H, Z), 1.41-1.22 (m, 6H);
"*C NMR (CDCl3) 6 (E-isomer) 169.5 (d, *Jpc=13.9 Hz),
161.3, 137.8-127.6 (m), 109.1 (d, 'Jpc=191.2 Hz), 71.3,
71.2, 70.5 (d, *Jpc=12.8 Hz), 70.2, 70.1, 62.4 (d, *Jpc=
6.0 Hz), 62.3 (d, 2Jpc=5.9 Hz), 21.0, 16.4, 16.3; *'P NMR
(CDCly) 6 14.0 (2), 13.7 (E); IR (NaCl) 2985, 1765, 1454,
1235, 1023.

3.5.22. Synthesis of syn-diethyl [1-benzylamino-3-(S)-
benzyloxy-2-(benzyloxycarbonyl hydrazono)butyl] phos-
phonate (27a). (0.43 g, 75%) obtained as an oil from
cholorohydrazone 25 (0.49 g, 1 mmol) and benzyl amine
(0.13 mL, 1.2 mmol) as described in the general procedure
for the addition of primary amines to azo-alkenes 5 (method
A) and addition of benzyl amine at —40 °C. The crude
product was purified by flash-chromatography (silica gel,
AcOEt/hexanes 50:50, R;=0.20, AcOEt/hexanes 50:50):
"H NMR (CDCls) 6 10.62 (bs, 1H), 7.38-7.26 (m, 15H),
5.31-5.22 (m, 2H), 4.62-4.58 (m, 3H), 4.25-4.13 (m, 4H),
3.92-3.70 (m, 2H), 3.47 (d, 2Jpy=24.0 Hz, 1H), 2.48 (bs,
1H), 1.53 (d, *Jyy=6.9 Hz, 3H), 1.38-1.28 (m, 6H);">C
NMR (CDCl;3) ¢ 153.4, 148.6, 139.1-127.0 (m), 77.1
(mayor), 75.5 (minor), 72.2 (mayor), 71.7 (minor), 67.2
(minor), 67.1 (mayor), 63.8 (d, 2JPC=7.O Hz, mayor), 63.3
(d, 2Jpc=6.8 Hz, minor), 63.0 (d, 2JpC=7.2 Hz, mayor),
62.8 (d, 2Jpc=7.2 Hz, minor), 60.7 (d, "Jpc=150.3 Hz,
minor), 58.1 (d, "Jpc=156.3 Hz, mayor), 52.5 (d, *Jpc=
12.7 Hz, minor), 51.1 (d, 3Jpc= 14.8 Hz, mayor), 16.6-16.3
(m); >'P NMR (CDCl3) 6 22.0 (minor), 20.5 (mayor); IR
(NaCl) 3310, 2985, 2919, 1752, 1493, 1215; MS (CI) m/z
568 (M*+1, 100). Anal. Calcd. for CsoH3gN;OgP: C,
63.48; H, 6.75; N, 7.40. Found C, 63.22; H, 6.83; N, 7.44.

3.5.23. Synthesis of syn-ethyl 3-[3-(S)-benzyloxy-2-(benzyl-
oxycarbonyl hydrazono)-1-(diethoxyphosphoryl)butyl-
amino] propionate (27b). (0.37 g, 64%) obtained as a
pale yellow oil from chlorohydrazone 25 (0.49 g, 1 mmol)
and B-alanine ethyl ester hydrochloride (0.19 g, 1.2 mmol)
as described in the general procedure for the addition of
primary amines to azo-alkenes S (method A) by using Et;N
(0.42 mL, 3 mmol) and addition of B-alanine ethyl ester
hydrochloride at 0 °C. The crude product was purified by
ﬂash-chromatograph?/ (silica gel, AcOEt/hexanes 50:50,
R;=0.40, AcOEt): 'H NMR (CDCl3) ¢ 10.51 (bs, 1H),
7.36-7.28 (m, 10H), 5.28-5.15 (m, 2H), 4.61-4.52 (m, 3H),
4.24-4.10 (m, 6H), 3.79 (d, *Jpy=23.4 Hz, 1H, minor),
3.56 (d, 3JPH=23.6 Hz, 1H, mayor), 2.96-2.76 (m, 2H),
2.50-2.46 (m, 2H), 2.30 (bs, 1H), 1.51 (d, *Jy=6.8 Hz,
3H, minor), 1.47 (d, 3JHH=6.9 Hz, 3H, mayor), 1.37-1.24
(m, 9H),; ">C NMR (CDCls) 6 172.2, 153.3 (minor), 153.2
(mayor), 148.9, 137.0-127.9 (m), 76.4, 75.2, 72.0 (mayor),
71.7 (minor), 67.0, 63.7 (d, 2JpC=6.9 Hz, mayor), 63.2 (d,
2JpC=6.9 Hz, minor), 62.9 (d, 2JpC=7.3 Hz, mayor), 62.7
(d, >Jpc=17.2 Hz, minor), 61.9 (d, 'Jpc=149.7 Hz, minor),
60.4, 60.3, 60.2 (d, ' Jpc= 154.2 Hz, mayor), 44.3 (d, *Jpc =
15.2 Hz, mayor), 44.2 (d, *Joc = 13.3 Hz, minor), 35.1, 34.7,

16.4, 16.3, 14.1; *'P NMR (CDCls) 6 21.7 (minor), 20.0
(mayor); IR (NaCl) 3310, 2979, 1725, 1500, 1228, 1023;
MS (CI) m/z 578 (MT +1, 100). Anal. Calcd. for
CogHaoN;OgP: C, 58.22; H, 6.98; N, 7.27. Found C,
58.39; H, 7.01; N, 7.28.

3.5.24. Synthesis of syn-diethyl [3-(S)-benzyloxy-2-(benzyl-
oxycarbonyl hydrazono)-1-(4-methoxyphenylamino)
butyl] phosphonate (27c¢). (0.48 g, 83%) obtained as a
pale yellow oil from cholorohydrazone 25 (0.49 g, 1 mmol)
and p-anisidine (0.15g, 1.2 mmol) as described in the
general procedure for the addition of primary amines to azo-
alkenes 5 (method A), and addition of p-anisidine at 0 °C.
The crude product was purified by flash-chromatography
(silica gel, AcOEt/hexanes 50:50, R;=0.15, AcOEt/hexanes
50:50): '"H NMR (CDCls) 6 10.40 (bs, 1H), 7.44-6.70 (m,
14H), 5.28 (d, *Jun=12.2 Hz, 1H), 5.18 (d, *Jun=12.1 Hz,
1H), 4.57-4.20 (m, 8H), 3.75 (s, 3H), 1.92 (bs, 1H), 1.42 (d,
3 Jun=6.9 Hz, 3H), 1.35-1.26 (m, 6H); '*C NMR (CDCl5) 6
153.1, 149.1, 140.4-114.7 (m), 75.0, 71.7, 67.1, 64.0 (d,
2Jpc=7.0Hz), 633 (d, Jpc=7.5Hz), 57.1 d, "Jpc=
154.1 Hz), 55.6, 16.6-16.2 (m); *'P NMR (CDCl;) 6 20.5
(minor), 19.8 (mayor); IR (NaCl) 3303, 2979, 1759, 1513,
1228; MS (CI) m/z 584 (M* +1, 100). Anal. Calcd. for
C30H38N307P: C, 6174, H, 656, N, 7.20. Found C, 6192,
H, 6.59; N, 7.18.

3.5.25. Synthesis of syn-ethyl 4-[3-(S)-benzyloxy-2-(benzyl-
oxycarbonyl hydrazono)-1-(diethoxyphosphoryl)butyl-
amino] benzoate (27d). (0.48 g, 77%) obtained as a pale
yellow oil from cholorohydrazone 25 (0.49 g, 1 mmol) and
ethyl 4-aminobenzoate (0.20 g, 1.2 mmol) as described in
the general procedure for the addition of primary amines to
azo-alkenes 5 (method A) and addition of ethyl 4-
aminobenzoate at 0 °C. The crude product was purified by
flash-chromatography (silica gel, AcOEt/hexanes 50:50,
Ry=0.30, AcOEt/hexanes 50:50): "H NMR (CDCl5) 6 10.41
(bs, 1H), 7.92-6.74 (m, 14 H), 5.34-5.21 (m, 2H), 4.58-4.54
(m, 4H), 4.37-4.17 (m, 6H), 2.02 (bs, 1H), 1.48 (d, *Jyu=
6.9 Hz, 3H), 1.40-1.28 (m, 9H); '3*C NMR (CDCl5) 6 166.5,
153.2, 150.0, 136.5-112.8 (m), 75.0, 71.8, 67.3, 64.1 (d,
2Jpc=7.0 Hz), 63.4 (d, *Jpc=7.6 Hz), 60.3, 55.7 (d, "Jpc =
154.0 Hz), 16.7-14.3 (m); *'P NMR (CDCl;) 6 19.6
(minor), 18.9 (mayor); IR (NaCl) 3270, 1706, 1606, 1487,
1281; MS (CI) m/z 626 (M™* +1, 100). Anal. Calcd. for
C3,HyoN3OgP: C, 61.43; H, 6.44; N, 6.72. Found C, 61.31;
H, 6.42; N, 6.75.

3.5.26. Synthesis of syn-methyl 2-(S)-[3-(5)-benzyloxy-2-
(benzyloxycarbonyl hydrazono)-1-(diethoxyphosphoryl)
butylamino]-3-methyl butyrate (28a). (0.51 g, 87%)
obtained as a pale yellow oil from cholorohydrazone 25
(0.49 g, 1 mmol) and L-valine methyl ester hydrochloride
(0.20 g, 1.2 mmol) as described in the general procedure for
the addition of primary amines to azo-alkenes 5 (method A)
by using Et;N (0.42 mL, 3 mmol) and addition of L-valine
at 0 °C. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt/hexanes 50:50, Rg=0.41, AcOEt/
hexanes 50:50): "H NMR (CDCl3) 6 10.5 (bs, 1H, mayor),
10.3 (bs, 1H, minor), 7.37-7.28 (m, 10H), 5.28-5.14 (m,
2H), 4.62-4.50 (m, 3H), 4.28-4.17 (m, 4H), 3.71 (s, 3H,
mayor), 3.67 (s, 3H, minor), 3.59 (d, 2.]1>H=20.4 Hz, 1H,
mayor), 3.50 (d, 2Jpy=20.4 Hz, 1H, minor), 3.12 (d, *Jun=
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5.1 Hz, 1H, mayor), 2.52 (bs, 1H), 2.10-2.00 (m, 1H), 1.51
(d, *Jyu=16.8 Hz, 3H, minor), 1.46 (d, *Jgu=6.9 Hz, 3H,
mayor), 1.38-1.27 (m, 6H), 1.00-0.96 (m, 6H); >°C NMR
(CDCl3) 6 174.3 (minor), 173.9 (mayor), 154.8 (mayor),
153.3 (minor), 148.1 (mayor), 147.7 (minor), 137.1-128.1
(m), 76.8 (mayor), 75.7 (minor), 72.1 (mayor), 71.6 (minor),
71.4 (minor), 67.1(mayor), 65.8 (d, *Jpc = 13.7 Hz, mayor),
65.7 (d, *Jpc=7.4 Hz, minor), 63.9-63.0 (m), 60.3 (d,
Jpc=155.7 Hz, minor), 58.4 (d, 'Jpc=151.6 Hz, mayor),
51.5, 31.5 (minor), 31.4 (mayor), 19.2-13.7 (m); *'P NMR
(CDCl3) 6 21.3 (minor), 19.6 (mayor); IR (NaCl) 3303,
2972, 1752, 1507, 1215; MS (CI) m/z 592 M ™ +1, 100).
Anal. Calcd. for C,oH4,N3OgP: C, 58.87; H, 7.16; N, 7.10.
Found C, 58.71; H, 7.13; N, 7.10.

3.5.27. Synthesis of syn-methyl 2-(S)-[3-(S)-benzyloxy-2-
(benzyloxycarbonyl hydrazono)-1-(diethoxyphosphoryl)
butylamino]-3-phenyl propionate (28b). (0.52 g, 81%)
obtained as an oil from cholorohydrazone 25 (0.49 g,
I mmol) and L-phenylalanine methyl ester hydrochloride
(0.26 g, 1.2 mmol) as described in the general procedure for
the addition of primary amines to azo-alkenes S (method A)
by using EtzN (0.42 mL, 3 mmol) and addition of L-
phenylalanine methyl ester hydrochloride at —40 °C. The
crude product was purified by flash-chromatography (silica
gel, AcOEt/hexanes 50:50, R;=0.37, AcOEt/hexanes
50:50): 'H NMR (CDCls) 6 10.49 (bs, 1H), 7.37-7.16 (m,
15H), 5.29-5.19 (m, 2H), 4.54-4.45 (m, 3H), 4.24-3.76
(m, 5H), 3.73 (s, 3H, mayor), 3.63 (s, 3H, minor), 3.14-2.86
(m, 3H), 1.81 (bs, 1H), 1.49 (d, *Jun=06.8 Hz, 3H, minor),
1.39 (d, *Jy1=6.9 Hz, 3H, mayor), 1.36-1.22 (m, 6H); '°C
NMR (CDCl3) 6 173.5, 153.3, 148.3, 137.2-126.7 (m), 76.5
(mayor), 75.7 (minor), 72.0 (mayor), 71.6 (minor), 67.2
(minor), 67.1 (mayor), 63.8 (d, 2Jpc=7.3 Hz, mayor), 63.3
(d, 2JpC=7.2 Hz, mayor), 63.1 (d, 2JPC=7.O Hz, minor),
63.0 (d, *Jpc=7.2 Hz, minor), 61.3 (d, *Jpc=13.8 Hz,
mayor), 61.2 (d, 3JpC=6.7 Hz, minor), 59.6 (d, IJPC:
153.3 Hz, minor), 58.9 (d, lJpc=151.2 Hz, mayor), 55.8,
41.1 (mayor), 39.6 (minor), 16.5-16.3 (m); *'P NMR
(CDCl3) 6 21.1 (minor), 19.5 (mayor); IR (NaCl) 3297,
2932, 1739, 1493, 1215; MS (CI) m/z 640 M ™ +1, 100).
Anal. Calcd. for C33H4,N;04P: C, 61.96; H, 6.62; N, 6.57.
Found C, 62.12; H, 6.61; N, 6.56.

