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Recent synthetic advancements involving the Nazarov electrocyclization are reviewed. Aspects of reactivity and stereochemistry are
discussed, as well as the continuing development of the methodology for application to natural product synthesis.
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1. Introduction: synthetic scope and limitations of the
Nazarov cyclization

Electrocyclic reactions are powerful synthetic transform-
ations with the ability to create new carbon—carbon bonds
stereospecifically by simple orbital reorganization. The
subject of this review is a 41t-electron process known as the
Nazarov cyclization,' involving the conversion of divinyl
ketones 1 to cyclopentenones 5 by activation with a Lewis
acid (Eq. 1).? The individual steps involved in the
transformation are thought to proceed as follows: a divinyl
ketone (1) complexes to the Lewis acid to give a pentadienyl
cation (2); cyclization gives an oxyallyl cation (3);
elimination of a proton gives a Lewis-acid bound enolate
(4); and finally, protonation of the enolate gives a
cyclopentenone product (5).

Importantly, cyclization of pentadienyl cation 2 must
proceed with conservation of orbital symmetry, dictating
conrotatory ring closure to give a product with an anti
relationship between R; and R, (see 3, Eq. 1). Since
disrotatory closure is electronically forbidden, stereospeci-
ficity is ensured for the bond formation.? Thus, the Nazarov
cyclization has the potential to transform an achiral
molecule into a single stereoisomeric product. Furthermore,
the diastereoselectivity of the reaction can be influenced by
stereocenters in the substrate (‘torquoselectivity’).*

o Lewis
E/U\( Acid N -

R ; R, R, R
Conrotatory (1)

LA
o

LA fe}
- TL !
R2 mz ﬁ/
H* H*
H Ri 5 R

Ri

Despite this impressive profile, the Nazarov cyclization
process as depicted above has serious reactivity and
selectivity problems that have historically compromised
synthetic utility. Specifically, (1) strong Lewis acids are

often necessary to promote cyclization; (2) multiple
equivalents of promoter are required; (3) elimination of
the proton is not regioselective (see 3—4); (4) elimination
of the proton leads to loss of a stereocenter (see 4); (5)
protonation of the enolate is not stereoselective (see 4 —5).
Some of these issues were addressed by Denmark’s silicon-
directed Nazarov cyclization protocol.” This review will
discuss this and other solutions to the problems just
outlined, summarize the current level of mechanistic
understanding as demonstrated by experiment, and present
recent applications of the Nazarov cyclization to natural
product synthesis. Asymmetric Nazarov cyclization strat-
egies will also be discussed. The primary focus will be
Nazarov reaction chemistry that has been developed since
1994, when the last comprehensive review appeared.”

2. Factors influencing reactivity

The reactivity of divinyl ketones in Lewis acid-promoted
Nazarov cyclization is affected by the Lewis acid promoter,
but certain characteristics of the substrate also influence
reaction behavior. Among these variables are the confor-
mation of the pentadienyl cation intermediate, and both the
position and nature of substituents on the substrate.

2.1. Steric influence of o-substituents

It has been widely documented that c-substitution on the
divinyl ketone improves cyclization efficiency.®™'® Divinyl
ketones with this substitution pattern are probably more
reactive due to an increased population of with s-trans
enone conformers (Fig. 1), which have the most favorable
orientation for cyclization. The a-alkyl substituents experi-
ence unfavorable non-bonded interactions in the s-cis
conformation, promoting bond rotation to the reactive

s-trans/s-trans s-cis/s-trans s-cis/s-cis

Figure 1. Conformers of divinyl ketones.
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Figure 2. Two-point binding.

s-trans conformer. Conversely, when hydrogen occupies the
a-position, the s-cis conformation is preferred and cycliza-
tion is disfavored.

Lewis acids with the ability to bind both the carbonyl
oxygen and a functional group at the o-position of Nazarov
substrates can also enforce the s-frans conformation,
encouraging cyclization (Fig. 2)."'"?

2.2. Stereoelectronic influence of o-substituents

The stereoelectronic influence of divinyl ketone o-substituents
on Nazarov cyclization efficiency has been studied extensively
in recent years. Significant progress has been made in
developing an understanding of substituent effects, but some
of the experimental findings are not yet fully understood. For
another, more detailed critical analysis of substituent effects
impacting Nazarov cyclization, the reader is referred to the
recent Chemtracts article by Harmata.'*

2.2.1. a-Electron donating substituents. In Denmark’s
pioneering study of substituent effects in the Nazarov
cyclization, a set of guiding principles was proposed to
describe the stereoelectronic influence of o- and f-
substituents on reactivity.® Specifically, it was postulated
that cation stabilizing substituents at the B-positions (i.e. R,
and Rj3, Scheme 1) would stabilize the pentadienyl cation,
raising the activation barrier for cyclization. Conversely,
cation-stabilizing substituents at the oi-positions (R and Ry,
Scheme 1) would stabilize the oxyallyl cation product rather
than the pentadienyl cation, lowering the activation barrier
for cyclization. Experimental findings lent convincing
support to this model.

The accelerating influence of an a-electron-donating
substituent on the cyclization reaction has been well
documented, with selected examples presented in Table 1.
Cyclizations studies by Tius and Kocienski revealed
enhanced reactivity in substrates with a-alkoxy substituents
(Table 1, entries 1 and 2) Since these early findings the Tius
group, in particular, has developed synthetically valuable
cyclopentannulation methodology based on a-oxygen sub-
stituted pentadienyl cation precursors.'® Cha later reported

-MX
O n
Ri~_~{_Ra
(g h) —_——
Rs Rs
pentadienyl oxyallyl
cation cation

Scheme 1. Denmark: substituent effects on cation stabilization.

the cyclization of a relatively complex substrate bearing an
a-alkoxy substituent (entry 3), and Occhiato and Prandi
found that dihydropyran derivatives undergo efficient
cyclization under unusually mild acidic conditions via an
oxyallyl cation intermediate (entry 4).

Recent studies of a-oxygen-substituted substrates have led
to a very interesting finding: while substrates with a-carbon
substitution have typically required stoichiometric amounts
of strong Lewis acids to promote cyclization,'” substrates
with oxygen substitution at the o-position were reactive
enough to undergo rapid cyclization with mild Lewis acids
as catalysts (entries 5-8). These examples are discussed in
detail in Section 6.

Why are substrates with o-oxygen substitution so reactive?
The electron-donating substituent is thought to increase
electron density on the terminal carbon of the pentadienyl
cation, lowering the activation barrier to cyclization After
cyclization, the heteroatom is able to stabilize the oxyallyl
cation intermediate. Finally, the heteroatom effectively
localizes the positive charge at one a-carbon, which leads to
highly regioselective elimination (consider Scheme 1; R; =
alkoxy).

2.2.2. a-Electron withdrawing substituents. These obser-
vations suggested that compounds of this type were highly
reactive and prone to polymerization under Lewis acidic
conditions. However, rather than the usual mixture of
regioisomers, cyclopentenone 7 was the only enone
observed. Regan and Andrews reported that stereoselectiv-
ity of the protonation step (see 4—5, Eq. 1) was also
excellent, giving the trans isomer (7) as shown in (Eq. 2).
The high stereoselectivity of protonation is thought to arise
from facile equilibration of the B-ketoester stereocenter
under the reaction conditions, which would provide the
more stable frans product.

o o0 o o

y N

IR SR
M

% 6 e W 7 Me

< 48% yield 2

Reaction Conditions: a) Me,Sil (2 equiv.), CCl,, rt, (reference 7); or b)
Me,SiOTf (5 equiv.) CH,Cl,, rt (reference 8).

Tetrahydropyrans like 8 are thought to undergo a dehy-
dration process under the reaction conditions, generating
divinyl ketones 6 in situ (Eq. 3).**? This method gives
consistently better yields of cyclopentenones 7 relative to
reactions initiated with divinyl ketones and using the same
Lewis acid promoters (cf. Eq. 2). Both Regan and Takeda,
using related but slightly different Lewis acidic conditions,
have reported conversion of 8 to 7a, as shown in (Eq. 3).*
Although no explanation is offered for the increased
efficiency observed in cyclization via tetrahydropyran 8,
the geometry of the alkylidene B-ketoester generated in situ
may play a role (see Section 2.3.3).
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(0] (6] e) 0
OEt __ | OEt | _,
(0] Me 6a Me
8 +H20
(6]
Q 3)
OEt
Me
7a

Reaction Conditions: a) Me;SiOTf (5 equiv.) CH,CL, rt (reference 8) or
b) Me,SiCl-Nal (10 equiv.), DMF, 120 °C (reference 22). 77% yield
reported for both sets of reaction conditions.”

Recently, Flynn and co-workers have reported highly efficient
Nazarov cyclizations of alkylidene B-ketoesters of type 6
(Eq. 4).* These cyclizations were promoted by protic acid

Table 1. Cyclizations of dienones with electron-donating «-substituents

and, in a few cases, copper triflate. Consistent with the
results of Regan and Andrews, only the trans product was
isolated, and the elimination step was highly regioselective.
The group uses a new cross-coupling method to prepare
substrates 6b, which initially provides Z rather than E
alkylidene B-ketoesters. E/Z isomerization occurs gradually
over time, but the predominance of Z isomer at the outset
may improve reaction efficiency (Section 2.3.3) and help
to explain the contrast between these results and those shown
in (Eq. 2).

O O
Me U\
Me L
OEt S OEt

Me™ gp n-Pr Mé pr 76 (D)

Reaction Conditions: MeSO;H (1.1 equiv.) in CH,CL, 18 °C, 24 h, 88%
yield.

Entry Substrate Reaction conditions Product Yield Reference;
year
OH
O
1 HCI/MeOH 48 h 59% 16; 1994
o o OH
Z > Ph Combine (—78 °C); then 5% o} Me .
2 /\ Jﬁﬁ ! 91% 17; 1994
OMe Me HCl/ MeOH (0 °C)
Ph
O
EtO EtO
| EGAICI (4.8 equiv) CHCl,, ‘ .
3 N —78°C to 1t \\;«N 63% 18; 2000
o o)
OEt O
© 0
4 | A Amberlyst 15, then TFA ~70% 19; 2003
AN
O (0]
0 CO,Me 2 mol% Cu(OT¥) COM
> 0] «COMe .
5 | | CI(CH,),CL 1t >99% 20; 2003
Ph
O
O
6 | 10 mol% AICl;, CH,Cl,, 1t 88% 11a; 2003
O
MeO
7 | 10 mol% PdCly(MeCN), 91% 21: 2003
wet acetone, rt
O
21; 2003

0,, 80°C

O
20 mol% Pd(OAc), DMSO, Eto\% $3%
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O O
(0] R 0 R
I -
TMP TMP
6¢: R= COoMe -
o pommier s

Scheme 2. Polarized divinyl ketones. TMP=2,4,6-trimethoxyphenyl.
Reaction conditions: 2 mol% Cu(OTf),, CI(CH,),Cl, rt; <5 min (6¢)
versus 20 min. (10).

Finally, substrates 6c¢, bearing both electron-donating and
electron-withdrawing o-substituents have been studied by
Frontier and co-workers (Scheme 2). Initial experiments
suggested that this substituent combination is able to polarize
the pentadienyl cation (see 9) and increase its reactivity, since
cyclization proceeds under mild conditions. This was an early
example of a Nazarov cyclization catalytic in Lewis acid.
Also, replacement of the a-withdrawing substituent with a
hydrogen (e.g., 10) reduces cyclization efficiency in some
substrates. However, the electron-withdrawing group does not
consistently improve cyclization rates, and its role has become
more ambiguous with continued study.” Given that Den-
mark’s model (Scheme 1) predicts that an electron-with-
drawing group at the a-position of the pentadienyl cation will
reduce reaction rate,6’l a more extensive examination of o-
withdrawing substituent effects is necessary (and ongoing).

2.3. Substitution at the B-position

Several research groups have discovered important trends in
reactivity depending upon the nature of substitution at the f3-
position of the divinyl ketone. In general, B-substitution
slows reaction rate,® but the type, geometry, steric and
stereoelectronic impact of substitution pattern at the (-
position are all factors that affect reactivity. Four different
types of B-substitution will be discussed in this section: -
silicon substituted divinyl ketones A, B-sp hybridized
substrates B, substrates with internal B-substitution (C)
and substrates bearing B-electron-withdrawing groups (D).

o o)
R R : "
I
Me3Si” BH
3Si B A <
I RI RI
p-silicon —sp hybridization
o (0]
O LT
I
R"B R e oD

internal B-substitution -electron-donating group

2.3.1. Silicon-directed Nazarov cyclization. Denmark and
co-workers designed B-silicon substituted divinyl ketones
11 in order to study the ability of silicon to stabilize and
control the reactivity of the oxyallyl cation intermediate

(0] (0]
o H
RI @R' "
[ 1 13 14
Meg3Si not observed
l a -XSiMe3 11 +H*
o FelL, o Fel, o FelLp
~ R' '
J)Y — oy — R
v Me3Si 12

Me3Si

Scheme 3. Silicon-directed Nazarov cyclization. Reaction conditions: (a)
FeCl; (1.05 equiv), CH,Cl,, —30 °C to rt.

(Scheme 3).° Through the B-cation-stabilizing effect of
silicon,?® it is possible to concentrate the positive charge
density at one of the allyl cation termini (see 12), and effect
regioselective elimination using FeCl; as promoter. The
presence of the stabilizing silicon has two practical
advantages: side reactions that compromise the efficiency
of the cyclization are suppressed and the regioselective
elimination is directed such that the thermodynamically less
stable enone products (i.e., 13 rather than 14) are formed
exclusively. For an extensive discussion of the scope and
utility of this strategy, see Denmark’s 1994 review.

2.3.2. B-sp-Hybridized precursors. Allenyl and cumulenyl
derivatives display excellent reactivity in Nazarov-type
cyclizations. The Tius group has demonstrated that
cyclization of oxyallenones 15 is a general and efficient
method for the preparation of cyclopentenones 16 (Eq. 5).'°
This version of the reaction has served as the cornerstone of
a number of strategies targeting complex natural products
(see Section 5).

0 (OMe oH @
H O._OMe +
Me— O+ | Me = -(CH,OMe)

R1 HC —_—

V 1 \ R2

R
15 R? H
@)

Hashmi and co-workers have found that upon treatment
with silica gel, B-alkynyl ketone 17 cyclizes to provide
conjugated dienone 19, presumably via the allenyl ketone
intermediate 18 (Eq. 6).*’ Finally, the Tius group recently
reported the first cyclization of cumulenes like 22, which
was generated in situ from the cumulenyl lithium 20 and
enamide 21 (Eq. 7).%% Substrates with aromatic substitution
on the enamide undergo cyclization under the mildly acidic
conditions of aqueous workup, to give allenylketones like
23.
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OH i 0
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Ph _ en
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18 - 19

Reaction Conditions: a) Dess-Martin periodinane, b) silica gel, 54% yield.

MeO” O o}

20 21
B OMe ]
ST g
| © O Me
Ph |
Ph
22 23

Reaction Conditions: =78 °C to —40 °C; then aqueous KH,PO,, 59% yield.

The enhanced reactivity observed in allenyl and cumulenyl
substrates is thought to derive from two unique features of
the corresponding cationic intermediates. First, steric
interactions at the B-position of these substrates are at a
minimum, which is expected to increase the population of
species in the reactive s-tfrans geometry (see Fig. 1). Thus,
the facile approach of the allenic sp and vinyl sp? carbon
translates to a lower activation barrier for C—C bond
formation. Second, allenic strain may be alleviated in the
transition state upon formation of the allyl cation, providing
a driving force for the reaction in these substrates.?*-*

2.3.3. B-Substituents at the internal position. Substrates
with internal B-substitution suffer steric hindrance when the
cation adopts the conformation necessary for electrocycli-
zation (Fig. 3).

The degree to which this hindrance affects cyclization has
not been studied extensively, but experiments show that

steric
hindrance

Figure 3. Nonbonded interactions at the B-position of the reactive
pentadienyl cation.

o (6]
Meﬁ a Me
Ph 24 Me Ph 26 Me
(0] / O
Mej)‘j Me
| ] et =
Ph™ Me PrY  Me
25 27

not observed

Scheme 4. Olefin isomerization under Lewis acidic conditions. Reaction
conditions: a) BF;—OEt, (1.1 equiv), Et;SiH (10 equiv).

compounds containing tetrasubstituted alkenes cyclize more
slowly than the analogous trisubstituted alkenes.*' Other
experiments suggest that internal B-substituents in disub-
stituted enones and trisubstituted alkylidene B-ketoesters
engage in an isomerization pathway that is strongly favored
over the cyclization pathway. These processes are described
below.

West found that Nazarov cyclization of both trans- and cis-
disubstituted enones 24 and 25 gives the same diastereo-
meric product 26 (Scheme 4).32 The stereochemistry of 26
corresponds to conrotatory cyclization of trans isomer 24,
whereas cyclopentanone diastereomer (27), corresponding
to cyclization of cis dienone 25, was not observed. This
indicates that under the reaction conditions, the cis f-methyl
enone 25 undergoes isomerization prior to cyclization.
Similar isomerization behavior has been noted by Denmark
in the cyclization of cis-B-silyl enones.>”

Recent experiments indicate that trisubstituted alkylidene -
ketoesters like 28 also exhibit complex behavior during
cyclization.”* When a 71:29 mixture of E and Z olefins
underwent cyclization, only diastereomer 29 was isolated,
rather than the two isomers expected from conrotatory
cyclization of the two divinyl ketones (Eq. 8). This suggests
that the isomer with Z geometry cyclizes to give product,
while the isomer with E geometry undergoes isomerization
prior to cyclization. This theory was confirmed when pure
samples of the two isomers were subjected to the cyclization
conditions: 28F took more than 24 h to cyclize, while
cyclization of 28Z was complete in an hour. Both reactions
give the same diastereomeric product (29).

0O O 0O O
5 mol%
| OMe + | OMe
Cu(OTf
VPh™ 2gE Me “Ph pgz MOz
E/Z ratio = 71:29
®)
LR
S oMe
Me Ph ggo
29

In 28E, the steric hindrance between the methyl group and
the B-phenyl at the internal position would be extremely
disruptive to cyclization (Fig. 3). However, the same
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isomerization behavior was observed during cyclization of
30, a B-unsubstituted cyclohexene (Eq. 9). The regioselec-
tivity of elimination is compromised (see 32), but note that
even when steric hindrance on the cyclohexene is reduced,
the reaction still affords only one diastereomer: cyclic enone
31. Again, this is the isomer expected from conrotatory
cyclization of 30Z, the minor component of the reaction
mixture.

O O O O
5 mol%

| OMe 4 | OMe
Cu(OTf),

9

3:1 ratio; 72% yield

In the examples discussed above, an internal B-substituent
hinders cyclization to such an extent that no reaction occurs.
Instead, olefin isomerization occurs under the reaction
conditions, and cyclization of an intermediate with -
substituent exo occurs exclusively. This behavior is
consistent Wlth the theoretical predictions of de Lera and
co-workers.> It is possible that isomerization behavior like
this often precedes cyclization, but is not observed because a
diagnostic stereocenter is lost in the elimination step (for an
example, see product 32, Eq. 9). Therefore, it is not
surprising that the documented examples both have unusual
qualities that allow detection of the isomerization: in
Scheme 4, the reaction is conducted in the reductive regime
(described in detail in Section 4) avoiding the elimination
step altogether, and in (Eq. 8), quaternary center formation
directs elimination exo to the new cyclopentanone ring,
preserving the stereocenter created during conrotatory
cyclization.

2.3.4. Electron-donating B-substituents: retro-Nazarov
cyclization. According to Denmark’s model (Scheme 1), -
electron-donating groups are expected to stabilize the
pentadienyl cation precursor, discouraging cyclization. In
2002, Harmata and Lee reported that B-alkoxy substituents
not only stabilize the pentadienyl cation species, but also
facilitate efficient reversal of the process (Scheme 5).36 This
transformation, termed the ‘retro-Nazarov’ cyclization,
involves solvolytic formation of an oxyallyl cation 34
from a-bromocyclopentanone 33, which undergoes ring-
opening to give the divinyl ketone 35 in good yield. A small
amount of conjugate addition product 36 was also isolated
in each case. Efficient retro-electrocyclization depended
upon the presence of a second pentadienyl cation-stabilizing
substituent, such as an aromatic or alkenyl group.

Harmata and Schreiner have continued to study the retro-
Nazarov reaction for substrates with various [-electron-
donating groups, using density functional theory.’” They
have found that activation energies are slightly lowered by

(0]
Br a L
tBuo’ R
33 tBuO t+BuO
R= aryl, alkenyl |
10 examples
tBuOhR tBuO/fJ\L

42-69% Fsc 7-12 %

Scheme 5. The Retro-Nazarov reaction. Reaction conditions: (a)
triethylamine (1.1 equiv), trifluoroethanol, reflux.

f,B-dialkyl substitution, moderately lowered by B-vinyl
substitution, and significantly lowered by B-alkoxy substi-
tution. The data were consistent with the group’s earlier
experimental findings, and a series of new experiments were
carried out in the laboratory to explore cyclization of
cyclopentane derivatives with the B,B-dialkyl substitution
pattern. When the second B-position has aryl or vinyl
substitution (see 37), smooth ring-opening occurs to give
divinyl ketones 38 (Eq. 10). These results indicate that the
calculations had indeed identified a new reactive substi-
tution pattern, and could serve as a reliable method for
predicting relative reactivity in the retro-Nazarov cycliza-
tion.

O (0]
37 Br a 38
Me | |
Mé R Me Me R

(10)

R= aryl, alkenyl 65-91%

Reaction Conditions: a) triethylamine (1.1 equiv.), trifluoroethanol,
reflux. (4 examples).

A related case of ring-opening retro-Nazarov reaction was
reported by Caddick during his study of compound 39.%® In
the presence of p-methoxyphenol, triphenyl phosphine and
diisopropyl azodicarboxylate, 39 was converted to divinyl
ketone 40 (Eq. 11). Although the efficiency of the
transformation was poor, the example is interesting because
it involves a substrate different from those studied by
Harmata, and a different reaction pathway for generation of

the oxyallyl cation.
O
AT @ g

0tBu PMPO 40 OtBu

Reaction Conditions: THF, PPh,, 0 °C, then DIAD, rt, 14%.
(11)

While the Harmata procedure for oxyallyl cation generation
involves solvolytic loss of bromine, the mechanism of
formation in the Caddick case is not known. The mechanism
postulated by the authors begins with conjugate addition of
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p-methoxyphenol to 39. Then, the a-oxygen is activated
with phosphonium derivative 41, and ionization is driven by
the formation of triphenylphosphine oxide (Eq. 12).

0=PPh; +

12)

2.4. Heteroatom substitution on the central carbon of the
pentadienyl cation

Nazarov cyclizations typically involve an oxygen hetero-
atom on the central carbon of the pentadienyl cation. It has
been determined by ab initio molecular orbital studies that
cyclization of the analogous nitrogen-substituted Eentadi-
enyl cation is energetically disfavored (Eq. 13).* To be
efficient, an ‘imino-Nazarov cyclization’ would require a
driving force able to overcome the stabilization provided by
the electron-donating amino group on the ring-open cation.

NH,
13)

It had been shown that allenyl nucleophiles will react with
a,pB-unsaturated Weinreb amides and cyclize to form
cyclopentanone products in high yields.'” Extrapolating
from these results, Tius’ group explored the reaction of
similar allenyl nucleophiles with a,B-unsaturated nitriles in
order to generate a-aminocyclopentanones.*’ The addition of
a-lithio-o-(methoxy)methoxyallene 43 to the a-methylcinna-
monitrile 42 at — 78 °C forms the lithioimine intermediate 44
which cyclizes under the acidic workup conditions (Scheme 6).
A saturated aqueous solution of dihydrogen phosphate is the
optimal acid, giving the (isolable) product 45. For isolation,
the amine was protected as the acetamide 46 and an isolated
overall yield of 73% obtained.

Cyclization of alkoxyallene intermediate 44 culminates in
the critical irreversible loss of the methoxymethyl cation.
Further studies showed similar success when different a.,[3-
unsaturated nitriles and alkoxy allenes were tested.
Moderate yields were obtained in all cases except reactions

H;c0” o
CH3 a
Ph\/\CN + Li/\ OH
H
42 43 L
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using an o,f -unsaturated nitrile with a hydrogen at the
o-carbon. In these cases, no reactions were observed. These
transformations, together with the single example reported
by Cha (see Section 5.4),'" are the only reported examples
of imino-Nazarov cyclizations known to us.

3. Control of torquoselectivity in conrotatory cyclization

As shown in Scheme 7, conrotatory cyclization can occur
either in a ‘clockwise’ or a ‘counterclockwise’ sense. If the
reaction is controlled such that only one direction of
conrotation occurs, cyclization is described as torquoselec-
tive.* It has been found that a remote stereocenter in the
molecule can influence the sense of conrotation, to allow
cyclization to occur with high diastereoselectivity. Enan-
tiomerically enriched product mixtures are obtained when
the remote stereocenter is non-racemic and is lost during the
cyclization. In these cases, torquoselective cyclization has
allowed transfer of chirality from the original center to a
new carbon center. In the corresponding two-step process,
auxiliaries have been used to communicate chirality to new
cyclopentenone stereocenters in the torquoselective process.
Diastereoselective cyclization occurs in the first step, with
the auxiliary removed in the second step to provide
enantiomerically enriched products. Finally, chiral Lewis
acids are able to promote asymmetric cyclization of achiral
divinyl ketones, in a torquoselective cyclization influenced
by an external source of chirality.

3.1. Diastereoselective cyclization induced by
stereocenters in the substrate

A stereocenter in the divinyl ketone will influence the sense
of conrotation, leading to torquoselective cyclization. In
many cases, bond formation occurs on the face opposite to a
ring substituent, due to steric hindrance. The degree of
selectivity varies depending on the position of the existing
stereocenter relative to the position of bond formation, and
on the conformation of bicyclic intermediates during
cyclization. Silicon substitution may also exert a stereo-
electronic effect, by providing continuous stabilization of
the intermediate cation during cyclization.”

3.1.1. B-Silyl divinyl ketones. Denmark and co-workers
have documented diastereoselective cyclization in the
silicon-directed Nazarov cyclization.*'** Torquoselectivity
is good for cyclohexa-fused substrates (Table 2), but poor
for the cyclopenta-fused analogs.*'® As one might expect,
the best selectivity is observed when the directing stereo-
center was near the B-terminus of the divinyl ketone, and

CHj N,
=
Ny b HC
0
OK Ph
i OCH; CH,
44

. 45 R=H
¢ [+ 46 R=Ac 78%

Scheme 6. Reaction conditions: (a) THF, —78 °C, 1 h; (b) sat. aq. (NH4)H,PO,, —78 °C to rt, 30 min; (c) Ac,0, pyr., cat. DMAP, 1t, 18 h; 78%.
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Scheme 7. The stereochemical effects of torquoselectivity in a general system.

Table 2. Torquoselectivity in the silicon-directed Nazarov cyclization

FeCI3
| +
. 0
R CHxCly,, 0°C H g
R R a R b
R R’ Product ratio Yield (%)
(a/b)

Ph SiMes; 94/6 76
t-Bu SiMe; 94/6 63
CH; SiMes; 78/22 99
CH; SiPh,Me 86/14 83
CH; Si(i-Pr); 90/10 70

larger alkyl groups gave better selectivity. Employing silyl
groups with more steric bulk also improves selectivity, but
chemical yield was significantly reduced.

The stereochemical results observed can be explained
through a steric argument: orbital overlap can be achieved
more easily on the less-hindered face of the cyclohexenyl
unit. Therefore, the vinyl group preferentially approaches
from the face opposite the allylic substituent on the ring.

3.1.2. Heterocyclic divinyl ketones. Torquoselectivity in
the Nazarov cyclization of 2-substituted heterocycles of
type 47 (Scheme 8) has been examined extensively by

OFEt - q
X OEt
e, |
n (, |’\,L |
47 H*

0
X HgO* X

n n
48 =
Pathway 1

Scheme 8. Protic acid-initiated cyclization of dienyl ethers.

Occhiato and Prandi.'”***** Generation of the pentadienyl
cation intermediate was effected by protonation of dienyl
ethers with the mild acidic Amberlyst 15 resin to give
products 48 (pathway 1, Scheme 8). In cyclizations of
oxygen-containing heterocycles, spiro-fused cyclopentenones
49 were also observed as minor reaction products, presumably
via the alternative protonation shown in pathway 2.

Cyclizations were carried out on a wide range of
heterocyclic substrates bearing substituents on nearly
every ring carbon. Presented below are selected
experimental results that provide an overview of the
influence of heterocyclic substituents on conrotatory
cyclization. While stereoselectivity trends are clear,
chemoselectivity is not consistent from substrate to
substrate, so it is important to realize that the cases
chosen represent the cyclizations that occur with both
the greatest efficiency and the highest
diastereoselectivities.

Consistent with the findings of Denmark and co-workers,
substitution at the allylic ring position results in bond
formation on the opposite face of the ring (Egs. 14 and 15).
When the substituent is large, like phenyl or #-butyl,
cyclization is inhibited, and yields were low. Torquoselec-
tivity is excellent for dihydropiperidines (Eq. 14), but
modest for dihydropyrans (Eq. 15).

OEt

oA OEt

. 0
DY X
"H* 47 - 7

EtO

O HaO*

0 @

n 49 n

Pathway 2



7586 A. J. Frontier, C. Collison / Tetrahedron 61 (2005) 7577-7606

CIIBZ OEt (IJBZ o CBZ O
U
NI N oA AN N
+ 14
“ 1 as
46% 15%
OEt
O| N E:
A
15
o o (15)
O
+ + o
53 % 27% 5%

Interestingly, good diastereoselectivity is also observed
in cyclizations of six-membered heterocycles with a
substituent at the S5-position, although the sense of
torquoselectivity is opposite for N versus O heterocycles
(Egs. 16 and 17). The non-bonded interactions caused by
an equatorially disposed methyl substituent during
cyclization are expected to be minimal, so another
argument was needed to explain both the high torquo-
selectivity and the different stereochemical outcomes
observed.

The authors propose that in the dihydropiperidines, allylic
strain caused by the N-protecting group leads to axial
orientation of the methyl substituent, creating enough steric
hindrance to significantly influence stereoselectivity. The
diydropyran stereochemistry was more difficult to rational-
ize. The stereochemistry observed arises from a transition
state in which the dihydropyran adopts a boat-like
conformation, and the authors suggest that better orbital
overlap for electrocyclization might be achieved through
this conformer.

CIIBZ OEt (IJBZ 0 Cl)BZ (0]
N H* N N
N —_— +
| || ae
AN
67% <5%
OEt
+
OI N L
AN
a7)
(6] O O
7, O (o)
O
+ +
72% 4.5% 8.5 %

Finally, Amberlyst catalysis is not effective for the
cyclization of five-membered azacycles: hydrolysis with
Amberlyst and then acid-catalyzed cyclization (neat TFA)
was required. However, the reaction is quite

diastereoselective for the product with the methyl groups
in a cis relationship (Eq. 18). As described above, selectivity
is likely due to axial disposition of the ring substitutent,
directing bond formation to the opposite face of the
dihydropyran.

Ts  OEt s O Ts O

50%
(18)

3.1.3. Allenyl vinyl ketones. Allenes are of great import-
ance when studying the effects of torquoselectivity during
Nazarov cyclizations. A bulky group at R? is predicted to
facilitate the counterclockwise conrotation (Eq. 19) since
this allows the larger R? group to rotate away from R'. (Eq.
20) illustrates the disfavored clockwise rotation whereby the
bulky group rotates toward the ring and R'.

RS

Me—*gjj\\Zr—R4
1\ HC

R) Z2

R3

4
MeATSjJ\\Zr—R
R HVC

Cr C
De Lera and co-workers have discovered the facile
rearrangement of the allene 50 to the dioxane 53 upon
treatment with a variety of acids (Scheme 9; see also Section
4.4).* This variant of the Nazarov cyclization proceeds via
the generation of the carbocation 51, which cyclizes to form
the oxyallyl cationic ring 52. This intermediate then

undergoes intramolecular trapping by the remaining
hydroxyl group to give the 1,4-dioxin 53.

favored

disfavored Me

Since there is substitution at either termini of the allenyl
moiety in 50, conrotatory cyclization or torquoselectivity
could give rise to either a Z or E exocyclic olefin. De Lera
found that there was a much higher torquoselectivity
favoring the Z configuration when the acids LiBF,,
FeCl;-SiO,, LiClO4 and PdCl,(CH5CN),, were employed.
He ventured that the true torquoselectivity was indeed
forming the E isomer but that under standard conditions at
room temperature, isomerization to the thermodynamically
favored Z configuration was occurring (Table 3).

Treatment of the purified E-53a isomer under standard
reaction conditions without an acid present, did not promote
isomerization. However, when the reaction was charged
with p-TsOH, the E-53a isomer was converted to the Z-53a
isomer. When 50a was subjected to acidic conditions
between —60 and —40 °C, '"H NMR showed a significant
amount of E-53a with respect to Z-53a. As the temperature
was slowly increased to 25 °C, equilibration to the Z-isomer
ensued. De Lera concluded that Z-53a is thermodynamically
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Scheme 9. Mechanism of cyclization for acetals 50a—b under acidic conditions.

more stable than E-53a and that isomerization was indeed
disguising the initial diastereomeric ratio of the exocyclic
alkenes when formed at lower temperatures and before
being warmed to the standard 25 °C. DFT calculations
suggest that clockwise rotation to give the E isomer was
preferable so as to avoid steric hindrance between the R
group and the C-1 substituent. However, acid-induced
equilibration of E-53a to favor Z-53a is driven by the steric
interaction between the bulky #-butyl group and the R
substituent.

De Lera’s success in enhanced torquoselectivity as seen
using 50a is not realized in all systems. It is observed that
when R is a smaller alkyl substitutent such as a methyl
group (50b), isomeric ratios are inconclusive (Table 3).
Since the methyl group is less bulky, 50b was not as
torquoselective. Subjection of the reaction mixture for a
prolonged period to various acidic conditions did not alter
the E and Z isomeric ratios for the product 53b. Never-
theless, these findings open a new avenue for such
cyclizations from allenyl divinyl ketones that could be
incorporated into the syntheses of useful compounds. For a

Table 3. Acidic conditions for cyclization of S0a-b

@y
)

t-Bu [e)
a
R
Z-53

74
Z-52
t-Bu HO t—BuﬁO
E-52 E-53
Me,
o
b

further discussion of torquoselectivity in allenyl systems see
Section 3.2.2.

3.2. Transfer of chirality during torquoselective
cyclization

3.2.1. Silicon as a traceless auxiliary. Work by Denmark
and co-workers describes the use of silicon as a traceless
auxiliary to easily and selectively construct linear tricyclic
systems.>” Starting with a silicon-bearing pB’-stereogenic
center to induce selectivity, ketone (S)-(—)-54 and (R)-(+)-
54 were treated with FeCl; in CH,Cl, at —50 °C (Scheme
10). The torquoselectivity experienced by both (S)-(—)-54
and (R)-(+)-54 to give the allyl cations 56a and 56b,
respectively, is due to stereoelectronic considerations. The
remote silicon group in each case favors a geometry that is
conducive to continuous overlap with the allyl cation
moiety. As a result, (5)-(—)-54 selectively cyclizes to
oxyallyl cation 56a, which was subsequently acted upon by
the halogen to eliminate the silicon group in an anti-S'g
fashion. The resulting tricyclic (—)-57 was obtained in 72%
yield and without loss of enantiomeric excess relative to the

Acetal Acid Product Z/E ratio® Z/E ratio® Yield (%)°
50a p-TsOH! 53a 42:58 >99:1 99
FeCls-SiO,° >99:1 9
LiBE,' 66:34 66:34 99
LiClO,8 >99:1 92
PdCl,(CH;CN)," >99:1 99
50b p-TsOH¢ 53b 35:65 25:75 50
FeCl;-Si0,° 42:58 50:50 85
LiBF,' 42:58 34:66 55
LiClO,8 36:64 32:68 65
PdCL,(CH;CN)," 45:55 50:50 39

# Isomer ratio determined by weighing the purified products.

" Isomer ratio determined by integration of the "H NMR spectra.

¢ Purified products.

90.1 mol equiv, acetone/H,0.

¢ 1.3 mol equiv, CHCl;.

1.0 mol equiv, CH;CN (2% H,0).

€ 1.5 mol equiv, Et,0.

0.2 mol equiv, acetone/H,O. All reactions proceeded for 30 min at 25 °C.
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Scheme 10. Reaction conditions: (a) FeCl;, CH,Cl,, —50 °C.

starting material. (R)-(+)-54 also cyclizes selectively to
oxyallyl cation 56b, which was subsequently acted upon by
the halogen to eliminate the silicon group in an anti-S'g
fashion. The resulting tricyclic (+)-57 was obtained in 58%
yield and without loss of enantiomeric excess relative to the
starting material. Thus, this method exploits an in situ
method for selectively preparing both enantiomers of such
tricyclic systems should the prescribed enantiomerically
pure B’-silyl compound be used.

3.2.2. Axial to tetrahedral chirality transfer. Allenes have
been among the first substrates to be exploited as a means to
facilitate stereoselectivity in Nazarov cyclizations. Should
an allenyl substrate be enantiomerically pure, a bulky group
at the allenyl terminus favors rotation away from the middle
of the ring, allowing chirality to transfer to the new
tetrahedral carbon center (refer to Section 3.1.3). Tius’
group has demonstrated that the step determining the
resulting stereoselectivity is cyclization, and as such, a
large amount of acid is favorable in performing the
reactions. Since protonation is reversible, the cyclization
has to occur quickly so as not to erode the stereochemical
geometry of the trisubstituted alkene. In addition, Tius’

n-Bu } 00—\ a n-Bu
OMe N |
(+)-58 60
O
- .

N
n-Bu‘_ :(EO __be p-BrPhWO OMe| _d
—C % —_—
H TBSO %C

(-)-58

0
C ) L 59 ﬁ
Me O_ OMe
N — N A\
H
H o :8:0 )_LOTBS TBSO YC
—c

56a (-)-57
72%; 86% ee

56b (+)-57
58%; 88%ee

work also supports the thought that better selectivity is a
result of a bulkier group on the allene terminus. Once
enantiomerically pure allenes were obtained,*® treatment of
(+)-58 with vinyllithium species 59 at —78 °C in THF for
30 min afforded cyclopentenone 61*7 in 64% yield and 95%
ee (Scheme 11). Greater than 95% chirality transfer is
observed for this reaction.*® In this case, the stereochemistry
of the bulky #-butyl group favors counterclockwise rotation,
allowing for efficient chirality transfer.

When (—)-58 was converted to the phenone derivative using
p-bromophenyllithium and then further treated with the vinyl
lithium 59, intermediate 62 was obtained. Subsequent
treatment with BF;- OEt, at —78 °C facilitated the cyclization
to the cyclopentenone 63 in a 57% yield with greater than 90%
chirality transfer. It is also observed that isomerization of the
exo-alkene ensues under these conditions.

3.2.3. Traceless auxiliaries in allenyl ether cyclopentan-
nulations. The first exploration of enantioselective cycliza-
tion using chiral auxiliaries was carried out by Tius and co-
workers. Tius explored the use of both a-and B-anomers of
allenyl pyranose derivatives to induce selectivity in the

(0]

H
62 72% 63 57%

Scheme 11. Reaction conditions: (a) THF, — 78 °C, 30 min; (b) p-bromophenyllithium, THF, —78 °C, 30 min; (¢) 2, THF, —78 °C, 30 min, 69%; (d) CH,Cl,,

BF;-OEt,, —78 °C.
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Scheme 12. Reaction conditions: (a) nBuLi, (4 equiv) LiCl, THF, —78 °C; (b) —78 °C, 1 h, 2; (c) HCI, HFIP, 0 °C; 52% yield, 68% ee (or HCI, EtOH,

—78 °C; 67% yield; 67% ee).

resulting cyclopentenones.*’ As expected, such cyclizations
proceed enantioselectively and involve the loss of the sugar
residue as a stable oxocarbenium species. These methods
provide a route to both enantiomers in good yields with
moderate enantiomeric excess.

D-Glucose was examined first due to its availability and low
cost. The a-anomer of the allene 64 was deprotonated to the
allenyllithium, then treated with the morpholino amide 65 at
—78 °C for 1 h (Scheme 12). The cyclization was induced
by treatment with HC1 and HFIP at O °C. The cyclopente-
none 66 was obtained in 52% yield and 68% ee. A
noticeable decline in the nucleophilicity of this allenyl-
lithium species (in contrast to the methoxy-substituted
allenyllithiates) made it necessary to use multiple equiva-
lents of LiCl to effect a reasonable yield.”® Under these
optimized conditions, many different morpholino amides
were tested, varying alkyl substituents of the a,-alkene. In
these cases, yields ranged between 42 and 71% with an
enantiomeric excess range of 41-67%.

The B-anomer was then prepared and cyclopentannelation
studied (Scheme 13). The allenyl lithiate of 68 is actually
less reactive than that of 64. Therefore, warming to —40 °C
was necessary to drive the reaction to completion. Once the
lithiate was introduced to the morpholino amide and the
adduct cyclized under acidic conditions, the cyclopentenone
69 was observed in 71% yield and 82% ee.

In addition to the poor nucleophilicity observed for lithiates
64 and 68, scalability of these reactions is also problematic.
It appears that when these reactions are scaled up from 0.2
to 4.0 mmol, a noticeable deterioration of enantioselectivity
occurs. It is clear that exploration of other chiral auxiliary
options is needed.

3.2.4. Asymmetric cyclization with conventional chiral
auxiliaries. Tius’ group continued to examine alternative
chiral auxiliaries to induce selectivity in cyclopentannelations.

H
OMe -
o H7¢,45‘H
M a,b,c
fRo o)
MeO H

=

68 IQ

69

0 OMe
O
HO CH Meo
+ MeO OH
- MeO H
70

In doing so they studied the effects of camphor-derived
chiral auxiliaries on these modified Nazarov cyclizations.>!
It was discovered that in using these camphor-derived
auxiliaries on the allene (Table 4), the observed limitations
in the pyranose cases involving decreased nucleophilicity
and scalability were eliminated. The camphor allenyl
lithiate 72 and morpholino amide 73 were cyclized on a
1.0 g scale without diminishing the enantiomeric excess
(entry 1). The cyclopentenone product ent-74 was obtained
in 78% yield with 86% ee.

Optimization revealed that a more polar solvent and lower
temperatures give better enantiomeric excesses. Therefore a
1:1 HFIP/TFE solvent mixture at —78 °C was used for all
subsequent reactions. TFE was added so that the reaction
could be done at —78 °C. Under these optimized reaction
conditions, Tius’ group studied a wide variety of morpho-
lino amides and recognized a vast improvement when using
these camphor-derived auxiliaries relative to the pyranose
auxiliaries. It is apparent in the better yields observed (33—
84%) as well as better ees (55-87%).

Further studies by Tius showed that increased branching at
the B-carbon of the amide improved enantioselectivity. In
these cases, enantiomeric excesses are often above 80%.
The Tius group also found that phenyl substitution at one or
both a,B-alkene carbons is tolerated. Additionally, substi-
tution at the a-alkene carbons with a silyl group or halogen
is also a viable process. This stereoselective method
involving camphor derived allenes also proved useful in
preparing fused carbocycles that could facilitate the
enantioselective construction of many natural product
syntheses (entry 2).

Tius reported the following potentially important discovery:
cyclopentannelation initiated by the reaction of allenyllithi-
ate 72 and PB,B-disubstituted amide 77 revealed the
cyclopentenone 78 in a 14% yield and 65% ee (entry 3).
Although the yields were very low (a large amount of the

71

Scheme 13. Reaction conditions: (a) nBuLi, LiCl, THF, —78 °C; (b) —78 °C, 1 h, 2a, warm to —40 °C, 1 h, cool to —78 °C; (c) HCI, HFIP, 0 °C; 71% yield,

82% ee (or HCI, EtOH, —78 °C 79% yield; 61% ee).
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Table 4. Cyclizations using camphor-derived auxiliaries®

Entry Allenyllithium Substrate Product Yield ee
o)
= N
| /j)
1 H 5 78% 86%
H’QC O 73
L
72
0
N/A\W
2 72 _ 62% 69%
75
0
Me N /\
3 72 | _ 14% 65%
Ph” "Me
77

(i) 10, —78 to —30°C, 1 h; (ii) HCI, HFIP/TFE (1:1), —78 °C.

amide was recovered), the reaction is significant because it
shows that such cyclizations can afford quarternary carbons
enantioselectively. Overall, the approach using camphor-
derived auxiliaries offer better yields and selectivities than
that using the pyranose-derived auxiliary and have proven to
be quite general for many systems.

Intending to improve upon the selectivity in Nazarov-type
cyclizations using metal-carbonyl coordination (Eq. 21),
Pridgen and his co-workers used a commercially available
S-oxazolidinone and 8-phenylmenthol as their chiral
auxiliary for their systems (79a—79b).>* In contrast to the
camphor-derived auxiliary studies done by Tius, Pridgen’s
starting compounds are not allenes but they do bear a
specific alkenyl geometry prior to cyclization.

L. L L. .L
/M\ /M\
5 o o § o o
L L N
N O N O
N /
Ar R ArR*

2L

Since these Nazarov cyclization examples undergo 41t-
conrotation, torquoselectivity suggests the possibility of
eight isomers. Of these, only three isomers were observed.
Table 5 shows that when 79a—c are subjected to acidic
conditions in either dichloromethane or toluene at 0 °C
regardless of which chiral auxiliary was installed, the major
product is always the trans diastereomer 80a—c. The cis isomer
8la—c was also isolated and characterized in all cases along
with an uncharacterized third isomer. Interestingly, both protic
acids and Lewis acids can be used with both the oxazolidinone
auxiliaries and the 8-phenylmenthol auxiliary. The optimized
reaction conditions for the oxazolidinone derivatives requires
methanesulfonic acid as the promoter. Conversely, the best
results for the 8-phenylmenthol derivative were with SnCl, as
the Lewis acid promoter.

Surprisingly, the use of a protic acid with the oxazolidinone
derivatives in addition to the success of the 8-phenyl-
menthol derivative as an auxiliary suggests that the acid
promoter does not need to engage in coordination to achieve
high diastereoselectivity. Instead, Pridgen asserts that the
selectivity is thought to arise from the transoid geometry of the
imide, which is thought to position the exocyclic B-carbon in
an optimal configuration for 47 electrocyclic cyclization (see
79). Additionally, there is no evidence for electronic
participation by the chiral auxiliary in the form of 7t-stacking,
due to the absence of a carbonyl in 79¢ and the absence of a
phenyl group in 79b. The Nazarov cyclization of 79a was
utilized in the synthesis of SB 209670 and SB 217242,

Further applications of such oxazolidinones as auxiliaries in
Nazarov cyclizations have been reported by Flynn and co-
workers. They discovered that when 82 is reacted with
MeSO;H at —78 °C and then warmed to 0 °C, cis-83 is
obtained upon quenching in 73% yield (Scheme 14).%* This
diastereomer proved to be indefinitely stable under neutral or
slightly basic conditions. It was observed that epimerization
of cis-83 to trans-83 occurred under prolonged exposure to
acid at room temperature.

S§ 3 24
a
—/ \J
PN Bn Ph B,
82 cis-83 73%
N~ o b \\”\ )L
] (L N —— N0
Ph : :
Ph Ph 5,
82 trans-83 76%

Scheme 14. Reaction conditions: (a) MeSOs;H, — 78 to 0 °C then NaHCOs;
(b) Cu(OTf), —78 to 0 °C then NaHCO3 or MeSO3H, rt, several hours.
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Table 5. Enantioselective cyclization of 79a—c

7591

(0] (0]
0 X Pro 0 PrO o
PrO o _.n/( ..\\/<
O | acid Xe * B Xe
(0] I
\—O O\/O o\/o
79a-c 80a-c 81a-c
CHs
X i
o
X; = U N0 ~o
N & HsC CH3
@ a | b c
Substrate Acid® Yield (%)° Ratio of product isomers: 80a—c/81a—c/other
79a SnCl,* 85 88:12:0
79b SnCl,* 74 71:16:14
79¢ SnCl,* 90 92:4:4
79a CH;SO;H! 88 85:15:0
79a TiCl,° 60 70:30

4 CH,Cl, or toluene at 0 °C.

® Isolated yields of the combined isomers.
€ 1.1 equiv.

42.0 equiv.

When 82 is exposed to MeSO;H or cupric triflate at ambient
temperature for several hours, the thermodynamically more
stable trans-83 is produced. This is the first report
describing reaction conditions that allow selective access
to either the cis or the frans cyclopentenone diastereomer in
a Nazarov reaction. Since both R and S oxazolidinones are
available, this method provides access to all four possible
stereoisomers of the cyclopentenone ring.

3.3. Enantioselective cyclization induced by external
chirality: Lewis acids

In the first published study of asymmetric Nazarov
cyclization using chiral Lewis acid complexes, Aggarwal

Table 6. Cyclization promoted by chiral lewis acids

=

S

o TN ©
@N——Cu---N{\ I
-~

]2 sBFgZ

and Belfield report good yield and enantiomeric excess for
four alkylidene P-ketoester substrates, using 1 equiv of
promoter (Table 6).>* In general, reducing the catalyst
loading to 50 mol% significantly reduced yields, with no
effect on enantiomeric excess (see Section 6).

4. Interrupted Nazarov cyclization pathways

The intermediate oxyallyl cation 3 (Eq. 1) is stable enough
to suffer trapping with nucleophilic species. West has
termed this the ‘interrupted’ Nazarov cyclization pathway,’
and has reported a number of different examples including
trapping with alkenes and arenes (Section 4.1), 1,3-dienes

2+ SBFR2-
0 > o I 9%
&N\CU,N I

N

o o O o
R4 R ligand complex (1 equiv.) R4 _.‘\/(
3
| | CH,Cly, 1t Rs
Ph Ro PH R,
Entry R, R> R; Ligand complex Yield ee
1 Me Ph OEt I 73 76
2 Ph Ph OEt I 98 86
3 Ph Ph NEt, I 92 86
4 Me Ph NEt, I 72 84
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Scheme 15.

(Section 4.2), and reduction of the oxyallyl cation with
hydride (Section 4.3). Cascade processes have been shown
to proceed with high stereoselectivity, creating up to six
stereocenters at once. Another variant of the interrupted
Nazarov cyclization involves [1,2] or [3,2]-oxygen shift,
and also creates multiple stereocenters with high selectivity
(Section 4.4).

4.1. Trapping of the oxyallyl cation intermediate with
alkenes and arenes

The first example of interrupted Nazarov cyclization reported
by West and co-workers involved trapping of oxyallyl cations
like 84 with a tethered alkene (Scheme 15).° Through the
intermediacy of a cis-fused [3.3.0] ring system, capture by an
enolate oxygen followed by hydration gives products like 85,
as single stereoisomers with either four or five new
stereocenters. This particular interrupted Nazarov cyclization
pathway has only been observed for substrates with a two-

o
F3B
3 \O o
Me
Et
Me H
OM
HQO Et H
Me H

carbon tether between the alkene and the dienone, and with
substitution at both a-positions of the dienone.

With a terminal alkene on a two-carbon tether, the dominant
interrupted Nazarov pathway is the 6-endo ring closure onto
the oxyallyl cation 86 to give intermediate 87 (Scheme
16).5° The fate of this cation has been found to lie in one of
four directions: (1) attack on the enolate intermediate to give
bridged product 88 (the 3+2 pathway); (2) hydride shift
from a nearby carbon, to give a new carbocation that readily
undergoes elimination to give 89; (3) capture with chloride
ion to give 90 (only when TiCl, was used as catalyst) and (4)
simple elimination to give alkenes 91. The products were
always formed with very high stereoselectivity, with
protonation of the enolate occurring from the convex face
of the bicyclic system.

This elimination pathway appears to occur only when no
other species (enolate, hydride, or chloride) is in a position

n=1, 2, 3;
acyclic systems also
i 9
&/ endo- or
exocyclic olefin
BFg or elimination 1
TiCly BF3and TiCly pathway ] ﬁ
BF3 only "o M
© © EE——— e
LM, L, / [3+2] =
CET | — | O :
: - LM-0
g i A _
H H . BFzand TiCly | Me
86 ®
TiCly only | trap withCI” hydride shift g
- o |
¥ H
- O
7-endo product 20
not observed
89

Scheme 16.
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Table 7. Examples of interrupted cyclization pathways (see Scheme 16)

Substrate Reaction conditions Product Combined yield (all products)
(0]
Me :
BF;-OEt, (4 equiv), CH,Cl,, . .
| —78°C. 15 min 88 (and 89; 11:1 ratio) 62%
(0]
Me . .
TiCly (1 equiv), CH,Cl,, } . 19417 g g
| | ~78°C. 0.5 h 89 (and 90 and 91; 12:1:2 ratio) 89%
O
Me : :
TiCl, (1 equiv), CH,Cl,,
| ~78°C. 0.5h 90 only 69%
O
Me :
BF;-OEt, (4 equiv), CH,Cl,, . . .
’ | ~78.0°C, 1h 91 (and 88; 3.5:1 ratio) 63%
O
Me BF;- OB, (4 equiv), CHyCl, 5 (and 3; 2.7:1 ratio) 96%

| —78-0°C, 1h

to trap the intermediate cation. Most experiments gave a
multicomponent mixture of products, but moderate to high
chemoselectivity can be achieved under optimized con-
ditions. Table 7, which presents the most efficient examples
of each pathway, indicates that substrate substitution was a
very important factor. Although the reaction product
mixtures in these early studies were usually complex,
these experiments represented the first step in the develop-
ment of a number of very selective processes, as discussed
below.

In the first example of an intermolecular alkene interruption
process, allylsilanes were used to trap the intermediate
oxyallyl cation (Scheme 17).5¢ BF; and SnCl, are the most
effective Lewis acids, and the interrupted Nazarov sequence
yields either the o-allyl ketone of type 92 or the bridged
system 93 resulting from a [3 + 2] cyclization, in which the
allyl cation is trapped with the enolate carbon rather than
undergoing desilylation. When allyl trimethylsilane was the
trapping agent, a mixture of these two products was isolated

Scheme 17.

(~1:1 ratio). However, use of bulky allylsilane (iPr3Si-)
encouraged the formation of the [3+2] product, and the
optimized reaction of the symmetric divinyl ketone 92 was
highly efficient and stereoselective, since attack on the
oxyallyl cation gives only the cis-fused [5,5]-system
(Scheme 17).

When the dienone is not symmetric, allylsilane attack
occurs selectively at the less substituted end of the oxyallyl
cation intermediate. Facial selectivity is strongly influenced
by B-substituents, as seen in the highly stereoselective [3 +
2] pathway shown in Scheme 18.

Interruption of the Nazarov cyclization with electron-rich
aryl groups was the most efficient pathway studied.”’ The
reaction is highly stereoselective and chemoselective, and
effective for a wide range of substrate dienones. Using
titanium tetrachloride as promoter, the reactions proceeded
rapidly at low temperature to give tri- and tetracyclic
products with four new stereocenters (Scheme 19). Attack

Si(iPr)s

94 i H
91% yield
single stereoisomer



7594

_~_Si(iPg

BF3 ) OEtg

(10 equiv.) Me’

H H
unsymmetric intermediate

(i-Pr)sSi l
L Si(iPr)

I;'_iMe

Me H
72% yield
single stereoisomer

Scheme 18.

of the aromatic group on the cation always occurs syn to the
tether, to give a cis-[5,6]-fused system like 95. Protonation
of the enolate occurred on the convex face of the ring system
(see 96). Interestingly, when BF;-OEt, was used as
promoter, cyclopentenone products were observed. This
indicated that under these reaction conditions, the simple
elimination pathway (see 1 — 5, Eq. 1) was competitive with
the C—C bond forming aromatic substitution pathway.

An unprecedented cationic cascade sequence triggered by
Nazarov cyclization was realized for triene 97 (Scheme
20).°® The process involves Nazarov cyclization and then
6-endo trapping with an olefin to generate cationic
intermediate 98, which was trapped by a pendant phenyl
group. Six stereocenters were created with complete
diastereoselectivity, to give the pentacyclic system 99 in
high yield. During optimization, intermediate products of
truncated cyclization were observed, including products 100
and 101 (from premature elimination both before and after
the 6-endo cyclization step), and 102 (from hydride shift), as
shown in Scheme 20.

4.2. [4+ 3] Cycloaddition

When a 1,3-diene is tethered to the dienone, the oxyallylic
cation undergoes a [4+ 3] cycloaddition process similar to
the [3+2] pathway observed with allylsilanes (Scheme

OMe

TiCly
-78°C
5 min

(0]

R OMe
HH 926
99%

Scheme 19.
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o}

100

H 98% yield

Scheme 20. Reaction conditions: (a) TiCly (1.1 equiv), —78 °C, 5 min.

21).%° Optimally, the [4+3] was triggered by FeCls, and
cycloaddition was efficient using as little as 20 mol% of this
Lewis acid. This reaction was one of the few early examples
of a Nazarov-type process that can be catalyzed by Lewis
acid. Dienones with B-substituents cyclize with complete
facial selectivity, and when the tether length is four carbons
(as in 103), cycloaddition occurs with exclusively exo
selectivity, to give a single product stereoisomer like 104.

Substrates with other substitution patterns do not undergo
[4+3] cycloaddition with such high chemo- and stereo-
selectivity, but efficient conversion to new cycloadducts was
still observed. For example, with a three-carbon tether, a
mixture of endo and exo selectivity was observed, and when
the 1,3-diene was substituted at the terminal position, the
product of exo cycloaddition dominates, but the product
mixture contained some endo cycloadduct and some of the
[3+2] cycloadduct (Scheme 21).
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Intermolecular [4+ 3] cycloadditions using cyclic dienes
proceed via the endo transition state, and facial selectivity
was again controlled by substituents on the oxyallyl cation,
as in the intramolecular [4+3] (Scheme 22).°° Trapping
with the linear dienes isoprene and 2,3-dimethylbutadiene
also gave the expected [4.2.1] cycloadduct in yields ranging
from 50 to 93%.

4.3. Reductive trapping

Geise and West were able to reduce the oxyallylic cation with
trialkylsilane to give a saturated ketone product (Eq. 22). This
is an example of interrupted Nazarov cyclization with a
trapping step involving hydride rather than the t-system of an
alkene or arene.®' Ketones 105 and enol silanes 106 could be
isolated in good yields (61-98%) from this reductive Nazarov
cyclization process, even with just 10 mol% of the Lewis acid.
The catalysis observed in this reaction is notable, as many
related Nazarov cyclization sequences require at least 1 equiv
of Lewis acid as promoter.

0 0 OSiEts

R j)l\{ﬁ Rﬁ,ﬂ R‘.ﬁ/R
| - *
R R R R S
105 106

0
Rj)f\[ﬂ (22)
R R

107

Reaction Conditions: 0.1 or 1.1 equiv. BF, OEt, or SnCl,; 2 or 10 equiv.
Et,SiH, CH,CL,, -78 °C.

Ph H diene

endo attack from
less hindered face

Scheme 22.
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Analysis of enol silanes 106 indicates that the reduction is
regioselective, occurring at the less-substituted position of the
oxyallyl cation. Unfortunately, even though the relative
stereochemistry at the B carbons of the ketone product is
controlled by the conrotatory cyclization, mixtures of
compounds isomeric at the o-positions were isolated from
these reactions. Because the o-centers undergo epimerization
during acidic workup, the stereoselectivity of the reduction
step is not known. Minor amounts of conjugate reduction
product 107 were isolated in a few cases.

An experiment carried out on dienone 108 revealed that the
oxyallylic cation intermediate is trapped with a tethered
alkene even in the presence of the trialkylsilane (Scheme
23). This interrupted Nazarov cyclization proceeds effi-
ciently to give tricyclic enol ether 109, which then
undergoes stereoselective reduction to give ether 110.

4.4. Intramolecular trapping with oxygen functionality

Interrupted Nazarov cyclizations involving oxygen trapping
have also been reported. De Lera and co-workers reported
an efficient cyclization involving a pentadienyl cation
intermediate generated from a Z-vinyl acetal such as 111
(Scheme 24).%% Protic or Lewis acid activation, cyclization
and then trapping of the resultant cation with the pendant
oxygen substituent gave dioxane products 112 in very high
yield, as a 1:1 mixture of E/Z exocyclic olefins. Isolation of
a 1:1 E/Z mixture indicated that the allene stereocenter did
not encourage diastereoselective cyclization, in contrast to
the trends observed in other studies (see Section 3.1.3).

A similar oxygen-interruption sequence was reported by
Nair.®® The pentadienyl cation was generated from Lewis
acid activation (BF3—OEt, or SnCly; > 1 equiv) of a cyclic
orthoester such as 113 (Scheme 25). Nazarov cyclization

—_—

Ph Q
Me Me BF3'OE'[2 &O [4+3]
[ ] -7810 0 °C H Ph X

H X=y H X

X=0; 71%
X= CHyp; 62%
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Scheme 23. Reaction conditions: (a) BF5-OEt,, Et;SiH, —78 °C; (b) alkene trapping; (c) oxycyclization; (d) reduction; 81% yield.
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Scheme 24.

gave the oxyallylic cation, which was recaptured with
oxygen. In situ hydrolysis led to product lactone 114 in 60—
81% yield for symmetric substrates with terminal aromatic
substitution. When the starting diene was not symmetric, a
mixture of regioisomers was isolated, and with alkyl instead
of aryl groups at the termini of the alkenes, the sequence
was low-yielding.

4.5. Summary

West has developed four different interrupted Nazarov
pathways that create new carbon—carbon bonds and preserve
the stereochemistry generated in the conrotatory 4-m
electrocyclization, as shown in Scheme 26. The ultimate
fate of the cationic species is dependent upon the
substitution pattern of the intermediate, as indicated in the
scheme caption.

Trapping with a nucleophilic species other than carbon has

CO,Me

MeQ

Lewis

Acid

conrotatory l cyclization

MeO COzMe

Scheme 25. Reaction conditions: BF3-OEt, (1.1 equiv), 0 °C, CH,Cl,.

t-Bu tBu
R R,
® 0
OH 112
a 92-96 % yield

~ 1:1 ratio of E/ Z isomers

also been shown by West™? (reduction with hydride), and by
de Lera® and Nair® (trapping with oxygen). According to
West’s studies, the relative rates of competing Nazarov-
initiated pathways was as follows: trapping by a 7t-system >
reduction (trapping with a hydride) > elimination (no
trapping of the intermediate cation). All interrupted
Nazarov cyclizations preserved the relative stereochemistry
created during conrotatory cyclization.

5. Synthetic applications
5.1. (+)-Trichodiene

Trichodiene (117) is a biogenetic precursor of the
biologically active trichothecenes.®* Although a variety of
syntheses have been reported for this natural product,
Harding and co-workers investigated a novel noteworthy
approach to its construction (Scheme 27). The synthesis of
trichodiene is mired by its two challenging chiral quartern-
ary centers. As such, Harding used a Nazarov cyclization in
order to capitalize on the stereochemical control gained by
an electrocyclic intramolecular approach. The disadvantage
to this strategy is the necessity to cleave the ring that the
Nazarov cyclization formed in order to obtain the natural
product.

Keto-diene 115 was treated with a BF3-OEt, to obtain an
89% yield of the desired tricycle 116 (Scheme 27). It should
be noted that the reaction was very sluggish and required a
reactivity time of three days as well as 10 equiv of Lewis
acid.

Regioselective deprotonation into the six-membered ring
was observed to afford the olefin. An NMR spectrum of the
Nazarov product 116 showed a 2.4:1 mixture of diastereo-
mers. Since this center would later be destroyed by the
cleavage of the ring, both diastereomers could be brought on
to complete the final product 117. With the relative
stereochemistry of the quaternary centers established,
cleavage of the undesired bond between the carbonyl and
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Scheme 26. Interrupted Nazarov cyclization pathways with carbon—carbon bond formation. Fates of the cation following the initial interruption step: (a)
elimination to give alkene; (b) cation capture by the enolate oxygen; (c) cation capture by the enolate carbon (formal [3 +2] cyclization); (d) intramolecular

hydride shift, then elimination to alkene; (e) cation capture by halide.

(0]
a
D -

115 116 89% 117

Scheme 27. Reaction conditions: 10 equiv BF;-OEt,, CHCl3, heat, 3 days.

the six-membered ring to afford the product was all that
remained. This unconventional use of the Nazarov cycliza-
tion to afford such carbon skeletons exemplifies the scope of
the reaction beyond its use in constructing cyclopentenones.

5.2. Nazarov cyclizations initiated by acid-catalyzed
dehydration of a tertiary alcohol

Efforts using allenyl systems in Nazarov cyclizations to
construct natural products were pioneered by Tius and co-
workers. Scheme 28 illustrates the mechanism incorporated
in the construction of both (%) xanthocidin and 15-deoxy-
12-hydroxy- 10-(trifluoromethyl)- A’-PGA | methyl ester. In

4
R4 OH ® - R o
R! | O. RS +H | ® “R3
—_— + HyO
C 206G 2
ROROL 118 Ly R R 119
H ‘,Rs H ’RS
4n ‘ conrotatory
R4 R4
R 0 + Ops
R’ ©) O\Rs
121
2 5 120
R CHR R2 CHRS

Scheme 28. General mechanism for cyclopentannulation of allenyl vinyl
alcohols.

this approach, the protic acid reversibly generates cation
119 upon the loss of water, followed by thermally allowed
41t conrotation producing the allylic carbocation 120.
Cyclopentenone 121 is formed upon the in situ loss of a
stable cation, which in the following two cases was a
methoxymethyl cation.

5.2.1. (+)-Xanthocidin. Tius and co-workers designed a
racemic synthesis of (1 )-xanthocidin (124; Scheme 29).9
This natural product is a complex antibiotic that is unstable
under both basic and acidic conditions. Although many
synthetic efforts have been studied, (4 )-xanthocidin
remains an important compound for synthetic investigations
since the bacterial strain from which this product was
discovered is no longer capable of synthesizing the
molecule. Thus, synthesis is the only viable source for this
highly bioactive compound. Beginning with the advanced
allenyl intermediate 122, cyclization proceeds with assist-
ance from the methoxy group to afford the enantiomeric
cyclopentenone 123 in 62% yield.

5.2.2. 15-Deoxy-12-hydroxy-10-(trifluoromethyl)-A’-
PGA; methyl ester. Tius and co-workers aimed to
construct 15-deoxy-12-hydroxy-10-(trifluoromethyl)- A’-
PGA,| methyl ester 127, a derivative of a prostaglandin
(PG) compound that would still exhibit antitumor activity.
Prior to the work done by Tius, PG compounds were
synthesized via methods that could not be adapted to
installing a tertiary hydroxyl moiety. As a result, Tius’
group incorporated a Nazarov cyclization that could result
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Scheme 30. Reaction conditions: (a) 2,6-lutidine, TFAA, —78-—40 °C; (b) PhH, sunshine; 45%; (c) TREAT-HF, EtzN, MeCN, 60 °C, 2 days; 76%.

in this desired hydroxyl placement.®® As shown in Scheme
30, the allenylvinyl alcohol 125 is cyclized using 2,6-
lutidine and TFAA followed by exposure to sunlight to
afford a 45% yield of the E isomer 126. The sunlight was
necessary in order to isomerize the Z olefin alpha to the
ketone to the desired E geometry. The silyloxy ether was
deprotected to give the target compound 127 in 76% yield.
This synthesis stands as a useful example for constructing
the PG skeleton in addition to installing a tertiary hydroxyl
group at the needed carbon center.

5.3. Nazarov cyclizations of alkoxyallenyl vinyl ketones

Tius and co-workers have often used the Nazarov cycliza-
tion with allenyl divinyl ketones to generate advanced
intermediates in the syntheses of natural products. Scheme
31 outlines a general mechanism for the cyclization strategy
that was applied to roseophilin, guanacastepene A, and A’-
10-chloro-15-deoxy-PGA1. The protic acid reversibly
generates an allenylic cation 129, followed by thermally
allowed 47t conrotation producing the allylic carbocation
130. Cyclopentenone 131 is formed upon the in situ loss of a
stable cation, which in most cases was a methoxy methyl
cation, and in an enantioselective case was a chiral
auxiliary.

con rotato ry

OH OH
R! @ o. 3 1 0
R R + ®R3
130 5
R2  CH, 181 g2 oy,

Scheme 31. General mechanism for the allenyl vinyl ketone cyclization to
an A-hydroxy cyclopentenone.

5.3.1. A7-10-Chloro-15-deoxy-PGA, ethyl ester. Due to
their desirable bioactivity, prostaglandins (PG) have always
been attractive s;/nthetic targets. Tius and co-workers aimed
to construct A’ —10-chloro-15-deoxy-PGA, ethyl ester
(134) for the purpose of developing a PG skeleton amenable
to the additional installation of appropriate functionality
(Scheme 32).” Upon synthesizing the allenyl vinyl ketone
132, Nazarov cyclization gave the cyclopentenone 133 in
80% yield. It was noted that the trimethylsilyl group was
necessary for successful cyclization to ensue. This unique
Nazarov method for constructing PG compounds was also
exploited to obtain additional prostaglandin derivatives (see
Section 5.2.2).

5.3.2. Roseophilin. Inspired by their success in the synthesis
of other naturally occurring cyclopentanoids, Tius and co-
workers utilized a variant of this Nazarov reaction to
construct a key intermediate in the first asymmetrlc total
synthesis of roseophilin 137 (Scheme 33).”” The reaction
involves the generation of a non-isolable allenyl ketone 135,
which bears a chiral camphor auxiliary capable of control-
ling the direction of conrotation (see Section 3.2.4). Under
mild acidic workup conditions, this allenyl ketone is
cyclized to cyclopentenone 136 in 78% yield and 86% ee.

5.3.3. Hydroazulene portion of guanacastepene A.%® The
novel carbon skeleton of guanacastepene A, and particularly
its two quaternary stereogenic centers, presents formidable
synthetic challenges. Although many approaches to this
compound have been reported, only one example of its
racemic total synthesis has been accomplished.®® The
strategy for the construction of the hydroazulene portion
of guanacastepene A (141) reported by the Tius group
involved the formation of the cyclopentanone followed by
the constructlon of the fused seven-membered ring (Scheme
34).7%7" Under acidic conditions, methoxy-assisted cycliza-
tion of 138 gave a racemic cyclopentannelation product 139
in 75% yield. Cyclopentenone 140 was attained via
protection of the enol followed by catalytic hydrogenation
of the exocyclic olefin. a-Deprotonation using LDA
followed by reaction with methyl vinyl ketone and further
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Scheme 32. Reaction conditions: (a) THF, Et,0, —78 °C.
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Ha multiple steps
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Scheme 34. Reaction conditions: (a) THF, —78 °C, 2.5 h; add HCI in EtOH, warm to 0 °C; 75%; (b) 1.7 equiv MOM-CI, 2.0 equiv (iPr),Net, CH,Cl,, 0 °C,
1.5 h; (¢) 5% Rh on Al,O3, EtOH, 1 atm, H,, rt, 1.5 h, 81%; (d) (1) THF, 1.6 equiv LDA, —78 °C, 45 min, (2) add 1.5 equiv MVK, warm to —40 °C, 15 min,

cool to —78 °C, (3) 1.5 equiv TBSOTY, 62%.

silyl trapping afforded the cyclopentenone 140 in a 62%
yield as a single diastereomer over the three steps.

5.4. Cephalotaxine (CET)

Cephalotaxine (147) is a biologically active member of the
Cephalotaxus alkaloids. Although many syntheses have
been employed to obtain CET, more efficient methods for its
construction may facilitate clinical studies of derivatives.
While exploring the utility of the enamine 142 as an
intermediate toward the total synthesis of cephalotaxine,
Kim and Cha discovered an aza-Nazarov-type cyclization
(Scheme 35).ll Upon treatment with hot acetic acid and
exposure to air, 142 was converted to a single isolable
pentacyclic enone 146 in a 30% yield. Enamine 142 was
oxidized to the conjugated iminium intermediate 143, which
under the acidic conditions tautomerizes to the allyl cation
144. Electrocyclic cyclization gives solely the desired

cyclopentenone 146. Further optimization led to the use of
air, a stoichiometric portion of FeSO,, and glacial acetic
acid as the solvent, to afford the product 146 in a 57% yield.
This acid-catalyzed, oxygen-dependent cyclization offers a
viable route toward the natural product via readily available
intermediate 142.

5.5. Cucumin H

The sesquiterpene natural product cucumin H (151) was
isolated in 1998; however, not enough of the compound was
available to allow the assignment of absolute stereochem-
istry. The absolute configuration for cucumin H was
established upon its enantioselective total synthesis.”* The
authors took advantage of a modified Nazarov cyclization to
construct the tricyclic fused ring in this cyclopentanoid
(Scheme 36). The advanced intermediate diol 148, was
treated with Eaton’s reagent’> to afford the conjugated
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Scheme 35. Reaction conditions: (a) glacial acetic acid, FeSQy, air, 57%.
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Scheme 36. Reaction conditions: (a) P,Os, MsOH (4 equiv), rt, CH,Cl,,
1h, 70%.

alkyne 149. In aqueous acid, this compound rearranged to
give the triquinane 150 in a 70% yield.”* Further
transformations of this o,B-unsaturated ketone selectively
afforded the natural product 151.

Other noteworthy Nazarov approaches toward triquinane
natural products were accomplished by Stille and co-workers
in the synthesis of (4 )-A""?-capnellene’® and by Neumann
and co-workers in the synthesis of (+ )-silphinene.”®

6. Catalysis of Nazarov cyclization

Until recently, optimal Nazarov cyclization conditions
involved stoichiometric Lewis acid, often with a strong
promoter (such as BF3, SnCly, TiCly and AlCI;). These
findings suggested that the Lewis acid-complexed enolate 4
(Eq. 1) was too stable to undergo the protonation step
required for efficient release of the Lewis acid, preventing
catalytic turnover. The design of highly reactive divinyl
ketones has led to electrocyclizations catalyzed by a number

multiple steps

"

0
4 N
0 — —
®
145
HO

of mild Lewis acids. These findings pave the way for the
development of catalytic asymmetric Nazarov cyclizations.
As yet, no system allowing efficient and general enantio-
selective cyclization has been reported, but promising
advances have been made toward this goal.

6.1. Early work

The original examples of catalytic Nazarov cyclization with
non-protic Lewis acids were disclosed as part of the studies
of Denmark and West. Denmark and Jones found that
silicon-directed Nazarov cyclizations proceeded with
reduced rate but equal efficiency with 40-50 mol% FeCls,
but that with 10 mol% catalyst, conversion and reaction rate
were poor.*' West found that in some cases, interrupted
Nazarov cyclizations could be conducted with catalytic
amounts of Lewis acid. For example, the reductive cyclization
process, normally conducted with 1.1 equiv of BF;—OEt,,
could also be achieved with 10 mol% BF;-OEt, or SnCl,.>?
Yields were slightly diminished for the catalytic process.

Results of [4+3] cyclization were even more promising:
the intramolecular Nazarov-initiated process with 20 mol%
FeCl; is just as efficient as cyclization with stoichio-
metric Lewis acid, and the reaction shown in (Eq. 23) is
more efficient with 10 mol% BF;—OEt, than with 1 equiv of
the promoter.>*®

Q CHs 10 mol% BF3 OEty
CICH,CHCI, 40 °C
CH3
CHs3
(2 equiv.)
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Table 8. Lewis acid-catalyzed Nazarov cyclization

Entry Substrate Product Catalyst Reaction Yield (%) Reference
conditions
o O
o
1 WOMe 2 mol% Cu(OTf), CI(CH,),Cl, rt 99 20
Ph
0O O
© OMe
2 | \ 2 mol% Cu(OTH), CI(CH,),Cl, 55% 99 20
o)
3 °© 7 10 mol% AICl, CH;CN, rt 90 12
=
o]
o
4 O)js 10 mol% AICl, CH,Cla, 1t 91 12
o)
EtO Me
5 \H)K[ 2 mol% PdCl,(MeCN), Wet acetone, 1t 70 21
Me Me
o] o)
EtO Me EtO
6 | ] 20 mol% Pd(OAc), DMSO, 0,, 80 °C 63 (74) 21
o) OH
MeO. )
7 ‘ )\. 10 mol% PdCl,(MeCN), Wet acetone, rt T4 21
Me wd
o) OH
MeO. o
8 ‘ Me' 10 mol% PdCl,(MeCN), Wet acetone, rt 90 21
Me € H
0O O o) (\1
Ph Ph d
9 Noa ﬁ OEt 50 mol% I* CH,Cl,, rt 96 54
Ph Ph Ph Ph
0O O o) (‘i
Ph Ph d
10 Noa ﬁ\ OEt 50 mol% I* CH,Cl,, rt 86 54
Ph Me Ph Me

4 See Section 3.3.

6.2. Catalysis with polarized substrates

Soon after this report, three research groups independently
disclosed that electronically unsymmetric divinyl ketones
are highly reactive in the catalytic Nazarov cyclization
(Section 2.2). These groups found that an oxygen sub-
stituent at the 2-position of the dienone is particularly
important. A wide range of these substrates undergoes
efficient Nazarov cyclization, and several different Lewis
acids are able to catalyze the reaction. The optimal
substrate/catalyst pairings that were reported by the three
groups are presented in Table 8. Comparison of these results
indicates that for most substrates studied, efficient turnover
occurred when 2-10% of the appropriate catalyst was
employed. A fourth group reported that alkylidene -
ketoester substrates undergo cyclization with 50 mol% of

catalyst (entries 9 and 10), but turnover was slow in many
cases.>® For nearly all substrates in this class, using 1 equiv
of promoter significantly improves reaction results.

The reactions shown in entries 5-8 are unusual because the
Pd (IT) catalyst is thought to activate an olefin rather than the
carbonyl group prior to cyclization (such as complex 152,
Scheme 37). Two different reaction mechanisms leading to
two different types of products (compare entries 5 and 6) were
observed, depending on which Pd (IT) species was used. The
authors propose that cyclization gives a palladium enolate 153,
and that when PdCl,(MeCN), is catalyst, hydrolysis generates
hydrochloric acid and rapid protonation of 153 to give
cyclopentenones 154. In contrast, when Pd(OAc), is catalyst,
hydrolysis generates acetic acid allowing B-hydride elimin-
ation to compete with protonation of 153. This pathway
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152 R
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oﬁ/ Me EtO\@?
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Scheme 37. (a) HCI is generated; protonation is rapid. (b) HOAc is
generated; protonation is slow; B-hydride elimination competes.

generates cyclopentenone 155, and molecular oxygen is
required to regenerate the Pd(II) catalyst.

