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and László Kollár*



pp 803–812Regioselective synthesis of peptidic derivatives and glycolamidic esters of Methotrexate
Cédric Castex,* Christophe Lalanne, Patrick Mouchet, Marc Lemaire and Roger Lahana

pp 813–817Easy route to labeled and unlabeled R,R,R-g-tocopherol by aryl demethylation of a-homologues
Francesco Mazzini, Thomas Netscher and Piero Salvadori*

pp 819–829Charge density analysis of some processes involving intramolecular hydrogen transfer
Marcos Mandado, Ricardo A. Mosquera,* Ana M. Graña and Christian Van Alsenoy

The mechanisms of: (a) keto–enol tautomerism, (b) pinacol rearrangement, and (c) methanediol decomposition were studied by means of
AIM and Hirshfeld atomic partitionings. The three processes follow concerted mechanisms, but a hydrogen-bridged structure is never
formed along the reaction path of the pinacol rearrangement.

pp 831–836Relationship between the electrophilicity of substituting agents and substrate selectivity in

Friedel–Crafts reactions

L. Meneses,* P. Fuentealba and R. Contreras

 

 
  

Contents / Tetrahedron 61 (2005) 739–745740



pp 837–844Synthetic approach to pentacyclic quassinoids from communic acids, via ambracetal derivatives
E. J. Alvarez-Manzaneda,* J. L. Romera, A. F. Barrero, R. Alvarez-Manzaneda, R. Chahboun, R. Meneses

and M. Aparicio

pp 845–851New biologically active linear triterpenes from the bark of three new-caledonian Cupaniopsis species
H. Bousserouel, M. Litaudon,* B. Morleo, M.-T. Martin, O. Thoison, O. Nosjean, J. A. Boutin,

P. Renard and T. Sévenet
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1. Introduction

Cyclic nitriles have a long and distinguished history as
versatile synthetic intermediates.1 The versatility stems
from the nitrile’s extremely high polar-inductive effect,2

their excellent hydrogen bond acceptor properties,3 and the
Tetrahedron 61 (2005) 747–789



F. F. Fleming, Z. Zhang / Tetrahedron 61 (2005) 747–789748
minimal steric demand of the extremely small nitrile
group—the A-value is only 0.2 kcal molK1 4 Nitriles are
highly unusual among functional groups in stabilizing
adjacent radicals,5 cations,6 and anions7 with the latter often
exhibiting unique reactivity in providing chemo-, regio-,
and stereo-selectivities that are practically inaccessible with
carbonyl compounds.

This review surveys the reactions and syntheses of cyclic,
aliphatic nitriles in which the nitrile is directly bound to the
ring. Among the myriad reactions of nitriles, the focus is on
anionic reactions of nitriles that are significantly different
from those of related electron-withdrawing groups. The
review is partitioned into five main sections beginning with
an overview of the structural features of nitriles as a prelude
to understanding their unique properties (Section 2).
Syntheses of cyclic nitriles are then surveyed (Section 3)
followed by stereoselective alkylations (Section 4) and
cyclizations (Section 5) of cyclic nitriles, and concluding
with methods for removing the nitrile group (Section 6). The
broad utility of nitriles in synthesis means that some
sections are necessarily selective whereas some of the lesser
known reactions are comprehensively surveyed. Highlight-
ing the unique reactions of cyclic, aliphatic nitriles is
anticipated to enhance their use as synthetic intermediates,
particularly in the total synthesis of nitrile-containing
natural products.8
2. Unique chemistry of cyclic nitriles

2.1. Stereoselectivity

Nitriles exhibit unique stereoselectivity because of the
exceptionally small size of the C^N group. The linear, rod-
like geometry localizes the strong dipole more than the
triangular carbonyl electron-withdrawing groups which,
through bond rotation, spread the effective charge over a
larger surface area. The compact, cylindrical nature of the
C^N unit (3.6 Å cylindrical diameter of the p-system)9

creates one of the smallest electron-withdrawing groups
with an A value of 0.2 kcal molK1 which compares to 0.6–
2.0 kcal molK1 for carbonyl functionalities.4 This differ-
ence gives rise to some surprising stereochemical
Figure 1. Podophylotoxin analogs.
preferences. For example, equilibration of the quinolizidine
1 favors positioning the nitrile in an axial orientation in
direct contrast to most electron-withdrawing groups where
the equatorial orientation10 is favored (Eq. (1)).11

(1)

Similarly, intramolecular Diels–Alder cycloadditions gen-
erate cycloadducts that equilibrate in situ to install an axial
nitrile12 as a consequence of anomeric stabilization13

(Eq. (2)).

(2)

The small steric demand makes nitriles ideal for installing a
one-carbon unit in sterically crowded environments.
Historically, the classical Nagata cyanation of enones has
served as a particularly efficient introduction of nitriles into
sterically congested enones.14 Cyanation continues to serve
as an incomparably efficient one-carbon installation as
illustrated in the synthesis of CP-263,114 (Eq. (3)) where
formation of the hindered hydroxy nitrile 6 was crucial for
assembling the highly hindered and sensitive molecular
architecture of CP-263,114.15

(3)
2.2. Hydrogen bonding

Nitriles are Lewis basic by virtue of the lone pair on
nitrogen and readily participate in hydrogen bonding.3 An
extensive survey of X-ray structures reveals that electron
donating substituents accentuate the basicity of the CN unit,



Figure 2. 12-Cyano-epothilone A.
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effectively increasing hydrogen bonding. The hydrogen
bond acceptor properties3 of nitriles, combined with the
extremely high polarization2 and minimal steric demand,4

conspire to make the nitrile a particularly useful hydroxyl
surrogate. An indication of the nitrile’s efficacy is
exemplified by the structure-activity refinement of the
nitrile and acid podophylotoxin analogs 7 and 8 (Fig. 1).
Substituting a nitrile for the hydroxyl group of podophylo-
toxin gave 7 with a higher potency than the anti-cancer drug
etoposide (9).16

Nitrile-substitution in potential drug leads has also been
used to increase drug stability through inductive polariz-
ation. Nitrile substitution increases the stability of epothi-
lone at low pH, which is posited as a critical issue for
establishing oral dosing regimens for this potent anticancer
agent.17 Installing a nitrile substituent at C-12 of epothilone
A (Fig. 2) not only retains excellent activity in in vitro
assays but markedly improves the pH stability [pH 1 buffer
(aq.), T95Z11 h].
2.3. Exceptional nucleophilicity

Metallated nitriles are powerful nucleophiles with an
exceptional propensity for C-alkylation. Nitrile anions
alkylate almost exclusively on carbon with silyl18 and
acetyl19 chlorides being virtually the only electrophiles with
a propensity for reaction on nitrogen. The exceptional
nucleophilicity stems primarily from the powerful inductive
stabilization of metallated nitriles rather than resonance
stabilization as is the case with enolates.20

Pioneering X-ray structures of metallated nitriles have been
instrumental in developing a coherent understanding of the
reactivity and structure of metallated nitriles.21 Surpris-
ingly, metallated nitriles exhibit minimal elongation of the
C^N bond (1.15–1.20 Å, Fig. 3) when compared to the
C^N bond length of neutral nitriles (1.14 Å),3 whereas the
bond length between the nitrile carbon and the formal
anionic carbon is typically intermediate between that of C–
C double and single bonds (1.36–1.40 Å, 11). Essentially,
the powerful electron withdrawal of the CN group20,22

stabilizes the adjacent negative charge in a manner akin to
Figure 3. X-ray structures of metallated nitriles.
an ylide. Consistent with this inductive stabilization is the
range of geometries for the metallated carbon which spans a
continuum varying from planar in 1223 to pyramidal in the
cyclopropanecarbonitrile 13.24

Localization of negative charge on the carbon atom of
metallated nitriles correlates with the high propensity for C-
alkylation, even for sterically demanding alkylations.
Comparative alkylations of sterically hindered nitriles,
acids, and esters demonstrate the superior nucleophilicity
of metallated nitriles.25 Deprotonation and alkylation of
diisopropylacetonitrile (14) with i-PrI proceeds in 70%
yield whereas the corresponding acid (diisopropylacetic
acid) or ester, are not alkylated by MeI (Eq. (4)).

(4)

Consistent with the high nucleophilicity of sterically
hindered metallated nitriles are a series of alkylations of
sodiated a-substituted phenylacetonitriles (Eq. (5)). Sur-
prisingly, comparative methylations are increasingly effi-
cient for a-substituents in the order butyl-ethylOmethylO
isopropylOphenyl, consistent with a greater nucleophilicity
being imparted from stronger electron donating substitu-
ents. Presumably the large steric demand of the large
isopropyl substituent offsets the s-donor character.26

(5)

Comparative alkylations of malonates and malononitriles
reiterate the exceptional nucleophilicity of nitriles.27

Deprotonated malononitrile exhibits a particularly low
intrinsic barrier, allowing facile hybridization changes
during alkylation, consistent with the minimal resonance
stabilization of nitriles.
2.4. High reagent compatibility

Unlike most carbonyl compounds, the nitrile group is inert
to many nucleophilic reagents at low temperatures and has
even been incorporated as a substituent within alkyl-
lithium28 and Grignard reagents.29 Significantly fewer
cyclic nitrile-substituted organometallics have been pre-
pared despite the early incorporation within lithiated
benzonitriles (19, Fig. 4)30 and organozincs (20, Fig. 4).31



Figure 4. Cyclic metallated nitriles.
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A direct benefit of the low electrophilicity of nitriles is that
nitrile-containing intermediates are inert to many reagents
and may be taken through many synthetic steps without the
use of protecting groups.32 Reduction of carbonyl groups in
the presence of nitriles has long exploited the modest
electrophilicity of the C^N functionality.33 Similarly,
despite a perception to the contrary, nitriles react slowly
with Grignard reagents as illustrated in the preferential 1,2-
addition, 1,4-addition of Grignard reagents to the carbonyl
and alkenenitrile functionalities in 21 (Scheme 1), with no
observable addition to the nitrile.34 Furthermore, the cyclic
nitrile 23 readily cyclizes to the abietane whereas the
corresponding ester35 prematurely intercepts the intermedi-
ate carbocation, generating a lactone, which precludes
Friedel–Crafts cyclization.
Scheme 3. Nitrile-directed intramolecular [4C2] cycloaddition.

Scheme 4. Nitrile-directed intermolecular [4C2] cycloaddition.

 

 
Scheme 1. Multi-component addition-cyclization of an oxonitrile.
2.5. Strategic directing group

Nitriles exhibit dramatic stereocontrol in cycloaddition,
electrocyclization, radical, and oxomercuration reactions
despite having a minimal steric demand. Pioneering [6C4]
cycloadditions36 demonstrate that a nitrile substituent
causes higher yields and improved selectivity (Scheme 2)
Scheme 2. Nitrile-directed [6C4] cycloaddition.
relative to a methyl substituent, analogous to the 100-fold
rate acceleration in Claisen rearrangements.37 Thermolysis
of 25a initiates ring opening to the o-xylylene 26 triggering
a [6C4] cycloaddition to afford 27, whereas the analogous
hydrocarbon 25b affords a 1.7:1 ratio of [6C4] to [4C2]
regioisomers.

Remarkably, the nitrile substituent within the cyclic triene
28 completely controls the stereoselectivity of the transan-
nular Diels–Alder cycloaddition (Scheme 3).38 The pre-
ferred transition state 29b places the nitrile on the sterically
more demanding concave face with concomitant positioning
of two axial substituents on the developing cyclohexane
ring, suggesting an intriguing stabilization of the cycloaddi-
tion by the nitrile group. Excellent use of the nitrile to
control the cycloaddition features in an analogous transan-
nular Diels–Alder route to the stemodane diterpenoid
maritimol.39
A related nitrile-substituted diene was critical for the
successful intermolecular Diels–Alder synthesis of Kopsia
alkaloids (Scheme 4).40 The nitrile-substituted diene 31
efficiently participates in Diels–Alder cycloadditions with a
range of dienophiles, affording the key intermediate 32 on
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thermolysis with acryloyl chloride. Analogous cycloaddi-
tions in which the nitrile group of 31 was replaced by
methoxy or thiophenyl groups, were unsuccessful.41

A further example in which nitrile-controlled stereoinduc-
tion overrides steric compression occurs in a 6p electro-
cyclization (Scheme 5). Palladium-catalyzed coupling of 33
generates 34a, triggering an initial 8p electrocyclization
followed by a 6p electrocyclization through the sterically
more-crowded conformation 35a 00 where the nitrile is
proximal to the p-system, analogous to the [4C2]
cycloadditions.42 For comparison, the nitrile exhibits a 9:1
preference for cyclization through 35a 00 over 35a 0 whereas
the stereoselectivity is reversed for the corresponding ester
35b.
Scheme 5. Nitrile-directed 8p-electrocyclization.

Scheme 7. Nitrile-directed oxymercuration.
Nitrile-substitution significantly enhances the radical poly-
ene cyclization of 37 to 40 (Scheme 6).43 Incorporating the
electron deficient alkenenitrile acceptor promotes the
second ring closure of the nucleophilic radical 38 and
generates the long-lived electrophilic radical 39, which is
not oxidized by Mn(III) or Cu(II), and ideally suited for
attack by a nucleophilic olefin. For comparison, cyclization
of the nitrile 37 is 20% more efficient than with the analog in
which the nitrile is replaced by a methyl group.

Few nitrile-directed reactions initiated by transition metal
Scheme 6. Nitrile-directed radical cyclization cascade.
complexation have been explored44 despite the propensity
of nitriles to complex transition metals.45 The remarkably
stereoselective oxymercuration of cyclohexenecarbonitrile
41 is proposed to arise through two simultaneous p-
interactions of mercuric acetate with the nitrile and alkene
groups 42, directing mercuration syn to the nitrile. The
rationale effectively explains the superb stereoselectivity for
what is otherwise a small, remote nitrile substituent
(Scheme 7).46
2.6. Functional group interconversion

Nitriles are exquisitely positioned in terms of their
reactivity; at low temperatures the nitrile can be incorpor-
ated within reactive intermediates such as organolithium
reagents28 whereas higher temperatures induce nucleophilic
additions to the nitrile group.1 The classical addition of
Grignard reagents to afford ketones is probably the best-
known example, but the nitrile group is readily converted to
a plethora of functionalities,47 providing an excellent entry
to carbocycles21a and heterocycles.48
3. Syntheses of cyclic nitriles

A surprising number of cyclic, aliphatic nitriles are
commercially available (Chart 1) The parent 3- through 7-
membered carbonitriles, and several substituted derivatives,
are available in 1 g quantities or larger. In all instances
except for the terpeneol derivative, the nitriles are achiral or
racemic.

3.1. Alkanenitrile syntheses

3.1.1. Cyclization. A recent review21a summarizes the two
most prevalent intramolecular alkylation routes to cyclic
alkanenitriles: cyclization of a metallated nitrile bearing a
pendant electrophile (Scheme 8, 44/46) or, less



Chart 1. Commercially available cyclic aliphatic nitriles.a

Scheme 8. Cyclic nitrile synthesis.
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Table 1. Syntheses of cyclic nitriles by cyclization

Entry Reaction Cyclic nitrile Yield (%)

1 60–8053

2 7553

3 61a54

4 80–100b 55

5 55–8256

a A 1:1 ratio of isomers.
b A mixture of diastereomers at the ring junction.
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commonly, through two sequential deprotonation alkylation
reactions performed in one synthetic operation 47/46. The
direct dialkylation is particularly well suited to the
formation of cyclopropanes using slightly greater than two
equivalents of BuLi and epibromohydrin.49

An expedient variation for synthesizing nitrile-substituted
furans50 and pyrans51 is to intercept the metallated nitrile 45
in situ with aldehyde electrophiles to generate an alkoxide
48 that internally alkylates a pendent electrophile to deliver
the corresponding nitrile-substituted furan or pyran 49.

The high nucleophilicity of metallated nitriles allows an
unusual cyclization onto unactivated alkenes52 and alkynes
to generate cyclic nitriles (Table 1). The key to this unusual
cyclization is the use of a relatively naked nitrile anion that
is achieved through the use of CsOH or t-BuOK in highly
polar solvents. Michael additions of metallated nitriles to
activated alkenes provides cyclic nitriles through a clever
double addition strategy with the cyclic nitriles providing
the possibility for further cyclization through an intramo-
lecular Claisen condensation (Table 1, entry 5).
3.1.2. Syntheses from cyclic precursors. Historically
cyclic nitriles were commonly accessed through the
conjugate addition of cyanide to cyclic enones which has
been reviewed and is therefore not included.14 The current
survey of cyclic nitrile syntheses focuses on stereochemi-
cally complex transformations, and is necessarily selective
rather than comprehensive

Cyclic 5- and 6-membered nitriles are most commonly
synthesized by SN2 displacement of the corresponding
cyclic halide or sulfonate (Table 2, entries 1–10).57 The
small, nucleophilic cyanide unit allows an efficient
displacement with predictable stereochemical inversion58

although neighboring group participation may redirect the
usual displacement to net retention (Table 2, entries 9 and
10). Cyanide nucleophilicity can be enhanced with tetra-
ethylammonium cyanide59 (Table 2, entry 1) or with
hypervalent silicates (Table 2, entry 2) which allows
preferential displacement of a secondary triflate in the
presence of an epoxide (Table 2, entry 4). A mechanistically
distinct alternative displacement of allylic acetates is
possible through palladium catalysis (Table 2, entry 12).
In cases where cyanide displacement is unsuccessful the
corresponding iodide can be converted to a radical and
cyanated with tert-butyl isocyanide (Table 2, entry 11).
Direct cyanation of secondary alcohols can be performed in
situ by a modified Mitsunobu inversion, avoiding sequential
activation and cyanide displacement (Table 2, entry 13).

Benzylic and tertiary alcohols are conveniently converted to
cyclic nitriles by intercepting the corresponding carbocation
with cyanide (Table 2, entries 14–17, respectively) in a
reaction that has been extended to the cyanation of tertiary
halides and formally60 ethers (Table 2, entries 18 and 19).
Carbocation formation through oxidation with in situ
cyanide attack similarly provides access to cyclic nitriles
(Table 2, entries 20–22).

Nucleophilic cyanide cleanly opens epoxides to generate
hydroxy nitriles (Table 2, entries 23–29). Diethylaluminum
cyanide is the reagent of choice since coordination of the
Lewis acid facilitates the ring opening,121 allowing
installation of quaternary nitriles even in the presence of



Table 2. Alkanenitrile syntheses from cyclic precursors

Entry Reaction Cyclic nitrile Yield (%)

1 63a,61

2 70b,62

3 8563

4 7464

5 9065

6 7866

7 10067

8 5068

9 7469

10 5070

11 8271

12 8872

13 7373
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Table 2 (continued)

Entry Reaction Cyclic nitrile Yield (%)

14 8274

15 60–7075

16 7076

17 64–9177

18 75–9078

19 4579

20 60–7580

21 36–5280

22 6481

23 6582

24 4583
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Table 2 (continued)

Entry Reaction Cyclic nitrile Yield (%)

25 70–8084

26 8385

27 8486

28 8487

29 7315

30 5088

31 7589

32 8890

33 8667

34 7691

35 6892
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Table 2 (continued)

Entry Reaction Cyclic nitrile Yield (%)

36 6893

37 67–7794

38 7095

39 43–8296

40 80–10097

41 9098

42 83–10099

43 95100

44 81–94101

45 90102

46 94–95103

47 30–52104

48 89103
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Table 2 (continued)

Entry Reaction Cyclic nitrile Yield (%)

49 92105

50 35106

51 89107

52 85108

53 66109

54 96110

55 70111

56 94112

57 83–89113

58 67114

59 90112
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Table 2 (continued)

Entry Reaction Cyclic nitrile Yield (%)

60 55115

61 81–94116

62 45117

63 51–86118

64 44–99119

65 84119

66 81120

67 50–5834

a A 7:3 ratio of isomers.
b 7:1 mixture of endo/exo isomers.
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acetals (Table 2, entries 27–29), with LiCN being an
excellent alternative via lithium-assisted epoxide ring
opening (Table 2, entry 28). Nucleophilic cyanide
additions generate trans-diaxial hydroxy nitriles in all
cases (Table 2, entries 23–28) except for a sterically
congested system (Table 2, entry 29) where equili-
bration is likely, possibly through a retro-aldol
sequence122 or prototropic transfer.123
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Cyclic ketones are readily homologated to nitriles with t-
BuOK and p-toluenesulphonylmethyl isocyanide (Tos-
MIC).124 The reaction is particularly effective with hindered
ketones (Table 2, entries 30–36) although the presence of t-
BuOK causes epimerization of the ketone precursor as well
as the resulting nitrile (Table 2, entry 36). The efficacy of
TosMIC has largely superseded conversion of ketones to
nitriles through the addition of KCN to arylsulfonyl
hydrazones, generating an intermediate cyanohydrazine
that fragments to the nitrile via the diazo species (Table 2,
entries 37–39).125

Thermolytic rearrangement of isonitriles similarly consti-
tutes an effective method for accessing hindered nitriles
(Table 2, entries 40 and 41), although synthesizing the
precursor isonitrile can require several steps. Formation of a
cyanohydrin derivative followed by deoxygenation rep-
resents a more efficient strategy (Table 2, entry 42).

A variety of cyclic carboxylic acid derivatives are readily
converted into the corresponding nitriles by dehydrating
amide intermediates in a reaction that tolerates numerous
functional groups (Table 2, entries 43–49). The methods
require conversion to the cyclic primary amide 51 and
subsequent dehydration by sequential O-activation and
elimination (Scheme 9, 51/53).126 An analogous sequence
occurs on addition of methylchloroaluminum amide to
trifluoromethyl ketones with the intermediate imine (52,
CF3 replacing EO) ejecting CF3 to form the nitrile (Table 2,
entry 50).
Scheme 9. Dehydration of amides to nitriles.

Scheme 10. Diels–Alder reaction of cyanobutadiene.
Dehydration of oximes, with a variety of mild reagents,
provides a robust route to cyclic nitriles (Table 2, entries
51–55). Direct conversion of aldehydes to nitriles is possible
with ammonia through an in situ oxidation-dehydration
(Table 2, entry 56). The oxidation-elimination of dialkylhy-
drazones provides a useful ketone alkylation–cyanation
which, for chiral dialkylhydrazone alkylations, provides an
excellent route to chiral nitriles (Table 2, entry 57).

Alkyllithium and Grignard reagents react with a variety of
electrophilic cyanide sources, although only a few cyclic
nitriles have been synthesized in this way (Table 2, entries
58 and 59). Several cyclic b-hydroxy nitriles are efficiently
accessed through a [3C2] cycloaddition followed by N–O
cleavage of the resulting oxazole (Table 2, entries 60 and
61) or alternatively through a ring expansion triggered by
cyclopropane fragmentation (Table 2, entry 62). A related
two-carbon ring expansion, with considerable generality, is
initiated by a retroaldol-type reaction that generates a
metallated nitrile ideally aligned for an intramolecular
Michael addition (Table 2, entry 63).

A series of nickel-induced carbometallation–cyanations are
particularly effective at generating an array of bicyclic
nitriles (Table 2, entries 64 and 65). Alkylations to form
bicyclic nitriles are uncommon because synthesizing the
cyclization precursors often requires multiple steps. An
exception is the chelation-controlled conjugate addition of
u-chloro Grignard reagents to oxoalkenenitriles that
accesses a variety of ring sizes (Table 2, entry 67).
3.1.3. Diels–Alder cycloaddition. The venerable Diels–
Alder reaction is ideal for assembling an array of cyclic
nitriles (Chart 2). Acrylonitrile is a reactive dienophile in
Diels–Alder reactions, typically affording mixtures of endo/
exo isomers with cyclopentadienes, cyclohexadienes, and
cycloheptadienes,154 with slightly lower endo/exo selectiv-
ities than comparable carbonyl-containing dienophiles.127

Despite the high reactivity of acrylonitrile, the Diels–Alder
cycloaddition with furan is particularly challenging, requir-
ing 5 weeks for a synthetically acceptable yield,128 or
acceleration by high pressure157 or Lewis acids.129 Electron
donating substituents sufficiently activate furan for rela-
tively facile cycloadditions.130

Few Diels–Alder reactions of cyanobutadiene have been
pursued because of the propensity toward dimerization.159

A particularly expedient synthesis of cyanobutadiene is
through thermal extrusion of sulfur dioxide from the
thiophene dioxide 54 (Scheme 10) with in situ trapping
with reactive dienophiles.160 Cycloaddition of 55 with non-
symmetrical dienophiles is modestly selective (w3:1 ratio)
except for the cyanobutadiene dimer 57 that is isolated as a
single regioisomer.
a-Chloroacrylonitrile Diels–Alder cycloadditions provides
a versatile ketene equivalent (Chart 3) since ketenes are
poor dienophiles.161 A pioneering study172g revealed 2-
chloroacrylonitrile cycloadditions to be more efficient, and
more regioselective, than 2-acetoxyacrylonitrile, with the
added advantage of being commercially available. Gener-
ally 2-chloroacrylonitrile adds regioselectively (O20:1) to
dienes, placing the nitrile adjacent to the electron donating
substituent as mixtures of endo/exo isomers. The modest
stereoselectivity is inconsequential for subsequent hydroly-
ses to the corresponding ketone.

Vinyl furan is a particularly demanding diene requiring 1
day at 1.9 Gpa for an acceptable yield,162 with a lower yield,
and diminished regioselectivity at lower pressures,163 or
with 1-acetoxyacrylonitrile. The cycloaddition of a-chlor-
oacrylonitrile with furan similarly requires either high
pressures,164 copper catalysts165 or, more effectively, ZnI2

catalysis,170 with complete conversion often requiring
several weeks.



Chart 2. Cyclic nitriles generated by Diels–Alder reactions.a
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Chart 3. Diels–Alder reactions of a-chloroacrylonitrile.
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Numerous cyclohexadienes react with a-chloroacrylonitrile
to afford bicyclo-[2.2.2]-octenes (Chart 3). The attraction of
this transformation stems from the prevalence of the
bicyclo-[2.2.2]-octene unit in terpenoids and the rapid
synthesis of alkoxycyclodienes through the Birch reduction
of substituted anisoles. Unconjugated cyclohexadienes are
rapidly isomerized to the conjugated dienes by base183 and
acid,184 including the acidic silica sites on glass
surfaces,183d which permits the sequential Birch
reduction–Diels–Alder–cycloaddition without prior isomer-
ization.185 Not surprisingly, Birch reduction-cycloaddition
has been employed in total syntheses of several natural
products: modhephene, antheridic acid174 and hinesol.179

Cyclic a-chloronitriles are usually hydrolyzed to the
corresponding ketone with base,172d although multistep
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sequences are sometimes required.186 The KOH hydrolysis
mechanism187 is highly unusual in proceeding through the
a-chloroamide 59 (Scheme 11) that most likely cyclizes to
the imino oxirane 60,188 fragments to the deprotonated
cyanohydrin 61, and ejects cyanide to form the ketone.187 In
some instances the a-chloroamide165,18959 and the corre-
sponding chloroacid have been isolated.164,186
Scheme 11. Hydrolysis mechanism of a-chloronitriles.

Scheme 12. Conversion of allylic nitro alkanes to cyclic nitriles.
Cyclic a-halonitriles are generally precursors to ketones but
also provide access to a range of functionalized nitriles
(Table 3). Base- or CO-induced elimination affords the
corresponding unsaturated nitriles (Table 3, entries 1 and 2)
whereas reduction with zinc-copper couple gives the parent
nitrile that may subsequently be deprotonated and exposed
to oxygen in an indirect route to the corresponding ketone
(entry 3). Alternatively metal-halogen exchange of a-
chloro- or a-bromonitriles with BuLi, or more effectively,
i-PrMgBr, affords metallated nitriles that alkylate a range of
electrophiles (entry 4),190 explaining the previously per-
plexing conversion of a-chloronitriles to ketones upon
sequential exposure to BuLi,175 or LDA,191 and oxygen
(Table 3, entries 5 and 6).

Intramolecular Diels–Alder reactions of alkenenitriles have
a long and distinguished history beginning with the
thermolysis of nitrile-substituted benzocyclobutanes
(Table 4, entries 1–3).194 Thermolysis triggers a torquose-
lective ring opening195 which positions the nitrile group on
the inside of a reactive o-quinodimethane with an ideal
alignment for cycloaddition onto a tethered alkene (Table 4,
entry 1). The benzocyclobutane strategy accommodates a
variety of geminal substituents in the tether and on the
terminus of the alkene, providing predominantly cis-fused
tricyclic nitriles that have been employed in terpenoid
syntheses. The most demanding example of this strategy is
the convergent synthesis of a trans-fused, pentacyclic
system (Table 4, entry 3).

More recent intramolecular Diels–Alder reactions continue
to focus on assembling multicyclic ring systems (Table 4,
entries 4–10). Intramolecular cycloadditions with nitrile-
substituted imine- and oximino-dienes provide bicyclic
heterocycles (Table 4, 8-10) which, in the latter case,
undergo base-induced fragmentation to substituted pyr-
idines (Table 4, entry 10). Alkenenitriles are particularly
well suited for dipolar cycloadditions in providing excellent
stereo- and regioselective control in the intramolecular
cycloaddition (Table 4, entry 11).
3.2. Alkenenitrile syntheses

Most cyclic alkenenitriles are synthesized from cyclic
ketone precursors by conversion to the corresponding
cyanohydrin followed by dehydration (Table 5, entries 1–
12). In some instances cyanide addition to cyclopentenones
and cyclohexenones directly generates the corresponding
cyanohydrin whereas less reactive ketones require the use of
TMSCN in the presence of a Lewis acid. The resulting
TMS-protected cyanohydrins eliminate on heating with
POCl3 to afford the corresponding alkenenitrile, typically as
a mixture of regioisomers (Table 5, entries 6–9). Related
eliminations of phosphate, and an epoxide ring opening,
similarly afford cyclic alkenenitriles (Table 5, entries 13 and
14) with the opportunity for further substitution in the case
of phosphorylated cyanohydrins derived from unsaturated
ketones. Complementing these a-eliminations is the less
common b-elimination of selenoxides and bromide
(Table 5, entries 15–16).

A distinct drawback of many elimination-based syntheses of
cyclic alkenenitriles is the formation of regioisomers.
Regioselective conversion of ketones to the corresponding
alkenenitrile is effectively achieved by regioselective
conversion to the corresponding enol triflate, and coupling
with LiCN (Table 5, entry 18). Analogous coupling of vinyl
chlorides are similarly regioselective although fewer
methods exist for synthesizing the vinyl chloride precursors
(Table 5, entry 19).

A diverse array of cyclic nitriles are generated from allylic
nitro alkanes (Table 5, entry 20), that are prepared through a
Knoevenagel condensation between nitromethane and a
cyclic ketone. Mechanistically, deprotonation of the allylic
nitro alkane 63, O-acylation by n-BuNCO, and elimination,
generates the nitrile oxide 64 in situ, which is reduced with
t-BuNC to the unsaturated nitrile 65 (Scheme 12).
Intramolecular aldol-type reactions provide one of the few
direct routes to cyclic alkenenitriles from acyclic precursors
(Table 5, entries 21–25).206 A less used, but equally
effective method, is via an intramolecular Wittig conden-
sation either by unmasking an aldehyde, or Wittig formation
in situ (Table 5, entries 26–28). Several isolated syntheses
of cyclic alkenenitriles have emerged during method
development (Table 5, entries 29–36) although the general-
ity of these methods remains unexplored.



Table 3. Transformations of a-chloronitriles

Entry Reaction Yield (%)

1 72166d,e

2 76–86176

3 98166b

4 52–82190

5 58175

6 70191

7 42–89192

8 95193

9 90171

10 69171
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Table 4. Intramolecular cycloaddition syntheses of multicyclic nitriles

Entry Reaction Yield (%)

1 43–90196

2 70–92197

3 58–60198

4 78199

5 61200

6 —201

7 55202

8 6712

9 86–94203

10 35–74204
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Table 4 (continued)

Entry Reaction Yield (%)

11 80205

Scheme 13. Stereoselective alkylations of cyclic nitriles.
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4. Alkylations of cyclic nitriles

4.1. Stereoselective alkylations of alkanenitriles

Metallated nitriles are powerful nucleophiles capable of
forming new C–C bonds in sterically demanding alky-
lations. In fact, alkylation of cyclic metallated nitriles
necessarily installs a new quaternary center. Installation of
hindered stereocenters is facilitated by the small size of the
nitrile group that readily occupies the sterically most
hindered position, eclipsing adjacent substituents (Scheme
13, 67b), to provide the sterically most accessible trajectory
for the incoming electrophile. The focus of this section is the
highly unusual stereoselectivity of cyclic, metallated nitrile
alkylations attending formation of quaternary stereocenters.

Intriguing stereoselectivity with cyclic metalated nitriles
was first demonstrated in pioneering deuterations of
cyclopropanecarbonitrile 69 (Scheme 14).241 The remark-
able 99.9% stereochemical retention demonstrates the
intermediacy of a chiral metallated nitrile 70 which is
most likely a contact ion pair that rapidly abstracts
deuterium from the adjacent solvent shell upon formation.
Scheme 14. Retentive deuteration of a metallated nitrile.
Despite the pioneering alkylation of 69 only one diaster-
eoselective alkylation of a cyclopropanecarbonitrile has
appeared (Table 6, entry 1). Stereochemical inversion of the
nitrile-bearing carbon reflects the facile inversion242 of the
metalated nitrile, allowing installation of the electrophile
opposite to the aromatic substituent. Few stereoselective
alkylations of cyclic 5-membered nitriles are known (Table
6, entries 2 and 3). In each instance the electrophile
approaches from the more accessible convex face, con-
comitantly installing the small nitrile group on the more
sterically demanding concave face (cf. Scheme 13).
Forming the particularly hindered, contiguous quaternary–
quaternary stereocenters in the triquinane nitrile (Table 6,
entry 3) was a strategic step in the synthesis of (G)
laurenene.209

Deprotonating sterically hindered nitriles is often challen-
ging with LDA.134 For example, during the synthesis of
palauolide,93,256 LDA was found to deprotonate the b–
nitrile but not the a-epimer unless HMPA was added (Table
6, entry 14). Nitriles that are resistant to deprotonation254

with LDA–HMPA combinations are often successfully
deprotonated with the base prepared from t-BuOK, i-Pr2NH,
and BuLi (KDA)257 (Table 6, entry 14).

Pioneering alkylations with the conformationally con-
strained nitrile 72245 established a modest preference for
equatorial alkylation in 6-membered carbonitriles (Scheme
15, 72/74). Deprotonating 72 with LiNEt2 most probably
generates the planar, N-lithiated258 nitrile 73259 that
modestly disfavors an electrophilic approach from the
axial direction by virtue of the steric interactions with the
axial protons. Alkylation of a planar, N-lithiated nitrile
directly correlates with very similar methylation selectiv-
ities of the corresponding planar enolate (5.7:1).245

Analogous levels of stereoselectivity are obtained in
alkylations of constrained, unhindered nitriles (Table 6,
entries 4–6) although the stereoselectivity is increased with
sterically more demanding electrophiles (Table 6, entry 7),

Alkylations of cyclohexanecarbonitriles with increased
steric demand on the b-face, often from axial methyl
substituents, occur almost exclusively from the equatorial
direction, a stereoselectivity preference that has been
extensively employed in terpenoid syntheses (Table 6,
entries 8–14). A single example of a conformationally
locked cyclohexenecarbonitrile with an axial a-substituent
alkylates exclusively from the axial direction (Table 6, entry
15), implying an increased steric interaction between the
axial methine group and the incoming electrophile in an
equatorial trajectory.

Preferential equatorial alkylations of sterically unbiased
cyclohexanecarbonitriles, by metal amide deprotonation–
alkylation, are consistent with planar, N-metallated nitrile
intermediates. In direct contrast, sequential halogen–



Table 5. Alkenenitrile syntheses

Entry Reaction Cyclic alkenenitrile Yield (%)

1 57–76207

2 56208

3 92209

4 88210

5 80211

6 70212

7 52–89213

8 96214

9 79–93215

10 38–56216

11 61–94217

12 51–81218
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Table 5 (continued)

Entry Reaction Cyclic alkenenitrile Yield (%)

13 73–78219

14 79220

15 89221

16 63–93222

17 78–81223

18 59–89224

19 92225

20 57–82226

21 60–79123

22 80227

23 44–88228

24 50229

25 61–90230
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Table 5 (continued)

Entry Reaction Cyclic alkenenitrile Yield (%)

26 71231

27 87232

28 68–81233

29 86234

30 60235

31 91106

32 42236

33 58237

34 34–69238

35 60239

36 81240
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Scheme 15. Stereoselective alkylation of C- and N-metallated nitriles.
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magnesium exchange and methylation (Scheme 15, 75/
77)190 affords exclusively the equatorially alkylated nitrile
77, which requires a distinctly different metallated nitrile.
Halogen–magnesium exchange most likely generates the C-
metallated nitrile 76 which rapidly equilibrates since a
mixture of bromonitriles converge to a single methylated
nitrile 77.242

Alkylations of sterically unbiased cyano-1,3-dioxanes 78260

and a-aminonitriles 81261 are extremely stereoselective
(Scheme 16). Cyano-1,3-dioxanes selectively alkylate a
broad range of electrophiles from the equatorial direction
(78/80) which could arise from steric interactions
between the incoming electrophile and the axial methyl
Scheme 16. Stereoelectronically controlled nitrile anion alkylations.

Scheme 17. Stereodivergent nitrile and ester alkylations.
group in the acetal or by stereoelectronic control. Collec-
tively, the stereoselective alkylations of 78 and 81, with
minimal steric bias, correlate with stereoelectronically
controlled alkylations of the pyramidal nitrile anions 79b
and 82b which avoid the anti-anomeric destabilization
present in 79a and 82a.

The disparate alkylation stereoselectivities of nitriles and
carbonyl compounds are encapsulated in the comparative
alkylations of trisubstituted cyclohexanes (Scheme 17).262

Exhaustive methylation of the tri-ester 84 affords the all cis-
ester 86 through three consecutive equatorial alkylations
whereas the corresponding nitrile 87 affords 89 in which
the final methylation occurs exclusively from the axial



Table 6. Stereoselective alkylation of cyclic alkanenitriles

Entry Reaction Product Yield (%)

1 74243

2 55–67244

3 62–83209

4 82–96245

5 84246

6 63246

7 83247

8 97248,93

9 80249

10 90250

11 88251

12 91252

13 89253
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Table 6 (continued)

Entry Reaction Product Yield (%)

14 79–93254

15 83255

16 88110
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direction. Alkylation of the most stable ester enolate
conformer 85b preferentially occurs from an equatorial
trajectory whereas the pyramidal, metallated nitrile 88 can
readily access the two conformations 88a and 88b, because
of the small size of the nitrile group. Alkylation with small
electrophiles, such as MeI, occurs from the axial direction to
afford 89 whereas addition of a large electrophile, such as
Ph2PCl, experiences a severe steric interaction with the
axial nitriles and therefore alkylates exclusively from the
equatorial direction of 88a.
4.2. Alkylations of dianionic nitriles

Nitriles containing additional protic functionality are
smoothly deprotonated with excess base to afford formal
dianions. Double deprotonation of this type was first
demonstrated with LDA and b-ketonitriles,265 at K70 8C,
which allows enolate formation without expulsion of
cyanide prior to a second deprotonation adjacent to the
nitrile (Scheme 18). Monoalkylation of these dimetallated
nitriles is highly selective, with no double alkylation even in
the presence of excess electrophile (Table 7). The greater
reactivity of the metallated nitrile correlates with the
significantly higher pKa of nitriles as compared to ketones
(DpKaZ5–10).263 The remarkable regioselectivity in this
alkylation has been harnessed in a route to bruceantin in
which the metallated nitrile controls formation of two
stereocenters264 during installation of contiguous quaternary–
tertiary stereocenters (Table 7, entries 3 and 4).
Scheme 18. Alkylations of doubly metallated ketonitriles.
The double deprotonation of hydroxynitriles generates
particularly reactive metallated nitriles that selective cyclize
to trans-decalins or reprotonate to provide a means for
equilibrating the nitrile-bearing carbon (Table 7, entries 6
and 7).

4.3. Alkylations with sp2-hybridized electrophiles

Nucleophilic additions of enolates to aryl- or vinyl halides
are particularly challenging.269 Metallated nitriles are
particularly well-suited for alkylation with sp2-hybridized
electrophiles because nitriles tolerate alkyllithium and
Grignard reagents (Section 2.4) and are not prone to self-
condensation, traits that have been exploited in benzyne-
based a-arylations.196 Recently, a mechanistically distinct
a-arylation of cyclic nitriles was achieved with fluorine-
substituted aromatic electrophiles (Table 8, entries 1 and 2).
The high nucleophilicity of metallated nitriles has been
exploited in the direct addition to activated alkenes (Table 8,
entries 3 and 4, see also Table 1, Section 3.1) and to aryl
halides with palladium catalysis (Table 8, entries 5–7).

4.4. Alkylations of oxonitriles

Oxonitrile alkylations were first developed during the
emergence of modern synthesis. The high acidity of cyclic
oxonitriles allows deprotonation with metal hydroxides,276

although many alkylations have employed stronger bases,
presumably for convenience (Table 9). Soft alkyl halides



Table 7. Alkylations of dianionic nitriles

Entry Reaction Product Yield (%)

1 74265

2 85–86265

3 49–77264

4 80264

5 93266

6 78–85267

7 90 (1:1)268
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selectively alkylate on carbon even in the presence of
electrophilic esters (Table 9, entry 3). Allylic halides
alkylate at the sterically less congested carbon through
direct SN2 displacement (Table 9, entries 4 and 5) although
the regioselectivity can be reversed by ruthenium catalysis
(Table 9, entry 6).

Alkylation of the ambident nucleophile may occur on
oxygen or carbon, though for most endeavors C-alkylation
is preferable. A clever exception was O-alkylation of an
allylic electrophile to generate an alkyl vinyl ether en route
to a stereoselective Claisen rearrangement (Table 9, entry
7). An analogous O-alkylation-Claisen rearrangement is
likely in the high-temperature alkylations with allyl and
allenyl ethers, although no detailed mechanistic studies
have been undertaken (Table 9, entries 8–10).



Table 8. Nitrile alkylations with sp2-hybridized electrophiles

Entry Reaction Nitrile Yield (%)

1 47–90270

2 77271

3 75–91272

4 81273

5 69274

6 81275

7 58237
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Enantioselective alkylation can be achieved by converting
oxonitriles to a proline-derived hydrazone that alkylates
with exceptional diastereoselectivity (Table 9, entry 11).

Oxonitriles are excellent nucleophiles for conjugate
additions and have been used extensively for Robinson
annulations (Table 9, entries 12–18). Detailed mechanistic
studies indicate that the initial oxonitrile alkylation occurs
from the axial direction, followed by intramolecular aldol
cyclization.290
Scheme 19. cis-Selective enolate cyclizations.
5. Stereoselective cyclizations

5.1. Alkanenitrile cyclizations

Cyclic nitriles and ketones cyclize with very different
stereoselectivities, reflecting the fundamental stabilization
differences between metallated nitriles and enolates.21a

Cyclization of the ketone 94 to the cis-decalin 96 cleverly
identified a requirement for orienting of the nucleophilic
enolate p orbital292 directly toward the electrophilic



Table 9. Oxonitrile alkylations

Entry Reaction Product Yield (%)

1 74277

2 80–85278

3 62279

4 80–82280

5 87279

6 85–98281

7 44–79282

8 71–81283

9 68–71284

10 70283

11 52–80285
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Table 9 (continued)

Entry Reaction Product Yield (%)

12 65286

13 74–98287

14 76–95288

15 78287

16 53289

17
94
(5:1)290

18 39–72291
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carbon–bromine bond for an SN2 displacement through
conformer 95c (Scheme 19).

The contrasting preference of metallated nitriles to cyclize
to trans-decalins was first identified more than 30 years
ago293 and has been analyzed in detail for the parent decalin
97 (Scheme 20). The stereoselectivity in THF correlates
with cyclization through a pyramidal transition state 98a in
which the metallated nitrile directly orients the pyramidal,
nucleophilic orbital toward the electrophilic chloromethy-
lene carbon. Changing the solvent from THF to toluene
reverses the stereoselectivity by generating a planar, amine-
complexed, metallated nitrile. Subsequent cyclization
through transition state 98c occurs in order to relieve
twisting of the electrophilic tether induced in 98b that
accompanies the change in geometry of the metallated
nitrile from pyramidal to planar. Disrupting the complexa-
tion through the addition of 18-crown-6 restores the
preference for the trans-decalin 99, though the selectivity
is not as high as in the better donor solvent THF (Scheme
20).

Preferential cyclization of the planar metallated nitrile 98c
to cis-decalin 99, occurs with the same stereochemical sense
as the cyclization of the planar enolate 102 (Scheme 21).294

Deprotonating the diacid 101, in THF, affords exclusively
the cis-decalin 103 through an exocyclic enolate cyclization
that closely parallels cyclization of the exocyclic metallated
nitrile 98c to cis-decalin 100 (Scheme 20).

5.2. Oxonitrile cyclizations

Oxonitrile cyclizations are particularly attractive since the
opportunity exists for selective cyclization to cis- or trans-



Scheme 20. Stereodivergent cyclizations of metallated nitriles.

Scheme 21. Cyclization of diacids to cis-decalins.

Scheme 23. Oxonitrile cyclization.
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decalins from the same precursor. Cyclization of the
oxonitrile enolate 105 generates exclusively the cis-decalin
106 (Scheme 22). Reduction of 104 to the corresponding b-
hydroxy nitrile 107, and lithium diethylamide-induced
cyclization, gives exclusively the trans-decalin 109 that
was oxidized to the trans-decalone 110, diastereomeric to
106. The stereodivergent cyclizations stem from trajectory
differences enforced by the planar enolate 105 and the
pyramidal, metallated nitrile 108. The selective cyclization
of the same nitrile precursor 104 to both cis- and trans-
decalins highlights the complementarity of oxonitrile
enolate and metallated nitrile cyclizations.

Oxonitriles bearing a pendant d-alkene are readily cyclized
in an efficient oxidative cyclization (Scheme 23).295 Facile
enolization followed by an intramolecular Heck reaction
generates 112 that b-eliminates hydride to afford the
bicyclic oxonitrile 113.
Scheme 22. Stereodivergent oxonitrile cyclizations.
6. Decyanation of cyclic nitriles

The versatility of nitrile-based alkylations is enhanced
through the facile removal of the nitrile group by several
complementary methods. Decyanation can be tuned to
selectively give alkanes, alkenes, or, in instances where the
nitrile is flanked by an adjacent electron-withdrawing group,
a reactive nucleophile for subsequent alkylation.



Scheme 25. Bu3SnH decyanation mechanism.
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6.1. Decyanation to alkanes

Decyanation is most frequently achieved by dissolving
metal reduction. The reaction is usually most efficient in the
absence of a proton source, exhibiting a modest dependence
on the reducing ability of the metal–ammonia combination,
generally with increasing yields in the series Li, Na, K
(Chart 4, methods A–E). Nitrile reduction proceeds through
a series of electron transfers initially generating the radical
anion intermediate 115 that ejects cyanide with concomitant
formation of radical 116. Further reduction of 116 affords
the carbanion 117 which is ultimately protonated to give
118 (Scheme 24).
Scheme 24. Dissolving metal decyanation mechanism.

Scheme 26. Reductive decyanation to alkenes.
Decyanation by electrochemical reduction has the attendant
advantage of affording hydrocarbons in 60–80% yield, even
with secondary nitriles that generally react poorly with
metal–ammonia combinations (Chart 4, method F). Alter-
natively, the use of K in HMPA or potassium and
dicyclohexyl-18-C-6 in toluene (Chart 4, methods D and
E, respectively) is effective for the decyanation of primary
and secondary nitriles. Mechanistically distinct from the
metal reduction and electrolysis reactions is the reduction
with Fe(acac)3–Na that is postulated to involve oxidative
addition of reduced iron into the C–CN bond followed by
proton abstraction from the ligand (Chart 4, method G).
Despite the attractiveness of decyanation, decyanation of
cyclic nitriles has only once been used in synthesis:
electrolysis was used to trigger reduction and decyanation
in 45% yield en route to hirsutene (Chart 4, line 1, third
entry).

Cyclic dinitriles are readily reduced under mild conditions
with Bu3SnH (Chart 4, method I). Mechanistically the
reaction is similar to the dissolving metal decyanation.
Bu3SnH is proposed to generate a metalloimine radical 120
(Scheme 25) that fragments to a nitrile stabilized radical 121
that is further reduced to the cyclic nitrile 122. No further
reduction occurs, providing a selective method for removing
one nitrile group in cyclic dinitriles.

6.2. Decyanation of cyclic nitriles to alkenes

Nitriles exhibit pseudohalide reactivity in being eliminated
through loss of HCN. The elimination of cyanide is
commonly encountered in the reversible formation of
ketones from cyanohydrins (Table 10, entry 1). Elimination
of HCN to give alkenes generally requires a carbonyl or
olefinic group adjacent to the proton being abstracted,
allowing elimination with modest bases t-BuOK, KOH,
triethylamine, and DBU (Table 10, entries 2–5). A related
elimination of b-trimethylstannyl nitriles is triggered by
addition of MeLi. Formation of a stannate intermediate,
upon addition of MeLi, likely triggers subsequent cyanide
expulsion and simultaneously installation of a methylene
group (Table 10, entry 6).

The reduction of nitriles containing b-leaving groups
constitutes a mechanistically distinct decyanation to
alkenes. Addition of an electron to the nitrile generates a
radical anion 124 that ejects an adjacent leaving group to
form an alkene and a CN radical that is further reduced
(Scheme 26). Strong reducing agents such as lithium or
sodium efficiently reduce a variety of nitriles to the
corresponding alkenes (Table 10, entries 8–10). The
reaction has been comprehensively examined for the
elimination of b-mesyloxy nitriles to afford an array of
alkenes (Table 10, entry 8).
6.3. Sequential decyanation–alkylation

Reductive decyanation generates an anion for potential
interception by electrophiles. Direct alkylation of the
organolithium intermediates is rare (Table 11, entry 1),
although intramolecular cyclization of the organolithium
species or nascent radical is very efficient and demonstrates
the potential for this chemistry (Table 11, entry 2). The
decyanation of ketonitriles readily generates reactive
enolates (Table 11, entries 3–7) and dienolates (Table 11,
entries 8 and 9) that are stereoselectively alkylated by a
range of electrophiles. Historically, most decyanations have
employed lithium naphthalenide. The recent use of SmI2

(Table 11, entry 6) represents a significant advance in being
particularly mild and ideally suited to use in total synthesis
where the decyanation of highly functionalized intermedi-
ates is required.



Chart 4. Decyanation of cyclic nitriles.a
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Table 10. Decyanation generating cyclic alkenes

Entry Reaction Alkene Yield (%)

1 56–65314

2 81315

3 44316

4 57317

5 82–87318

6 64247

7 98247

8 30–99319

9 71107

10 30320
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Table 11. Decyanation–alkylation of cyclic nitriles

Entry Reaction Products Yield (%)

1 47321

2 65–78307

3 86322

4 40–86323

5 67–71324

6 60–80325

7 60–80155c

8 41–99287

9 76155a

10 51–85326

11 65–78327
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7. New directions

Cyclic nitriles are versatile chameleons that tolerate a
diverse array of organometallic reagents and yet, under
more forcing conditions, are readily converted to a plethora
of functional derivatives. Complementing the nitrile’s
modest electrophilicity is the powerful nucleophilicity
upon deprotonation. Alkylations of cyclic nitriles efficiently
install highly hindered quaternary stereocenters with
excellent stereoselectivity with distinct, and tunable,
reactivity differences emerging between C-metallated
nitriles and the more common N-metallated nitriles. By
controlling the metal coordination site, the alkylation
stereoselectivity of a single cyclic nitrile can be controlled,
providing diastereomeric R and S quaternary nitriles, even at
the crucial ring junction.

The compact electron density of the rod-like CN unit
confers unique properties to cyclic nitriles. As the smallest
carbon-based electron-withdrawing group, nitriles have a
minimal steric demand, resulting in stereoselectivity pre-
ferences that are complementary to those of the significantly
larger carbonyl-based electron-withdrawing groups. The
combined steric and electronic features of nitriles mimic the
properties of hydroxyl groups, providing a robust hydroxyl
surrogate for drug design. In fact, the small steric demand
and high electron withdrawal have historically made nitriles
ideal mechanistic probes. Recent cycloaddition and electro-
cyclization reactions of nitriles suggest that their unique
directing effects can be harnessed in fundamentally new
ways. The combination of high stereocontrol, complemen-
tary reactivity to carbonyl compounds, and post-alkylation
versatility bodes well for the continued development of
cyclic nitriles as versatile synthetic intermediates.
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Abstract—The ship-in-a-bottle synthesis of triphenylamine encapsulated within basic X zeolite has been accomplished by reacting sodium
diphenylamide with bromobenzene in the presence of a bifunctional palladium (Hartwig–Buchwald conditions). The presence of
incarcerated triphenylamine was demonstrated by dissolving the zeolite with concentrated HF and analyzing the organic material in the
dichloromethane extract. Laser flash photolysis (266 nm) gives rise to the generation of triphenylamminium radical cation detected as a
transient species decaying in hundreds of microseconds. Upon repetitive cyclic voltammograms, zeolite encapsulated triphenylamine shows
a reversible oxidation–reduction process. In contrast, in solution triphenylamine undergoes irreversible oxidation with the formation of
coupling dimers.
q 2004 Published by Elsevier Ltd.
1. Introduction

Nowadays, the ability of acid zeolites to generate organic
radical cations is very well established,1,2 and there is only
certain controversy on the nature of the zeolite electron
accepting sites. However, it turned out that the initial report
of the ability of zeolites to generate radical cations was not
very fortunate since none of the two selected probes, 1,1
diphenylethylene and triphenylamine (Ph3N), do really
generate radical cation within the internal space of the
zeolite micropores. The blue species generated upon
adsorption of 1,1 diphenylethylene is in reality a dimeric
carbocation3,4 and on the other hand, it was demonstrated
that triphenylamine is not able to penetrate inside the
micropores of zeolites, since its molecular size is too large
to cross zeolite micropore apertures.5

For tridirectional, large pore zeolites whose internal
micropore system is formed by larger cavities inter-
connected by smaller openings, a situation can be
envisioned in which a large guest can be accommodated
inside the cages, but cannot be adsorbed from the exterior.
In these cases, it is sometimes possible to devise a so-
called ‘ship-in-a-bottle’ synthesis in which the final
0040–4020/$ - see front matter q 2004 Published by Elsevier Ltd.
doi:10.1016/j.tet.2004.11.062
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molecule is prepared inside the cages by reacting smaller
precursors.6,7,8–11 After the synthesis, the large molecule
remains ‘mechanically entrapped’ and incarcerated inside
the cavity with some restricted conformational mobility.
Herein, we report a ship-in-a-bottle synthesis of triphenyl-
amine inside the cavities of zeolite Y (Ph3N@Y) and the
photoinduced generation of its amminium radical cation.
Given the historical importance of Ph3N in zeolite science
as well as the use of triarylamminium radical cations as
initiators for radical cation chain reactions,12 particularly
Diels–Alder cycloadditions, the feasibility to prepare Ph3N
encapsulated inside zeolites could open future applications
of these solids in radical ion chemistry.
2. Results and discussion

The ship-in-a-bottle synthesis of Ph3N inside zeolite Y was
initially attempted by mimicking the reported Ullmann
reaction of diphenylamine and iodobenzene in the presence
of Cu-containing Y zeolite using potassium carbonate as a
base.13 However, although different conditions were studied
in which the copper oxidation state, temperature, solvent
and reaction time were varied, the percentage of Ph3N
formed as detected in the organic solvent was low and
significant amounts of unreacted diphenylamine remained.
The best results have been obtained using Cu2C–Y (70%
NaC-to-CuCC exchange) in nitrobenzene at 200 8C, in
Tetrahedron 61 (2005) 791–796



Figure 1. Diffuse-reflectance UV–Vis spectra of Ph3N@PdCl2–KX
(spectrum a) and Ph2NH@PdCl2–KX (spectrum b). For the sake of
comparison the inset shows the UV–Vis spectra of Ph3N (spectrum c) and
Ph2NH (spectrum d) recorded in dichloromethane.

Figure 2. IR spectra of the samples Ph2NH@PdCl2–KX (a) and
Ph3N@PdCl2–KX (b) recorded at room temperature in a sealed cell after
outgassing at 100 8C during 1 h at 10K2 Pa.
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where analysis of the solvent demonstrates the presence in
the solution of Ph3N with 30% of yield. Probably some in
situ reduction of Cu2C to CuC occurs during the reaction
conditions and this CuC is presumably the active species. IR
spectra of the zeolite wafers after the synthesis were
complicated due to the presence of residual nitrobenzene or
derived products, but anyway these IR spectra conclusively
ruled out the presence of Ph3N inside the zeolite.

Recently, it has been reported a novel Pd-catalyzed
procedure for the arylation of amines known as the
Hartwig–Buchwald reaction.14,15 The main advantages of
this methodology are the milder reaction conditions and the
excellent yields that are generally obtained. In order to test
if this reaction can serve to effect the ship-in-a-bottle
synthesis of Ph3N, we prepared a Pd-containing basic X
faujasite by adsorbing PdCl2 on KX zeolite from aqueous
solution according to the so-called incipient wetness
procedure. For precious, noble metals impregnation with
their salts is a common less costly alternative to conven-
tional ion exchange. This bifunctional catalyst (noble metal
and basic sites) has been earlier found to be an efficient
catalyst for the heterogeneous Suzuki reaction,16 mechan-
istically related to the amine arylation needed here to
synthesize Ph3N.

Thus, treatment of diphenylamine with sodium tert-
butoxide renders the corresponding diphenylamide anion.
By reacting a suspension of this anion with bromobenzene
as solvent at 156 8C using PdCl2–KX as catalyst, the
presence of Ph3N was observed in the organic solution as
the only detectable product accompanied by the complete
disappearance of diphenylamine. Solid–liquid extraction of
the solid also leads to the recovery of extra amounts of Ph3N
in the absence of any diphenylamine. In a blank control
without performing any reaction it was determined that over
70% of the adsorbed diphenylamine is recoverable from
PdCl2–KX by simple solid–liquid extraction, thus, it is
reasonable to assume that unreacted diphenylamine could
have been detected by our reaction procedure.

Normally in the ship-in-a-bottle methodology, analysis of
the liquid phase leads to a product distribution that does not
differ much or is compatible with the organic material
entrapped inside the solid.7 Therefore, analysis of the
supernatant constitutes a rational approach towards the
understanding of the organic adsorbate encapsulated inside
the zeolite pores.17 Once the product distribution in the
liquid phase is compatible with the formation of the Ph3N
and the complete disappearance of diphenylamine is
observed, we proceeded to study the solid by diffuse
reflectance UV–Vis and IR spectroscopies. In the diffuse-
reflectance UV–Vis spectrum, the Ph3N@PdCl2–KX solid
exhibits absorption bands at 255 and 315 nm (Fig. 1). The
bands are, however, much broader than those recorded of
the same compounds in solution, probably indicating the
influence of steric constraints, interaction with the zeolite
host and/or inhomogeneity in the distribution of Ph3N. The
IR spectrum of Ph3N@PdCl2–KX exhibits the vibration
bands characteristic of the phenyl rings at 1600 and
1495 cmK1 (Fig. 2). None of these features appear in the
UV–VIS or IR spectra of PdCl2–KX blank zeolite and they
are attributable exclusively to the organic guest formed
during the Hartwig–Buchwald reaction.

However, given the similarity between the spectra of
diphenylamine and Ph3N, firm spectroscopic evidence for
the formation of Ph3N and the absence of diphenylamine
could not be obtained, since the spectra are compatible with
any of the two compounds or a mixture of both. For the sake
of comparison, Figures 1 and 2 also contain the spectra of
blank controls in which diphenylamine was adsorbed on
PdCl2–KX. Nevertheless, the above spectra, and particu-
larly the IR spectrum of Ph3N@PdCl2–KX, exclude the
presence of some adventitious by-products.

To obtain a conclusive evidence for the presence of Ph3N
inside the X zeolite, we proceeded to dissolve the
aluminosilicate host with concentrated HF and extracted
the resulting organic material with CH2Cl2 after neutraliz-
ation with Na2CO3. Faujasite X is a suitable zeolite for this
type of study, since its aluminosilicate framework easily
dissolves in aqueous acids. This experiment served to
demonstrate definitely the presence of Ph3N in the solid
without being able to detect diphenylamine in the extract.
This result is compatible with the indirect analytical and
spectroscopical data obtained for the supernatant during
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reaction, agrees with the good results of the Hartwig–
Buchwald reaction in homogeneous phase18 and is com-
patible with the in situ spectroscopic data. Controls using a
mixture of Ph2NH and bromobenzene showed that no Ph3N
is formed in the acid treatment. A molecular modeling at the
semiempirical level using AM1 of the best docking of Ph3N
inside the faujasite a-cages is presented in Figure 3 giving a
visual indication of the relative sizes of the organic guest,
the zeolite cavity and the connecting cavity windows. To
obtain this model the faujasite structure was considered
rigid at the crystallographic positions and devoided of
aluminium, while the geometry and location of Ph3N was
optimized to minimize unfavourable van der Waals
interactions.
Figure 3. Visualization of the best docking of Ph3N encapsulated inside the
supercage of an idealized all-silica faujasite.

Figure 4. Time resolved diffuse reflectance UV–Vis spectrum of the
sample Ph3N@PdCl2–KX recorded 35 ms after 266 nm laser excitation (†)
and transient UV–Vis spectrum of Ph3N in aerated MeCN recorded 1 ms
after 308 nm laser excitation (B). The latter transient spectrum
corresponds to the Ph3N

%C radical cation. The inset shows the diffuse
reflectance UV–Vis spectrum of the persistent diphenylamine radical cation
incorporated in a medium pore ZSM-5.
Once the identity and purity of the organic material
encapsulated within zeolite has been demonstrated, we
have used combustion chemical analysis of the extracted
Ph3N@PdCl2–KX sample to determine the loading of
Ph3N. The experimental data of the C/N ratio for the
extracted Ph3N@PdCl2–KX also agrees with the molecular
formula C18H15N for Ph3N (C/N 18) and is significantly
different from that of the diphenylamine C12H11N (C/N 12).
The loading of Ph3N estimated for the weight percent of C
or N is of one molecule every 12.5 supercages in average.

After having demonstrated the successful ship-in-a-bottle
synthesis of Ph3N inside the cavities of zeolite X, we
submitted the Ph3N@PdCl2–KX sample to laser flash
photolysis using the forth harmonic of a nanosecond Nd
YAG laser system at 266 nm. As can be seen in Figure 4,
upon laser excitation a transient species is generated whose
diffuse reflectance UV–Vis spectrum recorded 35 ms after
the laser flash is characterized by an absorption band at
630 nm having a shoulder in the low wavelength side. This
transient decays in hundreds of microseconds and its
disappearance is not complete 1 ms after the laser pulse
that is the longest time scale available in our ns laser system.

This transient was assigned to Ph3N radical cation based on
the lmax of the UV–Vis spectrum recorded for Ph3-
N@PdCl2–KX compared with that of an authentic spectrum
of Ph3N radical cation generated by photolyzing Ph3N in
acetonitrile solution in the presence of oxygen (Figure 4,
lmax 600 nm) and also with the reported spectrum of
triphenylamminium radical cation.19–21 The minor differ-
ences in the transient spectra of Ph3N

%C recorded in
solution and from the Ph3N@PdCl2–KX sample can be
easily explained by the absorption of the PdCl2–KX matrix
as compared with the transparent solvent. Moreover, this
transient spectrum is also similar in shape, although
significantly shifted, with that recorded for diphenylamine
in acid zeolites, particularly ZSM-5 zeolite.22 It has been
shown that diphenylamine radical cation can be generated
spontaneously upon adsorption of neutral diphenylamine
into the channels of dehydrated ZSM-5.22–24 Under these
circumstances, the resulting radical cation entrapped in
ZSM-5 is persistent enough to be characterized by
conventional spectroscopy. For the sake of comparison,
Figure 4 also includes the diffuse reflectance UV–Vis
spectrum of persistent diphenylamine radical cation incor-
porated in ZSM-5. The absorption maxima wavelength
appears at 690 nm, about 60 nm red-shifted as compared to
lmax for Ph3N@PdCl2–KX.

The fact that the lifetime of the Ph3N radical cation
generated photochemically in faujasite X is dramatically
shorter than that of diphenylamine radical cation in ZSM-5
can be attributed to the stabilization introduced by the steric
restrictions imposed by the rigid ZSM-5 framework (5.4!
5.6 Å) thwarting reaction pathways otherwise accessible to
diphenylamminium radical cation. In fact, it has been
reported that the radical cation of diphenylamine and other
aromatic amines undergoes different reactions when
adsorbed on large pore acid zeolites.25,26 Moreover, as
mentioned above our KX zeolite is not acidic but basic. It is
known that the persistence of radical cations increases with
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the acid strength of the zeolite framework.1 It has been
established that the lifetime of organic radical cations
generated by electron abstraction of electron rich molecules
from the zeolite framework increases considerably (over six
orders of magnitude!) with acidity of the zeolite
framework.27

Encapsulation of Ph3N inside the cavities of zeolite X
cavities should isolate this molecule. Immobilization of
Ph3N should impede dimerization of Ph3N

%C radical cation
through ion–molecule reaction (Scheme 1), a process that is
known to occur in solution and that leads to benzidine
derivatives. Dimerization through Ph3N

%C radical cation is
the process responsible of the lack of reversibility observed
in the cyclic voltammetry generation of Ph3N

%C in solution.
To demonstrate the positive influence of encapsulation
thwarting ion–molecule reactions of Ph3N

%C such as that
indicated in Scheme 1, we proceeded to record the cyclic
voltammetry of the Ph3N@PdCl2–KX sample and com-
pared to results with those recorded for the same molecule
in solution.27–30 It has been agreed that electrochemical
techniques only probe those guests located in the outermost
layers of the zeolite particles, those others that are located
deep inside the particle cannot be probed.9,31–36 Never-
theless this limitation, cyclic voltammetry is very useful to
study the behaviour of zeolite-bound organic radical
cations. Figure 5 shows the cyclic voltammogram of
Ph3N recorded in acetonitrile solution, compared to the
response recorded for a zeolite-modified electrode contain-
ing Ph3N@PdCl2–KX.
Scheme 1.

Figure 5. (a) Cyclic voltammogram of Ph3N in acetonitrile using 0.10 M
LiClO4 as electrolyte; (b) cyclic voltammogram recorded after 10 previous
cycles of a zeolite-modified electrode containing Ph3N@PdCl2–KX in
contact with an acetonitrile solution using 0.10 M LiClO4 as electrolyte.
Upon anodic scan at positive potentials, the response of
Ph3N@PdCl2–KX shows two anodic oxidation peaks at
C0.6 and C0.9 V vs SCE corresponding to palladium
oxidation and the radical cation generation of Ph3N. The
oxidation of Ph3N in solution takes place at C1.0 V vs.
SCE, thus indicating that Ph3N oxidation is facilitated by
0.1 V inside the zeolite pores, a fact that agrees with the
general behavior of zeolites stabilizing radical cations.1 In
our case, interaction with co-adsorbed Pd could also be
responsible for this shift. The reversibility of the oxidation–
reduction cycles of Ph3N incorporated inside zeolite X was
clearly demonstrated by the observation of a cathodic peak
at C0.8 V vs SCE corresponding to the reduction of
Ph3N

%C to the neutral Ph3N molecule. Although some
gradual variations in the cyclic voltammetric profile are
apparent during the initial four scans, upon multiple
repetitive scans from the fifth to 20th a stationary response
was recorded in which the reversibility of the oxidation–
reduction for Ph3N in Ph3N@PdCl2–KX is clearly
observed. The initial voltammetric scans also contained
the C0.6 and C0.9 V peaks as in Figure 5, but these waves
were considerably less defined appearing on top of a broad
background. The initial variations in the profile are most
likely due to surface-bound spurious species that become
progressively degraded in the first voltammometric cycles.

In conclusion, by using the Hartwig–Buchwald arylation of
amines it has been possible to prepare a sample in which
bulky Ph3N is encapsulated inside the spherical supercages
of faujasites, something that was claimed in the early reports
on synthetic zeolites. The corresponding radical cation has
been generated and detected in the submillisecond time
scale as a transient by laser flash photolysis. By means of
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cyclic voltammetry we have shown the reversibility of the
oxidation–reduction, a fact that is not observed for Ph3N in
solution and that is directly related to the immobilization
and site isolation of Ph3N within the zeolite supercages.
3. Experimental

NaX and NaY zeolites were commercial samples (Aldrich).
The faujasites in their NaC-form were ion exchanged by
stirring at room temperature a suspension of the solid in a
0.4 M aqueous solution of Cu(NO3)2 or KOAc using a
solid/liquid ratio of 10 for 5 h. The ion exchange was
repeated a second time using, in this case a 1 M solution of
Cu(NO3)2 or KOAc under the same conditions. The
resulting CuY and KX zeolites were collected and
dehydrated by heating at 300 8C overnight. The CuCC,
KC and NaC content was determined by quantitative atomic
absorption spectroscopy after dissolving known weight of
the zeolites with aqueous HF (20 wt %). PdCl2–KX was
obtained by adding dropwise a solution of PdCl2 (16.5 mg)
in water (0.7 ml) to dry KX under stirring to afford the
PdCl2–KX. The solid was dehydrated before using for the
ship-in-a-bottle synthesis of Ph3N.

Diphenylamine (50 mg, 0.3 mmol) was reacted with Na
tBuO (1.2 equiv) in bromobenzene (20 ml) at room
temperature for 1 h. After this time, dehydrated PdCl2–KX
(1.0 g) was added to the solution, and the suspension stirred
magnetically at 156 8C for 48 h. The course of the reaction
was periodically followed by GC (25 m, 5% crosslinked
phenylmethylsilicone capillary column). After the reaction,
the solid was filtered, washed with CH2Cl2 and submitted to
continuous solid–liquid extraction with CH2Cl2. Analysis of
the adsorbates was accomplished by dissolving the
aluminosilicate (1.00 g) with concentrated aqueous HF
(20 ml). Once the solid has been dissolved, the solution
was neutralized with HCO3

K and extracted with CH2Cl2.
The organic extract was analyzed by GC and the retention
time compared to those of authentic samples of diphenyl-
amine and Ph3N.

Diffuse reflectance UV–Vis spectra were recorded under a
N2 flow (0.5 ml!minK1) on a Cary 5G adapted with a
praying mantis accessory. UV–Vis spectra were recorded on
a Shimadzu UV-scanning spectrophotometer using
dichloromethane as solvent. IR spectra were recorded on a
Nicolet 710 spectrophotometer using sealed greaseless
quartz cells provided with CaF2 windows. Self-supported
wafers (10 mg) were obtained by pressing the zeolite at
1 Torr!cmK2 for 1 min. The IR spectra were recorded at
room temperature under vacuum after outgassing at 300 8C
under 10K2 Pa. Laser flash photolysis experiments were
carried out using the fourth (266 nm, 20 mJ pulseK1)
harmonic of a Surelite Nd:YAG laser for excitation (pulse
%10 ns). The signal from the monochromator/photomulti-
plier detection system was captured by a Tektronix
TDS640A digitizer and transferred to a PC computer that
controlled the experiment and provided suitable processing
and data storage capabilities. Fundamentals37 and details38

of similar time-resolved laser setup has been published
elsewhere.
Zeolite modified electrodes were prepared by transferring a
few microlitres (typically 50 mL) of a dispersion of the
zeolite (10 mg) in acetone (5 mL) to the surface of a freshly
polished glassy carbon electrode and allowing the suspen-
sion coating the electrode to dry in air. Then, one drop of a
solution of commercially available Paraloid B72 [ethyl
acrylate (70%)–methyl acrylate (30%) co-polymer] (1%) in
acetone was added and the modified electrode was again air
dried. The coatings examined contained 0.2–1.5 mg/cm2 of
the zeolite. Cyclic voltammograms of Ph3N acetonitrile
solution or Ph3N@PdCl2–KX deposited on glassy carbon
electrodes were performed with a BAS CV50W equipment
using a standard three-electrode arrangement with a
platinum auxiliary electrode and a AgCl (3 M NaCl)/Ag
reference electrode (SCE) in a thermostated cell. All
electrochemical measurements were performed in well-
deaerated solutions under an atmosphere of argon. To
improve peak resolution, background subtraction using the
voltammograms recorded at the bare electrode and semi-
derivative convolution of the voltammograms were
routinely performed.
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Abstract—Amino acid methyl esters were used as amine nucleophiles in palladium catalysed aminocarbonylation of iodobenzene and
iodoalkenes (1-iodo-cyclohexene and 17-iodo-androst-16-ene). 2-Oxo-carboxamide type derivatives can be isolated as a result of double CO
insertion by using iodobenzene as a substrate at elevated carbon monoxide pressure. On the contrary, carboxamides of expected structure
were obtained exclusively in excellent yields in the whole pressure range by using iodoalkenes. The aminocarbonylation of 17-iodo-androst-
16-ene in [bmim][PF6] or [bmim][BF4] (where bmimZ1-butyl-3-methyl-imidazolium cation) ionic liquids was also carried out and the ionic
liquid–catalyst mixtures have been reused several times with only a small loss of activity.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Palladium-catalysed carbonylation reactions including
amino- and alkoxycarbonylation and carbonylative
coupling reactions are widely used in synthetic chemistry.1

There are a number of applications concerning the synthesis
of simple building blocks and the functionalization of
biologically important skeletons.2 Aminocarbonylation
plays a special role among these reactions, since those
carboxamides which are hardly available via the carboxylic
acid–carboxylic halide–carboxamide route (e.g., with bulky
substituents at the amide nitrogen) can be synthesised from
easily available starting materials. The synthesis of
unsaturated carboxamides or aryl carboxamides with
various structures has been published using enol-triflates/
iodo-alkenes or aryl triflates/aryl halides as substrates in
aminocarbonylation, respectively.3

The application of amino acid esters as N-nucleophiles in
aminocarbonylation could be of great importance for two
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.064

Keywords: Aminocarbonylation; Carbon monoxide; Amino acid; Palla-
dium; Ionic liquid.
* Corresponding author. Tel.: C36 72503600; fax: C36 72501518;
e-mail: kollar@ttk.pte.hu
reasons: (i) amino acid derivatives or (oligo)peptides can be
marked at the N-termini by the desired aromatic (or alkenyl)
groups and (ii) skeletons of practical importance can be
functionalized by amino acids protected at the carboxyl
termini.

Although homogeneous carbonylation reactions may serve
as an attractive tool in organic synthesis, there are serious
difficulties in product separation and catalyst recovery.
Among the methods (the use of various two-phase systems,4

supported catalysts,5 aqueous/organic media,6 and alterna-
tive solvents like supercritical fluids,7 fluorous solvents8)
aiming at the reduction of these problems, ionic liquid
catalysis plays an important role.9 Homogeneous catalysis
carried out in ionic liquids drew particular attention in the
last few years and several examples for various palladium
catalysed reactions carried out in ionic liquids have been
published. However, there are only some sporadic results
for the palladium catalysed aminocarbonylation of organic
halides in ionic liquids.10

Although the N-acylation of amino acids is widely used in
synthetic chemistry, to the best of our knowledge, there is
only one example for the use of homogeneous
Tetrahedron 61 (2005) 797–802
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aminocarbonylation of enol triflates by aminoacid deriva-
tives as a tool for the introduction of a carboxamide
moiety.11 (This reaction was carried out using a slight
excess of the C-protected amino acid as nucleophile, at 3 bar
CO pressure (40 psi) at room temperature resulting in the
products in 45–78% yields after 2 days). We found
recently,12 that homogeneous catalytic aminocarbonylation
of steroidal substrates can be effectively carried out in ionic
liquids as solvents even at atmospheric CO pressure using
various palladium–phosphine catalytic systems.

Encouraged by the increasing importance of the selective
synthesis of amino acid derivatives, we decided to
investigate the possibility of extending the scope of this
method to iodo-aryl/iodo-alkenyl substrates. Accordingly,
the high-yielding aminocarbonylation of iodo-benzene,
1-iodo-cyclohexene and 17-iodo-androst-16-ene with
amino acid methyl esters of different types is published in
the present paper.
2. Results and discussion

2.1. Aminocarbonylation in conventional organic
solvents

Iodo-benzene (1), 1-iodo-cyclohexene (2) and 17-iodo-
androst-16-ene (3) were reacted with methyl glycinate (a),
methyl alaninate (b), methyl phenylalaninate (c), methyl
valinate (d), methyl 4-amino-4-benzyl-butanoate (e) and
methyl N-alaninoyl-prolinate (f) under atmospheric carbon
monoxide in the presence of in situ generated palladium(0)-
triphenylphosphine catalysts (Scheme 1). Palladium(II)
acetate was used as catalytic precursor. (The formation of
Pd(0) species from the generally used Pd(OAc)2–PPh3
system has been proved by cyclic voltammetry and 31P
NMR.13 The reduction of Pd(II) to Pd(0) is due to PPh3,
which is itself oxidised to triphenylphosphine oxide).

The reactivities of the two types of substrates, that of
iodobenzene (1) and iodo-alkenes (1-iodo-cyclohexene (2)
and 17-iodo-androst-16-ene (3)) are markedly different. The
formation of the expected amides was observed both with 2
and 3 under atmospheric carbon monoxide at 50 8C in DMF.
The resulting amides (2a–2f, 3a–3f) have been obtained
with practically complete conversion and isolated in 70–
Scheme 1. Reaction of iodo-benzene (1) and iodo-alkenes (2 and 3) with amino
86% yields after column chromatography (see Section 4).
However, iodobenzene (1) shows a rather poor reactivity
towards amino acid derivatives under the same reaction
conditions. (Carbonylation products have only been
obtained in traces (!1%) except for 1a which was formed
in 20% yield). The isolation of the corresponding N-benzoyl
amino acids (1a–1f) as pure compounds failed.

Under increased carbon monoxide pressure (10–40 bar) 2-
oxo-carboxamides (1a 0–1d 0) have been obtained in
excellent yields from iodobenzene (1). The formation of
2-oxo-carboxamides is accompanied by the formation of
simple carboxamides (1a–1f) in surprisingly low amounts
(less than 5%, if any detectable amount). It should be noted
that 2-oxoamides present very interesting biological proper-
ties. For example, various lipophilic 2-oxoamides are potent
inhibitors of digestive lipases14–16 and phospholipases A2.17

Most recently it has been reported that 2-oxoamides based
on g-aminoacids inhibit Group VIA phospholipase A2 and
exhibit interesting in vivo anti-inflammatory and analgesic
activity.18 Carrying out the carbonylation reaction with the
iodovinyl substrates (2 and 3) under same reaction
conditions, the corresponding double-carbonylation
products (2a 0–2d 0) were absent even at 40 bar carbon
monoxide pressure.

Although the formation of 2-oxo-carboxamide can be
explained in two ways, namely both the ‘glyoxyl-route’
and the ‘acyl-aminocarbonyl-route’ can be operative,
detailed mechanistic studies revealed that the latter is
responsible for the formation of double-carbonylation.19,20

This way, the iodo-substrates are oxidatively added to in situ
formed palladium(0) complexes. Carbon monoxide is
coordinated to palladium and its insertion to Pd–C bond
takes place. While benzoyl-palladium complexes might
form the corresponding benzoyl-aminocarbonyl complex
which leads to keto-carboxamides (1a 0–f 0) by reductive
elimination, the alkenoyl-palladium species react directly
with the amine nucleophile providing the corresponding
carboxamide (2a–2f and 3a–3f).

It is worth noting, that the good reactivity of the substrates
with iodo-alkene functionality and the easy work-up of the
reaction mixtures make these derivatives suitable for any
functionalization. The use of iodo-alkenes as synthetic
substitutes for the corresponding enol-triflates is supported
acid derivatives under carbonylation conditions.
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not only by green chemistry principles but also their
advantageous synthetic properties as substrates in homo-
geneous catalytic reactions. The advantageous use of
steroidal substrates with 17-iodo-16-ene functionality has
been proved in a variety of palladium-catalysed homo-
geneous reactions.21
2.2. Aminocarbonylation of 3 in ionic liquids

As products obtained with homogeneous catalytic trans-
formations of steroidal substrates cannot be separated by
distillation, several repetitive chromatographic separations
are needed for the complete removal of the catalyst, which is
essential for compounds of pharmaceutical interest.

Recently, we have found12 that the palladium-content of the
crude steroidal product could be decreased by the use of
ionic liquids as solvents during aminocarbonylation of
steroidal 17-iodo-16-ene derivatives with morpholine as the
nucleophile. The ionic liquid–catalyst mixture could be
reused several times with only a small loss of activity.

A similar method was effectively used for the model
aminocarbonylation of 3 with methyl glycinate as the
nucleophile (Table 1). The steroidal substrate was reacted
with methyl glycinate in the presence of a palladium catalyst
and Et3N in carbon monoxide atmosphere at 100 8C. The
product could be extracted with toluene together with the
unreacted starting material.

Based on our previous results, [bmim]C[PF6]
K and

[bmim]C[BF4]
K ionic liquids were used as solvents and

in situ formed palladium complexes as catalysts derived
from Pd(OAc)2CnPPh3 or Pd(OAc)2CnDPPBA (DPPBA:
4-(diphenylphosphino)benzoic acid) precursors. A rela-
tively high phosphine/palladium ratio was essential for the
efficient re-circulation of the catalyst, so the reactions were
carried out at 6, 8 or 10 P/Pd ratios.

Although the reuse of the ionic liquid–catalyst mixture
seems to be less effective here compared to the amino-
carbonylation with morpholine, the same effects of the
modification of the reaction conditions on the conversion
were observed. The ionic liquid [bmim]C[BF4]

K was found
to be superior to [bmim]C[PF6]

K. The increase in the ratio
of PPh3 to palladium led to lower conversion (compare
entries 1, 3, 4 in Table 1). The best results were obtained
with the Pd(OAc)2C10DPPBA catalytic system. It should
Table 1. Carbonylation of 17-iodo-5a-androst-16-ene in the presence of methyl

Entry Solvent Phosphine P/Pd

Run 1

1 [bmim]C[PF6]
K PPh3 6 99

2 [bmim]C[BF4]
K PPh3 6 100

3 [bmim]C[PF6]
K PPh3 8 93

4 [bmim]C[PF6]
K PPh3 10 85

5 [bmim]C[PF6]
K DPPBA 6 100

6 [bmim]C[BF4]
K DPPBA 6 100

7 [bmim]C[PF6]
K DPPBA 10 100

8 [bmim]C[BF4]
K DPPBA 10 100

a Reaction conditions: ionic liquid (600 mg), 1 (0.2 mmol), Pd(OAc)2 (0.01 mm
hydrochloride (0.4 mmol) were heated in CO atmosphere for 8 h at 100 8C.
be mentioned that using this phosphine no leaching of the
ligand into the extract was observed.
3. Conclusions

Palladium catalysed aminocarbonylation proved to be an
efficient method for the functionalization of iodobenzene
and iodoalkenes using amino acid methyl esters as amine
nucleophiles. The reactivity of the two types of substrates
differs substantially. 2-Oxo-carboxamide type derivatives
have been isolated as a result of double CO insertion by
using iodobenzene, while carboxamides were obtained
exclusively in excellent yields in the whole pressure range
using iodoalkenes. 17-Iodo-androst-16-ene was success-
fully carbonylated in [bmim][PF6] or [bmim][BF4] ionic
liquids and the ionic liquid–catalyst mixtures have been
reused several times with only a small loss of activity.
4. Experimental

4.1. General procedures

1H and 13C NMR spectra were recorded in CDCl3 on a
Varian Inova 400 spectrometer at 400.13 and 100.62 MHz,
respectively. Chemical shifts d are reported in ppm relative
to CHCl3 (7.26 and 77.00 ppm for 1H and 13C, respectively).
Elemental analyses were measured on a 1108 Carlo Erba
apparatus.

Samples of the catalytic reactions were analysed with a
Hewlett Packard 5830A gas chromatograph fitted with a
capillary column coated with OV-1.

4.2. Aminocarbonylation experiments at normal
pressure

In a typical experiment a solution of Pd(OAc)2 (5.6 mg,
0.025 mmol), PPh3 (13.1 mg, 0.05 mmol), 0.5 mmol iodo
substrate (1, 2 or 3), 0.65 mmol amino acid methyl ester (a,
b, c, d, e or f) were dissolved in 10 ml DMF (10 ml) under
argon. Triethylamine (0.5 ml) was added to the homo-
geneous yellow solution and the atmosphere was changed to
carbon monoxide. The colour changed to dark red. The
reaction was conducted for 6 h at 50 8C. Some metallic
palladium was formed at the end of the reaction which was
filtered. (A sample of this solution was immediately
analysed by GC–MS.) The mixture was then concentrated
glycinate using Pd(OAc)2Cphosphine in situ catalysts in ionic liquidsa

Conversion (%)

Run 2 Run 3 Run 4 Run 5

98 92 70 52
100 98 74 55
90 78 57 —
83 62 54 —
76 58 — —
88 87 83 64
100 86 55
100 98 88 70

ol), the phosphine (as indicated), Et3N (0.15 ml) and methyl glycinate
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and evaporated to dryness. The residue was dissolved in
chloroform (20 ml) and washed with water (20 ml). The
organic phase was thoroughly washed twice with 5% HCl
(20 ml), saturated NaHCO3 (20 ml), brine (20 ml), dried
over Na2SO4 and concentrated to a yellow waxy material or
a thick oil. Chromatography (silica, chloroform, than
chloroform/ethanolZ1/1) yielded the desired compounds
as yellow solids.

4.3. Aminocarbonylation experiments at high pressure

The DMF solution of the catalyst precursor and reactants
(amounts given in Section 4.2) was transferred under argon
into a 100 ml stainless steel autoclave. The reaction vessel
was pressurised up to 40 bar total pressure with carbon
monoxide and the magnetically stirred mixture was heated
in an oil bath at 50 8C for 6 h. The work-up procedure is
identical with that given above.

4.4. Aminocarbonylation in ionic liquid

In a typical procedure, 17-iodo-5a-androst-16-ene
(0.2 mmol), Pd(OAc)2 (0.01 mmol), PPh3 (0.02 mmol),
methyl glycinate (0.4 mmol) and [bmim]C[PF6]

K or
[bmim]C[BF4]

K (600 mg) were placed in a Schlenk-tube
equipped with a magnetic stirrer, a septum inlet and a reflux
condenser with a balloon on the top. This was placed under
carbon monoxide, and Et3N (0.15 ml) was added. The
reaction mixture was heated at 100 8C for 8 h. The mixture
was extracted twice with 0.4 ml toluene. The extracts were
analysed by GC. Any volatiles were removed from the ionic
liquid in vacuo and new load of starting materials (steroid,
Et3N and methyl glycinate) for the next catalytic run were
added to the ionic liquid/catalyst mixture and the atmos-
phere was changed to carbon monoxide. The consecutive
runs were conducted for the same reaction time.

4.5. Characterization of the products

4.5.1. Methyl N-(benzoyl)-glycinate (1a). MS m/z (rel. int.
%): 193 (9) (MC), 161 (5), 134 (18), 105 (100), 77 (35).

4.5.2. Methyl N-(phenylglyoxyl)-glycinate (1a 0). 1H NMR
(CDCl3) d: 8.31 (d, JZ8.4 Hz, 2H; Ph); 7.61 (t, JZ7.6 Hz,
1H, Ph); 7.46 (m, 2H, Ph); 4.16 (d, JZ5.6 Hz, 2H); 3.78 (s,
3H, OCH3).

13C NMR (CDCl3) d: 186.8; 169.3; 161.8;
134.5; 133.1; 131.2; 128.5; 52.5; 41.1. IR (KBr, (cmK1)):
3370 (NH); 1753 (COO); 1670 (CON). MS m/z (rel. int. %):
221 (7), 207 (6), 116 (18), 105 (100), 77 (42). Anal. calcd
for C11H11NO4 (221.21): C, 59.73; H, 5.01; N, 6.33; Found:
C, 59.92, H, 5.12; N, 6.50. Yield: 79%.

4.5.3. Methyl N-(benzoyl)-alaninate (1b).MS m/z (rel. int.
%): 207 (3) (MC), 148 (45), 105 (100), 77/25.

4.5.4. Methyl N-(phenylglyoxyl)-alaninate (1b 0). 1H NMR
(CDCl3) d: 7.3–7.7 (m, 5H); 6.27 (brs, 1H, NH); 4.59
(quint., 1H, 7.2 Hz, CHCH3); 3.70 (s, 3H, OCH3); 1.31 (d,
JZ7.2 Hz, 3H, CHCH3).

13C NMR (CDCl3) d: 187.0;
172.4; 161.2; 134.4; 132.1; 131.1; 128.5; 52.6; 48.1; 18.0.
IR (KBr, (cmK1)): 3380 (NH); 1725 (COO); 1645 (CON).
MS m/z (rel. int. %): 235 (1) (MC), 204 (1), 176 (4), 130
(44), 105 (100), 102 (25), 77 (32). Anal. calcd for
C12H13NO4 (235.24): C, 61.27; H, 5.57; N, 5.95; Found:
C, 61.42, H, 5.79; N, 5.68. Yield: 74%.

4.5.5. Methyl N-(phenylglyoxyl)-phenylalaninate (1c 0).
1H NMR (CDCl3) d: 8.23 (d, JZ7.6 Hz, 2H, Ph); 7.58 (t,
JZ8.0 Hz, 1H, Ph); 7.44 (t, JZ8.0 Hz; 2H, Ph); 7.27 (m,
4H, Ph); 7.15 (d, JZ6.8 Hz, 2H, Ph); 4.93 (dq; JZ6.4,
2.4 Hz, 1H, NHCH); 3.74 (s, 3H, OCH3); 3.23 (dd, JZ11.5;
5.2 Hz, 1H, CHaHb); 3.15 (dd, JZ11.5, 5.6 Hz, 1H,
CHaHb).

13C NMR (CDCl3) d: 186.9; 171.0; 161.2; 135.4;
134.5; 133.1; 131.1; 129.2; 128.7; 128.5; 127.3; 53.3; 52.5;
38.0. MS m/z (rel. int. %): 311 (2) (MC), 206 (8), 178 (12),
162 (22), 146 (19), 105 (100), 81 (33), 51 (28). Anal. calcd
for C18H17NO4 (311.34): C, 69.44; H, 5.50; N, 4.50; Found:
C, 69.65, H, 5.67; N, 4.31. Yield: 82%.

4.5.6. Methyl N-(phenylglyoxyl)-valinate (1d 0). 1H NMR
(CDCl3) d: 8.30 (d, JZ8.0 Hz, 2H, Ph); 7.60 (m, 1H, Ph);
7.4 (m, 3H, Ph CNH); 4.59 (dd, JZ5.2, 9.2 Hz, 1H, CH);
2.27 (dh, JZ6.4; 5.2 Hz; 1H, CH(CH3)2); 0.99 (d, JZ
6.4 Hz, 3H, CH3); 0.96 (d, JZ6.4 Hz; 3H, CH3).

13C NMR
(CDCl3) d: 187.0; 171.4; 161.5; 134.4; 133.2; 131.2; 128.5;
57.3; 52.3; 31.4; 19.0; 17.8. IR (KBr, (cmK1)): 3390 (NH);
1745 (COO); 1684 (amide-I), 1668 (n (CO). MSm/z (rel. int.
%): 263 (10) (MC), 204 (8), 158 (18), 130 (57), 105 (100),
77 (45). Anal. calcd for C14H17NO4 (263.29): C, 63.87; H,
6.51; N, 5.32; Found: C, 63.71, H, 6.68; N, 5.10. Yield:
74%.

4.5.7. Methyl N-(phenylglyoxyl)-4-amino-4-benzyl-
butanoate (1e 0). 1H NMR (CDCl3) d: 8.2 (d, JZ8 Hz,
2H, Ph(ortho)); 7.60 (t, 1H, Ph(para)); 7.4 (t, 2H, Ph(meta));
7.15–7.30 (m, 5H, Ph); 6.9 (brs, 1H, NH); 4.30 (m, 1H, CH);
3.63 (s, 3H, OCH3); 2.87 (d, JZ6.8 Hz; CH2); 2.40 (m, 2H,
CH2); 2.00 (m, 1H, CHaHb); 1.80 (m, 1H, CHaHb).

13C
NMR (CDCl3) d: 183.0; 173.6; 161.6; 137.1; 134.4; 133.3;
131.1; 129.4; 128.6; 128.5; 126.8; 51.8; 50.4; 41.3; 30.9;
29.1. IR (KBr, (cmK1)): 3380 (NH); 1720 (COO); 1688
(CON), 1660 (CO). MS m/z (rel. int. %): 339 (3) (MC), 248
(22), 117 (27), 105 (100), 91 (31), 77 (43). Anal. calcd for
C20H21NO4 (339.39): C, 70.78; H, 6.24; N, 4.13; Found: C,
70.94, H, 6.50; N, 3.88. Yield: 77%.

4.5.8. MethylN-(1-cyclohexenoyl)glycinate (2a). 1H NMR
(CDCl3) d: 6.67 (brs, 1H; ]CH); 6.18 (brs, 1H, NH); 4.07
(d, JZ5.2 Hz, 1H, NHCH2); 3.74 (s, 3H, OCH3); 2.24 (m,
2H, CH2); 2.14 (m, 2H, CH2); 1.68 (m, 2H, CH2); 1.58 (m,
2H, CH2).

13C NMR (CDCl3) d: 170.7; 168.5; 134.5; 132.5;
52.3; 41.3; 25.4; 24.1; 22.1; 21.5. IR (KBr, (cmK1)): 3435
(NH); 1742 (COO); 1670 (CON); 1625 (C]C). MS m/z
(rel. int. %): 197 (30) (MC), 165 (4), 138 (11), 109 (100), 81
(61), 53 (13). Anal. calcd for C10H15NO3 (197.23): C,
60.90; H, 7.67; N, 7.10; Found: C, 61.05, H, 7.86; N, 7.35.
Yield: 75%.

4.5.9. Methyl N-(1-cyclohexenoyl)-alaninate (2b). 1H
NMR (CDCl3) d: 6.60 (brs, 1H; ]CH); 6.27 (brs, 1H,
NH); 4.57 (quint., 1H, JZ7.2 Hz, CHCH3); 3.68 (s, 3H,
OCH3); 2.18 (brs, 2H, CH2); 2.09 (m, 2H, CH2); 1.62 (m,
2H, CH2); 1.58 (m, 2H, CH2); 1.35 (d, JZ7.2 Hz, 3H,
CHCH3).