3.5.28. Synthesis of syn-methyl 2-(R)-[3-(S)-benzyloxy-2-
(benzyloxycarbonyl hydrazono)-1-(diethoxyphosphoryl)
butylamino]-3-methyl butyrate (28c). (0.34 g, 57%)
obtained as a yellow oil from cholorohydrazone 25
(0.49 g, 1 mmol) and D-valine methyl ester hydrochloride
(0.20 g, 1.2 mmol) as described in the general procedure for
the addition of primary amines to azo-alkenes 5 (method A)
by using EtzN (0.42 mL, 3 mmol) and addition of D-valine
at 0 °C. The crude product was purified by flash-chromato-
graphy (silica gel, AcOEt/hexanes 50:50, Ry=0.24, AcOEt/
hexanes 50:50): 'H NMR (CDCl3) 6 (mayor diastereo-
isomer) 10.5 (bs, 1H), 7.73-7.28 (m, 10H), 5.27-5.15 (m,
2H), 4.59-4.54 (m, 3H), 4.27-4.21 (m, 4H), 3.62 (s, 3H),
3.49 (d, 2Jpy=19.7 Hz, 1H), 3.26 (bs, 1H), 2.84 (bs, 1H),
2.06-1.82 (m, 1H), 1.45 (d, *Jyy=6.9 Hz, 3H), 1.38-1.27
(m, 6H), 0.99-0.98 (m, 6H); *C NMR (CDCls) & (mayor
diastereoisomer) 174.7, 154.8, 148.7, 137.1-128.0 (m),
77.0, 72.0, 67.2 (d, *Jpc=8.7 Hz), 67.0, 63.8 (d, *Jpc=
7.4 Hz), 63.1 (d, *Jpc=7.3 Hz), 59.7 (d, 'Jpc=159.7 Hz),

51.5, 31.7. 19.3-14.0 (m); *'P NMR (CDCl3) 6 (mayor
diastereoisomer) 19.7; IR (NaCl) 3317, 2959, 1739, 1500,
1222; MS (CD) m/z 592 (M* +1, 100). Anal. Calcd. for
CaoH4oN;05P: C, 58.87; H, 7.16; N, 7.10. Found C, 59.03;
H, 7.18; N, 7.08. [a]®—28.7 (¢ 0.60, CH,Cl,).
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Abstract—A simple and effective procedure for the enantioselective synthesis of several $-adrenergic blocking agents incorporating the first
asymmetric synthesis of celiprolol, is described. The key steps are (i) sharpless asymmetric dihydroxylation of aryl allyl ethers to introduce
chirality into the molecules and (ii) conversion of cyclic sulfates into the corresponding epoxides using a three-step procedure.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

B-Adrenergic blocking agents (B-blockers) are important
drugs widely used for the treatment of hypertension, angina
pectoris, glaucoma, anxiety and obesity. The discovery of
propranolol (1a), the first successful drug having antianginal
and antihypertensive effects, prompted the synthesis of
many thousands of compounds containing an aryloxy-
propanolamine moiety.' The three fundamental goals of
cardiovascular drugs are: lowering of blood pressure
(antihypertensive), return of the heart to rhythmic beating
(antiarrhythmics) and the general improvement of the heart
muscle tone (cardiotonics).2 Biochemically, the mechanism
of action involves the adrenergic system in which the
hormonal system provides the communication link between
the sympathetic nervous system and involuntary muscle.’
Blocking of the B-receptor system reduces the overall

SRS ¢ :
O OV'\/NT/ Ar/O\/'\/NHR s

1a : (S)-Propranolol

1b: Ar = 2-methoxyphenyl, R=Pr, (S)-Moprolol

activity of the sympathetic nervous system. -Blockers are
thus used to increase life expectancy after heart attack.
Biological systems, in most cases, recognize the members of
a pair of enantiomers as different substances, and the two
enantiomers will exhibit different responses. It has been
shown for many pharmaceuticals that only one enantiomer
contains all the desired activity, and the other is either
totally inactive or highly toxic. Although (S)-isomers are
known to be much more effective (100-500-fold) than the
(R)-isomer,* these antihypertensive drugs are presently sold
as racemic mixtures. To avoid unnecessary stress or in some
cases toxicity to an organism caused by the (R)-isomers, the
administration of optically pure (S)-isomer is desirable.

In the literature, there are several reports available for the
synthesis of B-blockers (la—g)5 (Fig. 1) which include
classical resolution via diastereomers, chromatographic

(0]
OH

O\/'\/NHtBu

ELNH™ N
H

1g : (S)-Celiprolol

1c: Ar = 3-methylphenyl, R=Pr, (S)-Toliprolol
1d: Ar = 2-cyanophenyl, R='Bu, (S)-Bunitrolol
1e: Ar = 4-acetamidophenyl, R="Pr, (S)-Practolol
1f: Ar = 2,3-dimethylphenyl, R=Bu,(S)-Xibenolol

Figure 1.

Keywords: Antihypertensive; Asymmetric dihydroxylation; Epoxides; Cyclic sulfates.
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Figure 2. Retrosynthetic analysis of B-adrenergic blocking agents (A).

separation of enantiomers, enzymatic resolution, kinetic
resolution and asymmetric synthesis via chiral pool strategy.
Furthermore, many of these methods suffer from dis-
advantages such as low overall yields, use of expensive
enzymes and resolving agents, low optical purity, the need
for separation of diastereomers and the use of expensive
chiral catalysts. In order to develop a new general route for
the asymmetric synthesis of B-adrenergic blockers with
good optical purity and yield, we decided to make use of
sharpless asymmetric dihydroxylation (AD) and chemistry
of chiral 1,2- cyclic sulfates.® Herein, we report catalytic
enantioselective synthesis of seven such B-blockers (1a-g)
from readily available starting materials (Fig. 1).

2. Results and discussion

Retrosynthetic analysis of these PB-adrenergic blocking
agents (A) is shown in Figure 2. There are three possible
disconnections at the a, b and ¢ bonds. Most of the previous
synthetic routes are based on the disconnection of bonds at
either a or b.

The general synthetic scheme we have employed for the
synthesis of (S)-propranolol (1a), (S)-moprolol (1b), (S)-
toliprolol (1¢), (S)-bunitrolol (1d), (S)-practolol (1e), (S)-
xibenolol (1f) and (S)-celiprolol (1g) is presented in
Scheme 1.

Allylation of phenols 2a—g (2a= a-naphthol, 2b=2-meth-
oxyphenol, 2¢ = 3-methylphenol, 2d =2-cyanophenol, 2e =

OH

Ar—OH i Ar/o\/\ ii Ar/o OH _lii, iV

2a-g 3a-g 4 a-g (73-90%ee)

N_o
o OH
v-vii 0 viii 0 NHR
o e} — -
A \/'\/ Arzo\/<l Ar
5a R =Prior Bu!
g 6a-g la-g

Scheme 1. (i) K,CO3;, CH,=CHCH,Br, acetone, reflux, 12 h, 97-99%;
(ii) cat. OsO4, (DHQD),-PHAL, K;3Fe(CN)g, K,CO;, -BuOH/H,0, 0 °C,
12 h, 94-98%, 73-90% ee; (iii) SOCl,, Et3N, CH,Cl,, 0 °C, 40 min. 96—
99%; (iv) cat. RuClz 3H,0, NalO4, CH3;CN:H,0, 0 °C, 30 min. 94-98%;
(v) LiBr, THF 25°C, 2-3h; (vi) 20% H,SO,4 Et,0, 25°C, 10h;
(vii) K,CO3, MeOH, 0 °C, 2 h, 80-85% overall in three steps; (viii) R-NH,,
H>O (cat.), reflux, 2 h, 99%.

OH

Hroutec
roly
PPV
J\ route a
wor + NN EEE a0 AN
0 I

(A)

a0” >+

\ ArO/\/\p

route b

4-acetamidophenol, 2f=2,3-dimethylphenol, 2g=2-
hydroxy, 4-nitro- acetophenone) with allyl bromide gave
allyl ethers 3a—g in >97% yield.

These allylic ethers 3a—g were then subjected for the Os-
catalyzed sharpless asymmetric dihydroxylation (AD) using
(DHQD),-PHAL (hydroquinidine 1,4-phthalazinediyl
diether) as chiral ligand in the presence of K;Fe(CN)g/
K,COj; as co-oxidant to give the enantiomerically enriched
diols 4a—g. The diols 4a—g were then treated with freshly
distilled SOCl,, Et;N in CH,Cl, at 0 °C to afford cyclic
sulfites in 96-99% yield as 1:1 diastereomeric mixture. The
formation of cyclic sulfite was clearly evident from the
appearance of multiplets at 6 4.00-5.50 in its '"H NMR
spectrum. The cyclic sulfites of the corresponding diols
were then converted into cyclic sulfates Sa—g in 94-98%
yield using RuCls-catalyzed oxidation. The 'H NMR
spectrum of cyclic sulfates Sa—g showed the disappearance
of several multiplets at ¢ 4.25-4.32, 4.72—-4.86 and at 5.22—
5.26 due to diastereomeric mixtures of cyclic sulfites.
Finally, the cyclic sulfates Sa—g were subjected to
nucleophilic displacement with appropriate amine nucleo-
philes followed by hydrolysis of the resulting salts to afford
the corresponding P-blockers 1(a—g), respectively. How-
ever, these reactions resulted in very low yields of the final
B-blockers (yields were often less than 30%). Hydrolysis of
the salts of cyclic sulfates using various reaction conditions
such as 20% H,SOy4 in ether, 50% H,SO, in ether, concd
HCl, 20% aq NaOH and 50% aq NaOH was conducted but
all of them failed to improve the yields of the final products.
Hence, we decided to convert these cyclic sulfates Sa—g into
the corresponding epoxides 6a—g using a three-step
procedure. Thus, cyclic sulfates Sa—g were first treated
with anhydrous LiBr, followed by treatment with 20% aq
H,SO, in ether to give the corresponding bromoalcohols.
These were then treated with anhydrous K,CO5 in MeOH at
0°C to afford the corresponding epoxides 6a—g in high
overall yields (80-85% in three steps).’

Finally the epoxides 6a—g were then subjected to regio-
specific nucleophilic opening with the respective amines to
furnish the corresponding B-blockers 1(a—g) in excellent
yields and enantiomeric excess (up to 99%). In case of
celiprolol, the nitro group was hydrogenated at 20 psi H,
pressure with 10% Pd/C as catalyst at room temperature to
get the amine which was condensed with diethyl carbomyl
chloride (DECC) to afford the corrosponding (S)-celiprolol.
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3. Conclusion

In conclusion, we have developed a simple and efficient
protocol for the asymmetric synthesis of seven B-blockers
namely (S)-propranolol (1a) (67% overall yield, 90% ee),
(S)-moprolol (1b) (74% overall yield, 68% ee), (S)-
toliprolol (1¢) (77% overall yield, 78% ee), (S)-bunitrolol
(1d) (35% overall yield, 60% ee), (S)-practolol (1e) (31%
overall yield, 82% ee), (S)-xibenolol (1f) (35% overall
yield, 67% ee), and (S)-celiprolol (1g) (33% overall yield,
97% ee) in eight steps starting from the corresponding
phenols 2a—g. The asymmetric synthesis of celiprolol has
been achieved for the first time.

4. Experimental
4.1. General information

Solvents were purified and dried by standard procedures
before use; petroleum ether of boiling range 60-80 °C was
used. Melting points are uncorrected. Optical rotations were
measured using sodium D line on a JASCO-181 digital
polarimeter. Infrared spectra were recorded on Shimadzu
FTIR-8400 spectrometer. '"H NMR and '*C NMR were
recorded on Bruker AC-200 and MSL-300 NMR spec-
trometers, respectively. Mass spectra were obtained with a
Finnigan MAT-1020 B-70 eV mass spectrometer. Elemen-
tal analysis was carried out on a Carlo Erba CHNS-O
analyzer. Enantiomeric excess was determined by chiral
HPLC or by using chiral shift reagent Eu-(hfc);.

4.2. Preparation of allyl phenyl ethers 3a—g

A mixture of one of the phenols 2a-g (10 mmol),
allylbromide (12 mmol) and anhydrous K,CO3 (15 mmol)
in dry acetone (20 mL) was refluxed under N, for 20 h
(reactions monitored by TLC). The reaction mixture then
cooled to room temperature, filtered through sintered funnel
to remove solid residue and the filtrate was evaporated to
dryness. The residue was purified by column chromato-
graphy using pet. ether/EtOAc (9:1) as eluent to get pure
allyl phenyl ethers 3a—g in 85-99% yield.

4.2.1. Allyl 1-naphthyl ether (3a). Yield: 1.78 g, 97%;
gum; IR (neat, Cm_l): 744, 927, 999, 1012, 1028, 1125,
1200, 1260, 1458, 1520, 2829, 2930; '"H NMR (200 MHz,
CDCls): 6=4.68 (2H, d, J=4.0 Hz), 5.29-5.54 (2H, m),
6.08-6.24 (1H, m), 6.78 (1H, d, J=8.1 Hz), 7.34-7.49 (4H,
m), 7.76-7.81 (1H, m), 8.29-8.34 (1H, m); >C NMR
(50 MHz, CDCls): 6=68.6, 104.9, 117.0, 120.2, 122.0,
125.0, 125.7, 126.2, 127.3, 133.2, 134.4, 154.2; Analysis:
C3H,0 requires C, 84.75; H, 6.57; found C, 84.69; H,
6.51%.

4.2.2. Allyl 2-methoxyphenyl ether (3b). Yield: 1.62 g,
99%; gum; IR (neat, cm_l): 742, 927, 997, 1026, 1124,
1224, 1251, 1454, 1504, 1593, 2835, 2935; 'H NMR
(200 MHz, CDCls): 6=3.85 (3H, s), 4.57-4.67 (2H, m),
5.24-5.45 (2H, m), 6.00-6.24 (1H, m), 6.87-6.90 (4H, m);
13C NMR (50 MHz, CDCls): 6=55.5, 69.5, 111.5, 113.4,
117.5, 120.4, 121.0, 133.2, 147.8, 149.2; MS m/z (% rel
intensity): 164 (M, 80), 149 (10), 123 (94), 109 (25), 95

(100), 80 (30), 77 (95), 65 (25); Analysis: C;oH;,0,
requires C, 73.15; H, 7.37; found C, 73.28; H, 7.34%.

4.2.3. Allyl 3-methylphenyl ether (3c). Yield: 1.43 g, 97%;
gum; IR (neat, cm_l): 670, 738, 780, 927, 1020, 1127,
1224, 1260, 1458, 1490, 1510, 1594, 2859, 2945; '"H NMR
(200 MHz, CDCls): 6=2.36 (3H, s), 4.49-4.55 (2H, m),
5.25-5.48 (2H, m), 5.97-6.21 (1H, m), 6.75-6.79 (3H, m),
7.16 (1H, s); '*C NMR (50 MHz, CDCl;): 6=21.3, 68.5,
111.4, 115.4, 117.2, 121.5, 129.0, 133.4, 139.2, 158.5; MS
m/z (% rel intensity): 148 (M ™, 50), 133 (60), 119 (65), 105
(70), 91 (100), 77 (50); Analysis: C;oH;,0 requires C,
81.04; H, 8.16; found C, 81.12; H, 8.21%.

4.2.4. Allyl 2-cyanophenyl ether (3d). Yield: 1.54 g, 97%;
gum; IR (CHCls, cm™Y): 3082, 2925, 2227, 1598, 1579,
1490, 1450, 1425, 1290, 1259, 1234, 1166, 1110, 995, 933,
788, 756, 732; 'H NMR (200 MHz, CDCl)): 6=4.66 (2H,
d, J=2.0 Hz), 5.31-5.36 (1H, m), 5.44-5.53 (1H, m), 5.90-
6.20 (1H, m), 6.90-7.10 (2H, m), 7.45-7.65 (2H, m); "°C
NMR (50 MHz, CDCl;3): 6=69.1, 101.8, 112.5, 116.0,
117.7, 120.6, 131.6, 133.3, 134.0, 159.9; MS (m/z, RI): 159
M™, 100), 158 (98), 143 (5), 130 (14), 119 (20), 118 (18),
104 (7),92 (21),90 (22), 82 (6), 76 (12), 69 (7), 64 (16), 58
(8); Analysis: C;oHoINO requires C, 75.45; H, 5.69; N, 8.79;
found C, 75.41; H, 5.79; N, 8.78%.

4.2.5. Allyl 4-acetamidophenoxy ether (3e). Yield: 1.81 g,
95%; crystalline solid; mP: 100-102 °C (EtOAc and
hexane); IR (CHCl3;, cm™ '): 3298, 3020, 2962, 1685,
1605, 1589, 1514, 1435, 1280, 1217, 1118, 850; 'H NMR
(200 MHz, CDCl3): 6=2.14 (3H, s), 451 (QH, d, J=
4.0 Hz), 5.20 (1H, d, J=12.0 Hz), 5.35 (1H, d, J=16.0 Hz),
5.95-6.20 (1H, m), 6.80 (2H, d, J=8.0 Hz), 7.30 2H, d, J=
8.0 Hz), 7.50 (br s, 1H); '*C NMR (50 MHz, CDCl5): 6=
33.0, 72.3, 79.1, 79.4, 123.7, 130.2, 141.8, 164.1, 177.2;
Mass (m/z, RI): 191 (M, 18), 190 (6), 150 (12), 149 (5),
109 (11), 108 (100), 95 (3), 80 (12), 65 (4), 57 (5); Analysis:
C11H;3NO; requires C, 69.09; H, 6.85; N, 7.34; found
69.13; H, 6.87; N, 7.32%.

4.2.6. Allyl 2,3-dimethylphenyl ether (3f). Yield: 1.37 g,
85%; gum; IR (CHCls, cm ™ Y): 2935, 1593, 1503, 1454,
1251, 1224, 1178, 1026, 997, 927, 1593, 1503, 1454, 1251,
1224, 1178, 1026, 997, 927, 742; 'H NMR (200 MHz,
CDCl): 6=2.17 (3H, s), 2.26 (3H, s), 4.49-4.51 (2H, m),
5.22 (1H, d, J=10.0 Hz), 5.40 (1H, d, J=16.0 Hz), 5.99-
6.13 (1H, m), 6.66 (1H, d, J=8.0Hz), 6.7(1H, d, J=
16.0 Hz), 6.98-7.02 (1H, m); '*C NMR (50 MHz, CDCl5):
0=11.6, 19.9, 68.9, 109.2, 116.6, 122.3, 125.3, 125.6,
133.8, 137.8, 156.5; Mass (m/z, RI): 162 (M ™, 32), 147 (35),
119 (54), 103 (22), 91 (100), 77 (88), 65 (15); Analysis:
C;1H 40 requires C, 81.44; H, 8.70%; found: C, 81.31; H,
8.48%.