An iridium (III) complex was also identified as a highly
reactive catalyst for Nazarov cyclization (III, Scheme 38). 13
Upon dissociation of the diiodobenzene ligand, adjacent
coordination sites become available for complexation to the
substrate. The high Lewis acidity of the cationic iridium
center allows this complex to catalyze the cyclization at low
temperature and catalyst loading, with excellent yields.

A. J. Frontier, C. Collison / Tetrahedron 61 (2005) 7577-7606

Preorganization of the divinyl ketone via catalyst coordi-
nation is also thought to contribute to the catalyst’s
efficiency.'®> This idea is supported by *'P NMR data
indicating the presence of two regioisomers (156 and 157)
in solution prior to cyclization.

6.3. Asymmetric catalysis

Generating an asymmetric intermediate during Nazarov
cyclization has been challenging, possibly because the
carbonyl group bound to the chiral promoter is spatially
distant from the bond-forming event. Experiments with
catalytic Lewis acid complexes permit moderate asym-
metric induction at the B-position (the stereocenter formed
during electrocyclization). Better results are obtained with a
stoichiometric amount of chiral Lewis acid, but turnover is
not efficient and yields in the catalytic regime are
unsatisfactory. Excellent asymmetric induction can be
obtained during the proton-transfer step at the end of the
reaction sequence (Eq. 1, 4—5), to give high enantiomeric
excess at the position a to the ketone.

Aggarwal and Belfield had limited success with catalytic
asymmetric Nazarov cyclization using copper (II) pybox
complexes.” In most cases, conversion was poor with
substoichiometric amounts of the complex, as shown in

R OCH3 0
R
(0]
(@) N\ { ] 2+
L -10°C
0 cHo—N_ 1P
—| 2+ 8 o ir—;)
C
| (@)
P CHs
m I—Ir—P
| P 157
0" CH, po> = dore !
|

Scheme 38.

Table 9.

O o O o
R4 Rs 50 mol% ligand complex Ry __J(R
| | CH,Cl, 1t 3
Ph Ro PH R,

Entry R, R, R3 Ligand complex® Yield ee
1 Me Ph OEt | 42 78
2 Ph Ph OEt 1 96 86
3 Ph Ph NEt, 1I 56 87
4 Me Ph NEt, I 56 85
5 Ph Ph NEt, v* 56 86

Reaction conditions: 50 mol% ligand complex; CH,Cl,, rt.
# See Section 3.3 for ligand complexes I and II.

o |7 SbFe”

| |
N._ N
Cu

0]

¢
9,

v
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Table 9. More catalyst led to higher yields, but did not
improve enantioselectivity (see Table 6, Section 3.3). The
data underline the fundamental problem with these systems:
catalyst turnover is difficult.

In related experiments conducted by several research
groups, transition metal/ bisoxazoline complexes were
found to catalyze cyclization with moderate asymmetric
induction. Trauner and co-workers reported cyclization with
20 mol% of scandium(Ill)-pyBOX complex V (Scheme
39).'? Tius and Leclerc found that complexes of ytterbium
with ligand 158 allows efficient cyclization with moderate
enantioselectivity (Scheme 40);77 and Frontier and He had
similar results with a complex of copper(Il) with ligand 159
(Scheme 41).78

Chiral proton transfer in the final step of the process (see Eq.
1; 4—5) has been observed by Trauner and Liang. This
behavior was first detected during the experiment shown in
Scheme 42.7° After cyclization with scandium-bisoxazoline

@ T3 30T1f

T N o

st Ay

Ph Ph

v
o)
Q H
o) o)
I

H

53% yield, 61% ee

Scheme 39. Reaction conditions: ligand complex V (20 mol%), THF, rt.

=
N O
N N\)
Ph o 453 PN
0 OH
HsC ~OCH;  HiC
| 0 — » o]
Ph Ph

80%, 47% ee

Scheme 40. Reaction conditions: 20 mol% Yb(OTf)3, 30 mol% ligand 158,
CH,Cly, t, 12 h.

99 % vyield, 50 % ee

Scheme 41. Reaction conditions: 10 mol% Cu(OTf),, 20 mol% ligand 159
—20 to 0°C, toluene. TMP=24,6-trimethoxyphenyl. Absolute stereo-
chemistry was not determined.

Vi

O
(0]

| -
H 160
O
VI +
cis-161 trans-161

62 % yield, 40 %o ee 18 % yield, 79 % ee

Sc!leme 42. Reaction conditions: 10 mol% catalyst complex VI, MeCN,
3 A m.s., rt.

catalyst VI, one diastereomer of 160 evidently underwent
protonation more efficiently than the other to give trans-161
with 79% ee, whereas cis-161 had only 40% ee. This result
indicated that while the Lewis acid had allowed moderately
enantioselective electrocyclization (see 2— 3, Eq. 1), it had
also influenced the protonation step.

Thus far, high selectivity at the B-position has not been
achieved using truly catalytic amounts of chiral Lewis acids.
This may be due to the fact that the chirality expected to
induce asymmetric cyclization is far from the stereocenter
being formed. Significantly, Trauner and co-workers also
studied substrates without B-substitution (like 162), and
found that enantioselectivity of the protonation step is
highly enantioselective (72-97% ees), using 10 mol% of the
scandium-bisoxazoline catalyst VI (Scheme 43). This
suggests that protonation is irreversible, and that the
enolate-catalyst chiral environment influences the stereo-
chemistry of reactions at the a-position more strongly than
the B-position.

o o}
I
162 65-94 % yield
76-97 % ee

Sc!leme 43. Reaction conditions: 10 mol% catalyst complex VI, MeCN,
3 A m.s., 0°C or rt.

7. Conclusion

In the past ten years, several advances in Nazarov
cyclization chemistry have improved the synthetic utility
of the transformation: (1) reactive substrates undergo
cyclization using catalytic Lewis acid, (2) trapping of the
intermediate cation was found to be efficient, allowing
preservation of both stereocenters created during
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conrotatory electrocyclization, (3) chiral auxiliaries allow
asymmetric cyclization, (4) axial to tetrahedral chirality
transfer is possible, and (5) chiral Lewis acids allow
enantioselective reactions to occur. The reaction has been
featured as the key step of several syntheses of natural
products, demonstrating the utility of the cyclization for
application to complex molecule synthesis, and a better
understanding of the factors controlling reactivity and
stereoselectivity has been attained. Researchers have yet
to develop a general protocol for catalytic asymmetric
Nazarov cyclization, although preliminary results have been
promising. The recent findings described in this review
represent significant progress in the development of the
reaction, and indicate that improved methods for asym-
metric catalysis and increased implementation of the
Nazarov cyclization in synthetic strategies are on the
horizon.
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Abstract—Enantiomerically enriched cyclobutene compounds 13 and 24 are good precursors of several cyclobutane nucleoside analogs.
The synthetic ways involve, in the key step, either hydroboration or dihydroxylation.
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1. Introduction

Several nucleoside analogs have interesting biological
activities and may act as antiviral or anticancer agents.
Among them, oxetanocin 1,' and its carbocyclic analogs 2
cyclobut-A and cyclobut-G,> are important examples of
dihydroxylated four membered ring compounds of this
family. Another carbocyclic analog, carbovir 3, and its
prodrug abacavir 4,* showed antiviral properties. In
previous works, we prepared cyclobutene analogs of
carbovir 5,° then compounds 6° with a methylene spacer
between the carbocycle and the base. We then envisioned,
using the carbon—carbon double bond of an intermediate of
synthesis of compounds 6, or a related product, to prepare
dihydroxylated nucleoside analogs A and B, via an
hydroboration step. On the other hand, a dihydroxylation
step would lead to trihydroxylated products C and D

(Fig. 1).

Keywords: Nucleoside analogs; Mitsunobu reaction; Hydroboration;

Dihydroxylation.
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Figure 1.

2. Results and discussion

In a first approach in racemic series,” we carried out a
Mitsunobu reaction with the benzylated compounds 8a or
8b and N-3-benzoylthymine (Scheme 1). However, an
unexpected migration of the benzyloxy groups occurred and
a mixture of the two regioisomers 9a and 9b was obtained.
Fortunately, the migration did not occur starting from a
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1) +-BuPh,SiCl, imidazole
2) BHa-THF AcO,,/ OBn OBn
OBn  3)NaOH, H,0,
4) Ac,0, pyridine
E( 5) TBAF, AcOH OH A0 OH
OH 8a

7

Q OBn OBn
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Scheme 1.

silylated compound 10, which only led to the product of
direct substitution 11.

We then used this protecting group for the synthesis of the
enantiomerically enriched compounds (Scheme 2). The
startlng material was the monoacetate 12, which is avallable
in high enantiomeric excess by an enzymatic acylation.® In
this approach, the base coupling was envisioned before the

addition step.
OTBDPS E(OTBDPS E(

Base

AandBorCandD ——

Scheme 2.

Compound 13, previously described,® was subjected to
hydroboration, which provided a mixture of the four
expected products 14-17 (Scheme 3). These compounds
were identified by NMR experiments including HMBC
spectra to assign position of secondary OH groups.’
Deprotection of 14 and 15 by a treatment with HF—pyridine
provided the target molecules 18 and 19, respectively.
Compound 18 is a cyclobutane analog of carbocyclic
thymidine, (+)-Carba-T,” which proved to be effective
against HSV-1 and HSV-2, whereas the (—)-isomer was
inactive.

HO, OTBDPS OTBDPS
OTBDPS E( E(
E( _abod" E( ef, HO'
14

o “67%
HO\E(OTBDPS /ECOTBDPS
+
%NH
16

14+15/16/17 = 90:6:4
14/15 ~ 52:48 (partial overlap)

OAc (ref 6)
12 > 96.8% ee

HO, OH
14 <] E( —
55% N lo)

NH
. g

Ho, OH
OH |
15 _9, [:( /:éz carbocycli idi -
S yclic thymidine N
40% HO N o} ((9)-CarbarT) e o
19 g

Scheme 3. (a) BuPh,SiCl/imidazole/DMF; (b) NH3/MeOH; (c) PPhs/
DEAD/N-3-benzoylthymine; (d) NaOH'’; (e) BH;- THF; (f) H,0,/NaOH;
(g) HF—pyridine.

Dihydroxylation of cyclobutene compound 13 by reaction
with N-methylmorpholine N-oxide in the presence of
osmium tetroxide as catalyst'' yielded a mixture of
compounds 20 and 21, which were separated (Scheme 4).

Isomer 20 was assigned thanks to the NOESY spectrum in
the phase mode showing correlations between 'H near of
OH and 'H of the vicinal CH,. Desilylation of 20 and 21
gave the two trihydroxylated nucleosides, 22 and 23,
respectively.

HO, OTBDPS HO\ OTBDPS
a :
13 —
94% - ’ - H/\' OTBDPS
HO N o] HO N (o] Hom
20, 63% O%NH 21,31% O}ﬁNH Hom, /:gz
H N (o]
bJez% b 155% N
[e]
HO,'v OH HO OH Relevant correlations in the
NOESY spectrum of 21 in the
HO‘\; N o HO' N o phase mode
2 yNH 23 )NH
[e] o

Scheme 4. (a) OsO,, NMO, THF/H,O; (b) HF—pyridine.

Hydroboration of compound 24° provided a mixture of 25,
26, 27a and 27b (Scheme 5). The trans-isomers 25 and 26
were separated and equally identified thanks to NMR
experiments, whereas the cis-isomers 27a and 27b could not
be separated. Finally, desilylation of 25 and 26 provided
nucleosides 28 and 29, respectively.

HO, OTBDPS OTBDPS
E( N=\N * E( N=\N
OTBDPS N/g\’/( HO' NM

OH
EC 2be, de_ 25 SV Nk 2% SR
OAc(refe) N \ N oo
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N"N\_ 4/ HO NN/
SNy SV N

27a

25/26/27a+27b = 35:45:20
(partial overlap, 27a and 27b not separated)
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5 - EC NN\ % . E( N\
7% NJ>\//< 68%  HO' N/S\//(

28 =N NH, 29 =N NH,

Scheme 5. (a) BuPh,SiCl/imidazole/DMF; (b) NH3/MeOH; (c) PPhy/
DEAD/adenine/THF; (d) BH;- THF; (e) H,O,/NaOH; (f) HF—pyridine.

Dihydroxylation of 24 yielded a mixture of 30 and 31
(Scheme 6). Compound 31 was desilylated to lead to
another trihydroxylated nucleoside 32. In contrast, the same
reaction failed from 30 probably due to its insolubility in
CH,CL,.

HO, OTBDPS HO, OTBDPS
o E( N:\N * \’;C N=\N
) &
0% Ho N/g\/( HO' N/g\//<

30, 42% N NH, 31,48% =N NH;

b 166%

Scheme 6. (a) OsO,, NMO, THF/H,0; (b) HF—pyridine.

Several of these new products were subjected to biological
evaluation. Compounds 19, 22, 23, 28-30 and 32 did not
show significant activity against HSV-1 and HIV-1.
Compounds 19 and 22 showed neither cytotoxicity (KB
cells) nor significant inhibition of acetylcholine esterase.
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3. Conclusion

In conclusion, we prepared four dihydroxylated (18, 19, 28,
29), and three trihydroxylated (22, 23, 32) new cyclobutane
nucleosides as well as eight monohydroxylated (14-17, 25,
26, 27a + 27b) and four dihydroxylated (20, 21, 30, 31)
monosilylated precursors. We think that, it should be worth
incorporating several of them in oligonucleotidic short
sequences to test the biological properties. This following
part of our research program is in progress.

4. Experimental
4.1. General

NMR spectra were recorded on a Bruker AC 400
spectrometer at 400 and 100.6 MHz, for '"H and 13C,
respectively. All melting points are uncorrected. Elemental
analyses were performed by the service of microanalyses,
CNRS, ICSN, Gif sur Yvette. High resolution mass spectra
were recorded on a ZabSpec TOF Micromass spectrometer
at the CRMPO, Rennes. Infrared spectra were measured
with a FT infrared spectrometer Genesis Matteson
instrument.

4.1.1. (+)-N1-[(1S,2R,3S)-2-(tert-Butyl-diphenyl-
silyloxymethyl)-3-hydroxy-cyclobutyl]methyl-5-methyl-
1H,3H-pyrimidine-2,4-dione, 14; (—)-N1-[(15,2R 4R)-2-
(tert-butyl-diphenyl-silyloxymethyl)-4-hydroxy-cyclo-
butyllmethyl-5-methyl-1H,3H-pyrimidine-2,4-dione, 15;
(+)-N1-[(1S,2R,3R)-2-(tert-butyl-diphenyl-silyloxy-
methyl)-3-hydroxy-cyclobutylJmethyl-5-methyl-1H,3H-
pyrimidine-2,4-dione, 16; (+)-N1-[(15,2R,4S5)-2-(tert-
butyl-diphenyl-silyloxymethyl)-4-hydroxy-cyclobutyl]-
methyl-5-methyl-1H,3H-pyrimidine-2,4-dione, 17. A
1 M solution of BH3-THF (2.3 mL, 2.3 mmol) in dry THF
(4.5 mL) was added dropwise at 0 °C under argon and with
stirring to a solution of 13° (0.800 g, 1.74 mmol), obtained
from a sample of 12°* of >96.8% ee, in dry THF (3.5 mL).
The reaction mixture was stirred for 3 h at room temperature
then 3 M NaOH (770 pL, 2.3 mmol) and then 30-35% H,0,
(250 uL., ~2.3 mmol) were added at 0 °C. The reaction
mixture was stirred for 1 h at room temperature. Evapora-
tion, extraction of the resulting aqueous phase with Et,O
(4X15 mL), washing of the combined organic phases with
brine (20 mL), drying (MgSQO,), evaporation then column
chromatography on silica gel (cyclohexane/EtOAc: 3:1 —
3:2) successively led to 17 (23 mg, 0.048 mmol, 4%), 16
(32 mg, 0.067 mmol, 6%), 14 (218 mg, 0.877 mmol), 14+
15 (99 mg, 0.207 mmol) then 15 (184 mg, 0.384 mmol),
yields of 14 and 15 ~ 30 and 27%, respectively. Data for 14:
white solid, mp 101.5-102.7 °C; [a]® +116 (¢ 2.100,
CHCl5); "H NMR (CDCls) 6 9.57 (br s, 1H), 7.68-7.63 (m,
4H), 7.45-7.37 (m, 6H), 6.91 (d, 1H, J=1.2 Hz), 4.32 (ddd,
1H, J=7.4, 7.4, 7.4 Hz), 4.02 (dd, 1H, J=13.8, 11.3 Hz),
3.84 (dd, 1H, J=11.3, 49 Hz), 3.78 (dd, 1H, J=11.3,
6.9 Hz), 3.75 (dd, 1H, J=13.8, 4.9 Hz), 3.65-3.61 (m, 1H),
2.68-2.58 (m, 1H), 2.57-2.50 (m, 1H), 2.13 (ddd, 1H, J=
11.3, 7.4, 2.9 Hz), 1.92-1.82 (m, 4H), 1.07 (s, 9H); "*C
NMR (CDCly) 6 164.4, 151.3, 140.2, 135.5 (4C), 133.2 (2C),
129.9 (20), 127.8 (4C), 110.7, 66.7, 61.8, 49.0, 48.7, 32.7,
28.9,27.0 (3C), 19.2, 12.3; IR (v cm ™ ') 3412 (br), 3195 (br),

3048, 2930-2856, 1677, 1469-1426, 1363, 1255, 1109, 1059,
822, 739-703. Anal. Calcd for C,;H;,N,0,Si-0.4H,0: C,
66.75; H, 7.22; N, 5.77. Found: C, 66.56; H, 7.06; N, 5.64.
Data for 15: white solid, mp 62.1-64.3 °C; [a] —54 (c
1.895, CHCl;); '"H NMR (CDCl3) 6 10.1 (br s, 1H), 7.67—
7.64 (m, 4H), 7.46-7.37 (m, 6H), 6.97 (m, 1H), 4.37 (ddd,
1H, J=17.9, 7.9, 7.9 Hz), 4.15 (dd, 1H, J=14.3, 9.8 Hz),
3.80 (dd, 1H, J=14.3, 44 Hz), 3.78 (dd, 1H, J=10.8,
7.4 Hz), 3.71 (dd, 1H, J=10.8, 4.4 Hz), 3.66-3.62 (m, 1H),
2.67-2.59 (m, 1H), 2.47-2.37 (m, 1H), 2.05-1.91 (m, 2H),
1.81 (d, 3H, J=1.2 Hz), 1.08 (s, 9H); '*C NMR (CDCl;) 6
163.8, 150.9, 140.1, 134.6 (4C), 132.1 (2C), 128.8 (20),
126.8 (4C), 109.8, 69.1, 63.3, 48.3, 45.9, 30.8, 30.1, 25.9
(30), 18.2, 11.2; IR (v cm™ ') 3404 (br), 3208 (br), 3049,
2932-2857, 1682, 1361, 1259-1224, 1111, 1075, 823, 740—
702; HRMS calcd for C,;H34N,0,SiNa [M+Na]*:
501.2186. Found: 501.2194. Data for 16: colorless oil;
[a]® +362 (¢ 2.105, CHCL;); "H NMR (CDCl;) 6 9.09 (br
s, 1H, N-H); 7.71-7.66 (m, 4H), 7.49-7.39 (m, 6H), 6.68 (d,
1H, J=1.2 Hz), 4.36-4.29 (m, 1H), 4.12 (dd, 1H, J=11.3,
5.9 Hz), 4.05 (dd, 1H, J=11.3, 5.4 Hz), 3.82 (dd, 1H, J=
13.8, 5.9 Hz), 3.70 (dd, 1H, J=13.8, 9.3 Hz), 2.94 (d, 1H,
J=7.4Hz), 2.77-2.69 (m, 1H), 2.52-2.44 (m, 1H), 2.43—
2.33 (m, 1H), 2.05-1.98 (m, 1H), 1.81 (d, 3H, J=1.2 Hz),
1.11 (s, 9H); >*C NMR (CDCl;) 6 164.2, 150.8, 140.3, 135.6
(4C), 132.4 (2C), 130.1 (2C), 127.8 (4C), 110.3, 65.5, 61.1,
497, 44.5, 36.9, 28.3, 27.0, (3C), 19.1, 12.3; IR (v cm ')
3428, 3068-3048, 2929-2856, 1681, 1363, 1252-1223,
1109, 1074, 741-704; HRMS calcd for C,7H34N,O4NaSi
[M+Na]™: 501.2186. Found: 501.2186. Data for 17:
colorless oil; [a]® +179 (¢ 1.390, CHCl;); '"H NMR
(CDCl3) 6 9.08 (br s, 1H), 7.66 (dd, 4H, J=7.8, 1.5 Hz),
7.48-7.38 (m, 6H), 7.13 (d, 1H, J=1.2 Hz), 4.25-4.20 (m,
1H), 4.19 (dd, 1H, J=14.3, 11.3 Hz), 4.08 (m, 1H), 3.89
(dd, 1H, J=14.3, 3.0 Hz), 3.85 (dd, J=11.3, 6.9 Hz), 3.75
(dd, 1H, J=11.3,3.9 Hz), 2.87-2.78 (m, 1H), 2.55-2.46 (m,
1H), 2.44-2.37 (m, 1H), 1.91 (d, 3H, J=1.2 Hz), 1.72 (ddd,
1H,/=12.8,5.4,4.2 Hz), 1.11 (s, 9H); '*C NMR (CDCl;) 6
164.2, 151.5, 141.2, 135.5 (4C), 132.8 (2C), 130.0 (2C),
127.8 (4C), 111.0, 66.7, 64.2, 44.5, 42.4, 34.9, 31.6, 26.9
(3C), 19.2,12.3; IR (v cm ™~ 1) 3427, 3060, 2957-2857, 1673,
1368, 1243-1219, 1112, 1079, 737-702.

4.1.2. (+)-N1-[(1S,2R,3S5)-2-Hydroxymethyl-3-hydroxy-
cyclobutyl]lmethyl-5-methyl-1H,3H-pyrimidine-2,4-
dione, 18. A solution of 65-70% HF-pyridine (9 uL) was
added to a cooled solution (0 °C) of 14 (40 mg, 0.084 mmol)
in CH,Cl, (0.6 mL). The reaction mixture was stirred for
one night at room temperature then a small amount of
NaHCO; was added. After 30 min more of stirring,
evaporation then column chromatography on silica gel
(CH,Cl1,/MeOH: 95:5) provided 18 (11 mg, 0.046 mmol,
55%) as a white solid, mp <25 °C; [a]h +529 (¢ 1.295,
MeOH); 'H NMR (CD50D) 6 7.45 (d, 1H, J=0.8 Hz), 4.16
(ddd, 1H, J=7.4, 7.4, 7.4 Hz), 3.93 (dd, 1H, J=13.6,
10.6 Hz), 3.88 (dd, 1H, J=13.6, 6.0 Hz), 3.72 (dd, 1H, J=
11.0, 6.0 Hz), 3.67 (dd, 1H, J=11.0, 8.0 Hz), 2.70-2.60 (m,
1H), 2.53-2.45 (m, 1H), 2.11 (ddd, 1H, J=11.2, 74,
2.4 Hz), 1.86 (m, 4H); '*C NMR (CD;0D) 6 168.5, 154.9,
144.7, 112.7, 69.4, 62.4, 51.8, 51.1, 34.7, 31.2, 13.8; IR
(vem ™) 3402, 2935, 2500, 1681, 1375, 1257, 1084, 772;
HRMS caled for C;;H;N,O,Na [M+Na]*: 263.1008.
Found: 263.1002.
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4.1.3. (+)-N1-[(1S,2R 4R)-2-Hydroxy-4-hydroxymethyl-
cyclobutyllmethyl-5-methyl-1H,3H-pyrimidine-2,4-
dione, 19. Desilylation of 15 (40 mg, 0.084 mmol) (see
preparation of 18) followed by column chromatography on
silica gel (CH,Cl,/MeOH: 95:5) provided 19 (8 mg,
0.033 mmol, 40%) as a white solid, mp 186.3-187.0 °C;
[a]® +106 (¢ 0.960, MeOH); '"H NMR (DMSO-ds) 6 7.53
(d, 1H, J=1.0Hz), 4.92 (d, 1H, J=7.4Hz), 4.61 (dd,
1H, J=5.3, 4.7 Hz), 3.99 (ddd, 1H, J=7.6, 7.6, 7.6 Hz),
3.78-3.71 (m, 2H), 3.57-3.41 (m, 2H), 2.47-2.39 (m, 1H),
2.20-2.12 (m, 1H), 1.88 (ddd, 1H, J=10.3, 7.6, 2.0 Hz),
1.74-1.66 (m, 4H); '*C NMR (DMSO-ds) 6 168.4, 155.0,
141.7, 112.7, 68.2, 61.4, 46.7, 45.9, 32.5, 30.5, 12.2; IR
(vem ™ ') 3488, 3044-2940, 1670, 1464—1422, 1338, 1220,
1080, 756; HRMS calcd for C,;H;¢N,O4Na [M+Na] "
263.1008. Found: 263.1006.

4.14. (—)-N1-[(15,25,3R,4R)-2,3-Dihydroxy-4-(tert-
butyl-diphenyl-silyloxymethyl)-cyclobutylJmethyl-5-
methyl-1H,3H-pyrimidine-2,4-dione, 20; (+)-N1-
[(1S,2R,3S5,4R)-2,3-dihydroxy-4-(tert-butyl-diphenyl-
silyloxymethyl)-cyclobutyllmethyl-5-methyl-1H,3H-
pyrimidine-2,4-dione, 21. 4-Methylmorpholine N-oxide
(390 mg, 3.320 mmol) and a 4% aqueous solution of OsOy4
(140 pL, 5.6 mg, 0.022 mmol) were added to a solution of
13 (500 mg, 1.085 mmol) in a THF/H,O (10:1) mixture
(5 mL). The reaction mixture was stirred for 2 h at 30 °C.
Cooling, treatment with a 20% aqueous solution of NaHSO3
(3 mL), evaporation, dilution with brine (5 mL), extraction
with EtOAc (5X15mL), drying of the organic phases
(Na,SO,), evaporation then column chromatography on
silica gel (cyclohexane/EtOAc: 2:1 — 1:5) successively led
to 21 (168 mg, 0.340 mmol, 31%), then to 20 (336 mg,
0.680 mmol, 63%). Data for 20: white solid, mp 155.8—
156.6 °C; [a]® —8 (¢ 1.707, CHCl;); 'H NMR (CDCl;) 6
9.96 (br s), 7.66-7.63 (m, 4H), 7.46-7.37 (m, 6H), 6.89 (d,
1H, J=1.4 Hz), 4.39 (dd, 1H, J=6.4, 6.4 Hz), 4.31-4.29
(m, 1H), 4.20 (dd, 1H, J=14.3, 10.3 Hz), 4.19-4.18 (m,
1H), 3.81 (dd, 1H, J=10.8, 6.4 Hz), 3.73 (dd, 1H, /=10.8,
4.2 Hz), 3.71 (dd, 1H, J=14.3, 47 Hz), 3.28 (d, 1H, J=
3.9 Hz), 2.87-2.79 (m, 1H), 2.40-2.35 (m, 1H), 1.81 (d, 3H,
J=1.4 Hz), 1.08 (s, 9H); '*C NMR (CDCl;) 6 164.6, 151.8,
140.9, 135.6 (4C), 132.9, 132.7, 129.9 (2C), 127.9 (4C),
111.0, 70.2, 70.1, 61.9, 48.9, 44.5, 42.6, 26.9 (3C), 19.1,
12.3; IR (vem ™ ') 3395, 3069, 2930, 2858, 1682, 1427,
1386, 1361, 1220, 1143, 1111, 1005, 908, 822, 735-702;
HRMS calcd for C,7H34N,OsNaSi [M+Na]*: 517.2134.
Found: 517.2135. Data for 21: white solid, mp 66.8 °C;
[a]®) +415 (¢ 1.625, CHCl3); "H NMR (CDCl;) 6 8.92 (br
s), 7.69-7.65 (m, 4H), 7.48-7.38 (m, 6H), 7.11 (d, 1H, J=
1.5 Hz), 4.39 (d, 1H, J=4.4 Hz), 4.34-4.29 (m, 1H), 4.26
(m, 1H), 4.07-3.99 (m, 3H), 3.83 (dd, 1H, /J=14.3, 3.4 Hz),
3.05 (d, 1H, J=6.4 Hz), 2.84-2.75 (m, 1H), 2.51-2.44 (m,
1H), 1.91 (d, 3H, J=1.5Hz), 1.09 (s, 9H); "*C NMR
(CDCl3) 6 163.8, 151.3, 140.9, 135.5 (4C), 132.6, 132.5,
130.0 (20), 127.9 (40), 111.2, 69.6, 66.4, 61.6, 44.1, 43.5,
36.9,26.9 (3C), 19.1, 12.3; IR (v cm ™ ') 3403, 3192, 3070-
3048, 2930, 2893-2857, 1678, 1427, 1385, 1365, 1247,
1217, 1158, 1111, 1008, 909, 823, 734-703; HRMS calcd
for C,,H;34N,OsNaSi [M+Na]*t: 517.2134. Found:
517.2130. Anal. Calcd for C,;H34N,05Si-0.6H,0: C,
64.16; H, 7.02; N, 5.54. Found: C, 64.07; H, 6.81; N, 5.46.

4.1.5. (+)-N1-[((1S,25,3R,4R)-2,3-Dihydroxy-4-hydroxy-
methyl)cyclobutyllmethyl-5-methyl-1H,3H-pyrimidine-
2,4-dione, 22. Desilylation of 20 (11 mg, 0.063 mmol) (see
preparation of 18) followed by column chromatography on
silica gel (EtOAc— EtOAc/MeOH: 8:2) provided 22
(11 mg, 0.043 mmol, 68%) as a white solid, mp 197.2—
198.9 °C; [l +266 (¢ 1.450, DMSO); 'H NMR (DMSO-
de) 6 11.15 (brs, 1H), 7.52 (d, 1H, J=1.0 Hz), 4.71 (d, 1H,
J=4.0Hz), 4.67 (d, 1H, J=5.9 Hz), 4.59-4.56 (m, 1H),
3.90-3.83 (m, 2H), 3.74 (d, 2H, J=8.4 Hz), 3.51-3.44 (m,
2H), 2.55-2.48 (m, 1H), 2.17-2.10 (m, 1H), 1.72 (d, 3H, J=
1.0 Hz); "*C NMR (DMSO-dg) 6 164.3, 151.0, 141.7, 108.1,
69.5, 68.9, 59.2, 46.5, 43.3, 42.2, 12.0; IR (v cm ™ ') 3324,
3186, 2950, 1669, 1478, 1417, 1365, 1217, 1156, 1021, 874,
HRMS caled for C;H;¢N,OsNa [M+Na]™*: 279.0957.
Found: 279.0961.

4.1.6. (+)-N1-[((1S,2R,3S,4R)-2,3-Dihydroxy-4-hydroxy-
methyl)cyclobutyllmethyl-5-methyl-1H,3H-pyrimidine-
2,4-dione, 23. Desilylation of 21 (56 mg, 0113 mmol) (see
preparation of 18) followed by column chromatography on
silica gel (CH,Cl,/MeOH: 95:5—9:1) provided 23 (16 mg,
0.033 mmol, 40%) as a white solid, mp 53.7-54.1 °C; [a]DO
+824 (¢ 2.850, MeOH); '"HNMR (CD;0D) 6 7.53 (d, 1H, J=
1.0 Hz), 4.31-4.27 (m, 1H), 4.25-4.22 (m, 1H), 4.10-3.95 (m,
2H), 3.91-3.88 (m, 2H), 2.67-2.59 (m, 2H), 1.85 (d, 3H, J=
1.0 Hz); >)C NMR (CD;0D) ¢ 167.1, 153.4, 144.2, 110.9,
71.1, 68.8, 59.6, 45.6, 44.3, 38.5, 12.4; IR (vcm™ ') 3381,
3226, 2938, 1671, 1423, 1335, 1222, 1149; HRMS calcd for
C;1H;6N,OsNa [M+Na] ": 279.0957. Found: 279.0957.

4.1.7. (+)-N9-[(1S,2R,3S)-2-(tert-Butyl-diphenyl-silyl-
oxymethyl)-3-hydroxy-cyclobutyl]methyl-9H-purin-6-
amine, 25; (—)-N9-[(1S,2R4R)-2-(tert-butyl-diphenyl-
silyloxymethyl)-4-hydroxy-cyclobutyllmethyl-9H-purin-
6-amine, 26 and cis-isomers, 27a and 27b. Hydroboration
of 24 (750.9 mg, 1.6 mmol) (see preparation of 14-17)
followed by column chromatography on silica gel (EtOAc)
successively provided a mixture of 27a and 27b (65.5 mg,
0.134 mmol), a mixture of 27a, 27b and 25 (72.1 mg,
0.148 mmol), 25 (176.8 mg, 0.362 mg), a mixture of 25 and
26 (21.9 mg, 0.045 mmol) then 26 (201.6 mg, 0.413 mmol),
yields of 27a+27b, 25, 26 ~ 14, 24 and 31%, respectively.
Data for 25: white solid, mp 93.5-95.3 °C; [« +218 (c
2.025, CH,Cl,); 'H NMR (CDCl;) 6 8.34 (s, 1H), 7.75 (s,
1H), 7.68-7.65 (m, 4H), 7.47-7.38 (m, 6H), 5.63 (br s, 2H),
4.45-4.39 (m, 2H), 4.29 (dd, 1H, J=13.8, 10.8 Hz), 3.88
(dd, 1H, J=11.2, 5.2 Hz), 3.83 (dd, 1H, J=11.2, 6.4 Hz),
2.94-2.84 (m, 1H), 2.58-2.51 (m, 1H), 2.13 (ddd, 1H, J=
11.7,8.4,2.9 Hz), 1.90 (ddd, 1H, J=11.7, 8.7, 7.4 Hz), 1.08
(s, 9H); >C NMR (CDCls) ¢ 155.4, 152.8, 150.1, 140.1,
135.6 (2C), 135.5 (20), 133.4, 133.2, 1299 (20), 127.8
40), 1194, 66.8, 61.8, 60.4, 48.8, 45.3, 33.3, 26.9 (3C),
19.2; IR (vem™ ') 3330-3185, 2930-2857, 1709-1597,
14721415, 1361, 1220, 1106, 1059, 823, 740-698; HRMS
caled for Cy7H34N50,Si [M+H]": 488.2482. Found:
488.2453. Data for 26: white solid, mp 75.5-76.7 °C;
[a]® —19 (¢ 1.705, CH,Cl,); "H NMR (CDCl;) 6 8.28 (s,
1H), 7.70-7.67 (m, 4H), 7.65 (s, 1H), 7.48-7.38 (m, 6H),
5.85 (brs, 2H), 4.51 (ddd, 1H, J=8.0, 8.0, 8.0 Hz), 4.47 (dd,
1H, J=14.3, 44 Hz), 437 (dd, 1H, J=14.3, 9.5 Hz),
3.86 (dd, 1H, J=10.8, 6.9 Hz), 3.81 (dd, 1H, J=10.8,
4.9 Hz), 2.83-2.75 (m, 1H), 2.55-2.47 (m, 1H), 2.15 (ddd,
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1H, J=11.3, 8.0, 2.5Hz), 1.90 (ddd, 1H, J=11.3, 9.8,
8.0 Hz), 1.11 (s, 9H); '*C NMR (CDCl;) 6 155.4, 152.6,
149.7, 140.3, 135.7-135.6 (4C), 133.3-133.2 (2C), 129.9
(2C), 127.8 (4C), 119.3, 69.7, 64.2, 47.5, 44.7, 31.5, 31.2,
27.0 (3C) 19.2; IR (v cm ™ ') 3329, 2932-2858, 1709-1599,
1473-1417, 1361, 1221, 1105, 1074, 823, 741-701; HRMS
caled for Cy7H34Ns0,Si [M+H]": 488.2482. Found:
488.2470.

4.1.8. (+)-N9-[(1S,2R,35)-2-Hydroxymethyl-3-hydroxy-
cyclobutyllmethyl-9H-purin-6-amine, 28. Desilylation of
25 (36.8 mg, 0.076 mmol) (see preparation of 18) followed
by column chromatography on silica gel (EtOAc/MeOH:
5:1) provided 28 (13.3 mg, 0.053 mmol; 71%) as a white
solid, mp 97.5-98.7 °C; [a]h +461 (¢ 0.750, MeOH); 'H
NMR (DMSO-dg) 6 8.14 (s, 1H), 8.12 (s, 1H), 7.17 (br s,
2H), 5.04 (d, 1H, J=5.9 Hz), 4.59 (br s, 1H), 4.33 (dd, 1H,
J=13.8, 5.4 Hz), 4.19 (dd, 1H, J=13.8, 11.3 Hz), 4.12-
4.05 (m, 1H), 3.57-3.52 (m, 2H), 2.74-2.64 (m, 1H), 2.38—
2.31 (m, 1H), 1.91 (ddd, 1H, J=10.8, 7.4, 2.5 Hz), 1.63
(ddd, 1H, J=10.8, 9.2, 8.2 Hz); '>*C NMR (DMSO-dg) 6
155.4, 152.5, 150.1, 141.1, 119.5, 65.8, 52.2, 49.2, 44.4,
32.9, 29.1; IR (vem™ ') 3274, 2938, 1643, 1483-1420,
1365, 1217, 1081, 1007; HRMS calcd for C;H;¢N50,
[M+H]": 250.1304. Found: 250.1304.

4.1.9. (—)-N9-[(15,2R 4R)-2-Hydroxymethyl-3-hydroxy-
cyclobutyllmethyl-9H-purin-6-amine, 29. Desilylation of
26 (51.8 mg, 0.106 mmol) (see preparation of 18) followed
by column chromatography on silica gel (EtOAc/MeOH:
9:1) provided 29 (17.9 mg, 0.072 mmol, 68%) as a white
solid, mp 233.8-235.7 °C; [a] — 122 (¢ 0.900, DMSO);
"H NMR (DMSO-dy) 6 8.36 (s, 1H), 8.09 (s, 1H), 7.26 (br's,
2H), 5.11 (br s, 1H), 4.87 (br s, 1H), 4.37 (dd, 1H, J=14.0,
7.8 Hz), 4.19 (dd, 1H, 14.0, 7.4 Hz), 4.04 (ddd, 1H, J=17.4,
7.4,7.4 Hz), 3.55 (dd, 1H, J=10.8, 7.9 Hz), 3.45 (dd, 1H,
J=10.8, 5.9 Hz), 2.64-2.57 (m, 1H), 2.17-2.09 (m, 1H),
1.86 (ddd, 1H, J=9.8, 7.4, 1.4 Hz), 1.63 (m, 1H); °C NMR
(DMSO-dg) 6 155.9, 152.2, 149.5, 140.9, 118.7, 68.3, 61.3,
46.7,42.5,32.4,30.5; IR (v cm ™~ ') 3114, 2942, 1703, 1615,
1481-1422, 1371-1300, 1215, 1075, 1038; HRMS calcd for
C11H¢NsO, [M+H]: 250.1304. Found: 250.1303.

4.1.10. (+)-N9-[(1S5,25,3R,4R)-2,3-Dihydroxy-4-(tert-
butyl-diphenyl-silyloxymethyl)cyclobutyl]methyl-9H-
purin-6-amine, 30; (+)-N9-[(1S,2R,35,4R)-2,3-di-
hydroxy-4-(tert-butyl-diphenyl-silyloxymethyl)cyclo-
butyllmethyl-9H-purin-6-amine, 31. Dihydroxylation of
24 (512 mg, 1.090 mmol) (see preparation of 20-+21)
followed by column chromatography on silica gel
(EtOAc/MeOH, 99:1 —90:10) successively led to 31
(263 mg, 0.522 mmol, 48%) then to 30 (231 mg,
0.459 mg, 42%). Data for 30: white solid, mp 203.2-
204.7 °C; [a]® +62 (¢ 1.520, DMSO); 'H NMR (DMSO-
de) 0 8.14 (s, 1H), 8.08 (s, 1H), 7.62 (dd, 4H, J=74,
1.5 Hz), 7.48-7.40 (m, 6H), 7.20 (br s, 2H), 4.88 (d, 1H, J=
5.4 Hz),4.81(d, 1H,J=6.4 Hz), 4.37 (dd, J=13.8, 6.7 Hz),
4.31(dd, 1H, J=13.8, 9.4 Hz), 4.07-3.98 (m, 2H), 3.84 (dd,
1H, /=10.8, 6.9 Hz), 3.79 (dd, 1H, J=10.8, 5.1 Hz), 2.87-
2.80 (m, 1H), 2.40-2.33 (m, 1H), 1.00 (s, 9H); '*C NMR
(DMSO-dg) 6 156.0, 152.4, 149.7, 140.6, 135.2 (4C), 133.0
(20), 129.9 (2C), 128.0 (40), 118.9, 69.9, 68.7, 62.1, 43.5,
42.9,42.6,26.8, (3C) 18.9; IR (vcm ™ ') 3319, 2853, 1650—

1600, 1361, 1258, 1150, 1088, 1042, 880, 739-701. Anal.
Caled for Cy7H33N505Si-0.6H,0: C, 63.03; H, 6.70; N,
13.61. Found: C, 63.01; H, 6.63; N, 13.56. Data for 31:
white solid, mp 74.1-75.3 °C; [a]f +200 (¢ 1.160, CHCl5);
"H NMR (CDCl5) 6 8.27 (s, 1H), 7.74 (s, 1H), 7.70-7.66 (m,
4H), 7.45-7.35 (m, 6H), 6.40 (br s, 2H), 4.60 (dd, 1H, J=
14.5, 11.5 Hz), 4.31 (dd, 1H, J=14.5, 3.2 Hz), 4.32-4.27
(m, 2H), 4.23-4.20 (m, 1H), 4.10 (dd, 1H, J=10.8, 5.1 Hz),
2.91-2.83 (m, 1H), 2.49-2.42 (m, 1H), 1.08 (s, 9H); "°C
NMR (CDCly) ¢ 155.8, 152.3, 149.2, 141.0, 135.5 (4C),
132.2 (2C), 129.8 (2C), 127.8 (4C), 119.5, 69.7, 66.0, 61.9,
44.4, 40.0, 38.5, 26.9 (3C), 19.1; IR (v cm ™ ') 3453, 2956
2864, 1650-1621, 1338-1328, 1256, 1169, 1095, 827, 744—
707; HRMS calcd for C,;H;3NsOsNaSi [M+Na]™:
526.2250. Found: 526.2250.

4.1.11. (+)-N9-[(1S,2R,3S,4R)-2,3-Dihydroxy-4-hydroxy-
methylcyclobutylJmethyl-9H-purin-6-amine, 32. Desilyl-
ation of 31 (59.3 mg, 0.117 mmol) (see preparation of 18)
followed by column chromatography on silica gel (EtOAc/
MeOH: 6:1) provided 32 (20.7 mg, 0.078 mmol, 66%) as a
white solid, mp 188.6-191.3°C; [a]y +438 (¢ 1.415,
DMSO); 'H NMR (CD;0D) ¢ 8.19 (s, 1H), 8.16 (s, 1H),
4.61 (dd, 1H, J=14.3, 10.8 Hz), 4.45 (dd, 1H, J=14.3,
4.7 Hz),4.34-4.31 (m, 1H), 4.24-4.20 (m, 1H), 4.02-3.89 (m,
2H), 2.82-2.75 (m, 1H) 2.71-2.65 (m, 1H); ')C NMR
(CDs0D) o 159.0, 155.2, 152.2, 145.1, 121.7, 72.4, 70.5,
61.2,45.7,42.7,41.2; IR (v cm™ ') 3152, 2936, 1737, 1642—
1601, 1478, 1365, 1230-1217, 1155, 1019; HRMS calcd for
Cl 1H15N5O3Na [M+Na]+: 288.1073. Found: 288.1071.
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Abstract—The thermal treatment of N-(2-propenyl)-1-naphthylamines provided the expected aza-Claisen rearranged products, 2-(2-
propenyl)-1-naphthylamines and benz[g]indoles, these last derived from an intramolecular hydroamination reaction on those primary
products. The 2-(2-propenyl)-1-naphthylamines were converted into their triphenylphosphazene derivatives, which by aza-Wittig reaction
with disubstituted ketenes yielded N-[2-(2-propenyl)-1-naphthyl] ketenimines. The heating of these ketenimines in boiling toluene induced
their cyclization either via an intramolecular Diels—Alder reaction, to afford dibenz[b,h]acridines, or via [1,5] hydrogen migration from the
sp> carbon atom of the propenyl substituent to the central carbon atom of the ketenimine fragment, followed by a 67 electrocyclic ring

closure, to give benzo[/]quinolines.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The Diels—Alder reaction is undoubtedly one of the most
valuable reactions for the synthetic organic chemists due to
its widespread utility and enormous synthetic potential.'
This pericyclic process represents a powerful and effective
methodology for the formation of carbon—carbon bonds,
which allows high regio and stereoselective constructions of
six-membered carbocyclic systems with up to four
contiguous new stereogenic centers.” This reaction is of
particular interest in the total synthesis of naturally
occurring products,” or structurally related compounds.

The Diels—Alder strategy has likewise found application in
the preparation of six-membered heterocyclic compounds
by positioning heteroatoms at the diene or at the dienophile
(hetero Diels—Alder reaction), and, in its intramolecular
version, a heterocycle is also forged by locating a
heteroatom in the tether connecting diene and dienophile.*
On the other hand, the characterization of several natural

Keywords: Aza-Claisen; Hydroamination; Ketenimines; Diels—Alder;

Hydrogen migration.

* Corresponding authors. Tel.: 434 968 367497, fax: +34 968 364149
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0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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occurring potential Diels—Alderases established the Diels—
Alder reaction as a viable biosynthetic transformation.’

In the context of the synthesis of heterocyclic compounds
via Diels—Alder reactions, ketenimines [RI—N=C=
CR?R?] are valuable precursors for the construction of
six-membered heterocycles by means of inter or intra-
molecular variants of these reactions.® These heterocumu-
lenes have the ability to act as 2-azadienes (R'=vinyl or
aryl group) or as all-carbon dienes (R* and/or R*=vinyl or
aryl group), an even can serve as the dienophile component,
with either the N=C or the C=C bond of the ketenimine
being involved in the cycloaddition process. As a matter of
fact, as part of our research work directed towards the study
of the participation of ketenimines in pericyclic processes,
we have successfully applied the Diels—Alder strategy to the
synthesis of benzo[d,e][1,6]naphthyridines’ and pyr-
ido[2,3,4-d,e]quinazolines7 (ketenimines as 2-azadienes),
benzimidazo[1,2-b]isoquinolines8 and benz[b]acridines’
(ketenimines as all-carbon dienes) and pyrido[1,2-a]benz-
imidazoles'® (ketenimines as dienophiles by means of its
C=C bond).

Our method for preparing benz[b]acridines’ was based on a
thermally induced intramolecular Diels—Alder reaction on
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N-[2-(2-propenyl)phenyl]-C,C-diphenyl ketenimines, in
which the ketenimine function acts as an all-carbon diene
and the C=C bond of the 2-propenyl side-chain plays the
role of the dienophile. With the aim of extending the
versatility of this particular methodology we decided to try
its application for the synthesis of dibenz[b,h]acridines,'" by
combination of a C-aryl ketenimine fragment (diene) and a
2-propenyl group (dienophile) at the adjacent C1 and C2
carbon atoms of a naphthalene ring. We present herein the
results obtained in the thermally induced intramolecular
cyclization of N-[2-(2-propenyl)-1-naphthyl] ketenimines,
forming the expected Diels—Alder adducts, 7,7a,8,14-
tetrahydrodibenz[b,h]acridines, unexpectedly accompanied
by benzo[A]quinolines, whose formation should involve an
initial [1,5] hydrogen migration from the sp® carbon atom of
the propenyl substituent to the central carbon atom of the
ketenimine function.

2. Results and discussion
2.1. Preparation of 2-(2-propenyl)-1-naphthylamines

The N-(2-propenyl)-1-naphthylamines 2a,b were both
prepared following the reaction conditions reported by
Sloviter'? for the preparation of 2a, but with a new and
simpler protocol that we have developed for the isolation
and purification of these two compounds. The reaction of an
excess of l-naphthylamine 1 with 3-chloropropene and
1-chloro-2-butene, in refluxing ethanol for 5 h, yielded only
the monoalkylation products 2a (67% yield) and 2b (84%
yield), respectively. The thermal treatment of neat N-(2-
propenyl)-1-naphthylamines 2 in a sealed tube at 260—
270 °C for 3 h induced their aza-Claisen rearrangement
providing 2-(2-propenyl)-I-naphthylamines 3 in approxi-
mately 50% yield, whereas a considerable amount (20—
30%) of the starting material remained unaltered (Scheme
1). The transformations 2—3 were carried out under the
reaction conditions described by Marcinkiewicz'® and
Inada'? in their respective preparations of 3a and 3a,b, but
we used a different method in the purification step. We
purified the crude materials resulting from these thermal
treatments by column chromatography, instead of by
distillation or conversion of compounds 3 into their
N-tosylamines as reported. With the objective of obtaining

a5 O

2a R'=
2 R =CH3
b
NH2 R1 F P
3a R'=H 4a R'=H 5a R'=H
3b R'=CHj 4b R' = CHjs (trans) 5b R'=CHs

Scheme 1. Reagents and conditions: (a) CH,=CHCH,Cl or CH;—CH=
CH-CH,Cl, ethanol, reflux, 5 h; (b) 260-270 °C, sealed tube, 36 h.

a total conversion in the transformations 2 — 3 we increased
the reaction time. Thus, when the N-(2-propenyl) derivative
2a (R1 =H) was heated at 260-270 °C for 4 h it was totally
consumed, and column chromatography of the reaction
mixture allowed the isolation of 2-(2-propenyl)-1-naphthyl-
amine 3a (R'=H; 38% yield), and, surprmngly, of
2-methyl-2,3-dihydro-1H-benz[glindole 4a (R'=H; 35%
yield) and 2-methyl-1H-benz[glindole 5a (R'=H; 3%
yield) (Scheme 1). A similar thermal treatment of 2b
(R'=CH;) for 6h yielded only trans-2,3-dimethyl-2,3-
dihydro-1H-benz[g]indole 4b (R'=CHj; 22% yield) and
2,3-dimethyl-1H-benz[glindole 5b (R'=CHj; 21% yield)
(Scheme 1)."3

The analytical and spectral data of benz[g]indoles 4 and 5§
are in accordance with the proposed structures. The frans
relative positioning of the two methyl groups of 4b was
unequivocally determined by a NOESY experiment. More-
over, the collected data for benzindoles 5 are totally
coincident with those previously reported for these
compounds.'*

The formation of the 2,3-dihydro-1H-benz[g]indoles 4
could be explained as occurring by an intramolecular
hydroamination reaction of the carbon—carbon double bond
of the 2-propenyl substitutent in amines 3 (Scheme 2).
Further spontaneous dehydrogenation of 4 under the
reaction conditions should give the aromatic derivatives 5.

The intramolecular hydroamination of aminoalkenes is a
well-known reaction, which is usually accomplished by
mediation of alkali metals, transition-metals, and actinide
and lanthanide complexes.'” On the other hand, it has been
reported that N-allylanilines undergo aromatic 3-aza-Cope
rearrangement in the presence of HY-Zeolite, HEMT or
HZeolite beta, in solution at 80 °C to afford mixtures of
ortho-allylanilines and indolines,'® and in the presence
of Zn*? montmorillonite, under mlcrowave irradiation in
the absence of solvent, to yield indolines.'” By contrast, the
intramolecular hydroamination occurring in compounds 3
takes place under thermal conditions and in the absence of
any catalyst."®

2.2. Thermal cyclization of N-[2-(2-propenyl)-1-
naphthyl] ketenimines

Triphenylphosphazenes 6 were prepared by reaction of
amines 3, in acetonitrile solution, with triphenylphosphane,
carbon tetrachloride and triethylamine (Scheme 3).

Treatment of a toluene solution of triphenylphosphazene 6a
(R'=H) with diphenylketene at room temperature afforded
N-[2-(2-propenyl)-1-naphthyl]-C,C-diphenylketenimine 7a.
The formation of ketenimine 7a was established by IR
spectroscopy: the IR spectrum of the reaction mixture

CH3
NHy = . HN
intramolecular R
C O R! hydroamination OO
3 4

Scheme 2. Intramolecular hydroamination in the aminoalkenes 3.
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PhgPy
NH, Rj N Ry
QT - }
e — 0
3 6

Scheme 3. Reagents and conditions: (a) PPhs, CCly, Et;N, acetonitrile, rt,
16 h.

showed a strong absorption at 2004 cm ~ ', characteristic of
the N=C=C grouping. Next, the toluene solution contain-
ing ketenimine 7a was heated under reflux up to the total
dissapearance of the cumulenic band in its IR spectrum,
approximately 1 h. The crude material obtained from this
thermal treatment was chromatographed, giving as result
the isolation of the expected Diels—Alder cycloadduct 13-
phenyl-7,7a,8,14-tetrahydrodibenz[b,h]acridine (8a), in
40% yield, along with a 37% of an unexpected reaction
product which was identified as 3,3-diphenyl-4-vinyl-3.4-
dihydrobenzo[A]quinoline (9a) (Scheme 4).

The analytical and spectral data of the dibenz[b,h]acridine
8a are essentially similar to those of the benz[b]acridines
previously prepared by us.” The IR spectrum of compound
8a exhibits a strong absorption at 3428 cm ™~ ! due to the
vibration of the amino group. In its '"H NMR spectrum the
protons of the two methylene groups appear overlapped in a
complex signal at 6=2.92-3.23 ppm. The proton H-C7a is
observed as a multiplet, at 6=3.44-3.54 ppm. The "*C
NMR spectrum of 8a shows the signals corresponding to the
sp> hybridized carbon atoms at 6=33.4, 34.9 (C7a) and
36.0 ppm.

In the 'H NMR spectrum of the benzo[/]quinoline 9a the
vinyl substituent is clearly observed, its protons appearing at
the following chemical shifts: 4.66 (CH=CHHg), 4.78
(CH=CHpHpg) and 5.54 (CH=CH,), all showing the
expected multiplicities and coupling constants. In this
spectrum, the proton H—C2 appears at 8.71 ppm as a
doublet, due to a small coupling constant (4J =1.2 Hz,
W-type) with H-C4, as revealed by a COSY experiment.
This last proton appears at 0 =4.22 ppm as a broad doublet,
as result of its coupling with the vinylic methine proton
(3J=8.4 Hz), with the two methylene protons ¢J=1.0,
0.6 Hz, allylic-type) and with H—C2. The '*C NMR

Ph
PhaPy Copn
N N*

™

6a R'=H

Scheme 4. Reagents and conditions: (a) Ph,C=C=0, toluene, rt, 10 min;
(b) Toluene, reflux, 1 h.

spectrum of compound 9a shows two signals in the aliphatic
region: one at 6=49.9 ppm due to the methine carbon C4,
and the other one at 6=52.3 ppm associated to the
quaternary carbon atom C3. The methylene carbon of the
vinyl group resonates at 0=116.9 ppm, and the signal of
the iminic carbon C2 appears at 6= 164.6 ppm.

The transformation of the C,C-diphenyl ketenimine 7a into
the tetrahydrodibenz[b,h]acridine 8a can be explained by an
intramolecular Diels—Alder reaction, the ketenimine frag-
ment acting as all-carbon diene with the participation of its
cumulated C=C bond, followed by hydrogen shift. On the
other hand, we believe that the conversion of ketenimine 7a
into benzo[h]quinoline 9a takes place by initial [1,5]
migration of a hydrogen atom from the benzylic methylene
to the central carbon atom of the ketenimine function. This
sigmatropic rearrangement may lead to the stereoisomeric
intermediates (F)-11 and (Z)-11, in which the carbon-
carbon double bond exocyclic to the naphthalene core is of
E and Z configuration, respectively (Scheme 5). In these
intermediates the atoms of the original ketenimine grouping
and the 2-propenyl substituent now form part of a
conjugated 3-aza-1,3,5,7-octatetraene system. The cycliza-
tion of intermediates (E)-11 and (Z2)-11 via a 6T
electrocyclic ring closure (67-ERC) involving the

£ [4+2]

7a
1[1,5]—H \[151-'* 10

Ph. ' Ph

I

3NT H
5/ =
7

(B)-11 @1

6n-/ERC/ % 6n-ERC

Ph Ph._Ph
N7 >~Ph \[
9@ !

9a 12

6n-ERC

Scheme 5. Proposed mechanism for the conversion 7a— 8a+9a.
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3-azatriene fragrnent19 of the 3-aza-1,3,5,7-octatetraene
system should provide the 3,4-dihydrobenzo[/]quinoline
9a. Intermediate (Z)-11 has also the appropriate geometry to
undergo cyclization by means of an alternative 67t-ERC
mode, that involving the 1-azatriene fragment of the 3-aza-
1,3,5,7-octatetraene system, affording the benzo[h]quino-
line 12. This is not the case, as this compound was not
detected in the 'H NMR spectrum of the crude material
obtained from the thermal treatment of ketenimine 7a,
before the purification step.

Examples of sigmatropic [1,5]-H shifts to the electrophilic
central carbon atom of ketenimines have been occasionally
reported. Goerdeler®® has described that C-imidoyl keteni-
mines underwent, at room temperature, [1,5] hydrogen
migration followed by 67-ERC to yield dihydropyrimi-
dines, whereas Foucaud?! has demonstrated that, in
refluxing dichloromethane, N-imidoyl ketenimines con-
verted into pyrrolotriazines by [1,5]-H shift followed by
intramolecular [4+2] cycloaddition. More recently,
Wentrup®? has reported that N-phenyl ketenimines bearing
methyl groups at the ortho position to the nitrogen atom,
under very mild flash vacuum thermolysis conditions
(350 °C), suffer a facile [1,5] hydrogen migration and
subsequent electrocyclization to dihydroquinolines.

The generation of N-[2-(2-propenyl)-1-naphthyl] keten-
imines bearing one or two alkyl substituent at the terminal
carbon atom of the ketenimine moiety instead of phenyl
groups should, respectively, decrease or prevent the
probability of occurring the [4+2] cyclization mode.
Thus the evolution of such ketenimines via the sequence
[1,5]-H/67-ERC should be favoured. A major limitation
that we found in the preparation of ketenimines by the aza-
Wittig reaction of phosphazenes with ketenes is that only
ketenes that are stable enough to be isolated under usual
working conditions could be employed successfully.?
Thus, we carried out the reaction of triphenylphosphazene
6a (R1 =H), in toluene solution at room temperature, with
the isolable methylphenylketene to generate the C-methyl-
C-phenyl ketenimine 7b (Scheme 6). When this ketenimine
was heated in refluxing toluene it experienced cyclization to
3-methyl-3-phenyl-4-vinyl-3,4-dihydrobenzo[k]quinoline
(9b), which was obtained as a 1:1 mixture of cis and trans
diastereoisomers in good yield (73%).

Ph
-C.
a
6a R'=H 7b
b

Scheme 6. Reagents and conditions: (a) Ph(CH;)C=C=0, toluene, rt,
10 min; (b) Toluene, reflux, 1 h.

This result suggests that in N-[2-(2-propenyl)-1-naphthyl]
ketenimines 7 the presence of one alkyl substituent at their
terminal carbon atom is enough to bring about their
cyclization periselectively via the consecutive [1,5] hydro-
gen migration/67t electrocyclic ring closure path.

Expecting a similar chemical behavior to that observed for
the C,C-diphenyl ketenimine 7a we prepared the methyl
substituted analogue 7¢ (Scheme 7), although it emerged not
to be the case. The difference between these two
ketenimines is the presence in 7¢ of a methyl group at the
sp> carbon atom of the side chain. Two different fractions
were collected when the crude material that resulted from
the heating of ketenimine 7¢ in toluene at reflux temperature
for 1 h was chromatographed. The first one consisted on a
1:1 mixture of the two possible diastereoisomers of
7-methyl-13-phenyl-7,7a,8,14-tetrahydrodibenz[b,h]acri-
dine (8b), along with a small amount of an unidentified
impurity we were not able to separate chromatographically.
Compound 8b was separated from the impurity by crystal-
lization from diethyl ether. This is the reason why pure 8b
was obtained in low yield (14%). The crystalline product
still consisted on both diastereoisomers of 8b in a 1:1 ratio.
From the second chromatographic fraction 3-(2,2-diphenyl-
ethyl)-4-methylbenzo[/]quinoline (13) was isolated in
17% yield.

The structures of compounds 8b and 13 were confirmed by
their analytical and spectroscopic data. The main features of
the '"H NMR spectrum of benzo[h]quinoline 13 are the
following: a singlet at =2.46 ppm, associated with the
methyl group CH3;—C4, a doublet and a triplet at 6=
3.61 ppm and 6=4.27 ppm, respectively, assigned to the
methylene and methine protons of the diphenylethyl
substituent at C3, and a singlet at 6=38.49 ppm attributed
to the proton H-C2. The positions of the diphenylethyl and
methyl substituents at the benzoquinoline ring were
determined by performing NOESY and NOE difference
experiments. These experiments associated the signals of
the diphenylethyl group with those of H—C2 and CH;—C4.
H-C2 and CH3;—C4, in turn, did not show any effect on each
other. Also NOE effect was observed between H—C5 and the
methyl group.

PhaPy
N CH,

:

6b R'=CH,

Scheme 7. Reagents and conditions: (a) Ph,C=C=0, toluene, rt, 10 min;
(b) Toluene, reflux, 1 h.
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The formation of the dibenzacridine 8b is easily understood
as occurring by an intramolecular Diels—Alder reaction in
ketenimine 7¢, whereas the formation of benzoquinoline 13
should occur by a new, more complex, mechanistic
pathway. Probably, the conversion 7¢ — 13 is initiated by
an [1,5] hydrogen migration from the sp> carbon of the
propenyl substituent to the central carbon of the ketenimine
function, as it could be ascertained by the presence of an
hydrogen atom at carbon 2 of compound 13. After this first
hydrogen shift the resulting intermediate could undergo
evolution to the benzoquinoline 13, for example, either by
means of a sequence of shifts or by a mechanistic pathway
involving the formation of birradical species, as it is shown
in Scheme 8.

The aza-Wittig reaction of triphenylphosphazene 6b with
methylphenylketene, and the subsequent thermal treatment
of the resulting C-methyl-C-phenyl ketenimine only gave,
in our hands, very complex reaction mixtures.

N ~
\
e 9O8
CHPh, Ph

N ’
9@ AL o
/

N/| CHPh;
Ly o
13

Scheme 8. Two mechanistic proposals for explaining the conversion of 7¢
into 13.

8 14

Scheme 9. Reagents and conditions: (a) Pd/C, ortho-xylene, reflux, 3 h.

2.3. Preparation of aromatic dibenz[b,k]acridines

Finally, the 7,7a,8,14-tetrahydrodibenz[b,h]acridines 8
could be easily oxidized in refluxing ortho-xylene in the
presence of Pd/C to give the fully aromatic dibenz[b,h]-
acridines 14 (Scheme 9). Compounds 14 were thus obtained
in almost quantitative yields (82-97%).

3. Conclusion

In summary, in this work we have reported that under
thermal conditions, and in the absence of any catalyst, 2-(2-
propenyl)-1-naphthylamines undergo a formal intra-
molecular hydroamination reaction to yield 2,3-dihydro-
benz[glindoles. We have also described how N-[2-(2-
propenyl)-1-naphthyl] ketenimines undergo cyclization
either by a Diels—Alder cycloaddition or by an [1,5]
hydrogen migration followed by a 67 electrocyclic ring
closure, providing new routes to dibenz[b,h]acridines and
benzo[h]quinolines. The mode selectivity, Diels—Alder
cycloaddition versus [1,5] hydrogen migration, found in
the cyclization of the N-[2-(2-propenyl)-1-naphthyl] keten-
imines prepared depends basically on the nature of the
substituents at the terminal carbon atom of the ketenimine
function.

4. Experimental

4.1. General method

All mps were determined on a Kofler hot-plate mp apparatus
and are uncorrected. IR spectra were obtained as films or
Nuyjol emulsions on a Nicolet Impact 400 spectropho-
tometer. NMR spectra were recorded on a Bruker Avance
300 (300, 75 MHz for 'H and '°C, respectively) or a Bruker
Avance 400 (400 and 100 MHz for 'H and '3C,
respectively), in CDCl; as solvent, and the chemical shifts
are expressed in ppm relative to Me,Si at 6=0.00 for 'H
and to CDCl; at 6=77.1 for '*C. Mass spectra were
recorded on a Hewlett-Packard 5993C spectrometer or on a
VG-Autospec spectrometer. Microanalyses were performed
on a Carlo Erba EA-1108 instrument.

4.2. Materials

Diphenylketene®* and methylphenylketene® were prepared
according to literature procedures.
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4.3. General procedure for the preparation of
N-(2-propenyl)-1-naphthylamines 2

1-Naphthylamine 1 (12.88 g, 90 mmol) was dissolved in
ethanol (100 ml) and 3-chloropropene (2.29 g, 30 mmol) or
1-chloro-2-butene (2.71 g, 30 mmol) was added. The
reaction mixture was heated at reflux temperature for 5 h.
After cooling at room temperature, the solvent was removed
under reduced pressure, and aqueous NaOH 5% (200 ml)
was added to the solid residue. The resulting suspension was
stirred at room temperature for 5 min, and then extracted
with dichlorometane (2X75 ml). The combined organic
layer was washed with water (100 ml) and dried over
anhydrous MgSO,. The dichloromethane was removed
under reduced pressure and the resulting material was
purified by column chromatography [silica gel; hexanes/
diethyl ether 9:1 (v/v)].

4.3.1. N-(2-Propenyl)-1-naphthylamine'** (2a). Yield
67%. "H NMR (CDCls) 6=3.92 (d, 2H, J=5.2 Hz), 4.43
(brs, 1H), 5.18-5.24 (m, 1H), 5.29-5.40 (m, 1H), 5.96-6.16
(m, 1H), 6.65 (d, 1H, J=7.4 Hz), 7.20-7.44 (m, 4H), 7.75-
7.81 (m, 2H).

4.3.2. (E)-N-(2-Butenyl)-1-naphthylamine'* (2b). Yield
84%. '"H NMR (CDCl3) 6=1.78-1.83 (m, 3H), 3.88-3.90
(m, 2H), 4.38 (br s, 1H), 5.73-5.91 (m, 2H), 6.67 (dd, 1H,
J=175, 0.9 Hz), 7.28-7.31 (m, 1H), 7.37-7.52 (m, 3H),
7.81-7.86 (m, 2H).

4.4. Thermal treatment of N-(2-propenyl)-1-naphthyl-
amine 2a

N-(2-Propenyl)-1-naphthylamine 2a (3.66 g, 20 mmol) was
heated in a sealed tube at 260-270 °C for 4 h. After cooling
at room temperature, the crude material was dissolved in
dichloromethane (20 ml) and transferred to a round bottom
flask. The solvent was removed under reduced pressure and
the resulting oil was chromatographed on a silica gel
column using hexanes/diethyl ether (4:1, v/v) as eluent. The
fractions containing the major component were combined
and the solvent removed under reduced pressure to give an
oily residue which was subjected to a second column
chromatography using dichloromethane/hexanes (9:1; v/v)
as eluent.

4.4.1. 2-(2-Propenyl)-1-naphthylamine'** (3a). Yield
38%. '"H NMR (CDCls) 6=3.47 (dt, 2H, J=6.2, 1.7 Hz),
4.16 (br's, 2H), 5.09 (dq, 1H, J=8.2, 1.7 Hz), 5.14-5.56 (m,
1H), 5.90-6.10 (m, 1H), 7.20 (d, 1H, J=8.4 Hz), 7.29 (d,
1H, J=8.4 Hz), 7.36-7.48 (m, 2H), 7.73-7.83 (m, 2H).

4.4.2. 2-Methyl-2,3-dihydro-1H-benz[g]indole (4a). Yield
35%; mp 7677 °C; colorless prisms (n-hexane). '"H NMR
(CDCl3) 6=1.34 (d, 3H, J=6.3 Hz), 2.81 (dd, 1H, J=15.3,
7.5Hz), 3.32 (dd, 1H, J=15.3, 9.0 Hz), 3.89 (br s, 1H),
4.10-4.18 (m, 1H), 7.26 (s, 2H), 7.31-7.38 (m, 2H), 7.55-
7.59 (m, 1H), 7.74-7.79 (m, 1H). '*C NMR (CDCl;) 6=
22.7, 38.6, 55.7, 118.7, 120.7 (s), 121.4, 122.5 (s), 123.6,
124.7, 125.0, 128.5, 133.5 (s), 146.3 (s). MS m/z (1%): 183
M, 63), 168 (100). IR (nujol) v cm™ ' 3355, 1575, 1523,
1423, 1332, 1284, 1160, 1126, 1103, 1080, 880, 867, 803,

767,749, 674. Anal. Calcd for C3H3N: C, 85.20; H, 7.15;
N, 7.65. Found: C, 85.03; H, 7.18; N, 7.77.

4.4.3. 2-Methyl-1H-benz[glindole'** (5a). Yield 3%. 'H
NMR (CDCls) 6=2.45 (d, 3H, J=0.9 Hz), 6.32-6.34 (m,
1H), 7.36 (ddd, 1H, J=8.1, 6.9, 1.3 Hz), 7.41-7.48 (m, 2H),
7.61 (dd, 1H, J=8.6, 0.3 Hz), 7.80-7.83 (m, 1H), 7.86-7.89
(m, 1H), 8.45 (br s, 1H).

4.5. Thermal treatment of (E)-N-(2-butenyl)-1-
naphthylamine 2b

(E)-N-(2-Butenyl)-1-naphthylamine 2b (3.94 g, 20 mmol)
was heated in a sealed tube at 260-270 °C for 3 h. After
cooling at room temperature, the crude material was
dissolved in dichloromethane (20 ml) and transferred to a
round bottom flask. The solvent was removed under reduced
pressure and the resulting oil was chromatographed on a
silica gel column using dichloromethane/hexanes (4:1, v/v)
as eluent.

In this reaction a 25% of the starting material was recovered.

4.5.1. 2-(1-Methyl-2-propenyl)-1-naphthylamine'* (3b)
Yield 54%. 'H NMR (CDCl;) 6=1.48 (d, 3H, J=7.0 Hz),
3.64-3.72 (m, 1H), 4.24 (br s, 2H), 5.11 (dt, 1H, J=6.2,
1.6 Hz), 5.14-5.15 (m, 1H), 5.99-6.07 (m, 1H), 7.28 (d, 1H,
J=8.5Hz), 7.32 (d, 1H, J=8.5 Hz), 7.38-7.46 (m, 2H),
7.75-7.81 (m, 2H).

When (E)-N-(2-butenyl)-1-naphthylamine 2b was heated
at 260-270 °C for 6 h the reaction products were trans-
2,3-dimethyl-2,3-dihydro-1H-benz[g]indole 4b and 2,3-
dimethyl-1H-benz[g]indole Sb.

4.5.2. trans-2,3-Dimethyl-2,3-dihydro-1H-benz[g]indole
(4b). Yield 22%; dark oil. '"H NMR (CDCl3) 6=1.37 (d,
3H, /J=6.8 Hz), 1.41 (d, 3H, /J=6.2 Hz), 3.04 (dq, 1H, J=
8.7, 6.8 Hz), 3.64 (dq, 1H, J=8.7, 6.2 Hz), 3.74 (br s, 1H),
7.23-7.31 (m, 2H), 7.35-7.45 (m, 2H), 7.60-7.63 (m, 1H),
7.75-7.81 (m, 1H). '*C NMR (CDCl;) 6=18.3, 21.1, 45.2,
64.5, 118.9, 120.7 (s), 121.5, 122.2, 124.7, 125.1, 127.9 (s),
128.5, 133.6 (s), 145.6 (s). MS m/z 1%): 197 (M ™", 27), 194
(100). IR (nujol) v cm” 1 3368, 1574, 1519, 1453, 1441,
1420, 1375, 1335, 1267, 1257, 1082, 976, 937, 805, 777,
747, 678. Anal. Calcd for C;4H;sN: C, 85.24; H, 7.66; N,
7.10. Found: C, 85.05; H, 7.78; N, 7.16.

4.5.3. 2,3-Dimethyl-1H-benz[glindole'*® (5b). Yield 21%.
'"H NMR (CDCl;) 6=2.28 (d, 3H, J=0.5 Hz), 2.40 (s, 3H),
7.35 (ddd, 1H, J=8.2, 6.9, 1.2 Hz), 7.45 (ddd, 1H, J=8.2,
6.9, 1.2 Hz), 747 (d, 1H, J=82Hz), 7.59 (d, 1H, J=
8.6 Hz), 7.87 (t, 2H, J=8.9 Hz), 8.32 (br s, 1H).

4.6. General procedure for the preparation of
2-(2-propenyl)-1-(triphenylphosphoranylideneamino)
naphthalenes 6

The corresponding 2-(2-propenyl)-1-naphthylamine 3
(10 mmol) and triphenylphosphane (5.24 g, 20 mmol)
were dissolved in a mixture of anhydrous acetonitrile
(25 ml) and triethylamine (15 ml). Then carbon tetrachlor-
ide was added (10 ml), and the reaction mixture was kept at
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room temperature without stirring for 16 h. The precipitated
solid was filtered and washed with anhydrous acetonitrile
(2 X2 ml). From the filtrate the solvent was removed under
reduced pressure, and the crude material was purified by
column chromatography using silica gel deactivated with
triethylamine as solid phase and hexanes/diethyl ether (3:2,
v/v) as eluent. After removing the solvent from the
combined fractions containing 6 the resulting white solid
was treated with diethyl ether (5 ml), filtered and dried.

4.6.1. 2-(2-Propenyl)-1-(triphenylphosphoranylidenea-
mino)naphthalene (6a). Yield 49%; mp 131-132 °C;
colorless prisms (diethyl ether/n-pentane). 'H NMR
(CDCl3) 6=3.32 (ddd, 2H, J=6.5, 3.1, 1.5 Hz), 4.78-4.86
(m, 2H), 5.59-5.69 (m, 1H), 6.97 (ddd, 1H, J=8.1, 6.8,
1.0 Hz), 7.17-7.22 (m, 2H), 7.25 (dd, 1H, J=28.3, 2.5 Hz),
7.35-7.40 (m, 6H), 7.45-7.50 (m, 3H), 7.58-7.65 (m, 7H),
7.99 (d, 1H, J=8.3 Hz). ">C NMR (CDCl3) 6=37.1 (d, J=
1.3 Hz), 114.7, 118.9 (d, J=3.6 Hz), 123.6, 124.2, 126.0,
127.5, 128.3 (d, J=3.3 Hz), 128.5 (d, /=12.2 Hz), 129.0
(d, J=8.7Hz) (s), 1314 (d, J=2.6Hz), 1322 (d, J=
5.7Hz) (s), 1324 (d, J=101.3Hz) (s), 132.6 (d, J=
9.6 Hz), 133.8 (d, J=2.1 Hz) (s), 138.4 (d, /J=1.2 Hz),
143.9 (d, J=1.6Hz) (s). *'P NMR (CDCl;, 121 MHz,
H3PO,) 6= —2.4. MS m/z (1%): 443 (M, 5), 262 (100). IR
(nujol) » cm ™ ': 1637, 1557, 1407, 1153, 1131, 1116, 996,
843, 808, 755, 747, 725, 713, 696. Anal. Calcd for
C;3Hy6NP: C, 83.95; H, 5.91; N, 3.16. Found: C, 83.79;
H, 5.78; N, 3.10.

4.6.2. 2-(1-Methyl-2-propenyl)-1-(triphenylphosphora-
nylideneamino)naphthalene (6b). Yield 42%; mp 138-
139 °C:; colorless prisms (diethyl ether/n-pentane). '"H NMR
(CDCl3) 6=0.98 (d, 3H, J=7.0 Hz), 4.05-4.12 (m, 1H),
477 (dt, 1H, J=17.3, 1.9 Hz), 4.83 (dt, 1H, J=10.5,
1.9 Hz), 5.57 (ddd, 1H, J=17.3, 10.5, 4.9 Hz), 6.97 (ddd,
1H,J=8.2,6.8, 1.1 Hz), 7.14 (dd, 1H, J=8.5, 1.5 Hz), 7.20
(ddd, 1H, J=8.0, 6.8, 1.1 Hz), 7.28 (dd, 1H, J=8.5,
2.5 Hz), 7.36-7.41 (m, 6H), 7.47-7.51 (m, 3H), 7.57-7.65
(m, 7H), 8.00 (d, 1H, J=8.5 Hz). '>*C NMR (CDCl;) 6=
19.3,37.0, 111.8, 119.2 (d, /=3.8 Hz), 123.7, 124.3, 126.0
(d, /=3.1 Hz), 126.3 (d, /=1.3 Hz), 127.5, 128.5 (d, /=
119 Hz), 131.4 (d, J=2.8 Hz), 132.2 (d, J=5.5 Hz) (s),
132.3 (d, J=101.2 Hz) (s), 132.6 (d, /=9.5 Hz), 133.6 (d,
J=22Hz) (s), 1342 (d, /=8.8Hz) (s), 1432 (d, J=
2.8Hz) (s), 143.8 (d, J=1.1Hz). *'P NMR (CDCls,
121 MHz, H5PO,) 6= —2.0. MS m/z (1%): 457 (M™, 17),
262 (100). IR (nujol) » cm™': 1630, 1559, 1505, 1436,
1303, 1158, 1131, 1114, 1098, 1029, 997, 897, 749, 727,
713, 697. Anal. Calcd for C3,H,gNP: C, 84.00; H, 6.17; N,
3.06. Found: C, 84.19; H, 6.06; N, 3.10.

4.7. Reaction of 2-(2-propenyl)-1-(triphenylphosphora-
nylideneamino)naphthalene 6a with ketenes

To a solution of 2-(2-propenyl)-1-(triphenylphosphoranyli-
deneamino)naphthalene 6a (0.55 g, 1.25 mmol) in anhy-
drous toluene (20 ml) a solution of diphenylketene (0.34 g,
1.75 mmol) or methylphenylketene (0.23 g, 1.75 mmol) in
the same solvent (5 ml) was added. The reaction mixture
was stirred at room temperature for 10 min, and then heated
at reflux temperature for 1h. After cooling at room
temperature, the solvent was removed under reduced

pressure and the crude material was chromatographed on
a silica gel column using hexanes/diethyl ether (9:1, v/v) as
eluent.