13C NMR (CDCl3) d: 173.7; 167.8; 134.0; 132.6;
52.2; 47.9; 25.2; 24.0; 21.9; 21.4; 18.3. IR (KBr, (cmK1)):
3405,3425 (NH); 1738 (COO); 1672 (CON); 1628 (C]C).
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MS m/z (rel. int. %): 211 (12) (MC), 152 (35), 109 (100), 81
(36), 79 (23). Anal. calcd for C11H17NO3 (211.26): C,
62.54; H, 8.11; N, 6.63; Found: C, 62.76, H, 8.34; N, 6.47.
Yield: 78%.

4.5.10. MethylN-(1-cyclohexenoyl)-phenylalaninate (2c).
1H NMR (CDCl3) d: 7.2 (m, 5H, Ph); 6.54 (brs, 1H,]CH);
6.17 (d, JZ7.2 Hz, 1H, NH); 4.86 (dt, JZ7.2 Hz, 1H,
CHCH2); 3.64 (s, 3H, OCH3); 3.09 (m, 2H, CH2Ph); 2.07
(m, 4H, CH2CH2); 1.58 (m, 2H, CH2); 1.51 (m, 2H, CH2).
13C NMR (CDCl3) d: 172.0; 167.7; 135.9; 134.0; 132.5;
129.1; 128.3; 126.8; 52.9; 51.9; 37.6; 25.1; 23.8; 21.8; 21.2.
IR (KBr, (cmK1)): 3431 (NH); 1754 (COO); 1681 (CON);
1638 (C]C). MS m/z (rel. int. %): 287 (4) (MC), 228 (4),
162 (38), 109 (100), 91 (18), 81 (35), 79 (23). Anal. calcd
for C17H21NO3 (287.36): C, 71.06; H, 7.37; N, 4.87; Found:
C, 71.28, H, 7.25; N, 4.59. Yield: 81%.

4.5.11. Methyl N-(1-cyclohexenoyl)-valinate (2d). 1H
NMR (CDCl3) d: 6.59 (brs, 1H, ]CH); 6.13 (d, JZ
8.4 Hz, 1H, NH); 4.54 (dd, JZ8.4, 5.2 Hz, NHCH); 3.66 (s,
3H, OCH3); 2.20 (m, 1H, CH(CH3)2); 0.88 (d, JZ6.8 Hz,
3H, CH3); 0.85 (d, JZ6.8 Hz; 3H, CH3);

13C NMR (CDCl3)
d: 172.6; 168.2; 133.8; 132.9; 56.8; 51.9; 31.3; 25.2; 24.1;
21.9; 21.4; 18.8; 17.8. IR (KBr, (cmK1)): 3425 (NH); 1742
(COO); 1670 (CON); 1621 (C]C). MS m/z (rel. int. %):
239 (3) (MC), 180 (14), 109 (100), 81 (40), 79 (36). Anal.
calcd for C13H21NO3 (239.31): C, 65.25; H, 8.84; N, 5.85;
Found: C, 65.47, H, 9.05; N, 5.70. Yield: 79%.

4.5.12. Methyl N-(1-cyclohexenoyl)-4-amino-4-benzyl-
butanoate (2e). 1H NMR (CDCl3) d: 7.27 (d, JZ7.2 Hz;
2H, Ph); 7.2 (m, 3H, Ph); 6.52 (brs, 1H, ]CH); 5.6 (br d,
JZ7.0 Hz; 1H, NH); 4.22 (m, 1H, CHCH2); 3.63 (s, 3H,
OCH3); 2.9 (m, 1H, CHaHb); 2.7 (m, 1H, CHaHb); 2.35 (m,
4H, 2!CH2); 2.13 (m, 4H, CH2CH2); 1.65 (m, 2H, CH2);
1.57 (m, 2H, CH2).

13C NMR (CDCl3) d: 174.1; 168.0;
138.0, 133.2, 132.9, 129.3, 128.2, 126.3, 51.4; 49.9, 41.0;
30.8; 28.5; 25.1; 24.0; 21.9; 21.3. IR (KBr, (cmK1)): 3423
(NH); 1734 (COO); 1672 (CON); 1625 (C]C). MS m/z
(rel. int. %): 315 (1) (MC), 224 (25), 109 (100), 98 (37), 247
(29), 91 (12), 81 (26). Anal. calcd for C19H25NO3 (315.41):
C, 72.35; H, 7.99; N, 4.44; Found: C, 72.62; H, 8.20; N,
4.24. Yield: 69%.

4.5.13. Methyl N-(1-cyclohexenoyl)-N 0-alaninoyl-pro-
linate (2f). 1H NMR (CDCl3) d: 6.70 (brs, 1H, NH); 6.65
(brs, 1H, ]CH); 4.80 (qi, JZ6.4 Hz, 1H, CHCH3); 4.52
(dd, JZ8.6, 4.8 Hz, 1H, CHCOO); 3.71 (s, 3H, OCH3); 3.60
(m, 2H, NCH2); 1.95–2.25 (m, 8H, 4!CH2); 1.50–1.70 (m,
4H, 2!CH2); 1.41 (d, JZ6.4 Hz, 3H, CHCH3).

13C NMR
(CDCl3) d: 172.3; 171.7; 167.4; 149.7; 134.3; 58.8; 52.3;
46.9; 46.6; 29.0; 25.4; 25.0; 24.1; 22.1; 21.5; 18.1. IR (KBr,
(cmK1)): 3420 (NH); 1751 (COO); 1665 (CON); 1645
(CON); 1614 (C]C). MS m/z (rel. int. %): 308 (2) (MC),
180 (10), 152 (21), 128 (15), 109 (100), 81 (14). Anal. calcd
for C16H24N2O4 (308.38): C, 62.32; H, 7.84; N, 9.08;
Found: C, 62.45, H, 7.59; N, 9.31. Yield: 80%.

4.5.14. Methyl N-(17-androst-16-enoyl)-glycinate (3a).
1H NMR: 6.44 (m, 1H, 16-H); 6.13 (m, 1H, NH); 4.08 (d,
JZ4.9 Hz, 2H, CH2); 3.75 (s, 3H, OCH3); 2.20 (ddd, JZ
12.0, 4.2, 2.8 Hz, 1H, 15-CHaHb); 2.15–2.20 (m, 1H, 5-CH);
1.95 (dd, JZ12.0, 8.0 Hz, 1H, 15-CHaHb); 0.69–1.67 (m,
19H, ring protons); 0.96 (s, 3H, 18-CH3); 0.79 (m, 3H, 19-
CH3).

13C NMR (CDCl3) d: 170.7; 165.8; 149.9; 137.1;
56.8; 55.1; 52.3; 47.2; 46.5; 41.0; 8.4; 36.4; 35.0; 33.8; 31.9;
31.6; 29.0; 28.9; 26.8; 22.1; 20.7; 16.5; 12.1. MS m/z (rel.
int. %): 373 (18) (MC), 358 (25), 285 (12), 257 (100), 161
(26), 147 (28), 121 (32), 105 (39), 91 (39), 67 (35), 55 (26).
IR: 3325 (NH); 1736 (CO); 1642 (CO). Anal. calcd for
C23H35NO3 (373.54): C, 73.96; H, 9.44; N, 3.75; Found: C,
74.05, H, 9.63; N, 3.92. Yield: 88%.

4.5.15. Methyl N-(17-androst-16-enoyl)-alaninate (3b).
1H NMR (CDCl3) d: 6.30 (brs, 2H; 16-HCNH); 4.52
(quint., 1H, JZ7.1 Hz, CHCH3); 3.63 (s, 3H, OCH3); 2.05
(m, 1H, 15-CHaHb); 1.85 (m, 1H, 15-CHaHb); 1.35 (d, JZ
7.1 Hz, 3H, CHCH3); 0.8–1.60 (m, 22H, steroidal skeleton);
0.86 (s. 3H, 18-CH3); 0.70 (s. 3H, 19-CH3).

13C NMR
(CDCl3) d: 173.6; 165.1; 149.8; 136.6; 56.6; 55.0; 52.2;
47.5; 47.0; 46.3; 38.3; 36.3; 34.8; 33.6; 31.7; 31.4; 28.8;
28.7; 26.6; 21.9; 20.5; 18.3; 16.3; 12.0. IR (KBr, (cmK1)):
3445 (NH); 1753 (COO); 1680 (CON); 1602 (C]C). MS
m/z (rel. int. %): 387 (80) (MC), 355 (92), 254 (90), 192
(100), 161 (41), 126 (92). Anal. calcd for C24H37NO3

(387.56): C, 74.38; H, 9.62; N, 3.61; Found: C, 74.56, H,
9.40; N, 3.39. Yield: 78%.

4.5.16. Methyl N-(17-androst-16-enoyl)-phenylalaninate
(3c). 1H NMR (CDCl3) d: 7.40 (m, 1H, Ph); 7.23 (m, 1H,
Ph); 7.10 (m, 1H, Ph); 6.31 (brs, 1H, 16-H); 6.05 (d, JZ
7.8 Hz, 1H, NH); 4.92 (q, JZ7.0 Hz, 1H, NHCH); 3.70 (s,
3H, OCH3); 3.1 (m, 2H, CH2Ph); 2.2 (m, 1H, 15-CHaHb);
1.95 (m, 1H, 15-CHaHb); 0.8–1.65 (m, 22H, steroidal
skeleton); 0.94 (s. 3H, 18-CH3); 0.80 (s. 3H, 19-CH3).

13C
NMR (CDCl3) d: 171.9; 165.0; 149.8; 136.8; 135.8; 129.1;
128.1; 126.8; 56.5; 54.9; 52.6; 52.0; 47.0; 46.2; 38.2; 37.6;
36.2; 34.7; 33.5; 31.7; 31.4; 28.8; 28.7; 26.5; 21.9; 20.4;
16.2; 11.9. IR (KBr, (cmK1)): 3420 (NH); 1748 (COO);
1667 (CON); 1601 (C]C). Anal. calcd for C30H41NO3

(463.66): C, 77.71; H, 8.91; N, 3.02; Found: C, 77.93, H,
8.70; N, 3.27. Yield: 83%.

4.5.17. Methyl N-(17-androst-16-enoyl)-valinate (3d). 1H
NMR (CDCl3) d: 6.4 (brs, 1H, 16-H); 6.14 (d, JZ8.4 Hz,
1H, NH); 4.55 (m, 1H, NHCH); 3.65 (s, 3H, OCH3); 2.02–
2.15 (m, 2H, 15-CHaHbCCH (CH3)2); 1.95 (dd, JZ11.0,
8.2 Hz, 1H, 15-CHaHb); 0.7–1.6 (m, 22H, steroidal
skeleton); 0.91 (s, 3H, 18-CH3); 0.84 (d, JZ6.4 Hz, 3H,
CH3); 0.83 (d, JZ6.4 Hz; 3H, CH3); 0.74 (s, 3H, 19-CH3).
13C NMR (CDCl3) d: 172.5; 165.5; 150.0; 136.9; 56.6; 56.4;
51.9; 47.1; 46.2; 38.3; 36.3; 34.9; 33.6; 31.7; 31.4; 31.3;
28.8; 28.7; 26.6; 21.9; 20.5; 18.8; 17.7; 16.3; 12.0. IR (KBr,
(cmK1)): 3430 (NH); 1740 (COO); 1676 (CON); 1605
(C]C)). MS m/z (rel. int. %): 415 (12) (MC), 400 (19), 356
(24), 285 (84), 269 (30), 257 (60), 161 (23), 147 (25), 121
(39), 105 (53), 95 (68), 67 (74), 55 (100). Anal. calcd for
C26H41NO3 (415.62): C, 75.14; H, 9.94; N, 3.37; Found: C,
75.29, H, 10.11; N, 3.21. Yield: 80%.

4.5.18. Methyl N-(17-androst-16-enoyl)-4-amino-4-
benzyl-butanoate (3e). 1H NMR (CDCl3) d: 7.2–7.4 (m,
5H, Ph); 6.18 (brs, 1H, 16-H); 5.50 (brs, 1H, NH); 4.22 (m,
1H, CHCH2Ph); 3.62 (s, 3H, OCH3); 2.8–2.9 (m, 2H, CH2);
2.7 (m, 2H, CH2); 2.16 (m, 1H, 15-CHaHb); 1.92 (m, 1H,
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15-CHaHb); 0.8–1.65 (m, 22H, steroidal skeleton C
CHCH2); 0.92 (s. 3H, 18-CH3); 0.80 (s. 3H, 19-CH3).

13C
NMR (CDCl3) d: 174.1; 165.9; 150.9; 136.5; 136.1; 135.3;
132.8; 129.5; 128.5; 126.9; 56.5; 55.1; 51.7; 50.3; 47.3;
46.6; 41.1; 38.5; 36.5; 34.9; 33.8; 31.9; 31.6; 28.9; 28.8;
26.8; 22.1; 20.6; 16.5; 12.1. IR (KBr, (cmK1)): 3422 (NH);
1720 (COO); 1665 (CON); 1598 (C]C). Anal. calcd for
C32H45NO3 (491.71): C, 78.17; H, 9.22; N, 2.85; Found: C,
78.26, H, 9.35; N, 2.60. Yield: 67%.

4.5.19. Methyl N-(17-androst-16-enoyl)-N 0-alaninoyl-
prolinate (3f). 1H NMR (CDCl3) d: 6.71 (d, JZ7.0 Hz,
NH); 6.40 (s, 1H, 16-H); 4.78 (qi, JZ6.4 Hz, 1H, CH); 4.52
(dd, JZ8.6, 4.8 Hz, 1H, CH); 3.68 (s, 3H, OCH3); 3.60 (m,
2H, CH2); 1.9–2.3 (m, 8H); 1.38 (d, JZ6.4 Hz, CH3); 0.8–
1.65 (m, 20H, steroidal skeleton); 0.92 (s. 3H, 18-CH3); 0.80
(s. 3H, 19-CH3).

13C NMR (CDCl3) d: 172.4; 171.7; 165.0;
150.1; 145.3; 58.7; 56.8; 55.1; 52.2; 47.2; 46.8; 46.4; 38.4;
36.4; 35.0; 33.8; 31.9; 31.5; 29.0; 28.9; 26.8; 24.9; 22.1;
20.7; 18.1; 16.5; 12.1. Anal. calcd for C29H44N2O4 (484.68):
C, 71.87; H, 9.15; N, 5.78; Found: C, 71.67, H, 9.27; N,
5.88. Yield: 77%.
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Abstract—Convenient methods for regioselective syntheses of Methotrexate peptidic conjugates are described. Solid phase synthesis for
derivatives of Methotrexate containing an amide bond has been applied and showed higher efficiency than liquid phase synthesis. Synthetic
pathways for regioselective preparation of Glycolamidic ester derivatives of Methotrexate were also developed using 4-amino-4-deoxy-N10-
methylpteroic acid as starting material. These ester bonds were obtained either in solution or by using a combined liquid and solid phase
synthesis.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Methotrexate (MTX) (Scheme 1), a folic acid antagonist,
has been extensively used in cancer chemotherapy since
1948.1 This drug acts as an inhibitor of dihydrofolate
reductase (DHFR), an essential enzyme in the biosynthesis
of thymidylate, which is required for DNA replication.2

MTX is also subsequently used in the treatment of non-
neoplasmic diseases as an anti-inflammatory and/or an
immunosuppressive drug.3 The mechanism of action of
MTX is well documented. It is brought into the cell by the
reduced folate transporter, and it is then polyglutamylated in
order to prevent efflux from the cell and to exert its cytotoxic
activity by blocking the synthesis of the N5, N10-
methylenetetrahydrofolate.3
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.049

Scheme 1. Structures of MTX and APA.

Keywords: Methotrexate; Peptidic conjugate; Regioselective synthesis; Solid pha
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The efficacy of MTX is hampered by its very short plasma
half-life. It is administrated in relatively high doses, which
often leads to drug resistance and causes non-specific
toxicities in normal cells.1 Resistance to MTX is the result
of different biological phenomena in the target cell.
Deficiency in the reduced folate transporter, in folyl
polyglutamate synthetase (FPGS) or over-expression of
gamma-glutamyl hydrolase (GGS) and efflux proteins at the
surface of the cell (MRP proteins), can prevent MTX to
enter into and/or stay inside the cell. In the same time, over-
expression and/or mutation of DHFR can prevent MTX to
exert a sufficient cytotoxic activity.4–6 Another important
side effect of MTX which has been clearly identified, is its
huge chronic toxicity for the central nervous system when
the drug is used concomitantly with radiations.7
Tetrahedron 61 (2005) 803–812
se synthesis; Vectorisation.
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To overcome these problems, many experimental efforts
have been made. Among them, modifications of MTX are
the most employed. g-tert-Butyl ester, g-hydrazide, g-n-
butylamide and g-benzylamide of MTX were synthesized in
order to modify the biological behaviour of the drug.8 Other
compounds with amino acids and various esters on the two
carboxylic acid functions were also prepared with different
strategies, the most current one involving the use of
4-amino-4-deoxy-N10-methylpteroic acid (APA) (Scheme 1)
as a building block.1,9–11 These transformations were
performed in order to modify the lipophilicity of MTX
and/or to study the cytotoxicity of the prodrug activated by
various enzymes. In all cases, either the regioselective
synthesis described involve numerous steps, or the final
products are obtained after purification of the formed
isomers.

Instead of modifying the core structure of MTX, vectorisa-
tion is an alternative strategy to increase the efficacy of
MTX. MTX has been attached to various vectors like
monoclonal antibodies,12,13 proteins,14 polymers15,16 and
hormonal peptides.17–19 All the synthesis are performed in
liquid phase with or without protecting groups, leading,
respectively, to a single product with a relatively low
yield, or to a mixture of regioisomers. More recently,
Scheme 2. Target molecules and general strategies used.
Pignatello and co-workers have described the synthesis of
several a- and g-monosubstituted and a,g-disubstituted
lipoamino acid conjugates of MTX coupled with a
glycolamidic ester.20 Once again, the monosubstituted
products are obtained as secondary products of the
disubstituted ones, and the yields do not exceed 15% for
these compounds.

Previous work in our laboratory led to the discovery of
peptides derived from the Protegrin PG-1 peptide, which
belongs to the family of b-stranded antimicrobial pep-
tides.21 These peptides have been shown to translocate
efficiently through biological membranes, thus providing
the basis for the development of new peptide-conjugated
drugs that cross-cell membranes. In a precedent work,22 the
authors have shown that vectorized doxorubicin bypasses
the P-glycoprotein pump at the luminal site of the blood-
brain barrier. Moreover, using these peptidic vectors with
doxorubicin is efficient in overcoming multidrug resistance.
In the present paper, we report the synthesis of MTX
peptidic conjugates using solid phase synthesis for the
conjugate with amide bonds between the vector and the
drug. A regioselective liquid phase synthesis will also be
presented for conjugates containing a glycolamidic ester
bond (Scheme 2).
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2. Results and discussion
2.1. Solid phase synthesis of MTX conjugates

In order to selectively synthesize a- or g-conjugates of
MTX and peptide carriers, a method using solid phase
synthesis has been used. Previous work had already been
described for the synthesis of MTX-peptides conjugates, but
the strategy used by the authors involved liquid phase
synthesis of a protected MTX.17 Use of solid phase
synthesis for MTX conjugates has already been described,
but in the case of MTX lipoamino acids conjugates.20

In the present work, two conjugates without any spacer
(Scheme 3) have been synthesized. They differ in the MTX
position of the vector coupling. According to the literature,
the free a-carboxylic acid function of MTX seems to be
important for the stability of the complex between the drug
and DHFR.24 In contrast, the g-carboxylic acid function of
MTX lies outside of the binding pocket of DHFR. As this
function does not seem to be involved in the stability of the
complex, it may be possible to couple the vector without
Scheme 3. Solid phase synthesis of compounds a-MTX-SynB3 3 and g-MTX-Sy
affecting the biological activity of the drug. In order to
verify these hypotheses, a-MTX-SynB3 3 and g-MTX-
SynB3 4 have been synthesized with yields of 50 and 66%,
respectively. After classical peptidic synthesis using Fmoc/
tBu strategy, APA was introduced using PyBOP as an
activator. The two position isomers were obtained by using
commercially available, correctly protected glutamic acid
residues. No secondary product other than peptidic
elongation ones was observed following cleavage and
deprotection of the conjugate, thus showing that MTX
remains stable upon drastic acidic treatment.

Using this solid phase synthesis strategy, conjugates with a
peptidic spacer between MTX and the vector were also
prepared (Scheme 4). A tri-glutamic acid spacer was
introduced in order to enhance the biological activity of
the drug. Indeed, the mechanism of action of MTX includes
a step of g-polyglutamylation by folylpolyglutamyl
synthase.3 This step could allow MTX not to be effluxed
across the cell membrane by multidrug related proteins
(MRP), hence increasing its intracellular half-life. Further-
more, this polyglutamylated form of MTX has been proven
nB3 4.



Scheme 4. Solid phase synthesis of compounds g-MTX-(Glu)3-SynB3 5 and g-MTX-(b-Ala)2-SynB3 6.
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to inhibit DHFR with the same efficacy than MTX, but has
also an increased affinity for certain folate-dependent
enzymes such as thymidylate synthase.

The conjugate 5 was obtained with a yield of 46%. In order
to compare solid and liquid phase syntheses, an attempt was
made to synthesize this compound with a final liquid
phase step for the introduction of APA. The yield of the
reaction was only 33%, showing the higher efficiency of
solid phase synthesis. Moreover, the conversion of the
reaction was only about 50%, hence decreasing the yield of
the synthesis. A better conversion could not be reached
because of competitive reactions of the free carboxylic acid
functions.

The second derivative 6 synthesized using this strategy
included a di-b-alanyl peptidic spacer. This product was
designed for two reasons. Firstly, the presence of the spacer
allows MTX and the peptide vector not to be too closed one
to each over, which could hamper the formation of the
complex between MTX and DHFR. Secondly, it has been
shown in the literature that a-MTX-peptides are cleaved by
many carboxypeptidases and that the rate of cleavage
depends on the nature of the amino acid bearing MTX.10,25



Scheme 5. Glycolamidic ester conjugate of MTX: final synthetic route.
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It was also shown that only a-MTX-Arg is cleaved in human
serum by carboxypeptidase A.10 Arg being the N-terminal
amino acid of the peptidic vector used in the present study
and although the conjugates synthesized were essentially
g-isomers, this new conjugate was then synthesized to
compare the biological activity of our products depending
on the nature of the amino acid bearing MTX. This
conjugate was obtained with a yield of 66%.

2.2. Glycolamidic ester conjugates of MTX

The difference in the biological and hydrolytic stability
between amide and ester bonds prompted us to synthesize
conjugates with an ester bond between the vector and MTX.
Previous work in the laboratory with benzylpenicillin had
already shown the usefulness of a glycolamidic ester linker
for peptidic conjugation.26 Furthermore, to our knowledge,
g-glycolamidic esters of MTX have only been obtained
with low yields after separation from the diesters and the
a-isomer.20 Consequently, we elaborated a regioselective
synthesis of g-glycolamidic esters of MTX.

Two different synthetic routes have been investigated. The
first one had the advantage to introduce APA during the last
steps of the synthesis. There was, however, an important
risk of pyroglutamate formation during deprotection of the
amine function of the glutamic acid before coupling with
APA. Indeed, g-ester of glutamic acid is well known to
undergo rapid lactamization under certain conditions.27

Simplification of the synthesis scheme being, however,
attractive, the synthesis was undertaken since it has been
reported that the glycolamidic ester link was stable toward
hydrolysis during prolonged time.20 Cesium salt of Fmoc-
Glu-OtBu was formed in solution in methanol and was
reacted with 2,3,4-trichlorophenol bromoacetate28 in
solution in DMF. Without further purification, the peptide
was added in the presence of DIEA to yield the desired
g-glycolamidic ester (yield: 31%, 3 steps). Deprotection of
the amine function was then attempted. Unfortunately,
deprotection using excess of piperidine in dry DMF only
yielded the pyroglutamic compound and the hydroxy-acetic
peptide. Decreasing both the amount of base and the
temperature did not product any effect since the cleavage of
the Fmoc protective group was immediately followed by the
reaction of lactamization.

Because of the difficulties encountered, we decided to use
another synthetic scheme (Scheme 5). H-Glu(OH)-OtBu
was reacted with APA and HATU as an activator in DMSO
to yield a-tertiobutyl-MTX 7 (yield 73%). Cesium salt of 7
formed in situ was then reacted with bromoacetyl peptide 8
obtained by reaction of bromoacetic acid with peptidyl
resin, followed by deprotection and cleavage of the peptide
from the resin. Compound 9 was obtained with a 51% yield
as a single product as confirmed by HPLC. Cleavage of
tertiobutyl protecting group was performed in a TFA/TIPS
solution (95/5; v/v) and yielded the final product as a double
peak in HPLC. After isolation of the two products using
preparative HPLC, MALDI-MS analysis proved that the
products were isomer with the same mass.

We first thought that a racemisation of the chiral glutamic
acid carbon had occurred during the esterification step. To
identify the products, we synthesized the glycolamidic
conjugate with D-H-Glu(OH)-OtBu as starting material.
Comparison of the final products with those obtained using
L-H-Glu(OH)-OtBu proved that the two isomers were not
two diastereoisomers as initially supposed. This suggests
that they could actually be regioisomers. Cheung and co-
workers have described the synthesis of N-(L-a-aminoacyl)
derivatives of MTX.29 The compounds were obtained by
reaction of the di-tert-butyl ester of MTX with N-Boc-
amino acid to yield mono and di substituted derivatives of
MTX. Deprotection of the Boc group in acidic medium
yielded only the 2-acyl products, the 4-acyl ones leading to
decomposition products. Based on these observations, the
two compounds obtained in our synthesis were reacted with
an excess of benzylamine in the presence of PyBOP and
DIEA (Scheme 6). The main product of the synthesis
reacted with only 1 equiv of amine whereas the secondary
product reacted with 2 equiv of benzylamine (observed in
MALDI-TOF spectrometry). These findings suggest that the
secondary product could possess two free carboxylic acid
functions. The hypothesis of regioisomerism seems there-
fore to be confirmed. The secondary product was certainly
the result of a nucleophilic attack of the bromoacetyl peptide
by the two nitrogen of MTX in place of the carboxylate
alkylated as cesium salt (Scheme 6).

Moreover, the relatively low yield of the final deprotection
step (42%) could be explained by the degradation as
already observed by Cheung and co-workers.29 Separation
of the products in analytical HPLC only occurred after



Scheme 6. Hypothesis for formation and evolution of regioisomers formed during esterification reaction.
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cleavage of the tertio-butyl group. Decomposition of an
alkyl derivative of MTX in acidic medium could explain
the difficulties encountered during this final step, since it
has been observed that 4-acyl derivatives of MTX
decomposed under these conditions, whereas 2-acyl ones
were stable.

Another compound containing a glycolamidic ester
bond has finally been synthesized (Scheme 7,
compound 15).

This compound has been designed to be efficient against
MTX resistant cell lines by taking advantage of the lability
of the ester bond on the one hand, and on the other hand by
delivering to the cell an active form of MTX. Indeed, the
presence of the tri-glutamyl residue could bypass the
resistant form of the cell where FPGS is deficient or GGS
is overexpressed. The synthesis implies the use of a resin
cleavable in mild acidic conditions in order to keep the
protection of the carboxylic function on the glutamic acid
residues. Introduction of the four correctly protected
glutamic acids was made with a yield of 38%. APA was
then coupled to the peptidyl resin and cleavage of the resin
was made using a solution containing 1% TFA in DCM. The
yield of the two steps was 78%. Once again, comparison
between liquid and solid phase synthesis proved that solid
phase synthesis was more efficient for the introduction of
APA. The same reaction was made using a peptide already
cleaved from the resin and the yield for the APA coupling
step was 38%. This low yield obtained was not due to the
presence of secondary products in the crude conjugate but to
an important quantity of APA which did not react under the
conditions used. The rest of the synthesis was the same as
described for the previous glycolamidic ester conjugate.
Formation of the ester bond was made using cesium
hydrogencarbonate in DMF and compound 14 was obtained
with a yield of 30%. Deprotection of the tertiobutyl
protecting groups was then achieved to give compound 15
(yield: 47%). As expected, two final products with the same
mass were identified, suggesting that regioisomers were
once again present. It is also interesting to notice that the
yields of the reactions with the tri-glutamic acids were
below those with other derivatives in the same reaction
conditions. Several hypotheses could be made as for
example the steric hindrance of the numerous tertiobutyl
group.



Scheme 7. Synthetic route for glycolamidic ester conjugate of tri-glutamylated MTX.
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3. Conclusion

The present study details a convenient method using solid
phase synthesis for the regioselective preparation of a- and
g-MTX peptide conjugates with APA as starting material.
Comparison with liquid phase synthesis clearly
demonstrates that yields obtained with solid phase
synthesis are higher than those obtained in solution. To
our knowledge, no other solid phase synthesis for MTX
peptide conjugates was previously reported. The selective
method used for MTX lipoamino conjugates20 has been
successfully applied to peptidic derivatives. A combined
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solid and liquid phase synthesis has been developed to obtain
glycolamidic conjugates of MTX in a regioselective manner.
They were synthesized with good yields unlike previously
reported cases.20 These conjugates were designed in order to
be efficient against MTX resistant cell lines and to increase the
delivery of MTX through the blood brain barrier (BBB). We
have used a member of the SynB peptide family which have
been proved to transport effectively several drug-like
molecules through the BBB.26,30 Toward this goal, several
studies are on going to explore the cytotoxic potency of
these conjugates and the results will be published later.
4. Experimental

4.1. Materials

N,N-Diisopropylethylamine (DIEA), bromoacetic acid,
2,3,4-trichlorophenol, anhydrous methanol and piperidine
were bought from Fluka. Dichloromethane (DCM),
dimethylformamide (DMF), acetonitrile, diethyl ether,
N,N-diisopropylcarbodiimide (DIPCDI), 4-amino-4-deoxy-
N10-methylpteroic acid and acetic acid were purchased from
Sigma-Aldrich. 4-Dimethylaminopyridine (DMAP) and
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP) were obtained from Nova-
biochem. Cesium hydrogencarbonate was purchased from
Acros Organics. The appropriate protected amino acids for
solid phase synthesis and 1-hydroxybenzotriazole (HOBT)
were bought from Senn Chemicals, except for Fmoc-
Glu(OH)-OtBu which was from Novabiochem. The resins
used for solid phase synthesis were a Rink Amide Novagel
HL substituted at 0.86 mmol/g and a HMPB-MBHA resin
substituted at 0.82 mmol/g from Novabiochem. Prior to use,
DMF was dried 24 h on molecular sieves 3 Å (extruders
1.6 mm; Prolabo).

Analytical HPLC was performed on a Beckman Gold 32
Karat System, with a Waters Symmetry Shield C18 column
(250!4.6 mm; 5 m) using the following solvent system AZ
H2O/0.1% TFA and BZacetonitrile/0.1% TFA. Waters
preparative system equipped with Prep LC Novapack C18
cartridges (40!10 mm; 6 m; 60 Å) was used for preparative
HPLC with the same solvent system. MALDI-TOF analysis
was performed on a Voyager Elite XL System spectrometer
(Perseptive Biosystems) and LC/MS/MS mass analysis was
achieved on a quadripolar MicroMass Quattro Ultima
spectrometer.

4.2. Synthesis

Yields calculated for the following reactions take into
account TFA salts. One TFA salt was used for MTX and one
per Arg residue on the peptide.

4.2.1. Solid phase synthesis. Peptides were assembled by
conventional solid-phase chemistry on a Pioneer automatic
synthesizer (Perseptive Biosystems) using a 9-fluorenyl-
methoxycarbonyl/tertiobutyl (Fmoc/tBu) protection
scheme.23 The crude peptides and conjugates were purified
on C18 reversed-phase preparative HPLC after trifluoro-
acetic acid (TFA) cleavage/deprotection. The purity of
compounds was assessed by C18 reversed-phase analytical
HPLC and MALDI-MS. The peptide sequence was SynB3
(H-RRLSYSRRRF-NH2, Mw 1395 g molK1).

4.2.2. General method for the coupling of APA with
peptidyl resin. The last residue (APA) for solid phase
synthesis of the conjugates with MTX was introduced using
a manual apparatus. Briefly, starting from appropriate
peptidyl resin, APA (4 equiv) was introduced using
PyBOP (4 equiv) and DIEA (4 equiv) in a DMSO solution.
After 4 h of reaction, the resin was washed with DMSO,
DMF, DCM and dried under reduced pressure for 1 h.
Cleavage and deprotection of the conjugate were performed
during 3 h using a solution of TFA/H2O/triisopropylsilane
(TIPS)/phenol (88/5/4/5; v/v/v/m). 10 mL of deprotection
solution were used for 60 mmol of peptide (theoretical).
After precipitation of the compound with diethyl ether, the
crude conjugate was purified using a C18 reversed-phase
preparative HPLC (from 5 to 60% of buffer B in 60 min).
The fractions containing the desired product were pooled
and lyophilized to give the conjugate as a yellow powder.
Yields and analytical characteristics of each compound are
given below.

4.2.3. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-(Arg-Arg-
Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-amide [3]
(a-MTX-SynB3). Yield: 50%; HPLC: trZ6.24 min (using
a separative gradient from 5 to 95% of buffer B in 15 min);
MALDI-MS: m/z [DHB] 1832.1 (MCHC), 1854.6 (MC
NaC), 1870.8 (MCKC). Calcd exact mass: 1831.45 g molK1.

4.2.4. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid g-(Arg-Arg-
Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-amide [4]
(g-MTX-SynB3). Yield: 66%; HPLC: trZ6.26 min
(using a separative gradient from 5 to 95% of buffer B in
15 min); MALDI-MS: m/z [DHB] 1832.6 (MCHC), 1855.9
(MCNaC), 1871.2 (MCKC). Calcd exact mass:
1831.45 g molK1.

4.2.5. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid g-(Glu-Glu-Glu-
Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-
amide [5] (g-MTX-[Glu]3-SynB3). Yield: 47%; HPLC:
trZ6.33 min (using a separative gradient from 5 to 95% of
buffer B in 15 min); MALDI-MS: m/z [DHB] 2218.1 (MC
HC). Calcd exact mass: 2217.45 g molK1.

4.2.6. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid g-(b-Ala-b-Ala-
Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-
amide [6] (g-MTX-[b-Ala]2-SynB3). Yield: 65%; HPLC:
trZ6.16 min (using a separative gradient from 5 to 95% of
buffer B in 15 min); MALDI-MS: m/z [DHB] 1975.5 (MC
HC). Calcd exact mass: 1973.75 g molK1.

4.2.7. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-tert-butyl-
ester [7] (a-MTX-OtBu). DIEA (42 mL; 0.264 mmol) and
O-(7-Azabenzotriazol-1-yl)-N,N,N 0,N 0-tetramethyluronium
hexafluorophosphate (HATU, 60 mg; 0.158 mmol) were
added to a solution of APA (50 mg; 0.132 mmol) in 1 mL of
DMSO. After 25 min of stirring, 26.8 mg (0.132 mmol) of
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H-Glu(OH)-OtBu solubilised in 300 mL DMSO were added.
The solution was stirred at room temperature for 3 h and
diethyl ether was added. The yellow precipitate was re-
suspended in dry DMF and precipitated again by addition of
diethyl ether. The crude MTX ester was purified on a C18

reverse-phase preparative HPLC (from 5 to 60% of buffer B
in 60 min). The fractions containing the desired product
were pooled and lyophilized to give 60 mg (yield 73%) of a
98% pure yellow powder; HPLC: trZ8.18 min (using a
separative gradient from 5 to 95% of buffer B in 15 min);
MALDI-MS: m/z [DHB] 511.2 (MCHC), 533.2 (MC
NaC), 549.1 (MCKC). Calcd exact mass: 510.56 g molK1;
1H NMR (DMSO-d6): dZ12, 14 ppm (s, 1H, –COOH), dZ
8.72 ppm (s, 1H, –CH]N– pteridine), dZ8.20 ppm (d,
1H, JZ7.5 Hz, –NH–), dZ7.72 ppm (d, 2H, JZ8.9 Hz,
CH benzyl), dZ6.80 ppm (d, 2H, JZ8.9 Hz, CH benzyl),
dZ4.87 ppm (s, 2H, –CH2–NMe), dZ4.27 ppm (m, 1H,
–CH–COOtBu), dZ3.45 ppm (s, 4H, –NH2 pteridine), dZ
3.25 ppm (s, 3H, CH3–N–), dZ2.32 ppm (t, 2H, JZ7.5 Hz,
–CH2–COOH), dZ1.98 ppm (m, 2H, –CH2–CH–COOtBu),
dZ1.39 ppm (s, 9H, –C(CH3)3).

4.2.8. Bromoacetyl-Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-
Arg-Phe-NH2 [8]. The compound was synthesized using
solid phase synthesis. Briefly, starting from SynB3 peptidyl
resin, bromoacetyl was introduced using bromoacetic acid
(4 equiv), PyBOP (4 equiv) and DIEA (4 equiv) in solution
in DMF. After 4 h of reaction, the resin was washed with
DMF, dichloromethane (DCM) and dried under reduced
pressure for 1 h. Cleavage, deprotection and purification of
the modified peptide were performed as previously
described. Yield: 40% (including peptide synthesis);
HPLC: trZ6.17 min (using a separative gradient from 5 to
95% of buffer B in 15 min); MALDI-MS: m/z [DHB]
1518.1 (MCHC), 1540.1 (MCNaC), 1557.9 (MCKC).
Calcd exact mass: 1516.7 g molK1.

4.2.9. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-tert-butyl,g-
(glycolamido-Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-
Phe-NH2)-ester [9] (g-MTX-[GEL-SynB3]-OtBu). 25 mg
(0.049 mmol) of a-MTX-OtBu were dissolved in 125 mL of
dry DMF. Solutions containing, respectively, 47.5 mg
(0.245 mmol) of Cesium hydrogencarbonate in 50 mL of
dry DMF and 123 mg (0.058 mmol) of bromoacetyl-SynB3
in 200 mL of dry DMF were successively added. The
solution was stirred for 48 h at room temperature and after
addition of 3 mL of dry DMF, the crude solution was
applied on a C18 reversed-phase preparative HPLC (from 5
to 60% of buffer B in 60 min). The fractions containing the
desired product were pooled and lyophilized to yield
65.2 mg of conjugate (yield: 51%) of a 85% pure yellow
powder; HPLC: trZ7.11 min (using a separative gradient
from 5 to 95% of buffer B in 15 min); MALDI-MS: m/z
[HABA] 1946.3 (MCHC), 1986.3 (MCKC). Calcd exact
mass: 1944.56 g molK1.

4.2.10. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid g-(glycolamido-
Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-
ester [10] (g-MTX-GEL-SynB3). 65.2 mg (0.0315 mmol)
of g-MTX-[GEL-SynB3]-OtBu were suspended in 7 mL of
a solution composed of TFA 95%/Triisopropylsilane (TIPS)
5% (v/v). After 30 min of stirring, TFA was evaporated to
dryness under reduced pressure, and the yellow film
obtained was dissolved in 5 mL of a solution containing
H2O (TFA 0.1%; v/v)/acetonitrile (TFA 0.08%; v/v) (90/10;
v/v). The crude product was then applied on a C18 reversed-
phase preparative HPLC (from 5 to 60% of buffer B in
60 min). The fractions containing the conjugate were pooled
and lyophilized to yield 25 mg of a 98% pure yellow powder
(yield 42%); HPLC: trZ6.91 min (using a separative
gradient from 5 to 95% of buffer B in 15 min); MALDI-
MS: m/z [HABA] 1890.5 (MCHC), 1930.7 (MCKC).
Calcd exact mass: 1888.56 g molK1.

4.2.11. H-Glu[Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-HMPB-
MBHA resin]-OtBu [11]. First amino acid was introduced
on HMPB-MBHA resin using a manual apparatus. Briefly,
519 mL (3.435 mmol) of DIPCDI in solution in 2 mL of dry
DCM were added drop wise to 2.9 g (6.87 mmol) of Fmoc-
Glu(OtBu)-OH solubilised in 29 mL of dry DCM. After
30 min of stirring, DCM was evaporated to dryness and the
white residue was resuspended in 30 mL of DMF. DMAP
(0.168 g, 1.374 mmol) and the resin (1.676 g, 1.374 mmol)
were added and the solution was stirred slowly for 3 h. The
resin was filtrated, washed successively with DMF (three
times), DCM (three times) diethyl ether and dried under
vacuum. 2.22 g (yield 95%) of functionalized resin were
obtained. The other amino acids were introduced using
automatic solid phase synthesizer as previously described.
Yield of the synthesis was evaluated at 38% using automatic
UV titration of fluorene nucleus released.

4.2.12. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-tert-butyl-
ester, g-(Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-HMPB-
MBHA-resin)-amide [12]. APA (64 mg, 168 mmol) was
introduced on 500 mg (130 mmol) of peptidyl resin 11 as
previously described using HATU (63.8 mg, 168 mmol) and
DIEA (38 mL, 260 mmol) in solution in DMSO. After
stirring slowly during 4 h, the resin was washed with
DMSO, DMF, DCM and dried under reduced pressure for 1 h.

4.2.13. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-tert-butyl-
ester, g-(Glu(OtBu)-Glu(OtBu)-Glu(OtBu))-amide [13].
Peptidyl resin 12 was suspended in 178 mL of DCM
containing 1.8 mL of TFA. Slow stirring was maintained for
30 min and the resin was filtrated. The operation was
repeated twice and the filtrates were pooled, neutralised by
slow addition of ammonium hydroxyde and evaporated to
dryness. The yellow residue was purified on a C18 reversed-
phase preparative HPLC (from 5 to 60% of buffer B in
60 min). The fractions containing the desired product were
pooled and lyophilized to give 120 mg (yield 78% for two
steps) of a 98% pure yellow powder.

HPLC: trZ10.25 min (using a separative gradient from 5 to
95% of buffer B in 15 min); MALDI-MS: m/z [DHB]
1066.4 (MCHC), 1089.4 (MCNaC), 1104.3 (MCKC).
Calcd exact mass: 1066.23 g molK1.

4.2.14. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid a-tert-butyl-
ester,g-(Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-glycolamido-
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Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-Phe-NH2)-
amide [14] (g-MTX-[Glu(OtBu)3-GEL-SynB3]-OtBu).
Glycolamidic ester bond was formed as described for
compound 7. 119 mg (0.112 mmol) of compound 13 were
dissolved in 300 mL of dry DMF. Solutions containing,
respectively, 119 mg (0.56 mmol) of Cesium hydrogen-
carbonate in 100 mL of dry DMF and 280 mg (0.134 mmol)
of bromoacetyl-SynB3 in 200 mL of dry DMF were
successively added. The solution was stirred for 48 h at
room temperature and after addition of 3 mL of DMF, the
crude solution was applied on a C18 reversed-phase
preparative HPLC (from 5 to 60% of buffer B in 60 min).
The fractions containing the desired product were pooled
and lyophilized to yield 108 mg of conjugate (yield: 30%) of
a 90% pure yellow powder; HPLC: trZ8.15 min (using a
separative gradient from 5 to 95% of buffer B in 15 min);
MALDI-MS: m/z [HABA] 2502.9 (MCHC). Calcd exact
mass: 2501.93 g molK1.

4.2.15. N 0[4-[N-[(2,4-Diamino-6-pteridinyl)-methyl]-N-
methylamino]benzoyl]-L-glutamic acid g-(Glu-Glu-Glu-
glycolamido-Arg-Arg-Leu-Ser-Tyr-Ser-Arg-Arg-Arg-
Phe-NH2)-amide [15] (g-MTX-Glu3-GEL-SynB3).
108 mg (0.035 mmol) of (g-MTX-[Glu(OtBu)3-GEL-
SynB3]-OtBu) 14 were suspended in 9.6 mL of a solution
composed of TFA 95%/Triisopropylsilane (TIPS) 5% (v/v).
After stirring 30 min, TFA was evaporated to dryness under
reduced pressure, and the yellow film obtained was
dissolved in 5 mL of a solution containing H2O (TFA
0.1%; v/v)/acetonitrile (TFA 0.08%; v/v) (90/10; v/v). The
crude product was then purified on a C18 reversed-phase
preparative HPLC (from 5 to 60% of buffer B in 60 min).
The fractions containing the conjugate were pooled and
lyophilized to give 48.5 mg (yield: 47%) of a 98% pure
yellow powder; HPLC: trZ5.36 min (using a separative
gradient from 5 to 95% of buffer B in 15 min); MALDI-MS:
m/z [HABA] 2277.8 (MCHC), 2300.8 (MCNaC), 2316.7
(MCKC). Calcd exact mass: 2277.47 g molK1.
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Abstract—The interest in vitamin E research is increasingly focusing on the peculiar properties of the less investigated tocopherols and their
metabolites, such as g-tocopherol, which have been revealed as very important for human health. Metabolic studies of g-tocopherol have
been constricted by its high cost and the poor availability of stable isotope-labeled forms. An efficient, inexpensive and simple route is
described for the preparation of labeled and unlabeled R,R,R-g-tocopherol, starting from R,R,R-a-tocopherol, through simple thermal
decarboxylation of g-tocopherol-5-carboxylic acid.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Vitamin E is the most important fat-soluble chain-breaking
antioxidant. The term vitamin E covers all tocols and
tocotrienols derivatives exhibiting qualitatively the biologi-
cal activity of a-tocopherol.1 The most important members
of vitamin E family for human nutrition are represented by
a- and g-tocopherol, the former having much higher
vitaminic activity and bioavailability,2–4 and thus constitut-
ing the primary and almost exclusive form in supplements.
Despite, the much lower plasma concentration and bio-
activity compared to a-tocopherol, as assessed in animal
bioassays, recent and growing evidence suggests that
g-tocopherol has unique properties that may be very
important to human health, not shared by a-tocopherol.5

Those features do not appear to be related to its chemical
antioxidant behavior, but rather reflect anti-inflammatory,
antineoplastic, and natriuretic functions possibly mediated
through specific binding interactions. Moreover, epidemio-
logical data suggest that g-tocopherol is a better negative
risk factor for certain types of cancer and myocardial
infarction than is a-tocopherol.6 All these findings have
given a great boost to the research in the field of vitamin E,
which is currently represented more and more by in vivo
studies on tocopherols metabolites and g-tocopherol. The
utilization of stable isotope-labeled analogues greatly
facilitates carrying out such studies.7 In fact, they represent
a powerful tool in terms of both specificity and sensitivity,
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.047
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acting as probes in the body and as internal standards for
accurate quantitative determinations by specific techniques
like mass spectrometry,8–10 more and more used for the
characterization of such complex matrices.

Isotope-labeled forms of g-tocopherol are not readily
available, and very few papers have been reported regarding
their synthesis. Woggon et al. described a preparation of
[7-methyl-3H,14C]-g-tocopherol that is rather long and
complicated,11 and an enzymatic route to monodeuterated
g-tocopherol on very small scale (5 mg).12 In another work,
Ingold and co-workers depicted the synthesis of R,R,R-d2-g-
tocopherol in four steps from g-tocopherol itself.13 Though
this last route proceeds in good yields, the high cost and the
very low commercial availability of the starting material,
the natural g-tocopherol, make it expensive and hardly
scalable. In this paper, we report a very efficient route for the
preparation of trideuterated R,R,R-g-tocopherol 11 from the
cheap natural d-tocopherol. The same protocol is also very
convenient for large scale synthesis of unlabeled R,R,R-g-
tocopherol, starting from inexpensive and widely available
R,R,R-a-tocopherol.
2. Results and discussion

In designing a route to g-tocopherol labeled with deuterium
atoms, different positions can be chosen on the basis of
synthetic considerations, the reason of labeling and the
analytical techniques to be used for its detection. In the last
years, several ESI and APCI LC-MS/MS analytical methods
Tetrahedron 61 (2005) 813–817



Figure 1. Transformation of a- into g-tocopherol through photodecarboxylation of 2.15

Figure 2. Proposed reaction mechanism of the bromination of a-
tocopherol.17

F. Mazzini et al. / Tetrahedron 61 (2005) 813–817814
have been developed successfully for tocopherols determi-
nation in various matrices, employing deuterated toco-
pherols as internal standards.8–10 These results made
LC-MS/MS the technique of choice for this kind of study.
We planned to introduce labeling as CD3 on one of the
methyl groups of the aromatic ring, considering the
degradation metabolic pathway of g-tocopherol that results
in g-CEHC formation, that is, without modification of the
chromanol ring.14 In this way, interference of natural
isotopes of the analyte on the m/z value of the labeled
compound is avoided and d3-g-CEHC metabolite coming
from supplementation can be traced.

Basically, two routes can be conceived for the synthesis of
enantiopure labeled g-tocopherol. One approach involves
Scheme 1. Synthesis of R,R,R-(7-2H3)-g-tocopherol 11. (i) i-Pr2O, SnCl2, (CD2O
CH2Cl2, H2SO4 cat., rt, overnight; (iv) NMMO, 4 equiv, acetonitrile, rt, overnigh
MeOH, 50 8C, 2 h; (vii) heating at 170 8C, 3 h.
designing a suitable way for the preparation of labeled 2,3-
dimethylhydroquinone, followed by the subsequent build-
ing of the chroman ring and aliphatic side chain in a
stereoselective manner. In the other approach, convenient
transformations without loss of enantiopurity have to be
devised to introduce labeling directly on readily accessible
chiral tocopherols, such as the natural ones, or their
derivatives. According to Rosenau and Habicher,15 it is
possible to prepare g-tocopherol starting from a-tocopherol
through a multi-step procedure, the key point being
photodecarboxylation of g-tocopherol-5-carboxylic acid 2
(Fig. 1). Therefore, following this approach, we first
prepared R,R,R-(5,7-(CD3)2)-a-tocopherol 5 as the pre-
cursor of the desired d3-g-tocopherol, introducing
deuterium by SnCl2-catalyzed deuteromethylation,16 using
(CD2O)n on commercially available natural d-tocopherol 4.
Bromination of 5 gave d5-5-bromomethyl-g-tocopherol 6 in
almost quantitative yields.17 According to the proposed
mechanism, a-tocopherol oxidation leads to the ortho-
quinone methide species, which adds hydrogen bromide
formed in the first step, affording the benzylic brominated
product (Fig. 2).

Before oxidizing the benzylic function, the phenolic
hydroxyl group had to be protected in order to avoid its
oxidation and relative by-products formation. Therefore,
after evaporation of the solvent, acetylation was performed
in the same flask under acid-catalyzed mild conditions. This
prevents HBr elimination from 6, which is highly
susceptible to oxidation, bases and temperatures above
50 8C. Elimination of HBr would lead to an ortho-quinone
methide intermediate and formation of a-tocopherol spiro-
dimer. The acetylated product 7 was then oxidized
)n, DCl in D2O, 65 8C, 4 h; (ii) Br2 in hexane, rt, 3 h; (iii) Ac2O, AcOH,
t; (v) NH2SO3H, NaClO2 in 1,4-dioxane/H2O, rt, 50 min; (vi) KOH 2 M in
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following a different procedure from the one reported in
literature.15 In our hands, KMnO4 oxidation under phase-
transfer catalysis proved to be rather tedious and low
yielding because of the difficulties encountered in the
purification step. Therefore, we prepared the desired acid
derivative 9 through a two steps oxidation. First, benzylic
bromide 7 was reacted with anhydrous N-methylmorpho-
line-N-oxide (NMMO) to give aldehyde 8 in 92%, and then
8 was treated with NH2SO3H/NaClO2 mixture, affording the
acid 10, after the saponification, in 90% overall yield from 7
(Scheme 1).

It has been reported that g-tocopherol-5-carboxylic acid
undergoes photodecarboxylation through a radical mechan-
ism in an average yield of 72% upon irradiation at 337 nm,
in the presence of iron complexes or activated titanium
dioxide (Fig. 1).15 Experiments carried out with radical
starters, such as AIBN, gave only radicals coupling
products, showing that only the photochemically excited
form of g-tocopherol-5-carboxylic acid is able to stabilize
itself by decarboxylation. Photoirradiation requires special
equipment not available in many synthetic laboratories.
Therefore, we looked for an alternative procedure to remove
the carboxylic group. The decarboxylation of aromatic acids
is most often carried out by heating with quinoline and
copper or copper salts,18 but heating the salt of the acid19 or
the acid in an acidic medium has also been used with certain
substrates.20,21Before trying one of those methods, we first
performed a set of experiments simply heating the unlabeled
compound 13 (prepared from R,R,R-a-tocopherol as
described for its labeled counterpart, Scheme 2) under
inert atmosphere. While keeping 13 at 150 8C for 3 h gave a
small conversion of the acid into the desired product 14,
carrying out the thermal decarboxylation at 200 8C resulted
in almost complete conversion of the acid 13, allowing us to
recover g-tocopherol 14 in 65% yield, comparable to the
yield reported using photodecarboxylation.15 Therefore,
considering these results, we performed a tuning of the
reaction temperature, which showed that 170 8C was the
best compromise between conversion and by-product
formation. Under these conditions, both 11 and 14 were
obtained with an excellent 91% yield, respectively, from 10
and 13. Analyses carried out by chiral HPLC on a Chiracel
OD-H Daicel column showed that no epimerization at the
C-2 chiral center occurred throughout the synthesis, thus
assessing that the R,R,R configuration of the starting d- and
a-tocopherol were retained. From all our experience, it can
be assumed that no erosion of stereochemistry of the
aliphatic side chain took place under the reaction conditions.
Moreover, isotope purity of 11 was highly satisfying,
resulting 97.6% by GC-MS.
Scheme 2. Synthesis of R,R,R-g-tocopherol 14. Reactions details are the same as
3. Conclusions

Over the last few years focus of vitamin E research has
shifted significantly from the well-known bioactivity of
a-tocopherol to the less investigated properties of other
tocopherols and tocopherol derivatives, which have been
proving very important. The high costs of commercially
available g-tocopherol and the difficulty of preparing its
labeled analogue have somewhat limited the studies on this
very interesting compound. For this reason, we set up an
efficient, simple and scalable route that allows the
preparation of d3-R,R,R-g-tocopherol and R,R,R-g-toco-
pherol starting, respectively, from inexpensive and widely
available natural d-tocopherol and R,R,R-a-tocopherol. The
simple thermal decarboxylation of the final step afforded the
desired product in excellent yields and without loss of
isomeric purity, greatly improving the previous reported
procedure.
4. Experimental

4.1. General

All reactions were performed under inert atmosphere (Ar or
N2). 1H and 13C NMR spectra were recorded on a Varian
Gemini 200 spectrometer (200 and 50.3 MHz, respectively).
2H NMR spectra were recorded on a Varian VXR 300
spectrometer (46 MHz for 2H) in CHCl3 with CDCl3 as
internal standard. Chemical shifts are expressed on the d
scale (ppm). Deuteration level was determined by GC-MS
by microSIS mode. GC-MS analyses were recorded on a
Saturn 2000 GC-MS/MS Varian Chromatography System
mass spectrometer connected to a 3800 Varian gas
chromatograph equipped with a DB-5 capillary column
(30 m!0.25 mm, 0.25 mm film thickness). Operating con-
ditions: injector temperature 280 8C; oven program tem-
perature 250 8C, increased at 308 minK1 to 300 8C and held
for 7 min at 300 8C; transfer line temperature 295 8C; ion
trap temperature 250 8C; emission current 10 mA; isolation
window 3 amu. The APCI mass spectra were acquired on an
Applied Biosystem API 4000 mass spectrometer. HPLC
analyses for determination of the isomeric purity were
performed on a 250!4.6 mm Chiracel OD-H column from
Daicel Chem. Ind., solvent 0.5% EtOH in n-hexane, flow
1.0 mL/min, detection at 220 nm, using R,R,R- and (all-
rac)-g-tocopherol as standards. Commercial reagents and
solvents were purchased from Aldrich, Fluka, or Merck, and
purified by standard methods when necessary. Hexane was
distilled over CaH2 before use, CH2Cl2 over P2O5, i-Pr2O
over Na. Deuterated paraformaldehyde (CD2O)n

(R99.5 at.% D) and DCl in D2O (35% in DCl, 99.9 at.%
Scheme 1.
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D) were purchased from C/D/N Isotopes (Canada), whilst
NaBD4 (98 at.% D) and D2O (99.8 at.% D) from Aldrich.
2R,4 0R,8 0R-a-Tocopherol (Covitol F1490) was purchased
from Henkel. All other commercial reagents were used
without further purification. Column chromatography was
performed on silica gel 60 (70–230 mesh). TLC was
performed on silica gel Macherey–Nagel Alugram Sil
G/UV254 (0.20 mm). All yields given refer to isolated yields.

4.1.1. (5-2H3,7-
2H3)-(2R,4

0R,8 0R)-a-tocopherol (5).16 To a
solution of natural d-tocopherol (1.95 g, 4.72 mmol) in
anhydrous i-Pr2O (50 mL) were added anhydrous SnCl2
(13.9 g, 73.3 mmol, 15.5 equiv), DCl in D2O (50 g, 35%,
99.9% D) and (CD2O)n (1.1 g, 34.3 mmol, 7.28 equiv). The
mixture was heated at 65 8C for 4 h, and then water was
added. The aqueous phase was extracted with Et2O (3!
100 mL). The combined organic extracts were subsequently
washed to neutrality with water, dried over Na2SO4 and
concentrated to dryness. Purification by column chroma-
tography (Hex/EtOAc 12:1) afforded 5 (1.52 g, 74% yield)
as pale yellow oil.

1H NMR, (CDCl3/TMS): d 0.7–1.6 (m, 36H, C(2a)H3 and
C16H33 chain), 1.8 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
2.6 (t, JZ6.2 Hz, 2H, ArCH2CH2). 2H NMR (CHCl3): d
2.09 (s, 3D, ArCD3), 2.13 (s, 3D, ArCD3).

13C NMR
(CDCl3): d 10–11.1 (m), 11.7, 19.6, 19.7, 20.7, 21.03, 22.6,
22.7, 23.8, 24.4, 24.8, 27.9, 30.8, 31.6, 32.7, 32.8, 37.3,
37.4, 37.5, 39.4, 39.8, 74.5, 117.4, 118.4, 120.9, 122.6,
144.6, 145.6. APCI-MS (in MeOH), m/z (amu): positive ion
mode, 437.6 [M]C.

4.1.2. 6-O-Acetyl-5-(5-2H2)-bromomethyl-(7-2H3)-(2R,
4 0R,8 0R)-g-tocopherol (7). To a solution of 5 (1.38 g,
3.16 mmol) in dry hexane (25 mL) was added dropwise a
solution of Br2 (0.17 mL, 3.32 mmol, 1.05 equiv) in dry
hexane (10 mL). The solution was stirred for 3 h. The
solvent and the remaining Br2 were removed in vacuo at rt,
affording 6 without further purification. 1H NMR of 6 was
consistent with reported data.17 In the same flask was then
carried out the acetylation reaction to prepare 7. To 6,
obtained as described above, were added CH2Cl2 (12 mL),
AcOH (12 mL), Ac2O (2.2 mL) and H2SO4 (0.2 mL). The
dark mixture was stirred overnight at rt. Then water was
added and CH2Cl2 evaporated. The aqueous phase was
extracted with hexane (3!100 mL). The combined organic
extracts were subsequently washed to neutrality with water,
dried over Na2SO4 and concentrated to dryness. Purification
by column chromatography (Hex/EtOAc 10:1) afforded 7
(1.45 g, 82% yield from 5) as yellow dense oil.

1H NMR, (CDCl3/TMS): d 0.95–1.8 (m, 36H, C(2a)H3 and
C16H33 chain), 1.8 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
2.37 (s, 3H, CH3CO2), 2.75 (t, JZ6.6 Hz, 2H, ArCH2CH2).
2H NMR (CHCl3): d 1.94 (s, 3D, ArCD3), 4.36 (s, 2D,
ArCD2Br). C31H46D5BrO3 (490.7): calcd C 66.89, H 10.14,
Br 14.35, found C 66.65, H 10.35, Br 14.48.

4.1.3. 6-O-Acetyl-5-(5-2H1)-formyl-(7-2H3)-(2R,4
0R,8 0R)-

g-tocopherol (8). To a solution of 7 (1.34 g, 2.41 mmol) in
dry acetonitrile (20 mL), NMMO (1.14 g, 9.7 mmol,
4 equiv) was added. After stirring for 5 h at rt, the solvent
was evaporated and the crude residue purified by column
chromatography (Hex/EtOAc 15:1), affording 8 (1.17 g,
92% yield) as yellow dense oil.

1H NMR, (CDCl3/TMS): d 0.95–1.6 (m, 36H, C(2a)H3 and
C16H33 chain), 1.7 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
2.3 (s, 3H, CH3CO), 3.05 (t, JZ6.2 Hz, 2H, ArCH2CH2). 2H
NMR (CHCl3): d 2.01 (s, 3D, ArCD3), 10.25 (s, 1D,
ArCDO). 13C NMR (CDCl3): d 12.9, 13.01 (m), 19.6, 19.7,
20.4, 20.9, 22.5, 22.6, 23.8, 24.7, 27.9, 30.5, 30.7, 32.6,
32.7, 37.2, 37.3, 37.4, 39.3, 39.9, 75.8, 120.5, 122.8, 128.2,
136.6, 145.0, 149.8, 169.6, 189.9 (t, JZ105 Hz). APCI-MS
(in MeOH), m/z (amu): positive ion mode, 491.4 [MCH]C,
508.6 [MCNH4]C. C31H46D4O4 (490.7): calcd C 75.87, H
11.09, found C 75.41, H 11.27.

4.1.4. 6-O-Acetyl-(7-2H3)-(2R,4
0R,8 0R)-g-tocopherol-5-

carboxylic acid (9). To a solution of 8 (490 mg, 1 mmol)
in 1,4-dioxane (20 mL), NH2SO3H (160 mg, 1.6 mmol,
1.6 equiv) and water (7 mL) were added. After stirring for
20 min, NaClO2 (180 mg, 1.4 mmol, 1.4 equiv) and water
(5 mL) were added. After stirring for further 30 min,
Na2SO3 (150 mg) was added to destroy excess of NaClO2

and HOCl formed during the reaction. Water was then
added and the aqueous phase was extracted with Et2O (3!
50 mL). The combined organic extracts were subsequently
washed to neutrality with water, dried over Na2SO4 and
concentrated to dryness, giving pure 9 (485 mg, 96% yield)
without further purification, as yellow oil.

1H NMR, (CDCl3/TMS): d 0.95–1.6 (m, 36H, C(2a)H3 and
C16H33 chain), 1.7 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
2.28 (s, 3H, CH3CO), 2.9 (t, JZ6.2 Hz, 2H, ArCH2CH2),
9.2 (bs, 1H, CO2H). 2H NMR (CHCl3): d 2.01 (s, ArCD3).
13C NMR (CDCl3): d 12.8, 12.9 (m), 19.6, 19.7, 20.6, 21.1,
22.5, 22.7, 24, 24.4, 24.7, 27.9, 30.6, 32.7, 37.2, 37.3, 39.3,
40.1, 76, 118.3, 121.5, 128.9, 130.3, 140.5, 150, 170.1,
171.9. APCI-MS (in MeOH), m/z (amu): negative ion mode,
504.5 [MKH]K. C31H47D3O5 (505.7): calcd C 73.62, H
10.56, found C 73.25, H 10.85.

4.1.5. (7-2H3)-(2R,4
0R,8 0R)-g-tocopherol-5-carboxylic

acid (10). To 9 (490 mg, 0.97 mmol) was added a solution
of KOH in MeOH (10 mL, 2 M). The solution was heated at
50 8C for 2 h, then MeOH was evaporated and water added.
The aqueous phase was extracted with Et2O (3!50 mL).
The combined organic extracts were subsequently washed
to neutrality with water, dried over Na2SO4 and concen-
trated to dryness, giving pure 10 (420 mg, 93% yield)
without further purification, as yellow semi-solid.

1H NMR, (CDCl3/TMS): d 0.95–1.6 (m, 36H, C(2a)H3 and
C16H33 chain), 1.7 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
3.05 (t, JZ6.2 Hz, 2H, ArCH2CH2), 9.8 (bs, 1H, ArOH),
11.1 (bs, 1H, CO2H). 2H NMR (CHCl3): d 2.01 (s, ArCD3).
13C NMR (CDCl3): d 11.8, 13.0 (m), 19.6, 19.7, 20.9, 22.6,
22.7, 23.6, 24, 24.4, 24.8, 27.9, 30.9, 31.4, 32.6, 32.8, 37.2,
37.3, 37.4, 39.3, 39.6, 74.6, 106.7, 119, 124, 136.1, 144.8,
155.9, 176.8. APCI-MS (in MeOH), m/z (amu): negative ion
mode, 462.6 [MKH]K. C29H45D3O4 (463.7): calcd C
75.11, H 11.08, found C 75.01, H 11.21.

4.1.6. (7-2H3)-(2R,4
0R,8 0R)-g-tocopherol (11). Compound

10 (300 mg, 0.65 mmol) was heated at 170 8C for 3 h. After
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purification of the crude residue by column chromatography
(Hex/EtOAc 10:1), 11 (248 mg, 91% yield) was obtained as
brown dense oil.

1H NMR, (CDCl3/TMS): d 0.8–1.6 (m, 36H, C(2a)H3 and
C16H33 chain), 1.7 (m, 2H, ArCH2CH2), 2.1 (s, 3H, ArCH3),
2.7 (t, JZ6.2 Hz, 2H, ArCH2CH2), 4.7 (bs, 1H, ArOH), 6.4
(s, 1H, ArH). 2H NMR (CHCl3): d 2.15 (s, ArCD3).

13C
NMR (CDCl3): d 11.9 (m), 19.7, 19.8, 21.1, 22.3, 22.6, 22.7,
24, 24.4, 24.8, 27.9, 31.4, 32.7, 32.8, 37.3, 37.4, 37.45, 37.6,
39.4, 40, 40.1, 75.5, 112.2, 118.3, 121.7, 125.8, 145.7,
146.2. APCI-MS (in MeOH), m/z (amu): positive ion mode,
419.3 [M]C. C28H45D3O2 (419.4): calcd C 80.13, H 12.25,
found C 80.32, H 12.40. 97.6% deuteration by GC-MS (d3

species; the remaining 2.4% accounts for d2, d1 and d0

species). HPLC: 100% 2R-isomers (t(R) 16.1 min), no trace
of 2S-isomers (t(R) 17.1 min) could be detected. It can be
assumed that no erosion of stereochemistry of the aliphatic
side chain took place under the reaction conditions.

4.1.7. (2R,4 0R,8 0R)-g-tocopherol (14). Acid 13 was
prepared as described for its labeled counterpart 10 starting
from commercially available R,R,R-a-tocopherol. Thermal
decarboxylation of 13 was accomplished (91% yield) as
described for 11. Physical and spectroscopic data were
consistent with reported data for (2R,4 0R,8 0R)-g-
tocopherol.22
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Abstract—The variations in topology of the electron density along the reaction paths of the keto–enol tautomerism of acetaldehyde, the
pinacol rearrangement of protonated 1,2-ethanediol, and the unimolecular decomposition of methanediol, were studied as examples of
hydrogen transfer between, respectively, C/O, C/C, and O/O atoms. The evolution of atomic charges, determined using two different
atomic partitionings (AIM and Hirshfeld), indicates that the main electronic charge transfer in keto–enol tautomerism takes place between
the migrating hydrogen and the carbon of the carbonyl group. The topology of the electron density demonstrates that a hydrogen-bridge
structure is never formed along the reaction path of the pinacol rearrangement. The methanediol decomposition follows a concerted
mechanism with very small variations in the atomic charges.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Many important organic chemical reactions take place
through the migration of one H atom. In this paper we study
three different processes of H transfer in oxygenated
compounds: between C and O atoms in the keto–enol
tautomerism of acetaldehyde, between two C atoms in the
pinacol rearrangement of protonated 1,2-ethanediol, and
between two O atoms in the unimolecular decomposition of
methanediol.

Although many theoretical studies were performed on these
reactions, to our knowledge none of them included an
electron density topological analysis or the computation of
atomic charges to confirm the intermediate structures
proposed or to describe the evolution of the charge
distribution during the process. Therefore, we have analysed
the formation and breaking of bonds during these processes
by studying the topology of the charge density along the
corresponding intrinsic reaction coordinates, IRC. Charge
transfers along the IRC were studied using atomic charges
calculated with two different methods: Atoms in Molecules
Theory1,2 (AIM) and the Hirshfeld scheme.3

Keto–enol tautomerism plays a fundamental role in several
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.044

Keywords: Keto–enol tautomerism; Pinacol rearrangement; Methanediol
decomposition; AIM theory; Hirshfeld partitioning.
* Corresponding author. Tel.: C34 986813808; fax: C34 986812321;

e-mail: mosquera@uvigo.es
organic reactions.4 Therefore, the mechanism of this process
was extensively studied with diverse theoretical and
experimental methods (see Refs. 4–6 for a review).
Recently, Andrés et al. concluded, using a set of 13
theoretical levels, that the transition state, TS, for the keto–
enol tautomerism of acetaldehyde could be always
described (on the basis of its geometry) as a four-membered
ring.6 Using Pauling bond orders, they also concluded that
the intramolecular migration of H is more advanced than the
hybridization changes on heavy atoms. Nevertheless, the
proposed cyclic structure was not confirmed by any criterion
based on the electron charge density.

The pinacol rearrangement is another of the most studied
reactions in organic chemistry. Several mechanisms have
been proposed for it along the XXth century. Thus,
Whitmore proposed this process takes place through several
elementary steps that include the formation of an inter-
mediate b-hydroxy carbocation by elimination of one water
molecule in protonated 1,2-ethanediol.7 W. B. Smith et al.8,9

proposed a bridged structure for this carbocation based
upon isotopic effects of the pinacol rearrangement of
1,2-dimethylene glycol and 1,1,2-trimethylene glycol.
However, the mechanism proposed for the pincacol
rearrangement of 1,1,2-triphenylethylene glycol included a
non-cyclic carbocation.10 Theoretical studies in the 1990s
by Nakamura and Osamura11–13 concluded that the pinacol
rearrangement is more favourable through a concerted
mechanism, with no intermediate cation. In the late 1990s
Tetrahedron 61 (2005) 819–829
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B. Smith14 also rejected this intermediate form, strengthen-
ing the hypothesis of concerted mechanism.

Kent et al.15 studied the unimolecular decomposition of
methanediol to obtain water and formaldehyde in gas phase.
They calculated the stability of the reagent and the products,
the structure of the TS and the energy barrier for the process,
making use of 12 computational levels. The study assumes a
concerted mechanism and proposes a cyclic structure for the
TS, with the migrating H bonded to both oxygens.
Figure 1. Plot of diverse geometries along the minimal energy path for the proce
(b) pinacol rearrangement; (c) unimolecular decomposition of methanediol. TS a
2. Computational technique

Minimum energy paths were determined for the three
processes using the Gaussian 03 program.16 The topology of
the charge density was studied for several geometries
(including reagents, products, and TS) along the corre-
sponding IRC path: nine geometries for the keto–enol
tautomerism of acetaldehyde, 14 for the pinacol rearrange-
ment of protonated 1,2-ethanediol, and 15 for the
unimolecular decomposition of methanediol. Atomic
sses studied and atomic numbering employed: (a) keto–enol tautomerism;
re shown detailing atom numbering.
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charges were obtained for every geometry according to the
AIM1,2 and Hirshfeld schemes3 from B3LYP/6-311CC
G** electron densities. Figure 1 shows atom numbering and
nomenclature of the intermediate geometries. For the keto–
enol tautomerism the whole set of intermediate geometries
studied along the IRC is shown, whereas only selected
geometries are shown for pinacol rearrangement and
methanediol decomposition.

According to the AIM theory an atom consists of a nucleus,
Figure 2. Variation of the molecular energy along the IRC path of: (a) the keto–en
1,2-ethanediol, and (c) the unimolecular decomposition of methanediol. Filled po
which acts as an attractor for the trajectories of the gradient
of the charge density vector field, Vr(r), and its associated
atomic basin, U, throughout which these trajectories spread.
An atom, A, is delimited by zero flux surfaces for Vr(r) and
an iso-contour where the electron density vanishes. The
atomic charge, qA, is obtained by Eq. 1, where ZA is the
atomic number, through the integration of the electronic
density within the atomic basin using the AIMPAC
program.17 Plots of charge density (indicating bond and
ring critical points, BCP and RCP, respectively) at the TS
ol tautomerism of acetaldehyde, (b) the pinacol rearrangement of protonated
ints correspond to geometries given in Figure 1.



Table 1. Variations experienced by the main geometrical features along the
keto–enol tautomerisationa

Ketob KeTS enol

O1–C2 1.206 7.3 15.7
C2–C3 1.504 K9.3 K17.3
H4–C3 1.090 41.6 140.3
H4–O1 2.583 K128.5 K161.8
C3–C2–O1 124.8 K14.2 2.2
H4–C3–C2 111.0 K44.2 K61.5
H4–O1–C2 55.8 21.4 53.9
O1–H4–C3 70.3 33.7 3.6
H5–C2–C3–H4 180.0 11.7 0.0
H4–O1–C2–H5 180.0 K12.3 0.0
O1–C2–C3–H4 0.0 9.1 0.0

a Bond distances in Å and angles in degrees. Bond distances variations are
mutiplied by 102. Values are relative to those of the keto form.

b Absolute values.
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were obtained with program MORPHY.18,19

qA Z ZA K

ð

U

rðrÞdr (1)

The Hirshfeld scheme3,20–22 calculates the atomic charge
making use (Eq. 2) of the atomic deformation density,
drA(r), which is related to the molecular deformation
density, Dr(r), by Eq. 3. Dr(r) is defined by Eq. 4, where
rmol is the molecular electron density and rpro is the
promolecule electron density given by Eq. 5, where rat

represents the charge density of the isolated atom A placed
at the same position occupied by its nucleus in the molecule.
Finally, the function wA(r) in Eq. 3 gives the relative
contribution of the atom A to the promolecule in the point r,
and is expressed by Eq. 6

qA ZK
Ð
drAðrÞdr (2)

drAðrÞZwAðrÞDrðrÞ (3)

DrðrÞZ r
molðrÞKr

proðrÞ (4)

rproðrÞZSrat
AðrÞ (5)

wAðrÞZ rat
AðrÞ=r

proðrÞ (6)

The absolute values of the charges are very different when
obtained with both methods. AIM charges are usually higher
than those obtained with the Hirshfeld scheme, particularly
if they correspond to electronegative atoms or atoms bonded
to them. However, similar trends in calculated values have
previously been found and analysed22,23 and they do not
impede common conclusions about the evolution of charges
along a certain process.
Figure 3. Plots of the B3LYP/6-311CCG** electron charge density for
the TS of (a) the keto–enol tautomerismn of ethanal, (b) the pinacol
rearrangement of protonated 1,2-ethanediol, (c) the unimolecular decompo-
sition of methanediol. Squares denote BCPs, triangles RCPs, open face
circles are projections of nuclei and bold face ones correspond to in-plane
nuclei.
3. Results and discussion

3.1. Keto–enol tautomerism

Figure 2a displays the evolution of the molecular energy
during the keto–enol tautomerism. As is shown, the energy
difference between the keton and the enol form, DEe–k, is
only 10.4 kcal molK1 (11.1 kcal molK1 after ZPVE correc-
tions) but the intermediate steps show very high energies
arising 69.6 kcal molK1 above the reagent for the TS
(73.0 kcal molK1 after ZPVE corrections). Values pre-
viously obtained are in the range between 8.5 kcal molK1

(HF/3-21G) and 14.3 kcal molK1 (MP2/6-31G**) for DEe–k,
and between 71.0 kcal molK1 (MP2/6-311CCG(3df,2p))
and 93.9 kcal molK1 (HF/6-31G) for the energy barrier,
DEe–k

s .6 The results reported here for DEe–k are in good
agreement with those obtained at the highest computational
levels hitherto employed: 10.6 kcal molK1 at the MP2/
6-311CCG(3df,2p) level,6 11.2 kcal molK1 (G1),24 and
11.0 kcal molK1 (G2),25 and with the experimental DEe–k

value of (10G2) kcal molK1.26 The B3LYP/6-311CCG**
value for DEe–k

s also compares satisfactorily with the
experimental estimation (75 kcal molK1),27 and with most
of the values obtained at high computational levels: 71.0 at the
MP2/6-311CCG(3df,2p) level,6 79.1 at G1,24 76.1
(MP2(full)/6-31G*),28 or 71.4 at the MP4(FC,SDTQ)/
6-311CCG**//MP2(Full)/6-31G*.28 One DEe–k

s value com-
puted at the G2 level was also published (56.4 kcal molK1),25

but the whole set ofDEe–k
s values reported in that work are too

low compared to any other computational values, even with
regard to those obtained at the same level by other authors
(i.e., 56.0 for G1, and 55.8 for MP2(full)/6-31G*), so we think
it is affected by some kind of mistake.

The variations in the main geometrical parameters are given
in Table 1. The geometry of the TS exhibits a ‘bridge’
structure. The ring critical point obtained in the AIM study
(Fig. 3) confirms the presence of a four-membered ring
involving C2, C3, H4, and O1. Bond lengths for C3–H4 and
H4–O1 indicate that H4 is placed in the TS structure in an
intermediate position between those corresponding to the
keto and enol forms. In fact, C3–H4 distance is closer to that
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in the enol, whereas H4–O1 distance is closer to that in the
keto form. A similar behaviour is found for O1–C2 and C2–
C3 bonds, which exhibit intermediate values between
standard O]C and O–C distances for the first bond and
between standard C–C and C]C distances for the second
one. The C3–C2–O1 angle decreases initially, bringing H4

and O1 closer together. Subsequently, its value remains
constant (typical of C–C(sp3)–O angles) until the formation
of the H4–O1 bond in the last part of the concerted process
(by then it recovers a value typical of a C–C(sp2)–O). In
spite of the significant variations in C3–C2–O1, small
changes are observed in the dihedral angles involving H5,
C2, C3, H4, and O1, which are practically kept in one plane
during the tautomerism. H6 and H7 only move into that
plane at the last points of the reaction (after ke-6 point,
Fig. 1).
Figure 4. Variation of AIM and stockholder atomic charges along the IRC path for
scale is doubled for stockholder charges.
In spite of the movement of the hydrogen atoms H6 and H7,
both the AIM and stockholder charges for these atoms
remain practically constant during the reaction (maximum
variations do not reach 0.04 a.u.). On the contrary, the
evolution of AIM and stockholder charges for O1, H4, C2,
and C3 atoms is significant (Fig. 4). According to the AIM
results there is a large increase in positive charge of H4

(0.52 a.u.), that is almost the same as the decrease in the
positive charge of C2. Both variations display a nearly linear
behaviour along the IRC path and represent the most
important charge transfer during the reaction. The variations
of charge are negligible for O1 (less than 0.05 a.u. along the
process and less than 0.01 a.u. between the keto and the enol
forms). The atomic charge of C3 is almost the same at the
beginning as at the end of the reaction but it experiences
noticeable changes along the process and achieves a
the keto–enol tautomerism of ethanal. All charges are in a.u. Notice that the
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minimum value at the TS. This variation is due to the small
difference between the electron population lost by H4 and
that gained by C2 (always less than 0.11 a.u.) during the
central part of the reaction. C3 absorbs most of this electron
population, but it is also spread over the remaining
hydrogens. Thus, we can infer that the migration of H4

from C3 to O1 is accompanied by a progressive transfer of
electron charge from H4 to C2 which represents in the whole
process more than half of the electron population of H4 in
acetaldehyde. This transfer takes place through O1 that
receives from H4 approximately the same charge it donates
to C2.

The stockholder charges of H4 and C2 exhibit again similar
absolute variations with opposite signs (Fig. 4). However,
they are smaller than those found with the AIM method and
the variations experienced by O1 and C3 charges between
the initial and final geometries are not negligible with regard
to them. Therefore, according to the Hirshfeld partitioning
both O1 and H4 atoms transfer charge to the carbon atoms. It
has to be mentioned that both AIM and stockholder
descriptions differ from the NBO interpretation of the
process as a delocalization of one of the O1 lone pairs into
the C3–H4 antibonding orbital.28

3.2. Pinacol rearrangement in protonated 1,2-ethanediol

Figure 2b shows the variation of the molecular energy along
the IRC of the pinacol rearrangement of protonated 1,2-
ethanediol to yield protonated ethanal and water. The
energy difference between reagent and products, DE, is
small (4.5 kcal molK1, 3.4 kcal molK1 after ZPVE correc-
tions) and the energy barrier, DEs, amounts 21.3 kcal molK1

(16.5 kcal molK1 after ZPVE corrections). Both values are
somewhat smaller than those previously obtained at other
computational levels: B3LYP/6-31G* (DEZ9.4 kcal molK1,
DEsZ26.0 kcal molK1),14 MP2/6-31CG**//B3LYP/6-
31G* (DEsZ25.7 kcal molK1),14 and MP2/6-31G*//HF/
6-31G (DEsZ26.3 kcal molK1).13 Nevertheless, none of
them can be considered more reliable.

The variations of the geometry during the reaction (Table 2)
allow to infer the progressive formation of a water molecule
since the beginning of the concerted mechanism till the end
of the process. Thus, the C1–O7 distance increases
continuously along the process. We also observe that the
summation of the atomic charges for the water molecule is
only zero at the end of the reaction (Fig. 5), both with AIM
and stockholder charges. Both facts confirm that the process
follows a concerted mechanism where the water molecule
cannot be considered independent until the final point of the
reaction. The wide gap observed for the stockholder charge
of the water molecule at the end of the rearrangement is due
to the abrupt elimination of the effects of the rest of the
molecule when the water molecule is computed isolated.
This effect is much smoother for AIM charges.

The geometry of the TS corresponds to a bridged structure
involving the C2, H6, and C1 atoms. Although H6 adopts an
intermediate position, no RCP is detected in the TS. In fact
there is one bond path connecting C2 and H6 in the TS, but
there is no bond path connecting C1 and H6 (Fig. 3). We
have analysed the charge densities for several points of the
minimum energy path that are very close to the formation of
the C1–H6 bond and we can conclude that a ring is never
formed. So, when the bond path connecting C1 and H6

appears, the one between C2 and H6 disappears. Carbon
atoms exhibit sp2 character in geometries around the TS
(and the TS geometry itself), as can be inferred from C–C
bond (around 1.40 Å) and H3–C1–H4, H5–C2–O8, and C1–
C2–O8 angles (all near 1208).

The variations experienced by the AIM and stockholder
atomic charges along this reaction path display very similar
trends if we exclude C1 (Fig. 5). The variations for q(C1)
from the reagents to the TS formation computed with AIM
are opposite to those obtained with the Hirshfeld partition-
ing. Thus, AIM charge decreases whereas the stockholder
one increases by a similar amount (Fig. 5), like it was found
for the protonation of alkanols in a recent study.23 Both
methods indicate a continuous decrease of q(C1) from the
TS to the products. The evolution observed for q(O8) (data
not shown) from the TS to the products is also different
depending on the partitioning (increases only 0.02 a.u.
according to the AIM results but 0.145 a.u. according to the
Hirshfeld ones).

The main charge variation in the process corresponds to that
due to the formation of the water molecule from the [OH2]C

unit formed by O7, H9, and H10. 0.25 or 0.45 a.u. have to be
transferred from the rest of the molecule to this unit
according to AIM and Hirshfeld partitionings, respectively,
in order to form a neutral water molecule. Looking at the
global process the main source for this electron transfer is
always C2. Nevertheless, the variations experienced by the
atomic charges along the reaction indicate that two different
stages can be considered for the electron charge reorgan-
ization: (a) most of the charge is transferred to the water
molecule during the formation of the TS. This charge comes
from the rest of the molecule if we look at stockholder
charges, whereas C1 is excluded as a source for electron
charge and is another important acceptor according to the
AIM charges; (b) less electron charge is transferred to the
water molecule and a reorganization of the charge of the
protonated acetaldehyde happens during the formation of
the products from the TS. C2 looses a lot of electron charge
in this stage (Fig. 5) whereas H3 and H4 recover the charge
lost during the first stage. The other atoms experience slight
charge variations, if we exclude O8 that is an important
electron charge donor according to the Hirshfeld partition-
ing but not to AIM.

Another important trend of the process (common to both
charge analyses) is the nearly constant charge shown by the
atom transferred between both carbons (Fig. 5).

3.3. Unimolecular decomposition of methanediol

The energy profile of the unimolecular decomposition of
methanediol (Fig. 2c) indicates the production of water and
formaldehyde from this molecule in a concerted mechan-
ism, as was assumed in a previous study of this process.15

The difference of energy between the reagent and the
products, DEd, is 12.2 kcal molK1 (8.8 kcal molK1 after
ZPVE corrections) and the barrier for the process, DEd

s,
rises above 48 kcal molK1 (43.6 kcal molK1 after ZPVE



Table 2. Variations experienced by the main geometrical features along the pinacol rearrangement of protonated 1,2 ethanediola

Rb pr-1 pr-2 pr-3 pr-4 pr-5 prTS pr-6 pr-7 Pr-8 pr-9 pr10 pr11 Products

C1–C2 1.525 K4.3 K5.3 K6.7 K8.4 K10.3 K12.1 K13.2 K13.3 K12.6 K11.2 K9.7 K8.7 K8.2
C1–H6 2.150 K17.3 K20.3 K25.6 K33.4 K45.2 K61.2 K77.2 K88.7 K96.4 K100.6 K102.7 K103.6 K104.0
C1–O7 1.510 28.8 36.0 44.4 52.4 59.7 66.5 72.7 78.1 83.6 89.6 96.5 104.2
C2–H6 1.090 2.6 3.1 4.1 5.6 8.5 14.2 23.9 37.0 52.4 67.9 80.9 89.1
C2–O8 1.430 K3.4 K3.8 K4.5 K5.4 K6.7 K8.5 K10.4 K12.2 K13.9 K15.1 K15.7 K15.9 K16.0
H9–O7 1.010 K3.7 K3.8 K4.0 K4.1 K4.2 K4.3 K4.4 K4.4 K4.5 K4.5 K4.5 K4.5 K4.5
H10–O7 0.970 0.3 0.2 0.0 K0.1 K0.2 K0.3 K0.4 K0.5 K0.5 K0.4 K0.4 K0.4 K0.5
C2–C1–H6 31.1 2.9 3.9 5.5 8.1 12.0 18.5 26.3 35.5 45.7 55.8 64.4 70.1 72.8
C1–C2–H6 109.6 K11.4 K13.2 K16.4 K21.2 K28.5 K38.6 K48.8 K57.1 K63.9 K69.3 K73.5 K76.1
H3–C1–H4 112.5 3.0 3.8 4.6 5.4 6.2 7.2 7.9 8.1 7.3 5.5 3.0 1.2 0.3
C1–C2–O8 102.9 9.4 10.2 11.2 12.5 14.0 15.4 16.5 17.1 17.4 17.4 17.3 17.3 17.4
H5–C2–O8 110.9 3.5 3.9 4.6 5.5 6.7 7.9 8.6 8.9 8.7 8.2 7.6 7.3 7.2
H3–C1–C2–H6 314.7 K34.3 K35.5 K36.6 K37.3 K37.8 K39.7 K43.4 K48.6 K54.7 K61.4 K67.2 K70.8
H4–C1–C2–H6 85.2 K26.5 K24.4 K21.4 K18.1 K14.1 K8.9 K3.0 3.4 10.4 17.6 23.7 27.3
H6–C1–C2–H5 238.1 9.8 11.8 13.7 16.4 20.4 26.0 31.9 37.2 41.4 43.5 42.9 40.4 38.5
H6–C1–C2–O8 119.3 K0.4 K1.7 K3.1 K5.6 K8.8 K13.0 K17.0 K20.2 K23.1 K25.4 K26.6 K27.0 K27.0
O7–C1–C2–H6 200.2 K32.5 K31.8 K30.4 K28.6 K26.5 K24.7 K23.4 K22.9 K22.6 K22.5 K22.4 K22.7
O7–C1–C2–O8 319.5 K33.7 K33.6 K33.6 K34.1 K35.4 K37.7 K40.4 K43.1 K45.7 K47.8 K49.1 K49.6
H6–C2–O8–H11 287.8 0.2 K1.4 K4.4 K8.9 K15.5 K24.1 K32.4 K38.9 K44.4 K49.6 K55.6 K61.8

a Bond distances in Å and angles in degrees. Bond distances variations are mutiplied by 102. Values are relative to those of protonated 1,2 ethanediol.
b Absolute values for protonated 1,2-ethanediol.
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Figure 5. Variation of AIM and stockholder atomic charges along the IRC path for the pinacol rearrangement of protonated 1,2 ethanediol. All charges are in
a.u.
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corrections). These values are within or near the ranges of
those reported by Kent et al. using 12 different compu-
tational levels:15 12.1–14.7 kcal molK1 for DEd (5.9–
8.0 kcal molK1 after ZPVE corrections) and 43.5–
57.8 kcal molK1 for DEd

s after ZPVE corrections.

The reaction of decomposition implies the transfer of H7

from O3 to O2 and it happens when these three atoms and C1

are in the same plane. During the first moments of the
reaction these atoms are moved towards a common plane, as
can be inferred from the values of O2–C1–O3–H7, that are
close to 08 from the first geometry studied (Table 3). In these
first points other variations as those corresponding to O3–H7

or C1–O2 bonds are small and C1 keeps sp3 character as can
be deduced from all the bond angles and the O3–C1–H4–H5

dihedral angle. Moreover, the analysis of the electron
density does not show any bond path connecting O2 and H7

until the point denoted as md-6 in Table 3 and Figure 1,
which is close to the TS.

Once the atoms are in the same plane, the hydrogen transfer
begins and a ring structure involving C1, O3, O2, and H7
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appears (confirmed by a ring critical point, Fig. 3). From this
point the O2–H7 distance decreases achieving values close
to that in the water molecule; whereas the O3–H7 distance
increases, the bond path connecting these atoms disappears.
At the same time, C1 gets sp2 character after the TS
formation, as can be deduced from O3–C1–H4 or O3–C1–H5

angles (around 1208). In the last part of the reaction the
modifications of the geometry are small, except for the
distance between H2O and CH2O, which show a bond path
connecting C1 and O2 until the reaction ends.

Figure 6 displays the variation in the charges during this
process for C1, O2, O3, and H7. For the oxygen atoms both
methods indicate similar variations, but differences are
found for C1 and H7 which lead to different conclusions
about the charge transfer. The charge of O3 hardly changes
if reagent and products are compared, but if the whole path
is analysed a minimum charge near the TS is found. For the
AIM method this variation is opposite to that found for H7,
the atom bonded to O3, and it suggests a charge transfer
between both atoms during the reaction. For O2 and C1 AIM
differences for charges also show the same magnitude with
the opposite sign, suggesting a charge transfer between
them. Two stages can be defined for the charge evolution.
First electron charge is taken from the hydrogen that is
being transferred, H7, and from the H-acceptor region (O2

and H6), to be gained by O3 and C1. Then, the opposite
electronic rearrangement takes place after the formation of
the TS and the atoms recover their initial electron
population.

The profiles of the stockholder charges (Fig. 6) suggest an
electron charge transfer between both oxygens through C1

and H7. This transfer goes first from O2 to O3 and then in the
opposite way. In both analyses, no charge transfers exceeds
0.13 a.u.
4. Conclusions

The reported study allows us to conclude that the three
processes studied follow concerted mechanisms. The keto–
enol tautomerism of ethanal takes place through a four
members ring TS. During the tautomerism H4 migrates from
C3 to O1 and transfers half of its electron charge to C2

through O1 according to the AIM results. According to
stockholder charges both O1 and H4 transfer much less
electron charge to the carbons. The pinacol rearrangement
of protonated 1,2-ethanediol takes place through a
concerted mechanism with no cyclic TS. Both AIM and
Hirshfeld analyses indicate the charge of the hydrogen
transferred remains practically unchanged during the
process, C2 acts as the main electron source, and two
stages can be considered for the electron charge
reorganization. The unimolecular decomposition of
methanediol follows a concerted mechanism with a
four member ring TS. Both analyses agree that the
whole process takes place with very small variations of
atomic charges, and the electron charge is transferred in
opposite directions when the TS is built and when the
products are obtained.



Figure 6. Variation of AIM and stockholder atomic charges along the IRC path for the unimolecular decomposition of methanediol. All charges are in a.u.
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Abstract—The global electrophilicity index evaluated at the ground state of benzylating and acylating agents shows a quantitative linear
relationship with the experimental substrate selectivity index evaluated for a series of Friedel–Crafts reactions. The theoretical scale correctly
accounts for the electrophilic activation/deactivation effects promoted by electron withdrawing and electron releasing substituents in these
molecules. The predicted substrate selectivity values estimated from the knowledge of the electrophilicity index may become accurate to
within 10% and less.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Electrophilic aromatic substitution (EAS) reaction is one of
the archetypal polar processes in organic chemistry.1–3 The
accepted two step mechanism involves the formation of an
ionic intermediate, the benzenium ion,4–6 where the
attacking electrophile forms a s bond with the substrate
(also named the s complex). Extensive studies reported by
Brown showed a linear relationship between the relative
stability of the s complex and relative rates for a significant
number of electrophilic substitution reactions,7 yet there
was not evidence showing that the transition states were
closely related to this intermediate complex.8 An alternative
two-step mechanism involves Dewar’s p-complex, where
the interaction of an electrophile with the aromatic substrate
forms a first weak reagent–substrate complex (outer
complex) which is in equilibrium with a second structure
two-electron three-center complex (p-complex). The
formed complex is indeed a bridged tetracoordinated
carbonium ion (benzonium ion).9 However, studies by
Olah point out to a mechanism characterized by an early
formation of the p-complex, followed by the formation of
the s complex, that accounts for the low substrate but high
positional selectivities observed in EAS reactions.10,11

Furthermore, they proved that transition states of these
reactions were not rigidly fixed, always resembling the
Wheland intermediates, but they could frequently represent
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.038
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a much earlier stage of the reaction that could even
corresponds in structure to the starting aromatics.12,13 The
mechanism of EAS reactions has been recently revisited by
Esteves et al.14 Based on experimental and computational
results, these authors have introduced a unified mechanism
involving three separate intermediates on the potential
energy surface of the reaction.