4.2.7. Allyl-2-acetyl-4-nitrophenyl ether (3g). Yield: 2 g,
95%; white solid; mp: 78-80 °C; IR (CHCl;, cm ™~ 1): 3020,
2405, 1690, 1523, 1345, 1275, 1215, 1117, 756, 667; 'H
NMR (200 MHz, CDCl5): 6=2.66 (3H, s), 4.78 (2H, d, J=
4.0 Hz), 5.38-5.52 (2H, m), 6.00-6.19 (1H, m), 8.31-8.42
(2H, m), 8.61 (1H, d, J=2.0 Hz); >*C NMR (50 MHz,
CDCls): 6=31.4, 70.1, 112.9, 119.2, 126.0, 128.3, 131.0,
141.0, 159.5, 161.9, 196.9; Analysis: C;H,NO, requires
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C, 59.72; H, 5.011, N, 6.33; found: C, 59.79; H, 5.43; N,
6.48%.

4.3. Preparation of 1-(aryloxy)-2,3-dihydroxypropane
4a-g

A 100 mL RB flask was charged with K;Fe(CN)g
(18.0 mmol), K,COjz (18.0 mmol), (DHQD),-PHAL
(0.24 mmol) and #-BuOH/H,O (1:1, 60 mL) and the
resulting mixture was stirred for 10 min at 25 °C. It was
then cooled to 0°C and a solution of OsO,; (256 uL,
0.124 mmol, 0.5 M solution in toluene) was added. The
resulting reaction mixture was stirred at 0 °C for 5 min and
then one of the olefins 3a—g (6 mmol) was added. The
reaction mixture was stirred at 0 °C for 20-22 h (monitored
by TLC). It was quenched with sodium sulfite (4.0 g) and
extracted with ethyl acetate (4 X25 mL). Combined organic
extracts were washed with brine (20 mL), dried over
anhydrous Na,SO, and evaporated under reduced pressure.
The crude product was purified by column chromatography
using 50% EtOAc in pet. ether as eluent to yield pure diols
4a—g as white solids in 84-98% yield.

4.3.1. (25)-1-(1-Naphthoxy)-2,3-propanediol (4a). Yield:
1.25 g, 96%; white solid; mp: 113-114 °C; [a]ZSD: +6.10 (¢
1.1, MeOH), (lit.® +4.01 (¢ 1.1, MeOH), 60% ee); HPLC:
91% ee, Chiralcel OD-H, 5% EtOH/hexane, 1 mL/min.
Retention time: (R): 13.23 min, (S): 16.55 min; IR (CHCl;,
cm ™ 1): 740, 780, 845, 993, 1020, 1130, 1257, 1379, 1390,
1458, 1515, 1598, 2845, 2910, 3280; '"H NMR (200 MHz,
CDCl5): 6=3.55 (1H, br s), 3.80-3.95 (3H, m), 4.10-4.25
(3H, m), 6.83 (1H, d, J=6.1 Hz), 7.32-7.49 (4H, m), 7.77—
7.81 (1H, m), 8.24-8.29 (1H, m); >C NMR (50 MHz,
CDCl,): 6=63.7, 69.1, 70.4, 104.8, 120.3, 121.7, 124.9,
125.4, 125.6, 126.2, 127.2, 134.3, 154.2; MS m/z (% rel
intensity): 218 M, 70), 144 (100), 127 (10), 115 (43), 89
(7), 77 (5); Analysis: C13H;405 requires C, 71.54; H, 6.47,
found C, 71.52; H, 6.49%.

4.3.2. (25)-1-(2-Methoxyphenyl)-2,3-propanediol (4b).
Yield: 1.1g, 94%; white solid; mp: 101-102 °C; [a]®p:
+6.70 (¢ 1.1, MeOH), 73% ee (lit.” +5.8 (¢ 1.1, MeOH),
63% ee); HPLC: 73% ee, Chiralcel OD-H, 5% EtOH/
hexane, 1 mL/min. Retention time: (R): 11.18 min, (S):
15.21 min; IR (CHCl;, cmfl): 744, 837, 993, 1022, 1128,
1257, 1377, 1456, 1510, 1593, 2854, 2953, 3234; '"H NMR
(200 MHz, CDCls): 6=3.75-3.84 (2H, m), 3.86 (3H, s),
4.04-4.17 (3H, m), 6.90-6.97 (4H, m); '*C NMR (50 MHz,
CDCls): 6=55.9, 63.2, 69.8, 70.6, 111.5, 113.6, 120.6,
121.1, 147.7, 148.9, 159.4; MS m/z (% rel intensity): 198
(M™, 28), 149 (10), 124 (100), 109 (80), 77 (13); Analysis:
C0H404 requires C, 60.60; H, 7.12; found C, 60.56; H,
7.14%.

4.3.3. (25)-1-(3-Methylphenyl)-2,3-propanediol (4c).
Yield: 1.06 g, 98%; white solid; mp: 61-62 °C; [a]*'p:
+7.86 (¢ 1, EtOH) 80% ee (1it.'"® +9.5 (¢ 1, EtOH) 97%
ee); HPLC: 80% ee, Chiralcel OD-H, 5% EtOH/hexane,
1 mL/min. Retention time: (R): 19.18 min, (S): 24.15 min;
IR (CHCls, cm ™~ '): 690, 775, 933, 1055, 1159, 1259, 1290,
1453, 1490, 1585, 1602, 2877, 2927, 3390; 'H NMR
(200 MHz, CDCl3): 6=2.30 (3H, s), 3.65-3.80 (2H, m),
4.00-4.25 (3H, m), 6.66-6.85 (3H, m), 7.20-7.30 (1H, m);

3C NMR (50 MHz, CDCl;): 6=21.2, 63.4, 68.8, 70.4,
111.2, 115.1, 121.7, 129.0, 139.2, 158.2; MS m/z (% rel
intensity): 182 (M, 30), 133 (12), 121 (18), 109 (100), 92
(23), 77 (20); Analysis: C1gH405 requires C, 65.92; H,
7.74; found C, 65.86; H, 7.79%.

4.3.4. (25)-1-(2-Cyanophenoxy)-2,3-propanediol (4d).
Yield: 960 mg, 84%; white solid; mp: 140-142 °C (hexane
and EtOAc); [a]®p: +21.8 (¢ 0.5, EtOH); 65% ee, (lit."!
[a]®p +9.4 (c 0.49, EtOH) for 28% ee); IR (CHCl,,
cm™ 1): 3421, 3018, 2229, 1598, 1492, 1450, 1290, 1215; '"H
NMR (200 MHz, CDCly)): 6=3.50-3.90 (4H, m), 4.10-
4.25 (3H, m), 7.90-7.05 (2H, m), 7.45 (1H, d, J=8.0 Hz);
13C NMR (50 MHz, CDCl5): 6=63.2, 69.8, 70.0, 101.4,
112.4, 116.5, 120.9, 133.3, 134.5, 160.2; MS (m/z, RI): 193
M, 10), 162 (12), 149 (4), 133 (38), 119 (100), 104 (42),
91 (80), 85 (4), 75 (16), 64 (22), 57 (12); Analysis:
C0H1NOj3 requires C, 62.17; H, 5.73; N, 7.25; found C,
62.10; H, 5.75; N, 7.25%.

4.3.5. (25)-1-(4-Acetamidophenoxy)-2,3-propanediol
(d4e). Yield: 1.14 g, 85%; white solid; mp: 142-144 °C
(EtOAc); [a]®p +7.0 (¢ 1.0, EtOH); HPLC; 80% ee,
Chiralcel OD-H, A=254nm, 10% 2-propanol/hexane,
1 mL/min. Retention time: (§) 11.464. (R) 17.358 min; IR
(CHClLs, cm ™ 1): 3321, 3240, 3138, 3077, 2941, 2882, 1663,
1604, 1554, 1514, 1414, 1284, 1254, 1113, 1050; '"H NMR
(200 MHz, DMSO-dg): 6=2.10 (3H, s), 3.60-3.75 (2H, m),
3.90-4.05 (3H, m), 4.24 (1H, br s), 4.45 (1H, br s), 6.84 (2H,
d, J=8.0 Hz), 7.46 (2H, d, J=8.0 Hz), 9.35 (1H, br s); '°C
NMR (50 MHz): 6=23.4, 62.7, 69.8, 69.8, 114.1, 120.6,
132.1, 154.5; Mass (m/z, RI): 225 (M, 10), 183 (4), 151
(16), 135 (4), 117 (5), 110 (8), 109 (100), 108 (15), 93 (7),
74 (4), 65 (8), 60 (6), 57 (15); Analysis: C;H;5NO4 requires
C, 58.63; H, 6.71; N, 6.22; found C, 58.63; H, 6.79; N,
6.26%.

4.3.6. (25)-1-(2,3-Dimethylphenoxy)-2,3-dihydroxy-
propane (4f). Yield: 1.1 5g, 94%; colourless solid; mp:
104-105 °C (EtOH); [a]*p +4.25 (¢ 1.0, CHCly); IR
(CHCls, cm™1): 3431-3414, 3019, 2400, 1639, 1215, 751;
"H NMR (200 MHz, CDCl5): 6=2.14 (3H, s), 2.27 (3H, s),
2.55 (OH, brs), 3.0 (OH, br s), 3.77-3.90 (2H, m), 3.99 (2H,
d, J=6.0 Hz), 4.05-4.2 (1H, m), 6.68 (1H, d, /J=8.0 Hz),
6.78 (1H, d, J=8.0 Hz), 7.00 (1H, t, J=8.0 Hz); °C NMR
(50 MHz, CDCls): 6=11.5, 19.9, 63.8, 69.2, 70.6, 109.1,
122.7, 125.0, 125.8, 137.9, 156.2; Mass (m/z, RI):196 (M T,
18), 165 (0.2), 147 (8), 123 (100), 107 (40), 91 (12), 77 (8),
65 (0.2); Analysis: C;H;c05 requires C, 67.32; H, 8.22%;
found: C, 67.21; H, 8.16%.

4.3.7. (ZS)-1-(2-Acetyl-4-nitr0phenyl)-2,3;propanediol
(4g). Yield: 1.46 g, 96%; yellow gum; [oz]2 p: —35.31 (¢
1.1, EtOH); HPLC: 97% ee, Chiracel-OD (25 cm) Aax:
254 nm, 70:30 pet. ether/isopropanol, 1 mL/min. Retention
time: (S): 7.08 min, (R): 8.26 min; IR: (CHCls, cm ™ '): 740,
780, 845, 993, 1020, 1130, 1257, 1379, 1390, 1458, 1515,
1598, 2845, 2910, 3280; '"H NMR (200 MHz, acetone-dg):
0=2.66 (3H, s), 3.83-3.87 (2H, m), 4.16-4.34 (3H, m), 7.10
(1H, d, /=9.3 Hz), 8.33 (1H, dd, J=2.9, 9.0 Hz), 8.58 (1H,
d, J=4.0 Hz); '*C NMR (50 MHz, acetone-dg): 6=31.0,
62.8, 69.8, 70.4, 112.7, 125.6, 127.6, 128.2, 140.5, 162.1,
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196.9; Analysis: C11H;3NOg requires C, 51.76; H, 5.13; N,
5.48; found C, 51.52; H, 5.08; N, 5.45%

4.4. Preparation of cyclic sulfates Sa-g

A. To a solution of one of the diols 4a—g (4 mmol) and
triethylamine (2.21 mL, 16 mmol) in CH,Cl, (10 mL) at
0 °C was added freshly distilled thionyl chloride (0.44 mL,
6 mmol) drop-wise under nitrogen atmosphere. The reaction
mixture was stirred at 0 °C for 30-45 min (monitored by
TLC). The reaction mixture was quenched by the addition of
cold water (10 mL). The organic layer was separated and the
aqueous layer extracted with EtOAc (3X15mL). The
combined organic extracts were washed with water, brine
and dried over anhydrous Na,SQO,. Evaporation of solvent
under reduced pressure yielded pale yellow colored liquid,
which was purified by the column chromatography using
10% EtOAc in pet. ether as a eluent to afford the
corresponding cyclic sulfite as viscous yellow liquid in
96-99% yield.

B. To a solution of one of the cyclic sulfites (3 mmol) in
CH;CN: H,0 mixture (9:1, 8 mL) at 0 °C was added solid
NalO4 (0.963 g, 4.5 mmol) and RuCl3-3H,0 (0.012 g,
0.06 mmol). The reaction mixture was stirred for 30-
40 min at 0 °C (monitored by TLC). After the reaction was
completed, it was filtered through a pad of celite. Solvent
evaporated under reduced pressure to give the crude
product, which was purified by column chromatography
using pet. ether/EtOAc (8:2) as eluent to afford cyclic
sulfates Sa—g in 86-98% yield.

4.4.1. (45)-4-(1-Naphthoxymethyl)-1,3,2-dioxathiolane-
2,2-dioxide (5a). Yield: 789 mg, 94%; gum; [a]25D:
+17.4 (¢ 0.5, EtOH); IR (CHCl5, cm ™ Y): 651, 753, 984,
1024, 1130, 1190, 2113, 1255, 1398, 1460, 1510, 1600,
2854, 2940; 'H NMR (200 MHz, CDCl5): 6=4.25-4.29
(2H, m), 4.60-4.67 (1H, m), 4.88-4.96 (1H, m), 5.36-5.41
(1H, m), 6.79 (1H, d, J=8.1 Hz), 7.26-7.53 (4H, m), 7.70-
7.84 (1H, m), 8.16-8.21 (1H, m); *C NMR (50 MHz,
CDCls): 6=66.5, 68.3, 77.9, 104.7, 121.1, 121.4, 125.0,
125.4,126.5, 127.3, 134.3, 153.3; MS m/z (% rel intensity):
280 (M ™, 100), 157 (53), 144 (56), 137 (25), 123 (28), 118
(10), 91 (8); Analysis: C;3H,SOs5 requires C, 55.71; H,
4.32; S, 11.44; found C, 55.56; H, 4.29; S, 11.42%.

4.4.2. (45)-4-[(2-Methoxyphenyl)methyl]-1,3,2-dioxa-
thiolane-2,2-dioxide (5b). Yield: 756 mg, 97%; gum;
[a]®p: +20.12 (¢ 1, EtOH); IR (CHCl3, cm™'): 651,
754, 819, 981, 1026, 1126, 1178, 1213, 1255, 1392, 1456,
1506, 1595, 2839, 2935, 3018; 'H NMR (200 MHz, CDCl5):
0=3.85 (3H, m), 4.31 2H, t, J=6.2 Hz), 4.81 (1H, d, J=
6.2 Hz), 4.85 (1H, d, J=2.1 Hz), 5.22-5.28 (1H, m), 6.94—
7.10 (4H, m); *C NMR (50 MHz, CDCl;): 6=155.6, 68.0,
69.7,79.2,112.4, 116.9, 120.9, 123.6, 146.9, 150.2; MS m/z
(% rel intensity): 260 (M, 100), 216 (5), 137 (45), 123
(65), 109 (58), 95 (46), 77 (50); Analysis: C;oH;2SO¢
requires C, 46.15; H, 4.65; S, 12.32; found C, 46.21; H,
4.63; S, 12.26%.

4.4.3. (45)-4-[(3-Methylphenyl)methyl]-1,3,2-dioxathio-
lane-2,2-dioxide (5c). Yield: 717 mg, 98%; gum; [a]*p:
+21.39 (¢ 1, EtOH); IR (CHCls;, cm ™~ '): 652, 750, 819,

944, 1097, 1208, 1291, 1347, 1444, 1584, 2431, 2926, 3020,
'"H NMR (200 MHz, CDCl5): 6=2.33 (3H, s), 4.01-4.14
(2H, m), 4.45-4.51 (1H, m), 4.78-4.86 (1H, m), 5.23-5.28
(1H, m), 6.68-6.84 (3H, m), 7.14-7.26 (1H, m); '*C NMR
(50 MHz, CDCl3): 6=21.2, 65.5, 69.5, 79.1, 111.3, 115.4,
122.8, 129.3, 139.8, 157.4; MS m/z (% rel intensity): 244
(M™, 23), 228 (16), 147 (10), 121 (96), 108 (92), 91 (100),
77 (15); Analysis: C;oH;,S05 requires C, 49.17; H, 4.95; S,
13.13; found C, 49.21; H, 4.86; S, 13.06%.