4.7.1. 13-Phenyl-7,7a,8,14-tetrahydrodibenz[b,h]acri-
dine (8a). Yield 40%; mp 212-213 °C; yellow prisms
(diethyl ether). '"H NMR (CDCl3) 6=2.92-3.13 (m, 4H),
3.44-3.54 (m, 1H), 6.52 (dd, 1H, J=17.6, 1.2 Hz), 6.79 (s,
1H), 6.91 (td, 1H, J=7.2, 1.4 Hz), 6.95-6.99 (m, 1H), 7.07
(d, 2H, J=8.3 Hz), 7.13 (d, 1H, J=8.3 Hz), 7.21 (d, 1H,
J=8.3 Hz), 7.26-7.34 (m, 2H), 7.40-7.42 (m, 2H), 7.46 (tt,
IH, J=7.4, 1.4 Hz), 7.56-7.60 m, 2H), 7.68-7.71 (m, 1H).
13C NMR (CDCl3) 6=33.4, 34.9, 36.0, 110.1 (s), 116.4 (s),
118.3, 118.8, 121.5 (s), 122.9, 123.7, 125.2, 125.4, 126.7,
126.8, 126.9, 127.7, 128.8, 129.8, 131.2, 131.6 (s), 133.5 (s),
133.7 (s), 137.0 (s), 138.1 (s), 138.2 (s). MS m/z (1%): 359
(M™, 76), 354 (100). IR (nujol) » cm ™~ 1. 3428, 1622, 1594,
1563, 1334, 1314, 1293, 1277, 1182, 1156, 1098, 1011, 857,
803, 759, 737. Anal. Calcd for C,;H,N: C, 90.21; H, 5.89;
N, 3.90. Found: C, 90.35; H, 5.78; N, 3.83.

4.7.2. 3,3-Diphenyl-4-vinyl-3,4-dihydrobenzo[/#]quino-
line (9a). Yield 37%; mp 151-152 °C; colorless prisms
(diethyl ether/n-pentane). "HNMR (CDCl3) 6=4.22(d, 1H,
J=28.4 Hz), 4.66 (ddd, 1H, /=169, 1.5, 1.0 Hz), 4.78 (ddd,
1H, /=10.1, 1.5, 0.6 Hz), 5.54 (ddd, 1H, J=16.9, 10.1,
8.4 Hz), 7.08-7.16 (m, 3H), 7.19-7.33 (m, 7H), 7.36 (d, 1H,
J=8.3 Hz), 7.40-7.53 (m, 2H), 7.77 (d, 2H, J=8.3 Hz),
8.56-8.60 (m, 1H), 8.71 (d, 1H, J=1.2Hz). >C NMR
(CDCl3) 6=49.9, 52.3 (s), 116.9, 123.6, 124.9 (s), 125.9,
126.0, 126.5, 126.9, 127.0, 127.7, 128.2, 128.3, 128.4,
128.6, 128.8, 130.3 (s), 133.5 (s), 136.1, 136.3 (s), 142.9 (s),
143.8 (s), 164.6. MS m/z (1%): 359 (M ™", 93), 165 (100). IR
(nujol) ¥ cm ™~ ': 1617, 1596, 1497, 1185, 1149, 1128, 1037,
997,971,951, 925, 885, 823, 768, 752, 701. Anal. Calcd for
Cy7H,N: C, 90.21; H, 5.89; N, 3.90. Found: C, 90.32; H,
5.80; N, 3.79.

4.7.3. 3-Methyl-3-phenyl-4-vinyl-3,4-dihydrobenzo[/]
quinoline (9b). Yield 73%. Mixture of two diastereo-
isomers (1:1). '"H NMR (CDCl;) 6=1.49 (s, 3H), 1.59
(s, 3H), 3.57 (d, 1H, J=8.9 Hz), 3.77 (d, 1H, J=9.4 Hz),
4.88-5.12 (m, 4H), 5.36-5.45 (m, 1H), 5.81-5.90 (m, 1H),
7.16-7.32 (m, 12H), 7.44-7.82 (m, 8H), 8.07 (s, 1H), 8.21
(s, 1H), 8.70 (d, 1H, J=8.4 Hz), 8.76 (d, 1H, J=28.4 Hz).
3C NMR (CDCl3) 6=19.5, 23.2, 43.7 (s), 43.8 (s), 52.5,
52.6, 118.2, 118.7, 123.6, 123.7, 124.3 (s), 124.6 (s), 125.7,
125.8, 125.9, 126.0, 126.4, 126.5, 126.7, 126.8, 127.1,
127.5,127.6, 127.7,127.9, 128.4, 128.5, 130.1 (s), 130.2 (s),
133.2 (s), 133.5 (s), 133.6 (s), 135.0, 136.3, 136.7 (s), 140.0
(s), 144.0 (s), 167.8, 168.4. MS m/z (1%): 297 (M, 66), 280
(100). IR (neat) v cm ™ '": 1620, 1600, 1582, 1562, 1494,
1444, 1376, 1264, 1212, 1144, 1074, 1028, 1000, 922, 818,
758. Anal. Calcd for C,oH;oN: C, 88.85; H, 6.44; N, 4.71.
Found: C, 88.55; H, 6.78; N, 4.66.

4.8. Reaction of 2-(1-methyl-2-propenyl)-1-(triphenyl-
phosphoranylideneamino)naphthalene 6b with
diphenylketene

To a solution of 2-(1-methyl-2-propenyl)-1-(triphenylphos-
phoranylideneamino)naphthalene 6b (0.69 g, 1.5 mmol) in
anhydrous toluene (20 ml) a solution of diphenylketene
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(0.44 g, 2.25 mmol) in the same solvent (5 ml) was added.
The reaction mixture was stirred at room temperature for
10 min, and then heated at reflux temperature for 1 h. After
cooling at room temperature, the solvent was removed
under reduced pressure and the crude material was
chromatographed on a silica gel column, using hexanes/
diethyl ether (20:1, v/v) as eluent, upto the total elution of
8b, and then hexanes/diethyl ether (9:1, v/v).

We could not separate chromatographically compound 8b
from an unidentified impurity. Thus, after removing the
solvent from the fractions containing compound 8b the
residue was treated with diethyl ether (4 ml), from which
pure 8b crystallized.

4.8.1. 7-Methyl-13-phenyl-7,7a,8,14-tetrahydrodi-
benz[b,h]acridine (8b). Yield 14%. Mixture of two
diastereoisomers (1:1). '"H NMR (CDCl3) 6=1.26 (d, 3H,
J=7.0Hz), 1.57 (d, 3H, J=6.1 Hz), 2.76 (dd, 1H, J=15.2,
6.6 Hz), 2.97-3.09 (m, 4H), 3.18-3.21 (m, 1H), 3.30 (t, 1H,
J=15.2Hz), 3.44-3.52 (m, 1H), 6.51 (dd, 1H, J=7.6,
1.4 Hz), 6.56 (dd, 1H, J=17.6, 1.2 Hz), 6.77 (s, 1H), 6.88 (s,
1H), 6.90-7.01 (m, 3H), 7.07-7.13 (m, 4H), 7.16-7.49 (M,
15H), 7.60 (t, 4H, J=7.1 Hz), 7.70~7.72 (m, 2H). *C NMR
(CDCly) 6=15.6, 16.5, 31.5, 34.4, 35.0, 35.3, 37.9, 41.1,
110.2 (s), 111.4 (s), 118.5, 118.6, 118.8, 119.1, 120.6 (s),
121.3 (s), 121.7 (s), 122.7, 122.8, 123.4, 123.6, 123.7, 123.8
(s), 125.2, 125.3, 125.4, 126.5, 126.6, 126.8, 127.0, 127.1,
127.2,127.7,128.6, 128.8, 129.9, 131.4, 131.5 (s), 132.0 (s),
132.2 (s), 133.1 (s), 133.3 (s), 133.4 (s), 136.5 (s), 137.0 (s),
137.1 (s), 137.5 (s), 137.9 (s), 138.0 (s). MS m/z (1%): 373
M, 100). IR (nujol) » cm ™ ': 3436, 1620, 1594, 1564,
1296, 1275, 1210, 1191, 1109, 1041, 942, 926, 858, 804,
759, 743, 708. Anal. Calcd for CogH»3N: C, 90.04; H, 6.21;
N, 3.75. Found: C, 89.85; H, 6.29; N, 3.86.

4.8.2. 4-Methyl-3-(2,2-diphenylethyl)benzo[/]quinoline
(13). Yield 17%; mp 197-198 °C; colorless prisms (diethyl
ether). '"H NMR (CDCl;) 6=2.46 (s, 3H), 3.61 (d, 2H, J=
7.7 Hz),4.27 (t, 1H, J=7.7 Hz), 7.17-7.27 (m, 10H), 7.62—
7.72 (m, 2H), 7.79 (d, 1H, J=9.1 Hz), 7.85-7.89 (m, 2H),
8.49 (s, 1H), 9.19-9.23 (m, 1H). >C NMR (CDCl;) 6=
14.3,37.6,52.7, 121.6, 124.6, 125.5 (s), 126.6, 127.0, 127.3,
127.6, 127.8, 128.1, 128.6, 131.8 (s), 131.9 (s), 132.9 (s),
141.7 (s), 143.9 (s), 144.6 (s), 150.7. MS m/z (1%): 373
M™, 16), 167 (100). IR (nujol) » cm ™ ': 1600, 1577, 1518,
1495, 1338, 827, 799, 753, 743, 727, 704. Anal. Calcd for
CogHy3N: C, 90.04; H, 6.21; N, 3.75. Found: C, 89.84; H,
6.29; N, 3.85.

4.9. Preparation of 13-phenyldibenz[b k]acridines 14

To a solution of the corresponding 7,7a,8,14-tetrahydrodi-
benz[b,h]acridine 8 (150 mg) in ortho-xylene (5 ml) Pd/C
(75 mg) was added, and the reaction mixture was heated at
reflux temperature for 3 h. The hot solution was filtered over
a short path of Celite, which was further washed with
toluene (3 X5 ml). The solvent was removed under reduced
pressure an the resulting red solid was purified by column
chromatography [silica gel; hexanes/diethyl ether (10:1, v/v)].

4.9.1. 13-Phenyldibenz[b,k]acridine (14a). Yield 97%; mp
202-203 °C; red prisms (diethyl ether). "H NMR (CDCl5)

6="7.36-7.46 (m, 2H), 7.49 (d, 1H, J=9.3 Hz), 7.52-7.72
(m, 9H), 8.01-8.05 (m, 2H), 8.56 (s, 1H), 8.67 (s, 1H), 8.89—
8.92 (m, 1H). >*C NMR (CDCls) 6=124.7 (s), 125.4, 125.7,
125.8, 125.9, 126.6, 127.1, 127.3, 127.5, 127.6, 1277,
127.8, 128.6, 129.3, 131.5 (s), 132.2 (s), 132.3 (s), 132.5,
134.0 (s), 134.9, 137.8 (s), 138.3 (s), 142.1 (s), 148.5 (s).
FAB(+) mlz (1%): 356 (M™* +1, 100). IR (nujol) » cm ™ ":
1631, 1594, 1329, 1308, 1157, 1140, 1123, 1073, 1009, 962,
922, 874, 845, 803, 755, 700, 692. Anal. Calcd for Co;H,;N:
C, 91.24; H, 4.82; N, 3.94. Found: C, 91.09; H, 4.89; N,
3.99.

4.9.2. 7-Methyl-13-phenyldibenz[b,h]acridine (14b).
Yield 82%; mp 213-214 °C; red prisms (diethyl ether). 'H
NMR (CDCl3) 6=3.20 (s, 3H), 7.41 (ddd, 1H, J=7.8, 6.4,
1.3 Hz), 7.46-7.50 (m, 1H), 7.53-7.72 (m, 9H), 7.92 (d, 1H,
J=9.5Hz), 7.99-8.02 (m, 1H), 8.10-8.13 (m, 1H), 8.85 (s,
1H), 8.89-8.91 (m, 1H). >*C NMR (CDCls) 6=14.1, 122.3,
122.7 (s), 123.4, 125.1 (s), 125.3, 126.0, 126.1, 127.0, 127.1,
127.3,127.4,127.5,127.6, 129.0, 129.1, 131.3 (s), 131.9 (),
132.6, 132.8 (s), 133.6 (s), 138.4 (s), 138.7 (s), 140.4 (s),
141.5 (s), 147.8 (s). FAB(+) m/z (1%): 370 M ™ +1, 100).
IR (nujol) » cm™': 1557, 1543, 1509, 1157, 1074, 1027,
958, 869, 835, 792, 754, 738, 698, 681. Anal. Calcd for
CosHoN: C, 91.02; H, 5.18; N, 3.80. Found: C, 90.81; H,
5.29; N, 3.88.
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Abstract—A novel method is presented for the one-pot synthesis of substituted 3-(2-hydroxyethyl)- and 3-(3-hydroxypropyl)indoles
(tryptophols and homotryptophols) from aryl hydrazines and silyl-protected w-(hydroxyoalkyl)alkynes. Various tryptophol derivatives were
prepared directly in good yield with excellent regioselectivity via a domino reaction sequence consisting of a titanium-catalyzed
hydroamination of the alkyne, [3 + 3]-rearrangement of the resulting aryl hydrazone, and subsequent deprotection of the hydroxy group.
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1. Introduction

There is a continuing interest in the development of new
methods for the synthesis of indole derivatives due to their
importance as building blocks for pharmaceuticals and
natural products.' For some time, we have been involved in
this area focusing on the application of catalytic method-
ologies such as hydrohydrazinomethylation of olefins,’
carbonylations,”> and hydroamination of alkynes* for the
synthesis and refinement of indoles. Most notably, a new,
one-pot method for the synthesis of functionalized
tryptamines and tryptamine homologues starting from
commercially available aryl hydrazines and chloroalkyl-
alkynes has been developed by us.’ Based on this work, we
became interested in the preparation of tryptophol deriva-
tives. Among the numerous naturally-occuring indoles,
tryptophols® are characterized by a C-3 hydroxyethyl side
chain that may or may not be a- and or B-substituted.

The production of tryptophol, by tryptophan metabolism,
has been implicated as one of the pathophysiological
mechanisms that provoke sleeping sickness upon infection
by trypanosomes.” Therefore, it is not surprising that a number
of derivatives are known to posses interesting biological
activity, for example, esters of 5-methoxytryptophol show
anti-cholinergic activity.® Of pharmaceutical importance is
also 7-ethyltryptophol as this compound is used for the
synthesis of Etodolac, a non-steroidal anti-inflammatory drug
(N SAID).9 In addition, 2-phenyl-2-(3-indolyl)-1-ethanol has

Keywords: Amination; Indoles; Catalysis.
* Corresponding author. Tel.: +49 381 1281113; fax: +49 381 12815000;
e-mail: matthias.beller @ifok.uni-rostock.de

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.05.093

been used to prepare Pemedolac, a compound that has been
found to be one of the most potent analgesics known and
that displays anti-inflammatory activity similar to that of
Etodolac (Scheme 1).10

Etodolac
tryptophol

Scheme 1. Examples of biologically active tryptophols.

Although different creative approaches have been
developed for the synthesis of tryptophols,'' the Fischer
indole reaction remains the most important method to create
substituted indoles.'* In this benchmark reaction, aldehydes
or ketones react with aryl hydrazines to give the
corresponding hydrazones, which subsequently undergo a
[3,3]-sigmatropic rearrangement to yield the respective
indole in the presence of a Brgnstedt or Lewis acid. Despite
its versatility, the Fischer indole reaction with aldehydes
constitutes a two-step procedure, which sometimes proceeds
in low yield. More specifically the synthesis of tryptophol-
like compounds via Fischer indole synthesis can be
troublesome due to side-reactions of the free or protected
hydroxyaldehyde. An elegant solution to this problem has
been described very recently by Campos et al., who used
substituted enol ethers or enol lactones as a substitute for the
hydroxyaldehyde. "
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2. Results and discussion

Here, we describe for the first time a convenient synthesis of
tryptophols from alkynes and aryl hydrazines. As shown in
Scheme 2, our strategy involved as a key step, the titanium-
catalyzed hydroamination of a suitably protected hydroxy-
alkylalkyne to give the N-aryl-N-hydroxy-alkylhydrazone 4.
Then a [3,3]-sigmatropic rearrangement to the correspond-
ing indole 5 should take place and finally deprotection will
lead to the free tryptophol.

Cg NEt,

.

< Oz 'NEt,
1

JE— .

ArO T| OR

@

2
+
O
3 Me

R = tert-butyldimethylsilyl (TBDMS)

OR
Me
N

Me
5

Scheme 2. Synthesis of tryptophols.

Indeed, when we reacted 1-tert-butyldimethylsilyloxy-4-
pentyne 2 with N-methyl-N-phenylhydrazine 3 in the
presence of 5 mol% bis(2,6-di-tfert-butyl-4-methyl-
phenoxo)-bis(diethylamido)titanium 1 (complex 1 is
formed in situ from commercially available Ti(NEt,), and
2,6-di-tert-butyl-4-methylphenol)'*'° the corresponding
hydrazone 4 was the major product. Subsequent treatment
of the reaction mixture with an excess of ZnCl, gave the
corresponding silyl-protected tryptophol 6a in 75% isolated
yield!

It is noteworthy that the initial hydrohydrazination reaction
of the alkyne proceeds selectively to give exclusively the
2,3-disubstituted indole 6a (Markovnikov isomer).!” Selec-
tive formation of the 2-methyl-indole derivative 6a instead
of the corresponding homotryptophol is explained by the
relative stability of the corresponding imidotitanium alkyne
m-complexes,* which undergo a formal [2+2]-cyclo-
addition to give the titanaazacyclobutene derivative.
Subsequent protonation by excess hydrazine and tautomeri-
zation leads to the hydrazone product 4 and the active
catalyst is recovered.

The model reaction of I-tert-butyldimethylsilyloxy-4-
pentyne with N-methyl-N-phenylhydrazine proceeds in the
presence of Ti(NEt,),; and different aryloxo ligands.
Subsequent addition of 3 equiv of ZnCl, allowed for the
cyclization of the initially generated hydrazone into the
corresponding indole.

The reactions using different aryloxo ligands were
performed at 100 °C for 24 h in toluene in the presence of
5 mol% Ti(NEt,)4. As shown in Table 1, all tested ligands
gave selectively the Markovnikov addition product. In

Table 1. Reaction of 1-tert-butyldimethylsilyloxy-4-pentyne with
N-methyl-N-phenylhydrazine®

1) Ti(NEty)4 / Ligand OTBDMS
TBDMSO” ™~ X Toulene, 100 °C,
24 h N\
+ - Me
Me 2) ZnCl, N
H2N‘N@ Toulene, 100 °C, Me
24h 6a
Entry Ligand Ti(NEty), Ligand Yield® 6a
(mol%) (mol%) (%)
F F
1 F‘QOH 7 5 10 <5
F F
2 Q;SE)H 8 5 10 70

W

RE-NV N
E
—
=)
— ., N
—_
So WU
© L
S

 Reaction conditions: for hydroamination: 2.0 mmol 1-ert-butyldimethyl-
silyloxy-4-pentyne, 2.4 mmol N-methyl-N-phenylhydrazine, 4 ml tolu-
ene, 100°C, 24 h. For Fischer indole cyclization: 6.0 mmol ZnCl,,
100 °C, 24 h.

" Isolated yield based on 1-tert-butyldimethylsilyloxy-4-pentyne.

general, the sterically hindered monodentate ligand 10 gave
higher yield compared to the less sterically hindered
monodentate ligands 7 and 8 (Table 1, entries 1, 2, and 6).
By employing ligand 7 the catalytic activity decreased to
give only <5% yield.

The reaction using bidentate ligand 9 gave 40% yield of the
corresponding indole 6a (Table 1, entry 3). Therefore,
further optimization of reaction conditions was carried out
by using ligand 10. Next, we turned our interest to improve
the yield of product 6a by loading different concentration of
catalyst.

As shown in Table 1, an excellent yield (90%) of indole was
achieved applying 10 mol% Ti(NEt,), and 20 mol% of
ligand 10 (Table 1, entry 7). Nevertheless, also at lower
catalyst loading (1 mol% Ti(NEt,)4 and 2 mol% 10) a good
yield (58%) of the corresponding indole 6a was obtained
(Table 1, entry 4).

Next, we were interested to test the in situ catalyst system
for the one-pot synthesis of various functionalized trypto-
phols (Scheme 3; Tables 2 and 3). For this purpose, we used
two silyl-protected 2- and 3-hydroxyalkylalkynes and
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TBDMSO™ Y 1) TilNEt)a /L 10
toluene, 100 °C,

n=1,2
+ 24 h
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Scheme 3. Synthesis of different tryptophols.

various N,N-disubstituted aryl hydrazines. All formed
indoles were deprotected by using fetra-n-butylammonium
fluoride (TBAF) at room temperature for 4-8 h in THF.

Regioselective hydroamination/cyclization to the corre-
sponding indole products 6a—m was possible for a range
of aryl hydrazines with different substituents such as Me, Cl,
F, MeO, and Bn (40-97% yield). Interestingly, it is not
necessary to purify or isolate the silyl-protected tryptophol.
Hence, the reaction of N-benzyl-4-fluoro-phenylhydrazine
and N-methyl-4-methylphenylhydrazine with 1-fert-butyl-
dimethylsilyloxy-4-pentyne, and 1-tert-butyldimethylsilyl-
oxy-5-hexyne gave in a one-pot reaction the tryptophols 11d
and 11j in good isolated yields (Table 2, entry 4 and Table 3,
entry 3).

Table 2. Reaction of 1-rert-butyldimethylsilyloxy-4-pentyne with various substituted hydrazines®

Entry Alkyne Hydrazine Product 6 Yield® (%)
6 11 (a-g)
1 TBDMSO OTBDMS 6a 90 81
A
Me
N Me
N
2 TBDMSO Me OTBDMS 6b 5 80
7
s ()
Bn
N Me
N
3 TBDMSO OTBDMS 6¢ 84 90
ﬁ;\ H2N—NOCI
Me Cl
N Me
N
4 TBDMSO MeOTBDMS 6d 6
Not 7
\6%;\ HZN_NOF isolated
Bn F
N Me
N
5 TBDMSO Bn OTBDMS 6 80 85
e
N H2N—N—4<::>}—0Me
Bn MeO
N Me
N
¢ TBDMSO Cl OTBDMS Bn
6 %\ OTBDMS 6f 95 83
F
HZN—N—«<::§>—F E N 2
B R | T >
n | Me /N
Z i\ Cl \
Cl i3n Bn
74 TBDMSO Cl OTBDMS 6g 84 89

7

Q2

HN-N
B

Cl cl
AZ N

OTBDMS

Cl 2
X
e
cl N
B

n

# Reaction conditions: for hydroamination: 2-3 mmol 1-zerz-butyldimethylsilyloxy-4-pentyne, 2.5-4.5 mmol arylhydrazine, 4 ml toluene, 100 °C, 24 h. For
Fischer indole cyclization: 6.0 mmol ZnCl,, 100 °C, 24 h. For deprotection of alcohol: 2 equiv TBAF, rt, 4-8 h, 10 ml THF.

® Isolated yield based on 1-fert-butyldimethylsilyloxy-4-pentyne.

¢ Markovnikov:anti-Markovnikov selectivity =97:3; 4-C1:6-Cl regioselectivity = ~2:1.

4 Markovnikov:anti-Markovnikov selectivity =84:16; 4-C1:6-Cl regioselectivity = ~2:1.
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Table 3. Reaction of different alkynes with various substituted hydrazines®
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Entry Alkyne Hydrazine Product 6 Yield® (%)
6 11 (h-m)
1 TBDMSO OTBDMS 6h 85 90
VAN H2N—l}14© .
Me \ Me
N
2 TBDMSO Me OTBDMS 6i 97 84
i
VAN H2N—l}l—© .
Bn \ Me
3 TBDMSO \Bn OTBDMS 6j N 75
) ot
\(‘3/\ HN—N Me isolated
3 ) Me 2
Me N—Me
"!
4¢ TBDMSO OTBDMS OTBDMS 6k 71 75
X
TN G
HoN-N N Me
Bn A N
54 TBDMSO OTBDMS OTBDMS 61 84 88
X
TN (e (T
H2N N A\ Me | A\ H
Bn / Z =N o N
Bn Bn
6 TBDMSO S OTBDMS 6m 40 84
Ph Me A\ Ph
N
Me

# Reaction conditions: for hydroamination: 2-3 mmol silyl-protected alkyne, 2.5-4.5 mmol arylhydrazine, 4 ml toluene, 100 °C, 24 h. For Fischer indole
cyclization: 6.0 mmol ZnCl,, 100 °C, 24 h. For deprotection of alcohol: 2 equiv TBAF, room temperature, 4-8 h, 10 ml THF.

" Isolated yield based on alkyne.

¢ Markovnikov:anti-Markovnikov selectivity =93:7; 4-Cl1:6-Cl regioselectivity = ~2:1.
4 Markovnikov:anti-Markovnikov selectivity =83:17; 4-C1:6-Cl regioselectivity = ~2:1.

Apart from terminal alkynes, an internal alkyne also reacted
with N-methyl-N-phenylhydrazine to give the correspond-
ing homotryptophol 6m in 40% isolated yield (Table 3,
entry 6).

In general, the hydrohydrazination step proceeds preferen-
tially to the Markovnikov addition product. However, in
case of disubstituted aryl hydrazines (Table 2, entries 6, 7
and Table 3, entries 4, 5) and N-benzyl-N-(3-chloro-
phenylhydrazine a small amount of the anti-Markovnikov
addition product was also observed (M:anti-M=84:16 to
97:3). In the second step subsequent cyclization of the
hydrazones using an excess ZnCl, afforded the correspond-
ing indoles in good yields (71-97%). The mixture of the
Markovnikov and the anti-Markovnikov products (11g and
111) can be easily separated by column chromatography.
However, it was not possible to separate the mixture
of regioisomers (6-Cl:4-Cl) of the Markovnikov and the
anti-Markovnikov products.

3. Conclusion

In conclusion, a new efficient method for the synthesis of
functionalized tryptophols and tryptophol homologues has

been developed. Starting from commercially available aryl
hydrazines and alkynes, a variety of potentially active
indoles are obtained selectively in the presence of a catalytic
amount of Ti(NEty), and 2,6-fert-butyl-4-methyl-phenol
(10). The presented approach constitutes the most efficient
access for the here shown substituted tryptophols and
tryptophol homologues.

4. Experimental

4.1. General reagents

All reactions were carried out under an argon atmosphere.
Starting materials were used as received from Aldrich,
Fluka, Acros, and Strem and unless otherwise noted were
used without further purification. Alkynes were degassed,
flushed with argon and stored over molecular sieves (4 A)
Absolute solvents were purchased from Fluka®. The 2- and
3- hydrox?/alkylalkynes were protected according to
literature.'®

Silica gel column chromatography was performed with
230400 mesh ASTM silica gel from Merck,® which was
used as received.
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4.2. General spectroscopic methods

'H and '>C NMR data were recorded on a Bruker® ARX
400 with QNP probe head ('H, 400.13 MHz), (**C, 100.61,
125.75 MHz) at 25 °C. Resonances are reported in 6 (ppm)
relative to CDCl3. Coupling constants J are reported in Hz.
'H and '*C NMR assignments, where given, were based on
2D experiments or comparison with related structures.
The following abbreviations were used to specify multi-
plicity, shape, and other properties: s, singlet; d, doublet; t,
triplet; q, quartet; quint, quintet; sept, septet; m, multiplet;
br, broad.

MS data were obtained on AMD 402/3 of AMD Intectra®.
Electron impact spectra (EI) were recorded at 70eV,
chemical ionization (CI) was with iso-butane.

Melting points (mp) of the solid compounds were recorded
on a Leica Galen III on the glass slide and are uncorrected.

IR spectra of solid compounds were recorded as KBr pellets
(nujol) on a Nicolet® Magna 550. Liquid compounds were
analyzed capillarily. Absorption bands are given as
wavenumbers 7 in cm ™ .

4.3. General procedure for synthesis of tryptophols (GP)

Step 1 (hydroamination/cyclization). In an Ace-pressure
tube under an argon atmosphere the ligand 2,6-tert-butyl-4-
methylphenol (20 mol%) was dissolved in 4 ml toluene.
To this solution hydrazine, alkyne, and Ti(NEt,)4
(10 mol%) were added. The reaction mixture was heated
at 100 °C for 24 h, which resulted in the formation of the
corresponding hydrazone. The pressure tube was opened
under argon and 3 equiv ZnCl, was added. The reaction
mixture was again heated at 100 °C for 24 h. After filtration
and removal of the solvents in vacuo, the desired indole
product was isolated by column chromatography in ethyl
acetate/hexane.

Step 2 (deprotection of alcohol). The indole isolated after
step 1 was dissolved in 10 ml THF and cooled to O °C. Then
2 equiv of TBAF was added slowly. The reaction mixture
was stirred at room temperature for 4-8 h. After removal of
the solvent in vacuo, the mixture was diluted with water and
5 ml of dichloromethane. The product was extracted with
dichloromethane (3X25 ml). The combined organic
extracts were dried over anhydrous MgSO, and concen-
trated in vacuo. The crude product was purified by column
chromatography in ethyl acetate/hexane to yield the
corresponding tryptophols.

4.3.1. 3-(2-{tert-Butyldimethylsilyloxy}ethyl)-1,2-di-
methyl-1H-indole (6a). According to GP (step 1), 1-tert-
butyldimethylsilyloxy-4-pentyne (0.25 ml, 1.1 mmol) and
N-methyl-N-phenylhydrazine (0.16 ml, 1.4 mmol) were
employed. Isolated yield: 90%, light brown oil.

'H NMR (CDCls, 400 MHz): 6=7.50 (d, J=7.7 Hz, 1H),
7.22 (d, J=7.9 Hz, 1H), 7.13 (td, J=1.1, 7.5 Hz, 1H), 7.06
(td, J=1.0, 7.4 Hz, 1H), 3.75 (t, J=7.8 Hz, 2H), 3.62 (s,
3H), 2.96 (t, J=7.8 Hz, 2H), 2.35 (s, 3H), 0.89 (s, 9H), 0.03
(s, 6H). *C NMR (CDCls;, 100 MHz): 6=136.4, 133.6,

127.8, 120.4, 118.7, 117.8, 108.5, 107.4, 63.8, 29.4, 28.4,
259, 227, 10.2, —5.2. MS (EI, 70eV) m/z (relative
intensity): 303 (19) [M "], 246 (30), 231 (2), 205 (3), 189 (1),
172 (16), 158 (100), 143 (6), 128 (3), 115 (6), 91 (2), 73 (8),
41 (4), 28 (3). HRMS Calcd for C;gH,oNOSi: 303.20184.
Found: 303.20170.

4.3.2. N-Benzyl-3-(2-{tert-butyldimethylsilyloxy}ethyl)-
2-methyl-1H-indole (6b). According to GP (step 1),
1-tert-butyldimethylsilyloxy-4-pentyne (0.25 ml, 1.1 mmol)
and N-benzyl-N-phenylhydrazine (0.19 ml, 1.4 mmol) were
employed. Isolated yield: 75%, light brown oil.

'"H NMR (CDCls, 400 MHz): 6=7.55-7.53 (m, 1H), 7.24—
7.18 (m, 4H), 7.10-7.07 (m, 2H), 6.97-6.95 (dd, J=1.6,
8.3 Hz, 2H), 5.29 (s, 2H), 3.78 (t, J=17.5 Hz, 2H), 2.98 (t,
J=17.6 Hz, 2H), 2.30 (s, 3H), 0.88 (s, 9H), 0.01 (s, 6H). '°C
NMR (CDCls, 100 MHz): 6=138.0, 136.4, 133.5, 128.6,
128.1, 127.1, 125.9, 120.7, 118.9, 117.9, 108.9, 108.3, 63.7,
46.5, 28.4, 25.9, 18.4, 10.3, —5.2. MS (EI, 70eV) m/z
(relative intensity): 379 (27) M1, 322 (24), 248 (10), 234
(88), 216 (5), 195 (11), 183 (13), 142 (7), 128 (1), 115 (3),
91 (100), 73 (10), 41 (4), 29 (3). HRMS Calcd for
C,4H33NOSi: 379.23315. Found: 379.23231.

4.3.3. 3-(2-{tert-Butyldimethylsilyloxy}ethyl)-5-chloro-
1,2-dimethyl-1H-indole (6c). According to GP (step 1),
1-tert-butyldimethylsilyloxy-4-pentyne (0.25 ml, 1.1 mmol)
and N-(4-chlorophenyl)-N-methylhydrazine (0.22 ml,
1.65 mmol) were employed. Isolated yield: 84%, brown oil.

"H NMR (CDCls, 400 MHz): 6=7.49 (d, J=1.7 Hz, 1H),
7.14 (d, J=8.7 Hz, 1H), 7.09 (dd, J=1.7,8.5 Hz, 1H), 3.75
(t, J=7.4 Hz, 2H), 3.64 (s, 3H), 2.92 (t, J="7.4 Hz, 2H),
2.37 (s, 3H), 0.91 (s, 9H), 0.03 (s, 6H). °C NMR (CDCl5,
100 MHz): 6=135.1, 134.8, 128.9, 124.4, 120.4, 117.4,
109.3, 107.6, 63.7, 29.6, 28.2, 25.9, 18.3, 10.3, —5.3. MS
(EI, 70 eV) m/z (relative intensity): 337 (18) [M "1, 322 (4),
280 (52),265 (2), 245 (1), 206 (29), 192 (100), 171 (10), 154
(12), 140 (7), 128 (2), 115 (4), 105 (3),91 (1), 88 (9), 73 (9),
57 (4), 41 (4), 28 (3). HRMS Calcd for C;3H,3CINOSI:
337.16287. Found: 337.16330.

4.3.4. N-Benzyl-3-(2-{tert-butyldimethylsilyloxy }ethyl)-
5-methoxy-2-methyl-1H-indole (6e). According to GP
(step 1), 1-tert-butyldimethylsilyloxy-4-pentyne (0.47 ml,
2.0 mmol) and N-(4-methoxyphenyl)-N-methylhydrazine
(228 mg, 2.4 mmol) were employed. Isolated yield: 80%,
brown oil.

'"H NMR (CDCl;, 400 MHz): 6=7.22-7.17 (m, 3H), 7.12
(d, J=8.4 Hz, 1H), 7.08-6.99 (m, 2H), 6.80-6.69 (m, 2H),
5.26 (s, 2H), 3.82 (s, 3H), 3.69 (t, J=6.5 Hz, 2H), 2.70 (t,
J=6.5 Hz, 2H), 2.01 (s, 3H), 0.87 (s, 9H), 0.03 (s, 6H). *C
NMR (CDCl;, 100 MHz): 6=154.9, 141.5, 137.9, 132.3,
128.6, 128.5, 127.1, 125.8, 110.5, 109.9, 107.9, 100.2, 62.1,
55.8,46.4,28.5,25.9, 18.2, 10.3, —5.3. MS (EI, 70 eV) m/z
(relative intensity): 409 (32) [M "], 352 (16), 303 (12), 278
(3), 264 (46), 251 (100), 212 (12), 186 (4), 160 (22), 144 (3),
129 (1), 115 (2), 91 (74), 73 (9), 59 (5), 41 (5), 28 (19).
HRMS Calcd for C,sH;sNO,Si: 409.24371. Found:
409.24235.
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4.3.5. N-Benzyl-3-(2-{tert-butyldimethylsilyloxy }ethyl)-
4-chloro-5-fluoro-2-methyl-1H-indole/N-benzyl-3-(2-
{tert-butyldimethylsilyloxy }ethyl)-6-chloro-5-fluoro-2-
methyl-1H-indole (2:1) (6f). According to GP (step 1),
1-tert-butyldimethylsilyloxy-4-pentyne (0.47 ml, 2.0 mmol)
and N-(3-chloro-4-fluorophenyl)-N-benzylhydrazine
(413 mg, 1.65 mmol) were employed. Isolated yield: 95%,
brown oil.

'H NMR (CDCls, 400 MHz): 6=7.32-7.17 (m, 3H), 7.00
(dd, Jyu=3.9 Hz, Jpy=8.7 Hz, 1H), 6.95-6.91 (m, 2H),
6.85 (t, Jyn=Jr=28.9 Hz, 1H), 5.25 (s, 2H), 3.87 (t, J=
7.1 Hz, 2H), 3.22 (t, J=7.1 Hz, 2H), 2.34 (s, 3H), 0.89 (s,
9H), 0.03 (s, 6H)/7.36 (d, Jr.y=9.0 Hz, 1H), 7.34-7.17 (m,
3H), 7.18 (d, Jp;y=6.1 Hz, 1H), 6.95-6.91 (m, 2H), 5.23 (s,
2H), 3.78 (t, J=7.0 Hz, 2H), 2.92 (t, J=7.0 Hz, 2H), 2.31
(s, 3H), 0.88 (s, 9H), 0.01 (s, 6H). *C NMR (CDCls,
100 MHz): 6=154.1, 137.2, 137.1, 133.6, 128.6, 127.4,
125.7, 125.0, 109.9, 109.2, 109.1, 107.7, 64.8, 46.7, 28.5,
25.9, 18.3, 10.5, —5.3/153.9, 137.0, 135.9, 133.7, 128.6,
127.4, 127.0, 125.7, 114.3, 109.2, 108.9, 104.2, 64.4, 46.7,
28.2,25.9, 18.3, 10.4, —5.2. MS (EL, 70 eV) m/z (relative
intensity): 432 (10) [M "1, 397 (15), 340 (7), 316 (19), 286
(42), 262 (2), 235 (32), 205 (5), 195 (4), 185 (2), 159 (6),
142 (4), 129 (6), 115 (8), 99 (3), 91 (100), 77 (7), 65 (19),
57 (7), 49 (21), 41 (7), 28 (5). HRMS Calcd for
CouH3,*CIFNOSi: 431.18475. Found: 431.18489.

4.3.6. N-Benzyl-3-(2-{tert-butyldimethylsilyloxy }ethyl)-
4,5-dichloro-2-methyl-1H-indole/N-benzyl-3-(2-(tert-
butyldimethylsilyloxy(ethyl)-5,6-dichloro-2-methyl-1H-
indole (2:1) (6g). According to GP (step 1), l-tert-
butyldimethylsilyloxy-4-pentyne (0.47 ml, 2.0 mmol)
and N-(3,4-dichlorophenyl)-N-benzylhydrazine (440 mg,
1.65 mmol) were employed. Isolated yield: 84%, brown oil.

'"H NMR (CDCls, 400 MHz): 6=7.29-7.24 (m, 3H), 7.14
(d, J=8.7 Hz, 1H), 7.01 (d, J=8.7 Hz, 1H), 6.93-6.91 (m,
2H), 5.29 (s, 2H), 3.85 (t, J=6.4 Hz, 2H), 3.79 (t, J=
6.4 Hz, 2H), 2.31 (s, 3H), 0.90 (s, 9H), 0.03 (s, 6H)/7.63 (s,
1H), 7.29-7.24 (m, 3H), 7.25 (s, 1H), 6.93-6.91 (m, 2H),
5.25 (s, 2H), 3.70 (t, J=6.5 Hz, 2H), 3.94 (t, J=6.5 Hz, 2H),
2.28 (s, 3H), 0.89 (s, 9H), 0.02 (s, 6H). >°C NMR (CDCl;,
100 MHz): 6=136.8, 136.5, 136.2, 128.1, 127.5, 125.4,
125.7, 123.5, 122.1, 120.6, 110.4, 108.4, 63.5, 46.7, 28.1,
25.9, 18.2, 10.4, —5.3/136.9, 135.8, 135.2, 128.1, 128.0,
127.5, 125.7, 124.3, 121.9, 119.2, 112.5, 108.7, 64.8, 46.7,
28.5, 25.9, 18.3, 10.4, —5.3. MS (EL 70 eV) m/z (relative
intensity): 447 (5) [M ™ —H], 390 (15), 356 (1), 316 (5), 302
(14), 291 (5), 265 (49), 251 (3), 215 (2), 181 (1), 145 (1),
115 (1), 91 (100), 75 (4), 65 (6), 57 (4), 41 (3), 28 (2).
HRMS Caled for C,4H3,*>CLLNOSI: 447.15521. Found:
447.15576.

4.3.7. 3-(3-{tert-Butyldimethyl)silyloxy}propyl)-1,2-
dimethyl-1H-indole (6h). According to GP (step 1),
1-tert-butyldimethylsilyloxy-5-hexyne (0.49 ml, 2.0 mmol)
and N-methyl-N-phenylhydrazine (0.28 ml, 2.4 mmol) were
employed. Isolated yield: 85%, light brown oil.

'H NMR (CDCls, 400 MHz): 6=7.51 (d, J=7.9 Hz, 1H),
722 (d, J=7.9 Hz, 1H), 7.12 (t, J=1.0, 7.5 Hz, 1H), 7.04
(td, J=0.8, 7.4 Hz, 1H), 3.64 (t, J=6.1 Hz, 2H), 3.62 (s,

3H), 2.77 (t, J=6.1 Hz, 2H), 2.34 (s, 3H), 1.80 (quint, J=
6.8 Hz, 2H), 0.92 (s, 9H), 0.05 (s, 6H). *C NMR (CDCl,,
100 MHz): 6=136.5, 132.7, 127.7, 120.3, 118.4, 118.0,
110.9, 108.3, 62.4, 34.0, 29.4, 25.9, 20.4, 18.2, 10.1, —5.2.
MS (EI 70 eV) m/z (relative intensity): 317 (44) M1, 302
(4), 260 (70), 245 (6), 232 (5), 202 (4), 184 (13), 170 (7),
158 (100), 144 (8), 130 (4), 115 (3), 89 (11), 75 (6), 59 (8),
41 (1), 29 (1). HRMS Calcd for C,oH3,NOSi: 317.21750.
Found: 317.21704.

4.3.8. N-Benzyl-3-(3-{tert-butyldimethylsilyloxy }pro-
pyD-2-dimethyl-1H-indole (6i). According to GP
(step 1), l-tert-butyldimethylsilyloxy-5-hexyne (0.49 ml,
2.0 mmol) and N-benzyl-N-phenylhydrazine (0.43 ml,
3.0 mmol) were employed. Isolated yield: 97%, light
brown oil.

"H NMR (CDCls, 400 MHz): 6=7.57-7.55 (m, 1H), 7.24—
7.17 (m, 4H, H-21), 7.10-7.05 (m, 2H), 6.94 (d, /=6.9 Hz,
2H), 5.28 (s, 2H), 3.63 (t, J=7.4 Hz, 2H), 2.81 (t, J=
7.4 Hz, 2H), 2.28 (s, 3H), 1.84 (quint, J=7.3 Hz, 2H), 0.91
(s, 9H), 0.05 (s, 6H). '*C NMR (CDCls, 100 MHz): 6=
138.2, 136.4, 132.6, 128.9, 128.6, 127.1, 125.9, 120.6,
118.7,118.1,111.6, 108.8, 62.4, 46.4, 33.8, 25.9, 20.4, 18.2,
10.1, —5.2. MS (EIL 70 eV) m/z (relative intensity): 393
(51) M 1,378 (2), 336 (32), 308 (1), 286 (11), 245 (8), 234
(23), 195 (12), 167 (2), 143 (6), 115 (2), 91 (100), 76 (6), 57
(8), 41 (3). HRMS Calcd for C,sH3gNOSi: [M™ +H]:
394.25662. Found: 394.25622.

4.3.9. N-Benzyl-3-(3-{tert-butyldimethylsilyloxy }pro-
pyl)-3-chloro-2-methyl-1H-indole/N-benzyl-3-(3-{tert-
butyldimethylsilyloxy}propyl)-3-dichloro-2-methyl-1H-
indole (2:1) (6k). According to GP (step 1), l-tert-
butyldimethylsilyloxy-5-hexyne (0.49 ml, 2.0 mmol) and
N-(3-chlorophenyl)-N-benzylhydrazine (696 mg, 3.0 mmol)
were employed. Isolated yield: 71%, brown oil.

"H NMR (CDCls, 400 MHz): 6="7.34-7.30 (m, 3H), 7.26—
7.24 (m, 2H), 7.04 (t, J=8.2 Hz, 1H), 6.59-6.56 (m, 2H),
4.61 (s, 2H), 3.62 (t, J=6.0 Hz, 2H), 2.21 (t, J=6.0 Hz, 2H),
1.93 (s, 3H), 1.64-1.58 (m, 2H), 0.88 (s, 9H), 0.03 (s, 6H)/
7.34-7.30 (m, 3H), 7.21-7.19 (m, 3H), 6.59-6.56 (m, 2H),
4.61 (s, 2H), 3.62 (t, J=6.8 Hz, 2H), 2.21 (t, J=6.8 Hz, 2H),
1.93 (s, 3H), 1.64-1.58 (m, 2H), 0.89 (s, 9H), 0.04 (s, 6H).
3C NMR (CDCls, 100 MHz): 6=137.7, 135.5, 130.1,
128.7, 127.0, 126.5, 125.7, 123.4, 116.6, 112.1, 110.5, 62.5,
54.0,31.7,25.9,24.9, 18.1, 10.2, —5.3/137.7, 135.5, 130.1,
128.7, 127.0, 126.5, 125.7, 123.4, 116.6, 112.1, 110.5, 62.5,
54.0,31.7,25.9,24.9, 18.1, 10.2, —5.3. MS (EI, 70 eV) m/z
(relative intensity): 427 (39) [M™ —H], 412 (2), 370 (45),
342 (6), 320 (1), 295 (3), 279 (14), 268 (17), 234 (10), 204
2),177 (2), 143 (2), 115 (2), 101 (2), 91 (100), 73 (6), 65 (5),
58 (4), 41 (3), 29 (1). HRMS Calcd for C,5Hs, CINOS:
427.20981. Found: 427.20884.

4.3.10. N-Benzyl-3-(3-{tert-butyldimethylsilyloxy }pro-
pyl)-4,5-dichloro-2-methyl-1H-indole/N-benzyl-3-(3-
(tert-butyldimethylsilyloxy(propyl)-5,6-dichloro-2-
methyl-1H-indole (2:1) (61). According to GP (step 1),
1-tert-butyldimethylsilyloxy-5-hexyne (0.49 ml, 2.0 mmol)
and N-(3,4-dichlorophenyl)-N-benzylhydrazine (801 mg,
3.0 mmol) were employed. Isolated yield: 84%, brown oil.
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'H NMR (CDCls, 400 MHz): 6=7.28-7.20 (m, 3H), 7.10
(d, J=8.7 Hz, 1H), 7.00 (d, J=8.7 Hz, 1H), 6.90-6.87 (m,
2H), 5.28 (s, 2H), 3.66 (t, J=6.4 Hz, 2H), 3.00 (t, J=
6.4 Hz, 2H), 2.28 (s, 3H), 1.64-1.60 (m, 2H), 0.91 (s, 9H, H),
0.05 (s, 6H)/7.65 (s, 1H), 7.28-7.20 (m, 3H), 7.25 (s, 1H),
6.90-6.87 (m, 2H), 5.26 (s, 2H), 3.60 (t, J=6.2 Hz, 2H),
275 (t, J=6.2 Hz, 2H), 2.27 (s, 3H), 1.58-1.50 (m, 2H),
0.89 (s, 9H), 0.04 (s, 6H). '>*C NMR (CDCls, 100 MHz): 6 =
137.1, 135.6, 130.5, 128.8, 1284, 127.8, 127.5, 127.1,
125.7,121.9, 110.3, 108.3, 62.5, 46.6, 35.6, 25.9, 22.9, 18.4,
10.4, —5.3/137.0, 130.5, 130.2, 128.7, 128.3, 127.8, 125.5,
123.5, 122.1, 119.1, 114.9, 108.7, 61.9, 46.7, 33.6, 25.9,
21.6, 183, 10.4, —5.3. MS (EL, 70eV) miz (relative
intensity): 462 (75) [M "1, 448 (8), 406 (100), 387 (18), 313
(28), 268 (25), 235 (6), 211 (7), 171 (8), 115 (8), 92 (20), 77
(15), 65 (4), 57 (11), 41 (9), 28 (5). HRMS Calcd for
C»3H33*°CLNOSI: 461.17084. Found: 461.17087.

4.3.11. 2-(1,2-Dimethyl-1H-indole-3-yl)ethanol (11a).'’
According to GP (step 2), product 6a (300 mg, 1.0 mmol)
and TBAF-trihydrate (630 mg, 2.0 mmol) were employed.
Isolated yield: 81%, colorless oil.

"H NMR (CDCls, 400 MHz): 6=7.52 (d, J=7.9 Hz, 1H),
7.25 (d, J=7.8 Hz, 1H), 7.16 (td, J=1.1, 8.1 Hz, 1H), 7.07
(td, J=1.0, 7.9 Hz, 1H), 3.81 (t, J=6.4 Hz, 2H), 3.65 (s,
3H), 2.98 (t, J=6.4 Hz, 2H), 2.37 (s, 3H), 1.52 (br, 1H, OH).
13C NMR (CDCl;, 100 MHz): 6=136.6, 134.2, 127.7,
120.7,118.9, 117.8, 108.6, 106.6, 62.9, 29.5, 27.9, 10.2. MS
(EI, 70 eV) m/z (relative intensity): 189 (49) [M "], 170 (1),
158 (100), 143 (18), 128 (7), 115 (15), 102 (6), 91 (4), 84
(69),77 (5), 57 (4),47 (20), 41 (5),29 (7). FT IR (neat,cm ')
3366, 3052, 2934, 1614, 1566, 1473, 1432, 1411, 1370,
1331, 1245, 1193, 1149, 1129, 1041, 1021, 909, 886, 738,
647, 609, 560, 433. HRMS Calcd for C;,H;5NO:
189.11537. Found: 189.11525.

4.3.12. 2-(N-Benzyl-2-methyl-1H-indole-3-yl)ethanol
(11b)."® According to GP (step 2), product 6b (296 mg,
0.78 mmol) and TBAF-trihydrate (492 mg, 1.6 mmol) were
employed. Isolated yield: 80%, colorless oil.

"H NMR (CDCl;, 400 MHz): 6=7.57 (d, J=8.3 Hz, 1H),
7.27-7.19 (m, 4H), 7.14-7.07 (m, 2H), 6.96 (dd, J=1.6,
6.5 Hz, 2H), 5.30 (s, 2H), 3.84 (t, J=6.5 Hz, 2H), 3.02 (t,
J=6.5Hz, 2H), 2.31 (s, 3H), 1.49 (br, 1H, OH). '*C NMR
(CDCl3, 100 MHz): 6=137.8, 136.5, 134.0, 128.7, 127.9,
127.2, 125.9, 121.0, 119.2, 117.9, 109.0, 107.4, 62.9, 46.5,
28.0, 10.3. MS (EI, 70 eV) m/z (relative intensity): 265
(100) [M*], 234 (66), 218 (49), 189 (2), 143 (24), 128 (6),
115 (13), 102 (14), 91 (89), 77 (14), 65 (33), 51 (10), 39 (11),
31(22). FT IR (neat, cm ™~ '): 3311, 3054, 2923, 2863, 1614,
1604, 1567, 1494, 1471, 1452, 1435, 1369, 1339, 1297,
1262, 1219, 1191, 1176, 1125, 1083, 1035, 1014, 922, 903,
873, 817, 749, 724, 694, 652, 554, 454, 432. HRMS Calcd
for C;gHoNO: 265.14667. Found: 265.14531.

4.3.13. 2-(5-Chloro-2-methyl-1H-indole-3-yl)ethanol
(11c). According to GP (step 2), product 6¢ (539 mg,
1.6 mmol) and TBAF (1 M in THF, 3.14 ml, 3.14 mmol)
were employed. Isolated yield: 90%, white solid, mp:
64-67 °C.

'H NMR (CDCls, 400 MHz): 6=7.46 (d, J=2.0 Hz, 1H),
7.13 (d, J=8.7 Hz, 1H), 7.09 (dd, J=2.0, 8.7 Hz, 1H), 3.78
(t, J=6.5Hz, 2H), 3.62 (s, 3H), 2.93 (t, J=6.5 Hz, 2H),
2.36 (s, 3H), 1.49 (br, 1H, OH). "*C NMR (CDCl;,
100 MHz): 6=135.7, 135.0, 128.7, 124.6, 120.8, 117.3,
109.5, 106.6, 62.8, 29.6, 27.8, 10.3. MS (EI, 70 eV) m/z
(relative intensity): 223 (34) [M*], 192 (100), 177 (9), 157
(16), 142 (6), 128 (4), 115 (10), 101 (3), 87 (1), 75 (3), 63 (1),
56 (1), 42 (2), 31 (5). FT IR (nujol, cm ™~ '): 3288, 2930,
2870, 1611, 1569, 1477, 1433, 1409, 1371, 1331, 1283,
1261, 1245, 1200, 1174, 1134, 1072, 1048, 985, 935, 897,
862, 809, 787, 747, 636, 585, 533, 476, 428. HRMS Calcd
for C;,H,4>>CINO: 223.07639. Found: 223.07672.

4.3.14. 2-(N-Benzyl-5-fluoro-2-methyl-1H-indole-3-yl)
ethanol (11d). According to GP (step 2), crude product
6d (964 mg, 3.0 mmol) and TBAF (1 M in THF, 6.0 ml,
6.0 mmol) were employed. Isolated yield: 76%, colorless
oil.

'H NMR (CDCls, 400 MHz): 6="7.28-7.24 (m, 3H), 7.19
(dd, Jyp=2.3Hz, Jgy=9.5Hz, 1H), 7.19 (dd, Jgu=
4.0 Hz, Jyz=38.5 Hz, 1H), 6.93 (d, /=6.5 Hz, 2H), 6.83
(td, JH,H=2~3 HZ, JH,HZJF,H=9~1 HZ, 1H), 5.27 (S, 2H)7
3.82 (t, J=6.5 Hz, 2H), 2.97 (t, J=6.5 Hz, 2H), 2.31 (s, 3H),
1.57 (br, 1H, OH). 13C NMR (CDCl3, 100 MHz): 6=159.0,
137.5, 135.8, 133.0, 128.8, 127.3, 125.8, 124.9, 109.6,
190.5, 109.1, 107.6, 62.8, 46.7, 28.0, 10.4. MS (EI, 70 eV)
m/z (relative intensity): 283 (5) M1, 266 (6), 252 (33), 239
4),213(17), 199 (7), 162 (2), 122 (7), 115 (1), 91 (100), 75
(5), 65 (13), 39 (3), 28 (2). FT IR (neat, cm ™~ ): 3357, 3063,
3030, 2935, 2877, 1706, 1622, 1604, 1583, 1506, 1482,
1453, 1419, 1359, 1300, 1250, 1204, 1139, 1140, 969, 851,
791,728, 694, 629, 589, 433. HRMS Calcd for C,3H;3sFNO:
283.13724. Found: 283.13764.

4.3.15. 2-(N-Benzyl-5-methoxy-2-methyl-1H-indole-3-yl)
ethanol (11e). According to GP (step 2), product 6e
(328 mg, 0.8 mmol) and TBAF (1M in THF, 1.6 ml,
1.6 mmol) were employed. Isolated yield: 85%, light
green solid, mp: 78-80 °C.

'"H NMR (CDCls, 400 MHz): 6=7.26-7.20 (m, 3H), 7.12
(m, 1H), 7.10-7.02 (m, 2H), 6.75 (dd, J=2.1Hz, J=
8.6 Hz, 2H), 5.28 (s, 2H), 3.80 (s, 3H), 3.68 (t, J=7.5 Hz,
2H), 2.75 (t, J=7.5 Hz, 2H), 2.04 (s, 3H), 1.47 (br, 1H, OH).
13C NMR (CDCl;, 100 MHz): 6=154.0, 141.0, 137.9,
135.6, 134.7, 132.4, 128.7, 125.8, 110.7, 109.9, 101.9, 99.1,
62.0, 55.8, 46.4, 28.1, 10.4. MS (EL, 70 eV) m/z (relative
intensity): 295 (66) [M '], 264 (31), 251 (75), 236 (6), 218
(2), 174 (7), 160 (57), 147 (4), 130 (5), 116 (4), 91 (100), 77
(3), 65 (10), 39 (2), 29 (1). FT IR (nujol, cm ™ '): 3368, 3052,
2931, 2852, 1610, 1596, 1460, 1445, 1372, 1321, 1249,
1186, 1128, 1085, 969, 877, 739, 692, 540, 432. HRMS
Calcd for CoH,NO,: 295.15723. Found: 295.15768.

4.3.16. 2-(N-Benzyl-4-chloro-5-fluoro-2-methyl-1H-
indole-3-yl)ethanol/2-(N-benzyl-6-chloro-5-fluoro-2-
methyl-1H-indole-3-yl)ethanol (2:1) (11f). According to
GP (step 2), product 6f (518 mg, 1.2 mmol) and TBAF (1 M
in THF, 2.4 ml, 2.4 mmol) were employed. Isolated yield:
83%, white solid, mp: 74-77 °C.



V. Khedkar et al. / Tetrahedron 61 (2005) 76227631 7629

"H NMR (CDCl;, 400 MHz): 6=7.27-7.18 (m, 3H), 6.99
(dd, Jyu=3.9 Hz, Jp.y=8.9 Hz, 1H), 6.92-6.88 (m, 3H),
5.26 (m, 2H), 3.88 (t, J=6.8 Hz, 2H), 3.24 (t, J=6.8 Hz,
2H), 2.32 (s, 3H), 1.56 (br, 1H, OH)/7.29 (d, Jx;;=9.9 Hz,
1H), 7.27-7.18 (m, 3H), 7.16 (d, Jp;=6.0 Hz, 1H), 6.92—
6.88 (m, 2H), 5.23 (s, 2H), 3.80 (t, J=6.6 Hz, 2H), 2.94 (t,
J=6.6 Hz, 2H), 2.30 (s, 3H), 1.56 (br, 1H, OH). *C NMR
(CDCls, 100 MHz): 6=152.4, 136.9, 137.1, 133.7, 128.8,
127.5, 125.7, 124.8, 110.1, 109.5, 109.3, 107.8, 64.1, 46.8,
28.2, 10.5/152.2, 137.3, 136.3, 132.8, 128.8, 127.5, 126.7,
125.6, 114.0, 109.5, 107.9, 104.1, 62.7, 46.7, 27.9, 10.4. MS
(EI, 70 eV) m/z (relative intensity): 317 (13) [M ], 286 (64),
262 (2), 235 (42), 205 (5), 195 (5), 185 (1), 159 (6), 145 (4),
129 (6), 117 (3), 109 (4), 99 (2), 91 (100), 77 (4), 65 (14), 57
(5),49 (20), 41 (4), 28 (7). FT IR (nujol, cm ~1): 3355, 3029,
2929, 2856, 1604, 1568, 1486, 1467, 1445, 1414, 1371,
1356, 1299, 1263, 1242, 1217, 1177, 1147, 1062, 1025, 986,
935, 856, 796, 766, 691, 605, 532, 465, 432. HRMS Calcd
for C,sH;,>>CIFNO: 317.12207. Found: 317.12568.

4.3.17. 2-(N-Benzyl-4,5-dichloro-2-methyl-1H-indole-3-
ylDethanol/2-(N-Benzyl-5,6-dichloro-2-methyl-1H-
indole-3-yl)ethanol (2:1) (11g, M). According to GP (step
2), product 6g (897 mg, 2.0 mmol) and TBAF (1 M in THF,
4.0 ml, 4.0 mmol) were employed. Isolated yield: 60%, off
white solid, mp: 95-97 °C.

"H NMR (CDCl;, 400 MHz): 6=7.27-7.22 (m, 3H), 7.12
(d, J=8.5 Hz, 1H), 7.02 (d, J=8.7 Hz, 1H), 6.92—6.88 (dd,
J=1.0, 7.0 Hz, 2H), 5.27 (s, 2H), 3.88 (t, J=6.7 Hz, 2H),
3.25 (t, J=6.7 Hz, 2H), 2.33 (s, 3H,), 1.55 (br, 1H, OH)/
7.64 (s, 1H), 7.27-7.22 (m, 3H), 7.25 (s, 1H), 6.92—6.88 (dd,
J=1.0, J=7.0 Hz, 2H), 5.23 (s, 2H), 3.81 (t, J=6.5 Hz,
2H), 2.95 (t, J=6.5 Hz, 2H), 2.30 (s, 3H), 1.55 (br, 1H, OH)
. 13C NMR (CDCl;, 100 MHz): 6=136.8, 136.2, 136.0,
128.2, 127.5, 125.8, 125.7, 123.8, 1222, 119.0, 110.5,
108.5, 64.1, 46.8, 28.4, 10.5/136.9, 135.4, 135.2, 128.2,
128.0, 127.5, 125.8, 124.7, 123.0, 119.2, 108.2, 107.6, 62.8,
46.8,27.8, 10.4. MS (EI, 70 eV) m/z (relative intensity): 333
(16) [M™ —H], 302 (23), 289 (13), 254 (2), 215 (2), 198 (2),
175 (3), 142 (4), 111 (1), 99 (2), 91 (100), 85 (26), 77 (2), 65
(10), 57 (2), 43 (11), 29 (4). FT IR (nujol, cm ™~ '): 3356,
3029, 2928, 2856, 1678, 1603, 1537, 1499, 1457, 1426,
1411, 1370, 1345, 1290, 1243, 1222, 1207, 1176, 1147,
1062, 1027, 996, 933, 865, 776, 716, 696, 613, 525, 435,
439. HRMS Calcd for C;gH;,>>CLL,NO: 333.06873. Found:
333.06876.

4.3.18. 3-(N-Benzyl-4,5-dichloro-1H-indole-3-yl)propa-
nol/3-(N-Benzyl-5,6-dichloro-1H-indole-3-yl)propanol
(2:1) (11g, anti-M). According to GP (step 2), product 6g
(1155.0 mg, 2.5 mmol) and TBAF (1 M in THF, 5.0 ml,
5.0 mmol) were employed. Isolated yield: 29%, off white
solid, mp: 97-99 °C.

'H NMR (CDCls, 400 MHz): 6=7.38-7.25 (m, 3H), 7.13
(d, J=8.7 Hz, 1H), 7.03 (d, J=8.7 Hz, 1H), 6.91-6.89 (dd,
J=1.0, 6.3 Hz, 2H), 6.5 (s, 1H), 5.31 (s, 2H), 3.73-3.68 (m,
2H), 2.79 (t, J=6.5 Hz, 2H), 2.02-1.91 (m, 2H), 1.57 (br,
1H, OH)/7.62 (s, 1H), 7.38-7.25 (m, 3H), 7.24 (s, 1H),
6.91-6.89 (dd, J=1.0, 6.3 Hz, 2H), 6.3 (s, 1H), 5.27 (s, 2H),
3.73-3.68 (m, 2H), 2.76 (t, J=6.5 Hz, 2H), 2.02-1.91 (m,
2H), 1.57 (br, 1H, OH). '*C NMR (CDCl;, 100 MHz): 6=

136.8, 136.1, 130.8, 128.9, 127.5, 125.8, 125.6, 123.8,
122.3, 119.1, 110.8, 108.8, 61.8, 46.7, 31.0, 22.9/136.9,
135.4, 130.2, 128.5, 128.0, 127.5, 125.6, 124.7, 123.0,
119.2, 108.5, 107.5, 61.8, 46.5, 31.0, 22.9. MS (EL 70 eV)
m/z (relative intensity): 333 (16) M —H], 302 (100), 289
(34), 254 (5), 215 (4), 199 (2), 176 (7), 141 (5), 115 (3), 101
(2), 91 (85), 85 (21), 77 (4), 65 (8), 57 (2), 43 (13), 29 (5).
FT IR (nujol, cm ™ 1): 3357, 3028, 2928, 2856, 1602, 1587,
1498, 1479, 1445, 1419, 1392, 1350, 1291, 1266, 1245,
1227, 1186, 1137, 1088, 1047, 996, 942, 875, 756, 716, 699,
623, 582, 475, 432. HRMS Calcd for C;gH;,>CLLNO:
333.06873. Found: 333.06876.

4.3.19. 3-(1,2-Dimethyl-1H-indole-3-yl)propanol (11h).
According to GP (step 2), product 6h (507 mg, 1.6 mmol)
and TBAF (1 M in THF, 3.2 ml, 3.2 mmol) were employed.
Isolated yield: 90%, colorless oil.

"H NMR (CDCls, 400 MHz): 6=7.51 (d, J=7.7 Hz, 1H),
7.23 (d, J=8.1 Hz, 1H), 7.14 (td, J=1.3, 8.2 Hz, 1H), 7.06
(td, J=1.2, 8.0 Hz, 1H), 3.67 (t, J=6.5 Hz, 2H), 3.64 (s,
3H, H), 2.81 (t, J=6.5 Hz, 2H), 2.35 (s, 3H), 1.87 (quint,
J=6.5Hz, 2H), 1.32 (br, 1H, OH). '*C NMR (CDCl,,
100 MHz): 6=136.5, 132.8, 127.6, 120.4, 118.6, 117.8,
110.4, 108.5, 62.5, 33.6, 29.4, 20.4, 10.1. MS (EI, 70 eV)
m/z (relative intensity): 203 (13) M™], 172 (1), 158 (87),
143 (7), 128 (6), 115 (100), 102 (1), 91 (1), 75 (1), 65 (1), 55
(1), 42 (2), 28 (1). FT IR (neat, cm'): 3355, 3051, 2935,
2855, 1613, 1566, 1472, 1440, 1410, 1370, 1331, 1247,
1191, 1148, 1128, 1060, 1013, 983, 919, 856, 738, 654, 559,
433. HRMS Calcd for C;3H{7NO: 203.13101. Found:
203.13123.

4.3.20. 3-(N-Benzyl-2-methyl-1H-indole-3-yl)propanol
(11i).%° According to GP (step 2), product 6i (707 mg,
1.8 mmol) and TBAF (1 M in THF, 3.6 ml, 3.6 mmol) were
employed. Isolated yield: 84%, colorless oil.

"H NMR (CDCls, 400 MHz): 6="7.57-7.54 (m, 1H), 7.25—
7.16 (m, 4H), 7.07-7.05 (m, 2H), 6.93 (d, J=6.5 Hz, 2H),
5.27 (s, 2H), 3.64 (t, J=6.3 Hz), 2.83 (t, J=6.3 Hz, 2H),
2.27 (s, 3H), 1.89 (quint, J=6.3 Hz, 2H), 1.49 (br, 1H, OH).
3C NMR (CDCls, 100 MHz): 6=138.0, 136.4, 132.6,
128.6, 127.8, 127.1, 125.8, 120.7, 118.9, 118.9, 111.1,
108.9, 62.4, 46.4, 33.4, 20.4, 10.1. MS (EI, 70 eV) mi/z
(relative intensity): 279 (31) [M "], 234 (68), 218 (41), 189
(4), 142 (23), 129 (8), 115 (18), 102 (11), 91 (100), 77 (14),
65(23),51 (13), 39 (11), 31 (17). FT IR (neat, cm~'): 3361,
3053, 3029, 2933, 2858, 1605, 1584, 1567, 1495, 1468,
1453, 1415, 1367, 1336, 1300, 1260, 1180, 1147, 1062,
1028, 974, 919, 850, 738, 696, 634, 558, 455, 434. HRMS
Calcd for C;9H,oNO: 279.16231. Found: 279.16249.

4.3.21. 3-(1,2,3-Trimethyl-1H-indole-3-yl)propanol
(11j). According to GP (step 2), crude product 6j and
TBAF (1M in THF, 6.0 ml, 6.0 mmol) were employed.
Isolated yield: 75%, white solid, mp: 49-51 °C.

'H NMR (CDCls, 400 MHz): 6=17.28 (s, 1H), 7.11 (d, J=
8.1 Hz, 1H), 6.95 (dd, J=1.6, 8.3 Hz, 1H), 3.65 (t, J=
6.4 Hz, 2H), 3.60 (s, 3H), 2.77 (t, J=6.4 Hz, 2H, H), 2.44 (s,
3H), 2.32 (s, 3H), 1.87 (quint, J=6.4 Hz, 2H), 1.45 (br, 1H,
OH). '*C NMR (CDCls, 100 MHz): 6=135.6, 134.9, 132.8,
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127.7, 121.9, 117.6, 109.8, 108.1, 62.6, 33.6, 29.4, 21.4,
20.4, 10.1. MS (EI, 70 eV) m/z (relative intensity): 217 (27)
M1, 198 (1), 186 (2), 172 (100), 157 (5), 142 (2), 128 (2),
115 (4), 91 (2), 77 (1), 57 (2), 39 (1), 28 (1). FT IR (nujol,
cm~ 1): 3295, 3014, 2917, 2850, 1619, 1581, 1565, 1489,
1443, 1410, 1370, 1321, 1299, 1246, 1208, 1181, 1156,
1135, 1072, 1028, 912, 896, 862, 781, 751, 694, 661, 586,
505, 430. HRMS Calcd for C14H;oNO: 217.14667. Found:
217.14671.

4.3.22. 3-(N-Benzyl-4-chloro-1H-indole-3-yl)propanol/
3-(N-Benzyl-6-chloro-1H-indole-3-yl) propanol (2:1)
(11k). According to GP (step 2), product 6k (728 mg,
1.7 mmol) and TBAF (1 M in THF, 3.4 ml, 3.4 mmol) were
employed. Isolated yield: 75%, colorless oil.

'"H NMR (CDCls, 400 MHz): 6=7.45 (d, J=8.3 Hz, 1H),
7.30-7.21 (m, 4H), 6.92 (t, J=8.2 Hz, 1H), 6.91-6.89 (m,
2H), 5.27 (s, 2H), 3.70 (t, J=6.3 Hz, 2H), 3.05 (t, J=
6.3 Hz, 2H), 2.29 (s, 3H), 1.91-1.80 (m, 2H), 1.40, (br, 1H,
OH)/7.30-7.21 (m, 3H), 7.17 (d, J=1.8 Hz, 1H), 6.98-6.94
(m, 2H), 6.91-6.89 (m, 2H), 5.23 (s, 2H), 3.64 (t, J=6.2 Hz,
2H), 2.81 (t, J=6.2 Hz, 2H), 2.27 (s, 3H), 1.91-1.80 (m,
2H), 1.40, (br, 1H, OH). '*C NMR (CDCls, 100 MHz): 6=
137.4, 136.8, 135.6, 128.7, 127.3, 126.5, 125.3, 124.3,
120.6, 119.5, 108.9, 107.7, 62.4, 46.6, 33.4, 21.5, 10.2/
137.9, 134.3, 133.5, 128.7, 127.3, 126.6, 125.7, 125.3,
118.8, 111.6, 107.9, 62.2, 46.6, 32.2, 21.0, 10.1. MS (EIL,
70 eV) m/z (relative intensity): 313 (70) M1, 268 (94),
254 (17), 246 (3), 204 (3), 178 (4), 164 (3), 142 (6), 115 (5),
100 (2), 91 (100), 77 (4), 65 (17), 55 (5), 43 (12), 29 (7). FT
IR (neat, cm ™~ 1): 3354, 3028, 2928, 2855, 1605, 1598, 1567,
1496, 1477, 1445, 1419, 1373, 1356, 1298, 1263, 1243,
1219, 1176, 1137, 1068, 1027, 996, 932, 835, 766, 726, 696,
609, 532, 445, 433. HRMS Calcd for C,oH,y>CINO:
313.12335. Found: 313.12378.

4.3.23. 3-(N-Benzyl-4,5-dichloro-2-methyl-1H-indole-3-
yl)propanol/3-(N-Benzyl-5,6-dichloro-2-methyl-1H-
indole-3-yl)propanol (2:1) (111, M). According to GP (step
2), product 61 (1155.0 mg, 2.5 mmol) and TBAF (1 M in
THF, 5.0 ml, 5.0 mmol) were employed. Isolated yield:
62%, white solid, mp: 70-73 °C.

'"H NMR (CDCls, 400 MHz): 6=7.25-7.21 (m, 3H), 7.10
(d, J=8.5Hz, 1H), 6.99 (d, J=38.5 Hz, 1H), 6.89-6.87 (m,
2H), 5.25 (s, 2H), 3.69 (t, J=6.4 Hz, 2H), 3.04 (t, J=
6.4 Hz, 2H), 2.29 (s, 3H), 1.95-1.82 (m, 2H), 1.54 (br, 1H,
OH)/7.60 (s, 1H), 7.25-7.21 (m, 3H), 7.24 (s, 1H), 6.89—
6.87 (m, 2H), 5.21 (s, 2H), 3.64 (t, J=6.3 Hz, 2H), 2.77 (t,
J=6.3 Hz, 2H), 2.27 (s, 3H), 1.95-1.82 (m, 2H), 1.54 (br,
1H, OH). '3C NMR (CDCl;, 100 MHz): 6=137.0, 135.9,
135.0, 128.8, 127.4, 127.1, 125.7, 125.6, 124.4, 122.0,
111.1, 108.4, 62.2, 46.6, 35.3, 21.0, 10.2/137.0, 135.5,
130.1, 128.8, 127.6, 127.4, 125.7, 123.6, 122.1, 119.0,
112.1, 110.4, 61.9, 46.6, 33.3, 20.20, 10.1. MS (EI, 70 eV)
m/z (relative intensity): 347 (14) IMT —H], 302 (100), 286
(54), 267 (7), 238 (11), 205 (6), 185 (3), 158 (4), 149 (7),
128 (3), 115 (4), 99 (5), 91 (90), 77 (8), 65 (27), 57 (4), 41
(2), 31 (6). FT IR (nujol, cm ™~ 1): 3425, 3064, 3030, 2936,
2864, 1604, 1591, 1496, 1473, 1448, 1411, 1355, 1299,
1219, 1162, 1133, 1102, 1060, 1028, 889, 867, 837, 787,

732, 698, 632, 595, 456, 429. HRMS Calcd for C;oH, 0> Cl,-
NOSi: 347.08438. Found: 347.08328.

4.3.24. 3-(N-Benzyl-4,5-dichloro-1H-indole-3-yl)butanol/
3-(N-Benzyl-5,6-dichloro-1H-indole-3-yl) butanol (2:1)
(111, anti-M). According to GP (step 2), product 61
(1155.0 mg, 2.5 mmol) and TBAF (1 M in THF, 5.0 ml,
5.0 mmol) were employed. Isolated yield: 26%, white solid,
mp: 71-74 °C.

'H NMR (CDCls, 400 MHz): 6=7.27-7.21 (m, 3H), 7.09
(d, J=8.7 Hz, 1H), 6.96 (d, J=8.5 Hz, 1H), 6.87 (dd, J=
1.8,7.3 Hz, 2H), 5.25 (s, 2H), 3.62-3.58 (m, 2H), 2.69-2.62
(m, 2H), 1.80-1.72 (m, 2H), 1.70-1.60 (m, 2H), 1.47 (br,
1H, OH)/7.61 (s, 1H), 7.27-7.21 (m, 3H), 7.25 (s, 1H), 6.87
(dd, J=1.8, 7.3 Hz, 2H), 5.21 (s, 2H), 3.62-3.58 (m, 2H),
2.69-2.62 (m, 2H), 1.80-1.72 (m, 2H), 1.70-1.60 (m, 2H),
1.47 (br, 1H, OH). '*C NMR (CDCl;, 100 MHz): 6 =136.0,
136.61, 135.8, 128.9, 127.6, 127.5, 125.7, 125.6, 124.3,
122.1, 110.6, 108.7, 62.3, 46.6, 32.1, 26.4, 24.3/136.9,
135.5, 130.2, 128.9, 128.8, 127.6, 125.7, 122.9, 122.1,
120.6, 112.1, 110.4, 62.3, 46.4, 32.1, 26.3, 24.2. MS (EI,
70 eV) m/z (relative intensity): 347 (45) IMT], 302 (21),
289 (58), 276 (7), 253 (8), 238 (3), 214 (5), 198 (4), 175 (9),
149 (6), 149 (5), 127 (4), 111 (6), 99 (32), 91 (100), 71 (14),
65 (38), 57 (15), 43 (25), 31 (23). FT IR (nujol, cm ™ '):
3351, 3087, 3064, 3030, 2936, 2867, 1604, 1588, 1563,
1539, 1496, 1452, 1406, 1355, 1330, 1259, 1209, 1155,
1141, 1121, 1101, 1069, 1029, 983, 946, 906, 868, 837, 776,
732, 698, 654, 575, 468, 456. HRMS Calcd for
C19H;9>>CLLNO: 347.08438. Found: 347.08555.

4.3.25. 3-(1-Methyl-2-phenyl-1H-indole-3-yl)propanol
(11m). According to GP (step 2), crude product 6m and
TBAF (1 M in THF, 0.6 ml, 0.6 mmol) were employed.
Isolated yield: 84%, colorless oil.

'"H NMR (CDCl;, 400 MHz): 6=7.59 (d, J=7.9 Hz, 1H),
7.48-7.41 (m, 4H), 7.31-7.27 (m, 2H), 7.21 (td, J=1.2,
7.6 Hz, 1H), 7.09 (td, J=1.0, 6.9 Hz, 1H), 3.73 (s, 3H), 3.52
(t, J=6.6 Hz, 2H), 2.94 (t, J=6.6 Hz, 2H), 1.80 (quint, J=
6.6 Hz, 2H), 1.52 (br, 1H, OH). '*C NMR (CDCls,
100 MHz): 6=136.7, 136.6, 135.5, 129.7, 128.5, 127.0,
125.9,121.3,119.6, 114.4, 108.8, 61.6, 32.6, 29.4, 20.7. MS
(EIL, 70 eV) m/z (relative intensity): 265 (67) M1, 247 (1),
232 (4), 220 (100), 204 (25), 179 (10), 165 (4), 152 (2), 144
(14), 115 (10), 102 (4), 91 (2), 77 (4), 57 (5), 42 (10), 28 (3).
FT IR (neat, cm ™ '): 3373, 3053, 2933, 2871, 1601, 1553,
1493, 1440, 1402, 1371, 1328, 1255, 1209, 1177, 1152,
1131, 1091, 1058, 940, 924, 844, 771, 743, 703, 675, 639,
610, 565, 501. HRMS Calcd for C,sH;oNO: 265.14667.
Found: 265.14601.
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Abstract—The oxymercuration—reductive demercuration of several cyclopropanealkanol or their derivatives bearing adjacent stereocenters
has been investigated in order to synthesize polypropionate subunits. The crucial importance of the ester protecting group for the remote
oxygenated moieties on the mechanism and the stereochemical outcome of these reactions has been rationalized.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Polypropionate subunits are present in a great number of
biological active natural products such as antibiotics,
antitumors, antifungals, antiparasitics or immuno-
modulators." The importance of these natural products
together with their structural and stereochemical complexity
has led to the development of several ingenious method-
ologies to provide access to these structures.” A widespread
strategy involves the disconnection of polypropionate
chains into shorter subunits bearing an alternance of methyl
and hydroxyl groups and to combine these fragments by
using coupling reactions.” In conjunction with our interest
concerning the development of methods for polypropionate
synthesis,* the generation of such subunits from cyclo-
propanealkanols bearing adjacent stereocenters has been
investigated. Indeed, several cyclopropanealkanols of type
A were reported to undergo highly regio- and stereo-
selective oxymercurations when treated with mercuric
trifluoroacetate.”® This reaction involves an electrophilic
ring-opening of the cyclopropanealkanols of type A at the
most electron-rich carbon—carbon bond with concomittant
anti nucleophilic attack of the trifluoroacetate counter-anion
(or any other added more powerful nucleophile). After
hydrolysis in the presence of halide ions and subsequent
reductive demercuration of the intermediate organo-
mercuric halides of type B, 1,3-diols of type C were
elaborated (Scheme 1).5*7

It is noteworthy that, a complex mixture of products was
obtained when oxymercurations were applied to some

Keywords: Cyclopropanes; Diastereoselectivity; Ring opening; Electro-

philic additions; Mercury.
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Scheme 1. Reagents and conditions: (a) Hg(OCOCF;),, CH,Cl, then NaCl
(X=Cl) or KBr (X=Br); (b) reductive demercuration.

cyclopropanemethanols of type A bearing a remote oxy-
genated moiety (R=CH,CH,OR’ with R’=H or Si-BuPh,).
However, the reaction proceeded in modest yield if an ester
protecting group (R=CH,CH,0Ac) was chosen for the
remote hydroxyl group, presumably due to an internal
participation of the ester moiety, although, this had only
been suggested and not further investigated.’