One of the factors determining the reactivity in EAS
processes is the electrophilicity of the attacking group. For
instance, it has been shown that substituents may affect the
substrate selectivity as measured by the kToluene/kBenzene

(kT/kB, hereafter) ratio. Thus, while electron-donating
substituent located at position ortho and para with respect
to the benzylic centre, increase the kT/kB ratio, electron-
withdrawing substituents decrease it.12,13 On the other hand,
the acylation of toluene and benzene clearly proved the
importance of substituents on the electrophilicity of the
substituting agent, which was reflected by high kT/kB ratios.
The effect of the nucleophilicity of the aromatic substrate
was observed to cause similar effects;15 so that with
increasingly more basic aromatics, even relatively weak
electrophiles resulted in early transition states resembling
more starting materials than intermediates.12,13,15 This
result opens an interesting alternative to look at the substrate
selectivity in EAS reactions using static reactivity models
developed around the ground states of reactants.

The second relevant aspect in the EAS reactions is the
activating effect promoted by Lewis acid (LA) catalysts.
This is still an active area of research, and several works
Tetrahedron 61 (2005) 831–836
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describing a wide variety of catalysts have been recently
reported.16–19A recent study by Sefkow and Buchs reports
on the uncatalyzed Friedel–Craft alkylation of aromatic
compounds through reactive benzyl cations, that are
generated by thermal decomposition of aryl-benzyl-
sulfamoylcarbamates.20

In this article we present a theoretical model to quanti-
tatively describe the substrate selectivity in terms of the
global electrophilicity of the benzylating and acylating
reagents involved in the Friedel–Crafts EAS reactions,
using a global electrophilicity index.21,22 We rank, within a
unique absolute scale, the global electrophilicity of a series
of (10) benzylating and (7) acylating reagents. The
usefulness of the theoretical scale is illustrated for the
rationalization of substituent effects on the electrophilic
activation/deactivation reagents and to predict the experi-
mental substrate selectivity described by the kT/kB ratios of
related systems.
2. Model and computational details

The concept of electrophilicity viewed as a reactivity index
was introduced by Maynard et al. to study the reaction of the
human inmunodeficiency virus type 1 (HIV-1) nucleocapsid
protein p7 (NCp7) with a variety of electrophilic agents.21 It
was reformulated by Parr et al.22 using a second order
expansion of the electronic energy with respect to the charge
transfer DN at fixed geometry. Since electrophiles are
species that stabilize upon receiving an additional amount of
electronic charge from the environment, there exist a
minimum of energy for a particular DN* value. Using this
simple idea Parr et al. performed a variational calculation
that led to the definition of the global electrophilicity index
 
 

 

  

  

Chart 1. General structure of acylating (A) and benzylating (B) agents involved
as uZKDE(DN*), which may be recast into the more
familiar form:21

uZ
m2

2h
(1)

in terms of the electronic chemical potential m and the
chemical hardness h. The u index establishes an absolute
scale of electrophilicity in the sense that the hierarchy of
electrophilicity is built up from the electronic structure of
molecules, independent of the nucleophilic partner, which is
replaced by an unspecified environment viewed as a sea of
electrons.21 It has been successfully used to describe
reactivity in different organic systems. For instance, the
global electrophilicity values obtained from u have been
used to rank the electrophilicity of reagents participating in
Diels–Alder and 1,3-dipolar cycloadditions reactions.23,24 It
was also found that the difference in electrophilicity for the
diene/dienophile pair determined the nature of the reaction
mechanism (non-polar or polar character of the process),
thereby reinforcing the reliability of the u index as a kinetic
descriptor of reactivity.23 This index is almost insensitive to
solvent effects in neutral electrophiles, thus gas phase
calculations suffice to establish the electrophilic power of
molecules.25 More recently, we have shown that the
intrinsic electronic contribution to the substituent sp

Hammett constants, se(u), can be estimated from the u
index calculated for a series of substituted ethylenes.26 We
found that electron-withdrawing substitution increased the
electrophilicity power of ethylene, and that the correspond-
ing se(u) values were consistently predicted as positive
numbers. Our aim in this work is to illustrate how the
electrophilicity index performs to quantitatively account for
the observed substrate selectivity in Friedel–Craft benzyl-
ation and acylation.
   

  

in Friedel–Crafts reactions considered in this work.
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All the structures included in this study are shown in
Chart 1. They were optimized at the B3LYP level of
theory using the Gaussian98 package of programs.27 Several
basis set, including 6-31G*, 6-311G** and 6-311CCG**

were used in order to test the stability of the reactivity
index with respect to the basis set. The values of the
electronic chemical potential and the chemical hardness
were obtained from the expressions mz(3HC3L)/2 and
hz3LC3H, in terms of the one electron energies of the
HOMO and LUMO frontier molecular orbitals, 3H and 3L,
respectively.28 With these quantities at hand, the global
electrophilicity at the ground state of molecules was
obtained using Eq. (1).
  

  

    

Chart 2. Theoretical scale of global electrophilicity for the acylating (A) and ben
this work.
3. Results and discussion

The global electrophilicity patterns of the substituting
acylating (A) and benzylating (B) agents, commonly used
in Friedel–Crafts reactions are ranked in Chart 2. Acylating
agents display global electrophilicity values located at the
top of the scale, within the range [2.0–4.0] eV. Benzylating
agents on the other hand display lower electrophilicity
values within the range [1.0–2.0] eV. In both cases it is
possible to rationalize the electrophilic activating/deactivat-
ing effects promoted by substituent group in these
molecules. For instance, if we start from the unsubstituted
reference compound A4 (uZ2.50 eV), substitution at R3 by
    

  

  

  

zylating (B) agent series involved in Friedel–Crafts reactions considered in



Table 1. Global electrophilicity values (in eV units) obtained from different basis set at the B3LYP level of theory for the ground state (u) of acylating (A) and
benzylating (B) agentsa

Compound (u), Basis set ln(kT/kB)

6-31G* 6-311G** 6-311CCG**

A1 3.77 3.97 4.27 3.37
A2 3.64 3.86 4.17 3.66
A3 2.45 2.75 2.92 4.57
A4 2.14 2.37 2.50 5.03
A5 2.03 2.25 2.36 5.10
A6 2.18 2.43 2.57 5.14
A7 1.84 2.05 2.19 5.45

B1 1.35 1.57 1.63 1.53
B2 1.31 1.54 1.64 1.53
B3 1.29 1.52 1.61 1.57
B4 1.20 1.40 1.47 1.84
B5 1.21 1.42 1.51 2.16
B6 1.16 1.36 1.43 2.95
B7 1.12 1.31 1.38 3.66
B8 1.10 1.28 1.34 3.67
B9 1.04 1.24 1.32 4.10
B10 0.97 1.15 1.23 4.57

a Experimental substrate selectivity index ln(kT/kB) from Ref. 10.

 
  

Figure 1. Comparison between the experimental substrate selectivity index
ln(kT/kB) and the global electrophilicity evaluated at the ground state
structure for the acylating agent series. Electrophilicicty values from
B3LYP/6-311CCG** calculations. R is the regression coefficient; N is the
number of points in the regression; SD is the standard deviation and P is the
probability that the observed relationship was randomly obtained.
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the weak electron releasing –CH3 group results in an
electrophilic deactivation in compound A5 (uZ2.36 eV).
Substitution at the same position with the stronger electron
releasing –OCH3 group results in an even higher electro-
philic deactivation in compound A7 (uZ2.19 eV). Substi-
tutions with electron withdrawing groups show, as expected,
electrophilic activation. For instance, with reference to
compound A4, substitution at R3 with fluorine causes a
slight activation of about 0.07 eV in compound A6, whereas
substitution with two fluorine atoms at R1 and R2 0 in
compound A3 results in an even higher electrophilic
activation of about 0.42 eV within the u scale. Note,
however, that the most efficient activation with reference to
compound A4 is achieved by –NO2 substitution at (R1, R3)
and (R2, R2 0) in compounds A1 (uZ4.27 eV) and A2 (uZ
4.17 eV), respectively.

For the series of benzylating agents, a similar picture is
obtained, yet the effect of the substituting groups is largely
lower than that obtained for the acylating agent series. For
instance, starting from the reference compound B4 (uZ
1.47 eV), substitution at R1 with chlorine and fluorine atoms
results in a moderate electrophilic activation in compounds
B1 (uZ1.63 eV) and B3 (uZ1.61 eV). Note that substi-
tution with fluorine at R2 in compound B2 (uZ1.64 eV) has
a similar activating effect. Electrophilic deactivation
promoted by electron releasing groups is also moderate.
Substitution at R1 or R3 by a –CH3 group causes a marginal
deactivation in compounds B6 (uZ1.43 eV) and B7 (uZ
1.38 eV), respectively. Multiple substitutions with –CH3

groups at positions R1, R1 0 and R3 in compound B8 (uZ
1.34 eV) do not show any additional deactivating effects.
Note however that, as expected, a single substitution by the
stronger electron releasing –OCH3 group at position R1 or
R3 in compounds B9 (uZ1.32 eV) and B10 (uZ1.23 eV),
respectively, results in a slightly higher electrophilic
deactivation. In summary, while chemical substitution by
EW and ER groups dramatically affects the electrophilic
pattern of the acylating agents, this effect is markedly
smaller in the series of benzylating agents. This result may
be traced to an additional resonance effect promoted by the
conjugated carbonyl group in the acyl series, making
substituent effects more efficient than that observed for the
series B, where this resonance effects is not present. Table 1
shows the global electrophilicity values for the whole series
of acylating and benzylating agents at several levels of
theory for the GS of the substituting agents. Note that the
global electrophilicity index is computationally very stable
with respect to the basis set change.

The usefulness of a reactivity scale has been clearly
described and illustrated by Mayr et al.29–31 A reactivity
scale should be able of answering fundamental questions
about reaction feasibility; intramolecular selectivity and
other important aspects of reactivity.29–31 Within the present
approach, and for the particular cases where the activated
species are very close in structure to reactants, we intend to
illustrate the usefulness of the validated scale of electro-
philicity to quantitatively account for the substrate
selectivity observed in the acylation and benzylation



Figure 2. Comparison between the experimental substrate selectivity index
ln(kT/kB) and the global electrophilicity evaluated at the ground state
structure for the benzylating agent series. Electrophilicicty values from
B3LYP/6-311CCG** calculations. R is the regression coefficient; N is the
number of points in the regression; SD is the standard deviation and P is the
probability that the observed relationship was randomly obtained.

L. Meneses et al. / Tetrahedron 61 (2005) 831–836 835
reaction of aromatic compounds. First of all we observe in
Figures 1 and 2, that the relationship between kT/kB ratio and
global electrophilicity index shows a negative slope. This is
because strongly electrophilic reagents leads to low
substrate selectivity in the form of low kT/kB rate coefficient
ratios.10 We compare in Figure 1 the experimental substrate
selectivity described by the kT/kB ratio and the global
electrophilicity index for the series of acylating agents
evaluated at the B3LYP/6-311CCG** level. The experi-
mental data are available from literature.10 The resulting
regression equation is:

LnðkT=kBÞZ 7:365K0:917u ðRZ 0:991Þ (2)

In order to test the quality of the linear relationship obtained
for this series, two new compounds A8 (R3ZNO2) and A9
Table 2. Statistical data for different correlations between global electrophilicit
selectivity index ln(kT/kB)a

Line Compounds included in the correlation Constant Slo

1 A2,A3,A4,A5,A6,A8,A9 6.8084 K0

2 A1,A3,A4,A5,A7,A8,A9 7.1932 K0

3 A1,A2,A4,A6,A7,A8,A9 7.0966 K0

4 A2,A3,A4,A5,A6,A7,A8 7.1548 K0

5 A1,A2,A3,A4,A5,A6,A9 7.0178 K0

6 B2,B3,B4,B5,B6,B7,B8,B9,B11,B12 15.1760 K8

7 B1,B3,B4,B5,B6,B7,B8,B10,B11,B12 14.8679 K8

8 B1,B2,B4,B5,B6,B7,B9,B10,B11,B12 14.8528 K8

9 B1,B2,B3,B4,B6,B8,B9,B10,B11,B12 14.5906 K8

10 B1,B2,B3,B5,B7,B8,B9,B10,B11,B12 14.7875 K8

a In the last column the experimental substrate selectivity index ln(kT/kB) is give
(R1ZCH3, R3ZCH3, R1 0ZCH3) not included in the
regression shown in Figure 1 were selected from Olah’s
data base to test the predictive power of the model.10 This
empirical equation predicts for compound A8, for which
uZ3.96 eV, a value ln(kT/kB)Z3.73, which is in excellent
agreement with the experimental value ln(kT/kB)Z3.95.
Compound A9 on the other hand, which has an electro-
philicity value uZ1.86 eV yields a predicted ln(kT/kB)Z
5.66, which is again in excellent agreement with the
experimental value ln(kT/kB)Z5.28.10

The comparison between the ln(kT/kB) index and the global
electrophilicity at the ground state of benzylating agents
evaluated at the B3LYP/6-311CCG** level is displayed in
Figure 2. The comparison yields the following regression
equation:

LnðkT=kBÞZ 14:379K7:975u ðRZ 0:959Þ (3)

This empirical equation was tested for compounds B11
(R3ZCl) and B12 (R1ZOCH3, R2ZCH3, R3ZOCH3,

R2 0ZCH3 and R1 0ZOCH3) not included in the regression
shown in Figure 2. Compound B11 for which uZ1.62 eV,
yields a value ln(kT/kB)Z1.45, which is to be compared to
the experimental one ln(kT/kB)Z1.82.10 Compound B12 on
the other hand, for which we evaluated a global electro-
philicity uZ1.26 eV yields a ln(kT/kB) value of 4.32, which
is to be compared to the experimental one ln(kT/kB)Z
4.91.10 The predictions for the benzylating agent series are
not as accurate as those for the acylating agent series, a
result probably traced to the low global electrophilicity
value evaluated for the activated reference compound B4,
which show a significant deviation from linearity. This
result may be probably improved going beyond the ground
state of reactants, by using an activated structure closer to
the transition state

These comparisons may be somehow questionable in the
sense that the choice of molecules to perform the
comparison is completely arbitrary. In order to make a
y index evaluated at the ground state (u) and the experimental substrate

pe R N Predicted,
ln(kT/kB)

.7340 0.980 7 A1: 3.67 (3.37),
A7: 5.20 (5.45)

.8168 0.977 7 A2: 3.79 (3.66),
A6: 5.09 (5.14)

.8270 0.972 7 A3: 4.68 (4.57),
A5: 5.14 (5.10)

.8313 0.986 7 A1: 3.60 (3.37),
A9: 5.61 (5.28)

.8220 0.982 7 A7: 5.22 (5.41),
A8: 3.76 (3.95)

.4740 0.950 10 B1: 1.36 (1.53),
B10: 4.75 (4.57)

.2872 0.956 10 B2: 1.28 (1,53),
B9: 3.93 (4.10)

.2442 0.957 10 B3: 1.58 (1.57),
B8: 3.80 (3.67)

.0698 0.963 10 B5: 2.40 (2.16),
B7: 3.45 (3.66)

.1399 0.987 10 B4: 2.82 (1.84),
B6: 3.15 (2.95)

n in parentheses for comparisons.
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meaningful conclusion about the relationship between
electrophilicity of the substituting agents and the experi-
mental substrate selectivity index, it is necessary to perform
additional comparisons with several sets of molecules
randomly selected. The result is summarized in Table 2. It
may be seen that in general there exist a true linear
relationship between both variables. Hence the predictive
power of the generated linear relationships may become
accurate to within 10% and less, thereby showing the
usefulness of the present reactivity scale. There remains
however some improvements that can be made by explicitly
introducing the catalyst, and evaluating the global electro-
philicity of molecules at a more realistic stage of the
reaction, namely the Wheland complex or even at the
transition state.
4. Concluding remarks

The global electrophilicity of benzylating and acylating
agents participating in Friedel–Crafts electrophilic aromatic
substitution reactions has been ranked within a unique
absolute scale using the global electrophilicity index. The
theoretical scale correctly accounts for the electrophilic
activation/deactivation effects promoted by electron with-
drawing and electron releasing substituents in these
molecules. The comparison between global electrophilicity
and the experimental relative rate coefficients (kToluene/
kBenzene) shows a quantitative linear relationship. The values
of relative rate coefficients predicted from the knowledge of
the global electrophilicity index may be accurate to within
10% and less.
Acknowledgements

Work supported by Fondecyt, grants 1030548 and 1010649,
and Millennium Nucleus for Applied Quantum Mechanics
and Computational Chemistry, project P02-004-F (Chile).
L. M. thanks Departamento de Postgrado y Postı́tulo
(Universidad de Chile) under Grants PG/101/02 and
AGCI-DAAD for PhD fellowship.
References and notes

1. Olah, G. A. In Friedel–Crafts and Related Reactions Wiley:

New York, 1964; Vol. I–IV.

2. Olah, G. A.; Kobayashi, S. J. Am. Chem. Soc. 1970, 92, 6369.

3. Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry.

Part A: Structure and Mechanisms; Book News, 2002; p 570.

4. Wheland, G. W. J. Am. Chem. Soc. 1942, 64, 900.

5. Doering, W. v. E.; Saunders, M.; Boynton, H. G.; Earhart,

H. W.; Wadley, E. F.; Edwards, W. R.; Laber, G. Tetrahedron

1958, 4, 178.

6. Stock, L. M.; Brown, H. C. Adv. Phys. Org. Chem. 1963, 1, 35.

7. Brown, H. C.; Pearsall, H. W. J. Am. Chem. Soc. 1952, 74, 191.

8. Brouwer, D. M.; Mackor, E. L.; MacLean, C. L. In Olah, G. A.,
Schleyer, P. v. R., Eds.; Carbonium Ions; Wiley: New York,

1970; Vol. II; Chapter 20.

9. Dewar, M. J. S. J. Chem. Soc. 1946, 406, 777.

10. Olah, G. A. Acc. Chem. Res. 1971, 4, 240.

11. Olah, G. A.; Kobayashi, S.; Tashiro, M. J. Am. Chem. Soc.

1972, 94, 7448.

12. Olah, G. A.; Tashiro, M.; Kobayashi, S. J. Am. Chem. Soc.

1970, 92, 6369.

13. Olah, G. A.; Kobayashi, S. J. Am. Chem. Soc. 1971, 93, 6964.

14. Esteves, P. M.; Carneiro, J.W. de. M.; Cardoso, S. P.; Barbosa,

A. G. H.; Laali, K. K.; Rasult, G.; Prakash, G. K. S.; Olah,

G. A. J. Am. Chem. Soc. 2003, 125, 4836.

15. Taylor, R. Electrophilic Aromatic Substitution; Wiley:

Chichester, 1990.

16. Kawamura, M.; Cui, D. M.; Hayashi, T.; Shimada, S.

Tetrahedron Lett. 2003, 44, 7715.

17. Firouzabadi, H.; Iranpoor, N.; Nowrouzi, F. Tetrahedron Lett.

2003, 44, 5343.

18. Singh, R. P.; Kamble, R. M.; Chandra, L.; Saravanan, P.;

Singh, V. K. Tetrahedron 2001, 57, 41.

19. Cardoso, L. A. M.; Alves, W. Jr.; Gonzaga, A. R. E.; Aguiar,

L. M. G.; Andrade, H. M. C. J. Mol. Catal. A 2004, 209, 189.

20. Sefkov, M.; Buchs, J. Org. Lett. 2003, 5, 193.

21. Maynard, T. A.; Huang, M.; Rice, W. G.; Covell, D. G. Proc.

Natl. Acad. Sci. U.S.A. 1998, 25, 11578.
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Abstract—Methyl (8R,13S)-8a,13:13,17-diepoxy-14,15-dinorlabdane-19-oate, easily prepared from communic acids, is a suitable
intermediate for synthesizing pentacyclic quassinoids, because it enables the elaboration of the A ring and the further construction of the
B–C–D ring system of these terpenoids. The cetal group is stable under the reaction conditions utilized during the elimination of the ester
group and the introduction of the hydroxyl group on C-3. At the same time, it enables the regeneration of the methylketone and exocyclic
double bond presented by methyl 13-oxo-14,15-dinorlabd-8(17)en-19-oate. The latter compound was previously used to construct the B–C–
D-ring of these quassinoids.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

In a previous paper we reported the efficient preparation of
the tetracyclic derivative 3, a possible intermediate in the
synthesis of pentacyclic quassinoids from communic acids
(1a–c) via methylketone 2 (Scheme 1).1 3 presents the B, C
and D rings suitably functionalized to construct the B–C–D–
E framework of such quassinoids, but the elaboration of the
A ring of quassinoids from this intermediate is likely to be
difficult. Thus we have investigated how to functionalize the
A ring during the early steps of the synthetic sequence,
before creating the B–C–D–E system. We believed that
cetal 4, the preparation of which, from 1a–c in a 3-step
sequence, we have reported elsewhere, 1,2 could well be
suitable for this purpose. Cetal 4, bearing the methylketone
and exocyclic double-bond groups as masked functions,
would allow us to functionalize the A ring according to
the method we have described previously.3 Thus, the
functionalized cetal A would be prepared and then the
regeneration of methylketone and the exocyclic double
bond would lead to B, which, following the previously
developed synthetic sequence utilized to convert 2 into 3,1

would provide the tetracyclic intermediate C. The whole
ring of this compound is suitably functionalized, and thus
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.034
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Kishner elimination.
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pentacyclic quassinoids, as bruceantin, may be obtained
(Scheme 1).

In this paper we report a procedure to create the
methylketone and exocyclic double bond groups from the
cetal function in 4, in addition to two methods to
functionalize the A ring of 4.
2. Results and discussion

We began by investigating methods to create methylketone
and exocyclic double-bond groups from cetal 4, the
preparation of which from 1a–c via the reduction deriva-
tives 5a–b, has now been considerably improved. 5a–b was
converted into 4 in one-pot reaction, without isolating the
intermediate methylketone 2. Our previous studies revealed
that the TiCl4-catalysed nucleophilic cleavage of cetal could
be used to this end.4 We assayed the reaction of 4 with TiCl4
in the presence of Et3SiH as the nucleophile under various
conditions.5 The most significant results are shown in
Table 1 (Scheme 2). As can be seen, good yields of oxane
derivatives 6a–b were always obtained. Formate 7 showed
similar reactivity, affording a 1:1 mixture of oxanes 8a–b
when treated at K78 8C.

The epimeric mixture 6a–b was used as the starting material
to prepare methylketone 2. The key step in the sequence was
the C–O cleavage of the a-alkoxyaldehydes 9a–b under
Tetrahedron 61 (2005) 837–844



Scheme 1.

Table 1. Treatment of 4 with TiCl4–Et3SiH in CH2Cl2

Entry Reaction
time (h)

Temperature 6a–6b
(% conversion)

1 1 K78 8C 1:1 (95%)
2 2 rt 1:6 (96%)
3 14 rt 0:1 (70%)
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Wolff–Kishner reduction conditions (Scheme 3).6 The
treatment of 6a–b with PCC in CH2Cl2 at room temperature
afforded aldehydes 9a–b, which, by treating with KOH and
H2NNH2 in triethylene glycol at 160 8C for 2 h, yielded a
mixture of alcohols 10a–b, after esterification with
diazomethane. These were transformed into methylketone
2 by Jones’ reagent. In a similar way 8a–b was transformed
into methylketone 13.

After the procedure to transform cetals 4 and 7 into the
corresponding methylketones 2 and 13 had been estab-
lished, we undertook the functionalization of the A rings of
4 and 7. Two synthetic sequences were developed to achieve
our objective, the key step of both being the Baeyer–Villiger
rearrangement of aldehyde 15 to give the formate 7.3 The
Scheme 2. Reagents and conditions: (i) OsO4 0.2%, tBuOH–H2O, rt, 15 min; Na
refluxing of a solution of 15 in CH2Cl2 in the presence of
MCPBA afforded formate 7, which underwent the regio-
selective elimination of formic acid by heating with
collidine, thus yielding 16. The treatment of 16 with
SeO2–tBuOOH in CH2Cl2 gave alcohol 17 which was
converted into ketone 18 after oxidation with PCC,
reduction with Raney nickel7 and epimerization with
MeONa in MeOH (Scheme 4).

We also assayed an alternative route to 18 from 7, involving
saponification, dehydration and oxidation. By treating 7
with KOH in methanol we obtained nor-alcohol 19. The
dehydration of 19 with MsCl and pyridine at room
temperature yielded a 1:4 mixture of regiosomers 16 and
20. By treating this under reflux with Na2CrO4 in the
presence of NaAcO, Ac2O and AcOH we obtained b-enone
21, the exocyclic alkene 16 being recovered unaltered. The
b-enone 21 was transformed under Birch reduction
conditions into ketone 18, which, after reduction with
sodium borohydride, was transformed into 22, which bears
the characteristic A-ring functionalization pattern of the
postulated intermediates in the synthesis of pentacyclic
quassinoids,8 with the appropriate configuration on C-3 and
C-4 (Scheme 5).
    
   

 

IO4, 90 8C, 16 h; Jones, acetone, rt, 3 h (80%).



Scheme 4. Reagents and conditions: (i) Ref. 2, 4. (ii) PCC, CH2Cl2 rt, 30 min (8
(90%). (v) SeO2, tBuOOH, CH2Cl2, rt, 12 h (55%). (vi) PCC, CH2Cl2; Raney-Ni

 
 

 

 
 

  
 

  
 

 

Scheme 3. Reagents and conditions: (i) PCC, CH2Cl2, rt, 1 h. (ii) H2NNH2,
KOH, triethylene glycol, 160 8C, 2 h; CH2N2, OEt2 (95%). (iii) H2NNH2,
KOH, triethylene glycol, 160 8C, 2 h (95%). (iv) Jones reagent, acetone,
0 8C, 1 h (89%). (v) PCC, CH2Cl2, rt, 45 min (90%).

Scheme 5. Reagents and conditions: (i) KOH, MeOH, reflux, 1 h (95%). (ii) MsCl
(70%). (iv) THF, tBuOH, Li, NH3, K78 8C (85%). (v) NaBH4, EtOH, rt, 1 h (92
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In summary, cetal 4 is a key intermediate for synthesizing
pentacyclic quassinoids from communic acids (1a–c). This
cetal is efficiently converted into the functionalized A-ring
compound 22 via a 7-step sequence at a 10% overall yield. 4
is also transformed into methylketone 2, a precursor of the
B–C–D–E ring system of quassinoids, via a 4-step sequence
at a 65% overall yield. The successive development of both
synthetic sequences will enable to convert 4 into the
intermediate B, which will then be transformed, following
our described procedure,1 into C, a very advanced precursor
of quassinoids.
3. Experimental

3.1. General

Melting points were determined with a Kofler hot stage
melting point apparatus and are uncorrected. IR spectra
were obtained on Perkin–Elmer Models 782 and 983G
spectrometers with samples between sodium chloride plates
or as potassium bromide pellets. Proton nuclear magnetic
 

5%). (iii) MCPBA, CH2Cl2, reflux, 16 h (70%). (iv) Collidine, reflux, 12 h
, THF; MeONa, MeOH, reflux (58%) (yield of 3 steps).

 
 

, pyridine, rt, 16 h (90%). (iii) Na2CrO4, NaAcO, AcOH, Ac2O, reflux, 2.5 h
%).
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resonance spectra were taken on a Bruker AMX 300
(300 MHz), Bruker ARX 400 (400 MHz) and Bruker AMX
500 (500 MHz) spectrometers using CDCl3, and CD3-
COCD3 as solvent and TMS or residual protic solvent
CHCl3 (dHZ7.25 ppm) as internal reference, and the
multiplicity of a signal is a singlet unless otherwise stated,
when the following abbreviations are used: s, singlet; bs,
broad singlet; d, doublet; bd, broad doublet; dd, double
doublet; t, triplet; m, multiplet. 13C NMR spectra were run
at 75 MHz on Bruker AMX 300, ARX 400 and AMX 500
instruments. Chemical shifts are in ppm (d scale) and the
coupling constants are in Hertz. Carbon substitution degrees
were established by DEPT pulse sequence. MS were
recorded on a Hewlett–Packard 5988A spectrometer using
an ionizing voltage of 70 eV. HRMS were obtained on a
trisector WG AutoSpecQ spectrometer. For analytical TLC
Merck silica gel 60G in 0.25 mm thick layers was used.
Chromatographic separations were carried out by conven-
tional column on Merck silica gel 60 (70–230 mesh) and by
flash column on Merck silica gel 60 (230–400 mesh) using
hexane–MeOtBu (H–E) mixtures of increasing polarity.
Routinely, dry organic solvents were stored under argon,
over freshly activated molecular sieves. Ether, benzene, and
THF, were dried over sodium-benzophenone ketyl, HMPA
from Na, dichloromethane over calcium hydride, and
methanol from magnesium methoxide. Where necessary
reactions were carried out under a nitrogen or argon
atmosphere.

3.1.1. Methyl (8R,13S)-8a,13:13,17-diepoxy-14,15-dinor-
labdane-19-oate (4). A 0.2% aq OsO4 solution (47 mL) was
added to a solution of 5a–b (17 g, 53.5 mmol (17.0 g,
53.6 mmol) in t-BuOH (195 mL) and H2O (82 mL), and the
mixture was stirred for 15 min. Then NaIO4 (60 g,
283 mmol) was added and the mixture was further stirred
at 90 8C for 16 h. After filtration, the solvent was evaporated
and the residue was fractionated into t-BuOMe (150 mL)–
H2O (40 mL). The organic phase was successively washed
with 10% aq K2CO3 (2!50 mL) and brine (2!50 mL),
dried over anhydrous Na2SO4 and evaporated to give a
crude (16.26 g).

A 2 M solution of Jones’ reagent (8 mL) was added slowly
to a stirred solution of the above crude (16.26 g) in acetone
(75 mL) until orange colour permanence, and the mixture
was further stirred at room temperature for 3 h. Then it was
poured into H2O-ice (150 mL) and extracted with Et2O (4!
50 mL). The organic phase was successively washed with
satd aq Na2CO3 solution (3!50 mL) and brine (2!50 mL),
dried over anhydrous Na2SO4 and evaporated to give 4 as a
colourless oil (13.8 g, 80%). Compound 4 had identical
spectroscopic properties to those reported in the literature.

3.1.2. Methyl (8R,13S)-8a,13-epoxy-17-hydroxy-14,15-
dinorlabdan-19-oate (6a) and methyl (8R,13R)-8a,13-
epoxy-17-hydroxy-14,15-dinorlabdan-19-oate (6b).
Procedure A: Et3SiH (0.76 mL, 4.8 mmol) was added to a
solution of 4 (0.23 g, 0.75 mmol) in CH2Cl2 (10 mL) under
an argon atmosphere at K78 8C and the mixture was stirred
at this temperature for 10 min. Then a 1.0 M TiCl4 solution
(1.45 mL, 1.45 mmol) was added and the reaction was
stirred for 1 h. A satd NaHCO3 solution (2 mL) was slowly
added and the mixture was stirred for an additional 2 h. The
mixture was extracted with ether (3!10 mL) and washed
with water (3!10 mL) and brine (3!10 mL). The organic
phase was dried over anhydrous Na2SO4, filtered and
evaporated to give a crude residue which after chromato-
graphy (hexane–ether, 3:2) yielded 96 mg (42%) of 6a,
95 mg (41%) of 6b and 30 mg (13%) of starting material.
6a: [a]DZC21.738 (c 5.45, CH2Cl2). IR (film, cmK1) nmax:
3451, 2948, 2873, 2852, 1725, 1466, 1449, 1378, 1315,
1233, 1207, 1190, 1154, 1044, 1001, 984, 958, 851, 834,
774, 735, 719. 1H NMR (CDCl3, 400 MHz) d: 0.51 (3H, s,
Me-20), 0.85–1.10 (3H, m), 1.12 (3H, d, JZ6.1 Hz, Me-16),
1.16 (3H, s, Me-18), 1.2–2.00 (11H, m), 2.00–2.20 (3H, m),
3.59 (1H, dd, JZ11.1, 1.68 Hz, H-17), 3.61 (3H, s,
COOMe) 3.67 (1H, dc, JZ6.1, 2.6 Hz, H-13), 3.91 (1H,
d, JZ11.0 Hz, H-17). 13C NMR (CDCl3, 100 MHz) d:
177,6 (COOMe), 76.7 (C-8), 66.1 (C-13), 58.2 (C-17), 56.7*
(C-9), 56.3* (C-5), 51.1 (COOMe), 43.8 (C-4), 39.4 (C-1),
38.1 (C-3), 37.2 (C-10), 35.9 (C-12), 34.8 (C-6), 28.5
(C-18), 22.4 (C-16), 21.2 (C-7), 19.2 (C-2), 18.3 (C-11),
13.5 (C-20). FAB HRMS m/z calcd for C17H28O3Na (MCC
Na) 347.219830, found 347.219691. 6b: [a]DZC48.848 (c
5.1, CH2Cl2). IR (film, cmK1) nmax: 3439, 2948, 2874, 1725,
1467, 1447, 1381, 1326, 1234, 1210, 1151, 1101, 1063,
1037, 956, 822. 1H NMR (CDCl3, 400 MHz) d: 0.61 (3H, s,
Me-20), 0.90–1.11 (3H, m), 1.17 (3H, d, JZ6.1 Hz, Me-16),
1.20 (3H, s, Me-18), 1.4–2.00 (12H, m), 2.15–2.25 (2H, m),
3.45 (1H, dd, JZ10.5, 1.2 Hz, H-17), 3.62 (1H, d, JZ
10.7 Hz, H-17), 3.64 (3H, s, COOMe), 4.02 (1H, dc, JZ6.1,
2.8 Hz, H-13). 13C NMR (CDCl3, 100 MHz) d: 177,7
(COOMe), 76.1 (C-8), 66.3 (C-13), 63.8 (C-17), 56.9*
(C-9), 50.2* (C-5), 51.3 (COOMe), 43.8 (C-4), 39.3 (C-1),
38.1 (C-3), 37.8 (C-10), 37.2 (C-12), 29.6 (C-6), 28.7
(C-18), 22.8 (C-16), 21.4 (C-7), 19.2 (C-2), 16.0 (C-11),
12.9 (C-20). FAB HRMS m/z calcd for C17H28O3Na (MCC
Na) 347.219830, found 347.219704.

Procedure B: Et3SiH (3.93 mL, 24.8 mmol) was added to a
solution of 4 (1 g, 3.1 mmol) in CH2Cl2 (60 mL) under an
argon atmosphere at room temperature, and the mixture was
stirred at this temperature for 10 min. Then a 1.0 M TiCl4
solution (7.44 mL, 7.44 mmol) was added, and the reaction
was stirred for 2 h. A satd NaHCO3 solution (5 mL) was
slowly added and the mixture was stirred for an additional
2 h. The mixture was extracted with ether (3!50 mL) and
washed with water (3!30 mL) and brine (3!30 mL). The
ethereal phase was dried over anhydrous Na2SO4, filtered
and evaporated to give a crude residue which after
chromatography (hexane–ether, 3:2) yielded 100 mg of
6a, 545 mg of 6b and 330 mg of starting material.

3.1.3. (8R,13S)-8a,13-Epoxy-17-hydroxy-14,15.19-tri-
norlabdan-4b-yl formate (8a) and (8R,13R)-8a,13-
Epoxy-17-hydroxy-14,15.19-trinorlabdan-4b-yl formate
(8b). Et3SiH (1.23 mL, 8 equiv) was added to a solution of 7
(0.3 g, 0.97 mmol) in CH2Cl2 (15 mL) under an argon
atmosphere at K78 8C and the mixture was stirred at this
temperature for 10 min. Then a 1.0 M TiCl4 solution
(2.33 mL, 2.4 mmol) was added, and the reaction was
stirred for 1 h. A satd NaHCO3 solution (2 mL) was slowly
added and the mixture was stirred for an additional 2 h.
Following the same work-up used for 4 and after
chromatography (hexane–ether, 1:1) 143 mg of 8a and
140 mg of 8b were obtained (95%). 8a: [a]DZC52.108 (c



E. J. Alvarez-Manzaneda et al. / Tetrahedron 61 (2005) 837–844 841
0.6, CH2Cl2). IR (film, cmK1) nmax: 3494, 2931, 2870, 1721,
1650, 1466, 1448, 1203, 1164, 1062, 1043, 957. 1H NMR
(CDCl3, 400 MHz) d: 0.87 (3H, s, Me-20), 0.96–1.24 (4H,
m), 1.16 (3H, d, JZ6.1 Hz, Me-16), 1.30 (1H, dt, JZ14.4,
4.7 Hz), 1.54 (3H, s, Me-18), 2.24 (1H, dt, JZ12.9, 3.3 Hz),
2.69 (1H, dt, JZ12.5, 1.6 Hz), 2.85 (1H, bs), 3.48 (1H, dd,
JZ10.4, 2.7 Hz, H-17), 3.60 (1H, d, JZ10.4 Hz, H-17),
3.99 (1H, m, H-13), 8.05 (1H, s, OCHO). 13C NMR (CDCl3,
100 MHz) d: 160.4 (OCHO), 83.9 (C-4), 75.9 (C-7), 66.4
(C-13), 64.1 (C-17), 56.5* (C-9), 50.2* (C-5), 38.2 (C-12),
36.9 (C-10), 36.9 (C-3), 35.8 (C-1), 29.40 (C-7), 26.2
(C-18), 22.7 (C-16), 19.2 (C-2), 17.6 (C-11), 15.8 (C-6),
14.7 (C-20). FAB HRMS m/z calcd for C18H30O4Na (MCC
Na) 333.204179, found 333.2046033. 8b: [a]DZC25.488
(c 2.2, CH2Cl2). IR (film, cmK1) nmax: 3458, 2932, 2871,
1720, 1449, 13.77, 1203, 1174, 1055, 1038, 958, 875, 735.
1H NMR (CDCl3, 400 MHz) d: 0.82 (3H, s, Me-20), 0.96–
1.90 (15H, m), 1.17 (3H, d, JZ5.8 Hz, Me-16), 1.54 (3H, s,
Me-18), 2.22 (1H, dt, JZ12.7, 3.3 Hz), 2.70 (1H, bd, JZ
14.7 Hz), 3.65 (1H, d, JZ11.1 Hz, H-17), 3.70 (1H, dc, JZ
5.8, 2.6 Hz, H-13), 3.99 (1H, dd, JZ11.1, 2.1 Hz, H-17),
8.05 (1H, s, OCHO). 13C NMR (CDCl3, 100 MHz) d: 160.4
(OCHO), 84.1 (C-4), 76.7 (C-8), 66.4 (C-13), 58.7 (C-17),
56.6* (C-9), 56.6* (C-5), 38.4 (C-12), 37.0 (C-10), 35.9
(C-3), 35.7 (C-1), 34.7 (C-7), 26.2 (C-18), 22.5 (C-16), 19.2
(C-2), 18.2 (C-11), 17.8 (C-6), 15.7 (C-20). FAB HRMS m/z
calcd for C18H30O4Na (MCC Na) 333.204179, found
333.2046033.

3.1.4. Methyl (8R,13R)-8a,13-epoxy-17-oxo-14,15-dinor-
labdan-19-oate (9b). PCC (167 mg, 1.2 equiv) was added
to a solution of 6b (0.2 g, 0.64 mmol) in CH2Cl2 (7 mL)
under argon atmosphere, and the mixture was stirred at
room temperature for 1 h. Then it was filtered through a
short silica gel column (eluted with ether) and the solvent
was evaporated under reduced pressure, affording 179 mg
(90%) of the aldehyde 9b. [a]DZC46.668 (c 1.2, CH2Cl2).
IR (film, cmK1) nmax: 3428, 2948, 2874, 2851, 1725, 1675,
1465, 1449, 1377, 1329, 1232, 1153, 1093, 1032, 984, 942,
820, 774. 1H NMR (CDCl3, 400 MHz) d: 0.63 (3H, s,
Me-20), 0.80–1.10 (2H, m), 1.14 (3H, d, JZ6.2 Hz, Me-16),
1.18 (3H, s, Me-18), 1.2–2.00 (11H, m), 2.01–2.33 (3H, m),
3.60 (3H,s, COOMe), 4.06 (1H, dc, JZ6.3, 3.0 Hz, H-13),
9.70 (1H, s, H-17). 13C NMR (CDCl3, 100 MHz) d: 199.8
(C-17), 177,5 (COOMe), 78.6 (C-8), 66.8 (C-13), 56.4*
(C-9), 51.3 (COO CH3), 50.1* (C-5), 43.8 (C-4), 39.2 (C-1),
38.3 (C-10), 38.1 (C-3), 35.2 (C-12), 30.4 (C-6), 28.6
(C-18), 22.7 (C-16), 21.1 (C-7), 19.1 (C-2), 15.7 (C-11),
13.1 (Me-10). FAB HRMS m/z calcd for C19H30O4Na
(MCCNa) 345.204179, found 345.204352.

3.1.5. Methyl (13R)-13-Hydroxy-14,15-dinor-8(17)-lab-
den-19-oate (10b). Hydrazine hydrate (0.1 mL) and KOH
(104 mg, 6 equiv) was added to a solution of 9b (100 mg,
0.31 mmol) in triethyleneglycol (5 mL) and the mixture was
heated at 160 8C for 2 h. Then the reaction mixture was
diluted with water (5 mL) and extracted with tBuOMe (3!
10 mL). The combined organic phases were washed with
HCl 1 N (2!10 mL) and brine (3!10 mL), and dried over
anhydrous Na2SO4, filtered, and evaporated. The residue
was treated with a solution of diazomethane in ether to give
91 mg (95%) of 10b. [a]DZC66.908 (c 3.5, CH2Cl2). IR
(film, cmK1) nmax: 3441, 3080, 2931, 2851, 1725, 1644,
1465, 1451, 1383, 1332, 1316, 1228, 1187, 1154, 1137,
1091, 1031, 988, 889, 808, 775, 666. 1H NMR (CDCl3,
300 MHz) d: 0.53 (3H, s, Me-20), 1.00–1.17 (2H, m), 1.19
(3H, d, JZ6.2 Hz, Me-16), 1.20 (3H, s, Me-18), 1.21–2.1
(11H, m), 2.19 (1H,dc, JZ12.0, 1.5 Hz), 2.37–2.46 (1H, m),
3.63 (3H, s, COOMe), 3.79 (1H, m, H-13), 4.56 (1H, s,
H-17), 4.87 (1H, s, H-17). 13C NMR (CDCl3, 75 MHz) d:
177.8 (C-19), 148.1 (C-8), 106.7 (C-17), 68.5 (C-13), 56.5
(C-9), 56.2 (C-5), 51.2 (COOMe), 44.4 (C-4), 40.4 (C-10),
39.4 (C-1), 38.9 (C-3), 38.5 (C-12), 38.4 (C-7), 28.9 (C-18),
26.4 (C-6), 23.8 (C-16), 20.1 (C-2), 19.8 (C11), 12.6 (C-20).
FAB HRMS m/z calcd for C19H32O3Na (MCCNa)
331.224915, found 331.224512.

3.1.6. Methyl 13-oxo-14,15-dinor-8(17)-labden-19-oate
(2). A 2 M solution of Jones’ reagent (8 mL) was added
slowly to a stirred solution of 10b (0.2 g, 0.75 mmol) in
acetone (10 mL) at 0 8C, until orange colour permanence,
and the mixture was further stirred at room temperature for
1 h. Then it was poured into H2O-ice (5 mL) and extracted
with Et2O (3!10 mL). The organic phase was successively
washed with satd NaHCO3 (2!10 mL) and brine (2!
10 mL), dried over anhydrous Na2SO4 and evaporated to
give a crude which after treating with a diazomethane
solution in tBuOMe afforded 2 as a colourless oil (186 mg,
89%).

3.1.7. (13R)-8a,13-Epoxy-17-oxo-14,15.19-trinorlabdan-
4b-yl formate (11b). PCC (250 mg) was added to a solution
of 8b (0.3 g, 0.96 mmol) in CH2Cl2 (10 mL) under argon
atmosphere and the mixture was stirred at room temperature
for 1 h. Following the same work-up used for 15, 268 mg of
formate 11b was obtained (90%). [a]DZK3.368 (c 0.95,
CH2Cl2). IR (film, cmK1) nmax: 2931, 2871, 1722, 1644,
1448, 1378, 1254, 1203, 1175, 1114, 1062, 1020, 865, 731.
1H NMR (CDCl3, 400 MHz) d: 0.89 (3H, s, Me-20), 0.98–
1.10 (3H, m), 1.16 (3H, d, JZ6.1 Hz, Me-16), 1.31 (1H, bt,
JZ13.7 Hz), 1.55 (3H, s, Me-18), 1.45–1.94 (8H, m), 2.37
(1H, dt, JZ12.9, 3.2 Hz), 2.73 (1H, bd, JZ15.0 Hz), 4.08
(1H, m, H-13), 8.00 (1H, s, OCHO), 9.75 (1H, s, H-17). 13C
NMR (CDCl3, 100 MHz) d: 198.5 (C-17), 160.3 (OCHO),
83.8 (C-4), 78.4 (C-8), 66.4 (C-13), 55.9* (C-9), 49.6*
(C-5), 37.9 (C-12), 37.7 (C-10), 35.6 (C-3), 34.2 (C-1),
30.40 (C-7), 26.2 (C-18), 22.7 (C-16), 19.2 (C-2), 17.5
(C-11), 15.4 (C-6), 14.8 (Me-10). FAB HRMS m/z calcd for
C18H28O4Na (MCCNa) 331.188529, found 331.188773.

3.1.8. (13R)-14,15,19-Trinor-8(17)-labden-4b,13-diol
(12b). Hydrazine hydrate (0.1 mL) and KOH (104 mg,
6 equiv) was added to a solution of 11b (100 mg,
0.31 mmol) in triethyleneglycol (5 mL) and the mixture
was heated at 160 8C for 2 h. Following the same work-up
used for 9a–b, and after chromatography (hexane–ether 3:7)
82 mg of 12b was obtained (95%). [a]DZC36.288 (c 0.35,
CH2Cl2). IR (film, cmK1) nmax: 3408, 2931, 2847, 1643,
1454, 1374, 1263, 1186, 1125, 1089, 1021, 938, 888, 803,
739. 1H NMR (CDCl3, 400 MHz) d: 0.86 (3H, s, Me-20),
1.09 (1H, dt, JZ14.7, 5.5 Hz), 1.20 (3H, s, Me-18), 1.21
(3H, d, JZ6.2 Hz, Me-16), 1.25–1.90 (15H, m), 2.03 (1H,
dc, JZ12.9, 5.1 Hz), 2.47 (1H, dc, JZ12.9, 2.3 Hz), 3.80
(1H, m, H-13), 4.55 (1H, s, H-17), 4.90 (1H, d, JZ1.3 Hz,
H-17). 13C NMR (CDCl3, 75 MHz) d: 148.3 (C-8), 107.1
(C-17), 72.4 (C-4), 69.0 (C-13), 56.2 (C-9), 53.8 (C-5), 41.0
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(C-12), 39.7 (C-10), 38.7 (C-1), 38.7 (C-3), 37.9 (C-7), 31.1
(C-18), 23.4 (C-11), 23.6 (C-16), 19.9 (C-2), 18.6 (C-6),
14.1 (C-20). FAB HRMS m/z calcd for C17H30O2Na (MCC
Na) 289.214350, found 289.213850.

3.1.9. 4b-Hydroxy-14,15,19-trinor-8(17)-labden-13-one
(13). PCC (48 mg, 1.2 equiv) was added to a solution of
12b (50 mg, 0.19 mmol) in CH2Cl2 (5 mL) under argon
atmosphere, and the mixture was stirred at room tempera-
ture for 45 min. Following the same work-up used for 6a–b,
45 mg of 13 was obtained (90%). [a]DZC38.538 (c 0.25,
CH2Cl2). IR (film, cmK1) nmax: 3499, 3078, 2930, 2849,
1713, 1643, 1453, 1374, 1261, 1185, 1162, 1096, 1022, 940,
884, 804. 1H NMR (CDCl3, 400 MHz) d: 0.87 (3H, s, Me-
20), 1.05–1.30 (3H, m), 1.19 (3H, s, Me-18), 1.37–1.95
(10H, m), 2.00 (1H, dt, JZ13.1, 5.0 Hz), 2.13 (3H, s, H-16),
2.3–2.4 (1H, m), 2.45 (1H, bd, JZ11.5 Hz), 2.60 (1H, ddd,
JZ9.7, 5.8, 3.9 Hz), 4.49 (1H, s, H-17), 4.89 (1H, s, H-17).
13C NMR (CDCl3, 75 MHz) d: 209.5 (C-13), 147.9 (C-8),
107.1 (C-17), 72.3 (C-4), 55.4 (C-9), 53.7 (C-5), 43.0
(C-12), 39.7 (C-10), 41.0 (C-3), 38.5 (C-1), 37.8 (C-7), 31.1
(C-18), 30.1 (C-16), 23.3 (C-11), 18.6 (C-2), 17.5 (C-6),
14.0 (C-20). FAB HRMS m/z calcd for C17H28O2Na (MCC
Na) 287.198700, found 287.199107.

3.1.10. (8R,13S)-8a,13:13,17-Diepoxy-14,15-dinor-
labdan-19-al (15). PCC (1.76 g, 1.2 equiv) was added to a
solution of 14 (2.0 g, 6.79 mmol) in CH2Cl2 (35 mL) under
argon atmosphere, and the mixture was stirred at room
temperature for 30 min. Then it was filtered through a short
silica gel column (eluted with ether) and solvent was
evaporated under reduced pressure affording 1.68 g of the
aldehyde 15 (85%). [a]DZC27.168 (c 0.4, CH2Cl2). IR
(film, cmK1) nmax: 2943, 2870, 1717, 1447, 1393, 1269,
1215, 1194, 1159, 1107, 1067, 1029, 979, 921, 865, 818,
739. 1H NMR (CDCl3, 400 MHz) d: 0.76 (3H, s, Me-20),
1.05 (3H, s, CH3K18), 0.83–1.40 (7H, m), 1.43 (3H, s, Me-
16), 1.44–1.85 (8H, m), 1.96–2.07 (2H, m), 2.17 (1H, bd,
JZ14.2 Hz), 3.42 (1H, d, JZ7.1 Hz, H-17), 4.29 (1H, d,
JZ7.1, H-17), 9.72 (1H, s, H-19). 13C NMR (CDCl3,
100 MHz) d: 205.3 (C-19), 106.3 (C-13), 82.2 (C-8), 73.4
(C-17), 56.0 (C-9), 52.3 (C-5), 48.3 (C-4), 37.7 (C-10), 38.3
(C-12), 36.31 (C-3), 36.0 (C-1), 34.3 (C-7), 24.4 (C-18),
24.2 (C-16), 19.8 (C-2), 18.2 (C-6), 17.9 (C-11), 13.8
(C-20). FAB HRMS m/z calcd for C17H28O3Na (MCCNa)
293.211670, found 293.211242.

3.1.11. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-
labdan-4b-yl formate (7). A solution of MCPBA (2.5 g,
2.5 equiv) in CH2Cl2 (20 mL) was added to a solution of the
aldehyde 15 (1.1 g, 3.76 mmol) in CH2Cl2 (20 mL) and the
mixture was stirred under reflux for 16 h. The solvent was
evaporated under reduced pressure to give a crude which
was dissolved in tBuOMe (100 mL) and washed with satd
NaHCO3 (5!30 mL), and brine (3!30 mL). The organic
phase was dried (Na2SO4) and concentrated to give a crude,
which after chromatography on silica gel (25% ether–
hexane) afforded 0.81 g of 7 (70%). [a]DZC23.828 (c 0.75,
CH2Cl2). IR (film, cmK1) nmax: 2985, 2935, 2872, 1721,
1449, 1386, 1266, 1204, 1161, 1111, 1027, 866, 816. 1H
NMR (CDCl3, 400 MHz) d: 0.86–1.07 (3H, m), 0.99 (3H, s,
Me-20), 1.33 (1H, dt, JZ14.3, 4.4 Hz), 1.42 (3H, s, Me-16),
1.44–1.52 (3H, m), 1.56 (3H, s, Me-18), 1.59–1.96 (8H, m),
2.68 (1H, bd, JZ14.7 Hz), 3.40 (1H, d, JZ7.1 Hz, H-17),
4.37 (1H, d, JZ7.1 Hz, H-17), 8.02 (1H, s, OCHO). 13C
NMR (CDCl3, 100 MHz) d: 160.5 (OCHO), 106.1 (C-13),
83.9 (C-4), 82.3 (C-8), 73.5 (C-17), 55.7 (C-9), 52.9 (C-5),
37.3 (C-10), 38.0 (C-12), 35.9 (C-1), 35.9 (C-3), 35.7 (C-7),
27.2 (C-18), 24.2 (C-16), 19.4 (C-2), 17.4 (C-6), 17.3
(C-11), 14.5 (C-20). FAB HRMS m/z calcd for C18H28O4Na
(MCCNa) 331.188529, found 331.187695.

3.1.12. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-
4(18)-labdene (16). A solution of formate 7 (0.5 g,
1.66 mmol) in collidine (6 mL) was stirred under reflux
for 12 h. The mixture was cooled to room temperature,
diluted with tBuOMe (20 mL) and washed with 2 N HCl
(5!10 mL) and brine (3!20 mL). The organic layer was
dried and concentrated under reduced pressure to afford
373 mg (90%) of the nor-olefin 16. [a]DZC498 (c 3.0,
CH2Cl2). IR (film, cmK1) nmax: 3079, 2931, 2869, 1789,
1738, 1646, 1451, 1385, 1238, 1206, 1157, 1111, 1069,
1030, 979, 916, 890, 867, 817. 1H NMR (CDCl3, 400 MHz)
d: 0.70 (3H, s, Me-20), 0.80–1.00 (1H, m), 1.16 (1H, dt, JZ
12.8, 4.9 Hz), 1.42 (3H, s, Me-16), 1.50–1.90 (12H, m), 1.95
(1H, dt, JZ11.1, 3.2 Hz), 2.29 (1H, bd, JZ10.7 Hz), 3.41
(1H, d, JZ7.0 Hz, H-17), 4.32 (1H, d, JZ7.1 Hz, H-17),
4.42 (1H, s, H-18), 4.72 (1H, s, H-18). 13C NMR (CDCl3,
100 MHz) d: 149.9 (C-4), 106.4 (C-13), 106.3 (C-18), 82.6
(C-8), 73.6 (C-17), 51.5 (C-9), 51.5 (C-5), 38.6 (C-3), 36.4
(C-12), 36.3 (C-1), 35.1 (C-7), 29.8 (C-10), 24.3 (C-16),
22.7 (C-6), 22.5 (C-2), 18.4 (C-11), 12.6 (C-20). FAB
HRMS m/z calcd for C17H28O2Na (MCCNa) 263.201105,
found 263.200116.

3.1.13. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-
4(18)-labden-3a-ol (17). A mixture of 16 (250 mg,
0.89 mmol) and SeO2 (74 mg, 0.75 equiv) in EtOH
(10 mL) was added at 0 8C to a 5.5 M solution of
t-BuOOH in undecane (0.162 mL, 1 equiv). The mixture
was stirred at room temperature for 12 h, the solvent
evaporated and the residue was fractionated into t-BuOMe
(30 mL) and water (10 mL). The organic extract was
washed with water (3!30 mL) and brine (3!30 mL) and
dried (Na2SO4), filtered and evaporated to give a crude
which after chromatography (hexane–ether, 3:7) gave
136 mg (55%) of 17 as a colourless oil. [a]DZC41.138 (c
2.0, CH2Cl2). IR (film, cmK1) nmax: 3442, 3076, 2982, 2937,
2871, 1788, 1712, 1650, 1448, 1386, 1268, 1236, 1199,
1166, 1148, 1113, 1099, 1068, 1028, 984, 967, 940, 894,
865, 817, 736, 701, 680, 600. 1H NMR (CDCl3, 400 MHz)
d: 0.67 (3H, s, Me-20), 1.20–1.33 (2H, m), 1.42 (3H, s, Me-
16), 1.50–1.80 (10H, m), 1.85–1.92 (2H, m), 2.42 (1H, bdd,
JZ12.0, 1.6 Hz), 3.41 (1H, d, JZ7.0 Hz, H-17), 4.27 (1H, t,
JZ2.8 Hz, H-3), 4.31 (1H, d, JZ7.1 Hz, H-17), 4.57 (1H,
bs, H-18), 4.96 (1H, bs, H-18). 13C NMR (CDCl3,
100 MHz) d: 151.1 (C-4), 109.4 (C-18), 106.4 (C-13),
82.5 (C-8), 73.6 (C-17), 72.9 (C-3), 51.2 (C-9), 45.0 (C-5),
39.2 (C-10), 36.2 (C-12), 34.9 (C-1), 32.6 (C-7), 29.1 (C-2),
24.3 (C-16), 22.0 (C-6), 18.4 (C-11), 11.8 (C-20). FAB
HRMS m/z calcd for C16H26O3Na (MCCNa) 279.196020,
found 279.196468.

3.1.14. (4S,8R,13S)-8a,13:13,17-Diepoxy-14,15,19-tri-
norlabdan-3-one (18). PCC (126 mg, 1.2 equiv) was
added to a stirred solution of 17 (136 mg, 0.49 mmol) in
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CH2Cl2 (35 mL) under argon atmosphere, and the mixture
was stirred at room temperature for 45 min. Then it was
filtered through a short silica gel column (eluted with ether)
and the solvent was evaporated under reduced pressure
affording a crude which was dissolved in THF (30 mL) and
then Raney nickel (1.5 g) (Fluka, cat no. 83440) was added.†

The mixture was stirred at room temperature for 30 min and
filtered through a silica gel bed, affording a crude which was
dissolved in a solution of MeONa (40 mg, 1.5 equiv) in
MeOH (10 mL). The mixture was stirred at reflux for 1 h
and the solvent was evaporated at vacuum, the crude was
dissolved in ether (30 mL) and washed with water (3!
30 mL) and brine (3!30 mL) and the ethereal phase was
dried over anhydrous Na2SO4, filtered and evaporated to
give a crude which after chromatography (hexane–ether,
7:3) yielded 79 mg (58%) of 18. [a]DZC25.28 (c 0.6,
CH2Cl2). IR (film, cmK1) nmax: 2980, 2949, 2939, 2867,
1708, 1448, 1392, 1367, 1352, 1332, 1305, 1269, 1234,
1199, 1179, 1163, 1134, 1112, 1089, 1066, 1021, 977, 941,
922, 894, 866, 817, 742. 1H NMR (CDCl3, 300 MHz) d:
1.00 (3H, d, JZ6.6 Hz, Me-18), 1.07 (3H, s, Me-20), 1.10–
1.40 (2H, m), 1.41 (3H, s, Me-16), 1.42–1.52 (2H, m), 1.55–
1.93 (7H, m), 1.99 (1H, ddd, JZ13.3, 6.7, 2.4 Hz), 2.26
(1H, dda, JZ12.7, 5.9 Hz), 2.36 (1H, dd, JZ5.6, 2.5 Hz),
2.42 (1H, ddd, JZ13.3, 6.7, 0.8 Hz), 3.43 (1H, d, JZ
7.0 Hz, H-17), 4.35 (1H, d, JZ7.0 Hz, H-17). 13C NMR
(CDCl3, 75 MHz) d: 212.4 (C-3), 106.5 (C-13), 82.1 (C-8),
73.5 (C-17), 52.8 (C-9), 51.2 (C-5), 44.7 (C-4), 38.4 (C-12),
37.1 (C-2), 36.9 (C-10), 36.1 (C-1), 35.1 (C-7), 24.2 (C-16),
23.6 (C-6), 18.3 (C-11), 12.5 (C-20), 11.8 (C-18). FAB
HRMS m/z calcd for C17H26O3Na (MCCNa) 279.196020,
found 279.196479.

3.1.15. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-
labdan-4b-ol (19). To a solution of formate 7 (0.7 g,
2.27 mmol) in MeOH (15 mL) a 2 N solution of KOH in
MeOH (7 mL) was added and the mixture was refluxed for
1 h. The solvent was evaporated and the crude was diluted
with ether (50 mL) and washed with water (3!30 mL) and
brine (3!30 mL). The organic layer was dried and
concentrated under reduced pressure to afford 0.64 g
(95%) of the nor-alcohol 19. [a]DZC24.468 (c 0.5,
CH2Cl2). IR (film, cmK1) nmax: 3485, 2935, 2872, 1713,
1453, 1385, 1304, 1267, 1189, 1164, 1098, 1066, 1027, 976,
937, 922, 865, 815, 786, 744, 683. 1H NMR (CDCl3,
400 MHz) d: 0.94 (2H, dt, JZ13.2, 3.8 Hz), 1.03 (3H, s,
Me-20), 1.07 (1H, dd, JZ12.5, 2.1 Hz), 1.21 (3H, s,
Me-18), 1.25–1.40 (2H, m), 1.42 (3H, s, Me-16), 1.43–1.50
(2H, m), 1.55–1.98 (10H, m), 3.39 (1H, d, JZ7.1 Hz, H-17),
4.37 (1H, d, JZ7.1 Hz, H-17). 13C NMR (CDCl3,
100 MHz) d: 106.1 (C-13), 82.5 (C-8), 73.7 (C-17), 71.9
(C-4), 53.9 (C-9), 52.8 (C-5), 37.2 (C-10), 41.0 (C-3), 38.4
(C-12), 36.1 (C-1), 35.8 (C-7), 31.07 (C-18), 24.3 (C-16),
19.21 (C-6), 17.6 (C-2), 17.5 (C-11), 14.4 (C-20). FAB
HRMS m/z calcd for C17H28O3Na (MCCNa) 303.193615,
found 303.194263.

3.1.16. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-4-
labdene (20). MsCl (0.25 mL, 1.5 equiv) was added to a
solution of alcohol 19 (0.6 g, 2.14 mmol) in pyridine
† The Raney nickel was weighed as an aqueous slurry after removing four
fifty of water.
(10 mL) at 0 8C and the mixture was stirred at room
temperature for 16 h. Then the mixture was poured into ice
and diluted with ether (50 mL). The organic layer was
washed with 2 N HCl (3!20 mL), water (3!15 mL),
saturated NaHCO3 (3!15 mL) and brine (3!10 mL). Then
it was dried (anh. Na2SO4) and concentrated under reduced
pressure to give a crude which was after chromatography on
silica gel (hexane–ether 85:15) afforded 0.51 g (90%) of a
4:1 mixture of nor-olefins 20 and 16. 20: [a]DZC73.98 (c
2.5, CH2Cl2). IR (film, cmK1) nmax: 2934, 2869, 1799, 1728,
1575, 1449, 1386, 1268, 1239, 1206, 1166, 1130, 1097,
1029, 891, 865, 819, 751. 1H NMR (CDCl3, 300 MHz) d:
0.99 (3H, s, Me-20), 1.10–1.35 (2H, m), 1.41 (3H, s,
Me-16), 1.61 (3H, s, Me-18), 1.45–2.1 (14H, m), 2.59 (1H,
bdd, JZ10.5, 3.3 Hz), 3.48 (1H, dd, JZ7.0, 1.2 Hz, H-17),
4.40 (1H, d, JZ7.0 Hz, H-17). 13C NMR (CDCl3, 75 MHz)
d: 134.4 (C-5), 125.6 (C-4), 106.6 (C-13), 82.7 (C-8), 73.3
(C-17), 52.0 (C-9), 38.1 (C-12), 37.7 (C-10), 36.2 (C-3),
35.7 (C-1), 32.7 (C-7), 24.3 (C-16), 23.3 (C-6), 20.1 (C-20),
19.6 (C-18), 18.7 (C-2), 18.6 (C-11). FAB HRMS m/z calcd
for C17H24O3Na (MCCNa) 263.201105, found
263.201103.
3.1.17. (8R,13S)-8a,13:13,17-Diepoxy-14,15,19-trinor-4-
labden-3-one (21). To a solution of the mixture of 20 and 16
(250 mg, 1 mmol) in benzene (15 mL), sodium chromate
(216 mg, 1.4 equiv), sodium acetate (390 mg, 5 equiv),
acetic anhydride (1.5 mL), and glacial acetic acid (1.2 mL)
were added, and the mixture was stirred under reflux for
2.5 h. The reaction mixture was poured into ice and
extracted with ether (3!50 mL). The combined organic
phases were washed with satd NaHCO3 (3!30 mL) and
brine (2!30 mL). The ethereal phase was dried over
anhydrous Na2SO4, filtered and evaporated to give a crude
residue which after chromatography (hexane–ether, 45:55)
yielded 185 mg (70%) of 21. [a]DZC63.828 (c 3.25,
CH2Cl2). IR (film, cmK1) nmax: 2946, 2874, 1709, 1667,
1614, 1449, 1386, 1359, 1316, 1267, 1239, 1202, 1166,
1139, 1090, 1029, 990, 972, 920, 898, 863, 821, 751, 699,
599. 1H NMR (CDCl3, 300 MHz) d: 0.70–1.00 (1H, m),
1.18 (3H, s, Me-20), 1.44 (3H, s, Me-16), 1.50–1.90 (8H,
m), 1.80 (3H, s, Me-18), 1.98 (1H, dt, JZ13.2, 3.0 Hz), 2.41
(1H, dd, JZ5.4, 3.3 Hz), 2.46 (1H, d, JZ5.1 Hz), 2.81 (1H,
m), 3.57 (1H, d, JZ6.6 Hz, H-17), 4.43 (1H, d, JZ6.2 Hz,
H-17). 13C NMR (CDCl3, 75 MHz) d: 198.5 (C-3), 160.5
(C-5), 129.3 (C-4), 106.9 (C-13), 81.6 (C-8), 72.9 (C-17),
51.4 (C-9), 39.1 (C-10), 36.0 (C-12), 35.5 (C-2), 33.1 (C-1),
34.0 (C-7), 25.6 (C-6), 24.2 (C-16), 18.1 (C-20), 18.1
(C-11), 11.2 (C-18). FAB HRMS m/z calcd for C17H24O3Na
(MCCNa) 277.180370, found 277.180137.
3.1.18. (4S,8R,13S)-8a,13:13,17-Diepoxy-14,15,19-tri-
norlabdan-3-one (18). To a solution of ketone 21
(250 mg, 0.9 mmol) in 20 mL of liquid NH3 was added
under an argon atmosphere 10 mL of THF, 1 mL of tBuOH
and Li (63 mg, 10 equiv) at K78 8C. The mixture was
stirred at K45 8C for 3 h. Then the cooling bath was
removed to allow the solution to warm to room temperature.
The mixture was diluted with ether (50 mL) and washed
with water (3!25 mL) and brine (3!25 mL) and the
ethereal phase was dried over anhydrous Na2SO4, filtered
and evaporated to give a crude residue which after
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chromatography (hexane–ether, 7:3) yielded 200 mg (85%)
of 18.

3.1.19. (4S,8R,13S)-8a,13:13,17-Diepoxy-14,15,19-tri-
norlabdan-3b-ol (22). Sodium borohydride (16 mg,
4 equiv) was added to a solution of ketone 18 (120 mg,
0.43 mmol) in EtOH (5 mL) and the mixture was stirred at
room temperature for 1 h. Then 20 mL of ether was added
and the organic phase was washed with water (5!10 mL)
and brine (3!10 mL), and the ethereal phase was dried over
anhydrous Na2SO4, filtered and evaporated to give 111 mg
(92%) of 22. [a]DZC25.738 (c 0.25, CH2Cl2). IR (film,
cmK1) nmax: 3446, 2933, 2870, 1727, 1453, 1386, 1267,
1237, 1206, 1164, 1139, 1106, 1081, 1027, 973, 915, 894,
864, 819, 741. 1H NMR (CDCl3, 300 MHz) d: 0.87 (3H, s,
Me-20), 1.00 (3H, d, JZ6.4 Hz, Me-18), 1.10–1.13 (1H, m),
1.25–1.40 (2H, m), 1.43 (3H, s, Me-16), 1.45–1.93 (14H,
m), 3.14 (1H, ddd, JZ11.1, 9.8, 5.1 Hz, H-3), 3.41 (1H, d,
JZ7.0, 2.1 Hz, H-17), 4.33 (1H, d, JZ7.0 Hz, H-17). 13C
NMR (CDCl3, 75 MHz) d: 106.3 (C-13), 82.6 (C-8), 76.4
(C-3), 73.7 (C-17), 51.6 (C-9), 50.8 (C-5), 38.5 (C-4), 36.7
(C-10), 36.3 (C-12), 36.2 (C-1), 30.3 (C-2), 35.5 (C-7), 22.3
(C-16), 22.3 (C-6), 17.9 (C-11), 15.3 (C-18), 12.9 (C-20).
FAB HRMS m/z calcd for C17H28O3Na (MCCNa)
281.211670, found 281.211175.
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Abstract—In the course of automated screening for small-molecule agonists to peroxisome proliferator-activated receptor-g (PPAR-g), 10
new linear triterpenes 1–10 have been isolated from the bark of three neocaledonian Cupaniopsis species, SAPINDACEAE. The structures
were elucidated by extensive mono- and bi-dimensional spectroscopy and mass spectrometry.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The peroxisome proliferator-activated receptor (PPAR) is a
member of the nuclear hormone receptor superfamily of
ligand-activated transcription factors that are related to
retinoid, steroid and thyroid hormone receptors. PPAR-g is
probably the isoform focusing most of the attention, since it
has become clear that agonists to this isoform could play a
therapeutic role in diabetes, obesity, inflammation and
cancer.1 The most described endogenous ligand of PPAR-g
is a prostaglandin, and most of known ligands of the PPAR
family are lipophilic coumpounds.2 In the recent years, a
series of PPAR-g pharmacophores have been developed by
chemists, but the high competition in this field encourages
the discovery of novel chemical entities.

In an effort to find new naturally occurring PPAR-g ligands,
we screened a series of 1200 plant extracts prepared from
species belonging to the New-Caledonian biodiversity. In
this report, we describe the isolation, structure elucidation
and biological activities of ten new linear triterpenes (1–10)
named cupaniopsins A–E and analogues from the bark of
Cupaniopsis trigonocarpa Radlk. and Guillaumin, C.
azantha Radlk. and C. phallacrocarpa F. Adema,
SAPINDACEAE family. Biological activity was evaluated
on fractions obtained from a preliminary standard HPLC
fractionation. Subsequent bioactivity-directed fractionation
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.036
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resulted in the isolation of a family of compounds after
repeated preparative HPLC.

The genus Cupaniopsis consists of some 60 species
distributed from South-East Asia to the West pacific region
including Australia, Papua-New-Guinea and New-
Caledonia. Except for two papers dealing with lipid
content,3,4 the chemical constituents of the genus
Cupaniopsis are not known.
2. Results and discussion

2.1. Isolation

Ground bark of C. trigonocarpa, C. azantha and
C. phallacrocarpa were extracted by ethyl acetate to give
crude extracts. A small amount of each extract was
submitted to a rapid filtration on a polyamide cartridge in
order to remove polyphenols and tannins. The filtered
extracts were then submitted to a C-18 HPLC fractionation
using a gradient mobile phase of acetonitrile/water 50:50–
100:0 in order to obtain nine fractions. Filtered crude
extracts and fractions were distributed into 96 deep well
mother plates. Bioassay performed on daughter plates
allowed to detect the active fractions. These fractions
were accumulated by repetitive preparative HPLC and 10
compounds (1–10) were obtained after further purifications.
Based on NMR data obtained from 1H, 13C, COSY, HMQC
and HMBC experiments (see Tables 1 and 2 for 1H and 13C
NMR data) the compounds could be identified as linear
triterpenoids.
Tetrahedron 61 (2005) 845–851



Table 1. 1H NMR spectroscopic data for the compounds 1–10

dc and multiplicity

1 2 3 4 5 6 7 8 9 10

1-H 7.32, t (1.6) 7.33, s 7.33, t (1.6) 4.20, d (6.8) 7.34, s 7.33, s 7.33, s 4.18, m 7.33, s
2-H 6.26, s 6.26, s 6.26, s 5.61, t (6.8) 6.27, s 6.26, s 6.26, s 5.59, t (6.7) 6.26, s 5.90, m
4-H 2.53, t (7.4) 2.52, m 2.53, t (7.4) 2.18, m 2.54, t (7.3) 2.54, t (7.4) 2.54, t (7.4) 2.20, t (7.8) 2.57, m 2.54, m
5-H 2.72, dt (7.2, 7.4) 2.73, m 2.66, dt (7.0, 7.4) 2.20, m 2.75, dt (7.1, 7.3) 2.75, dt (7.0, 7.4) 2.75, dt (7.0, 7.4) 2.58, dt (7.6, 7.8) 2.66, dt (7.1, 7.2) 2.72, m
6-H 5.97, t (7.2) 5.98, t (7.3) 5.85, t (7.0) 5.37, m 6.01, t (7.1) 5.99, t (7.0) 5.99, t (7.0) 5.95, t (7.6) 5.85, t (7.1) 5.79, t (7.3)
8-H 2.08/2.20, m 2.09/2.20, mm 2.05/2.20, m 1.93/2.01, m 1.96/2.20, m 1.96/2.20, m 1.96/2.20, m 2.04/2.21, m 2.03/2.18, m 2.08/2.20, m
9-H 1.40/1.50, m 1.38/1.55, m 1.40/2.01, m 1.37/1.43, m 1.46/1.51, m 1.38/1.46, m 1.38/1.46, m 1.46/1.51, m 1.44/1.49. m 1.38/1.44, m
10-H 2.01, m 2.01, m 2.01, m 2.02, m 2.02, m 2.01, m 2.01, m 2.02, m 2.02, m 2.03, m
11-H 2.01, m 2.02, m 2.01, m 2.02, m 2.02, m 2.02, m 2.02, m 1.99, m 2.04, m 2.04, m
12-H 5.09, m 5.08, m 5.07, m 5.06, m 5.08, m 5.02, m 5.02, m 5.06, m 5.06, m 5.07, m
14-H 2.08, m 2.05, m 2.08, m 1.97, m 1.98, m 2.02, m 2.02, m 1.95, m 2.08, m 2.07, m
15-H 2.30, m 2.53, m 2.28, m 2.05, m 1.98, m 2.03, m 2.03, m 1.98, m 2.53, m 2.57, m
16-H 6.85, t (7.3) 5.97, t (7.3) 6.84, t (7.3) 5.08, m 5.10, m 5.08, m 5.08, m 5.10, m 5.99, t (7.1) 5.97, t (7.1)
18-H 2.08, m 2.25, m 2.28, m 1.96, m 1.94, m 2.02, m 2.02, m 1.95, m 2.24, m 2.24, m
19-H 2.30, m 2.10, m 2.08, m 2.05, m 2.06, m 2.03, m 2.03, m 1.98, m 2.11, m 2.08, m
20-H 5.11, m 5.09, m 5.14, m 5.07, m 5.09, m 5.27, m 5.35, m 5.08, m 5.08, m 5.08, m
22-H 1.59, s 1.58, s 1.58, s 1.59, s 1.59, m 4.08, m 1.65, s 1.59, s 1.57, s 1.57, s
23-H 1.66, s 1.67, s 1.66, s 1.67, s 1.66, s 1.78, s 3.99, m 1.67, s 1.66, s 1.66, s
24-H 1.58, s 1.58, s 1.57, s 1.57, s 1.58, s
25-H 1.58, s 1.58, s 1.58, s 1.58, s 1.57, s 1.56, s 1.56, s 1.58, s 1.58, s 1.57, s
27-H 4.63/4.73, br.s 4.63/4.73, br.s 4.64/4.74, br.s 4.68/4.76, br.s 4.64/4.74, br.s 4.64/4.74, br.s 4.64/4.74, br.s 4.64/4.74, br.s 4.65/4.75, br.s 4.67/4.77, br.s
28-H 1.60, s 1.60, s 1.58, s 1.62, s 1.60, s 1.60, s 1.60, s 1.60, s 1.60, s 1.59, s
29-H 4.01, s
30-H 7.21, s 7.21, s 3.72, s 4.15, s 7.22, s 7.22, s 7.22, s 4.16, m 3.72, s 3.73, s
31-H 7.21, s 7.21, s 4.75, s

1H NMR in CDCl3, 600 MHz for compounds 1–4 and 6–8, 300 MHz for compounds 5, 9 and 10; chemical shifts in ppm, (J in Hertz).
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Table 2. 13C NMR spectroscopic data for the compounds 1–10

dc and multiplicity

C 1 2 3 4 5 6 7 8 9 10

1 142.8, d 142.8, d 142.7, d 58.6, t 142.8, t 142.7, t 142.7, t 58.2, t 142.7, d 174.0, s
2 110.9, d 110.9, d 110.9, d 127.1, d 110.9, d 110.9, d 110.9, d 127.3, d 110.9, d 116.1, d
3 124.2, s 124.2, s 124.3, s 143.1, s 122.8, s 124.5, s 124.5, s 142.0, s 124.3, s 169.6, s
4 24.6, t 24.6, t 24.6, t 35.6, t 24.6, t 24.5, t 24.5, t 35.2, t 24.8, t 28.3, t
5 29.8, t 29.9, t 29.7, t 25.9, t 29.9, t 29.7, t 29.7, t 28.4, t 29.9, t 27.1, t
6 143.9, d 143.9, d 140.7, d 125.7, d 144.3, d 144.4, d 144.4, d 142.0, d 140.1, d 138.5, d
7 132.0, s 131.9, s 132.7, s 140.0, s 135.5, s 131.7, s 131.7, s 132.6, s 132.8, s 134.6, s
8 32.4, t 32.6, t 32.5, t 26.2, t 32.3, t 31.9, t 31.9, t 32.4, t 32.3, t 32.7, t
9 31.4, t 31.5, t 32.2, t 31.6, t 32.1, t 31.9, t 31.9, t 32.3, t 32.6, t 32.3, t
10 46.9, d 47.1, d 47.2, d 47.9, d 47.3, d 47.1, d 47.1, d 47.4, d 47.4, d 47.5, d
11 32.1, t 32.2, t 32.1, t 32.2, t 32.3, t 32.1, t 32.1, t 32.1, t 32.3, t 32.3, t
12 124.0, d 123.5, d 124.2, d 122.8, d 124.4, d 125.0, d 125.0, d 122.8, d 123.7, d 123.6, d
13 134.3, s 135.0, s 134.1, s 135.6, s 131.9, s 135.0, s 135.0, s 134.9, s 134.7, s 134.9, s
14 38.4, t 39.3, t 38.5, t 39.8, t 39.7, t 39.1, t 39.1, t 39.7, t 39.3, t 39.6, t
15 26.7, t 28.8, t 26.7, t 26.8, t 26.8, t 26.4, t 26.4, t 26.7, t 28.3, t 28.3, t
16 145.4, d 144.8, d 145.2, d 124.4, d 124.2, d 124.0, d 124.0, d 124.0, d 145.6, d 145.3, d
17 131.2, s 130.9, s 131.0, s 135.0, s 134.8, s 136.0, s 136.0, s 135.0, s 130.5, s 130.6, s
18 27.3, t 34.4, t 27.6, t 39.8, t 39.8, t 39.1, t 39.1, t 39.7, t 34.7, t 34.4, t
19 27.6, t 27.8, t 27.4, t 26.7, t 26.7, t 26.0, t 26.0, t 26.7, t 28.0, t 27.7, t
20 123.6, d 123.4, d 123.9, d 124.2, d 124.2, d 128.4, d 126.3, d 124.0, d 123.4, d 123.5, d
21 132.2, s 132.3, s 132.3, s 131.3, s 131.2, s 134.0, s 134.0, s 131.2, s 132.4, s 132.4, s
22 17.6, q 17.2, q 17.6, q 17.2, q 17.7, q 61.4, t 13.7, q 17.7, q 17.8, q 17.9, q
23 25.7, q 25.7, q 25.5, q 25.7, q 25.6, q 21.5, q 69.0, t 25.7, q 25.8, q 25.8, q
24 173.4, s 173.4, s 171.8, s 16.0, q 16.2, q 16.2, q 16.2, q 15.9, q 171.9, s 171.9, s
25 16.1, q 16.2, q 16.1, q 16.2, q 16.0, q 16.1, q 16.1, q 16.2, q 16.2, q 16.5, q
26 147.2, s 147.3, s 146.9, s 147.4, s 147.2, s 147.1, s 147.1, s 147.2, s 147.1, s 147.2, s
27 111.5, t 111.5, t 111.8, t 111.6, t 111.7, t 111.7, t 111.7, t 111.7, t 111.7, t 111.9, t
28 18.5, q 18.5, q 18.2, q 18.5, t 18.3, q 18.1, q 18.1, q 18.3, q 18.4, q 18.5, q
29 173.4, s 172.9, s 168.5, s 67.1, t 172.0, s 173.6, s 173.6, s 172.0, s 168.5, s 168.2, s
30 139.0, d 139.0, d 51.2, q 60.9, t 138.9, d 138.9, d 138.9, d 60.2, t 51.4, t 51.9, t
31 138.9, d 138.9, d 73.2, t

13C NMR in CDCl3, 150 MHz for compounds 1–4, 6–8; 75 MHz for compounds 5, 9 and 10; chemical shifts in ppm.
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Figure 1. Structure of compounds 1–3, 5–7 and 9.

H. Bousserouel et al. / Tetrahedron 61 (2005) 845–851848
2.2. Structure elucidation of compounds 1–10

The extract of C. trigonocarpa afforded four triterpenes
(compounds 1–4), (Figs. 1 and 3). Compound 1 possessed a
molecular formula C30H42O5 supported by HRESIMS of the
[MCNa]C ion peak at m/z 505.2918 (calcd 505.2930). The
IR spectrum of 1 showed absorption bands for carbonyl
groups at 1684 cmK1. The UV spectrum showed an
absorption band at 218 nm. These data are both consistent
with a a,b-unsaturated carboxyl group. The 1H NMR and
13C NMR spectra of compound 1 suggested a furano-
triterpene. The presence of a b-substituted furan ring is
deduced from the presence of a fragment ion at m/z 81
(C5H5O, pyrylium ion) in its EIMS and from the
characteristic pattern of the downfield signals in its 1H
NMR spectrum (d 6.26, 7.21 and 7.32) (Table 1). The 13C
NMR spectrum, with carbon multiplicities determined by a
DEPT135 experiment, confirmed the presence of two
carboxyl groups (both d 173.4), 10 olefinic carbons (one
methylene, four methines, five quaternary) and four
aromatic carbons (three CH and one quaternary C) which
accounted for all degrees of unsaturation involved by the
molecular formula. HMBC and 1H–1H COSY correlations
(Fig. 2) observed between the six olefinic protons and the
a,b-insaturated carbonyl groups or a,b-unsaturated methyl
Figure 2. Selected HMBC and COSY correlations for 1.

Figure 3. Structure of compounds 4 and 8.
groups allowed to propose the molecular structure 1. The
geometry of the D6 and D16 double bonds were assigned as
(Z) and (E), respectively, by the high field chemical shift
value of 6-H and low-field chemical shift value of 16-H
when compared with those of the model compounds (E)-
and (Z)-methyl-2-pentenoic acids,5 confirmed by observa-
tion of cross peaks between 6-H and 8-H2 in the NOESY
spectrum. The geometry of the D12 double bond could be
deduced to be (E) from the absence of cross peak between
12-H and 25-H3 whereas correlations between proton 20-H
at d H 5.11 and 23-H3 at d 1.66 are well observed. It was not
possible to determine the absolute configuration of the
asymmetric C-10. It is interesting to note that the two
protons of the methylenes 8 and 9 are not equivalent
suggesting that free rotation is hindered by steric repulsion
between the carbonyl 29 and the methyl 28. The compound
1 was named Z,E,E-cupaniopsin A.

The HRESIMS indicated a molecular formula of C30H42O5

for 2, deduced from the ion peak at m/z 505.2910 [MCNa]C

(calcd 505.2930). Most NMR signals of compounds 2 were
nearly identical to those of 1. The 1H NMR spectrum of 2
displayed a signal at d 5.97 (t, JZ7.3 Hz) for the chemical
shift of proton 16 suggesting that the D16 double bond was
(Z) which was confirmed by the NOESY spectrum where
cross peak was observed between signal at d 5.97 (16-H)
and 2.25 (18-H2). Consequently, compound 2 is the D16

isomer of cupaniopsin A, named Z,E,Z-cupaniopsin A.

The HRESIMS of 3 revealed an ion peak at m/z 519.3103
[MCNa]C (calcd: 519.3086) giving the molecular formula
C31H44O5 and suggesting the presence of an additional CH2

when compared with 1 and 2. The 1H NMR spectrum
revealed the presence of a methoxy group at d 3.72. HMBC
correlations observed between the carbonyl at d 168.5 and
the vinylic proton at d 5.85 (6-H) and the methoxy group at d
3.72 (30-H3) allowed to propose structure 3. Other HMBC
and NOESY correlations were comparable with those of
Z,E,E-cupaniopsin A and thus were fully in agreement with
the proposed structure. Compound 3 was identified as the
29-methylester of 1.

The HRESIMS of compound 4 revealed an ion peak at m/z
481.3661 [MCNa]C (calcd: 481.3658) giving the molecu-
lar formula C30H50O3. Compound 4 (Fig. 3) differs from
other compounds in the series by the absence of the furan
ring and the carboxylic acid groups deduced from the 1H
NMR and 13C NMR spectra. The IR spectrum of 4 showed
absorption bands for hydroxy groups at 3420 cmK1. The 1H
NMR revealed one extra olefinic proton at d 5.61 (t, JZ
6.8 Hz) and the presence of three hydroxymethyl groups at d
4.2, 4.15 and 4.01 and an additional methyl was easily
observed in the 13C NMR at d 16.0 (C-24). In the HMBC



Figure 4. Structure of compound 10.
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spectrum the proton at d 5.61 (2-H) showed correlations
with the carbons at d 60.9 (C-30), 58.6 (C-1) and 35.6 (C-4)
suggesting a (HOCH2)CH]C(CH2OH)CH2– terminal
moiety. Furthermore the HMBC spectrum displayed
correlations between 6-H/C-4, C-5, C-8, C-29 and between
proton 16-H/C-24 indicating that the previous two car-
boxylic acid groups were replaced by one primary alcohol
and one methyl group. In the NOESY spectrum cross peaks
were observed between 2-H and 4-H2, 6-H and 29-H2, 16-H
and 18-H2 suggesting the Z, E, E geometry of the D2, D6 and
D16 double bonds, respectively. The geometry of the D12 (E)
could be deduced from the absence of any cross peak
between 12-H and 25-H3. Compound 4 was named Z,E,E,E-
cupaniopsin B.

From the extract of C. azantha compounds 5–8 were
isolated (Figs. 1 and 3). The spectral data for compound 5
were almost identical to those of cupaniopsin A. The ESIMS
(positive ion mode) of compound 5 showed an ion peak at
m/z 475.3 [MCNa]C. In the 13C NMR spectrum 5 differs
from 1 by the presence of only one carbonyl carbon at d
172.0 and an additional methyl at d 16.2. Examination of the
1H–1H COSY and HMBC spectra allowed us to propose the
structure of 17-descarboxy-cupaniopsin A for compound 5.
The geometry of D6 and D12 double bonds could be deduced
from identical chemical shifts between compounds 1 and 5
and for the D16 double bond between 4 and 5 sharing same
substructures. Compound 5 was named Z,E,Z-cupaniopsin
C.

Compounds 6 and 7 were analyzed by NMR spectrometry as
a 1:1 non-separable mixture. The ESIMS (positive ion
mode) of the mixture 6 and 7 showed one major peak at m/z
491.37 [MCNa]C suggesting a probable additional
hydroxy group when compared with 5. A careful examin-
ation of the spectral data and their comparison with other
compounds of the series allowed us to confirm the presence
of the hydroxy group in the terminal part of the molecule
and to propose structures 6 and 7 for these compounds
(Fig. 1). In the HMBC spectrum, the methylene groups at d
4.08 (6) (s, dC 61.4) correlated with the vinylic carbons at
d 128.4 (C-20) and 134.0 (C-21) and the methyl group at d
21.5 (C-23) whereas the methylene groups at d 3.99 (7) (s,
dC 69.0) correlated with the vinylic carbons at dc 126.3
(C-20) and 134.0 (C-21) and the methyl group at d 13.7
(C-22). In the 1H–1H COSY spectrum, protons at d 5.27 (6)
and 5.35 (7) (m, 20-H) displayed correlations with signals at
d 1.78 for compound 6 and 1.65 for compound 7 (23-H3 and
22-H3, respectively). The geometry of D20 for compounds 6
and 7, (Z) and (E), respectively, could be deduced from the
chemical shifts of the olefinic methyls 21.4 and 13.7,
respectively.6 Consequently compounds 6 and 7 were
identified as the 22-hydroxy-and 23-hydroxy derivatives
of Z,E,Z-cupaniopsin C 5.

Most NMR signals of compounds 8 were nearly identical to
those of 4 characterized by the absence of a furan ring at the
terminal part of the molecule. The main difference was
given by the IR spectrum of 8 which showed absorption
band for a carbonyl group at 1701 cmK1. This was
confirmed in the 13C NMR spectrum by the presence of a
peak at d 172.0 and by the fact that only two oxygen
bearing-carbons are displayed instead of three for
compound 4. The ESIMS (positive ion mode) of compound
8 showed a molecular ion peak at m/z 472.3. In the HMBC
spectrum correlations between signals at d 5.95 (6-H), 2.04
and 2.21 (8-H2) and the carbonyl at d 172.0 (C-29) indicated
the position of the carboxylic acid at C-7. Other HMBC
correlations, identical with those of compound 4 allowed us
to propose structure 8. The geometry of the double bonds
was confirmed by the observation of cross peak between
signals at d 5.59 (2-H) and 2.20 (4-H2) for D2 (Z), and
deduced from the absence of any cross peak between the
two olefinic protons in positions 12 and 16 and the methyl
groups in positions 13 and 17 in the NOESY spectrum
suggesting that D12 and D16 were both E. Finally the
chemical shift at d 5.95 for proton 6-H was in favor of a (Z)
geometry for D6 double bond.5 Compound 8 was named
Z,Z,E,E-cupaniopsin D.

The extract of C. phallacrocarpa afforded compounds 9 and
10 (Figs. 1 and 4). Most NMR signals of compounds 9 were
nearly identical to those of 3 characterized by the presence
of a methyl carboxylate in position 7. The ESIMS of 9
revealed the main peak at m/z 519.2 [MCNa]C. The 1H
NMR spectrum of 9 displayed a chemical shift of 5.99 for
proton 16 suggesting that D16 double bond was (Z), which
was confirmed in the NOESY spectrum where a cross peak
was observed between 16-H and 18-H2. HMBC and 1H-1H
COSY correlations were identical with those observed for
compound 3. Consequently compound 9 is the D16 isomer of
compound 3 named Z,E,Z-cupaniopsin A methyl ester.
The HRESIMS indicated a molecular formula of C31H44O6

for 10, deduced from the ion peak at m/z 535.3035 [MC
Na]C (calcd 535.3036) with consequently a same degree of
unsaturation as compound 1. Examination of the 1H and 13C
NMR spectra revealed the absence of a furan ring but the
presence of three carbonyls. The 1H–1H COSY spectrum
showed weak correlations between the olefinic proton at d
5.90 (s, 2-H) and methylene 31-H2 and between the latter
and methylene 4-H2. In the HMBC spectrum, correlations
between methylene 31-H2 and carbons C-1, C-2 and C-3,
and correlations between methylene 4-H2 and carbons C-2,
C-3, C-5, C-6 and C-31 allowed us to propose a substituted
a,b-unsaturated lactone for the west terminal part of
compound 10. The methylene groups C-31 at d 73.2 was
shifted downfield when compared with compounds 4 and 8,
which is fully in agreement with the chemical shift observed
in a lactone moiety.7 Other HMBC correlations for 10 were
almost identical with those of compound 3 for the central
part, and compound 2 for the east terminal moiety allowing
us to propose structure 10. The geometry of the D6 and D16

double bonds were both assigned as (Z) by comparison
between the high-field chemical shifts of H-6 and H-16
olefinic protons and those of the model compounds (E)- and
(Z)-methyl-2-pentenoic acids.5 It was confirmed in the
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NOESY spectrum by the presence of cross peaks between
the vinylic proton 6-H and the methylene groups 8-H2, and
between the vinylic protons 16-H and the methylene group
18-H2. The geometry of the D12 double bond could be
deduced to be (E) by absence of cross peak between H-12
and 25-H3. Compound 10 was named Z,E,Z-cupaniopsin E.
3. Biological activity

The binding affinities of compounds 1–10 for PPAR-g were
evaluated by competition against an isotopically labeled
reference compound (rosiglitazone), as described earlier.8

Results are given by the Ki value which is the inhibition
constant of a compound determined at equilibrium in
competition with a reference ligand.

The Ki obtained for the different compounds are summar-
ized in Table 3, indicating that five of the 10 compounds
exhibited potent binding activity on PPAR-g, the most
potent being Z,E,E-cupaniopsin A 1. The overall structural
pattern of these compounds is consistent with the general
properties of PPAR-g ligands, being most often lipophilic,
long polyunsaturated hydrocarbon chains. Moreover,
examination of the results allowed us to determine some
structure/activity relationships. A better activity is observed
when the furan ring is present in the structure. Cupaniopsins
B, D and E are less active (4, 8 and 10, respectively) than
compounds 1–3, 5 and 9. The mixture of compounds 6C7 is
significantly less active, consequently it appears that the
terminal hydroxyl contributes to greatly decrease the
biological activity. The presence of two carboxyls in
positions 7 and 17 are necessary for a strong binding
activity; compounds which possess either a methyl
carboxylate in position 7 (compounds 3 and 9) or a methyl
group in position 17 (compound 5) are significantly less
active. Finally, compounds 1 and 3 are more potent that
compounds 2 and 9, respectively, which indicate that D16

geometry (E) is more favorable than (Z) for the biological
activity. Details on biological activity studies will be
described later.
Table 3. Biological activity data obtained for 1–10

Cpd Ki (nM)

1 15
2 44
3 190
4 O10,000
5 240
6C7 O10,000
8 O10,000
9 480
10 2900
4. Conclusions

In New-Caledonia the genus Cupaniopsis includes 28
species. The bark crude extracts of three of them exhibit a
significant activity on PPAR-g receptor, a nuclear receptor
involved in diabetes, obesity, inflammation and cancer.
Chemical studies have led to the identification of ten linear
triterpenes, named cupaniopsins. This is the first report of
linear furanotriterpenes isolated from plant kingdom. Linear
furanotriterpenes have been previously isolated from
several species of sponges.9–11 Their isolation is a
consequence of a random screening of New-Caledonian
plant extracts on a given receptor associated with the use of
a new strategy for the search of new active natural products.
5. Experimental

5.1. General

NMR spectra were recorded with a Bruker spectrometer
(300 MHz for 1H and 75 MHz for 13C (compounds 5, 9 and
10) and 600 MHz for 1H and 150 MHz for 13C (compounds
1–4 and 6–8) using CDCl3 as solvent. ESIMS was obtained
on a Navigator mass Thermoquest. HRESIMS were
obtained on a MALDI-TOF spectrometer (Voyager-De
STR; Perseptive Biosystems). The HPLC separations were
performed using a Waters autopurification equipped with a
UV–Vis diode array detector (190–600 nm) and a Pl-ELS
1000 ELSD detector Polymer laboratory. IR spectra were
obtained on a Nicolet FTIR 205 spectrophotometer. The UV
spectra were recorded on a Perkin–Elmer Lamba 5
spectrophotometer.