4.4.4. (2R)-1-(2-Cyanophenoxy)-1,3,2-dioxathiolane-2,2-
dioxide (5d). Yield: 657 mg, 86%; gum; [«]*p +8.6 (¢ 2.0,
EtOH); IR (CHCls, cm ™ Y): 3082, 2873, 2227, 1649, 1598,
1579, 1492, 1450, 1425, 1411, 1365, 1290, 1259, 1234,
1166, 1110, 1043, 995, 933, 839, 756, 590, 497; 'H NMR
(200 MHz, CDCl3): 6=4.35-4.55 (1H, m), 4.90 (1H, d, J=
2.0 Hz) 5.05 (1H, d, J=6.0 Hz), 5.25-5.45 (1H, m), 6.95—
7.20 (2H, m), 7.50-7.70 (2H, m); *C NMR (50 MHz,
CDCls): 6=96.9, 70.0, 78.8, 102.0, 112.6, 115.6, 122.1,
133.6, 134.5, 158.7; MS (m/z, RD): 255 M T, 6), 232 (3),
218 (4), 204 (4), 193 (11), 176 (4), 162 (15), 146 (6), 134
(15), 133 (56), 119 (100), 104 (45), 102 (15), 91 (72), 80
27), 75 (24), 64 (45), 57 (26); Analysis: C;oHoNSOs
requires C, 47.05; H, 3.55; N, 5.48; found C, 47.01; H, 3.66;
N, 5.49%.

4.4.5. (4R)-4-(4-Acetamidophenoxy)-1,3,2-dioxathiolane-
2,2-dioxide (Se). Yield: 740 mg, 86%; gum; IR (CHCls;,
cm ™ Y): 3409, 3018, 1652, 1627, 1419, 1215, 1053, 1029,
757; 'H NMR (200 MHz, DMSO-d¢): 6=2.13 (3H, s), 4.28
(2H, d, J=4.0 Hz), 4.70 (1H, dd, J=2.0, 6.0 Hz), 4.86 (1H,
dd, J=2.0, 6.0 Hz), 5.20-5.40 (1H, m), 6.84 (1H, d, J=
8.0 Hz), 7.50 (2H, d, J=8.0 Hz), 9.10 (1H, s); '*C NMR
(50 MHz): 6=23.6, 67.8, 70.9, 81.9, 116.1, 123.0, 156.1,
158.7, 171.5; Analysis: C;;H 3NSOg requires C, 45.79; H,
4.57; N, 4.89; S, 11.16; found C, 51.93; H, 4.47; N, 4.82; S,
11.13%.

4.4.6. (45)-4-[(2,3-Dimethyl) methyl]-1,2,3-dioxathio-
lane-2,2-dioxide (5f). Yield: 665 mg, 86%; colourless
solid; mp: 230-231 °C; [oz]st —8.8 (¢ 1.0, CHCIy); IR
(CHCls;, cm 1) 3020, 2926, 2431, 1584, 1444, 1347, 1291,
1208, 1097, 944, 819, 750, 652; 'H NMR (200 MHz,
CDCls): 6=2.15 (3H, s), 2.28 (3H, s), 4.26 (2H, d, J=
4.0 Hz), 4.78-4.88 (2H, m), 5.2-5.35 (1H, m), 6.65 (1H, d,
J=6.0Hz), 6.84 (1H, d, J=6.0 Hz), 7.0 (1H, t, J=8.0 Hz);
13C NMR (50 MHz, CDCl5): 6 11.5, 19.9, 63.8, 68.6, 78.1,
108.9, 123.3, 125.3, 125.8, 138.3, 155.7; Mass (m/z, RI):
258 (M1, 32), 162 (12), 159 (20), 145 (30), 135 (78), 122
(72), 105 (65), 91 (60), 77 (100), 65 (0.5); Analysis:
C1H405S requires: C, 51.15; H, 5.46, S, 12.41%; found: C,
51.19; H, 5.39, S, 12.61%.

4.4.7. (45)-4-[(2-Acetyl-4-nitrophenyl) methyl]-1,3,2-
dioxathiolane-2,2-dioxide (5g). Yield: 932 mg, 98%;
solid; mp: 138-140 °C; [a]*p: —2.97 (¢ 0.4, EtOH); IR:
(CHCls, cm ™ Y): 651, 753, 984, 1024, 1130, 1213, 1255,
1460, 1510, 1600, 1688, 2854, 2940; '"H NMR (200 MHz,
acetonitrile-d;): 6=2.36 (3H, s), 4.39-4.54 (2H, m), 4.59
(1H, dd, J=4.1, 9.0 Hz), 4.74 (1H, dd, J=4.2, 9.0 Hz),
5.29-5.35 (1H, m), 7.00 (1H, d, J=9.3 Hz), 8.05 (1H, dd,
J=2.9, 9.0Hz), 8.26 (1H, d, J=4.1Hz); '*C NMR
(50 MHz, acetonitrile-ds): 6 32.5, 69.0, 71.5, 81.7, 115.4,
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127.3, 130.2, 143.66, 162.7, 199.0; Analysis: C;{H;;NSOg
requires C, 41.64; H, 3.49; N, 4.41; S, 10.10; found C,
41.62; H, 3.45; N, 4.46; S, 9.78%.

4.5. Preparation of epoxides 6a—g

A. To a solution of one of the cyclic sulfates Sa-g
(2.5 mmol) in dry THF (15 mL) was added anhydrous
LiBr (1.04 g, 12 mmol) and the resulting reaction mixture
was stirred for 40-50 min (monitored by TLC for the
disappearance of cyclic sulfate) at 25 °C. After completion
of the reaction the solvent was removed under reduced
pressure. In the resulting residue diethyl ether (25 mL)
and 20% H,SO, (25 mL) were added and stirred at 25 °C for
4-5 h (monitored by TLC). After completion of the reaction
the two layers were separated, the aqueous layer extracted
with diethyl ether (3X15 mL), combined organic extracts
were washed with saturated NaHCQj5, water and brine, dried
over anhydrous sodium sulfate and evaporated under
reduced pressure to give the corresponding bromoalcohols.

B. The above crude bromoalcohol (2 mmol) was dissolved
in MeOH (20 mL) and treated with anhydrous K,COs3;
(1.10 g, 8 mmol) at 0 °C. The resulting reaction mixture was
stirred at 0 °C for 2 h (monitored by TLC). After completion
the reaction was quenched by the addition of saturated
NH,4CI solution (10 mL) and extracted with CH,CI, (4 X
15 mL), washed with water and brine, dried over anhydrous
Na,SO,, evaporated under reduced pressure to give crude
product. It was then purified by column chromatography
using pet. ether/EtOAc (8:2) as eluents to give pure
epoxides 6(a—g) as oil in 80-85% yield.

4.5.1. (25)-3-(1-Naphthyloxy)-1,2-epoxypropane (6a).
Yield: 400 mg, 80% overall in two steps; gum; [a]ZSD:
+10.91 (¢ 1.3, EtOH); IR (neat, cm ™ '): 748, 790, 916,
1021, 1123, 1190, 1240, 1260, 1454, 1510, 1590, 2890,
2990; '"H NMR (200 MHz, CDCl5): 6=2.75-2.79 (1H, m),
2.86-2.95 (1H, m), 3.39-3.44 (1H, m), 3.89 (1H, dd, J=
12.1, 6.2 Hz), 4.28 (1H, dd, J=12.1, 2.1 Hz), 6.73 (1H, d,
J=28.14 Hz), 7.28-7.48 (4H, m), 7.74-7.79 (1H, m), 8.26—
8.31 (1H, m); '*C NMR (50 MHz, CDCls): 6=44.5, 50.0,
68.8,104.9, 120.7, 121.9, 125.2, 125.6, 126.4, 127.3, 134.4,
154.1; MS mlz (% rel intensity): 200 (M ™, 100), 157 (28),
144 (65), 127 (18), 115 (53), 89 (10); Analysis: C13H;,0,
requires C, 77.98; H, 6.04; found C, 77.96; H, 6.04%.

4.5.2. (25)-3-(2-Methoxyphenyl)-1,2-epoxypropane (6b).
Yield: 382 mg, 85% overall in two steps; gum; [a]*p:
+9.83 (¢ 1.2, EtOH); IR (neat, cm ~'): 746, 779, 916, 1027,
1124, 1180, 1224, 1255, 1454, 1504, 1593, 2837, 2929,
3001; "H NMR (200 MHz, CDCls): 6=2.72 (1H, dd, J=
6.1, 4.0 Hz), 2.89 (1H, t, J=4.0 Hz), 3.35-3.44 (1H, m),
3.87 (3H, s), 3.99 (1H, dd, J=12.1, 6.1 Hz), 4.20 (1H, dd,
J=12.1, 4.0 Hz), 6.90-6.93 (4H, m); '>C NMR (50 MHz,
CDCl;): 6=44.7, 50.1, 55.9, 70.3, 112.5, 115.5, 120.9,
122.1, 148.3, 150.0; MS m/z (% rel intensity): 180 (M+,
98), 150 (13), 137 (20), 124 (100), 109 (80), 95 (37), 81
(30), 77 (43), 65 (21); Analysis: C;oH 2,03 requires C,
66.65; H, 6.71; found C, 66.67; H, 6.81%.

4.5.3. (25)-3-(3-Methylphenyl)-1,2-epoxypropane (6c).
Yield: 344 mg, 84% overall in two steps; gum; [a]ZSD:

+13.43 (¢ 2.2, EtOH); IR (neat, cm~1): 690, 775, 860, 900,
1041, 1053, 1161, 1261, 1290, 1454, 1488, 1585, 1602,
2871, 2923, 2999; '"H NMR (200 MHz, CDCls): 6=2.33
(3H, s), 2.73-2.76 (1H, m), 2.87-2.92 (1H, m), 3.32-3.36
(1H, m), 3.91 (1H, dd, J=12.1, 3.1 Hz), 4.15 (1H, dd, J=
12.1, 4.1 Hz), 6.71-6.80 (3H, m), 7.13-7.25 (1H, m); °C
NMR (50 MHz, CDCls): 6=21.4, 44.6, 50.1, 68.6, 111.5,
115.5, 112.0, 129.2, 139.5, 158.5; MS m/z (% rel intensity):
164 (M™, 100), 134 (13), 119 (30), 108 (98), 91 (93), 77
91), 65 (31), 57 (30); Analysis: C;oH,0, requires C,
73.15; H, 7.37; found C, 73.21; H, 7.42%.

4.5.4. (25)-1-(2-Cyanophenoxy)-1,2-epoxypropane (6d).
Yield: 393 mg, 90%; gum; [a]*p +2.3 (c 2.3, CHCl3); IR
(CHCl;, cm ™~ 1): 4217, 3614, 3020, 2399, 2231, 1600, 1514,
1505, 1450, 1290, 1261, 1210, 1045, 1026, 908, 760, 669;
"H NMR (200 MHz, CDCl3)): 6=2.80-2.95 (2H, m), 3.35—
3.45 (1H, m), 4.05 (1H, dd, J=6.0 Hz each), 4.30 (1H, dd,
J=4.0, 8.0 Hz), 6.95 (2H, dd, J=8.0 Hz), 7.45-7. 65 (2H,
m); >°C NMR (50 MHz, CDCls): 6=44.2, 49.6, 69.2, 102.0,
112.5, 116.1, 121.2, 133.6, 134.3, 159.9; MS (m/z, RI): 175
M™, 8), 162 (10), 149 (10), 133 (28), 119 (45), 104 (36),
102 (32), 91 (80), 90 (32), 77 (20), 76 (18), 75 (28), 64 (52),
63 (45), 57 (100), 77 (72); Analysis: C;oHoNO, requires C,
68.56; H, 5.17; N, 7.99; found C, 68.59; H, 5.17; N, 7.98%.

4.5.5. (25)-3-(4-Acetamidophenoxy)-1,2-epoxypropane
(6e). Yield: 414 mg, 80%; crystalline solid; mp: 104 °C
(EtOAc and hexane); [a]*p +14.0 (¢ 2.0, EtOH); IR
(CHCls, cm ™ 1): 3299, 2931, 1664, 1604, 1540, 1510, 1411,
1240, 1038, 828; '"H NMR (200 MHz, CDCly)): 6=2.15
(3H, s), 2.76 (1H, dd, J=5.0, 3.0 Hz), 2.89 (1H, dd, J=5.0,
3.0 Hz), 3.25-3.45 (1H, m), 3.85 (1H, dd, J=8.0, 5.0 Hz),
4.15 (1H, dd, J=38.0, 5.0 Hz), 6.85 (2H, d, /=38.0 Hz), 7.40
(2H, d, J=8.0 Hz); '>°C NMR (50 MHz, CDCl5): 6=24.0,
44.5,50.1,68.9,114.8, 121.9, 131.5, 154.7, 168.7; Analysis:
C1H3NO; requires C, 63.75; H, 6.32; N, 6.75; found C,
63.77; H, 6.35; N, 6.66%.

4.5.6. (25)-3-(2,3-Dimethylphenyl)-1,2-epoxypropane
(6f). Yield: 240 mg, 53.3%; gum; [oz]25D —6.52 (¢ 2.3,
CHCls); IR (CHCls, cm ™ 1) 3020, 2926, 2431, 1584, 1444,
1347, 1291, 1208, 1097, 944, 819, 750, 652; 'H NMR
(200 MHz, CDCl5): 6=2.17 (3H, s), 2.27 (3H, s), 2.75 (1H,
dd, J=2.0 Hz each), 2.87 (1H, t, J=6.0 Hz), 3.34-3.39
(1H, m), 3.91 (1H, dd, /J=4.0, 6.0 Hz), 4.16 (1H, dd, J=
4.0 Hz each), 6.66 (1H, d, /J=10.0 Hz), 6.78 (1H, d, J=
8.0 Hz), 7.0 (1H, t, J=8.0 Hz);"*C NMR (50 MHz, CDCl;):
0=11.5,19.9, 44.6, 50.3, 69.2, 109.6, 122.9, 125.8, 138.0,
156.5, 159.7; Analysis: C11H;40, requires: C, 74.13; H,
7.92%:; found C, 74.41; H, 7.69%.

4.5.7. (25)-3-(2-Acetyl-4-nitrophenyl)-1,2-epoxypropane
(6g). Yield: 503 mg, 85%; solid; mp: 80-83 °C; [a]*’p:
—10.7 (¢ 0.9, EtOH); IR: (CHCls, cm ™ Y): 413, 430, 440,
459, 471, 487, 756, 1017, 1116, 1216, 1277, 1345, 1485,
1523, 1586, 1610, 1685, 2930, 3020; 'H NMR (200 MHz,
CDCls): 6=2.70 (3H, 5), 2.28 (1H, dd, J=2.1, 9.0 Hz), 3.00
(1H, dd, J=2.0, 9.0 Hz), 3.43-3.49 (1H, m), 4.57 (1H, dd,
J=2.0,10.0 Hz), 7.09 (1H, d, J=9.3 Hz), 8.34 (1H, dd, J=
2.9, 9.0 Hz), 8.63 (1H, d, J=4.0 Hz); '°C NMR (50 MHz,
CDCly): 6=31.5, 44.3, 49.3, 70.3, 112.9, 126.4, 128.5,
141.6, 159.6, 161.7, 196.9; MS m/z (% rel intensity): 237
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(M™, 20), 192 (8), 178 (40), 164 (18), 148 (10), 132 (60),
118 (30), 99 (35), 89 (10), 77 (20), 63 (35), 43 (100);
Analysis: C;;H;;NOs requires C, 55.69; H, 4.67; N, 5.90;
found C, 55.52; H, 4.61; N, 5.82%.