Since, the cyclopropane could be regarded as an equivalent
of a methyl-hydroxyl array, whose relative configuration is
controlled by the initial stereogenic centers of the three-
membered ring, the oxymercuration of cyclopropane-
methanol derivatives of types D, E and F bearing one to
three adjacent stereocenters and remote hydroxyl groups
protected as esters (P=Ac or Piv) was envisaged with the
aim of obtaining stereotriads, stereotetrads and stereo-
pentads, respectively.”'” On the other hand, the oxymer-
curation-reductive demercuration of the secondary
cyclopropanealkanols derivatives of type G and H bearing
adjacent stereocenters on both sides of the three-membered
ring could also provide an access to stereotetrads and
stereopentads by a similar process (Scheme 2).

The preparation of racemic cyclopropanealkanols of type
D-H was first considered in order to probe their conversion
to polypropionate subunits by an oxymercuration—-reductive
demercuration sequence.
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Scheme 2.
2. Preparation of cyclopropanealkanols of type D-H

Previous investigations from our laboratory were devoted to
the development of efficient synthetic routes to cyclo-
propanemethanols bearing adjacent stereocenters. In this
context, cis-1,2-disubstituted alkenylcyclopropanes were
reported to undergo highly diastereoselective electrophilic
additions, whereas the corresponding frans isomers reacted
in an almost stereorandom fashion.'"!? Thus, when
isopropenylcyclopropanes 1 and 2 were hydroborated with
BH; - THF followed by a standard alkaline oxidative work-
up (NaOH/H,0,), a 50/50 diastereomeric mixture of the
corresponding primary alcohols 3a,b (88%) and 4a.,b (64%),
respectively, was obtained.'' The diastereomers were easily
separated by flash chromatography and, by standard
protecting group manipulations, compounds 3a and 3b
were converted into cyclopropanemethanols Sa (90%) and
5b (78%), respectively, whereas compounds 4a and 4b were
converted into the corresponding benzyl ethers 6a (96%)
and 6b (93%) (Scheme 3).

By contrast, the cis-isopropenylcyclopropanes 7 and 8, were
hydroborated with high diastereoselectivity (dr>96/4) to
afford, respectively, the primary alcohols 3¢ (91%) and 4c
(82%), having the methyl group syn to the adjacent
cyclopropane.'' This result was explained by the attack of
the organoborane on the less hindered face of the double
bond in the more stable and possibly reactive gauche
conformation.'?'* Compounds 3¢ and 4c were then
converted to the cyclopropanemethanol Sc (91%) or to the
benzyl ether 6¢ (90%) (Scheme 4).

In order to have access to a cis-disubstituted cyclo-
propanemethanol derivative with the methyl group on the

R1O/\|/VOR2

3aR;=H,R,=TBDPS— b,
5a R; = Piv, Ry =H 90%

OTBDPS a
W 88%
(]
1 3a/3b = 50/50 R0 0R,

3b Ry =H, R, = TBDPS— b,c
5b Ry = Piv, R, = H 78%

RpWOBn

4aR;=H b
WOB” a 6a R; =Piv :l 96%
64%
2 4a/4b =50/50 R;0” Y [> “oBn

4bR;=H b
6b Ry = Piv a3

Scheme 3. Reagents and conditions: (a) BH;-THF, THF, —30 °C to tt,
then NaOH, H,0,; (b) PivCl, EtsN and/or DMAP, Et,0O or CH,Cl,;

(c) n-BuNF, THF.
OTBDPS a OR,
ﬁ/ey % R, OﬁA/
3¢ Ry=H, R, =TBDPS— b ¢

H OR
¥ BcR,=Piv,R,=H 91%

Gauche g
conformation Hzé-\ .
H
OBn _a . OBn
%/ % R OAIA

4CR1=H b
6c Ry = ingO%

Scheme 4. Reagents and conditions: (a) BH;- THF, THF, —30 °C to rt, then
NaOH, H,0,; (b) PivCl, DMAP, CH,Cl,; (c) n-BuyNF, THF.

adjacent stereocenter anti to the cyclopropane, the
isopropenylcyclopropane 8 was first subjected to an allylic
oxidation with SeO, in the presence of tert-butyl-
hydroperoxide (TBHP).'* Reduction of the crude reaction
mixture with sodium borohydride in the presence of
cerium(IIT) chloride afforded the allylic alcohol 9 (84%)."
By analogy with the hydroboration of 8, the hydrogenation
of the cis-disubstituted isopropenylcyclopropane 9 was
anticipated to involve an addition to the less hindered face
of the carbon—carbon double bond in the gauche confor-
mation,lz’13 which would then stereoselectively lead to
compound 4d having the methyl group anti to the
cyclopropane. Indeed, the reduction of 9 with diimide
turned out to proceed with high diastereoselectivity (dr=4c¢/
4d =8/92) and the resulting primary alcohol 4d (74%) was
subsequently converted to the pivalate ester 6d (87%)
(Scheme 5).

Having synthesized all the possible diastereomeric cyclo-
propanemethanols of type D 5a-5d and their corresponding
benzyl ethers 6a—6d, the preparation of cyclopropanes of
type E and F, bearing two or three stereocenters adjacent to
the three-membered ring, was achieved.

The primary alcohols 4a and 4c¢ were oxidized
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Scheme 5. Reagents and conditions: (a) SeO,, t+-BuOOH, CH,Cl,;
(b) NaBH,, CeCl;-7H,0, MeOH, 0 °C; (¢) KO,C-N=N-CO,K, AcOH,
EtOH, 45 °C; (d) PivCl, EiN, cat. DMAP, Et,0.

OBn OBn

-
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Gauche conformation

(cat. n-PrNRuO, (TPAP), NMO, CH,Cl,/MeCN)'® to the
corresponding sensitive aldehydes 10a and 10c, which were
not purified but directly treated with ethylmagnesium
bromide in THF, to afford diastereomeric mixtures of the
corresponding secondary alcohols 11a/11’a (dr="77/23) and
11¢/11'c (dr=85/15). The major diastereomers 11a (32%)
and 11c¢ (51%) could be separated after purification by flash
chromatography and their relative configurations were
initially attributed on the basis of the Felkin—Anh model
for nucleophilic additions to carbonyl compounds.'” This
assignment was later confirmed after the oxymercuration to
polypropionate subunits. The secondary alcohols 11a and
11c were transformed into the acetates 12a (92%) and 12c¢
(91%), respectively. They constitute two examples of
cyclopropanes of type E (Scheme 6).

OBn
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Scheme 6. Reagents and conditions: (a) cat. TPAP, NMO, CH,Cl,/MeCN,
0°C to rt; (b) EtMgBr, THF, —30°C and separation by flash
chromatography; (c) Ac,0, cat. DMAP, Et,0.

One single cyclopropane of type F bearing three adjacent
stereocenters was synthesized from compound 4¢, which
was oxidized to aldehyde 10c¢ and addition of iso-
propenylmagnesium bromide gave a diastereomeric mixture
of alcohols 13 and 13’ (dr=_85/15). The major diastereomer
13 (43%) was separated and hydroborated with high

diastereoselectivity by using 9-BBN-H followed by a
standard oxidative work-up to afford diol 14 (dr=90/10,
97%),18 which was finally, converted to the diacetate 15
(82%), a substrate of type F (Scheme 7).

OH
~ OBn
13"
+
13/13' = 85/15 OH
OBn
13 (43%)
Ci 97%
OH
HO OBn
82% : 14
(dr = 90/10)

Scheme 7. Reagents and conditions: (a) cat. TPAP, NMO, CH,Cl,/MeCN,
0°C to rt; (b) isopropenylMgBr, THF, —30°C; (c) 9-BBN-H, THF,
—30 °C to rt; (d) Ac,0, cat. DMAP, Et,0.

Next, the synthesis of the secondary cyclopropanealkanols
of type G and H was realized. The cyclopropanemethanol
5¢ was oxidized with PCC' to the corresponding
cyclopropanecarboxaldehyde 16 (94%). This aldehyde 16
was treated with ethylmagnesium bromide to afford a
diastereomeric mixture of the secondary cyclopropane-
propanols 17 and 17’ (60/40 ratio, 52%), which were readily
separated by flash chromatography. It is known that the
bisected conformers of cyclopropylcarbonyl derivatives are
more stable than other conformers and that they are also
envisaged to be the reactive conformers in models for
nucleophilic additions to this class of compounds.” For
cyclopropanecarboxaldehydes, the s-trans conformation is
only slightly preferred, whereas for cyclopropylketones the
s-cis conformation is markedly more stable.?® Moreover,
nucleophilic addition to the s-trans confomer follows the
anti-Felkin—Anh addition mode with respect to the carbonyl
adjacent stereocenter, whereas addition to the s-cis
conformer implies a Felkin~Anh mode.'” In agreement

PivOﬁA Pivow
"o 16 ]

b 52%

H o H, H Va

PivO PivO EtMgBr

EtMgBr o
17 /17" = 60/40

PivOW PivO/\lA/\
7 OH

s-cis H s-trans

17 /17" = 12/88 72%
H, o
Piv OAA]/\ PivO
W
s-cis (NaBHj)

Scheme 8. Reagents and conditions: (a) PCC, 4 A molecular sieves,
CH,Cl,; (b) EtMgBr, THF, —30 °C; (c) NaBH,, MeOH, 0 °C.
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Scheme 9. Reagents and conditions: (a) TBSCI, imidazole, DMF; (b) Hp,
cat. Pd/C, EtOH; (c¢) PCC, 4 A molecular sieves, CH,Cl,; (d) PhsP=
CHCO,Me, toluene, reflux; (e) DIBAL-H, CH,Cl,, —78 °C; (f) T-hexBH,,
THF, —30 °C to rt then NaOH, H,0,; (g) n-Buy,NF, THF; (h) PivCl, Et3N,
cat. DMAP, CH2C12

with these results, the addition of ethylmagnesium bromide
to cyclopropanecarboxaldehyde 16 occurred with a low
degree of diastereoselectivity and provided a 60/40 mixture
of the secondary cyclopropanealkanols 17 and 17’ (52%),
which were separated by flash chromatography. Alterna-
tively, ketone 18 resulting from the oxidation of 17 was
reduced with NaBH,; in MeOH into the secondary
cyclopropylpropanol 17’ with a higher diastereoselectivity
of 88/12 (Scheme 8).'7-*°

Finally, one example of secondary cyclopropanealkanol of

Table 1. Structure of cyclopropanealkanols of type D-H

type H was derived from substrate 4¢. This compound was
protected as a tert-butyldiphenylsilylether 19 (89%) and
subsequent debenzylation afforded the cyclopropane-
methanol 20 (86%). The latter compound was subjected to
a three step sequence involving an oxidation with PCC, a
Wittig olefination and subsequent reduction of the o,pB-
unsaturated ester with DIBAL-H, leading to the allylic
alcohol 21 (60% overall yield). Based on previous
investigations, hydroboration of cis-1,2-disubstituted
alkenylcyclopropane 21 (bearing a trisubstituted double
bond) with thexylborane proceeded with high diastereo-
selectivity (dr=12/1) giving a mixture of diols 22 and 22/,
which were separated by flash chromatography and isolated
in 71 and 6% yields, respectively.''® A third minor ring-
opened by-product, whose structure was assigned as 22",
was also isolated in 6% yield.''® The major diastereomer 22
was then desilylated to generate the triol 23 (76%) and the
primary alcohol moieties were protected as pivalates to
afford the secondary cyclopropanealkanol 24 (63%) of type
H (Scheme 9).

Thirteen racemic cyclopropanealkanol derivatives of type
D-H were synthesized during the first part of this study and
are reported in Table 1. Their oxymercuration-reductive
demercuration was then investigated with the aim of
obtaining stereotriads, stereotetrads and stereopentads.

3. Oxymercuration of cyclopropanes of type D-F
3.1. Oxymercuration of cyclopropanemethanols 5a—c
When the cyclopropanemethanols Sa—c were subjected to

an oxymercuration with mercuric trifluoroacetate (2 equiv)
in CH,Cl,, a rapid reaction occurred and after treatment

Type of structure

Cyclopropanes

S5aR=H
6a R=Bn
D
PivO” Y > oR
5b R=H
6b R=Bn
OAc
E OBn
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Table 2. Oxymercuration of cyclopropanemethanols Sa—c

1) Hg(OCOCF3), (2 equiv) , OR . OR’
CHyCly, rt RO 5 OR" n-BusSnH, cat. AIBN ROWOH
5a-c
2) Satd aqg. KBr I HgBr J
OPiv OPiv
HO OH HO OH
HgBr 26a (96%)
25a (60%)
OH
e QH
Pivo/\|/[>/\0H PivO OH :
PivOWOH
Sa 25’a "HgBr
J OH 'a (92%)
HO OPiv
25"a HgBr
L
25'a/25"a=80/20 (20%)
~ OPiv
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rg
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HO/\:/\LAOH 2 26b
OH
25b "HgBr :
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S 26’b
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5b
N ‘25°b HgBr
OH OH
HO/\:/\L/\OPiv HO/\:/\IAOPiv
25”b > HgBr 26"b
not detected
OPiv OPiv
HO/\l/\:/\OH HOWOH
“HgBr 26b (88%)
25¢ (60%)
( OH e OH
H - z
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5¢ 2 25'c “HgBr p 26"b
OH OH

HO

2

OPiv HO OPiv

?

- 5"c HgBr 26’b
25'¢/25"¢=175/25 (17%)

26”b/26 b=75/25 (70%)

with an aqueous solution of KBr, the organomercuric
bromides of type I were formed. These compounds have
been characterized in the case of substrates Sa and Sc,
otherwise they were directly subjected to a reductive
demercuration by using n-BuszSnH and a catalytic amount
of AIBN in THF,?! to generate the stereotriads of type J.
The results are shown in Table 2.

The oxymercuration of 5a led to two major organomercuric
bromides 25a and 25’a and a third minor one 25”a, which was
barely detected by analysis of the "H NMR spectrum of the

crude reaction mixture. After careful purification by flash
chromatography, 25a was isolated in 60% yield together with
an inseparable mixture of 25'a and 25”"a (ratio 80/20, 20%
yield). The reductive demercuration of 25a afforded the
symmetrical stereotriad 26'a, whereas both compounds 25'a
and 25"a (80/20 mixture) were converted in a similar fashion
into the same stereotriad 26’a (92%) (racemic selries).22

The fact that compounds 26a and 26’ a were reduced by LiAlH,
to the same known anti,anti-triol 27, indicated that they only
differ by the positioning of the pivaloyl ester group and that the
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Scheme 10. Configurational assignment of compounds 26a, 26a’ and 26b.

organomercuric bromides 25a, 25’a and 25"a all share the
same relative anti,anti relative configuration (Scheme 10).

In the case of cyclopropanemethanol Sb, the oxymercura-
tion led to a regioisomeric mixture of organomercuric
bromides, which was directly subjected to reductive
demercuration. A regioisomeric mixture of two stereotriads
26b and 26'b (95/5 ratio) was obtained in 80% overall yield
and in this case the third regioisomeric product 26"b was not
detected. The relative configuration of 26b was assigned
unambiguously after reduction with LiAlH,4 to the known
syn,anti-triol 2823 (Scheme 10), whereas the relative
configuration of 26'b was later confirmed by a chemical
correlation.”? Finally, in the case of cyclopropanemethanol
Sc¢, the oxymercuration led to three organomercuric
bromides 25¢, 25’c and 25”¢. The major one was isolated
in 60% yield, whereas an inseparable mixture of 25'c and
25"¢ (75/25 ratio) was isolated in 17% yield. The reductive
demercuration of 25¢ afforded the previously characterized
stereotriad 26b (88%), whereas the mixture of 25’¢ and 25”¢
(75/25 ratio) was converted to the stereotriads 26”b and
26'b (75/25 ratio), respectively, (70% combined yield).

From the results of this study, it appeared that the
cyclopropanes Sa—c of type D, with remote oxygenated
functional groups protected as pivalates can undergo highly
diastereoselective oxymercuration, which proceed with
inversion of configuration at the stereocenter bearing the
newly introduced oxygenated moiety (at C3). In sharp
contrast, cyclopropanemethanols 29¢ and 29d having a
remote oxygenated moiety protected as a 4-methoxy-benzyl
ether, failed to be oxymercurated under the same conditions
despite extended reaction times (Fig. 1).

A/AVOH
PMBOﬁ/AVOH PMBO
29¢ 29d

PMB = 4-methoxybenzyl

Figure 1. Structure of cyclopropanemethanols 29¢ and 29d.

All these observations clearly demonstrate the fundamental
role exerted by the remote ester functionality during the
mercuration of cyclopropanemethanols Sa—c. As illustrated
in the case of the cyclopropanemethanol Sa, a reasonable
scenario would involve an anchimerically assisted oxymer-
curation by the carbonyl group of the ester moiety,'®
proceeding with inversion of configuration and leading to

a dioxycarbenium ion intermediate of the type 30a.
Hydrolysis of this intermediate is expected to generate the
corresponding regioisomeric organomercuric bromides 25a
and 25'a. In order to explain the formation of the minor
organomeruric bromide 25”a, the intermediacy of a bicyclic
orthoester 31a could also be envisaged,?* and its subsequent
hydrolysis would generate a mixture of the three regio-
isomeric organomercuric bromides 25a, 25'a and 25"a.
Apparently, products that would have resulted from an
oxymercuration proceeding with retention of configuration
(hydrolysis products of intermediate 32a) were not observed
(Scheme 11).

t-Bu t-Bu
CF3C02
e} O) Retentlon o® epimeric
————— ---> products
& OH 1 3 OH at Cs
Hg?* Hg(OCOCF3)
5a 32a
l Inversion
‘B t—Bu
-bu
Py CFcOS
owo 5 o
1 3 OH W
30a Hg(OCOCF3) 31a Hg(OCOCFj)
iKBr, H,0 l KBr, H;0
OPiv 252 + 25'a +

W OPiv
254 HgBr WOPIV

253 HgBr
Plvo/\I/\L/\

25'a HgBr

Scheme 11. Oxymercuration of cyclopropanemethanol Sa.

Although, the possibility of synthesizing stereotriads from
cyclopropanemethanols of type D was demonstrated,
regioisomeric products were obtained from compounds
Sa—c. In order to generate stereotriads having the two
primary alcohol functions differentiated, the oxymercura-
tion—reductive demercuration of cyclopropanemethanol
derivatives 6a—d having one hydroxyl group protected as
a benzyl ether and the remote hydroxyl group protected as
an ester (pivalate) was investigated. Indeed, previous
literature results as well as the absence of reactivity of the
cyclopropanemethanols 29¢ and 29d (Fig. 1) suggested that
benzyl ethers, as protecting groups, should be compatible
with the oxymercuration conditions.®**

3.2. Oxymercuration of the cyclopropane derivatives
6a—d protected as benzyl ethers

Thus, the benzyl-protected cyclopropanemethanols 6a—d
were subjected to a three-step sequence involving oxymer-
curation with mercuric trifluoroacetate and subsequent
work-up with a saturated aqueous solution of KBr, reductive
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demercuration with n-Bu3SnH and deprotection of the
regioisomeric mixtures of pivalates with LiAlH, in THF.
Although, LiAlH, itself could have initiated the reductive
demercuration,' cleaner reactions were observed by using
this two-step reduction procedure. Under these conditions,
the known four diastereomeric stereotriads 33a-d were,
respectively, obtained from 6a—d in 38—68% overall yields
and with high diastereoselectivity (dr >95/5). Their relative
configurations were confirmed unambiguously by compari-
son with literature data,25 confirming that these anchi-
merically assisted oxymercurations proceed, as anticipated,
with inversion of configuration (Scheme 12).

OH
a,b,c N
PivoWOBn o, HOWOBn
38%
6a 33a
OH
a,b,c H
PvOo” Y >"oBn  — -
: 507, HO/\E/\IAOBn
6b ~33b
b OH
a C z
) oBn __ "7
HO < OBn
PlvOAlA/ P /\I/\/\
6¢c 33c
AOB _abe 4
PivO " 47% HO™ = OBn
6d 33d

Scheme 12. Reagents and conditions: (a) Hg(OCOCF;),, CH,Cl, then satd
aq. KBr; (b) n-BusSnH, cat. AIBN, THF; (c) LiAlH,4, THF, 0 °C to rt.

The synthesis of stereotetrads and stereopentads from the
structurally related cycloropanemethanols of type E and F
having primary alcohols protected as benzyl ethers and the
remote oxygenated moieties protected as acetates was also
investigated. The corresponding substrates 12a, 12¢ and 15
were subjected to the same three-step sequence (oxymer-
curation, reductive demercuration, reduction) and the results
are listed in Table 3.

In the case of 12a, the regioisomeric mixture of acetates 34a
and 34’a (65%) was not fully characterized but reduced to
produce the diol 35a as a single diastereomer (80%). The
relative configuration of this diol was determined after
conversion to the acetonide 36a by '*C NMR.?® In the case
of 12¢, the regioisomeric acetates resulting from the
oxymercuration—reductive demercuration sequence, 34c
and 34'c (75/25 ratio, 43% combined yield) could be
separated by flash chromatography. Both compounds were
reduced to the same diol 35¢, whose relative configuration
was determined after conversion to the acetonide 36c¢
(91%).%° Similarly, cyclopropane 15 afforded the triol 37
(25%) after oxymercuration—reductive demercuration and
subsequent reduction with LiAlH,. The triol 37°7 was
converted to 38 (64%) by esterification of the primary
alcohol as a pivalate and formation of an acetonide, which
served to confirm the configurational assignment.?® In all
these anchimerically assisted oxymercurations leading to
stereotriads and stereopentads, an inversion of configuration
was always observed at the newly introduced oxygenated
moiety. Therefore, a pathway similar to the one described in
Scheme 11 is likely to operate and the presence of the

Table 3. Synthesis of stereotetrads and stereopentads

Substrates Products
OAc OR OR'
a,b
12a

{34a R=Ac, R =
34aR=H,R = Ac

bl 2o
. :
80% 35a R,R'=H

OAc ab OR OR'
OBn —
43%

12¢
c 34c R=Ac,R'=
73% (from 34c) E 34cR=H,R=Ac

45% (from 34'c) 35¢ R, R'= H
d
91% O>( 0]

OAc
AcoA/l\l/kOBn g OBn

15

Reagents and conditions: (a) Hg(OCOCF;),, CH,Cl, then satd aq. KBr;
(b) n-BusSnH, cat. AIBN, THF/toluene, rt then 60 °C; (c¢) LiAlH,, THF;
(d) 2,2-dimethoxypropane, cat. CSA, acetone; (e) PivCl, cat. DMAP, Et;N,
CH,Cl,.

benzyl group enables the differentiation of the two primary
alcohol functionalities.

The formation of stereotetrads and stereopentads from the
cyclopropanealkanols G and H was next studied.

4. Oxymercuration of the secondary cyclopropane-
alkanols of type G-H

The oxymercuration—reductive demercuration of the two
epimeric cyclopropanealkanols 17 and 17’; was first
investigated in order to study the influence of the relative
configuration of the secondary alcohol on the outcome of
the reaction. When 17’ was subjected to the oxymercura-
tion—reductive demercuration sequence, a complex mixture
of products was formed. In sharp contrast, 17 underwent a
faster and cleaner oxymercuration and after reductive
demercuration two major regioisomeric diols 39 and 39’
were formed (73/27 ratio) and, respectively, isolated in 44%
and 18% yields. A third minor component (<2%) whose
structure was tentatively assigned to 39” was also isolated.
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The structure of 39 and 39’ was determined by NMR and the
presence of a 1,3-diol moiety was supported by the fact that
both compounds could be converted to the acetonides 40
and 40’. Furthermore, examination of the 13C NMR
spectrum of 40 enabled the assignment of its relative
configuration®® and confirmed that the oxymercuration had
occurred with inversion of configuration at the stereocenter
bearing the newly introduced oxygenated moiety
(Scheme 13).

a,b
. ———— complex mixture
PivO : of products
17+ OH
PIVO/\I/A\l/\
17 OH
a,bl
OH OH o
z c - Z
PivO < — PivO/\l/\/\/
B 69%
39 (44%) 40
OH OPiv O>(O OPiv
z z c Z z
H 35% H
39' (18%) 40'
QPiv QH
39" (<2%)

Scheme 13. Reagents and conditions: (a) Hg(OCOCEF;),, CH,Cl, then satd
aq. KBr; (b) n-BuszSnH, cat. AIBN, THF/toluene, 1t then 60 °C; (c) 2,2-
dimethoxypropane, cat. CSA, acetone.

Although, the precise reason for the difference of reactivity
between the diastereomeric cyclopropanealkanols 17 and
17’ has not been fully elucidated, it might be due to the fact
that the reactive conformer K in the oxymercuration of 17’
is destabilized by a severe 1,3-interaction (cyclopropylic
strain, similar to A" strain),”®?° thereby slowing down the
intramolecularly assisted oxymercuration. This would alter
the usual regioselectivity of electrophilic ring-opening of
cyclopropanealkanols with mercury salts””’ and lead to
competing side reactions causing the formation of a
complex mixture of products.

By contrast, such a 1,3-interaction is absent in conformer L
arising from 17 and an anchimerically assisted oxymercura-
tion by the carbonyl group of the ester would lead to a
dioxycarbenium ion intermediate of the type 41. As
previously mentioned, this sPecies could be in equilibrium
with a bicyclic orthoester* 42. Upon hydrolysis of the
reaction mixture and subsequent reductive demercuration, a
regioisomeric mixture of diols 39, 39’ and 39" is expected to
be produced (Scheme 14).

Therefore, it appeared that the formation of polypropionate
subunits from secondary cyclopropanealkanols was only
possible for substrates having a hydroxyl group syn to
the adjacent cyclopropane. Since, the secondary

(’ Hg(OCOCF3),

oHY Slow
anchimerically
i assisted

o oxymercuration
/ \{Bu K

H.,

PivO

I competitive ring-opening
reactions by Hg(ll)

\ B
42 Hg(OCOCF3) 41 Hg(OCOCFy)
1) aq. KBr 1) aq. KBr
2) n-BuzSnH 2) n-BuzSnH
39 + 39" + 39" 39 + 39"

Scheme 14. Oxymercuration of secondary cyclopropanealkanols 17 and
17'.

cyclopropanealkanol 24 of type H met this stereochemical
requirement, this compound was subjected to the oxymer-
curation-reductive demercuration under the standard con-
ditions. In this case, a regioisomeric mixture of three diols
43, 44 and 45 (45/15/40 ratio) was obtained in an excellent
combined yield (88%). Due to its symmetrical character, the
structure of 45 was readily assigned. Among 43 and 44, only
the latter could be converted to the acetonide 46, thereby
establishing the presence of a 1,3-diol moiety in this

PiVOAl/A\l/\/OPlv
24 OH S
O O OPiv
a,b | 88% = z
= WOPN

OH OPiv -

Z R ) d 46 (78%)
HO/\l/\g/\l/\OPIV \ QH QPiV

43 PivoWopiv

+ same relative

OPiv OH configuration < OPiv OH

~ ~ X d z :

HO/\l/\g/\l/\oplv v Pivo/\l/\z/\l/\opiv

4:1 47 (93%)

OH OH

Pivo/\l/\:/\l/\opiv ratio 43 / 44 / 45 = 40/15/45

45

Scheme 15. Reagents and conditions: (a) Hg(OCOCF;),, CH,Cl,, rt then
satd aq. KBr; (b) n-BusSnH, cat. AIBN, THF/toluene, rt then 60 °C; (c) 2,2-
dimethoxypropane, cat. CSA, acetone; (d) PivCl, cat. DMAP, Et;N, Et,0.
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compound. Moreover, monoesterification of a mixture of 43
and 44 by treatment with PivCl led to a single compound 47
(93%) due to the formation of a diastereomer of similar
relative configuration (racemic series). These results
demonstrated once again that 43, 44 and 45 only differ by
the positioning of one pivalate group and that the
oxymercuration has involved, like in all cases investigated,
an inversion of configuration. Moreover, the further remote
second pivalate moiety in cyclopropylcarbinol 24 has not
interfered in the oxymercuration reaction (Scheme 15).

5. Conclusion

We have reported a full account of our studies concerning
the synthesis of polypropionate-type subunits from cyclo-
propanes bearing adjacents stereocenters using an oxymer-
curation-reductive demercuration sequence. The presence
of a suitably located ester protecting group for the hydroxyl
group at the B-position was found to be crucial due to a
favorable anchimeric assistance in the oxymercuration
process. Although, the use of mercury salts restricts the
interest of these reactions to academic research activities,
the results presented in this account should encourage the
search for alternative mediators to effect these transform-
ations, as the cyclopropane could be regarded as a useful
synthetic equivalent of a methyl-hydroxyl array. Moreover,
the stereoelectronic properties of the three-membered ring
can be used to control the configurations of adjacent
stereocenters as illustrated by stereoselective electrophilic
additions to alkenylcyclopropanes or nucleophilic additions
to cyclopropylcarbonyl derivatives.

6. Experimental
6.1. General procedures

Infrared (IR) spectra were recorded on a Perkin—Elmer 298,
wavenumbers are indicated in cm ™~ '. "H NMR spectra were
recorded on a Bruker AC 300 at 300 MHz in CDClj; (unless
otherwise specified) and data are reported as follows:
chemical shift in ppm from tetramethylsilane as an internal
standard, multiplicity (s=singlet, d=doublet, t=triplet,
g=quartet, m=multiplet or overlap of non-equivalent
resonances), integration. '>*C NMR spectra were recorded
on a Bruker AC 300 at 75 MHz in CDCl; and data are
reported as follows: chemical shift in ppm from tetra-
methylsilane with the solvent as an internal indicator
(CDCl; ¢ 77.0 ppm), multiplicity with respect to proton
(deduced from DEPT experiments, s=quaternary C, d=
CH, t=CH,, q=CHj;). Mass spectra with electronic impact
(MS-EI) were recorded from a Hewlett-Packard tandem
5890A GC (12 m capillary column)-5971 MS (70 eV). Mass
spectra with chemical ionization (MS-CI") or FAB and
high resolution mass spectra (HRMS) were performed by
the Centre de Spectrochimie Organique de 1’Ecole Normale
Supérieure Ulm (Paris). Elemental analyses were performed
by the Centre Régional de Microanalyses (Université Pierre
et Marie Curie, Paris VI). THF and diethyl ether were
distilled from sodium/benzophenone. CH,Cl,, CH;CN,
toluene, Et;N, DMF were distilled from CaH,. Other
reagents were obtained from commercial suppliers and

used as received. TLC was performed on Merck 60F;s,
silica gel plates visualized either with a UV lamp (254 nm),
or by using solutions of p-anisaldehyde/H,SO4/AcOH in
EtOH or KMnO4/K,CO5; in water followed by heating.
Flash chromatography was performed with SDS 60 silica
gel (230-400 mesh).

6.2. Preparation of cyclopropanes of type D

6.2.1. (2R*)-2-[(15%*,25%)-2-(Hydroxymethyl)cyclo-
propyl]Propyl 2,2-dimethylpropanoate 5a. To a solution
of 3a'%'! (500 mg, 1.36 mmol) in Et,O (10 mL) at rt, were
successively added Et;N (265 pL, 1.90 mmol, 1.4 equiv),
DMAP (33 mg, 0.27 mol, 0.2 equiv) and PivCl (236 pL,
1.90 mmol, 1.4 equiv). After 12 h, the reaction was
quenched by addition of a saturated aqueous NaHCO;
solution and the resulting mixture was extracted with Et,O.
The combined extracts were washed with a 1 M aqueous
HCI solution, brine, dried over MgSO,, filtered and
concentrated under reduced pressure. The residual oil was
dissolved in THF (5 mL) and to the resulting solution at
0 °C, was added n-BuyNF (2.0 mL, 1 M in THF, 2.0 mmol).
After 3 h at rt, the reaction mixture was hydrolyzed with a
saturated aqueous NH4Cl solution and extracted with Et,0O.
The combined extracts were dried over MgSQy, filtered and
concentrated under reduced pressure. The residue was
purified by flash chromatography (cyclohexane—-EtOAc: 90/
10-75/25) to afford 261 mg (90%) of Sa as a colorless oil;
IR 3450, 1725, 1285, 1165, 1035 cm ™ '; 'H NMR 6 4.09
(dd, J=10.7, 5.9 Hz, 1H), 3.91 (dd, /=10.7, 6.7 Hz, 1H),
3.49 (dd, J=11.2, 6.9 Hz, 1H), 3.42 (dd, /J=11.2, 7.1 Hz,
1H), 2.31 (brs, 1H, OH), 1.20 (m, 1H), 1.20 (s, 9H), 1.02 (d,
J=6.8 Hz, 3H), 0.91 (m, 1H), 0.53-0.41 (m, 3H); °C NMR
0 178.7 (s), 68.8 (1), 66.6 (), 38.7 (s), 37.6 (d), 27.0 (q, 3C),
21.0 (d), 20.4 (d), 16.4 (q), 8.3 (t); MS-EI m/z (relative
intensity) 197 M—OH™, 2), 183 (M—CH,OH ™", 2), 112
(M—1-BuCO,H™, 13), 97 (14), 95 (15), 85 (19), 81 (16), 79
(18), 69 (18), 68 (18), 57 (100), 55 (17).

6.2.2. (25%)-2-[(18%,25%)-2-(Hydroxymethyl)cyclo-
propyl]propyl 2,2-dimethylpro&>anoate 5b. This com-
pound was synthesized from 3b'*'" (500 mg, 1.36 mmol),
following the procedure described for the preparation of Sa
from 3a. Purification by flash chromatography (cyclo-
hexane-EtOAc: 90/10-75/25) afforded 227 mg (78%) of 5b
as a colorless oil; IR 3400, 1720, 1290, 1165, 1030 cm_l;
'"H NMR 6 4.10 (dd, J=10.7, 5.9 Hz, 1H), 3.90 (dd, J=
10.7, 6.7 Hz, 1H), 3.48 (dd, J=11.2, 6.9 Hz, 1H), 3.42 (dd,
J=11.2, 7.1 Hz, 1H), 2.30 (br s, 1H, OH), 1.28-1.14 (m,
2H), 1.21 (s, 9H), 1.02 (d, J=6.8 Hz, 3H), 0.53-0.41 (m,
3H); "*C NMR 6 178.6 (s), 69.0 (1), 66.8 (1), 38.8 (s), 37.0
(d), 27.2 (q, 30), 20.8 (d), 19.5 (d), 16.6 (q), 9.3 (t); MS-EI
mlz (relative intensity) 197 (M—OH™, 7), 183 (M—
CH,OH™", 4), 112 (M—+BuCO,H™", 14), 97 (19), 95
(19), 85 (20), 81 (15), 79 (20), 69 (16), 68 (18), 57 (100), 55
(18).

6.2.3. (2R*)-2-[(18*,2R*)-2-(Hydroxymethyl)cyclo-
propyllpropyl 2,2-dimethylpropanoate 5c. This com-
pound was prepared from 3c¢'®'! (1.28 g, 3.47 mmol)
following the procedure described for the preparation of
5a from 3a. Purification by flash chromatography (pentane—
Et;,0: 60/40-50/50) afforded 676 mg (91%) of Sc¢ as a
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colorless oil; IR 3420, 1725, 1290, 1160, 1035 cm_l; 'H
NMR 6 4.28 (dd, J=10.8, 4.0 Hz, 1H), 3.78 (dd, J=10.8,
8.3 Hz, 1H), 3.76 (m, 1H), 3.46 (m, 1H), 2.81 (br s, 1H,
OH), 1.36 (m, 1H), 1.18 (m, 1H), 1.16 (s, 9H), 1.04 (d, J=
6.7 Hz, 3H), 0.72-0.58 (m, 2H), —0.06 (m, 1H); >*C NMR
6 179.1 (s), 69.7 (1), 62.7 (t), 38.8 (s), 32.6 (d), 27.1 (g, 3C),
19.7 (d), 18.8 (d), 17.9 (q), 7.6 (t); MS-EI m/z (relative
intensity) 197 (M—OH™, 3), 183 (M—CH,OH ™, 3), 112
(M—#-BuCO,H™, 14), 97 (17), 95 (17), 85 (21), 81 (16), 79
(20), 69 (18), 68 (16), 57 (100), 55 (16).

6.2.4. (2R*)-2-{(1R*,25%)-2-[(Benzyloxy)methyl]cyclo-
propyl}propan-1-0l 4a and (25%)-2-{(1R*,25%)-2-
[(benzyloxy)methyl]cyclopropyl}propan-1-ol 4b.'*!! To
a solution of 2 (340 mg, 1.68 mmol) in THF (5 mL) at
—30°C, was added BH3-THF (1.7mL, 1M in THF,
1.7 mmol, 1.0 equiv) and the reaction mixture was allowed
to warm to rt for 1 h. After 1 h, a 6 M aqueous solution of
NaOH (5 mL) and a 30% aqueous H,O, solution (5 mL)
were successively added dropwise at O °C. After 3 h at rt, the
resulting mixture was extracted with Et,O and the combined
extracts were washed with brine, dried over MgSOy,, filtered
and concentrated under reduced pressure. The residue was
purified by flash chromatography (cyclohexane-EtOAc:
80/20) to afford 144 mg (39%) of 4a and 92 mg (25%) of 4b
as colorless oils.

Compound (4a). R; 0.42 (cyclohexane-EtOAc: 50/50); IR
3430, 1095, 1070, 1030 cm ™~ '; 'H NMR 6 7.38-7.23 (m,
5H), 4.55 (d, J=12.2 Hz, 1H), 4.47 (d, J=12.2 Hz, 1H),
3.73 (dd, J=9.5, 5.3 Hz, 1H), 3.62-3.46 (m, 2H), 3.25 (br s,
1H, OH), 2.86 (dd apparent t, /=9.5 Hz, 1H), 1.14-0.94 (m,
3H), 0.90 (d, J=6.4 Hz, 3H), 0.40-0.28 (m, 2H); >*C NMR
0 138.1 (s), 128.3 (d, 2C), 127.5 (d), 127.4 (d, 2C), 74.3 (1),
72.7 (1), 69.1 (1), 40.0 (d), 21.7 (d), 18.1 (d), 16.4 (q), 7.1 (t);
MS-EI m/z (relative intensity) 161 (M—CH;CHCH,OH ",
4), 108 (11), 107 (13), 92 (15), 91 (100), 82 (10).

Compound (4b). Ry 0.22 (cyclohexane-EtOAc: 50/50); IR
3400, 3080, 1090, 1070, 1030 cm ™~ '; "H NMR 6 7.40-7.24
(m, 5H), 4.55 (d, J=12.1 Hz, 1H), 4.50 (d, /J=12.1 Hz,
1H), 3.54 (d, J=5.9 Hz, 2H), 3.40 (dd, /=10.0, 6.6 Hz,
1H), 3.24 (dd, /=10.0, 7.4 Hz, 1H), 2.16 (br s, 1H, OH),
1.24 (m, 1H), 0.93 (m, 1H), 0.92 (d, J=6.8 Hz, 3H), 0.55-
0.49 (m, 2H), 0.42 (m, 1H); ">C NMR 6 138.4 (s), 128.3 (d,
20), 127.5 (d, 20), 127.4 (d), 74.2 (1), 72.4 (1), 68.3 (1), 38.6
(d), 20.3 (d), 15.4 (q), 15.3 (d), 9.0 (t); MS-EI m/z (relative
intensity) 161 (M —CH;CHCH,OH ™, 3), 108 (12), 92 (15),
91 (100), 82 (10).

6.2.5. (2R*)-2-{(15%*,25%)-2-[(Benzyloxy)methyl]cyclo-
propyl}propyl 2,2-dimethylpropanoate 6a. To a solution
of 4a (460 mg, 2.09 mmol) and DMAP (383 mg,
3.13 mmol, 1.5 equiv) in CH,Cl, (10 mL) at rt, was added
PivCl (310 uL, 2.50 mmol, 1.2 equiv). After 2h, the
reaction was quenched with MeOH (1 mL). After 20 min,
a saturated aqueous NaHCO; solution was added and the
resulting mixture was extracted with Et,O. The combined
extracts were dried over MgSQ,, filtered and concentrated
under reduced pressure. The residue was purified by flash
chromatography (cyclohexane—-EtOAc: 95/5) to afford
614 mg (96%) of 6a as a colorless oil; IR 3060, 1725,
1480, 1290, 1160, 1095 cm™'; '"H NMR 6 7.36-7.23 (m,

5H), 4.50 (s, 2H), 4.07 (dd, J=10.8, 5.5 Hz, 1H), 3.95 (dd,
J=10.8, 6.8 Hz, 1H), 3.45 (dd, J=10.1, 6.1 Hz, 1H), 3.16
(dd, J=10.1, 7.5 Hz, 1H), 1.19 (m, 1H), 1.19 (s, 9H), 0.98
(d, J=6.6 Hz, 3H), 0.98 (m, 1H), 0.54-0.36 (m, 3H); "*C
NMR 6 178.4 (s), 138.5 (s), 128.3 (d, 2C), 127.5 (d, 2C),
127.4 (d), 73.7 (t), 72.4 (1), 69.1 (), 38.7 (s), 37.2 (d), 27.2
(q, 3C), 20.5 (d), 17.5 (d), 16.5 (q), 8.9 (t); MS-EI m/z
(relative intensity) 213 (M—CH,Ph ™, 1), 96 (22), 95 (17),
92 (12), 91 (100), 81 (16), 57 (37). Anal. Calcd for
C19H2505: C, 74.96; H, 9.27. Found: C, 74.81; H, 9.37.

6.2.6. (25%)-2-{(15*,25%*)-2-[(Benzyloxy)methyl]cyclo-
propyl}propyl 2,2-dimethylpropanoate 6b. This com-
pound was synthesized from 4b (100 mg, 0.44 mmol)
following the procedure described for the preparation of
6a from 4a. Purification by flash chromatography (cyclo-
hexane-EtOAc: 95/5) afforded 129 mg (93%) of 6b as a
colorless oil; IR 3060, 1730, 1285, 1165, 1100 cm_l; 'H
NMR ¢ 7.35-7.25 (m, 5H), 4.56 (d, /=12.0 Hz, 1H), 4.49
(d, J=12.0 Hz, 1H), 4.07 (dd, J=10.8, 5.5 Hz, 1H), 3.90
(dd, J=10.8, 6.8 Hz, 1H), 3.38 (dd, J=10.3, 6.6 Hz, 1H),
3.27 (dd, J=10.3, 7.0 Hz, 1H), 1.21 (m, 1H), 1.20 (s, 9H),
1.04 (d, J=6.6 Hz, 3H), 0.93 (m, 1H), 0.52-0.39 (m, 3H);
13C NMR 6 178.5 (s), 138.6 (s), 128.3 (d, 2C), 127.5 (d, 2C),
127.4 (d), 74.0 (1), 72.4 (1), 69.0 (t), 38.8 (s), 37.3 (d), 27.2
(q, 3C), 20.8 (d), 16.8 (q), 16.7 (d), 9.8 (t); MS-EI m/z
(relative intensity) 304 (M™, 1), 247 M—#Bu™, 1), 197
(15),96 (11),95 (21),92 (13),91 (100), 57 (37). Anal. Calcd
for C19H,305: C, 74.96; H, 9.27. Found: C, 74.82; H, 9.42.

6.2.7. (2R*)-2-{(1R*,2R*)-2-[(Benzyloxy)methyl]cyclo-
propyl}propan-1-0l 4c. To a solution of 8 (5.68 g,
28.1 mmol) in THF (300 mL) at —30°C, was added
BH;-THF complex (32mL, 1M in THF, 32 mmol,
1.1 equiv) and the reaction mixture was allowed to warm
to rt for 1 h. After 2h, a 3 M aqueous NaOH solution
(70 mL) and a 30% aqueous H,O, solution (70 mL) were
successively added dropwise at 0 °C. After 3 h at rt, the
aqueous phase was extracted with Et,O, the combined
extracts were washed with brine, dried over MgSQOy, filtered
and concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—-EtOAc
gradient: 90/10-70/30) to afford 5.04 g (82%) of 4c¢ as a
colorless oil; IR 3420, 3060, 1090, 1070 cmfl; '"H NMR 6
7.40-7.24 (m, 5H), 4.51 (s, 2H), 3.80 (br s, 1H, OH), 3.80
(dd, /=104, 5.1 Hz, 1H), 3.57 (dd, /=104, 4.5 Hz, 1H),
3.43 (dd apparent t, J=10.0 Hz, 1H), 3.11 (dd apparent t,
J=10.0 Hz, 1H), 1.34-1.18 (m, 2H), 0.96 (d, /J=6.8 Hz,
3H), 0.73-0.59 (m, 2H), —0.11 (m, 1H); >*C NMR 6 137.4
(s), 128.3 (d, 20), 127.8 (d, 2C), 127.7 (d), 72.9 (1), 70.4 (1),
68.8 (1), 35.1 (d), 21.1 (d), 17.7 (q), 16.2 (d), 6.3 (t); MS-EI
mlz (relative intensity) 143 (M—Ph™, 2), 108 (9), 107 (11),
92 (15), 91 (100), 82 (9), 81 (10), 67 (10), 55 (9). Anal.
Calcd for C4H,¢0,: C, 76.33; H, 9.15. Found: C, 76.14; H,
9.37.

6.2.8. (2R*)-2-{(15*,2R*)-2-[(Benzyloxy)methyl]cyclo-
propyl}propyl 2,2-dimethylpropanoate 6c. This com-
pound was synthesized from 4c¢ (140 mg, 0.636 mmol)
following the procedure described for the preparation of 6a
from 4a. Purification by flash chromatography (cyclo-
hexane-EtOAc: 95/5) afforded 172 mg (90%) of 6¢ as a
colorless oil; IR 3060, 1725, 1285, 1165 cm™'; '"H NMR 6
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7.26-7.15 (m, 5H), 4.47 (d, J=11.8 Hz, 1H), 4.42 (d, J=
11.8 Hz, 1H), 4.17 (dd, J=10.6, 4.1 Hz, 1H), 3.82 (dd, J=
10.6, 8.1 Hz, 1H), 3.45 (dd, J=10.1, 6.9 Hz, 1H), 3.39 (dd,
J=10.1, 7.9 Hz, 1H), 1.31 (m, 1H), 1.17 (s, 9H), 1.13 (m,
1H), 0.97 (d, J=6.7 Hz, 3H), 0.77-0.64 (m, 2H), —0.04 (m,
1H); 3C NMR 6 178.4 (s), 138.4 (s), 128.3 (d, 2C), 127.8 (d,
20), 127.5 (d), 72.8 (1), 70.5 (1), 69.1 (t), 38.8 (s), 32.8 (d),
27.2 (q, 3C), 19.7 (d), 17.6 (q), 16.1 (d), 8.3 (t); MS-EI m/z
(relative intensity) 219 (M—BuCO™, 1), 213 (M—
CH,Ph™, 1), 96 (25), 95 (16), 92 (12), 91 (100), 81 (19),
57 (40). Anal. Calcd for Ci9H,305: C, 74.96; H, 9.27.
Found: C, 74.81; H, 9.39.

6.2.9. 2-{(15*%,2R*)-2-[(Benzyloxy)methyl]cyclopropyl)}
prop-2-en-1-0l 9. To a solution of SeO, (28 mg,
0.25 mmol, 0.5 equiv) in CH,Cl, (10 mL) at 0°C, was
added -BuOOH (370 pL, ca. 5.5 M in decane, 2.04 mmol,
4.0 equiv). After 30 min, a solution of 8 (103 mg,
0.509 mmol) in CH,Cl, (5 mL) was added dropwise and
the reaction mixture was allowed to warm to rt. After 7 h,
the reaction mixture was hydrolyzed with a 1 M aqueous
NaOH solution and extracted with CH,Cl,. The combined
extracts were washed with brine, dried over MgSOy, filtered
and concentrated under reduced pressure. The residue was
dissolved in MeOH (5 mL) and to the resulting solution at
0°C, were successively added CeCl;-7H,O (190 mg,
0.509 mmol, 1.0equiv) and NaBH; (38 mg, 1.0 mmol,
2.0 equiv). After 20 min, the reaction mixture was poured
into a saturated aqueous NH,4CI solution and extracted with
Et,0. The combined extracts were washed with brine, dried
over MgSO,, filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography
(petroleum ether—-EtOAc: 80/20-70/30) to afford 93 mg
(84%) of 9 as a colorless oil; IR 3400, 3060, 1645, 1060,
1030, 905, 740, 700 cm ™~ '; "H NMR 6 7.30-7.16 (m, 5H),
4.93 (br s, 1H), 4.56 (br s, 1H), 4.41 (d, J=11.9 Hz, 1H),
4.34 (d, J=11.9 Hz, 1H), 4.10 (br s, 2H), 3.60 (dd, /=10.0,
4.5 Hz, 1H), 3.50 (br s, 1H, OH), 2.89 (dd, apparent t, J=
10.0 Hz, 1H), 1.54 (m, 1H), 1.40 (m, 1H), 0.71 (m, 1H), 0.45
(m, 1H); 3C NMR 6 145.6 (s), 137.3 (s), 128.3 (d, 2C),
127.9 (d, 2C), 127.7 (d), 110.7 (1), 72.9 (1), 68.6 (t), 67.5 (1),
18.9 (d), 17.4 (d), 5.1 (t); MS (CI", CHy) m/z (relative
intensity) 219 (M+H™, 50), 201 (15), 183 (45), 171 (16),
129 (17), 111 (40), 93 (82), 91 (100); HRMS (CI*, CH,)
Calcd for C4H,90, (M+H™"): 219.1385. Found: 219.1381.

6.2.10. (25%)-2-{(1R*,2R*)-2-[(Benzyloxy)methyl]cyclo-
propyl}propan-1-0l 4d. A solution of AcOH (7.5¢g,
0.12 mol) in EtOH (20 mL) was added over 8 h, via a
syringe pump, to a solution of 9 (86 mg, 0.39 mmol) and
potassium azodicarboxylate (2X24 g added at 4 h intervall,
0.24 mol) in EtOH (60 mL) at 45 °C. After a further 1 h at
40 °C, the reaction mixture was cooled to rt and filtered
through Celite. The filtrate was evaporated under reduced
pressure and the solid residue was triturated in Et,O
(300 mL). The resulting mixture was stirred overnight at
rt, filtered through Celite and the insoluble material was
thoroughly washed with Et,O. The filtrate was evaporated
under reduced pressure and the crude material was analyzed
by '"H NMR and GC-MS, which indicated the formation of
a diastereomeric mixture of 4c¢ and 4d (8/92 ratio).
Purification by flash chromatography (cyclohexane—
EtOAc: 75/25) afforded 64 mg (74%) of 4d as a colorless

oil; IR 3380, 3060, 1090, 1070, 1020, 750, 740, 700 cm ™ ';
'"H NMR 6 7.37-7.27 (m, 5H), 4.57 (d, J=11.9 Hz, 1H),
4.51 (d, J=11.9 Hz, 1H), 3.64 (dd, J=10.7, 5.7 Hz, 1H),
3.53 (dd, J=10.3, 6.6 Hz, 1H), 3.52 (dd, /J=10.7, 6.2 Hz,
1H), 3.44 (dd, J=10.3, 8.0 Hz, 1H), 1.77 (br s, 1H, OH),
1.27-1.14 (m, 2H), 1.08 (d, /=6.3 Hz, 3H), 0.81-0.62 (m,
2H), 0.13 (m, 1H); >°C NMR 6 138.4 (s), 128.3 (d, 20),
127.7 (d, 2C), 127.5 (d), 72.8 (1), 70.3 (t), 68.9 (t), 35.9 (d),
19.7 (d), 17.3 (q), 14.0 (d), 8.5 (t); MS (CI", CH,) m/z
(relative intensity) 221 M+H™, 17), 123 (37), 113 (51), 95
(100), 91 (100). Anal. Calcd for C;4H,,0,: C, 76.33; H,
9.15. Found: C, 76.03; H, 9.46.

6.2.11. (25%)-2-{(15*,2R*)-2-[(Benzyloxy)methyl]cyclo-
propyl}propyl 2,2-dimethylpropanoate 6d. This com-
pound was synthesized from 4d (50 mg, 0.23 mmol)
following the procedure described for the preparation of
6¢c from 4c. Purification by flash chromatography
(petroleum ether—EtOAc: 95/5) gave 59 mg (87%) of 6d
as a colorless oil; IR 3070, 1730, 1290, 1165, 1090 cm ™ !;
"H NMR 6 7.35-7.25 (m, 5H), 4.56 (d, J=12.0 Hz, 1H),
4.49 (d, J=12.0 Hz, 1H), 4.09 (dd, J=10.7, 5.5 Hz, 1H),
3.91 (dd, /=10.7, 7.0 Hz, 1H), 3.54 (dd, /=10.3, 6.3 Hz,
1H), 3.40 (dd, J=10.3, 8.1 Hz, 1H), 1.42-1.14 (m, 2H),
1.20 (s, 9H), 1.09 (d, J=6.6 Hz, 3H), 0.78-0.64 (m, 2H),
0.10 (m, 1H); ?C NMR 6 178.5 (s), 138.4 (5), 128.3 (d, 20),
127.6 (d, 2C), 127.5 (d), 72.8 (t), 70.2 (t), 69.6 (t), 38.7 (s),
33.1 (d), 27.2 (q, 3C), 19.8 (d), 17.6 (q), 14.6 (d), 8.7 (1);
MS-EI m/z (relative intensity) 304 (M™", 1), 247 M —r-
Bu*, 1), 197 (20), 95 (23), 92 (13), 91 (100), 57 (38). Anal.
Calcd for C;oH,305: C, 74.96; H, 9.27. Found: C, 74.79; H,
9.39.

6.3. Preparation of cyclopropanemethanols of type E

6.3.1. (2R*,35%)-2-{(15%,25%)-2-[(Benzyloxy)methyl]-
cyclopropyl}pentan-3-ol 11a and (2R*,3R*)-2-{(1S%,
25%*)-2-[(benzyloxy)methyl]cyclopropyl}pentan-3-ol
11'a. To a solution of 4a (1.00 g, 4.55 mmol) in CH,Cl,—
MeCN (9/1, 10 mL) at 0 °C, were successively added NMO
(799 mg, 6.82 mmol, 1.5 equiv), 4 A powdered molecular
sieves (2.3 g) and TPAP (102 mg, 0.290 mmol, 0.06 equiv).
After 3 h at rt the reaction mixture was concentrated under
reduced pressure and the residue was filtered through silica
gel (CH,CLL-EtOAc: 50/50). The filtrate was evaporated
under reduced pressure and the crude aldehyde 10a was
dissolved in Et,O (1 mL). The resulting solution was added
to a solution of EtMgBr (3.0 mL, 3 M in Et,0, 9.0 mmol,
2.0 equiv) in Et,0O (10 mL) at —50 °C. After 1 h at —50 °C,
the reaction mixture was warmed to rt, poured into a
saturated aqueous NH4Cl1 solution and extracted with Et,0.
The combined extracts were dried over MgSQy, filtered and
concentrated under reduced pressure. The crude material
was analyzed by "H NMR and GC-MS, which indicated a
77/23 ratio of the two diastereomers 11a and 11'a. After
purification by flash chromatography (petroleum ether—
EtOAc gradient: 95/5-80/20), 92 mg (8%) of 11'a (minor
diastereomer) and 358 mg (32%) of 1la (major dia-
stereomer) were obtained as colorless oils.

Compound (11'a). IR 3430, 1065, 1025, 965, 735,700 cm ™ ';
'H NMR 6 7.42-7.27 (m, SH), 4.60 (d, J=12.5 Hz, 1H),
4.53 (d, J=12.5Hz, 1H), 3.78 (dd, J=9.4, 5.1 Hz, 1H),
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3.53 (brs, 1H, OH), 3.46 (td, J=8.1, 2.9 Hz, 1H), 2.83 (dd,
apparent t, J=9.4 Hz, 1H), 1.71 (m, 1H), 1.42 (m, 1H), 1.17
(m, 1H), 1.01 (t, J=7.4 Hz, 3H), 0.96 (d, /J=6.6 Hz, 3H),
0.80 (m, 1H), 0.49-0.28 (m, 3H); '*C NMR 6 138.2 (s),
128.3 (d, 2C), 127.5 (d, 3C), 78.5 (d), 74.2 (t), 72.7 (1), 43.4
(d), 26.7 (1), 22.1 (d), 19.4 (d), 16.7 (q), 9.8 (q), 7.2 (t); MS-
EI m/z (relative intensity) 189 (M—EtCHOH™, 0.5), 108
(19), 92 (12), 91 (100), 82 (25), 67 (18).

Compound (11a). IR 3420, 3060, 1090, 1060, 1025, 970,
950, 735,700 cm ™~ '; "H NMR 6 7.34-7.22 (m, 5H), 4.53 (d,
J=12.1 Hz, 1H), 4.46 (d, J=12.1 Hz, 1H), 3.55 (dd, J=
9.9, 5.9 Hz, 1H), 3.45 (m, 1H), 3.03 (dd, J=9.9, 8.5 Hz,
1H), 2.63 (br s, 1H, OH), 1.59-1.37 (m, 2H), 1.06-0.81 (m,
2H), 0.94 (t, J=7.4 Hz, 3H), 0.93 (d, J=5.5 Hz, 3H), 0.56
(m, 1H), 0.44-0.31 (m, 2H); '>*C NMR 6 138.2 (s), 128.2 (d,
2C), 127.4 (d), 127.3 (d, 2C), 76.7 (d), 74.2 (), 72.5 (1), 42.4
(d), 26.3 (1), 20.7 (d), 17.8 (d), 14.2 (q), 10.6 (q), 8.9 (t); MS
(CI", CH,) mlz (relative intensity) 249 (M+H™, 40), 141
(57), 123 (100), 107 (22), 91 (100), 83 (33); HRMS (CI*,
CH,) Caled for Ci6H,s0, (M+H™): 249.1855. Found:
249.1854.

6.3.2. (1R*,2R*)-2-{(15%,25%)-2-[(Benzyloxy)methyl]-
cyclopropyl}-1-ethylpropyl acetate 12a. To a solution of
11a (224 mg, 0.902 mmol) and DMAP (57 mg, 0.47 mmol,
0.5 equiv) in Et,O (5 mL) at rt, was added Ac,O (200 puL,
2.13 mmol, 2.4 equiv). After 12 h at rt, the reaction was
quenched by addition of MeOH (2 mL) at 0°C and the
reaction mixture was hydrolyzed with a saturated aqueous
NaHCOj; solution. The aqueous layer was extracted with
Et,O and the combined extracts were dried over MgSQOy,
filtered and concentrated under reduced pressure. The
residue was purified by flash chromatography (petroleum
ether-EtOAc: 90/10) to afford 240 mg (92%) of 12a as a
colorless oil; IR 3060, 1730, 1240, 1095, 1070, 1020, 955,
735, 700 cm ™~ '; '"H NMR 6 7.40-7.21 (m, 5H), 4.86 (ddd
apparent dt, J=38.5, 4.8 Hz, 1H), 4.50 (s, 2H), 3.46 (dd, /=
10.0, 6.0 Hz, 1H), 3.16 (dd, J=10.0, 7.4 Hz, 1H), 2.02 (s,
3H), 1.81-1.54 (m, 2H), 1.13-0.92 (m, 2H), 0.93 (d, J=
6.6 Hz, 3H), 0.86 (t, J=7.4 Hz, 3H), 0.52-0.39 (m, 2H),
0.35 (m, 1H); '*C NMR 6 170.6 (s), 138.5 (s), 128.1 (d, 2C),
127.3 (d, 2C), 127.2 (d), 78.9 (d), 73.7 (t), 72.3 (1), 40.5 (d),
24.3 (1), 20.8 (q), 20.3 (d), 18.2 (d), 14.7 (q), 9.9 (q), 8.9 (t);
MS (CI*, CH,) m/z (relative intensity) 2901 (M+H™, 27),
183 (100), 123 (82), 91 (41); HRMS (CI", CH,) Calcd for
C1gH»,05 M+H™): 291.1960. Found: 291.1959.

6.3.3. (2R*,3R*)-2-{(1S8*,2R*)-2-[(Benzyloxy)methyl]
cyclopropyl}pentan-3-ol 1lc. Following the procedure
described for the preparation of 11a from 6a, compound
6¢ (489 mg, 2.2 mmol) was converted to a 85/15 dia-
stereomeric mixture of alcohols 11¢ and 11’c. Purification
by flash chromatography (petroleum ether—EtOAc gradient:
90/10-80/20) afforded 279 mg (51%) of 11c as a colorless
oil; IR 3420, 1090, 1070, 1025, 975, 950, 750, 735,
700cm~'; '"H NMR 6 7.38-7.27 (m, 5H), 4.56 (d, J=
12.1 Hz, 1H), 4.50 (d, J=12.1 Hz, 1H), 3.72 (dd, J=10.0,
5.3 Hz, 1H), 3.50 (m, 1H), 3.22 (dd, apparent t, /= 10.0 Hz,
1H), 3.07 (br d, J=6.6 Hz, 1H, OH), 1.56-1.38 (m, 2H),
1.37-1.18 (m, 2H), 1.00 (t, J=7.4 Hz, 3H), 0.99 (d, J=
7.0 Hz, 3H), 0.86 (m, 1H), 0.73 (m, 1H), —0.11 (m, 1H);
BCNMR 6 137.8 (s), 128.4 (d, 2C), 127.9 (d, 2C), 127.7 (d),

76.9 (d), 72.9 (1), 70.5 (t), 38.1 (d), 26.0 (t), 18.6 (d), 16.6
(d), 16.4 (q), 11.1 (q), 7.2 (t); MS-EI m/z (relative intensity)
219 (M—C,H5", 0.3), 108 (19), 92 (13), 91 (100), 82 (26),
81 (11), 67 (19).

6.3.4. (1R*2R%*)-2-{(15*,2R*)-[(Benzyloxy)methyl]-
cyclopropyl}-1-ethylpropyl acetate 12¢. This compound
was synthesized from 11c (116 mg, 0.468 mmol) following
the procedure described for the preparation of 12a from 11a.
Purification by flash chromatography (petroleum ether—
EtOAc: 90/10) afforded 121 mg (89%) of 12¢ as a colorless
oil; IR 3050, 1735, 1240, 1090, 1075, 1025, 1015, 955, 740,
700cm™'; '"H NMR ¢ 7.40-7.27 (m, 5SH), 4.91 (ddd,
apparent td, /=6.9, 3.8 Hz, 1H), 4.57 (d, J=12.0 Hz, 1H),
4.52 (d, J=12.0 Hz, 1H), 3.65 (dd, J=10.1, 6.6 Hz, 1H),
3.33 (dd, J=10.1, 8.1 Hz, 1H), 2.05 (s, 3H), 1.62-1.52 (m,
2H), 1.28-1.16 (m, 2H), 1.01 (d, J=6.6 Hz, 3H), 0.83 (t,
J=1.5 Hz, 3H), 0.85-0.74 (m, 2H), 0.05 (m, 1H); '>*C NMR
6 170.9 (s), 138.5 (s), 128.3 (d, 2C), 127.7 (d, 2C), 127.5 (d),
78.9 (d), 72.7 (v), 70.7 (t), 35.8 (d), 24.8 (t), 21.1 (q), 20.1
(d), 16.5 (d), 15.1 (q), 10.3 (q), 8.9 (t); MS-EI m/z (relative
intensity) 261 (M—C,H5", 0.1), 230 (M—CH;CO,H™,
0.5), 124 (11), 95 (13), 92 (11), 91 (100), 81 (12).

6.3.5. (3S*,4R*)-4-{(15*,2R*)-2-[(Benzyloxy)methyl]-
cyclopropyl}-2-methylpent-1-en-3-ol 13. To a solution of
4c (970 mg, 4.41 mmol) in CH,Cl,/MeCN (9/1, 10 mL) at
0 °C, were successively added NMO (825 mg, 7.04 mmol,
1.5 equiv), 4 A powdered molecular sieves (2.3 g) and
TPAP (93 mg, 0.26 mmol, 0.06 equiv). After 3 h at rt the
reaction mixture was concentrated under reduced pressure
and the residue was filtered through silica gel (CH,Cl,—
EtOAc: 50/50). The filtrate was evaporated under reduced
pressure and the crude aldehyde 10¢ was dissolved in THF
(2 mL). The resulting solution was added to a solution of
isopropenylmagnesium bromide (18 mL, 0.5 M in THF,
9.0 mmol, 2.0 equiv) in THF (10 mL) at —30 °C. After 1 h
at —30 °C, the reaction mixture was poured into a saturated
aqueous NH4Cl solution and extracted with Et,O. The
combined extracts were dried over MgSQ,, filtered and
concentrated under reduced pressure. The crude material
was analyzed by 'H NMR which indicated a 85/15 ratio of
the two diastereomers 13 and 13'. Purification by flash
chromatography (petroleum ether—EtOAc: 90/10-80/20)
afforded 490 mg (43%) of 13 as a pale yellow oil; IR
3420, 3060, 1645, 1115, 1085, 1070, 1025, 900, 750, 735,
700 cm ™ '; "H NMR 6 7.36-7.27 (m, 5H), 4.95 (br s, 1H),
490 (q, J=1.5 Hz, 1H), 4.57 (d, J=11.9 Hz, 1H), 4.51 (d,
J=11.9 Hz, 1H), 4.21 (m, 1H), 3.71 (dd, J=9.9, 5.5 Hz,
1H), 3.32 (dd, apparent t, J=9.9 Hz, 1H), 2.79 (d, J=
6.3 Hz, 1H, OH), 1.69 (br s, 3H), 1.42-1.20 (m, 2H), 0.95
(m, 1H), 0.95 (d, J=7.0 Hz, 3H), 0.78 (m, 1H), —0.04 (m,
1H); >*C NMR 6 146.4 (s), 138.0 (s), 128.4 (d, 2C), 127.8 (d,
2C), 127.7 (d), 110.2 (t), 77.9 (d), 72.9 (1), 70.6 (1), 36.8 (d),
19.9 (q), 19.8 (d), 16.6 (d), 14.8 (q), 8.1 (t); MS (CI*, CH,)
m/z (relative intensity) 261 (M+H+, 60), 243 (30), 161
(61), 153 (70), 135 (65), 107 (42), 91 (100), 71 (42); HRMS
(CI", CH,) Caled for C;7Hps0, (M+H™): 261.1855.
Found: 261.1853.

6.3.6. (2R*,35*,4R*)-4-{(1S*,2R*)-2-[(Benzyloxy)-
methyl]cyclopropyl}-2-methylpentane-1,3-diol 14. To a
solution of 9-BBN-H (5 mL, 0.5M in THF, 2.5 mmol,
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2.7 equiv) at —30 °C, was added a solution of 13 (242 mg,
0.929 mmol) in THF (2 mL). The reaction mixture was
warmed to rt and after 2 h, a 3 M aqueous NaOH solution
(2.2 mL) and a 30% aqueous H,0, solution (2.2 mL) were
successively added at 0 °C. After 2 h at rt, the resulting
mixture was diluted with water and extracted with EtOAc.
The combined extracts were dried over MgSQy, filtered and
concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—EtOAc
gradient: 70/30-40/60) to afford 251 mg (97%) of 14 as a
colorless oil and a 9/1 mixture of diastereomers; IR 3370,
3060, 1370, 1110, 1085, 1070, 1025, 1010, 980, 750, 740,
700 cm~'; Only the major diastereomer could be accurately
described; '"H NMR 6 7.36-7.27 (m, 5H), 453 d, J=
11.8 Hz, 1H), 4.48 (d, J=11.8 Hz, 1H), 3.72-3.48 (m, 5H),
3.29 (dd, apparent t, J=9.4 Hz, 1H), 1.87-1.15 (m, 4H),
1.00 (d, J=7.0 Hz, 3H), 1.06-0.95 (m, 1H), 0.80 (m, 1H),
0.70 (d, J=6.8 Hz, 3H), —0.02 (m, 1H); ">*C NMR ¢ 138.0
(s), 128.4 (d, 2C), 127.8 (d, 2C), 127.7 (d), 79.8 (d), 72.9 (1),
70.6 (t), 68.7 (1), 37.3 (d), 35.6 (d), 20.0 (d), 16.3 (d), 13.6
(@), 13.0 (q), 8.4 (t); MS-EI m/z (relative intensity) 219
(M—HOCH,CH(CH3) ™", 2), 108 (23), 107 (11), 92 (12), 91
(100), 82 (26), 81 (11), 67 (19).

6.3.7. (2R*,35%*,4R*)-3-Acetoxy-4-{(1S*,2R*)-2-[(benzyl-
oxy)methyl]cyclopropyl}-2-methylpentyl acetate 15. To a
solution of 14 (240 mg, 0.863 mmol) in Et,O (10 mL) at
0°C, were successively added DMAP (101 mg,
0.827 mmol, 1.0 equiv) and Ac,O (400 pL, 4.26 mmol,
5.0 equiv). After 2 h at rt, the reaction was quenched by
dropwise addition of MeOH (4 mL) at 0 °C and the resulting
mixture was hydrolyzed with a saturated aqueous NaHCO3
solution. The aqueous layer was extracted with EtOAc and
the combined extracts were dried over MgSOQ,, filtered and
concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—-EtOAc:
80/20) to afford 255 mg (82%) of 15 as a colorless oil; IR
1740, 1235, 1070, 1020, 735, 700 cm ™~ '; 'H NMR 6 7.43~
7.25 (m, 5H), 5.09 (dd, /=9.6, 2.6 Hz, 1H), 4.61 (d, J=
12.0 Hz, 1H), 4.55 (d, /=12.0 Hz, 1H), 3.97 (dd, /=11.0,
4.0 Hz, 1H), 3.91 (dd, /J=11.0, 6.3 Hz, 1H), 3.64 (dd, J=
10.3, 7.4 Hz, 1H), 3.50 (dd, J=10.3, 7.0 Hz, 1H), 2.09 (s,
3H), 2.05 (m, 1H), 2.00 (s, 3H), 1.39 (m, 1H), 1.24 (m, 1H),
1.03 (d, J=6.6 Hz, 3H), 0.89 (d, J="7.0 Hz, 3H), 0.84-0.68
(m, 2H), 0.10 (m, 1H); >C NMR 6 170.8 (s), 170.2 (s),
138.4 (s), 128.1 (d, 2C), 127.4 (d, 2C), 127.2 (d), 77.0 (d),
72.3 (t), 70.2 (), 66.0 (t), 34.4 (d), 34.1 (d), 20.7 (q), 20.6
(q), 20.3 (d), 16.1 (d), 13.9 (q), 13.3 (q), 9.0 (t); MS (CI*,
CH,) mlz (relative intensity) 363 (M+H™, 10), 255 (100),
195 (50), 153 (28), 135 (70), 107 (14), 91 (24); HRMS
(CI", CH,) Caled for CyH;,0s (M+HT): 363.2171.
Found: 363.2167.

6.4. Preparation of cyclopropanealkanols of type G and H

6.4.1. (2R*)-2-[(1R*,2R*)-2-((1R*)-1-Hydroxypropyl)-
cyclopropyl]propyl 2,2-dimethylpropanoate 17 and
(2R*)-2-[(1R*,2R*)-2-((15*)-1-hydroxypropyl)cyclo-
propyl]lpropyl 2,2-dimethylpropanoate 17'. To a solution
of S¢ (670 mg, 3.12 mmol) in CH,Cl, (30 mL) at rt, were
successively added powdered 4 A molecular sieves (2.7 g)
and PCC (1.35g, 6.25 mmol, 2equiv). After 1h, the
reaction mixture was diluted with Et,O (200 mL) and

filtered through silica gel (Et,O). The filtrate was
evaporated under reduced pressure to give 630 mg (94%)
of the crude aldehyde 16 as a pale yellow oil, which was
dissolved in THF (10 mL). To the resulting solution at 0 °C,
was added EtMgBr (1.5mL, 3M in Et,O, 4.5 mmol,
1.5 equiv), and after 30 min, the reaction mixture was
poured into a saturated aqueous NH4Cl solution and
extracted with Et,O. The combined extracts were dried
over MgSO,, filtered and concentrated under reduced
pressure. The crude material was analyzed by '"H NMR
which indicated a 60/40 ratio of the two diastereomers 17
and 17’. Purification by flash chromatography (pentane—
Et,0 gradient: 80/20-50/50) afforded 130 mg (18%) of 17’
and 240 mg (34%) of 17 as colorless oils.

Compound (17"). R 0.32 (pentane—Et,0O: 70/30); IR 3480,
3060, 1730, 1290, 1165, 1035, 990, 970, 775cm™'; 'H
NMR 6 4.45 (dd, J=11.0, 4.0 Hz, 1H), 3.90 (dd, J=11.0,
8.3 Hz, 1H), 3.22 (br s, 1H, OH), 3.12 (m, 1H), 1.71-1.60
(m, 2H), 1.45 (m, 1H), 1.28-1.19 (m, 1H), 1.21 (s, 9H), 1.08
(d, J=6.6 Hz, 3H), 1.00 (t, J=7.4 Hz, 3H), 0.73 (m, 1H),
0.58 (m, 1H), —0.06 (m, 1H); '*C NMR 6 179.1 (s), 73.6
(d), 70.0 (1), 38.8 (s), 32.6 (d), 30.7 (1), 27.1 (q, 3C), 23.4 (d),
19.2 (d), 18.1 (q), 10.2 (q), 7.9 (t); MS-EI m/z (relative
intensity) 225 (M—OH™, 1), 213 M —C,H5", 5), 140 M —
-BuCO,H™, 8), 111 (43), 103 (11), 93 (28), 85 (30), 82
(14), 81 (18), 69 (29), 67 (15), 57 (100), 55 (18).

Compound (17). R; 0.18 (pentane—Et,O: 70/30); IR 3450,
3070, 1730, 1290, 1165, 1035, 990, 965, 855, 775 cm ™ ; 'H
NMR 6 4.18 (dd, J=10.7, 3.7 Hz, 1H), 3.79 (dd, J=10.7,
8.5 Hz, 1H), 3.35 (ddd apparent td, J=7.8, 3.7 Hz, 1H),
2.00 (br's, 1H, OH), 1.73 (m, 1H), 1.67—1.46 (m, 2H), 1.21
(s, 9H), 1.01-0.93 (m, 1H), 1.07 (d, J=6.6 Hz, 3H), 1.03 (t,
J=7.4Hz, 3H), 0.76-0.67 (m, 2H), 0.21 (m, 1H); '>*C NMR
6 178.6 (s), 72.3 (d), 69.0 (t), 38.8 (s), 32.8 (d), 31.3 (1), 27.2
(q, 3C), 23.4 (d), 20.4 (d), 18.0 (q), 10.0 (q), 7.1 (t); MS-EI
mlz (relative intensity) 225 (M—OH ™, 1), 213 (M—C,H5",
5), 140 M —#-BuCO,H™, 7), (111 (41), 103 (12), 93 (28),
85 (29), 81 (18), 69 (29), 67 (15), 57 (100), 55 (18).

6.4.2. Epimerization of 17 to 17’ by an oxidation-
stereoselective reduction sequence. To a solution of 17
(50 mg, 0.21 mmol) in CH,Cl, (5 mL) at rt, were added
powdered 4 A molecular sieves (200 mg) and PCC (90 mg,
0.42 mmol, 2 equiv). After 2 h, the reaction mixture was
diluted with Et,O (50 mL) and filtered through silica gel
(Et,0). The filtrate was evaporated and the crude
cyclopropylketone 18 was dissolved in MeOH (4 mL). To
the resulting solution at 0 °C, was added portionwise NaBH,4
(40 mg, 1.0 mmol, 5 equiv). After 1 h at rt, the reaction
mixture was hydrolyzed with a saturated aqueous NH,Cl
solution and extracted with Et,O. The combined extracts
were dried over MgSQ,, filtered and concentrated under
reduced pressure. The crude material was analyzed by 'H
NMR and GC-MS which indicated a 12/88 ratio of the two
diastereomers 17 and 17'. Purification by flash chromato-
graphy (petroleum ether—EtOAc: 90/10, 80/20) afforded
36 mg (72%) of 17’ as a colorless oil.