5.2. Plant material

Bark of C. trigonocarpa was collected in December 1998 in
the sclerophyllous forest of Tiea, North Province, C.
phallacrocarpa in October 1995 in the dense rain forest of
Aoupinié, North Province, East coast, and C. azantha in July
1998 in ‘Forêt Nord’, South Province, West coast, New-
Caledonia by one of us (M.L). The corresponding voucher
specimens LIT 0672, LIT 0051 and LIT 0565 are kept at the
Herbarium of the Botanical and Tropical Ecology Depart-
ment of the IRD Center, Noumea, New-Caledonia.

5.3. Extraction and isolation

A fraction of the ethyl acetate extract prepared from air-
dried and ground bark of each species was dissolved by a
small amount of methanol and loaded onto a polyamide
cartridge. The cartridge was washed with methanol and the
organic solvent was removed under vacuum. The organic
extract was then solved in DMSO (15 mg in 300 mL),
filtered through a 0.45 mm nylon and injected on a semi-
preparative Kromasilw C-18 column (250!10 mm I.D,
5 mm). A gradient mobile phase consisting of acetonitrile/
water 50:50–100:0 acetonitrile at 3 mL/min in 40 min
followed by 100% acetonitrile in 30 min was used in
order to obtain nine fractions (24 mL each). The detection
was performed using a diode array detector and an
evaporative light scattering detector after that 1/1000 of
the eluant was split. The filtered crude extract and the nine
fractions were evaporated under vacuum and dissolved with
an appropriate amount of DMSO at a concentration of
10 mg/mL and distributed into a 96 deep wells mother plate.
Daughter plates at a concentration of 1 mg/mL were
prepared and used for the bioassay. Further separations
were performed on the active fractions (fr. 5 and 6, 40–
52 min for C. trigonocarpa and C. phallacrocarpa, fr. 5 for
C. azantha).
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From 360 mg of the filtered extract of barks of C.
trigonocarpa, 86 mg of the active fractions were obtained
after repeated injections on a preparative Kromasilw C-18
column (250!21.2 mm I.D, 5 m) at 21.2 ml/min. Twenty
compounds ranging from 0.1 to 19 mg were separated using
a preparative column with a gradient consisting of
acetonitrile/water 70:30–100:0 acetonitrile in 40 min. The
bioassay revealed that compounds 1–4 at retention time of
19, 20.5, 29.5 and 24 min, respectively, were the active
molecules. Finally isolation of the other compounds of the
series have been performed from the crude ethyl acetate
extracts of the two others species after having established
appropriate analytical conditions and compared their UV
spectra with those of compounds 1–4. Compounds 5–8 were
isolated from C. azantha using a gradient acetonitrile/water
80:20–100:0 in 65 min, 0.1% TFA, at 4.7 mL/min for 5
(retention time of 40.20 min) and isocratic mobile phase
acetonitrile/water 80:20, 0.1% TFA at 4.7 mL/min for
compounds 6C7 (retention time of 18.15 min) and 8
(retention time 20.62 min). Compounds 9 (retention time
of 37.5 min) and 10 (retention time at 14.0 min) were
isolated from C. phallacrocarpa using the same isocratic
mobile phase.

5.3.1. Compound 1. Gummy solid. [a]D
25ZC4.2 (cZ1,

CH3OH); UV (CHCl3) lmax (3) 200 (11800), 218 (9330); IR
(KBr) ymax: 2926, 1684 cmK1. 1H NMR (CDCl3, 600 MHz
and 13C NMR (CDCl3, 150 MHz) see Tables 1 and 2.
HRESIMS, m/z [MCNa]C 505.2918 (C30H42O5Na calcd
for 505.2930).

5.3.2. Compound 2. Gummy solid. [a]D
25ZC4.8 (cZ0.8,

CH3OH); UV (CHCl3) lmax (3) 200 (10900), 218 (7000); IR
(KBr) ymax: 2963, 1694 cmK1. 1H NMR (CDCl3, 600 MHz
and 13C NMR (CDCl3, 150 MHz) see Tables 1 and 2.
HRESIMS, m/z [MCNa]C 505.2910 (C30H42O5Na calcd
for 505.2930).

5.3.3. Compound 3. Gummy solid. [a]D
25ZC4.5 (cZ1.0,

CH3OH); UV (CHCl3) lmax (3) 200 (8600), 221 (5700); IR
(KBr) ymax: 3419, 2926, 1715 cmK1. 1H NMR (CDCl3,
600 MHz and 13C NMR (CDCl3, 150 MHz) see Tables 1
and 2. HRESIMS, m/z [MCNa]C 519.3103 (C31H44O5Na
calcd for 519.3086).

5.3.4. Compound 4. Gummy solid. [a]D
25ZC3.3 (cZ1,

CH3OH); UV (MeOH) lmax (3) 203 (37500); IR (KBr) ymax:
3366, 2926 cmK1. 1H NMR (CDCl3, 600 MHz and 13C
NMR (CDCl3, 150 MHz) see Tables 1 and 2. HRESIMS,
m/z [MCNa]C 481.3661 (C30H50O3Na calcd for 481.3658).

5.3.5. Compound 5. Gummy solid. [a]D
25ZC3.1 (cZ0.7,

CH3OH); UV (CHCl3) lmax (3) 200 (8600); IR (KBr) ymax:
2929, 1702 cmK1. 1H NMR (CDCl3, 300 MHz and 13C
NMR (CDCl3, 75 MHz) see Tables 1 and 2. EIMS, m/z
[MCNa]C 475.39 (C30H44O3Na).

5.3.6. Compounds 6C7. Gummy solid. UV (CHCl3) lmax

(3) 200 (10700), IR (KBr) ymax: 3420, 2924, 1716 cmK1, 1H
NMR (CDCl3, 600 MHz and 13C NMR (CDCl3, 150 MHz)
see Tables 1 and 2. EIMS, m/z [MCNa]C 491.37
(C30H44O4Na).
5.3.7. Compound 8. Gummy solid. [a]D
25ZC3.2 (cZ0.65,

CH3OH); UV (MeOH) lmax (3) 260 (45400); IR (KBr) ymax:
3419, 2926, 1701 cmK1. 1H NMR (CDCl3, 600 MHz and
13C NMR (CDCl3, 150 MHz) see Tables 1 and 2. EIMS, m/z
[MCNa]C 472.36 (C30H48O4Na).

5.3.8. Compound 9. Gummy solid. [a]D
25ZC4.4 (cZ0.56,

CH3OH); UV (MeOH) lmax (3) 210 (46900), IR (KBr) ymax:
3419, 2926, 1716 cmK1, 1H NMR (CDCl3, 300 MHz and
13C NMR (CDCl3, 75 MHz) see Tables 1 and 2. EIMS, m/z
519.2 [MCNa]C (C31H44O5Na).

5.3.9. Compound 10. Gummy solid. [a]D
25ZC25.7 (cZ

0.21, CH3OH), UV (MeOH) lmax (3) 213 (48400), IR (KBr)
ymax: 3420, 2933, 1734 cmK1. 1H NMR (CDCl3, 300 MHz
and 13C NMR (CDCl3, 75 MHz) see Tables 1 and 2.
HRESIMS, m/z [MCNa]C 535.3035 (C31H44O6Na calcd
for 535.3036).

5.4. Biological activity

The binding affinity of the compounds was evaluated on
PPAR-g by competition against an isotopically labeled
reference compound (rosiglitazone), as described earlier.8

Details on biological activity studies will be described later.
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Abstract—A range of 3-substituted-4,6-dimethoxyindoles bearing electron-withdrawing groups in either the 2- or 7-position, can be nitrated
using nitric acid in acetonitrile, to give 7-nitro and 2-nitro-indoles, respectively. Those without electron-withdrawing groups undergo
oxidative dimerisation at C7, if 2,3-disubstituted, and at C2, if N-methylated and unsubstituted at C2.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The nitration of indoles has been the subject of investigation
for many years, and is difficult to achieve in a clean and
selective manner.1–3 We have recently reported that
selective nitration can be carried out in the case of
3-substituted-4,6-dimethoxyindoles, provided that an
electron-withdrawing substituent is also present.4 Thus, if
the electron-withdrawing substituent is at C2, nitration takes
place at C7, whereas if the electron-withdrawing substituent
is at C7, nitration occurs at C2. The very effective reagent
used in these experiments was concentrated nitric acid on
silica. Many years ago, we found that concentrated nitric
acid in acetonitrile was a highly successful reagent for the
oxidation of active methylene compounds,5 possibly via
intermediate nitro-aliphatic structures. We therefore
decided to investigate the use of this reagent on activated
4,6-dimethoxyindoles.
2. Results and discussion
2.1. Reaction of 4,6-dimethoxyindoles with C2 electron-
withdrawing substituents

The 3-aryl-4,6-dimethoxyindoles 1–6, each containing
carbonyl substituents at C2, underwent smooth reaction
with concentrated nitric acid in acetonitrile at room
temperature over 20–240 min to give the related 7-nitro
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.026

Keywords: Indoles; Nitric acid; Nitration; Oxidative dimerisation.
* Corresponding author. Tel.: C61 2 9385 4657; fax: C61 2 9385 6141;

e-mail: d.black@unsw.edu.au
compounds 7–12 in yields of 63–85%. None of the indoles
1–6 have been reported previously, but are minor variants of
published compounds.6 All the nitro compounds 7–12 are
new, but the methyl ester analog of compound 9 has already
been reported.4 It is significant that 7-nitration still occurs in
high yield for the N-methylindole 6. The facility of this
reagent system is comparable to the use of nitric acid on
silica, being extremely simple: the only potential problem
lies in monitoring the progress of the reaction, so as not to
allow it to proceed for too long. In most cases, especially for
the faster reactions, there is a useful colour change from
yellow to green, as the conversion is completed.
2.2. Reaction of 4,6-dimethoxyindoles with C7 electron-
withdrawing substituents

The 3-aryl-4,6-dimethoxyindoles 13–18, each containing
carbonyl substituents at C7, underwent smooth reaction
Tetrahedron 61 (2005) 853–861
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with concentrated nitric acid in acetonitrile at room
temperature over 20–240 min to give the related 2-nitro
compounds 19–24 in yields of 35–88%. Indoles 13 and 14
have been reported previously,7,8 while indoles 15–18 have
not, but are minor variants of published compounds.6

The nitro compound 19 has been reported,4 but compounds
20–24 are new, and expand the range of rare 2-nitro-indoles.
The unusually low yield of 35% occurs in the case of the
most highly activated 3-(4-methoxyphenyl)-substituted
indole 14. Again, it is significant that the N-methylindole
18 undergoes 2-nitration in high yield.
2.3. Reaction of 4,6-dimethoxyindoles without electron-
withdrawing substituents

Nitration of activated indoles without the stabilizing
influence of electron-withdrawing substituents has been
found to be very difficult to control.4 Nevertheless, the
simple conditions of concentrated nitric acid in acetonitrile
warranted their investigation, in case clean and selective
reactions could be achieved. Thus the 2,3-disubstituted
indoles 25–27 were found to undergo smooth reaction over
3.5–4 h at 0 8C, to afford the 7,7 0-biindolyls 28–30 in high
yield. While the dimer 28 is a very well known compound,9

accessible by oxidative dimerisation from indole 25 using a
wide range of quinone and other oxidizing agents, dimers 29
and 30 are new. Indeed, attempts to generate them by
quinone oxidation of indoles 26 and 27 respectively, have
failed, presumably because of the susceptibility of the
2-methyl group to indiscriminate oxidation.10

Reactions of 3-substituted-4,6-dimethoxyindoles with nitric
acid in acetonitrile were found to be indiscriminate and led
to complex product mixtures, unless the indole nitrogen was
substituted by a methyl group. The new N-methylindoles
31–34 underwent reaction at 0 8C during 3–18 h to afford
the 2,2 0-biindolyls 35–38 in 25–72% yields. The structures
of the 2,2 0-biindolyls 35–38 were evident from their 1H and
13C NMR and mass spectra, and the compounds were fully
characterized. Although the yields of the 2,2 0-biindolyls are
only moderate good recovery of starting material can also be
achieved. Also the reactions are clean and the methodology
is very direct and compares favourably with the copper
coupling of 2-iodo-1-methylindole.11
Attempts to extend this methodology to non-activated
indoles were not successful. Treatment of 1-methylindole
and 1,3-dimethylindole with concentrated nitric acid in
acetonitrile rapidly switched from no reaction to the
formation of complex product mixtures. Thus it seems
that the methoxy groups play an important role in activating
both the 2- and 7-positions in the nitration and oxidative
coupling reactions. In the coupling reactions, the nitric acid
could be acting as an oxidizing agent to generate a radical
cation, which leads to dimerisation of radicals at C2 and C7.
It is also significant that dimerisation of N-methylindoles
31–33, which are potentially capable of dimerising at C2 or
C7, actually occurs selectively at C2. Presumably the
reaction is sterically controlled, as the N-methyl analog of
indole 25 cannot be oxidatively dimerised by reaction with
quinones, even though the N-methyl analog of the 7,7 0-
dimer 28 can be prepared as a stable compound by direct
methylation of compound 28.9
3. Conclusions

Concentrated nitric acid in acetonitrile offers simple and
effective conditions for the conversion of a range of
relatively activated indoles into related nitro compounds.
Some more highly activated indoles, provided that they are
substituted at nitrogen, undergo very useful oxidative
dimerisation processes at C7 or at C2. The nitration reaction
provides an effective route to relatively rare nitro-indoles,
while the oxidative coupling process has particular potential
for future development.
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4. Experimental

Melting points were determined by an Electrothermal
melting point apparatus and were uncorrected. The 1H and
13C NMR, and DEPT spectra were recorded on Bruker DPX
300 MHz spectrometer in CDCl3 using tetramethylsilane as
an internal standard. Infrared spectra were recorded on a
Spectrum GX FT-IR system 2000 (Perkin–Elmer) spec-
trometer. Elemental analyses were performed on a Perkin
Elmer Elemental Analyser 2400 CHN. Mass spectra were
recorded on a Finnigan MAT INCOS 50 mass spectrometer.
The ESITOf mass spectra were obtained from a Micromass
LCT mass spectrometer. Merck silica gel 60 PF254 was used
for preparative thin layer chromatography (PLC). Aceto-
nitrile and 65% nitric acid were commercial materials.

4.1. Preparation of indole substrates

4.1.1. 2-Acetyl-3-(4-bromophenyl)-4,6-dimethoxyindole
1. To a solution of 3-(4-bromophenyl)-4,6-dimethoxyindole
(105.3 mg, 0.317 mmol) in dry dichloromethane (10 mL) at
0 8C was added SnCl4 (107.3 mg, 0.412 mmol) and the
mixture stirred at 0 8C for 45 min. To this solution was
added acetyl chloride (36.2 mg, 0.432 mmol) and the
mixture stirred at 0 8C for 2 h. After pouring into water,
the mixture was extracted with dichloromethane. The
organic layer was collected, washed with water, dried
over MgSO4 and evaporated under reduced pressure. The
crude product was purified by chromatography eluting with
7/3 v/v dichloromethane/hexane and recrystallization. Pale
yellow solid, mp 237–238 8C. 1H NMR (300 MHz, CDCl3):
d 9.05 (br s, 1H, NH), 7.44 and 7.22 (2d, 4H, 4-BrArH), 6.33
(d, 1H, H7, JZ1.59 Hz), 6.03 (d, 1H, H5, JZ1.65 Hz), 3.79
and 3.53 (2s, 6H, 2!OMe), 1.92 (s, 3H, COMe). IR (KBr):
nmax 3329, 2924, 1623, 1577, 1523, 1278, 1205, 1131,
817 cmK1. EIMS: m/z (relative intensity) 375 ([MC2]C,
70), 373 (MC, 69), 360 (11), 358 (10), 294 (18), 279 (100).
Anal. calcd for C18H16BrNO3: C, 57.77; H, 4.31; N, 3.74.
Found: C, 57.68; H, 4.55; N, 3.82.

4.2. General procedure for the reaction of 3-(4-bromo-
phenyl)-4,6-dimethoxyindole with oxalyl chloride
followed by alcohol or amine

3-(4-Bromophenyl)-4,6-dimethoxyindole (1.0 equiv) was
dissolved in anhydrous dichloromethane and the solution
was cooled at 0 8C in ice. Oxalyl chloride (1.2 equiv) was
added rapidly and the solution was allowed to stir at this
temperature. The alcohol or amine (10.0 equiv) was added
and the mixture warmed to room temperature or reflux.
Water was added when the reaction was completed and the
solution was extracted with CH2Cl2. The organic extract
was washed with water and saturated NaCl, dried over
MgSO4, and concentrated under reduced pressure. The
crude product was purified by column chromatography
(ethyl acetate/hexane) and recrystallization (CH2Cl2/light
petroleum).

4.3. Compounds 2, 3, and 15

According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxyindole (0.205 g, 0.618 mmol) in dichloro-
methane (20 mL) was treated with oxalyl chloride (94.1 mg,
0.742 mmol) at 0 8C for 20 min, followed by addition of
absolute ethanol (0.21 mL, 6.18 mmol) and heating to reflux
for 2 h. Chromatography and elution with 3:7 v/v ethyl
acetate/hexane and recrystallization afforded three products.

4.3.1. Ethyl 3-(4-bromophenyl)-4,6-dimethoxyindole-2-
carboxylate 2 (0.017 g, 7%). Pale yellow solid, mp 219–
221 8C. 1H NMR (300 MHz, CDCl3): d 8.86 (br s, 1H, NH),
7.39 and 7.25 (2d, 4H, 4-BrArH), 6.36 (d, 1H, H7, JZ
1.73 Hz), 6.07 (d, 1H, H5, JZ1.71 Hz), 4.12 (q, 2H,
OCH2CH3, JZ7.12 Hz), 3.77 and 3.57 (2s, 6H, 2!OMe),
1.09 (t, 3H, OCH2CH3, JZ7.12 Hz). 13C NMR (75 MHz,
CDCl3): d 160.7 (COOEt), 160.3 (COMe), 156.2 (COMe),
137.6 (Cq), 133.7 (Cq), 132.7 (2!CH), 129.6 (2!CH),
123.5 (Cq), 121.1 (Cq), 120.8 (Cq), 112.6 (Cq), 93.0 (C7),
85.8 (C5), 60.6 (OCH2CH3), 55.5 (OMe), 55.1 (OMe), 14.0
(OCH2CH3). IR (KBr): nmax 3337, 2925, 1662, 1587, 1344,
1262, 1218, 1151, 1095 cmK1. EIMS: m/z (relative
intensity) 405 ([MC2]C, 69), 403 (MC, 80), 359 (100),
357 (92), 278 (52), 250 (61). HRMS calcd for [C19H18-
BrNO4CH]C: 404.0497. Found: 404.0490.

4.3.2. Ethyl 3-(4-bromophenyl)-4,6-dimethoxyindole-2-
glyoxylate 3 (0.102 g, 35%). Pale yellow solid, mp 140–
141 8C. 1H NMR (300 MHz, CDCl3): d 9.48 (br s, 1H, NH),
7.41 and 7.22 (2d, 4H, 4-BrArH), 6.33 (d, 1H, H7, JZ
1.81 Hz), 6.03 (d, 1H, H5, JZ1.81 Hz), 3.70 (q, 2H,
OCH2CH3, JZ7.16 Hz), 3.78 and 3.56 (2s, 6H, 2!OMe),
1.09 (t, 3H, OCH2CH3, JZ7.16 Hz). 13C NMR (75 MHz,
CDCl3): d 164.0 (ArCOCOOEt), 162.4 (ArCOCOOEt and
COMe), 156.9 (COMe), 139.9 (Cq), 132.6 (2!CH), 132.4
(Cq), 130.1 (2!CH), 128.7 (Cq), 127.1 (Cq), 121.9 (Cq),
113.3 (Cq), 93.8 (C7), 85.6 (C5), 62.1 (OCH2CH3), 55.6
(OMe), 55.1 (OMe), 13.6 (OCH2CH3). IR (KBr): nmax 3326,
2929, 1742, 1603, 1571, 1523, 1207, 1155, 1133 cmK1.
EIMS: m/z (relative intensity) 433 ([MC2]C, 25), 431
(MC, 28), 360 (55), 358 (58), 279 (100). Anal. calcd for
C20H18BrNO5: C, 55.57; H, 4.20; N, 3.24. Found: C, 55.78;
H, 4.27; N, 3.41.

4.3.3. Ethyl 3-(4-bromophenyl)-4,6-dimethoxyindole-7-
glyoxylate 15 (0.092 g, 31%). Pale yellow solid, mp 181–
182 8C. 1H NMR (300 MHz, CDCl3): d 10.59 (br s, 1H,
NH), 7.51 and 7.43 (2d, 4H, 4-BrArH), 7.11 (d, 1H, H2, JZ
2.13 Hz), 6.20 (s, 1H, H5), 4.33 (q, 2H, OCH2CH3, JZ
7.14 Hz), 3.96 and 3.95 (2s, 6H, 2!OMe), 1.44 (t, 3H,
OCH2CH3, JZ7.14 Hz). 13C NMR (75 MHz, CDCl3): d
185.1 (ArCOCOOEt), 166.0 (ArCOCOOEt), 162.2
(COMe), 162.1 (COMe), 138.5 (Cq), 134.2 (Cq), 131.0
(2!CH), 130.7 (2!CH), 122.0 (C2), 120.1 (Cq), 118.1
(Cq), 110.6 (Cq), 100.8 (Cq), 87.4 (C5), 61.5 (OCH2CH3),
56.9 (OCH3), 55.5 (OMe), 14.2 (OCH2CH3). IR (KBr): nmax

3428, 2977, 1729, 1616, 1583, 1536, 1309, 1212, 1180,
1083 cmK1. EIMS: m/z (relative intensity) 433 ([MC2]C,
37), 431 (MC, 34), 360 (97), 358 (100). Anal. calcd for
C20H18BrNO5: C, 55.57; H, 4.20; N, 3.24. Found: C, 55.97;
H, 4.49; N, 3.28.

4.4. Compounds 4 and 16

According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxyindole (0.450 g, 1.35 mmol) in dichloro-
methane (20 mL) was treated with oxalyl chloride
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(206.4 mg, 1.63 mmol) at 0 8C for 30 min, followed by
addition of n-butylamine (1.35 mL, 13.5 mmol) and warm-
ing to room temperature for 2 h. Chromatography and
elution with 3:7 v/v ethyl acetate/hexane and recrystalliza-
tion afforded two products.

4.4.1. N-n-Butyl 3-(4-bromophenyl)-4,6-dimethoxy-
indole-2-glyoxylamide 4 (0.143 g, 23%). Yellow solid,
mp 139–140 8C. 1H NMR (300 MHz, CDCl3): d 11.58 (br s,
1H, NH), 7.51 and 7.34 (2d, 4H, 4-BrArH), 6.40 (d, 1H, H7,
JZ1.66 Hz), 6.10 (d, 1H, H5, JZ1.66 Hz), 3.88 and 3.65
(2s, 6H, 2!OMe), 3.35 (q, 2H, NHCH2CH2CH2CH3, JZ
6.64 Hz), 1.53 and 1.38 (2m, 4H, NHCH2CH2CH2CH3),
0.94 (t, 3H, NHCH2CH2CH2CH3, JZ7.26 Hz). 13C NMR
(75 MHz, CDCl3): d 172.8 (ArCOCONHBun), 163.5
(COMe), 162.2 (COMe), 156.7 (ArCOCONHBun), 139.7
(Cq), 133.7 (Cq), 132.2 (2!CH), 130.0 (2!CH), 129.7
(Cq), 126.9 (Cq), 121.4 (Cq), 113.2 (Cq), 93.8 (C7), 85.7
(C5), 55.6 (OMe), 55.1 (OMe), 39.0 (NHCH2CH2CH2CH3),
31.1 (NHCH2CH2CH2CH3), 19.9 (NHCH2CH2CH2CH3),
13.6 (NHCH2CH2CH2CH3). IR (KBr): nmax 3328, 2958,
2930, 1619, 1513, 1480, 1317, 1212, 1158 cmK1. EIMS:
m/z (relative intensity) 460 ([MC2]C, 45), 458 (MC, 48),
360 (61), 358 (61), 279 (100). Anal. calcd for
C22H23BrN2O4: C, 57.53; H, 5.05; N, 6.10. Found: C,
57.90; H, 5.27; N, 6.51.

4.4.2. N-n-Butyl 3-(4-bromophenyl)-4,6-dimethoxy-
indole-7-glyoxylamide 16 (0.291 g, 40%). Yellow solid,
mp 219–220 8C. 1H NMR (300 MHz, CDCl3): d 10.44 (br s,
1H, NH), 7.50 and 7.42 (2d, 4H, 4-BrArH), 7.07 (d, 1H,
H2), 6.19 (s, 1H, H5), 5.95 (br t, 1H, NHBun), 3.95 and 3.92
(2s, 6H, 2!OMe), 3.45 (q, 2H, NHCH2CH2CH2CH3, JZ
6.72 Hz), 1.65 and 1.47 (2m, 4H, NHCH2CH2CH2CH3),
1.00 (t, 3H, NHCH2CH2CH2CH3, JZ7.28 Hz). 13C NMR
(75 MHz, CDCl3): d 190.0 (ArCOCONHBun), 167.8
(ArCOCONHBun), 162.2 (COMe), 161.6 (COMe), 138.7
(Cq), 134.2 (Cq), 131.0 (2!CH), 130.7 (2!CH), 121.7
(C2), 120.0 (Cq), 118.0 (Cq), 110.5 (Cq), 101.4 (Cq), 87.9
(C5), 57.1 (OMe), 55.4 (OMe), 39.0 (NHCH2CH2CH2CH3),
31.5 (NHCH2CH2CH2CH3), 20.0 (NH CH2CH2CH2CH3),
13.8 (NHCH2CH2CH2CH3). IR (KBr): nmax 3405, 3284,
2958, 1667, 1583, 1559, 1538, 1360, 1325, 1221, 1116,
802 cmK1. EIMS: m/z (relative intensity) 460 ([MC2]C,
42), 458 (MC, 45), 360 (99), 358 (100). Anal. calcd for
C22H23BrN2O4: C, 57.53; H, 5.05; N, 6.10. Found: C, 57.70;
H, 5.14; N, 6.16.

4.5. Compounds 5 and 17

According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxyindole (0.200 g, 0.602 mmol) in dichloro-
methane (20 mL) was treated with oxalyl chloride (91.7 mg,
0.722 mmol) at 0 8C for 30 min followed by addition of
N,N-diethylamine (0.63 mL, 60.2 mmol) and warming to
room temperature for 2 h. Chromatography and elution with
6:4 v/v ethyl acetate/hexane and recrystallization afforded
two products.

4.5.1. N,N-Dimethyl 3-(4-bromophenyl)-4,6-dimethoxy-
indole-2-glyoxylamide 5 (0.046 g, 17%). Yellow solid, mp
235–236 8C. 1H NMR (300 MHz, CDCl3): d 9.22 (br s, 1H,
NH), 7.39 and 7.21 (2d, 4H, 4-BrArH), 6.34 (s, 1H, H7),
6.30 (s, 1H, H5), 3.79 and 3.54 (2s, 6H, 2!OMe), 3.00–
2.93 (m, 4H, N(CH2CH3)2), 1.02 and 0.78 (2t, 6H,
N(CH2CH3)2, JZ7.10 Hz). 13C NMR (75 MHz, CDCl3): d
182.4 (ArCOCONEt2), 165.9 (ArCOCONEt2), 162.0
(COMe), 157.0 (COMe), 139.4 (Cq), 132.7 (2!CH),
132.0 (Cq), 129.9 (2!CH), 127.7 (Cq), 126.8 (Cq), 121.9
(Cq), 113.6 (Cq), 93.6 (C7), 85.1 (C5), 55.6 (OMe), 55.2
(OMe), 42.5 (N(CH2CH3)2), 38.9 (N(CH2CH3)2), 13.9
(N(CH2CH3)2), 12.4 (N(CH2CH3)2). IR (KBr): nmax 3314,
2982, 2937, 1644, 1609, 1575, 1529, 1381, 1255, 1207,
1152, 1133, 810 cmK1. EIMS: m/z (relative intensity) 460
([MC2]C, 19), 458 (MC, 24), 360 (30), 358 (30), 279
(100). Anal. calcd for C22H23BrN2O4: C, 57.53; H, 5.05; N,
6.10. Found: C, 57.57; H, 5.26; N, 6.23.

4.5.2. N,N-Dimethyl 3-(4-bromophenyl)-4,6-dimethoxy-
indole-7-glyoxylamide 17 (0.133 g, 49%). Yellow solid,
mp 234–235 8C. 1H NMR (300 MHz, CDCl3): d 10.69 (br s,
1H, NH), 7.41 and 7.35 (2d, 4H, 4-BrArH), 7.03 (d, 1H,
H2), 6.12 (s, 1H, H5), 3.86 and 3.85 (2s, 6H, 2!OMe), 3.45
(br s, 2H, N(CH2CH3)2), 3.20 (q, 2H, N(CH2CH3)2, JZ
6.98 Hz), 1.21 and 1.09 (2t, 6H, N(CH2CH3)2, JZ7.13,
7.08 Hz). 13C NMR (75 MHz, CDCl3): d 190.0
(ArCOCONEt)2, 168.4 (ArCOCONEt)2, 161.9 (COMe),
161.5 (COMe), 138.7 (Cq), 134.3 (Cq), 131.0 (2!CH),
130.7 (2!CH), 121.9 (C7), 120.0 (Cq), 117.9 (Cq), 110.6
(Cq), 101.7 (Cq), 87.6 (C5), 56.7 (OMe), 55.5 (OMe), 41.7
(N(CH2CH3)2), 38.2 (N(CH2CH3)2), 13.4 (N(CH2CH3)2),
12.7 (N(CH2CH3)2). IR (KBr): nmax 3370, 2974, 2929, 1639,
1607, 1577, 1537, 1359, 1220, 1090 cmK1. EIMS: m/z
(relative intensity) 460 ([MC2]C, 33), 458 (MC, 35), 360
(87), 358 (100). Anal. calcd for C22H23BrN2O4: C, 57.53; H,
5.05; N, 6.10. Found: C, 57.44; H, 5.08; N, 6.24.

4.6. Compounds 6 and 18

According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxy-1-methylindole (0.170 g, 0.491 mmol) in
dichloromethane (10 mL) was treated with oxalyl chloride
(74.8 mg, 0.590 mmol) at 0 8C for 30 min followed by
addition of ethanol (10 mL) and heating to reflux for 2 h.
Chromatography and elution with 1:1:3 v/v/v ethyl acetate/
dichloromethane/hexane and recrystallization afforded two
products.

4.6.1. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-1-methyl-
indole-2-glyoxylate 6 (0.074 g, 34%). Yellow solid, mp
138–139 8C. 1H NMR (300 MHz, CDCl3): d 7.40 and 7.18
(2d, 4H, 4-BrArH), 6.26 (d, 1H, H7), 6.06 (d, 1H, H5), 3.95
and 3.84 (2s, 6H, 2!OMe), 3.56 (s, 3H, NMe), 3.54 (q, 2H,
OCH2CH3, JZ7.21 Hz), 1.05 (t, 3H, OCH2CH3, JZ
7.21 Hz). IR (KBr): nmax 2941, 1737, 1639, 1614, 1509,
1256, 1211, 1181, 1153 cmK1. EIMS: m/z (relative
intensity) 447 ([MC2]C, 17), 445 (MC, 17), 374 (28),
372 (28), 293 (100). Anal. calcd for C21H20BrNO5: C,
56.52; H, 4.52; N, 3.14. Found: C, 56.72; H, 4.57; N, 3.29.

4.6.2. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-1-methyl-
indole-7-glyoxylate 18 (0.112 g, 51%). Pale yellow solid,
mp 162–163 8C. 1H NMR (300 MHz, CDCl3): d 7.39 and
7.28 (2d, 4H, 4-BrArH), 6.78 (s, 1H, H2), 6.15 (s, 1H, H5),
4.33 (q, 2H, OCH2CH3, JZ7.11 Hz), 3.82 and 3.78 (2s,
6H, 2!OMe), 3.58 (s, 3H, NMe), 1.34 (t, 3H, OCH2CH3,
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JZ7.12 Hz). 13C NMR (75 MHz, CDCl3): d 185.0 (ArCO-
COOEt), 165.1 (ArCOCOOEt), 160.9 (COMe), 159.6
(COMe), 136.7 (Cq), 134.3 (Cq), 131.2 (2!CH), 130.6
(2!CH), 129.2 (C2), 120.0 (Cq), 117.0 (Cq), 112.8 (Cq),
104.2 (Cq), 87.8 (C5), 61.8 (OCH2CH3), 57.2 (OMe), 55.3
(OMe), 38.1 (NMe), 14.2 (OCH2CH3). IR (KBr): nmax 2946,
1741, 1631, 1578, 1542, 1290, 1212, 1036, 815 cmK1.
EIMS: m/z (relative intensity) 447 ([MC2]C, 37), 445
(MC, 37), 374 (98), 372 (100), 294 (26), 293 (88). Anal.
calcd for C21H20BrNO5: C, 56.52; H, 4.52; N, 3.14. Found:
C, 56.75; H, 4.59; N, 3.25.

4.7. General procedure for methylation of 4,6-
dimethoxyindoles

To a suspension of sodium hydride (1.2 equiv) in dry
dimethylsulfoxide under nitrogen was added a solution of
the indole (1.0 equiv) in dry dimethylsulfoxide and the
mixture stirred at room temperature for 1 h. Methyl iodide
(1.2 equiv) was added and the mixture stirred at room
temperature for 18 h. Water was added and the solution was
extracted with CH2Cl2. The organic layer was washed with
water and saturated NaCl, dried over MgSO4, and
concentrated under reduced pressure. The crude product
was purified by column chromatography (ethyl acetate/
dichloromethane/hexane) and recrystallization (CH2Cl2/
light petroleum).

4.7.1. 4,6-Dimethoxy-1,3-dimethylindole 31. According to
the general procedure, 4,6-dimethoxy-3-methylindole
(0.350 g, 1.83 mmol) in dimethylsulfoxide (30 mL) was
treated with sodium hydride (52.7 mg, 2.20 mmol) for 1 h
followed by addition of methyl iodide (0.14 mL,
2.20 mmol). Chromatography and elution with 7:3 v/v
dichloromethane/hexane and recrystallization afforded 31
(0.334 g, 89%). Colourless solid, mp 105–106 8C. 1H NMR
(300 MHz, CDCl3): d 6.47 (s, 1H, H2), 6.23 (s, 1H, H7),
6.08 (s, 1H, H5), 3.79 and 3.78 (2s, 6H, 2!OMe), 3.54 (s,
3H, NMe), 2.33 (s, 3H, 3-Me). IR (KBr): nmax 2965, 2931,
1619, 1589, 1459, 1315, 1265, 1214, 1146, 1105 cmK1.
EIMS: m/z (relative intensity) 206 ([MC1]C, 17), 205
(MC, 100), 191 (18), 190 (61), 162 (33), 147 (22). Anal.
calcd for C12H15NO2: C, 70.22; H, 7.37; N, 6.82. Found: C,
70.56; H, 7.39; N, 7.04.

4.7.2. 4,6-Dimethoxy-1-methyl-3-phenylindole 32.
According to the general procedure, 4,6-dimethoxy-3-
phenylindole (0.258 g, 1.01 mmol) in dimethylsulfoxide
(10 mL) was treated with sodium hydride (29.1 mg,
1.21 mmol) for 1 h followed by addition of methyl iodide
(0.07 mL, 1.21 mmol). Chromatography and elution with
6:3 v/v dichloromethane/hexane and recrystallization
afforded 32 (0.226 g, 83%). Colourless solid, mp 119–
120 8C. 1H NMR (300 MHz, CDCl3): d 7.53 (d, 2H, PhH,
JZ7.33 Hz), 7.28 (t, 2H, PhH, JZ7.48 Hz), 7.16 (t, 1H,
PhH, JZ7.23 Hz), 6.82 (s, 1H, H2), 6.23 (d, 1H, H7, JZ
1.47 Hz), 6.19 (d, 1H, H5, JZ1.36 Hz), 3.82 and 3.73 (2s,
6H, 2!OMe), 3.67 (s, 3H, NMe). IR (KBr): nmax 2961,
2934, 1623, 1599, 1585, 1541, 1505, 1333, 1210, 1151,
1048, 802, 767, 703 cmK1. EIMS: m/z (relative intensity)
269 ([MC1]C, 19), 268 (MC, 100), 252 (51), 237 (14), 224
(22), 221 (16). Anal. calcd for C17H17NO2: C, 76.38; H,
6.41; N, 5.24. Found: C, 76.70; H, 6.57; N, 5.33.
4.7.3. 3-(4-Bromophenyl)-4,6-dimethoxy-1-methylindole
33. According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxyindole (0.358 g, 1.08 mmol) in dimethyl-
sulfoxide (10 mL) was treated with sodium hydride
(31.3 mg, 1.30 mmol) for 1 h followed by addition of
methyl iodide (0.08 mL, 1.30 mmol). Chromatography and
elution with 1/2/6 v/v/v ethyl acetate/dichloromethane/
hexane and recrystallization afforded 33 (0.34 g, 81%).
Pale yellow solid, mp 144.5–146 8C. 1H NMR (300 MHz,
CDCl3): d 7.39 (s, 4H, 4-BrArH), 6.81 (s, 1H, H2), 6.32 (d,
1H, H7, JZ1.66 Hz), 6.19 (d, 1H, H5, JZ1.63 Hz), 3.82
and 3.73 (2s, 6H, 2!OMe), 3.66 (s, 3H, NMe). IR (KBr):
(max 3001, 2934, 1617, 1582, 1541, 1214, 1153, 835 cmK1.
EIMS: m/z (relative intensity) 347 ([MC2]C, 77), 345
(MC, 77), 332 (17), 330 (19), 304 (12), 302 (13), 251 (100),
236 (25), 208 (16). Anal. calcd for C17H16BrNO2: C, 58.97;
H, 4.66; N, 4.05. Found: C, 59.38; H, 4.36; N, 3.71.

4.7.4. 3-(4-Bromophenyl)-4,6-dimethoxy-1,7-dimethyl-
indole 34. To a solution of 3-(4-bromophenyl)-4,6-
dimethoxy-7-carboxaldehyde 13 (123.4 mg, 0.34 mmol) in
ethanol (10 mL) was added hydrazine 35% solution in water
(0.32 mL, 3.43 mmol) at reflux. After 3 h, to this solution
was added KOH (384.4 mg, 6.85 mmol) in ethylene glycol
(10 mL) and the mixture warmed to 150 8C for 18 h. After
cooling to room temperature, the reaction mixture was
neutralised with dilute hydrochloric acid and extracted
several times with CH2Cl2. The combined organic layer was
washed with H2O, saturated NaCl solution, then dried over
MgSO4, filtered and concentrated under reduced pressure.
The crude product was purified by chromatography and
elution with 1/1 v/v dichloromethane/hexane to give 3-(4-
bromophenyl)-4,6-dimethoxy-7-methylindole (93.6 mg,
79%).

According to the general procedure, 3-(4-bromophenyl)-
4,6-dimethoxy-7-methylindole (0.053 g, 0.154 mmol) in
dimethylsulfoxide (5 mL) was treated with sodium hydride
(4.2 mg, 0.184 mmol) for 1 h followed by methyl iodide
(0.01 mL, 0.184 mmol). Chromatography and elution with
7/3 v/v dichloromethane/hexane and recrystallization
afforded 34 (0.053 g, 95%). Colourless solid, mp 194–
195 8C. 1H NMR (300 MHz, CDCl3): d 7.48 and 7.43 (2d,
4H, 4-BrArH), 6.80 (s, 2H, H2), 6.37 (s, 2H, H5), 4.01 and
3.90 (2s, 6H, 2!OMe), 3.80 (s, 3H, NMe), 2.61 (s, 3H,
ArMe). 13C NMR (75 MHz, CDCl3): d 154.1 (COMe),
152.3 (COMe), 137.9 (Cq), 135.1 (Cq), 131.1 (2!CH),
130.4 (2!CH), 128.4 (C2), 119.3 (Cq), 115.4 (Cq), 112.2
(Cq), 102.5 (Cq), 90.6 (C5), 57.9 (OMe), 55.2 (OMe), 37.1
(NMe), 10.2 (ArMe). IR (KBr): nmax 2996, 2935, 2840,
1613, 1587, 1545, 1512, 1467, 1333, 1210, 1121, 1088,
1040, 794 cmK1. EIMS: m/z (relative intensity) 361 ([MC
2]C, 96), 359 (MC, 100), 346 (42), 344 (35), 266 (54), 264
(58), 250 (27). Anal. calcd for C18H18BrNO2: C, 60.01; H,
5.04; N, 3.89. Found: C, 59.69; H, 4.93; N, 3.87.

4.8. General procedure for nitration or oxidative
dimerisation

To a solution of the indole in acetonitrile was added 65%
nitric acid with stirring at 0 8C or room temperature. The
reaction was closely monitored by TLC. Water was added
when the reaction was completed and the solution was



T. Keawin et al. / Tetrahedron 61 (2005) 853–861858
extracted with CH2Cl2. The organic layer was washed with
water and saturated NaCl solution, then dried over MgSO4,
filtered and concentrated under reduced pressure. The crude
product was purified by chromatography and recrystalliza-
tion from dichloromethane/hexane.
4.8.1. 2-Acetyl-3-(4-bromophenyl)-4,6-dimethoxy-7-
nitroindole 7. Following the general procedure, treatment
of indole 1 (0.040 g, 0.107 mmol) in acetonitrile (10 mL)
with 65% nitric acid (0.08 mL) at room temperature for
120 min afforded nitroindole 7 (0.034 g, 75%) purified by
chromatography and elution with 4:1 v/v dichloromethane/
hexane and recrystallization. Pale green solid, mp 278–
279 8C. 1H NMR (300 MHz, CDCl3): d 10.72 (br s, 1H,
NH), 7.60 and 7.29 (2d, 4H, 4-BrArH), 6.19 (s, 1H, H5),
4.11 and 3.78 (2s, 6H, 2!OMe), 2.03 (s, 3H, COMe). 13C
NMR (75 MHz, CDCl3): d 189.5, 162.1, 153.6, 133.4,
132.5, 132.1, 131.9, 131.0, 123.4, 122.2, 118.4, 113.4, 88.4,
57.3, 55.9, 28.4. IR (KBr): nmax 3411, 2924, 1642, 1575,
1543, 1365, 1223 cmK1. EIMS: m/z (relative intensity) 420
([MC2]C, 100), 418 (MC, 89), 324 (84). HRMS calcd for
[C18H15BrN2O5CNa]C: 441.0062. Found: 441.0075.
4.8.2. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-7-nitro-
indole-2-carboxylate 8. Following the general procedure,
treatment of indole 2 (0.042 g, 0.105 mmol) in acetonitrile
(15 mL) with 65% nitric acid (0.12 mL) at room tempera-
ture for 30 min afforded nitroindole 8 (0.031 g, 66%)
purified by chromatography and elution with 4:1 v/v
dichloromethane/hexane and recrystallization. Pale yellow
solid, mp 227–228 8C. 1H NMR (300 MHz, CDCl3): d 10.66
(br s, 1H, NH), 7.28 and 7.51 (2d, 4H, 4-BrArH), 6.21 (s,
1H, H5), 4.26 (q, 2H, OCH2CH3, JZ7.12 Hz), 4.10 and
3.81 (2s, 6H, 2!OMe), 1.22 (t, 3H, OCH2CH3, JZ
7.11 Hz). 13C NMR (75 MHz, CDCl3): d 161.7, 160.4,
158.9, 132.4, 132.4, 130.0, 124.1, 123.0, 121.5, 118.5,
112.7, 88.4, 61.0, 57.3, 55.9, 14.1. IR (KBr): nmax 3456,
2924, 1715, 1623, 1578, 1469, 1288, 1225 cmK1. EIMS:
m/z (relative intensity) 450 ([MC2]C, 100), 448 (MC, 97),
422 (47), 420 (55), 374 (29), 372 (30), 323 (40). HRMS
calcd for [C19H17BrN2O6CNa]C: 471.0168. Found:
471.0152.
4.8.3. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-7-nitro-
indole-2-glyoxylate 9. Following the general procedure,
treatment of indole 3 (0.067 g, 0.154 mmol) in acetonitrile
(10 mL) with 65% nitric acid (0.08 mL) at room tempera-
ture for 240 min afforded nitroindole 9 (0.051 g, 69%)
purified by chromatography and elution with 1:1:2 v/v/v
ethyl acetate/dichloromethane/hexane and recrystallization.
Pale yellow solid, mp 221–223 8C. 1H NMR (300 MHz,
CDCl3): d 11.09 (br s, 1H, NH), 7.54 and 7.29 (2d, 4H,
4-BrArH), 6.23 (s, 1H, H5), 3.89 (q, 2H, OCH2CH3, JZ
7.10 Hz), 4.13 and 3.84 (2s, 6H, 2!OMe), 1.20 (t, 3H,
OCH2CH3, JZ7.18 Hz). 13C NMR (75 MHz, CDCl3): d
176.5, 163.1, 162.3, 160.3, 134.0, 132.4, 131.2, 130.4,
128.2, 128.1, 122.5, 118.4, 112.9, 88.8, 62.5, 57.4, 56.0,
13.6. IR (KBr): nmax 3395, 2924, 1742, 1614, 1575, 1317,
1276, 1206 cmK1. EIMS: m/z (relative intensity) 478 ([MC
2]C, 17), 476 (MC, 15), 405 (34), 403 (34), 324 (100). Anal.
calcd for C20H17BrN2O7: C, 50.33; H, 3.59; N, 5.87. Found:
C, 50.26; H, 3.72; N, 5.74.
4.8.4. N-n-Butyl 3-(4-bromophenyl)-4,6-dimethoxy-7-
nitroindole-2-glyoxylamide 10. Following the general
procedure, treatment of indole 4 (0.064 g, 0.139 mmol) in
acetonitrile (10 mL) with 65% nitric acid (0.08 mL) at room
temperature for 20 min afforded nitroindole 10 (0.051 g,
73%) purified by chromatography and elution with 7:3 v/v
ethyl acetate/hexane and recrystallization. Pale yellow
solid, mp 194–196 8C. 1H NMR (300 MHz, CDCl3): d
12.97 (br s, 1H, NH), 7.36 (br t, 1H, CONHBun), 7.53 and
7.28 (2d, 4H, 4-BrArH), 6.19 (s, 1H, H5), 4.11 and 3.82 (2s,
6H, 2!OMe), 3.37 (q, 2H, NHCH2CH2CH2CH3, JZ
6.66 Hz), 1.54 and 1.37 (2m, 2H, NHCH2CH2CH2CH3),
0.93 (t, 3H, NHCH2CH2CH2CH3, JZ7.18 Hz). 13C NMR
(75 MHz, CDCl3): d 174.3, 160.1, 162.3, 162.1, 133.6,
132.5, 131.9, 131.5, 130.4, 129.4, 128.0, 121.9, 118.6,
112.7, 88.6, 57.4, 55.9, 39.2, 31.1, 20.0, 13.6. IR (KBr): nmax

3390, 3357, 2959, 2934, 1651, 1619, 1570, 1517, 1322,
1290, 1228, 1200 cmK1. EIMS: m/z (relative intensity) 505
([MC2]C, 31), 503 (MC, 33), 405 (54), 403 (52), 324
(100). Anal. calcd for C22H22BrN3O6: C, 52.39; H, 4.40; N,
8.33. Found: C, 51.91; H, 4.46; N, 8.05. HRMS calcd for
[C22H22BrN3O6CH]C: 504.0770. Found: 504.0762.

4.8.5. N,N-Dimethyl 3-(4-bromophenyl)-4,6-dimethoxy-
7-nitroindole-2-glyoxylamide 11. Following the general
procedure, treatment of indole 5 (0.062 g, 0.133 mmol) in
acetonitrile (10 mL) with 65% nitric acid (0.16 mL) at room
temperature for 20 min afforded nitroindole 11 (0.042 g,
63%) purified by chromatography and elution with 1:1 v/v
ethyl acetate/hexane and recrystallization. Pale yellow
solid, mp 214–215 8C. 1H NMR (300 MHz, CDCl3): d
10.73 (br s, 1H, NH), 7.42 and 7.18 (2d, 4H, 4-BrArH), 6.11
(s, 1H, H5), 4.03 and 3.70 (2s, 6H, 2!OMe), 3.06–2.93 (m,
4H, N(CH2CH3)2), 1.06 and 0.78 (2t, 6H, N(CH2CH3)2, JZ
7.10 Hz). 13C NMR (75 MHz, CDCl3): d 182.2, 165.2,
162.3, 160.0, 133.7, 132.4, 130.9, 130.2, 128.9, 126.4,
122.4, 118.3, 113.3, 88.6, 57.4, 56.0, 42.5, 39.1, 13.9, 12.3.
IR (KBr): nmax 3414, 2924, 1648, 1619, 1569, 1542, 1366,
1302, 1274, 1224 cmK1. EIMS: m/z (relative intensity) 505
([MC2]C, 7), 503 (MC, 7), 405 (23), 403 (26), 324 (100).
Anal. calcd for C22H22BrN3O6: C, 52.39; H, 4.40; N, 8.33.
Found: C, 52.65; H, 4.40; N, 8.34.

4.8.6. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-1-methyl-
7-nitroindole-2-glyoxylate 12. Following the general
procedure, treatment of indole 6 (0.025 g, 0.057 mmol) in
acetonitrile (10 mL) with 65% nitric acid (0.08 mL) at room
temperature for 60 min afforded nitroindole 12 (0.024 g,
85%) purified by chromatography and elution with 4:1 v/v
dichloromethane/hexane and recrystallization. Pale yellow
solid, mp 208–209 8C. 1H NMR (300 MHz, CDCl3): d 7.51
and 7.23 (2d, 4H, 4-BrArH), 6.22 (s, 1H, H5), 4.02 and 3.85
(2s, 6H, 2!OMe), 3.74 (s, 3H, NMe), 3.66 (q, 2H,
OCH2CH3, JZ7.14 Hz), 1.15 (t, 3H, OCH2CH3, JZ
7.14 Hz). 13C NMR (75 MHz, CDCl3): d 179.3 (ArCO-
COOEt), 163.2 (ArCOCOOEt), 158.6 (COMe), 154.4
(COMe), 133.0 (2!CH), 130.2 (2!CH), 132.9 (Cq),
131.4 (Cq), 130.4 (Cq), 128.7 (Cq), 122.4 (Cq), 121.5
(Cq), 112.5 (Cq), 88.1 (C5), 62.3 (OCH2CH3), 57.3 (OMe),
55.7 (OMe), 33.7 (NMe), 13.5 (OCH2CH3). IR (KBr): nmax

2992, 1737, 1646, 1621, 1569, 1524, 1323, 1223, 1206,
804 cmK1. EIMS: m/z (relative intensity) 492 ([MC2]C,
25), 490 (MC, 26), 419 (37), 417 (40), 339 (34), 338 (100).
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HRMS calcd for [C21H19BrN2O7CNa]C: 513.0273. Found:
513.0273.

4.8.7. 3-(4-Bromophenyl)-4,6-dimethoxy-2-nitroindole-
7-carboxaldehyde 19. Following the general procedure,
treatment of indole 13 (0.098 g, 0.273 mmol) in acetonitrile
(10 mL) with 65% nitric acid (0.08 mL) at room tempera-
ture for 60 min afforded nitroindole 19 (0.072 g, 65%)
purified by chromatography and elution with 4:1 v/v
dichloromethane/hexane and recrystallization. Pale yellow
solid, mp 284–286 8C. 1H NMR (300 MHz, CDCl3): d 11.21
(br s, 1H, NH), 10.36 (s, 1H, CHO), 7.54 and 7.30 (2d, 4H,
4-BrArH), 6.18 (s, 1H, H5), 4.04 and 3.80 (2s, 6H, 2!
OMe). 13C NMR (75 MHz, CDCl3): d 187.6, 166.4, 163.5,
135.7, 134.3, 132.0, 130.5, 130.2, 122.3, 118.6, 111.2,
103.6, 88.3, 56.4, 55.7. IR (KBr): nmax 3409, 2869, 1649,
1602, 1495, 1299, 1247, 1219, 1151 cmK1. EIMS: m/z
(relative intensity) 406 ([MC2]C, 64), 404 (MC, 78), 376
(30), 374 (32), 295 (68), 280 (100). Anal. calcd for
C17H13BrN2O5: C, 50.39; H, 3.23; N, 6.91. Found: C,
50.75; H, 3.42; N, 6.55.

4.8.8. 4,6-Dimethoxy-3-(4-methoxyphenyl)-2-nitro-
indole-7-carboxaldehyde 20. Following the general
procedure, treatment of indole 14 (0.102 g, 0.327 mmol)
in acetonitrile (10 mL) with 65% nitric acid (0.08 mL) at
room temperature for 120 min afforded nitroindole 20
(0.041 g, 35%) purified by chromatography and elution
with 1:1 v/v ethyl acetate/hexane and recrystallization. Pale
yellow solid, mp 241–242 8C. 1H NMR (300 MHz, CDCl3):
d 11.10 (br s, 1H, NH), 10.28 (s, 1H, –CHO), 7.31 and 6.88
(2d, 4H, 4-MeOArH), 6.09 (s, 1H, H5), 3.96, 3.81, and 3.73
(3s, 12H, 3!OMe). 13C NMR (75 MHz, CDCl3): d 187.7,
166.5, 163.8, 159.5, 135.8, 134.5, 131.9, 123.1, 120.3,
112.8, 111.6, 103.5, 88.1, 56.4, 55.8, 55.2. IR (KBr): nmax

3406, 2924, 2852, 1649, 1598, 1509, 1302, 1238, 1217,
1175 cmK1. EIMS: m/z (relative intensity) 357 ([MC1]C,
19), 356 (MC, 100), 326 (30), 295 (21), 280 (13). HRMS
calcd for [C18H16N2O6CNa]C: 379.0906. Found:
379.0909.

4.8.9. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-2-nitro-
indole-7-glyoxylate 21. Following the general procedure,
treatment of indole 15 (0.069 g, 0.158 mmol) in acetonitrile
(10 mL) with 65% nitric acid (0.08 mL) at room tempera-
ture for 240 min afforded nitroindole 21 (0.064 g, 85%)
purified by chromatography and elution with 1:1:2 v/v/v
ethyl acetate/dichloromethane/hexane and recrystallization.
Yellow solid, mp 209–210 8C. 1H NMR (300 MHz, CDCl3):
d 11.27 (br s, 1H, NH), 7.57 and 7.33 (2d, 4H, 4-BrArH),
6.19 (s, 1H, H5), 4.44 (q, 2H, COOCH2CH3, JZ7.15 Hz),
4.01 and 3.83 (2s, 6H, 2!OMe), 1.43 (t, 3H, OCH2CH3,
JZ7.10 Hz). 13C NMR (75 MHz, CDCl3): d 184.7, 165.5,
165.2, 164.3, 135.8, 135.2, 132.0, 130.6, 130.1, 122.5,
118.8, 111.9, 100.2, 88.9, 61.8, 57.0, 56.0, 14.2. IR (KBr):
nmax 3407, 2984, 1744, 1636, 1579, 1309, 1232, 1207, 1161,
817 cmK1. EIMS: m/z (relative intensity) 478 ([MC2]C,
17), 476 (MC, 18), 447 (31), 445 (31), 405 (84), 403 (83),
374 (73), 372 (72), 293 (100). HRMS calcd for [C20H17-
BrN2O7CNa]C: 499.0117. Found: 499.0118.

4.8.10. N-n-Butyl 3-(4-bromophenyl)-4,6-dimethoxy-2-
nitroindole-7-glyoxylamide 22. Following the general
procedure, treatment of indole 16 (0.098 g, 0.212 mmol)
in acetonitrile (10 mL) with 65% nitric acid (0.08 mL) at
room temperature for 20 min afforded nitroindole 22
(0.0731 g, 68%) purified by chromatography and elution
with 7:3 v/v ethyl acetate/hexane and recrystallization.
Yellow solid, mp 245–246 8C. 1H NMR (300 MHz,
CDCl3): d 10.93 (br s, 1H, NH), 7.49 and 7.18 (2d, 4H,
4-BrArH), 6.45 (br t, 1H, NHBun), 6.13 (s, 1H, H5), 4.00
and 3.77 (2s, 6H, 2!OMe), 3.47 (q, 2H, NHCH2CH2CH2-

CH3, JZ6.63 Hz), 1.67 and 1.50 (2m, 4H, NHCH2CH2-
CH2CH3), 1.02 (t, 3H, NHCH2CH2CH2CH3, JZ7.28 Hz).
13C NMR (75 MHz, CDCl3): d 190.0, 166.8, 165.9, 163.7,
135.5, 135.3, 132.1, 130.5, 129.8, 122.5, 118.9, 111.5,
100.5, 89.2, 57.1, 55.9, 39.0, 31.5, 20.0, 13.8. IR (KBr): nmax

3412, 3271, 2933, 1652, 1626, 1578, 1497, 1371, 1298,
1230, 1164, 986 cmK1. EIMS: m/z (relative intensity) 505
([MC2]C, 3), 503 (MC, 33), 460 (26), 458 (29), 405 (20),
403 (18), 360 (93), 358 (100). Anal. calcd for
C22H22BrN3O6: C, 52.39; H, 4.40; N, 8.33. Found: C,
52.63; H, 4.29; N, 7.95. HRMS calcd for [C22H22N3O6BrC
H]C: 504.0770. Found: 504.0764.

4.8.11. N,N-Dimethyl 3-(4-bromophenyl)-4,6-dimethoxy-
2-nitroindole-7-glyoxylamide 23. Following the general
procedure, treatment of indole 17 (0.050 g, 0.109 mmol) in
acetonitrile (15 mL) with 65% nitric acid (0.12 mL) at room
temperature for 20 min afforded nitroindole 23 (0.041 g,
74%) purified by chromatography and elution with 7:3 v/v
ethyl acetate/hexane and recrystallization. Yellow solid, mp
244–246 8C. 1H NMR (300 MHz, CDCl3): d 11.37 (br s, 1H,
NH), 7.48 and 7.23 (2d, 4H, 4-BrArH), 6.11 (s, 1H, H5),
3.90 and 3.73 (2s, 6H, 2!OMe), 3.45 (br q, 2H,
N(CH2CH3)2), 3.12 (q, 2H, N(CH2CH3)2, JZ7.03 Hz),
1.22 and 1.13 (2t, 6H, N(CH2CH3)2, JZ7.08 Hz). 13C NMR
(75 MHz, CDCl3): d 189.4, 167.6, 165.3, 163.7, 135.6,
135.4, 132.0, 130.5, 130.1, 122.3, 118.7, 111.8, 101.0, 88.9,
56.7, 55.8, 41.7, 38.3, 13.4, 12.6. IR (KBr): nmax 3404, 2927,
1646, 1631, 1596, 1578, 1466, 1299, 1241, 1165 cmK1.
EIMS: m/z (relative intensity) 505 ([MC2]C, 9), 503 (MC,
10), 405 (100), 403 (90), 324 (24). Anal. calcd for
C22H22BrN3O6: C, 52.39; H, 4.40; N, 8.33. Found: C,
52.34; H, 4.56; N, 8.18. HRMS calcd for [C22H22BrN3O6C
Na]C: 526.0590. Found: 526.0597.

4.8.12. Ethyl 3-(4-bromophenyl)-4,6-dimethoxy-1-
methyl-2-nitroindole-7-glyoxylate 24. Following the
general procedure, treatment of indole 18 (0.050 g,
0.112 mmol) in acetonitrile (10 mL) with 65% nitric acid
(0.12 mL) at room temperature for 120 min afforded
nitroindole 24 (0.049 g, 88%) purified by chromatography
and elution with 1:1:1 v/v/v ethyl acetate/dichloromethane/
hexane and recrystallization. Yellow solid, mp 212.5–
213 8C. 1H NMR (300 MHz, CDCl3): d 7.54 and 7.26 (2d,
4H, 4-BrArH), 6.23 (s, 1H, H5), 4.45 (q, 2H, OCH2CH3, JZ
7.10 Hz), 3.96 and 3.75 (2s, 6H, 2!OMe), 3.68 (s, 3H,
NMe), 1.41 (t, 3H, OCH2CH3, JZ7.10 Hz). 13C NMR
(75 MHz, CDCl3): d 184.6 (ArCOCOOEt), 164.5 (ArCO-
COOEt), 164.5 (COMe), 162.0 (COMe), 137.8 (Cq), 131.9
(2!CH), 130.9 (Cq), 130.5 (2!CH), 122.1 (Cq), 120.1
(Cq), 111.4 (Cq), 103.5 (Cq), 88.9 (C5), 62.1 (OCH2CH3),
57.0 (OMe), 55.7 (OMe), 37.7 (NMe), 14.2 (OCH2CH3). IR
(KBr): nmax 2982, 1728, 1664, 1579, 1497, 1311, 1294,
1227, 1155, 1055, 800 cmK1. EIMS: m/z (relative intensity)
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492 ([MC2]C, 13), 490 (MC, 14), 419 (99), 417 (100), 293
(27). HRMS calcd for [C21H19BrN2O7CNa]C: 513.0273.
Found: 513.0264.

4.8.13. 7,7 0-Bi(4,6-dimethoxy-2,3-diphenyl)indolyl 28.
According to the general procedure, treatment of indole
25 (0.150 g, 0.456 mmol) in acetonitrile (15 mL) with 65%
nitric acid (0.12 mL) at 0 8C for 4 h afforded dimer 28
(0.128 g, 86%) purified by chromatography and elution with
1:1 v/v dichloromethane/hexane and recrystallization.
Colourless solid, mp 295–296 8C (lit. 290 8C)9. 1H NMR
(300 MHz, CDCl3): d 8.01 (br s, 2H, NH), 7.46–7.15 (m,
20H, PhH), 6.49 (s, 2H, H5), 3.83 and 3.79 (2s, 12H, 4!
OMe). 13C NMR (75 MHz, CDCl3): 154.8, 154.1, 137.0,
136.0, 132.9, 132.8, 131.4, 128.2, 128.0, 127.2, 126.8,
125.8, 114.9, 113.5, 98.7, 90.7, 57.6, 55.4. IR (KBr): nmax

3456, 2995, 2931, 2836, 1599, 1425, 1330, 1137, 698 cmK1.
EIMS: m/z (relative intensity) 657 ([MC1]C, 11), 656
(MC, 24), 419 (99), 417 (100), 293 (33).

4.8.14. 7,7 0-Bi(4,6-dimethoxy-2-methyl-3-phenyl)indolyl
29. According to the general procedure, treatment of indole
26 (0.200 g, 0.750 mmol) in acetonitrile (20 mL) with 65%
nitric acid (0.16 mL) at 0 8C for 3.5 h afforded dimer 29
(0.163 g, 82%) purified by chromatography and elution with
1:1 v/v dichloromethane/hexane and recrystallization. Pale
yellow solid, mp 291–293 8C. 1H NMR (300 MHz, CDCl3):
d 7.68 (br s, 2H, NH), 7.49–7.24 (m, 10H, PhH), 6.47 (s, 2H,
H5), 3.79 (2s, 12H, 4!OMe), 2.28 (s, 6H, Me). 13C NMR
(75 MHz, CDCl3): d 153.7, 153.5, 136.3, 136.1, 130.9,
130.0, 127.0, 125.3, 114.0, 112.3, 98.7, 90.7, 57.8, 55.3,
12.1. IR (KBr): nmax 3456, 2934, 1601, 1427, 1326, 1211,
1123 cmK1. EIMS: m/z (relative intensity) 533 ([MC1]C,
37), 532 (MC, 100), 486 (54), 267 (68), 252 (57) Anal. calcd
for C34H32N2O4: C, 76.67; H, 6.06; N, 5.26. Found: C,
76.31; H, 6.13; N, 5.23.

4.8.15. 7,7 0-Bi(4,6-dimethoxy-2-methyl-3-(4-bromo-
phenyl)indolyl 30. According to the general procedure,
treatment of indole 27 (0.100 g, 0.289 mmol) in acetonitrile
(10 mL) with 65% nitric acid (0.08 mL) at 0 8C for 4 h
afforded dimer 30 (0.082 g, 82%) purified by chromato-
graphy and elution with 1:1 v/v dichloromethane/hexane
and recrystallization. Pale yellow solid, mp 282–283 8C. 1H
NMR (300 MHz, CDCl3): d 7.68 (br s, 2H, NH), 7.49 and
7.33 (2d, 8H, 4-BrArH), 6.46 (s, 2H, H5), 3.81 and 3.78 (2s,
12H, 4!OMe), 2.25 (s, 6H, Me). 13C NMR (75 MHz,
CDCl3): d 153.6, 136.3, 135.0, 132.5, 130.1, 119.3, 112.9,
111.9, 98.6, 90.5, 57.7, 55.2, 12.1. IR (KBr): nmax 3458,
2936, 1591, 1428, 1327, 1212, 1135 cmK1. EIMS: m/z
(relative intensity) 692 ([MC2]C, 49), 690 (MC, 100), 688
(51), 644 (48), 345 (37). Anal. calcd for C34H30Br2N2O4: C,
59.15; H, 4.38; N, 4.06. Found: C, 59.00; H, 4.70; N, 3.95.

4.8.16. 2,2 0-Bi(4,6-dimethoxy-1,3-dimethyl)indolyl 35.
According to the general procedure, treatment of indole
31 (0.100 g, 0.488 mmol) in acetonitrile (10 mL) with 65%
nitric acid (0.08 mL) at 0 8C for 3 h afforded dimer 35
(0.034 g, 35%) purified by chromatography and elution with
1:1 v/v dichloromethane/hexane and recrystallization.
Colourless solid, mp 167–169 8C. 1H NMR (300 MHz,
CDCl3): d 6.41 (d, 2H, H7, JZ1.64 Hz), 6.25 (d, 2H, H5,
JZ1.64 Hz), 3.94 and 3.92 (2s, 12H, 4!OMe), 3.42 (s, 6H,
2!NMe), 2.29 (s, 6H, 2!Me). 13C NMR (75 MHz,
CDCl3): d 157.5, 155.5, 138.9, 125.3, 113.0, 112.4, 91.0,
85.1, 55.7, 55.2, 30.4, 11.5. IR (KBr): nmax 2936, 1622,
1581, 1257, 1212, 1150, 803 cmK1. EIMS: m/z (relative
intensity) 409 ([MC1]C, 13), 408 (MC, 49), 393 (23), 174
(15), 105 (100), 77 (55). HRMS calcd for [C24H28N2O4C
H]C: 409.2127. Found: 409.2132.
4.8.17. 2,2 0-Bi(4,6-dimethoxy-1-methyl-3-phenyl)indolyl
36. According to the general procedure, treatment of indole
32 (0.081 g, 0.302 mmol) in acetonitrile (10 mL) with 65%
nitric acid (0.08 mL) at 0 8C for 18 h afforded dimer 36
(0.020 g, 25%) purified by chromatography and elution with
1:1 v/v dichloromethane/hexane and recrystallization.
Colourless solid, mpO320 8C. 1H NMR (300 MHz,
CDCl3): d 7.32–7.13 (m, 10H, PhH), 6.31 (s, 2H, H7),
6.21 (s, 2H, H5), 3.89 and 3.79 (2s, 12H, 4!OMe), 3.14 (s,
6H, 2!NMe). 13C NMR (75 MHz, CDCl3): d 157.5, 154.9,
139.0, 135.5, 130.3, 128.0, 127.1, 125.3, 118.1, 110.7, 92.0,
85.2, 55.6, 50.1, 30.4. IR (KBr): nmax 3449, 2931, 1617,
1583, 1323, 1257, 1214, 1150, 696 cmK1. EIMS: m/z
(relative intensity) 533 ([MC1]C, 6), 532 (MC, 17), 456
(7), 165 (100), 149 (25). HRMS calcd for [C34H32N2O4C
Na]C: 555.2260. Found: 555.2252.
4.8.18. 2,2 0-Bi(3-(4-bromophenyl)-4,6-dimethoxy-1-
methyl)indolyl 37. According to the general procedure,
treatment of indole 33 (0.102 g, 0.296 mmol) in acetonitrile
(10 mL) with 65% nitric acid (0.08 mL) at 0 8C for 18 h
afforded dimer 37 (0.064 g, 63%) purified by chromato-
graphy and elution with 3:2 v/v dichloromethane/hexane
and recrystallization. Pale yellow solid, mp 259–261 8C. 1H
NMR (300 MHz, CDCl3): d 7.25 and 7.08 (2d, 8H,
4-BrArH), 6.38 (d, 2H, H7, JZ1.71 Hz), 6.31 (d, 2H, H5,
JZ1.71 Hz), 3.92 and 3.80 (2s, 12H, 4!OMe), 3.26 (s, 6H,
2!NCH3). 13C NMR (75 MHz, CDCl3): d 157.9, 154.8,
139.1, 134.3, 131.7, 130.2, 125.7, 119.4, 117.6, 110.4, 92.3,
85.2, 55.6, 55.1, 30.6. IR (KBr): nmax 3447, 2933, 1622,
1582, 1506, 1327, 1258, 1213, 1151, 1074 cmK1. EIMS:
m/z (relative intensity) 692 ([MC2]C, 33), 690 (MC, 56),
688 (30), 361 (99), 359 (100), 265 (91). Anal. calcd for
C34H30Br2N2O4: C, 59.15; H, 4.38; N, 4.06. Found: C,
59.29; H, 4.72; N, 4.27.
4.8.19. 2,2 0-Bi(3-(4-bromophenyl)-4,6-dimethoxy-1,7-
dimethyl)indolyl 38. According to the general procedure,
treatment of indole 34 (0.052 g, 0.0145 mmol) in aceto-
nitrile (10 mL) with 65% nitric acid (0.08 mL) at 0 8C for
10 h afforded dimer 38 (0.038 g, 72%) purified by
chromatography and elution with 1:1 v/v dichloromethane/
hexane and recrystallization. Colourless solid, mp 302–
303 8C. 1H NMR (300 MHz, CDCl3): d 7.18 and 6.78 (2d,
8H, 4-BrArH), 6.35 (s, 2H, H5), 3.92 (s, 6H, OMe), 3.72 (s,
12H, ArOMe and NMe), 2.62 (s, 6H, ArMe). 13C NMR
(75 MHz, CDCl3): d 154.7, 152.5, 138.5, 134.4, 131.7,
129.7, 128.2, 119.2, 117.7, 112.3, 102.2, 90.3, 57.7, 55.0,
34.0, 10.7. IR (KBr): nmax 3449, 2930, 1611, 1587, 1510,
1459, 1333, 1246, 1215, 1181, 1133, 1078 cmK1. EIMS:
m/z (relative intensity) 720 ([MC2]C, 53), 718 (MC, 100),
716 (53), 372 (53), 370 (53). Anal. calcd for
C36H34Br2N2O4: C, 60.18; H, 4.77; N, 3.90. Found: C,
59.79; H, 4.68; N, 3.80.
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Abstract—An Fmoc-protected d-sugar amino acid, prepared by oxidation of a glucosamine derivative, was coupled to three different
tripeptide tert-butyl esters (H-Tyr-Tyr-Tyr-OtBu, H-Tyr-Glu(OBzl)-Tyr-OtBu and H-Tyr-Arg(Mtr)-Tyr-OtBu) and the resulting sugar amino
acid/amino acid hybrids were transformed into dimers that were subsequently cyclized to give three C2-symmetric macrocycles. The
macrocycles were deprotected and their binding properties towards p-nitrophenyl glycosides, nucleotides, and purines were examined. Of the
ligands screened, only some of the purines showed weak, but significant, binding.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Interactions of small ligands, such as carbohydrates,
metabolites or hormones, with binding sites in proteins are
vital to life processes and the synthesis of artificial receptors
that mimic such interactions has been an ongoing goal in
many research groups for a long time.1 A basic design for
biomimetic artificial receptors involves amphiphilic
molecules, often macrocycles, with both polar and non-
polar regions, thus enabling interactions with both polar and
non-polar regions of a ligand.

Sugar amino acids2–5 are carbohydrates that contain at least
one amino and one carboxylic acid functionality, which
allows for the use of peptide coupling chemistry in order to
combine them with amino acids or other building blocks.
Sugar amino acids have been used to prepare cyclic homo-
oligomers6–8 and cyclic sugar amino acid/amino acid
hybrids,9–15 that have been used in various studies. It has
been proposed that such molecules could be interesting
artificial receptors, and in one case it has been shown that a
cyclodextrin-like cyclic hexamer could bind to benzoic acid
and p-nitrophenol in water, although no binding constants
were given.6 We decided to explore the use of sugar amino
acids as polar structural elements combined with non-polar
aromatic amino acids for the construction of amphiphilic
molecules as biomimetic receptors.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.024

Keywords: Sugar amino acids; Macrocycles; Cyclic peptides; Artificial
receptors; Molecular recognition.
* Corresponding author. Tel.: C46 46 2228218; fax: C46 46 2228209;

e-mail: ulf.nilsson@bioorganic.lth.se
Herein, we report the synthesis of polyamphiphilic water-
soluble macrocyclic sugar amino acid/amino acid hybrid
molecules 1a–c (see Fig. 1) and an investigation of their
binding properties against biomolecules. We chose to use
the d-sugar amino acid obtained by oxidation of a partially
protected methyl b-glycoside of glucosamine together with
the aromatic amino acid tyrosine as building blocks for our
macrocycles. The d-sugar amino acid was chosen because
of its extended geometry, which prevents turn formation and
presumably thus gives rise to more accessible cores of the
macrocycles. In addition, we introduced amino acids with
charged side chains to enhance solubility and potentially
Tetrahedron 61 (2005) 863–874
Figure 1. Synthesized macrocycles.
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also binding. Two monosaccharides and six amino acids
were used in each macrocyclic ring in order to obtain
macrocycles large enough to form a central pocket where
ligands might bind.
2. Results and discussion

2.1. Synthesis

The synthetic strategy towards the macrocycles involved
two building blocks for each macrocycle, a C-protected
tripeptide and an amino sugar precursor, which upon
oxidation gives the N-protected sugar amino acid (SAA).
The tripeptide and the sugar amino acid were coupled
together to give a linear sugar amino acid/amino acid
hybrid, which was then transformed into a dimer that was
subsequently cyclized to give the desired macrocycle. To
achieve this, it was necessary to use orthogonal protecting
groups for N- and C-protection. The use of the base-labile
Fmoc group and acid-labile tert-butyl esters met this
requirement.

The starting material glucosamine hydrochloride was
transformed into the known tri-O-acetylated methyl pyrano-
side 3 in a two-step procedure using a combination of
previously described methods16,17 (Scheme 1). Attempts to
deacetylate 3 using base-catalyzed transesterfication with
Me2NEt in MeOH gave ca. 12% of an N-acetyl side-
product, while acidic transesterfication cleanly produced
known hydrochloride 4.18 The amine was selectively
protected using N-(9-fluorenylmethoxycarbonyloxy)-
succinimide (Fmoc-OSu) to give 5. The primary hydroxyl
group was protected as the triphenylmethyl ether and the
secondary hydroxyl groups as benzoates to give 6. Cleavage
of the triphenylmethyl ether using hydrogen bromide in
acetic acid completed the synthesis of sugar amino acid
precursor 7. A similar sequence leading to the a anomer of
the same sugar amino acid has been disclosed.19

Three different tripeptide tert-butyl esters 10a–c were
prepared in solution in good yields (Scheme 2) to serve as
the required C-protected tripeptides. Peptide couplings were
made using N-(3-dimethylaminopropyl)-N 0-ethyl carbo-
Scheme 1. Synthesis of the d-sugar amino acid precursor 7: (a) AcBr (neat),
3 days, 82%; (b) MeOH, pyridine, 1 h, 76%; (c) HCl/MeOH, 24 h, 95%; (d)
Fmoc-OSu, NaHCO3, 15 h, 76%; (e) chlorotriphenylmethane, pyridine,
85 8C, 2 h, then BzCl, pyridine, r.t., 4 h, 63%; (f) HBr/AcOH, 3 min, 81%.
diimide hydrochloride (EDC$HCl), 1-hydroxybenzotriazole
(HOBt) and N-methylmorpholine in THF, tert-butyl esters
were cleaved with 33% TFA in CH2Cl2 using Et3SiH as a
scavenger,20 and piperidine was used to cleave the Fmoc
group. The 4-methoxy-2,3,6-trimethylbenzenesulfonyl
(Mtr) group has previously been reported to be stable at
25% TFA in CH2Cl2,15 and this was also the case at 33%
TFA in CH2Cl2.

Sugar amino acid precursor 7 was oxidized with Jones’s
reagent and the crude sugar amino acid was directly coupled
to a C-protected tripeptide 10a–c (Scheme 3) to give sugar
amino acid/amino acid hybrids 14a–c. The hybrids 14a–c
were either deprotected at the N-terminal using DBU in
the presence of a solid-phase thiol as a scavenger for
the liberated dibenzofulvene21 to give 15a–c or at the
C-terminal using TFA/Et3SiH/CH2Cl2

20 to give 16a–c. The
N-deprotected hybrids 15a–c and the C-deprotected hybrids
16a–c were coupled together using N,N 0-diisopropylcarbo-
diimide (DIC) and HOBt to give linear dimers 17a–c. The
EDC$HCl/HOBt/N-methylmorpholine coupling protocol
that had been used earlier in the synthetic scheme gave
excessive epimerization in this coupling (ca. 20% epimer of
17a formed according to NMR) and could not be used here.
The DIC/HOBt protocol without base has been reported to
give good results in difficult couplings22 and gave good
results with 17a–c (no epimerization according to 1H NMR
spectrum). The linear dimers were N-deprotected as above
to give 18a–c.

In order to evaluate cyclization conditions, a portion of 18a
was C-deprotected and initial cyclization attempts were
made using the following conditions:
(a)
† HA
sho
me
ha

‡ HA
(K
en
pre
EDC$HCl/HOBt and N-methylmorpholine in THF.

(b)
 DIC/HOBt both with and without N,N-diisopropylethyl-

amine (DIPEA) in both THF and DMF.

(c)
 Diphenylphosphoryl azide (DPPA) both with NaHCO3

in DMF and with DIPEA in THF.

(d)
 1-[bis-(Dimethylamino)methylene]-1H-benzotriazo-

lium tetrafluoroborate 3-oxide (TBTU)†, HOBt, and
DIPEA in THF.
(e)
 1-[bis-(Dimethylamino)methylene]-1H-1,2,3-tria-
zolo[4,5-b]pyridinium hexafluorophosphate 3-oxide
(HATU) with both DIPEA and 2,4,6-collidine in THF.
(f)
 1-(1-Pyrrolidinyl-1H-1,2,3-triazolo[4,5-b]pyridinyl-
methylene)pyrrolidinium hexafluorophosphate 3-oxide
(HAPyU)‡ with both DIPEA and 2,4,6-collidine in
THF.
All attempts were carried out at 1 mM concentration of the
linear starting material. Only TBTU, HATU, and HAPyU
TU and HBTU were long believed to be uronium salts, but have been
wn to be guanidinium salts when prepared using the conventional
thods.23 This is likely to be true for TBTU and HAPyU as well. We

ve chosen to name all these reagents as guanidinium salts.
PyU was prepared from 1-hydroxy-7-azabenzotriazole potassium salt

OAt)23 and commercially available chloro-N,N,N 0,N 0-bis(tetramethyl-
e)-formamidinium hexafluorophosphate using Knorr’s method for the
paration of similar coupling reagents.24,25



Scheme 2. Synthesis of tripeptide tert-butyl esters 10a–c: (a) Fmoc-Tyr-OH, EDC$HCl, HOBt, N-methylmorpholine, THF, 16 h, 83–88%; (b) TFA, Et3SiH,
CH2Cl2, 4 h; (c) H-Tyr-OtBu, EDC$HCl, HOBt, N-methylmorpholine, THF, 16 h, 83–94%; (d) piperidine, CH2Cl2, 30 min, 83–90%.

Scheme 3. Synthesis of macrocycles 1a–c: (a) CrO3, H2SO4(aq), acetone, 1.5 h; (b) EDC$HCl, HOBt, N-methylmorpholine, THF, 16 h, 45–64% (two steps);
(c) DBU, N-(2-mercaptoethyl) aminomethyl polystyrene, 6 h, 82–99%; (d) TFA, Et3SiH, CH2Cl2, 3–4 h; (e) DIC, HOBt, THF, 16 h, 48–72%; (f) DBU, N-(2-
mercaptoethyl)aminomethyl polystyrene, 6 h, 88–99%; (g) (i) TFA, Et3SiH, CH2Cl2, 3–4 h; (ii) HAPyU, DIPEA, THF, 2 h, 39–53%; (h) NaOMe/MeOH, 24 h,
61%; (i) (i) HCOOH, Pd black, MeOH, 15 min; (ii) NaOMe/MeOH, 24 h, 81%; (j) (i) TFA, PhSMe, 24 h; (ii) NaOMe/MeOH, 24 h, 59%.
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gave the macrocycle 19a as a major product according to
MALDI-TOF analysis of the reaction mixtures.

The HATU and HAPyU reagents have been shown to give
less epimerization than TBTU in the cyclization of
pentapeptides26 and these reagents were thus investigated
further. Furthermore, it has been shown that DIPEA gives
less epimerization than 2,4,6-collidine for the cyclization of
pentapeptides by HAPyU,26 while for segment conden-
sations the opposite is true.27 Hence, both DIPEA and 2,4,6-
collidine were evaluated as bases. In the cyclization of 18a
to 19a, DIPEA gave a higher yield and less epimerization.
Compounds 18b–c could also be cyclized to 19b–c using
this method (see Table 1). In the cyclization of 18b to 19b,
HAPyU gave a better yield than HATU.

The 1H NMR spectra of the protected macrocycles 19a–c only
gave poorly resolved spectra with broad peaks at room
temperature, presumably due to slow conformational
exchange. Resolved spectra of 19a and 19b could be obtained
at 150 and 120 8C, respectively, but compound 19c only gave
poorly resolved spectra even at these temperatures.

Macrocycle 19a was deprotected using 10 mM NaOMe in



Table 1. Cyclization conditions, yields and epimerizations

Starting material Reagentsa Reaction time (h)b Isolated yield (%)c Epimerization

18a HAPyU/2,4,6-collidine 3 35 5% isolated yield
18a HAPyU/DIPEA 1 37 Not observed
18b HAPyU/DIPEA 3 53 Traces on TLC
18b HATU/DIPEA 2.5 32 Traces on TLC
18c HAPyU/DIPEA 4 34 Traces on TLC

a At room temperature in THF with 1 mM concentration of linear starting material.
b Reactions were monitored with MALDI-TOF until the deprotected starting material was consumed.
c For both C-deprotection and cyclization.
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MeOH to afford 1a in 61% yield. The deprotection of
macrocycle 19b started with the cleavage of the benzyl
esters using catalytic transfer hydrogenation with palladium
black and formic acid as the hydrogen source,28 followed by
treatment of the crude product with NaOMe/MeOH to give
1b in 81% yield. In the case of the macrocycle 19c, the Mtr
groups were first cleaved using neat TFA with thioanisole as
a scavenger29 and the crude product was then treated with
NaOMe/MeOH to afford 1c in 59% yield after HPLC
purification.
2.2. Conformational analysis

The deprotected macrocycles 1a–c all gave well resolved
NMR spectra at room temperature. Macrocycle 1a in
MeOH-d4 and macrocycles 1b–c in D2O all gave the
expected 1H NMR spectra for symmetrical compounds. In
addition to the major peaks, macrocycle 1c in also gave
smaller peaks at 2.81 and 2.56 ppm, as well as some
overlapping smaller peaks at 3.74 ppm and in the aromatic
region. Heating of 1c in DMSO-d6 brought the 1H NMR
signals to coalescence, which shows that the multiple peaks
of 1c at ambient temperature were due to slow confor-
mational exchange (Fig. 2).
Figure 2. The aromatic region of the 1H NMR spectrum of 1c at different
temperatures (400 MHz, DMSO-d6).

Figure 3. Calculated global energy minimum of macrocycle 1a (side chains
omitted for clarity).
Monte–Carlo conformational searches were performed on

1a–c using MacroModel 8.5 (MMFFs force field with water
as solvent, 20,000 steps, all backbone torsions were selected
for random variation) to give for each macrocycle 110–240
conformers within 5 kcal/mol of the global minimum. When
these conformers were studied, a coherent picture emerged.
The dominant low-energy conformers for macrocycles 1a–c
were twisted, oblong structures with extended sugar amino
acids and turns formed by the tripeptides (Fig. 3). In the
conformers with lowest energy, the axial hydrogen atoms in
the two sugar amino acids were facing each other, but
conformers where one of the sugar amino acids had rotated
to place the hydroxyl groups in position to form hydrogen
bonds to the tripeptide, or to the other sugar amino acid,
were also found. Hydrogen bonds were occasionally found
within the tripeptides, but no pattern could be discerned.
The 3JHH coupling constants for all three macrocycles
indicate that the sugar amino acids are in the 4C1

conformation. This was the case for the calculated
conformers of 1a–b, but many conformers of macrocycle
1c deviated from the expected 4C1 conformation of the
pyranose rings. As there is no support for this in the
coupling constants, we conclude that it is an artefact in
the calculations possibly induced by the strong hydrogen
bond formed between the arginine and tyrosine side chains.
2.3. Molecular recognition properties

Compound 1a was not soluble in water and its binding
properties were not examined. Macrocycles 1b–c were
screened using NMR titrations against a number of putative
ligands: p-nitrophenyl glycosides, nucleotides, aromatic
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amino acids, aromatic amines and purines. Of all the ligands
screened, only 1b and caffeine and 1c and the purine
nucleotides 2 0-deoxyadenosine 5 0-monophosphate (dAMP)
and 2 0-deoxyguanosine 5 0-monophosphate (dGMP) showed
weak, but significant, interactions (Kaz10 MK1). For
comparison, reference peptide Ac-Tyr-Arg-Tyr-OMe§ was
also titrated with dAMP and dGMP and was found to bind
more weakly (Kaz5 MK1). The binding is most likely due
to hydrophobic interaction between the purine and tyrosine
rings, and the small increase in affinity for 1c is thus due to
its dimeric cyclic structure and/or the presence of the sugar
amino acid moieties. However, the weak affinities preclude
conclusions regarding detailed structure–affinity
relationships.
3. Conclusions

We have described the synthesis of three d-sugar amino
acid/tripeptide dimeric macrocycles and evaluated their
binding properties. Macrocycles 1b–c were found to bind
some purine derivatives with weak, but significant, binding
constants. Apparently, the structures have to be modified in
order to present binding sites pre-organized for higher
affinity binding of biomolecules. However, although the
binding is weak, this shows that sugar amino acid containing
peptides can act as artificial receptors and serves as a
starting point for further research.
4. Experimental

4.1. General methods

THF and CH2Cl2 were dried over 4 Å molecular sieves
before use and MeOH was dried over 3 Å molecular sieves
before use. Other solvents were not dried unless specified.
Matrex 35–70 mm 60 Å silica (Millipore) was used for flash
chromatography. Sephadex LH-20 in CH2Cl2/MeOH 1:1
was used for size-exclusion chromatography. Sep-Pak Plus
C18 cartridges (Waters) were used for solid-phase extrac-
tion. Chemical shifts are reported relative to Me4Si and were
calculated using the residual solvent peak as a reference.
NMR spectra were assigned with the help of correlation
spectroscopy (COSY). All compounds were estimated to be
O95% pure by 1H NMR spectroscopy.

4.2. Preparation of sugar amino acid precursor 7

4.2.1. Tri-O-acetyl-2-amino-2-deoxy-a-D-glucopyranosyl
bromide hydrobromide (2).16,17 Acetyl bromide (70 mL,
0.94 mol) was added to D-glucosamine hydrochloride
(21.9 g, 101.6 mmol, dried 24 h in vacuo at 70 8C over
P2O5) and the mixture was stirred for 3 days at room
temperature. Residual acetyl bromide was removed in vacuo
(water aspirator) and the crude product was dissolved in hot
chloroform (distilled from P2O5) and filtered while still hot.
Crystals began to form as the solution cooled and diethyl
ether was added to the stirred solution until the product
§ Ac-Tyr-Arg(Mtr)-Tyr-OMe was prepared from Ac-Tyr-OH, H-Arg(Mtr)-
OtBu and H-Tyr-OMe analogously to the synthesis of 9a–b. The Mtr
group was cleaved as in the synthesis of 1c.
precipitated from the mixture to afford 2 (37.6 g, 82%)
as small white needles. Mp 143–148 8C (dec.), lit.16

149–150 8C (dec.); [a]D
22ZC130 (c 1.0, acetone), lit.5

[a]DZC148.4 (c 5.01, acetone); 1H NMR (300 MHz,
CDCl3) d 8.66 (br s, 3H, NH3), 7.10 (d, JZ3.6 Hz, 1H, H1),
5.50 (t, JZ9.8 Hz, 1H, H3), 5.25 (t, JZ9.7 Hz, 1H, H4),
4.33 (m, 2H, H5CH6), 4.17 (d, JZ10.9 Hz, H6), 3.93 (dd,
JZ10.3, 3.7 Hz, 1H, H5), 2.26, 2.13, 2.09 (3s, 3H
each, OAc)¶; HRMS (FAB) calcd for C12H18BrNO7Na
(MKHBrCNa): 390.0164; found 390.0171.

4.2.2. Methyl tri-O-acetyl-2-amino-2-deoxy-b-D-gluco-
pyranoside (3). Hydrobromide 2 (37.6 g, 84 mmol) was
dissolved in MeOH (800 mL) and pyridine (8 mL, distilled
from CaH2) was added. After 1 h, toluene (150 mL) was
added and the mixture was concentrated. The residue was
dissolved in chloroform (750 mL), washed with Na2CO3-
(aq) (5%, 2!100 mL) and water (100 mL), dried over
Na2SO4, and concentrated. The crude product was
recrystallized in chloroform/heptane to give 3 (20.3 g in
three crops, 76%) as small white needles. Mp 146–148 8C,
lit.17 151–152 8C; [a]D

22ZC14 (c 1.0, MeOH), lit.17

[a]D
27ZC15 (c 1, MeOH); 1H NMR spectrum is in

agreement with published data17; HRMS (FAB) calcd for
C13H21NO8Na (MCNa): 342.1165, found 342.1158.

4.2.3. Methyl 2-amino-2-deoxy-b-D-glucopyranoside
hydrochloride (4). Acetyl chloride (67 mL, 0.95 mol) was
slowly added to MeOH (320 mL) at 0 8C. Compound 3
(11.2 g, 35.1 mmol) was added and the solution was stirred
for 24 h at room temperature. The solution was concentrated
and the crude product was recrystallized in MeOH/EtOAc to
give 4 (7.64 g in two crops, 95%) as small white needles.
Mp 192–193 8C, lit.18 190 8C; [a]D

22ZK25 (c 1.0, water),
lit.18 [a]D

22ZK23.4 (c 1, water); 1H NMR (300 MHz, D2O)
d 4.51 (d, JZ8.6 Hz, 1H, H1), 3.79 (dd, JZ12.4, 2.0 Hz,
1H, H6), 3.61 (dd, JZ12.4, 5.2 Hz, 1H, H6), 3.54 (dd, JZ
10.5, 8.3 Hz, 1H, H3), 3.45 (s, 3H, OMe), 3.34 (m, 2H, H4C
H5), 2.88 (dd, JZ10.6, 8.5 Hz, 1H, H2); HRMS (FAB) calcd
for C7H15NO5Na (MKHClCNa): 216.0848; found
216.0855.

4.2.4. Methyl 2-(9-fluorenylmethoxycarbonyl)amino-2-
deoxy-b-D-glucopyranoside (5). Compound 4 (2.78 g,
12.1 mmol) was dissolved in water (22 mL) and NaHCO3

(1.02 g, 12.1 mmol) was added. After the evolution of gas
had ceased, additional NaHCO3 (1.02 g, 12.1 mmol),
acetone (22 mL), and N-(9-fluorenylmethoxycarbonyloxy)-
succinimide (4.08 g, 12.1 mmol) were added. The reaction
mixture was stirred overnight and solidified during the
reaction. The product was suspended in water (100 mL) and
chloroform (100 mL), filtered off, and washed with water
and chloroform. The crude product was recrystallized in
methanol to give 5 (3.81 g in three crops, 76%) as tiny white
needles. Mp 163–164 8C; [a]D

22ZK20 (c 0.5, MeOH); 1H
NMR (400 MHz, MeOH-d4) d 7.79 (d, JZ7.5 Hz, 2H,
Fmoc), 7.68 (d, JZ6.9 Hz, 2H, Fmoc), 7.38 (t, JZ7.2 Hz,
2H, Fmoc), 7.30 (t, JZ7.5 Hz, 2H, Fmoc), 4.28 (m, 4H, 3!
Fmoc-HCH1), 3.88 (dd, JZ11.9, 2.1 Hz, 1H, H6), 3.68
(dd, JZ11.8, 5.8 Hz, 1H, H6), 3.46 (s, 3 H, OMe), w3.34
¶ In agreement with previously published data,30 but a COSY experiment
shows that the signals had been incorrectly assigned.
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(H2CH3CH4CH5, partially obscured by solvent signal);
HRMS (FAB) calcd for C22H25NO7Na (MCNa): 438.1529;
found 438.1530.