4.6. Preparation of (S)-propranolol (1a), (S)-moprolol
(1b), (S)-toliprolol (1c), (S)-bunitrolol (1d), (S)-practolol
(1e), (S)-xibenolol (1f) and (S)-celiprolol (1g) via opening
of epoxides 6a—g

One of the epoxides 6a—g (1.5 mmol) was dissolved in
appropriate amines (10 mL) and refluxed in presence of
water (0.5 mL) for 1 h. Excess of amine was removed under
reduced pressure to afford 1(a—g).

In case of toliprolol, the resulting gum after evaporation of
isopropylamine was dissolved in ether and dry HCI gas was
passed through it for 15 min, the solvent was removed under
reduced pressure and resulting solid recrystallized from
MeOH+EtOAc afford (S)-toliprolol (le¢) as its
hydrochloride salt.

In case of celiprolol, the nitro group was hydrogenated at
20 psi H, pressure with 10% Pd/C as catalyst at room
temperature to get the amine which was condensed with
diethyl carbomyl chloride (DECC) to afford the corrospond-
ing (S)-celiprolol.

4.6.1. (S)-(—)-Propranolol (la). Yield: 384 mg, 99%;
colourless solid; mp: 73-74 °C, (lit.'? 72-73 °C); [a]*p:
—9.00 (¢ 0.5, EtOH), 90% ee (lit.'> —9.9 (¢ 0.5, EtOH)); IR
(CHCl,, cm ™ Y): 570, 667, 750, 1029, 1120, 1175, 1210,
1240, 1450, 1500, 1594, 2930, 2960, 3300, 3432; '"H NMR
(200 MHz, CDCls): 6=1.09 (6H, d, J=6.1 Hz), 2.76-3.01
(5H, m), 4.08-4.19 (3H, m), 6.79 (1H, d, J=28.1 Hz), 7.34—
7.51 (4H, m), 7.76-7.81 (1H, m), 8.22-8.27 (1H, m); *C
NMR (50 MHz, CDCls): 6=22.8, 48.7, 49.6, 68.4, 70.7,
104.8, 120.4, 121.7, 125.0, 125.4, 125.7, 126.2, 127.3,
134.4, 154.3; MS m/z (% rel intensity): 259 (M ™", 3), 144
(13), 115 (20), 84 (100), 72 (50), 69 (23), 56 (33); Analysis:
C,6H21NO, requires C, 74.10; H, 8.16; N, 5.40; found C,
74.25; H, 8.16; N, 5.30%.

4.6.2. (S)-(—)-Moprolol (1b). Yield: 351 mg, 98%; solid;
mp: 84-85°C, (lit.'* 82-83°C); [«]*p: —3.90 (¢ 4.5,
EtOH), 68% ee (lit."" —5.6 (4.5, EtOH)]; IR (CHCl5,cm ™~ '):
667, 757, 1029, 1124, 1178, 1217, 1253, 1454, 1506, 1593,
2933, 2966, 3313, 3400; "H NMR (200 MHz, CDCls): 6=
1.07 (6H, d, J=6.0 Hz), 2.69-2.90 (5H, m), 3.85 (3H, s),
3.97-4.07 (3H, m), 6.86-6.97 (4H, m); >*C NMR (50 MHz,
CDCly): 6=23.0, 48.8, 49.3, 55.9, 68.6, 73.1, 112.4, 115.3,
121.1, 121.9, 148.6, 150.1; MS m/z (% rel intensity): 239
M, 5), 224 (10), 195 (52), 124 (7), 109 (6), 77 (12), 72
(100), 56 (12); Analysis: C;3H,;NO;3 requires C, 65.25; H,
8.84: N, 5.85; found C, 65.11; H, 8.64; N, 5.75%.

4.6.3. (S)-(—)-Toliprolol (1c) hydrochloride. Yield:
383 mg, 99%; gum; mp: 117-118°C, (lit.>* 119 °C);
[a]®p: —21.54 (¢ 1.01, EtOH) 78% ee; (lit.>* —27.4 (c
1.01, EtOH)); IR (CHCls, cm™"): 694, 775, 968, 1062,
1110, 1257, 1294, 1379, 1461, 1488, 1585, 1612, 2711,
2852, 2933, 3257, 3303; '"H NMR (200 MHz, CDCl;): 6=
1.48 (6H, s), 2.30 (3H, s), 3.19-3.48 (3H, m), 3.944.15

(2H, m), 4.55-4.63 (1H, m), 6.71-6.79 (3H, m), 7.10-7.18
(1H, m), 8.50 (1H, brs), 8.57 (1H, br s); >°C NMR (50 MHz,
CDCls): 6=18.6, 18.8, 21.2, 47.8, 51.2, 65.5, 69.3, 111.2,
115.1, 121.8, 129.0, 139.3, 158.0; MS m/z (% rel intensity):
259 (M ™, 2), 236 (30), 223 (9), 208 (13), 179 (19), 108 (7),
91 (10), 72 (100); Analysis: C;3H,,CINO, requires C,
60.11; H, 8.54; Cl, 13.65; N, 5.39; found C, 60.20; H, 8.55;
Cl, 13.75; N, 5.41%.

4.6.4. (S)-Bunitrolol (1d). Yield: 279 mg, 75%; white solid,;
mp: 162 °C (EtOH) (lit."' 163-165 °C); [«]*p —10.0 (¢
1.4, H,0); HPLC: 60% ee, ChiraSpher NT, A=254 nm,
(n-hexane/EtOH/MeOH (60:20:20)/0.05% NH; (25%)),
0.5 mL/min. Retention time: (§) 9.359 min, (R)
12.354 min; IR (CHCls, cm™"): 3400, 3019, 2995, 1485,
1410, 2227, 1554, 1490, 1215, 756; '"H NMR (200 MHz,
CDCl): 6=1.14 (9H, s), 2.37 (1H, br s), 2.70 (1H, dd, J=
4.0, 6.0 Hz), 2.86 (1H, dd, /=4.0, 6.0 Hz), 3.80-4.15 (3H,
m), 6.90 (2H, d, /=8.0 Hz), 7.45 (2H, d, J=8.0 Hz); °C
NMR (50 MHz, CDCls): 6=28.6, 44.4, 50.6, 67.7, 71.6,
101.8, 112.4, 116.2, 120.8, 133.4, 134.2, 160.3; Analysis:
C14Hy9N>O, requires C, 67.71; H, 8.11; N, 11.28; found C,
67.75; H, 8.16; N, 11.25%.

4.6.5. (S)-Practolol (1e). Yield: 280 mg, 70%; white solid;
mp: 125 °C (dioxane); lit.”™ 128-129 °C; [a]*p —2.6 (c
1.0, EtOH); 82%ee (lit.>" [«]*’p +3.5 (¢ 1.0, EtOH) for (R)-
Practolol]; IR (CHCl;, cm_l): 3314, 3284, 2975, 2359,
1715, 1665, 1511, 1398, 1220, 1040, 769; 'H NMR
(200 MHz, CDCl5): 6=0.95 (6H, d, J=6.0 Hz), 1.93 (3H,
s), 3.30-3.50 (2H, m), 3.55-3.70 (1H, m), 3.80—4.10 (4H,
m), 6.75 (2H, d, J=8.0 Hz), 7.44 (2H, d, J=8.0 Hz); '°C
NMR (50 MHz, CDCls): 6=23.7, 45.0, 49.9, 52.1, 69.0,
73.5,115.9, 123.0, 133.7, 156.3, 171.4; Mass (m/z, RI): 248
(4), 222)3), 178 (5), 151 (40), 136 (20), 109 (100), 98 (15),
91 (10), 80 (32), 64 (60); Analysis: C;4H,,N,0O5 requires C,
63.14; H, 8.31; N, 10.51; found C, 63.10; H, 8.25; N,
11.02%.

4.6.6. (S)-Xibenolol (1f). Yield: 214 mg, 57%; gum; [«]*°p
—17.58 (¢ 1.0, CHCl3); 67% ee (1lit>° —25.4 (¢ 1.0,
CHCl5)]; IR (CHCl3, cm ™ Y): 3421-3501, 2926, 2928, 2856,
1649, 1580, 1458, 1375, 1263, 1194 'H NMR (200 MHz,
CDCls): 6=1.49 (9H, s), 2.12 (3H, s), 2.23 (3H, s), 3.07—
3.36 (3H, m), 3.90—4.11 (2H, m), 4.66 (1H, br s), 6.62 (1H,
d, J=8.0 Hz), 6.75-6.78 (1H, d, J=6.0 Hz), 6.96-7.03 (1H,
t, J=8.0 Hz); '>*C NMR (50 MHz, CDCl5): 6=11.4, 19.6,
25.6, 45.5, 57.4, 65.7, 69.9, 109.1, 122.6, 124.9, 125.7,
137.6, 156.0; Mass (m/z, RI): 233 (M " -H,0, 40), 218 (65),
161 (100), 147 (20), 122 (55), 112 (70), 91 (10), 77 (5);
Analysis: C;5sH,5NO, requires: C, 71.67; H, 10.02; N,
5.57%; found: C, 71.51; H, 9.89%; N, 5.51%.

4.6.7. (S)-(—) Celiprolol (1g). Yield: 511 m%, 90%; solid;
mp 116-118 °C; 1it.”® mp 117-118 °C; [a]®p: —12.5 (¢
1.76, EtOH), HPLC: 97% ee, Chiracel-OD 10% diethyl-
amine/2-propanol, 1 mL/min. Retention time: (S):
10.35 min, (R): 12.67 min; IR: (CHCl;, cmfl): 673, 759,
824, 1044, 1076, 1162, 1221, 1307, 1382, 1430, 1500, 1651,
1677, 2794, 2966, 3320; '"H NMR (200 MHz, CDCl;): 6=
1.39 (6H, t, J=10.0 Hz), 1.48 (9H, s), 2.57 (3H, s), 2.99
(1H, br s) 3.11-3.13 (3H, m), 3.38 (8H, m), 4.01-4.05 (2H,
m), 6.84 (1H, d, J=10.0 Hz), 7.53 (1H, d, J=10.0 Hz), 7.70
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(1H, s); '3C NMR (50 MHz, CDCls): 6=38.5, 13.8, 25.6,
31.0,41.4,46.0,57.6,65.2,71.0, 113.5, 123.4, 126.9, 127 .4,
133.1, 153.2, 155.4, 159.6, 199.8; Analysis: CooH33N30,
requires C, 63.30; H, 8.76; N, 11.07; found C, 63.29; H,
8.81; N, 11.10.
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Abstract—The reaction of 1,1,1,5,5,5-hexafluoroacetylacetone with push—pull enamines having a methyl group at the o-position was
investigated. It was found that the reaction is sensitive both to the structure of enamines and to reaction conditions. As a result, a set of
bistrifluoromethyldialkylanilines and ethyl bistrifluoromethylsalicylate was prepared. Plausible mechanisms and factors influencing the

course of the reaction are discussed.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Introduction of the trifluoromethyl group, an important
functional group in organic chemistry allows chemists to
considerably change physico-chemical properties of organic
molecules.' Thus, derivatives of m-bistrifluoromethyl-
benzene are actively used in the design and synthesis of
various ligands” and pharmaceutical substances.** Further
development of methods for synthesis of functionalized
m-bistrifluoromethylbenzenes is investigated. Although this
fragment is actively used in many pharmaceutical research
projects, in almost all of them 3,5-trifluoromethylaniline
is used due to a known synthetic procedure described
years ago.’

A few works such as the palladium catalyzed arylation of
amines with 1—bromo—3,S—bis(triﬂuoromethyl)benzene6 and
the use of 2-methoxy-4,6-bis(trifluoromethyl) phenyl-
lithium’ give alternative approaches to the synthesis of
bistrifluoromethylbenzene derivatives.

At the same time the commercially available symmetrical
1,3-biselectrophilic building block—1,1,1,5,5,5-hexafluoro-
acetylacetone has been used for synthesis of bistrifluoro-
methylated heterocyclic compounds. This approach has

Keywords: 1,1,1,5,5,5-Hexafluoroacetylacetone; Push—pull enamines; Tri-

fluoromethylated benzenes; Cyclocondensation.

* Corresponding author. Tel.: +380 44 5373218; fax: +380 44 5373253,
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0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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proved to be one of the most convenient methods for the
synthesis of bistrifluoromethylated pyrazoles, isoxazoles,®
pyridines,” pyrimidines,'® pyrroles,'' and diazepines.'* To
the best of our knowledge, the approach has not been
applied to the synthesis of bistrifluoromethylated benzenes
yet. In our previous work we have demonstrated the
possibility of using tertiary push—pull enamines as 1,3-
CCC-bisnucleophiles in the reactions with B-trifluoro-
acetylvinyl ethers for synthesis of monotrifluoromethylated
functionalized dialkylanilines."? In this work we report our
results on the reaction of tertiary push—pull enamines having
a methyl group at the o-position with 1,1,1,5,5,5-hexa-
fluoroacetylacetone 1.

2. Results and discussion

2.1. Interaction of 1,1,1,5,5,5-hexafluoroacetylacetone
with B-dialkylaminocrotonitriles

Enamines 2 derivatives of B-aminocrotonitrile react with
1,1,1,5,5,5-hexafluoroacetylacetone 1 in benzene at room
temperature for 2-3 days affording a mixture of arene
hydrate 3 and diol 4 in combined yield 35-40%, precipitated
from the reaction mixture. Analysis of the reaction mixture
by '°F NMR reveals presence of the starting -diketone 1
and traces of benzenes 5. Numerous attempts to optimize the
reaction conditions failed. Increasing the reaction tempera-
ture or time lead to formation of benzenes 5 and pyridone 6
products of the self-condensation of enamines 2. Carrying
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iii or iv
NAlk, NAlk,
' CN CN
+
HO HO~, ~OH
0 0 F,C CF, F,C CF,
cmJj\/”\CF} 3 a-c 4 a-c
1+ jii or iv
Me iii or iv
CN
AlkZNJ\/
NAIk, Me
- n
2 a-c CN + NC N
> |
~
AN = a: N(CH,); b: NCHy);: 130 cF, Me™ N° OH
¢: N(CH,CH,),0 S5a-c 6

Scheme 1. Reagents and conditions: (i) benzene, rt, 2-3 days; (ii) benzene,
reflux, 2 h; (iii) acetone, rt, 7-10 days; (iv) toluene, PTSA, reflux, 30 min.

out the reaction in boiling benzene or methanol results in
conversion of 60-70% of the starting enamine, but the ratio
of cyclization product 4 to pyridone 6 is ca. ~7:1 for
enamine 2a, and ~4:6 for enamine 2¢ (Scheme 1). The ratio
of reaction products 3 and 4 depends on the structure of the
dialkylamino residue and reaction conditions (Table 1).
Thus, for pyrrolidine enamine 2a, the diol was registered in
trace amount, while in the case of morpholine enamine 2c,
the ratio of diol/‘hydrate’ was 1:1. At the same time for
enamine 2¢, diol 4¢ was not registered at all when the
reaction was run at 40-50 °C. It is worth noting that under
the conditions in which hydrates 3 are transformed into
benzenes 5, diol 4 remains intact. Thus, we can draw the
conclusion that diols 4 are not intermediate products in the
chain of transformations 2—3—5. We suppose that
formation of 3 and 4 proceeds by different mechanisms. In
the case of 3, hexafluoroacetylacetone 1 reacts as an enol
affording dienamine 7, followed by 6-exo-trig cyclization to
give ‘hydrate’ 3 (Scheme 2). At the same time the key step
in the formation of diol 4 is the ene-reaction of enamines 2
with hexafluoroacetylacetone 1 which react in the ketone
form like MeTFP,'4 affording terminal enamines 9 followed
by spontaneous cyclization into diol 4. Formation of only
one possible diastereomer of 4 whose stereochemistry was
solved by the single X-ray diffraction study could be
rationalized by intramolecular hydrogen bonding (Scheme
3). Indirect proof for the proposed mechanisms is the growth
of the ‘hydrate’ 3 produced upon increase of C-nucleo-
philicity of the enamines. Higher nucleophilicity would
facilitate the reaction presented on Scheme 2,13 and would
not influence the reaction given on Scheme 3.'*

NAIK,
N CN
Me
AlkzNMO
N
Me CF, CF
- )\)kCF s CF
N 7
‘B
-BH*
NAlk,
©) X CN
6-exo-trig CH;
I — &_’ 7 CF,
O Mo
Scheme 2.
CF
_H 3
ned! N9 | A
/—;C ene-reaction CH, H,C™ >0
AN - R N A
N FC0 AIN™ N N0
CN ?
9
6-exo-trig

Scheme 3.