6.4.3. ((2R*)-2-{(18*,2R*)-2-[(Benzyloxy)methyl]cyclo-
propyl})propoxy-fert-butyldiphenylsilane 19. To a
solution of 4¢ (1.87 g, 8.50 mmol) and imidazole (1.41 g,
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20.7 mmol, 2.4 equiv) in DMF (8 mL) was added TBDPSCI1
(2.70 mL, 10.4 mmol, 1.2 equiv). After 1 h at rt, the reaction
mixture was hydrolyzed with a saturated aqueous NH4Cl
solution and extracted with a petroleum ether—CH,Cl, (90/
10) mixture. The combined extracts were washed with
brine, dried over MgSQ,, filtered and concentrated under
reduced pressure. The residue was purified by flash
chromatography (petroleum ether—EtOAc: 95/5) to afford
3.47 g (89%) of 19 as a colorless oil; IR 3060, 1590, 1110,
1080, 820, 740, 710, 700, 690, 610 cm ~'; "H NMR 6 7.75—
7.69 (m, 4H), 7.48-7.35 (m, 6H), 7.34-7.25 (m, 5H), 4.43
(d,J=12.1 Hz, 1H), 4.38 (d, J=12.1 Hz, 1H), 3.79 (dd, J=
9.7, 42 Hz, 1H), 3.57 (dd, J=9.7, 7.2 Hz, 1H), 3.43 (dd,
J=10.3, 7.0 Hz, 1H), 3.31 (dd, J=10.3, 7.5 Hz, 1H), 1.28
(m, 1H), 1.17 (d, J=6.3 Hz, 3H), 1.11 (m, 1H), 1.10 (s, 9H),
0.82-0.69 (m, 2H), 0.05 (m, 1H); '*C NMR ¢ 138.6 (s),
135.6 (d, 4C), 134.2 (s), 134.0 (s), 129.5 (d, 2C), 128.3 (d,
2C), 127.6 (d, 2C), 127.5 (d, 4C), 127.3 (d), 72.6 (t), 70.7 (t),
68.8 (1), 36.1 (d), 26.9 (q, 3C), 19.7 (d), 19.3 (s), 17.8 (q),
16.1 (d), 8.6 (t); MS-EI m/z (relative intensity) 401 (M —1-
Bu*, 2), 319 (20), 290 (14), 289 (52), 259 (31), 233 (40),
211 (28), 205 (29), 199 (32), 183 (35), 167 (23), 139 (23),
135 (20), 95 (27), 91 (100); HRMS (CI*, CH,4) Calcd for
C30H300,81 M+H™): 459.2719. Found: 459.2721.

6.4.4. {(1R*,25%)-2-[(1R*)-2-(tert-Butyldiphenylsilyl)-
oxy-1-methylethyl]cyclopropyl}methanol 20. To a
solution of 19 (1.80 g, 3.91 mmol) in EtOH (60 mL) was
added Pd/C (250 mg, 5% Pd, 0.117 mmol, 0.03 equiv) and
the resulting mixture was stirred under an atmosphere of H,.
After 24 h, the reaction mixture was diluted with CH,Cl,
and filtered through Celite. The filtrate was concentrated
under reduced pressure and the residue was purified by flash
chromatography (petroleum ether—EtOAc: 85/15) to afford
2.21 g (86%) of 20 as a white solid; mp=74 °C; IR 3580,
3410, 3060, 3020, 1590, 1110, 1040, 825, 740, 705,
690 cm ™ '; 'TH NMR 6 7.74-7.70 (m, 4H), 7.49-7.38 (m,
6H), 3.83 (m, 1H), 3.60 (dd, /=10.0, 5.1 Hz, 1H), 3.43 (dd,
J=10.0, 8.3 Hz, 1H), 3.31-3.21 (m, 2H), 1.46 (m, 1H), 1.30
(m, 1H), 1.09 (s, 9H), 0.93 (d, /=7.0 Hz, 3H), 0.72-0.59
(m, 2H), —0.06 (m, 1H); *C NMR 6 135.7 (d, 2C), 135.6
(d, 2C), 133.1 (s), 133.0 (s), 129.7 (d, 2C), 127.7 (d, 4C),
70.7 (t), 63.1 (v), 34.5 (d), 26.8 (q, 3C), 20.8 (d), 19.4 (d),
19.1 (s), 17.8 (q), 7.0 (t); MS-EI m/z (relative intensity) 311
(M—#Bu™, 1), 229 (21), 200 (20), 199 (100), 181 (10), 139
(8),95 (28); HRMS (CI™", CH,) Calcd for C53H330,Si (M +
H™): 369.2250. Found: 369.2248.

6.4.5. 3-{(1R*,25%)-2-[(1R*)-2-(tert-Butyldiphenylsilyl)-
oxy-1-methylethyl]cyclopropyl}-2-methylprop-2-en-1-ol
21. To a solution of 20 (2.03 g, 5.51 mmol) in CH,Cl,
(100 mL) at rt, were successively added powdered 4 A
molecular sieves (4.8 g) and PCC (2.55¢g, 11.8 mmol,
2.1 equiv). After 4 h, the reaction mixture was diluted
with Et,O and filtered through silica gel (Et,O). The filtrate
was evaporated under reduced pressure, and the crude
aldehyde was dissolved in toluene (50 mL). To the resulting
solution was added (carboethoxyethylidene)triphenyl-
phosphorane (3.12 g, 8.59 mmol, 1.5equiv) and the
reaction mixture was heated at reflux. After 12 h, an
additional quantity of (carboethoxyethylidene)triphenyl-
phosphorane (2.14 g, 5.90 mmol, 1.1 equiv) was added
and the reaction mixture was heated at reflux. After 2 h, the

reaction mixture was cooled to rt, evaporated under reduced
pressure and the residue was triturated in pentane. The
insoluble triphenylphosphine oxide was removed by
filtration through Celite (pentane) and the filtrate was
evaporated under reduced pressure. The crude resulting o, 3-
unsaturated ester (2.38 g, 5.28 mmol) was dissolved in
CH,Cl, (70 mL), and to the resulting solution at —70 °C,
was added DIBAL-H (15.0 mL, 1 M in hexanes, 15.0 mmol,
2.8 equiv). After 3 h, the reaction mixture was poured into a
saturated aqueous solution of Rochelle salt (200 mL). After
3 h stirring, the resulting mixture was extracted with Et,O
and the combined extracts were dried over MgSO,, filtered
and concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—EtOAc:
83/17) to afford 1.35 g (60% from 20, 3 steps) of 21 as a
colorless oil; Ry 0.30 (petroleum ether—EtOAc: 80/20); IR
3340, 3060, 1110, 1075, 820, 765, 740, 710, 700, 690 cm ™~ *;
"H NMR 6 7.69-7.64 (m, 4H), 7.48-7.33 (m, 6H), 4.99 (dq,
J=9.4, 1.5 Hz, 1H), 3.83 (d, J=5.9 Hz, 2H), 3.62 (dd, /=
9.6,4.1 Hz, 1H), 3.42 (dd, J=9.6, 7.7 Hz, 1H), 1.64 (d, J=
1.5 Hz, 3H), 1.48 (m, 1H), 1.29 (m, 1H), 1.18 (d, J=6.3 Hz,
3H), 1.04 (s, 9H), 0.98-0.87 (m, 2H), 0.81 (m, 1H), 0.17 (m,
1H); >C NMR 6 135.6 (d, 2C), 135.5 (d, 2C), 135.4 (s),
134.2 (s), 134.0 (s), 129.5 (d, 2C), 127.5 (d, 4C), 126.2 (d),
69.0 (1), 68.2 (1), 36.6 (d), 26.8 (q, 3C), 21.9 (d), 19.3 (s),
17.6 (q), 14.9 (d), 13.9 (q), 12.6 (t); MS-EI m/z (relative
intensity) 351 (M—#-Bu ™", 1), 229 (10), 200 (19), 199 (100),
197 (14), 181 (12), 135 (40), 107 (12), 93 (17); HRMS
(CI'", NH3) Caled for CogH4oNO,Si (M +NH;"): 426.2828.
Found: 426.2814.

6.4.6. Hydroboration of 21. To a solution of 7-hexylborane
[prepared from BH;3-THF (2.2 mL, 1 M in THF, 2.2 mmol,
2.6 equiv) and 2,3-dimethylbut-2-ene (2.2 mL, 1 M in THF,
2.2 mmol, 2.6 equiv), 2 h stirring at 0 °C] at —40 °C, was
added a solution of 21 (350 mg, 0.856 mmol) in THF
(3 mL). The reaction mixture was gradually warmed to rt
over 3 h. After 18 h, the reaction mixture was cooled to 0 °C
and a 3 M aqueous NaOH solution (2 mL) and a 30%
aqueous H,O, solution (2 mL) were successively added.
After 3 h at rt, the resulting mixture was extracted with Et,O
and the combined extracts were washed with brine, dried
over MgSO,, filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography
(petroleum ether—-EtOAc gradient: 75/25-40/60) to afford
21 mg (6%) of 22/, 258 mg (71%) of 22 and 20 mg (6%) of
22" as colorless oils.

6.4.7. (1R*,28%)-1-{(1R*,2R*)-2-[(1R*)-2-(tert-Butyl-
diphenyl-silyl)oxy-1-methylethyl]cyclopropyl}-2-methyl-
propan-1,3-diol 22'. R; 0.54 (petroleum ether—EtOAc: 50/
50); IR 3380, 3060, 1115, 1035, 820, 805, 740, 705 cm ™ ';
"HNMR 6 7.73-7.68 (m, 4H), 7.49-7.37 (m, 6H), 5.18 (brs,
1H, OH), 3.95 (br s, 1H, OH), 3.68-3.61 (m, 2H), 3.66 (dd,
J=9.9, 4.0 Hz, 1H), 3.33 (dd, apparent t, J=9.9 Hz, 1H),
3.09 (dd, /=9.9, 7.9 Hz, 1H), 1.97 (m, 1H), 1.58 (m, 1H),
1.22 (m, 1H), 1.08 (s, 9H), 0.95 (d, J=7.0 Hz, 3H), 0.83 (d,
J=17.0 Hz, 3H), 0.79 (m, 1H), 0.58 (m, 1H), 0.04 (m, 1H);
BCNMR 6 135.7 (d, 2C), 135.6 (d, 2C), 132.5 (s), 132.4 (s),
129.9 (d, 2C), 127.8 (d, 2C), 127.7 (d, 2C), 79.1 (d), 71.3 (v),
68.9 (1), 41.4 (d), 34.2 (d), 26.8 (g, 3C), 23.8 (d), 20.3 (d),
19.0 (s), 17.8 (q), 14.0 (q), 8.4 (t); MS (CI", CH,) m/z
(relative intensity) 427 (M+H™, 94), 409 (39), 391 (30),
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331 (100), 269 (25), 133 (30); HRMS (CI ", CH,4) Calcd for
CaH300581 (M+H™): 427.2668. Found: 427.2667.

6.4.8. (1S*,2R*)-1-{(1R*,2R*)-2-[(1R*)-2-(tert-Butyl-
diphenyl-silyl)oxy-1-methylethyl]cyclopropyl}-2-methyl-
propan-1,3-diol 22. R; 0.37 (petroleum ether—/EtOAc: 50/
50); IR 3350, 3070, 1590, 1110, 1075, 1030, 970, 825, 770,
740, 705, 690 cm ™ '; "H NMR ¢ 7.72-7.67 (m, 4H), 7.50—
7.37 (m, 6H), 3.78 (dd, J=10.8, 3.1 Hz, 1H), 3.63 (dd, J=
9.9, 5.5 Hz, 1H), 3.51 (dd, J=9.9, 6.4 Hz, 1H), 3.50 (dd,
J=11.9, 6.4 Hz, 1H), 3.38 (dd, apparent t, J=6.4 Hz, 1H),
3.20 (br s, 1H, OH), 2.84 (br s, 1H, OH), 1.68 (m, 1H), 1.54
(m, 1H), 1.10-1.00 (m, 1H), 1.12 (d, J=6.6 Hz, 3H), 1.09
(s, 9H), 0.86 (d, J=7.0 Hz, 3H), 0.83-0.67 (m, 2H), 0.22
(m, 1H); 3*C NMR 6 135.6 (d, 2C), 135.5 (d, 2C), 133.6 (s),
133.5 (s), 129.6 (d, 2C), 127.6 (d, 4C), 75.9 (d), 69.0 (t),
66.7 (1), 40.8 (d), 35.3 (d), 26.8 (g, 3C), 22.7 (d), 21.5 (d),
19.2 (s), 18.2 (q), 14.3 (q), 6.2 (t); MS (CI", CH,) m/z
(relative intensity) 427 (M+H™, 62), 409 (100), 391 (17),
331 (48), 160 (14), 139 (14); HRMS (CI*, CH,) Calcd for
Co6H3005Si (M+H™): 427.2668. Found: 427.2667.

6.4.9. (E)-(25*,5R*)-2-[(1R*)-2-(tert-Butyldiphenylsilyl)
oxy-1-methylethyl]-5-methylhex-3-en-1,6-diol 22”. R;
0.24 (petroleum ether—EtOAc: 50/50); IR 3350, 3060,
1110, 1085, 1030, 820, 740, 705 cm ™ '; "H NMR 6 7.70—
7.65 (m, 4H), 7.48-7.37 (m, 6H), 5.42 (dd, J=15.4, 6.8 Hz,
1H), 5.33 (dd, J=15.4, 7.9 Hz, 1H), 3.71 (dd, J=10.7,
5.2 Hz, 1H), 3.61 (dd, J=10.3, 5.9 Hz, 1H), 3.53-3.46 (m,
2H), 3.44 (dd, J=10.3, 5.5 Hz, 1H), 3.35 (dd, J=10.7,
7.2 Hz, 1H), 2.36-2.23 (m, 2H), 1.79 (m, 1H), 1.71-1.49
(2H, OH), 1.07 (s, 9H), 0.98 (d, J=6.6 Hz, 3H), 0.93 (d, J=
6.6 Hz, 3H); '>*C NMR 6 136.2 (d), 135.6 (d, 2C), 135.5 (d,
20), 133.5 (s, 2C), 130.4 (d), 129.7 (d, 2C), 127.7 (d, 4C),
67.2 (1), 66.9 (1), 64.0 (1), 48.6 (d), 39.5 (d), 37.1 (d), 26.9 (q,
3C), 19.2 (s), 16.4 (q), 15.1 (q); MS (CI*, CH,) mlz
(relative intensity) 427 (M+H™, 100), 409 (40), 369 (12),
349 (28), 331 (23); HRMS (CI*, CH,) Calcd for
Co6H3005Si M +H™): 427.2669. Found 427.2670.

6.4.10. (1R*,25%)-1-[(1R*,2R*)-2-((1R*)-2-Hydroxy-1-
methylethyl)cyclopropyl]-2-methylpropan-1,3-diol 23.
To a solution of 22 (560 mg, 1.31 mmol) in THF (10 mL)
at 0 °C, was added dropwise a solution of n-BuyNF (4.0 mL,
I M in THF, 4.0 mmol, 3.1 equiv). After 3 h at rt, the
reaction mixture was concentrated under reduced pressure
and the residue was purified by flash chromatography
(Petroleum ether-EtOAc: 50/50 then EtOAc-MeOH: 90/
10) to afford 188 mg (76%) of 23 as a colorless oil; IR 3300,
1450, 1025, 965cm ™ '; '"H NMR ¢ 3.83 (dd, J=10.9,
3.5 Hz, 1H), 3.70-3.20 (3H, OH), 3.63 (dd, J=10.9, 6.8 Hz,
1H), 3.62 (dd, apparent t, J=6.2 Hz, 1H), 3.55 (dd, /=10.7,
6.6 Hz, 1H), 3.48 (dd, /=10.7, 6.1 Hz, 1H), 1.85 (m, 1H),
1.52 (m, 1H), 1.04 (m, 1H), 1.02 (d, J=6.3 Hz, 3H), 0.99 (d,
J=17.0 Hz, 3H), 0.72-0.59 (m, 2H), 0.22 (m, 1H); ?C NMR
075.0 (d), 68.2 (1), 66.7 (t), 40.8 (d), 35.1 (d), 21.9 (d), 21.8
(d), 18.1 (q), 14.1 (q), 5.8 ().

6.4.11. (25*,3R*)-3-{(1R*,2R*)-2-[(1R*)-2-(2,2-Dimethyl-
propanoyloxy)-1-methylethyl]cyclopropyl}-3-hydroxy-
2-methylpropyl 2,2-dimethylpropanoate 24. To a solution
of 23 (60 mg, 0.32 mmol) and DMAP (87 mg, 0.71 mmol,
2.2 equiv) in CH,Cl, (5mL) at 0°C, was added PivCl

(84 uL, 0.68 mmol, 2.1 equiv). After 2.5h at 0°C, the
reaction mixture was hydrolyzed with a saturated aqueous
NaHCO; solution and extracted with CH,Cl,. The
combined extracts were dried over MgSQOy,, filtered and
concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—EtOAc
gradient: 90/10-80/20) to afford 72 mg (63%) of 24 as a
colorless oil; IR 3500, 1730, 1285, 1160, 1030, 985,
770 cm™'; "H NMR 6 4.26 (dd, J=10.9, 5.2 Hz, 1H), 4.26—
4.16 (m, 1H), 4.19 (dd, /=10.9, 6.4 Hz, 1H), 3.76 (dd, J=
10.7, 8.5 Hz, 1H), 3.52 (dd, apparent t, /=5.5 Hz, 1H), 2.22
(br s, 1H, OH), 2.00 (m, 1H), 1.61 (m, 1H), 1.21 (s, 9H),
1.20 (s, 9H), 1.10 (d, J=7.0 Hz, 3H), 1.07 (d, J=7.0 Hz,
3H), 1.12-0.90 (m, 1H), 0.77-0.64 (m, 2H), 0.33 (m, 1H);
3CNMR 6 178.7 (s, 2C), 71.4 (d), 69.0 (1), 66.0 (t), 40.1 (d),
38.8 (s, 2C), 32.3 (d), 27.2 (g, 6C), 21.3 (d), 20.3 (d), 18.1
(q), 14.5 (q), 6.3 (t); MS (CI", CHy) m/z (relative intensity)
357 (M+H™, 5), 340 (33), 339 M+H™" —H,0, 100), 255
(11), 237 (14), 153 (10), 135 (16); HRMS (CI ", CH,) Calcd
for CooH370s (M+H™): 357.2641. Found: 357.2646.

6.5. Oxymercuration-reductive demercuration of
cyclopropanemethanols of type D

6.5.1. Oxymercuration of 5a: representative procedure.
To a degassed solution of 5a (400 mg, 1.87 mmol) in
CH,Cl, (15 mL) [argon bubbling, 15 min] at rt, was added
Hg(OCOCF;3), (1.59 g, 3.74 mmol, 2 equiv). After 1 h with
exclusion of light [reaction flask wrapped with an aluminum
foil], the reaction mixture was hydrolyzed with a saturated
aqueous KBr solution and extracted with CH,Cl,. The
combined extracts were dried over MgSQOy,, filtered and
concentrated under reduced pressure. The crude material
was purified by flash chromatography (cyclohexane—EtOAc
gradient: 40/60—60/40) to afford 191 mg (20%) of a mixture
of 25'a and 25"a (80/20 ratio) and 562 mg (60%) of 25a, as
colorless foams.

6.5.1.1. Organomercuric 25a. IR 3440, 1710, 1280,
1170, 1025 cm™'; 'THNMR 6 4.71 (dd, J=6.9, 5.7 Hz, 1H),
3.61 (dd, J=11.2, 4.6 Hz, 2H), 3.45 (dd, J=11.2, 5.5 Hz,
1H), 3.38 (dd, /J=11.2, 6.2 Hz, 1H), 2.40 (m, 1H), 1.98 (m,
1H), 1.83 (dd, J=11.9, 44 Hz, 1H), 1.73 (dd, J=11.9,
7.8 Hz, 1H), 1.17 (s, 9H), 0.95 (d, J=6.9 Hz, 3H); '*C NMR
0 179.6 (s), 77.8 (d), 63.2 (1), 62.4 (t), 41.3 (d), 39.1 (s), 36.5
(d), 32.5 (t), 27.2 (q, 3C), 14.6 (q).

6.5.1.2. Organomercuric 25’a. IR 3440, 1710, 1290,
1165, 1030 cm ™~ '; '"H NMR 6 4.29 (dd, J=11.1, 5.3 Hz,
1H), 4.15 (dd, J=11.1, 4.0 Hz, 1H), 3.96 (dd, J=11.0.
4.4 Hz, 1H), 3.67 (dd, J=11.0, 3.4 Hz, 1H), 3.31 (dd, J=
8.4, 3.7 Hz, 1H), 2.38 (m, 1H), 2.01 (m, 1H), 2.01 (dd, J=
11.9, 4.5 Hz, 1H), 1.88 (dd, J=11.9, 5.7 Hz, 1H), 1.22 (s,
9H), 1.00 (d, J=6.8 Hz, 3H); '3*C NMR 6 179.6 (s), 77.3 (d),
66.5 (1), 63.6 (1), 40.1 (d), 38.9 (s), 36.8 (d), 33.7 (1), 27.2 (q,
30), 14.3 (q).

6.5.1.3. Organomercuric 25"a. These spectroscopic
data have been tentatively deduced from the spectra of a
mixture of 25'a and 25”a (80/20 ratio); "H NMR ¢ 4.28 (m,
1H), 3.96 (m, 1H), 3.86 (dd, /=10.6, 3.7 Hz, 1H), 3.62 (m,
1H), 3.50 (m, 1H), 2.65 (m, 1H), 2.15-1.85 (m, 3H), 1.23 (s,
9H), 0.91 (d, J=6.9 Hz, 3H); '*CNMR 6 178.9 (s), 79.1 (d),
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68.4 (1), 65.8 (1), 39.5 (d), 38.8 (s), 37.3 (d), 34.3 (1), 27.0 (q,
30), 13.4 (q).

6.5.2. Reductive demercuration of 25a: representative
procedure. To a degassed solution of 25a (560 mg,
1.10 mmol) in THF (12 mL) [argon bubbling, 15 min] at
rt, were added a catalytic amount of AIBN (2 mg) and
n-BuzSnH (590 pL, 2.19 mmol). Mercury began to precipi-
tate almost instantaneously, and after 1 h at rt the reaction
mixture was hydrolyzed with a 20% aqueous KF solution
(3 mL). After 30 min, the reaction mixture was diluted with
EtOAc, filtered through Celite, and the filtrate was extracted
with EtOAc. The combined extracts were dried over
MgSO,, filtered and concentrated under reduced pressure.
The crude material was purified by flash chromatography
(cyclohexane-EtOAc: 60/40-40/60) to afford 244 mg
(96%) of 26a as a colorless oil.

6.5.2.1. (18*,2R*)-3-Hydroxy-1-((15*)-2-hydroxy-1-
methylethyl)-2-methylpropyl 2,2-dimethylpropanoate
26a. IR 3380, 1710, 1285, 1170, 1030 cm ™ '; "H NMR &
4.80 (t,J=6.4 Hz, 1H), 3.62 (dd, J=11.2, 3.8 Hz, 2H), 3.44
(dd, J=11.2,5.8 Hz, 2H), 3.03 (br s, 2H, OH), 2.00 (m, 2H),
1.23 (s, 9H), 1.02 (d, J=6.9 Hz, 6H); >*C NMR 6 179.4 (s),
77.4 (d), 63.2 (t, 2C), 39.0 (s), 36.5 (d, 2C), 27.1 (g, 3C),
14.4 (q, 2C); MS-EI m/z (relative intensity) 173 (M—
CH;CHCH,OH ™, 4), 147 (5), 133 (M—-BuCO™, 9), 103
(61), 95 (16), 89 (20), 85 (37), 82 (12), 71 (14), 69 (18), 57
(100), 55 (11).

6.5.2.2. (25*,3R*,4R*)-3,5-Dihydroxy-2,4-dimethyl-
pentyl 2,2-dimethylpropanoate 26’a. Reductive demer-
curation of a mixture of 25'a and 25"a (80/20 ratio, 150 mg,
0.294 mmol) with n-BusSnH (150 pL, 0.557 mmol) in the
presence of a catalytic amount of AIBN in THF (4 mL) at rt,
and purification by flash chromatography (cyclohexane—
EtOAc: 60/40-40/60) afforded 66 mg (98%) of 26'a as a
colorless oil; IR 3400, 1710, 1285, 1165, 1030 cm ™ '; 'H
NMR 6 4.22 (dd, J=11.0, 4.8 Hz, 1H), 4.13 (dd, J=11.0,
6.2 Hz, 1H), 3.84 (dd, /=10.8, 3.4 Hz, 1H), 3.61 (dd, J=
10.8, 6.3 Hz, 1H), 3.50 (br m, 1H, OH), 3.41 (dd apparent t,
J=6.1 Hz, 1H), 3.10 (br m, 1H, OH), 2.07 (m, 1H), 1.88 (m,
1H), 1.21 (s, 9H), 1.02 (d, J=7.0 Hz, 3H), 1.00 (d, J=
7.0 Hz, 3H); *C NMR 6 179.0 (s), 79.4 (d), 66.8 (1), 66.0 (1),
38.9 (s), 36.5 (d), 36.0 (d), 27.2 (q, 3C), 14.7 (q), 14.5 (q);
MS-EI m/z (relative intensity) 173 (M —CH;CHCH,-
OH™,16), 103 (100), 89 (42), 85 (57), 82 (10), 71 (22), 57
(84).

6.5.3. Oxymercuration-reductive demercuration of Sb.
Compound 5b (530 mg, 2.47 mmol) was subjected to the
oxymercuration—reductive demercuration representative
procedures. Purification by flash chromatography (cyclo-
hexane—EtOAc: 70/30-50/50) afforded 451 mg (80%) of a
regioisomeric mixture of 26b and 26'b (95/5 ratio).

6.5.3.1. (2R*)-3-Hydroxy-1-((1R*)-2-hydroxy-1-
methyl-ethyl)-2-methylpropyl 2,2-dimethylpropanoate
26b. IR 3400, 1710, 1285, 1180, 1030 cm™'; '"H NMR ¢
4.99 (dd, J=9.9, 2.2 Hz, 1H), 3.54 (dd, J=11.2, 3.5 Hz,
1H), 3.45 (dd, J=11.2, 5.5Hz, 1H), 3.44 (dd, J=11.1,
4.8 Hz, 1H), 3.22 (dd, J=11.1, 9.4 Hz, 1H), 3.09 (br s, 1H,
OH), 2.65 (br s, 1H, OH), 2.10-1.89 (m, 2H), 1.24 (s, 9H),

1.00 (d, J=7.0 Hz, 3H), 0.85 (d, J=7.0 Hz, 3H); °C NMR
6179.9 (s), 73.4 (d), 64.4 (1), 64.0 (1), 39.2 (s), 36.7 (d), 36.5
(d), 27.2 (q, 30), 13.6 (q), 9.5 ().

6.5.3.2. (2R*,35%,4R*)-3,5-Dihydroxy-2,4-dimethyl-
pentyl 2.2-dimethylpropanoate 26'b. IR 3400, 1730,
1710, 1290, 1170, 1030 cm™'; "H NMR 6 4.25 (dd, J=
11.0, 8.5 Hz, 1H), 3.91 (dd, J=11.0, 5.5 Hz, 1H), 3.78-3.60
(m, 2H), 3.47 (d, J=9.2, 2.2 Hz, 1H), 2.03-1.73 (m, 2H),
1.22 (s, 9H), 0.91 (d, J=7.0 Hz, 3H), 0.79 (d, J=7.0 Hz,
3H); 3C NMR 6 179.3 (s), 76.4 (d), 68.6 (t), 66.7 (1), 38.8
(s), 36.9 (d), 35.2 (d), 27.2 (q, 3C), 13.4 (q), 8.9 (q).

6.5.4. Oxymercuration-reductive demercuration of
cyclopropylcarbinol 5c. According to the representative
procedure, oxymercuration of 5¢ (400 mg, 1.87 mmol) and
subsequent purification by flash chromatography (cyclo-
hexane-EtOAc: 80/20) afforded 165 mg (17%) of an
inseparable mixture of 25’c and 25”c¢ (75/25 ratio) and
574 mg (60%) of 25c.

6.5.4.1. Organomercuric 25c. "H NMR 6 4.96 (dd, J=
8.8, 3.7 Hz, 1H), 3.63 (dd, J=9.9, 5.1 Hz, 1H), 3.57-3.40
(m, 3H+OH), 2.73 (br s, 1H, OH), 2.46 (m, 1H), 2.00 (m,
1H), 1.97 (dd, J=11.9, 4.0 Hz, 1H), 1.76 (dd, J=11.9,
9.0 Hz, 1H), 1.25 (s, 9H), 1.03 (d, J=7.0 Hz, 3H); '3*C NMR
0 179.5 (s), 75.4 (d), 65.1 (t), 63.6 (1), 41.3 (d), 39.2 (s), 36.8
(d), 28.7 (1), 27.4 (q, 3C), 14.1 (q).

6.5.4.2. Organomercuric 25'c. '"H NMR 6 4.34 (dd, J=
11.0, 4.8 Hz, 1H), 4.07 (dd, J=11.0, 4.0 Hz, 1H), 3.87-3.62
(m, 3H), 2.39 (m, 1H), 2.01-1.89 (m, 1H), 1.79-1.58 (m,
2H), 1.22 (s, 9H), 0.95 (d, J=7.0 Hz, 3H); '*C NMR 6
179.6 (s), 73.2 (d), 67.4 (1), 66.9 (t), 40.2 (d), 38.9 (s), 36.4
(d), 27.2 (q, 3C), 25.5 (1), 13.8 (q).

6.5.4.3. Organomercuric 25”c. '"HNMR 6 4.16 (dd, J=
11.0,7.3 Hz, 1H), 3.97 (dd, J=11.0, 6.1 Hz, 1H), 3.87-3.62
(m, 3H), 2.66 (m, 1H), 2.01-1.89 (m, 1H), 1.79-1.58 (m,
2H), 1.22 (s, 9H), 0.83 (d, J=7.0 Hz, 3H); >°C NMR 6
179.1 (s), 75.0 (d), 68.4 (1), 67.4 (1), 39.4 (d), 38.8 (s), 36.7
(d), 27.2 (q, 3C), 26.1 (1), 13.2 (q).

According to the representative procedure, reductive
demercuration of 25¢ (570 mg, 1.12 mmol) and purification
by flash chromatography (cyclohexane-EtOAc: 60/40—40/
60) gave 227 mg (88%) of 26b as a colorless oil. Similarly,
reductive demercuration of 25’¢ and 25”¢ (75/25 mixture,
165 mg, 0.324 mmol) afforded, after purification by flash
chromatography (cyclohexane-EtOAc: 60/40-40/60),
52 mg (70%) of a mixture of 26”b and 26'b (75/25 ratio).

6.5.4.4. (25*%,3R*,45%)-3,5-Dihydroxy-2,4-dimethyl-
pentyl 2.2-dimethylpropanoate 26"b. IR 3400, 1730, 1710,
1290, 1170, 1030 cm ™~ '; "THNMR 6 4.35 (dd,J=11.0,5.2 Hz,
1H),4.09 (dd,J=11.0, 3.7 Hz, 1H), 3.78-3.60 (m, 2H+ OH),
3.56(dd, J=9.7,2.0 Hz, 1H), 3.39 (br s, 1H, OH), 2.03-1.73
(m, 2H), 1.22 (s, 9H), 0.95 (d, J=7.0 Hz, 3H), 091 (d, J=
7.0 Hz, 3H); 13C NMR 6 179.4 (s), 74.5 (d), 67.5 (1), 67.0 (v),
38.9 (s), 36.7 (d), 35.7 (d), 27.2 (q, 3C), 13.7 (q), 8.5 (q).

6.5.5. Chemical correlation for the attribution of the
relative configuration of compounds 26a, 26’a and 26b.
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6.5.5.1. (25*%,35*,4R*)-2,4-Dimethylpentane-1,3,5-
triol 27.% To a solution of 26a (147 mg, 0.63 mmol) in
THF (5 mL) at 0 °C, was added LiAlH, (72 mg, 1.9 mmol,
3.0 equiv). After 40 min at rt, the reaction was quenched by
successive addition of H>O (0.1 mL), a 15% aqueous NaOH
solution (0.1 mL) and H,O (0.3 mL). After 3 h stirring at rt,
the reaction mixture was filtered through Celite and the
insoluble salts were thoroughly washed with boiling THF.
The filtrate was concentrated under reduced pressure and the
crude material was purified by flash chromatography
(CH,C1,-MeOH: 90/10) to afford 81 mg (86%) of 27 as a
waxy white solid. Similarly, compound 26'a (54 mg,
0.23 mmol) was reduced with LiAlH, (26 mg, 0.68 mmol,
3 equiv) to give 22 mg (65%) of 27. Based on literature
results,” the '*C NMR data readily enabled the stereo-
chemical assignment; '>°C NMR (D,0) ¢ 79.4 (d), 66.4 (t,
2C), 39.8 (d, 2C), 16.6 (q, 2C).

6.5.5.2. (25*%,45%)-2,4-Dimethylpentane-1,3,5-triol
28.* Reduction of 26b (68 mg, 0.29 mmol) with LiAlH,
(22 mg, 0.58 mmol, 2.0 equiv) in THF (5 mL) at 0 °C and
purification by flash chromatography (CH,Cl,-MeOH: 90/
10) afforded 27 mg (68%) of 28 as waxy white solid; B3¢
NMR (D>0) 6 75.6 (d), 67.6 (1), 67.2 (1), 40.4 (d), 39.1 (d),
15.7 (q), 11.3 ().

6.5.6. Synthesis of stereotriads 33a—d from the benzyl
ethers 6a—d.

6.5.6.1. (18%,25%)-1-[(15%*)-2-(Benzyloxy)-1-methyl-
ethyl]-2-methylpropane-1,3-diol 33a®>® (representative
procedure) Compound 6a (200 mg, 0.657 mmol) was
oxymercurated with Hg(OCOCF;), (560 mg, 1.31 mmol,
2.0 equiv) in CH,Cl, (7 mL) at rt for 1 h. The crude mixture
of organomercuric bromides was subjected to reductive
demercuration with n-BusSnH (210 pL, 0.781 mmol) and a
catalytic amount of AIBN (2mg) in THF (10 mL) for
30 min at rt. The resulting crude material was dissolved in
THF (5 mL) and LiAlH4 (30 mg, 0.78 mmol) was added at
0°C. After 2h at rt, the reaction was quenched by
successive addition of H,O (0.1 mL), a 15% aqueous
NaOH solution (0.1 mL) and H,O (0.3 mL) and after 2 h at
rt, the resulting mixture was filtered trough Celite. The
insoluble salts were thoroughly washed with boiling THF
and the filtrate was evaporated under reduced pressure. The
crude material was purified by flash chromatography
(cyclohexane-EtOAc: 50/50) to afford 59 mg (38%) of
33a as a colorless oil; Ry 0.25 (cyclohexane—EtOAc: 50/50);
IR 3370, 1455, 1095, 1070, 1030, 990, 745, 705 cm™'; 'H
NMR (CgDg) 6 7.31-7.05 (m, 5H), 4.20 (s, 2H), 4.07 (d, J=
4.6 Hz, 1H), 3.78 (m, 1H), 3.63-3.57 (m, 2H), 3.38 (dd, /=
9.1, 4.8 Hz, 1H), 3.36 (m, 1H), 3.30 (dd, /=9.1, 5.7 Hz,
1H), 1.84 (m, 1H), 1.72 (m, 1H), 0.88 (d, /=7.0 Hz, 6H);
3C NMR (CgDg) 6 139.1 (s), 129.3 (d), 128.5 (d, 2C), 128.4
(d, 2C) (overlap with solvent), 82.0 (d), 74.4 (t), 74.1 (1),
67.4 (1), 38.1 (d), 36.8 (d), 15.6 (q), 15.3 ().

6.5.6.2. (1S5*,2R*)-1-[(15*)-2-(Benzyloxy)-1-methyl-
ethyl]-2-methylpropane-1,3-diol 33b.> This compound
was synthesized from 6b (50 mg, 0.16 mmol) according to
the representative procedure. Purification by flash chroma-
tography (cyclohexane-EtOAc: 50/50) afforded 19 mg (50%)
of 33b as a colorless oil; R;0.17 (cyclohexane—EtOAc: 50/50);

IR 3330, 1430, 1110, 1070, 745, 705cm™'; '"H NMR
(C¢Dg) 0 7.23-7.05 (m, 5H), 4.17 (s, 2H), 3.83 (br s, 1H,
OH), 3.73-3.63 (m, 3H), 3.28 (dd, /=9.0,4.5 Hz, 1H), 3.21
(dd apparent t, J=9.0, 8.5 Hz, 1H), 2.30 (br s, 1H, OH),
1.84 (m, 1H), 1.51 (m, 1H), 1.00 (d, /=7.0 Hz, 3H), 0.52 (d,
J=6.9 Hz, 3H); '3C NMR (C¢Dy) 6 138.9 (s), 129.3 (d),
128.7 (d, 2C) (overlap with solvent), 128.4 (d, 2C), 79.4 (d),
76.9 (t), 74.1 (1), 68.4 (1), 37.6 (d), 37.0 (d), 13.8 (q), 9.7 (q).

6.5.6.3. (15%,28%)-1-[(1R*)-2-(Benzyloxy)-1-methyl-
ethyl]-2-methylpropane-1,3-diol 33c¢.”® This compound
was synthesized from 6c¢ (80 mg, 0.26 mmol) according to
the representative procedure. Purification by flash chroma-
tography (cyclohexane-EtOAc: 60/40) afforded 40 mg
(65%) of 33c¢c as a colorless oil; IR 3330, 1430, 1110,
1070, 745, 705 cm™'; 'H NMR (C¢Dg) 6 7.25-7.06 (m,
5H), 4.26 (s, 2H), 3.83 (br s, 1H, OH), 3.70-3.58 (m, 3H+
OH), 3.38 (dd, /=89, 5.8 Hz, 1H), 3.29 (dd, J=8.9,
4.8 Hz, 1H), 1.84-1.69 (m, 2H), 0.96 (d, /=7.0 Hz, 3H),
0.58 (d, J=6.9 Hz, 3H); '>C NMR (C¢Dy) 6 139.4 (s), 129.2
(d), 128.4-128.0 (d, 2C+2C, overlap with solvent), 79.2 (d),
75.8 (1), 74.1 (1), 69.2 (t), 38.3 (d), 36.4 (d), 14.1 (q), 10.3 (q).

6.5.6.4. (1S*,2R*)-1-[(1R*)-2-(Benzyloxy)-1-methyl-
ethyl]-2-methylpropane-1,3-diol 33d.*® This compound
was synthesized from 6d (18 mg, 0.059 mmol) according to
the representative procedure. Purification by flash chroma-
tography (pentane—Et,O gradient: 60/40—40/60) afforded
7 mg (47%) of 33d as a colorless oil; R; 0.13 (cyclohexane—
EtOAc: 50/50); IR 3380, 1470, 1090, 1030, 980, 745,
705 cm ™ '; "H NMR (C¢Dg) 6 7.25-7.06 (m, 5H), 4.22 (s,
2H), 3.70 (dd apparent t, J=5.1 Hz, 1H), 3.38 (d, J=
5.1 Hz, 2H), 3.23 (dd, /=9.1, 5.4 Hz, 1H), 3.18 (dd, J=9.1,
4.8 Hz, 1H), 2.35 (br s, 1H, OH), 1.84 (m, 1H), 1.65 (m,
1H), 1.30 (br s, 1H, OH), 1.07 (d, J="7.0 Hz, 3H), 0.99 (d,
J=7.0 Hz, 3H); '3C NMR (Cg¢Ds) 6 139.6 (s), 129.2 (d),
128.9 (d, 2C), 128.3 (d, 2C) (overlap with solvent), 76.5 (d),
75.1 (), 73.9 (1), 67.7 (t), 38.7 (d), 37.4 (d), 13.4 (q), 12.2 (q).

6.6. Oxymercuration of cyclopropanes of type E

6.6.1. (2R*,3R*,4S5*,5R*)-1-Benzyloxy-2,4-dimethylhep-
tane-3,5-diol 35a. Compound 12a (114 mg, 0.393 mmol)
was oxymercurated with Hg(OCOCF3), (352 mg,
0.825 mmol, 2.1 equiv) in CH,Cl, (4 mL) for 1h at rt.
The crude mixture of organomercuric bromides was
dissolved in a mixture of THF and toluene (1/1, 6 mL)
and to the resulting degassed solution [argon bubbling,
20 min] was added AIBN (2.3 mg) and n-Bu3SnH (0.26 mL,
0.97 mmol, 2.5 equiv). After 1 h atrt and 1 h at 55 °C, CCl,
(1 mL) was added in order to destroy the excess tin hydride.
The reaction mixture was diluted with a mixture of
petroleum ether—CH,Cl, (75/25, 20 mL) and the resulting
solution was washed with a 5% aqueous solution of KF (4 X
10 mL). The organic extracts were dried over MgSO,,
filtered and concentrated under reduced pressure. The crude
material was suspended in CH,Cl, and the insoluble
material was removed by filtration. The filtrate was
evaporated and the residual oil was purified by flash
chromatography (petroleum ether—EtOAc gradient: 95/5-
80/20) to afford 79 mg (65%) of a regioisomeric mixture of
34a and 34'a (70 mg, 0.023 mmol), which was dissolved in
THF (3 mL). To the resulting solution at 0 °C, was added
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LiAlH, (28 mg, 0.74 mmol, 3.3 equiv) and after 3 h at rt, the
reaction was quenched by successive addition of H,O
(30 puL), a 15% aqueous NaOH solution (30 pL) and H,O
(120 pL). After 3 h, the resulting mixture was diluted with
Et,O and filtered through Celite. The insoluble salts were
thoroughly washed with boiling THF and the filtrate was
evaporated under reduced pressure. The crude material was
purified by flash chromatography (petroleum ether-Et,O
gradient: 60/40-50/50) to afford 48 mg (80%) of 35a as a
colorless oil; IR 3350, 1085, 965, 735, 700 cm_l; '"H NMR
0 7.39-7.26 (m, 5H), 4.53 (s, 2H), 4.42 (br s, 1H, OH), 3.87
(m, 1H), 3.81 (br s, 1H, OH), 3.66 (dd, J=9.1, 4.0 Hz, 1H),
3.58 (dd, J=8.3, 3.5 Hz, 1H), 3.49 (dd, J=9.1, 8.3 Hz, 1H),
2.17 (m, 1H), 1.72 (m, 1H), 1.57 (m, 1H), 1.39 (m, 1H), 1.02
(d, J=7.0Hz, 3H), 0.93 (t, J=7.4 Hz, 3H), 0.83 (d, J=
7.0 Hz, 3H); ">*C NMR 6 137.4 (s), 128.5 (d, 2C), 127.9 (d),
127.7 (d, 2C), 82.4 (d), 76.1 (t), 73.6 (v), 72.7 (d), 37.1 (d),
35.7 (d), 27.2 (1), 13.7(q), 10.9 (q), 10.6 (q); MS (CI ", CH,)
m/z (relative intensity) 267 (M+H™, 100), 249 (15), 231
(13), 157 (12), 141 (28); HRMS (CI", CH,) Calcd for
C16H»,05 M+H™): 267.1960. Found: 267.1955.

6.6.2. (1R*,25%,3R*,45%)-5-Benzyloxy-1-ethyl-3-hydroxy-
2,4-dimethylpentyl acetate 34c and (1R*,25%3R*)-1-
[(18*)-2-benzyloxy-1-methylethyl]-3-hydroxy-2,4-
dimethylpentyl acetate 34'c. Compound 12¢ (107 mg,
0.368 mmol) was subjected to the oxymercuration—reduc-
tive demercuration procedure. '"H NMR analysis of the
crude material indicated the formation of regioisomeric
mixture of 34¢ and 34/c (75/25 ratio). Purification by flash
chromatography (CH,Cl,—Et,0: 97/3-96/4) afforded 33 mg
(29%) of 34¢ and 16 mg (14%) of 34'c as colorless oils.

Major regioisomer (34¢). IR 3510, 1710, 1250, 1100, 1020,
1015, 955, 885, 740, 700 cm ™~ '; '"H NMR 6 7.38-7.25 (m,
5H), 5.21 (ddd, J=9.2, 4.8, 1.7Hz, 1H), 4.53 d, J=
12.1 Hz, 1H), 4.49 (d, J=12.1 Hz, 1H), 3.56 (dd, J=9.0,
6.8 Hz, 1H), 3.46 (dd, J=9.0, 5.7 Hz, 1H), 3.41-3.27 (m,
2H, 1H+OH), 2.09 (s, 3H), 1.96 (m, 1H), 1.79-1.65 (m,
2H), 1.49 (m, 1H), 0.91 (t, J=7.4 Hz, 3H), 0.89 (d, J=
7.0 Hz, 3H), 0.81 (d, J=7.0 Hz, 3H); '3*C NMR 6 172.4 (s),
138.6 (s), 128.3 (d, 2C), 127.5 (d, 3C), 75.7 (d), 74.5 (¢),
73.2 (1), 71.5 (d), 39.6 (d), 34.7 (d), 25.4 (1), 21.0 (), 10.5
(@), 9.2 (q), 8.2 (q); MS-EI m/z (relative intensity) 248 (M —
AcOH™, 1), 202 (4), 160 (9), 159 (9), 108 (15), 107 (31), 99
(13), 92 (11), 91 (100), 70 (10), 69 (12).

Minor regioisomer (34'c). IR 3520, 1715, 1250, 1095, 1020,
965, 955, 740, 700 cm ™~ '; "H NMR ¢ 7.38-7.25 (m, 5H),
5.08 (dd, J=10.3, 2.6 Hz, 1H), 4.50 (d, J=11.8 Hz, 1H),
4.44 (d, J=11.8 Hz, 1H), 3.34 (m, 1H), 3.27 (d, J=7.0 Hz,
2H), 2.79 (br d, J=3.3 Hz, 1H, OH), 2.19 (m, 1H), 2.03 (s,
3H), 1.73-1.53 (m, 2H), 1.32 (m, 1H), 0.93 (t, J=7.5 Hz,
3H), 0.91 (d, J=7.0 Hz, 3H), 0.85 (d, J=7.0 Hz, 3H); "°C
NMR 6 172.4 (s), 138.2 (s), 128.4 (d, 2C), 127.8 (d, 2C),
127.6 (d), 75.5 (d), 73.3 (t), 72.8 (t), 71.0 (d), 38.6 (d), 34.2
(d), 26.9 (), 20.8 (q), 11.1 (q), 10.0 (q), 8.4 (q); MS-EI m/z
(relative intensity) 248 (M — AcOH™, 1),202 (3), 160 (9), 159
(9), 108 (14), 107 (30), 99 (12), 92 (11), 91 (100), 69 (12).

6.6.3. (25*,3R*,45*,5R*)-1-Benzyloxy-2,4-dimethyl-hep-
tane-3,5-diol 35c. To a solution of 34c¢ (30 mg,
0.097 mmol) in THF (2 mL) at 0 °C, was added LiAlH,

(8 mg, 0.2 mmol, 2.1 equiv). After 1 h at rt, and usual work-
up, purification of the crude material by flash chromato-
graphy (petroleum ether—-Et,O gradient: 70/30-50/50)
afforded 19 mg (73%) of 35c¢ as a colorless oil. Similarly,
reduction of 34’¢ (13 mg, 0.042 mmol) with LiAlH, and
purification by flash chromatography (petroleum ether—
Et,O gradient: 70/30-50/50) afforded 5 mg (45%) of 35c;
IR 3400, 1095, 1070, 970, 735, 700 cm ™~ '; "H NMR 6 7.39—
7.27 (m, 5SH), 4.54 (d, J=12.1 Hz, 1H), 4.49 (d, /J=12.1 Hz,
1H), 3.83 (dd, /=9.2, 2.6 Hz, 1H), 3.71 (m, 1H), 3.60 (dd,
J=9.0, 4.0 Hz, 1H), 3.55 (dd, /=9.0, 4.8 Hz, 1H), 3.33 (br
s, 1H, OH), 2.82 (br s, 1H, OH), 1.93-1.77 (m, 2H), 1.61-
1.38 (m, 2H), 1.01 (d, J=7.0 Hz, 3H), 0.99 (t, J=7.4 Hz,
3H), 0.79 (d, J=7.4 Hz, 3H); '>*C NMR 6 138.0 (s), 128.4
(d, 20), 127.7 (d), 127.6 (d, 2C), 76.6 (d), 75.7 (t), 75.6 (d),
73.5(t),39.4 (d),35.3(d), 25.8 (1), 11.8 (q), 11.1 (q), 9.9 (q);
MS (CI, CH,) m/z (relative intensity) 267 (M+H™, 56),
249 (22), 231 (22), 157 (31), 141 (100), 125 (25), 123 (31),
119 (27); HRMS (CI", CH,) Caled for C;¢H»,05 (M+
H™): 267.1960. Found: 267.1965.

6.6.4. (4R*,55*,6R*)-4-[(1R*)-2-(Benzyloxy)-1-methyl-
ethyl]-6-ethyl-2,2,5-trimethyl-1,3-dioxane 36a. To a
solution of 35a (20 mg, 0.075 mmol) in a mixture of
acetone (1 mL) and 2,2-dimethoxypropane (1 mL) was
added a catalytic amount of CSA (3 mg). After 6 h at rt, the
reaction mixture was hydrolyzed with a saturated aqueous
NaHCO; solution and extracted with Et,O. The combined
extracts were dried over MgSQ,, filtered and concentrated
under reduced pressure to afford 22 mg (96%) of 36a as a
colorless oil; IR 1220, 1180, 1150, 1095, 1020, 990, 880,
735,700 cm ™~ '; "H NMR 6 7.36-7.26 (m, SH), 4.54 (d, J=
12.0 Hz, 1H), 4.49 (d, J=12.0 Hz, 1H), 3.66 (m, 1H), 3.61
(dd, J=9.2,4.8 Hz, 1H), 3.37 (dd, J=9.2, 7.0 Hz, 1H), 3.26
(dd, J=7.0, 5.3 Hz, 1H), 1.96 (m, 1H), 1.84 (m, 1H), 1.70-
1.33 (m, 2H), 1.32 (s, 3H), 1.31 (s, 3H), 1.04 (d, J=7.0 Hz,
3H), 0.92 (t, J=7.4 Hz, 3H), 0.85 (d, J=7.0 Hz, 3H); 1°C
NMR 6 138.8 (s), 128.3 (d, 2C), 127.5 (d, 2C), 127.4 (d),
100.2 (s), 76.6 (d), 73.1 (t), 72.4 (t), 71.0 (d), 37.8 (d), 36.5
(d), 25.4 (q), 23.6 (t and q, 2C), 14.3 (q), 12.4 (q), 10.5 (q);
MS (CI*, CH,) m/z (relative intensity) 307 M+H™, 62),
291 (22), 249 (100), 231 (35), 157 (21), 141 (46); HRMS
(CI", CH,) Caled for CoH3,05 (M+HT): 307.2273.
Found: 307.2272.

6.6.5. (4R*,58*,6R*)-4-[(1S%*)-2-Benzyloxy-1-methyl-
ethyl]-6-ethyl-2,2,5-trimethyl-1,3-dioxane 36¢. Acetonide
formation from 35¢ (19 mg, 0.071 mmol) provided 20 mg
(91%) of 36¢ as a colorless oil; IR 1225, 1180, 1150, 1095,
1020, 980, 880, 730, 700 cm ™~ '; "H NMR 6 7.36-7.26 (m,
5H), 4.52 (s, 2H), 3.65 (dt, J=38.5, 4.8 Hz, 1H), 3.50-3.43
(m, 2H), 3.36 (dd, /=9.0, 6.1 Hz, 1H), 1.93-1.77 (m, 2H),
1.51-1.22 (m, 2H), 1.31 (s, 6H), 0.95 (d, /=7.0 Hz, 3H),
0.93 (t, J=7.4 Hz, 3H), 0.83 (d, J=6.6 Hz, 3H); '°*C NMR
0 138.7 (s), 128.3 (d, 2C), 127.6 (d, 2C), 127.4 (d), 100.2 (s),
74.1(d),73.1(t,2C),71.2 (d), 36.4 (d), 36.3 (d), 25.0 (q), 23.7
(q), 23.6 (1), 11.8 (q), 11.2 (q), 10.6 (q); MS EI m/z (relative
intensity) 291 (M—Me ™, 6), 248 (M—Me,C=0", 6), 190
(9), 179 (12), 107 (18), 92 (10), 91 (100), 69 (19), 59 (24).

6.6.6. (2R*,3R*,4S*,5R*,6S*)-7-Benzyloxy-2,4,6-tri-
methylheptane-1,3,5-triol 37.7 Compound 15 (125 mg,
0.345 mmol) was subjected to oxymercuration—reductive
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demercuration sequence. The intermediate regioisomeric
mixture of acetates (ratio not determined) was reduced with
LiAlH,4 (45 mg, 1.2 mmol, 8 equiv) in THF (2 mL) for 2 h at
rt and purification by flash chromatography (petroleum
ether—EtOAc: 20/80) gave 25 mg (25% from 15) of 37 as a
colorless oil; IR 3360, 1080, 1025, 970, 735, 700 cm ™~ '; 'H
NMR 6 7.39-7.25 (m, 5H), 4.51 (s, 2H), 3.94 (dd, J=9.7,
2.0 Hz, 1H), 3.74 (dd, J=7.5 and 3.5 Hz, 1H), 3.66 (d, /=
5.9 Hz, 2H), 3.57 (dd, /=8.8, 4.0 Hz, 1H), 3.53 (dd, J=28.8,
4.4 Hz, 1H), 3.60-3.49 (m, 2H, 20H), 3.29 (br s, 1H, OH),
1.99-1.84 (m, 2H), 1.74 (m, 1H), 1.04 (d, J=7.0 Hz, 3H),
0.89 (d, J=7.0 Hz, 3H), 0.71 (d, J=7.0 Hz, 3H); '*C NMR
0 137.9 (s), 128.4 (d, 2C), 127.8 (d), 127.7 (d, 2C), 77.2 (d),
76.8 (d), 75.4 (v), 73.5 (1), 69.5 (1), 37.1 (d), 37.0 (d), 35.6
(d), 13.2 (q), 11.0 (q), 10.2 ().

6.6.7. (2R*,3R*,4R*,5R*,65*)-7-Benzyloxy-3,5-di-
hydroxy-2,4,6-trimethyl 2,2-dimethylpropanoate 38. To
a solution of the triol 37 (10 mg, 0.034 mmol) in CH,Cl,
(1 mL) were successively added at 0°C, Et;N (60 pL,
0.43 mmol, 13 equiv) and PivCl (50 pL, 0.40 mmol,
12 equiv). After 12 h at 0 °C, additional quantities of EtsN
(30 mL, 0.21 mmol, 6 equiv) and PivCl (20 pL, 0.16 mmol,
4.8 equiv) were added. After a further 12 h at 0 °C, the
reaction mixture was evaporated under reduced pressure
and the residual oil was dissolved in a mixture of acetone
(1 mL) and 2,2-dimethoxypropane (1 mL). A catalytic
amount of CSA (2 mg) was added and after 1 h at rt, the
reaction mixture was hydrolyzed with a saturated aqueous
NaHCO; solution and extracted with ether. The combined
extracts were dried over MgSQy, filtered and concentrated
under reduced pressure. The residue was purified by flash
chromatography (petroleum ether—EtOAc: 95/5) to afford
9 mg (64%) of 38 as a colorless oil; IR 1730, 1480, 1280,
1225, 1160, 730, 700 cm~'; "H NMR 6 7.35-7.26 (m, 5H),
4.53 (d, J=12.1 Hz, 1H), 4.48 (d, /J=12.1 Hz, 1H), 4.19
(dd, /=10.7, 3.3 Hz, 1H), 4.02 (dd, J=10.7, 5.9 Hz, 1H),
3.55(dd, /=10.9,4.2 Hz, 1H), 3.48-3.41 (m, 2H), 3.35 (dd,
J=28.8, 5.9 Hz, 1H), 1.97-1.83 (m, 3H), 1.27 (s, 3H), 1.25
(s, 3H), 1.21 (s, 9H), 0.95 (d, /=7.0 Hz, 3H), 0.90 (d, J=
7.0 Hz, 3H), 0.87 (d, J=6.6 Hz, 3H); '*C NMR 6 178.6 (s),
138.7 (s), 128.3 (d, 2C), 127.6 (d, 2C), 127.5 (d), 100.5 (s),
74.4 (d), 73.1 (v), 72.9 (1), 70.0 (d), 66.3 (1), 38.9 (s), 366.8
(d), 34.8 (d), 33.0 (d), 27.3 (q, 3C), 25.0 (q), 23.4 (q), 12.9
(@, 11.8 (q), 11.3 (q); MS (CI", CH,) miz (relative
intensity) 421 (M+H™, 52), 363 (100), 345 (39), 261 (76),
255 (97), 173 (61), 171 (22); HRMS (CI*, CH,) Calcd for
CosH4 05 M+H™): 421.2954. Found: 421.2959.

6.7. Oxymercuration of cyclopropanes of type G and H

6.7.1. Oxymercuration of cyclopropane 17. Compound 17
(125 mg, 0.516 mmol) was subjected to the oxymercura-
tion—-reductive demercuration sequence and, after purifi-
cation by flash chromatography (petroleum ether—EtOAc
gradient: 80/20-0/100), 42 mg (32%) of 39, and 38 mg
(29%) of 39’ were obtained as colorless oils.

6.7.1.1. (25*,35*,45*,5R*)-3,5-Dihydroxy-2,4-dimethyl-
heptyl 2,2-dimethylpropanoate 39. R; 0.42 (petroleum
ether—EtOAc: 60/40); IR 3440, 1720, 1290, 1170, 970 em” b
'H NMR 6 4.43 (dd, J=11.2, 45 Hz, 1H), 4.02 (dd, 11.2,
3.7 Hz, 1H), 3.90 (br s, 1H, OH), 3.72 (m, 1H), 3.47 (dd, J=

9.9, 1.7 Hz, 1H), 3.45 (brs, 1H, OH), 1.91 (m, 1H), 1.67-1.39
(m, 3H), 1.22 (s, 9H), 0.95 (t, J=7.4 Hz, 3H), 0.91 (d, J=
7.0 Hz, 3H), 0.90 (d, J=7.1 Hz, 3H); '>)C NMR 6 179.6 (s),
78.8 (d), 78.0 (d), 66.8 (1), 39.0 (s), 36.8 (d), 36.7 (d), 28.0 (v),
27.2 (g, 3C), 13.7 (), 10.5 (g), 3.9 (q); MS (CI'", CH,) m/z
(relative intensity) 261 (M+H ™", 100), 243 (18), 225 (14), 173
(15), 159 (11), 141 (68), 123 (38); HRMS (CI ", CH,) Calcd
for C;4H2004 (M+H™T): 261.2066. Found: 261.2065.

6.7.1.2. (1R*,2R*,35*,45%*)-1-Ethyl-3,5-dihydroxy-
2,4-dimethylpentyl 2,2-dimethylpropanoate 39’. R; 0.17
(petroleum ether—EtOAc: 60/40); IR 3440, 1730, 1290,
1170 cm ™ '; "H NMR 6 4.84 (ddd, J=17.3, 5.5, 4.8 Hz, 1H),
3.71 (dd, J=11.0, 4.0 Hz, 1H), 3.67 (dd, J=11.0, 3.7 Hz,
1H), 3.61 (dd, J=8.6, 2.8 Hz, 1H), 3.30-3.00 (br m, 2H,
20H), 1.92-1.75 (m, 2H), 1.73-1.61 (m, 2H), 1.22 (s, 9H),
0.91 (d, J=7.0 Hz, 3H), 0.88 (t, J=7.7 Hz, 3H), 0.82 (d,
J=17.0 Hz, 3H); '*C NMR 6 179.0 (s), 79.2 (d), 78.1 (d),
68.4 (1), 39.1 (s), 38.7 (d), 37.3 (d), 27.2 (q, 3C), 25.7 (1),
13.9 (q), 9.8 (q), 7.3 (q); MS (CI", CHy) m/z (relative
intensity) 261 (M+H™, 100), 243 (23), 159 (31), 141 (35),
124 (14), 123 (26); HRMS (CI, CH,) Caled for C14H,00,
(M+H"): 261.2066. Found: 261.2065.

6.7.1.3. (28%)-2-((45*,55*,6R*)-6-Ethyl-2,2,5-tri-
methyl-1,3-dioxan-4-yl)propyl 2,2-dimethylpropanoate
40. Acetonide formation from diol 39 (25 mg,
0.096 mmol) provided, after purification by flash chroma-
tography (petroleum ether—EtOAc: 95/5), 20 mg (69%) of
40 as a colorless oil; IR 1730, 1285, 1200, 1160, 1020, 975,
865cm™'; "H NMR 6 4.13 (dd, J=10.7, 3.3 Hz, 1H), 4.07
(dd, /=10.7, 5.5 Hz, 1H), 3.74 (m, 1H), 3.65 (dd, /=10.1,
2.0 Hz, 1H), 1.92 (m, 1H), 1.62-1.33 (m, 3H), 1.37 (s, 6H),
1.21 (s, 9H), 0.90 (t, J="7.4 Hz, 3H), 0.89 (d, /J=7.4 Hz,
3H), 0.83 (d, J=7.0 Hz, 3H); '*C NMR 6 178.6 (s), 98.8 (s),
75.1 (d), 73.8 (d), 66.2 (t), 38.9 (s), 34.3 (d), 31.9 (d), 29.9
(@), 27.3 (q, 3C), 25.7 (1), 19.5 (q), 12.2 (q), 9.8 (q), 4.2 (q);
MS-EI m/z (relative intensity) 285 (M—Me™, 53), 242
(M—Me,C=07, 1), 173 (28), 141 (20), 123 (100), 85 (38),
82 (85), 70 (19), 59 (51), 57 (79), 55 (15); HRMS (CI*,
CH,) Calcd for C;7H33;0, M+H™): 301.2379. Found:
301.2385.

6.7.1.4. (1R*,258%*)-1-Ethyl-2-((4S*,55%)-2,2,5-tri-
methyl-1,3-dioxan-4-yl)propyl 2,2-dimethylpropanoate
40’. Acetonide formation from diol 39’ (10 mg,
0.038 mmol) provided, after purification by flash chroma-
tography (petroleum ether—EtOAc: 94/6), 4 mg (35%) of
40’; IR 1730, 1285, 1200, 1170 cm ™~ "; 'H NMR 6 4.85 (m,
1H), 3.70 (dd, J=11.4, 5.0 Hz, 1H), 3.61 (dd, /=10.3,
1.8 Hz, 1H), 3.51 (dd, apparent t, J=11.4 Hz, 1H), 1.92—
1.79 (m, 2H), 1.73-1.50 (m, 2H), 1.42 (s, 3H), 1.34 (s, 3H),
1.22 (s, 9H), 0.91 (d, J=7.0 Hz, 3H), 0.86 (t, J=7.5 Hz,
3H), 0.70 (d, J=6.6 Hz, 3H); ?C NMR 6 177.9 (s), 97.9 (s),
77.2 (d), 74.7 (d), 66.3 (t), 38.9 (s), 36.4 (d), 30.6 (d), 29.7
(q), 27.3 (q, 3C), 24.1 (1), 18.8 (q), 12.4 (q), 9.5 (q), 8.8 (q);
MS-EI m/z (relative intensity) 285 (M—Me™t, 46), 242
(M—Me,C=0",4),201 (35), 183 (11), 141 (26), 140 (11),
129 (44), 123 (84), 103 (46), 99 (34), 97 (10), 85 (53), 81
(12), 71 (22), 70 (14), 69 (16), 59 (82), 57 (100), 55 (13);
HRMS (CI*, CH4) Caled for C;H330, (M+HT):
301.2379. Found: 301.2379.
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6.7.2. Oxymercuration of cyclopropane 24. Compound 24
(55 mg, 0.15 mmol) was subjected to the oxymercuration—
reductive demercuration procedures. After purification by
flash chromatography (petroleum ether-EtOAc gradient:
80/20-0/100), 21 mg (36%) of 45, 7 mg (12%) of 44 and
23 mg (40%) of 43 were obtained as colorless oils (88%
combined yield from 24).

6.7.2.1. (2R*,3R*,55%,65%)-7-(2,2-Dimethylpropanoy-
loxy)-3,5-dihydroxy-2,4,6-trimethylheptyl 2,2-dimethyl-
propanoate 45. Ry 0.45 (petroleum ether—EtOAc: 70/30);
IR 3420, 1725, 1700, 1285, 1175, 1065, 970 cm™'; 'H
NMR 6 4.33 (dd, J=11.1, 5.0 Hz, 2H), 4.03 (dd, J=11.1,
3.7 Hz, 2H), 3.98 (br s, 2H, 20H), 3.41 (m, 2H), 1.91 (m,
2H), 1.74 (m, 1H), 1.17 (s, 18H), 0.86 (d, J=7.0 Hz, 9H);
13C NMR 6 179.3 (s, 2C), 78.3 (d, 2C), 66.8 (t, 2C), 39.0 (s,
2C), 36.8 (d, 2C), 34.1 (d), 27.2 (q, 6C), 13.7 (g, 2C), 3.8
(q); MS (CI", CH,) m/z (relative intensity) 375 (M+H™,
81), 357 (52), 339 (12), 273 (28), 255 (22), 173 (55), 153
(100), 135 (41), 103 (53); HRMS (CI*, CH,) Calcd for
CaoH300 M +H™): 375.2747. Found: 375.2744.

6.7.2.2. (2R*,3R*,45*,558%,65%)-5-(2,2-Dimethyl-pro-
panoyloxy)-3,7-dihydroxy-2,4,6-trimethylheptyl 2,2-
dimethylpropanoate 44. R; 0.35 (petroleum ether—
EtOAc: 70/30); IR 3420, 1725, 1700, 1285, 1175,
970 cm ™ '; '"H NMR 6 4.96 (dd, J=38.1, 4.0 Hz, 1H), 4.27
(dd, J=11.1, 5.2 Hz, 1H), 4.11 (dd, J=11.1, 3.9 Hz, 1H),
3.52 (m, 2H), 3.41 (dd, J=8.1, 3.7 Hz, 1H), 2.41 (br s, 1H,
OH), 2.07-1.86 (m, 3H), 1.63 (br s, 1H, OH), 1.24 (s, 9H),
1.22 (s, 9H), 1.03 (d, J=7.0 Hz, 3H), 0.96 (d, J=6.6 Hz,
6H); '*C NMR 6 179.3 (s), 178.9 (s), 77.4 (d), 75.3 (d), 66.4
(1), 63.8 (1), 39.2 (s), 38.9 (s), 37.5 (d), 36.3 (d), 36.2 (d),
27.3 (q, 3C), 27.2 (g, 3C), 14.3 (q), 14.2 (q), 7.5 (q).

6.7.2.3. (2R*,3R*,4R*,55%,65%)-3-(2,2-Dimethyl-pro-
panoyloxy)-5,7-dihydroxy-2,4,6-trimethylheptyl 2,2-
dimethylpropanoate 43. R; 0.18 (petroleum ether—
EtOAc: 70/30); IR 3420, 1725, 1700, 1290, 1175, 1030,
1070, 970 cm ™ '; '"H NMR 6 4.85 (dd, J=7.0, 4.0 Hz, 1H),
4.15 (dd, J=11.0, 4.0 Hz, 1H), 3.91 (dd, J=11.0, 7.0 Hz,
1H), 3.68 (m, 2H), 3.60 (dd, J=38.8, 2.6 Hz, 1H), 3.38-3.15
(m, 2H, OH), 2.20 (m, 1H), 2.03 (m, 1H), 1.88 (m, 1H), 1.22
(s, 9H), 1.20 (s, 9H), 1.02 (d, J=6.6 Hz, 3H), 0.89 (d, /=
7.0 Hz, 3H), 0.84 (d, J=6.6 Hz, 3H); ’C NMR 6 179.2 (s),
178.4 (s), 80.0 (d), 77.3 (d), 68.4 (1), 65.0 (t), 39.3 (s), 38.9
(s), 37.4 (d), 37.2 (d), 36.0 (d), 27.2 (q, 6C), 14.6 (q), 13.9
(@, 7.2 (@)

6.7.2.4. (18*,2R*)-[(1R*)-1-((45*,58%)-2,2,5-Tri-
methyl-[1,3]dioxan-4-yl)ethyl]-3-(2,2-dimethylpropa-
noyloxy)-2-methylpropyl 2,2-dimethylpropanoate 46.
Acetonide formation from diol 43 (7 mg, 0.02 mmol)
provided, after purification by flash chromatography
(petroleum ether—EtOAc: 90/10), 6 mg (78%) of 46 as a
colorless oil; IR 1725, 1280, 1200, 1150 cm_l; '"H NMR 6
5.01 (dd, J=6.8, 4.6 Hz, 1H), 4.33 (dd, J=11.0, 3.9 Hz,
1H), 3.79-3.67 (m, 2H), 3.70 (dd, J=11.8, 5.2 Hz, 1H),
3.56 (dd, apparent t, J=11.2 Hz, 1H), 2.17 (m, 1H), 1.99
(td, J=6.8, 2.2 Hz, 1H), 1.86 (m, 1H), 1.40 (s, 3H), 1.34 (s,
3H), 1.23 (s, 9H), 1.22 (s, 9H), 0.97 (d, J="7.0 Hz, 3H), 0.90
(d, J=6.6 Hz, 3H), 0.75 (d, J=6.6 Hz, 3H); '°C NMR ¢
178.5 (s), 177.4 (s), 98.1 (s), 77.2 (d), 75.7 (d), 66.2 (1), 65.2

(t), 39.1 (s), 38.8 (s), 35.3 (d), 34.3 (d), 30.7 (d), 29.7 (q),
27.4 (q, 3C), 27.2 (q, 3C), 18.7 (q), 15.2 (q), 12.2 (q), 8.7
(q); MS (CI'", CHy) m/z (relative intensity) 415 (M+H™,
10), 357 (100), 313 (17), 255 (21), 153 (14); HRMS (CI ™,
CH,) Calcd for Cy3Hs;306 M+H™): 415.3060. Found:
415.3063.

6.7.2.5. (2R*,3R*,45*%,55%,65%)-5,7-Bis(2,2-dimethyl-
propanoyloxy)-3-hydroxy-2,4,6-trimethylheptyl 2,2-
dimethylpropanoate 47. To a mixture of 43 (13 mg,
0.035 mmol) and 44 (6 mg, 0.02 mmol) and DMAP
(107 mg, 0.876 mmol, 17 equiv) in CH,Cl, (2 mL) at rt,
was added PivCl (80 uL, 0.65 mmol, 13 equiv). After 15h
at rt, the reaction mixture was hydrolyzed with a saturated
aqueous NH,4CI solution and extracted with CH,Cl,. The
combined extracts were dried over MgSQ,, filtered and
concentrated under reduced pressure. The residue was
purified by flash chromatography (petroleum ether—EtOAc:
75/25) to afford 21 mg (93%) of 47 as a colorless oil; IR
3500, 1725, 1280, 1155 cm ™~ '; "H NMR 6 4.97 (dd, J=6.1,
5.3 Hz, 1H), 4.29 (dd, J=11.0, 5.2 Hz, 1H), 4.18-4.09 (m,
2H), 3.88 (dd, J=11.0, 7.7 Hz, 1H), 3.44 (ddd, /=8.8, 4.8,
3.0Hz, 1H), 2.64 (d, J=4.8 Hz, 1H, OH), 2.20 (m, 1H),
2.04-1.89 (m, 2H), 1.22 (s, 9H), 1.21 (s, 9H), 1.20 (s, 9H),
1.00 (d, J=6.6 Hz, 3H), 0.95 (d, J="7.0 Hz, 3H), 0.88 (d,
J=6.6 Hz, 3H); *C NMR 6 179.0 (s), 178.5 (s), 178.4 (s),
77.2 (d), 74.3 (d), 66.7 (), 65.0 (1), 39.2 (s), 38.9 (s), 38.8
(s), 36.4 (d, 20), 35.1 (d), 27.3 (g, 6C), 27.2 (q, 3C), 14.8
(q), 14.1 (q), 7.4 (q); MS (CI ", CH,) m/z (relative intensity)
459 (M+H™, 24), 441 (27), 357 (100), 339 (21), 255 (22),
213 (13), 173 (29), 153 (72), 135 (30), 103 (51); HRMS
(CI", CH,) Caled for CrsHs;70; (M+HT): 459.3322.
Found: 459.3324.
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Abstract—Lipid antioxidants phenolic saturated fatty acid esters were synthesized in high yields and short reaction times using the
corresponding ethyl fatty acid esters, lipase from Candida Antarctica, vacuum and no solvent. Phenolic esters with mono- and

polyunsaturated fatty acids (EPA and DHA) were also prepared.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Oxygen is necessary for life of most biological systems.
Paradoxically, the exposition to oxygen leads to oxidative
stress by the formation of free radicals that react easily with
other molecules in the cell, and may alter cellular
mechanisms, being a possible cause of some inflammatory
or cardiovascular diseases or even cancer and aging.'”
Similarly, oxidation affects deterioration of food, specially
items with a high lipid fraction in their composition.
Antioxidants are used by nature to counteract the effect of
oxidation,* and new synthetic antioxidants are also been
developed against the effects of oxidative stress.

Phenols are a large family of natural compounds that are
able to donate the hydrogen atom of the phenolic OH to the
free radicals, thus stopping the propagation chain during the
oxidation process. Phenolic antioxidants have been studied
due to their biological relevance. Hydroxytyrosol, a
component of olive oil phenols, has been shown to inhibit
human low-density lipoprotein (LDL) oxidation (a critical
step in atherosclerosis),”® to inhibit platelet aggregation’
and to possess anti-inflammatory,® anticancer” and cell
protection properties.'® Lipid antioxidants have been
prepared from natural antioxidants, since they would be
able to prevent lipid peroxidation of cell membranes'"'?
and may also prevent oxidation of biologically important
polyunsaturated fatty acids. Eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) were covalently attached
to ascorbic acid to protect them from oxidation.'* Moreover,

Keywords: Lipid antioxidants; Phenols; Fatty acid ester; Hydroxytyrosol.
* Corresponding author. Tel.: +34 958 240320; fax: +34 958 240160;
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most of the phenolic derivatives posses high solubility in
aqueous solutions and it is very desirable for the food
industry to be able to make them soluble in fats and oils."*

The use of lipases in non-aqueous solvents has been
previously described for the preparation of phenolic acid
esters. Guyot et al.'"> and Stamatis et al.'® reported
enzymatic esterification of phenolic acids and fatty alcohols
with lipase CAL-B from Candida Antarctica, but in both
cases very long reaction times were needed to obtain
reasonable yields. Twu et al.'” partially solved this problem
for the esterification of hydroxyphenylpropionic acid and
octanol, where high yields were obtained after 58 h.
Buisman et al.'® first investigated the esterification of
phenols with carboxylic fatty acids and reported the
synthesis of hydroxytyrosol with octanoic acid in hexane.
They obtained acylation at the primary hydroxyl group of
hydroxytyrosol with moderate yield after long reaction time.
Gonzilez-Alcudia et al.'® reported the synthesis of
hydroxytyrosol acetate in presence of pancreatic lipase in
ethyl acetate after 48 h of reaction with 86% yield.

We present the enzymatic esterification of a series of di-
ortho-phenolic compounds, including hydroxytyrosol, with
several fatty acids using Novozym 435% (Fig. 1). High
yields were obtained in short reaction times for all the
phenolic esters prepared with saturated fatty acids by using
no solvent and applying vacuum during the reaction (Fig. 2).
Moderate to good yields were obtained for esters containing

HO. n=1 3,4-dihydroxybenzylic alcohol 1
nOH  p=2 2-(3,4-dihydroxyphenyl)-ethanol 2
n=3 3-(3,4-dihydroxyphenyl)-propanol 3

HO n= M 3,4-dihydroxycinnamyl alcohol 4

Figure 1. Structures of phenol antioxidants under study.
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monounsaturated and polyunsaturated fatty acids under the
same reaction conditions (Fig. 3).

2. Results and discussion

We prepared the phenolic alcohols (1-4) by reduction from
their corresponding carboxylic acids as reported by Capasso
et al.?’ Acylation of these phenols was carned out with
palmitic acid and lipase Novozym 435® following
conditions reported by Buisman et al.'® except that
acetonitrile was used as solvent instead of hexane, due to
solubility problems. We obtained the corresponding esters
(5-8) in moderate yields (Table 1).

In order to improve the yields of the acylations obtained in
acetonitrile, we tried ethyl esters as the acylating agents and
also as the solvent. When 3,4-dihydroxybenzylic alcohol 1
was reacted with ethyl palmitate as the solvent using
Novozym 435® at 37 °C, the reaction went almost to
completion after 14 h and the corresponding ester was
obtained with 98% yield after column purification. Work-up

3,4-dihydroxybenzyl palmitate 5
2-(3,4-dihydroxyphenyl)-ethyl palmitate 6
3-(3,4-dihydroxyphenyl)-propyl palmitate 7
3,4-dihydroxycinnamyl palmitate 8

3,4-dihydroxybenzyl butyrate 9
2-(3,4-dihydroxyphenyl)-ethyl butyrate 10
3-(3,4-dihydroxyphenyl)-propyl butyrate 11
3,4-dihydroxycinnamyl butyrate 12

3,4-dihydroxybenzyl stearate 13
2-(3,4-dihydroxyphenyl)-ethyl stearate 14
3-(3,4-dihydroxyphenyl)-propyl stearate 15
3,4-dihydroxycinnamyl stearate 16

of the reaction was quite simple. The reaction mixture was
dissolved in acetonitrile, the lipase filtered, and the
acetonitrile phase washed with hexane to eliminate excess
of ethyl palmitate. Finally, it was concentrated and purified
on a short silica column. When these new reaction
conditions were extended to the other phenols in the series,
high yields were obtained except for compound 8, similarly
to what happened under the previous reaction conditions
(see Table 1).