4.2.5. Methyl 3,4-di-O-benzoyl-2-(9-fluorenylmethoxy-
carbonyl)amino-2-deoxy-6-O-triphenylmethyl-b-D-
glucopyranoside (6). Compound 5 (4.00 g, 9.63 mmol) was
dissolved in pyridine (200 mL, distilled from CaH2).
Chlorotriphenylmethane (8.05 g, 28.9 mmol) was added
and the mixture was stirred at 85 8C for 2 h. Benzoyl
chloride (5.6 mL, 48.2 mmol) was added at 0 8C and the
mixture was stirred for 3.5 h in room temperature. The
mixture was poured over ice and the product was extracted
with EtOAc (3!300 mL). The extract was washed with
H2SO4(aq) (0.5 M, 2!200 mL), NaHCO3(aq) (sat., 2!
200 mL) and water (100 mL), dried over Na2SO4 and
evaporated. The product was purified with flash chroma-
tography (toluene/EtOAc 10:1, RfZ0.20) and lyophilized
from benzene to give 6 (5.27 g, 63%) as a fluffy white
powder. [a]D

22ZK20 (c 0.4, MeOH); 1H NMR (300 MHz,
DMSO-d6) d 7.82 (d, JZ7.5 Hz, 2H, Ar), 7.77 (d, JZ
7.5 Hz, 2H, Ar), 7.63 (m, 4H, NHC3!Ar), 7.53 (m, 2H,
Ar), 7.37 (m, 14H, Ar), 7.17 (m, 10H, Ar), 5.49 (m, 2H,
H3CH4), 4.68 (d, JZ8.4 Hz, 1H, H1), 4.22 (m, 2H, Fmoc),
4.04 (t, JZ6.5 Hz, 1H, Fmoc), 3.93 (br d, JZ7.8 Hz, 1H,
H5), 3.82 (q, JZ9.2 Hz, 1H, H2), 3.50 (s, 3H, OMe), w3.28
(H6, obscured by HDO signal), 2.95 (dd, JZ10.0, 3.4 Hz,
1H, H6); HRMS (FAB) calcd for C55H47NO9Na (MCNa):
888.3149; found 888.3161.

4.2.6. Methyl 3,4-di-O-benzoyl-2-(9-fluorenylmethoxy-
carbonyl)amino-2-deoxy-b-D-glucopyranoside (7). Com-
pound 6 (3.66 g, 4.23 mmol) was dissolved in glacial acetic
acid (150 mL) and HBr in AcOH (4.1 M, 2.1 mL, 8.5 mmol)
was added. The mixture was stirred for 3 min and then
poured over ice. The product was extracted with chloroform
(4!100 mL) and the extract was dried over MgSO4 and
evaporated. The product was purified with flash chroma-
tography (toluene/EtOAc 2:1, RfZ0.14) and lyophilized
from benzene to give 7 (2.14 g, 81%) as a fluffy white
powder. [a]D

22ZK41 (c 0.5, MeOH); 1H NMR (300 MHz,
DMSO-d6) d 7.83 (m, 4H, Bz-oC2!Fmoc-H), 7.76 (d, JZ
7.7 Hz, 2H, Bz-o), 7.65–7.30 (m, 11H, Bz-mCBz-pC
NHC4!Fmoc-H), 7.14 (q, JZ7.6 Hz, 2H, Fmoc), 5.50 (t,
JZ9.9 Hz, 1H, H3), 5.25 (t, JZ9.8 Hz, 1H, H4), 4.89 (t, JZ
5.7 Hz, 1H, OH), 4.64 (d, JZ8.4 Hz, 1H, H1), 4.18 (m, 2H,
Fmoc), 4.01 (t, JZ6.7 Hz, 1H, Fmoc), 3.72 (m, 2H, H2C
H5), 3.54 (m, 2H, 2!H6), 3.44 (s, 3H, OMe); HRMS (FAB)
calcd for C36H33NO9Na (MCNa): 646.2053; found
646.2059.

4.3. Preparation of tripeptide tert-butyl esters 11a–c

4.3.1. Fmoc-Tyr-Tyr-OtBu (8a). Fmoc-Tyr-OH (700 mg,
1.74 mmol) was dissolved in THF (17 mL) and H-Tyr-OtBu
(412 mg, 1.74 mmol), HOBt (234 mg, 1.74 mmol),
EDC$HCl (349 mg, 1.82 mmol) and N-methylmorpholine
(0.380 mL, 3.47 mmol) were added. The mixture was stirred
overnight and then evaporated. The residue was dissolved in
MeOH and impregnated on silica. The product was purified
with flash chromatography (toluene/EtOAc 2:1, RfZ0.20)
to give 8a (948 mg, 88%) as a white amorphous solid.
[a]D

22ZK16 (c 0.5, MeOH); 1H NMR (MeOH-d4,
300 MHz) d 7.77 (d, JZ7.5 Hz, 2H, Fmoc), 7.56 (d, JZ
7.7 Hz, 2H, Fmoc), 7.37 (t, JZ7.5 Hz, 2H, Fmoc), 7.28 (m,
2H, Fmoc), 7.03 (d, JZ8.5 Hz, 2H, Tyr-Hd), 7.00 (d, JZ
8.4 Hz, 2H, Tyr-Hd), 6.68 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.67
(d, JZ8.5 Hz, 2H, Tyr-H3), 4.45 (t, JZ7.0 Hz, 1H, Tyr-Ha),
4.30 (m, 2H, 1!Tyr-HaC1!Fmoc-H), 4.16 (m, 2H,
Fmoc), 3.05–2.85 (m, 3H, 3!Tyr-Hb), 2.71 (dd, JZ13.9,
9.3 Hz, 1H, Tyr-Hb), 1.37 (s, 9H, OtBu). HRMS (FAB)
calcd for C37H39N2O7 (MCH): 623.2757; found 623.2748.

4.3.2. Fmoc-Tyr-Tyr-Tyr-OtBu (9a). Compound 8a
(951 mg, 1.53 mmol) was dissolved in CH2Cl2 (12 mL)
and Et3SiH (0.61 mL, 3.8 mmol) and TFA (6 mL) were
added. The mixture was stirred for 4 h and coevaporated
with toluene. The crude free acid was dissolved in THF
(14 mL) and H-Tyr-OtBu (363 mg, 1.53 mmol), HOBt
(206 mg, 1.53 mmol), EDC$HCl (308 mg, 1.60 mmol) and
N-methylmorpholine (0.340 mL, 3.06 mmol) were added.
The mixture was stirred overnight and then evaporated. The
residue was dissolved in MeOH and impregnated on silica.
The product was purified with flash chromatography
(toluene/MeOH 5:1, RfZ0.36) to give 9a (1.13 g, 94%) as
a white amorphous solid. [a]D

22ZK22 (c 0.5, MeOH); 1H
NMR (MeOH-d4, 300 MHz) d 7.77 (d, JZ7.5 Hz, 2H,
Fmoc), 7.55 (d, JZ7.5 Hz, 2H, Fmoc), 7.37 (t, JZ7.5 Hz,
2H, Fmoc), 7.26 (m, 2H, Fmoc), 7.00 (d, JZ8.5 Hz, 6H,
Tyr-Hd), 6.66 (m, 6H, Tyr-H3), 4.55 (t, JZ6.4 Hz, 1H, Tyr-
Ha), 4.42 (t, JZ6.9 Hz, 1H, Tyr-Ha), 4.20 (m, 4H, 1!Tyr-
HaCFmoc), 3.05–2.75 (m, 5H, 5!Tyr-Hb), 2.66 (dd, JZ
14.5, 9.5 Hz, 1H, Tyr-Hb), 1.35 (s, 9H, OtBu); HRMS
(FAB) calcd for C46H48N3O9 (MCH): 786.3391; found
786.3398.

4.3.3. H-Tyr-Tyr-Tyr-OtBu (10a). Compound 9a (2.27 g,
2.89 mmol) was suspended in CH2Cl2 (80 mL) and
piperidine (14.3 mL) was added. After stirring for 30 min,
toluene (50 mL) was added and the mixture was evaporated.
The residue was dissolved in CH2Cl2 and purified with flash
chromatography (toluene/MeOH 3:1, RfZ0.13) to give 10a
(1.42 g, 87%) as a white foam. [a]D

24ZK14 (c 0.5, MeOH);
1H NMR (MeOH-d4, 300 MHz) d 6.97 (m, 6H, Tyr-Hd),
6.67 (m, 6H, Tyr-H3), 4.56 (dd, JZ7.9, 6.0 Hz, 1H, Tyr-
Ha), 4.44 (t, JZ7.1 Hz, 1H, Tyr-Ha), 3.44 (dd, JZ8.0,
5.0 Hz, 1H, Tyr-Ha), 3.00–2.70 (m, 5H, 5!Tyr-Hb), 2.52
(dd, JZ13.8, 8.0 Hz, 1H, Tyr-Hb), 1.38 (s, 9H, OtBu);
HRMS calcd for C31H38N3O7 (MCH): 564.2701; found
564.2710.

4.3.4. Fmoc-Tyr-Glu(OBzl)-OtBu (8b). The title com-
pound was prepared from Fmoc-Tyr-OH (1.26 g,
3.12 mmol) and H-Glu(OBzl)-OtBu$HCl (1.03 g,
3.12 mmol) using the method described in the synthesis of
8a, but using an additional equivalent of base to neutralize
the hydrochloride salt. The product was purified with flash
chromatography (toluene/EtOAc 3:1, RfZ0.19) to give 8b
(1.82 g, 86%) as a white foam. [a]D

22ZK16 (c 0.5, MeOH);
1H NMR (MeOH-d4, 300 MHz) d 7.77 (d, JZ7.5 Hz, 2H,
Fmoc), 7.55 (d, JZ6.6 Hz, 2H, Fmoc), 7.37 (d, JZ7.4 Hz,
2H, Fmoc), 7.27 (m, 7H, FmocCBzl), 7.06 (d, JZ8.4 Hz,
2H, Tyr-Hd), 6.68 (d, JZ8.3 Hz, 2H, Tyr-H3), 5.06 (m,
2H, Bzl), 4.30 (m, 3H, Tyr-HaCGlu-HaC1!Fmoc-H),
4.16 (m, 2H, Fmoc), 3.02 (dd, JZ13.9 Hz, JZ5.2 Hz, 1H,
Tyr-Hb), 2.77 (dd, JZ14.0, 9.4 Hz, 1H, Tyr-Hb), 2.43 (t,
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JZ7.4 Hz, 2H, Glu-Hg), 2.15 (m, 1H, Glu-Hb), 1.90 (m, 1H,
Glu-Hb), 1.43 (s, 9H, OtBu); HRMS (FAB) calcd for
C40H43N2O8 (MCH): 679.3019; found 679.3014.

4.3.5. Fmoc-Tyr-Glu(OBzl)-Tyr-OtBu (9b). The title
compound was prepared from 8b (1.73 g, 2.55 mmol) and
H-Tyr-OtBu (605 mg, 2.55 mmol) using the method
described in the synthesis of 9a. The product was purified
with flash chromatography (toluene/EtOAc 3:2, RfZ0.11)
to give 9b (1.77 g, 83%) as a white foam. [a]D

22ZK15 (c
0.5, MeOH); 1H NMR (MeOH-d4, 300 MHz) d 7.77 (d, JZ
7.5 Hz, 2H, Fmoc), 7.55 (dd, JZ7.3, 3.0 Hz, 2H, Fmoc),
7.37 (t, JZ7.4 Hz, 2H, Fmoc), 7.28 (m, 7H, FmocCBzl),
7.04 (d, JZ8.2 Hz, 2H, Tyr-Hd), 7.02 (d, JZ8.2 Hz, 2H,
Tyr-Hd), 6.69 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.67 (d, JZ
8.4 Hz, 2H, Tyr-H3), 5.05 (m, 2H, Bzl), 4.41 (m, 2H, Tyr-
HaCGlu-Ha), 4.28 (m, 2H, 1!Tyr-HaC1!Fmoc-H), 4.25
(m, 2H, Fmoc), 2.92 (m, 3H, 3!Tyr-Hb), 2.75 (dd, JZ13.8,
9.5 Hz, 1H, Tyr-Hb), 2.40 (t, JZ7.7 Hz, 2H, Tyr-Hg), 2.07
(m, 1H, Glu-Hb), 1.89 (m, 1H, Glu-Hb), 1.35 (s, 9H, OtBu);
HRMS (FAB) calcd for C49H52N3O10 (MCH): 842.3653;
found 842.3646.

4.3.6. H-Tyr-Glu(OBzl)-Tyr-OtBu (10b). The Fmoc group
of 9b (1.74 g, 2.06 mmol) was removed using the same
method as in the synthesis of 10a. The product was purified
using flash chromatography (EtOAc/MeOH 40:1, RfZ0.21)
to give 10b (1.05 g, 88%) as a white foam. [a]D

22ZK19 (c
0.5, MeOH); 1H NMR (MeOH-d4, 300 MHz) d 7.32 (m, 5H,
Bzl), 7.03 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.99 (d, JZ8.5 Hz,
2H, Tyr-Hd), 6.68 (d, JZ8.5 Hz, 4H, Tyr-H3), 5.11 (s, 2H,
Bzl), 4.40 (m, 2H, Tyr-HaCGlu-Ha), 3.50 (dd, JZ7.5,
5.3 Hz, 1H, Tyr-Ha), 3.00–2.80 (m, 3H, Tyr-Hb), 2.68 (dd,
JZ13.6, 7.6 Hz, 1H, Tyr-Hb), 2.36 (t, JZ7.7 Hz, 2H, Glu-
Hg), 2.05 (m, 1H, Glu-Hb), 1.87 (m, 1H, Glu-Hb), 1.36 (s,
9H, OtBu). HRMS (FAB) calcd for C34H42N3O8 (MCH):
620.2972; found 620.2969.

4.3.7. Fmoc-Arg(Mtr)-Tyr-OtBu (11). The title compound
was prepared from Fmoc-Arg(Mtr)-OH (1.82 g, 2.99 mmol)
and H-Tyr-OtBu (709 mg, 2.99 mmol) using the method
described in the synthesis of 8a. The product was purified
with flash chromatography (toluene/EtOAc 1:3, RfZ0.17)
to give 11 (2.06 g, 83%) as a white foam. [a]D

22ZK6 (c 0.5,
MeOH); 1H NMR (300 MHz, MeOH-d4) d 7.78 (d, JZ
7.5 Hz, 2H, Fmoc), 7.64 (t, JZ5.6 Hz, 2H, Fmoc), 7.37 (t,
JZ7.4 Hz, 2H, Fmoc), 7.28 (t, JZ7.4 Hz, 2H, Fmoc), 7.00
(d, JZ8.4 Hz, 2H, Tyr-Hd), 6.67 (d, JZ8.3 Hz, 2H, Tyr-
H3), 6.62 (s, 1H, Mtr-ArH), 4.45 (t, JZ7.0 Hz, 1H, Tyr-Ha),
4.34 (m, 2H, Fmoc), 4.19 (t, JZ6.5 Hz, 1H, Fmoc), 4.05 (t,
JZ6.9 Hz, 1H, Arg-Ha), 3.78 (s, 3H, Mtr-OMe), 3.14 (br s,
2H, Arg-Hd), 2.01 (m, 2H, Tyr-Hb), 2.66 (s, 3H, Mtr-Me),
2.60 (s, 3H, Mtr-Me), 2.09 (s, 3H, Mtr-Me), 1.68 (m, 1H,
Arg-Hb), 1.54 (m, 1H, Arg-Hb), 1.47 (m, 2H, Arg-Hg), 1.35
(s, 9H, OtBu); HRMS (FAB) calcd for C44H54N5O9S (MC
H): 828.3642; found 828.3654.

4.3.8. H-Arg(Mtr)-Tyr-OtBu (12). The Fmoc group of 11
(2.01 g, 2.42 mmol) was removed using the same method as
in the synthesis of 10a. The product was purified using flash
chromatography (EtOAc/MeOH 10:1, RfZ0.31) to give 12
(1.33 g, 90%) as a white foam. [a]D

22ZC7 (c 0.5, MeOH);
1H NMR (300 MHz, MeOH-d4) d 7.01 (d, JZ8.5 Hz, 2H,
Tyr-Hd), 6.69 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.65 (s, 1H, Mtr-
ArH), 4.48 (dd, JZ8.1, 6.5 Hz, 1H, Tyr-Ha), 3.82 (s, 3H,
Mtr-OMe), w3.28 (Arg-Ha, partially obscured by solvent
signal), 3.12 (br s, 2H, Arg-Hd), 2.98 (dd, JZ13.9, 6.4 Hz,
1H, Tyr-Hb), 2.86 (dd, JZ13.9, 8.2 Hz, 1H, Tyr-Hb), 2.66
(s, 3H, Mtr-Me), 2.60 (s, 3H, Mtr-Me), 2.12 (s, 3H, Mtr-
Me), 1.58 (m, 1H, Arg-Hb), 1.45 (m, 3H, 1!Arg-HbC2!
Arg-Hg), 1.38 (s, 9H, OtBu); HRMS (FAB) calcd for
C29H44N5O7S (MCH): 606.2961; found 606.2958.

4.3.9. Fmoc-Tyr-Arg(Mtr)-Tyr-OtBu (13). The title
compound was prepared from Fmoc-Tyr-OH (854 mg,
2.12 mmol) and 12 (1.28 g, 2.12 mmol) using the method
described in the synthesis of 8a. The product was purified
with flash chromatography (toluene/EtOAc 1:4, RfZ0.16)
to give 13 (1.74 g, 83%) as a white foam. [a]D

22ZK8 (c 0.5,
MeOH); 1H NMR (300 MHz, MeOH-d4) d 7.76 (d, JZ
7.6 Hz, 2H, Fmoc), 7.55 (d, JZ7.1 Hz, 2H, Fmoc), 7.36 (t,
JZ7.4 Hz, 2H, Fmoc), 7.26 (t, JZ7.2 Hz, 2H, Fmoc), 7.04
(d, JZ7.8 Hz, 2H, Tyr-Hd), 7.01 (d, JZ8.2 Hz, 2H, Tyr-
Hd), 6.68 (d, JZ8.0 Hz, 2H, Tyr-H3), 6.67 (d, JZ8.1 Hz,
2H, Tyr-H3), 6.61 (s, 1H, Mtr-ArH), 4.42 (t, JZ7.2 Hz, 1H,
Tyr-Ha), 4.35 (dd, JZ8.3, 5.1 Hz, 1H, Arg-Ha), 4.31 (m,
2H, 1!Tyr-HaC1!Fmoc), 4.16 (m, 2H, Fmoc), 3.78 (s,
3H, Mtr-OMe), 3.12 (br s, 2H, Arg-Hd), 2.94 (m, 3H, Tyr-
Hb), 2.75 (dd, JZ13.8, 9.9 Hz, 1H, Tyr-Hb), 2.65 (s, 3H,
Mtr-Me), 2.59 (s, 3H, Mtr-Me), 2.08 (s, 3H, Mtr-Me), 1.74
(m, 1H, Arg-Hb), 1.58 (m, 1H, Arg-Hb), 1.48 (m, 2H, Arg-
Hg), 1.35 (s, 9H, OtBu); HRMS (FAB) calcd for
C53H63N6O11S (MCH): 991.4276; found 991.4250.

4.3.10. H-Tyr-Arg(Mtr)-Tyr-OtBu (10c). The Fmoc group
of 13 (1.60 g, 1.61 mmol) was removed using the same
method as in the synthesis of 10a. The product was purified
using flash chromatography (EtOAc/MeOH 10:1C2%
Me2NEt, RfZ0.21) to give 10c (1.02 g, 83%) as a white
foam. [a]D

22ZK10 (c 0.5, MeOH); 1H NMR (300 MHz,
MeOH-d4) d 7.03 (d, JZ8.4 Hz, 2H, Tyr-Hd), 7.02 (d, JZ
8.4 Hz, 2H, Tyr-Hd), 6.71 (d, JZ8.4 Hz, 2H, Tyr-H3), 6.68
(d, JZ8.4 Hz, 2H, Tyr-H3), 6.65 (s, 1H, Mtr-ArH), 4.44 (t,
JZ7.2 Hz, 1H, Tyr-Ha), 4.37 (dd, JZ8.1 Hz, JZ5.7 Hz,
1H, Arg-Ha), 3.82 (s, 3H, Mtr-OMe), 3.67 (dd, JZ8.1,
5.4 Hz, 1H, Tyr-Ha), 3.12 (br t, JZ4.5 Hz, 2H, Arg-Hd),
2.92 (m, 3H, Tyr-Hb), 2.72 (dd, JZ14.0, 8.0 Hz, 1H, Tyr-
Hb), 2.66 (s, 3H, Mtr-Me), 2.61 (s, 3H, Mtr-Me), 2.12 (s,
3H, Mtr-Me), 1.73 (m, 1H, Arg-Hb), 1.59 (m, 1H, Arg-Hb),
1.48 (m, 2H, Arg-Hg), 1.37 (s, 9H, OtBu); HRMS (FAB)
calcd for C38H53N6O9S (MCH): 769.3595; found
769.3610.

4.4. Synthesis of the macrocycles 1a–c

4.4.1. Fmoc-SAA(di-O-Bz)-Tyr3-OtBu (14a). Compound
7 (1.60 g, 2.56 mmol) was dissolved in acetone (380 mL)
and the mixture was cooled to 0 8C. Jones’s reagent (4 M,
25.6 mL, prepared by dissolving 12.0 g CrO3 and 6.9 mL
concd H2SO4 in 23.1 mL water) was added. The solution
was stirred at room temperature for 1.5 h and then quenched
by addition of MeOH (100 mL). The mixture was carefully
evaporated (caution: bumping) and the residue was
dissolved in water (200 mL) and EtOAc (200 mL). The
phases were separated and the aqueous phase was extracted
with EtOAc (2!200 mL). The organic phases were
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combined and washed with water (2!200 mL), dried over
Na2SO4 and evaporated. The crude oxidation product was
dissolved in THF (45 mL) and H-Tyr-Tyr-Tyr-OtBu 10a
(1.44 g, 2.56 mmol), HOBt (0.346 g, 2.56 mmol),
EDC$HCl (0.515 g, 2.69 mmol), and N-methylmorpholine
(0.56 mL, 5.12 mmol) were added. After 16 h, the mixture
was concentrated, dissolved in MeOH and impregnated on
silica. The product was purified with flash chromatography
(Toluene/EtOAc 2:3, RfZ0.10) to give 14a (1.37 g, 45%).
as a white amorphous solid [a]22

DZK5 (c 0.5, MeOH); 1H
NMR (DMSO-d6, 400 MHz) d 9.22 (s, 1H, Tyr-OH), 9.13
(s, 1H, Tyr-OH), 9.12 (s, 1H, Tyr-OH), 8.29 (d, JZ7.3 Hz,
1H, NH), 8.12 (d, JZ8.2 Hz, 1H, NH), 7.97 (d, JZ8.2 Hz,
1H, NH), 7.83 (d, JZ6.7 Hz, 2H, Fmoc), 7.79 (d, JZ
7.9 Hz, 2H, Bz-o), 7.75 (d, JZ7.2 Hz, 2H, Bz-o), 7.62 (m,
3H, Bz-pCNH), 7.51 (d, JZ7.6 Hz, 1H, Fmoc), 7.42 (t, JZ
7.7 Hz, 4H, Bz-m), 7.38 (d, JZ8.8 Hz, 1H, Fmoc), 7.34 (td,
JZ7.5, 3.4 Hz, 2H, Fmoc), 7.15 (m, 2H, Fmoc), 7.01 (d, JZ
8.4 Hz, 2H, Tyr-Hd), 6.95 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.90
(d, JZ8.4 Hz, 2H, Tyr-Hd), 6.67 (d, JZ8.5 Hz, 2H, Tyr-
H3), 6.59 (d, JZ8.4 Hz, 2H, Tyr-H3), 6.55 (d, JZ8.4 Hz,
2H, Tyr-H3), 5.50 (t, JZ9.9 Hz, 1H, SAA-H3), 5.33 (t, JZ
9.6 Hz, 1H, SAA-H4), 4.68 (t, JZ8.3 Hz, 1H, SAA-H1),
4.43 (m, 2H, 2!Tyr-Ha), 4.27 (m, 3H, 1!Tyr-HaCSAA-
H5C1!Fmoc-H), 4.15 (dd, JZ10.6, 6.9 Hz, 1H, Fmoc),
4.02 (t, JZ6.5 Hz, 1H, Fmoc), 3.73 (q, JZ9.2 Hz, SAA-
H2), 3.42 (s, 3H, OMe), 2.78 (m, 5H, 5!Tyr-Hb), 2.58 (dd,
JZ14.7, 8.1 Hz, 1H, Tyr-Hb), 1.31 (s, 9H, OtBu); HRMS
(FAB) calcd for C67H66N4O16Na (MCNa): 1205.4372;
found 1205.4388.

4.4.2. H-SAA(di-O-Bz)-Tyr3-OtBu (15a). Compound 14a
(400 mg, 0.338 mmol) was dissolved in THF (10 mL) and
N-(2-mercaptoethyl)aminomethyl polystyrene (2.0 mmol/g,
1.69 g) and DBU (76 mL, 0.507 mmol) were added. After
stirring the mixture for 6 h, the solid phase was filtered off
and washed with THF (2!8 mL) and MeOH (2!8 mL).
The filtrate and washings were combined and evaporated.
The residue was dissolved in CH2Cl2/MeOH 9:1 and filtered
through silica. Evaporation of the filtrate gave 15a (306 mg,
94%) as a yellowish amorphous solid. [a]D

22ZK13 (c 0.5,
MeOH); 1H NMR (MeOH-d4, 300 MHz) d 7.92 (d, JZ
7.8 Hz, 2H, Bz-o), 7.84 (d, JZ7.8 Hz, 2H, Bz-o), 7.50 (m,
2H, Bz-p), 7.35 (m, 4H, Bz-m), 6.99 (d, JZ8.5 Hz, 4H, Tyr-
Hd), 6.89 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.69 (d, JZ8.5 Hz,
2H, Tyr-H3), 6.68 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.61 (d, JZ
8.5 Hz, 2H, Tyr-H3), 5.50 (t, JZ9.8 Hz, 1H, SAA-H3), 5.38
(t, JZ9.6 Hz, 1H, SAA-H4), 4.42 (m, 4H, SAA-H1C3!
Tyr-Ha), 4.20 (d, JZ9.8 Hz, 1H, SAA-H5), 3.56 (s, 3H,
OMe), 3.02 (dd, JZ10.1, 8.06 Hz, 1H, SAA-H2), 2.86 (m,
5H, 5!Tyr-Hb), 2.66 (dd, JZ13.7, 7.9 Hz, 1H, Tyr-Hb),
1.34 (s, 9H, OtBu); HRMS (FAB) calcd for C52H56N4O14Na
(MCNa): 983.3690; found 983.3687.

4.4.3. Fmoc-SAA(di-O-Bz)-Tyr3-SAA(di-O-Bz)-Tyr3-
OtBu (17a). Compound 14a (313 mg, 0.265 mmol) was
dissolved in CH2Cl2 (4 mL) and Et3SiH (105 mL,
0.66 mmol) and TFA (2 mL) were added. The mixture
was stirred for 4 h and coevaporated with toluene. The crude
free acid was dissolved in THF (3 mL) and 15a (255 mg,
0.265 mmol), HOBt (35.8 mg, 0.265 mmol), and DIC
(50 mL, 0.32 mmol) were added. The mixture was stirred
for 16 h and then concentrated. The residue was dissolved in
MeOH and impregnated on silica. The product was purified
using flash chromatography (CH2Cl2/MeOH 10:1, RfZ
0.27) followed by size-exclusion chromatography to give
17a (347 mg, 65%) as a white amorphous solid. [a]D

22ZK8
(c 0.5, MeOH); 1H NMR (DMSO-d6, 400 MHz) d 9.20 (s,
1H, Tyr-OH), 9.10 (s, 2H, 2!Tyr-OH), 9.07 (s, 1H, Tyr-
OH), 9.06 (s, 1H, Tyr-OH), 9.06 (s, 1H, Tyr-OH), 8.33 (d,
JZ8.8 Hz, 1H, NH), 8.27 (d, JZ7.3 Hz, 1H, NH), 8.11 (d,
JZ8.7 Hz, 1H, NH), 7.93 (m, 4H, 4!NH), 7.74 (m, 10H,
Bz-oC2!Fmoc-H), 7.55 (m, 5H, Bz-pCNH), 7.39 (m,
12H, Bz-mC4!Fmoc-H), 7.12 (m, 2H, Fmoc), 6.99 (d, JZ
8.4 Hz, 2H, Tyr-Hd), 6.90 (m, 6H, Tyr-Hd), 6.78 (d, JZ
9.8 Hz, 2H, Tyr-Hd), 6.75 (d, JZ9.1 Hz, 2H, Tyr-Hd), 6.65
(d, JZ8.3 Hz, 2H, Tyr-H3), 6.51 (m, 10H, Tyr-H3), 5.51 (t,
JZ9.8 Hz, 1H, SAA-H3), 5.46 (t, JZ9.9 Hz, 1H, SAA-H3),
5.33 (t, JZ9.7 Hz, 1H, SAA-H4), 5.28 (t, JZ9.9 Hz, 1H,
SAA-H4), 4.71 (d, JZ8.3 Hz, 1H, SAA-H1), 4.64 (d, JZ
7.8 Hz, 1H, SAA-H1), 4.31 (m, 9H, 2!SAA-H5C1!
Fmoc-HC6!Tyr-Ha), 4.11 (m, 2H, SAA-H2C1!Fmoc),
3.99 (t, JZ6.4 Hz, 1H, Fmoc), 3.69 (q, JZ9.1 Hz, 1H,
SAA-H2), 3.39 (s, 3H, OMe), 3.37 (s, 3H, OMe), 2.82–2.20
(m, 12H, Tyr-Hb), 1.28 (s, 9H, OtBu); HRMS (FAB) calcd
for C115H112N8O29Na (MCNa): 2091.7433; found
2091.7444.

4.4.4. H-SAA(di-O-Bz)-Tyr3-SAA(di-O-Bz)-Tyr3-OtBu
(18a). The title compound was prepared from compound
17a (334 mg, 0.161 mmol) using the method described in
the synthesis of 15a to give 18a (285 mg, 95%) as a
yellowish amorphous solid. [a]D

21ZK11 (c 0.5, MeOH); 1H
NMR (MeOH-d4, 300 MHz) d 7.86 (m, 8H, Bz-o), 7.49 (m,
4H, Bz-p), 7.35 (m, 8H, Bz-m), 6.97 (m, 6H, Tyr-Hd), 6.90
(d, JZ8.7 Hz, 2H, Tyr-Hd), 6.81 (d, JZ8.8 Hz, 2H, Tyr-
Hd), 6.79 (d, JZ8.9 Hz, 2H, Tyr-Hd), 6.69 (d, JZ8.3 Hz,
6H, Tyr-H3), 6.61 (d, JZ8.5 Hz, 4H, Tyr-H3), 6.57 (d, JZ
8.5 Hz, 2H, Tyr-H3), 5.73 (t, JZ10.0 Hz, SAA-H3), 5.42
(m, 3H, SAA-H3C2!SAA-H4), 4.77 (d, JZ8.3 Hz, 1H,
SAA-H1), 4.50–4.30 ppm (m, 7H, SAA-H1C6!Tyr-Ha),
4.26 (d, JZ10.0 Hz, 1H, SAA-H5), 4.15 (dd, JZ10.6,
8.4 Hz, 1H, SAA-H2), 4.12 (d, JZ9.9 Hz, 1H, SAA-H5),
3.56 (s, 3H, OMe), 3.48 (s, 3H, OMe), 3.04 (dd, JZ10.2,
8.0 Hz, 1H, SAA-H2), 2.95-2.40 (m, 12H, Tyr-Hb), 1.34 (s,
9H, OtBu); HRMS (FAB) calcd for C100H102N8O27Na (MC
Na): 1869.6752; found 1869.6736.

4.4.5. Cyclo[SAA(di-O-Bz)-Tyr3-SAA(di-O-Bz)-Tyr3]
(19a). Compound 18a (37.6 mg, 20.3 mmol) was dissolved
in CH2Cl2 (1.6 mL) and Et3SiH (8.1 mL, 51 mmol) and TFA
(0.8 mL) were added. The mixture was stirred for 4 h and
coevaporated with toluene. The crude product was dissolved
in THF (20 mL) and DIPEA (10 mL, 61 mmol) and HAPyU
(10.6 mg, 24.4 mmol) were added. The mixture was stirred
for 1 h at room temperature and then evaporated. The
product was purified by flash chromatography (CH2Cl2/
MeOH 6:1, RfZ0.29) followed by size-exclusion chroma-
tography to give 19a (13.3 mg, 37%) as a white amorphous
solid. [a]D

23ZK6 (c 0.5, MeOH); 1H NMR (DMSO-d6,
400 MHz, 150 8C) d 8.47 (s, 2H, Tyr-OH), 8.41 (s, 2H, Tyr-
OH), 8.34 (s, 2H, Tyr-OH), 7.86 (d, JZ8.4 Hz, 2H, NH),
7.80 (t, JZ7.2 Hz, 8H, Bz-o), 7.47 (m, 4H, Bz-p), 7.41 (d,
JZ8.0 Hz, 2H, NH), 7.34 (m, 10H, Bz-mC2!NH), 7.05
(d, JZ8.3 Hz, 2H, NH), 6.89 (d, JZ8.5 Hz, 4H, Tyr-Hd),
6.83 (d, JZ8.4 Hz, 4H, Tyr-Hd), 6.79 (d, JZ8.3 Hz, 4H,
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Tyr-Hd), 6.66 (d, JZ8.5 Hz, 4H, Tyr-H3), 6.60 (d, JZ
8.4 Hz, 4H, Tyr-H3), 6.52 (d, JZ8.5 Hz, 4H, Tyr-H3), 5.85
(t, JZ10.0 Hz, 2H, SAA-H3), 5.66 (t, JZ9.6 Hz, 2H, SAA-
H4), 5.10 (d, JZ8.0 Hz, 2H, SAA-H1), 4.49 (d, JZ9.7 Hz,
2H, SAA-H5), 4.35 (m, 4H, Tyr-Ha), 4.13 (q, JZ8.4 Hz,
2H, SAA-H2), 4.01 (q, JZ7.9 Hz, 2H, Tyr-Ha), 3.48 (s, 6H,
OMe), 2.9–2.6 (m, 12H, Tyr-Hb); HRMS (FAB) calcd for
C96H92N8O26Na (MCNa): 1795.6020; found 1795.6010.

4.4.6. Cyclo(SAA-Tyr3-SAA-Tyr3) (1a). Compound 19a
(89.1 mg, 50.3 mmol) was dissolved in MeOH (18 mL) and
NaOMe/MeOH (1 M, 180 mL) was added. The solution was
stirred for 18 h, then neutralised with AcOH and evaporated.
The residue was purified using size-exclusion chromato-
graphy on a short column to afford 1a (41.7 mg, 61%) as a
white amorphous solid. [a]D

21ZK15 (c 0.5, MeOH); 1H
NMR (MeOH-d4, 300 MHz) d 6.97 (m, 12H, Tyr-Hd), 6.70
(m, 12H, Tyr-H3), 4.75 (d, JZ8.5 Hz, 2H, SAA-H1), 4.52
(dd, JZ9.4, 5.1 Hz, 2H, Tyr-Ha), 4.41 (dd, JZ8.5, 4.7 Hz,
2H, Tyr-Ha), 4.29 (t, JZ6.8 Hz, 2H, Tyr-Ha), 3.82 (d, JZ
9.7 Hz, 2H, SAA-H5), 3.78 (t, JZ9.4 Hz, 2H, SAA-H3),
3.41 (t, JZ9.4 Hz, 2H, SAA-H4), 3.33 (s, 6H, OMe), w3.3
(SAA-H2, obscured by solvent signal), 3.05–2.80 (m, 10H,
Tyr-Hb), 2.54 (dd, JZ14.1, 9.4 Hz, 2H, Tyr-Hb); HRMS
(FAB) calcd for C68H76N8O22Na (MCNa): 1379.4972;
found 1379.4955.

4.4.7. Fmoc-SAA(di-OBz)-Tyr-Glu(OBzl)-Tyr-OtBu
(14b). The title compound was prepared from 7 (1.09 g,
1.74 mmol) and 10b (1.08 g, 1.74 mmol) using the method
described in the synthesis of 14a. The product was purified
with flash chromatography (toluene/EtOAc 1:1, RfZ0.13)
to give 14b (1.39 g, 64%) as a white amorphous solid.
[a]D

22ZK12 (c 0.5, MeOH); 1H NMR (DMSO-d6,
400 MHz) d 9.19 (s, 1H, Tyr-OH), 9.11 (s, 1H, Tyr-OH),
8.19 (d, JZ7.0 Hz, 1H, NH), 8.15 (d, JZ7.9 Hz, 1H, NH),
8.14 (d, JZ8.0 Hz, 1H, NH), 7.80 (d, JZ7.8 Hz, 2H,
Fmoc), 7.75 (d, JZ7.3 Hz, 2H, Bz-o), 7.68 (d, JZ7.3 Hz,
2H, Bz-o), 7.52 (m, 4H, Bz-pC1!Fmoc-HC1!NH), 7.35
(m, 12H, 1!Fmoc-HCBz-mCBzl), 7.12 (m, 2H, Fmoc),
6.98 (d, JZ8.4 Hz, 2H, Tyr-Hd), 6.94 (d, JZ8.5 Hz, 2H,
Tyr-Hd), 6.64 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.57 (d, JZ
8.4 Hz, 2H, Tyr-H3), 5.46 (t, JZ9.9 Hz, 1H, SAA-H3), 5.32
(t, JZ9.7 Hz, 1H, SAA-H4), 5.04 (s, 2H, Bzl), 4.65 (d, JZ
8.3 Hz, 1H, SAA-H1), 4.44 (dd, JZ12.5, 7.5 Hz, 1H, Tyr-
Ha), 4.31 (d, JZ10.0 Hz, 1H, SAA-H5), 4.22 (m, 3H, Tyr-
HaCGlu-HaC1!Fmoc-H), 4.13 (dd, JZ10.7, 6.9 Hz, 1H,
Fmoc), 3.99 (t, JZ6.7 Hz, 1H, Fmoc), 3.71 (q, JZ9.3 Hz,
1H, SAA-H2), 3.40 (s, 3H, OMe), 2.81 (m, 3H, 3!Tyr-Hb),
2.71 (dd, JZ14.2, 7.9 Hz, 1H, Tyr-Hb), 2.19 (m, 2H, Glu-
Hg), 1.81 (m, 1H, Glu-Hb), 1.64 (m, 1H, Glu-Hb), 1.26 (s,
9H, OtBu); HRMS (FAB) calcd for C70H70N4O17Na (MC
Na): 1261.4634; found 1261.4623.

4.4.8. H-SAA(di-OBz)-Tyr-Glu(OBzl)-Tyr-OtBu (15b).
The title compound was prepared from 14b (720 mg,
0.581 mmol) using the method described in the synthesis of
15a to give 15b (534 mg, 90%) as a yellowish amorphous
solid. [a]D

22ZK24 (c 0.5, MeOH); 1H NMR (MeOH-d4,
300 MHz) d 7.91 (d, JZ7.9 Hz, 2H, Bz-o), 7.81 (d, JZ
8.5 Hz, 2H, Bz-o), 7.50 (m, 2H, Bz-p), 7.32 (m, 9H, Bz-mC
Bzl), 7.01 (d, JZ8.4 Hz, 4H, Tyr-Hd), 6.69 (d, JZ8.5 Hz,
2H, Tyr-H3), 6.67 (d, JZ8.4 Hz, 2H, Tyr-H3), 5.48 (t, JZ
9.6 Hz, 1H, SAA-H3), 5.40 (t, JZ9.5 Hz, 1H, SAA-H4),
5.08 (s, 2H, Bzl), 4.44 (d, JZ8.0 Hz, 1H, SAA-H1), 4.49 (t,
JZ6.6, 1H, Tyr-Ha), 4.40 (t, JZ6.9 Hz, 1H, Tyr-Ha), 4.25
(m, 2H, SAA-H5CGlu-Ha), 3.55 (s, 3H, OMe), 2.94 (m,
5H, SAA-H2CTyr-Hb), 2.26 (m, 2H, Glu-Hg), 1.95 (m, 1H,
Glu-Hb), 1.77 (m, 1H, Glu-Hb), 1.39 (s, 9H, OtBu); HRMS
(FAB) calcd for C55H60N4O15Na (MCNa): 1039.3953;
found 1039.3960.

4.4.9. Fmoc-SAA(di-OBz)-Tyr-Glu(OBzl)-Tyr-SAA(di-
OBz)-Tyr-Glu(OBzl)-Tyr-OtBu (17b). The title com-
pound was prepared from 14b (604 mg, 0.487 mmol) and
15b (496 mg, 0.487 mmol) using the method described in
the synthesis of 17a. The product was purified with flash
chromatography (CH2Cl2/MeOH 15:1, RfZ0.18) followed
by size-exclusion chromatography to give 17b (767 mg,
72%) as a white amorphous solid. [a]D

22ZC4 (c 0.5,
DMSO); 1H NMR (DMSO-d6, 400 MHz) d 9.23 (s, 1H, Tyr-
OH), 9.16 (s, 1H, Tyr-OH), 9.13 (s, 1H, Tyr-OH), 9.10 (s,
1H, Tyr-OH), 8.36 (d, JZ8.5 Hz, 1H, NH), 8.25 (d, JZ
7.1 Hz, 1H, NH), 8.20 (m, 2H, 2!NH), 8.14 (d, JZ7.7 Hz,
1H, NH), 8.09 (d, JZ7.3 Hz, 1H, NH), 7.85 (m, 3H, 2!
Fmoc-HCNH), 7.77 (m, 4H, Bz-o), 7.70 (m, 4H, Bz-o),
7.55 (m, 6H, 4!Bz-pC1!NHC1!Fmoc-H), 7.37 (m,
21H, Bz-mC3!Fmoc-HC2!Bzl), 7.15 (m, 2H, Fmoc),
7.01 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.97 (d, JZ8.5 Hz, 2H,
Tyr-Hd), 6.97 (d, JZ8.6 Hz, 2H, Tyr-Hd), 6.77 (d, JZ
8.4 Hz, 2H, Tyr-Hd), 6.66 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.60
(d, JZ8.4 Hz, 2H, Tyr-H3), 6.59 (d, JZ8.1 Hz, 2H, Tyr-
H3), 6.47 (d, JZ8.4 Hz, 2H, Tyr-H3), 5.51 (t, JZ9.8 Hz, 1H,
SAA-H3), 5.47 (t, JZ10.1 Hz, 1H, SAA-H3), 5.37 (t, JZ
9.8 Hz, 1H, SAA-H4), 5.31 (t, JZ9.7 Hz, 1H, SAA-H4),
5.06 (s, 2H, Bzl), 5.05 (s, 2H, Bzl), 4.71 (d, JZ8.2 Hz, 1H,
SAA-H1), 4.66 (d, JZ8.2 Hz, 1H, SAA-H1), 4.44 (m, 3H,
SAA-H5C2!Tyr-Ha), 4.29 (m, 5H, SAA-H5C2!Tyr-
HaC1!Glu-HaC1!Fmoc-H), 4.13 (m, 3H, SAA-H2C
1!Glu-HaC1!Fmoc-H), 4.02 (t, JZ6.5 Hz, 1H, Fmoc),
3.71 (q, JZ9.4 Hz, 1H, SAA-H2), 3.41 (s, 3H, OMe), 3.38
(s, 3H, OMe), 2.75 (m, 7H, 7!Tyr-Hb), 2.56 (dd, JZ15.3,
11.2 Hz, 1H, Tyr-Hb), 2.23 (t, JZ8.0 Hz, 2H, Glu-Hg), 2.10
(m, 2H, Glu-Hg), 1.83 (m, 1H, Glu-Hb), 1.70 (m, 2H, Glu-
Hb), 1.56 (m, 1H, Glu-Hb), 1.28 (s, 9H, OtBu); HRMS
(FAB) calcd for C121H120N8O31Na (MCNa): 2203.7957;
found 2203.7947.

4.4.10. H-SAA(di-OBz)-Tyr-Glu(OBzl)-Tyr-SAA(di-
OBz)-Tyr-Glu(OBzl)-Tyr-OtBu (18b). The title com-
pound was prepared from 17b (676 mg, 0.310 mmol)
using the method described in the synthesis of 15a to give
18b (599 mg, 99%) as a yellowish amorphous solid.
[a]D

22ZK23 (c 0.5, MeOH); 1H NMR (MeOH-d4,
400 MHz) d 7.72 (d, JZ8.5 Hz, 2H, Bz-o), 7.67 (d, JZ
8.4 Hz, 2H, Bz-o), 7.63 (d, JZ8.5 Hz, 2H, Bz-o), 7.58 (d,
JZ8.4 Hz, 2H, Bz-o), 7.28 (m, 4H, Bz-p), 7.12 (m, 18H,
Bz-mCBzl), 6.81 (m, 6H, Tyr-Hd), 6.63 (d, JZ8.5 Hz, 2H,
Tyr-Hd), 6.48 (m, 6H, Tyr-H3), 6.33 (d, JZ8.5 Hz, 2H, Tyr-
H3), 5.51 (t, JZ10.0 Hz, 1H, SAA-H3), 5.29 (t, JZ9.8 Hz,
1H, SAA-H3), 5.24 (t, JZ9.7 Hz, 1H, SAA-H4), 5.20 (t, JZ
9.6 Hz, 1H, SAA-H4), 4.87 (s, 4H, Bzl), 4.55 (d, JZ8.4 Hz,
1H, SAA-H1), 4.30 (t, JZ6.5 Hz, 1H, Tyr-Ha), 4.23 (m, 3H,
SAA-H1C2!Tyr-Ha), 4.16 (dd, JZ9.1 Hz, JZ5.0 Hz,
Tyr-Ha), 4.06 (m, 3H, 2!SAA-H5CGlu-Ha), 3.93 (m, 2H,
SAA-H2CGlu-Ha), 3.34 (s, 3H, OMe), 3.25 (s, 3H, OMe),
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2.83 (dd, JZ10.1 Hz, JZ8.0 Hz, 1H, SAA-H2), 2.72 (m,
6H, 6!Tyr-Hb), 2.55 (dd, JZ14.2, 5.0 Hz, 1H, Tyr-Hb),
2.26 (dd, JZ13.9, 9.4 Hz, 1H, Tyr-Hb), 2.07 (m, 2H, 2!
Glu-Hg), 1.94 (m, 2H, 2!Glu-Hg), 1.72 (m, 1H, Glu-Hb),
1.57 (m, 3H, 3!Glu-Hb), 1.14 (s, 9H, OtBu); HRMS (FAB)
calcd for C106H110N8O29Na (MCNa): 1981.7276; found
1981.7268.

4.4.11. Cyclo[SAA(di-OBz)-Tyr-Glu(OBzl)-Tyr-SAA-
(di-OBz)-Tyr-Glu(OBzl)-Tyr] (19b). The title compound
was prepared from 18b (314 mg, 0.166 mmol) using the
method described in the synthesis of compound 19a. The
product was purified with flash chromatography (CH2Cl2/
MeOH 12:1, RfZ0.25) followed by size-exclusion chroma-
tography to give 19b (166 mg, 53%) as a white foam.
[a]D

22ZK3 (c 0.5, MeOH); 1H NMR (DMSO-d6, 400 MHz,
120 8C) d 8.49 (br s, 2H, Tyr-OMe), 8.33 (br s, 2H, Tyr-
OMe), 7.80 (m, 10H, Bz-oC2!NH), 7.48 (m, 6H, Bz-pC
2!NH), 7.32 (m, 18H, Bz-mCBzl), 7.05 (d, JZ7.8 Hz,
2H, NH), 6.99 (d, JZ8.4 Hz, 4H, Tyr-Hd), 6.81 (d, JZ
8.4 Hz, 4H, Tyr-Hd), 6.68 (d, JZ8.4 Hz, 4H, Tyr-H3), 6.50
(d, JZ8.4 Hz, 4H, Tyr-H3), 5.78 (t, JZ9.7 Hz, 2H, SAA-
H3), 5.60 (t, JZ9.4 Hz, 2H, SAA-H4), 5.09 (s, 4H, Bzl),
5.05 (d, JZ8.1 Hz, 2H, SAA-H1), 4.46 (d, JZ9.8 Hz, 2H,
SAA-H5), 4.43 (dd, JZ14.9, 7.7 Hz, 2H, Tyr-Ha), 4.34 (m,
2H, Tyr-Ha), 4.15 (dd, JZ10.0, 8.6 Hz, 2H, SAA-H2), 3.91
(dd, JZ7.7, 6.6 Hz, 2H, Glu-Ha), 3.48 (s, 6H, OMe), 3.00
(m, 4H, Tyr-Hb), 2.87 (dd, JZ14.4, 5.1 Hz, 2H, Tyr-Hb),
2.63 (dd, JZ14.4, 8.3 Hz, 2H, Tyr-Hb), 2.22 (m, 4H, Glu-
Hg), 1.90 (m, 4H, Glu-Hb); HRMS (FAB) calcd for
C102H100N8O28 (MCH): 1907.6545; found 1907.6549.

4.4.12. Cyclo[SAA-Tyr-Glu-Tyr-SAA-Tyr-Glu-Tyr]
(1b). Palladium black (75 mg) was suspended in MeOH
containing 5% formic acid (3 mL). Compound 19b
(149 mg, 78.8 mmol) was dissolved in MeOH containing
5% formic acid (9 mL) and added to the suspension. After
20 min, the catalyst was filtered off (caution: catalyst may
catch fire when filtered to dryness), toluene (5 mL) was
added, and the mixture was evaporated. The residue was
dissolved in MeOH (30 mL) and NaOMe/MeOH (1 M,
450 mL) was added. The solution was stirred for 22 h, then
neutralised with AcOH, and evaporated. The residue was
dissolved in water and applied to a C18 cartridge. The
column was washed with water and the compound was
eluted with 30% MeOH in water to afford 1b (82.3 mg,
81%) as a fluffy white powder after lyophilization.
[a]D

22ZK31 (c 0.2, water); 1H NMR (D2O, 400 MHz) d
7.03 (d, JZ8.4 Hz, 8H, Tyr-Hd), 6.78 (d, JZ8.4 Hz, 4H,
Tyr-H3), 6.69 (d, JZ8.4 Hz, 4H, Tyr-H3), 4.58 (dd, JZ10.0,
4.6 Hz, 2H, Tyr-Ha), 4.51 (t, JZ6.2 Hz, 2H, Tyr-Ha), 4.45
(d, JZ8.7 Hz, 2H, SAA-H1), 3.86 (t, JZ7.1 Hz, 2H, Glu-
Ha), 3.68 (d, JZ10.0 Hz, 2H, SAA-H5), 3.66 (t, JZ9.4 Hz,
2H, SAA-H2), 3.40 (t, JZ9.5 Hz, 2H, SAA-H3), 3.32 (s, 6H,
OMe), 3.20 (m, 4H, 2!SAA-H4C2!Tyr-Hb), 2.92 (m,
4H, Tyr-Hb), 2.16 (m, 4H, 2!Tyr-HbC2!Glu-Hb), 2.03
(m, 2H, Glu-Hb), 1.88 (m, 4H, Glu-Hg); HRMS (FAB) calcd
for C60H72N8O24Na (MCNa):1311.4557; found 1311.4581.

4.4.13. Fmoc-SAA(di-OBz)-Tyr-Arg(Mtr)-Tyr-OtBu
(14c). The title compound was prepared from 7 (809 mg,
1.30 mmol) and 10c (998 mg, 1.30 mmol) using the method
described in the synthesis of 14a. The product was purified
with flash chromatography (toluene/MeOH 7:1, RfZ0.21)
followed by size-exclusion chromatography to give 14c
(837 mg, 1.39 g, 46%) as a white foam. [a]D

24ZK5 (c 0.5,
MeOH); 1H NMR (DMSO-d6, 400 MHz) d 9.20 (s, 1H, Tyr-
OH), 9.12 (s, 1H, Tyr-OH), 8.15 (m, 2H, NH), 8.11 (d, JZ
8.2 Hz, 1H, NH), 7.82 (d, JZ7.0 Hz, 2H, Fmoc), 7.77 (d,
JZ7.3 Hz, 2H, Bz-o), 7.73 (d, JZ7.3 Hz, 2H, Bz-o), 7.55
(m, 4H, Bz-pC1!Fmoc-HC1!NH), 7.37 (m, 7H, 3!
Fmoc-HCBz-m), 7.15 (m, 2H, Fmoc), 7.00 (d, JZ8.4 Hz,
2H, Tyr-Hd), 6.97 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.66 (s, 1H,
Mtr-ArH), 6.66 (d, JZ8.4 Hz, 2H, Tyr-H3), 6.59 (d, JZ
8.3 Hz, 2H, Tyr-H3), 5.49 (t, JZ9.9 Hz, 1H, SAA-H3), 5.34
(t, JZ9.7 Hz, 1H, SAA-H4), 4.68 (d, JZ8.3 Hz, 1H, SAA-
H1), 4.46 (dd, JZ12.5, 7.6 Hz, 1H, Tyr-Ha), 4.35 (d, JZ
9.9 Hz, 1H, SAA-H5), 4.25 (m, 3H, Arg-HaCTyr-HaC1!
Fmoc-H), 4.15 (dd, JZ10.7 Hz, JZ6.9 Hz, 1H, Fmoc),
4.02 (t, JZ6.7 Hz, 1H, Fmoc), 3.76 (s, 3H, Mtr-OMe), 3.73
(q, JZ9.3 Hz, 1H, SAA-H2), 3.42 (s, 3H, SAA-OMe), 2.92
(br m, 2H, Arg-Hd), 2.81 (m, 3H, Tyr-Hb), 2.73 (dd, JZ
14.3, 7.7 Hz, 1H, Tyr-Hb), 2.59 (s, 3H, Mtr-Me), w2.50
(Mtr-Me, obscured by solvent signal), 2.03 (s, 3H, Mtr-Me),
1.52 (m, 1H, Arg-Hb), 1.28 (m, 3H, 1!Arg-HbC2!Arg-
Hg), 1.28 (s, 9H, OtBu); HRMS (FAB) calcd for C74H81-

N7O18SNa (MCNa): 1410.5257; found 1410.5261.

4.4.14. H-SAA(di-OBz)-Tyr-Arg(Mtr)-Tyr-OtBu (15c).
The title compound was prepared from 14c (400 mg,
0.288 mmol) using the method described in the synthesis
of 15a to give 15c (334 mg, 99%) as a yellowish foam.
[a]D

24ZK14 (c 0.5, MeOH); 1H NMR (MeOH-d4,
300 MHz) d 7.91 (d, JZ8.5 Hz, 2H, Bz-o) 7.79 (d, JZ
8.5 Hz, 2H, Bz-o), 7.53 (t, JZ7.5 Hz, 1H, Bz-p), 7.45 (t, JZ
7.4 Hz, 1H, Bz-p), 7.38 (t, JZ7.6 Hz, 2H, Bz-m), 7.29 (t,
JZ7.7 Hz, 2H, Bz-m), 7.01 (d, JZ8.4 Hz, 4H, Tyr-Hd),
6.69 (d, JZ8.5 Hz, 2H, Tyr-H3), 6.67 (d, JZ8.5 Hz, 2H,
Tyr-H3), 6.63 (s, 1H, Mtr-ArH), 5.48 (t, JZ9.6 Hz, 1H,
SAA-H3), 5.41 (t, JZ9.7 Hz, 1H, SAA-H4), 4.46 (t, JZ
6.7 Hz, 1H, Tyr-Ha), 4.46 (d, JZ8.0 Hz, 1H, SAA-H1), 4.39
(d, JZ7.2 Hz, 1H, Tyr-Ha), 4.26 (d, JZ9.5 Hz, 1H, SAA-
H5), 4.19 (dd, JZ8.3 Hz, JZ5.5 Hz, 1H, Arg-Ha), 3.79 (s,
3H, Mtr-OMe), 3.56 (s, 3H, SAA-OMe), 3.01 (m, 3H, SAA-
H2CTyr-Hd), 2.89 (m, 4H, Tyr-Hb), 2.65 (s, 3H, Mtr-Me),
2.59 (s, 3H, Mtr-Me), 2.09 (s, 3H, Mtr-Me), 1.61 (m, 1H,
Arg-Hb), 1.35 (m, 3H, 1!Arg-HbC2!Arg-Hg), 1.35 (s,
9H, OtBu); HRMS (FAB) calcd for C59H71N7O16SNa (MC
Na): 1188.4576; found 1188.4596.

4.4.15. Fmoc-SAA(di-OBz)-Tyr-Arg(Mtr)-Tyr-SAA(di-
OBz)-Tyr-Arg(Mtr)-Tyr-OtBu (17c). The title compound
was prepared from 14c (315 mg, 0.227 mmol) and 15c
(265 mg, 0.227 mmol) using the method described in the
synthesis of 17a. The product was purified with flash
chromatography (CH2Cl2/MeOH 12:1, RfZ0.29) followed
by size-exclusion chromatography to give 17c (271 mg,
48%) as a white foam. [a]D

22ZC7 (c 0.5, MeOH); 1H NMR
(DMSO-d6, 400 MHz) d 9.21 (s. 1H, Tyr-OH), 9.13 (s. 1H,
Tyr-OH), 9.10 (s. 1H, Tyr-OH), 9.06 (s, 1H, Tyr-OH), 8.35
(d, JZ8.8 Hz, 1H, NH), 8.16 (m, 3H, 3!NH), 8.06 (d, JZ
8.2 Hz, 1H, NH), 7.82 (d, JZ7.5 Hz, 2H, Fmoc), 7.78 (m,
5H, 4!Bz-oC1!NH), 7.72 (m, 4H, 4!Bz-o), 7.55 (m,
6H, 4!Bz-pC1!Fmoc-HC1!NH), 7.40 (m, 11H, 3!
Fmoc-HC8!Bz-m), 7.15 (m, 2H, Fmoc), 7.01 (d, JZ
8.5 Hz, 2H, Tyr-Hd), 6.97 (d, JZ8.6 Hz, 2H, Tyr-Hd), 6.97
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(d, JZ8.6 Hz, 2H, Tyr-Hd), 6.75 (d, JZ8.5 Hz, 2H, Tyr-
Hd), 6.66 (m, 4H, Tyr-H3C2!Mtr-ArH), 6.60 (d, JZ
8.4 Hz, 2H, Tyr-H3), 6.59 (d, JZ8.1 Hz, 2H, Tyr-H3), 6.47
(d, JZ8.4 Hz, 2H, Tyr-H3), 5.52 (t, JZ9.8 Hz, 1H, SAA-
H3), 5.48 (t, JZ9.7 Hz, 1H, SAA-H3), 5.38 (t, JZ9.7 Hz,
1H, SAA-H4), 5.33 (t, JZ9.6 Hz, 1H, SAA-H4), 4.72 (d,
JZ8.4 Hz, 1H, SAA-H1), 4.68 (d, JZ8.2 Hz, 1H, SAA-H1),
4.46 (m, 2H, 2!Tyr-Ha), 4.42 (d, JZ10.0 Hz, 1H, SAA-
H5), 4.35 (m, 2H, SAA-H5CTyrHa), 4.26 (m, 3H, Arg-
HaCTyr-HaC1!Fmoc-H), 4.15 (m, 1H, Fmoc), 4.08 (m,
2H, SAA-H2CArg-Ha), 4.02 (t, JZ6.7 Hz, 1H, Fmoc),
3.77 (s, 3H, Mtr-OMe), 3.76 (s, 3H, Mtr-OMe), 3.72 (q, JZ
9.7 Hz, 1H, SAA-H2), 3.42 (s, 3H, SAA-OMe), 3.41 (s, 3H,
SAA-OMe), 2.86 (m, 11H, 4!Arg-HdC7!Tyr-Hb), 2.59
(s, 6H, Mtr-Me), w2.50 (2!Mtr-Me, obscured by solvent
signal), 2.25 (br dd, JZ12.8, 8.7 Hz, 1H, Tyr-Hb), 2.03 (s,
3H, Mtr-Me), 2.01 (s, 3H, Mtr-Me), 1.53 (m, 1H, Arg-Hb),
1.43 (m, 1H, Arg-Hb), 1.29 (s, 9H, OtBu), 1.28 (m, 6H, 2!
Arg-HbC4!Arg-Hg); HRMS (FAB) calcd for C129H142-
N14O33S2Na (MCNa): 2501.9203; found 2501.9209.

4.4.16. H-SAA(di-OBz)-Tyr-Arg(Mtr)-Tyr-SAA(di-
OBz)-Tyr-Arg(Mtr)-Tyr-OtBu (18c). The title compound
was prepared from 17c (291 mg, 0.117 mmol) using the
method described in the synthesis of 15a to give 18c
(254 mg, 96%) as a yellowish amorphous solid. [a]D

22Z
K16 (c 0.5, MeOH); 1H NMR (MeOH-d4, 400 MHz) d 7.91
(d, JZ8.5 Hz, 2H, Bz-o) 7.85 (d, JZ8.6 Hz, 2H, Bz-o), 7.82
(d, JZ8.5 Hz, 2H, Bz-o), 7.77 (d, JZ8.5 Hz, 2H, Bz-o),
7.47 (m, 4H, Bz-p), 7.31 (m, 8H, Bz-m), 7.00 (m, 6H, Tyr-
Hd), 6.85 (d, JZ8.5 Hz, 2H, Tyr-Hd), 6.67 (m, 6H, Tyr-H3),
6.62 (s, 1H, Mtr-ArH), 6.61 (s, 1H, Mtr-ArH), 6.56 (d, JZ
8.5 Hz, 2H, Tyr-H3), 5.74 (t, JZ9.9 Hz, 1H, SAA-H3), 5.47
(t, JZ9.7 Hz, 1H, SAA-H3), 5.42 (t, JZ9.6 Hz, 1H, SAA-
H4), 5.40 (t, JZ9.6 Hz, 1H, SAA-H4), w4.81 (SAA-H1,
partially obscured by solvent signal), 4.46 (t, JZ6.7 Hz, 1H,
Tyr-Ha), 4.45 (d, JZ8.1 Hz, 1H, SAA-H1), 4.40 (m, 3H,
3!Tyr-Ha), 4.33 (d, JZ9.8 Hz, 1H, SAA-H5), 4.25 (d, JZ
9.7 Hz, 1H, SAA-H5), 4.21 (dd, JZ8.4, 5.2 Hz, 1H, Arg-
Ha), 4.14 (m, 2H, Arg-HaCSAA-H2), 3.78 (s, 3H, Mtr-
OMe), 3.77 (s, 3H, Mtr-OMe), 3.55 (s, 3H, SAA-OMe),
3.47 (s, 3H, SAA-OMe), 3.02 (m, 3H, SAA-H2CArg-Hd),
2.92 (m, 8H, 2!Arg-HdC6!Tyr-Hb), 2.77 (dd, JZ14.0,
5.1 Hz, 1H, Tyr-Hb), 2.66 (s, 3H, Mtr-Me), 2.65 (s, 3H, Mtr-
Me), 2.59 (s, 6H, 2!Mtr-Me), 2.51 (dd, JZ14.5 Hz, JZ
9.7 Hz, 1H, Tyr-Hb), 2.08 (s, 3H, Mtr-Me), 2.06 (s, 3H, Mtr-
Me), 1.63 (m, 1H, Arg-Hb), 1.54 (m, 1H, Arg-Hb), 1.44 (m,
1H, Arg-Hb), 1.35 (m, 12H, 1!Arg-HbC2!Arg-HgC
OtBu), 1.19 (m, 2H, Arg-Hg); HRMS (FAB) calcd for
C114H132N14O31S2Na (MCNa): 2279.8522; found
2279.8530.

4.4.17. Cyclo[SAA(di-OBz)-Tyr-Arg(Mtr)-Tyr-SAA(di-
OBz)-Tyr-Arg(Mtr)-Tyr] (19c). The title compound was
prepared from 18c (89.3 mg, 39.5 mmol) using the method
described in the synthesis of compound 19a. The product
was purified with flash chromatography (CH2Cl2:MeOH
8:1, RfZ0.32) followed by size-exclusion chromatography
to give 19c (29.3 mg, 34%) as a white amorphous solid.
[a]D

24ZK5 (c 0.5, MeOH); HRMS (FAB) calcd for
C110H122N14O30S2Na (MCNa): 2205.7790; found
2205.7795. A resolved NMR spectrum could not be
obtained.
4.4.18. Cyclo(SAA-Tyr-Arg-Tyr-SAA-Tyr-Arg-Tyr)
(1c). Compound 19c (25.5 mg, 11.7 mmol) was dissolved
in TFA containing 5% thioanisole (2.5 mL). After 24 h,
toluene (2.5 mL) was added and the mixture was evapor-
ated. The residue was dissolved in MeOH (5 mL) and
NaOMe/MeOH (1 M, 75 mL) was added. After 24 h, the
mixture was acidified with AcOH and evaporated. The
product was purified using preparative HPLC (C18 column,
15/20% B in A over 60 min, A: H2O C0.1% TFA, B:
CH3CN C0.1% TFA, tRZ10 min) to afford 1c (9.3 mg,
59%) as a fluffy white powder after lyophilization.
[a]D

22ZK15 (c 0.2, MeOH); 1H NMR (D2O, 400 MHz) d
7.03 (d, JZ8.4 Hz, 4H, Tyr-Hd), 7.00 (d, JZ8.2 Hz, 4H,
Tyrd), 6.77 (d, JZ8.3 Hz, 4H, Tyr3), 6.68 (d, JZ7.8 Hz, 4H,
Tyr3), 4.57 (m, 4H, 4!Tyr-Ha, partially obscured by
solvent signal), 4.43 (d, JZ8.6 Hz, 2H, SAA-H1), 3.81 (t,
JZ7.0 Hz, 2H, Arg-Ha), 3.66 (m, 4H, SAA-H5CSAA-H2),
3.40 (t, JZ9.8 Hz, 2H, SAA-H3), 3.32 (s, 6H, OMe), 3.18 (t,
JZ9.5 Hz, SAA-H4), 3.11 (dd, JZ15.1, 7.4 Hz, 2H, Tyr-
Hb), 2.96 (m, 8H, 4!Tyr-HbC4!Arg-Hd), 2.32 (dd, JZ
12.3, 11.6 Hz, 2H, Tyr-Hb), 1.66 (m, 2H, Arg-Hb), 1.52 (m,
2H, Arg-Hb), 1.27 (m, 2H, Arg-Hg), 1.16 (m, 2H, Arg-Hg);
HRMS (FAB) calcd for C62H82N14O20Na (MCNa):
1365.5728; found 1365.5729.
4.5. NMR titrations

All experiments were performed at 400 MHz in a deuterated
phosphate buffer (100 mM phosphate, pH 7.2). In the
titration experiments, a stock solution with 0.5 mM receptor
concentration was prepared. The ligand to be titrated was
dissolved in a portion of the stock solution to give a solution
with 0.5 mM receptor and 100 mM ligand. These two
solutions were mixed in different proportions to give a series
of solutions with 0.5 mM receptor and ligand concentrations
up to 80 mM. 1H NMR experiments were performed on the
solutions and the chemical shifts of receptor signals were
fitted to a 1:1 binding isotherm using non-linear
regression.31 Acidic and basic ligands were used as sodium
salts and hydrochloride salts, respectively.
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Abstract—Aldehydes react readily with ethyl diazoacetate in the presence of 5 mol% of NbCl5 in dichloromethane to produce the
corresponding b-keto esters in good yields with high selectivity. This method is very useful for the preparation of b-keto esters from both
electron-rich as well as electron-deficient aromatic aldehydes under mild reaction conditions.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

b-Keto esters are multicoupling reagents having an electro-
philic carbonyl group and nucleophilic carbon which make
them valuable intermediates for the synthesis of various
biologically active compounds such as 3,4-dihydropyrimi-
dinones, 4-alkyl or arylcoumarins, 1,4-dihydropyridines and
many others.1 They are versatile building blocks in the total
synthesis of a variety of natural products such as
thiolactomycin, trichodiene, polyoxamic acid, chokol,
prostaglandin PGF2a, psuedotsugonoxide, syncarpic acid,
diplodialide, and podophyllotoxin.2,3 Consequently,
numerous methods have been developed for the preparation
of b-keto esters.1 Among them, one of the simple and most
straight forward approaches for the synthesis of b-keto
esters involves the acid catalyzed C–H insertion of ethyl
diazoacetate into aldehydes.4 These C–H insertion reactions
are chemoselective, which allow new carbon–carbon bond
formation under mild conditions. Acid catalysts such as
boron trifluoride etherate, tin(II) chloride, titanium(IV)
chloride, triethyl oxonium tetrafluoroborate, and zinc(II)
chloride have been reported for this conversion.5,6 However,
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.027
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many of these methods involve the use of strongly acidic
reagents and harsh reaction conditions and the yields
reported are far from satisfactory especially with aromatic
aldehydes. Therefore, the development of mild and
effiecient alternatives such as niobium(V) chloride would
extend the scope and generality of the C–H insertion process
of a-diazo esters. Recently, niobium chloride has emerged
as an efficient Lewis acid catalyst in promoting various
organic transformations such as Diels–Alder reaction, ring-
opening of epoxides, Mukaiyama aldol reaction and
allylation of aldehydes, imines and N-acyliminium ions.7

In particular, niobium(V) chloride has advantages of low
catalyst loading, moisture stability and ease of handling.8

In this article, we wish to describe a mild and efficient
protocol for the preparation of b-keto esters through C–H
insertion of ethyl diazoacetate with a range of aldehydes
using niobium(V) chloride as catalyst (Scheme 1).

Accordingly, treatment of benzaldehyde with ethyl diazo-
acetate in the presence of 5 mol% NbCl5 in dichloro-
methane afforded ethyl 3-oxo-3-phenylpropanoate 3a in
Tetrahedron 61 (2005) 875–878
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85% yield. This remarkable catalytic activity of niobium(V)
chloride provided the incentive for further study of reactions
with other aromatic aldehydes. Interestingly, various
aromatic aldehydes such as chloro-, nitro-, methoxy-,
methyl-, cyano-, bromo-, trimethoxy-, naphthyl-derivatives
reacted smoothly with ethyl diazoacetate under similar
conditions to give the corresponding b-keto esters as the
products of C–H insertion (entries b–j, Table 1). Aliphatic
Table 1. NbCl5-catalyzed synthesis of b-keto esters from ethyl diazo acetate and

Entry Aldehyde Product
1 2

a

b

c

d

e

f

g

h

i

j

k

l

m

n

o

p

a All the products were characterized by 1H NMR, IR spectroscopy and mass spe
b Yield refers to the isolated pure producs after column chromatography.
aldehydes such as n-heptanal, cyclohexyl carboxaldehyde,
and 3-phenyl propanal afforded the respective b-keto esters
in high yields (entries l, m, and n, Table 1). This method
also works well with acid sensitive substrates such as
furfural (entry k, Table 1), which is known to polymerize
under most of the reported conditions. In all cases, the
reactions proceeded efficiently at room temperature. Both
aromatic and aliphatic aldehydes underwent condensation to
aldehydes

a Time (h) Yield (%)b

3.0 85

4.0 82

4.5 78

3.5 76

3.0 83

3.5 90

4.5 86

4.0 79

4.5 75

5.0 82

3.0 84

3.5 87

3.5 85

4.0 92

4.5 89

3.5 80

ctroscopy.
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yield the b-keto esters in good yields. The reaction probably
proceeds through the activation of the aldehyde by
complexation with niobium(V) followed by nucleophilic
addition of EDA on the C]O group and subsequent 1,2-
hydride shift with loss of N2 resulting in the formation of
b-keto ester 3 (Scheme 2).

The method is clean and the products are obtained in high
yields with high selectivity. No side products such as
glycidic esters were observed under the reaction conditions.
Other side products like diethyl maleate and/or fumarate
arising from carbene dimerization were not detected under
these conditions. To determine the efficiency of this
procedure, we have also performed the reactions with
various other Lewis acids such as InCl3, CeCl3$7H2O,
TaCl5 and GdCl3. Among these catalysts, NbCl5 was found
to be the most effective catalyst for this conversion. In the
absence of catalyst, no condensation was observed between
aldehyde and ethyl diazoacetate. As solvent, dichloro-
methane appears to give the best results. Ketones such as
acetophenone, cyclohexanone, and tetralone failed to
undergo condensation with EDA. This is due to the lower
reactivity of ketones in comparison with aldehydes. Other
diazoesters such as diethyl diazomalonate and ethyl
diazoacetoacetate did not yield any condensation product
under the reaction conditions. The scope of this method is
illustrated with respect to various aldehydes and ethyl
diazoacetate and the results are presented in Table 1.

In summary, we describe a mild, convenient and efficient
protocol for the preparation of b-keto esters via the C–H
insertion of ethyl diazoacetate into aldehydes using NbCl5
as novel catalyst. This method provides improved yields of
b-keto esters including the less reactive aromatic substrates.
2. Experimental

Melting points were recorded on Buchi R-535 apparatus and
are uncorrected. IR spectra were recorded on a Perkin–
Elmer FT-IR 240-c spectrophotometer using KBr optics. 1H
NMR spectra were recorded on Gemini-200 spectrometer in
CDCl3 using TMS as internal standard. Mass spectra were
recorded on a Finning MAT 1020 mass spectrometer
operating at 70 eV.

2.1. General procedure

A mixture of aldehyde (1 mmol), ethyl diazoacetate
(1.2 mmol) and NbCl5 (5 mol%) in dichloromethane
(10 mL) was stirred at 27 8C for the appropriate time
(Table 1). After completion of the reaction, as indicated by
TLC, the reaction mixture was extracted with dichlo-
methane (3!10 mL). The combined organic extracts were
dried over anhydrous Na2SO4, concentrated in vacuum and
purified by column chromatography on silica gel (Merck,
100–200 mesh ethyl acetate–hexane, 1:9) to afford pure
b-keto esters.

2.1.1. Ethyl 3-oxo-3-(2-pyridyl) propanoate (3o). Pale
yellow liquid, IR (neat): n 3636, 3058, 2985, 2939, 1741,
1703, 1644, 1582, 1327, 1197, 1032, 791, 746, 648 cmK1.
1H NMR (200 MHz, CDCl3): d 8.64 (d, JZ3.7 Hz, 1H),
8.04 (d, JZ8.1 Hz, 1H), 7.84 (t, JZ8.1 Hz, 1H), 7.47 (t, JZ
5.2 Hz, 1H), 4.16 (q, JZ7.4, 14.1 Hz, 2H), 4.12 (s, 2H),
1.24 (t, JZ7.4 Hz, 3H). EIMS: m/z (%): 193 (MC, 10), 148
(30), 121 (80), 106 (50), 78 (100), 51 (40). Anal. Calcd for
C10H11NO3 (193.201): C, 62.17; H, 5.74; N, 7.25. Found: C,
62.10; H, 5.69; N, 7.31%.

2.1.2. Ethyl 3-(4-flourophenyl)-3-oxopropanoate (3p).
Brown oil, IR (neat) n 3548, 3076, 2985, 1740, 1688,
1600, 1509, 1206, 1032, 845, 768, 569 cmK1. 1H NMR
(200 MHz, CDCl3): d 7.98–7.95 (m, 2H), 7.16–7.11 (m,
2H), 4.18 (q, JZ7.4, 14.1 Hz, 2H), 3.89 (s, 2H), 1.26 (t, JZ
7.4 Hz, 3H). EIMS: m/z (%): 210 (MC, 10), 166 (5), 124
(100), 96 (20). Anal. Calcd for C11H11FO3 (210.203): C,
62.85; H, 5.27; F, 9.04. Found: C, 62.79; H, 5.32; F, 9.12%.
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Abstract—Aldehydes undergo smooth nucleophilic addition with allyltributylstannane in the presence of CeCl3$7H2O in acetonitrile under
extremely mild reaction conditions to afford the corresponding homoallylic alcohols in excellent yields with high chemoselectivity. This
method is very useful especially for the allylation of aldehydes bearing acid sensitive functionalities such as TBDMS, THP ethers,
acetonides, aryl alkyl ethers and carbamates.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Lewis acid catalyzed carbon–carbon bond forming reactions
are of great importance in organic synthesis because of their
high selectivity and mild reaction conditions.1 In particular,
the stereo selective addition of ally metal reagents to
aldehydes is one of the most important carbon–carbon bond
forming reactions in organic synthesis.2 Consequently,
several methods have been reported for the allylation of
aldehydes with allyl metals to produce homoallylic
alcohols.3 One of the most straightforward synthetic
procedures involves the nucleophilic addition of allyltin
reagents to aldehydes in the presence of Lewis acids.4–6

However, many of these reagents are expensive, moisture
sensitive and difficult to handle, especially on a large scale.

Furthermore, most of these methods involve the use of
strongly acidic conditions, which limit their use in the
allylation of complex molecules containing acid labile
functionalities. Therefore, the development of an efficient
and versatile reagent for the allylation of aldehydes is an
active ongoing research area and thus there is scope for
further improvements towards milder reaction conditions
and better yields. Lanthanide salts are unique Lewis acids
that are currently of great research interest. Among these
catalysts, cerium halides are relatively non-toxic, readily
available at low cost and are fairly stable to water. Recently,
CeCl3$7H2O has emerged as an efficient Lewis acid in
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.029
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promoting various organic transformations with high
performance.7

Cerium(III) is highly oxophilic, and forms strong but labile
bonds with oxygen donar ligands. This feature has often
allowed the use of cerium(III) chloride as a potential Lewis
acid catalyst.8
2. Results and discussion

In this article, we describe an efficient and high yielding
protocol for the allylation of aldehydes with allyltributyl-
stannane using CeCl3$7H2O as a novel promoter.
Accordingly, treatment of benzaldehyde 1 with allyl-
tributylstannane 2 in the presence of an equimolar amount
of cerium(III) chloride afforded 1-phenyl-3-buten-1-ol 3a in
92% yield (Scheme 1).

The reaction proceeded smoothly at room temperature
under extremely mild conditions. Encouraged by the results
obtained with benzaldehyde, we turned our attention to
various substituted aldehydes. Interestingly, a wide range of
substrates including aromatic, aliphatic, heterocyclic and
a,b-unsaturated aldehydes reacted efficiently with allyltin
under similar reaction conditions to give the corresponding
homoallylic alcohols in excellent yields. No bis-allylated
products were obtained with methoxy-substituted aryl
aldehydes, which are normally observed in the allylation
of methoxy-benzaldehydes with allyltrimethylsilane.3c Acid
sensitive aldehydes such as furfural, and 2-phenyl
acetaldehyde (entries i and j Table 1) were also efficiently
converted into their corresponding homoallylic alcohols in
Tetrahedron 61 (2005) 879–882



Scheme 1.
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high yields by using this procedure. In the case of a,b-
unsaturated aldehyde (entry o Table 1), no 1,4-addition
product was obtained. However, 2-phenylpropanal gave a
mixture of syn and anti (3:1 ratio) products (entry m,
Table 1).6c Ketones such as acetophenone, tetralone and
cyclohexanone did not react with allyltributylstannane
under similar reaction conditions even after a long reaction
time and thus this provides a chemo selective allylation of
aldehydes without affecting keto functionality. The chemo
selectivity of the present method was further studied by
using the keto aldehydes (entry g, Table 1). It should be
noted that chiral aldehydes gave homoallylic alcohols with
complete retention of the original configuration (entries k
and l, Table 1). The major advantage of this method is in the
selective allylation of aldehydes in the presence of highly
acid sensitive acetonide, Boc, TBDMS and THP ethers
(entries b, k, l and p, Table 1), which do not survive under
strongly acidic conditions.4–6 There are many advantages in
the use of cerium(III) chloride for this conversion, which
require neither strongly acidic nor harsh conditions. In
addition, this method does not require the use of expensive
reagents or anhydrous solvents and no precautions need to
be taken to exclude moisture from the reaction medium.
Furthermore, this method is also useful for the allylation of
sugar (syn/anti products in approximately 1:1 ratio) and
Garner’s aldehyde without affecting acetonide (entries k
and l Table 1). Thus, the present method is mild to tolerate a
wide range of functionalilities. Finally, we have examined
the possibility of CeCl3$7H2O functioning catalytically or
at least, in less than stoichiometric amounts. However,
best results were obtained with an equimolar ratio of
CeCl3$7H2O. Among various Lewis acids such as CeCl3$
7H2O, InCl3, YbCl3, SmCl3 and YCl3 studied for this
transformation, cerium(III) chloride was found to be more
effective in terms of conversion and selectivity. Reactions
were also carried out using 10 mol% of Ce(OTf)3 and the
results are summarized in Table 1. The scope and generality
of this process is illustrated with respect to various
substituted aldehydes and allyltributylstannane.
3. Conclusion

In conclusion, we describe a simple, convenient and
efficient protocol for the preparation of homoallylic alcohols
from aldehydes and allyltributylstannane using a cheap and
readily available reagent (CeCl3$7H2O) that operates under
mild conditions thereby leaving acid- and base-labile
protecting groups intact. The notable features of this
procedure are high functional group compatibility, cleaner
reaction profiles, simple operation, and high conversions,
which make it a useful and attractive strategy for the
synthesis of homoallylic alcohols.
4. Experimental
4.1. General

Melting points were recorded on Buchi R-535 apparatus and
are uncorrected. IR spectra were recorded on a Perkin–
Elmer FT-IR 240-c spectrophotometer using KBr optics. 1H
and 13C NMR spectra were recorded on Gemini-200
spectrometer in CDCl3 using TMS as internal standard.
Mass spectra were recorded on a Finnigan MAT 1020 mass
spectrometer operating at 70 eV. All commercially avail-
able reagent grade chemicals were purchased from Aldrich
Chemical Company and used as received without further
purification unless otherwise stated. All the solvents were
distilled, dried and stored under nitrogen prior to use. The
optical rotations were measured on a Jasco Dip 360 Digital
polarimeter.
4.1.1. Experimental section. The compounds 1-phenyl-3-
buten-1-ol (3a),2c,3c 1-(4-chlorophenyl)-3-buten-1-ol (3c),3d

1-(3-methoxyphenyl)-but-3-en-1-ol (3e),3c 1-(4-nitro-
phenyl)-3-buten-1-ol (3f),3d 1-phenyl-1-oxo-4-penten-2-ol
(3g),3e 1-cyclohexyl-3-bute-ne-1-ol (3h),3d 1-(2-furyl)-3-
buten-1-ol (3i),3a 1-(phenyl)-pent-4-en-2-ol (3j),3c 1-decen-
4-ol (3n),3d (5E)-1,5-trideca-dien-4-ol (3o),3f 1-phenyl-5-
hexen-3-ol (3q),3d and 1-(2-naphthyl)-but-3-ene-1-ol (3r),3c

all these compounds are known, and their spectroscopic data
identical to that reported in the literature.
4.2. General procedure for the synthesis 2,3-dihydro-1,5-
benzodiazepines

A mixture of aldehyde (2 mmol), allyltributylstannane
(2 mmol) and CeCl3$7H2O (2 mmol) or Ce(OTf)3$nH2O
(10 mol%) in acetonitrile (10 mL) was stirred at 27 8C for
the appropriate time (Table 1). After completion of the
reaction, as indicated by TLC, the reaction mixture was
diluted with water (20 mL) and extracted with ethyl acetate
(2!10 mL). The combined organic layers were washed
with brine, dried over anhydrous Na2SO4 and concentrated
in vacuo, and the resulting product was purified by column
chromatography on silica gel (Merck, 100–200 mesh, ethyl
acetate–hexane, 2:8) to afford pure homoallyl alcohol.
4.2.1. 1-(4-t-Butylsilyloxy-3-methoxyphenyl)-3-buten-1-
ol (3b). Colorless oil, (536 mg, 87%). IR (KBr): nmax:
3417 (br s), 2933, 2858, 1641, 1589, 1513, 1467,1432, 1354,
1280, 1219, 1156, 1038, 912, 840, 771 cmK1. 1H NMR
(200 MHz, CDCl3): d 0.12 (s, 6H), 0.98 (s, 9H), 1.80 (br s,
1H, OH), 2.42–2.50 (m, 2H), 3.82 (s, 3H), 4.60 (t, JZ
6.5 Hz, 1H), 5.06–5.18 (m, 2H), 5.72–5.85 (m, 1H), 6.73 (s,
2H), 6.85 (s, 1H). 13C NMR (75 MHz, CDCl3, proton
decoupled): d K4.6, 18.4, 25.7, 43.7, 55.5, 73.3, 107.9,
109.9, 118.2, 120.6, 134.6, 137.5, 144.5, 150.9. EIMS: m/z:



Table 1. Cerium(III)-promoted synthesis of homoallyl alcohols from aldehydes

Entry Aldehyde Homoallyl alcohol CeCl3$7H2O Ce(OTf)3$nH2O

Time (h) Yield (%)a Time (h) Yield (%)a

a 3.0 92 3.5 87

b 3.5 87 4.5 80

c 3.0 95 4.0 85

d 5.0 91 6.5 82

e 4.0 90 5.0 86

f 3.0 92 3.5 87

g 4.5 88 5.0 85

h 3.5 85 5.0 81

i 3.0 91 4.5 83

j 3.5 89 4.0 86

k 4.0 85b 5.0 80b

l 5.0 81 6.0 75

m 3.5 90c 4.5 85c

n 3.5 91 4.0 87

o 2.5 93 3.0 90

p 3.0 87 3.5 82

q 3.5 89 4.0 87

r 3.0 94 4.5 92

All the products were characterized by 1H NMR, IR and mass spectra.
a Isolated and unoptimized yields.
b The product was obtained as a mixture of syn and anti in a 1:1 ratio.
c 3:1 ratio of syn and anti products.
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308 (MC) 291, 267, 251, 195, 167, 136, 73. HRMS Calcd
for C17H28SiO3: 308.1807. Found: 308.1836.

4.2.2. 1-(Benzyloxycarbonyl-3-amino-4-fluorophenyl)-3-
buten-1-ol (3d). Pale yellow oil, (547 mg, 91%). IR (KBr):
nmax: 3500 (br s), 3000, 1650, 910 cmK1. 1H NMR
(200 MHz, CDCl3): d 2.00 (br s, OH, 1H), 2.40 (t, JZ
6.9 Hz, 2H), 4.70 (t, JZ6.9 Hz, 1H), 5.0–5.05 (dd, JZ10.2,
17.3 Hz, 2H), 5.10 (s, 2H), 5.70–5.93 (m, 1H), 6.90 (br s,
NH, 1H), 7.0 (d, JZ7.9 Hz, 2H), 7.20 (s, 5H), 8.12 (d, JZ
7.20 Hz, 1H). HRMS Calcd for C18H18NO3F: 315.1270.
Found: 315.1214.

4.2.3. erythro-1,2-O-Isopropylidene hex-5-ene-1,2,3-triol
(3k). Viscous oil,4e (131 mg, 38%); [a]D

20ZC15.6 (c, 1.0,
CHCl3), {lit.4e [a]D

27ZC16.0 (c, 1.0, CHCl3)}. IR (KBr):
nmax: 3468 (OH), 3078, 2888, 1656, 1352, 1201, 913 cmK1.
1H NMR (300 MHz, CDCl3): d 1.33 (s, 3H), 1.40 (s, 3H),
1.80 (br s, 1H, OH), 2.12–2.22 (m, 1H), 2.25–2.38 (m, 1H),
3.70 (t, 1H), 3.85–4.0 (m, 3H), 5.13 (d, JZ10.32 Hz, 1H),
5.15 (d, JZ16.4 Hz, 1H), 5.90–5.75 (m, 1H). 13C NMR
(75 MHz, CDCl3, proton decoupled): d 25.2, 26.5, 37.6,
65.2, 70.5, 78.1, 109.0, 118.1, 134.0. EIMS: m/z: 157 (MC

1), 143, 101, 83, 69, 59, 43.

4.2.4. threo-1,2-O-Isopropylidene hex-5-ene-1,2,3-triol
(3k 0). Oil liquid,4e (124 mg, 36%); [a]D

27ZC14.2 (c, 1.0,
CHCl3) {lit.4e [a]D

27ZC10.2 (c, 1.0, CHCl3)}. IR (KBr):
nmax: 3482, 3129, 2988, 2883, 1695, 1379, 1218, 1070,
771 cmK1. 1H NMR (300 MHz, CDCl3): d 1.35 (s, 3H,),
1.42 (s, 3H), 2.18–2.26 (m, 1H), 2.40–2.60 (m, 1H), 3.38 (br
s, 1H, OH), 3.58.3.80 (m, 2H), 3.98–4.20 (m, 2H), 5.04–
5.13 (m, 2H), 5.80–6.02 (m, 1H). 13C NMR (75 MHz,
CDCl3, proton decoupled): d 24.9, 26.2, 37.8, 67.6, 71.5,
80.7, 109.0, 117.2, 134.5. EIMS: m/z: 157 (MC1K15), 143,
113, 101, 59.

4.2.5. tert-Butyl 4-(1-hydroxy-3-butenyl)-2,2-dimethyl-
1,3-oxazolane-3-carboxylate (3l). Viscous oil, (438 mg,
81%). IR (KBr): nmax: 3451 (OH), 2979, 1697, 1387, 1254,
1173, 1091, 850, 771 cmK1. 1H NMR (200 MHz, CDCl3): d
1.38 (s, 9H), 1.42 (s, 3H), 1.54 (s, 3H), 2.03–2.21 (m, 2H),
3.62–4.02 (m, 3H), 5.0–5.20 (m, 2H), 5.70–6.05 (m, 1H).
13C NMR (75 MHz, CDCl3, proton decoupled): d 26.5, 26.7,
27.7, 37.9, 64.5, 71.8, 80.6, 94.1, 117.4, 134.5. FAB: m/z:
272 (MC1), 216, 173, 149, 123, 95, 81, 69, 57. HRMS Calcd
for C14H25NO4: 271.1783. Found: 271.1723.

4.2.6. 2-Phenyl-5-hexene-3-ol (3m). Colorless liquid,3d

(316 mg, 90%). IR (KBr): nmax: 3466 (br s), 2925, 2856,
1736, 1640, 1455, 1329, 1159, 1094, 814, 702, 664 cmK1.
1H NMR (400 MHz, CDCl3): d 1.32 (d, JZ7.2 Hz, 3H),
1.57 (br s, OH, 1H), 1.96–2.20 (m, 2H), 2.70–2.80 (m, 1H),
3.62–3.73 (m, 1H), 5.06–5.16 (m, 2H), 5.72–5.85 (m, 1H),
7.16–7.32 (m, 5H). 13C NMR (75 MHz, CDCl3, proton
decoupled): d 16.3, 39.5, 45.4, 75.0, 117.9, 126.4, 127.7,
128.4, 135.0, 144.4. EIMS: m/z: 176 MC, 135, 117, 107,
106, 105, 91, 79, 65, 71, 51, 43, 41.

4.2.7. 7-Tetrahydro-2H-2-pyranyloxy-1-hepten-4-ol
(3p). Colorless oil, (372 mg, 87%). IR (KBr): nmax: 3454
(br s), 2993, 1636, 1218, 1026, 771 cmK1. 1H NMR
(200 MHz, CDCl3): d 1.25–1.35 (m, 2H), 1.40–1.60 (m,
6H), 1.65–1.75 (m, 2H), 1.80 (br s, OH, 1H), 2.12–2.30 (m,
2H), 3.35–3.50 (m, 2H), 3.60–3.70 (m, 1H), 3.71–3.86 (m,
1H), 4.60 (t, JZ6.5 Hz, 1H), 5.15–5.25 (m, 2H), 5.75–5.90
(m, 1H). 13C NMR (75 MHz, CDCl3, proton decoupled): d
19.4, 19.5, 25.3, 25.9, 26.1, 30.5, 33.8, 41.8, 62.1, 62.2,
67.5, 134.9. EIMS: m/z: 215 (MC1 215), 203, 191, 178, 167,
154, 137, 107, 95, 85, 69, 57. HRMS Calcd for C12H22O3:
214.1568. Found: 214.1509.
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Abstract—A crude extract of a marine alga showed activity against the enzyme Myt1 kinase. Bioassay-directed fractionation led to the
isolation of two bioactive glycoglycerolipids. Lipid 1 was identified as sn-1,2-dipalmityl-3-(N-palmityl-6-deoxy-6-amino-a-D-glucosyl)
glycerol and lipid 2 as sn-1-palmityl-2-myristyl-3-(N-stearyl-6-deoxy-6-aminoglucosyl)glycerol. Compounds 1 and 2 had IC50 values of 0.12
and 0.43 mg/mL, respectively, in the Myt1 kinase inhibitory bioassay, and were inactive against Akt and Chk1 kinases.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The enzyme Myt1 kinase, which is a Thr-14 and Tyr-15
specific cdc2 kinase, has been shown to be an important
regulator of cdc2/cyclin B kinase activity. It has been
reported that the inhibitory phosphorylation of cdc2 is
important for the timing of entry into mitosis, and studies
have shown that premature activation of cdc2 leads to
mitotic catastrophe and cell death.1–3 Inhibition of Myt1
kinase is predicted to cause premature activation of cdc2,
and inhibitors of this enzyme would thus be expected to kill
rapidly proliferating cells and abrogate normal cell cycle
checkpoints. Such inhibitors would thus be attractive for the
treatment of cancer, because they could be used in
conjunction with conventional chemotherapies to overcome
drug resistance and enhance their cytotoxicity by abrogating
cell cycle checkpoints.

As a part of our systematic search for potential anti-cancer
agents from plants and marine organisms,4–6 the methanol
extract of an alga designated UM 2972M was found to show
activity in a bioassay for inhibitors of Myt1 kinase, with an
IC50 of 4 mg/mL. It was thus selected for fractionation for
isolation of its bioactive constituents.

The algae comprise a large group of marine organisms, and
have been subjected to intensive chemical studies. Many
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.013
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bioactive compounds, including the neurotoxic amino acids
kainic acid and domoic acid7 and the hypocholesterolemic
betain lipids8 have been isolated from them, as well as
carotenoids,9 steroids,10 halogenated compounds,11,12 fatty
acids,13–17 phenolic compounds,18,19 and terpenoids.20–22
2. Results and discussion

The methanol extract (UM 2972 M) from an unknown algal
species was subjected to partition between aqueous MeOH
and organic solvents, and the aqueous MeOH fraction was
then stripped of its MeOH and extracted with n-butanol to
give a bioactive n-butanol fraction (IC50Z1 mg/mL).
Column chromatography of the n-butanol fraction on
Sephadex LH 20 with elution with CH2Cl2–MeOH (3:1),
followed by repeated chromatography on RP-18 reversed
phase silica gel with MeOH–H2O (9:1) gave the two
bioactive compounds 1 and 2. Compounds 1 (1.05 mg,
0.025%) and 2 (1.46 mg, 0.033%) had activities of 0.12 and
0.43 mg/mL, respectively, in the Myt1 kinase bioassay.