The structures of compounds synthesized were confirmed
by a set of physico-chemical methods, and for compounds
3a and 4c single X-ray diffraction studies were accom-
plished. (Figs. 1 and 2). It is worth noting that compounds of
type 3 are allied to so-called arene hydrates whose simple
representatives are highly unstable compounds under
normal conditions.'® In our previous work'? two types of
arene hydrates (type A and B, Fig. 3) which are stable under
normal conditions have been described. In our viewpoint
their stability is stipulated both by kinetic and thermo-
dynamic factors. Substances 3 like arene hydrates of type A
and B are stable compounds in the solid state, melting
without decomposition. On heating in solution in the
presence of catalytic amounts of acids such as PTSA
‘arene hydrates’ 3 eliminate water irreversibly turning into
the corresponding benzenes 4. It should be noted that arene

Table 1. Yields of products of the reaction of enamines 2 with hexafluoroacetylacetone 1

Enamine Conditions Yield (%)

3 4 5 6
2a* CeHg, 1t, 3 days 31 Traces 6 —
2b* CeHg, 1t, 3 days 26 9 3 —
2¢? CeHg, 1t, 3 days 21 23 5 —
2¢" CgHg, 40°C, 3 h 14 Traces 15 —
2a° CgHg, reflux, 4 h — — 43 6
2¢° CeHg, reflux, 4 h — — 28 24

* Refer according to '’F NMR sPectra of reaction mixture.
® Yields of 5 refer according to

°F NMR spectra of reaction mixture and yield of 6 is for isolated product.
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hydrates 3 hold an intermediate position in a stability series
with respect to acidic catalysed elimination of water
between previously described arene hydrates of types A
and B. We suppose that unlike arene hydrates of types A and
B the stability of 3 is stipulated only by kinetic factors,
namely by strong destabilization of the forming carbcation
on El-elemination of water with two concurrently influen-
cing trifluoromethyl groups. Besides, there are some similar
stable arene hydrates of type C described in the literature
where the ester group acts as an acceptor instead of the
trifluromethyl group.'®

2.2. Interaction of 1,1,1,5,5,5-hexafluoroacetylacetone
with B-dialkylaminocrotonoesters and o-methyl-f-
enaminones

F4

In going from enaminonitriles 2 to esters of B-dialkyl-
aminocrotonic acids 11, the reaction of the latter with
hexafluoroacetylacetone 1 is complicated with side reac-
tions. Besides the targeted dialkylaminoanthranilic acid
esters 12, symmetrical dialkylanilines 13, and salicylic acid
ester 14 formed in the reaction (Scheme 4). Increase of the
basicity of dialkylamino residue leads to higher content of
by-products (Table 2). We supposed that the cause of the
side reactions which were not observed in the reactions with
enones was the water forming in the reaction. To check the
assumption the reaction was carried out in the presence of
TMSCI as water scavenger affording the targeted esters of
dialkylaminoanthranilic acids 12 as the sole products
(Scheme 4).

It should be noted that salicylic acids 14 are not derived
from hydrolysis of the starting enamine 11 so that under
analogous conditions acetoacetic acid esters do not form
salicylates 14. In addition, under the reaction conditions the

NAIK NAIk. transformation of 12 into 13 does not occur.
EWG EWG
o HO Enaminones 16 derivatives of acetylacetone also react with
F.C CF, FC ' hexafluoroacetylacetone 1 affording the product without
3 EWG EWG (Scheme 5). Thus, at room temperature in benzene
both the expected acetophenones 17 and symmetrical
Stability increase anilines 13 are formed in the reaction. The higher basicity
i of dialkylamino group and the easier cleavage of the acetyl
Figure 3. group mean that in the case of pyrrolidine enaminone, the
NAlk, NAlk, OH
Me i CO,Et CO,Et
+ 1 . 2 + + 2
Et
A1k2N)\/ <0, /é[ /ij\ /i:[
F,C CF, FC CF, FC CF,
11 a-c
l . 12ac 13 a-c 14
n
Li
CF, O 11 a-c
) S —> 12a-c
Me,SiO CF, i CH,COCH,CO,Et

15

Alk,N = a: N(CH,),; b: N(CH,)s;
¢: N(CH,CH,),0

Scheme 4. Reagents and conditions: (i) benzene, rt, 3 days; (ii) 1 equiv Me;SiCl, 1 equiv Et3N, benzene, rt, 5 min; (iii) 1 equiv Me;SiCl, 1 equiv EtzN,
benzene, rt, 1 day, 60 °C, 4 h.
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Table 2. Yields of products of the reaction of enamines 11 and 16 with hexafluoroacetylacetone 1*

D. M. Volochnyuk et al. / Tetrahedron 61 (2005) 2839-2847

Enamine Conditions Yield (%)

12 or 17 13 14
11a CeHg, rt, 3 days 15 5 32
11b CgHe, rt, 3 days 17 Traces 29
11c CgHe, 1t, 3 days 39 Traces 14
11a C¢Hg, TMSCI, EtzN 93 — —
11b C¢Hg, TMSCI, EtzN 71 — —
11c CgHg, TMSCI, Etz;N 69 — —
16a CgHg, 1t, 3 days Traces 45 —
16b CgHg, 1t, 3 days 26 10 —
16¢ C¢Hg, 1t, 3 days 27 6 —_
16a AcOH, 60 °C, 4 h — 48 —
16b AcOH, 60 °C, 4 h — 45 —
16¢ AcOH, 60 °C, 4 h — 47 —
 Refer according to '°F NMR spectra of reaction mixture.

ii

NAIk,
Me O i COMe
+ E—— 13 a-c
Alk,N Me
F,C CF,
16 a-c
17 a-c
ii

Alk,N = a: N(CH,),; b: N(CH,)s; ¢: N(CH,CH,),0

Scheme 5. Reagents and conditions: (i) benzene, rt, 3 days; (ii) AcOH, 60 °C, 4 h.

expected acetophenone 17a is produced only in trace
amounts. Under acidic conditions, influence of the dialkyl-
amino residue basicity is reduced, so that the sole reaction
products are anilines 13.

Use of TMSCI in the reaction increases the conversion
of hexafluoroacetylacetone 1 and decreases the yield of
symmetrical anilines 13. At the same time the reaction is
accompanied by many side reactions thus complicating
separation of the targeted products.

We suppose that enaminoesters 11 and enaminoketones 16
like enaminonitriles 2 react with hexafluoroacetylacetone 1

way B
way A NAIk, o

q@*\

way C
18

way B

way C

way A
-H,0

12 0r17

Scheme 6.

forming the corresponding arene hydrates 18 which have
few protonation sites; three of them are noted on Scheme 6.
Hexafluoroacetylacetone 1 as a strong CH-acid itself could
act as a proton source in the reaction mixture. Protonation
by pathway A followed by elimination of water affords
targeted products 12 or 17. Protonation at the oxygen atom
of the enaminone fragment (pathway B) affords iminium
salt 19 which upon hydrolysis gives the corresponding
phenol 14. In addition, protonation at the carbon atom of
enamine fragment forming iminium salt 20 which could
either hydrolize into the corresponding phenol 14 or enter
into ketone cleavage giving symmetrical anilines 13.
Increase of the basicity of the dialkylamino residue

H,0:

S)
& NAlk, OH
=

HO R 14
-Alk,NH
F.C CF3 2
19
@ NAlk, o
F, -RCOOH
20
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facilitates protonation by pathways B and C, so that the
number of by-products increases. Actually, the increase of
by-products was observed in series of enaminoesters 11 and
enaminoketones 16.

3. Conclusions

The reaction of 1,1,1,5,5,5-hexafluoroacetylacetone with
push—pull enamines having a methyl group at the a-position
was investigated. It has been found that the reaction is very
sensitive both to structure of the starting enamines and to
reaction conditions. As a result, a series of bistrifluoro-
methylated dialkylanilines bearing functional groups at the
benzene ring, symmetrical bistrifluoromethylated dialkyl-
anilines and ethyl ester of bistrifluoromethylated salicylic
acid were obtained. Readily available starting materials
and simple synthetic procedures make this method very
attractive and convenient for the synthesis of various
m-bistrifluoromethyl benzenes derivatives, useful building
blocks for organic and medicinal chemistry.

4. Experimental
4.1. General

All solvents were purified and dried by standard methods.
NMR spectra were recorded on a Varian VXR-300
spectrometer: 'H and '>C (300 and 75.4 MHz, respectively)
with TMS as an internal standard; "°F (282.2 MHz) with
CFCl; as internal standard. IR spectra were recorded on a
Nexus-470 spectrometer for samples in KBr discs. Mass
spectra were obtained on a ‘HEWLETT-PACKARD’ HP
GC/MS 5890/5972 instrument (EI, 70 eV) by GC inlet or on
a MX-1321 instrument (EI, 70 eV) by direct inlet for the
thermally labile arene hydrates. Microanalyses were
performed in the Microanalytical Laboratory of the Institute
of Organic Chemistry, National Academy of Sciences of
Ukraine. Column chromatography was performed on silica
gel (63-200 mesh, Merck). Silica gel Merck 60F,s,4 plates
were used for TLC. Starting enamines were prepared
according to the literature.'”

4.2. X-ray crystallography

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplemen-
tary publication no. CCDC-235905 (3a) and CCDC-235904
(4c) and can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
+44 1223/336 033; E-mail: deposit@ccdc.cam.ac.uk).

4.3. Interaction of 1 with B-dialkylaminocrotonitriles

4.3.1. 4-Hydroxy-2-(1-pyrrolidinyl)-4,6-bis(trifluoro-
methyl)-1,5-cyclohexadiene-1-carbonitrile (3a). Enamine
2a (5 g, 36.8 mmol) was dissolved in benzene (25 mL) and
to the solution formed 1 was added (7.65 g, 36.8 mmol). The
reaction mixture was maintained at rt overnight. The
precipitate formed was filtered and washed with cyclohex-
ane affording 3a (3.2 g, 27%) as a colourless solid. Mp

162 °C. '"H NMR (acetone-d): 6=1.99 (4H, br, m, CH,),
2.99 and 3.07 (2H, AB-syst, “Jyu = 16.8 Hz), 3.85 (4H, br,
s, NCH,), 5.73 (1H, s, OH), 5.86 (1H, s, CH). '*C NMR
(DMSO-ds): 6=24.7, 34.5, 51.0, 65.1, 69.4 (CJcp=
28.5Hz), 1103, 118.9, 123.6 ({Jcg=306.5Hz), 124.1
("Jep=272.1Hz), 131.6 (*Jcp=28.6Hz), 157.6. '°F
NMR (acetone): 6= —65.1 (3F), —81.3 (3F). IR, Vax
(em™Y): 3500-3200 (br), 2989, 2868, 2191, 1663, 1545,
1271. MS, mlz (%): 326 M ™, 11), 308 (M —H,0, 14),
307 (22), 280 (37), 257 (M —CF;, 96), 148 (32), 119 (53),
69 (CF5, 39), 55 (45), 42 (86), 41 (100). Anal. caled for
C,3H,FgN,0: C 47.86; H 3.71; N 8.59. Found C 47.92; H
3.65; N 8.60.

4.3.2. 4-Hydroxy-2-(4-morpholinyl)-4,6-bis(trifluoro-
methyl)-1,5-cyclohexadiene-1-carbonitrile (3c). Enamine
2¢ (1 g, 6.6 mmol) was dissolved in benzene (10 mL) and to
the solution formed 1 was added (1.37 g, 6.6 mmol). The
reaction mixture was maintained at 40 °C for 2 h and then it
was left at rt overnight. The precipitate formed was filtered
and washed with cyclohexane affording 3¢ (316 mg, 14%)
as a colourless solid. Mp 144-145 °C. '"H NMR (acetone-
dg): 6=2.98 and 3.05 (2H, AB-syst, *Jyy=16.8 Hz), 3.67—
3.92 (8H, m, CH,), 5.85 (1H, s, OH), 5.96 (1H, s, CH). '*C
NMR (DMSO-dg): 6=33.9, 50.3, 63.8, 66.1, 69.7 *Jcr=
28.5Hz), 112.3, 116.4, 123.6 ("Jcp=306.5 Hz), 124.1
("Jep=272.2 Hz), 134.3 (*Jcp=33.0Hz), 161.7. "F
NMR (acetone): 6=—67.0 (3F), —82.9 (3F). IR, vypax
(em™1): 3510-3180 (br), 3078, 2919, 2868, 2193 1649,
1547, 1285. Mp 144145 °C. MS, m/z (%): 342 (M ™, 78),
324 (M —H,0, 56), 273 (Mt —CF;, 48), 266 (60), 239
(100), 228 (32), 219 (29), 215 (35), 42 (34). Anal. calcd for
C3H,F¢N,O,: C 45.62; H 3.53; N 8.19. Found C 45.65; H
3.56; N 8.22.

4.3.3. cis-4,6-Dihydroxy-2-(4-morpholinyl)-4,6-bis(tri-
fluoromethyl)-1-cyclohexene-1-carbonitrile (4c) and
2-(4-morpholinyl)-4,6-bis(trifluoromethyl)-benzonitrile
(5¢). To a solution of enamine 2¢ (5g, 32.9 mmol) in
benzene (25 mL) was added 1 (6.84 g, 32.9 mmol). The
reaction mixture was maintained at rt for 3 days. The
precipitate formed was filtered affording a mixture of 4c and
3c~1:1. The mixture obtained was dissolved in acetone
(25 mL) and maintained at rt for 7 days (the reaction
mixture was monitored by '°F NMR spectroscopy). After
complete conversion of 3¢ to S¢, acetone was evaporated in
vacuo and the residue was triturated with CHCl3 (10 mL)
affording 4c¢ (2.7 g, 23%). The CHCl; was evaporated in
vacuo. The residue was extracted with boiling n-hexane
(10 mL) and the n-hexane was evaporated in vacuo
affording Sc (2.66 g, 25%).

Compound 4c. Colourless solid. Mp 175 °C (EtOAc). '"H
NMR (acetone-d): 6=2.10 (1H, d, 2Jy=14.1 Hz), 2.22
(1H, dd, *Jgg=14.1Hz, *Jqu=1.5Hz), 2.78 (1H, d,
2Juu=18.0Hz), 3.14 (1H, dd, *Jyu=18.0Hz, *“Jyu=
1.5 Hz), 3.48-3.57 (2H, m, CH,), 3.62-3.79 (6H, m,
CH,), 5.20 (1H, br. s, OH), 5.87 (1H, br. s, OH). °C
NMR (acetone-dg): 6=34.2, 34.3, 51.1, 67.4, 72.4 (*Jcp=
30.2 Hz), 74.8 (CJcr=30.4 Hz), 79.2, 119.1, 126.0 ("Jcp=
285.4 Hz), 126.2 ('Jcp=284.4Hz), 161.3. "F NMR
(acetone): 6= —78.9 (3F), —82.6 (3F). IR, V.« (cm_l):
3384 (br), 3317 (br), 2983, 2933, 2868, 2184, 1555, 1453,
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1261. MS, m/z (%): 360 (M*, 16), 291 (M™ — CFs, 100).
Anal. calcd for C13H14F6N203: C 4334, H 3.92; N 7.78.
Found C 43.37; H 3.95; N 7.82.