Next, we extended the study to other saturated fatty acids to
probe the influence of the length of the fatty acid in the
esterification reaction using the conditions with ethyl fatty
ester, no solvent and vacuum. We observed lower yields of
ester formation for a short chain fatty acid, such as butyrate,
than for palmitate, except for phenols 3 and 4, where similar
or better yields were obtained. High yields were obtained
when ethyl stearate was used as the acylating agent in the
reaction, similar to those for ethyl palmitate, except for
compound 1, possibly due to its low solubility in the
reaction media. The effect of the length of the saturated
carboxylic acid is not very clear. Actually, contradictory

n=1 3,4-dihydroxybenzyl oleate 17
n=2 2-(3,4-dihydroxyphenyl)-ethyl oleate 18
n=3 3-(3,4-dihydroxyphenyl)-propyl oleate 19
n= M 3,4-dihydroxycinnamyl oleate 20
(0}
HO — — — —
6]
HO
n=1 3,4-dihydroxybenzyl cis-5,8,11,14,17- eicosapentaenoate 21
n=2 2-(3,4-dihydroxyphenyl)-ethyl cis-5,8,11,14,17- eicosapentaenoate 22
n=3 3-(3.,4-dihydroxyphenyl)-propyl cis-5,8,11,14,17- eicosapentaenoate 23
n= M 3,4-dihydroxycinnamyl cis-5,8,11,14,17- eicosapentaenoate 24

j@%w

=1 3,4-dihydroxybenzyl cis-4,7,10,13,16,19- docosahexanoate 25
n:2 2-(3,4-dihydroxyphenyl)-ethyl cis-4,7,10,13,16,19- docosahexanoate 26
n=3 3-(3,4-dihydroxyphenyl)-propyl cis-4,7,10,13,16,19- docosahexanoate 27

n= M 3,4-dihydroxycinnamyl cis-4,7,10,13,16,19- docosahexanoate 28

Figure 3. Structures of phenolic unsaturated and polyunsaturated fatty acid esters synthesized.
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Table 1. Reaction yields for phenolic saturated fatty acid esters

A. Torres de Pinedo et al. / Tetrahedron 61 (2005) 7654-7660

Phenol Acylating agent Product Yield (%)
3,4-Dihydrobenzylic alcohol 1 Palmitic acid® 5 75
2-(3,4-Dihydroxyphenyl)-ethanol 2 Palmitic acid® 6 81
3-(3,4-Dihydroxyphenyl)-propanol 3 Palmitic acid® 7 85
3,4-Dihydroxycinnamylic alcohol 4 Palmitic acid® 8 69
3,4-Dihydrobenzylic alcohol 1 Ethyl palmitate” 5 98
2-(3,4-Dihydroxyphenyl)-ethanol 2 Ethyl palmitate® 6 98
3-(3,4-Dihydroxyphenyl)-propanol 3 Ethyl palmitate® 7 97
3,4-Dihydroxycinnamylic alcohol 4 Ethyl palmitate” 8 71
3,4-Dihydrobenzylic alcohol 1 Ethyl butyrateb 9 75
2-(3,4-Dihydroxyphenyl)-ethanol 2 Ethyl butyrate” 10 59
3-(3,4-Dihydroxyphenyl)-propanol 3 Ethyl butyrate” 11 97
3,4-Dihydroxycinnamylic alcohol 4 Ethyl butyrate” 12 96
3,4-Dihydrobenzylic alcohol 1 Ethyl stearate” 13 74
2-(3,4-Dihydroxyphenyl)-ethanol 2 Ethyl stearate” 14 94
3-(3,4-Dihydroxyphenyl)-propanol 3 Ethyl stearate® 15 97
3,4-Dihydroxycinnamylic alcohol 4 Ethyl stearate” 16 72

# Reaction conditions: phenol-fatty acid ratio, 1:2, Novozym 435®, acetonitrile, 37 °C, 16 h.
" Reaction conditions: phenol/ethyl fatty acid ester ratio, 1:30, Novozym 435%, no solvent, 37 °C, 6-16 h.

results are also found in the literature when Candida
Antarctica lipase is used to esterify ascorbic acid with
saturated fatty acids. Stamatis et al.'® found a decrease in
yields for ester formation with increasing chain length,
whereas Yan et al.>! found just the opposite effect. It is
important to note that, in both cases, acetone or tert-butanol
were used as the solvent and that long reaction times were
needed to obtain reasonable yields.

Finally, we studied the phenolic ester formation with
the ethyl esters of the biologically relevant oleic,
eicosapentaenoic (EPA), and docosahexaenoic (DHA)
acids. Lower yields were obtained for oleic than for stearic
ethyl ester for all four phenolic compounds in the series,
except for compound 4 that maintained the same yields for
both (see Table 2). A more dramatic decrease in yields
(29-51%) was obtained for EPA and DHA ethyl esters when
reacted with phenols 1, 2, and 4. Actually, the side
reaction of hydrolysis of the corresponding fatty acid
ethyl esters to the carboxylic acid was quite fast in these
cases as observed by TLC. Surprinsingly, reaction with
compound 3 resulted in 67 and 97% of the ester formation
with DHA and EPA, respectively. Probably, the fact that the
primary alcohol is at three-carbon distance from the
phenolic structure in compound 3 helps the ester reaction
to compete with the hydrolysis reaction of the polyunsatu-
rated ethyl esters.

3. Experimental

Chemicals were purchased from Sigma-Aldrich and used
without further purification. The immobilized lipase from
Candida Antarctica (Novozym 435%®) was a gift from
Novozymes A/S Spain. Thin-layer chromatography (TLC)
was performed on precoated silica gel 60 Alugram SIL/
UV,s54 from Macherey Nagel. FAB Mass spectra were
collected on a Hewlett-Packard 5988 spectrometer, using a
Fisons VG platform or a Fisons VG Autospec-Q. NMR
experiments were performed on a Bruker AM-300 and a
Bruker AMX-300, operating at 300 MHz for 'H and
75 MHz for C, and on a Bruker AMX-400, operating at
400 MHz for 'H and 100 MHz for '3C. CDCIl; was used as
solvent. Chemical shifts are expressed in ¢ (parts per
million) using the solvent as internal reference.

3.1. Synthetic procedure

A suspension of the alcohol (0.4 mmol), Novozym 435%
(40 mg) in ethyl fatty acid ester (12 mmol) was stirred
vigorously under vacuum (5-10 mmHg) at 37 °C for
4-16 h. Then, acetonitrile (75 mL) was added, lipase
filtered, and the crude washed with hexane (3X25 mL).
The acetonitrile phase was concentrated to dryness under
reduced pressure and finally purified in a short silica column
using flash chromatography (hexane/diethyl ether 10:1, 2:1

Table 2. Reaction yields for phenolic mono- and polyunsaturated fatty acid esters

Phenol Acylating agent

3,4-Dihydrobenzylic alcohol 1
2-(3,4-Dihydroxyphenyl)-ethanol 2
3-(3,4-Dihydroxyphenyl)-propanol 3
3,4-Dihydroxycinnamylic alcohol 4

Ethyl oleate
Ethyl oleate
Ethyl oleate
Ethyl oleate

3,4-Dihydrobenzylic alcohol 1
2-(3,4-Dihydroxyphenyl)-ethanol 2
3-(3,4-Dihydroxyphenyl)-propanol 3
3,4-Dihydroxycinnamylic alcohol 4
3,4-Dihydrobenzylic alcohol 1
2-(3,4-Dihydroxyphenyl)-ethanol 2
3-(3,4-Dihydroxyphenyl)-propanol 3
3,4-Dihydroxycinnamylic alcohol 4

Ethyl eicosapentaenoate
Ethyl eicosapentaenoate
Ethyl eicosapentaenoate
Ethyl eicosapentaenoate
Ethyl docosahexaenoate
Ethyl docosahexaenoate
Ethyl docosahexaenoate
Ethyl docosahexaenoate

Product Yield (%)
17 64
18 81
19 87
20 72
21 33
22 51
23 97
24 32
25 32
26 43
27 67
28 29

Reaction conditions: phenol-carboxylic ethyl ester ratio, 1:30, Novozym 435®, no solvent, 37 °C, 4-16 h.
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or 1:1 depending on the polarity of final compound) to yield
the phenolic fatty acid ester. In the case of the reactions with
butyrate ethyl ester, no final chromatography was needed.
All compounds were >95% pure as observed by "H NMR
spectroscopy.

3.2. HPLC procedure

Monitoring by HPLC was carried out using 2695 Alliance
Waters separation system and a 2996 photodiode array
detector. The column was a Symmetry C18, 250X4.0 mm,
5 um particle size, protected with a C18 precolumn. The
mobile phase A was acetonitrile and B was 1% acetic acid in
water. Gradient started on 92% A for 4 min, then linear
ramp to 100% A in 6 more min, maintaining 100% A for
8 min, and returning to starting conditions in 2 min. Flow
rate was 1 mL/min and detection was achieved at 280 nM.

3.2.1. 3,4-Dihydroxybenzylic palmitate 5. 98%. White
solid; '"H NMR (300 MHz, CDCls): 6 6.89 (d, J=1.5 Hz,
1H, ar), 6.84 (d, J=8.1Hz, 1H, ar), 6.79 (dd, J=8.0,
1.7Hz, 1H, ar), 4.99 (s, 2H, PhCH,00C-), 2.32 (t,
J=7.4Hz, 2H, -OOC-CH,-), 1.61 (q, J=6.0 Hz, 2H,
OOC-CH,-CH,), 1.25 (m, 24H, -CH,-), 0.87 (t, J=
6.4 Hz, 3H, —CH3); '*C NMR (75 MHz, CDCl,): é 175.7
(-CO0-), 145.2, 144.9, 130.3, 122.9, 117.2, 116.7 (Ar),
67.5 (PhCH,0CO-), 35.9 (-OOC-CH,-), 33.3, 31.1, 31.0,
30.8, 30.7, 30.6, 30.5, 26.3, 24.1 (-CH,-), 15.5 (-CHy);
HRMS FAB + calcd 401.2668 for C,3H330,Na [M+Na] ",
found 401.2672.

3.2.2. 2-(3,4-Dihydroxyphenyl) ethyl palmitate 6. 98%.
White solid; '"H NMR (300 MHz, CDCls): 6 6.78 (d,
J=8.1Hz, 1H, ar), 6.73 (d, J=1.5 Hz, 1H, ar), 6.63 (dd,
J=8.0, 1.5 Hz, 1H, ar), 4.23 (t, J=7.1 Hz, 2H, -CH,00C-),
2.80 (t, J=7.1 Hz, 2H, ar-CH,-), 2.28 (t, J=7.5 Hz, 2H,
—00C-CH,-), 1.58 (q, J=6.1 Hz, 2H, -OOC—CH,—CH,),
1.25 (m, 24H, -CH,-), 0.87 (t, J=6.4 Hz, 3H, —-CH;); °C
NMR (75 MHz, CDCl5): 6 174.5 (-COO-), 143.7, 142.4,
130.7, 121.4, 116.0, 115.5 (Ar), 65.1 (-CH,OCO-), 34.6,
34.5, 32.0, 29.8, 29.7, 29.7, 29.5, 29.4, 29.3, 29.2, 25.0,
24.8, 22.8 (-CH,-), 14.2 (-CH3); HRMS FAB+ calcd
415.2824 for Cy4H4o04Na [M+Na] ™, found 415.2819.

3.2.3. 3-(3,4-Dihydroxyphenyl) propyl palmitate 7. 97%.
White solid; 'H NMR (300 MHz, CDCls): 6 6.76 (d,
J=8.0 Hz, 1H, ar), 6.68 (d, /J=1.8 Hz, 1H, ar), 6.58 (dd,
J=28.0,1.8 Hz, 1H, ar), 4.06 (t, J=6.6 Hz, 2H, -CH,00C-),
2.55 (t, J=7.4 Hz, 2H, ar-CH,-), 2.30 (t, J=7.5 Hz, 2H,
-O0C-CH,-), 1.88 (q, /J=6.7 Hz, 2H, -CH,-), 1.65 (q, J=
7.2 Hz, 2H, -OOC-CH,—CH>), 1.24; '*C NMR (75 MHz,
CDCl3): 6 1745 (-COO-), 143.7, 141.8, 134.3, 120.8,
115.6, 115.5 (Ar), 63.8 (-CH,0CO-), 34.5,32.0, 31.5, 30.4,
29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 25.1, 22.8 (-CH,-),
14.2 (-CH3); HRMS FAB+ calcd 429.2981 for
C»sH4,04Na [M+Na] ™, found 429.2977.

3.2.4. 3,4-Dihydroxycinnamyl palmitate 8. 71%. White
solid; "H NMR (300 MHz, CDCl3): 6 6.92 (s, 1H, ar), 6.81
(s, 2H, ar), 6.51 (d, J=15.8 Hz, 1H, Ph-CH=CH-CH,-),
6.09 (dt, J=15.8, 6.6 Hz, 1H, Ph-CH=CH-CH,-), 4.69 (d,
J=6.5Hz, Ph-CH=CH-CH,-), 2.33 (t, J=7.4 Hz, 2H,
—O0OC-CH;-), 1.63 (q, /=7.0 Hz, 2H, -OOC-CH,—CH,),

1.25 (m, 24H, —-CH,-), 0.87 (t, J=6.3 Hz, 3H, -CH3); "°C
NMR (75 MHz, CDCls): 6 1742 (-COO-), 134.0 (Ph-
CH=CH-), 121.3 (Ph-CH=CH-), 143.9, 143.8, 129.9,
120.2, 115.5, 113.3 (Ar), 65.2 (-CH,OCO-), 34.4, 32.0,
30.4,29.8,29.7, 29.5, 29.4, 29.3, 29.2, 25.1, 22.8 (-CH,-),
14.2 (-CH;); HRMS FAB+ calecd 427.2824 for
CasH404Na [M+Na] ", found 427.2819.

3.2.5. 3,4-Dihydroxybenzylic butyrate 9. 75%. Trans-
parent syrup; '"H NMR (300 MHz, CDCls): 6 6.88 (d,
J=1.8 Hz, 1H, ar), 6.83 (d, J=8.0 Hz, 1H, ar), 6.79 (dd,
J=38.0, 1.7 Hz, 1H, aro), 4.99 (s, 2H, PhCH,00C-), 2.31 (t,
J=7.4Hz, 2H, -OOC-CH,-), 1.65 (h, J=7.4 Hz, 2H,
0OOC-CH,—CH,), 0.92 (t, J=7.4 Hz, 3H, -CH;); '*C NMR
(75 MHz, CDCls): 6 174.5 (-CO0O-), 144.0, 143.7, 128.9,
121.5,115.9, 115.4 (Ar), 66.3 (PhCH,OCO-), 36.4 (-OOC-
CH,-), 18.5 (-OOC-CH,-CH,), 13.7 (—CH3); HRMS
FAB+ caled 222.0892 for C,H;40,Na [M+Na]™,
found 222.0892.

3.2.6. 2-(3,4-Dihydroxyphenyl) ethyl butyrate 10. 59%.
Transparent syrup; "H NMR (300 MHz, CDCl5): 6 6.78 (d,
J=8.1 Hz, 1H, ar), 6.73 (d, J=1.5 Hz, 1H, ar), 6.63 (dd,
J=38.0, 1.5 Hz, 1H, ar), 6.19 (1s (w), 1H, Ph-OH), 6.0 (1s
(w), 1H, Ph-OH), 4.23 (t, J="7.1 Hz, 2H, -CH,00C-), 2.79
(t, J=7.1Hz, 2H, Ph-CH,-), 2.27 (t, J=7.5Hz, 2H,
—-O0C-CH»-), 1.65 (h, J=7.4 Hz, 2H, ~-OOC-CH,-CH,),
0.92 (t,J=7.4 Hz, 3H, -CH3); '*C NMR (75 MHz, CDCl5):
0 174.9 (-COO-), 143.9, 142.6, 130.5, 121.3, 115.9, 115.5
(Ar), 65.3 (-CH,0CO-), 36.4 (-OOC—CH,-), 34.5 (Ph-
CH,-), 18.5 (-OOC-CH,-CH,), 13.7 (-CHj3); HRMS
FAB+ calcd 247.0946 for C;,H,;s04sNa [M+Na]™,
found 247.0947.

3.2.7. 3-(3,4-Dihydroxyphenyl) propyl butyrate 11. 97%.
Transparent syrup; 'H NMR (300 MHz, CDCl5): 6 6.77 (d,
J=8.0 Hz, 1H, ar), 6.68 (d, J=1.5 Hz, 1H, ar), 6.58 (dd,
J=8.0, 1.6 Hz, 1H, ar), 4.07 (t, J=6.6 Hz, 2H, -CH,O0C-),
2.55 (t, J=7.4 Hz, 2H, ar-CH,-), 2.30 (t, J=7.5 Hz, 2H,
—-0O0C-CH»-), 1.89 (q, J=6.7 Hz, 2H, -CH,-), 1.65 (h, J=
7.5 Hz, 2H, -OOC-CH,-CH,), 0.95 (t, J=7.4Hz, 3H,
—CH,;); C NMR (75 MHz, CDCl3): 6 174.6 (-COO-),
143.8, 141.9, 134.2, 120.8, 115.6, 115.4 (Ar), 63.9
(-CH,0CO0O-), 36.4 (-OOC-CH,-), 31.5, 30.3, 18.6
(-CH,-), 13.7 (-CH3); HRMS FAB+ calcd 261.1103 for
C,3H,304Na [M+Na] ™, found 261.1107.

3.2.8. 3,4-Dih?fdroxycinnamyl butyrate 12. 96%. Trans-
parent syrup; H NMR (300 MHz, CDCl5): 6 6.92 (s, 1H,
ar), 6.80 (s, 2H, ar), 6.51 (d, J=15.8 Hz, 1H, Ph-CH=CH-
CH»-), 6.09 (dt, J=15.8, 6.6 Hz, 1H, Ph-CH=CH-CH»-),
4.69 (d, J=6.5 Hz, Ph-CH=CH-CH,-), 2.32 (t, J="7.4 Hz,
2H, -OOC-CH,-), 1.66 (h, J=7.4 Hz, 2H, -OOC-CH,—
CH,), 0.95 (t, J=7.4 Hz, 3H, -CH3); '*C NMR (75 MHz,
CDCl3): 6 174.1 (-COO-), 134.1 (Ph-CH=CH-), 1214
(Ph-CH=CH-), 144.0, 143.8, 129.8, 120.2, 115.5, 113.3
(Ar), 65.3 (-CH,0CO-), 36.4 (-OOC-CH,»-), 18.6 (-CH,-),
13.7 (-CH3); HRMS FAB+ caled 259.1105 for
C3H,604Na [M+Na]*, found 259.1109.

3.2.9. 3,4-Dihydroxybenzylic stearate 13. 74%. White
solid; "H NMR (300 MHz, CDCl5): 6 6.88 (d, J=1.8 Hz,
1H, ar), 6.83 (d, /J=8.1 Hz, 1H, ar), 6.78 (dd, J=8.0,
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1.7 Hz, 1H, ar), 4.99 (s, 2H, PhCH,00C-), 2.33 (t, J=
7.7 Hz, 2H, -OOC-CH,-), 1.61 (q, J=7.2 Hz, 2H, O0OC-
CH,—CH.), 1.25 (m, 28H, —CH,-), 0.87 (t, J=6.4 Hz, 3H,
—CH;); C NMR (75 MHz, CDCl3): 6 174.7 (-COO-),
144.1, 143.7, 128.8, 121.5, 115.8, 115.3 (Ar), 66.3 (PhCH,-
0CO-), 34.6 (-OOC-CH,-), 31.9, 29.7, 29.7, 29.6, 29.5,
29.4,29.3, 29.2, 25.0, 22.7 (-CH,-), 14.1 (-CH;); HRMS
FAB + calcd 429.2981 for C,sH4,04Na [M+Na]*, found
429.2987.

3.2.10. 2-(3,4-Dihydroxyphenyl) ethyl stearate 14. 94%.
White solid; '"H NMR (300 MHz, CDCls): 6 6.79 (d,
J=8.1Hz, 1H, ar), 6.72 (d, J=2.0 Hz, 1H, ar), 6.63 (dd,
J=8.0,2.0 Hz, 1H, ar), 4.23 (t, J=7.1 Hz, 2H, -CH,00C-),
2.80 (t, J=7.1 Hz, 2H, ar-CH,-), 2.28 (t, J=7.4 Hz, 2H,
—00C-CH,-), 1.58 (m, 2H, -OOC-CH,—-CH,-), 1.24 (m,
28H, -CH,-), 0.87 (t, J=6.9 Hz, 3H, -CH;); '*C NMR
(75 MHz, CDCl5): 6 174.6 (-COO-), 143.8, 142.5, 130.6,
121.4, 116.0, 115.4 (Ar), 65.1 (<CH,OCO-), 34.6, 34.5,
31.9,29.7,29.7,29.6, 29.5, 29.4, 29.3, 29.2, 25.0, 24.8, 22.7
(-CH,-), 14.2 (-CH;); HRMS FAB+ calcd 443.3137 for
Ca¢HasO4Na [M+Na] ™", found 443.3141.

3.2.11. 3-(3,4-Dihydroxyphenyl) propyl stearate 15. 97%.
White solid; '"H NMR (300 MHz, CDCls): 6 6.76 (d,
J=8.1Hz, 1H, ar), 6.69 (d, J=1.9 Hz, 1H, ar), 6.59 (dd,
J=38.1,2.0 Hz, 1H, ar), 4.07 (t, J=6.6 Hz, 2H, -CH,00C-),
2.56 (t, J=7.6 Hz, 2H, ar-CH,-), 2.30 (t, J=7.4 Hz, 2H,
-O0C-CH»-), 1.89 (q, /=6.8 Hz, 2H, -CH,-), 1.61 (q, J=
7.0 Hz, 2H, -OOC-CH,—CH,), 1.27 (m, 28H, —-CH,-), 0.87
(t, J=6.9 Hz, 3H, -CH3); °C NMR (75 MHz, CDCl5): 6
174.4 (-CO0O-), 143.7, 141.8, 134.3, 120.8, 115.5, 115.4
(Ar), 63.7 (-CH,0CO-), 34.5, 31.9, 31.5, 30.3, 29.7, 29.7,
29.5, 29.4, 29.3, 29.2, 29.1, 25.1, 22.7 (-CHy~), 14.1
(-CH3); HRMS FAB+ calcd 457.3294 for C,7H4604Na
[M+Na] ™, found 457.3301.

3.2.12. 3,4-Dihydroxycinnamyl stearate 16. 72%. White
solid; "H NMR (300 MHz, CDCl5): 6 6.93 (s, 1H, ar), 6.81
(s, 2H, ar), 6.51 (d, J=15.8 Hz, 1H, Ph-CH=CH-CH,-),
6.09 (dt, J=15.8, 6.6 Hz, 1H, Ph-CH=CH-CH,-), 4.69 (d,
J=6.5 Hz, Ph-CH=CH-CH,-), 2.33 (t, J=7.5Hz, 2H,
-O0C-CH,-), 1.63 (q, J=7.1 Hz, 2H, -OOC-CH,-CH,),
1.24 (m, 28H, —-CH,-), 0.87 (t, J=6.4 Hz, 3H, -CH;); °C
NMR (75 MHz, CDCl;): 6 174.2 (-COO-), 134.0 (Ph-
CH=CH-), 121.3 (Ph-CH=CH-), 143.9, 143.7, 129.9,
120.3, 115.5, 113.3 (Ar), 65.2 (-CH,OCO-), 34.5, 32.0,
29.8, 29.7, 29.6, 29.4, 29.3, 29.2, 25.1, 22.8 (-CH,-), 14.2
(-CH3); HRMS FAB+ caled 455.3137 for C,;H4404Na
[M+Na] ™, found 455.3136.

3.2.13. 3,4-Dihydroxybenzylic oleate 17. 63%. Light
yellow syrup; '"H NMR (300 MHz, CDCls): 6 6.88 (s, 1H,
ar), 6.83 (d, AB system, /J=8.0 Hz, 1H, ar), 6.79 (d, AB
system, J=38.4, 1.7 Hz, 1H, ar), 5.34 (m, 2H, HC=CH),
4.99 (s, 2H, PhCH,00C-), 2.32 (t, J=7.5 Hz, 2H, -OOC-
CH,-), 1.99 (m, 4H, -CH,-HC=CH-CH,-), 1.61 (q, J=
6.8 Hz, 2H, -OOC-CH,—CH»-), 1.26 (m, 26H, —-CH»-),
0.87 (t,J=6.7 Hz, 3H, -CH3); '*C NMR (75 MHz, CDCl5):
0 174.4 (-CO0O-), 130.1, 129.8 ((HC=CH-) 143.9, 143.7,
129.0, 121.6, 115.9, 115.4 (Ar), 66.2 (PhCH,OCO-), 34.5,
31.9,29.8,29.7,29.6,29.4,29.2,29.1,27.3,27.2,25.0,22.7
(-CH,-HC=CH-CH,-, —-CH,-), 14.2 (-CH3); HRMS

FAB+ calcd 427.2824 for C,sH,0OsNa [M+Na]™,
found 427.2822.

3.2.14. 2-(3,4-Dihydroxyphenyl) ethyl oleate 18. 93%.
Light yellow syrup; "H NMR (300 MHz, CDCl5): 6 6.78 (d,
J=8.1Hz, 1H, ar), 6.72 (d, J=2.0 Hz, 1H, ar), 6.63 (dd,
J=28.0,2.0 Hz, 1H, ar), 5.34 (m, 2H, HC=CH), 4.23 (t, J=
7.1 Hz, 2H, -CH,00C-), 2.80 (t, J="7.1 Hz, 2H, ar-CH,-),
2.28 (t, J=17.6 Hz, 2H, -OOC-CH,-), 1.99 (m, 4H, -CH,—
HC=CH-CH,-), 1.58 (m, 2H, —-OOC-CH,-CH,-), 1.26
(m, 20H, -CH,-), 0.87 (t, J=6.9 Hz, 3H, —-CH;); '°C NMR
(75 MHz, CDCls): 6 174.8 (-COO-), 130.1, 129.8
(-HC=CH-) 143.8, 142.5, 130.5, 121.3, 115.9, 1154
(Ar), 65.3 (-CH,0CO-), 34.5, 31.9, 31.3, 29.7, 29.6, 29.4,
29.2, 29.1, 27.3, 27.2, 25.0, 22.7 (-CH,~HC=CH-CH,—,
—CH,-), 14.2 (-CH3); HRMS FAB+ calcd 441.2981 for
Cr6H4,04Na [M+Na] ", found 441.2979.

3.2.15. 3-(3,4-Dihydroxyphenyl) propyl oleate 19. 87%.
Light yellow syrup; "H NMR (300 MHz, CDCl5): 6 6.76 (d,
J=8.1 Hz, 1H, ar), 6.69 (d, /J=2.0 Hz, 1H, ar), 6.58 (dd,
J=28.0,2.0 Hz, 1H, ar), 5.33 (m, 2H, HC=CH), 4.07 (t, J=
6.6 Hz, 2H, —-CH,O0C-), 2.55 (t, J=17.3 Hz, 2H, ar-CH,-),
2.30 (t, J=7.4 Hz, 2H, -OOC-CH,-), 1.99 (m, 4H, -CH,—
HC=CH-CH,-), 1.89 (q, /=6.8 Hz, 2H, -CH,-), 1.61 (m,
2H, -OOC-CH,-CH,-), 1.26 (m, 20H, -CH,-), 0.87 (t, J=
6.9 Hz, 3H, —CH3); '*C NMR (75 MHz, CDCl,): ¢ 174.6
(-CO0-), 130.1, 129.8 (-HC=CH-) 143.7, 141.9, 134.2,
120.7, 115.5, 115.4 (Ar), 63.8 (-CH,OCO-), 34.5, 31.9,
31.4, 30.3, 29.8, 29.7, 29.6, 29.4, 29.2, 29.1, 27.3, 27.2,
25.0, 22.7 (-CH,~HC=CH-CH,—, -CH,-), 14.1 (-CHy);
HRMS FAB + calcd 455.3137 for C;H,40,Na [M+Na] ",
found 455.3138.

3.2.16. 3,4-Dihydroxycinnamyl oleate 20. 72%. Light
yellow syrup; '"H NMR (300 MHz, CDCl3): 6 6.93 (s, 1H,
ar), 6.81 (s, 2H, ar), 6.51 (d, J=15.8 Hz, 1H, Ph-CH=CH-
CH,-), 6.08 (dt, J=15.8, 6.6 Hz, 1H, Ph-CH=CH-CH,-),
5.34 (m, 2H, HC=CH), 4.69 (d, /J=6.6 Hz, Ph-CH=CH-
CH,-), 2.33 (t, J=7.5 Hz, 2H, -OOC-CH,-), 2.0 (m, 4H,
—-CH,~HC=CH-CH,-), 1.63 (q, J=7.1 Hz, 2H, -OOC-
CH,-CH,-), 1.26 (m, 26H, -CH,-), 0.87 (t, J="7.0 Hz, 3H,
—CH3); °C NMR (75 MHz, CDCly): 6 174.2 (-COO-),
130.1, 129.8 (-HC=CH-), 134.1 (Ph-CH=CH-), 121.2
(Ph-CH=CH-), 144.0, 143.8, 129.7, 120.1, 115.4, 113.2
(Ar), 65.3 (-CH,0CO-), 34.5, 33.9, 31.9, 29.8, 29.7, 29.6,
29.3, 29.2, 29.1, 27.3, 27.2, 25.0, 24.7, 22.7 (-CHy—
HC=CH-CH,-, -CH,-), 14.1 (-CHs3); HRMS FAB+
caled 430.3239 for C,;H,,0, [M] ™, found 430.3240.

3.2.17. 3,4-Dihydroxybenzylic cis-5,8,11,14,17-eicosa-
pentanoate 21. 33%. Light yellow syrup; 'H NMR
(300 MHz, CDCl5): 6 6.88 (s, 1H, ar), 6.81 (dd, AB system,
J=8.1 Hz, 2H ar), 5.35 (m, 10H, HC=CH), 4.99 (s, 2H,
PhCH,00C-), 2.80 (m, 8H, -HC=CH-CH,~-HC=CH-),
2.34 (t, J=7.4Hz, 2H, -OOC-CH,-), 2.06 (m, 4H,
-HC=CH-CH,-CH;, ~-HC=CH-CH,—~CH,~) 1.69 (m,
2H, -CH,—CH,-COO-), 0.96 (t, J=7.5Hz, 3H, —-CHj);
3C NMR (75 MHz, CDCl;): 6 174.1 (-COO-), 144.0,
143.7, 132.1, 129.1, 128.9, 128.8, 128.6, 128.3, 128.2,
128.1, 127.9, 127.1, 121.6, 115.9, 115.3 (Ar, HC=CH-),
66.2 (PhCH,0CO-), 33.9, 33.3, 26.6, 26.5, 25.7, 25.6, 28.8,
24.6, 20.6 (-CH,—~, ~-HC=CH-CH,-HC=CH-), 14.3
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(~CH3); HRMS FAB+ caled 447.5963 for C,,H3¢04Na
[M+Na]™, found 447.5961.

3.2.18. 2-(3,4-Dihydroxyphenyl) ethyl cis-5,8,11,14,17-
eicosapentanoate 22. 51%. Light yellow syrup; '"H NMR
(400 MHz, CDCl5): 6 6.78 (d, J=38.1 Hz, 1H, ar), 6.72 (d,
J=2.0 Hz, 1H, ar), 6.63 (dd, /=38.0, 2.0 Hz, 1H, ar), 5.35
(m, 10H, HC=CH), 4.25 (t, J=7.1 Hz, 2H, -CH,00C-),
2.81 (m, 8H, ~-HC=CH-CH,-HC=CH-), 2.80 (t, J=
7.1 Hz, 2H, ar-CH,-), 2.29 (t, J="7.6 Hz, 2H, -OOC-CH,-),
2.07 (m, 4H, HC=CH-CH,—CH3;, -HC=CH-CH,-CH,-)
1.67 (t, J=7.4 Hz, 2H, -CH,—CH,~COO0-), 0.96 (t, J=
7.5 Hz, 3H, —CH3); '*C NMR (75 MHz, CDCls): 6 174.1
(-CO0-), 144.0, 142.7, 132.1, 129.1, 128.9, 128.7, 128.6,
128.3, 128.2, 128.0, 127.9, 127.1, 121.6, 115.9, 115.3 (Ar,
HC=CH-), 66.2 (-CH,0CO-), 34.5, 33.9, 33.4, 26.6, 26.5,
25.7, 25.6, 24.6, 20.6 (-CH,—, -HC=CH-CH,~-HC=CH-),
14.3 (-CHz); HRMS FAB+ caled 461.6120 for
CogH3304Na [M+Na] ", found 461.6115.

3.2.19. 3-(3,4-Dihydroxyphenyl) propyl cis-5,8,11,14,17-
eicosapentanoate 23. 97%. Light yellow syrup; 'H NMR
(400 MHz, CDCl5): 6 6.76 (d, J=38.1 Hz, 1H, ar), 6.72 (d,
J=1.8 Hz, 1H, ar), 6.57 (dd, /=38.0, 1.8 Hz, 1H, ar), 5.37
(m, 10H, HC=CH), 4.07 (t, J=6.6 Hz, 2H, —-CH,00C-),
2.82 (m, 8H, ~-HC=CH-CH,-HC=CH-), 2.55 (t, J=
7.1 Hz, 2H, ar-CH,-), 2.33 (t, J="7.5 Hz, 2H, -OOC-CH,-),
2.09 (m, 4H, HC=CH-CH,—CH;, -HC=CH-CH,—~CH»-),
1.89 (q, J=6.8 Hz, 2H, -CH»-), 1.67 (t, J=7.4 Hz, 2H,
—-CH,-CH,-COO0-), 0.96 (t, J=7.5Hz, 3H, -CH3); "3C
NMR (75 MHz, CDCls): 6 174.6 (-COO-), 143.8, 142.0,
134.1, 132.2, 129.0, 128.9, 128.7, 128.4, 128.3, 128.2,
127.9, 127.1, 120.7, 115.6, 115.4 (Ar, HC=CH-), 64.1
(-CH,0CO-), 33.9, 31.5, 30.3, 26.7, 25.7, 25.6, 24.9, 20.7
(-CH,—, -HC=CH-CH,~HC=CH-), 14.3 (-CH3); HRMS
FAB + calcd 475.6277 for Co9H40O4Na [M+Na]*, found
475.6269.

3.2.20. 3,4-Dihydroxycinnamyl cis-5,8,11,14,17-eicosa-
pentanoate 24. 32%. Light yellow syrup; 'H NMR
(300 MHz, CDCl3): 6 6.92 (s, 1H, ar), 6.80 (s, 2H, ar),
6.51 (d, J=15.8 Hz, 1H, Ph-CH=CH-CH,-), 6.09 (dt, J=
15.8, 6.6 Hz, 1H, Ph-CH=CH-CH,-), 5.36 (m, 10H,
HC=CH), 4.69 (d, /J=6.6 Hz, Ph-CH=CH-CH,-), 2.82
(m, 8H, -HC=CH-CH,-HC=CH-), 2.36 (t, J=7.4 Hz,
2H, -OOC-CH,-), 2.06 (m, 4H, -HC=CH-CH,—CH3;,
-HC=CH-CH,-CH,-) 1.72 (q, J=7.4 Hz, 2H, -CH,—
CH,-COO0-), 0.96 (t, J=7.5Hz, 3H, -CH;); °C NMR
(75 MHz, CDCl3): 6 174.0 (-COO-), 144.0, 143.8, 134.1,
132.2, 129.0, 128.9, 128.7, 128.4, 128.3, 128.2, 127.9,
127.1, 121.1, 120.7, 115.6, 1154 (Ar, HC=CH-), 65.4
(-CH,0CO-), 33.8, 26.6, 25.7, 25.6, 24.8, 20.6 (-CH,—,
-HC=CH-CH,-HC=CH-), 14.3 (-CH3); HRMS FAB +
calcd 473.6265 for C,9H;304Na [M+Na]™, found
473.6254.

3.2.21. 3,4-Dihydroxybenzylic cis-4,7,10,13,16,19-
docosahexanoate 25. 32%. Light yellow syrup; 'H NMR
(300 MHz, CDCls): 6 6.88 (d, /J=1.6 Hz, 1H, ar), 6.83 (d,
J=8.0 Hz, 1H, ar), 6.78 (dd, J=8.0, 1.7 Hz, 1H, ar), 5.38
(m, 12H, HC=CH), 4.99 (s, 2H, -CH,00C-), 2.83 (m,
10H, -HC=CH-CH,-HC=CH-), 2.40 (m, 2H, -OOC-
CH,-), 2.39 (m, 2H, ~-HC=CH-CH,—CH,—COO-) 2.06 (q,

J=17.4 Hz, 2H, -HC=CH-CH,~CH3), 0.96 (t, J=7.5 Hz,
3H, —-CH3); >C NMR (75 MHz, CDCl,): 6 173.6 (-COO-),
144.0, 143.7, 1322, 129.7, 129.5, 128.8, 128.7, 128.4,
128.3, 128.2, 128.1, 128.0, 127.8, 127.6, 127.1, 121.6,
115.9, 115.4 (Ar, HC=CH-), 66.4 (PhCH,OCO-), 34.5,
33.8,25.7,25.7, 25.6, 22.9, 22.6, 20.6 (-CH,—, ~-HC=CH-
CH,-HC=CH-), 14.3 (~CH3); HRMS FAB+ calcd
473.6215 for CoH330,Na [M+Na] ", found 473.6208.

3.2.22. 2-(3,4-Dihydroxyphenyl) ethyl cis-4,7,10,13,
16,19-docosahexanoate 26. 43%. Light yellow syrup; 'H
NMR (400 MHz, CDCl3): ¢ 6.78 (d, /=8.1 Hz, 1H, ar),
6.72 (d, /=2.0 Hz, 1H, ar), 6.58 (dd, /=38.0, 2.0 Hz, 1H,
ar), 538 (m, 12H, HC=CH), 4.23 (t, J=7.1 Hz, 2H,
—CH,00C-), 2.81 (m, 10H, -HC=CH-CH,-HC=CH-),
2.80(t,J=7.1 Hz, 2H, ar-CH,-), 2.35 (m, 2H, -OOC-CH,-),
2.35 (m, 2H, —-HC=CH-CH,—CH,—-COO-) 2.06 (m, J=
7.6 Hz, 2H, -HC=CH-CH,—CH3;), 0.96 (t, /J=7.5 Hz, 3H,
—CHj); ">*CNMR (75 MHz, CDCls): 6 174.3 (-COO-), 144.0,
143.7,132.2,129.7, 129.5, 128.8, 128.7, 128.4, 128.3, 128.2,
128.1, 128.0, 127.8, 127.6, 127.1, 121.6, 115.9, 115.4 (Ar,
HC=CH-), 66.4 (-CH,0CO-), 34.5, 33.8, 25.7, 25.7, 25.6,
22.9, 22.6, 20.6 (-CH,—, -HC=CH-CH,-HC=CH-), 14.3
(—CH3); HRMS FAB+ calcd 487.6572 for C3()H4004Na
[M+Na] ™", found 487.6562.

3.2.23. 3-(3,4-Dihydroxyphenyl) propyl cis-4,7,10,
13,16,19-docosahexanoate 27. 67%. Light yellow syrup;
'"H NMR (400 MHz, CDCls): 6 6.76 (d, J=8.1 Hz, 1H, ar),
6.68 (d, J=1.8 Hz, 1H, ar), 6.58 (dd, /=8.0, 1.8 Hz, 1H,
ar), 5.38 (m, 12H, HC=CH), 4.08 (t, /J=6.7 Hz, 2H,
-CH,00C-), 2.84 (m, 10H, ~-HC=CH-CH,-HC=CH-),
2.56 (t,J=17.4 Hz, 2H, ar-CH,-), 2.38 (m, 2H, -OOC-CH,-),
2.38 (m, 2H, ~-HC=CH-CH,—CH,-COO-) 2.08 (q, J=
7.3 Hz, 2H, -HC=CH-CH,—CH3), 1.89 (q, /J=6.9 Hz, 2H,
—CH,-), 0.96 (t, J=17.5 Hz, 3H, -CH3); '3C NMR (75 MHz,
CDCly): 6 173.7 (-COO-), 144.0, 143.7,132.2, 129.7, 129.5,
128.8, 128.7, 128.4, 128.3, 128.2, 128.1, 128.0, 127.8, 127.6,
127.1,121.6,115.9, 115.4 (Ar, HC=CH-), 66.4 (-CH,OCO-),
34.3, 31.4, 30.3, 25.7, 25.6, 25.6, 22.9, 20.6 (-CH,—,
—~HC=CH-CH,-HC=CH-), 14.3 (-CH3); HRMS FAB +
calecd 501.6729 for C3;H4,O4Na [M+Na]™, found
501.6716.

3.2.24. 3,4-Dihydroxycinnamyl cis-4,7,10,13,16,19-
docosahexanoate 28. 29%. Light yellow syrup; "H NMR
(300 MHz, CDCl5): 6 6.92 (s, 1H, ar), 6.80 (s, 2H, ar), 6.51
(d, J=15.8 Hz, 1H, Ph-CH=CH-CH,-), 6.09 (dt, J=15.8,
6.6 Hz, 1H, Ph-CH=CH-CH,-), 5.36 (m, 12H, HC=CH),
4.69 (d, J=6.6 Hz, Ph-CH=CH-CH,-), 2.83 (m, 10H,
-HC=CH-CH,-HC=CH-), 2.41 (m, 2H, —-OOC-CH,-),
2.39 (m, 2H, -HC=CH-CH,-CH,-COO0O-) 2.07 (q, J=
7.1 Hz, 2H, -HC=CH-CH,—CH3), 0.96 (t, J=7.5 Hz, 3H,
—CH,;); C NMR (75 MHz, CDCl3): 6 173.6 (-COO-),
144.0, 143.8, 134.2, 132.1, 129.7, 129.5, 128.6, 128.4,
128.3, 128.2, 128.1, 128.0, 127.8, 127.1, 121.1, 120.2,
1154, 113.2 (Ar, HC=CH-), 65.5 (-CH,0CO-), 34.4,
25.7, 25.6, 22.9, 20.6 (-CH,—, -HC=CH-CH,~-HC=CH-),
14.3 (-CH3); HRMS FAB + calcd 499.6705 for C3,H4004Na
[M+Na] ™, found 499.6710.
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Abstract—The asymmetric hydrocyanation of pyrrole-2- and -3-carboxaldehydes substituted with either methyl, benzyl or phenyl in the
1-position catalyzed by the hydroxynitrile lyases from Hevea brasiliensis (HPHNL) and Prunus amygdalus (PaHNL) is reported. The
products could be isolated—after O-silylation—with moderate to good enantiomeric purity although the carbonyl activity of the substrates
was found to be very low, which is supported by quantum-chemical calculations. Structural effects concerning substrate size and
regiochemistry are discussed considering docking calculations based on the X-ray crystal structures of the two enzymes. From these
calculations one particular amino acid residue (Trp-128) in the active site of HPHNL could be identified, which plays a major role for the

appropriate binding of structurally demanding carbonyl compounds.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The enzyme mediated synthesis of enantiomerically
enriched cyanohydrins from aldehydes and ketones has
been extensively explored for many years." These
compounds are important synthetic intermediates for the
production of valuable biologically active substances.”

Among hydroxynitrile lyases (HNLs), the biocatalysts that
catalyze the addition of hydrogen cyanide to carbonyl
compounds resulting in the formation of cyanohydrins, the
HNLs from the tropical rubber tree (Hevea brasiliensis,
HbHNL, E.C. 4.1.2.39) and from almonds (Prunus
amygdalus, PaHNL, E.C. 4.1.2.10) belong to the most
comprehensively studied enzymes of this class. Both are
characterized by their enormously high substrate tolerance
that ranges from saturated and unsaturated aliphatic to
aromatic and heterocyclic aldehydes and ketones. In
addition, the two aforementioned enzymes are enantio-
complementary. HPHNL preferentially catalyzes the
synthesis of S-configured cyanohydrins whereas in the
presence of PaHNL the addition of cyanide to the carbonyl
function occurs predominantly in an R-selective manner.”

Keywords: Hydroxynitrile lyase; Enzymes; Biocatalysis; Heterocycles;

Molecular modeling.
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Even though a wide range of different substrates have been
converted successfully, within the group of heterocyclic
aromatic aldehydes only furan-2- and -3-carboxaldehydes
and thiophene-2- and -3-carboxaldehydes turned out to be
suitable substrates for HPHNL and PaHNL.'d* However,
pyrrole-2-carboxaldehyde could not be converted to the
corresponding cyanohydrin using HNLs.*"

Recently, this fact has been attributed to the N—H function
of the pyrrole ring and several N-substituted derivatives of
pyrrole-2-carboxaldehyde were subjected to the reaction
with HCN in the presence of a PeaHNL preparation in
organic solvents.®

As part of our efforts to extend the substrate spectrum of
HNLSs and to understand the influence of substrate structure
on HNL-catalyzed hydrocyanations, we undertook a series
of experiments investigating the addition of HCN to
N-substituted pyrrole-2- and -3-carboxaldehydes under the
catalytic action of both HhHNL and PaHNL.

Furthermore, to gain more detailed insight and to learn more
about the binding mode of the examined cyanohydrins
compared to mandelonitrile docking calculations were
performed based on the recently elucidated X-ray crystal
structures of HPHNL and PaHNL.

These results allow for general conclusions concerning the
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structural requirement of both enzymes regarding substrate
size and regiochemistry.

2. Results and discussion

Pyrrole-2- and -3-carboxaldehyde substituted at the
1-position with either methyl, benzyl, or phenyl were used
as starting materials in this study.

Pyrrole-2-carboxaldehyde (2a) and N-methylpyrrole-2-
carboxaldehyde (3) are commercially available. Pyrrole-3-
carboxaldehyde (2b) was prepared by Vilsmeier-Haack

a,borc
—_—

N N

H R
2a 2-CHO 32-CHO,R=Me 6 3-CHO, R=Me
2b 3-CHO 42-CHO,R=Bn 7 3-CHO, R=Bn
52-CHO,R=Ph 8 3-CHO, R=Ph

Scheme 1. (a) CH;l, KOrBu, 18-crown-6, cyclohexane/DMSO; (b) benzyl
bromide, TBABr, 50% aqueous NaOH, CH,Cl,; (c) phenylboronic acid,
triethylamine, Cu(OAc),, CH,Cl,.

OH OTBDMS
) _CHO \/—\
[ 7} HCN, HNL /\—\/ \)/(CN TBOMSCI  / \)/(CN
N buffer/ TBME "N DMF N
R R R
3-8 3a-8a

Scheme 2. Synthesis of protected cyanohydrins.

formylation of N-triisopropylsilyl pyrrole (1), which was
obtained by silylation of pyrrole with triisopropylsilyl
chloride.® N-Methylpyrrole-3-carboxaldehyde (6) was
obtained by methylation of 2b using iodomethane in the
presence of potassium fert-butoxide and 18-crown-6 in
cyclohexane/DMSO.? Benzylation of both 2a and 2b was
carried out by employing benzyl bromide and tetrabutyl-
ammonium bromide in dichloromethane and aqueous
sodium hydroxide as the base.'® Aldehydes 5 and 8 were
synthesized from 2a and 2b, respectively, using phenyl-
boronic acid in combination with copper (II) acetate and
triethylamine (Scheme 1). 1

The enzyme catalyzed cyanohydrin reactions were carried
out in a biphasic aqueous organic emulsion system (buffer/
tert-butyl methyl ether).*® Since decomposition or race-
mization is likely to occur with cyanohydrins from aromatic
aldehydes, all crude products were protected as TBDMS
ethers without purification (Scheme 2). Analyses of the
silylated cyanohydrins were performed either by chiral GC
or by HPLC. The results obtained in the transformations
catalyzed by either HPHNL or PaHNLS (isoenzyme #5
of the HNL from almonds)'? are summarized in Tables 1
and 2.

With both biocatalysts N-methylated derivatives 3 and 6
turned out to be more reactive than the N-benzylated
aldehydes 4 and 7 even considering that more HCN was
applied in the transformation of 3 compared to 4. On the
other hand N-benzylated pyrrole-carboxaldehydes were
converted with better stereoselectivities in most cases.
With HbHNL both within the series of pyrrole-2- and
-3-carboxaldehydes the protected cyanohydrins from the

Table 1. Synthesis of cyanohydrins from N-substituted pyrrole-2- and pyrrole-3-carboxaldehydes in the presence of the hydroxynitrile lyase from H.

brasiliensis
f A\ CHO
{dco 3
R N
R
#(d) Yield® (%) ee® (%) HCN #(d) Yield® (%) ee® (%) HCN
(equiv) (equiv)
3 ReMe 8 17 5 10 6 R—Me 11 64 40 10
4 R_pn 19 7 51 5 7 R—Bn 10 35 91 10
5 R—ph 15 67 0 5 8 R—ph 21 0 — 10

# Corresponding to the enzymatic reaction.
® Determined after protection of the cyanohydrin with TBDMSCI.

Table 2. Synthesis of cyanohydrins from N-substituted pyrrole-2- and pyrrole-3-carboxaldehydes in the presence of the hydroxynitrile lyase from P.

amygdalus (PaHNLS, Isoenzyme #5)

// \) CHO
AN CHO {/ \§
1
R h
R
A (d) Yield® (%) ee® (%) HCN £ (d) Yield® (%) ee® (%) HCN
(equiv) (equiv)
3 ReMe 8 11 75 10 6 R Mo 11 49 82 10
4 R—pn 19 2 29 5 7 R—Bn 10 9 91 10
5 R—ph 15 11 0 5 8 R—ph 21 0 — 10

# Corresponding to the enzymatic reaction.
® Determined after protection of the cyanohydrin with TBDMSCI.
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N-benzylated derivatives could be isolated with higher
enantiomeric excesses, whereas with PaHNLS in the series
of pyrrole-2-carboxaldehydes 3a was formed with higher
enantiomeric purity than 4a. Aldehydes carrying a phenyl
substituent at the 1-position (5 and 8) turned out to be
unsuitable substrates for both HNLs, since in the case of 5
only racemic cyanohydrin could be detected and 8 did not
furnish a product at all.

Analyzing the substrates (3-8) with respect to the position
of the carbonyl group, similar trends could be observed with
both enzymes. N-substituted pyrrole-3-carboxaldehydes 6
and 7 furnished the corresponding cyanohydrins with higher
yields and ee compared to the corresponding starting
materials 3 and 4 (again considering different amounts of
HCN with 4 and 7).

In general all substrates turned out to exhibit poor
reactivities for cyanide addition leading to reaction times
of several days. Quantum-chemical calculations of the
reaction energy for the isodesmic reaction R-CHO + Ph-
CH(O )-CN—R-CH(O )-CN+Ph-CHO indicate that
pyrrole-carboxaldehydes are considerably less reactive
towards addition of cyanide compared to benzaldehyde as
well as furan- and thiophene-carboxaldehydes (Table 3).
These findings are well in line with our experimental results.
The lower reactivity of pyrrole- versus furan- and
thiophene-carboxaldehydes can be made plausible by a
consideration of the mesomeric forms with participation of
the heteroatom lone pair taking into account the heteroatom
electronegativity and is also evident from infrared data,
which show significantly lower wave numbers of the
carbonyl stretch mode. "> Furthermore, the same trend can
be seen from the pK, values of the corresponding carboxylic
acids (pyrrole > thiophene > furan).'*

As mentioned before, pyrrole-3-carboxaldehydes as
compared to the 2-isomers were found to be more
suitable substrates for the hydrocyanation reactions
catalyzed by the hydroxynitrile lyases from H. brasiliensis
and P. amygdalus. This trend is already evident in the
estimated relative reactivities of these aldehydes (Table 3)
indicating a higher reactivity of 6 compared to 3, and it is
likely to assume that the position of the carbonyl function on
the aromatic ring has a greater impact on the intrinsic

reactivity of the aldehydes than the type of substituent
attached to nitrogen. Secondly, the steric hindrance caused
by the N-substituent is minimized in the case of the
3-isomers, which facilitates the appropriate binding of the
aldehyde to the enzymes. In addition, the higher ee values of
4a and 7a (with the exception of 4a in the PaHNLS series)
can be ascribed to the decreased solubility of 4 and 7
compared to 3 and 6 in the aqueous phase resulting in a
decreased rate of the unselective spontaneous HCN
addition.

The corresponding cyanohydrins from aldehydes 3-8 were
docked in silico to the active sites of HPHNL and PaHNLS.
With the smaller cyanohydrins (3a and 6a) these calcu-
lations revealed binding modes, which are virtually
identical to the general binding mode of cyanohydrins
observed experimentally.”® In the modeled complexes, the
position of the pyrrole ring closely corresponds to the
position of the phenyl ring in the respective complexes with
mandelonitrile (Fig. 1)."> In line with the known stereo-
preference of the two enzymes, S-configured cyanohydrins
had more favourable calculated binding energies in the case
of HbHNL, whereas docking of the R-enantiomers
resulted—in case of PaHNL5—in lower energies. The
respective energy differences between R- and S-enantiomers
were comparable to those found in equivalent calculations
with mandelonitrile.'® Thus, there appear to exist no steric
reasons why pyrrole-carboxaldehydes (with no or small
N-substituents) should not be accepted as substrates by
HbHNL and PaHNLS5. Therefore, the main reason for the
unsatisfying results with substrates 3 and 6 seems to be—
apart from the poor intrinsic carbonyl activity—the higher
solubility in the aqueous phase and therefore increased
unselective background reaction.

With larger cyanohydrins (N-benzyl and N-phenyl), no
adequate binding modes to the active sites of both enzymes
could be predicted in the calculations. For this reason amino
acid residue Trp-128 in HPHNL was replaced by alanine in
silico (W128A). As a consequence of this artificial
mutation, binding modes for the cyanohydrins from 4 and
7 were identified, which show all characteristic features
observed for cyanohydrin binding, such as the interaction of
the cyano group with amino acid residue Lys-236 and
hydrogen bonds of the hydroxyl function with Ser-80 and

Table 3. Relative reactivities of several aromatic aldehydes estimated from the isodesmic reaction R-CHO +Ph-CH(O ™ )-CN — R-CH(O ™ )-CN +Ph-CHO

Entry Structure AE (kcal/mol) Entry Structure AE (kcal/mol)
1 CHO —3.9 6 CHO 24
U \i U \§
2 7\ —1.9 7 CHO 2.4
{Dero s
N

3 CHO -15

4 : CHO 0.0
{
S

0.2

Negative values indicate a higher reactivity, positive values indicate a lower reactivity towards addition of cyanide compared to benzaldehyde.
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His-358

His-358

Figure 1. Modeled complexes of HPHNL and PaHNLS5 with cyanohydrins from N-methyl pyrrole-carboxaldehydes in comparison with bound mandelonitrile:
(A) complex of HDHNL with unprotected S-3a, (B) complex of HPHNL with unprotected S-6a, (C) complex of PaHNLS5 with unprotected R-3a and (D)
complex of PaHNLS with unprotected R-6a. The pyrrole derivatives are shown in magenta, mandelonitrile is shown in yellow. Surrounding active site residues
(within 5 A) are shown in grey. Potential hydrogen bonding interactions are indicated by green dashed lines. Figures 1 and 2 were produced using the program

PyMol (http://www.pymol.org/).

Thr-11. When the side chain of W128 (in its experimentally
determined conformation)hl is reintroduced into the
modeled complex of the W128A mutein and the benzylated
substrate unprotected S-7a, severe steric clashes between
the phenyl ring and the indole moiety of Trp-128 become
evident (Fig. 2).

Thus, the most intriguing conclusion from these results is
the indication of a pronounced flexibility of the bulky indole
ring of Trp-128 in the wild type enzyme to allow larger
carbonyl compounds—carrying hydrophobic groups—to be
accommodated in the active site of HbHNL. Thereby, the
large substituent (e.g., benzyl) is bound in a predominantly
hydrophobic region. Furthermore, this result serves as a
likely explanation for the fact that pyrrole-2-carboxalde-
hydes carrying more polar substituents such as fert-
butoxycarbonyl, benzyloxycarbonyl or tosyl on the nitrogen
atom could not be converted to the desired cyanohydrins in
a stereoselective manner in the presence of HPHNL (data
not given).

In the case of the phenyl substituted cyanohydrins, which
lack the conformational flexibility provided by the

Leu-148 Leu-152

Leu-157

Lys-236

Figure 2. Modeled complex of HPHNL with the benzylated compound
unprotected S-7a. This complex was modeled based on a modified protein
structure in which Trp-128 was replaced by alanine. In this figure, however,
Trp-128 is shown in the conformation which was observed in the crystal
structure.”
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methylene group present in the benzyl derivatives, suitable
complexes were not found even for the W128A mutein.
Visual inspection of possible, productive binding modes
(preserving the mechanistically important polar interactions
with Ser-80, Thr-11 and Lys-236) revealed severe clashes of
the phenyl ring with surrounding amino acids. Experimental
data support this prediction (Tables 1 and 2). However, it
remains unclear why racemic 5a could be isolated after
silylation whereas 8 did not react at all.

In the case of PaHNLS, it was not possible to identify one
single amino acid residue playing a comparable role for
the binding of structurally demanding substrates as
indicated for Trp-128 in HPHNL. Nevertheless, similar
conformational flexibility can be assumed to be responsible
for the appropriate binding of benzylated aldehydes 4 and 7
since these substrates have been successfully converted to
the corresponding enantiomerically enriched cyanohydrins
4a and 7a in the presence of PaHNLS5 (Table 2).

The complementary stereopreference of the two enzymes
was sustained for the investigated substrates. According to
chiral analyses, the dominating enantiomers obtained with
HbHNL and PaHNLS had opposite absolute configurations
in all cases.

3. Conclusion

Comparing the two enzymes, it can be concluded that upon
N-alkylation pyrrole-carboxaldehydes can be transferred
into the corresponding enantiomerically enriched cyano-
hydrins (at least 3, 4, 6 and 7) in the presence of
hydroxynitrile lyases from H. brasiliensis and P. amygdalus
although with low to moderate yields and mostly moderate
enantioselectivities. The enormously slow reaction rates
seem to be due to the poor reactivity of the carbonyl group
within this class of compounds (Table 3). Modeling
calculations indicate the necessity of considerable flexibility
of Trp-128 in the Hevea enzyme in order to adequately
accommodate bulkier substrates. These predictions are
consistent with the experimental results.

4. Experimental
4.1. Materials and methods

All solvents and materials not described in this chapter were
commercially available and appropriately purified, if
necessary. '"H and '>*C NMR spectra were recorded on a
Varian GEMINI 200 ('H 199.92 MHz, '*C 50.25 MHz).
HPLC analyses were performed using a CHIRALCEL
OD-H column (from DAICEL) on an Agilent 1100 Series
instrument equipped with a G1365B MWD UV detector
(254 nm). HPLC solvents were purchased from Merck. GC
analyses were carried out on a Hewlett Packard 6890
instrument equipped with a Chirasil-DEX CB column and a
FID. Optical rotation was measured on a Perkin Elmer 341
polarimeter. Mass spectra (EI, 70 eV) were recorded on a
KRATOS profile HV-4 double focussing magnetic sector
instrument. TLC was performed on silica gel 60 F,sy
aluminium plates (Merck), mixtures of cyclohexane and

EtOAc were used as eluent and compounds were detected
with UV (254 nm) and spraying with Mo-reagent (10%
H2SO4, 10% (NH4)6M07024'4H20, and 0.8% Ce(SO4)2-
4H,0 in water).

4.2. Docking calculations

Models for both enantiomers of the cyanohydrins 3a to 8a
were built and optimized using the program Sybyl v6.5
(Tripos Inc.). Partial atomic charges for these com-
pounds were calculated using the RESP protocol,'®
parameters for the oxidized FAD cofactor were kindly
provided by Wohlfahrt.'” For the hydroxynitrile lyase from
H. brasiliensis (HDHNL), protein coordinates were taken
from the respective atomic resolution X-ray crystal structure
(PDB-entry: 1qj4).'® For the enzyme from P. amygdalus
(PaHNLY5), a homology model of isoenzyme #5 was used as
in a previous modeling study.'? This model is based on the
crystal structure of isoenzyme #1 (PaHNLI1, PDB-entry:
1ju2)’®, which shares about 75% sequence identity. In both
protein models, Asp-, Glu-, Arg- and Lys-residues were
treated as charged. Protonation and tautomerization states of
His-residues were chosen that resulted in sensible hydrogen
bonding networks. Hydrogen atoms were added to the
structure, followed by a geometry optimization using
AMBER 6.0'? applying harmonic restraints on the positions
of all heavy atoms. Only polar hydrogen atoms of the
protein and the ligands were retained for the docking
simulations.

The cyanohydrins were docked to these sites with the
program AutoDock v3.0%° restricting the search to a 22.5 A
cube. In all calculations employing a genetic algorithm
optimization, the proteins were kept rigid, while the position
and orientation of the ligands as torsion angles around single
bonds were allowed to vary. Twenty five independent
simulations with populations consisting of 50 random
structures evolving in about 90-100 generations were
performed. The best individual of each generation auto-
matically survived. The probability for performing a local
search (consisting up to 300 iterations) of a pseudo Solis &
Wets optimization' was 10%. The lowest energy structures
of each independent run were clustered using an rms-
tolerance of 1.5 A.

4.3. Quantum-chemical calculations

Structures of aldehydes and the corresponding cyanide
adducts were fully optimized at the B3LYP/6-31+g(d)
level of theory using Gaussian03.%* Solvation energies for
an aqueous solution were estimated using the program
Jaguar v4.2 (Schrodinger Inc.). Relative reactivities
(compared to benzaldehyde) of aldehydes towards the
addition of cyanide were estimated as the zero-point and
solvation corrected reaction energies of the isodesmic
reaction:

R —CHO + Ph - CH(O )-CN— R —CH(O )-CN + Ph—CHO

4.4. Syntheses

4.4.1. N-Triisopropylsilylpyrrole (1).*® To a stirred
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solution of freshly distilled diisopropylamine (36.7 mL,
260 mmol) in 40 mL anhydrous THF was added a solution
of n-butyllithium (2.5 M in hexane, 104 mL, 260 mmol) at
—80°C under an argon atmosphere. The solution was
allowed to warm to room temperature. After rapid cooling to
—80 °C pyrrole (18.0 mL, 259 mmol) was added and the
solution was allowed to warm to room temperature again.
After rapid cooling to —80 °C triisopropylsilylcloride
(50.0 mL, 236 mmol) was added. After stirring for
additional 15 h the solvent volume was reduced to
150 mL and the reaction mixture was partitioned between
sat. NaHCOj3 (200 mL) and dichloromethane (200 mL). The
organic layer was dried over Na,SO,4 and removed under
reduced pressure. Distillation of the residue afforded 48.9 g
of 1 (93%) as a yellow liquid, bp 87-89 °C/1.2 mbar. 'H
NMR (200 MHz, CDCls): 6=1.12 (d, J=7 Hz, 18H), 1.48
(sept, J=7 Hz, 3H), 6.34 (t, 2H), 6.82 (t, 2H) ppm. '°C
NMR (50 MHz, CDCl3): 6=11.9, 18.0, 110.2, 124.2 ppm.
HRMS (EI): m/z calcd for C;3H,5NSi: 223.1756, found:
223.1760.

4.4.2. Pyrrole-3-carboxaldehyde (2b).® A solution of DMF
(0.8 mL, 10.33 mmol) in 5 mL of dry dichloromethane was
added dropwise to a stirred solution of oxalyl chloride
(1.0 mL, 10.52 mmol) in 60 mL of dry dichloromethane at
0 °C. The white suspension was stirred for 30 min at 0 °C
and then a solution of N-triisopropylsilylpyrrole (2.0 mL,
8.09 mmol) in 7mL of dry dichloromethane was added
rapidly. Subsequently the reaction mixture was heated to
reflux for 30 min. The solvent was removed under reduced
pressure almost quantitatively and the residue was stirred in
a 5% aqueous sodium hydroxide solution at room
temperature for 20 h. The solution was exhaustively
extracted with dichloromethane in a continuous fashion.
The organic layer was dried over Na,SO, and removed
under reduced pressure. Purification by column chromato-
graphy (cyclohexane/EtOAc 3:1) yielded 0.52 g of 2b
(67%) as an orange oil. '"H NMR (200 MHz, CDCl3): 6=
6.67 (n.r., 1H), 6.85 (n.r., 1H), 7.48 (n.r., 1H), 9.80 (s,
1H) ppm. '*C NMR (50 MHz, CDCl;): 6=107.6, 121.2,
126.8, 128.2, 186.7 ppm. HRMS (EI): m/z calcd for
CsHsNO: 95.0371, found: 95.0350.

4.4.3. N-Benzylpyrrole-2-carboxaldehyde (4)."" To a
stirred solution of pyrrole-2-carboxaldehyde (3.1 g,
32.5 mmol) and tetrabutylammonium bromide (1.05 g,
3.25 mmol) in 30 mL of dichloromethane were added
benzylbromide (4.0 mL, 37.2 mmol) at once and aqueous
sodium hydroxide (9.0 g, 225 mmol in 18 mL of water)
dropwise over a period of 0.5 h at 0 °C. Subsequently the
reaction mixture was heated to reflux for 1 h. After stirring
for additional 15h water (25 mL) and dichloromethane
(50 mL) were added. The organic phase was washed with
2 M HCI (25 mL), sat. NaHCO3 (25 mL) and water (25 mL)
and removed under reduced pressure. Distillation of the
residue afforded 5.3 g of 4 (87%) as a brown oil, bp 123—
125 °C/1.4 mbar. "H NMR (200 MHz, CDCls): 6=5.58 (s,
2H), 6.29 (t, J=3 Hz, 1H), 6.99 (n.r., 2H), 7.17 (n.r., 2H),
7.30 (m, 3H), 9.57 (s, 1H)ppm. >C NMR (50 MHz,
CDCl3): 6=52.2, 110.4, 125.1, 127.5, 128.0, 129.0, 131.7,
131.8, 137.8, 179.8 ppm. HRMS (EI): m/z calcd for
C,HNO: 185.0841, found: 185.0833.

4.4.4. N-Phenylpyrrole-2-carboxaldehyde (5). Pyrrole-2-
carboxaldehyde (2.00 g, 21.03 mmol), phenylboronic acid
(5.56 g, 45.60 mmol), copper (II) acetate (5.98 g,
32.92 mmol) and triethylamine (6.0 mL, 43.11 mmol)
were stirred in 20 mL of anhydrous dichloromethane at
room temperature for 18 h. The reaction mixture was
filtered through Celite®, dried over Na,SO, and the solvent
was removed under reduced pressure. Purification by
column chromatography (cyclohexane/EtOAc 7:1) yielded
2.93 g of 5 (81%) as an orange oil. '"H NMR (200 MHz,
CDCls): 6=6.37 (n.r., 1H), 7.04 (n.r., 1H), 7.14 (dd, 1H),
7.29-7.46 (m, 5H), 9.52 (s, 1H) ppm. >*C NMR (50 MHz,
CDCl;): 60=111.2, 122.4, 126.3, 128.5, 129.4, 131.4, 132.8,
139.0, 179.4 ppm. HRMS (EI): m/z calcd for C;{HoNO:
171.0684, found: 171.0685.

4.4.5. N-Methylpyrrole-3-carboxaldehyde (6).” To a
stirred solution of pyrrole-3-carboxaldehyde (1.30 g,
13.67 mmol) in 30 mL of cyclohexane/DMSO (2:1) was
added potassium terz-butoxide (1.93 g, 17.20 mmol) and 18-
crown-6 (440 mg, 1.66 mmol). Subsequently iodomethane
(2.5 mL, 40.16 mmol) was added dropwise over a period of
10 min. After completion of the reaction (GC) water was
added (35 mL) and the mixture was extracted with ethyl
acetate (4X40 mL). The combined organic phases were
dried over Na,SO, and the solvent was removed under
reduced pressure. Purification by column chromatography
(cyclohexane/EtOAc 2:1) yielded 1.27 g of 6 (85%) as a
light brown liquid. "H NMR (200 MHz, CDCl5): 6=3.70 (s,
3H), 6.60 (n.r., 2H), 7.23 (n.r., 1H), 9.70 (s, 1H) ppm. "*C
NMR (50 MHz, CDCls): 6=37.0, 108.7, 124.6, 126.9,
130.1, 185.5 ppm. HRMS (EI): m/z calcd for C¢H;NO:
109.0528, found: 109.0522.

4.4.6. N-Benzylpyrrole-3-carboxaldehyde (7).!° To a
stirred solution of pyrrole-3-carboxaldehyde (1.00 g,
10.52 mmol) in 10 mL of dichloromethane was added
tetra-n-butylammonium bromide (337 mg, 1.05 mmol) and
benzyl bromide (1.50 mL, 12.63 mmol). Subsequently
aqueous sodium hydroxide (4.2 g, 105 mmol in 10 mL of
water) was added dropwise at 0 °C. After completion of the
addition, the solution was allowed to warm to room
temperature. After 5 h 50 mL of a 10% HCI solution were
added slowly and the phases were separated. The organic
phase was washed with sat. NaHCOj;, dried over Na,SO,4
and removed under reduced pressure. Purification by
column chromatography (cyclohexane/EtOAc 3:1) yielded
1.73 g of 7 (88%) as a yellow oil. '"H NMR (200 MHz,
CDCl3): 0=5.09 (s, 2H), 6.68 (m, 2H), 7.17 (m, 2H), 7.30-
7.37 (m, 4H), 9.73 (s, 1H) ppm. *C NMR (50 MHz,
CDCl;): 6=54.2, 108.9, 124.0, 127.1, 127.6, 128.6, 129.3,
129.4, 136.4, 185.6 ppm. HRMS (EI): m/z calcd for
C,H;NO: 185.0841, found: 185.0842.

4.4.7. N-Phenylpyrrole-3-carboxaldehyde (8). Pyrrole-3-
carboxaldehyde (1.50 g, 15.77 mmol), phenylboronic acid
(3.85g, 31.54 mmol), copper(Il)acetate (4.30 g,
23.66 mmol) and triethylamine (4.6 mL, 33.12 mmol)
were stirred in 40 mL of anhydrous dichloromethane at
room temperature for 72 h. The reaction mixture was
filtered through Celite®, dried over N a,S0, and the solvent
was removed under reduced pressure. Purification by
column chromatography (cyclohexane/EtOAc 7:1) yielded
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1.16 g of 8 (43%) as a yellow oil. '"H NMR (200 MHz,
CDCl3): 6=6.81 (dd, J=3,2 Hz, 1H), 7.09 (n.r., 1H), 7.36~
7.50 (m, 5H), 7.67 (n.r., 1H), 9.86 (s, 1H) ppm. >°C NMR
(50 MHz, CDCl3): 6=109.9, 121.4, 122.6, 127.4, 127.6,
128.4, 130.1, 139.8, 185.7 ppm. HRMS (EI): m/z calcd for
C1HoNO: 171.0678, found: 171.0684.

4.4.8. Synthesis and safe-handling of anhydrous HCN—
CAUTION. All reactions involving HCN or cyanides were
carried out in a well ventilated hood. For continuous
warning, an electrochemical sensor for HCN detection was
used. The required amount of HCN was freshly prepared by
dropping a saturated NaCN solution into aqueous sulfuric
acid (60%) at 80 °C. HCN was transferred through a drying
column in a nitrogen stream and collected in a cooling trap
at —12°C. Waste solutions containing cyanides were
treated with aqueous sodium hypochlorite (10%). Sub-
sequently the pH was adjusted to 7.0 with aqueous sulfuric
acid.

4.4.9. General procedure for the synthesis of racemic
cyanohydrins. Procedure A. To a stirred solution of the
corresponding aldehyde in acetonitrile were added
TBDMSCI (1.5 equiv), KCN (4 equiv) and a catalytic
portion of Znl,. The reaction was stirred at room
temperature and monitored by TLC. After completion of
the reaction the mixture was partitioned between dichloro-
methane and a saturated solution of NaHCOj;. The organic
layer was dried over Na,SO, and the solvent was removed
under reduced pressure.

Procedure B. To a stirred solution of the corresponding
aldehyde in fert-butyl methyl ether in the presence of
Amberlyst-A21 was added HCN (10 equiv) via a syringe.
The reaction was stirred at room temperature and monitored
by TLC. After completion of the reaction, the solvent and
HCN were removed under reduced pressure. Subsequently
the crude cyanohydrins were silylated (see Section 4.4.11).

4.4.10. General procedure for the enzymatic cyano-
hydrin reaction. To a stirred solution of aldehyde in tert-
butyl methyl ether was added a buffered (sodium citrate
100 mM) solution of the corresponding hydroxynitrile lyase
(HPHNL pH=4.8, PaHNLS5 pH=3.5-4.0). After 10 min
HCN (5 or 10 equiv, see Tables 1 and 2) was added and the
mixture was stirred at 0°C for approximately 2h and
subsequently allowed to warm to room temperature. For
work-up Celite® was added and the mixture was transferred
into a filter funnel containing Na,SO,. The product and
remaining starting material were washed out with rerz-butyl
methyl ether. The collected solvent was removed under
reduced pressure and the crude cyanohydrins were silylated
(see Section 4.4.11).

4.4.11. General procedure for silylation of crude
cyanohydrins. To a stirred solution of crude cyanohydrin
in DMF was added imidazole (1.5 equiv) and TBDMSCI
(1.2 equiv). The reaction was stirred at room temperature
and monitored by TLC. After completion of the reaction
dichloromethane was added and the mixture was extracted
with HCl 10%, sat. NaHCO; and water. The organic layer
was dried over Na,SO, and removed under reduced
pressure.

4.4.12. tert-Butyl dimethylsilyloxy(N-methylpyrr-2-yl)
acetonitrile (3a). Purification by column chromatography
(cyclohexane/EtOAc 2:1) yielded 3a as a yellow oil. 'H
NMR (200 MHz, CDCl3): 6=0.05 (s, 3H), 0.13 (s, 3H),
0.90 (s, 9H), 3.77 (s, 3H), 5.54 (s, 1H), 6.05 (t, J=Hz, 1H),
6.19 (dd, J=3, 2 Hz, 1H), 6.69 (t, J=2 Hz, 1H) ppm. °C
NMR (50 MHz, CDCl5): 6= —5.1, —5.0, 18.3, 25.7, 34.6,
58.0, 107.4, 110.7, 118.4, 125.7, 126.2 ppm. HRMS (EI):
m/z calcd for C;3H,,N,0Si: 250.1492, found: 250.1501.
(chiral GC analysis: Chirasil-DEX, 110 °C, 1 bar Hy; ret.
times: 11.4, 12.6 min).

4.4.13. tert-Butyl dimethylsilyloxy(N-benzylpyrr-2-yl)
acetonitrile (4a). Purification by column chromatography
(cyclohexane/EtOAc 20:1) yielded 4a as a white solid (mp
35-37°C). "H NMR (200 MHz, CDCl3): 6=0.08 (s, 6H),
0.87 (s, 9H), 5.20 (d, /=16 Hz, 1H), 5.31 (d, /=16 Hz,
1H), 5.50 (s, 1H), 6.14 (t, /=4 Hz, 1H), 6.33 (d, /=4, 2 Hz,
1H), 6.67 (t, J=2Hz, 1H), 7.10 (m, 2H), 7.29-7.38 (m,
3H) ppm. *C NMR (50 MHz, CDCl;): 6=—5.1, —4.9,
18.3, 25.7, 51.1, 58.0, 108.0, 110.8, 118.5, 125.0, 126.7,
127.3, 128.0, 129.0, 137.5 ppm. HRMS (EI): m/z calcd for
CoHp6N,OSi: 326.1827, found: 326.1814. (chiral HPLC
analysis: CHIRALCEL OD-H, n-heptane/2-propanol 95:5,
0.5 mL/min, 10 °C; ret. times: 10.3, 13.6 min).

4.4.14. tert-Butyl dimethylsilyloxy(N-phenylpyrr-2-yl)
acetonitrile (5a). Purification by column chromatography
(cyclohexane/EtOAc 50:1) yielded Sa as a dark yellow oil.
"H NMR (200 MHz, CDCls): 6=0.1 (s, 3H), 0.04 (s, 3H),
0.85 (s, 9H), 5.48 (s, 1H), 6.29 (t, J=3 Hz, 1H), 6.59 (dd,
J=3, 2Hz, 1H), 6.87 (t, J=2Hz, 1H), 7.38-7.47 (m,
5H) ppm. '*C NMR (50 MHz, CDCl;): 6= —5.0, —4.9,
18.2, 25.7, 57.2, 108.9, 112.1, 118.7, 125.2, 126.6, 127.9,
128.4, 129.6, 139.2 ppm. HRMS (EI): m/z calcd for
CsH24N,0Si: 312.1649, found: 312.1658. (chiral HPLC
analysis: CHIRALCEL OD-H, n-heptane/2-propanol 99:1,
0.5 mL/min, 10 °C; ret. times: 9.9, 10.9 min).

4.4.15. tert-Butyl dimethylsilyloxy(N-methylpyrr-3-yl)
acetonitrile (6a). Purification by column chromatography
(cyclohexane/EtOAc 20:1) yielded 6a as a light brown oil.
"H NMR (200 MHz, CDCl3): 6=0.15 (s, 3H), 0.18 (s, 3H),
0.93 (s, 9H), 3.64 (s, 3H), 5.48 (s, 1H), 6.18 (t, /=3, 2 Hz,
1H), 6.57 (t, J=3, 2 Hz, 1H), 6.73 (s, 1H) ppm. °C NMR
(50 MHz, CDCl;): 6= —4.8, —4.7, 18.4, 25.8, 36.6, 59.0,
107.3, 120.1, 120.4, 120.5, 122.9 ppm. HRMS (EI): m/z
calcd for C;3H,,N,0Si: 250.1490, found: 250.1501. (chiral
HPLC analysis: CHIRALCEL OD-H, n-heptane/2-propanol
95:5, 0.5 mL/min, 10 °C; ret. times: 10.9, 11.9 min).

4.4.16. tert-Butyl dimethylsilyloxy(N-benzylpyrr-3-yl)
acetonitrile (7a). Purification by column chromatography
(cyclohexane/EtOAc 50:1) yielded 7a as a pale yellow oil.
'H NMR (200 MHz, CDCl3): 6=0.13 (s, 3H), 0.16 (s, 3H),
0.92 (s, 9H), 5.04 (s, 2H), 5.50 (s, 1H), 6.23 (t, J=3, 2 Hz,
1H), 6.65 (t, J=3, 2 Hz, 1H), 6.80 (s, 1H), 7.11-7.15 (m,
2H), 7.30-7.35 (m, 3H) ppm. '*C NMR (50 MHz, CDCl5):
0=—4.8, —4.7,18.4,25.8,53.8,59.1, 107.7, 120.0, 120.1,
120.8, 122.4, 127.4, 128.2, 129.1, 137.6 ppm. [a]d’ —6.7 (¢
0.52, C,HsOH, 91% ee, (S)). HRMS (EI): m/z calcd for
C19Ho6N,0Si: 326.1811, found: 326.1814. (chiral HPLC
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analysis: CHIRALCEL OD-H, n-heptane/2-propanol 95:5,
0.5 mL/min, 10 °C; ret. times: 16.3, 21.8 min).
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Abstract—The anti-Saccharomyces cerevisiae antibodies (ASCA) are markers for Crohn’s disease used for diagnostic, phenotypic
characterization and sero-epidemiological studies. Antibody detection is made by different immunoenzymatic tests using S. cerevisiae
mannans which are both complex and poorly standardized antigens. Here we construct the major discriminating epitopes comprised within
this antigen. When coupled to linker arm and a peptidic carrier to functionalize microtiter plates, they were able to discriminate serological
responses between Crohn’s disease and ulcerative colitis, another form of inflammatory bowel disease.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Chronic inflammatory bowel diseases (IBD) including
Crohn’s disease (CD) and ulcerative colitis (UC), are
common in developed countries. The diagnostic accuracy of
conventional clinical, radiological, endoscopic and histo-
logical assessment in their diagnosis is generally good.
Nevertheless diagnostic dilemnas sometimes persist and
non-invasive accurate serological assays are still desirable.
CD and not UC was found to be associated, in a large
number of cases (60%),' to the presence of antibodies
directed against S. cerevisae mannan.” This observation has
led to the development of a useful diagnostic test (the so-
called ASCA test, anti-Saccharomyces cerevisae anti-
bodies).3 However, ASCA test is not fully satisfactory, it
uses as an antigen a not well defined mixture of
oligosaccharides (various lengths and structures). The
global antibody response assessed on such poorly standard-
ized biological material has been shown to be not
reproducible in several studies.*> Two different studies

Keywords: Oligomannoside; Crohn’s disease; Polylysine; Glyco-
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have shown that among the large number of carbohydrate
epitopes expressed in S. cerevisae mannan, the major
epitopes were a trimannoside (a-p-Manp (1 — 3) a-p-Manp
1-2) oc—D—Manp)6 and a tetramannoside (o«-D-Manp
(1—3) a-p-Manp (1—2) a-p-Manp (1—2) o-p-Manp).’
These oligomannosidic structures have been found only in
yeast cell walls in S. cerevisiae,g’9 Candida albicans and
C. stellatoidea'®™'* mannans. They have been also found
in glucosylated form in Cryptococcus laurentii'® and in
phosphorylated form in Pichia holstii.'* In order to improve
the selectivity of the ASCA test, we decided to design a
more precise evaluation of antibodies directed a%ainst these
two epitopes using synthetic oligomannosides.'> Oligosac-
charides are not able to bind directly to polystyrene plate,
they are too hydrophilic. The binding is made possible
through either a direct covalent coupling to chemically
reactive microplate'® or through formation of a neoglyco-
peptide. In this approach the oligomannosides were coupled
first through a linker arm to a peptidic carrier.