Compound 1 had a molecular weight of 967, as indicated by
a pseudomolecular ion (MCNa)C at m/zZ990 in its
MALDI TOF mass spectrum, and a composition of
C57H109NO10, as indicated by FAB-HRMS. Three spin–
spin systems were identified from its 1H NMR and COSY
spectra (Table 1). The first spin system indicated the
presence of a 1,2 diacylated glyceryl moiety [dH 4.51 ppm
(1H, dd, JZ11.9, 3.1 Hz, Hsn-1a), 4.18 ppm (1H, dd, JZ
12.1, 7.0 Hz, Hsn1a), 5.30 ppm (1H, m, Hsn-2), 4.11 ppm
Tetrahedron 61 (2005) 883–887



Table 1. Partial NMR data of lipids 1 and 2a,b

Position 1 2

dH and J dC dH and J dC

sn-1 4.51 (dd, JZ12.0, 3.0) 64.3 4.50 (dd, JZ12.0, 3.0) 64.3
4.18 (dd, JZ12.0, 6.9) 4.18 (dd, JZ12.0, 6.9)

sn-2 5.31 (m) 71.7 5.30 (m) 71.7
sn-3 4.10 (dd, JZ10.8, 5.2) 67.1 4.10 (dd, JZ10.7, 5.3) 67.1

3.57 (dd, JZ10.8, 6.4) 3.56 (dd, JZ10.7, 6.3)
G-1 4.76 (d, JZ3.6) 101.0 4.75 (d, JZ3.7) 100.0
G-2 3.40 (dd, JZ3.6, 9.5) 73.5 3.39 (dd, JZ3.6, 9.6) 73.5
G-3 3.63 (dd, JZ9.5, 9.6) 75.0 3.62 (dd, JZ9.6, 9.7) 75.0
G-4 3.08 (dd, JZ9.6, 9.2) 74.9 3.07 (dd, JZ9.7, 9.3) 74.9
G-5 4.07 (ddd, JZ9.2, 9.4, 2.0) 69.9 4.06 (ddd, JZ9.3, 8.4, 2.0) 68.9
G-6 3.34 (dd, JZ14.4, 2.0) 54.2 3.34 (dd, JZ14.3, 2.0) 54.2

2.91 (dd, JZ14.4, 9.4) 2.91 (dd, JZ14.3, 8.4)
CH3– 0.89 (3!CH3–, t, JZ6.8) 14.5 0.89 (3!CH3–, t, JZ7.0) 14.5
(–CH2–)n 1.0–1.5 1.0–1.5
a-CH2– 2.33 (3!–CH2–, m) 35.0, 35.2 2.33 (3!–CH2–, m) 35.0; 35.2
b-CH2– 1.59 (3!–CH2–, m) 26.0 1.60 (3!–CH2–, m) 26.0
–COO– 174.4 174.4
–COO– 175.2 175.2
–COO– 175.2 175.1

a d values are in ppm and J values are in Hz.
b Chemical shifts were assigned by DQ COSY, HMQC, and HMBC spectra.
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(1H, dd, JZ11.8, 5.2 Hz, Hsn-3a), and 3.57 ppm (1H, dd, JZ
11.8, 6.4 Hz, Hsn-3b)]. The cross-peaks in the HMBC
spectrum [dH/dC: 5.31 (Hsn-2)/174.4 (COO); 2.33 (a-CH2)/
174.4 (COO); 4.51 and 4.18 (Hsn-1)/175.2 (COO); 2.33
(a-CH2)/175.2 (COO)] also indicated the presence of acyl
groups on the 1 and 2 positions of a glycerol moiety. The
second group of spin systems contained signals for three
long chain fatty acids [dH 0.89 ppm (9H, t, JZ6.83 Hz, 3!
CH3–), 1–1.5 ppm (multi –CH2–) 1.59 ppm (6H, m, 3!b-
CH2–), 2.33 ppm (6H, m, 3!a-CH2–). The third spin
system indicated the presence of a glycosyl moiety [dH

4.76 ppm (1H, d, JZ3.8 Hz, HG-1), 3.40 ppm (1H, dd, JZ
9.5, 3.8 Hz, HG-2), 3.63 ppm (1H, d, JZ9.5, 9.1 Hz, HG-3),
3.08 ppm (1H, dd, JZ9.1, 9.7 Hz, HG-4), 4.07 ppm (1H, m,
HG-5), and 2.91 (1H, dd, JZ14.3, 9.3 Hz, HG-6a), and
3.34 ppm (1H, d, JZ14.1, 2.1 Hz, HG-6b)]. The HMBC
cross-peak dH 4.76 (HG-1)/dC 67.1 (Csn-3) showed that
glycosylation was on the 3 position of the glycerol moiety,
and that 1 was a glycoglycerolipid. Its 13C NMR spectrum
supported this conclusion. The chemical shifts and the
coupling constants of the G-1 to G-4 protons of the glycosyl
moiety were very close to those of methyl a-D-glucoside,
indicating that these hydroxyl groups were unacylated. The
chemical shifts of HG-6 in the glycosyl moiety suggested
the presence of an aminoacyl group at this position. The
coupling constant of the anomeric proton (JZ3.8 Hz)
indicated the a configuration, and since glucose has the
D-configuration in most cases in nature compound 1 could
be assigned as an a-D-6-desoxy-6-aminoglucoside.

When 1 was hydrolyzed under various conditions (1%
NaOMe in MeOH, with lipase from Mucor javanicus,23,24

or 0.5% HCl) the only ester that could be detected was
methyl palmitate. The polar fraction remaining after acidic
hydrolysis was reduced by reaction with NaBH4 and the
resulting products acetylated and analyzed by GC–MS.
Analysis of the retention times and fragmentation patterns
of the two products indicated them to be glycerol triacetate
and 6-acetylamino-1,2,3,4,5-penta-acetoxyhexane. This
result confirmed that 1 was a glycoglycero lipid. A negative
Cotton effect between lmax 200–250 nm indicated that 1
was an sn-1, sn-2 diacylglycosylglycero-lipid.25 The
difference between the 13C NMR signals for the two
carbonyl carbons of the two glyceryl esters (0.6 ppm)
indicated that 1 was an sn-1, sn-2 diacyl ester; had it been an
sn-1, sn-3 diacyl ester these signals would have been closer
or even overlapped.26,27 Thus, compound 1 was assigned the
structure sn-1,2-di-palmityl-3-(N-palmityl-6 0-desoxy-6 0-
amino-a-D-glucosyl)-glycerol.

Compound 2 also had a molecular weight 967 and a
composition of C57H109NO10, as indicated by its MALDI
TOF mass spectrum and FAB-HRMS. Its 1H NMR and
COSY spectra (Table 1) were very similar to those of 1, and
showed the presence of a diacylglyceryl moiety [dH

4.50 ppm (1H, dd, JZ12.0, 3.0 Hz, Hsn-1a), 4.18 ppm (1H,
dd, JZ12.0, 6.9 Hz, Hsn-1a), 5.30 ppm (1H, m, Hsn-2),
4.10 ppm (1H, dd, JZ10.7, 5.3 Hz, Hsn-3a), and 3.56 ppm
(1H, dd, JZ10.7, 6.3 Hz, Hsn-3b)].

The HMBC cross-peaks [dH/dC: 5.30 (Hsn-2)/174.4 (–COO–);
2.33(a-CH2–)/174.4 (–COOH); 4.50 and 4.18 (Hsn-1)/175.2
(–COO–); 2.33 (a-CH2–)/175.2 (–COO–)] supported this
result. Overlapped signals for three long chain fatty acids
[dH 0.89 ppm (9H, t, JZ6.83 Hz, 3!CH3–), 1–1.5 ppm
(multi –CH2–), 1.59 ppm (6H, m, 3!b-CH2–), 2.33 ppm
(6H, m, 3!a-CH2–) could also be found in its NMR
spectrum. NMR signals for a similar glycosyl moiety to that
of 1 [dH 4.75 ppm (1H, d, JZ3.7 Hz, HG-1), 3.39 ppm (1H,
dd, JZ9.6, 3.7 Hz, HG-2), 3.62 ppm (1H, d, JZ9.6, 9.7 Hz,
HG-3), 3.07 ppm (1H, dd, JZ9.3, 9.7 Hz, HG-4), 4.06 ppm
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(1H, m, HG-5), and 2.91 (1H, dd, JZ14.3, 8.4 Hz, HG-6a),
and 3.34 ppm (1H, d, JZ14.3, 2.0 Hz, HG-6b) were also
observed. All the spectroscopic data for 2 were
consistent with its assignment as an a-D-6-desoxy-6-
amino-glucoside.

Hydrolysis of 2 with 0.5% HCl followed by 1% NaOMe in
methanol and then by treatment with diazomethane yielded
approximately equimolar amounts of methyl myristate,
methyl palmitate and methyl stearate as determined by GC–
MS. The polar fraction remaining after hydrolysis was
reduced with NaBH4 and acetylated, and the resulting
product analyzed by GC–MS. Analysis of the retention
times and fragmentation patterns of the two products
indicated than to be glycerol triacetate and 6-acetylamino-
1,2,3,4,5-penta-acetoxyhexane. These results indicated
that 2 was a glycoglycero lipid with three different acyl
groups, so the locations of these groups needed to be
determined.

When 2 was hydrolyzed with 1% NaOMe in absolute
methanol, only methyl palmitate and methyl myristate were
detected by GC–MS. Since amides are hydrolyzed more
slowly than esters under alkaline conditions, this result
indicated that the stearyl moiety acylated the 6-amino
position of glucose, and that the myristyl and palmityl
groups both acylated the glyceryl moiety. When 2 was
hydrolyzed with lipase from M. javanicus23 and the
products treated with diazomethane, methyl stearate and
methyl palmitate were both isolated. This indicates that
the myristyl group is located at the more hindered sn-2
position. Compound 2 was thus assigned as sn-1-palmityl-2-
myristyl-3-(N-stearyl-6 0-desoxy-6 0-amino-a-D-glucosyl)-
glycerol.

Three 6 0-desoxy-6 0-amino-glucosylglycerolipids have
previously been reported in the literature,28 but the acyl
groups in these compounds were different from ours.
Compounds 1 and 2 are thus new natural products.

As noted earlier, compounds 1 and 2 had IC50 values of
0.12G0.07 and 0.43G0.01 mg/mL, respectively, in the
Myt1 kinase bioassay. The bioactivity of compounds of this
type as inhibitors of Myt1 kinase is new, although
diacylglycerol is well known as an activator of protein
kinase C.29 The inhibition against Myt1 kinase appeared to
be selective as we observed no inhibition of two other
protein kinases, Chk1 and Akt, with concentrations of
compounds 1 and 2 as high as 100 mg/mL.

Although simple acylglycerols are not normally thought of
as ‘druggable’ entities, they can serve as prototypes for
compounds with inproved pharmacological properties.
Thus, conformationally constrained diacylglycerol-bis-
lactones have been investigated as diacylglycerol analogs,30

and the conversion of an O-glycoside to a C-glycoside
boosted the potency of a ceramide O-glycoside by two to
three orders of magnitude.31 In addition, it is worth
noting that a sea alga has yielded a sulfoquinovosyl-
diacylglycerol which acts as a potent inhibitor of
eukaryotic DNA polymerases and HIV reverse transcriptase
type 1.32
3. Experimental

3.1. General experimental procedures

CD and NMR spectra were obtained as previously
described;33 a 9 Hz optimization was employed for the
long-range coupling pathway in HMBC determinations.
MALDI spectra were determined on a Kratos Kompact SEQ
(Kratos Analytical, Manchester, UK) time of flight mass
spectrometer, and FAB mass spectra were obtained on a
JEOL JMS-HX-110 instrument. The conditions for GC–MS
conditions for fatty acid methyl ester: Hewlett Packard
HP5710A Gas Chromatograph with HP-5 column (30 M!
0.32 mM i.d.), oven temperature programmed from 80 to
280 8C at 8 8C/min for 1 and at 4 8C/min for 2, with He
carrier gas at 12 psi. A VG7070E-HF mass spectrometer,
scanned from 50 to 500 amu at 1.5 s/scan, was used for
detection. Sephadex LH-20 (Sigma) was employed for gel
permeation chromatography. Column chromatography was
carried out on LRP-2 (RP-18) and reversed-phase TLC on
MKC18F silica gel 60 A (RP-18) from Whatman.

3.2. Bioassay methods

The crude extract, fractions, and pure compounds were
assayed for inhibitory activity against Myt1 kinase by a
modification of a previously described microtiter-based
fluorescence polarization assay.34 Briefly, 10 mg recombi-
nant glutathione-S-transferase (GST) tagged-Myt1 protein
was incubated in kinase buffer (50 mM Tris–HCl, pH 7.5,
20 mM MgCl2 and 1 mM DTT) containing 2.5 nM
fluorescein-labeled Cdc2-derived peptide (containing
Myt1 phosphorylation target sites Thr-14 and Tyr-15)
(Molecular Devices, Sunnyvale, CA), 100 mM ATP, and
compounds solubilized in dimethyl sulfoxide. The kinase
reaction was incubated for 1 h at room temperature after
which an anti-phospho-Cdc2 antibody (1 mg/mL) (Cell
Signaling Technology, Beverly, MA) was added and
incubated for an additional hour. Fluorescence polarization
measurements were taken in black 96 well microtiter plates
(Costar, Acton, MA) with a Wallac Victor 1420 multilabel
microtiter plate reader (Perkin Elmer, Boston, MA).
Duplicate samples were subjected to 25 flashes and
experiments were performed 2–3 times. Dimethyl sulfoxide
was used as the vehicle control; staurosporine (Sigma, St.
Louis, MO) was used as the positive control and it had an
IC50 value of 1.9 mM in this assay.

The effects of 1 and 2 on Akt and Chk1 activity were also
studied with 384 well microtiter-based IMAP (Molecular
Devices, Sunnyvale, CA) fluorescence polarization assays.
Briefly, compounds 1 or 2 (0.1 to 100 mg/mL) were
incubated for 30–60 min at room temperature in the kinase
buffer (10 mM Tris–HCl, pH 7.2, 10 mM MgCl2, 0.1%
bovine serum albumin, and 0.05% NaN3) with 0.2 U/mL
Akt or 0.4 U/mL Chk1, 100 nM fluorescently labeled Akt
substrate or Chk1 crosstide substrate peptide, 5 mM ATP in
a total volume of 20 mL. IMAP binding solution (15–60 mL)
was added to each well and incubated at room temperature
for 30 min. Data were collected on an Analyst GT
(Molecular Devices) and analyzed using SoftMaxPro soft-
ware. Triplicate experiments were performed 2–3 times.
Staurosporine (Sigma-Aldrich, St. Louis, MO) was used as a
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positive control for Akt (IC50Zw60 nM) and UCN-01
(National Cancer Institute, Bethesda, MD) was the positive
control for Chk1 (IC50Zw2 mM).

3.3. Isolation of bioactive compounds

The crude algal extract UM 2972M35 (4.04 g) was
partitioned between 50% aq MeOH and n-hexane, and the
aq MeOH layer was then partitioned with CH2Cl2. The 50%
aq MeOH fraction was then evaporated in vacuo to remove
MeOH, and the residual H2O fraction was extracted with
BuOH. The BuOH fraction (1.56 g) was active in the Myt1
kinase bioassay (IC50Z1.0 mg/mL) and was subjected to
column chromatography on Sephadex LH 20 (20 g, eluted
with CH2Cl2–MeOH (3:1). A total of 45 fractions (5 mL/
each fraction) was collected and fractions 8–12 (119.0 mg),
which showed the characteristic 1H NMR spectra of a
glycoglycerolipid, were the most active (IC50Z0.4–1.0 mg/
mL). The active fractions 9–10 (IC50Z0.4 mg/mL) were
repeatedly purified by chromatography on an RP-18 column
with MeOH–H2O (9:1) as eluant. Compound 1 (1.05 mg,
0.026% based on crude extract) was isolated from fractions
13–28, and compound 2 (1.35 mg, 0.033% based on crude
extract) from fraction 11. The inhibitory activities of the
isolated compounds were IC50Z0.12 mg/mL for 1 and
IC50Z0.43 mg/mL for 2.

3.3.1. Compound 1. MALDI TOF mass spectrum: m/z 990
(MCNa)C. HRFABMS m/z 968.8059 [MCH]C; (calcd for
C57H110NO10 968.8130). [a]D

23ZC41.8 (c 0.12, MeOH).
1H NMR and 13C NMR spectra: see Table 1.

3.3.2. Alkaline hydrolysis of 1. Compound 1 (0.1 mg) in
MeOH (0.2 mL) was treated with 1% NaOMe–MeOH
solution (0.8 mL) and the solution was stirred at room
temperature for 5 h. After partition between n-hexane and
MeOH, the n-hexane extract was subjected on GC–MS.
Methyl palmitate was detected with retention time 15 014 00

and EIMS m/z 270 (M)C, 227, 143, 87, 74, 57, 55. Its
retention time and fragmentation peaks were same as the
data from a standard sample in the data base.

3.3.3. Enzymatic hydrolysis of 1. Compound 1 (0.1 mg)
was mixed with lipase (1 mg) from M. javanicus (Fluka
Chemie AG, CH-9471, Switzerland, EEC No. 2326199) in
dioxane–H2O (1:1, 1 mL) and the reaction mixture was
incubated at 38 8C for 4 h. After removal of the dioxane and
H2O, the residue was dissolved in 2 mL MeOH and
partitioned with n-hexane. The n-hexane extract was treated
with diazomethane and analyzed by GC–MS. Methyl
palmitate was detected as described above.

3.3.4. Complete hydrolysis of 1. Compound 1 (0.12 mg)
was treated with 0.5% HCl at 65 8C overnight. The reaction
mixture was evaporated to dryness in vacuo and the residue
mixed with 1% NaOMe in MeOH and incubated at room
temperature for 6 h. After partitioning with n-hexane, the
n-hexane fraction was evaporated to dryness and treated
with diazomethane and analyzed by GC–MS as described
above. Methyl palmitate was the only ester detected. The
aqueous fraction was evaporated to dryness and treated with
NaBH4 in MeOH at room temperature for 4 h with stirring.
After evaporation of the solvent, the reaction mixture was
acetylated with Ac2O (0.5 mL) and dry pyridine (20 mL)
with stirring overnight. After removal of the reagents with
N2, the reaction mixture was extracted with CH2Cl2. The
CH2Cl2 extract was subjected to GC–MS and glycerol
triacetate (retention time: 7 020 00, EIMS m/z 158 (MK60)C,
145, 116, 115, 183, 74, 73, and 61) and 6-acetylamino-
1,2,3,4,5-penta-acetoxyhexane (retention time: 17 047 00, and
EIMS m/z 433 (M)C, 374, 331, 304, 289, 259, 207, and 87)
were detected.

3.3.5. Compound 2. MALDI TOF mass spectrum: m/zZ
990 (MCNa)C. HRFABMS m/z 968.8076 [MCH]C;
(calcd for C57H110NO10 968.8130). [a]D

23ZC31.1 (c 0.10,
MeOH). 1H NMR and 13C NMR spectrum data: see Table 1.

3.3.6. Alkaline hydrolysis of 2. Compound 2 (0.11 mg) in
MeOH (0.2 mL) was treated with 1% NaOMe in MeOH
(1.0 mL) and the solution was stirred at room temperature
for 4 h. After extraction with n-hexane, the n-hexane extract
was analyzed by GC–MS. Methyl myristate was detected
with retention time 17 046 00 and EIMS m/z 242 (MC), 199,
143, 87, 74, and 57 and methyl palmitate with retention time
22 0058 00 and EIMS m/z 270 (MC), 227, 185, 143, 87, 74, and
57. Their retention times and fragmentation patterns were
the same as those of standard samples in the database.

3.3.7. Enzymatic hydrolysis of 2. Compound 2 (0.12 mg)
was hydrolyzed with lipase from M. javanicus and the
n-hexane extract treated with diazomethane and analyzed by
GC–MS as previously described. Two peaks were detected.
One of them was identified as methyl palmitate by its
retention time (22 053 00) and EIMS (m/z 270 (MC), 239, 227,
185, 171, 143, 129, 115, 99, 87, 74, 57). The second was
identified as methyl stearate by its retention time (27 042 00)
and EIMS (m/z 298 (MC), 267, 255, 213, 199, 185, 157,
143, 129, 97, 87, 74, and 57). The retention times and
fragmentation patterns of these compounds were the same
as those of standard samples in the database.

The MeOH fraction after partition was evaporated to
dryness in vacuo. The residue was treated with 1%
NaOMe in MeOH at room temperature for 4 h. After
extraction with n-hexane, the n-hexane fraction was
concentrated, treated with diazomethane, and analyzed by
GC–MS. The major peak was identified as methyl myristate
by its retention time of 17 037 00 and EIMS m/z 242 (MC),
199, 143, 87, 74, 57, and 55.

3.3.8. Complete hydrolysis of 2. Compound 2 (0.10 mg)
was treated with 0.5% HCl solution (1 mL) at 65 8C
overnight, the reaction mixture evaporated to dryness, and
the residue incubated with 1% NaOMe in MeOH (1 mL) at
room temperature for 6 h. After partition with n-hexane, the
n-hexane fraction was evaporated to dryness and treated
with diazomethane and analyzed by GC–MS. The first peak
was identified as methyl myristate by its retention time of
17 020 00 and EIMS m/z 242 (MC), 199, 143, 87, 74, 57, and
55. The second peak was identified as methyl palmitate by
its retention time of 22 0055 00 and EIMS m/z 270 (MC), 239,
227, 185, 143, 87, 74, 57. The third peak was detected as
methyl stearate by its retention time of 27 046 00 and EIMS m/z
298 (MC), 267, 255, 213, 199, 143, 87, 74, 57. The aqueous
fraction was evaporated to a small volume and reduced with
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NaBH4 at room temperature for 4 h with stirring. After
evaporation of the solvent and drying under vacuum
overnight, the reaction mixture was acetylated with Ac2O
(0.5 mL) and dry pyridine (20 mL) with stirring overnight.
After removal of the reagents with N2, the reaction mixture
was extracted with CH2Cl2. The CH2Cl2 extract was
subjected to GC–MS and showed two intense peaks,
which were identified as glycerol triacetate and 6-acetyla-
mino-1,2,3,4,5-penta-acetoxyhexane as previously
described.
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Abstract—The local electrophilicity of a series of 28 carbenium ions has been ranked within a theoretical absolute scale. New substituent
constants are introduced to account for the responses of the electrophilicity pattern induced by multiple substitutions at the carbocation site.
The model is used to predict rate coefficients ordering in terms of the experimental hierarchy of electrophilicity established for these systems
[Minegishi, S.; Mayr, H. J. Am. Chem. Soc. 2003, 125, 286].
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

After the introduction of the concepts of electrophilicity and
nucleophilicity by Ingold1 in the 1930s, there has been a
growing interest in classifying atoms and molecules within
empirical scales of electrophilicity/nucleophilicity. The
main idea behind this objective has been the search of
absolute scales that could be independent on the reactivity
of the nucleophile/electrophile partners. This objective is
ambitious if one considers that a universal scale should
accommodate a wide diversity of chemical species present-
ing quite different structural and bonding properties. For
instance, one of the first attempts to classify electron donors
within a single nucleophilicity scale was reported by Swain
and Scott,2 who defined a nucleophilicity number as an
intrinsic property of nucleophiles, using rate coefficients for
a series of SN2 reactions. Other attempts to quantitatively
rank the nucleophilic power of molecules were proposed by
Edwards, using a four parameter scheme,3 and by Edwards
and Pearson4 using the hard and soft acids and bases
(HSAB) empirical rule.

Recently, Mayr et al. in a series of articles persuasively
argued in favour of nucleophilicity and electrophilicity
parameters that are independent of the reaction partner.5–10

They proposed that the rate coefficients for the reactions of
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.014
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carbocations with uncharged nucleophiles obey the linear
free energy relationship:

log kZ sðECNÞ (1)

where E and N are the electrophilicity and nucleophilicity
parameters, respectively, and s is the nucleophilic-specific
slope parameter. This sensitivity parameter is usually close
to unity, so that it may be neglected for the purpose of
qualitative comparisons. These authors have clearly empha-
sized and illustrated the usefulness of the nucleophilicity/
electrophilicity scales to quantitatively discuss reactivity as
well as inter molecular selectivity.5–10

From a theoretical point of view, the electrophilicity
concept has attracted the attention of several authors.11–15

Most of the proposed definitions of electrophilicity are
framed on reactivity indexes. By construction, the theoreti-
cal scales of electrophilicity, based on descriptors of the
electronic structure defined at the ground state of molecules
(i.e., static reactivity indexes) are absolute scales, in the
sense that they are independent on the nucleophile partners.
On the other hand, a quantitative definition of nucleo-
philicity in terms of electronic reactivity indexes turned out
to be a more difficult task, and few attempts to quantitatively
define nucleophilicity within this framework have been
reported to date. The Fukui function based philicity index
introduced by Chattaraj et al.16 and the nucleophilicity
index defined from vertical ionization potentials17 are
among the few efforts devoted to this subject.
Tetrahedron 61 (2005) 889–895
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Validated theoretical scales of electrophilicity/nucleo-
philicity are highly desirable, as they can further provide
valuable information about the intramolecular selectivity. In
this article, we present a quantitative classification of the
electrophilicity pattern for a series of 28 carbenium ions,
using the global electrophilicity index introduced by Parr et
al.,12 and a local extension condensed to atom or functional
groups.18 The local contribution incorporates the electro-
philic Fukui function to regionally project the global
electrophilicity of these charged electron acceptors. From
the knowledge of the electrophilicity index at the carbo-
cation site, accurate rate coefficients may be predicted.
2. The model

The concept of electrophilicity viewed as a reactivity index
was introduced rather recently by Parr et al.12 It is based on
a second order expansion of the electronic energy with
respect to the charge transfer DN at fixed geometry. Since
electrophiles are species that stabilize upon receiving an
additional amount of electronic charge from the environ-
ment, there exist a minimum of energy for a particular DN*

value. Using this simple idea, Parr et al. performed a
variational calculation that led to the definition of the global
electrophilicity index as uZKDE(DN*), which may be
recast into the more familiar form:12

uZ
m2

2h
; (2)

in terms of the electronic chemical potential m and the
chemical hardness h. The u index establishes an absolute
scale of electrophilicity in the sense that the hierarchy of
electrophilicity is built up from the electronic structure of
molecules, independent of the nucleophilic partner, which is
replaced by an unspecified environment viewed as sea of
electrons.12

Beside the global electrophilicity index, it is possible to
define its local (or regional) counterpart condensed
to atoms. The local electrophilicity index uk condensed to
atom k is easily obtained by projecting the global quantity
onto any atomic center k in the molecule by using the
electrophilic Fukui function (i.e., the Fukui function for
nucleophilic attack, fk

C). There results:18

uk Z fCk u (3)

The regional or condensed to atom electrophilicity index
has been shown to correctly assess the regioselectivity in a
number of cases.18–20 In summary, while the global
electrophilicity index categorizes within a unique scale the
electron acceptor ability of molecules, its local or regional
counterpart plays a key role in the elucidation of the
intramolecular selectivity of the same systems. Note that
site electrophilic activation may also be assessed as the
variation in local electrophilicity induced for instance by
chemical substitution or any source of external perturbation
to the molecular system.
3. Computational details

All the structures included in this study were optimized at
the B3LYP/6-31G(d) level of theory using the Gaussian98
package of programs.21 The values of the electronic
chemical potential and the chemical hardness were obtained
from the expressions mzð3HC3LÞ=2 and hz3LK3H, in
terms of the one electron energies of the HOMO and LUMO
frontier molecular orbitals, 3H and 3L, respectively.22 With
these quantities at hand, the global electrophilicity was
obtained using Eq. (2). The local electrophilicity values
were obtained from the global electrophilicity index and the
electrophilic Fukui function using Eq. (3). The electrophilic
Fukui function was evaluated from a single point calculation
in terms of the molecular orbital coefficients and the overlap
matrix using a procedure described elsewhere.23,24
4. Results and discussion

The systems considered in the present study are depicted in
Chart 1. Included in these series are the tritylium,
benzhydrylium, and benzylium ions. In order to set up the
appropriate scenario to discuss the electrophilicity pattern of
these systems, let us mention that, for instance, the neutral
electrophilic species participating in Diels–Alder reactions
(i.e., the dienophiles) present local electrophilicity numbers
in the range 1.14 eV (acrolein–BH3 complex) to 0.10 eV
(dimethylvinylamine) within the theoretical scale.18 As
expected, the electron deficient carbenium ions display an
even higher local electrophilicity range comprised between
[2.0–6.0] eV (see fourth column of Table 1 and Chart 2).

Figure 1 summarizes the comparison between the local
electrophilicity index evaluated at the carbocation site, uC,
and the logarithm of the rate coefficient for the hydrolysis
for the whole series of 28 carbenium ions depicted in
Chart 1. The resulting regression equation is:

Log kw Z 4:714 uC K13:827: (4)

The linear relationship between both variables is quali-
tatively acceptable (regression coefficient Rz0.94) if one
considers that this series of carbenium ions comprises a
large variety of different structures, thereby suggesting that
the regional electrophilicity patterns at a carbocation site,
imbedded in different chemical environments may be used
to correctly assess the effect of chemical substitution on the
electrophilic potential of molecules, and therefore it can be
further considered as a reliable descriptor of reactivity. The
deviations of compounds 21, 22, 23 that show the highest
values of electrophilicity at the carbocation site may be at
least partially due to the fact that the rate constants of these
compounds with water are close to the diffusion control
limit. For this reason the increase of uC cannot be reflected
in these rate constants.25

Despite the deviations observed, we may still validate the
linear relationship given in Eq. (4) by using it to predict the
rate coefficient for the neutral hydrolysis of other carbenium
ions not included in the present data base. An immediate
application of Eq. (4) is the evaluation of the rate coefficient
for the p-CH3 tritylium ion not included in the regression



Chart 1. Carbenium ions considered in the present study and substituent constants for multiple substitutions.

Table 1. Global electrophilicity (u), electrophilic Fukui function at the carbocation site (fC
C), local electrophilicity at the carbocation site (uC) and log of the

rate coefficients for hydrolysis of carbenium ions, kw
a,b

Carbenium ions u [eV] fC
C uC [eV] Log kw [sK1]

1 11.1 0.3363 3.72 5.18
2 10.7 0.3207 3.44 3.00
3 10.2 0.3105 3.17 1.98
4 10.1 0.3015 3.07 K2.02
5 9.7 0.2956 2.88 K2.34
6 9.4 0.3044 2.86 1.17
7 9.3 0.2853 2.64 K3.68
8 9.1 0.2924 2.67 K2.64
9 7.9 0.2781 2.19 K4.71
10 13.0 0.3550 4.61 8.48
11 12.6 0.3456 4.36 8.08
12 12.3 0.3376 4.15 7.51
13 12.1 0.3311 3.99 6.32
14 11.8 0.3252 3.84 5.96
15 11.5 0.3161 3.62 5.11
16 10.6 0.2903 3.07 0.58b

17 10.1 0.2790 2.81 K0.48b

18 9.9 0.2845 2.80 K1.59b

19 9.4 0.2845 2.63 K2.25b

20 9.4 0.2799 2.63 K2.66b

21 13.7 0.4376 6.00 11.00
22 12.8 0.4358 5.57 10.23
23 12.5 0.4172 5.22 9.60
24 12.2 0.3925 4.78 8.30
25 11.6 0.3948 4.57 7.70
26 11.2 0.4163 4.64 9.30
27 10.4 0.4054 4.22 7.70
28 9.5 0.3743 3.54 6.85

a Log kw values from Refs. 5, 7 and 26.
b Log kw values from Ref. 9.
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Chart 2. Local electrophilicity scale for carbenium ions.
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Figure 1. Comparison between experimental log kw for the neutral hydrolysis of 28 carbenium ions and the local electrophilicity index at the carbocation site,
uC. R is the regression coefficient; N is the number of points and P is the probability that the observed correlation was randomly obtained.
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analysis shown in Figure 1, for which uCZ3.60 eV.
Application of Eq. (4) to this compound yields a predicted
log kwZ3.14. The experimental electrophilicity parameter
(EZK0.13) for this compound has been recently reported
by Mayr and Minegishi.9 It is upper bounded by the E
parameter for tritylium ion (EZ0.51, log kwZ5.18, com-
pound 1 in Table 1), and lower bounded by (p-OCH3

tritylium ion (EZK1.87, log kwZ3.00, compound 2 in
Table 1). Since the E parameter shows a linear relationship
with log kw,8 the order relationship log kw (p-OCH3

tritylium ion) !log kw (p-CH3 tritylium ion) !log kw

(tritylium ion) is also satisfied. Another pertinent prediction
concerns the rate coefficient for the hydrolysis of the tris-
(o,p-(OCH3)2), tritylium ion experimentally evaluated by
Ritchie26 and not included in the present database. Using its
Figure 2. Comparison between Hammett substituent sp constants for singly su
regression coefficient; N is the number of points and P is the probability that the
local electrophilicity value uCZ2.65 eV, the predicted rate
coefficient obtained from Eq. (4) yields log kwZK1.33
which is again correctly upper and lower bounded by those
of tritylium ion (log kwZ5.18, compound 1 in Table 1) and
(p-N(Me)2, p-OCH3) tritylium ion (log kwZK2.34, com-
pound 5 in Table 1).

The analysis of the effect that the different substituents may
have on the rate coefficients in this case is particularly hard
to perform by using simple inductive effects, as described
for instance by the Hammett substituent constants. Note
that, despite the fact that most of the 28 carbenium ions
exhibit para-substitution, the general structure on top of
Chart 1, shows a complex substitution pattern at the
carbocation centre. In order to asses the effect of multiple
bstituted carbenium ions and the local electrophilicity index uC. R is the
observed correlation was randomly obtained.
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substitution at this site, we first considered those compounds
that have two fixed hydrogen atoms at the p-position of the
phenyl group, which according to Hammett classification
have sp(H)Z0.0, and the third phenyl group substituted at
p-position with H (compound 1 in Chart 1), OCH3

(compound 2 in Chart 1), N(Me)2 (compound 4 in
Chart 1), plus the p-CH3 substituted compound not shown
in Chart 1 (for which uCZ3.60 eV). The comparison
between the sp values and the local electrophilicity index
uC is shown in Figure 2. It may be seen that for this short
series the sp increases linearly with the local electrophilicity
index uC (regression coefficient Rz0.99). The resulting
empirical equation is:

sp Z 1:261uC K4:676: (5)

From this equation, we define a new substituent constant
sp(uC) which is uniquely determined by the knowledge of
the uC index. The sp(uC) values for the whole series of
carbenium ions considered in this work are shown in
Chart 1, last column. The following results are relevant: in
the tritylium subseries (compounds 1–9 in Chart 1), multiple
substitution at the carbocation site with p-OCH3 and
p-N(Me)2 substituted phenyl groups results in an electro-
philic deactivation (sp(uC)!0), thereby indicating that the
net effect of these groups is to act as electron releasing
substituents. Note that the rate coefficients are consistently
predicted to be less than the reference compound 1 (see
Table 1). While the –OCH3 group seems to make an
approximately additive contribution to sp(uC) of c.a. 0.34
units, in the case of increasing substitution with N(Me)2 this
rule is less clear.

However, a more important result is found in the subseries
of benzhydrylium ions (compounds 10–20 in Chart 1). For
this series, the sp(uC) values indicate that while for the
double substitution with phenyl groups at R2 and R3 and
some combination of p-CH3 and p-OCH3, the global effect
is activating (sp(uC)O0 for compounds 10–14 in Chart 1),
some other combinations involving p-OCH3, p-N(Me)2,
(mfa)2, (mor)2, (thq)2 and (pyr)2,9 result in a global
substituent effect that becomes deactivating (sp(uC)!0
for compounds 15–20 in Chart 1). Note that the highest
activating effect is shown by the Ph2CHC ion (sp(uC)Z
1.14, compound 10 in Chart 1), thereby suggesting that in
this compound, two adjacent Ph groups cooperatively
stabilize the carbocation by resonance. Increasing substi-
tution by one and two methyl groups at p-position
significantly attenuate this activation pattern (see com-
pounds 11 and 12 in Chart 1). Other combination including
mixed substitution with (Ph and p-OCH3) and (p-OCH3 and
p-CH3) result in a marginal electrophilic activation at
the carbocation site (see for instance compounds 13 and 14
in Chart 1). Any combination of substitution involving
p-OCH3, p-N(Me)2 and (mfa)2, (mor)2, (thq)2 and (pyr)2,9

on the other hand systematically result in increasing
electrophilic deactivation at the carbocation site (sp(uC)!
0, for compounds 15 and 20 in Chart 1). Finally, for the
subseries of substituted benzyl ions (compounds 21–28 in
Chart 1) we may observe that for some combination of
p-CH3 or p-OCH3 with CH3 and OCH3 groups at R1 and R3,
the global effect is activating (sp(uC)O0 for compounds
21–27 in Chart 1), with the only exception of compound 28,
for which sp(uC)!0. Note that the only difference with
respect to compound 27 for which sp(uC)O0, is the
p-OCH3 substitution at R2. The effect observed in the
cases of p-OCH3 in compounds 24 and 28 may be again
traced to resonance effects. For instance, while in compound
24 there is the possibility to form one oxonium structure at
the p-OCH3 position by resonance, structure 28 offers an
additional oxonium resonant structure at R3.

In summary, the reactivity pattern of the series of 28
carbenium ions considered in the present study may be
rationalized in terms of a complex substituent constant
sp(uC) assessing the inductive effect for multiple substi-
tution. This index is derived from the standard Hammett sp
constant and the local electrophilicity index at the
carbocation site for singly substitution using a four point
equation. The sp(uC) index not only assesses multiple
inductive effects but some additional substituent effects like
resonance seems to be incorporated in this new electronic
descriptor of reactivity.
5. Concluding remarks

The local electrophilicity of a series of 28 carbenium ions
has been ranked within an absolute theoretical scale. New
substituent constants are introduced to account for the
responses of the electrophilicity pattern induced by multiple
substitutions at the carbocation site. The model correctly
explains the experimental electrophilicity ordering
established in terms of experimental scales.
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Abstract—A second generation of dendrimer with calixcrown as repeat unit was first synthesized. Its structure and conformation was
determined by 1H NMR and MALDI-TOF mass spectra.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Dendrimers are macromolecules that radiate out from a
central core and have at least one branch at each repeat unit.
A typical of dendrimer contains three different regions:
core, branches, and periphery, and all of them can be
modified to exhibit certain function. Due to their unique
physical property and structure, such as, highly branched
structure, monodispersed molecular weight, globular and
symmetrical conformation, and high density of peripheral
functionalities, the researches based on them has expanded
exponentially in recent years.1

There are two basic approaches for the stepwise synthesis of
dendrimers: The divergent approach2 and convergent
approach.3 In the divergent approach, the synthetic
sequence is from the core to periphery; while the convergent
approach is from the periphery to core.

Calixarene are well-defined macrocyclic molecules, which
are readily available in large quantities and easily modified
by chemical reaction to bind various kinds of anions,
cations, and neutral molecules.4 It is an original idea to
integrate calixarenes and dendrimers as well as their unique
properties to form new structural host, and there have
several examples about dendrimers with calixarene as core.5

However, it may be due to the serious steric problem caused
by the large sized calixarenes, there are only a few examples
on dendrimers with calixarenes as branched units reported,6

and in most of these works, only the first-generation
dendrimers was obtained, except one example of second-
generation dendrimer with seven calixarene moieties.6e
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.043
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Therefore, the research on this field is still largely
unexplored.

If the 1,3-calix[4]crown, an excellent ionphore could be
introduced to the dendrimers as repeat unit, a ‘multi-metal
recognition central’ dendrimer will be obtained. It may be
helpful to mimic the ion channel, a very important
biological structure. Here, we report the synthesis and
conformation of a second generation of dendrimer with 1,3-
calix-[4]-benzocrown-6 as repeat unit.
2. Results and discussion

2.1. Synthesis of monomer

In order to obtain a dendrimer with calixcrown as repeat
unit, we needed to synthesize a calixcrown monomer with
three functional groups in two different types. For a 1,3-
calix[4]crown, the positions where functional group could
be introduced included the four upper rim carbon atoms and
two low rim oxygen atoms. If the monomer was a
calixazacrown or calixbenzocrown, the nitrogen atom or
the phenyl unit could be another position. However, the
upper rim was not a good choice for introducing functional
groups, because of much harsh synthetic conditions and low
yield. At the same time, a rather large group at the upper rim
facing the ether crown ring would hinder the ether crown to
recognize the guest.7 Therefore, a calixbenzocrown 4
(Scheme 1), which had two ester groups at lower rim and
one aldehyde group at the phenyl unit, was chosen as the
monomer.

There were several advantages for choosing 4 as the
monomer: (1) it was easy to synthesize; (2) the ester groups
and aldehyde group located at each end of the molecule,
which could reduce the steric repulsion to a very low
Tetrahedron 61 (2005) 897–902
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degree; (3) because the ester group and aldehyde group did
not react each other under common conditions, we did not
need to use protection and deprotection strategy during the
synthesis of dendrimer. On the other hand, they were easy to
be converted to carboxyl group and benzyl alcohol group,
and then linked together under mild condition with high
yield; (4) the three functional groups had little effect on the
recognition ability of the ether crown ring.

Monomer 4 could be obtained using the method developed
by Reinhoudt et al.,8 so we needed to synthesize the
corresponding diethylene glycol ditosylate 3, first. This
compound could be prepared from 3,4-dihydroxybenzalde-
hyde through two steps in a fairly good yield (Scheme 1). In
the presence of Cs2CO3, 3 reacted with 25,27-diethoxycar-
bonylmethoxycalix[4]arene (1) in MeCN under argon
affording the monomer 4 in 55% yield. The signal at
37.6 ppm in its 13C NMR spectrum indicated it fixed in 1,3-
alternative conformation (Schemes 2–4).9
2.2. The 1st generation of dendrimer

Because the ester and aldehyde groups could not react each
Scheme 2.
other, we needed to activate them respectively before
preparing 1st generation of dendrimer.

Hydrolysis of 4 using 10% tetramethylammonium
hydroxide aqueous solution under room temperature
afforded the diacid 5, in nearly quantitative yield.

Reduction of 4 with NaBH4 under ice bath, the aldehyde
group could be converted to benzyl alcohol group in 60%
yield. The relatively low yield was contributed to that the
ester group at the low rim could be reduced to ethylene
glycol under similar condition. To prevent this side reaction,
the quantity of NaBH4 was not allowed to exceed 2 equiv of
the compound 4, the reaction temperature must be low, and
reaction time must be short. However, under this condition,
the reaction could not acquire completion. The exceeding
reactant could be retrieved by chromatography.

With the two blocks in hand, the 1st generation of dendrimer
could be obtained by the condensation of 1 equiv of 5 and
2 equiv of 6 under the treatment of DCC/DMAP in high
yields (91%).
Scheme 3.
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The two carbon signals at 37.7 and 37.5 in its 13C NMR
spectra indicated that all of the calix[4]crown were fixed in
1,3-alteralternative conformation.9

2.3. The 2nd generation of dendrimer

There are two ways to prepare the 2nd generation of
dendrimer: the divergent approach and the convergent
approach.

If the convergent approach were chosen, we would face the
same problem of over reduction we had encountered in the
synthesis of 6, and the much larger 1st generation dendrimer
would cause more serious steric problem during the
synthesis of 2nd generation of dendrimer. But if the
divergent way were chosen, we would face much more
difficult problems: (1) because there were six ester groups, it
would be very difficult to selectively saponify the four
peripheric ones; (2) even the saponification could acquire
success, the total yield would be low since the next
condensation step needed the relative low-yield compound
6 as reactant; (3) the divergent way required four reaction
positions during the process of the condensation, but the
convergent way only need two.

Due to the inherent shortcomings of the divergent way, we
chose convergent way for the preparation of the 2nd
generation of dendrimer.

First, we intended to obtain the corresponding benzyl
alcohol compound 8 from 7 by the same method in the
synthesis of compound 6, but failed. The reason may be that
both 7 and 8 were hardly dissolved in EtOH. So we used
THF instead of EtOH as solvent, and the 8 was obtained in a
fairly good yield (Scheme 5).
The 2nd generation of dendrimer 9 can be obtained by the
condensation of 2 equiv of 8 and 1 equiv of 5 in high yields
using the same method for the preparation of 1st generation
dendrimer (Scheme 6).

In conclusion, we have synthesized the first 2nd generation
of dendrimer based on calixcrown. Its structure and
conformation were confirmed by 1H NMR and MALDI-
TOF mass spectra. The recognition properties of the
dendrimers are under investigation.
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3. Experimental
3.1. General

Melting points were determined on an electrothermal
melting point apparatus and uncorrected. 1H and 13C
NMR spectra were obtained at 300 and 75 MHz (CDCl3,
TMS as internal standard) respectively on a Bruker
DMX300 NMR. MALDI-TOF MS was recorded on a
Bruker BIFLEXIII mass spectrometer with CCA (2-cyano-
4 0-hydroxycinnamic acid) as the matrix. Elemental analyses
were performed by the Analytical Laboratory of the
Institute. IR Spectra were recorded on a JASCO 480
spectrometer. Preparative column chromatography was
performed with silica gel (200–300 mesh). Petroleum
ether for column chromatography refers to that of
60–90 8C boiling range. MeCN was dried over 4 Å
molecular sieve. THF was freshly distilled over Na before
used. All other chemicals were reagent grade and were used
without further purification. Compound 1 was prepared
according to literature procedures.10
3.1.1. Compound 2. 3,4-Dihydroxy-benzaldehyde (690 mg,
5 mmol) was dissolved in MeCN (50 mL), then diethylene
glycol mono-tosylate (2.6 g, 10 mmol) and potassium
carbonate (1.38 g, 10 mmol) were added. The mixture was
refluxed under argon for 36 h. After cooling to room
temperature, the mixture was filtered, and the solvent was
removed under reduced pressure. The crude product was
purified on a silica column using petroleum ether/acetoneZ
2/1. The product was obtained as colorless oil: yield 86%;
IR (KBr): 3378, 2755, 1682, 1586 cmK1; 1H NMR: d 9.84
(s, 1H, ArCHO), 7.47–7.41 (m, 2H, ArH), 6.98 (d, 1H, JZ
8.1 Hz, ArH), 4.26–4.21 (m, 4H, Ar–OCH2CH2O–), 3.97–
3.92 (m, 4H, Ar–OCH2CH2O–), 3.77–3.75 (m, 4H,
–OCH2CH2OH), 3.70–3.68 (m, 4H, –OCH2CH2OH), 3.52
(s, 2H, CH2OH); 13C NMR: d 190.8 (ArCHO), 153.8, 148.8,
130.2, 126.9, 111.7, 110.6 (ArC), 72.8, 72.7, 69.0, 68.8,
68.5, 68.4, 61.6 (–OCH2CH2O–); MS (EI): 314 (27), 164
(32), 89 (23), 45 (100). Anal. Calcd for C15H22O7$0.25H2O
C, 56.51; H, 7.11. Found, C, 56.66; H, 7.06.
3.1.2. Compound 3. Compound 2 (950 mg, 3 mmol) was
dissolved in THF (15 mL), and a solution of NaOH
(360 mg, 9 mmol) in H2O (10 mL) was added. The mixture
was cooled to 0 8C, then a solution of p-toluenesulfonyl
chloride (1.2 g, 6.3 mmol) in THF (15 mL) was added
dropwise during a period of 2 h. The mixture was stirred
under ice bath for another 2 h, and then 1 mol LK1 of HCl
was added until the pH value of the solution reach to 3. THF
was removed under reduced pressure, and the residue was
extracted with CH2Cl2 (30 mL!2). The combined organic
phase was dried with Na2SO4. Then purified on silica
column, using ether/acetoneZ3/1 as eluant to afford a
colorless oil: yield 75%; IR (KBr): 3559, 1686, 1593, 1509,
1437, 1354, 1270 cmK1; 1H NMR: d 9.84 (s, 1H, ArCHO),
7.78 (d, 4H, JZ8.1 Hz, ArH), 7.46 (d, 1H, JZ8.2 Hz, ArH),
7.38 (s, 1H, ArH), 7.30 (d, 4H, JZ8.1 Hz, ArH), 6.97 (d,
1H, JZ8.2 Hz, ArH), 4.19–4.10 (m, 8H, Ar–OCH2CH2O–),
3.86–3.75 (m, 8H, –OCH2CH2O–), 2.41 (s, 6H, ArCH3);
13C NMR: d 190.8 (ArCHO), 154.1, 149.0, 144.8, 132.9,
130.3, 129.8, 127.9, 126.8, 112.4, 111.5 (ArC), 69.6, 69.5,
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69.3, 69.0, 68.9, 68.6 (–OCH2CH2O–), 21.6 (ArCH3); MS
(MALDI-TOF): 622.9 (MCHC), 644.9 (MCNaC), 660.8
(MCKC). Anal. Calcd for: C29H34O11S2 C, 55.94; H, 5.50.
Found, C, 55.83; H 5.72.

3.1.3. Compound 4. 25,27-Diethoxycarbonylmethoxy-
calix[4]arene (1) (596 mg, 1 mmol) was dissolved in
MeCN (250 mL), and 3 (653 mg, 1.05 mmol), cesium
carbonate (652 mg, 2 mmol) was added under argon. The
mixture was refluxed for 30 h, and then cooled to room
temperature. The solvent was removed under reduced
pressure, and the residue was dissolved in CH2Cl2

(30 mL) and 1 mol LK1 HCl (30 mL). The organic layer
was separated, and washed with water (30 mL!2), dried
with Na2SO4. Then the crude product was purified on silica
column, using ether/acetoneZ5/1 as eluant to afford a white
solid: yield 55%; mp 65–67 8C; IR (KBr): 2730, 1752 cmK1;
1H NMR: d 9.88 (s, 1H, ArCHO), 7.53–7.51 (m, 2H, ArH),
7.15–7.09 (m, 9H, ArH), 6.80 (t, 2H, JZ7.5 Hz, ArH), 6.68
(t, 2H, JZ7.5 Hz, ArH), 4.26–4.21 (m, 4H, Ar–O–
CH2CH2–), 4.09 (q, 4H, JZ7.2 Hz, CH3CH2O–), 4.05 (d,
4H, JZ14.1 Hz, ArCH2Ar), 3.87–3.80 (m, 6H, Ar–OCH2-
CH2O–, ArCH2Ar), 3.74–3.67 (m, 6H, –OCH2CH2O–),
3.60–3.45 (m, 4H, –OCH2CH2O–), 3.40 (s, 4H, –OCH2–
CO–), 1.22 (t, 6H, JZ7.2 Hz, CH3CH2–); 13C NMR: d
190.8 (ArCHO), 170.0 (–OCO–), 156.8, 155.3, 154.4,
149.2, 134.5, 133.9, 133.8, 130.6, 130.5, 130.4, 127.0,
123.1, 122.5, 112.9, 112.4 (ArC), 70.4, 70.3, 70.2, 70.0,
69.9, 69.4, 69.3, 68.4, 60.3 (–OCH2CH2O–, –OCH2CO–,
–CH2CH3), 37.6 (ArCH2Ar), 14.1 (–CH2CH3); MS
(MALDI-TOF): 897.5 (MCNaC), 913.5 (MCKC). Anal.
Calcd for: C51H54O13 C, 70.01; H, 6.22. Found, C, 69.61; H,
6.19.

3.1.4. Compound 5. Compound 4 (175 mg, 0.2 mmol) was
dissolved in THF (5 mL), and then 1 mL of 10%
tetramethylammonium hydroxide was added. The mixture
was stirred under argon for 4 h, then acidified with
1 mol LK1 HCl until white precipitation was occurred,
filtered to afford white solid, yield 95%; mp 211–213 8C; IR
(KBr): 3420, 1778, 1758, 1732 cmK1; 1H NMR: d 9.89 (s,
1H, ArCHO), 7.56–7.50 (m, 2H, ArH), 7.13–7.04 (m, 9H,
ArH), 6.90 (t, 2H, JZ7.5 Hz, ArH), 6.80 (t, 2H, JZ7.5 Hz,
ArH), 4.18 (t, 2H, JZ4.8 Hz, Ar–O–CH2CH2–), 4.14 (t, 2H,
JZ4.8 Hz, Ar–O–CH2CH2–), 4.11 (s, 4H, –OCH2–CO–),
3.94 and 3.80 (AB, 8H, JZ16.2 Hz, ArCH2Ar), 3.70 (t, 2H,
JZ4.8 Hz, Ar–O–CH2CH2–), 3.65–3.57 (m, 6H, Ar–O–
CH2CH2–), 3.48 (t, 4H, JZ5.7 Hz, Ar–O–CH2CH2–); 13C
NMR: d 190.9 (ArCHO), 168.4 (–OCO–), 156.1, 154.5,
153.4, 149.3, 133.7, 133.6, 130.7, 130.2, 130.1, 129.6,
127.1, 124.4, 113.2, 112.8 (ArC), 70.4, 70.2, 70.1, 70.0,
69.9, 69.8, 67.1 (–OCH2CH2O–, –OCH2CO–), 37.5
(ArCH2Ar); MS (MALDI-TOF): 840.8 (MCNaC), 856.7
(MCKC). Anal. Calcd for: C47H46O13$H2O C, 67.45; H,
5.78. Found, C, 67.61; H, 5.56.

3.1.5. Compound 6. Compound 4 (175 mg, 0.2 mmol) was
suspended in EtOH (5 mL) under ice bath, and then NaBH4

(17 mg, 0.45 mmol) was added. After stirred for 10 min,
5 mL of water was added. The solution was extracted with
CH2Cl2 (10 mL!2), and the combined organic layer was
washed successively with 1 mol LK1 HCl (10 mL!2), and
water (10 mL!2), dried with Na2SO4. The pure product
was obtained as white solid by chromatography (silica
column, petroleum ether/acetoneZ5/1): yield: 63%; mp
57–59 8C; IR (KBr): 3441, 1753 cmK1; 1H NMR: d 7.13 (d,
4H, JZ7.5 Hz, ArH), 7.09 (d, 4H, JZ7.5 Hz, ArH), 7.04 (s,
1H, ArH), 6.97 (s, 2H, ArH), 6.79 (t, 2H, JZ7.5 Hz, ArH),
6.70 (t, 2H, JZ7.5 Hz, ArH), 4.65 (s, 2H, ArCH2OH), 4.17–
4.12 (m, 4H, Ar–O–CH2CH2–), 4.08 (q, 4H, JZ7.2 Hz,
CH3CH2–), 4.04 (d, 4H, JZ15.9 Hz, ArCH2Ar), 3.80–3.74
(m, 8H, ArCH2Ar, Ar–O–CH2CH2–), 3.70 (t, 4H, JZ
6.0 Hz, Ar–O–CH2CH2–), 3.50 (t, 4H, JZ6.0 Hz, Ar–O–
CH2CH2–), 3.35 (s, 4H, –OCH2–CO–), 1.21 (t, 3H, JZ
7.2 Hz, CH3CH2–); 13C NMR: d 170.1 (–OCO–), 157.0,
155.3, 149.4, 148.6, 134.9, 134.7, 133.8, 130.6, 130.5,
123.1, 122.7, 120.5, 115.6, 114.3 (ArC), 70.6, 70.5, 70.3,
69.9, 69.7, 68.4, 65.2 (–OCH2CH2O–, –OCH2CO–, ArCH2-
OH), 60.3 (–OCH2CH3), 37.7 (ArCH2Ar), 14.1
(–OCH2CH3); MS (MALDI-TOF): 899.4 (MCNaC),
915.4 (MCKC). Anal. Calcd for: C51H56O13 C, 69.85; H,
6.44. Found, C, 69.59; H, 6.50.

3.1.6. Compound 7. Compound 5 (82 mg, 0.1 mmol) and 6
(175 mg, 0.2 mmol) was dissolved in 3 mL of dried CH2Cl2,
then DCC (42 mg, 0.2 mmol) and DMAP (5 mg,
0.04 mmol) was added under argon. After the mixture was
stirred for 12 h, DCU was filtered. The organic layer was
washed successively with 1 mol LK1 HCl (5 mL!2) and
water (10 mL!2), dried with Na2SO4. The crude product
was purified on a silica column, using petroleum ether/
acetoneZ3/1 as eluant to afford white solid: yield 91%; mp
102–104 8C; IR (KBr): 1755, 1734, 1687 cmK1; 1H NMR: d
9.88 (s, 1H, ArCHO), 7.51 (s, 2H, ArH), 7.12 (d, 8H, JZ
7.5 Hz, ArH), 7.08–7.06 (m, 17H, ArH), 6.99 (s, 2H, ArH),
6.96 (s, 4H, ArH), 6.79 (t, 4H, JZ7.5 Hz, ArH), 6.71–6.61
(m, 8H, ArH), 5.02 (s, 4H, ArCH2–O–CO–), 4.23–4.03 (m,
24H, Ar–O–CH2CH2–, ArCH2Ar, CH3CH2–), 3.97 (AB,
JZ16.6 Hz, 12H, ArCH2Ar) 3.84–3.61 (m, 32H, Ar–O–
CH2CH2–, Ar–O–CH2CH2–), 3.59–3.47 (m, 12H, Ar–O–
CH2CH2–), 3.40 (s, 4H, Ar–O–CH2CO–), 3.35 (s, 8H, Ar–
O–CH2CO–), 1.21 (t, 12H, JZ7.2 Hz, CH3CH2–); 13C
NMR: d 190.8 (ArCHO), 170.0, 169.8 (–OCO–), 156.9,
155.3, 154.4, 149.4, 149.3, 149.1, 134.6, 134.5, 133.8,
130.7, 130.5, 130.4, 129.3, 123.1, 122.6, 122.5, 116.2,
115.2, 112.9, 112.4 (ArC), 70.5, 70.2, 70.1, 69.9, 69.8, 69.7,
69.4, 69.3, 68.5, 68.3 (–OCH2CH2O–, –OCH2CO–), 60.3
(–OCH2CH3), 37.7, 37.5 (ArCH2Ar), 14.1 (–OCH2CH3);
MS: (MALDI-TOF): 2557.1 (MCNaC). Anal. Calcd for:
C149H154O37 C, 70.55; H, 6.12. Found, C, 70.67; H, 6.64.

3.1.7. Compound 8. Compound 7 (126 mg, 0.05 mmol) was
suspended in 5 mL of THF under ice bath, and then NaBH4

(4 mg, 0.10 mmol) was added. After stirred for 10 min,
5 mL of water was added. The solution was extracted with
CH2Cl2 (10 mL!2), and the combined organic layer was
washed successively with 1 mol LK1 HCl (10 mL!2), then
water (10 mL!2), dried with Na2SO4. The pure product
was obtained as white solid by chromatography (silica
column, petroleum ether/acetoneZ5/1): yield: 60%; mp
105–107 8C; IR (KBr): 3441, 1753, 1734 cmK1; 1H NMR: d
7.12 (d, 8H, JZ7.5 Hz, ArH), 7.07 (d, 16H, JZ7.5 Hz,
ArH), 7.04–6.92 (m, 9H, ArH) 6.79 (t, 4H, JZ7.5 Hz, ArH),
6.69 (t, 6H, JZ7.5 Hz, ArH), 6.30 (t, 2H, JZ7.5 Hz, ArH),
5.01 (s, 4H, Ar–O–CH2CO–), 4.65 (s, 2H Ar–O–CH2CO–),
4.20–4.12 (m, 12H, Ar–CH2–Ar, Ar–O–CH2–), 4.08 (q, 8H,
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JZ7.2 Hz, CH3CH2–), 4.09–4.05 (m, 4H, Ar–CH2–Ar),
3.98 (d, 8H, JZ15.2 Hz, Ar–CH2–Ar), 3.84–3.61 (m, 36H,
Ar–CH2–Ar, Ar–O–CH2CH2–, Ar–O–CH2CH2–), 3.59–
3.43 (m, 12H, Ar–O–CH2CH2–), 3.35 (s, 8H, Ar–
OCH2CO–), 3.33 (s, 4H, Ar–OCH2CO–), 1.21 (t, 12H,
JZ7.2 Hz, CH3CH2–); 13C NMR: d 170.1, 170.0 (–OCO–),
157.0, 155.3, 155.2, 149.4, 149.2, 148.6, 134.7, 134.6,
133.9, 133.8, 130.7, 130.6, 130.5, 129.4, 129.3, 123.2,
122.7, 116.2, 115.5, 115.3 (ArC), 70.5, 70.3, 70.0, 69.9,
68.4, 66.0, 65.2 (–OCH2CH2O–, –OCH2CO–, ArCH2OH),
60.3 (–OCH2CH3), 37.7 (ArCH2Ar), 14.1 (–OCH2CH3);
MS (MALDI-TOF): 2560.1 (MCNaC), 2576.1 (MCKC).
Anal. Calcd for: C149H156O37 C, 70.49; H, 6.19. Found, C,
70.69; H, 6.56.

3.1.8. Compound 9. Compound 5 (8 mg, 0.01 mmol) and 8
(51 mg, 0.02 mmol) was treated in the same way as
described in the synthesis of 7: yield: 88%; mp 115–
117 8C; IR (KBr): 1755, 1734 cmK1; 1H NMR: d 9.88 (s,
1H, ArCHO), 7.52–7.50 (m, 2H, ArH), 7.13–7.06 (m, 56H,
ArH), 6.99–6.96 (m, 19H, ArH), 6.78 (t, JZ7.4 Hz, 10H,
ArH), 6.69–6.58 (m, 18H, ArH), 5.00 (s, 12H, Ar–CH2–O–),
4.30–3.69 (m, 152H, Ar–CH2–Ar, Ar–O–CH2–CH2–),
3.59–3.42 (m, 32H, 3.35 (s, 28H, ArO–CH2–CO–), 1.21
(t, JZ7.2 Hz, 24H, CH3CH2–); MS: (MALDI-TOF): 5879.1
(MCNaC). Anal. Calcd for: C345H354O85 C, 70.71; H, 6.09.
Found, C, 70.41; H, 6.51.
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Abstract—We have found that N,N-dimethylethanolamine (deanol) is a useful solvent and ligand for copper catalyzed amination of a variety
of unactivated and activated 2- or 3-halothiophenes. Primary amines, acyclic secondary amines, cyclic secondary amines and acyclic
secondary amines with 2-hydroxyethyl functionality react with halothiophenes in moderate to excellent yields. The mildly basic conditions
utilized are compatible with many functional groups. The amination of halobithiophenes has also been examined. The aminothiophenes
produced by this method are important intermediates in a variety of electronic and optoelectronic materials.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The thiophene ring is often substituted for benzene in many
materials and systems so as to deliver some enhanced
function, as in the case of pharmaceuticals1–3 and
optoelectronic materials.4,5 More specifically, and in spite
of an often relatively difficult synthesis, aminothiophenes
have been widely compared to anilines due to their
exceptional electronic properties.6 However, little in the
way of general or straightforward synthetic methodology
exists for amine-substituted thiophenes, especially those
that are electron-neutral or electron-rich. The methods
available for the synthesis of aminothiophenes include these
categories: (1) creation of the thiophene ring by conversion
of acyclic starting materials;7–10 (2) reactions of halothio-
phenes with metal amide, reduction of nitrothiophenes and
rearrangement reactions that are limited to the parent
aminothiophenes without alkyl substitution;11,12 (3) alkyl-
ation of one aminothiophene to create another;13 (4)
nucleophilic aromatic substitution of halogenated substrates
bearing one or more electron withdrawing and activating
substituents;14 (5) substitution reactions of mercaptothio-
phenes;15 (6) electrophilic substitution of thienyl cuprates
with N-alkylhydroxylamines;16 (7) oxidative intramolecular
coupling of amidocuprates17 and, finally, (8) transition
metal mediated amination reactions of halothiophenes.18–20
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Some of these preparative methods are generally limited by
either the availability of starting materials or by the
compatibility of sensitive functional groups in the sub-
strates. Multi-step synthesis may often be required to obtain
even the starting materials required for thiophene ring
building. Since the parent aminothiophenes are themselves
generally unavailable and unstable, an alkylation approach
to make N-substituted aminothiophenes is impractical.11,21

2-Methylaminothiophene and 2-isopropylaminothiophene
were made by electrophilic amination of cuprates with
N-alkyl-O-(trimethylsilyl) hydroxylamines but this method
is not compatible with other base sensitive functionality.16

Nucleophilic aromatic substitution (SNAr) is an established
and straightforward method, but it is limited to the
thiophenes with the appropriate type, number and location
of electron deficient-substituents. For example, Prim
demonstrated that some weakly activated bromothiophenes
such as 5-bromothiophene-2-carboxaldehyde react
efficiently with a variety of secondary aliphatic amines in
aqueous media by SNAr reaction and no transition metal
catalyst was required.14 However, 4-bromothiophene-2-
carboxaldehyde did not give any amination product with
cycloaliphatic amines under the same conditions. Amino-
thiophenes bearing a secondary amine group have been
prepared from 2-mercaptothiophene and the corresponding
aliphatic secondary amines.15 This method is still used to
prepare this family of compounds although it ‘requires
several unattractive steps with respect to yields and
substituent variations’.22 The oxidative intramolecular
coupling may be described as a special case of copper
mediated amination process, but it often requires sensitive
organometallic reagents that are not compatible with some
Tetrahedron 61 (2005) 903–918



Z. Lu, R. J. Twieg / Tetrahedron 61 (2005) 903–918904
functional groups, although in certain cases it has clear-cut
advantages for the application to bulky alkylamines and
arylamines.23,24

Transition metal mediated substitution reactions have been
extensively explored in recent years and have been
successfully applied to the amination of a range of
halothiophenes.25,26 Watanabe reported the amination of
unactivated bromothiophenes with diarylamines under
strongly basic conditions with t-BuONa and a Pd(OAc)2/
P-t-Bu3 catalyst. No aliphatic amines were examined in this
report.18 Rasmussen expanded the use of the same catalyst
system to reactions of 3-bromothiophene with primary and
secondary aliphatic amines.27 When primary amines were
used under these reaction conditions a mixture of 3-(N,N-
dialkyl) and 3-(N-alkyl)-aminothiophenes was obtained in
moderate yield. Luker described an amination reaction with
a palladium/BINAP catalyst and Cs2CO3 base for halothio-
phenes with a halogen activated by an electron-deficient
group. This method failed when applied to non-conjugated
activated halothiophenes such as the 2,4 isomer and electron
neutral or rich substrates.28 In a recent systematic report
Hartwig showed that unfunctionalized bromothiophenes
and other five membered haloheterocycles reacted smoothly
with N-methylaniline in the presence of Pd(dba)2/PtBu3.20

However, the reactions of hexylamine, dibutylamine,
piperidine, or morpholine with most 2-halothiophenes
afforded ‘little or no amination products’. Secondary amines
such as morpholine and 4-phenylpiperazine reacted with
3-bromothiophene in moderate to good yields but the
reactions of primary amines with 3-bromothiophene under
these conditions were less successful. For example,
n-hexylamine reacted with 3-bromothiophene in only
20–30% yield.

The copper-catalyzed Ullmann condensation is a very
attractive approach because of economic considerations
for large-scale industrial applications.29 In some cases,
stoichiometric amounts of copper and a polar aprotic solvent
such as HMPT were required for this method.30,31 Padwa
recently reported copper-catalyzed amidations of bromine
substituted furans and thiophenes in the presence of N,N 0-
dimethylethylenediamine as ligand.19,32 Buchwald dis-
closed an example of copper catalyzed amination of
3-bromobenzothiophene with primary amines.33 In contrast,
copper catalyzed amination of the readily available electron
neutral 2-halo or 3-halo thiophenes still remains unexplored.
We have recently described a mild copper catalyzed
amination reaction with N,N-dimethylethanolamine
(deanol) as solvent and found that 2-iodo and 2-bromo-
thiophene could be successfully coupled with a variety of
primary amines and cyclic secondary amines.34 Sub-
sequently, deanol was examined as a ligand for copper-
catalyzed amidation of vinyl halides, but no accelerating
effect was observed in this case.35 The palladium catalyzed
amination of electron rich thiophenes with aliphatic amine
are not successful. It has been observed that copper and
palladium catalyzed amination processes often provide
complementary results.36 We now disclose the details of the
copper-catalyzed amination reactions of 2-halothiophenes
in deanol and extend the scope of this method to the
amination of 3-bromothiophene and halobithiophenes with
a more diverse selection of amines. The method described
here provides an alternative and sometimes complementary
or superior approach to palladium-mediated aminations.
2. Results and discussion

In our initial communication, we reported a mild copper-
catalyzed amination reaction of aromatic iodides with
unhindered primary amines and cyclic secondary amines
by using N,N-dimethylethanolamine (deanol) as ligand and
solvent. While aryl bromides were generally not good
amination substrates we found that 2-bromothiophenes to be
exceptionally reactive. This observation prompted us to
explore further additional copper-mediated reactions of
bromothiophenes and amines. We have since investigated
the coupling of a larger variety of amines with 2-bromo-
thiophene and we have also found that 3-bromothiophene is
a good substrate for this reaction, even with primary amines.
This latter finding is in contrast to the case of some
palladium-catalyzed reactions of primary amines that have
been reported to poison reactions with 2-bromothiophenes
and are also not very successful for 3-bromothiophenes.20

We have also found that reaction of acyclic secondary
amines with bromothiophenes are only moderately success-
ful but acyclic secondary amines with b-hydroxyl function-
ality are exceptionally reactive towards bromothiophenes
and give very good amination yields.

The amination reaction conditions described here were
modified somewhat since our initial report.34 Copper metal
was originally used as the catalyst for 2-iodothiophenes and
copper metal alone has proven very successful for iodide
substrates. However, in the case of bromothiophenes a
mixture of copper metal and CuI (1:1 to 3:1) is employed as
an induction period is observed when copper metal alone is
used. The reaction temperatures and reaction times have
been chosen depending on the reaction progress monitored
by GC and TLC.

The amination reactions of 2-iodothiophene with a range
of amines are found in Table 1. The reactions of
2-iodothiophene with both primary amines and cyclic
secondary amines proceed smoothly. Compared to iodo-
benzene, 2-iodothiophene is more reactive and shorter
reaction times and lower temperatures are required. The
coupling products between primary amine 2-iodothiophene
are somewhat unstable. Since N-monoalkylaminothio-
phenes are fairly unstable to oxidation and acidic conditions
due to tautomerization,11,37,38 we have employed Kugelrohr
distillation to purify these products. Nevertheless, once
purified they rapidly turn red upon exposure to air and/or
light. The reason for some of the relatively low yields here is
probably due at least in part to this poor stability and the
related mechanical losses during workup and purification.
We have found that 2-pyrrolidinothiophene is unstable on
silica gel unless the column is pretreated with 5%
triethylamine in hexane to neutralize the most active acidic
sites. However, 2-pyrrolidinothiophene is easily purified by
vacuum distillation. Thiophene derivatives with six-
membered ring amines are generally more stable than
analogues containing five-membered ring amines and
primary amines.



Table 1. Copper metal catalyzed amination of 2-iodothiophene

Entry Amine Product Temperature/time (8C/h) Yield (%)a

1 60/10 91

2 H2Nn-Bu 60/11 62

3 70/10 87

4 75/24 62

a Isolated yield, with 10 mmol 2-iodothiophene and 1.5 equiv of amine.
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Since 2-bromothiophene is more accessible than 2-iodo-
thiophene, and encouraged by our early results reacting this
bromide with pyrrolidine, we have extended this amination
reaction to other amines (Table 2). Cyclic six-member ring
amines also afforded very good yields of amination products
(Table 2, entries 2 and 3). Cyclic amines with hydroxyl
functionality were also examined. The reactivity of (S)-(C)-
pyrrolidinemethanol and 4-hydroxypiperidine are quite
similar to the amines without additional hydroxyl function-
ality (Table 2, entries 4 and 5). However, the reaction
between 2-bromothiophene and primary amines is not very
satisfactory. For example, when n-butylamine is coupled
with 2-bromothiophene, the reaction mixture turned black
quickly and the reaction did not proceed to completion.
Longer reaction times, higher catalyst loading and higher
reaction temperatures also resulted in incomplete
conversion of 2-bromothiophene. The reasons for the
difficulty in conversion of 2-bromothiophene are not
straightforward to elucidate. Hartwig observed an
immediate poisoning effect of hexylamine in the palladium-
catalyzed coupling of 2-bromothiophene with N-methyl-
aniline while the poisoning effect was not observed for the
reaction of bromobenzene with N-methylaniline.20 It
appears unlikely here that the primary amine alone would
poison the catalyst because primary amines are coupled to
3-bromothiophenes very successfully (Table 3, entries 1–3).
In another experiment, the reaction started with 10 mmol of
2-bromothiophene and a 1:1 ratio of pyrrolidine (1.2 equiv)
and n-butylamine (1.2 equiv) under the typical reaction
conditions. Incomplete conversion of 2-bromothiophene
was observed (w15% remained) and additional reaction
time and catalyst did not help. Interestingly, the ratio of the
two amination products was 1:1, the same mole ratio as the
starting amines, indicating similar reactivity for the two
amines. We assumed that the unstable 2-(n-butyl-
amino)thiophene product might interact with the active
catalytic species and inhibit the catalytic process. In order to
test this hypotheses, 30% mol of 2-(n-butylamino)thiophene
was added to the reaction of 2-bromothiophene and
pyrrolidine before the reaction started. The 2-(n-butyl-
amino)thiophene additive almost completely stopped this
reaction as less than 5% conversion of 2-pyrrolidinothio-
phene was observed after 48 h at 80 8C. Here again,
additional catalyst and reaction time did not further improve
the conversion. These experiments suggest that it is the
amination product of 2-bromothiophene or possibly some
degradation product of that amine product, rather than the
primary amine itself, that inhibits this copper-catalyzed
amination reaction. Due to the instability of 2-(n-butyl-
amino)thiophene, for characterization purposes we chose to
convert it to a more stable amide by reacting with acetic
anhydride in pyridine. The stable N-butyl-N-2-thienyl-
acetamide can be separated easily by flash chromatography
on silica gel (Table 2, entry 6).

In the case of halobenzenes, a limitation of this copper-
catalyzed deanol method was already observed in its
inapplicability to coupling with ordinary acyclic secondary
amines.34 For example, only 2% of N,N-diethylaniline was
isolated from the reaction of iodobenzene with diethylamine
with deanol/copper catalyst. It has been reported that the
palladium-catalyzed amination of 2-bromothiophene with
most secondary aliphatic amines is very challenging. For
example, no amination product was obtained from the
reaction of dibutylamine with 2-bromothiophene.20 How-
ever, we have found moderate success for the reaction
between an acyclic secondary amine with 2-bromothio-
phene (Table 2, entries 7 and 8). 2-N,N-Diethylaminothio-
phene was isolated in 39% yield and 2-N,N-
dipropylaminothiophene was isolated in 35% yield from
the respective amines and 2-bromothiophene with a high
loading of both catalyst (30–40%) and amine (4 equiv). No
advantage was observed for the use of 2-iodothiophene
instead of 2-bromothiophene in these reactions as a higher
amount of deanol ether byproduct was obtained (w20%
yield) using iodothiophene. The main reason for the low
yields here was that a slow poisoning effect quite similar to
the reaction of primary amine with 2-bromothiophene was
also observed in the reaction of diethylamine and dipropyl-
amine with 2-bromothiophene. However, the stability of
2-N,N-dialkylaminothiophenes appear to be higher than
2-N-monoalkylaminothiophenes and so a high catalyst and
amine loading could push the reaction to high conversion.
As yet another complication, the stability of 2-N,N-
dialkylaminothiophenes on silica gel is far less than



Table 2. Copper metal–cuprous iodide catalyzed amination of 2-bromothiophenes

Entry Thiophene Amine Product Temperature/time
(8C/h)

Yield (%)

1 80/50 81a

2 80/50 73a

3 80/72 65a

4 80/50 71a,b

5 80/50 64a

6 H2Nn-Bu Two steps 23c

7 80/48 39d

8 80/48 35d

9 80/72 31a

10 80/24 81e

11 80/24 81e

12 80/48 15e

13 80/24 71a

14 65/48 77a

a Deanol was used as solvent, 10 or 20 mmol of bromothiophene and 1.5 equiv of amine.
b 10 mmol of amine and 15 mmol of 2-bromothiophene.
c Copper-catalyzed amination followed by acylation using acetic anhydride and pyridine.
d 40% mol of Cu and 4.0 equiv of amine.
e 2-Alkylaminoethanol was used as solvent.
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2-pyrrolidinothiophene and so they were purified using a
neutral alumina column.

In contrast to the ordinary acyclic secondary amines, acyclic
secondary amines with 2-hydroxyethyl functionality pos-
sess extraordinary reactivity (Table 2, entries 9–12). Such
amines are frequently introduced into opto-electronic
materials and polymers by nucleophilic aromatic substi-
tution reaction.39 With our standard method, in which
deanol was used as solvent and 2-(N-ethylamino)ethanol
was used as reactant, a low yield (31%, Table 2, entry 9) was
obtained in coupling with 2-bromothiophene. However,
when deanol was omitted and the amino alcohol was used as
the solvent, the reactions of 2-(N-methylamino)ethanol and



Table 3. Copper-catalyzed amination of 3-bromothiophenes

Entry Thiophene Amine Product Temperature/time
(8C/h)

Yield (%)

1 H2Nn-Bu 80/36 85a

2 80/40 86a

3 H2NnC7H15 80/45 83a

4 80/45 83a

5 80/40 73a

6 80/70 23a

7 85/60 15b

8 80/24 90c

9 80/45 45c

10 65–75/70 53a

a Deanol as solvent, 10 or 20 mmol of bromothiophene and 1.5 equiv of amine.
b 35% of Cu and CuI (4:1) and 4 equiv of diethylamine.
c Alkylaminoalcohol as solvent.
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2-(N-ethylamino)ethanol with 2-bromothiophene both
afforded an 81% yield of the respective amination product.
No reaction was observed between 2-bromothiophene and
the aromatic amines aniline, diphenylamine and carbazole
under the typical reaction conditions. In contrast, the
reaction between 2-anilinoethanol and 2-bromothiophene
afforded the amination product in 15% yield when
2-anilinoethanol was used a solvent at 90 8C for 48 h.
Attempts to enhance this yield with higher temperature (up
to 120 8C), longer reaction time and higher catalyst loading
were all unsuccessful. In spite of the low yield, this
additional case substantiates the enhanced reactivity of
b-aminoethanols in copper-catalyzed aminations.

We have also examined the amination of some other
functionalized bromothiophenes. Coupling of 2-bromo-5-
methylthiophene with piperidine afforded almost the same
amination yield as the reaction of 2-bromothiophene, but the
product with methyl substitution is more stable (Table 2,
entry 13).40 The 5-proton may play a role in the instability of
2-piperidinothiophene and the methyl group may inhibit
reaction at this site in the tautomer of 2-piperidino-5-
methylthiophene. This copper-mediated method in deanol
also works well with thiophenes bearing conjugated
electron-withdrawing groups. 5-Bromo-2-thiophenecarbox-
aldehyde was successfully reacted with piperidine at 65 8C
and the corresponding 2-piperidinothiophene-5-carbox-
aldehyde was isolated in 77% yield (Table 2, entry 14).
The lower yield here compared to that obtained from the
corresponding aromatic nucleophilic substitution reaction
may be due to competitive C–Br reduction.14 The reaction
temperature employed here is lower compared to conditions
reported for the uncatalyzed aromatic nucleophilic substi-
tution reaction (110 8C).41 A similar reaction under the same



Scheme 1. Amination of 2,5-dibromothiophene (1) with piperidine.
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conditions but without copper catalyst was also examined.
Only 19% yield of amination product was separated and the
major byproduct was 2-thiophenecarboxaldehyde
accompanied by some decarbonylation product 2-bromo-
thiophene. This dehalogenation is often observed during
transition metal-catalyzed coupling or reduction.42,43 We
are still uncertain how the decarbonylation reaction
happened here, nevertheless the experiments prove that
copper played a catalytic role.

We have also explored the amination of 2,5-dibromothio-
phene with the intended goal to prepare 2-bromo-5-
dialkylaminothiophenes (Scheme 1). However, we found
that the reaction of 1 with 1.2–3.0 equiv piperidine stopped
within 24 h and most of 1 was recovered. Analysis of the
reaction mixture by GC–MS indicates that the concentration
of the component assigned as 2-bromo-5-piperidinothio-
phene was low at all times during the whole reaction
process. Significant dehalogenation was also evident in this
reaction. For instance, after 48 h reaction between 2,5-
dibromothiophene and piperidine (3.0 equiv) at 80 8C, the
major products were isolated 2-piperidinothiophene (31%)
and 2,5-dipiperidinothiophene (20%) along with a smaller
amount of 2-bromothiophene. Although the 2-bromo-5-
piperidinothiophene was detected by GC–MS all attempts to
isolate a pure sample by silica gel chromatography failed.
This result is similar to the reaction of 2-bromothiophene
with primary amines wherein the reaction gradually came to
a halt prior to completion. The use of less amine (1.2 or
1.5 equiv) resulted in earlier termination of the reaction and
more (O50%) of 2,5-dibromothiophene remaining. After
aqueous work-up and extraction with diethyl ether, a
significant amount of black precipitate was observed in
the aqueous layer. This result may be due to the formation of
Scheme 2. Competition between the catalytic reaction and the ‘Cu’ poisoning re

Scheme 3. Amination of 5-bromo-2,2-bithiophene (5) and 5,5-dibromo-2,2-bithio
a labile 2-bromo-5-piperidinothiophene (2) that would react
with the catalytic copper species and precipitate out from
the solution. However, and to our surprise, when more
piperidine (6 equiv) and copper catalyst (20% mol, Cu/CuI
is 3:1) were used, all the 2,5-bromothiophene (1) was
consumed, the half reduced product 2-piperidinothiophene
(3) was isolated in 26% yield and 2,5-dipiperidinothiophene
(4) was now isolated in 46% yield.

Since intermediate 2 is present as a low concentration
species in all cases (with 1.2–6.0 equiv of piperidine and at
low or high catalyst loading), we assume that the
intermediate 2 is more reactive than other bromothiophenes
towards this copper-catalyzed amination reaction to form
products of reduction or amination. Scheme 2 describes a
competition between the desired catalytic reaction and the
‘Cu’ poisoning reaction. If the concentration of piperidine
and catalyst loading were both low, the amination reaction
of intermediate 2 would be slow. In this case, the reaction of
intermediate 2 with the active copper catalyst species
becomes a significant one and therefore the copper catalytic
species would precipitate out from the solution. This
process would slow down and eventually stop the catalytic
amination reaction; if the piperidine concentration and the
catalyst load are increased, intermediate 2 would react with
piperidine faster than reacting with copper species towards
the poisoning direction, and therefore the whole catalytic
reaction moves to the amination product and all the starting
material could be converted. However, the poisoning
reaction could not be excluded even in the later case
because a small amount of brown precipitate was also
observed.

The amination of bromobithiophenes was also briefly
action.

phene (6).
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explored as is illustrated in Scheme 3. Reaction of 5-bromo-
2,2 0-bithiophene (5) with piperidine appeared slightly more
facile than the reaction of 2-bromothiophene with piper-
idine, although the yield of 5-piperidino-2,2 0-bithiophene
(7) (63%) was less than the reaction giving 2-piper-
idinothiophene (3, Table 2, entry 2, 73%). It appears that
5-bromo-2,2 0-bithiophene (5) has a higher tendency to be
reduced than 2-bromothiophene as about 20% of 2,2 0-
bithiophene (9) was isolated from this reaction. Although
poisoning effects were noticeable for the amination of 2,5-
dibromothiophene, no obvious poisoning was observed in
the case of 5,5 0-dibromo-2,2 0-bithiophene (6). To our
surprise, the major product (54%) from the reaction of
5,5 0-dibromo-2,2 0-bithiophene (6) with piperidine was the
half reduced amination product 5-piperidino-2,2 0-bithio-
phene (7). The 5,5 0-dipiperidino-2,2 0-bithiophene (8) was
isolated in a substantially lower yield (14%) and the doubly
reduced product, 2,2 0-bithiophene (9) was also isolated in
9% yield.

Based on these very preliminary results the copper-deanol
method appears to be quite useful for the amination of
dihalothiophenes and halooligothiophenes. However,
studies with these substrates do point out the role that
reduction plays in the diminution of yield of the desired
amination products. The use of more amine in these
reactions may be beneficial in minimizing the amount of
reduction.

In order to expand and elucidate the scope of this mild
amination reaction for other electron-neutral and electron-
rich thiophenes, we have also performed reactions of
3-bromothiophene with a range of aliphatic amines. In
contrast to the unsuccessful or complicated product
distributions reported for palladium-catalyzed amination
reactions of primary amines with 3-bromothiophene,20,27

we found that the copper-mediated deanol method is a mild
and effective process even for primary amines.

Table 3 shows the copper-catalyzed amination results of
3-bromothiophenes. All the primary amines examined
afforded very good yields of monoarylation products in
contrast to palladium-catalyzed aminations that also gave
diarylation byproducts as well as monoarylation product.27

The successful amination of 3-bromothiophene with
primary amines may be related to the better stability of
3-(N-alkylamino)thiophenes compared with 2-(N-alkyl-
amino)thiophenes. Unlike 2-(N-alkylamino)thiophene, a
longer reaction time is less prone to decompose 3-(N-
alkylamino)thiophenes in the reaction system and no
poisoning effect was observed for 3-(N-alkylamino)thio-
phenes. Amines with longer alkyl chains required a
longer reaction time (entry 3, Table 3). In addition, the
3-aminothiophenes are fairly stable to air for short periods
and the products can be easily purified by flash chromato-
graphy on silica gel, however, they are not stable for long
term storage even at low temperature. The 3-bromothio-
phene is less reactive to acyclic secondary amines than
2-bromothiophene but the product is more stable and can be
isolated by silica gel chromatography. For instance, after
60 h reaction at high catalyst and amine loading, only 15%
of 3-N,N-diethylaminothiophene was isolated. Similar to
2-bromothiophene, most cyclic secondary amines also
afforded good yields (Table 3, entries 4–6) and the lack of
reactivity of 3-bromothiophenes towards acyclic secondary
amines is quite similar to that of 2-bromothiophene. The
ordinary acyclic secondary amines are again not reactive
under these conditions, but amines with 2-hydroxyethyl
functionality also possess significantly enhanced
reactivity for 3-bromothiophene. For instance, when the
2-(N-methylamino)ethanol and 2-(N-ethylamino)ethanol
were used as solvent, both successfully coupled with
3-bromothiophene and afforded 90 and 45% yields of the
respective amination products (Table 3, entries 8 and 9).

It is particularly interesting to apply this process to the
amination of 4-bromo-2-thiophenecarboxaldehyde since
this substrate failed to give any amination product by the
nucleophilic aromatic substitution method.14 We have
found that the present method does provide a moderate
yield of amination product when 4-bromo-2-thiophene-
carboxaldehyde reacts with piperidine at 65–75 8C (Table 3,
entry 10). The product of reductive debromination (2-thio-
phenecarboxaldehyde) was isolated as the major byproduct
and the decarbonylation product (2-piperidinothiophene)
was also observed as another byproduct. It is worth noting
that if the reaction was run at higher reaction temperature
(O85 8C), the amination product yield was not improved,
probably due to the instability of the aminothiophene-
carboxaldehyde or the starting aldehyde.

A usually minor but ubiquitous competing side reaction of
the copper-catalyzed amination reaction of aryl halides in
deanol is aryl ether formation involving the alcohol group of
deanol. In our earlier study with aryl halide substrates the
aryl ether byproducts were isolated.34 In the case of the
thiophenes studied here no systematic effort was made to
isolate and characterize these deanol ether byproducts
except those from 2-bromothiophene and 3-bromothiophene
(see supporting information). The thiophene ethers from
deanol are significantly more polar than the desired amine
derivatives and were not isolated by chromatography. The
yield of these ether byproducts is estimated at 2–10%
depending on the reactivity of the specific halothiophenes
and amines. Larger amounts of aryl ethers were isolated
when acyclic secondary amines were used as reactants. The
more reactive iodothiophene gave less ether byproduct.
Another side reaction is the reduction of the halo group in
halothiophene. Bithiophenes and thiophenes with electron-
withdrawing substitution seem to afford more reduced
product. We found that this method could not be extended to
a useful synthesis of ether-substituted thiophenes. For
example, treatment of 2-iodothiophene with 3 equiv of
1-propanol and 15% mol Cu and CuI (2:1) catalyst for 24 h
at 80 8C (standard amination conditions), produced mainly
the deanol ether of 2-iodothiophene (w40% isolated) and
only a trace of 2-propoxythiophene was detected.

All the workups and purifications described here were
carried out in the air and noticeable color changes of many
of these aminothiophenes were observed. Even refrigeration
will not prevent the degradation of neat samples of these
aminothiophenes, particularly the mono-alkylated amino-
thiophenes, and so immediate subsequent follow-up
reaction or use is suggested.



Figure 1. Proposed mechanism for copper-catalyzed amination in deanol.
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The proposed mechanism is shown in Figure 1 and uses
aromatic halides and a primary amine as an example. The
reaction proceeds via a pathway involving copper (III)
intermediate(s) similar to the recently developed copper
catalyzed coupling reactions of pentavalent bismuth,
trimethylsiloxanes, aryboronic acids and arylstannanes.44–47

In the past, copper (III) intermediates were sometimes
described as elusive high-energy species that were unlikely
intermediates even though Cu(III) intermediate has often
been proposed for copper mediated coupling reactions.48,49

However, recently more and more copper (III) compounds
have been prepared and characterized with X-ray crystal-
lography and spectroscopic methods.50,51 Reductive
elimination of a copper (III) peralkyl intermediate has
been proposed for the 1,4-addition in organocuprate
reactions.52 In some cases, oxygen was used to convert a
copper (II) intermediate to a copper (III) intermediate to
facilitate reductive elimination.45 The catalytic cycle starts
with a Cu(I) deanol complex. The mechanism includes
mainly three steps: (a) oxidative addition of ArX occurs first
to generate two aromatic and deanol coordinated Cu(III)
species; (b) ligand exchange between X and amine; and (c)
reductive elimination which lead to the final amination
product. Reductive elimination of coordinated deanol and
aryl group leads to aryl deanol byproduct.

In conclusion, we have demonstrated that copper-catalyzed
amination in N,N-dimethylethanolamine is a mild and
practical method to prepare amine derivatives from a
variety of 2 and 3-halothiophenes, 2,5-dihalothiophenes and
halobithiophenes. To our knowledge, this is the first report
of copper catalyzed reaction of unactivated halothiophenes
with aliphatic amines under such mild conditions. Primary,
secondary acyclic, and cyclic amines, and acyclic secondary
amines with hydroxyethyl functionality, provided moderate
to excellent yields of the corresponding aminated thio-
phenes. The application of this new copper mediated
amination in deanol, in combination with other existing
methods, provides a means from wide range of aromatic
halide to aromatic amine transformation.
3. Experimental

3.1. General methods

Unless otherwise noted, all chemicals were used as received
from commercial suppliers. Copper metal (w45 mm
powder) and CuI were purchased from ACROS. 5-Bromo-
2,2 0-bithiophene and 5,5 0-dibromo-2,2 0-bithiophene were
prepared according to literature procedures.53 1H
(300 MHz) and 13C (75 MHz) NMR spectra were obtained
as solutions in CDCl3, and chemical shifts are reported in
parts per million (ppm) downfield from internal standard
Me4Si (TMS) for 1H and 13C coupling constants are
reported in hertz (Hz). Spectral splitting patterns are
designated as: s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; comp, complex multiplet; and br, broad. The
infrared spectra were recorded neat on Bruker Vector 33 and
are reported in wave numbers (cmK1). Melting points were
measured on Olympus BH-2 polarized light microscope
equipped with a Mettler FP5 temperature controller and
FP52 hot stage. Low-resolution mass spectra were obtained
on a Thermo Finnigan Polaris Q Ion Trap GC(Trace GC
ultra)/MS with Electron Ionization or Chemical Ionization.
High-resolution mass spectra were obtained for selected
compounds on a Micromass Q-TOF II Mass Spectrometer at
the Mass Spectrometry and Proteomics Facility, Ohio State
University. Candidate samples for HRMS were chosen on
the basis of stability and as representative of the type of
amines prepared. The purity of all the isolated compounds
was higher than 95% which was examined by TLC, GC and
1H NMR. Copies of 1H and 13C NMR of all new compounds
and some of the known compounds are available in
supporting materials.

In most cases, aminothiophenes are sensitive to air, light and
acid but they are sufficiently stable for manipulation neat or
in solution. However, immediate use rather than protracted
storage (even at low temperature) is advised. For example,
severe decomposition was observed for 3-(N-benzyl-
amino)thiophene (Table 3, entry 2) and 3-N-(heptyl-
amino)thiophene (Table 3, entry 1) after two months of
storage in the freezer (K16 8C). Chromatography columns
employed for purification of sensitive compounds by gravity
or flash methods were prepared from a slurry of silica gel in
hexane/triethylamine (97:3).

3.1.1. 2-Pyrrolidinothiophene.54 (Table 1, entry 1) 2-
Iodothiophene (2.1 g, 10 mmol), pyrrolidine (1.1 g,
15 mmol), Cu metal (w45 mm powder, 64 mg, 1 mmol),
K3PO4$H2O (4.6 g, 20 mmol) and deanol (10 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. The reaction mixture was stirred
at 60 8C for 11 h under nitrogen positive pressure. After the
reaction cooled to room temperature, 10 ml of water was
added and the mixture was extracted with diethyl ether (3!
100 ml). The combined organic layers were then washed
with brine and dried over anhydrous MgSO4. Solvent was
removed by rotary evaporation and the residue was purified
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by Kugelrohr distillation (75 8C, 0.05 mmHg). The product
was obtained as a yellow liquid that turns blue on exposure
to air and is unstable on silica gel. (1.40 g, 91% yield). 1H
NMR (300 MHz, CDCl3) d 6.83 (dd, JZ5.4, 3.9 Hz, 1H),
6.42 (dd, JZ5.4, 1.2 Hz, 1H), 5.79 (dd, JZ5.4, 1.2 Hz, 1H),
3.32–3.28 (m, 4H), 2.07–2.02 (m, 4H). 13C NMR (75 MHz,
CDCl3) d 155.97, 126.94, 108.35, 100.08, 51.25, 25.90.
GC–MS (CI) 154.1 (MCH, 47), 52.9 (100), 153.1 (62),
152.1 (56), 55 (37), 91 (34), 120.1 (30).