Compound 5c. Colourless solid. Mp 127-130 °C (cyclo-
hexane) with sublimation. R; (EtOAc)=0.68 'H NMR
(CDCl5): 6=3.33 (4H, t, >Juy=4.2 Hz, NCH,), 3.93 (4H, t,
3Jun=4.2 Hz, NCH,), 7.42 (1H, s, CH), 7.56 (1H, s, CH).
3C NMR (CDCly): 6=51.0, 65.8, 104.1, 113.5, 114.8,
120.4, 121.6 (‘Jcp=275.2 Hz), 122.3 ('Jcp=274.0 Hz),
134.0 CJep=34.2 Hz), 134.1 CJcp=32.8 Hz), 157.5. °F
NMR (CHCly): 6 = —63.5 (3F), —64.9 (3F). IR, vjnax (cm ™ '):
3083, 3052, 2868, 2843, 2228, 1619, 1445, 1395, 1281,
1142, 979. MS, m/z (%): 324 (M, 34), 266 (57), 239 (100),
219 (32). Anal. calcd for C13H;gFgN,O: C 48.16; H 3.11; N
8.64. Found C 48.25; H 3.22; N 8.61

4.3.4. 2-(1-Pyrrolidinyl)-4,6-bis(trifluoromethyl)-benzo-
nitrile (5a). To a solution of 3a (100 mg) in toluene (25 mL)
a few crystals of p-toluenesulfonic acid were added and the
reaction mixture was refluxed for 0.5—-1 h (The reaction was
monitored by TLC using EtOAc as eluent). Toluene was
evaporated in vacuo. The residue was extracted with boiling
n-hexane (2 mL) and n-hexane was evaporated in vacuo
affording 5a (88 mg, 93%) as a colourless solid. Mp 96 °C.
Ry (EtOAc)=0.81. 'H NMR (CDCl3): 6=2.06 (4H, t,
3Jun=6.6 Hz, CH,), 3.71 (4H, t, *Jyu=6.6 Hz, NCH,),
7.09 (1H, s, CH), 7.18 (1H, s, CH). °C NMR (CDCl5):
6=25.7, 50.9, 93.2, 109.9, 114.9, 116.0, 120.8 (‘Jcp=
272.8 Hz), 124.1 ("Jcp=271.0 Hz), 134.2 (*Jcp=133.3 Hz),
136.6 (*Jcp=31.0Hz), 151.8. ’F NMR (CHCls): 6=
—62.2 (3F), —64.1 (3F). IR, vmax (cm™"): 2957, 2875,
2214, 1632, 1481, 1276, 1116, 1085, 1014, 869. MS, m/z
(%): 308 (M +, 50), 307 (58), 289 (20), 280 (100), 245 (44),
219 (20), 188 (14), 69 (13), 42 (12), 41 (12). Anal. calcd for
Ci3H oF¢N,: C 50.66; H 3.27; N 9.09. Found C 50.61; H
3.22; N 9.07.

4.3.5. 2-(1-Piperidinyl)-4,6-bis(trifluoromethyl)-benzo-
nitrile (5b). To a solution of enamine 2b (1 g, 6.63 mmol)
in benzene (25 mL) was added 1 (1.38 g, 6.63 mmol). The
reaction mixture was maintained at rt for 3 days (the
reaction mixture was monitored by '°F NMR spectroscopy).
The solvent was evaporated in vacuo. The residue was
dissolved in acetone (10 mL) and maintained at rt for 5 days
(the reaction mixture was monitored by '"F NMR
spectroscopy). Acetone was evaporated in vacuo, residue
was extracted with boiling cyclohexane (15 mL) and
maintained overnight. The precipitate formed was filtered
affording 5b (1.03 g, 48%) as a yellow solid. Mp 42 °C. R;
(EtOAc)=0.62. "H NMR (CDCls): 6=1.69 (2H, m, CH,),
1.83 (4H, m, CH,), 3.30 (4H, t, *Juy=>5.7 Hz, NCH,), 7.4
(1H, s, CH), 7.46 (1H, s, CH). >°C NMR (CDCl;): 6=23.8,
259, 53.2, 105.3, 114.0, 114.5, 119.3, 121.6 (‘Jcp=
272.8 Hz), 123.7 (‘Jep=271.3Hz), 135.2 (Jcr=
34.2 Hz), 135.9 (*Jcp=33.5Hz), 159.1. 'F NMR
(CHCl3): 6=—63.5 (3F), —64.9 (3F). IR, Vpax (cm ™)
2950, 2858, 2802, 2227, 1620, 1445, 1395, 1280, 1141, 980.
MS, mlz (%): 322 (M, 87), 321 (100), 293 (57), 281 (29),
245 (18), 239 (28), 84 (28), 69 (37), 55 (16), 43 (30), 42
(24), 41 (36). Anal. calcd for C;4H,FgN,: C 52.18; H 3.75;
N 8.69. Found C 52.25; H 3.72; N 8.65.

4.3.6. 2,4-Dimethyl-6-0x0-1,6-dihydropyridine-3-carbo-
nitrile (6). To a solution of enamine 2¢ (1 g, 6.6 mmol) in
benzene (10 mL) was added 1 (1.37 g, 6.6 mmol). The
reaction mixture was refluxed for 4 h. After cooling to rt the
precipitate formed was filtered affording 6 (230 mg, 24%).
The mother liquor was evaporated in vacuo. The residue
was subjected to a column chromatography over silica gel
using EtOAc as eluent affording Sc (598 mg, 28%, R;
(EtOACc)=0.68).

Compound 6. Colourless solid. Mp 293 °C (lit. 294-
296 °C).'"®* '"H NMR (DMSO-ds): 6=2.22 (3H, s, CHj),
2.39 (3H, s, CHs), 6.10 (1H, s, CH), 12.25 (1H, br. s. OH).
MS, mlz (%): 148 M, 67), 119 (100), 105 (21), 78 (11), 52
(11), 42 (13).

4.4. Interaction of 1 with B-dialkylaminocrotonoesters

4.4.1. General procedure for synthesis of compounds
12a—c in the presence of TMSCI and Et3N. Procedure A.
To a solution of 1 (1 g, 4.81 mmol) in dry benzene (10 mL)
was added Me;SiCl (4.81 mmol) and Et;N (4.81 mmol).
The reaction mixture was maintained at rt for 5 min.
Enamine 11la-¢ (4.81 mmol), Me;SiCl (4.81 mmol) and
Et;N (4.81 mmol) was added consecutively. Reaction
mixture was maintained at rt for 1 day and heated at 60 °C
for 4 h. The precipitate formed was filtered off and the
mother liquor was evaporated in vacuo. The residue was
dried and recrystallised from n-hexane affording the
corresponding ethyl ester of benzoic acid (12a—c).

4.4.2. Ethyl ester 2-(1-pyrrolidinyl)-4,6-bis(trifluoro-
methyl)-benzoic acid (12a). Pale yellow solid (1.59 g,
93%). Mp 48 °C. R; (EtOAc)=0.68. "H NMR (CDCls): 6 =
1.39 (3H, t, *Jy=7.2 Hz, CH3), 1.99 (4H, t, >Jy; = 6.6 Hz,
CH,), 3.35 (4H, t, *Jyy=6.6 Hz, NCH,), 4.37 (2H, q,
3Jun=7.2 Hz, CH,), 7.08 (1H, s, CH), 7.2 (1H, s, CH). '*C
NMR (CDCly): 6=13.8, 25.9, 53.0, 62.6, 109.8, 114.2,
119.1, 1219 ("Jep=272.2Hz), 122.1 (‘Jcp=271 Hz),
130.2 (*Jecp=31.2Hz), 132.3 ((Jcp=32.4 Hz), 146.9,
167.9. F NMR (CHCl;): 6= —60.8 (3F), —64.2 (3F).
IR, Vpnax (cm ™ 1): 2984, 2916, 2858, 1725, 1442, 1383, 1279,
1125, 978. MS, m/z (%): 355 (M, 25), 326 (100), 310 (31),
290 (38), 280 (18), 240 (14), 234 (15), 213 (18), 41 (11).
Anal. calcd for C]SHISF(,NOQZ C 5071, H 426, N 3.94.
Found C 50.75; H 4.31; N 4.01.

4.4.3. Ethyl ester 2-(1-piperidinyl)-4,6-bis(trifluoro-
methyl)-benzoic acid (12b). Yellow oil (1.26 g, 71%). Ry
(EtOAc)=0.62. "H NMR (CDCl5): 6=1.39 (3H, t, *Jy=
7.2 Hz, CHy), 1.56 (2H, m, CH,), 1.66 (4H, m, CH,), 2.97
(4H, t, *Jyu=>5.4 Hz, NCH,), 4.42 (2H, q, *Juy=7.2 Hz,
CH,), 7.55 (1H, s, CH), 7.59 (1H, s, CH). *C NMR
(CDCly): 6=14.1, 24.0, 26.4, 54.4, 62.3, 117.7, 120.1,
121.8, 121.7 (‘Jep=275.2 Hz), 122.3 ('Jcp=274.0 Hz),
132.2 (*Jop=32.4Hz), 132.3 (Jep=32.4 Hz), 153.8,
166.4. ’F NMR (CHCl;): 6=—60.9 (3F), —64.1 (3F).
IR, Vpmax (cm ™~ 1): 2938, 2883, 2853, 1730, 1440, 1390, 1282,
1130, 978. MS, m/z (%): 369 (M, 18), 340 (100), 324 (24),
294 (15), 97 (10), 69 (14), 57 (24), 55 (39), 43 (20), 41 (28).
Anal. calcd for CigH7F¢NO,: C 52.04; H 4.64; N 3.79.
Found C 51.87; H 4.24; N 3.82.
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4.4.4. Ethyl ester 2-(4-morpholinyl)-4,6-bis(trifluoro-
methyl)-benzoic acid (12¢). Colourless solid (1.23 g,
69%). Mp 44 °C. R; (EtOAc)=0.55. '"H NMR (CDCl5):
6=1.4 (3H, t, *Juyn=7.2 Hz, CH,), 3.04 (4H, t, *Jyuy=
4.5 Hz, NCH,), 3.8 (4H, t, >Jun=4.5 Hz, OCH,), 4.44 (2H,

, *Jan=7.2 Hz, CH,), 7.6 (1H, s, CH), 7.68 (1H, s, CH).
13C NMR (CDCl,): 6=14.1, 53.2, 53.3, 67.1, 118.8, 121.6
("Jep=275.2 Hz), 121.8, 122.3 ("Jcg=274.0 Hz), 124.2,
132.9 (*Jop=232.8 Hz), 133.3 (*Jcp=34.7 Hz), 151.9,
165.9. F NMR (CHCl;): 6= —61.0 (3F), —64.1 (3F).
IR, Vpnax (cm ™~ 1): 3058, 2996, 2925, 2863, 1732, 1442, 1387,
1282, 1129, 978. MS, m/z (%): 371 M, 27), 352 (17), 340
(18), 328 (52), 298 (100), 284 (73), 268 (70), 240 (55), 213
(44), 194 (23), 163 (24), 143 (20), 59 (37), 45 (25). Anal.
calcd for C;sH;sFgNOs5: C 48.53; H 4.07; N 3.77. Found C
48.47; H 4.02; N 3.82.

4.4.5. Ethyl ester 2-hydroxy-4,6-bis(trifluoromethyl)-
benzoic acid (14). To a solution of enamine 1la (5 g,
27.4 mmol) in benzene (75 mL) was added 1 (5.68 g,
27.4 mmol). The reaction mixture was maintained at rt for 3
days (the reaction mixture was monitored by '’F NMR
spectroscopy). The solvent was evaporated in vacuo. The
residue obtained was placed in short silica gel column and
washed with EtOAc (4 X25 mL). EtOAc was evaporated in
vacuo and the residue obtained was subjected to fractional
distillation affording 14 (2.23 g, 27%) and 12a (0.68 g, 7%).
Colourless solid. Mp 24 °C. R; (EtOAc)=0.56. '"H NMR
(CDCls): 6=1.44 (3H, t, *Jyy=7.2 Hz, CH3), 4.49 (2H, q,
>Jun=7.2 Hz, CH,), 7.48 (1H, s, CH), 7.53 (1H, s, CH),
10.8 (1H, br s, OH). '3C NMR (CDCls): 6=13.5, 63.3,
114.6, 115.3, 119.4, 124.3 ("Jcp=270.5 Hz), 124.5 (Jcp=
273.2 Hz), 131.9 (CJcp=31.7 Hz), 135.6 (*Jcp=32.9 Hz),
161.7, 168.1. '’FNMR (CHCls): 6=159.6 (3F), —65.2 (3F).
IR, Vmax (cm ™ '): 34002800 (br), 2991, 2944, 1737 (sh),
1683, 1445, 1380, 1324, 1276, 1139, 1012, 962, 885, 730.
MS, m/z (%): 302 (M, 23), 256 (100), 228 (40), 209 (27),
200 (17), 181 (14). Anal. calcd for C,;HgFsO5: C 43.72; H
2.67; Found C 43.58; H 2.69.

4.4.6. General procedure for interaction of 1 with
B-dialkylaminocrotonoesters. To a solution of enamines
11a—c (9.71 mmol) in benzene (30 mL) was added 1 (2 g,
9.71 mmol). The reaction mixture was maintained at rt for 3
days (the reaction mixture was monitored by '’F NMR
spectroscopy). The solvent was evaporated in vacuo. The
residue obtained was placed in a short silica gel column and
washed with EtOAc (2X25 mL). EtOAc was evaporated in
vacuo and the residue obtained was carefully dried in vacuo
dissolved in anhyd n-hexane (30 mL). To the stirred
solution obtained NaH (240 mg, 10 mmol) was carefully
added and the solution was maintained until hydrogen
evolution had stopped. The precipitate formed was filtered
off under argon. The mother liquior was evaporated in vacuo
and the residue obtained was subjected to a column
chromatography over silica gel using EtOAc as eluent
affording 12a—c. The precipitate obtained was suspended in
anhydrous CH,Cl, (25 mL) and to the stirred suspension
water (5 mL) was added dropwise and then aq HCI1 (30%,
1 mL) was added dropwise. The organic layer was separated
and dried over Na,SO,4. CH,Cl, was evaporated in vacuo
affording 14 (purity >95%).

4.5. Interaction of 1 with B-enaminones

4.5.1. 1-[3,5-Bis(trifluoromethyl)phenyl]-pyrrolidine
(13a). To a solution of enamine 16a (1 g, 6.54 mmol) in
acetic acid (20 mL) was added 1 (1.36 g, 6.54 mmol). The
reaction mixture was heated at 60 °C for 4 h. Solvent was
evaporated in vacuo and residue was crystallized from
mixture methanol/water — 1:1 affording 13a (370 mg, 20%)
as a colourless solid. Mp 63 °C. R; (EtOAc)=0.58. '"HNMR
(CDCls): 6=2.64 (4H, t, *Jyu=6.3 Hz, CH,), 3.34 (4H, t,
3 Jun=6.3 Hz, NCH.,), 6.85 (2H, s, CH), 7.08 (1H, s, CH).
3C NMR (CDCls): 6=25.4, 47.7, 107.9, 110.7, 125.2
("Jcp=270.3 Hz), 131.9 (*Jcp=32.2 Hz), 147.9. "°F NMR
(CHCL3): 6= —64.7. IR, vax (cm™'): 2984, 2916, 2858,
1623, 1499, 1481, 1425, 1275, 1162, 1123, 1012, 853, 701,
682. MS, m/z (%): 283 (M, 61), 282 (100), 264 (21), 240
(32), 227 (71), 213 (40), 163 (13), 41 (10). Anal. calcd for
C,H | FgN: C 50.89; H 3.91; N 4.95. Found C 50.92; H
4.02; N 4.91.

4.5.2. 1-[3,5-Bis(trifluoromethyl)phenyl]-piperidine
(13b). Enaminone 16b (1 g, 5.98 mmol) was dissolved in
acetic acid (20 mL) and to the solution formed 1 was added
(1.24 g, 5.98 mmol). The reaction mixture was maintained
at rt overnight and then heated at 60 °C for 4 h. The solvent
was evaporated in vacuo. The residue was extracted with
boiling n-hexane (15 mL). The hexane was evaporated in
vacuo and the residue was crystallized from methanol
affording 13b (370 mg, 21%) as a colourless solid. Mp 60—
62 °C. R; (EtOAc)=0.64. '"H NMR (CDCl5): 6=3.25 (4H,
t, *Jyn=4.8 Hz), 3.87 (4H, t, *Jyy=4.8 Hz), 7.24 (2H, s,
CH), 7.32 (1H, s, CH). '°C NMR (CDCls): 6=24.0, 25.4,
495, 111.1, 114.8, 125.6 ("Jep=271.5 Hz), 132.4 CJcp=
31.8 Hz), 152.2. '?F NMR (CHCl;): 6= —64.2. IR, Vpax
(ecm™Y: 3077, 3062, 3011, 2938, 2883, 2853, 1619,
1480, 1413, 1283, 1141, 1132, 1024, 953, 859, 699,
682. MS, mlz (%): 297 M™, 61), 296 (100), 278 (19),
256 (28), 240 (49), 213 (32), 163 (11). Anal. calcd for
C3H3FgN: C 52.53; H 4.41; N 4.71. Found C 52.25; H
4.36; N 4.52.