We describe here the chemical synthesis'’ of two
oligomannosides 1 and 2, their conjugates to polylysine

(Fig. 1), and their use for microplate functionalization.

Synthetic poly-L-lysine was selected here as chemically
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1-lys
2-lys

Figure 1.
well defined carrier.'® We report the diagnostic performance
of a new immunoassay u%ing this neo-antigen to function-

alize microtiter plates in its ability to discriminate
serological responses from patients with CD and UC.?

2. Chemical synthesis of 1 and 2
The blockwise synthesis of the tetrasaccharide 1, depicted
Scheme 1, is based on the condensation of two disaccharidic
blocks 7 and 9.

The a-selectivity of this glycosylation was controlled by the
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a-D-Manp (1->3) a-D-Manp (1->2) a—-D-Manp (1->2) a-D-Manp O (CH,)s-COOH

a-D-Manp (1->3) a-D-Manp (1->2) a—D-Manp O (CH,)s-COOH

[a-D-Manp (1->3) a-D-Manp (1->2) a-D-Manp (1->2) a-D-Manp O (CH,)s-CO],-poly-L-lysine
[a-D-Manp (1->3) a-D-Manp (1->2) a~D-Manp O (CH,);s-CO] - poly-L-lysine

participation of the acetyl group at position 2 of 7. The
disaccharidic donor unit 7 was prepared of an imidate 4 and
a thiophenyl acceptor 3. The acceptor unit 9 was prepared
by debenzoylation of 8 obtained though condensation of
thiophenyl mannoside 6 with the acceptor 5. In these cases,
the complete a selectivity also relies on the neighboring
group participation. The complete o-selectivity of each
glycosylation was confirmed by NMR: the coupling
constants between anomeric carbon (C-1) and anomeric
hydrogen (H-1) were around 175 Hz, as expected for o
anomers:'® 7 J(C1, H-1)=175 Hz; 8 J(C1, H-1)=172 Hz
and 10 J(C1, H-1)=172 Hz. It must be around 156 Hz for a
B linkage. The tetrasaccharide 10 was deprotected in two
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Scheme 1. Preparation of 1. Reagents and conditions: (a) TMSOTf, CH,Cl,, —20 °C, 89%; (b) NIS, TfOH cat, CH,Cl,,
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90%. (d) NIS, TfOH cat, CH,Cl,, —20 °C, 72%; (e) aq NaOH, THF, 60 °C, 82%; (f) H,, 10% Pd/C, MeOH, 83%.
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steps: saponification of ester functions by sodium hydroxide
in hot aq THF, then hydrogenolysis of the benzyl groups to
give 1.

The synthesis started from four monosaccharidic blocks: 4°°
and 6*' were prepared according literature procedure.
Compound 3 was pregared by Lemieux’s selective
acetylation22 of known®*?* 15 (see Scheme 2). The
preparation of 15 was optimized on a large scale (100 g)
in particular, the monobenzylidenation of 14* was
improved using dichloromethane as a solvent instead of
DMF (see Section 6).

Compound 5% was prepared by NBS/triflic acid glycosyl-
ation of 2-O-benzoylated thioglycoside 6 of 8-methoxy
carbonyloctanol 16 to give 17. In this case, the use of NIS/
triflic acid was ineffective. Compound 16*” was prepared®®
from methyl oleate (ozonolysis in dichloromethane then
NaBH, reduction in methanol). It occurred that the initial
preparation from azelaic acid was found much less
convenient. The glycoside 17 was then debenzoylated to
give the glycosyl acceptor 5 (Scheme 3).

The protected trisaccharide 18 (Scheme 4) was obtained by
NIS/triflic acid glycosylation of 5 and 7 (75%). Treatment
by sodium hydroxide in aqg THF gave 19 and final
hydrogenolysis of the benzyl groups gave 2 (Scheme 4).

3. Preparation of the glycoconjugates

Compounds 1 and 2 were then coupled with poly L-lysine
hydrobromide (30-70k3) using 1-(3-dimethylamino-
propyl)-3-ethyl carbodiimide (EDC) at pH 4.6 (0.1 M aq
morpholino ethyl sulfonate (MES) buffer) at rt to give 1-lys
and 2-lys. A 6/1 weight ratio was used in order to have a
15% maximum sugar content in the glycosylated peptides.
The yields were 50% after chromatography on sephadex G

HO NN CO,Me +
16

f

methyl oleate

6 —4, BnO

25. The sugar content (ca. 10%) was estimated by 400 MHz
'"H NMR in D,O.

4. Evaluation of the polylysine conjugates: antibodies
response in ELISA against synthetic oligomannosides

The series of experiments were conducted on sera from 90
patients with inflammatory bowel disease. Diagnosis of CD
and UC was established by endoscopic, histologic and
clinical criteria. There were 49 patients with Crohn’s
disease (19 males, 30 females, mean age 32 years), 41
patients with ulcerative colitis (22 males, 19 females, mean
age: 33 years) and 46 healthy blood donors, as control
group. For each patient, whole venous blood was collected
and serum was separated by centrifugation for serological
analyses (Figs. 2 and 3).

Figure 2 shows the results observed when immunoglobulins
of patients with CD and UC or healthy controls reacting
with synthetic trimannoside were quantified by ELISA.
The mean value of trimannoside titers is 19.73 arbitrary
units (a.u.) for CD, 3.70 for UC and 5.23 for control group.
p=0.0006 for CD versus UC and p=0.044 for controls
versus CD.

In the same way, on tetramannoside antigen (Fig. 3), the
mean value of the antibodies titers for CD patients is twice
higher than for UC patients (24.97 vs 12.67 respectively,
p=10.0002). For healthy subjects, the mean value is 9.38 a.u.
and p <0.0001 comparing to CD.

Both synthetic aManl-3aManl-2Man-Lys and aManl-
3aManl-2aManl-2 Man-lys displayed a significantly
stronger reactivity with sera of CD patient than with sera
of UC patients. These results demonstrate that synthetic
oligomannosides have the ability to discriminate between
the two types of IBD pathologies.
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Scheme 3. Preparation of 5: Reagents and conditions: (a) NBS, TfOH, CH,Cl,, —20 °C, 47%; (b) MeONa, MeOH, rt, 100%.
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Figure 2. Reactivity of patients against synthetic trimannoside 2-lys: CD
patients (black circle), UC patients (white circle) or controls (black
triangle).
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Figure 3. Reactivity of patients against synthetic tetramannoside 1-lys: CD
patients (black circle), UC patients (white circle) or controls (black
triangle).

5. Conclusion

Following the development of the original ASCA test
detection has been widely used for differential diagnosis
among IBD patients. Other indications have been proposed
such as disease monitoring and genetic counselling. More
recently ASCA response and titers have been associated
with CD phenotypes.>**° However, ASCA detection is not
standardized and none of the numerous antigens currently
used is chemically defined. This impairs both inter-
laboratory reproducibility and basic analysis of the
significance of the corresponding antibodies. The S.
cerevisiae mannan is a complex repert01re of ohgomannose
glto es varymg among strains®' and growth conditions.'®

? The major epitope supporting the specific response in
CD patients versus UC patients has been identified
previously by two independent research groups as corre-
sponding to the structure oc D Man (1—3) [a-pD-Man(1—
2)], o-p-Man (n=1 or 2).”® The aim of the study was to
assess the potential of a test involving synthetic analogues
of these structures as an antigen. The preliminary data
gained in this study show that a signal specific for a

pathology was indeed detected. It therefore open perspec-
tives about development of highly standardized tests as well
as providing tools to dissect the genetic basis of
oligomannoside repertoire humoral recognition.*

6. Experimental

6.1. General procedures

All compounds were homogeneous by TLC analysis and
had spectral properties consistent with their assigned
structures. Melting points were determined in capillary
tubes in a Biichi 510 apparatus, and are uncorrected. Optical
rotations were measured with a Perkin-Elmer Model 241
digital polarimeter at 22+3 °C. Compound purity was
checked by TLC on Silica gel 60 F,s, (E. Merck) with
detection by charring with sulfuric acid. Column chroma—
tography were performed on Silica gel 60 (E. Merck). 'H
NMR spectra were recorded with Bruker AM 250, AM 400
instruments. Mass spectroscopy analyses were performed
on a Nermag R 10-10. Elemental analyses were
performed by Service d’Analyse de Université Pierre
et Marie Curie.

6.1.1. Phenyl (2-0-acetyl-3,4,6-tri-O-benzyl-o-p-manno-
pyranosyl)-(1 — 3)-2-0-acetyl-4,6-0O-benzylidene-1-thio-
o-p-mannopyranoside (7). To a stirred solution of 4a/f3
(731 mg, 1.15 mmol), 3 (420 mg, 1.04 mmol) and 4 A
molecular sieves (1.1 g) in anhydrous dichloromethane
(12 mL) was added, at —20 °C and under argon, TMSOTf
(22 pL, 0.115 mmol). After stirring for 1 h at —20 °C, the
mixture was neutralized with saturated sodium hydrogen
carbonate and filtered through Celite. The organic layer was
washed with brine, dried (MgSO,), filtered and concen-
trated. The residue was purified by flash chromatography
(20% EtOAc in cyclohexane) to afford 7 (626 mg, 68%) as a
white powder. [a]p + 119 (¢ 0.55 in chloroform); mp: 58—
59 °C (cyclohexane); '"H NMR (400 MHz, CDCls): ¢ 8.15—
7.25 (m, 25H, arom.), 5.69 (s, 1H, benzylidene), 5.55
(dd, 1H, J,_,=1.8 Hz, J,_3=2.7 Hz, H-2D), 5.52 (dd, 1H,
J>_1=1.3Hz, J, 3=3.4Hz, H-2C), 549 (d, 1H, H-10),
5.34 (d, 1H, H-1D), 4.89 (d, 1H, J,.,,=10.9 Hz, CHPh),
477 (d, 1H, Jg.,,=12.2 Hz, CHPh), 4.74 (d, 1H, Je.,,=
11.4 Hz, CHPh), 4.56 (d, 1H, J,.,,=12.2 Hz, CHPh), 4.56
(d, 1H, J,.,,=11.4 Hz, CHPh), 4.54 (d, 1H, J,.,,=10.9 Hz,
CHPh), 4.42 (ddd, 1H, J54:98 HZ, ‘1576b:4'9 HZ, J576a:
10.3 Hz, H-5C), 4.40 (dd, 1H, J3_4=9.8 Hz, H-3C), 4.30
(dd, 1H, Jep_6a=10.3 Hz, H-6Cb), 4.20 (t, 1H, H-4C), 3.97-
3.87 (m, 4H, H-5D, H-4D, H-3D and H-6Ca), 3.86 (dd,
1H, Jgp_6a=12.0 Hz, Jg,_5s=3.9 Hz, H-6Db), 3.78 (dd, 1H,
Jeas=3.3 Hz, H-6Da), 2.21 and 2.16 (2 s, 6H, 2 O-C=0-
CH;); '*C NMR (100 MHz): ¢ 170.1 and 169.7
(2 -O-C=0-CHy), 138.4, 138.2, 137.9, 136.9 and 133.0
(6 C arom.), 132.0-125.9 (25 CH arom.), 101.3 (benzyl-
idene), 98.8 (C-1D), 86.8 (C-1C), 78.9 (C-4C), 75.6, 74.1
and 72.1 (C-3D, C-4D and C-5D), 74.9 (CH,Ph), 73.4
(CH,Ph), 73.1 (C-2C), 71.7 (CH,Ph), 70.8 (C-3C), 68.6
(C-6D), 68.4 (C-2D), 68.2 (C-6C), 64.6 (C-5C), 21.0 and
20.8 (2 -O-C=0-CH3); MS m/z (CI, NH3): 894.3 (M +
NH,)"; Anal. Calcd for CsoHs,0;,S (877.02): C 68.47, H
5.98. Found: C 68.36, H 6.15.
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6.1.2. 8-Methoxycarbonyloctyl (2-O-benzoyl-3,4,6-tri-O-
benzyl-o.-p-mannopyranosyl)-(1 — 2)-3,4,6-tri-O-benzyl-
o-p-mannopyranoside (8). To a stirred solution of 6
(430 mg, 665 pumol), 5 (412 mg, 665 umol) and 4 A
molecular sieves (1 g) in anhydrous dichloromethane
(9 mL) were successively added, at —20°C and under
argon, NIS (306 mg, 1.33 mmol) and TfOH (11.7 pL,
133 umol). After stirring for 30 min at —20 °C, the reaction
mixture was diluted with dichloromethane, neutralized with
saturated sodium hydrogen carbonate and filtered through
Celite. The organic layer was washed with sodium
thiosulfate, brine, dried (MgSO,), and concentrated. The
residue was purified by flash chromatography (20% EtOAc
in cyclohexane) to afford 8 (615 mg, 80%) as a colorless oil.
[alp +5 (c 0.6, chloroform); "H NMR (400 MHz, CDCls):
0 8.15-7.25 (m, 35H, arom.), 5.85 (dd, 1H, J,_;=1.8 Hz,
J>.3=3.3Hz, H-2B), 5.27 (d, 1H, H-1B), 4.96 (d, 1H,
Jio=1.6 Hz, H-1A), 4.93 (d, 1H, J,,=10.7 Hz, CHPh),
492 (d, 1H, Jg.,,=10.9 Hz, CHPh), 4.83 (d, 1H, Jen,=
11.1 Hz, CHPh), 4.78 (d, 1H, J,.,,=12.0 Hz, CHPh), 4.76
(s, 2H, CH,Ph), 4.74 (d, 1H, J,.,,=12.2 Hz, CHPh), 4.63
(d, 1H, J,.,,=12.2 Hz, CHPh), 4.62 (d, 1H, J,.,,=10.7 Hz,
CHPh), 4.58 (d, 1H, J,.,,=12.0 Hz, CHPh), 4.57 (d, 1H,
Jeem=10.9 Hz, CHPh), 4.51 (d, 1H, J,.,,=11.1 Hz, CHPh),
4.19 (dd, 1H, J3.4=9.0 Hz, H-3B), 4.12-4.09 (m, 2H, H-5B
and H-4B), 4.07 (dd, 1H, J, 3=2.9 Hz, H-2A), 4.00 (dd,
1H, J5.4=9.2 Hz, H-3A), 3.94 (dd, 1H, Jg,_¢.=10.5 Hz,
Jeb—s=3.0 Hz, H-6Bb), 3.92 (t, 1H, J4, 5=9.2 Hz, H-4A),
3.85-3.77 (m, 4H, H-6A, H-6Ba and H-5A), 3.71 (s, 3H,
—-CO,CH3), 3.67 (dt, 1H, Jg.,, =9.5 Hz, Jep_cu2=6.7 Hz,
—-O-CH-CH,-), 3.35 (dt, 1H, Jcy_cu2=6.7 Hz, -O-CH-
CH,-), 2.36 (t, 2H, J=7.5 Hz, -CH,—CO,CHs), 1.69-1.65,
1.57-1.54 and 1.35-1.33 (m, 12H, «(CH,)¢-); '°C NMR
(100 MHz): 6 174.2 (-CO,CH3), 165.4 (-O-C=0), 138.5,
138.4,2X138.3, 138.2, 137.9 and 129.9 (7 C arom.), 133.0-
127.3 (35 CH arom), 99.5 (C-1B), 98.6 (C-1A), 79.7
(C-3A), 78.0 (C-3B), 75.2 (C-2A), 75.1 (CH,Ph), 75.0
(CH,Ph), 74.6 (C-4B), 74.3 (C-4A), 73.3 (CH,Ph), 73.2
(CH,Ph), 72.1 (CH,Ph), 71.9 (C-5B), 71.7 (C-5A), 71.6
(CH,Ph), 69.2 (C-6A), 69.1 (C-6B), 68.9 (C-2B), 67.6
(-O-CH»-), 51.4 (-CO,CH3;), 34.0 (-CH,—CO,CH3), 29.3,
2X29.1, 29.0, 26.0 and 24.9 (—(CH,)¢-); MS m/z (CI, NH5):
1174.5 (M+NH,) " ; Anal. Calcd for C;,HgyO,4 (1157.40):
C 73.68, H 6.96. Found: C 73.61, H 7.11.

6.1.3. 8-Methoxycarbonyloctyl (3,4,6-tri-O-benzyl-o.-p-
mannopyranosyl)-(1 — 2)-3,4,6-tri-O-benzyl-o.-p-manno-
pyranoside (9). Sodium (11 mg) was added to a stirred
solution of 8 (540 mg, 467 umol) in a mixture of methanol/
dichloromethane (1:1, 5mL) After stirring for 1h, the
reaction mixture was neutralized with Amberlite IR 120
(H™), filtered and concentrated. The residue was purified
by flash chromatography (27% EtOAc in cyclohexane) to
afford 9 (442 mg, 90%) as a colorless oil. [a]p +34 (¢ 0.7,
chloroform); 'H NMR (400 MHz, CDCls): 6 7.40-7.30 (m,
30H, arom.), 5.21 (d, 1H, J,_»,=1.4 Hz, H-1B), 4.95 (d, 1H,
J1,=1.7Hz, H-1A), 4.89 (d, 1H, J,.,=10.6 Hz, CHPh),
4.87 (d, 1H, Jg.,,=10.9 Hz, CHPh), 4.75 (d, 1H, Jg.,, =

12.2 Hz, CHPh), 4.75 (d, 1H, J,.,,=11.6 Hz, CHPh), 4.71
(d, 1H, J,,,,=11.6 Hz, CHPh), 4.69 (d, 1H, J,.,,=12.1 Hz,
CHPh) 4.64 (d, 1H, J,.,,=11.4 Hz, CHPh), 4.59 (d, 1H,
Jem=10.6 Hz, CHPh), 4 59 (d, 1H, Jg4.,,=12.2 Hz, CHPh),
4.58 (d, 1H, Jg.,,=11.4 Hz, CHPh), 4.56 (d, 1H, J,., =

12.1 Hz, CHPh), 4.54 (d, 1H, J,.,,= 10.9 Hz, CHPh), 4.20
4.17 (m, 1H, H-2B), 4.08 (dd, 1H, J, 3=2.9 Hz, H-2A),
4.03-3.99 (m, 1H, H-5B), 3.99 (dd, 1H, J;4=9.3 Hz,
H-3A), 3.93 (dd, 1H, J5,=9.1 Hz, H-3B), 3.89 (t, 1H,
J4 s=9.3 Hz, H-4A), 3.86 (t, 1H, J,_s=9.1 Hz, H-4B), 3.86
(dd, IH, J6b—6a=11-1 HZ, J6b—5=4'9 HZ, H-6Ab), 3.82—
3.75 (m, 4H, H-6Aa, H-6B and H-5A), 3.71 (s, 3H
—COzCH3), 3.65 (dt, lH, Jgem:9-5 HZ, JCH—CH2:6~8 HZ,
—O-CH-CH,-), 3.30 (dt, 1H, Jcy_cu2=6.8 Hz, -O-CH-
CH,-), 2.51 (d, 1H, Jop.,=1.9 Hz, OH), 2.34 (t, 2H, J=
7.6 Hz, -CH,—CO,CH3), 1.70-1.63, 1.56-1.49 and 1.37-
1.27 (m, 12H, ~(CH,)e-); *C NMR (100 MHz): & 174.3
(~CO,CHs), 138.5, 2X 138.3, 138.2, 138.1 and 137.9 (6 C
arom.), 128.4-127.3 (30 CH arom), 101.0 (C-1B), 98.7
(C-1A), 79.9 (C-3B), 79.8 (C-3A), 75.1 (CH,Ph), 74.9
(CH,Ph), 74.9 (C-2A), 74.7 (C-4A), 743 (C-4B), 73.3
(CH,Ph), 73.2 (CH,Ph), 72.8 (CH,Ph), 72.0 (CH,Ph), 71.7
(C-5B), 71.6 (C-5A), 69.2 (C-6A), 69.0 (C-6B), 68.4
(C-2B), 67.6 (-O-CHy-), 51.4 (~CO,CHs), 34.0 (-CHy—
CO,CHs), 29.4, 29.2, 29.1, 29.0, 26.0 and 24.9 (~(CHy)e):
MS m/z (CI, NH3): 1070.5 (M+NH,)"; Anal. Calcd for
CesH6015 (1053.30): C 72.98, H 7.27. Found: C 72.89, H
7.43.

6.1.4. 8-Methoxycarbonyloctyl (2-0-acetyl-3,4,6-tri-O-
benzyl-a-p-mannopyranosyl)-(1 — 3)-(2-O-acetyl-4,6-0-
benzylidene-a-p-mannopyranosyl)-(1 — 2)-(3,4,6-tri-O-
benzyl-o-p-mannopyranosyl)-(1 — 2)-3,4,6-tri-O-benzyl-
o-p-mannopyranoside (10). To a stirred solution of 7
(158 mg, 180 umol), 9 (186 mg, 180 pmol) and 4 A
molecular sieves (500 mg) in anhydrous dichloromethane
(5 mL) were successively added NIS (81 mg, 360 pmol) and
TfOH (4 pL, 54 pmol), at —20 °C and under argon. After
stirring for 30 min at —20 °C, the reaction mixture was
diluted with dichloromethane, neutralized with saturated
sodium hydrogen carbonate and filtered through Celite. The
organic layer was washed with sodium thiosulfate, brine,
dried (MgSQ,), and concentrated. The residue was purified
by flash chromatography (17% EtOAc in cyclohexane) to
afford 10 (236 mg 72%) as a colorless oil. [a]p +29 (¢ 0.85
in chloroform); "H NMR (400 MHz, CDCls): § 7.38-7.25
(m, 50H, arom.), 5.66 (s, 1H, benzylidene), 5.56 (dd, 1H,
J>_1=1.5Hz, J, 3=3.0Hz, H-2D), 5.44 (dd, 1H, J,_;=
1.3 Hz, J,_3=3.5 Hz, H-2C), 5.32 (se, 1H, H-1D), 5.20 (se,
1H, H-1B), 5.04 (se, 1H, H-1C), 4.94 (se, 1H, H-1A), 4.88
(d, 1H, J¢.,, =10.6 Hz, CHPh), 4.88 (d, 1H, J,.,,=10.7 Hz,
CHPh) 4.87 (d, 1H, J,.,,=10.9 Hz, CHPh), 4.75 (d, 1H,
Jeem=12.4 Hz, CHPh), 4.75 (d, 1H, J,.,,=11.2 Hz, CHPh),
4.72 (s, 2H, CH,Ph), 4.67 (d, 1H, J,.,,=12.3 Hz, CHPh),
4.67 (d, 1H, Jg,,=12.0 Hz, CHPh), 4.62 (d, 1H, Jg,,,=
12.4 Hz, CHPh), 4.61 (d, 1H, J,.,,=10.6 Hz, CHPh), 4.60
(d, 1H, J4,,,=12.0 Hz, CHPh), 4.58 (s, 2H, CH,Ph), 4.57 (d,
IH, Jgem=11.2 Hz, CHPh), 4.53 (d, 1H, J,,,,=10.9 Hz,
CHPh) 4.52 (d, 1H, J,.,=10.7 Hz, CHPh), 4.33 (d, 1H,
Jeem=12.3 Hz, CHPh), 4.43 (dd, 1H, J3 4=9.3 Hz, H-3C),
421 (dd, 1H, Jgp_6.=10.4 Hz, Jg,_5=4.5 Hz, H-6Cb),
4.14-4.12 (m, 1H, H-2B), 4.09 (t, 1H, J45=9.3 Hz,
H-4C), 4.07-4.04 (m, 1H, H-5C), 4.03 (t, 1H, J4 3=
J4-5=9.9 Hz, H-4D), 4.01-4.00 (m, 1H, H-2A), 3.98-3.96
(m, 1H, H-3B), 3.93 (dd, 1H, J5_4=9.9 Hz, H-3D), 3.88-
3.85 (m, 1H, H-5D), 3.71 (s, 3H, —-CO,CH3), 3.62-3.59 (m,
1H, H-6Da), 3.60-3.56 (m, 1H, -O-CH-CH,-), 3.25 (dt,
1H, Jgem:9'4 HZ, JCH—CH2:6~6 HZ, —O—CH—CHQ—), 2.34
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(t, ZH, JCH27CH2=7~5 HZ, —CH2—C02CH3), 2.14 and 2.13
(2's, 6H, 2 0-C=0-CHjs), 1.70-1.62, 1.54-1.47 and 1.35—
1.25 (m, 12H, —(CH,)s-); °C NMR (100 MHz): 6 174.3
(-CO,CH3), 170.1 and 169.5 (2 —-O-C=0-CHj), 138.6,
138.5, 2X 138.3, 2X138.2, 2X 138.1, 137.9 and 137.0 (10
C arom.), 128.7-125.9 (50 CH arom.), 101.2 (benzylidene),
100.6 (C-1B, 'Je_y=171.3 Hz), 99.8 (C-1C, 'Je y=
172.2 Hz), 98.8 (C-1D, 'Jo y=174.0 Hz), 98.6 (C-1A,
'Je_u=170.5 Hz), 79.3 (C-3B), 78.9 (C-4C), 77.7 (C-3D),
75.5 (C-2A), 75.4 (C-2B), 75.1 (CH,Ph), 75.0 (CH,Ph),
74.8 (CH,Ph), 73.9 (C-4D), 3X73.2 (3 CH,Ph), 72.1
(CH,Ph), 72.0 (CH,Ph), 72.0 (C-5D), 71.7 (CH,Ph), 71.4
(C-2C), 70.8 (C-3C), 68.1 (C-2D), 69.3, 69.2, 68.1 et 68.1
(4 C-6C), 67.6 (-O-CHy-), 51.4 (<CO,CH3), 34.0 (-CHy—
CO,CHjy), 29.4,29.2, 29.1, 29.0, 26.0 and 24.9 (—~(CH,)¢-),
21.0 and 20.8 (2 -O-C=O0-CHs); MS m/z (CI, NHs):
1836.5 (M+NH4)+, Anal. Calcd for C108H122025
(1820.026): C 71.27, H 6.75. Found: C 71.08, H 6.94.

6.1.5. 8-Carboxyloctyl (3,4,6-tri-O-benzyl-o-p-manno-
pyranosyl)-(1— 3)-(4,6-O-benzylidene-o-D-mannopyra-
nosyl)-(1— 2)-(3,4,6-tri-O-benzyl-o.-pD-mannopyranosyl)-
(1—2)-3,4,6-tri-O-benzyl-o-p-mannopyranoside (11). A
mixture of 10 (200 mg, 110 umol), 0.1 N aq NaOH (5 mL)
and THF (5 mL) was heated at reflux for 15 h, cooled to
room temperature, acidified with of 1N aq HCl and
extracted with dichloromethane. The organic layer was
dried (MgSO,), and concentrated. The residue was purified
by flash chromatography (40% EtOAc in cyclohexane) to
afford 11 (155 mg, 82%) as a colorless oil. [a]p +33 (¢ 0.5
in chloroform); "H NMR (400 MHz, CDCls): 6 7.50-7.25
(m, 50H, arom.), 5.60 (s, 1H, benzylidene), 5.21 (d, 1H,
Ji»=13Hz, H-1B), 5.16 (d, 1H, J,_»,=1.4 Hz, H-1D),
5.12 (d, 1H, J,,=1.1Hz, H-1C), 497 (d, 1H, J,,=
1.2 Hz, H-1A), 4.42-4.41 (m, 1H, H-2C), 4.18-4.17 (m, 1H,
H-2B), 4.08 (m, 1H, H-2D), 4.00 (dd, 1H, J, 3=3.1 Hz,
H-ZA), 3.60 (dt, 1H, Jgem:9'5 HZ, ]CH—CH2:6~5 HZ,
—-O-CH-CH,-), 3.27 (dt, 1H, Jcy_cu2=6.5 Hz, -O-CH-
CH,-), 2.35 (t, 2H, J=17.5 Hz, -CH,—CO,H), 1.70-1.60,
1.54-1.47 and 1.35-1.25 (m, 12H, —(CH,)¢); *C NMR
(100 MHz): ¢ 178.5 (-CO,H), 102.3 (C-1C), 101.7
(benzylidene), 100.9 (C-1B), 99.8 (C-1D), 98.5 (C-1A),
75.7 (C-2A), 74.8 (C-2B), 69.6 (C-2C), 68.5 (C-2D), 67.6
(-O-CH»-), 33.8 (-CH,—CO,H), 29.3, 29.0, 28.9, 28.7,25.9
and 24.5 (—(CHy)¢-); MS m/z (CI, NH3): 1738.9 (M+
NH4)+; Anal. Calcd for C103H|]6023 (1722059) C 7184,
H 6.79. Found: C 71.73, H 6.91.

6.1.6. 8-Carboxyloctyl (o-p-mannopyranosyl)-(1— 3)-
(a.-p-mannopyranosyl)-(1 — 2)-(e-p-mannopyranosyl)-
(1—2)-a-p-mannopyranoside (1). A solution of 11
(100 mg, 58 umol) in MeOH (5 mL) was stirred under H,
atmosphere in the presence of 10% Pd/C (20 mg) for 1 h at
room temperature, filtered through Celite and concentrated.
The residue was partitioned between distilled water and
dichloromethane. The aqueous layer was filtered (mem-
brane 0.22 pm) and lyophilized to afford 1 (40 mg, 83%) as
a white amorphous powder. 'H NMR (400 MHz, D,0): ¢
525 (d, 1H, J,,=12Hz, H-1B), 510 (d, 1H, J; ,=
1.3 Hz, H-1D), 5.05 (d, 1H, J; ,=0.8 Hz, H-1A), 4.99 (d,
1H, J,,=14Hz, H-1C), 4.19 (dd, 1H, J, 3=3.0 Hz,
H-2C), 4.07 (dd, 1H, H-2B), 4.03 (dd, 1H, H-2D), 3.90-
3.88 (m, 1H, H-2A), 3.92 (dd, 1H, J3.4=9.6 Hz, H-3B),

3.91 (dd, 1H, J54=9.4Hz, H-3C), 3.72-3.65 (m, 1H,
—O—CH—CHz—), 3.49 (dt, lH, JgemZIO.O HZ, JCH—CHZZ
6.2 Hz, -O-CH-CH,-), 2.32 (t, 2H, J=7.4Hz, -CH»—
CO,H), 1.60-1.50 and 1.33-1.26 (m, 12H, —(CH,)s-); °C
NMR (100 MHz): 6 178.3 (-CO,H), 102.5 (C-1D), 102.4
(C-1C), 101.0 (C-1B), 98.3 (C-1A), 79.3 (C-2A), 78.9
(C-2B), 78.2 (C-3C), 3X73.6 and 73.0 (4 C-5), 70.6
(C-3D), 70.5 (C-3A), 70.3 (C-2D), 70.2 (C-3B), 69.9
(C-20), 68.3 (-O-CH>-), 67.4, 2X67.2 and 66.5 (4 C-4),
2X61.4, 61.3 and 61.2 (4 C-6), 34.6 (-CH,—CO,H), 28.7,
2X28.5,28.4,25.6 and 24.6 (<(CH,)¢-); MS m/z (HRMS):
(M+Na)™" calcd: 845.3267; found: 845.3295.

6.1.7. Phenyl 2,3,4,6-tetra-O-acetyl-1-thio-o-p-manno-
pyranoside (13). Acetic anhydride (345 mL) was added,
at 0°C to a solution of p-mannose (100 g, 556 mmol) in
pyridine (500 mL). The solution was stirred overnight and
concentrated. A solution of the residue in dichloromethane,
was washed with 1 M aq HCI, aq sodium hydrogen
carbonate, and water, dried (MgSQO,) and concentrated to
give 12.

Thiophenol (85.5 mL, 1.5 equiv) and BF3Et,O (350 mL,
5 equiv) were added to a solution of compound 12 in
anhydrous dichloromethane (500 mL). The solution was
stirred overnight at rt, carefully neutralized by aq sodium
hydrogen carbonate, dried (MgSO,) and concentrated. The
residue was crystallized in diethyl ether/cyclohexane to give
13 (192.6 g, 76%). '"H NMR (250 MHz, CDCl3): 6 7.33—
7.13 (m, 5H, arom.), 5.35-5.33 (m, 2H, H-1 et H-2), 5.17—
5.15 (m, 2H, H-3 et H-4), 4.39 (ddd, 1H, Js ¢,=5.2 Hz,
Js a=2.3 Hz et J5 4=9.2 Hz, H-5), 4.15 (dd, 1H, Jep 6. =
12.2 Hz, H-6b), 3.94 (dd, 1H, H-6a), 2.00, 1.92, 1.89 et 1.86
(4 s, 12H, 4 -O-C=0-CHy).

6.1.8. Phenyl 4,6-O-benzylidene-1-thio-o.-p-mannopyrano-
side (15). Sodium (1.15 g, 0.1 M) was added to a solution of
13 (92.55 g, 203 mmol) in methanol (470 mL). The solution
was stirred at rt overnight, neutralized with Amberlite IR
120 (H+) and concentrated and dried under vacuum on
P,0s to give 14.

Benzaldehyde dimethyl acetal (31.2 mL, 1.05 equiv) was
added to suspension of 14 in anhydrous dichloromethane
(1 L). HBF, (25.8 mL, 1.7 equiv, 50% in ethyl ether) was
then added to the cooled solution (0°C). The reaction
mixture was stirred at rt overnight, neutralized (Et;N) and
concentrated. Th residue was crystallized in ethanol to give
15 (57.7 g, 79%) "H NMR (250 MHz, CD;0D): 6 7.57-7.27
(m, 10H, arom.), 5.62 (s, 1H, benzylidene), 5.49 (d, 1H,
Ji»=1.5Hz, H-1), 4.24 (m, 1H, H-5), 4.18 (d, 1H, J, 3=
3.5 Hz, H-Z), 4.13 (dd, 1H, ]6b—6a: 10.0 Hz et J6b—5:
5.0 Hz, H-6b), 4.03 (t, 1H, J4, 3=J4,_5=10.0 Hz, H-4), 3.95
(dd, 1H, H-3), 3.84 (t, 1H, H-6a).

6.1.9. Phenyl 2-O-acetyl-4,6-O-benzylidene-1-thio-o-p-
mannopyranoside (3). Camphor sulfonic acid (292 mg,
1.2 mmol) was added to a stirred solution of 15 (2 g,
5.5 mmol) in triethyl orthoacetate (10 mL) at room
temperature, After stirring for 30 min, aq acetic acid 80%
(14.4 mL) was added to the cooled (0 °C) reaction mixture
and then stirred 1h at room temperature. Solvents were
removed in vacuum and the residue was purified by flash
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chromatography (33% EtOAc in cyclohexane) to afford 3
(1.67 g, 75%) as a white powder. [a]lp +169 (c 1.0,
chloroform); mp: 157-158 °C (cyclohexane); '"H NMR
(400 MHz, CDCly): 6 7.56-7.30 (m, 10H, arom.), 5.66 (s, 1H,
benzylidene), 5.52 (s, 1H, H-1), 5.51 (dd, 1H, J,_;=1.3 Hz, J,_
3=3.3 Hz, H-2), 4.41 (ddd, 1H, J5s_4=9.7 Hz, J5_¢,=10.3 Hz,
Js_sb=4.9 Hz, H-5), 4.29 (dd, 1H, Jg, ¢.=10.3 Hz, H-6b),
4.28-4.25 (m, 1H, H-3),4.04 (t, 1H, J, 3=9.7 Hz, H-4), 3.89 (t,
1H, H-6a), 2.65 (d, 1H, Jou.3=3.5 Hz, OH), 2.21 (s, 3H, O-
C=0-CHa;); "*C NMR (100 MHz): 6 170.3 (-O-C=0-CH,),
136.9, 133.0 (2 C arom.), 132.0-126.2 (10 CH arom.), 102.2
(benzylidene), 86.8 (C-1), 79.0 (C-4), 73.5 (C-2), 68.3 (C-6),
67.7 (C-3), 64.5 (C-5A), 20.9 (-O-C=0-CHs); MS m/z (CI):
403.2 (M+H)+; Anal. Calcd for C5H»,04S (402.46): C
62.67, H 5.51. Found: C 62.66, H 5.54.

6.1.10. 8-Methoxycarbonyloctyl (2-O-acetyl-3,4,6-tri-O-
benzyl-a-p-mannopyranosyl)-(1 — 3)-(2-O-acetyl-4,6-0-
benzylidene-a-p-mannopyranosyl)-(1 — 2)-3,4,6-tri-O-
benzyl-a-p-mannopyranoside (18). Glycosylation of 7
(236 mg, 269 pumol) and 5 (165 mg, 269 pumol), as described
for 10, yielded 18 (275 mg, 75%) as a colorless oil. [a]p
+26 (¢ 0.4 in chloroform); "H NMR (400 MHz, CDCl5): 6
7.54-7.21 (m, 35H, arom.), 5.67 (s, 1H, benzylidene), 5.54
(dd, 1H, J,_;=1.8 Hz, J, 3=3.3 Hz, H-2C), 5.45 (dd, 1H,
J>_1=15Hz, J, 3=3.5Hz, H-2B), 531 (d, 1H, Ji»,=
1.8 Hz, H-1C), 5.11 (d, 1H, H-1B), 4.88 (d, 1H, J,»,=
1.9 Hz, H-1A), 4.87 (d, 1H, J,,,,,=11.0 Hz, CHPh), 4.85 (d,
1H, Jg.m,=10.7 Hz, CHPh), 4.73 (d, 1H, J,.,=11.2 Hz,
CHPh), 4.71 (s, 2H, CH,Ph), 4.70 (d, 1H, J,.,,=12.4 Hz,
CHPh), 4.67 (d, 1H, J,.,,=12.2 Hz, CHPh), 4.63 (d, 1H,
Jeem=12.4 Hz, CHPh), 4.54 (d, 1H, J,.,,=11.2 Hz, CHPh),
4.52 (d, 1H, Jg.,,=10.7 Hz, CHPh), 4.50 (d, 1H, Jen,=
11.0 Hz, CHPh), 4.42 (dd, 1H, J3.4=9.5 Hz, H-3B), 4.34
(d, 1H, Jg.,=12.2 Hz, CHPh), 432 (dd, 1H, Jep .=
10.3 Hz, J¢,_s=4.3 Hz, H-6Bb), 4.09 (t, 1H, J,_5s=9.4 Hz,
H-4B), 4.07-3.99 (m, 3H, H-5B, H-2A and H-4C), 3.96 (dd,
1H, J3,=3.0Hz, J54,=8.5Hz, H-3A), 391 (dd, 1H,
J34=9.5Hz, H-3C), 3.89-3.75 (m, 7H, H-5C, H-6Ba,
H-4A, H-5A, H-6Cb and H-6A), 3.70 (s, 3H, —-CO,CH3),
3.69 (dt, 1H, J,.,=9.6 Hz, Jey cu2=6.9 Hz, -O-CH-
CH,-), 3.58 (dd, 1H, Jea6b=10.8 Hz, Jg,_s=1.6 Hz,
H-6Ca), 3.41 (dt, 1H, JCH—CH2:6~6 HZ, —O—CH—CHQ—),
2.34 (t, 2H, J=7.5 Hz, CH,—CO,CH3), 2.12 and 2.09 (2 s,
6H, 2 O-C=0-CHs;), 1.67-1.64, 1.59-1.56 and 1.36-1.30
(m, 12H, —(CH»)s-); *C NMR (100 MHz): ¢ 174.3
(-CO,CH3), 170.1 and 169.5 (2 -O-C=0-CH3;), 138.6,
138.4, 138.3, 138.2, 138.1, 138.0 and 137.0 (7 C arom.),
128.8-125.9 (35 CH arom.), 101.4 (benzylidene), 99.9
(C-1B, 'Je_y=173.1 Hz), 98.8 (C-1C, 'Je_y=174.0 Hz),
98.6 (C-1A, 'Jo_y=169.0 Hz), 79.7 (C-3A), 78.9 (C-4B),
77.7 (C-3C), 75.2 (CH,Ph), 2X74.9 (C-2A and C-4A), 74.9
(CH,Ph), 73.9 (C-4C), 2X73.2 (2 CH,Ph), 72.1 (CH,Ph),
72.0 (C-5C), 71.7 (C-5A), 71.6 (CH,Ph), 71.4 (C-2B), 70.9
(C-3B), 69.1 (C-6A), 68.5 (C-2C), 68.4 (C-6B), 68.2
(C-60), 67.6 (-O-CH,-), 63.9 (C-5B), 51.4 (-CO,CHj;),
34.0 (-CH,—CO,CH3;), 29.4, 29.2, 29.1, 29.0, 26.0 and 24.9
(—(CH»)¢-), 21.0 and 20.8 (2 -O—-C=0-CHs); MS m/z (CI,
NH;): 1404 (M+NH,)"; Anal. Calcd for Cg;HosOs0
(1387.636): C 70.11, H 6.82. Found: C 70.03, H 6.88.

6.1.11. 8-Carboxyloctyl (3,4,6-tri-O-benzyl-o.-D-manno-
pyranosyl)-(1— 3)-(4,6-O-benzylidene-o-p-mannopyrano-

syl)-(1 —2)-3,4,6-tri-O-benzyl-o.-p-mannopyranoside
(19). Saponification of 18 (236 mg, 172 umol) as described
for 10, yielded 19 (160 mg, 73%) as a colorless oil. [«]p
+41 (¢ 0.3 in chloroform); '"H NMR (400 MHz, CDCl5): 6
7.76-7.28 (m, 35H, arom.), 5.62 (s, 1H, benzylidene), 5.13
(d, 1H, J,»,=1.3 Hz, H-1C), 5.09 (se, 1H, H-1B), 4.90 (d,
1H, Jg.n=10.3 Hz, CHPh), 4.89 (se, 1H, H-1A), 4.85 (d,
1H, Jg,,=11.0 Hz, CHPh), 4.74 (d, 1H, J,.,=12.3 Hz,
CHPh), 4.73 (s, 2H, CH,Ph), 4.72 (s, 2H, CH,Ph), 4.64 (d,
1H, Jgem=12.3 Hz, CHPh), 4.58 (d, 1H, J,,,=10.3 Hz,
CHPh), 4.55 (d, 1H, J,.,,=11.2 Hz, CHPh), 4.49 (d, 1H,
Jeem=11.2 Hz, CHPh), 4.48 (d, 1H, J,,,=11.0 Hz, CHPh),
4.43-4.42 (m, 1H, H-2B), 4.29 (dd, 1H, Jg,_¢.=10.2 Hz,
Jeb_s=4.6 Hz, H-6BDb), 4.21-4.16 (m, 2H, H-3B and H-5C),
4.12 (t, 1H, J43=J4.5=9.6 Hz, H-4B), 4.07-4.00 (m, 3H,
H-2A, H-2C and H-5B), 3.98 (dd, 1H, J5.,=2.9 Hz, J5_4=
9.2 Hz, H-3A), 3.97 (dd, 1H, J3.,=3.2 Hz, J34=9.0 Hz,
H-3C), 3.91 (dd, 1H, Js,_5=10.0 Hz, H-6Ba), 3.89 (t, 1H,
Ji3=J45=9.3 Hz, H-4A), 3.84-3.74 (m, 3H, H-5A, H-6A
and H-6Cb), 3.74-3.68 (m, 1H, -O-CH-CH,-), 3.68 (t, 1H,
14,5:9.0 HZ, H-4C), 3.55 (dd, lH, J6a—6b:9'8 HZ, J6a—5 =
7.6 Hz, H-6Ca), 3.43 (dt, 1H, J.,,=9.6 Hz, Jen_cno=
6.5 Hz, -O-CH-CH,-), 2.37 (t, 2H, J=7.4 Hz, -CH»—
CO,H), 1.70-1.64, 1.61-1.56 and 1.38-1.32 (m, 12H,
—(CH,)¢-); *C NMR (100 MHz): & 178.8 (~CO,H),
138.4, 138.2, 138.1, 137.8, 137.6, 137.5 and 137.2 (7 C
arom.), 128.9-127.3 (35 CH arom.), 102.5 (C-1B), 101.8
(benzylidene), 99.8 (C-1C), 98.8 (C-1A), 79.7 (C-3A), 79.6
(C-30), 77.3 (C-4B), 76.8 (C-3B), 75.2 (CH,Ph), 74.9
(CH,Ph), 74.8 (C-2A and C-4A), 74.5 (C-4C), 73.3
(CH,Ph), 73.2 (CH,Ph), 72.3 (CH,Ph), 72.0 (CH,Ph),
71.7 (C-5A), 71.5 (C-5C), 69.5 (C-2B), 69.1 (C-6A), 68.9
(C-6C), 68.7 (C-6B), 68.5 (C-2C), 67.6 (-O-CH,-), 64.1
(C-5B), 33.8 (—CH,—CO,H), 29.3, 29.0, 28.9, 28.8, 25.9 and
24.6 (<(CH,)¢—); MS m/z (CI, NH;): 1306 (M+NH,)";
Anal. Calcd for C;6HggOg (1289.534): C 70.78, H 6.87.
Found: C 70.69, H 7.03.

6.1.12. 8-Carboxyloctyl (o-pD-mannopyranosyl)-(1— 3)-
(o.-p-mannopyranosyl)-(1 — 2)-a-pD-mannopyranoside
(2). Hydrogenolysis of 19 (164 mg, 127.5 umol), as
described for 1, yielded 2 (80 mg, 95%) as white amorphous
powder. "H NMR (400 MHz, D,0):  5.10 (s, 1H, H-1C),
5.04 (s, 1H, H-1A), 4.96 (s, 1H, H-1B), 4.19 (dd, 1H, J,_; =
1.3 Hz, J, 3=1.4 Hz, H-2B), 4.03 (dd, 1H, J,_;=1.5 Hz,
J>_3=1.6 Hz, H-2C), 3.93-3.88 (m, 2H, H-2A and H-3B),
3.86-3.82 (m, 2H, H-3A and H-3C), 3.72-3.65 (m, 1H,
-O-CH-CH>-), 3.49 (dt, 1H, J,.,,=10.4Hz, Jep_cux=
6.1 Hz, -O-CH-CH,-), 2.32 (t, 2H, J=7.35Hz, CH>—
CO,CHj3), 1.60-1.52 and 1.34-1.25 (m, 12H, —(CH,)s-);
13C NMR (100 MHz): 6 180.2 (-CO,H), 102.6 (C-1B),
102.5 (C-1C), 98.3 (C-1A), 79.0 (C-2A), 78.1 (C-3B), 73.6,
73.6 and 73.0 (3 C-5), 70.6 (C-3C), 70.6 (C-3A), 70.3
(C-20), 69.8 (C-2B), 68.3 (-O-CH,-), 2X67.2 and 66.6 (3
C-4),61.4,61.3 and 61.2 (3 C-6), 34.6 (-CH,—CO,H), 28.7,
28.6, 28.5, 28.4, 25.6 and 24.8 (—(CHy)¢—); MS mi/z
(HRMS): (M+Na)™ calcd: 683.2738; found: 683.2748.

6.2. Conjugation to poly L-lysine

The coupling buffer (0.1 M MES buffer, pH 4.6) was
prepared as follow: 4-Morpholino ethane sulfonic acid
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hydrate (Acros 17259, 1 g) was dissolved in water (50 mL),
the pH was adjusted to 4.6 with conc aq NaOH.

Poly L-Lysine.hydrobromide (Sigma 2636, mol wt 30,000-
70,000, 100 mg) was dissolved in MES buffer (4 mL).
Compound 1 or 2 (20 mg) was dissolved in MES buffer
(10 mL). The two solutions were mixed and EDC (Acros
17144, 50 mg) was added at rt. Another EDC portion
(50 mg) was added after 5 h and the reaction mixture was
stirred for 16 h at rt, and concentrated. The residue was
purified on Sephadex G25 (column length 40 cm, diameter
2.6 cm) using water as eluent. The yields were 50%, the
sugar content was 10% as evaluated by 400 MHz "H NMR.

6.3. Detection of antibodies against synthetic
oligomannosides

Tetramannoside-poly-lysine 1-lys and trimannoside-poly-
lysine 2-lys were used as antigens in an enzyme-linked
immuno-sorbent assay. Plates were first coated overnight at
room temperature with 200 pL of tetramannoside (1-lys) or
trimannoside (2-lys) at a concentration of 10 pg/mL in
phosphate buffered saline (PBS) 0.15 M. The day after, the
plates were washed in PBS-Tween 0.2% and saturated with
Glucose (5%) Bovine Serum Albumin (0.6%) in PBS
0.15 M. Patients sera were diluted 1:400 in a sample diluent
(kit Platelia Candida Ab Biorad)) and added to the plates for
one hour at 37 °C. After three washing with TNT (Tris
0.05M, NaCl 0.15M, Tween 20 0.1%), a peroxydase-
labeled goat antihuman immunoglobulin (G, A, M) (H and
L chains) (Biorad, Marnes la Coquette, France) was used as
conjugate. A color reaction was detected by incubation with
200 pL of tetramethylbenzidine solution for 30 min. Plates
were read at 450 nm on a MRX2 (Dynex, France) automatic
reader. A pool of sera from CD patients strongly reacting
with both oligomannosides was selected for standardizing
the tests and diluted from 1:100 to 1:6400. Each sample was
tested in duplicate, the mean of the optical density in the two
wells was calculated and reactivity of individual sera was
expressed through the use of a program from Menarini
laboratories as a percentage of the highest reactivity
observed with the standard arbitrarily defined as 100%.

6.4. Statistical analysis

The statistical program used was Statview. The mean values
were calculated on both antigen for CD and UC patients,
and comparison between quantitative variables on the
different groups was performed by the nonparametric
Mann-Whitney test. Results were considered statistically
significant when the two-side probability was less than 0.05.

References and notes

1. Sendid, B.; Quinton, J. F.; Charrier, G.; Goulet, O.; Cortot, A.;
Grandbastien, B.; Poulain, D.; Colombel, J. F. Am.
J. Gastroenterol. 1998, 93, 1306-1310.

2. Main, J.; McKenzie, H.; Yeaman, G. R.; Kerr, M. A.; Robson,
D.; Pennington, C. R.; Parratt, D. BMJ 1988, 297, 1105-1106.

3. Quinton, J. F.; Sendid, B.; Reumaux, D.; Duthilleul, P.; Cortot,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

R. Chevalier et al. / Tetrahedron 61 (2005) 7669-7677

A.; Grandbastien, B.; Charrier, G.; Targan, S. R.; Colombel,
J. F.; Poulain, D. Gur 1998, 42, 788-791.

. Lerner, A.; Shoenfeld, Y. Eur. J. Gastroenterol. Hepatol.

2002, 74, 103-105.

. Vermeire, S.; Joossens, S.; Peeters, M.; Monsuur, F.; Marien,

G.; Bossuyt, X.; Groenen, P.; Vlietinck, R.; Rutgeerts, P.
Gastroenterology 2001, 120, 827-833.

. Young, M.; Davies, M. J.; Bailey, D.; Gradwell, M. J.;

Smestad-Paulsen, B.; Wold, J. K.; Barnes, R. M.; Hounsell,
E. F. Glycoconj. J. 1998, 15, 815-822.

. Sendid, B.; Colombel, J. F.; Jacquinot, P. M.; Faille, C.; Fruit,

J.; Cortot, A.; Lucidarme, D.; Camus, D.; Poulain, D. Clin.
Diagn. Lab. Immunol. 1996, 3, 219-226.

. Kobayashi, H.; Shibata, N.; Watanabe, M.; Komido, M.;

Hashimoto, N.; Suzuki, S. Carbohydr. Res. 1992, 231,
317-324.

. Okubo, Y.; Suzuki, S. Carbohydr. Res. 1978, 62, 135-141.
. Kobayashi, H.; Kojimahara, T.; Takahashi, K.; Takikawa, M.;

Takahashi, S.; Shibata, N.; Suzuki, S. Carbohydr. Res. 1991,
214, 131-145.

Shibata, N.; Fukasawa, S.; Kobayashi, H.; Tojo, M.; Yonezu,
T.; Ambo, A.; Ohkubo, Y.; Suzuki, S. Carbohydr. Res. 1989,
187, 239-253.

Tojo, M.; Shibata, N.; Ban, Y.; Suzuki, S. Carbohydr. Res.
1990, 7199, 215-226.

Kolarova, N.; Matulova, M.; Capek, P. J. Carbohydr. Chem.
1997, 609.

Parolis, L. A. S.; Parolis, H.; Kenne, L.; Meldal, M.; Bock, K.
Carbohydr. Res. 1998, 309, 77-87.

Sendid, B.; Poulain, D.; Colombel, J.-F.; Mallet, J.-M.;
Chevalier, R.; Esnault, J.; Sinay, P.; Dromer, F.; Improvici,
L, patent PCT/FR00/03265.

Dromer, F.; Chevalier, R.; Sendid, B.; Improvisi, L.; Jouault,
T.; Robert, R.; Mallet, J. M.; Poulain, D. Antimicrob. Agents
Chemother. 2002, 46, 3869-3876.

Ogawa, T.; Yamamoto, H. Carbohydr. Res. 1985, 137, 79-88.
Monsigny, M.; Roche, A.-C.; Midoux, P.; Mayer, R. Adv.
Drug Deliv. Rev. 1994, 14, 1-24.

Bock, K.; Lundt, T.; Pedersen, C. Tetrahedron Lett. 1973, 13,
1037-1040.

Yamazaki, F.; Sato, S.; Nukada, T.; Ito, Y.; Ogawa, T.
Carbohydr. Res. 1990, 201, 31-50.

Zhang, Y.; Mallet, J.-M.; Sinay, P. Carbohydr. Res. 1992, 236,
73-88.

Lemieux, R. U.; Driguez, H. J. Am. Chem. Soc. 1975, 97,
4069-4075.

Oshitari, T.; Kobayashi, S. Tetrahedron Lett. 1995, 36,
1089-1092.

Franzik, H.; Meldal, M.; Paulsen, H.; Bock, K. J. Chem. Soc.,
Perkin Trans. 1 1995, 22, 2883.

Maity, S.; Dutta, S.; Banerjee, A.; Achari, B.; Singh, M.
Tetrahedron 1994, 50, 6965-6974.

Tsui, D. S.; Gorin, P. A. J. Carbohydr. Res. 1986, 156, 1-8.
Lemieux, R. U.; Bundle, D. R.; Baker, D. A. J. Am. Chem. Soc.
1975, 97, 4076-4083.

Gerlach, H.; Kiinzler, P.; Oertle, K. Helv. Chim. Acta 1978, 61,
1226-1231.

Klebl, F. H.; Bataille, F.; Bertea, C. R.; Herfarth, H.;
Hofstadter, F.; Scholmerich, J.; Rogler, G. Inflamm. Bowel
Dis. 2003, 9, 302-307.

Mow, W. S.; Vasiliauskas, E. A.; Lin, Y. C.; Fleshner, P. R.;
Papadakis, K. A.; Taylor, K. D.; Landers, C. J.; Abreu-Martin,



R. Chevalier et al. / Tetrahedron 61 (2005) 7669-7677 7677

M. T.; Rotter, J. I.; Yang, H.; Targan, S. R. Gastroenterology 33. Klis, F. M.; Mol, P.; Hellingwerf, K.; Brul, S. FEMS Microbiol
2004, 126, 414-424. Rev. 2002, 26, 239-256.
31. McKenzie, H.; Main, J.; Pennington, C. R.; Parratt, D. Gut 34. Seibold, F.; Konrad, A.; Flogerzi, B.; Seibold-Schmid, B.;
1990, 31, 536-538. Arni, S.; Juliger, S.; Kun, J. F. Gastroenterology 2004, 127,
32. Aguilar-Uscanga, B.; Francois, J. M. Lett. Appl. Microbiol. 1076—1084.

2003, 37, 268-274.



O

ELSEVIER

Available online at www.sciencedirect.com
SCIENCE<dDIRECT°

Tetrahedron 61 (2005) 7678-7685

Tetrahedron

Ionic liquids for tetraarylporphyrin preparation

Satoshi Kitaoka, Kaoru Nobuoka and Yuichi Ishikawa™

Department of Applied Chemistry, Faculty of Engineering, Oita University, 700 Dannoharu, Oita 870-1192, Japan

Received 5 April 2005; revised 11 May 2005; accepted 30 May 2005

Available online 17 June 2005

Abstract—In place of widely used dichloromethane, a series of ionic liquids, ILs, was employed as a reaction medium for the one-flask
preparation of tetraarylporphyrins. The porphyrin yield in the IL was comparable to that in the dichloromethane, as long as both the water
content and the fluidity were conditioned to be in the optimum state. When acidic IL, [C4-SAbim][CF5;SOs3] possessing a sulfonic acid moiety
was used as the reaction medium, nothing but a black tarry by-product was obtained due to its strong acidity. However, using the acidic IL in
a biphasic mode together with dichloromethane enabled porphyrins to form, even at a high reactant concentration. Furthermore, the phase-
separated acidic IL was reusable for at least 10 times without any loss of catalytic activity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Condensation of benzaldehyde with pyrrole followed by
oxidation provides tetraphenylporphyrin (TPP),' N-con-
fused tetraphenylporphyrin (NC-TPP) and black tarry by-
products. By using dichloromethane as the reaction
medium, Lindsey demonstrated the top yields to be ca. 50
and 39% for TPP and NC-TPP, respectively.! Due to
the excellent yield, mild condition and convenience, the
Lindsey method has since been widely applied for the
syntheses of porphyrins. This method, however, entails a
heavy consumption of dichloromethane and results in a
waste of acid catalysts. To obtain 1.0 g NC-TPP (1.0 g
TPP), for instance, as much as 5 L (2 L) dichloromethane
needs to be mounted in the reaction vessel under the optimal
conditions when utilising the Lindsey method,'® which
employs methanesulfonic acid, M-SA, as the acid catalyst.
We thus, feel that the need, both to reduce the use of the
halogenated solvent and to heighten the reusability of
the acid catalyst without any loss of the productivity in the
porphyrin preparation for the green chemistry.

ILs have been widely used for various reactions® such as
olefin oligomerisation,4 Heck reaction,’ hydrogenation,6
Friedel-Crafts reaction,” Diels—Alder reaction,® and several
condensation reactions.” However, no such application of
ILs for the preparation of porphyrins has been attempted
before, except for that described in our previous brief
report.'” If the green property born from IL could be

Keywords: Tonic liquid; Porphyrin; Condensation.
* Corresponding author. Tel./fax: 481 97 554 7907;
e-mail: ishichem@cc.oita-u.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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applicable to the preparation of porphyrins, then it may be
possible to undertake the Lindsey procedure without the
need for the halogenated solvent. Our objective in this
study, is to utilize ILs in the preparation of porphyrins with
the aim of reducing and replacing the halogenated solvent.

In this study, we chose a series of ILs ranging from class I to
class III, as shown in Chart 1, and we examined their
behavior as a medium. The viscosity and water content of
the ILs used are both well-known factors'' that generally
affect reactivity. Thus, these two factors in particular were
carefully considered in the usage of IL as a single

(CF;80,),N  (CF380;),N"  (CF3S0,),N°

HC. . (CHp):CH, @ (CF:S0,),N
e ~ N +
Ly N N (n-CeHys)sN*
(CH,)3CH; H3C  "(CH,);CHj
[C,mim][TFSI]  [C,p][TFSI]  [C4mppr][TFSI] [(Ce)sNI[TFSI]
Class I. Effect of Cation Skeleton
X
HyC o,/ (CH)SCH
N
\voo/
[C,mim][X] X =TFSI, PFg, BF,,
Br, CF;CO,, CF;SO;
Class Il. Effect of Counter Anion
(CF3S0,),N"
HiC_ . (CHy)yiCH;
o
\ooo/
[C,mim][TFSI] n=2-10
Class lll. Effect of Alkyl Chain Length
Chart 1.
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homogeneous medium. As a result, the hydrophobic and
moderately fluid [C4mim] [TFSI] was the most appropriate
medium for the porphyrin formation. However, reusing the
IL as a homogeneous reaction medium was impractical due
to the readily contamination of the produced by-product. In
place of the homogeneous system, a biphasic mode reaction
was devised for the porphyrin formation. In the case of the
acidic IL, [C4-SAbim][CF3S0s] in Figure 1, its usage in the
biphasic mode together with dichloromethane was studied
with a view to reducing the amount of halogenated solvent
and reusing the acid IL.

o
H Ph Ph  Ph Ph
1)acid
2)DDQ
. /N
in/onlL
H
N Ph Ph  Ph Ph
\ 7
TPP NC-TPP
10mM

HoCa_ Ay __(CHy)4s—SO4H
H,C—SO,H '+

Methanesulfonic acid

CF;S0;"

(M-SA) [C4-SAbIm][CF3S05]

Figure 1. Acids and porphyrin formation.

2. Results and discussion

2.1. Classification of ILs

The IL derivatives employed in this study, can be
categorized into four groups, as shown in Chart 1 and
Figure 1. The relationship between the molecular structure
of ILs and their role in the formation of porphyrin can be
established in terms of this classification, and it is likely to
be applicable to other condensation reactions.

In class I salts, five different cationic skeletons are selected
in combination with the same anion, bis(trifluoromethyl-
sulfonyl)imide [TFSI]™ (Table 1). The cation structure
effect on porphyrin formation will be discussed in terms of
the viscosity. Class II, [C4mim][X], ILs are represented by
the hydrophobicity/hydrophilicity of the corresponding

Table 1. The class I ILs used for porphyrin preparation

Solvent Viscosity H,O Yield/%
of IL/cP content of
1L/wt%
TPP NC-TPP
[C4mim][TFSI] 50.2 0.12 41 7
[C4p][TFSI] 63.5 0.08 33 42
[C4mppr][TFSI] 192 0.11 23 0
[(Ce)4N][TFSI] 573.4 0.12 2 0
CH,Cl, — — 8 38

[Pyrrole] =[aldehyde] =[DDQ]= 10 mM, [M-SA]=7 mM, 22 °C, reaction
time 30 min, yields were determined by HPLC analysis.

anions. [C,mim] [TFSI]s are the class III salts in which
alkyl chains of differing lengths are introduced in order to
regulate both the viscosity and the hydrophobicity. Class IV
imidazolium salt possesses a single sulfonic acid moiety,
which acts as a catalyst, as shown in Figure 1.

Since, porphyrin formation begins with the condensation,
the ILs used were kept as dry as possible by means of a
thermostatic vacuum oven, 0.08 mmHg, 60 °C, over a
period of 24 h. After an IL was taken out from the drying
vacuum oven, the water content was immediately measured
by a Karl-Fischer moisture titrator. Although, all the ILs
were dried under the same conditions, the water content
varied greatly according to the salt structure, as shown in
Table 2.

Table 2. Porphyrin preparation in class II ILs with various anions

Solvent Viscosity ~ H,O Yield/%
of IL/cP content of
IL/wt%
TPP NC-TPP
[C4mim][TFSI] 50.2 0.12 41 7
[C4mim][PFe] 289 0.22 11 4
[C4mim][BF,] 92.2 1.09 0.8 0.3
[C4mim][Br] 1462 245 0.1 0
[C4mim][CF;CO,] 71.2 2.1 0.5 0
[C4mim][CF5S05] 93.2 1.62 0.3 0.7

[Pyrrole]=[aldehyde] =[DDQ]= 10 mM, [M-SA]=7 mM, 22 °C, reaction
time 30 min, yields were determined by HPLC analysis.

2.2. Screening to cationic skeletons/class I ILs

Five cationic structures, imidazolium, pyridinium, piper-
idinium, and ammonium were tested to see if their solvent
properties were suitable for porphyrin formation. Table 1
shows that all the ILs except for the n-hexylammonium
bis(trifluoromethylsulfonyl)imide [(Cg)4N][TFSI] can be
used as the reaction medium in place of dichloromethane,
except with regard to the selectivity for N-confusion.'? The
ammonium [(Cg),N][TFSI], however, did not work as a
medium for porphyrin formation at all. While there is no
appreciable difference in water content, the viscosity is
reflected by the cationic skeleton structure. Since the most
viscous, 573.4 cP, ammonium [(Cg),N][TFSI] and the most
fluid, 50.2 cP, imidazolium [C,mim][TFSI] show the worst
and the best yields, respectively, viscosity can be assumed
to be one of the keys to regulating porphyrin formation.

2.3. Screening of counter anions/class I ILs

The counter anion on the 1-butyl-3-methylimidazolium,
C,mim, divides the class II salts into water-soluble and
water phase-separable groups. When the former, [C4mim]
[BF,], [C4mim][Br], [C4mim][CF3CO;], and [Cymim]
[CF;SO3], were used as the solvent, porphyrins were
obtained at less than 1% in total yield. On the other hand,
the latter, [C4mim][TFSI] and [C4mim][PF¢], produced
porphyrins at 49 and 15% in total yield, respectively. The
gap in the yield between [C,mim][TFSI] and [Csmim][PFg]
would seem to originate from their difference in viscosity.
The amount of water remaining in the former ILs is five to
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20 times more than that in the latter ILs. Water content of
more than 1 wt% in the water-soluble IL would perturb the
condensation between pyrrole and benzaldehyde, resulting
in a poor porphyrin yield.

2.4. Intended addition of water

To exemplify that the contained water disturbs the
condensation reaction, a certain amount of water was
intentionally added to the [C4mim][TFSI]. Five [C4mim]
[TESI]s possessing a different water content were prepared
for porphyrin formation. Figure 2 shows the relation
between porphyrin yield and water content, in addition to
the change in viscosity. When the water content in
[C4mim][TFSI] was increased, the yields of both TPP and
NC-TPP deteriorated in accordance with decreasing
viscosity, from 50 cP down to 33 cP. It is obvious that
porphyrins are noticeably less obtainable if the amount of
water which remains exceeds 1.0 wt%. In general, increas-
ing fluidity of a viscous medium results in facilitating a
reaction. Nevertheless, Figure 2 demonstrates the opposite
result as to the relation between yield and viscosity. The
effect of the disadvantage due to the remaining water
outways the benefit stemming from the fluidity increase, as
long as the water content ranges below 50 cP.

— T T T T T T T T T T T T T T T T T T T T

Yield / %
do / Apsoosip

PR PRI P L S iy
0 0.2 0.4 0.6 0.8 1 1.2 1.4
HZO content / wt.%

Figure 2. Porphyrin preparation in [C4mim][TFSI] with various amounts of
water content.

2.5. Alkyl chain length effect in class III, C,,mims

In the case, where the viscosity is below 50 cP, as shown in
Figure 2, how much water exists is much more important
than how low the viscosity is. To examine the influence of a
viscosity of more than 50 cP on the yield of porphyrins, a set
of [C,mim][TFSI]s,n=2,3,4,5,6,7,8,9, and 10, was used
for the condensation reaction.

Figure 3 compares the viscosity with the contained water in
terms of the alkyl chain length, and shows the relation
between porphyrin yield and these two features. It can be
confirmed'? that the viscosity varies with the alkyl chain
length, that is, as the alkyl chain becomes longer, the salt

a) 200 ———71 77— 7 7+ 05
[ H_O content ]
—_—
L 104
T
150 | »
a [ o
g g
@ E
| - 0.3 ?
% Viscosity @ — 3
3 100 - Py
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0 0
b) [
40 y
< 30 r 4
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2 L
> 20 .
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0 T W \‘f'ﬁrﬁ‘f‘r_n‘: N B
0 2 4 6 8 10 12

Alkyl chain length n

Figure 3. The relationship between alkyl chain length n (n=2-10) of
[Comim][TFSI] and porphyrin yield, viscosity, and water content;
(a) viscosity and water content of the class III ILs, (b) porphyrin
productivity in the class III ILs.

becomes more viscous and more hydrophobic. The viscosity
for [C;omim][TFSI] and for [Comim][TFSI] is more than
double and nearly half of that for [Cymim][TFSI],
respectively. In contrast, the amount of water, which
remains shows the opposite tendency with regard to alkyl
chain length. As long as the water, which remains in the ILs
with a longer alkyl than butyl chain length (from [Cs-
mim][TFSI] to [C;omim][TFSI]) is less than one-sixth that
in the [Cymim][TFSI], then the [Comim][TFSI] and [Cs-
mim][TFSI] contain more water than the [C,mim][TFSI]
does. In particular, the amount of water remaining in the
[Comim][TFSI] is four times that in the [C,mim][TFSI].

As shown in Figure 3b, all the ILs used, except for
[C4mim][TFSI], provided TPP in yields of 204+5%. Only
the [C4mim][TFSI] produced twice as much TPP as the
other ILs with an alkyl chain length shorter or longer than
the butyl chain length. Increasing the alkyl chain length
makes an IL, which is viscous enough to limit diffusion of
the substrates in return for reducing the amount of
remaining water, due to increased hydrophobicity. When
the viscosity ranges beyond 50 cP, the former as to the
diffusing factor governs the porphyrin formation. On the
other hand, in the case of [Comim][TFSI] and [Cs-
mim][TFSI], the large amount of remaining water is the
leading reason for an impaired reaction. This is why butyl
[C4mim][TFSI] shows the maximum TPP productivity
against the alkyl chain length. In other words, the butyl
chain is an optimal point of length in the trade-off relation
between the remaining water and the viscosity.'*
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2.6. [C4-SAbim][CF3S05] and M-SA

Davis et al. 1reported15 [C4-SAbim][CF3S03] catalyzed
esterification,'® and Friedel-Crafts alkylation.]6 Since, the
acid moiety in [C4-SAbim][CF3SOs3] also seems to catalyze
porphyrin formation, the acidic IL was compared with the
typical acid catalyst, M-SA. Entries 2-5 in Table 3
summarize the results. The acidity of neat [C4-SAbim][CF;-
SO3] is too strong to form the aromatic rings, as shown in
entry 2. Hence, the acidic IL is diluted with the widely used
[C4mim][TFSI] and tested as entry 3. Since, the acid
concentration generally affects porphyrin formation, as
shown in entries 4 and 5, the concentration of [Cy-
SAbim][CF3S03] in [Cymim][TFSI] was set to be the
same as that of 7mM M-SA. Entry 3 shows that the
[C4mim][TFSI] solution of [C4-SAbim][CF;SO3] produced
TPP and NC-TPP in yields of 46 and 5%, respectively,
without the addition of any acid catalyst. The total yield,
51% in entry 3, is larger than that of the M-SA catalyzed
reaction, 44% in entry 5. This fact indicates that similar to
M-SA, the diluted [C4-SAbim][CF3;S03] with [Cy4-
mim][TFSI] acts as an effective catalyst to form a porphyrin
ring, apart from the selectivity for TPP and NC-TPP.'?

It is true that the hydrophobic and moderately fluid [Cymim]
[TFSI] containing [C4-SAbim][CF5SO3] allows us to
conduct the porphyrin synthesis without using the halo-
genated solvent in excellent yield, as well as the
hydrophobic IL possessing M-SA as shown in Table 2.
However, both of the two acidic systems utilizing the
[C4mim][TFSI] have a serious problem when using them as
a homogeneous reaction medium. It is the contamination
stemmed from the tarry by-products with which the
formation of the porphyrin ring is impaired as described
below. To avoid the fatal defect, we have devised the
following biphasic mode reaction.

2.7. Biphasic reaction of acidic IL and dichloromethane

As confirmed above, well-devised ILs are employable as the
reaction medium for porphyrin formation in place of the
widely used halogenated solvent. However, the ILs used are
unlikely to be reused for the reaction due to the difficulty in

removing the dissolved black tarry by-products from the
ILs. Unlike the porphyrins, the tar, which emerged from the
oxidation step could not be taken away from the non-
volatile IL by extraction with a halogenated solvent. Thus,
the difficulties entailed in reusing of the costly ILs become a
serious problem for green synthesis. To avoid the inherent
demerit arising from the tar contamination without losing
any productivity with regard to porphyrins, we devised a
biphasic reaction arising from the interface between
dichloromethane and the acidic IL.

Prior to monitoring the reaction, we confirmed the
miscibility between dichloromethane and [Cymim][TFSI]
containing the acid catalyst, M-SA or [C4-SAbim][CF;S03]
. Mixing [C4mim][TFSI] with dichloromethane, at broad
volume ratio ranging from 1/20 to 20/1, shows a single
phase, not the phase-separated situation regardless of the
added acid. Furthermore, the tested imidazolium ILs shown
in Table 2 all are well miscible with dichloromethane
regardless of the counter anion. As opposed to these
homogeneous situations, undiluted [C4-SAbim][CF;S0;]
itself is fortunately immiscible with dichloromethane as
shown in Figure 4, thereby enabling us to perform a biphasic
mode reaction. The phase-separated situation not only
permits us to readily recycle the ILs, it might also suppress
the dissolution of the [C4-SAbim][CF;SO3] into dichloro-
methane. The superior immiscibility of the acidic IL would
originate from the hydrophilic, that is, oleophobic sulfonic
acid moiety.

Dichloromethane (10 mL) was placed on the [C4-SAbim]
[CF5S05] (3 mL) in a test tube, having formed the interface
(¢ 1.6 mm, 200 mm?) had been formed at 22 °C. This
biphasic solution was allowed to stand for 10 min. Adding
neat pyrrole (14.5 mM) and benzaldehyde (14.5 mM) onto
the upper solution immediately resulted in the appearance of
color in the dichloromethane phase. The color stemming
from the precursors of the porphyrins (porphyrinogen)
heightened over time, as shown in Figure 4. Unlike the
dichloromethane solution, the IL phase was not colored at
all during the reaction period. After 20 min, the dark brown
dichloromethane solution was separated from the IL phase
and then oxidized by the addition of powdered DDQ

Table 3. Porphyrin preparation utilizing [C4-SAbim][CF;SO;]* at a low reactant concentration

o H 1) Acid, 2)DDQ
P <\ /7 TPP, NC-TPP
Ar H Solvent r.t
Entry Acid/mm? or mM Solvent [Reactant]/mM Time®min Yield/%
TPP NC-TPP
1* Interface 200 mm?> CH,Cl, 14.5 20 43 10
at [C4-SAbim]
[CF3S03]/CH,Cl,
2¢ [C4-SADbim][CF3SO3] neat [C4-SAbim][CF;S05] 10 5 0 0
3¢ [C4-SAbim][CF3S03] 7 [C4mim][TFSI] 10 30 46 5
4° M-SA 0.32 CH,Cl, 10 480 43 10
5¢ M-SA 7 CH,Cl, 10 30 5 39

Reaction condition; 22 °C, [aldehyde]= [pyrrole], [oxidant] = [reactant].
# This work; yields were determined after recrystallization.

" Condensation time.

¢ This work; yields were determined by HPLC analysis.

4 The viscosity is 3185 cP and the water content is 1.85 wt%.

¢ Lindsey Method; data from Ref. 1, yields were determined by HPLC analysis without recrystallization.



7682 S. Kitaoka et al. / Tetrahedron 61 (2005) 7678-7685

pyrrole (145mM) - + + + +
aldehyde (145mM) - - + + +
reaction time (min.) - - 5 10 20
CH,Cl, 10ml
TSIL 3ml

Figure 4. Photograph showing colour change due to condensation reaction
at the interface between CH,Cl, and acidic IL. Room temperature +/—:
denotes the presence/absence, respectively.

(342 mg, 14.5 mM) at 22 °C. Triethylamine (100 pL) was
added to the black solution which formed, in order to
quench the dissolved acid. Subsequent treatments for the
isolation of porphyrins were conducted according to the
literature." Recrystallized TPP and NC-TPP were obtained
at yields of 43 and 10%, respectively (Table 3, entry 1).
Table 3 compares the present biphasic reaction with the
Lindsey method' using M-SA in dichloromethane. It is
obvious that the biphasic procedure is broadly comparable
in yield to the single homogeneous reaction (entries 1, 4,
and 5), regardless of the selectivity'? for the ordinal and
N-confused porphyrins.

To minimize the amount of dichloromethane solvent, we
examined the formation of porphyrins at a 10-fold higher
reactant concentration, 145 mM, on the interface (Table 4,
entry 1). The isolated yield of TPP at 145 mM on the acidic
IL interface was as little as 16% less than that at 14.5 mM
(Table 3, entry 1), but two to eleven times more than that at
100 mM of the homogeneous condensation employing
M-SA. This fact means that, in spite of some loss in
efficiency, the interfacial reaction using [C4-SAbim][CF3-
SQOz;] is suitable for the case of a high reactant concentration,
when compared to the homogeneous reaction. Separating
the acid catalysis from the reaction medium is beneficial for
increasing the production of porphyrins, particularly at a

high concentration. This knowledge leads to a reduction in
the amount of halogenated solvent, which needs to be used.

2.8. Need of interface

Increasing the concentration of the M-SA and/or the
reactants generally results in a low yield of porphyrins
due to oligomer formation,'® as shown in Table 4. When
dichloromethane solution, which was saturated or partially
dissolved with [C4-SAbim][CF3SOs] (Table 4, entries 7 and
8) was applied as a homogeneous single phase, low yields,
7-11% TPP and 2-4% NC-TPP, were observed similar to
the dichloromethane solution of M-SA (Table 4, entries 9
and 10). These facts indicate that the presence of the acidic
IL phase through the interface helps facilitate the
condensation in the dichloromethane phase, even at a high
reactant concentration.