3.1.2. N-Butylthiophen-2-amine (Table 1, entry 2). 2-
Iodothiophene (2.1 g, 10 mmol), n-butylamine (1.1 g,
15 mmol), Cu metal (w45 mm powder, 64 mg, 1 mmol),
K3PO4$H2O (4.6 g, 20 mmol) and deanol (10 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. Air was removed from the
reaction system and replaced with nitrogen. The reaction
mixture was stirred at 60 8C for 11 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
10 ml of water was added and the black mixture was quickly
extracted with diethyl ether (3!100 ml). The combined
organic layers were then washed with brine and dried over
anhydrous MgSO4 for 3 min. Solvent was removed in
vacuo, and the residue was purified by Kugelrohr distillation
(75 8C, 0.05 mmHg). The product was obtained as a light
yellow liquid, but quickly turned red on exposure to air
(0.96 g, 62% yield). 1H NMR (300 MHz, CDCl3) d 6.73 (dd,
JZ3.57, 5.50 Hz, 1H), 6.46 (dd, JZ1.38, 5.50 Hz, 1H),
6.02 (dd, JZ1.38, 3.57 Hz, 1H), 3.78 (s, br, 1H), 3.13 (t, JZ
7.0 Hz, 2H), 1.67–1.60 (m, 2H), 1.47–1.42 (m, 2H), 0.97 (t,
JZ7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) d 155.70,
126.39, 110.19, 103.80, 48.14, 31.85, 20.39, 14.04. GC–MS
(CI) 156.1 (MCH, 100), 112.1 (65), 155.1 (58), 100.1 (54),
67.1 (15), 157.1 (13).

3.1.3. 2-Piperidinothiophene.15 (Table 1, entry 3) From
2-iodothiophene (10 mmol). 2-Iodothiophene (2.1 g,
10 mmol), piperidine (1.3 g, 15 mmol), Cu metal
(w45 mm powder, 64 mg, 1 mmol), K3PO4$H2O (4.6 g,
20 mmol) and deanol (10 ml) were added to a flask fitted
with a magnetic stirbar, a condenser and sealed with a
septum. The reaction mixture was stirred at 70 8C for 10 h
under nitrogen positive pressure. After the reaction cooled
to room temperature, 10 ml of water was added and the
mixture was extracted with diethyl ether (100 ml, 3!). The
combined organic layers were then washed with brine and
dried over anhydrous MgSO4. Solvent was removed in
vacuo, and the residue was purified by flash chromatography
on silica gel eluted with hexane and then hexane/EtOAc
(10:1). The product was obtained as a liquid (1.45 g, 87%
yield). 1H NMR (300 MHz, CDCl3) d 6.79 (dd, JZ3.85,
5.50 Hz, 1H), 6.58 (dd, JZ1.38, 5.50 Hz, 1H), 6.11 (dd, JZ
1.38, 3.85 Hz, 1H), 3.13 (t, JZ5.6 Hz, 4H), 1.77–1.69 (m,
4H), 1.61–1.52 (m, 2H). 13C NMR (75 MHz, CDCl3) d
160.51, 126.24, 111.86, 105.02, 53.10, 25.59, 23.99. GC–
MS (CI) 167.1 (MCH, 87), 168.1 (100), 166.1 (46), 134.1
(24), 169.1 (13), 84.1 (11).

3.1.4. 2-(Morpholino)thiophene.15 (Table 1, entry 4)
From 2-iodothiophene (10 mmol). 2-Iodothiophene (2.1 g,
10 mmol), morpholine (1.75 g, 20 mmol), Cu metal
(w45 mm powder, 64 mg, 1 mmol), K3PO4$H2O (4.6 g,
20 mmol) and deanol (10 ml) were added to a flask fitted
with a magnetic stirbar, a condenser and sealed with a
septum. The reaction mixture was stirred at 75 8C for 24 h
under nitrogen positive pressure. After the reaction cooled
to room temperature, 10 ml of water was added and the
mixture was extracted with diethyl ether (3!100 ml). The
combined organic layers were washed with brine and dried
over anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel eluted with hexane and then hexane/EtOAc (4:1). The
product was obtained as a liquid, 1.04 g, 62% yield. 1H
NMR (300 MHz, CDCl3) d 6.80 (dd, JZ5.5, 3.9 Hz, 1H),
6.64 (dd, JZ5.5, 1.4 Hz, 1H), 6.16 (dd, JZ3.9, 1.4 Hz, 1H),
3.86–3.83 (m, 4H), 3.14–3.11 (m, 4H). 13C NMR (75 MHz,
CDCl3) d 159.5, 126.24, 112.87, 105.76, 66.56, 52.08. GC–
MS (CI) 170.01 (MCH, 100), 169.1 (67), 171.7 (15), 168.1
(13).

3.1.5. 2-Pyrrolidinothiophene.54 (Table 2, entry 1) From
2-bromothiophene (160 mmol). 2-Bromothiophene (26.2 g,
160 mmol), pyrrolidine (17.2 g, 240 mmol), Cu metal
(w45 mm powder, 1.0 g, 16 mmol), K3PO4$H2O (73 g,
320 mmol) and deanol (160 ml) were added to a flask fitted
with a magnetic stirbar, a condenser and sealed with a
septum. The reaction mixture was stirred at 80 8C for 50 h
under nitrogen positive pressure. After the reaction cooled
to room temperature, 100 ml of water was added and the
mixture was extracted with diethyl ether (3!300 ml). The
combined organic layers were then washed with brine and
dried over anhydrous MgSO4. Solvent was removed by
rotary evaporation and the residue was purified by
distillation under vacuum (67–69 8C, 0.05 mmHg). The
product was obtained as a colorless liquid, 20.1 g, 81%
yield.

3.1.6. 2-Piperidinothiophene.15 (Table 2, entry 2) From
2-bromothiophene (20 mmol). 2-Bromothiophene (3.3 g,
20 mmol), piperidine (2.6 g, 30 mmol), Cu metal
(w45 mm powder, 64 mg, 1 mmol), CuI (190 mg,
1 mmol), K3PO4$H2O (9.2 g, 40 mmol) and deanol
(20 ml) were added to a flask with a magnetic stirbar, fitted
with a condenser and sealed with a septum. The reaction
mixture was stirred at 80 8C for 48 h under nitrogen positive
pressure. After the reaction cooled to room temperature
20 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel eluted with hexane and then hexane/EtOAc (10:1). The
product was obtained as a liquid (2.43 g, 73% yield).

A larger scale reaction with 100 mmol of 2-bromothiophene
was also run. After 50 h the reaction was worked up by
extraction with diethylether and this ether solution was dried
over anhydrous MgSO4. Solvent was removed and the
product was further purified by vacuum fractional distilla-
tion with a Vigreux column. Bp 71–73 8C, 0.15 mmHg.
12.7 g, 76% yield.

3.1.7. 2-(Morpholino)thiophene.15 (Table 2, entry 3)
From 2-bromothiophene (10 mmol). 2-Bromothiophene
(3.3 g, 20 mmol), morpholine (3.5 g, 40 mmol), Cu metal
(w45 mm powder) (64 mg, 1 mmol), CuI (190 mg,
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1 mmol), K3PO4$H2O (9.2 g, 40 mmol) and deanol (20 ml)
were added to a flask with a magnetic stirbar, a condenser
and sealed with a septum. The reaction mixture was stirred
at 80 8C for 72 h under nitrogen positive pressure. After the
reaction cooled to room temperature, 20 ml of water was
added and the mixture was extracted with diethyl ether (3!
100 ml). The combined organic layers were then washed
with brine and dried over anhydrous MgSO4. Solvent was
removed in vacuo, and the residue was purified by flash
chromatography on silica gel eluted with hexane and then
hexane/EtOAc (4:1). The product was obtained as a liquid
(2.18 g, 65% yield).

3.1.8. (S)-2-(2-Hydroxymethylpyrrolidino)thiophene
(Table 2, entry 4). 2-Bromothiophene (2.45 g, 15 mmol),
(S)-(C)-pyrrolidinemethanol (1.01 g, 10 mmol), Cu metal
(w45 mm powder, 64 mg, 1 mmol), CuI (190 mg, 1 mmol),
K3PO4$H2O (9.2 g, 40 mmol) and deanol (10 ml) were
added to a flask with a magnetic stirbar, fitted with a
condenser and sealed with a septum. The flask was cooled to
K78 8C, air was evacuated and nitrogen was backfilled. The
reaction mixture was stirred at 80 8C for 48 h under nitrogen
positive pressure. After the reaction cooled to room
temperature 20 ml of water was added and the mixture
was extracted with diethyl ether (3!100 ml). The com-
bined organic layers were then washed with brine and dried
over anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by column chromatography on
silica gel pretreated with 4% of triethylamine. The product
was eluted with hexane/EtOAc (4:1) and was obtained as an
oil (1.3 g, 71% % yield). 1H NMR (300 MHz, CDCl3) d 6.80
(dd, JZ3.8, 5.5 Hz, 1H), 6.45 (dd, JZ1.38, 5.50 Hz, 1H),
5.94 (dd, JZ1.38, 3.85 Hz, 1H), 3.79–3.72 (m, 1H), 3.65–
3.58 (m, 2H), 3.53–3.47 (m, 1H), 3.20–3.11 (m, 1H), 2.21 (t,
br. JZ5.6 Hz, 1H), 2.08–1.97 (m, 4H). 13C NMR (75 MHz,
CDCl3) d 156.30, 126.74, 109.50, 102.08, 64.93, 63.80,
53.75, 29.20, 24.86. MS (EI) 183.1 (MC, 32), 152.1 (100),
110.2 (33), 153.1 (18). HRMS (EI) calcd for C9H14NOS:
184.0796 (MCHC), found: 184.0795. IR (neat, cmK1)
3356, 3107, 3067, 2948, 2874, 2833, 1531, 1468, 1367,
1351, 1311, 1280, 1250, 1230, 1180, 1148, 1078, 1033,
1002, 982, 836, 754, 651.

3.1.9. 2-(4-Hydroxypiperidino)thiophene (Table 2, entry
5). 2-Bromothiophene (1.65 g, 10 mmol), 4-hydroxypiper-
idine (1.35 g, 13 mmol) Cu (32 mg, 0.5 mmol), CuI
(100 mg, 0.5 mmol), and deanol (10 ml) were added to a
flask with a magnetic stirbar, fitted with a condenser and
sealed with a septum. The flask was cooled to K78 8C, air
was evacuated and nitrogen was introduced. The reaction
mixture was stirred at 80 8C for 72 h under nitrogen positive
pressure. After the reaction cooled to room temperature
20 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by column chromatography on
silica gel pretreated with 3% of triethylamine and eluted
with hexane/EtOAc (3:1). The product was obtained as an
oil (1.18 g, 64.5% yield). 1H NMR (300 MHz, CDCl3) d
6.77 (dd, JZ3.85, 5.50 Hz, 1H), 6.59 (dd, JZ1.38, 5.50 Hz,
1H), 6.12 (dd, JZ1.38, 3.85 Hz, 1H), 3.88–3.79 (m, 1H),
3.49–3.42 (m, 2H), 2.98–2.90 (m, 2H), 2.04–1.95 (m, 2H),
1.78–1.69 (m, 2H). 13C NMR (75 MHz, CDCl3) d 159.38,
126.35, 112.50, 105.98, 67.40, 49.94, 33.82. GC–MS (EI)
183.1 (MC, 100), 164.0 (43), 110.0 (37), 182.1 (19), 138.1
(19), 111.0 (15), 184.2 (14), 112.1 (14), 165.1 (10). IR (neat,
cmK1) 3344, 3106, 3069, 2943, 2819, 1528, 1450, 1380,
1336, 1258, 1222, 1197, 1142, 1112, 1069, 1055, 1011, 978,
878, 838, 774, 662.

3.1.10. n-Butyl-N-2-thienylacetamide (Table 2, entry 6).
2-Bromothiophene (3.3 g, 20 mmol), n-butylamine (3.0 g,
40 mmol), Cu metal (w45 mm powder, 64 mg, 1 mmol),
CuI (190 mg, 1 mmol), K3PO4$H2O (9.2 g, 40 mmol) and
deanol (20 ml) were added to a flask with a magnetic stirbar,
fitted with a condenser and sealed with a septum. Air was
removed from the reaction system and replaced with
nitrogen. The reaction mixture was stirred at 75 8C under
nitrogen positive pressure until almost all the 2-bromothio-
phene was consumed (usually about 24 h). After the
reaction cooled to room temperature, 20 ml of water was
added and the black mixture was quickly extracted with
diethyl ether (3!100 ml). The combined organic layers
were then washed with brine and dried over anhydrous
MgSO4. Solvent was removed by rotary evaporation and the
residue was Kugelrohr distilled (75 8C, 0.05 mmHg). The
distillate was quickly added to a premixed mixture of
pyridine (31 mmol) and acetic anhydride (30 mmol) and
stirred at room temperature for 3 h. EtOAc (200 ml) was
added and washed with water (40 ml, 3!). The organic
layer was dried over anhydrous MgSO4 and solvent was
removed. The residue was further purified by flash
chromatography on silica gel, eluted with hexane/ethyl
acetate (3:1). The product was obtained as liquid (0.90 g,
23%). 1H NMR (300 MHz, CDCl3) d 7.18 (dd, JZ1.38,
5.50 Hz, 1H), 6.91 (dd, JZ3.57, 5.50 Hz, 1H), 6.77 (dd, JZ
1.38, 3.57 Hz, 1H), 3.63 (t, JZ7.56 Hz, 2H), 1.94 (s, 3H),
1.57–1.47 (m, 2H), 1.36–1.23 (m, 2H), 0.88 (t, JZ7.3 Hz,
3H). 13C NMR (75 MHz, CDCl3) d 171.33, 146.01, 125.90,
125.36, 124.68, 49.86, 29.97, 22.57, 20.02, 13.92. GC–MS
(CI) 198.1 (MCH, 100), 156.1 (96), 197.0 (15), 100.1 (14),
155.1 (12), 157.1 (12), 112.1 (12), 199.1 (10), 196.1 (9).
HRMS (EI) calcd for C10H15NOSNa: 220.0772 (MCNa),
found: 220.0768.

3.1.11. 2-N,N-Diethylaminothiophene.15 (Table 2, entry
7) 2-Bromothiophene (1.63 g, 10 mmol), diethyamine
(2.95 g, 40 mmol), Cu (190 mg, 3 mmol), CuI (100 mg,
0.5 mmol), and K3PO4$H2O (4.6 g, 20 mmol) and deanol
(10 ml) were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
80 8C under nitrogen positive pressure for 48 h. After the
reaction cooled to room temperature, 150 ml of water was
added and the mixture was extracted with diethyl ether (3!
150 ml). The combined organic layers were then washed
with brine. Solvent was removed in vacuum, and the residue
was added to a short silica gel (pretreated with triethyl-
amine) column and eluted with hexane. A crude product
containing about 6% of 2-bromothiophene was obtained by
removing the solvent. The crude product was further
purified by column chromatography on neutral alumina
and the product was obtained as a liquid, 0.60 g, 39% yield.
1H NMR (300 MHz, CDCl3) d 6.77 (dd, JZ3.8, 5.5 Hz,
1H), 6.46 (dd, JZ1.4, 5.5 Hz, 1H), 5.91 (dd, JZ1.4, 3.8 Hz,
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1H), 3.28 (q, JZ7.1 Hz, 4H), 1.18 (t, JZ7.1 Hz, 6H). 13C
NMR (75 MHz, CDCl3) d 157.58, 126.65, 109.48, 102.70,
47.53, 12.33. GC–MS (EI) 155.1 (MC, 57), 140.0 (100),
112.0 (85), 85.0 (34), 98.0 (29), 54.0 (27), 110.1 (21), 78.0
(19), 97.0 (17). IR (neat, cmK1) 3108, 3070, 2971, 2932,
2870, 1534, 1483, 1462, 1444, 1375, 1359, 1302, 1243,
1198, 1180, 1127, 1077, 1053, 834, 785, 753, 650, 564.

3.1.12. 2-N,N-Dipropylaminothiophene (Table 2, entry
8). 2-Bromothiophene (1.63 g, 10 mmol), dipropylamine
(4.0 g, 40 mmol), Cu (190 mg, 3 mmol), CuI (100 mg,
0.5 mmol), and K3PO4$H2O (4.6 g, 20 mmol) and deanol
(10 ml) were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
80 8C under nitrogen positive pressure for 48 h. After the
reaction cooled to room temperature, 100 ml of water was
added and the mixture was extracted with diethyl ether (3!
150 ml). The combined organic layers were then washed
with brine. Solvent was removed in vacuum, and the residue
was added to a short silica gel (pretreated with triethyl-
amine) column and eluted with hexane. A crude product
containing about 8% of 2-bromothiophene was obtained by
removing the solvent. The crude product was further
purified by column chromatography on neutral alumina
and the product was obtained as a liquid, 0.65 g, 35% yield.
1H NMR (300 MHz, CDCl3) d 6.76 (dd, JZ3.8, 5.5 Hz,
1H), 6.41 (dd, JZ1.4, 5.5 Hz, 1H), 5.85 (dd, JZ1.4, 3.8 Hz,
1H), 3.20–3.15 (m, 4H), 1.71–1.58 (m, 4H), 0.94 (t, JZ
7.4 Hz, 6H). 13C NMR (75 MHz, CDCl3) d 158.26, 126.67,
108.67, 101.66, 56.06, 20.47, 11.67. GC–MS (EI) 183.1
(MC, 85), 126.2 (100), 154.1 (87), 112.2 (57), 184.1 (32),
85.3 (16), 78.2 (15), 127.1 (10). HRMS (EI) calcd for
C10H18NS: 184.1160 (MCHC), found: 184.1163. IR (neat,
cmK1) 3109, 3070, 2960, 2933, 2872, 1535, 1482, 1466,
1452, 1379, 1368, 1346, 1304, 1271, 1221, 1179, 1133,
1102, 1077, 1053, 960, 946, 882, 837, 749, 688, 649, 580,
571, 562.

3.1.13. 2-[Ethyl(2-thienyl)amino]ethanol (deanol was
used as a solvent) (Table 2, entry 9). 2-Bromothiophene
(3.3 g, 20 mmol), 2-(ethylamino)ethanol (3.6 g, 40 mmol),
Cu metal (w45 mm powder, 64 mg, 1 mmol), CuI (190 mg,
1 mmol), K3PO4$H2O (9.2 g, 40 mmol) and deanol (20 ml)
were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. The reaction mixture
was stirred at 80 8C for 72 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
20 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo and the
residue was purified by flash chromatography on silica gel
eluted with hexane/EtOAc (4:1). The product was obtained
as a liquid, 1.06 g, 31% yield.

3.1.14. 2-(N-Methyl-NK2-hydroxyethylamino)thio-
phene (Table 2, entry 10). 2-Bromothiophene (3.3 g,
20 mmol), 2-(methylamino)ethanol 15 ml (also solvent),
Cu metal (K45 mm powder, 64 mg, 1 mmol), CuI (190 mg,
1 mmol), and K3PO4$H2O (9.2 g, 40 mmol) were added to a
flask with a magnetic stirbar, a condenser and sealed with a
septum. The reaction mixture was stirred at 80 8C for 24 h
under nitrogen positive pressure. After the reaction cooled
to room temperature, 20 ml of water was added and the
mixture was extracted with diethyl ether (3!150 ml). The
combined organic layers were then washed with brine and
dried over anhydrous MgSO4. Solvent was removed in
vacuo, and the residue was purified by flash chromatography
on silica gel eluted with hexane/EtOAc (1:1). The product
was obtained as a liquid that easily changed to blue color,
2.54 g, 81% yield. 1H NMR (300 MHz, CDCl3) d 6.77 (dd,
JZ5.5, 3.8 Hz, 1H), 6.50 (dd, JZ5.5, 1.4 Hz, 1H), 5.98 (dd,
JZ3.8, 1.4 Hz, 1H), 3.78 (t, JZ5.6 Hz, 2H), 3.35 (t, JZ
5.6 Hz, 2H), 2.95 (s, 3H), 2.42 (s, br, 1H). 13C NMR
(75 MHz, CDCl3) d 159.05, 126.75, 110.74, 103.65, 59.85,
58.75, 41.64. MS (EI) 157.0 (25), 126.0 (100), 85.0 (14),
110 (11), 898.1 (9). IR (neat, cmK1) 3355, 3109, 3068,
2944, 2875, 2805, 1536, 1483, 1437, 1418, 1356, 1265,
1112, 1073, 1045, 836, 756, 655.

3.1.15. 2-[Ethyl(2-thienyl)amino]ethanol (Table 2, entry
9 and 11). 2-Bromothiophene (3.3 g, 20 mmol), 2-(ethyl-
amino) ethanol 20 ml (also solvent), Cu metal (w45 mm
powder, 64 mg, 1 mmol), CuI (190 mg, 1 mmol), and
K3PO4$H2O (9.2 g, 40 mmol) were added to a flask fitted
with a magnetic stirbar, a condenser and sealed with a
septum. The reaction mixture was stirred at 80 8C for 24 h
under nitrogen positive pressure. After the reaction cooled
to room temperature, 20 ml of water was added and the
mixture was extracted with diethyl ether (3!150 ml). The
combined organic layers were then washed with brine and
dried over anhydrous MgSO4. Solvent was removed in
vacuum, and the residue was purified by flash chromato-
graphy on silica gel eluted with hexane/EtOAc (1:1). The
product was obtained as a liquid, very easily changed to blue
color, 2.77 g, 81% yield. 1H NMR (300 MHz, CDCl3) d
6.76 (dd, JZ5.5, 3.6 Hz, 1H), 6.52 (dd, JZ5.5, 1.4 Hz, 1H),
6.02 (dd, JZ3.6, 1.4 Hz, 1H), 3.74 (t, JZ5.6 Hz, 2H), 3.34–
3.28 (m, 4H), 1.16 (t, JZ7.2 Hz, 3H). 13C NMR (75 MHz,
CDCl3) d 157.40, 126.56, 111.24, 105.18, 59.83, 55.98,
49.82, 12.01. GC–MS (EI) 171.1 (24), 140.0 (100), 112.1
(52), 98 (16), 85 (21), 78 (16). IR (neat, cmK1) 3362, 3108,
3068, 2969, 2931, 2871, 1532, 1482, 1460, 1443, 1373,
1361, 1298, 1244, 1073, 1047, 835, 755, 652.

3.1.16. 2-[Phenyl(2-thienyl)amino]ethanol (Table 2,
entry 12). 2-Bromothiophene (3.3 g, 20 mmol), 2-anilino-
ethanol as solvent 20 ml (also solvent), Cu metal (w45 mm
powder, 64 mg, 1 mmol), CuI (190 mg, 1 mmol), and
K3PO4$H2O (9.2 g, 40 mmol) were added to a flask with a
magnetic stirbar, a condenser and sealed with a septum. The
reaction mixture was stirred at 85 8C for 48 h under nitrogen
positive pressure. After the reaction cooled to room
temperature, 20 ml of water was added and the mixture
was extracted with diethyl ether (3!100 ml). The com-
bined organic layers were then washed with water and brine.
Diethylether was removed in vacuo, and the anilinoethanol
was removed by Kugelrohr distillation. The residue was
purified by column chromatography on silica gel eluted with
hexane and ethyl acetate (9:1 to 3:1). The product was
obtained as a liquid, 0.65 g, 15% yield. 1H NMR (300 MHz,
CDCl3) d 7.28–7.22 (m, 2H), 7.03–6.89 (m, 5H), 6.72–6.70
(dd, JZ3.0, 1.2 Hz, 1H), 3.86 (s, 4H), 2.19 (s, br, 1H). 13C
NMR (75 MHz, CDCl3) d 152.15, 149.11, 129.32, 126.13,
120.84, 120.69, 120.48, 117.04, 60.05, 56.30. GC–MS (EI)
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219.0 (MC, 65), 188.1 (100), 91.1 (97), 77.0 (37), 175.0
(21), 189.1 (14), 104.1 (13), 220.1 (11), 65.1 (11), 173.1
(10). IR (neat, cmK1) 3364, 3066, 3037, 2929, 2880, 1596,
1537, 1496, 1460, 1436, 1365, 1339, 1281, 1241, 1208,
1178, 1089, 1034, 843, 748, 690.

3.1.17. 2-Piperidino-5-methylthiophene (Table 2, entry
13). 2-Bromo-5-methylthiophene (0.95 g, 5.4 mmol), piper-
idine (1.0 g, 12 mmol), Cu (32 mg, 0.5 mmol), CuI (50 mg,
0.25 mmol), K3PO4$H2O (3.9 g, 15 mmol) and deanol
(10 ml) were added to a flask fitted with a magnetic stirbar,
a condenser and sealed with a septum. The reaction mixture
was stirred at 80 8C for 24 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
20 ml of water was added and the mixture was extracted
with diethyl ether (3!80 ml). The combined organic layers
were then washed with brine. Solvent was removed in
vacuo, and the residue was purified by flash chromatography
on silica gel eluted with hexane. The product was obtained
as a white solid, 0.67 g, 71% yield. Mp 31.2–32.0 8C
(hexane). 1H NMR (300 MHz, CDCl3) d 6.41–6.39 (m, 1H),
5.90 (d, JZ3.6 Hz, 1H), 3.05 (t, JZ5.5 Hz, 4H), 2.36 (d,
JZ0.8 Hz, 3H), 1.75–1.66 (m, 4H), 1.58–1.50 (m, 2). 13C
NMR (75 MHz, CDCl3) d 158.35, 126.72, 123.46, 105.29,
53.39, 25.64, 24.01, 15.47. GC–MS (EI) 181.1 (MC, 100),
180.1 (75), 97.0 (20), 124.1 (17), 112.1 (15), 182.1 (15),
111.1 (15), 166.1 (14). HRMS (EI) calcd for C10H16NS:
182.1003 (MCHC), found: 182.1001. IR (neat, cmK1)
3089, 3033, 2933, 2854, 2823, 1559, 1506, 1444, 1381,
1233, 1195, 1158, 1126, 1015, 886, 862, 840, 832, 758.

3.1.18. 5-(Piperidino)thiophene-2-carboxaldehyde
(Table 2, entry 14). 5-Bromo-2-thiophenecarboxaldehyde
(0.96 g, 5 mmol), piperidine (1.7 g, 20 mmol), Cu (32 mg,
0.5 mmol), CuI (50 mg, 0.25 mmol), and K3PO4$H2O
(2.3 g, 10 mmol) and deanol (10 ml) were added to a flask
fitted with a magnetic stirbar, a condenser and sealed with a
septum. Air was removed and replaced with nitrogen. The
reaction mixture was stirred at 65 8C under nitrogen positive
pressure until the 5-bromo-2-thiophenecarboxaldehyde was
consumed (up to 48 h). After the reaction cooled to room
temperature, 100 ml of water was added and the mixture
was extracted with diethyl ether (3!100 ml). The com-
bined organic layers were then washed with brine. Solvent
was removed in vacuum, and the residue was purified by
flash chromatography on silica gel eluted with hexane/ethyl
acetate (3:1). The product was obtained as orange crystals,
0.75 g, 77% yield. Mp 92.8–93.5 8C (hexane). 1H NMR
(300 MHz, CDCl3) d 9.51 (s, 1H), 7.47 (d, JZ4.4 Hz, 1H),
6.06 (d, JZ4.4 Hz, 1H), 3.34 (t, JZ5.5 Hz, 4H), 1.72–1.63
(m, 6H). 13C NMR (75 MHz, CDCl3) d 180.53, 168.63,
140.45, 126.75, 104.06, 51.07, 25.08, 23.68. GC–MS (EI)
195.1 (MC, 100), 194.1 (85), 138.0 (22), 196.1 (16), 166.2
(12), 154.1 (10), 111.1 (15), 180.1 (10). IR (neat, cmK1)
3050, 3032, 2937, 2855, 2728, 1619, 1536, 1474, 1442,
1380, 1264, 1129, 1121, 1063, 1039, 1011, 890, 857, 763,
752, 742.

3.1.19. 2,5-Dipiperidinothiophene (compound 4). 2,5-
Dibromothiophene (2.90 g, 12 mmol), piperidine (6.0 g,
70 mmol), Cu (100 mg, 1.56 mmol), CuI (100 mg,
0.50 mmol), and K3PO4$H2O (11.0 g, 48 mmol) and deanol
(16 ml) were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
75–80 8C under nitrogen positive pressure until the 2,5-
dibromothiophene was consumed (usually 48 h, additional
50 mg Cu metal may be added if the conversion is not
completed). After the reaction cooled to room temperature,
50 ml of water was added and the mixture was extracted
with diethyl ether (3!120 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuum, and
the residue was purified by flash chromatography on silica
gel pretreated with 3% triethylamine in hexane. The column
was first eluted with hexane and then hexane/ethyl acetate
(97:3). 2-Piperidinothiophene was eluented first (0.53 g,
26%). The 2,5-dipiperidinothiophene was obtained as
yellow crystals, 1.38 g, 46% yield. Mp 47.8–48.8 8C
(hexane). 1H NMR (300 MHz, CDCl3) d 5.86 (s, 2H),
2.98 (t, JZ5.6 Hz, 8H), 1.72–1.64 (m, 8H), 1.55–1.49 (m,
4H). 13C NMR (75 MHz, CDCl3) d 150.52, 105.90, 54.27,
25.83, 24.02. GC–MS (EI) 250.1 (MC, 100), 180.3 (64),
207.2 (53), 208.2 (47), 181.2 (35), 84.2 (25), 251.2 (16),
194.3 (11). Anal. Calcd C14H22N2S2: C, 67.15; H, 8.86; N,
11.19; S, 12.81. Found: C, 66.87; H, 9.02; N, 11.27; S,
12.63. HRMS (EI) calcd for C14H22N2SNa: 273.1401 (MC
Na), found: 273.1400. IR (neat, cmK1) 2927, 2850, 2818,
1556, 1528, 1463, 1446, 1381, 1324, 1230, 1189, 1126,
1120, 1019, 891, 858, 740, 717, 606.

3.1.20. 5-Piperidino-2,2 0-bithiophene (compound 7).10

5-Bromo-2,2 0-bithiophene (1.25 g, 5 mmol), piperidine
(0.65 g, 8 mmol), Cu (32 mg, 0.5 mmol), CuI (50 mg,
0.25 mmol), and K3PO4$H2O (2.3 g, 10 mmol) and deanol
(7 ml) were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
80 8C under nitrogen positive pressure until the 5-bromo-
2,2 0-bithiophene was consumed (36 h). After the reaction
cooled to room temperature, 50 ml of water was added and
the mixture was extracted with diethyl ether (3!60 ml).
The combined organic layers were then washed with brine
and dried over anhydrous MgSO4. Solvent was removed in
vacuum, and the residue was purified by flash chromato-
graphy on silica gel first eluted with hexane and then
hexane/ethyl acetate (97:3). The product was obtained as
yellow crystals, 0.78 g, 63% yield. Mp 59.8–60.0 8C
(hexane). Lit 59–60 8C.10 1H NMR (300 MHz, CDCl3) d
7.10–7.07 (m, 1H), 6.97–6.95 (m, 1H), 6.87 (d, JZ3.9 Hz,
1H), 5.98 (d, JZ3.9 Hz, 1H), 3.15 (t, JZ5.6 Hz, 4H), 1.76–
1.68 (m, 4H), 1.61–1.53 (m, 2H). 13C NMR (75 MHz,
CDCl3) d 159.21, 138.80, 127.74, 123.31, 122.55, 121.51,
105.16, 52.58, 25.38, 23.88. GC–MS (EI) 249.1 (MC, 100),
179.0 (25), 248.2 (24), 96.0 (24), 207.0 (20), 194.1 (20),
180.0 (19), 250.1 (18), 193.1 (18), 121.0 (16), 69.0 (14).
HRMS (EI) calcd for C13H16NS2: 250.0724 (MCHC),
found: 250.0708. IR (neat, cmK1) 3104, 3068, 2939, 2853,
2830, 1510, 1485, 1459, 1444, 1380, 1256, 1242, 1219,
1192, 1127, 1067, 1012, 860, 824, 809, 758, 692, 679.

3.1.21. 5,5 0-Diperidino-2,2 0-bithiophene (compound 8).
5,5 0-Dibromo-2,2 0-bithiophene (1.62 g, 5 mmol), piperidine
(1.62 g, 20 mmol), Cu (32 mg, 0.5 mmol), CuI (50 mg,
0.25 mmol), and K3PO4$H2O (4.6 g, 20 mmol) and deanol
(8 ml) were added to a flask fitted with a magnetic stirbar, a
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condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
80 8C under nitrogen positive pressure until all the 5,5 0-
dibromo-2,2 0-bithiophene (48 h) was consumed. After the
reaction cooled to room temperature, 50 ml of water was
added and the mixture was extracted with diethyl ether (3!
150 ml). The combined organic layers were then washed
with brine and dried over anhydrous MgSO4. Solvent was
removed in vacuum, and the residue was purified by flash
chromatography on silica gel first eluted with hexane and
then hexane/ethyl acetate (50:1 to 10:1). 5-Piperidino-2,2 0-
bithiophene was isolated as a major product. It was obtained
as yellow crystals, 0.68 g, 54.5% yield. The targeted 5,5 0-
dipiperidino-2,2 0-bithiophene was also isolated as orange
crystals. Mp 189.6–190.0 8C (ethyl acetate). 0.24 g, 14.5%
yield. 1H NMR (300 MHz, CDCl3) d 6.60 (s, br, 2H), 5.95
(s, br, 2H), 3.11 (s, br, 8H), 1.74–1.67 (m, 8H), 1.59–1.53
(m, 4H). (Note: The 1H NMR resonances of the aromatic
protons and the protons on the carbons connected to
nitrogen of the piperidine ring were either very broad or
sometimes disappeared entirely. The CDCl3 solution turns
red and eventually purple. The 13C NMR spectrum was
normal). 13C NMR (75 MHz, CDCl3) d 158.06, 124.90,
120.91, 105.24, 52.76, 25.47, 23.93. MS (ASCI) 333.2 (MC
1). Anal. Calcd C18H24N2S2: C, 65.02; H, 7.27; N, 8.42; S,
19.29. Found: C, 64.66; H, 7.40; N, 8.47; S, 19.33. HRMS
(EI) calcd for C18H24N2S2Na: 355.1279 (MCNa), found:
355.1284. IR (neat, cmK1) 3084, 3023, 2933, 2853, 2819,
1527, 1477, 1459, 1442, 1377, 1297, 1232, 1188, 1120,
1065, 1041, 1013, 892, 858, 822, 753.

3.1.22. 3-N-(Butylamino)thiophene (Table 3, entry 1).
2-Bromothiophene (3.3 g, 20 mmol), n-butylamine (2.2 g,
30 mmol), Cu (64 mg, 1 mmol), CuI (190 mg, 1 mmol),
K3PO4$H2O (9.2 g, 40 mmol) and deanol (30 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. Air was removed from the
reaction system and replaced with nitrogen. The reaction
mixture was stirred at 80 8C for 36 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
60 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/triethylamine (98:2). The product
was obtained as a yellow liquid (2.54 g, 84.5% yield) that
turns red quickly on exposure to air. 1H NMR (300 MHz,
CDCl3) d 7.16 (dd, JZ5.2, 3.0 Hz, 1H), 6.62 (dd, JZ5.2,
1.7 Hz, 1H), 5.95 (dd, JZ3.0, 1.7 Hz, 1H), 3.56 (s, br, 1H),
3.08 (t, JZ7.0 Hz, 2H), 1.67–1.57 (m, 2H), 1.50–1.38 (m,
2H), 0.97 (t, JZ7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) d
149.07, 125.18, 120.07, 95.39, 46.24, 31.90, 20.50, 14.08.
MS (EI) (%) 155.1 (MC, 26), 112.0 (100), 85.0 (27), 50.8
(14), 113.1 (11). IR (neat) 3390, 3101, 2957, 2928, 2861, 1560,
1478, 1425, 1366, 1229, 1191, 1077, 868, 834, 743, 623.

3.1.23. 3-(N-Benzylamino)thiophene (Table 3, entry 2).
2-Bromothiophene (3.3 g, 20 mmol), benzylamine (3.2 g,
30 mmol), Cu (64 mg, 1 mmol), CuI (190 mg, 1 mmol),
K3PO4$H2O (9.2 g, 40 mmol) and deanol (30 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. Air was removed from the
reaction system and filled with nitrogen. The reaction
mixture was stirred at 80 8C for 40 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
60 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/triethylamine/EtOAc (94:2:4). The
product was obtained as a red-brown liquid (3.16 g, 86%
yield). 1H NMR (300 MHz, CDCl3) d 7.47–7.37 (m, 5H),
7.20 (dd, JZ5.2, 3.0 Hz, 1H), 6.68 (dd, JZ5.2, 1.7 Hz, 1H),
6.02 (dd, JZ3.0, 1.7 Hz, 1H), 4.31 (s, 2H), 4.03 (s, br, 1H).
13C NMR (75 MHz, CDCl3) d 148.70, 139.50, 128.82, 127.94,
127.53, 125.41, 120.14, 96.26, 50.83. MS (EI) (%) 189.1 (MC,
57), 91 (100), 188.1 (25), 65.0 (25), 50.7 (17). IR (neat, cmK1)
3384, 3101, 3061, 3028, 2923, 2836, 1558, 1493, 1452, 1424,
1232, 1186, 1076, 1028, 864, 840, 800, 745, 697.

3.1.24. 3-N-(Heptylamino)thiophene (Table 3, entry 3).
2-Bromothiophene (1.65 g, 10 mmol), n-heptylamine
(1.73 g, 15 mmol), Cu (32 mg, 0.5 mmol), CuI (100 mg,
0.5 mmol), K3PO4$H2O (4.6 g, 20 mmol) and deanol
(10 ml) were added to a flask fitted with a magnetic stirbar,
a condenser and sealed with a septum. Air was removed
from the reaction system and replaced with nitrogen. The
reaction mixture was stirred at 80 8C for 45 h under nitrogen
positive pressure. After the reaction cooled to room
temperature, 60 ml of water was added and the mixture
was extracted with diethyl ether (3!100 ml). The com-
bined organic layers were then washed with brine and dried
over anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/triethylamine (98:2). The product
was obtained as a yellow liquid (1.6 g, 83% yield) that turns
red quickly on exposure to air. 1H NMR (300 MHz, CDCl3)
d 7.15 (dd, JZ5.2, 3.0 Hz, 1H), 6.62 (dd, JZ5.2, 1.7 Hz,
1H), 5.96 (dd, JZ3.0, 1.7 Hz, 1H), 3.59 (s, br, 1H), 3.08 (t,
JZ7.0 Hz, 2H), 1.66–1.59 (m, 2H), 1.44–1.29 (m, 8H), 0.92
(t, JZ7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) d 149.07,
125.18, 120.11, 95.36, 46.58, 32.03, 29.81, 29.36, 27.40,
22.82, 14.30. MS (EI) (%) 197.1 (MC, 27), 112.0 (100),
85.0 (23), 133.0 (13), 154.1 (8).

3.1.25. 3-(Pyrrolidino)thiophene (Table 3, entry 4).15

3-Bromothiophene (1.65 g, 10 mmol), pyrrolidine (1.1 g,
150 mmol), Cu (32 mg, 0.5 mmol), CuI (100 mg,
0.5 mmol), K3PO4$H2O (4.6 g, 20 mmol) and deanol
(15 ml) were added to a flask fitted with a magnetic stirbar,
a condenser and sealed with a septum. Air was removed
from the reaction system and replaced with nitrogen. The
reaction mixture was stirred at 80 8C for 48 h under nitrogen
positive pressure. After the reaction cooled to room
temperature, 60 ml of water was added and the mixture
was extracted with diethyl ether (3!100 ml). The com-
bined organic layers were then washed with brine and dried
over anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/ethylacetate (99:1). The product was
obtained as a yellow liquid (1.3 g, 85% yield) that turns red
on exposure to air. 1H NMR (300 MHz, CDCl3) d 7.22 (dd,
JZ5.2, 3.0 Hz, 1H), 6.72 (dd, JZ3.0, 1.7 Hz, 1H), 5.81 (dd,
JZ5.2, 1.7 Hz, 1H), 3.28–3.24 (m, 4H), 2.01–1.97 (m, 4H).
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13C NMR (75 MHz, CDCl3) d 149.99, 125.20, 118.66,
93.88, 49.99, 25.47. MS (EI) 153.1 (MC, 63), 152.1 (100),
97.0 (31), 110.1 (27), 154.0 (11). IR (neat, cmK1) 3106,
2967, 2884, 2823, 1552, 1487, 1460, 1426, 1398, 1356,
1286, 1217, 1171, 1150, 1085, 997, 846, 737, 616.

3.1.26. 3-(Piperidino)thiophene (Table 3, entry 5).55

2-Bromothiophene (3.3 g, 20 mmol), piperidine (2.6 g,
30 mmol), Cu (64 mg, 1 mmol), CuI (190 mg, 1 mmol),
K3PO4$H2O (9.2 g, 40 mmol) and deanol (30 ml) were
added to a flask with a magnetic stirbar, a condenser and
sealed with a septum. Air was removed from the reaction
system and replaced with nitrogen. The reaction mixture
was stirred at 80 8C for 40 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
60 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/triethylamine/EtOAc (92:2:6). The
product was obtained as a yellow liquid (2.38 g, 73.3%
yield). 1H NMR (300 MHz, CDCl3) d 7.22 (dd, JZ5.2,
3.0 Hz, 1H), 6.89 (dd, JZ5.2, 1.7 Hz, 1H), 6.18 (dd, JZ3.0,
1.7 Hz, 1H), 3.07 (t, JZ7.0 Hz, 4H), 1.76–1.68 (m, 4H),
1.60–1.52 (m, 2H). 13C NMR (75 MHz, CDCl3) d 153.53,
125.13, 120.70, 100.14, 51.93, 25.82, 24.27. MS (EI) (%)
167.1 (MC, 65), 166.1 (100), 110.0 (36), 138.1 (18), 152.1
(14), 111.1 (13), 168.1 (12). IR (neat) 3112, 2933, 2853,
2802, 1538, 1450, 1421, 1385, 1255, 1216, 1190, 1132,
1088, 959, 882, 866, 837, 799, 749, 677.

3.1.27. 3-(Morpholino)thiophene (Table 3, entry 6).20

3-Bromothiophene (1.65 g, 10 mmol), morpholine (1.5 g,
30 mmol), Cu (32 mg, 0.5 mmol), CuI (100 mg, 0.5 mmol),
K3PO4$H2O (4.6 g, 20 mmol) and deanol (15 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. Air was removed from the
reaction system and replaced with nitrogen. The reaction
mixture was stirred at 80 8C for 40 h under nitrogen positive
pressure. After the reaction cooled to room temperature,
60 ml of water was added and the mixture was extracted
with diethyl ether (3!100 ml). The combined organic
layers were then washed with brine and dried over
anhydrous MgSO4. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel, eluted with hexane/triethylamine/EtOAc (92:2:6). The
product was obtained as a yellow liquid (0.4 g, 23% yield).
1H NMR (300 MHz, CDCl3) d 7.26 (dd, JZ5.2, 3.0 Hz,
1H), 6.86 (dd, JZ5.2, 1.7 Hz, 1H), 6.20 (dd, JZ3.0, 1.7 Hz,
1H), 3.84 (t, JZ5.0 Hz, 4H), 3.09 (t, JZ5.0 Hz 4H). 13C
NMR (75 MHz, CDCl3) d 152.59, 125.74, 119.77, 100.58,
66.82, 50.90. MS (EI) (%) 169.1 (MC, 90), 100.0 (100),
111.0 (94), 154.0 (63), 84 (20), 112.1 (17), 170.1 (10).
HRMS (EI) calcd for C8H12NOS: 170.0639 (MCHC),
found: 170.0639. IR (neat, cmK1) 3112, 2933, 2853, 2802,
1538, 1450, 1421, 1385, 1255, 1216, 1190, 1132, 1088, 959,
882, 866, 837, 799, 749, 677.

3.1.28. 3-Diethylaminothiophene (Table 3, entry 7).13

3-Bromothiophene (1.63 g, 10 mmol), diethylamine
(2.95 g, 40 mmol), Cu (190 mg, 3 mmol), CuI (100 mg,
0.5 mmol), and K3PO4$H2O (4.6 g, 20 mmol) and deanol
(10 ml) were added to a flask fitted with a magnetic stirbar, a
condenser and sealed with a septum. Air was removed and
replaced with nitrogen. The reaction mixture was stirred at
85 8C under nitrogen positive pressure for 60 h. After the
reaction cooled to room temperature, 150 ml of water was
added and the mixture was extracted with diethyl ether (3!
150 ml). The combined organic layers were then washed
with brine. Solvent was removed in vacuum, and the residue
was purified by silica gel column and eluted with hexane
and hexane: ethyl acetate (50:1). The product was obtained
as a liquid, 0.24 g, 15% yield. 1H NMR (300 MHz, CDCl3)
d. 13C NMR (75 MHz, CDCl3) d 7.20 (dd, JZ3.0, 5.2 Hz,
1H), 6.77 (dd, JZ1.7, 5.2 Hz, 1H), 5.90 (dd, JZ1.7, 3.0 Hz,
1H), 3.25 (q, JZ7.0 Hz, 4H), 1.13 (t, JZ1.13 Hz). 13C
NMR (75 MHz, CDCl3) d 150.12, 124.00, 119.33, 95.95,
45.73, 12.48. GC–MS (EI) 155.1 (MC, 50), 140.1 (100),
112.0 (68), 85.0 (25), 110.0 (25), 97.1 (9). IR (neat, cmK1).
3112, 2969, 2930, 2897, 2870, 1547, 1460, 1447, 1427,
1375, 1362, 1347, 1290, 1255, 1228, 1177, 1137, 1115,
1090, 1076, 1017, 950, 849, 781, 738, 640.

3.1.29. 3-[N-Methyl-(N-2-hydroxy)amino]thiophene
(Table 3, entry 8). 3-Bromothiophene (1.65 g, 10 mmol),
2-(methylamino)ethanol 15 ml (also solvent), Cu metal
(K45 mm powder, 32 mg, 0.5 mmol), CuI (100 mg,
0.5 mmol), and K3PO4$H2O (4.6 g, 20 mmol) were added
to a flask with a magnetic stirbar, a condenser and sealed
with a septum. The reaction mixture was stirred at 80 8C for
24 h under nitrogen positive pressure. After the reaction
cooled to room temperature, 20 ml of water was added and
the mixture was extracted with diethyl ether (3!150 ml).
The combined organic layers were then washed with brine
and dried over anhydrous MgSO4. Solvent was removed in
vacuo, and the residue was purified by flash chromatography
on silica gel eluted with hexane/EtOAc (1:1). The product
was obtained as a liquid, 1.40 g, 90% yield. 1H NMR
(300 MHz, CDCl3) d 7.21 (dd, JZ5.2, 3.0 Hz, 1H), 6.81
(dd, JZ5.2, 1.7 Hz, 1H), 6.02 (dd, JZ3.0, 1.7 Hz, 1H), 3.74
(t, JZ5.5 Hz, 2H), 3.31 (t, JZ5.5 Hz, 2H), 2.87 (s, 3H),
2.36 (s, br, 1H). 13C NMR (75 MHz, CDCl3) d 152.26,
125.54, 119.62, 97.67, 59.97, 57.24, 40.06. MS (EI) 157.0
(22), 126.1 (100), 97.2 (14), 93.2 (13), 93.1 (12), 110.1 (12),
65.2 (11). IR (neat, cmK1) 3355, 3110, 2946, 2873, 2797,
1548, 1448, 1431, 1413, 1393, 1261, 1169, 1121, 1086,
1066, 1042, 986, 939, 864, 845, 830, 805, 742, 629.

3.1.30. 3-[N-Ethyl-(NK2-hydroxy)amino]thiophene
(Table 3, entry 9). 3-Bromothiophene (1.65 g, 10 mmol),
2-(ethylamino)ethanol 15 ml (also solvent), Cu metal
(K45 mm powder, 32 mg, 0.5 mmol), CuI (100 mg,
0.5 mmol), and K3PO4$H2O (4.6 g, 20 mmol) were added
to a flask with a magnetic stirbar, a condenser and sealed
with a septum. The reaction mixture was stirred at 80 8C for
45 h under nitrogen positive pressure. After the reaction
cooled to room temperature, 20 ml of water was added and
the mixture was extracted with diethyl ether (3!150 ml).
The combined organic layers were then washed with brine
and dried over anhydrous MgSO4. Solvent was removed in
vacuo, and the residue was purified by flash chromatography
on silica gel eluted with hexane/EtOAc (1:1). The product
was obtained as a yellow liquid (0.75 g, 45% yield) that
turns brown quickly on exposure to air. 1H NMR (300 MHz,
CDCl3) d 7.20 (dd, JZ5.2, 3.0 Hz, 1H), 6.79 (dd, JZ5.2,
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1.7 Hz, 1H), 5.99 (dd, JZ3.0, 1.7 Hz, 1H), 3.73 (t, JZ
5.5 Hz, 2H), 3.33–3.27 (m, 4H), 2.33 (s, br, 1H), 1.12 (t, JZ
7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) d 150.14, 125.34,
119.71, 97.54, 60.08, 54.23, 47.55, 11.97. IR (neat, cmK1)
3357, 3115, 2968, 2931, 2872, 1547, 1425, 1374, 1257,
1166, 1129, 1072, 1045, 1009, 845, 784, 739, 634. MS (EI)
(%) 171.1 (MC, 19.5), 140.0 (100), 112.0 (53), 50.8 (39.0),
85.1 (23.1) 110.0 (17.5).

3.1.31. 4-(Piperidino)thiophene-2-carboxaldehyde
(Table 3, entry 10). 4-Bromo-2-thiophenecarboxaldehyde
(0.96 g, 5 mmol), piperidine (1.7 g, 20 mmol), Cu metal
(32 mg, 0.5 mmol), CuI (50 mg, 0.25 mmol), and
K3PO4$H2O (2.3 g, 10 mmol) and deanol (10 ml) were
added to a flask fitted with a magnetic stirbar, a condenser
and sealed with a septum. Air was removed and replaced
with nitrogen. The reaction mixture was stirred at 65–75 8C
under nitrogen positive pressure until 4-bromo-2-thio-
phenecarboxaldehyde was consumed (up to 72 h). After
the reaction cooled to room temperature, 100 ml of water
was added and the mixture was extracted with diethyl ether
(3!100 ml). The combined organic layers were then
washed with brine. Solvent was removed in vacuo, and
the residue was purified by flash chromatography on silica
gel eluted with hexane/ethyl acetate (3:1). The product was
obtained as a liquid, 0.50 g, 53% yield. 1H NMR (300 MHz,
CDCl3) d 9.81 (d, JZ1, 2 Hz, 1H), 7.51 (d, JZ1.9 Hz, 1H),
6.62–6.61 (m, 1H), 3.09 (t, JZ5.5 Hz, 4H), 1.75–1.66 (m,
4H), 1.60–1.52 (m, 2H). 13C NMR (75 MHz, CDCl3)d183.17,
154.03, 142.33, 127.79, 110.40, 51.41, 25.56, 23.98. GC–MS
(EI) 195.1 (MC, 86), 194.1 (100), 138.1 (30), 139.0 (16),
166.1 (16), 196.1 (12). IR (neat, cmK1) 3320, 3103, 2935,
2852, 2809, 1663, 1547, 1439, 1386, 1365, 1248, 1227, 1177,
1120, 1045, 1028, 976, 885, 861, 831, 803, 728, 667.
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Abstract—Spectroscopic evidence for enantiomeric recognition of properly modified amino acids through the cyclodextrin assisted
formation of polymer like self-assemblies is presented. The requirements for the formation of these assemblies through aromatic p–p
stacking are discussed. It is suggested that this approach can be used for enantiomeric separation of chiral compounds that contain both
electron-rich and electron-poor moieties.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

It is now well accepted that marketing only one enantiomer
of a chiral drug is crucial for the pharmaceutical industry.1

There are two commonly used approaches for preparing the
enantiomerically pure compounds needed for chiral drug
marketing. These approaches include; (a) development of
preparation procedures that yield only the desirable
enantiomer2 and (b) using preparation procedures that
generate both enantiomers and then purifying the racemic
mixture using expensive chiral separation techniques. The
first approach is very expensive because it is necessary to
use either chiral intermediates or chiral catalysts to obtain
the desired enantiomerically pure product, while the second
approach, which results in the production of racemates,
causes problems with waste management and chiral
separations. Therefore, it would be ideal to develop new
chemistry that can address both of these problems by
applying inexpensive preparation procedures for the
production of racemic products, which can then be
transferred from a racemic mixture to the desired enantio-
merically pure targeted compound.

There are many drugs that have aromatic moieties and are
currently marketed as racemic mixtures. These drugs
include Prozac, Escitalopram, and Clopidogrel to name a
few.1d It is also known that cyclodextrins are capable of
forming stable complexes with aromatic compounds.3

Therefore, it is reasonable to propose that cyclodextrins
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.021
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can form diasteriomeric inclusion complexes with racemic
aromatic compounds. Based on the knowledge that
diasteriomers have different physical properties, it is
reasonable to expect that one of the diasteriomeric inclusion
complexes will crystallize out from the racemic aqueous
cyclodextrin solution more readily.

It has also been well established that stronger enantiomeric
recognition can be accomplished if two enantiomers
compete to bind to a multi-chiral resolving molecule.4 The
same effect should be present if two enantiomers are
competing to bind to a homochiral self-assembly polymer
made from one of the enantiomers. There are many
nonbonding interactions (such as hydrogen bonding,
electrostatic interactions, p–p-aromatic stacking. dipole–
dipole, etc.) responsible for the formation of molecular
associates.5 Aromatic p–p stacking interactions are crucial
for formation of molecular associates, interactions between
substrate and enzymes, biomolecular associates, organic
molecule conformation, etc.6 Furthermore, multi-chirality
and multi-point interactions are very important for enantio-
meric recognition.7

The ideal cyclodextrin assisted molecular associate, which
has all of these requirements, is presented in Figure 1.
Molecule M has four moieties that should be essential for
the formation of homochiral polymer-like molecular
associates. The two aromatic moieties are complementary
to one another, and are the electron-donor and the electron-
acceptor. This aromatic complementarity enables the
molecule to form molecular associates through p–p
stacking. In general, the p–p stacking of aromatic
complexes are very weak, therefore these complexes should
Tetrahedron 61 (2005) 919–926



Figure 1. Possible pathway to cyclodextrin assisted formation of homochiral polymer-like associate.
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be stabilized through their binding into the cyclodextrin
cavity (Fig. 1). During the formation of this cyclodextrin
assisted molecular associate, two aromatic moieties, each
from different M molecules, are now ready to form a new
cyclodextrin inclusion complex and molecular associate
with a new M molecule. In this way, the polymer-like
molecular associate would be formed.

The presence of polar groups, such as carboxylates, enable
this polymer-like associate to interact with water surround-
ings. On the other hand, chirality of M makes the molecular
associate diasteriomeric and stereoselective for incorporat-
ing only one enantiomer of M into the homochiral
molecular associate.

To test the validity of the proposed cyclodextrin assisted
self-assembly approach to enantiomeric recognition, the
proper molecular system must be selected. Amino acids
seem to be the best molecular choice for this study, provided
that the amino acids have both electron-rich and electron-
poor aromatic moieties. None of the natural amino acids
satisfy this requirement; therefore, through simple chemical
modifications of natural amino acids this requirement can be
achieved. For instance, simple aromatic molecules such as
methylindole, toluene, and methylbenzoisoquinoline-1,3-
dione (Fig. 2) have a noticeable difference in aromatic
Figure 2. The AM1 estimated HOMO–LUMO energies for the aromatic moietie

Figure 3. The AM1 estimated HOMO–LUMO energies for three modified amino
electronic properties (Fig. 2). The AM111 computed frontier
molecular orbital (HOMO–LUMO) energies suggest that
toluene is electronically neutral, indole is electron rich and,
benzoisoquinoline-1,3-dione is electron poor (Fig. 2). If
these molecular moieties are incorporated into amino acids,
then the requirement for molecule M has been
accomplished.

Three amino acids were selected to test the validity of this
hypothesis: alanine (without aromatic moiety), phenyl-
alanine (neutral aromatic electronic properties), and
trypthophan (electron-rich electronic properties). Through
amino group replacement with benzo[de]isoquinoline-1,3-
dione, new molecular systems 1a, 1b, and 1c were
generated. As expected, the LUMO orbital energy for all
these three molecules is similar (because each has the same
electron poor aromatic moiety) while the HOMO energies
vary dramatically (Fig. 3) with the expected best comple-
mentarily of HOMO–LUMO interactions with 1c. The AM1
estimated LUMO–HOMO energy difference as measured
for p–p aromatic stacking capabilities are 8.00, 7.85, and
7.69 eV for 1a, 1b, and 1c, respectively (the lower LUMO–
HOMO energy gap the higher capability to form molecular
associates through p–p molecular stacking8).

The synthetic conditions for the preparation of these amino
s.

acids.



Scheme 1. Preparation of electron-deficient alanine, phenylalanine, and tryptophan.
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acid derivatives are presented in Scheme 1. Reactions are
performed with the amino acid and benzo[de]isochromene-
1,3-dione in DMSO for alanine and pyridine for phenyl-
alanine and tryptophan (Scheme 1). The isolated yields
range between 80 and 95%.

To demonstrate the existence of weak nonbonding inter-
actions, as well as enantiomeric recognition when one of the
enantiomers acts as resolving agent,9 spectroscopic studies
of racemic and non-racemic highly concentrated solutions
of 1a, 1b, and 1c were studied. These compounds are
soluble in DMSO, therefore this was our solvent of choice.
Both concentration (0.0001–0.3 M) and molar ratio (1:10,
1:5, 1:1, 5:1, and 10:1) of the S and R enantiomers were
varied. In none of our NMR studies with all three
compounds were we able to observe any NMR evidence
for enantiomeric recognition.

For the study of the cyclodextrin assisted molecular
complexes, water is a much better solvent of choice.
However, none of the studied compounds is sufficiently
soluble in water to perform reliable NMR studies. There-
fore, sodium salts of 1a, 1b, and 1c were used for the NMR
spectroscopic studies. Neither 1a nor 1b non-racemic
mixtures at any concentration range up to 0.1 M and any
Figure 4. The NMR spectra of aromatic portion of 1c (0.1 M) in aqueous NaHC

Figure 5. A portion of NMR spectra of racemic 1c (0.001 M) in aqueous NaHCO
enantiomeric ratio show spectroscopic recognition. On the
other hand, there is NMR enantiomeric recognition of non-
racemic 1c (Fig. 4). The spectroscopic recognition is not due
to the formation of molecular associates through hydrogen
bonding, nor through electrostatic interactions between the
carboxylate group and sodium, because these interactions
are also present in 1a and 1b. The only reasonable
explanation is that molecule 1c can form molecular
associates through p–p stacking between the indole and
benzo[de]isochromene-1,3-dione moieties.10

If this nonbonding p–p stacking is responsible for
enantiomeric recognition, then the presence of cyclodextrin
will enhance NMR spectroscopic recognition. This is due to
the fact that both aromatic moieties tend to bind into the
cyclodextrin cavity, and then orient themselves in the
proper way for the aromatic stacking and for strong
homochiral molecular associates. This is perfectly demon-
strated in Figure 5 for g-cyclodextrin assisted enantiomeric
recognition of the racemic 1c. The best results are obtained
in g-cyclodextrin in comparison with b-cyclodextrin, while
no enantiomeric recognition was observed in a-cyclo-
dextrin. This finding is not surprising considering that the
cyclodextrin cavity must be large enough to accommodate
two aromatic rings.
O3 (0.3 M) with different enantiomer ratios.

3 (0.003 M) with a, b, and g-CD (0.01 M), respectively.



Figure 6. A portion of NMR spectra of 1c (0.001 M) in aqueous NaHCO3 (0.003 M) and g-CD (0.01 M).
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There are two sets of peaks in racemate NMR in presence of
g-CD. It is also possible to easily recognize each enantiomer
peak if individual enantiomers NMR in g-CD compared
with the racemate NMR in g-CD (Fig. 6).

Enantiomeric recognition can be observed even if there is no
formation of the molecular associates described in Figure 1.
The enantiomer binding into the cyclodextrin cavity can
initiate the chiral environment necessary to observe
spectroscopic differences. In a-cyclodextrin no NMR
spectroscopic recognition was observed due to fact that
neither the indole nor benzo[de]isochromene-1,3-dione
aromatic moieties can bind into the a-cyclodextrin cavity.
The b-cyclodextrin cavity is sufficiently large to accommo-
date the indole ring. If there is formation of molecular
associates higher than the 1:1 cyclodextrin complex with
respect to 1c, we should observe this in electrospray mass
spectroscopy. By performing this experiment it is clearly
demonstrated that the cyclodextrin inclusion complex with
1c was formed (Fig. 7) but no higher order (1:2 or 2:1)
complex between b-CD and 1c was observed.

Now we turn our attention to the molecular system that
shows the best NMR enantiomeric recognition; g-CD
complexes with 1c (Fig. 5). The electrospray mass spectra
Figure 8. Negative electrospray mass spectra of 1cS (0.001 M) in aqueous NaHC

Figure 7. Negative electrospray mass spectrophotometry of 1cR (0.001 mol) in a
clearly shows the formation of 2:1 and 1:2 g-CD complexes
with 1c (signals at 1488 and 1032, Fig. 8). All the other
molecular complexes are present as well.

These are very encouraging results, but there is no
experimental evidence for the formation of polymer-like
cyclodextrin assisted molecular assemblies presented in
Figure 1. For this reason, we performed MALDI MS spectra
analysis of the aqueous g-cyclodextrin solution of 1c. If the
structural patterns presented in Figure 1 are present, then
typical fragmentation similar to the fragmentation of
polymers should be observed in the MALDI MS spectra.
All possible fragments were detected with lower intensity
for larger molecular fragments (Fig. 9).

To better understand the binding of these guest compounds
with host cyclodextrins, association constants (K, MK1)
were measured by 1H NMR (500 MHz) at different
temperature. In Table 1 are listed association constant K,
standard free energy DG8, standard entropy term TDS8 and
standard enthalpy DH8 of guest 1c with b and g
cyclodextrin. The chemical shift change of NMR signal of
guest 1c in presence of a cyclodextrine was too small to
measure (as shown in Fig. 5). So the association constant is
too small to measure practically. The solution of 1c
O3 (3!10K3 M) and g-cyclodextrin (g-CD, 10K2 M).

queous NaHCO3 (0.003 M) and b-cyclodextrin (b-CD, 0.01 M).



Figure 9. Positive MALDI-MS spectra of aqueous g-CD and 1c.

Table 1. Optical rotations of guest compounds 1a, 1b and 1c

Guest
compound

Optical rotation

L-enantiomer D-enantiomer

1a K19.5 (c 0.1, MeOH) C18.0 (c 0.1, MeOH)
1b K31.6 (c 1, MeOH) C28.4 (c 1, MeOH)
1c K17.0 (c 0.1, H2O) C16.2 (c 0.1, H2O)
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(0.001 M) in aqueous NaHCO3 (3!10K3 M) was titrated
with host solution at different temperature. Each time the
change in chemical shift was measured. Non-linear
regression analysis using origin 6.1 (Aston Scientific Ltd)
was used to generate the association constant Ka according
to the equation12:

DZ
DmaxKa½H�

1CKa½H�

where D, the peak shift in ppm, Dmax, the maximum peak
shift in ppm, and [H], the concentration of host. At least two
experiments were performed for each system. Standard free
energy was calculated using DG8ZKRT ln Ka equation.
Standard enthalpy DH8 was determined according to the
Van’t Hoff equation: d ln K/d(1/T)ZKDH8/R where RZ
8.3144 J KK1 molK1 and DH8 in J molK1. TDS8 was
calculated using DG8ZDH8KTDS8 equation.

As shown in Table 2, the association constant of guest 1c is
Table 2. 1H NMR derived thermodynamic parameters for the binding of guest m

Temperature (K) L-enantiomer

b-CD g-CD

298 KZ63.02G19.63 KZ413.03G21.4
DG8ZK10.27G0.7 DG8ZK14.93G
TDS8ZK4.84G2.9 TDS8ZK9.7G0

313 KZ42.57G10.34 KZ262.26G11.9
DG8ZK9.22G0.6 DG8ZK13.81G
TDS8ZK5.76G3.1 TDS8ZK10.83G

343 KZ26.94G3.39 KZ113.35G4.86
DG8ZK8.16G0.3 DG8ZK11.73G
TDS8ZK6.84G3.4 TDS8ZK12.9G
DH8ZK15G3.7 DH8ZK24.63G

All K, DG8, TDS8, DH8 values are in kJ/mol unit.
more than seven times higher for g-CD compare to the
association constant for b-CD. These results are consistent
with what we understand from Figure 5. The cyclodextrin
cavity must be large enough to accommodate two aromatic
rings which g-CD have. Also the association constant for
L-enantiomer is higher than that of D-enantiomer.

To show that the presence of the electron-poor aromatic
moiety is crucial for the formation of the molecular
assemblies discussed above, as well as make the amino
acid derivative very soluble in water, mono amino acid
amides with succinic acid were prepared (Scheme 2). Each
and every of these reactions requires specific conditions,
which were optimized by monitoring the reaction by NMR
spectroscopic studies. After all reaction conditions were
optimized, the isolated yields were higher than 85%
(Table 3).

All of these compounds are very soluble in water, which
makes it possible to perform the NMR spectroscopic studies
in DMSO, CDCl3, and water. We did not observe NMR
enantiomeric recognition in DMSO and water, as well as in
aqueous cyclodextrins. We were able to detect through
electrospray MS spectroscopic study the formation of b-CD
inclusion complexes with both 2b and 2c. It seems obvious
that these cyclodextrin inclusion complexes cannot produce
the different NMR environment to cause the NMR spectro-
scopic recognition. When two aromatic rings are together in
the g-CD cavity, as is the case with 1c, the currency of one
olecule 1c to host b and g-CD

D-enantiomer

b-CD g-CD

5 KZ47.26G6.72 KZ320.93G19.5
0.13 DG8ZK9.56G0.3 DG8ZK14.31G0.15
.12 TDS8ZK28.89G1.5 TDS8 K18.71G3.5
5 KZ19.88G3.61 KZ210.7G5.73
0.11 DG8ZK7.41G0.4 DG8ZK13.26G0.07
0.11 TDS8ZK31.05G1.6 TDS8ZK19.76G3.4

KZ6.12G1.26 KZ59.26G12.93
0.11 DG8ZK4.49G0.5 DG8ZK10.12G0.49
0.1 TDS8ZK33.95G1.7 TDS8ZK22.9G3.8
0.01 DH8ZK38.4G1.2 DH8ZK33G3.4



Scheme 2. Preparation of acid-amides of alanine, phenylalanine, and tryptophan.

Table 3. Optical rotations of guest compounds 2a, 2b, and 2c

Guest
compound

Optical rotation

L-enantiomer D-enantiomer

2a C22.0 (c 1, MeOH) K21.6 (c 1, MeOH)
2b K14.9 (c 1, MeOH) C13.4 (c 1, MeOH)
2c C37.1 (c 1, MeOH) K32.8 (c 1, MeOH)
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ring causes a change of magnetic properties on the other
ring, which is easily detected through NMR spectroscopic
studies, resulting in spectroscopic recognition of two
enantiomers.
2. Conclusion

In conclusion we can state that there are spectroscopic
evidences for the formation of chiral cyclodextrin assisted
polymer-like aggregates with g-cyclodextrin that accom-
modate two aromatic rings and modified chiral amino acids.
For successful cyclodextrin assistance in the formation of
these kinds of aggregates, modified amino acids must
contain both electron-poor and electron-rich aromatic
moieties. Cyclodextrin with a sufficiently large cavity,
such as g-cyclodextrin must be used to be able to bind both
aromatic rings involved in aromatic p–p stacking.
3. Experimental

3.1. General

Melting points were taken on an Electrothermal IA 9000
Digital Melting Point Apparatus and are uncorrected. The
1H and 13C NMR spectra were run on Varian Unity 400 and
Varian INOVA 500 MHz spectrophotometer with DMSO-
d6 as a solvent and internal standard (2.50 and 35.91 ppm for
1H and 13C NMR, respectively). The mass spectra were
recorded on a Micromass Quattro 2 Triple Quadropole Mass
Spectrometer; Optical rotations of guest compounds were
detected at 25 8C with the light of sodium D-line (589 nm)
using Autopo III automatic polarimeter Rudolph Research,
Flanders, New Jersy. Elemental Analysis was performed by
Atlantic Microlab, Inc., Norcross, GA.

3.1.1. Preparation of (S)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)propionic acid (1aS). Dimethyl sulfoxide
(30 mL) solution of benzo[de]isochromene-1,3-dione
(1.98 g; 0.01 mol) and alanine (0.89 g; 0.01 mol) was
refluxed for 1 h. Reaction mixture was cooled to room
temperature and slowly added into stirring water (200 mL).
Formed precipitate was separated by filtration, washed
with water (3!30 mL) and dried at 110 8C for a few
hours to afford 2.15 g (80%) pure product. Mp 257–261 8C.
1H NMR (DMSO-d6, 500 MHz): d ppm: 8.51 (dd, 4H,
J1Z10.5 Hz; J2Z7.5 Hz), 7.89 (t, 2H, JZ7.5 Hz), 5.54
(q, 1H, JZ7 Hz), and 1.53 (d, 3H, JZ6.5 Hz). 13C
NMR (DMSO-d6, 500 MHz) d ppm: 171.4, 162.9
(carbonyls), 134.7, 131.3, 131.1, 127.4, 121.7 (aromatic
carbons), 48.5 (chiral carbon CH), 14.5 (methylene carbon).
MS-ESC (CH3OH) m/z 292.2 (65%, MCNaC), 324.1
(85%, MCCH3OHCNaC), 561.3 (100%. 2MCNaC), and
829.8 (50%, 3MCNaC). Anal. Calcd for C15H11NO4

(269.07): C, 66.91; H, 4.12; N, 5.20 Found: C, 66.85; H,
4.21; N, 5.11.
3.1.2. Preparation of (R)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)propionic acid (1aR). The stereoisomer R
was prepared in 87% yield by following procedure for
preparation of S isomer. The NMR and MS-ES spectra of R
and S stereoisomers are identical.
3.1.3. Preparation of (S)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)-3-phenyl-propionic acid (1bS). Pyridine
solution (150 mL) of benzo[de]isochromene-1,3-dione
(0.99 g; 5 mmol) and L-phenylalanine (0.825 g; 5 mmol)
was refluxed for 6 h. Volume of the reaction mixture was
reduced to w5 mL and hot reaction mixture was added to
ice cooled aqueous hydrochloric acid (150 mL water and 50
concd HCl). Formed solid precipitate was separated by
filtration, washed with water (3!20 mL) and dried at
110 8C for a few hours to afford 1.6 g (93%) pure product.
Mp 250–252 8C 1H NMR (DMSO-d6, 500 MHz) d ppm:
8.41 (d, 2H naphthalene ring, JZ7 Hz), 8.37 (d, 2H
naphthalene ring, JZ7 Hz), 7.78 (t, 2H naphthalene ring,
JZ7.5 Hz,), 7.14 (d, 2H, JZ7.5 Hz), 7.07 (2H, t, JZ
7.5 Hz) 7.00 (t, 1H, JZ7.5 Hz) 5.92 (dd,1H, J1Z10 Hz;
J2Z5.5 Hz) 3.58 (dd, 1H, J1Z14 Hz; J2Z5.5 Hz), and 3.39
(dd,1H, J1Z14.5 Hz; J2Z10 Hz). 13C NMR (DMSO-d6,
500 MHz) d ppm: 171.8, 163.0 (carbonyls), 137.9, 134.7,
131.2, 129.0, 128.1, 127.5, 127.3, 127.2, 126.3, 121.2 (10
aromatic carbons), 53.9 (chiral carbon CH), and 24.3
(methylene carbon). MS-ESK m/z 344 (100% MKHC).
Anal. Calcd for C21H15NO4 (345.10): C, 70.03; H, 4.38; N,
4.06. Found: C, 69.91; H, 4.42; N, 3.95.
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3.1.4. Preparation of (R)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)-3-phenyl-propionic acid (1bR). Stereo-
isomer R was prepared in 91% yield and has same
spectroscopic characteristics as stereoisomer S.

3.1.5. Preparation of (S)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)-3-(1H-indol-3-yl)-propionic acid (1cS).
Dimethyl sulfoxide (30 mL) solution of benzo[de]iso-
chromene-1,3-dione (0.99 g; 5 mmol) and L-tryptophan
(1.04 g; 5 mmol) was heated at 150 8C for 30 min. Red
colored reaction mixture was slowly added into stirring
water (200 mL). Formed yellow precipitate was separated
by filtration, washed with water (3!20 mL) and dried at
110 8C to give 1.6 g (83%) of pure product. Mp 235–239 8C.
1H NMR (DMSO-d6, 400 MHz) d ppm: 12.80 (br s, 1H),
10.63 (1H, s), 8.44 (dd, 4H, J1Z4.4 Hz, J2Z7.2 Hz), 7.85
(t, 2H, JZ7.6 Hz), 7.46 (d, 1H, JZ8.0 Hz), 7.17 (d, 1H, JZ
7.6 Hz), 6.99 (s, 1H,), 6.92 (t, 1H, JZ7.6 Hz), 6.79 (t, 1H,
JZ7.2 Hz), 5.88 (dd, 1H, J1Z9.6 Hz, J2Z5.6 Hz), 3.65
(dd, 1H, J1Z14.8 Hz, J2Z5.6 Hz), 5.54 (dd, 1H, J1Z
14.8 Hz, J2Z9.6 Hz), 13C NMR (DMSO-d6, 500 MHz) d
ppm: 171.0, 163.1, 135.9, 134.7, 131.2, 127.4, 127.2, 123.5,
121.4, 120.8, 118.2, 118.0, 111.3, 110.3, 53.7, and
24.0 ppm. ESIC (CH3CO2H) m/z 385 (100, MCHC) and
769 (45%, 2MCHC). Anal. Calcd for C23H16N2O4

(384.38): C, 71.87; H, 4.20; N, 7.29 Found: C, 71.55; H,
4.31; N, 7.18.

3.1.6. Preparation of (R)-2-(1,3-dioxo-1H,3H-benzo[de]-
isoquinolin-2-yl)-3-(1H-indol-3-yl)-propionic acid (1cR).
The R stereoisomer has same spectroscopic characteristics
as S isomer and is prepared in 87% isolated yield by
following the S preparation procedure.

3.1.7. Preparation of (S)-N-(1-carboxyethyl)succinamic
acid (2aS). Water solution (5 mL) of S-alanine (1.5 g;
0.017 mol) was slowly added into stirring tetrahydrofuran
solution (200 mL) of succinic anhydride (1 g; 0.01 mol).
Resulting suspension was stirred at 30 8C for 1 h. Solid was
separated by filtration and filtrate was evaporated under
reduced pressure. Liquid residue was mixed with ethyl
acetate and the resulting mixture was dried over anhydrous
sodium sulfate. Drying reagent was removed by filtration
and filtrate was evaporated to solid residue and solid residue
was slurred in petroleum ether. Product was isolated by
filtration of white suspension in 79% yield. Mp 152–155 8C.
1H NMR (D2O, 500 MHz) d ppm: 4.35 (q, 1H, chiral CH;
JZ7 Hz), 2.69 (s, 4H, two CH2 groups of the succinic acid
moiety) and 1.42 (d, 3H, JZ7.5 Hz). 13C NMR (D2O, drop
of DMSO-d6 added for reference, 500 MHz) d ppm: 177.5,
177.4, 175.2 (carbonyl carbon), 49.4, 30.5, 29.8, 29.5 (four
aliphatic carbon). ES-MSK m/z 188.1 (85%, MKHC),
377.3 (100%, 2MK1HC), and 566.0 (30%, 3MKHC).
Anal. Calcd for C7H11NO5 (189.06): C, 44.45; H, 5.86; N,
7.40 Found: C, 44.37; H, 5.98; N, 7.33.

3.1.8. Preparation of (R)-N-(1-carboxyethyl)succinamic
acid (2aR). The R isomer was prepared by following the
same synthetic procedure with 83% isolated yield. The
spectroscopic characteristics are identical to the S isomer.

3.1.9. Preparation of (S)-N-(1-carboxy-2-phenylethyl)-
succinamic acid (2bS). Tetrahydrofuran (500 mL)
suspension of phenylalanine (1.65 g; 0.01 mol) and succinic
anhydride (1.0 g; 0.01 mol) was refluxed until the suspen-
sion becomes clear solution (approximately 30 h). Solvent
was evaporated under reduced pressure. Solid residue was
scurried in petroleum ether (100 mL), separated by
filtration, and washed with petroleum ether (3!20 mL)
and dried at 60 8C for a few hours. The isolated yield is 2.5 g
(95%) of pure product. Mp 127–129 8C. 1H NMR (DMSO-
d6, 500 MHz) d ppm: 8.15 (d, 1H, amide NH, JZ8 Hz) 7.25
(m, 5H benzene ring), 4.50 (ddd, 1H chiral), 3.05 (dd, 1H,
J1Z13.5 Hz; J2Z5 Hz), 2.86 (dd, 1H, J1Z13.5 Hz; J2Z
9.5 Hz), and 2.35 (s, 4H aliphatic two CH2 group). 13C
NMR (DMSO-d6, 500 MHz) d ppm: 73.8, 173.1, 171.1
(carbonyls), 129.2, 128.2, 126.4 (aromatic carbons), 53.6,
37.0, 29.9, and 29.1 (four aliphatic carbon). MS-ESC m/z
266.1 (22%, MCHC) and 288.1 (100%, MCNaC). Anal.
Calcd for C13H15NO5 (265.10): C, 58.86; H, 5.70; N, 5.28
Found: C, 58.92; H, 5.77; N, 5.15.

3.1.10. Preparation of (R)-N-(1-carboxy-2-phenylethyl)-
succinamic acid (2bR). The R stereoisomer was prepared in
93% isolated yield by following the procedure described for
the S stereoisomer. The spectral characteristics for this
compound are identical to the spectral characteristics of the
S stereoisomer.

3.1.11. Preparation of (S)-N-[1-carboxy-2-(1H-indol-3-
yl)ethyl]succinamic acid (2cS). Tetrahydrofuran (1 L)
suspension of tryptophan (2 g; 0.01 mol) and succinic
anhydride (1 g; 0.01 mol) was refluxed until it became
solution (approximately 40 h). Solvent was evaporated and
solid residue was mixed with petroleum ether (200 mL).
Solid material was separated by filtration, washed with
petroleum ether (3!20 mL), and dried at 60 8C for several
hours to afford 2.8 g (92%) of pure product. Mp (hydro-
scopic). 1H NMR (DMSO-d6, 500 MHz) d ppm: 10.82 (s,
1H the pyrrole ring NH) 8.15 (d, 1H amide hydrogen, JZ
7.5 Hz), 7.52 (d, 1H benzene ring H, JZ7.5 Hz), 7.32 (d,
1H, JZ8 Hz), 7.14 (s, 1H the pyrrole ring CH) 7.05 (t, 1H,
JZ7 Hz) 6.97 (t, 1H, JZ7 Hz) 4.46 (ddd, 1H) 3.14 (dd, 1H,
J1Z14 Hz; J2Z5.5 Hz) 3.00 (dd, 1H, J1Z14 Hz; J2Z
8 Hz), 2.35 ppm (s, 4H aliphatic two CH2 group hydrogen).
13C NMR (DMSO-d6, 400 MHz) d ppm: 173.8, 173.5, 171.1
(carbonyls), 136.1, 127.3, 123.6, 121.0, 118.4, 118.2, 111.4,
109.9 (eight aromatic carbons), 53.1, 29.9, 29.1, and
27.2 ppm (four aliphatic carbon). MS-ESK m/z 303.1
(35%, MKHC), 431.3 (15%, 3MKCO2K2HC), and
607.1 (100%, 2MKHC). Anal. Calcd for C15H16N2O5

(304.30): C, 59.21; H, 5.30; N, 9.21 Found: C, 59.15; H,
5.38; N, 9.16.

3.1.12. Preparation of (R)-N-[1-carboxy-2-(1H-indol-3-
yl)ethyl]succinamic acid (2cR). The R stereoisomer was
prepared in 96% yield by following same procedure
outlined for the S stereoisomer. All spectra of R stereo-
isomer are identical to the S stereoisomer spectra.
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Abstract—The configuration of the penta-tetrahydrofuranyl diol (penta-THF) product obtained by a single-step, RuO4-catalyzed oxidative
polycyclization of squalene, has been determined as cis–threo–cis–threo–trans–threo–trans–threo–trans. The cis–cis–trans–trans–trans
sequence for the five contiguous THF rings has been established through extensive 2D-NMR spectroscopic studies carried out both on the
intact molecule and on some of its derivatives, including the oxidative cleavage products obtained by degradation of the penta-THF with
PCC/AcOH. Four different chemical approaches were devised to determine each of the four threo relationships within each carbon pair
connecting adjacent THF rings in the molecule. To this aim, studies have been carried out either on some intermediates of the process leading
to penta-THF, obtained by stopping the oxidation of squalene prior to completion, or on a degradation product of the penta-THF, obtained
from the latter through a bidirectional double oxidative degradation with PCC.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

2,5-Bonded polytetrahydrofurans (poly-THF) are key struc-
tural fragments in natural1–3 and non-natural4 products.
They are embodied, for example, in the structure of
bioactive squalene-derived natural products such as
glabrescol,1 longilene peroxide2 and teurilene,3 in polyether
antibiotics such as monensin and ionomicin as well as in
many Annonaceous acetogenins5 a class of natural products
with remarkable antitumoral and pesticide activity that has
stimulated synthetic efforts from many research groups.6
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.018

Scheme 1. Oxidative polycyclization of squalene with cat. RuO4.

Keywords: RuO4; Squalene; Oxidative polycyclization; Penta-THF configuration
* Corresponding authors. Tel.: C39 81 674111; fax: C39 81 674393 (V.P.); fax: C
Recently, we have discovered a novel, RuO4-catalyzed,
oxidative process that allows, in a single step, the
stereoselective synthesis of adjacently linked poly-tetra-
hydrofuranyl diol products starting from isoprenoid
polyenes.7 Among the studied cases, the oxidation of
squalene appears to be very intriguing since it furnishes the
penta-THF 1 (Scheme 1; configuration as determined in this
work), as a single diastereomer, in a remarkable 50% yield.
This is the sole example, so far known, of a single-step
quintuple oxidative polycyclization leading to a poly-THF
product.
Tetrahedron 61 (2005) 927–939
; PCC; Oxidative cleavage.
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The new process appears to be related to the polycyclization
of bis-homoallylic hydroxypolyenes mediated by Re(VII)
oxo species, mostly Re2O7 and CF3CO2ReO3, that allows
the assembly of up to three contiguous THF rings in a single
step or in a sequential way. As an example, the synthesis of
an advanced intermediate in the synthesis of 17,18-bisepi-
goniocin, through a single-step triple oxidative cyclization
reaction in the presence of a Re(VII) reagent, is shown in
Scheme 2.8 A notable difference between the two processes
stands in the catalytic nature of the Ru-mediated process;
also to be noted is the structure of the poly-THF product: a
poly-THF alcohol for the process induced by rhenium, a
poly-THF diol for the Ru-mediated one.
Scheme 2. An example of rhenium(VII)-mediated polycyclization of a bis-
homoallylic trienol.
While for the Re-mediated process Sinha and co-workers
have proposed simple stereoselectivity rules capable to
predict its stereochemical outcome, mostly for linear
polyenes,8 the factors affecting the stereochemical course
of the RuO4-induced process are still unclear mainly due to
the scarcity of available data, a fact that strongly hampers a
close comparison of the two related processes. Therefore,
with the aim of gaining further insight into the above Ru-
mediated process the determination of the configuration of
penta-THF 1 was accomplished as described in this paper;
this proved to be a challenging task that required extensive
2D-NMR and chemical work, carried out both on 1 and on
some of its derivatives.
Scheme 3. Some derivates of penta-THF 1. Reagents and conditions: (a) PCC (5 e
4%; 5: 26%); (b) PCC (10 equiv), AcOH (150 equiv), celite (10!weight of 1),
(80%).
2. Results and discussion

As a first step towards this goal we attempted the
crystallization of 1. Unfortunately, this product could not
be induced to crystallize in a variety of organic solvents or
solvent mixtures. Nor the bis-p-bromobenzoyl derivative of
1 (2, 80%, Scheme 3) obtained by reaction with p-bromo-
benzoyl chloride/DMAP in CH2Cl2, gave crystals suitable
for X-ray analysis. Our attention was then turned to NMR
studies. However, the full NMR assignment on compound 1
was intrinsically complicated by the high degree of
superimposition of 1H and 13C resonances which occurred
even in the two-dimensional experiments. For instance, all
the methines belonging to THF rings A–E showed a severe
overlapping and, in particular, all the tetrhydrofuran protons
possess 1H chemical shift values falling in the very narrow
range of 0.13 ppm. Due to the high repetitive character of
this structure, the same situation applies to most nuclei
belonging to the five THF rings.

This particularly unfavourable situation required, together
with the routine 2D-COSY, TOCSY, HSQC, and HMBC
experiments, the acquisition of a set of three experiments
which turned to be crucial for the complete assignment of 1.
In particular, the 2D-HSQC-TOCSY allowed to extrapolate
the 1H and the 13C resonances for each of the five THF
rings in 1; subsequently 2D-INEPT-INADEQUATE and
2D-INADEQUATE experiments were employed in the
resonance specific assignment of all 1H and the 13C signals,
respectively.

However, the relative configuration of 1 could not be
assigned just by using NMR data collected for 1, due to the
presence of some ambiguous cross-peaks in its ROESY
spectrum. This prompted us to seek suitable derivatives of 1,
that could be obtained with the minimum stereochemical
sacrifice, to be used for further NMR studies. In doing so,
we were attracted by the PCC-mediated oxidative
degradation of some bis-THF compounds, sharing with 1
a 2-hydroxypropyl terminus, previously carried out by
McDonald and Towne.9 We were pleased to find that
treatment of 1 in the reported conditions [PCC (5 equiv),
AcOH (70 equiv), Celite in CH2Cl2] cleanly gave a 6:1:6
mixture (52% overall yield) of the two mono-lactones 3 and
quiv), AcOH (70 equiv), celite (10!weight of 1), CH2Cl2, 24 h (3: 22%; 4:
CH2Cl2, 60 h (70%); (c) pBrBzCl (15 equiv), DMAP (30 equiv), CH2Cl2
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4 and the bis-lactone 5 (Scheme 4), derived from the
oxidative cleavage of one or both the three-carbon
2-hydroxypropyl termini. Under forcing conditions (PCC:
10 equiv, AcOH 150 equiv, 60 h) bis-lactone 5 was
obtained as the sole reaction product in a 70% yield.

1H NMR spectra of derivatives 3–5 were simplified by the
lack of one THF proton and two methyl signals in 3 and 4,
and two THF protons and four methyl signals in 5.
Collection of a new set of NMR data for these compounds
finally allowed to unambiguously assign a cis–cis–trans–
trans–trans sequence to the five adjacent THF rings in
compound 1.

In particular, the application of the same assignment
strategy employed for 1 afforded the sequence specific
attribution of all crucial methine and methyl resonances
belonging to rings A–E of compounds 2–5. The comparative
analysis of the ROESY spectra of compounds 1–5 allowed
to establish the relative configuration indicated in Scheme 1.
The cis-configuration of ring A was suggested by a strong
ROESY correlation between H-3 and Me-26 present in the
spectra of compounds 1–3 (4 and 5 lack H-3). Likewise,
ROESY correlations between proton H-7 and Me-27 were
detected in the spectra of all compounds 1–5, allowing to
determine a cis-arrangement for B ring as well. Ring C is
characterized by a trans-arrangement suggested primarily
by the lack of ROESY contacts between H-11 and H-14 in
the spectra of 1–5. Further support came from key ROESY
correlations, across ring functions, between H-11 and Me-
28 of ring D, and H-14 and Me-27 of ring B. On the basis of
a similar analysis, the configuration of rings D and E was
also established. Particularly, diagnostic for determining the
trans-arrangement for both rings D and E were the expected
lack of ROESY correlations between Me-28 and H-18, and
between Me-29 and H-22. Again the latter configurational
assignment was corroborated by a dipolar coupling between
Scheme 4. Proposed mechanism for the PCC-mediated oxidative cleavage of 1.

Scheme 5. Mechanistic hypothesis for the oxidative polyciclization of squalene w
Me-28 and Me-29, observed in the ROESY spectrum of
compound 2.

A plausible mechanism explaining the oxidative cleavage of
the two terminal isopropyl portions in 1 is shown in
Scheme 4 that also agrees with related PCC chemistry.10

Thus, the initially formed chromium (VI) ester 6 fragments
to form a stabilised carbocation species that is then
intercepted by another PCC molecule to form 7. Subsequent
elimination of a chromium species generates the lactone
function found in compounds 3–5. The markedly different
yields of monolactones 3 (22%) and 4 (4%) is evidence of a
greater propensity of the side chain next to the trans-THF
ring to undergo cleavage. This is a relatively unknown
process.

In the next step towards the elucidation of the configuration
of 1, we had to establish the stereochemical relationship
within each of the four carbon pairs connecting the adjacent
THF rings in 1. As previously experienced in similar studies
from our own group7 and of other researchers,11 this could
not be accomplished by NMR spectroscopic analysis alone.
In fact, the pattern of dipolar contacts across adjacent THF
rings can be hardly converted into useful information on
their relative orientation, as a simple inspection of
molecular models would confirm. Though, in principle,
both an erythro and threo relationship could subsist for each
THF pair, closure of each THF ring likely takes place by
syn-addition12 of two oxygens through the [3C2] cyclo-
addition of a RO-RuZO portion on each of the six double
bonds of the polyene, as shown in Scheme 5 for the first two
ring-closing steps. This would agree with previous results
from the cyclization of farnesyl acetate (FA) and geranyl
geranyl acetate (GGA)7 and related Re(VII) chemistry,8 and
would imply that an all-threo penta-THF should be obtained
from the all-trans squalene. A definitive confirmation of this
appeared, nevertheless, necessary to put our understanding
of the process on a firm basis.
ith cat. RuO4.



Scheme 6. Partial oxidation of squalene with cat. RuO4.
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Proof for the all-threo arrangement of 1 was gained through
extensive chemical work carried out on the intermediates of
the polycyclization process, obtained by partial oxidation of
squalene, as well as on some degradation products of 1. In
particular, when the oxidation of squalene was stopped prior
to completion (4 min), the mono-, bis-, and tris-THF
compounds 8–10 (Scheme 6), derived from the partial
cyclization of squalene, could be isolated by HPLC, along
with penta-THF 1 and the unreacted polyene. Rather
surprisingly, the tetra-THF diol intermediate, possessing
the A/B/C/D ring sequence (see structure 22 in Scheme 11),
could not be detected among the reaction products even
after a careful HPLC analysis of the reaction mixture.

Based on the assumption that compounds 8–10 possess an
all-threo arrangement, as the penta-THF to which they
eventually give rise, a determination of the C6–C7 and
C10–C11 stereorelationships in 1 was made on compounds 8
and 9. Though this furnishes an indirect evidence of the
above configurations in 1, we are confident that compounds
8–10 are indeed intermediates of the process, leading to the
penta-THF formation based on the following consider-
ations. Firstly, they are the sole mono-, bis- and tris-THF
diol products isolated during the partial oxidation of
squalene obtained as main products of the reaction mixture;
secondly, we have previously demonstrated that the mono-
to tris-THF diols isolated from the partial oxidation of FA
and GGA with RuO4 possess configuration that matched
that of the poly-THF product of which they are precursors.
Determination of the relationship between the carbon pairs
Table 1. Comparison of diagnostic 1H NMR data of some isoprenoidic mono-TH

Proton Mono-THF from
squalene (8)
(cis–threo)

Mono-THF from FA
(cis–threo)

M

CH-O(THF) 3.85 3.85
CH-OH 3.39 3.38
3!Me 1.12 1.12

1.16 1.16
1.24 1.24
connecting B/C and C/D rings (C14–C15, and C18–C19

carbon pairs, respectively) was carried out on two products
derived from degradation of 1 as depicted in Schemes 9 and
11 (later in the discussion), also taking into account
evidence collected on compounds 8–10 and the above
assumption.

NMR evidence from the proton spectra of compounds 8 and
9 pointed to an all-threo arrangement for both. In fact,
chemical shift values of the CH–O and Me proton
resonances belonging to the mono- or bis-THF alcohol
portions in these compounds (Tables 1 and 2, see the
structural portions in the boxes) showed a very good
agreement with those observed for the corresponding
protons in the structurally related cis–threo mono-THF
and cis–threo–cis–threo bis-THF analogues, respectively,
previously isolated from the partial oxidation of FA and
GGA.7 In particular, diagnostic for the configuration at C-7
(squalene numeration) in 8 is the H-7 proton resonance that
in the threo-isomers falls in the narrow range d 3.38–3.39
(Table 1) while is downfield shifted at d 3.54–3.56 in the
erythro-isomers. Analogously, in the bis-THF series
(Table 2) the H-11 resonance is a probe for the configuration
at the C-11 centre. This proton exhibited a chemical shift
value in the range d 3.38–3.41 (virtually the same observed
for H-7 in the mono-THF series) for the C10–C11 threo
compounds while it is once again downshifted, at d 3.52–
3.54, in the C10–C11 erythro isomers. Also noticeable, on
passing from threo to erythro (C6–C7 and C10–C11) isomers,
is the small but diagnostic downfield shift (from 1.24–1.25
F diols (squalene numeration)

ono-THF from GGA
(cis–threo)

Mono-THF from
squalene (cis–erythro)

Mono-THF from FA
(cis–erythro)

3.85 3.82 3.82
3.38 3.56 3.54
1.13 1.13 1.14
1.16 1.15 1.16
1.24 1.26 1.26



Table 2. Comparison of diagnostic 1H NMR data of some isoprenoidic bis-THF diols (squalene numeration)

Proton Bis-THF from
squalene (9)

(cis–threo–cis–threo)

Bis-THF from GGA
(cis–threo–cis–

threo)

Bis-THF from
squalene

(cis–threo–cis–erhytro)

Bis-THF from GGA
(cis–threo–cis–

erhytro)

2!CH-O(THF) 3.82 3.81 3.82 3.82
3.92 3.93 3.91 3.92

CH-OH 3.41 3.38 3.54 3.52
4!Me 1.09 1.09 1.11 1.11

1.13 1.13 1.13 1.14
1.13 1.15 1.14 1.14
1.25 1.24 1.26 1.26
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to 1.26 ppm), observed in both series, of one of the methyl
signals.