4.5.3. 4-[3,5-Bis(trifluoromethyl)phenyl]-morpholine
(13c¢). To a solution of enaminone 16¢ (0.81 g,
4.81 mmol) in acetic acid (20 mL) was added 1 (1 g,
4.81 mmol). The reaction mixture was heated at 60 °C for
4 h. The solvent was evaporated in vacuo and residue was
crystallized from methanol affording 13¢ (0.268 g, 38%) as
colourless solid. Mp 123 °C. R; (i-PrOH)=0.39. '"H NMR
(CDCls): 6=1.63-1.72 (6H, m, 3CH,), 3.27 (4H, t, *Jyu=
4.8 Hz), 7.23 (3H, s, CH). '3C NMR (CDCl5): 6=48.3,
66.5, 112.4, 114.4, 125.3 ({Jcp=270.9 Hz), 132.2 (*Jcg=
32.1 Hz), 151.7."F NMR (CHCl;): 6= —64.2. IR, vpax
(cm ™ Y): 3082, 3060, 2983, 2918, 2847, 1617, 1487, 1405,
1286, 1170, 1114, 970, 857, 691, 683. MS, m/z (%): 299
(M™, 41), 280 (14) 241 (100), 213 (27). Anal. calcd for
CoH 1FgNO: C 48.17; H 3.71; N 4.68. Found C 48.21; H
3.73; N 4.56.

4.5.4. 1-[2-(1-Piperidinyl)-4,6-bis(trifluoromethyl)-
phenyl]-ethanone (17b). Enaminone 16b (1 g,
5.99 mmol) was dissolved in anhyd benzene (10 mL) and
to the solution formed 1 (1.24 g, 5.99 mmol) was added. The
reaction mixture was maintained at rt overnight. Benzene
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was evaporated in vacuo. The residue was dissolved in
methanol. To the solution formed a few drops of water was
added (~0.1 mL). The precipitate formed was filtered
affording 17b (406 mg, 20%) as a colourless solid mp 88 °C.
R; (EtOAc)=0.73. "H NMR (CDCl3): 6=1.54-1.6 (2H, m,
CH,), 1.66-1.71 (4H, m, CH,) 2.56 (3H, s, CH3), 2,92 (4H,
t, *Jyn=>5.4 Hz, NCH,), 7.57 (1H, s, CH), 7.63 (1H, s, CH).
3C NMR (CDCl5): 6=23.7,26.2, 31.1, 54.6, 118.1, 121.1,
124.1 ("Jcp=271.9Hz), 1244 ('J=270.8 Hz), 128.3
((Jep=32.1Hz), 131.2 (*Jcr=33.0 Hz), 140.8, 152.7,
202.6. '"F NMR (CHCl3): 6=—60.1 (3F), —64.1 (3F).
IR, vmax (cm ™~ 1): 2950, 2858, 2802, 1710, 1386, 1273, 1131,
963, 897. MS, m/z (%): 339 (M ™, 47), 324 (100), 306 (39),
268 (25), 248 (17), 238 (27), 213 (16), 43 (26). Anal. calcd
for C;sH;sF¢NO: C 53.1; H 4.46; N 4.13. Found C 53.06; H
4.41; N 4.06.

Note. When the residue after evaporating off benzene from
the reaction mixture was subjected to a column chroma-
tography over silica gel using EtOAc as eluent we would
obtain 13b (110 mg, 6%) and 17b (400 mg, 20%).

4.5.5. 1-[2-(4-Morpholinyl)-4,6-bis(trifluoromethyl)-
phenyl]-ethanone (17¢). Enaminone 16¢ (1 g, 5.99 mmol)
was dissolved in anhydrous benzene (25 mL) and to a
solution formed 1 (1.24 g, 5.99 mmol) was added. The
reaction mixture was maintained at rt overnight. The
benzene was evaporated in vacuo. The residue was
dissolved in methanol. To a solution formed a few drops
of water was added (~0.1 mL). The precipitate formed was
filtered affording 17¢ (430 mg, 21%) as a colourless solid
Mp 56 °C. R; (i-PrOH)=0.74. "H NMR (CDCls): 6=2.58
(3H, s, CH3), 2.99 (4H, t, >Jyy=4.5 Hz, NCH,), 3.81 (4H. t,
*Jun=4.5 Hz OCH,), 7.60 (1H, s, CH), 7.69 (1H, s, CH).
3C NMR (CDCls): 6=31.3,53.4,66.9, 119.1, 121.5, 124.4
("Jep=275.0 Hz), 124.7 ({Jcp=271.3 Hz), 128.1 (Jop=
28.9 Hz), 131.7 (Jcp=33.5 Hz), 141.2, 151.0, 202.2. °F
NMR (CHCl3): 6= —59.4 (3F), —62.0 (3F). IR, vpax (cm )
3077, 2984, 2847, 1707, 1439, 1380, 1274, 1142, 971. MS,
mlz (%): 341 (M™, 48), 326 (39), 296 (19), 280 (24), 268
(100), 255 (27), 240 (19), 213 (17), 43 (44). Anal. calcd for
C14H3F¢NO,: C 49.27; H 3.84; N 4.10. Found C 49.19; H
3.91; N 4.12.

Note. When the residue after evaporating off benzene from
the reaction mixture was subjected to a column chroma-
tography over silica gel using i-PrOH as eluent we would
obtain 17¢ (490 mg, 24%) and then after washing of column
with EtOAc we would obtain 13¢ (72 mg, 4%).
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1. Introduction

The phenomenal success of the Huisgen 1,3-dipolar
cycloaddition reaction in the construction of heterocycles
paved the way for the use of unconventional dipoles such as
ylides in this reaction. Much of the work in this area,
however, has been confined to cyclic carbonyl ylides'*
often generated by the Rh(II) catalyzed decomposition of
diazo compounds with suitably positioned carbonyl groups.
Imaginative and important applications of cycloadditions
involving cyclic carbonyl ylides, especially in the synthesis
of natural products, were developed by Padwa and co-
workers.® In contrast, the chemistry of acyclic carbonyl
ylides remained largely undeveloped. Our interest in acyclic
carbonyl ylides has its origin in our observation that
zwitterions generated by the reaction of isocyanides and
nucleophilic carbenes with DMAD can be efficiently
trapped by carbon heteroatom 7 bonds leading to the
synthesis of highly functionalized heterocycles.*

The chemistry of acyclic carbonyl ylides can be traced to the
work of Biichner and Curtius who were the first to report the
reaction of dicarbomethoxycarbene with carbonyl com-
pounds.” The products of the reaction were characterized as
dioxolanes by Dieckmann® in 1910. Later Huisgen and de
March investigated the chemistry of carbonyl ylides
generated from dicarbomethoxycarbene and carbonyl com-
pounds in detail.” They were able to establish the

Keywords: Dicarbomethoxycarbene; Carbonyl ylide; Huisgen 1,3-dipolar

cycloaddition; Spiro-dioxolane.
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intermediacy of carbonyl ylides by trapping it with
DMAD. A successful attempt to trap the ylide by a
carbon—carbon double bond was reported by Maas® who
succeeded in obtaining tetrahydrofuran derivatives by a
three component reaction of electrophilic carbene, alde-
hydes and maleate or fumarate. Recently, Jiang” et al. have
reported a stereoselective synthesis of dioxolanes by the
1,3-dipolar cycloaddition reaction of acyclic carbonyl ylides
to aldehydes. A stereospecific synthesis of epoxides
involving the collapse of the ylides reported by Doyle is
also noteworthy."’

Against this literature background, and in the context of our
general interest in the chemistry of 1,2-diones,!! we have
explored the reaction of the carbonyl ylides generated from
dicarbomethoxycarbene and aldehydes to o-quinones. Our
preliminary results showing the formation of dioxolanes
have already been published.'” The details of this work
along with the results of our extended investigations
involving isatins and p-quinones are presented in this paper.

2. Results and discussion

2.1. Reaction with o-benzoquinones

Our studies commenced by the Rh(II) catalyzed decompo-
sition of dimethyl diazomalonate in the presence of
p-tolualdehyde and 3,5-di-fert-butyl-1,2-benzoquinone.
A facile reaction occurred affording a regioisomeric mixture
of dioxolanes 3 and 4 in the ratio 3:1 (Scheme 1).!2



2850 V. Nair et al. / Tetrahedron 61 (2005) 2849-2856

CHO CHO O

° i (59 %) 0 H 0 i(73 %)

+ _1(59%), w04 ‘ + =

° 2o S
Me Me0,C” CoMe OMe

1a 2a +-3
12 13

Scheme 1. (i) N,C(CO,Me),, Rhy(OAc),, dry benzene, argon, 80 °C, 14 h.
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Scheme 3. (i) N,C(CO,Me),, Rhy(OAc),, dry benzene, argon, 14 h.

Mechanistically the reaction may be considered to involve

the formation of a carbonyl ylide by the reaction of the Table 2
carbene and the aldehyde and its trapping by the quinone Entry Aldehyde Products Yield (%)
carbonyls (Scheme 2). The diastereoselectivity of the e
reaction may be rationalized by the concerted nature of cHo
the carbonyl ylide cycloaddition and the observed relative O op
stereochemistry of the products may be attributed to the 1 ‘ @coz,we 85
preferred trans geometry of the ylide. Me O O cozMe
15
.O./\. COMe o o OMe
)J\ + . M—»g R\¢0\<§(C02Me>Z o u CHOome Meop
RO 7H : Co ’ O [)
\) d " 2 Oco,Me 78
o Me0,C  COMe OMe O 0CO,Me
16
Scheme 2. POMe
] ) CHO O o
The reaction was found to be general with respect to a 3 ‘ OcoMe 68
variety of aromatic aldehydes, especially those containing OMe O 0 COzMe
electron donating groups, and 1,2-benzoquinones. The 17
dioxolane derivatives were obtained in moderate to good
yields. The reaction with 4-tert-butyl-1,2-benzoquinone cHo p
afforded an inseparable mixture of regioisomers in the Cle o 19

ratio 1:1. In all cases the structure of the products was
established by spectroscopic analysis; IR, '"H NMR and '*C
NMR data were completely consistent with the assigned

structure (Table 1).

2.2. Reaction with phenanthrene quinone

Subsequent to the above investigations, we examined the
addition of acyclic carbonyl ylides to phenanthrenequinone.
In a prototype experiment, p-anisaldehyde and phenanthre-
nequinone were exposed to dimethyl diazomalonate in the
presence of catalytic amount of Rh(II) acetate in refluxing
benzene under an atmosphere of argon for 14 h. The
reaction afforded the corresponding dioxolane derivative in
73% yield as a single diastereoisomer (Scheme 3).'?

Table 1.

1b-1g 2b-2g

The reaction was extended to a number of other aldehydes;
in all cases good yields of the spiro-dioxolane derivatives
were obtained and the results are summarized in Table 2.

2.3. Reaction with isatins

In the next phase of our studies we extended the reaction to
another class of 1,2-dicarbonyl compounds viz. isatins.
When N-methyl isatin was allowed to react with acyclic
carbonyl yilde generated by the reaction of p-tolualdehyde

R! o
MeO,C CO,Me

5b-11b

o-Benzoquinone Aldehyde Substituents Product Yield (%)/(ratio)
1b 2b R'=R?>=C(CH;);, R®*=R*=R’=H 5a, 5b 62 (3:1)

1c 2¢ R!'=R?*=C(CHj);, R*=R’=H, R*=0CH;, 6a, 6b 40 (3:1)

1d 2d R'=R?>=C(CH;);, R*>=R>=0CH;, R*=H 7a, 7b 34 (3:1)

1le 2e R!'=CHPh,, R*=C (CH;);, R>=R*=H, R°>=CH;, 8a, 8b 74 (2:1)

1f 2f R!=CHPh,, R>=C(CH,);, R*=R*=R°=H 9a, 9b 65 (1.4:1)

1g 2g R!=H, R*=C(CHs);, R*=R*=H, R*=CH; 10a, 10b 41 (1:1)

1h 2h R'=H, R*=C(CH;);, R®®*=R*=R°=H 11a, 11b 45 (1:1)
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Scheme 4. (i) N,(CO,Me),, Rh,(OAc),, dry benzene, argon, 16 h.

and dicarbomethoxycarbene, a product was formed in high
yield (Scheme 4).

The structure of the product was assigned initially by
routine spectroscopic methods. The IR spectrum of 20
showed strong bands at 1757 cm ™' and 1728 cm ™' due to
the ester and the lactam carbonyls, repectively. In the 'H
NMR spectrum, resonance signal due to the methyl group
on the aromatic ring was seen as a singlet at 6 2.36, while the
signal due to the N-methyl protons appeared at 3.19. Signals
due to the two methoxy groups were discernible at ¢ 3.64
and ¢ 3.80. The sharp singlet observed at 0 6.94 can be
assigned to the acetal proton. The '>*C NMR spectrum was
also in agreement with the structure assigned, with the
lactam carbonyl displaying a signal at 6 173.8. The two ester
carbonyls gave signals at 6 166.9. The signal characteristic
of spirocarbon was observed at 6 85.6. The signals ¢ 26.2
and 60 21.4 were assigned to the N-methyl and C-methyl
carbons, respectively. Conclusive evidence for the relative
stereochemistry was obtained by single crystal X-ray
analysis (Fig. 1)."?

Figure 1. Single crystal X-ray structure of 20.

Evidently the regiospecificity observed in this reaction is
attributable to the higher electrophilicity of the ketogroup
vis a vis the amide carbonyl. The reaction was found to be
general with various isatin derivatives and aromatic
aldehydes; the spiro oxindoles were obtained as single
diastereoisomers in high yields. The results are summarized
in Table 3.

Table 3

Entry  Isatin Aldehyde Product Yield (%)
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2.4. Reaction with 1,4-quinones

In view of the encouraging results obtained in the reaction
of 1,2-diones with the acyclic carbonyl ylides generated by
the reaction of aldehydes and dicarbomethoxycarbene, it
was obligatory to extend the same to 1,4-diones. A limited
investigation was conducted and the results are given in this
section. The reaction of 2,3-dichloro-1,4-naphthoquinone
with acyclic carbonyl ylide generated from p-tolualdehyde
and dicarbomethoxycarbene constituted our initial experi-
ment (Scheme 5).

Me
o
O CO,Me
OO Ame 8 g
o
27 +/ 28

Scheme 5. (i) N,C(CO,Me),, Rh,(OAc),, dry benzene, argon, 16 h.
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The structure of the adduct 28 was established by spectro-
scopic methods. The IR spectrum displayed strong absorp-
tions at 1762, 1688 cm™ ~ corresponding to the ester and
enone carbonyls, respectively. The "H NMR spectrum was
in consonance with the structure proposed. The C-methyl
protons resonated at ¢ 2.45, while the peaks due to the
carbomethoxy protons appeared at 6 3.13 and 3.78. Signal
due to the acetal proton was discernible as a singlet at § 6.76.
The '>C NMR spectrum was also in good agreement with
the structure proposed. The peak at 6 176.2 corresponds to
the quinone carbonyl group. Two ester carbonyls resonated
at 0 164.5 and 6 163.3. The peak at ¢ 86.7 was typical of a
spirocarbon. The carbomethoxy carbons resonated at 6 54.3
and 6 52.8 and the C-methyl carbon displayed its signal at ¢
21.5. All the other signals were also in good agreement with
the structure assigned. The reaction was extended to a few
other quinones and the results are presented in Table 4.

Table 4
Entry 1,4-Quinone Aldehyde Product Yield (%)
MeO,
cl
O‘ Q ConMe
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o \
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33

3. Theoretical calculations

From the results presented in the previous sections, it is
clear that acyclic carbonyl ylide adds across either one of
the C=0 bonds of the o-quinones. In order to explain the

observed mode of cycloaddition, we have carried out some
calculations using semi-emprical MNDO method with the
aid of TITAN® software (version 1).

From Figure 2, it is clear that the predominant interaction is
between the HOMO of the dipole and the LUMO of the
dipolarophile, which leads to the pathway, favored both in
terms of energetics and symmetry considerations.

Mes -0.35789 055138 CO2Me
0.32309 8‘ [ ECOZMe
0.25624
Me;C -0.36189 .1.44966 eV
0.32280 -1.79723 eV ¢
LUMO LUMO