2.9. Reusing acidic IL at a high reactant concentration

In addition to the above benefit, another advantage, which
results form devising the separated phase of the [C4-SAbim]
[CF3S03] is its reusability. Table 5 shows the relation
between the repeated use of [C4-SAbim][CF3SO3] and the
preparation of TPP, NC-TPP, tetra-p-tolylporphyrin (TTP),
and N-confused tetra-p-tolylporphyrin (NC-TTP). To
reduce the amount of dichloromethane as much as possible,
the reactant concentration was set to be 145 mM, which was
more than 10 times that which had been explored for the
optimum concentration in the Lindsey method." After the
condensation, the upper dichloromethane phase was
removed from the acidic IL phase. Fresh dichloromethane
solution of the reactants was added to the remaining [Cy-
SAbim][CF3S0s], being as a single phase in the test tube, in
order to start the biphasic reaction again. On the other hand,
powdered DDQ was added to the removed dichloromethane
solution and the porphyrins, which formed were isolated.
The area of the interface was ca. 200 mm?>. This procedure
was repeated 10 times at 22 °C, without supplying any acid
catalysts.

In addition, the manner in which vigorous shaking of the
phase-separated system affects the reaction was estimated

Table 4. [C4-SAbim][CF3;SO5]/CH,Cl, biphasic system for porphyrin formation at a high reactant concentration

o H 1) Acid, 2)DDQ
P (\ /7 TPP, NC-TPP
Ar H Solvent r.t
Entry Acid/mm? or mM Solvent [Reactant]/mM Time"/min Yield/%
TPP NC-TPP
6° Interface 200 mm?> CH,Cl, 145 10 27 42
at [C4-SAbim]
[CF3S05])/CH,Cl,

7 [C4-SAbim][CF3S05] CH,Cl, 145 10 7 2
84 [C4-SAbim][CF3S05] CH,Cl, 145 10 11
9° M-SA 50 CH,Cl, 100 8 12 12
10 M-SA 100 CH,Cl, 100 10 2.4 6.8

Reaction condition; 22 °C, [aldehde] = [pyrrole], [oxidant] = [reactant].
# Condensation time.
® This work; yields were determined after recrystallization.

¢ CH,C1, was placed on the [C4-SAbim][CF3SO3] phase for 10 min without shaking. Yields were determined by HPLC analysis.
d CH,C1, was pre-equilibrated with the [C4-SAbim][CF3SO5] by shaking for 5 min with a vortex mixer. Yields were determined by HPLC analysis.

¢ Lindsey Method; data from Ref. 1, Yields were determined by HPLC analysis.
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Table 5. Reuse of [C4-SAbim][CF3SO3] at high reactant concentrations

*

145mM )‘ CH,CI,

145mM DDQ el
Ar= Ph:TPP NC-TPP Rilisé
p-Toryl : TTP NC-TTP
Cycle 1 2 3 4 5 6 7 8 9 10
Without shaking With shaking Without shaking
TPP (%) 27 24 24 26 1.4 16 7 16 15 16
NC-TPP (%) 4 4 4 4 4.7 2 2 7 3 3
Without shaking
TTP (%) 30 31 30 28 27 28 28 29 28 31
NC-TTP (%) 6 4 4 6 7.1 6 6 7 6 5

[Pyrrole] =[aldehyde] = [DDQ]= 145 mM, 22 °C, reaction time 10 min, isolated yields were determined after recrystallization.

for the repeated porphyrin preparations. Among the
repeated cycles for TPP/NC-TPP formation, only the fifth
cycle involved vigorous shaking of the biphasic system,
whereas the other cycles, the first to the fourth and the sixth
to the tenth, were kept as a silent interface without shaking
during the reaction period. For the TTP/NC-TTP reaction,
on the other hand, no shaking treatment was applied at all.

From the first cycle through the tenth final cycle, no shaking
TTP/NC-TTP preparations, the yields for isolated TTP and
NC-TTP ranged from 27 to 31% and from 3.9 to 6.4%,
respectively. Despite having used high reactant concen-
trations, constant yields appeared for all the cycles. On the
other hand, the influence of shaking on the isolated yields
was studied for the TPP/NC-TPP preparations. Prior to the
vigorous shaking, yields of ca. 25 and 4.2% for TPP and
NC-TPP, respectively, had been maintained from the first to
the fourth cycle, similar to the case of the TTP/NC-TTP
preparations. Vigorous shaking of the fifth cycle immedi-
ately brought a brown color into the acidic IL phase and
dramatically reduced the TPP yield down to 1.4%.
Although, the silent interface without shaking was set
again for the subsequent condensations from the sixth to the
final cycle, the isolated yields of TPP could not reach the
values noted prior to the shaking. It was impossible to
remove the color from the contaminated, non-volatile IL
even by extraction with a halogenated solvent, into which
the by-products could readily be dissolved. This fact means
that once the acidic IL phase is contaminated with the by-
products, the productivity for porphyrins never recovers to
the original level.

Based on these results, it can be said that the continually
recycled usage of acidic [C4-SAbim][CF;SO3] does not
affect the porphyrin yield at all, as long as the contamination
arising from the by-products is not transported through the
interface by shaking. It is useful to note again that the
dichloromethane phase can produce more porphyrins just by
being placed on the silent acidic IL, than by being shaken
vigorously with the IL.

3. Conclusion

These results demonstrate that the formation of tetra-
arylporphyrin derivatives in IL is an observable phenom-
enon. The water content and the viscosity of the used salt
affect the reactivity in IL. In the case of the widely used
C,min ILs, in particular, the trade-off relation between
water content and fluidity is relevant to the porphyrin yield.
Balancing the two factors as equal priorities is crucial for
porphyrin preparation.

Using the acidic IL, [C4-SAbim][CF;SO3] as a reaction
medium is unfavourable for porphyrin formation due to its
strong acidity and high viscosity of as much as 3185 cP, in
addition to the remaining water, which can comprise as
much as 1.85 wt%. Despite these demerits, utilizing acidic
IL as a biphasic mode with dichloromethane represents
superiority both with regard to the reusability of the IL
phase and porphyrin productivity in a high reactant
concentration. The presence of the interface may act to
stop the supply of more acid than is necessary. Further,
investigation into the spatial distribution of the TILS around
the interface is currently under way in our laboratory.

4. Experimental
4.1. Materials

Pyrrole (TCI, 99%), benzaldehyde (Wako, 98%),
p-tolualdehyde (Wako, 95+ %) and DDQ (TCI, 97%),
CH,Cl, (Kishida, 98%) were used as received. All other
reagents were of a reagent grade and were used as received
from Aldrich without further purification. Column chroma-
tography was conducted using Aluminium oxide 90 Active
basic (MERCK) and silica gel BW-300SP (FUJI SILYSIA).

4.2. Synthesis of used ILs

[C4-SAbim][CF550s;], 3-butyl-1-(butyl-4-sulfonyl) imida-
zolium trifluoromethyl-sulfonate was synthesized according
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to the published procedures'” and the other ILs ranging from
[C4mim][TFSI] to [C;omim][TFSI] were synthesized
according to the published general procedures.'' These
ILs included [C4mim][TFSI], [C4p][TFSI], [Cymppr]-
[TESI], [n-(CeH;3)4][TESI], [C4mim][PF¢], [C4mim][BF,],
[C4mim][Br], [C4mim][CF;CO,], [C4mim][CF3S0s3], [C»-
mim][TFSI], [Csmim][TFSI], [Csmim][TFSI], [Cemim]-
[TFSI], [Cymim][TFSI], [Cgmim][TFSI], [Comim][TFSI],
and [C,omim][TFSI]. All the prepared ILs were dried in a
vacuum oven (0.08 mmHg, 60 °C, EYELA, VOS-301SD)
for at least 24 h and such condition was maintained until the
subsequent experiment.

4.3. Determination of water content and viscosity

The water content was determined by Karl-Fischer titration
using a Karl-Fischer moisture titrator MKC-510N (KEM) at
room temperature. The viscosity was measured with a DV-
II+Pro Programmable Cone/Plate (CPE-51) Viscometer
(BROOKFIELD) at 22°C via an external temperature
controller. Each sample comprised 0.5 mL and measure-
ments were conducted in triplicate. For the experiments of
Figures 2 and 3, in particular, after determining the values,
the measured samples were immediately mounted into a
vessel for porphyrin preparation.

4.4. Intended addition of water to [Cymim][TFSI]

Shaking the phase-separable [C4mim][TFSI] (2 mL) with
distilled water (2 mL) by a vortex mixer for 5 min followed
by separation with centrifuging (3,000 ppm, 10 min)
produced water-saturated [C4mim][TFSI]. By mixing the
water-saturated [C,mim][TFSI] (H,O 1.36 wt%) with the
freshly vacuumed-dried [C4ymim][TFSI] (H,O 0.12 wt%),
three [C4mim][TFSI]s containing water to the amount of
0.47, 0.62, 0.96 wt% were prepared.

4.5. HPLC analysis of porphyrins

Prior to performing HPLC analysis, the crude reaction
mixture containing black tarry by-products was first pre-
treated through column chromatography applying basic
alumina with chloroform eluent. Then HPLC analysis was
performed using a JASCO PU-2089 with a quaternary
pump, a thermostatic column compartment to be set at
30°C, and a diode array UV-vis detector. A silica gel
analytical column was selected (nakalai tesque,
COSMOSIL, 4.6 mm by 250 mm) with the gradient solvent
between hexane and acetone ranging from 95-50/5-
50 vol%, respectively. The gradient ratio for the mixing
was conditioned to be as follows: 0 min, 5% acetone/95%
hexane, 0-30 min, linear increase to 50% acetone/50%
hexane. TPP and NC-TPP were eluted at 7 min and 13 min,
respectively. The Soret band absorption wavelengths, 417
and 438 nm, were set as the detective monitor for TPP and
NC-TPP, respectively.

4.6. Protocol for porphyrin preparation using ILs

In the present porphyrin syntheses, the Lindsey method was
applied both for the single homogeneous mode and for the
biphasic mode, due to its wide generality and excellent
productivity. The reaction temperature, concentrations, and

time period are the same as the best conditions for NC-TPP
in dichloromethane. The procedure outline is as follows:
standing dichloromethane or IL solution of benzaldehyde
(10 mM) and pyrrole (10 mM) in the presence of M-SA
(7 mM) at 22 °C for 30 min followed by the addition of
powdered DDQ (10 mM) provides TPP, NC-TPP, and black
tarry by-products. The remaining acid was quenched by the
addition of 6 M equiv of triethylamine (TEA) to the used
acid. The target porphyrins were isolated by the same
procedure as described in the literature.

4.6.1. A single homogeneous solution mode. For Tables 1
and 2, Figures 2 and 3. Into 1 mL IL solution of 10 mM
benzaldehyde and 10 mM pyrrole at 22 °C, M-SA was
added to be 7 mM. After standing at the temperature for
30 min, neat DDQ (10 mM) was added followed by the
addition of 6 M equiv of TEA to the acid.

For entries 7 and 8 in Table 4. At first, dichloromethane pre-
equilibrated with [C4-SAbim][CF;SO;] was prepared in two
ways. In the case of entry 8, 10 mL dichloromethane were
vigorously shaken with 3 mL [C4-SAbim][CF3SOs] for
5Smin in a vortex mixer. The mixture was centrifuged
(3,000 rpm) for 10 min to separate clearly the two phases.
On the other hand, for entry 7, 10 mL dichloromethane were
placed on the silent surface of 3 mL [C4-SAbim][CF3SOs]
without shaking and this was left to standing for 10 min.
Into each 1 mL of dichloromethane solution, pyrrole and
benzaldehyde were added to be each 145 mM, and this was
left to stand for 10 min without the addition of any acid at
22 °C. Into the reaction mixture, DDQ was added to be
145 mM, and then the remaining acid was quenched by the
addition of 6 M equiv of TEA to the acid.

4.6.2. Biphasic (CH,Cl,/[C4-SAbim][CF3SO3]) mode.
Placing 10 mL dichloromethane on the silent surface of
3mL [C4-SAbim][CF5;SO3] in a test tube forms the
interface of ca. 200 mm?. The interface was left to stand
for 10 min at 22 °C. Into the upper dichloromethane phase,
pyrrole and the corresponding aldehyde were added to be
each 145 mM. Although, the dichloromethane phase was
immediately coloured, the [C4-SAbim][CF;SOs5] phase was
not coloured at all. The condensation reaction in the upper
dichloromethane phase was quenched within 10 min. The
dichloromethane phase was taken out from the [C4-SAbim]
[CF;S03] phase and the oxidation with DDQ was conducted
in the separated dichloromethane solution in order to
prevent contamination of the acidic IL phase. The separated
dichloromethane phase was oxidized by the addition of
DDQ (14.5 or 145 mM). The crude reaction mixture
containing black tarry by-products was pre-treated with
column chromatography on basic alumina with CH,Cl,
eluent followed by a second column chromatography on
silica gel with MeOH/CH,Cl, eluent. The first red fraction
and the second brown fraction were collected as TPP and
NC-TPP, respectively. Recrystallization with CH,Cl,/
hexane produced TPP and NC-TPP, each as shiny violet
crystal.
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Abstract—Six novel metabolites, acremines A-F have been isolated from agar cultures of a strain of Acremonium sp. Their structures and
stereochemistry were elucidated using a combination of '*C and "H homo and heteronuclear 2D NMR experiments and X-ray analysis.

Acremines A-D inhibited the germination of sporangia of Plasmopara viticola.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

A strain of Acremonium named A20, isolated from
sporangiophores of Plasmopara viticola, showed antagon-
istic properties against this oomycetous phytopathogen.’
The fungus was particularly effective in causing early
degeneration of sporangiophore branches, by showing to be
intimately connected to the plant pathogen, growing and
rapidly bridling the sporangia until their collapse on the
underlying plant tissues. The A20 cultural filtrates
decreased the germinability of P. viticola sporangia and
the growth of others phytopathogens, when added at
different concentrations to the cultural medium.?

In the anamorphic polyphyletic taxon Acremonium a 100
species have been described, many of them responsible for
production of biologically active metabolites, including the
B-lactam antibiotics cephalosporins,® the immuno-
suppressants cyclosporins,® the tremorgenic indole-diter-
penoids lolitrems® and prenylated phenols inhibitors of N-

*See Ref. 1.

Keywords: Acremonium; Plasmopara viticola; Acremine; Isolation;

Natural product; NMR; X-ray analysis.
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SMase.® Endophytic fungi are a good source of novel
secondary metabolites’ and the endophyte behaviour of
many Acremonium spp. in Gramineae has been positively
related to resistance of the host grass against aphids and
other important insect pasture pests, but it is also at the basis
of very potent toxicoses in human and animals.®

As part of a program carried out to understand the nature of
the interaction between Acremonium sp. strain A20 and the
oomycetous plant pathogen P. viticola, we describe here the
isolation of the novel acremines A-F, produced by A20
grown on a sugar-rich cultural medium. We also assessed
the activity of these metabolites on germinability of
P. viticola sporangia.

2. Results and discussion

Acremonium sp. A20, isolated from grapevine leaves
infected by P. viticola, was cultured on corn step sugar
agar for 2 weeks and the metabolites were extracted with
EtOAc. The crude extracts, which showed a significant
activity towards P. viticola sporangia, were submitted to
successive chromatographic fractionation and purification,
yielding a family of six novel compounds, named acremine
A (1a), B (2), C (3a), D (4a), E (4b) and F (5a).
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Structure assignments of the isolated compounds were
based on spectroscopic data, especially those from NMR
and MS analysis.

Compound 1a was isolated as colourless needles, mp 123—
125 °C; [a]p +22.3 (¢ 0.04; MeOH); the CIMS showed a
[MH] " at m/z 227 corresponding to a molecular formula
C,H,30,; the HREIMS measure indicated a [M " —H,0]
at m/z 208 (C12H16O3).

The "H NMR spectrum revealed two signals at 6.70 ppm (d)
and 6.46 ppm (d) with a coupling constant of 16.48 Hz,
providing evidence of a trans double bond. The presence of
a further olefinic hydrogen was inferred from a signal (d) at
5.90 ppm. From the magnitude of the coupling constant
(J=1.86 Hz, allylic) it was apparent that this second double
bond was trisubstituted.

In the >C NMR spectrum a signal at 199.8 ppm indicated
the presence of a conjugated CO group, which was
supported by the IR spectrum (v,.x(KBr) 1682 cm ™ l).

Considering the molecular formula, three of the implied
degrees of unsaturation were explained by the double bonds
and the carbonyl group. This led to hypothesize the presence
of a cyclic structure.

Information from '*C spectrum in conjunction with DEPT
showed only one methylene group at 44.5 ppm. The
hydrogens of this group appeared as two double doublets
in the 'H spectrum (2.12 and 2.32 ppm, J="7.02, 13.50 and
4.56, 13.50 Hz, respectively) coupled with a CH at
4.65 ppm in the 'H NMR and 65.1 ppm in the '*C NMR.
The shift of this methine suggested that it was oxygenated.
In addition, the allylic coupling constant with the olefinic
proton at 5.90 ppm allowed us to connect this moiety to the
trisubstituted double bond.

The most upfield signals in the 'H spectrum were two
singlets at 1.32 and 1.20 ppm, corresponding to three methyl
groups, two of them geminal; their multiplicity indicated
that they were on quaternary carbons. Examination of
HMBC spectra showed that these carbons resonated at 69.8
and 72.4 ppm, thus confirming that they were oxygenated as
well as the carbon previously described. Three broad signals
in the '"H NMR spectrum (4.63, 4.56, 3.87 ppm) that
exchanged with D,O corroborated the presence of three
hydroxyl groups.

The above information along with closer examination of
NOESY and HMBC experiments allowed unambiguous
structure assignment and the trivial name acremine A is
proposed for 1a.

The relative position of the substituents was further
confirmed by reduction of la with NaBH, to obtain the
corresponding alcohol Sa in, which the new hydrogen atom
at C-1 ("H NMR: 6 3.95 ppm) showed a coupling constant
with the olefinic proton at C-2 (J=2.57 Hz).

Treatment of compound la with Ac,O/Py afforded the
monoacetyl derivative 1b, which showed in 'H NMR
spectrum a significant downfield shift of the methine proton

on C-4 (5.9 ppm) with respect to the corresponding proton
in the parent compound 1a (4.65 ppm).

la R=H

1b R=Ac

lc R=S(-)-MTPA
1d R=R (+)-MTPA

Acremine A and derivatives

Single crystal X-ray analysis of compound la was
undertaken in order to determine the relative configuration
of the two chiral centres of the molecule. The molecular
structure of acremine A, reported in Figure 1, shows
opposite chirality of the two asymmetric centres at C4 and
C6. The configuration around the C1’-C2’ double bond is
trans, as confirmed by the torsion angle C3-C1'-C2'-C3' of
176.9(2)°. The bond length C1’=C2' [1.311(3) A] is typlcal
for a localized, non- conjugated double bond.” The
geometry around the C3—-C1’ bond, connecting the two
double bonds gives a cis configuration, with a torsion angle
C2-C3-C1'-C2’ of 14.9(4)°. The six-membered cyclo-
hexene ring adopts the half-chair conformation [ring
puckering parameters: Q1=0.458(2) A, 0,=50.2(3)° and
¢r=—92.9(4)], 19 with atoms C5 and C6 deviating from the
C1/C2/C3/C4 plane by —0.38 and +0.32 A, respectively.

Figure 1. A view of the molecule 1a, as obtained by X-ray diffraction, with
atom labeling. Displacement ellipsoids are drawn at 30% probability level.

In the crystal packing the molecules are linked via strong
O-H---0O and weak C-H---O hydrogen bonds to form thick
sheets parallel to the (100) plane, (see Fig. 2).

The absolute configuration at C-4 of 1a was elucidated by
applying the modified Mosher’s method'" to the (S) and (R)-
MTPA (a-methoxy-a-trifluoromethyl phenylacetic acid)
esters 1lc¢ and 1d obtained by reacting la with the
corresponding MTPAs. The S configuration at C-4 was
easily deduced from the Ad values (Ad=0S— 0R) obtained
by subtracting the chemical shift (0R) of each proton of the
(R)-MTPA ester from that (6S) of the (S)-MTPA ester. In
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fact, all the protons lying in the left hand side of the plane
containing the ester group of MTPA had negative Ao values
as a consequence of the shielding effect exerted by the
phenyl ring of the Mosher’s acid (Figs. 3 and 4).

HaC

4aR=H
4b R =CH; acremine D-E

Compound 2 was obtained as a yellow powder, mp 95—
97°C; [alp —79.4 (¢ 0.06; CHCI;) and analysed as
Ci2H604; the IR spectrum (KBr) exhibited a strong
absorption band (conj. CO group) at 1683 cm™' like
acremine A; furthermore 2 could not be acetylated and a
yellow EtOAc solution was discoloured by treatment with
sodium dithionite.

Based on '°C and 'H NMR spectral analysis, the structural
features of 2 were very close to those of 1a. The spectra
accounted for 12C and 16H atoms. In the 'H NMR
spectrum, the presence of a trans double bond was clearly
indicated by two signals at 6.50 and 6.80 ppm (J=
15.96 Hz). The third olefinic proton, at 6.74 ppm, was
shifted downfield in comparison with the corresponding H
of compound 1a. Three methyl groups resonated as singlets
at 1.37 and 1.38 ppm.

The greatest difference from the spectrum of compound 1a
was the absence of the methine signal at 4.65 ppm. This
information, along with the presence in the '*C spectrum of
two carbonyl groups at 195.4 and 202.0 ppm, suggested that

P
Z
(0]

acremine F

in 2 the -CHOH moiety at C-4 was replaced by a CO group.
A further confirmation of this assumption was obtained
from the observation that the hydrogens of the methylene
group appears as an AB system with a geminal coupling

C H 3 1 "
acremine C

3aR=H
3bR =Ac

H

SaR=H 6
SbR=Ac

constant (/= 15.16 Hz) without any further coupling. When
treated with Zn/Ac,O (Thiele reduction) at rt, compound 2
formed compound 6, whose structure was determined as
follows: the "H spectrum revealed the disappearance of the
olefinic proton at 6.80 ppm and showed a new AB system at
2.7 ppm with a geminal coupling constant of 17.35 Hz,
providing evidence of the presence of a further methylene
group in the ring. This is in agreement with the proposed
conjugate mechanism of the reduction of unsaturated 1,4-
diketones,'? expected to proceed with primary formation of
the dienediol followed by ketonization to obtain the
saturated 1,4-diketone. In our case, the enol of ketone in
position 4 is trapped by acetic anhydride to give compound
6. Indeed, the absence of further coupling constant of the
new AB system and the presence of a singlet integrating for
three protons at 2.1 ppm confirmed that C-4 is in the
acetylated enolic form. Consistently, the '*C NMR
spectrum showed the disappearance of one of the two
carbonyl moieties and the presence of two methylene groups
resonating at 42.7 and 35.7 ppm.

Acremine C (3a) is an oil with an analysis consistent with
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Figure 2. A packing diagram, viewed along the a axis, showing the
hydrogen bonding interactions (dashed lines).

H,C

OH
+0.2474

+0.0124

CH; +0.120
+0.114

lc R=(S)-MTPA
1d R=(R)-MTPA

2
HO 1555 H
-0.1004

Figure 3. Differences of the proton chemical shifts (Ad=0S—0R) of
MTPA Mosher’s esters of compound 1a.

HsC
3 OH
H
H ‘ CHs
o)
\\
S Phy  OCHs
T o ——
HO /( (S) >CFs
Hoo
HsC o}

Figure 4. MTPA plane for the (S) MTPA ester used to assign the absolute
configuration at C,4 for 1a.

the formula C;,H;40,. It was optically inactive and its IR
spectrum did not show carbonyl bands.

The structure was determined as follows: 'H and '*C spectra
disclosed signals and correlations for 12C and 14H atoms.
The double bond was still present, as confirmed by two
signals at 5.55 and 6.19 ppm in the "H NMR spectrum but,
unlike for compounds 1la and 2, the magnitude of the
coupling constant (9.57 Hz) suggested a cis orientation. '*C
and HMQC NMR analysis revealed the presence of six
carbons, four of them quaternary, in the aromatic region
between 112 and 147 ppm, in addition to the signals of the
carbons of the double bond (121.9 and 130.7 ppm). The
downfield signals at 147.58 and 146.31 ppm indicated that
two of these aromatic quaternary carbon atoms were
oxygenated (in fact, one exchangeable hydrogen was
present at 4.7 ppm). The presence of an aromatic ring
conjugated with the double bond was supported by the
analysis of the UV spectrum which showed maxima at 230,
267 and 331 nm (e 18,390, 2900 and 3650). In the 'H NMR
the two aromatic hydrogens resonated as singlets at 6.41 and
6.56 ppm. The shielded nature of their resonances suggested
that both these hydrogens were ortho to the oxygenated
carbon atoms, while their multiplicities confirmed a relative
para orientation. As in compounds la and 2, the two
geminal methyl groups were still present at 1.39 ppm, but in
3a the third methyl group appeared as a singlet downfield
(2.16 ppm) to the corresponding methyl in compounds 1a
and 2. This is consistent with the chemical shift of a methyl
group on an aromatic ring. The above observations and the
fact that only a monoacetate was obtained after treatment
with Ac,O/Py (3b) suggested a chromene ring.

Acremine D (4a) was obtained as a white powder, mp 142—
145 °C; the EIMS showed a molecular ion peak [M] T at mlz
206 consistent with the formula C;,H;40s5. '"H and “cC
spectra accounted for 12C and 14H atoms, therefore the
compound should contain three oxygen atoms. The presence
of an aromatic ring, inferred from a set of six carbons in the
region between 108 and 152 ppm, suggested a correlation
with the structure of 3a. As in acremine C, two of the
aromatic carbons were oxygenated. The "H NMR spectrum
displayed a tetrasubstituted phenyl group showing two
singlets at 7.15 and 6.91 ppm assigned to protons in para
position. A methyl group linked to the aromatic ring
resonated at 2.26 ppm, while the signal at 1.54 ppm,
integrating for six protons, was due to the geminal methyl
groups on the chain. The most remarkable difference with
the spectrum of 3a was the disappearance of one of the
olefinic protons, leading as a consequence to the second
olefinic proton resonating as a singlet at 6.44 ppm. These
facts suggested that also this compound had a bicyclic
structure but, in this case, the cyclization had taken place
between one of the carbons on the double bond and a
phenolic oxygen on the ring, thus leading to a benzofuran
ring. In the literature, there are some examples of this kind
of biosynthetic cyclization."* Upon rationalizing the above
data the structure of this compound was established as
depicted in formula 4a.

The '"H NMR spectrum of compound 4b revealed a set of
signals very similar to those of 4a, except for the presence of
a singlet integrating for three protons at 3.15 ppm (see
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Section 3). This fact suggested the presence of a methoxy
group instead of a hydroxy group on the chain in position 2;
the EIMS showing a molecular ion peak [M] " at m/z 220,
consistent with the formula C;3H;403, and two fragments at
m/z 205 and m/z 189, confirmed this hypothesis.

Acremine F (5a) was isolated in poor yield as an oil; [a]p
+56 (¢ 0.2; CHCl3), from the more polar chromatographic
fractions and had an analysis consistent with the formula
C,H500y4, two hydrogens more as in acremine A (1a). This
suggested the reduction of the carbonyl group confirmed by
comparison with the product Sa obtained by chemical
reduction of 1a, both products showing identical NMR data.
Acetylation of 5a led to the diacetyl derivative Sb; due to
the instability of acremine E, we discontinued further study
on its stereochemistry.

Biosynthetically, all acremines are probably related: these
compounds possess a cyclohexene or aromatic part,
possibly of poliketide origin, substituted with a prenyl
unit. From Acremine A or F, different cyclization reactions
would then yield the chromene or furan ring.

Acremines A-D were tested for their capability to inhibit
germination of P. viticola sporangia and results are
presented in Table 2. Germinability of sporangia was
susceptible to acremines A-D at all concentrations.
However, assuming a break-point of 60% inhibition, only
acremine C exceeded this value at concentrations
>0.5 mM.

3. Experimental
3.1. General

Flash column chromatography was performed with Merck
silica gel (0.040-0.63 mm); thin and preparative layer
chromatography (TLC and PLC) were performed on
precoated Merck silica gel 60 F254 plates. The IR spectra
were measured on a Perkin—Elmer 177 spectrophotometer.
MS spectra were recorded with a Finnigan-Mat TSQ70 and
Bruker Esquire 3000 Plus instruments; HRMS with a Bruker
APEX-QZT ICR. The NMR spectra were recorded with a
Bruker AMX-600 spectrometer, at 600.13 MHz for 'H and
150.92 MHz for "°C.

Table 1. NMR spectroscopic data of compound 1a*

3.2. Culture of Acremonium sp., strain A20, extraction
and isolation of acremines A-F

The fungal strain A20 was isolated from grapevine leaves
cv. Regina bianca infected with P. viticola in 1996 at
Mazara del Vallo (Trapani, Sicily). It was identified as an
Acremonium sp., by conventional taxonomy. Batch cultures
were grown in 40 Roux flasks containing 100 mL CSA
(corn steep liquor 10 gL ™", glucose 90 g L™, sucrose
100 gL', yeast extract SgL~', K,HPO, 2gL™", and
agar 15 g L™ "). Extraction of flasks was made twice with
EtOAc/MeOH (100:1). The extracts (2.5 g) were chromato-
graphed on a silica gel flash column eluted with hexane/
EtOAc at increasing polarity. Further purification by PLC in
CH,Cl,/MeOH 15:1 gave the metabolites in order of
elution: acremine C, 230 mg, Ry 0.7 (hexane/EtOAc 1:1);
acremine D, 15 mg, 0.5; acremine E, 2 mg, 0.45; acremine
B, 247 mg, 0.4; acremine A, 620 mg, 0.2; acremine F,
10 mg, 0.1.

3.2.1. Acremine A (la). 4S,6R-Dihydroxy-3-[E-3'-
hydroxy-3’-methyl-but-1-enyl]-6-methyl-cyclohex-2-en-1-
one. UV: A.x 201 and 279 nm (e 8700 and 20,000). (Found:
C, 63.2; H, 8.2 C;,H,304 requires C, 63.70; H, 8.0%);
FABMS, m/z 265 M+K)" (10%), 249 (M+Na)* (20),
209 (100), 101 (65), 163 (50) and 121 (90); HREIMS, m/z
208.1095 (caled for CoH 05 208.1099). The 'H and '*C
NMR data are listed in Table 1.

3.2.2. Acetylation of acremine A. Compound 1a (30 mg)
was dissolved in dry pyridine (0.2 mL) and treated with
Ac,0O (0.5 mL) overnight at 0°C. Standard work-up
followed by PLC in silica-gel in hexane/EtOAc (2:1) gave
the acetate 1b as an oil, EIMS, m/z 269 (MH) " and 251. 'H
NMR [*Hglacetone 6:1.30 (3H, s, H-1"), 1.31 (3H, s, H-4"),
1.32 (3H, s, H-5"), 2.08 (3H, s, Ac), 2.00-2.13 (1H, m, H-5),
2.45 (1H, dd, J=5.52, 12.87 Hz, H-5), 3.93 (1H, br s, OH),
4.25 (1H, br s, OH), 5.87 (1H, ddd, J=1.84, 5.52, 6.99 Hz,
H-4), 6.11 (1H, d, J=1.84 Hz, H-2,), 6.34 (2H, m, H-1’,
H-2').

3.2.3. Compounds 1c and 1d (Mosher’s esters of
acremine A). To two solutions of compound 1a (10 mg)
in CH,Cl, (2 mL), each containing DMAP (few crystals)
and DCC (30 mg), 20 mg of (S)-(—)MPTA and (R)-(+)
MPTA were added, respectively. Each mixture was stirred

Position Number of 0y (ppm), (J) Bcs 'H-'*C HMBC NOESY correlations
protons (ppm) correlations
1 / / 199.8
2 1 5.90d (J=1.86 Hz) 121.8 2,4,7 7,8
3 — — 158.7
4 1 4.65ddd (J=1.86, 4.56, 7.02 Hz) 65.1 12,3, 8
5 2 2.32dd (J=13.50, 4.56 Hz) 44.5 4,2,51 12,4
2.12dd (J=13.50, 7.02 Hz)
6 — — 72.4
G 1 6.46d (J=15.96 Hz) 1235 4,9,8,6 8,4,6,10, 11
2 1 6.70d (J=15.96 Hz) 147.1 10,11,9,7,5 7,10, 11, 6, 4
3 — — 69.8
4 3 1.32s 28.4 8,9 7,8
5 3 1.32s 28.4 8,9 7,8
1 3 1.26s 23.8 1,2

# Recorded at 300 MHz in [2H6]acetone.
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at rt for 6 h, and the products 1c and 1d were purified by
PLC using hexane/EtOAc (2:1) as eluent. 1¢,1d: EsiMS m/z
465 (M+Na)*, 225.

Compound 1¢. "H NMR (CDCl5) é: 1.31 (6H, s, H-4', H-5'),
1.38 (3H, s, H-1"), 2.07 (1H, dd, J=9.68, 12.65 Hz, H-5),
2.64 (1H, dd, J=5.58, 12.65 Hz, H-5), 3.49 (3H, s, -OCH}),
6.03 (1H, ddd, J=1.86, 5.58, 9.68 Hz, H-4), 6.20 (1H, d,
J=1.86 Hz, H-2), 6.25 (1H, d, J= 16 Hz, H-1"), 6.34 (1H, d,
J=16 Hz, H-2), 7.42-7.51 (5H, m, 5Ar).

Compound 1d. "HNMR (CDCls) 6: 1.19 (6H, s, H-4', H-5'),
1.39 (3H, s, H-1"), 2.17 (1H, dd, J=9.68, 12.65 Hz, H-5),
272 (1H, dd, J=5.58, 12.65 Hz, H-5), 3.54 (3H, s, -OCH3),
5.98 (1H, ddd, J=1.86, 5.58, 9.68 Hz, H-4), 6.00 (1H, d,
J=15.63 Hz, H-1), 6.19 (1H, d, J=1.86 Hz, H-2), 6.23
(1H, d, J=15.63 Hz, H-2'), 7.42-7.51 (5H, m, 5Ar).

3.2.4. Acremine B (2). 6R-Hydroxy-3-[E-3'-hydroxy-3'-
methyl-but-1-enyl]-6-methylcyclohex-2-ene-1,4-dione.
UV: Apax 212 and 301 nm (e 10,500 and 11,000). (Found C,
63.9; H, 7.0 C;,H;604 requires C, 64.27; H, 7.19%); EIMS
mlz 207 (MH—18)*. '"H NMR (CDCl3) 6: 1.30 (3H, s,
H-1"),1.37 (6H, s, H-4', H-5'), 1.38 (3H, s, H-1"), 3.03 (1H,
d, /=15.16 Hz, H-5), 3.11 (1H, d, J=15.16 Hz, H-5), 6.50
(1H, d, J=15.96 Hz, H-1), 6.74 (1H, s, H-2), 6.80 (1H, d,
J=15.96 Hz, H-2); >*C NMR (CDCl5) é: 27.6 (C-1"), 29.5
(C-4', C-5"), 53.1 (C-5), 71.42 (C-3’), 75.1 (C-6), 118.31
(C-1"), 129.8 (C-2), 148 (C-3), 149.36 (C-2'), 195.4 (C-4),
202 (C-1).

3.2.5. Acremine C (3a). 2,2,7-Trimethyl-2H-chromen-6-ol.
(Found C, 76.0; H, 7.3 C,H 40, requires C, 75.76; H,
7.42%); EIMS m/z 190 (M) ™ (85), 175 (100), 145 (24) and
131 (15). "H NMR (CDCl,) 6: 1.39 (6H, s, H-1/, H-2'), 2.16
(3H, s, 1"),5.55 (1H, d, J=9.57 Hz, H-3), 6.19 (1H, d, /=
9.57 Hz, H-4), 6.41 (1H, s, H-5), 6.56 (1H, s, H-8); '°C
NMR (CDCls) 6: 15.9 (C-1"), 27.5 (C-1/, C-2"), 75.7 (C-2),
112.4 (C-5), 117.6 (C-8), 119.7 (C-4a), 122 (C-4), 124.7
(C-7), 130.7 (C-3), 146.3 (C-8a), 147.6 (C-6).

3.2.6. Acetylation of compound 3a. Compound 3a (10 mg)
was acetylated as above with pyridine/Ac,0. PLC of the
residue with hexane/EtOAc (4:1) gave the monoacetate 3b;
CIMS m/z 233 (MH)" and 175. "H NMR [*Hgacetone &:
1.40 (6H, s, H-1/,H-2"), 2.08 (3H, s, Ac), 2.28 (3H, s, H-1"),
5.56 (1H, d, J=9.68 Hz, H-3), 6.22 (1H, m, J=9.68 Hz,
H-4), 6.61 (2H, s, H-5, H-8); >*C NMR (CDCl;) 6: 16.2
(C-1"),20.8 (Ac), 27.9 (C-1/, C-2),76.3 (C-2), 118.2 (C-8),
119 (C-4a), 119.2 (C-5), 119.6 (C-7), 121.6 (C-4), 130.5
(C-3), 142.7 (C-6), 150.4 (C-8a), 169.6 (Ac).

3.2.7. Acremine D (4a). 2-(1’-Hydroxy-1'-methylethyl)-6-
methylbenzofuran-5-ol. White solid, mp 142-145 °C.
(Found C, 69.7; H, 6.5 C,H 405 requires C, 69.88; H,
6.84%). UV: Amax 209, 250 and 296 nm (¢ 25,250, 12,280
and 5560); EIMS m/z 206 (M)T and 18. 'H NMR
[*Hglacetone o: 1.54 (6H, s, H-2/, H-3"), 2.26 (3H, s,
H-1"), 6.44 (1H, s, H-3), 6.91 (1H, s, H-4), 7.15 (1H, s,
H-7); 3C NMR [*Hglacetone 6: 16.0 (C-1"), 27.3 (C2/,
C-3), 77.8 (C-1"), 99.6 (C-3), 104.7 (C-4), 111.8 (C-7),
122.3 (C-6), 135.1 (C-3a), 144.3 (C-7a), 150.0 (C-5), 165.3
(C-2).

3.2.8. Acremine E (4b). 2-(1'-Methoxy-1’-methylethyl)-6-
methylbenzofuran-5-ol. White solid, EIMS m/z 220
(M) (50%), 205 (90) and 189 (100); HREIMS, m/z
220.1093 (caled for C;3H;405 220.1099). 'H NMR
(CDCls) 6: 1.62 (6H, s, H-2/, H-3"), 2.35 (3H, s, H-1"),
3.15 (3H, s, -OCH3), 6.50 (1H, s, H-3), 6.90 (1H, s, H-4),
7.24 (1H, s, H-7).

3.2.9. Acremine F (5a). 3-(E-3'-Hydroxy-3'-methyl-but-1-
enyl)-6-methylcyclohex-2-ene-1,4,6-triol. Oil. (Found C,
62.9; H, 8.7 C|,H004 requires C, 63.13; H, 8.83%). ESIMS
m/z 251 (M+Na)™* 211, 193 and 175; CIMS m/z 210 (M —
18)". "H NMR [*HgJacetone 6:1.24 (3H, s, H-1"), 1.28 (6H,
s, H-4', H-5"), 1.81 (1H, dd, J=14.34, 4.41 Hz, H-5), 2.02—-
2.08 (1H, m, H-5), 3.95 (1H, d, J=2.57 Hz, H-1), 4.24-4.31
(1H, m, H-4), 5.52 (1H, d, J=2.57 Hz, H-2), 6.09 (1H, d,
J=16.18 Hz, H-1'), 6.17 (1H, d, J=16.18 Hz, H-2').

3.2.10. Acetylation of compound 5a (5b). Compound 5a
(10 mg) was acetylated as usual. PLC of the residue with
hexane/EtOAc (4:1) gave the diacetate 5b. 'H NMR
(CDCl3) 1.25 (3H, s, H-1"), 1.30 (6H, s, H-4/, H-5'),
1.98-2.3 (2H, m, H-5), 2.09 (3H, s, Ac), 2.18 (3H, s, Ac),
5.24 (1H, d, J=2.5 Hz, H-1), 5.66 (1H, m, H-4), 5.75 (1H,
d, J=16.18 Hz, H-1'), 5.82 (1H, d, J=2.5 Hz, H-2), 6.15
(1H, d, J=16.18 Hz, H-2).

3.3. Acremine F from la

Acremine A 1a (10 mg) dissolved in MeOH (4 mL) was
reduced with NaBH,; after 5 min the reaction was acidified
and extracted with EtOAc. The organic layers were dried
and evaporated under reduced pressure to obtain a crude
product that was purified by PLC (eluent: CH,Cl,/MeOH;
9:1) to afford a main compound with a "H NMR identical
with that of acremine E.

3.3.1. Compound 6. 4-Acetoxy-6R-hydroxy-3-(E-3'-
hydroxy-3’-methyl-but-1-enyl)-6-methyl-cyclohex-3-
enone. Acremine B (15 mg) was treated with a mixture of
Ac,0/Zn with stirring at rt for 10 min. PLC of the residue
gave 6. Oil. '"H NMR (CDCl3) é: 1.33 (6H, s, H-4'), 1.49
(3H, s, H-1"), 2.21 (3H, s, Ac), 2.65 (1H, d, J=17.35 Hz,
H-5), 2.85 (1H, d, J=17.35 Hz, H-5), 3.14 (1H, d, J=
20 Hz, H-2), 3.25 (1H, d, J=20 Hz, H-2), 5.68 (1H, d, /=
15.76 Hz, H-1'), 6.44 (1H, d, J=15.76 Hz, H-2"); >*C NMR
(CDCl3) 6: 18.2 (Ac), 20.7 (C-1"), 29.9 (C-4"), 35.6 (C-2),
42.7 (C-5), 71.0 (C-3"), 74.68 (C-6), 119.0 (C-3), 120.9
(C-1), 132.3 (C-2"), 141.4 (C-4), 168.9 (Ac), 209 (C-1).

3.4. X-ray crystallographic study of Acremine la

The compound crystallises in the monoclinic system, P2(1)
space group, with cell parameters: a=5.829(1) A, b=
8.800(1) A, c=11.695(1) A, 8=97.980(1)°, V=600.2(1)
A’ Z=2, D.=1.252gcm >, F(000)=244. The crystal
suitable for X-ray analysis, with approximate dimensions of
0.4X0.5X0.01 mm>, was obtained upon slow crystal-
lisation from acetone. Intensities data were collected, at rt,
on a Siemens P4 diffractometer with graphite mono-
chromated Cu Ko radiation (A=1.54179 A), using 6/20
scan technique, voltage 40 kV, current 40 mA. Unit cell
parameters were determined using 61 reflections in the
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range 12.50<260<76.3°. A total of 2383 reflections (1265
unique, R;,=0.094) were collected up to 136° in 26 and
index range: —5<h>6, —1<k>10, —14 <[> 14. Three
standard reflections, monitored every 100 reflections,
showed no intensity decay. No empirical adsorption
correction was deemed necessary. The structure was solved
by direct method using SIR97 program'®, which revealed
the position of all non-H-atoms. The refinement was carried
out on F? by full-matrix least-squares procedure with
SHELXL97" for 158 parameters, with anisotropic tem-
perature factors for non-H atoms. The final stage converged
to R=0.0392 (R, =0.092) for 1260 observed reflections
(with I>20¢ (1)), and R=0.0393 (R,,=0.092) for all unique
reflections. H atoms, except the carboxyl H atom, which was
freely refined with individual isotropic temperature factors,
were placed in geometrically calculated positions and
refined in a riding model. The data set included some
Friedel-related reflections, but due to the absence in the
molecule of atoms heavier than oxygen, the absolute
configuration could not be reliably established. The absolute
configuration was therefore chosen with respect to known
chirality obtained with the Mosher’s method. However, the
refinement of the Flack parameter'® led to a non-
inconsistent value: x equal to 0.2(2) for the selected
configuration and x equal to 0.6(2) for the opposite one.

Crystallographic data (excluding structure factors) for the
structure reported in this paper, have been deposited at the
Cambridge Crystallographic Data Centre as supplementary
publication No. CCDC 272418. Copies of the data can be
obtained, free of charge, on application to the CCDC, 12
Union Road, Cambridge CB21Ez, UK (fax: +44
12233336033 or e-mail: deposit@ccdc.cam.ac.uk).

3.5. Biological assay

Acremines A-D were assayed at 1, 0.5 and 0.1 mM as
inhibitors of the germinability of P. viticola sporangia in 96-
well flat bottom plates (Sigma-Aldrich). Metabolites were
dissolved in dimethylsulfoxide, not exceeding 0.3% the
final volume, and then diluted in sterile distilled water.

A suspension of P. viticola sporangia was freshly prepared
by shaking infected leaves in distilled sterile water. The
fresh suspension was immediately added 1:1 to the
metabolite solutions already distibuted in the microtitre
plate (final volume 200 puL. each well). Controls were
represented by water and DMSO in water (0.3% v/v). The
plate was maintained at 22 °C for 2 h, then germination of
sporangia was halted by staining the suspension with 0.05%
trypan blue in Amman’s lactophenol. Germinability of
sporangia was determined by scoring 1200 sporangia for
each metabolite at concentration tested, by means of light
microscopy.

Percent of germination was compared with those obtained in
the controls from the means of two independent experi-
ments. Statistical analysis was performed using Duncan’s
Multiple Range Test at P=0.05 (Mstat-C version 2.00,
Michigan State University). The results are presented in
Table 2.

Table 2. Inhibition of P. viticola sporangia germination by acremine A—D

Germinability Metabolite concentration
% inhibition®

0.1 mM 0.5 mM 1 mM
Acremine A 409+1.1 44.610.7 582404
Acremine B 31.1£0.7 40.7£0.8 57719
Acremine C 31.7+1.1 60.5+1.5 99.84+0.1
Acremine D 245409 484+1.1 59.24+09
Water 10.3+0.6
DMSO 16.3+0.4
# Means = standard deviation.
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Abstract—Several synthetic routes to 3-acetonyl- and 3-(2-oxoethyl)glutarates 1-5 have been explored. The most advantageous involves, as
the key steps, the conjugate addition of an appropriately substituted vinylmagnesium bromide to an alkylidenemalonic ester, a bis-
homologation of the resulting diester and, finally, the reductive ozonolysis of the carbon—carbon double bond. The synthesis can be

satisfactorily conducted in good overall yield on a multigram scale.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Some glutaric esters bearing a functionalized carbon chain
(e.g., acetonyl, l-cyanopropyl) at the 3-position have
classically been used as building blocks for the synthesis
of indolo[2,3-a]- and benzo[a]quinolizidine alkaloids.'

In recent work, we have reported” the use of prochiral or
racemic 3-substituted glutarates 1-5 (Fig. 1) as the
substrates in highly enantioselective cyclocondensation
reactions with chiral aminoalcohols, leading to enantiopure
bicyclic lactams. These processes involve the desymme-
trization of two enantiotopic (from 1 and 3) or diastereo-
topic (from 2, 4, and 5) acetate chains, in the latter case with
a simultaneous dynamic kinetic resolution® (DKR) that
promotes the epimerization of the configurationally labile
stereocenter o to the aldehyde or ketone carbonyl group.
This methodology provides straightforward access to
polysubstituted enantiopure piperidines.

. v Ox-CHs
RO,C  CHO 4 oy R'O,C 3 R=H
R 2 R=Et R 4 R= CH2CH3
5 R= CH,CH,CHg
COzR' ,
2 a R'=Me COzR
b R'=Et

Figure 1. Target d-oxodiesters.

Keywords: 3-Oxodiesters; 3-Acetonylglutarates; 3-(2-Oxoethyl)glutarates;

Bis-homologation; Ozonolysis; Conjugate addition.
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0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.05.084

With the exception of ketodiester 3b, for which a convenient
preparation has already been reported,® there are no
precedents for the synthesis of 3-substituted glutarates
1-5. We report here our synthetic efforts directed to the
preparation of these d-oxodiesters, culminating in the
development of a general, high-yield synthetic route that
can be conducted on a multigram scale.

2. Results

For the synthesis of aldehyde diester 1a we initially planned
to start from o, B-unsaturated ester 6, which was prepared in
35% yield from methyl crotonate following a previously
reported procedure5 (Scheme 1).

Conjugate addition of fert-butyl methyl malonate to 6,
followed by treatment of the resulting triester 8 with TFA in
the presence of thioanisole,” and subsequent heating in
refluxing toluene, led to the target ester 1la in 46% overall
yield. This sequence could not be extended to the
preparation of the ethyl substituted analogue 2a since the
conjugate addition of malonate esters to o,B-unsaturated
ester 9, which was prepared as in the above deethyl series
from methyl-2-hexenoate, was unsuccessful.”

Alternatively, 1a was prepared from 6 by conjugate addition
of the lithium salt derived from methyl 1,3-dithiolane-2-
carboxylate, followed by nickel boride desulfurization and
chemoselective hydrolysis of the acetal function with LiBF,
in wet acetonitrile.® The overall yield of this three-step
sequence was 39%.

The main drawback of the above approaches was the
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MeO OMe
. MeO OMe
Meozc/\/\R1 | i eOQC
MBOZC X R1 8
6 Ri=H
9 Ry=Et t-BuO,C COy,Me
.Vl iiil
MeO.__OMe
j/\/\ MeO OMe
MeO,C = R MeO,C vi RO,C CHO
7 Ri=H 1
10R=Et X“>co,Me | a R=Me CO2R
b R=Et
11 X= S(CH,)S
V12 X=HH
Tix
CO,Et
X vii EtO,C  CN EtO,C CN

viii
CO,Et
CO,Et
13 CO,Et 14

, Vil l

Et02% i |EtOC  CHO
15 “CO,Et 2|:;K<§)2Et

Scheme 1. Reagents: (i) 6: see Ref. 5, 35%; 9: LDA, HMPA, Me;SiCl, then
ZnBrz, HC(OMC)';, (11) NaH, t—Bu02CCH2C02Me; (111) TFA, CﬁHssMe,
then toluene, reflux; (iv) LDA, methyl 1,3-dithiolane-2-carboxylate;
(v) NiCl,.6H,0, NaBHy; (vi) LiBF,, MeCN, 2% H,O; (vii) See Refs. 1a,
d, 85%; (viii) LiCl, DMSO, H,O; (ix) Raney-Ni, NaH,PO,; (x) See
Refs. 1a,d.

moderate yield and regioselectivity in the preparation of 6,
since the o-addition product 7 was also formed to a
considerable extent.

The ethyl ester analog 1b was prepared from the known
intermediate 13, which was easily accessible by Michael
condensation of diethyl glutaconate with ethyl cyano-
acetate.'™® Selective hydrolysis-decarboxylation of 13
under Krapcho conditions,” followed by controlled Raney
Ni reduction'® of the resulting nitrile 14 gave d-oxodiester
1b. A similar reduction was used to obtain the ethyl
substituted aldehyde diester 2b from the known nitrile 15,
although in moderate yield. This nitrile was prepared in
excellent yield by alkylation of 13 as previously reported,'®¢
followed by hydrolysis-decarboxylation under Krapcho
conditions.

An important limitation of the above routes involving the
controlled reduction of a cyano function is that the yield of
the reduction step was somewhat erratic, leading to mixtures
of the desired aldehydes 1b and 2b with the respective
starting nitriles, which were difficult to separate.

The synthesis of the ethyl substituted ketodiester 4b was
initially attempted by a route similar to that previously
employed for the preparation of 15. The required
B-ketoester 16 was obtained in 62% yield by Michael
addition of ethyl acetylacetate to diethyl glutaconate'’

0
O © EtO,C
CO,Et 2
\2 i F020 i, =0 ~ _ii
CO4R;
CO2R; COZRy

COEt COLE COEt COzEt
18 Ry= Et
16 R¢= Et 17 R{=Et 21 Ry=tBu
19 R4= t-Bu 20 Ry=t-Bu
ivl from 21
o]
EtO,C
5b  SCO,Et

Scheme 2. Reagents: (i) NaOEt or +-BuOK, CH;COCH,CO,R, EtOH or
t-BuOH; (ii) DBU, Pd(acac),, Ph3P, allyl acetate; (iii) H,, Pd—C; (iv) TFA,
Ce¢HsSMe, then toluene, reflux.

(Scheme 2). However, alkylation of 16 with ethyl iodide
under a variety of conditions resulted in failure. Also
unsuccessful were the attempts to directly prepare the
alkylated product by Michael addition of ethyl 2-ethyl-3-
oxobutanoate to diethyl glutaconate.

In contrast, satisfactorily, 16 underwent a Pd-catalyzed
C-allylation by treatment with allyl acetate.'? Catalytic
hydrogenation of the resulting product 17 gave the propyl
substituted derivative 18. However, the difficulties
encountered in the deethoxycarbonylation of 18 prompted
us to develop a similar sequence starting from fert-butyl
acetylacetate. Thus, triester 19 was prepared in 74% yield,"?
allylated to 20 (69%), and then hydrogenated to give 21
(73%). Removal of the fert-butoxycarbonyl group with TFA
and thioanisole® led to the propyl substituted ketodiester 5b
in 86% yield.

Although racemic ketodiester Sb was a suitable substrate to
study cyclocondensation reactions involving tandem DKR-
diastereoselective differentiation processes,” the scope of
the above synthetic route is quite limited as a consequence
of the need to introduce an allyl group on B-ketoester moiety
of 16 or 19. For this reason, and also taking into account the
inconveniences of the synthetic routes depicted in Scheme 1,
we designed a new synthetic route that could provide
general access to 3-(2-oxoethyl)- and 3-acetonylglutarates.
It involves the introduction of an alkene moiety as a latent
form of the aldehyde or ketone carbonyl group by conjugate
addition'* of an appropriately substituted vinylmagnesium
bromide 22 to an alkylidenemalonic ester 23, a bis-
homologation of the resulting diester and, finally, the
reductive ozonolysis of the carbon—carbon double bond
(Scheme 3).

To check the viability of this synthetic route we considered
the synthesis of the ethyl substituted ketone 4a, which had
been inaccessible by the route depicted in Scheme 2.
Conjugate addition of isopropenylmagnesium bromide (22;
R,=Me, R;=H) to diethyl propylidenemalonate (23; R;=
Et) in the presence of CuCl gave the malonic ester
derivative 24a in 70% yield. LiAlH,4 reduction, followed
by tosylation of the resulting diol 25a and subsequent
substitution of tosylate 26a with NaCN gave dinitrile 27a,
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R2 .
Bng
22 Rs i
— EtO,C
Et020
COzEt
Et020
23 24 25R=H
il _ 26R=Ts

Rozc MeO,C Oy-Re
Rs iv
Kg\)\ 1 R1
CO,R

7695

CO,Me
1a, 2a, 4a

— 28R=H
V'E. 29 R= Me

Scheme 3. Reagents and conditions: (i) CuCl; (ii) LiAlHy; (iii) KOH, TsCl; (iv) NaCN; (v) 35% aq. NaOH, MeOH, then 6 N HCI; (vi) Me;ClSi; (vii) Oz, Me,S.

Table 1. Synthesis of the target 3-oxodiesters

Compound R, R, R; 24 (%) 25(%)  26(%)  2T(%)  28(%)  29(%)  1la,2a,da (%)

a Et Me H 70 93 87 90 90 91 65 (4a: R, =Et; R,=Me)
b Et H Me 74 94 88 90 82 92 64 (2a: R, =Et, R,=H)
¢ Et H H 92 97 88 88 95 92 75 2a: R, = Et R2 H)
d H H H — 71 96 91 92 88 84 (1a: R, =R,=H)

which was then converted to diester 29a via diacid 28a. This
bis-homologation sequence from 24a took place in 60%
overall yield. Finally, reductive ozonolysis of 29a led to the
target d-oxodiester 4a in 65% yield.

A similar reaction sequence allowed us to prepare aldehyde
diester 2a, following two alternative routes (Table 1).
Initially, we started from the malonic ester derivative 24b,
which was obtained in 74% yield by conjugate addition of
2-methyl-1-propenylmagnesium bromide (22; R,=H, R3=
Me) to diethyl propylidenenalonate (23; R; =FEt). However,
the yields of both the conjugate addition reaction and the
final ozonolysis step were improved starting from vinyl-
magnesium bromide (22; Ry=R3;=H): diester 24c was
obtained in 92% yield, and the overall yield for the seven-
step sequence leading to 2a was 45%. The synthesis can be
satisfactorily conducted on a 50-100 g scale and most of the
steps take place in excellent yield.

Mlustrating the general scope of the above route, aldehyde
diester 1a was satisfactorily obtained in 42% overall yield
from the commercially available malonic ester derivative
24d, via the known intermediates 25d—29d.'> In this series
ozonolysis of the alkene moiety took place in 84% yield.

In conclusion, the synthetic sequence depicted in Scheme 3
provides a general, high yield route for the preparation of
diversely substituted 3-(2-oxoethyl)- and 3-acetonyl-
glutarates on a multigram scale.

3. Experimental
3.1. General experimental procedures

Melting points were determined in a capillary tube on a
Biichi apparatus and are uncorrected. NMR spectra were
recorded at 200, 300 or 400 MHz ('H) and 50.3, 75 or
100.6 MHz (13C) and chemical shifts are reported in ¢
values downfield from TMS. Only noteworthy IR absorp-
tions are listed. Thin-layer chromatography (TLC) was done
on SiO, (silica gel 60 F,s4), and the spots were located with
aqueous potassium permanganate solution or with

iodoplatinate reagent. Column chromatography was carried
out using the flash chromatography technique. All non-
aqueous reactions were performed under an inert atmo-
sphere. Solvents for chromatography were distilled at
atmospheric pressure prior to use and dried following
standard procedures. Drying of the organic extracts during
the workup of reactions was performed over anhydrous
Na,SO,4 or MgSO,. Evaporation of solvents was accom-
plished with a rotatory evaporator. Microanalyses and
HRMS were performed by Centre D’Investigacié i
Desenvolupament (CSIC), Barcelona and Unidade de
Espectrometria de Masas, Santiago de Compostela.

3.1.1. Dimethyl 2-(tert-butoxycarbonyl)-3-(2,2-
dimethoxyethyl)glutarate (8). rert-Butyl methyl malonate
(762 mg, 4.38 mmol) and ester 6 (504 mg, 2.9 mmol) were
added to a cooled (0 °C) suspension of NaH (55% in oil
dispersion, 23 mg, 0.58 mmol) in anhydrous THF (30 mL).
The mixture was heated at reflux until disappearance of the
starting compound was observed by TLC. The reaction was
quenched with brine at 0 °C, and the aqueous phase was
extracted with EtOAc. The combined organic extracts were
dried and concentrated. Column chromatography (gradient
of eluents hexane/EtOAc) of the residue afforded triester 8
(540 mg, 80%): IR (film) 1736 cm™'; '"H NMR (CDCl;,
300 MHz) 6 1.45 (s, 9H, CCHj3), 1.79 (m, 2H, CH,CHO),
2.59 (m, 2H, 2H-4), 2.72 (m, 1H, H-3), 3.30 (s, 6H, OCH3),
3.60 (dd, /=5.7, 1.9 Hz, 1H, H-2), 3.68 (s, 3H, CO,CH3),
3.72 (s, 3H, CO,CHj), 4.46 (t, J=5.4 Hz, 1H, CHOCH,);
13C NMR (CDCl;, 75.4 MHz) 6 27.8 (CH3), 31.2 (CH), 34.2
(CH,), 35.8 (CH,), 51.5 (CH3), 52.1 (CH3), 52.5 (CH3), 52.9
(CHs;), 54.8 (CH), 82.1 (C), 103.0 (CH), 167.3 (C), 169.1
(©), 172.6 (C).

3.1.2. Methyl 4-(dimethoxymethyl)-2-hexenoate (9). A
solution of methyl 2-hexenoate® (1g, 7.8 mmol) in
anhydrous THF (2 mL) was slowly added to a cooled
(—78 °C) solution of LDA (1.5 M in THF, 7.8 mmol) and
HMPA (1.6 mL, 9.36 mmol) in anhydrous THF (6 mL), and
the resulting mixture was stirred for 30 min at this
temperature. Then, a solution of Me;SiCl (1.55 mL,
12.2 mmol) in anhydrous THF (2 mL) was slowly added,
and the stirring was continued at room temperature for 2 h.
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The mixture was diluted with pentane, washed with brine,
dried, filtered, and concentrated. The ketene acetal obtained
was dissolved in anhydrous CH,Cl, (10 mL) and stirred in
presence of anhydrous ZnBr, (1.75 g, 7.8 mmol) and
anhydrous methyl ortoformate (2.6 mL, 23.4 mmol) at
room temperature for 16 h. The crude mixture was poured
into brine and extracted with EtOAc. The organic extracts
were dried, filtered, and concentrated. Flash chromato-
graphy (hexane) of the residue afforded compounds 9
(230 mg, 15%) and 10 (460 mg, 30%). 9: IR (film)
1727 cm ™ !, '"H NMR (CDCl;, 300 MHz) 6 0.86 (t, J=
7.5 Hz, 3H, H-6), 1.37 (ddd, J=15.0, 9.6, 7.5 Hz, 1H, H-5),
1.67 (tdd, J=15.0, 7.5, 3.9 Hz, 1H, H-5), 2.41 (ddd, J=9.6,
6.3, 2.4 Hz, 1H, H-4), 3.34 (s, 3H, OCH;), 3.36 (s, 3H,
OCHy), 3.73 (s, 3H, CO,CH3), 4.25 (d, J=6.3 Hz, 1H,
CHOCH3), 5.88 (dd, J=15.6, 0.6 Hz, 1H, H-2), 6.81 (dd,
J=15.6,9.6 Hz, 1H, H-3); '*C NMR (CDCls, 75.4 MHz) 6
11.4 (CH3), 22.3 (CH,), 47.5 (CH), 51.4 (CH3), 54.0 (CH3),
54.3 (CH3), 106.1 (CH), 122.6 (CH), 147.8 (CH), 166.6 (C).
HRMS calcd for CoH;304 202.1202, found 202.1205. 10:
IR (film) 1748 cm ™ '; '"H NMR (CDCls, 300 MHz) 6 0.98 (t,
J=17.5 Hz, 3H, H-6), 2.12 (ddd, J=15.0, 7.5, 1.5 Hz, 1H,
H-5), 3.31 (s, 3H, OCH3), 3.39 (s, 3H, OCH3), 3.69 (s, 3H,
CO,CHy), 3.70 (masked, 1H, H-2), 4.68 (d, /J=7.8 Hz, 1H,
CHOCHy), 5.37 (dd, J=11.4, 1.5Hz, 1H, H-4), 5.64 (m,
1H, H-3); >*C NMR (CDCls, 75.4 MHz) 6 13.7 (CH3), 20.9
(CH,), 48.0 (CH), 51.8 (CHjy), 52.8 (CHj3), 54.7 (CHj3),
104.2 (CH), 121.4 (CH), 136.3 (CH), 171.4 (C). HRMS
calcd for C;oH;g04 202.1202, found 202.1205.

3.1.3. Methyl 2-[1-(methoxycarbonylmethyl)-3,3-
dimethoxypropyl]-1,3-dithiolane-2-carboxylate (11).
Methyl 1,3-dithiolane-2-carboxylate (625 mg, 3.5 mmol)
was added to a cooled (—78 °C) solution of LDA (1.5 M in
ciclohexane, 7.19 mmol) in anhydrous THF (30 mL), and
the mixture was stirred for 15 min at this temperature. Then,
a solution of acetal 6 (1.2 g, 7.56 mmol) in anhydrous THF
(1 mL) was slowly added, and the mixture was stirred at
room temperature for 4 h. The mixture was poured into
brine, the aqueous layer was extracted with EtOAc, and the
combined organic extracts were dried and concentrated.
Flash chromatography of the resulting yellow oil (8:2
hexane/EtOAc) afforded pure compound 11 (1.1 g, 95%):
IR(film) 1737 cm™'; '"H NMR (CDCl;, 300 MHz) 6 1.65
(ddd, J=14.1, 10.1, 6.0 Hz, 1H, H-4), 1.84 (ddd, /=14.1,
5.4,29Hz, 1H, H-4), 2.49 (dd, J=16.5, 6.0 Hz, 1H, H-2),
2.79 (dd, J=16.5,4.0 Hz, 1H, H-2), 3.13 (m, 1H, H-3), 3.28
(s, 6H, OCH3;), 3.30-3.41 (m, 4H, S(CH,),S), 3.69 (s, 3H,
CO,CH3;), 3.78 (s, 3H, CO,CH3;), 4.47 (t, J=5.4 Hz, 1H,
CHOCH,3); '*C NMR (CDCls, 75.4 MHz) 6 37.1 (CH,),
37.3 (CHy), 38.3 (CH), 39.8 (CH>), 39.9 (CH,), 51.6 (CH3),
51.9 (CH3), 53.3 (CH3), 53.6 (CH3), 75.9 (CH and C), 171.9
(©), 172.9 (C). HRMS calcd for Ci3H»,06S, 338.0859,
found 338.0857.

3.1.4. Dimethyl 3-(2,2-dimethoxyethyl)glutarate (12).
Compound 11 (900 mg, 2.6 mmol) was dissolved in a
mixture of MeOH/THF (2:1, 7.5mL) at 0°C. Then,
NiCl,-6H,O (5g, 18.2mmol) and NaBH, (2g,
54.2 mmol) were added, and the resulting mixture was
stirred at 0°C for 30 min. The crude mixture was
concentrated to give an oil, which was dissolved in
EtOAc. The organic layer was washed with brine, dried,

filtered, and concentrated to give 12 (432 mg, 67%), which
was used in the next reaction without further purification: IR
(film) 1736 cm ™~ '; "H NMR (CDCl;, 300 MHz) 6 1.68 (t,
J=5.9 Hz, 2H, CH,CHO), 2.42-2.48 (m, 5H, CH(CH,-
CO»),), 3.30 (s, 6H, OCHs), 3.67 (s, 6H, CO,CHs), 4.45 (t,
J=5.9 Hz, 1H, CHOCH,); '3C NMR (CDCls, 75.4 MHz) 6
28.3 (CH), 36.2 (CH,), 38.1 (CH,), 51.4 (CH3), 52.5 (CHj3),
102.7(CH), 172.5 (C).

3.1.5. Diethyl 3-(cyanomethyl)glutarate (14). Triester
13'#4 (391 mg, 1.30 mmol) and LiCl (61 mg, 1.43 mmol)
were dissolved in DMSO (2 mL) containing a few drops of
H,0, and the mixture was stirred at 140 °C for 4 h. Then the
mixture was cooled, dissolved in EtOAc, and washed with
H,0O. The combined organic solutions were dried, filtered,
and concentrated to give an oil. Flash chromatography (1:9
hexane/EtOAc) afforded 14 (222 mg, 75%) as an oil: IR
(film) 2246, 1726 cm™'; 'H NMR (CDCls, 200 MHz) 6
1.27 (t, J=7.4Hz, 6H, CHj), 2.53 (d, J=5.2 Hz, 4H,
CH,CO,), 2.66 (masked, 1H, CH), 2.68 (d, J=2.2 Hz, 2H,
CH,CN), 4.17 (g, J=7.4Hz, 4H, OCH,); '*C NMR
(CDCl;, 50.3 MHz) ¢ 14.0 (CH3), 21.3 (CH,), 28.7 (CH),
36.9 (CH,), 60.7 (CH,), 117.6 (C), 170.8 (C).

3.1.6. Diethyl 3-(1-cyanopropyl)glutarate (15). Com-
pound 13 was ethylated following a previously reported
procedure.“"d The product (219 mg, 0.73 mmol), was
treated with LiCl (34 mg, 0.80 mmol) in DMSO (2 mL)
containing a few drops of H,O, as in the above deethyl
series, to give pure 15 (85 mg, 74%) after flash chromato-
graphy (EtOAc): IR (film) 2978, 1736 cm™'; 'H NMR
(CDCl3, 300 MHz) o 1.15 (t, J=7.2 Hz, 3H, CH3), 1.27 (t,
J=17.0 Hz, 6H, CHj), 1.66 (qd, J=7.2, 2.3 Hz, 2H, CH,),
2.40-2.58 (m, 4H, H-2 and H-4), 2.60 (m, 1H, CHCN), 2.88
(ddd, J=8.4, 6.3, 42 Hz, 1H, H-3), 4.16 (qd, J=7.0,
2.1 Hz, 4H, OCH,); '3C NMR (CDCls, 75.4 MHz) 6 12.0
(CH3), 14.0 (CH3), 23.3 (CH,), 33.0 (CH), 35.1 (CH,), 36.5
(CH,), 36.9 (CH), 60.7 (CH,), 60.8 (CH,), 120.0 (C), 171.2
(©), 171.3 (C).

3.1.7. Diethyl 2-acetyl-3-(ethoxycarbonylmethyl)gluta-
rate (16). Ethyl acetylacetate (22 g, 0.16 mmol) and a
0.57 M solution of NaOEt in EtOH (5 mL) were added to a
solution of diethyl glutaconate (10 mL, 0.05 mmol) in
absolute EtOH (20 mL), and the mixture was heated at
reflux for 4 h. Then, 0.57 M NaOEt (5 mL) was added at
intervals of 14, 8 and 14 h. After 6 h of additional reflux,
concentrated AcOH (2 mL) was added, and the mixture was
evaporated. The brown residue was dissolved in Et,0, and
the organic solution was exhaustively washed with NaHCO;
and brine, dried, and evaporated to give an oil. Purification
by fractional distillation (150 °C, 1 mmHg) gave triester 16
(11 g, 62%): IR (film) 1736, 1657 cm ™~ '; "H NMR (CDCl;,
300 MHz) 6 1.25 (t, J=7.2Hz, 6H, CHy), 1.26 (t, J=
7.2 Hz, 3H, CH3), 2.27 (s, 3H, COCH3), 2.47 (dd, J=16.5,
7.5Hz, 1H, CH,CO), 2.49 (dd, J=16.5, 4.5Hz, 1H,
CH,CO), 2.54 (dd, J=4.5, 6.3 Hz, 1H, CH,CO), 2.59 (dd,
J=16.5, 1.8 Hz, 1H, CH,CO), 3.05 (ddt, /=13.0, 6.9,
1.8 Hz, 1H, H-3), 3.93 (d, J=6.9 Hz, 1H, H-2),4.11 (q, J=
7.2 Hz, 4H, OCH.,), 4.16 (q, J=7.2 Hz, 2H, OCH,); "°C
NMR (CDCls, 75.4 MHz) 6 13.8 (CH3), 13.9 (CH3), 29.9
(CHj3), 30.7 (CH), 35.2 (CH,), 35.5 (CH,), 60.4 (CH,), 60.5
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(CH,), 61.3 (CH,), 61.5 (CH), 168.3 (C), 171.7 (C), 202.2
(C). HRMS calcd for C,5H,,05 316.1526, found 316.1522.

3.1.8. Diethyl 2-acetyl-2-allyl-3-(ethoxycarbonylmethyl)
glutarate (17). DBU (1.3 mL, 8.7 mmol), Pd(acac),
(132 mg, 0.4 mmol), Ph3P (457 mg, 1.7 mmol), and allyl
acetate (1.4 mL, 13.5 mmol) were added to a solution of
triester 16 (2.6 g, 8.7 mmol) in anhydrous toluene (43 mL),
and the resulting mixture was heated at reflux for 6 h. The
solvent was eliminated under reduced pressure, and the
residue was dissolved in EtOAc. The organic extract was
washed with aqueous 2 N HCI, dried, filtered, and
concentrated to give a brown oil (3.7 g). Flash chromato-
graphy (hexane) afforded 17 (1.89 g, 64%) as a transparent
oil: IR (film) 1639, 1735cm™'; '"H NMR (CDCl;,
300 MHz) 6 1.25 (t, J=7.2Hz, 6H, CH3), 1.27 (t, J=
7.2 Hz, 3H, CH3), 2.18 (s, 3H, COCH3), 2.30 (dd, J=16.0,
8.4Hz, 1H, CH,CO), 2.41 (dd, /J=16.0, 8.4 Hz, 1H,
CH,CO), 2.55 (dd, J=16.0, 3.9 Hz, 1H, CH,CO), 2.58
(dd, J=16.0, 3.9 Hz, 1H, CH,CO), 2.63 (d, /J=10.2 Hz, 2H,
CH,CH=), 3.20 (dt, /=6.9, 3.9 Hz, 1H, H-3), 4.12 (ddd,
J=14.4, 7.2, 3.0 Hz, 4H, OCH,), 4.24 (ddd, /J=14.4, 7.2,
0.6 Hz, 2H, OCH,), 55.07-5.15 (m, 2H, CH,=), 5.74 (dd,
J=17.1, 10.2Hz, 1H, CH=); '*C NMR (CDCls,
754 MHz) 6 14.0 (CH3), 14.1 (CH3), 28.2 (CHj3), 34.5
(CH), 35.8 (CH,), 36.7 (CH,), 36.9 (CH,), 60.5 (CH,), 60.6
(CH,), 61.5 (CH,), 66.3 (C), 119.1 (CH,=), 132.3 (CH=),
170.7 (C), 171.8 (C), 172.1 (C), 204.0 (C).

3.1.9. Diethyl 2-acetyl-3-(ethoxycarbonylmethyl)-2-
propylglutarate (18). Pd—C (10%, 125 mg) was added to
a solution of 17 (500 mg, 1.4 mmol) in MeOH (28 mL), and
the resulting suspension was hydrogenated at atmospheric
pressure for 4 h. The catalyst was removed by filtration, and
the solution was concentrated to give 18 as an oil (430 mg,
85%), which was used in the next reaction without further
purification: IR (film) 1709, 1736 cm ™ '; 'H NMR (CDCl;,
300 MHz) 6 0.93 (t, J=7.2 Hz, 3H, CH3), 1.16 (m, 2H,
CH,), 1.25 (t, J=17.2 Hz, 6H, CH3), 1.29 (t, J=7.2 Hz, 3H,
CHs), 1.31 (t, J=7.2 Hz, 2H, CH,), 2.18 (s, 3H, CH5CO),
2.27 (dd, J=15.6, 8.4 Hz, 1H, CH,CO), 2.33 (dd, J=16.5,
8.4 Hz, 1H, CH,CO), 2.53 (dd, J=15.6, 3.5Hz, 1H,
CH,CO), 2.62 (dd, J=16.5, 3.5 Hz, 1H, CH,CO), 3.18
(dt, J=7.2, 3.5Hz, 1H, H-3), 4.12 (ddd, J=14.4, 7.2,
1.8 Hz, 4H, OCH,), 4.23 (ddd, J=14.4, 7.2, 1.8 Hz, 2H,
OCH,); >C NMR (CDCls, 75.4 MHz) ¢ 14.0 (CH;), 14.1
(CH3), 14.2 (CHy), 14.5 (CH3), 17.5 (CH,), 28.1 (CH3), 34.1
(CH), 34.6 (CH,), 35.9 (CH,), 36.8 (CH,), 60.5 (CH,), 60.6
(CH,), 61.3 (CH,), 66.1 (C), 171.2 (C), 171.9 (C), 172.2 (C),
204.6 (C).

3.1.10. Ethyl tert-butyl 2-acetyl-3-(ethoxycarbonyl-
methyl)glutarate (19). Operating as described for the
preparation of 16, compound 19 was prepared from diethyl
glutaconate (9.5 mL, 0.053 mmol), tert-butyl acetylacetate
(9.2 g, 0.058 mmol), and 1 M -BuOK in #~-BuOH (5 mL) in
anhydrous #~BuOH (11 mL). After fractionated distillation
(150 °C, 1 mmHg), a mixture (16 g) of ketotriester 19 and
starting material was obtained. Flash chromatography
(hexane) afforded 19 (13.7 mg, 74%) as a transparent oil:
IR (film) 1737 cm ™ !; "H NMR (CDCls;, 300 MHz) 6 1.24 (t,
J=75Hz, 6H, CHj), 1.95 (s, 9H, CHj), 2.25 (s, 3H,
CH;CO), 2.39-2.61 (m, 4H, CH,CO), 3.0 (m, 1H, H-3),

3.80 (d, J=7.0Hz, 1H, H-2), 4.13 (g, J=7.5 Hz, 4H,
OCH,); '*C NMR (CDCls, 75.4 MHz) 6 14.0 (CH;), 27.9
(CH3), 29.9 (CH3), 30.7 (CH), 35.2 (CH,), 35.5 (CH,), 60.3
(CH,), 61.5 (CH), 82.3 (C), 167.4 (C), 171.6 (C), 171.7 (C),
202.3 (C). HRMS caled for C;,H0; 344.1463, found
344.1460.

3.1.11. Ethyl tert-butyl 2-acetyl-2-allyl-3-(ethoxycar-
bonylmethyl)glutarate (20). Operating as described for
the preparation of 17, pure compound 20 (470 mg, 69%)
was obtained from ketotriester 19 (610 mg, 1.77 mmol)
after flash chromatography (hexane): IR (film) 1709,
1736 cm ™ '; 'H NMR (CDCls, 300 MHz) 6 1.25 (t, J=
7.2 Hz, 6H, CH3), 1.49 (s, 9H, CH3), 2.18 (s, 3H, CH;5CO),
2.25 (dd, J=15.6, 8.4 Hz, 1H, CH,CO), 2.32 (dd, J=16.5,
9.3 Hz, 1H, CH,CO), 2.53 (dd, J=15.6, 3.6 Hz, 1H,
CH,CO), 2.59 (d, /J=1.8 Hz, 2H, CH,CH=), 2.63 (dd,
J=16.5,2.4 Hz, 1H, CH,CO), 3.19 (m, 1H, H-3), 4.12 (qd,
J=17.2,2.4 Hz, 4H, OCH,), 5.06-5.14 (m, 2H, CH,=), 5.75
(dd, J=17.1, 10.2Hz, 1H, CH=); *C NMR (CDCls,
75.4MHz) 6 14.0 (CHs), 14.1 (CHs), 27.9 (CHjs), 28.3
(CHj3), 34.5 (CH), 36.3 (CH»), 36.9 (CH,), 37.1 (CH,), 60.5
(CH,), 60.6 (CH,»), 66.8 (C), 82.8 (C), 118.8 (CH,=), 132.6
(CH=), 169.7 (C), 171.9 (C), 172.1 (C), 204.2 (C).

3.1.12. Ethyl tert-butyl 2-acetyl-3-(ethoxycarbonyl-
methyl)-2-propylglutarate (21). Operating as described
for the preparation of 18, ketotriester 21 (800 mg, 73%) was
obtained from 20 (1.2 g, 3.1 mmol) after flash chromato-
graphy (hexane): IR (film) 1708, 1732cm™'; 'H NMR
(CDCl3, 300 MHz) 6 0.90 (t, J=6.0 Hz, 3H, CH3), 1.24
(masked, 2H, CH,), 1.25 (t, J=7.2 Hz, 6H, CH3), 1.49 (s,
9H, CHy), 1.77 (td, J=11.7, 5.4 Hz, 2H, CH,), 2.18 (s, 3H,
CH;CO), 2.20 (dd, /=15.9, 7.8 Hz, 1H, CH,CO), 2.26 (dd,
J=16.5, 9.