Confirmation of the cis–threo configuration of 8 was
obtained by synthesis via cis-streoselective OsO4-mediated
cyclization of squalene. This reaction has previously been
carried out in high yields on 1,5-dienes.13 Extension of the
process to a polyene possessing more than two double bonds
has never been carried out before and was expected to give
lower cyclization yields of the expected mono-THF 8. In
fact, in principle, three isomeric mono-THF diols could be
obtained from the process involving the three different 1,5-
dienic substructures present in the polyene; in addition, once
formed these products could likely undergo further attack of
the oxidant to the other olefinic double bonds of the
molecule. Thus, treatment of squalene with catalytic OsO4

(10 mol%) in the presence of NMO (8 equiv) and CSA
(12 equiv) (Scheme 7) afforded only two out of the three
expected isomers namely mono-THF 8 and 11, in a ca. 1:1
ratio (8: 7%; 11: 6% respect to reacted squalene) along with
unreacted squalene (ca. 10%). The low yields of these two
products were mainly due to the presence of some more
polar substances (not further studied), probably obtained, as
above anticipated, from the further evolution of the first-
formed monocyclized species. It is also to be noted that
compounds 8 and 11 are the sole noticeable mono-THF
products obtained from the process and the HPLC profile of
the reaction mixture showed no peaks other than those
Scheme 7. Oxidative cyclization of squalene with OsO4.
relative to these products in the region corresponding to the
polarity expected for squalene-derived mono-THF diols.

Unambiguous evidence of the all-threo configuration for
bis-THF 9 was gained by comparison with the two isomeric
C10–C11 erythro bicyclic tetrahydrofuranyl diol products
(cis–threo–cis–erythro 12 and cis–threo–trans–erythro 13)
obtained from mono-THF 8 by MCPBA epoxidations
(1 equiv in CH2Cl2, Scheme 8). In particular, this reaction
afforded a mixture of the two diastereomeric hydroxy-
epoxides 14 (54%) along with the expected two bis-THF
compounds 12 and 13 (18% overall), derived from the acid-
catalyzed intramolecular anti-opening of the hydroxy-
epoxides 14. As expected spectral data and chromatographic
(HPLC) properties of these compounds were different from
those exhibited by the bis-THF 9 confirming it to possess a
C10–C11 threo relationship.

As for the threo relationship within the C14–C15 carbon pair
it was demonstrated by symmetry considerations on a
degradation product obtained from 1 as shown in Scheme 9.
In particular, LAH reduction of the pentacyclic bis-lactone
5, followed by acetylation gave the tris-THF 15. This
compound possesses two tertiary alcohol functions
flanking the B and D THF rings, a structural feature also
found in 1 that appears to be responsible for the observed
reactivity of this compound towards PCC. When com-
pound 15 was subjected to the same PCC degradation
conditions employed for the conversion 1/5, the



Scheme 8. Synthesis of squalene-derived, C10–C11 erythro, bis-THF diols 12 and 13.
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C2-symmetric bis-lactone 16 was cleanly obtained along
with 5-acetoxypentan-2-one.14 The isolation of the latter
compound, derived from the oxidative cleavage of the two
side chains bonded to rings B and D, adds further support to
the mechanism proposed in Scheme 4, for the PCC-
mediated oxidative cleavage of 1. As required for a C2-
symmetric, threo–trans–threo, structure (remind that the
C10–C11 threo had already been established), compound 16
displayed half of the expected NMR signals in both the 1H
and 13C NMR spectra.

Finally, determination of the C18–C19 threo relationship was
based on the same reasoning employed to establish the C10–
C11 relationship. Therefore, tris-THF 10 (Scheme 10), was
transformed into the isomeric C18–C19 erythro tetra-THF 17
and 18 via MCPBA epoxidation, followed by acid-catalyzed
(CSA) cyclization. In this case, the acidic treatment was
necessary because the first-formed hydroxyepoxides did not
spontaneously cyclize to THF. This reaction afforded,
besides expected 17 and 18 (major products; exo-oxa-
cyclizations) the two ring-D tetrahydropyrane isomers 19
and 20, derived from endo-oxacyclization processes. Their
structure was in agreement with the presence of an
acetylatable OH group. In addition, the chemical shift and
J-values for the H-18 proton in the trans–erythro isomer 20
Scheme 9. Bidirectional PCC oxidative degradation of bis-lactone 5. Reagents an
steps); (c) PCC (1 equiv), AcOH (150 equiv), celite, CH2Cl2 (16, 47%).
(JZ10.8, 5.2 Hz; axial proton in a chair conformation) well
agree with those reported for a recently synthesized product
embodying a 2-hydroxy-trans-THP ring in the structure.15

This proton in the cis–erythro isomer 19 displayed J values
(3 and 4 Hz) in accordance with those expected for an
equatorial proton in the chair conformation.

As above mentioned, the partial RuO4 oxidation of squalene
did not furnish the tetra-THF intermediate of the process,
even stopping the process at different reaction times (1.5, 3,
6, 7.5 and 10 min). However, this compound (22) could be
obtained from mono-lactone 3, in turn derived from penta-
THF 1 (Scheme 3), as shown in Scheme 11. In particular,
reduction of 3 with DIBALH, followed by Wittig olefination
reaction of lactol 21, in the presence of excess isopropyl-
tripehenylphosphonium iodide, afforded the desired tetra-
THF 22, though in a low 8–10% yield (HPLC). This
compound displayed spectral and chromatographyc proper-
ties different from those exhibited by the pair 17/18,
indicating it to be the all-threo-isomer. A double-Wittig
reaction of the above type has recently been carried out in
high yields on the bis-lactol possessing a gross structure
corresponding to bis-lactone 5, a compound strictly similar
to 21.16 The low yield in our case is probably ascribable to
the presence in 21 of an unprotected alcohol function in the
d conditions: (a) LiAlH4, Et2O, rt, 1 h; (b) Ac2O, pyridine (15, 72% for two



Scheme 10. Synthesis of squalene-derived, C18–C19 erythro, tetra-THF diols 17 and 18.

Scheme 11. Synthesis of squalene derived tetra-THF 22.
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structure, as previously experienced by others in similar
cases.17

Previous studies on the synthesis of squalene-derived penta-
THF products have been reported18 mostly addressed to the
synthesis of glabrescol, a naturally occurring isomer of 1
isolated from Spatelia glabrescens.1 An approach based on
exo-selective oxacyclizations of polyepoxides was gener-
ally used in these syntheses allowing to obtain all-erythro
penta-THF materials. The easy access to poly-THF
compounds 1, 8–10 and 22 from the low-price, commer-
cially available, squalene opens the way to the preparation
of other penta-THF materials, isomeric with 1, through
mixed RuO4-based and epoxidation/acid-catalysed anti
cyclization, chemistry, as well as through synthetic
strategies previously reported by others.19 At least some
of these materials are expected to possess ionoforic
activity20 or could be used in other studies.
3. Conclusion

The elucidation of the configuration of the above penta-THF
gives a further insight into the stereocontrol of the oxidative
polycyclization process mediated by RuO4. However, at the
present level of knowledge it seems still hazardous trying to
rationalize, either the stereochemical outcome for the
oxidation of squalene, or to trace out general rules (if any)
to predict the streochemical course of this kind of process.

Some observation should, nevertheless, be made. With
reference to 1, we can notice that the first two cyclizations
lead to cis-THF rings as it happens for the oxidation of the
structurally related polyenes FA and GGA (Scheme 12).7

Thus, it appears that three consecutive isoprene units
bonded head-to-tail invariably give rise to two consecutive
cis-THF rings. As for the third cyclization step leading to
the central cycle in 1, it proceeds in a trans manner as it



Scheme 12. Summary of the poly-THF diol products obtained from the oxidation of isoprenoid polyenes.

Scheme 13. Supposed cyclizing species in the oxidation of squalene.
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occurs in the third cyclization of GGA, though a structural
difference exists between this compound and squalene
(head-to-tail versus tail-to-tail bond of the fourth isoprene
unit).

When considering the supposed cyclizing species for each
ring-closing step, it should be noted that, apart from the first
cyclization, three different, but strictly similar, structural
situations subsist which refer to the second, third and
fourth/fifth cyclizations (Scheme 13, see boxes). Can only
the structural change in the cyclizing portion be responsible
for the observed sterochemical control? The formation of
trans-THF rings from the last two cyclizations, proceeding
through similar cyclizing substructures, would seem to back
up this hypothesis. However, if this is the case, it remains to
be explained why the third cyclization in GGA proceeds
with the formation of a trans-THF ring, despite the cyclizing
portion being similar to that involved in the second
cyclizations of FA, GGA and squalene, where a cis-ring is
formed. Therefore, other factors should be considered such
as the THF-O-coordination to ruthenium21 of the THF ring
adjacent to the cyclizing portion, as well as its configuration
which could arrange the molecule in a conformation
facilitating either of the two competing cyclization routes.
4. Experimental

4.1. General methods

All reagents and anhydrous solvents were purchased
(Aldrich and Fluka) at the highest commercial quality and
used without further purification. Where necessary, flame-
dried and argon-charged glassware was used. Reactions
were monitored by thin-layer chromatography carried out
on precoated silica gel plates (Merck 60, F254, 0.25 mm
thick). Merck silica gel (Kieselgel 40, particle size 0.063–
0.200 mm) was used for column chromatography. HPLC
separations were carried out on a Varian 2510 apparatus
equipped with a Waters R403 dual cell differential
refractometer using phenomenex 250!10 mm and 250!
4.6 mm (both 5m) columns. NMR experiments were
performed on Bruker DRX-600, Bruker WM 400, Varian
300, and Gemini 200 spectrometers in CDCl3. All the 2D-
NMR spectra were acquired at 600 MHz in the phase-
sensitive mode with the transmitter set at the solvent
resonance and TPPI (Time Proportional Phase Increment)
used to achieve frequency discrimination in the u1

dimension. Standard pulse sequence and phase cycling
were used for DQF-COSY, 2D-TOCSY, HSQC, 2D-
HSQC-TOCSY, HMBC, 2D-INEPT-INADEQUATE,
2D-INEDAQUATE and ROESY spectra. The NMR data
were processed on a Silicon Graphic Indigo2 Workstation
using UXNMR software. Proton chemical shifts were
referenced to the residual CHCl3 signal (7.26 ppm); 13C
NMR chemical shifts were referenced to the solvent
(77.0 ppm). Abbreviations for signal coupling are as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet. IR spectra were collected on a Jasco FT-IR-430
spectrometer. ESI mass spectrometric analyses were
recorded on a Waters Micromass ZQ mass spectrometer
equipped with an Electrospray source used in the positive
mode. HRMS spectra were recorded on a Voyager DE-PRO
mass spectrometer using MALDI-TOF ionization.

For all the reported products the numeration of penta-THF 1
is used.

4.2. Oxidation of squalene. Synthesis of penta-THF 1 and
isolation of the mono-, bis-, tris-THF diols intermediates
of the process

Squalene (500 mg, 1.22 mmol) was dissolved in the
biphasic mixture EtOAc/CH3CN/H2O (3:3:1) (140 mL),
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then NaIO4 (2.09 g, 9.76 mmol) and a catalytic amount of
RuO2$2H2O (32.5 mg, 0.244 mmol, 20 mol%) were added
in sequence under vigorously mechanic stirring at 0 8C.
After 30 min excess of a saturated Na2S2O3$5H2O solution
was added (50 mL) until the mixture turned to black; then
the mixture was filtered and extracted with EtOAc (3!
150 mL) and the combined organic phase was dried over
Na2SO4 and evaporated. The oily residue was purified by
silica gel column chromatography (eluent CHCl3/MeOH,
97:3) followed by HPLC (hexane/ethyl acetate 1:1) to yield
1 (320 mg, 50%, tRZ11.5 min).

When the oxidation of squalene (1.49 g, 3.6 mmol) was
stopped after 4 min, the crude reaction mixture was
separated by column chromatography (silica, gradient
elution from 9:1 hexanes/ethyl ether to ethyl ether) to
yield, in the first-eluted fractions, unreacted squalene
(450 mg, 30%), the C-7 ketone corresponding to mono-
THF 8 (40 mg, 4%) and the C-11 ketone corresponding to
bis-THF 9 (55 mg, 5%). A fraction at an intermediate
polarity (330 mg) contained mono-THF diol 8, bis-THF diol
9 and tris-THF diol 10. A slightly more polar fraction gave
pure penta-THF 1 (320 mg, 28%). Compounds 8–10 were
separated by HPLC (hexane/EtOAc, 75:25) to yield 8
(45 mg, 5%; tRZ21 min), 9 (52 mg, 4.5%; tRZ17.5 min)
and 10 (50 mg, 4.3%; tRZ14 min).
4.2.1. Compound 8. IR (neat): nmax 3396 (br) cmK1. 1H
NMR (200 MHz): d 5.20 (1H, m, olefinic proton), 5.12 (3H,
m, olefinic protons), 3.85 (1H, t, JZ6.8 Hz, H-3), 3.39 (1H,
dd, JZ7.7, 3.6 Hz, H-7), 1.68 (3H, s, Me), 1.59 (12H, s, 4!
Me), 1.24, 1.16, 1.12 (3H each, s’s, 3!C(O)Me). 13C NMR
(100 MHz): d 135.2, 135.0, 134. 9, 131.2, 124.8, 124.4,
124.25, 124.19, 85.8, 85.2, 71.5, 39.7, 36.6, 35.1, 30.4, 28.3,
28.2, 27.3, 26.8, 26.7, 26.6, 25.6, 24.8, 21.0, 17.6, 16.0.
LRMS m/z 499 (78, [MCK]C), 483 (100, [MCNa]C).
HRMS Calcd for C30H52O3Na 483.3816, found 483.3831.
4.2.2. Compound 9. IR (neat): nmax 3447 (br) cmK1. 1H
NMR (200 MHz): d 5.10 (3H, m, olefinic protons), 3.92,
3.82 (1H each, both t, JZ7.2 Hz for both, H-3 and H-7),
3.41 (1H, dd, JZ9.2, 2.6 Hz, H-11), 1.67 (3H, s, Me), 1.62
(3H, s, Me), 1.59 (6H, s, 2!Me), 1.25 (3H, s, C(O)Me),
1.13 (6H, s, 2!C(O)Me), 1.09 (3H, s, C(O)Me). 13C NMR
(100 MHz): d 135.7, 134.9, 131.3, 124.4, 124.3, 124.1, 86.0,
85.1, 83.4, 83.0, 76.1, 71.6, 39.8, 39.7, 35.1, 34.4, 32.3,
27.9, 27.2, 26.8, 26.7, 25.8, 25.7, 25.0, 23.9, 20.1, 17.7,
16.1, 16.0. LRMS m/z 515 (100, [MCK]C), 499 (77, [MC
Na]C). HRMS Calcd for C30H52O4Na 499.3765, found
499.3778.
4.2.3. Compound 10. IR (neat): nmax 3420 (br) cmK1. 1H
NMR (200 MHz): d 5.16, 5.10 (1H each, both bt, JZ6.9 Hz
for both, olefinic protons), 3.93–3.77 (4H, overlapped
multiplets, H-3, H-7, H-11 and H-14), 1.68 (3H, s, Me),
1.60 (6H, s, 2!Me), 1.24, 1.18, 1.12, 1.05, 0.98 (3H each,
s’s, 5!C(O)Me). 13C NMR (100 MHz): d 134.3, 131.4,
125.1, 124.5, 85.5, 85.4, 85.1, 84.7, 83.2, 83.1, 72.9, 71.7,
40.0, 39.7, 35.3, 34.8, 28.98, 28.1, 27.0, 26.8, 26.6, 25.6,
25.2, 24.6, 22.4, 20.9, 19.7, 17.6, 15.9. LRMS m/z 531 (100,
[MCK]C), 515 (45, [MCNa]C). HRMS Calcd for
C30H52O5Na 515.3714, found 515.3725.
4.2.4. Compound 1. IR (neat): nmax 3466 (br) cmK1. 1H
NMR (600 MHz, attribution by 2D-NMR): d 3.93 (1H, t,
JZ6.5 Hz, H-11), 3.87 (1H, t, JZ7.5 Hz, H-7), 3.83 (1H,
dd, JZ8.0, 2.5 Hz, H-18), 3.81, 3.80, (3H, overlapped m’s,
H-3, H-14, H-22), 2.20, 1.56 (2H, m’s, H2K16), 2.19, 1.51,
(2H, m’s, H2-5), 2.10, 1.58 (2H, m’s, H2K20), 1.76, 1.70
(2H, m’s, H2-21), 2.00, 1.56, (2H, m’s, H2K9), 1.90, 1.85
(2H, m’s, H2-17), 1.90, 1.70 (2H, m’s, H2K13), 1.94, 1.92
(2H, m’s, H2-4), 1.88 (4H, m, H2K8, H2-12), 1.22 (3H, s,
Me-25), 1.20 (3H, s, Me-30), 1.15 (3H, s, Me-26), 1.14 (3H,
s, Me-27), 1.11 (3H, s, Me-29), 1.10 (3H, s, Me-24), 1.07
(6H, s, Me-28, Me-1). 13C NMR (150 MHz): d 13C NMR
(150 MHz, attribution by 2D-NMR): d 87.4 (CH-22), 86.4
(CH-18), 85.4 (CH-3), 85.1 (C-15, CH-11), 84.7 (CH-14),
84.1 (C-6), 83.9 (C-19), 83.7 (C-10), 82.6 (CH-7), 72.0
(CH-3), 70.7 (C-23), 34.9 (CH2-20), 34.8 (CH2-16), 34.6
(CH2-9), 34.1 (CH2-5), 28.1 (CH3-30, CH3-25), 28.2 (CH2-
13), 27.4 (CH2-17), 27.3 (CH2-8), 27.2 (CH2-12), 26.7
(CH2-21), 26.1 (CH2-4), 25.1 (CH3-28), 24.7 (CH3-29), 24.4
(CH3-24, CH3-1), 24.1 (CH3-26), 23.2 (CH3-27). LRMS:
m/z 563 (18, [MCK]C), 547 (24, [MCNa]C), 525 (100,
[MCH]C). HRMS Calcd for C30H52O7Na 547.3612, found
547.3621.

4.3. Bis-p-bromobenzoate ester (2)

To a solution of 1 (30 mg, 0.06 mmol) in CH2Cl2 (0.5 mL)
was added DMAP (221.7 mg, 1.81 mmol) and p-bromo-
benzoyl chloride (219.5 mg, 1.00 mmol) dissolved in
CH2Cl2 (2 mL) and the resulting solution was stirred at
room temperature for 60 h. The mixture was diluted with
CHCl3, filtered through a 4 cm silica gel pad. Elution with
ethyl ether and evaporation gave a residue that was purified
by preparative TLC (hexanes/ethyl ether 75:25) to yield 2
(43 mg, 80%) as a colorless oil.

4.3.1. Compound 2. IR (neat): nmax 1716 cmK1. 1H NMR
(600 MHz, attributions by 2D-NMR): d 7.83, 7.82, (2H
each, d’s, JZ8.8 Hz for both, aromatic protons), 7.53 (4H,
d, JZ8.4 Hz, aromatic protons), 4.22 (1H, dd, JZ7.0,
7.0 Hz, H-3), 4.18 (1H, dd, JZ9.2, 5.8 Hz, H-22), 3.93 (1H,
dd, JZ8.5, 6.6 Hz, H-7), 3.85, 3.83, 3.73 (3H, overlapped
m’s, H-11, H-14, H-18), 2.22, 2.01, 1.99, 1.97, 1.94, 1.89,
1.87, 1.84, 1.74, 1.59 (20H, overlapped m’s, 10!CH2), 1.62
(3H, s, Me-30), 1.59 (3H, s, Me-1), 1.58 (3H, s, Me-25),
1.57 (3H, s, Me-24), 1.22 (3H, s, Me-26), 1.15 (3H, s, Me-
27), 1.14 (3H, s, Me-29), 1.09 (3H, s, Me-28). 13C NMR
(150 MHz, attributions by 2D-NMR): d 166.4 (C), 165.3
(C), 131.6–131.2 (10 CH, aromatic methines), 128.2 (2 C,
aromatic quaternary), 87.0 (C) 86.7 (CH-18), 86.1 (CH-22),
85.6 (CH-11), 85.4 (CH-14), 85.1 (C), 84.8 (C), 84.4 (C),
83.9 (C), 83.7 (C), 82.8 (CH-3), 82.6 (CH-7), 72.2 (C), 70.8
(C), 34.8 (CH2), 34.7 (CH2), 33.1 (CH2), 27.9 (CH2), 27.3
(2!CH2), 27.2 (CH2), 27.1 (CH2), 26.9 (CH2), 25.1 (CH3-
29), 24.4 (CH3-28), 23.7 (CH3-27), 23.4 (CH3-26), 23.3
(CH3-30), 23.0 (CH3-1), 21.8 (CH3-25), 21.7 (CH3-24).
LRMS m/z 931/929/927 (18, [MCK]C), 915/913/911 (30,
[MCNa]C). HRMS Calcd for C44H58Br2O9Na 911.2346,
found 911.2328.

4.4. Bis-lactone 5 and monolactones 3 and 4

To a solution of 1 (200 mg, 0.38 mmol) in CH2Cl2 (8 mL)
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was added celite (2 g), PCC (1.9 mmol, 409.5 mg) and
AcOH (26.6 mmol, 1.5 mL) and the resulting heterogeneous
mixture was stirred at room temperature for 24 h and then
loaded on a silica gel column chromatography. Elution with
CHCl3/MeOH 9:1 afforded a colourless oil (150 mg). HPLC
separation (hexane/EtOAc 60:40) gave unreacted 1 (28 mg,
14%, tRZ15 min), monolactones 3 (40 mg, 22%, tRZ
18 min) and 4 (7.5 mg, 4%, tRZ17 min), and bis-lactone 5
(43 mg, 26%, tRZ20.5 min). When the reaction was carried
out with 10 equiv PCC and 150 equiv AcOH, the yield of
bis-lactone 5 raised to 70%, yields for compounds 3 and 4
were 6 and 2%, respectively, and a 2% amount of unreacted
1 was recovered.

4.4.1. Compound 3. IR (neat): nmax 3467 (br), 1772 cmK1.
1H NMR (600 MHz, attributions by 2D-NMR): d 3.85, 3.87,
3.89 (3H, overlapped, m’s, H-7, H-11, H-18), 3.78 (1H, dd,
JZ7.6, 5.4 Hz, H-3), 3.74 (1H, dd, JZ9.7, 5.5 Hz, H-14),
2.75 (1H, ddd, JZ17.2, 10.8, 10.8 Hz, Ha-21), 2.40, 2.38,
2.20, 2.16, 1.94, 1.90, 1.87, 1.66, 1.58, 1.52, (19H,
overlapped m’s, 9!CH2 and Hb-21), 1.30 (3H, s, Me-29),
1.19 (3H, s, Me-25), 1.12 (3H, s, Me-26), 1.11 (3H, s, Me-
27), 1.03 (3H, s, Me-1), 1.01 (3H, s, Me-28). 13C NMR
(150 MHz, attributions by 2D-NMR): d 178.2 (C), 86.6 (C)
86.3 (CH-18), 86.2 ((C), 85.3 (CH-3), 85.2 (C), 85.1 (CH-
11), 84.8 (CH-14), 84.1 (C), 82.3 (CH-7), 71.8 (C), 34.5
(CH2), 34.4 (CH2), 34.3 (CH2), 32.6 (CH2), 30.2 (CH2), 28.3
(CH2), 28.1(CH3-25), 27.0 (CH2), 26.8 (CH2), 26.6 (CH2),
26.0 (CH2), 24.7 (CH3-1), 23.9 (CH3-29), 23.8 (CH3-26),
23.6 (CH3-28), 22.3 (CH3-27). LRMS m/z 519 (22, [MC
K]C), 503 (48, [MCNa]C), 481 (30, [MCH]C). HRMS
Calcd for C27H44O7Na 503.2986, found 503.2971.

4.4.2. Compound 4. IR (neat): nmax 3497 (br), 1772 cmK1.
1H NMR (600 MHz, attributions by 2D-NMR): d 3.75, 3.80,
3.83, 3.87, 3.91 (5H, overlapped m’s, H-7, H-11, H-14, H-
18, H-22), 2.80 (1H, ddd, JZ17.4, 10.8, 10.8 Hz, Ha-4),
2.45, 2.42, 2.17, 1.95, 1.91, 1.89, 1.88, 1.79, 1.61, 1.59,
1.56, (19H, overlapped m’s, 9!CH2 and Hb-4), 1.35 (3H, s,
Me-26), 1.20 (3H, s, Me-30), 1.14 (3H, s, Me-27), 1.11 (3H,
s, Me-29), 1.10 (3H, s, Me-24), 1.07 (3H, s, Me-28). 13C
NMR (150 MHz, attributions by 2D-NMR): d 178.2 (C),
87.7 (C) 87.4 (CH, C-22), 86.6 (CH-18), 86.0 (C), 85.7 (CH-
11), 85.3 (C), 85.1 (CH-14), 84.3 (C), 84.1 (CH-7), 71.1 (C),
34.8 (2!CH2), 34.6 (CH2), 32.2 (CH2), 30.2 (CH2), 28.1
(CH2), 27.2 (2!CH2), 26.6 (2!CH2), 28.0 (CH3-30), 24.7
(CH3-26), 24.7 (CH3-29), 24.4 (CH3-24), 24.3 (CH3-28),
22.2 (CH3-27). LRMS m/z 519 (23, [MCK]C), 503 (47,
[MCNa]C), 481 (12, [MCH]C). HRMS Calcd for
C27H44O7Na 503.2986, found 503.2988.

4.4.3. Compound 5. IR (neat): nmax 1770 cmK1. 1H NMR
(600 MHz, attributions by 2D-NMR): 3.85, 3.89, 3.93 (3H,
overlapped m’s, H-7, H-11, H-18), 3.72 (1H, dd, JZ9.6,
5.8 Hz, H-14), 2.90, 2.77, 2.43, 2.40, 1.95, 1.89, 1.87, 1.57
1.55, (20H, overlapped m’s, 10!CH2),.1.02 (3H, s, Me-28),
1.11 (3H, s, Me-27), 1.33 (6H, s, Me-26, Me-29), 13C NMR
(150 MHz, attributions by 2D-NMR): d 179.6 (C), 178.7
(C), 87.3 (C) 87.1 (C), 86.8 (C), 86.7 (C), 86.3 (CH-18),
85.6 (CH-14), 85.5 (CH-11), 84.3 (CH-7), 34.2 (2!CH2),
32.5 (2!CH2), 30.3 (2!CH2), 28.2 (CH2), 27.0 (CH2),
26.7 (CH2), 26.3 (CH2), 24.2 (CH3-29, CH3-26), 23.7 (CH3-
28), 20.7 (CH3-27). LRMS m/z 475 (100, [MCK]C), 459
(88, [MCNa]C). HRMS Calcd for C24H36O7Na 459.2359,
found 459.2358.

4.5. Mono-THF diols 8 and 11

A solution of squalene (160 mg, 0.39 mmol) in CH2Cl2
(40 mL) was treated with N-methylmorpholine N-oxide
monohydrate (420 mg, 3.12 mmol) and CSA (1.09 g,
4.7 mmol) followed by osmium tetroxide (10 mg,
0.039 mmol, 10%) and the solution was stirred at room
temperature for 24 h. The reaction was quenched with
saturated aqueous sodium thiosolfate and NaHCO3 and the
biphasic solution was extracted with CH2Cl2 (3!20 mL),
then the organic phase was dried with Na2SO4 and
evaporated. The oily residue was purified by HPLC
(hexane/EtOAc 70:30) to give unreacted squalene (16 mg,
10%, tRZ6 min), mono-THF diol 8 (13 mg, 7%, tRZ
15.4 min) and mono-THF diol 11 (11 mg, 6%, tRZ9.6 min).

4.5.1. Compound 11. IR (neat): nmax 3412 (br) cmK1. 1H
NMR (200 MHz): d 5.11 (4H, m, olefinic protons), 3.88
(1H, t, JZ7.5 Hz, H-7), 3.39 (1H, dd, JZ8.7, 2.7 Hz, H-11),
1.68 (6H, s, 2!Me), 1.63, 1.62 (3H each, s’s, 2!Me), 1.60
(6H, s, 2!Me), 1.14, 1.08, (3H each, s’s, 2!C(O)Me).
LRMS m/z 499 (97, [MCK]C), 483 (100, [MCNa]C).
HRMS Calcd for C30H52O3Na 483.3816, found 483.3822.

4.6. Bis-THF diols 12 and 13

To a solution of 8 (25 mg, 0.054 mmol) in CH2Cl2 (2.5 mL)
was added MCPBA (10.2 mg, 0.059 mmol) at 0 8C and the
mixture was stirred at this temperature for 1.5 h. Then the
reaction was quenched with saturated aqueous NaHCO3 and
extracted with CH2Cl2 (3!10 mL). The organic phase was
dried over Na2SO4 and evaporated. The residue was purified
by HPLC (hexane/EtOAc 65:35) to yield unreacted 8
(6.2 mg, 25%, tRZ12.5 min), the two diasteroisomeric C10–
C11 epoxides 14 (major isomer: 7.7 mg, 30%, tRZ18.2 min;
minor isomer: 6.1 mg, 24%, tRZ15.7 min) and bis-THF
diols 12 (2.3 mg, 9%, tRZ24.6 min) and 13 (2.3 mg, 9%,
tRZ26.8 min).

4.6.1. Major epoxide. IR (neat): nmax 3420 (br) cmK1. 1H
NMR (200 MHz): d 5.12 (3H, m, olefinic protons), 3.85
(1H, t, JZ7.0 Hz, H-3), 3.38 (1H, dd, JZ5.8, 4.4 Hz, H-7),
2.70 (1H, t, JZ5.8 Hz, H-11), 1.67 (3H, s, Me), 1.60, 1.59
(overall 9H, s’s, Me), 1.25, 1.24, 1.15, 1.11 (3H each, s’s,
4!C(O)Me). LRMS m/z 515 (48, [MCK]C), 499 (100,
[MCNa]C).

4.6.2. Minor epoxide. IR (neat): nmax 3407 (br) cmK1. 1H
NMR (200 MHz): d 5.18 (2H, m, olefinic protons), 5.07
(1H, t, JZ7.0 Hz, olefinic proton), 3.85 (1H, t, JZ7.0 Hz,
H-3), 3.38 (1H, dd, JZ5.8, 4.4 Hz, H-7), 2.70 (1H, t, JZ
5.8 Hz, H-11), 1.68 (3H, s, Me), 1.60 (9H, s, 3!Me), 1.24
(6H, s, 2!C(O)Me), 1.16, 1.12 (3H each, s’s, 2!C(O)Me).
LRMS m/z 515 (59, [MCK]C), 499 (100, [MCNa]C).

4.6.3. Compound 12. IR (neat): nmax 3447 (br) cmK1. 1H
NMR (200 MHz): d 5.12 (3H, m, olefinic protons), 3.85
(2H, m, H-3 and H-7), 3.52 (1H, dd, JZ7.7, 1.2 Hz, H-11),
1.67, 1.62 (3H each, s’s, 2!Me), 1.59 (6H, s, 2!Me), 1.25,
1.19, 1.12, 1.08 (3H each, s’s, 4!C(O)Me). LRMS m/z 515
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(69, [MCK]C), 499 (100, [MCNa]C), 477 (27, [MC
H]C).HRMS Calcd for C30H52O4Na 499.3765, found
499.3771.

4.6.4. Compound 13. IR (neat): nmax 3446 (br) cmK1. 1H
NMR (200 MHz): d 5.09 (3H, m, olefinic protons), 3.91,
3.82 (1H each, t’s, JZ7.4, 7.0 Hz, respectively, H-3 and
H-7), 3.54 (1H, dd, JZ9.6, 2.8 Hz, H-11), 1.67, 1.62 (3H
each, s’s, 2!Me), 1.59 (6H, s, 2!Me), 1.26, 1.14, 1.13,
1.11 (3H each, s’s, 4!C(O)Me). LRMS m/z 515 (49, [MC
K]C), 499 (100, [MCNa]C), 477 (12, [MCH]C). HRMS
Calcd for C30H52O4Na 499.3765, found 499.3752.

4.7. Diacetate 15

LiAlH4 (45.5 mg, 1.20 mmol) was added in portions to a
solution of bis-lactone 5 (240 mg, 0.55 mmol) in dry ethyl
ether (5 mL) at 0 8C. The mixture was allowed to warm to
room temperature over 1 h and then quenched by dropwise
addition of wet ethyl ether and water. After all inorganic
materials were precipitated, the solid was filtered and
washed with EtOAc and the organic phase was evaporated
to give an oily products that was treated with Ac2O in
pyridine at room temperature for 16 h. Then the mixture was
partitioned between EtOAc and 0.1 M HCl (20 mL) and the
organic phase was washed with saturated aqueous NaHCO3

(20 mL), dried over Na2SO4 and evaporated to give a
colorless oil. HPLC purification (hexane/EtOAc 35:65)
yielded diacetate 15 (209 mg, 72% for two steps, tRZ
11.0 min).

4.7.1. Compound 15. IR (neat): nmax 3403 (br), 1733 cmK1.
1H NMR (400 MHz): d 4.02 (4H, m, 2!CH2OAc), 3.90
(1H, dd, JZ8.1, 3.9 Hz, THF proton), 3.87 (1H, dd, JZ7.9,
5.1 Hz, THF proton), 3.78, (1H, m, THF proton), 3.74 (1H,
dd, JZ8.8, 5.9 Hz, THF proton), 2.05 (6H, s, 2!OAc),
1.12, 1.11, 1.06, 1.02, (3H each, s’s, 4!C(O)Me). 13C NMR
(100 MHz): d 171.1, 171.1, 85.8, 85.13, 85.09, 84.7, 84.1,
83.2, 73.6, 71.9, 65.3, 65.0, 36.5, 36.3, 35.1, 34.7, 27.9,
27.2, 26.4, 25.7, 24.7, 24.0, 23.3, 23.1, 21.8, 21.1, 21.0,
20.9. LRMS m/z 567 (50, [MCK]C), 551 (100, [MC
Na]C), 477 (26, [MCH]C). HRMS Calcd for C28H48O9Na
551.3197, found 551.3200.

4.8. Bis lactone 16

To a solution of 15 (30 mg, 0.056 mmol) in CH2Cl2
(1.5 mL) was added celite (300 mg), PCC (120.7 mg,
0.56 mmol) and AcOH (480 mL, 8.4 mmol) and the
resulting heterogeneous mixture was stirred at room
temperature for 24 h and the loaded on a silica gel column.
Elution with CHCl3/MeOH 9:1 afforded a colorless oil.
HPLC purification gave 16 (6.7 mg, 47%, tRZ23.6 min),
2-oxo-penten-1-yl acetate (5.6 mg, 70%, tRZ11.3 min)15

along with a monolactone acetate product derived from the
cleavage of only one of the two side chains (1.7 mg, 7.5%,
tRZ27.8 min).

4.8.1. Compound 16. IR (neat): nmax 3527 (br), 1770 cmK1.
1H NMR (200 MHz): d 3.88 (2H, ddd, JZ9.3, 5.2, 3.2 Hz,
H11 and H14), 2.68 (2H, ddd, JZ17.8, 10.3, 9.3 Hz, Ha-8
and Ha-17), 2.50 (2H, ddd, JZ17.7, 10.8, 3.7 Hz, Hb-8 and
Hb-17), 2.36 (2H, ddd, JZ16.5, 9.9, 3.7 Hz, Ha-9 and
Ha-16), 1.97 (6H, m, Hb-9 and Hb-16, H2-12 and H2-13),
1.31 (6H, s, 2!C(O)Me). 13C NMR (50 MHz): d 177.2,
85.9, 85.7, 32.4, 29.7, 26.5, 23.5. LRMS m/z 307 (43, [MC
K]C), 291 (100, [MCNa]C), 269 (60, [MCH]C). HRMS
Calcd for C14H20O5Na 291.1209, found 291.1210.

4.8.2. Monolactone acetate. IR (neat): nmax 3412 (br),
1772, 1737 cmK1. 1H NMR (200 MHz): d 4.08 (2H, m,
CH2OAc), 3.96–3.78 (3H, m, THF protons), 2.04 (s,
acetate), 1.33, 1.09, 1.02 (3H each, s’s, 3!C(O)Me).
LRMS m/z 437 (43, [MCK]C), 421 (100, [MCNa]C), 399
(35, [MCH]C).

4.9. Tetra-THF diols 17 and 18

To a solution of tris-THF 10 (25 mg, 0.051 mmol) in
CH2Cl2 (2.5 mL) was added MCPBA (10 mg, 0.056 mmol)
at 0 8C and the mixture was stirred at the same temperature
for 1.5 h. After the reaction was quenched with saturated
aqueous NaHCO3 the mixture was extracted with CH2Cl2
(3!10 mL), the organic phase was dried over Na2SO4 and
evaporated. The residue was purified by HPLC (hexane/
EtOAc 80:20) to give unreacted 10 (7.5 mg, 30%, tRZ
10.2 min), a mixture of unseparable C18–C19 diastereomeric
epoxides contaminated by a 20% amount of terminal
epoxides (7.3 mg, 47%, tRZ30.5 min) along with a mixture
of the two diastereomeric terminal epoxides (3.6 mg, 25%,
tRZ29 min).

4.9.1. Mixture of C18–C19 epoxides. IR (neat): nmax 3423
(br) cmK1. 1H NMR (200 MHz, data from the mixture
contaminated by terminal epoxides): d 5.07 (t, JZ7.0 Hz,
olefinic protons), 3.95–3.70 (m, H-3, H-7, H-11 and H-14),
2.70 (t, JZ6.2 Hz, H-18), 1.67, 1.61, (s’s, 2!Me), 1.27,
1.24, 1.17, 1.12 1.02, 0.97 (s,s, 6!C(O)Me). LRMS: m/z
547 (43, [MCK]C), 531 (100, [MCNa]C).

4.9.2. Mixture of terminal epoxides. IR (neat): nmax 3420
(br) cmK1. 1H NMR (200 MHz): d 5.20 (bt, JZ7.0 Hz,
olefinic protons), 4.09 (bs, OH), 3.94–3.78 (m, H-3, H-7,
H-11 and H-14), 2.70 (t, JZ6.4 Hz, H-22), 1.62, (s, Me),
1.29, 1.25, 1.24, 1.17, 1.12 1.04, 0.98 (3H each, s’s, 7!
C(O)Me). LRMS: m/z 547 (32, [MCK]C), 531 (100,
[MCNa]C).

To the mixture of tris-THF epoxides obtained as above
(7 mg, 0.013 mmol) in CH2Cl2 (1 mL) was added CSA
(0.75 mg, 0.0032 mmol) at 0 8C and the resulting solution
was stirred at the same temperature for 45 min. Then the
reaction was quenched with saturated aqueous NaHCO3 and
extracted with CH2Cl2 (3!5 mL). The organic phase was
dried over Na2SO4 and evaporated. The residue was purified
by HPLC (hexane/EtOAc 75:25) to give two diastereomeric
tetra-THF diols (17/18, exo products) (major isomer:
2.9 mg, 45%, tRZ14.5 min; minor isomer: 1.5 mg, 23%,
tRZ16.5 min) along with the tetrahydropyrane-containing
isomers 19 and 20 (endo products) (major isomer: 1.2 mg,
18%, tRZ17.7 min; minor isomer: 0.9 mg, 14%, tRZ
19.5 min).

4.9.3. Major tetra-THF diol. IR (neat): nmax 3403 (br)
cmK1. 1H NMR (600 MHz): d 5.12 (1H, bt, JZ6.7 Hz,
olefinic proton), 3.95 (1H, dd, JZ7.0, 7.0 Hz, THF proton),



T. Caserta et al. / Tetrahedron 61 (2005) 927–939938
3.88 (1H, dd, JZ7.5, 7.5 Hz, THF proton), 3.80, 3.77, 3.75
(3H, overlapped m’s, 3!THF protons), 1.69, 1.62 (3H
each, s’s, 2!Me), 1.23, 1.18, 1.15, 1.14, 1.08 1.07 (3H
each, s’s, 6!C(O)Me). 13C NMR (150 MHz): d 131.6 (C),
124.9 (CH), 86.7 (CH), 85.2 (C), 85.1 (CH), 84.8 (CH), 84.6
(CH), 84.2 (C), 84.0 (C), 82.3 (CH), 72.1 (C), 71.7 (C), 34.5
(CH2), 33.8 (CH2), 29.7 (CH2), 29.5 (CH2), 29.1 (CH2), 28.0
(Me), 27.4 (CH2), 26.8 (CH2), 26.7 (CH2), 26.0 (CH2), 25.6
(CH3), 25.1 (CH3), 24.2 (CH3), 24.0 (CH2), 23.9 (2!CH3),
22.7 (CH3), 17.6 (CH3). LRMS: m/z 547 (40, [MCK]C),
531 (100, [MCNa]C), 509 (15, [MCH]C). HRMS Calcd
for C30H52O6Na 531.3663, found 531.3673.

4.9.4. Minor tetra-THF diol. IR (neat): nmax 3395 (br) cmK

1. 1H NMR (600 MHz): d 5.11 (1H, bt, JZ7.9 Hz, olefinic
proton), 3.98 (1H, bdd, JZ8.4, 8.4 Hz, THF proton), 3.89–
3.71 (4H, overlapped m’s, 4!THF protons), 1.68, 1.61 (3H
each, s’s, 2!Me), 1.20, 1.19, 1.17, 1.13, 1.08, 1.06 (3H
each, s’s, 6!C(O)Me). 13C NMR (150 MHz): d 131.1 (C),
124.6 (CH), 84.2 (C), 83.9 (C), 83.7 (C), 72.7 (C), 72.2 (C),
35.2 (CH2), 34.7 (CH2), 29.9 (2!CH2), 27.7 (2!CH2),
27.5 (2!CH2), 26.8 (2!CH2), 85.5 (CH), 85.4(CH), 85.1
(CH), 84.9 (CH), 82.9 (CH), 28.3 (CH3), 24.9 (CH3) 24.6
(CH3), 24.5 (CH3), 24.0 (2!CH3), 20.9 (CH3), 17.4 (CH3).
LRMS: m/z 547 (20, [MCK]C), 531 (100, [MCNa]C), 509
(78, [MCH]C). HRMS Calcd for C30H52O6Na 531.3663,
found 531.3649.

4.9.5. Major THP-containing isomer (19). IR (neat): nmax

3412 (br) cmK1. 1H NMR (400 MHz): d 5.08 (1H, bt, JZ
7.0 Hz, olefinic proton), 4.03–3.68 (4H, overlapped m’s,
4!THF protons), 3.39 (1H, dd, JZ4.0, 3.0 Hz, H-19), 1.68,
1.61 (3H each, s’s, 2!Me), 1.24, 1.21, 1.16, 1.12, 1.09, 1.08
(3H each, s’s, 6!C(O)Me). LRMS: m/z 547 (27, [MC
K]C), 531 (100, [MCNa]C), 509 (56, [MCH]C). HRMS
Calcd for C30H52O6Na 531.3663, found 531.3674.

4.9.6. Minor THP-containing isomer (20). IR (neat): nmax

3407 (br) cmK1. 1H NMR (400 MHz): d 5.09 (1H, bt, JZ
7.0 Hz, olefinic proton), 3.94–3.70 (4H, overlapped m’s,
4!THF protons), 3.47 (1H, dd, JZ10.8, 5.2 Hz, H-19),
1.67, 1.60 (3H each, s’s, 2!Me), 1.22, 1.18, 1.14, 1.13,
1.10, 1.06 (3H each, s’s, 6!C(O)Me). LRMS: m/z 547 (14,
[MCK]C), 531 (100, [MCNa]C), 509 (55, [MCH]C).
HRMS Calcd for C30H52O6Na 531.3663, found 531.3667.

4.10. Synthesis of tetra-THF diol 22

To a solution of monolactone 3 (100 mg, 0.21 mmol) in dry
THF (1.5 mL) DIBALH (1.0 M in THF, 0.42 mmol,
450 mL) was added at K78 8C and the solution was stirred
at the same temperature for 1 h. Saturated aqueous NH4Cl
was added and the mixture was extracted with CHCl3 (3!
10 mL) then dried over Na2SO4 and evaporated to give
crude lactol 21 (70 mg, 70%). Further HPLC purification
(CHCl3, tRZ22 min) afforded pure 21.

4.10.1. Compound 21. IR (neat): nmax 3420 (br) cmK1. 1H
NMR (400 MHz): d 5.33 (1H, d, JZ3.8 Hz, H-22), 3.98–
3.74 (5H, overlapped m’s, 5!THF protons), 1.22 (3H, s,
C(O)Me), 1.14, 1.13 (6H each, s’s, 4!C(O)Me), 1.06 (3H,
s, C(O)Me). 13C NMR (100 MHz): d 98.8, 85.0, 84.9, 84.9,
84.6, 83.9, 83.7, 83.6, 82.4, 71.6, 34.5, 34.3, 34.2, 33.9,
31.3, 28.0, 27.8, 27.0, 27.0, 26.6, 25.8, 24.7, 24.2, 24.0,
23.8, 23.7, 22.6. LRMS: m/z 521 (12, [MCK]C), 505 (16,
[MCNa]C). HRMS Calcd for C27H46O7Na 505.3142,
found 505.3129.

n-Butyllithium (1.6 M in hexane, 0.46 mmol) was dropwise
added through syringe to a solution of isopropyltriphenil-
phosphonium iodide (200 mg, 0.46 mmol) in THF (2 mL) at
0 8C. After stirring at this temperature for 20 min, the deep
red solution was brought to K78 8C and then transferred via
cannula to a solution of 21 (63 mg, 0.13 mmol) in THF
(2 mL) at K78 8C. The reaction mixture was allowed to
warm to room temperature over 4 h. Then aqueous NH4Cl
was added and the mixture was extracted with ethyl ether
(3!30 mL), the organic phase was dried over Na2SO4 and
evaporated. The residue was purified by HPLC (hexane/
EtOAc 30:70) to give unreacted 21 (19 mg, 30%, tRZ
36 min) and terta-THF 22 (6 mg, 8–10% respect to reacted
21, tRZ16.5 min).

4.10.2. Compound 22. IR (neat): nmax 3461 (br) cmK1. 1H
NMR (600 MHz): d 5.11 (1H, bt, JZ7.0 Hz, olefinic
proton), 3.95 (1H, t, JZ7.1 Hz, THF proton), 3.88 (1H, t,
JZ7.6 Hz, THF proton), 3.82–3.80 (3H, overlapped m’s,
3!THF protons), 1.68, 1.61 (3H each, s’s, 2!Me), 1.22,
1.15, 1.12, 1.08, 1.07, 1.06 (3H each, s’s, 6!C(O)Me). 13C
NMR (150 MHz) d 131.1 (C), 124.6 (CH), 86.2 (C), 85.3
(CH), 85.0 (C), 84.7 (CH), 84.6 (2!CH), 84.5 (C), 82.2
(CH), 71.7 (C), 71.2 (C), 34.3 (CH2), 34.2 (CH2), 33.7
(CH2), 29.1 (CH2), 27.7 (CH3), 27.6 (CH2), 26.7 (2!CH2),
26.3 (CH2), 26.2 (CH2), 25.6 (CH3), 25.5 (CH2), 24.4 (CH3),
24.2 (CH3), 23.9 (CH3), 23.7 (CH3), 20.9 (CH3), 17.4 (CH3).
LRMS: m/z 547 (15, [MCK]C), 531 (20, [MCNa]C), 509
(16, [MCH]C). HRMS Calcd for C30H52O6Na 531.3663,
found 531.3675.
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Abstract—A versatile route to indolo[2,1-d][1,5]benzodiazocine derivatives has been developed based on a free radical cyclization
approach from 1-substituted indole derivatives with appropriately positioned haloacetamide functionalities. Fair yields of the indole- and
dihydroindole-fused eight-membered ring derivatives were obtained from N-substituted iodo- and bromoacetamide precursors. Synthetic and
mechanistic aspects of the regiospecific cyclization are discussed.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Free radical cyclization is now a useful and well established
methodology in heterocyclic synthesis.1,2 The more suc-
cessful intramolecular radical cyclizations proceed to form
five-membered rings,3–5 and these are more general than
those forming six-membered6 or seven-membered7,8 rings.
However, cyclization leading to indole fused eight-
membered rings is less well investigated.

As part of a wider program to identify structurally novel
antibacterial compounds with, hopefully, new modes of
action to combat resistance problems, we became interested
in the indolo[2,1-d][1,5]benzodiazocinones 1–3, with an
indole fused eight-membered ring system. Previous studies
in our laboratory had revealed that this system could be
accessed in low yields, together with indolo-benzodiazoni-
nones and pyrrolo-indoloquinazolinones, by the photolysis
of chloroacetamides.9
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.007
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In an effort to develop a viable regioselective route to
indolo-benzodiazocinone derivatives, thermal radical
cyclizations via an 8-exo-trig process of precursor 1-indolyl
haloacetamides, using tributyltin hydride, have been
investigated and the results are reported in this paper.
2. Results and discussion

The indolyl substrates required for the radical cyclizations
were prepared starting from the 1-substituted indole
derivatives 4–6.9 Then, N-alkylation with the appropriate
alkyl halides, benzyl halides or reductive amination,
followed by acylation of the resulting amines 7–13
with the acyl halides, gave the corresponding halo-
acetamides 14–16. Reaction of the chloroacetamides
14a–h with sodium iodide in acetonitrile gave the
iodoacetamides 15a–h (Scheme 1). The iodoacetamide 15i
was prepared by direct alkylation of the chloroacetamide
14i with methyl iodide in DMF after amide anion formation
(Scheme 2).

Free radical cyclization reactions of the haloacetamides
14–16 were then induced using a 40 mM solution of
tributyltin hydride (Bu3SnH) in the presence of azobisiso-
butyronitrile (AIBN) in various solvents at reflux.

A slow addition of tributyltin hydride to a boiling toluene
solution of the haloacetamides gave the indole fused eight-
membered ring compounds 17–18 in fair yields, and also the
simple reduced compounds 19 (Scheme 1, Table 1).
Dehydrogenation of 18a was achieved in a separate
aromatization reaction with Pd/C in boiling toluene to
Tetrahedron 61 (2005) 941–953



Scheme 1. (a) (i) K2CO3, (ii) R 0X, THF; (b) (i) R 0CHO, 5 M HCl-MeOH, (ii) NaBH3CN, MeOH; (c) (i) K2CO3, 5 8C, DCM (ii) ClCH2COCl, r.t., 16 h.; (d) (i)
NaH (ii) ClCH2COCl, THF, r.t., 16 h.; (e) (i) NaH (ii) BrCH2COCl, THF, r.t., 16 h.; (f) Bu3SnH, AIBN, boiling solvents; (g) Pd/C, toluene, heat.

Scheme 2. (a) (i) NaH, (ii) MeI, DMF.
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give 17a in 50% yield. In the 1H NMR spectra of the fused
benzodiazocinones 17, the H-8 proton appeared as a singlet
signal at about d 6.28–6.37, which was clearly separated
from other signals. In contrast, the signal attributed to the
H-8 protons in compounds of type 18 appeared as a
multiplet around d 2.40–2.50 due to coupling with H-7a. In
the 1H NMR of the acetamides 19, a diagnostic singlet
signal integrating for three protons was apparent at around d
1.80.
An increase in the cyclization product yields was generally
observed as the steric bulk of the substituent group R 0 on the
haloacetamide nitrogen was increased.10,11 When the
haloacetamides with R 0ZH (Entries 1 and 3, Table 1)
were reacted, the products 19 of simple reduction were
obtained.

However, when a sufficiently large group (R 0) was
employed as a substituent on the amide nitrogen, the



Table 1. Radical cyclization of haloacetamides 14–16 using Bu3SnH/AIBN in boiling toluene

Entry Substate R R 0 X mmol Yield (%)

17 18 19

1 14a H H Cl 0.16 — — 82
2 14b H Me Cl 0.20 — — 83
3 15a H H I 0.21 — — 85
4 15b H Me I 0.13 20 60 20
5 15c H CH2C6H4-p-OMe I 0.33 13 11 7
6 15d H CH2Ph I 0.08 25 43 10
7 15e H CH(CH3)Ph I 0.07 22 26a

8 15f OMe Me I 0.19 50 — 20
9 15g OMe CH2Ph I 0.12 25 — !1
10 15i F Me I 0.14 35 — 17
11 16a H CH2Ph Br 0.10 54 20b

12 16b OMe Me Br 0.12 24 — 33

a Mixture of 18d:19d in a ratio of ca. 1:1 (determined by 1H NMR).
b Mixture of 18c:19c in a ratio of ca. 2:1 (determined by 1H NMR).

J. B. Bremner, W. Sengpracha / Tetrahedron 61 (2005) 941–953 943
cyclization products were formed with iodo or bromo-
acetamide groups (e.g., entries 8 and 11, Table 1). Ishibashi
et al.5 also observed halogen-dependant differences in
radical cyclization versus radical reduction with other
N-benzylhaloacetamides. In their case, the chloroacetamide
afforded cyclization from the cisoid amide rotamer, while
the iodoacetamide gave predominately the non-cyclized
 

Scheme 3. Proposed cyclization mechanism.
reduction product from the favoured transoid rotamer.
Clearly amide conformational preferences will also be
influenced by the nature of both the N-substituents and with
the N,N-disubstituted amides 15b–g, the very bulky
indolylmethyl substituent, together with the methyl or
benzylic substituent, would induce a preference for the
cisoid rotamer of type B (Scheme 3) for the iodoacetamides.
 

 



Table 2. Radical cyclization of haloacetamides using Bu3SnH/AIBN in various solvents

Entry Substrate Solvent Yield (%)

17 18 19

1 15b Mesitylene 44 — —
2a 15d Toluene 25 43 10
3 15d Xylenes 57 — —
4 15d Mesitylene 70 — —
5 15d (CH3)3CC6H5 46 — 9
6 15g Mesitylene 29 — —
7a 15g Toluene 25 — !1
8 15h Mesitylene 23 — 15

a From Table 1.
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A temperature-dependence study of the cyclization revealed
increasing yields with higher boiling point solvents
(Table 2).

Cyclizations in high boiling point solvents, for example,
xylenes and mesitylene, increased yields of the benzo-
diazocinones 17 and neither the dihydroindole fused
products 18 nor the acetamides 19 were isolated when
15b or 15d was the substrate (Table 2). No products from
radical attack on the aromatic hydrocarbon solvents were
seen.12 The increased yield of cyclization products and the
diminished formation of reduced, uncyclized by-products in
high boiling point aromatic solvents suggests that the amide
rotamer (B) required for cyclization after radical formation
is increased in concentration in the equilibrium at higher
temperatures relative to rotamer A.5 Also, with radical
attack on the heteroaromatic ring likely to be slow,4 the
increased temperature would be favourable for this reaction.

A 8-exo-trig addition of the amidylmethyl radical would
give the dihydroindole radical (C) and then an oxidation
step to give the products 17 (Scheme 3); the exact details of
this latter step in other cyclizations has been the subject of
Scheme 4. (a) Na, liq. NH3, THF.
much discussion, but it now seems likely that two possible
pathways include hydrogen abstraction by the (CH3)2C%CN
radical, plus reaction with AIBN.13 In this connection, it is
of interest to note that in one larger scale reaction involving
15d, some of the radical trapped adduct 20 was isolated.

With a view to ultimately providing access to other
N-substituted indolo[2,1-d][1,5]benzodiazocine-6-ones, a
chemoselective means of removal of the N-benzyl group
in 17c was investigated. Debenzylation of 17c was
performed using sodium in liquid ammonia14 to afford 1
in 35% yield (Scheme 4). There was no unreacted 17c, but
some unidentified baseline material was observed in the
PTLC of the reaction mixture. Selective addition of a
solvated electron was expected at the less-electron rich
aromatic ring of the benzyl-protecting group. However, the
reaction time was crucial to ensure a reasonable yield of
the product. The most suitable time for the cleavage of the
benzyl protecting group, and not the eight-membered ring,
was 6–8 min.
3. Conclusions

It has been shown that, in contrast to photo-initiated
reactions, an indole-fused eight-membered ring system
can be accessed in fair yield by a thermal free radical
cyclization route from 1-substituted indoles. This route has
the potential for synthesis of a range of analogues and
substituted derivatives.
4. Experimental

4.1. General

Melting points were determined using a Reichert hot-stage
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melting point apparatus and are uncorrected. NMR spectra
were recorded on a Varian Unity-300 Fourier transform
NMR spectrometer. Unless otherwise stated, the spectra
were obtained in CDCl3 and referenced to TMS (proton) and
the chloroform mid-line (77 ppm) (carbon). Chemical shifts
are reported in parts per million (d). MS were obtained using
a Shimadzu QP-5000 spectrometer. High resolution MS
were run using a Fisons/VG Autospec-TOF spectrometer.
IR spectra were recorded on a BOMEM MB-100 FTIR.
TLC and preparative layer chromatography were performed
using Merck silica gel 60 F254. All chromatographic solvent
proportions are volume to volume. Column chromatography
(silica gel; flash column or normal column) was performed
using Merck Kieselgel 60 (0.063–0.200 nm particle size).
Solvents were removed under reduced pressure by a Büchi
rotary evaporator, and organic solvent extracts were dried
with anhydrous Na2SO4. Solvent mixtures are v/v ratios.
Compounds 4–6, 14a and 14i were prepared following the
methods reported previously.9 1H and 13C NMR spectra for
cyclized and uncyclized derivatives were assigned using the
numbering systems illustrated on 17 and 19 (Scheme 1).

4.2. General procedures for the preparation of
N-substituted amines (7–13)

Procedure A. To a stirred solution of amines (4–6,
1.0 equiv) in dry DMF under a nitrogen atmosphere was
added anhydrous potassium carbonate (K2CO3) (1.0 equiv)
and the suspension was stirred at 0–5 8C for 5 min. The
appropriate alkyl halide (1.0–1.5 equiv) was then added and
the reaction mixture stirred at r.t. overnight. Solvent was
then removed under reduced pressure. DCM (20 mL) was
added to the residue and the mixture was washed with water
(4!20 mL). The organic extracts was dried, concentrated,
and chromatographed on a column by elution with 1:1
DCM/hexane.

Procedure B. To a solution of amine 4 (1.0 equiv) in
absolute methanol (10 mL) with molecular sieves 3 Å was
added 5 M HCl–MeOH (0.33 equiv), followed by the
appropriate aldehyde (0.25 or 1 equiv) and NaBH3CN (0.1
or 1.0 equiv). The reaction mixture was stirred at r.t. for
20 h. The mixture was filtered and the filtrate was
evaporated to dryness. Water (20 mL) was added and the
mixture extracted with DCM (20 mL). The aqueous layer
was brought to pHO10 with solid KOH and extracted with
DCM (3!20 mL). The organic extracts were combined and
washed with brine (15 mL), dried, concentrated, and
chromatographed by elution with 1:1 DCM/hexane.

The following compounds were prepared by one of these
general procedures.

4.2.1. 1-[(2-N-Methylaminophenyl)methyl]-1H-indole
(7). Following procedure A, treatment of 4 (0.16 g,
0.71 mmol) in dry DMF (20 mL) with K2CO3 (98 mg,
0.71 mmol) and methyl iodide (66 mL, 1.07 mmol) gave 7
(83 mg, 50%) as a colourless solid, mp 52–53 8C; IR (KBr)
nmax: 3430 (NH), 2815 (N–CH3) cmK1: 1H NMR (CDCl3) d
2.77 (s, 3H, CH3), 3.51 (br s, 1H, NH), 5.15 (s, 2H, CH2),
6.53 (d, JZ3.6 Hz, 1H, H-3), 6.70 (d, JZ8.1 Hz, 1H, H-3 0),
6.75 (d, JZ7.5 Hz, 1H, Ar), 6.99 (m, JZ8.4 Hz, 2H, H-2
and Ar), 7.13–7.33 (m, 3H, H-2 0, H-5 and H-6), 7.42 (d, JZ
8.1 Hz, 1H, H-7), 7.67 (d, JZ7.5 Hz, 1H, H-4); 13C NMR
(CDCl3) d 31.0 (CH3), 47.7 (CH2), 102.2 (C-3), 109.7 (C-7),
110.6 (!2), 117.5, 120.0 (ArC), 121.1 (C-1 0), 121.3, 122.0,
127.4, 129.8 (C-3a and ArC), 136.5 (C-7a), 147.5 (C–N);
CI-MS m/z 237 ([MCH]C, 97%); HREI-MS m/z calcd for
[M]C C16H16N2: 236.1313, found: 236.1309.
4.2.2. 1-[(2-N-(4 0-Methoxybenzyl)aminophenyl)methyl]-
1H-indole (8). Following procedure A, treatment of 4
(0.13 g, 0.59 mmol) in dry DMF (20 mL) with K2CO3

(82 mg, 0.59 mmol) and 4-methoxybenzyl bromide (0.12 g,
0.59 mmol) gave 8 (0.14 g, 71%) as a yellow solid; mp 105–
106 8C; IR (KBr) nmax: 3425 (NH) cmK1; 1H NMR (CDCl3)
d 3.86 (br s, 1H, NH), 3.88 (s, 3H, CH3), 4.26 (s, 2H,
NHCH2), 5.26 (s, 2H, CH2), 6.63 (d, JZ3.3 Hz, 1H, H-3),
6.77–6.83 (m, 2H, Ar), 6.87 (d, JZ8.7 Hz, 2H, Ar), 7.22–
7.26 (m, 6H, Ar), 7.32 (t, JZ9.0 Hz, 1H, Ar), 7.43 (dd, JZ
7.5, 1.2 Hz, 1H, H-7), 7.76 (dd, JZ7.5, 1.8 Hz, 1H, H-4);
13C NMR (CDCl3) d 47.4 (NHCH2), 47.7 (CH2), 55.3
(CH3), 102.0 (C-3), 109.3, 111.2, 113.8, 117.3, 119.6, 120.6
(C-1 0), 121.0, 121.7, 127.2, 128.3, 128.7 (C-3a), 129.2,
129.4, 130.6 (C-7a), 136.2 (C-1 00), 146.0 (C-2 0), 158.5
(COCH3); CI-MS m/z 343 ([MCH]C, 100%); HREI-MS
m/z calcd for [M]C C23H22N2O: 342.1732, found:
342.1731.
4.2.3. 1-[(2-N-Benzylaminophenyl)methyl]-1H-indole
(9). Following procedure B, treatment of 4 (0.30 g,
1.35 mmol) with 5 M HCl–MeOH (90 mL, 0.45 mmol),
benzaldehyde (0.14 mL, 1.35 mmol) and NaBH3CN
(85 mg, 1.35 mmol) gave 9 (0.28 g, 66%) as a yellow
solid; mp 89–91 8C; IR (KBr) nmax: 3432 (NH) cmK1; 1H
NMR (CDCl3) d 3.93 (br s, 1H, NH), 4.32 (s, 2H, NHCH2),
5.20 (s, 2H, CH2), 6.65 (dd, JZ3.3, 0.6 Hz, 1H, H-3), 6.76
(d, JZ8.1 Hz, 1H, H-3 0), 6.83 (td, JZ7.5, 1.2 Hz, 1H, Ar),
7.07–7.11 (m, with prominent d, JZ3.3 Hz, 2H, H-2 and
Ar), 7.18–7.38 (m, 8H, Ar), 7.44 (dd, JZ7.2, 1.5 Hz, 1H,
H-7), 7.78 (dd, JZ7.5, 0.9 Hz, 1H, H-4); 13C NMR (CDCl3)
d 48.0 (NHCH2), 48.3 (CH2), 102.5 (C-3), 109.8, 111.7,
120.1, 121.0 (C-1 0), 121.5, 122.2, 127.4, 127.6, 128.9, 129.2
(C-3a), 129.7, 129.8, 136.6 (C-7a), 139.1 (C-1 00), 146.3
(C-2 0); CI-MS m/z 313 ([MCH]C, 100%); HREI-MS m/z
calcd for [M]C C22H20N2: 312.1625, found: 312.1621.
4.2.4. 1-{[2-N-(1 0-Phenylethyl)aminophenyl]methyl}-1H-
indole (10). Following procedure B, treatment of 4 (0.30 g,
1.42 mmol), with 5 M HCl–MeOH (0.1 mL, 0.50 mmol),
acetophenone (40 mL, 0.34 mmol), and NaBH3CN (10 mg,
0.14 mmol) gave 10 (82 mg, 74%) as an off-white solid; mp
86–88 8C; IR (KBr) nmax: 3425 (NH) cmK1; 1H NMR
(CDCl3) d 1.11 (d, JZ6.6 Hz, 3H,CH3), 3.47 (br s, 1H, NH),
4.33 (q, JZ6.6 Hz, 1H, CH), 5.20 (s, 2H, CH2), 6.37 (d, JZ
8.1 Hz, 1H, Ar), 6.57 (d, JZ3.3 Hz, 1H, H-3), 6.64 (t, JZ
7.5 Hz, 1H, Ar), 6.93–6.95 (m, 2H, Ar), 7.00–7.10 (m, 3H,
H-2 and Ar), 7.11–7.23 (m, 5H, Ar), 7.42 (d, JZ8.1 Hz, 1H,
Ar), 7.66 (d, JZ7.5 Hz, 1H, Ar); 13C NMR (CDCl3) d 25.4
(CH3), 48.6 (CH2), 53.2 (CH), 102.7 (C-3), 109.7, 112.6,
117.3, 120.1, 120.8 (C-1 0), 121.6, 122.2, 125.8, 127.1,
127.6, 128.8, 129.1 (C-3a), 129.6, 130.1, 136.6 (C-7a),
144.9 (C-1 00), 145.8 (C-2 0); CI-MS m/z 327 ([MCH]C,
100%); HRCI-MS m/z calcd for [MCH]C C23H23N2:
317.1861, found: 327.1850.
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4.2.5. 1-[(2-N-Methylaminophenyl)methyl]-5-methoxy-
1H-indole (11). Following procedure A, treatment of 5
(0.39 g, 1.54 mmol) with K2CO3 (0.21 g, 1.54 mmol) and
methyl iodide (0.1 mL, 1.69 mmol) gave 11 (0.29 g, 71%)
as a yellow solid; mp 59–60 8C; IR (KBr) nmax: 3429 (NH),
2815 (N–CH3) cmK1; 1H NMR d 2.74 (s, 3H, CH3), 3.48 (br
s, 1H, NH), 3.84 (s, 3H, OCH3), 5.06 (s, 2H, CH2), 6.42 (d,
JZ3.6 Hz, 1H, H-3), 6.66–6.73 (m, 2H, Ar), 6.86 (dd, JZ
8.6, 2.1 Hz, 1H, H-7), 6.92–6.94 (m with prominent d, JZ
3.3 Hz, 2H, H-2 and Ar), 7.11 (d, JZ2.1 Hz, 1H, H-4),
7.22–7.30 (m, 2H, Ar); 13C NMR (CDCl3) d 31.0 (CH3),
48.1 (CH2), 56.2 (OCH3), 101.8, 102.9 (C-3), 110.5, 110.6,
112.3 (!3), 117.6, 120.7 (C-1 0), 128.2 (C-2), 129.5 (C-3a),
129.7, 131.9 (C-7a), 147.5 (C–N), 154.4 (COCH3); CI-MS
m/z 267 ([MCH]C, 100%); HRCI-MS m/z calcd for [MC
H]C C17H18N2O: 267.1497, found: 267.1490.

4.2.6. 1-[(2-N-Benzylaminophenyl)methyl]-5-methoxy-
1H-indole (12). Following procedure A, treatment of 5
(1.00 g, 4.00 mmol) with K2CO3 (0.58 g, 4.17 mmol) and
benzyl bromide (0.50 mL, 4.17 mmol) gave 12 (0.80 g,
58%) as a yellow solid; mp 108–110 8C; IR (KBr) nmax:
3428 (NH) cmK1; 1H NMR (CDCl3) d 3.86 (s, 3H, OCH3),
4.23 (s, 2H, NHCH2), 5.17 (s, 2H, CH2), 6.48 (d, JZ3.3 Hz,
1H, H-3), 6.65 (d, JZ8.4 Hz, 1H, H-3 0), 6.73 (t, JZ7.5 Hz,
1H, Ar), 6.81 (dd, JZ8.7, 2.4 Hz, 1H, H-6), 6.98–7.02 (m,
2H, H-2 and Ar), 7.07–7.11 (m, 3H, Ar), 7.18–7.30 (m, 6H,
Ar); 13C NMR (CDCl3) d 48.1 (NHCH2), 48.2 (CH2), 56.1
(CH3), 101.9 (C-3), 103.0 (C-4), 110.4, 111.6, 112.2, 117.7,
120.8 (C-1 0), 127.4, 128.1, 128.8, 129.6, 129.8, 131.8
(C-7a), 139.0 (C-1 00), 146.2 (C-2 0), 154.4 (COCH3); CI-MS
m/z 343 ([MCH]C, 100%); HREI-MS m/z calcd for [M]C

C23H22N2O: 342.1732, found: 342.1731.

4.2.7. 1-[(2-N-Benzylaminophenyl)methyl]-5-fluoro-1H-
indole (13). Following procedure A, treatment of 6 (1.00 g,
4.12 mmol) with K2CO3 (0.57 g, 4.12 mmol) and benzyl
bromide (0.49 mL, 4.12 mmol) gave 13 (0.65 g, 48%) as
colourless needles; mp 189–191 8C; IR (KBr) nmax: 3430
(NH) cmK1; 1H NMR (CDCl3) d 4.24 (s, 2H, NHCH2), 5.19
(s, 2H, CH2), 6.50 (d, JZ3.3 Hz, 1H, H-3), 6.71 (d, JZ
8.1 Hz, 1H, Ar), 6.77 (t, JZ7.5 Hz, 1H, Ar), 6.90 (td, JZ
9.0, 2.7 Hz, 1H, H-6), 7.00 (dd, JZ7.5, 1.5 Hz, 1H, Ar),
7.05–7.10 (m with prominent d, JZ3.3 Hz, 2H, H-2 and
Ar), 7.16–7.27 (m, 6H, Ar), 7.30 (dd, JZ9.6, 2.4 Hz, 1H,
H-7); 13C NMR (CDCl3) d 48.2 (NHCH2), 48.3 (CH2),
102.3 (d, JZ4.9 Hz, 13C–19F, C3–F), 106.1 (d, JZ23.2 Hz,
13C–19F, C6–F), 110.9 (d, JZ10.3 Hz, 13C–19F, C7–F),
110.8 (d, JZ27.8 Hz, 13C–19F, C4–F), 117.0, 118.1, 120.9
(C-1 0), 127.5, 128.8, 129.15, 129.23, 129.5 (d, JZ16.3 Hz,
13C–19F, C2a–F), 129.8, 133.1 (C-7a), 138.6 (C-1 0), 146.0
(C-2 0), 158.2 (d, JZ233.1 Hz, 13C–19F, C5–F); CI-MS m/z
331 ([MCH]C, 100%); HREI-MS m/z calcd for [M]C

C22H19N2F: 330.1532, found: 330.1533.

4.3. General procedures for the preparation of chloro-
acetamides (14b–d, 14f–h)

Procedure C A mixture of 7 or 11 (1.0 equiv) and anhydrous
potassium carbonate (K2CO3) (3.7 equiv) in dry DCM was
cooled to 0–5 8C and chloroacetyl chloride (2.5 equiv) was
added. Stirring was continued with cooling for a further
30 min and the reaction mixture was then allowed to warm
to r.t. with stirring overnight. Distilled water (15 mL) was
added to the reaction mixture and the aqueous layer was
extracted with DCM (3!20 mL). The combined organic
extract was dried, then concentrated and the residue
chromatographed on a column by elution with DCM.

Procedure D. To a stirred suspension of sodium hydride
(NaH) (ca. 50% in mineral oil, 1.1 equiv) in dry THF (5 mL)
was added a solution of 8–10 or 12–13 (1.0 equiv) in dry
THF (20 mL) under a nitrogen atmosphere and the solution
was stirred at r.t. for 30 min. Chloroacetyl chloride
(2.5 equiv) in THF (5 mL) was added to the solution and
the reaction mixture was stirred at r.t. overnight. Solvent
was then removed under reduced pressure. DCM (15 mL)
was added to the residue and the mixture was washed with
water (3!15 mL). The organic layer was dried, and the
solvent then evaporated in vacuo to give a yellow residue.
The residue was purified by flash column chromatography
with DCM as eluent.

4.3.1. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-methyl
chloroacetamide (14b). Following procedure C, treatment
of 7 (83 mg, 0.35 mmol) with K2CO3 (0.18 g, 1.30 mmol) in
dry DCM (5 mL), and chloroacetyl chloride (70 mL,
0.88 mmol) gave 14b (63 mg, 57%) as colourless solid;
mp 89–92 8C; IR (KBr) nmax: 2852 (N–CH3), 1658 (C]O),
796 (C–Cl) cmK1; 1H NMR (CDCl3) d 3.24 (s, 3H, CH3),
3.56 (d, JZ12.6 Hz, 1H, CHHCl), 3.66 (d, JZ12.6 Hz, 1H,
CHHCl), 5.29 (d, JZ5.7 Hz, 2H, CH2), 6.59 (d, JZ3.3 Hz,
1H, H-3), 6.99 (d, JZ7.5 Hz, 1H, Ar), 7.06 (d, JZ3.0 Hz,
1H, H-2), 7.11–7.39 (m, 4H, Ar), 7.36 (m, 1H, H-6), 7.67 (d,
JZ7.8 Hz, 1H, H-4); 13C NMR (CDCl3) d 37.5 (CH3), 41.3
(CH2Cl), 46.7 (CH2), 102.7 (C-3), 109.6 (C-7), 119.9, 121.2
(C-1 0), 122.0 (C-3 0), 125.1 (C-2), 127.0 (C-3a), 127.4,
128.8, 128.9, 129.2, 130.4, 134.1 (C-7a), 136.4 (C-2 0), 164.6
(CO); CI-MS m/z 313 ([MCH]C, 100%), HRCI-MS m/z
calcd for [MCH]C C18H18N2O35Cl: 313.1108, found:
313.1111.

4.3.2. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-(4 00-meth-
oxylbenzyl)chloroacetamide (14c). Following procedure
D, NaH (27 mg ca. 50% in mineral oil, 0.57 mmol) was
reacted with a solution of 8 (0.18 g, 0.52 mmol) and
chloroacetyl chloride (0.11 mL, 1.42 mmol) to give 14c
(0.20 g, 93%) as a yellow solid; mp 82–84 8C; 1H NMR
(CDCl3) d 3.51 (d, JZ12.6 Hz, 1H, CHHCl), 3.62 (d, JZ
12.6 Hz, 1H, CHHCl), 3.75 (s, 3H, OCH3), 4.55 (d, JZ
13.8 Hz, 1H, CONCHH), 4.78 (d, JZ16.8 Hz, 1H, CHH),
4.95 (d, JZ13.8 Hz, 1H, CONCHH), 5.08 (d, JZ16.8 Hz,
1H, CHH), 6.51 (d, JZ3.3 Hz, 1H, H-3), 6.77–6.80 (m with
prominent d, JZ8.7 Hz, 3H, H-3 0, H-3 00, and H-5 00), 6.84–
6.88 (m with prominent d, JZ3.0 Hz, 2H, H-2 and H-6 0),
7.00 (d, JZ8.1 Hz, 1H, Ar), 7.07 (t, JZ7.2 Hz, 1H, H-5),
7.09–7.12 (m with prominent d, JZ8.7 Hz, 3H, H-6, H-2 00,
and H-6 00), 7.17–7.24 (m, 2H, Ar), 7.59 (d, JZ7.5 Hz, 1H,
H-4); 13C NMR (CDCl3) d 41.8 (CH2Cl), 46.6 (CH2), 53.8
(CONCH2), 55.6 (CH3), 102.7 (C-3), 109.6, 114.3, 120.8,
121.4, 122.3, 128.2, 128.3, 128.8 (C-3a), 129.3, 129.4,
129.9, 130.1, 131.3, 135.9 (C-1 0), 136.4 (C-7a), 138.4
(C-2 0), 159.7 (COCH3), 166.8 (CO); CI-MS m/z 419 ([MC
H; 35Cl]C, 100%), 421 ([MCH; 37Cl]C, 35%); HRCI-MS
m/z calcd for [MCH]C C25H24N2O2

37Cl: 421.1497, found:
421.1498.
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4.3.3. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-benzyl-
chloroacetamide (14d). Following procedure D, NaH
(70 mg, 1.76 mmol) was reacted with 9 (0.50 g,
1.60 mmol) and chloroacetyl chloride (0.32 mL,
4.00 mmol) to give 14d (0.50 g, 81%) as a yellow solid;
mp 148–149 8C; 1H NMR (CDCl3) d 3.56 (d, JZ12.9 Hz,
1H, CHHCl), 3.66 (d, JZ13.2 Hz, 1H, CHHCl), 4.65 (d,
JZ13.8 Hz, 1H, CONCHH), 4.80 (d, JZ16.8 Hz, 1H,
CHH), 5.04 (d, JZ13.8 Hz, 1H, CONCHH), 5.12 (d, JZ
16.8 Hz, 1H, CHH), 6.54 (d, JZ3.0 Hz, 1H, H-3), 6.78 (m,
1H, Ar), 6.85 (d, JZ3.0 Hz, 1H, H-2), 6.93 (m, 1H, Ar),
7.04 (d, JZ7.8 Hz, 1H, H-7), 7.13 (td, JZ7.2, 1.5 Hz, 1H,
H-5), 7.22 (td, JZ6.9, 0.9 Hz, 1H, H-6), 7.22–7.28 (m, 4H,
Ar), 7.30–7.36 (m, 3H, Ar), 7.64 (dd, JZ7.5, 0.9 Hz, 1H,
H-4); 13C NMR (CDCl3) d 41.3 (CH2Cl), 46.3 (CH2), 53.3
(CONCH2), 102.5 (C-3), 109.3 (C-7), 119.5 (C-5), 121.2
(C-4), 122.1 (C-6), 127.9 (C-2), 128.3, 128.5 (C-3a), 128.8,
129.0, 129.2, 129.7, 129.8, 129.9, 135.7 (C-1 0), 136.0
(C-7a), 136.2 (C-1 00), 138.3 (C-2 0), 166.5 (CO); CI-MS m/z
389 ([MCH]C, 100%); HREI-MS m/z calcd for [M]C

C24H21N2O35Cl: 388.1342, found 388.1334.

4.3.4. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-(1 00-
phenylethyl)chloroacetamide (14e). A mixture of 10
(87 mg, 0.27 mmol), triethylamine (56 mL, 0.41 mmol),
and 4-dimethylaminopyridine (3.3 mg, 0.03 mmol) in dry
DCM (10 mL) was stirred at 0 8C. To this solution was
added a solution of chloroacetyl chloride (60 mL,
0.54 mmol) in dry DCM (2 mL) and the mixture was stirred
at r.t. for 1 h. The reaction mixture was washed with brine
and the organic layer was dried and concentrated. The
residue was subjected to flash column chromatography
(hexane–dichloromethane, 1:1) to give 14e (36 mg, 33%) as
a colourless solid; mp 90–92 8C; 1H NMR (CDCl3, rotamer
ratio of ca 2:1*, *Zminor rotamer) d 1.58* (d, JZ7.2 Hz,
1H, CH3) 1.64 (d, JZ7.2 Hz, 2H, CH3), 3.53 (d, JZ
13.2 Hz, 1H, CHHCl), 3.63 (d, JZ13.2 Hz, 1H, CHHCl),
3.73 (d, JZ17.4 Hz, 0.7H, CHH), 4.63 (d, JZ17.4 Hz,
0.7H, CHH), 5.31* (d, JZ17.1 Hz, 0.3H, CHH), 5.37* (d,
JZ17.1 Hz, 0.3H, CHH), 6.22* (q, JZ7.2 Hz, 0.3H, CH),
6.30 (q, JZ7.2 Hz, 0.7H, CH), 6.40 (d, JZ7.8 Hz, 0.7H,
H-3 0), 6.50 (d, JZ3.3 Hz, 0.7H, H-3), 6.51 (d, JZ3.0 Hz,
0.7H, H-2), 6.60* (d, JZ3.3 Hz, 0.3H, H-3), 6.78 (d, JZ
7.8 Hz, 1H, Ar), 7.02–7.04* (m, 0.6H, H-2 and Ar), 7.06–
7.16 (m, 3.4H, H-2 00, H-6 00 and Ar), 7.22 (td, JZ7.5, 1.5 Hz,
1H, H-4 0 and H-4 0*), 7.27–7.36 (m, 5H, H-3 00, H-5 00 and Ar),
7.39–7.43 (m, 1H, H-7 and H-7*), 7.58 (dd, JZ8.1, 2.1 Hz,
0.7H, H-4), 7.67* (d, JZ7.8 Hz, 0.3H, H-4); 13C NMR
(CDCl3) d 19.4 (CH3), 42.3 (CH2Cl), 46.0 (CH2), 55.7 (CH),
102.5 (C-3), 109.4, 119.9 (C-5), 121.2 (C-4), 122.1, 128.0
(C-2), 128.4 (C-3 0), 128.5 (C-3a), 128.6, 128.9, 129.5,
130.2, 131.4, 134.9 (C-1 0), 136.5 (C-7a), 138.3 (C-1 00),
139.1 (C–N), 166.3 (CO); CI-MS m/z 403 ([MCH]C,
100%); HRCI-MS m/z calcd for [MCH]C C25H24N2O35Cl:
403.1577, found: 403.1559.

4.3.5. N-{2-[1 0-(5-Methoxy-1H-indolyl)methyl]phenyl}-
N-methylchloroacetamide (14f). Following procedure C,
treatment of 11 (0.29 g, 1.09 mmol) with K2CO3 (0.56 g,
4.03 mmol) and chloroacetyl chloride (0.22 mL,
2.73 mmol) gave 14f (0.22 g, 58%) as a yellow solid; mp
71–73 8C; 1H NMR (CDCl3) d 3.21 (s, 3H, CH3), 3.52 (d,
JZ12.6 Hz, 1H, CHHCl), 3.62 (d, JZ12.6 Hz, 1H,
CHHCl), 3.83 (s, 3H, OCH3), 5.23 (d, JZ5.1 Hz, 2H,
CH2), 6.84 (d, JZ3.6 Hz, 1H, C-3), 6.83 (dd, JZ9.0,
2.4 Hz, 1H, Ar), 6.87 (d, JZ7.5 Hz, 1H, Ar), 7.02 (d, JZ
3.0 Hz, 1H, H-2), 7.05–7.10 (m with prominent d, JZ
2.4 Hz, 2H, Ar), 7.20 (dd, JZ7.5, 1.2 Hz, 1H, Ar), 7.28–
7.39 (m, 2H, Ar); 13C NMR (CDCl3) d 37.5 (CH3), 41.2
(CH2Cl), 47.1 (CH2), 56.1 (OCH3), 102.3 (C-3), 103.0,
110.4, 112.6, 128.9, 129.0, 129.3 (C-3a), 129.7, 129.9,
131.6 (C-1 0), 135.2 (C-7a), 140.6 (C-2 0), 154.4 (COCH3),
166.8 (CO); CI-MS m/z 343 ([MCH]C, 100%); HRCI-MS
m/z calcd for [MCH]C C19H20N2O2

35Cl: 343.1213, found:
343.1208.

4.3.6. N-{2-[1 0-(5-Methoxy-1H-indolyl)methyl]phenyl}-
N-benzylchloroacetamide (14g). Following procedure D,
compound 12 (0.20 g, 0.58 mmol), NaH (23 mg,
0.64 mmol) and chloroacetyl chloride (0.12 mL,
1.45 mmol) were reacted to give 14g (0.14 g, 58%) as a
yellow solid; mp 166–169 8C; 1H NMR (CDCl3) d 3.54 (d,
JZ12.9 Hz, 1H, CHHCl), 3.64 (d, JZ12.9 Hz, 1H,
CHHCl), 3.83 (s, 3H, OCH3), 4.62 (d, JZ13.5 Hz, 1H,
CONCHH), 4.78 (d, JZ16.5 Hz, 1H, CHH), 5.04 (d, JZ
13.8 Hz, 1H, CONCHH), 5.08 (d, JZ16.5 Hz, 1H, CHH),
6.46 (d, JZ2.4 Hz, 1H, H-3), 6.79–6.84 (m, 3H, Ar), 6.90–
6.93 (m, 2H, Ar), 7.08 (d, JZ2.4 Hz, 1H, H-4), 7.21–7.33
(m, 7H, Ar); 13C NMR (CDCl3) d 41.6 (CH2Cl), 46.8 (CH2),
53.5 (CONCH2), 56.0 (CH3), 102.2 (C-3), 110.3, 112.6,
128.5, 128.7, 128.9, 129.2 (C-3a), 129.3, 129.5, 129.9,
130.0, 130.1, 131.7 (C-1 0), 136.0 (C-7a), 136.3 (C-1 00),
138.6 (C-2 0), 154.5 (COCH3), 166.7 (CO); CI-MS m/z 419
([MCH; 35Cl]C, 100%); HRCI-MS m/z calcd for [MCH]C

C25H24N2O2
35Cl: 419.1526, found: 419.1506.

4.3.7. N-{2-[1 0-(5-Fluoro-1H-indolyl)methyl]phenyl}-N-
benzylchloroacetamide (14h). Following procedure D,
compound 13 (0.14 g, 0.42 mmol), NaH (18 mg,
0.46 mmol) and chloroacetyl chloride (84 mL, 1.05 mmol)
were reacted to give 14h (0.13 g, 76%) as a yellow solid; mp
135–136 8C; 1H NMR (CDCl3) d 3.55 (d, JZ12.6 Hz, 1H,
CHHCl), 3.67 (d, JZ12.9 Hz, 1H, CHHCl), 4.64 (d, JZ
13.8 Hz, 1H, CONCHH), 4.79 (d, JZ16.8 Hz, 1H, CHH),
5.02 (d, JZ13.8 Hz, 1H, CONCHH), 5.11 (d, JZ16.5 Hz,
1H, CHH), 6.50 (d, JZ3.3 Hz, 1H, H-3), 6.79 (ddd, JZ9.3,
8.1, 2.7 Hz, 1H, Ar), 6.90 (d, JZ3.3 Hz, 1H, H-2), 6.91–
6.97 (m, 3H, Ar), 7.22–7.34 (m, 8H, Ar); 13C NMR (CDCl3)
d 41.5 (CH2Cl), 46.8 (CH2), 53.6 (CONCH2), 102.7 (d, JZ
4.6 Hz, 13C–19F, C-3), 106.2 (d, JZ23.0 Hz, 13C–19F, C-6),
110.2 (d, JZ9.8 Hz, 13C–19F, C-7), 110.7 (d, JZ26 Hz,
13C–19F, C-4), 128.6, 129.0, 129.2, 129.3, 129.5 (C-3a),
129.7, 129.8, 130.0, 130.2, 133.1 (C-1 0), 135.7 (C-7a), 136.2
(C-1 00), 138.6 (C-2 0), 158.2 (d, JZ223.6 Hz, 13C–19F, C5–
F), 166.9 (CO); CI-MS m/z 407 ([MCH]C, 100%); HRCI-
MS m/z calcd for [MCH]C C24H21N2O35ClF: 407.1326,
found: 407.1319.

4.4. Genernal procedure for the preparation of iodo-
acetamides (15a–h)

A solution of 14a–h (1.0 equiv) in acetronitrile containing
sodium iodide (NaI) (10.0 equiv) was heated at reflux for
2 h. The solution was cooled and water (10 mL) was added.
The solution was then extracted with EtOAc (3!20 mL).
The organic extracts were combined, dried, concentrated,
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and chromatographed on a column by elution with DCM.
The following compounds were prepared by this method.

4.4.1. N-[(2-(1 0-1H-Indoly)methyl]phenyl]-N-iodoaceta-
mide (15a). Treatment of 14a (73 mg, 0.24 mmol) with
NaI (0.37 g, 2.48 mmol) in refluxing acetronitrile (5 mL)
gave 15a (83 mg, 87%) as a colourless crystalline solid; mp
101–103 8C; IR (KBr) nmax: 2853 (N–CH3), 1659
(C]O) cmK1; 1H NMR (CDCl3) d 3.53 (s, 2H, CH2I),
5.27 (s, 2H, CH2), 6.58 (d, JZ3.3 Hz, 1H, H-3), 7.03 (br d,
JZ3.3 Hz, 2H, H-2 and Ar), 7.12–7.26 (m, 3H, Ar), 7.29–
7.32 (m, 2H, Ar and NH), 7.53 (br d, JZ7.5 Hz, 2H, H-6
and Ar), 7.67 (d, JZ7.2 Hz, 1H, H-4); 13C NMR (CDCl3) d
K2.8 (CH2I), 47.5 (CH2), 102.9 (C-3), 109.8 (C-7), 120.3,
121.5, 122.4, 125.3, 127.1, 127.9, 129.0, 129.2, 131.0,
134.8, 136.5 (C-2 0), 166.4 (CO); EI-MS m/z 390 ([M]C,
75%), 264 ([MKI]C, 100%); HREI-MS m/z calcd. for
[M]C C17H15N2OI: 390.0229, found: 390.0233.

4.4.2. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-methyl-
iodoacetamide (15b). Treatment of 14b (0.10 g,
0.32 mmol) with NaI (0.50 g, 3.32 mmol) in refluxing
acetonitrile (5 mL) gave 15b (0.12 g, 93%) as a yellow
solid; mp 53–54 8C; 1H NMR (CDCl3) d 3.21 (s, 3H, CH3),
3.30 (d, JZ10.2 Hz, 1H, CHHI), 3.45 (d, JZ9.6 Hz, 1H,
CHHI), 5.25 (d, JZ16.5 Hz, 1H, CHH), 5.37 (d, JZ
16.5 Hz, 1H, CHH) 6.58 (d, JZ2.7 Hz, 1H, H-3), 6.96 (d,
JZ8.4 Hz, 1H, Ar), 7.09 (d, JZ3.0 Hz, 1H, H-2). 7.11–7.39
(m, 6H, ArH), 7.66 (d, JZ7.5 Hz, 1H, H-4); 13C NMR
(CDCl3) d K2.9 (CH2I), 37.7 (CH3), 47.0 (CH2), 102.7
(C-3), 109.7 (C-7), 120.1, 121.4, 122.3, 128.3, 128.5, 128.6
(C-3a), 128.9, 129.6, 129.8, 134.9 (C-1 0), 136.4 (C-7a),
141.3 (C-2 0), 168.3 (CO); CI-MS m/z 405 ([MCH]C,
100%); HREI-MS m/z calcd for [M]C C18H17N2OI:
404.0386, found: 404.0396.

4.4.3. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-(4 00-meth-
oxybenzyl)iodoacetamide (15c). Treatment of 14c
(0.20 g, 0.48 mmol) with NaI (0.76 g, 5.04 mmol) in
refluxing acetonitrile (10 mL) gave 15c (0.17 g, 70%) as a
yellow solid; mp 64–65 8C; 1H NMR (CDCl3) d 3.20 (d, JZ
9.6 Hz, 1H, CHHI), 3.35 (d, JZ9.9 Hz, 1H, CHHI), 3.72 (s,
3H, OCH3), 4.51 (d, JZ13.8 Hz, 1H, CONCHH), 4.77 (d,
JZ16.8 Hz, 1H, CHH), 4.87 (d, JZ14.1 Hz, 1H,
CONCHH), 5.10 (d, JZ16.8 Hz, 1H, CHH), 6.47 (dd, JZ
3.3, 0.9 Hz, 1H, H-3), 6.70 (dd, JZ8.1, 2.4 Hz, 1H, H-3 0),
6.76 (dd, JZ9.0, 2.4 Hz, 2H, H-3 00 and H-5 00), 6.82 (d, JZ
3.0 Hz, 1H, H-2), 6.95 (dd, JZ9.0, 2.4 Hz, 1H, H-6 0), 6.98
(d, JZ8.4 Hz, 1H, Ar), 7.04 (td, JZ6.9, 1.2 Hz, 1H, H-5),
7.05–7.12 (m with prominent d, JZ8.7 Hz, 3H, H-6, H-2 00,
and H-6 00), 7.14–7.23 (m, 2H, Ar), 7.56 (dd, JZ7.5, 0.9 Hz,
1H, H-4); 13C NMR (CDCl3) d K2.0 (CH2I), 46.8 (CH2),
53.1 (CONCH2), 55.6 (CH3), 102.7 (C-3), 109.7, 114.3,
120.1, 121.4, 122.2, 128.2, 128.5, 128.7 (C-3a), 129.3,
129.8, 131.2, 135.6 (C-1 00), 136.5 (C-7a), 139.2 (C-2 0),
159.7 (COCH3), 168.0 (CO); CI-MS m/z 511 ([MCH]C,
13%); HREI-MS m/z calcd for [M]C C25H23N2O2I:
510.0804, found: 510.0810.

4.4.4. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-benzyl-
iodoacetamide (15d). Treatment of 14d (0.50 g,
1.29 mmol) with NaI (1.90 g, 12.9 mmol) in refluxing
acetonitrile (25 mL) gave 15d (0.52 g, 96%) as a yellow
solid; mp 101–103 8C; 1H NMR (CDCl3) d 3.31 (d, JZ
9.9 Hz, 1H, CHHI), 3.46 (d, JZ9.6 Hz, 1H, CHHI), 4.62 (d,
JZ13.8 Hz, 1H, CONCHH), 4.85 (d, JZ16.8 Hz, 1H,
CHH), 5.04 (d, JZ14.1 Hz, 1H, CONCHH), 5.18 (d, JZ
16.5 Hz, 1H, CHH), 6.55 (d, JZ3.3 Hz, 1H, H-3), 6.79 (dd,
JZ7.5, 2.7 Hz, 1H, Ar), 6.88 (d, JZ3.3 Hz, 1H, H-2), 7.03
(d, JZ6.9 Hz, 1H, Ar), 7.06 (d, JZ7.5 Hz, 1H, H-7), 7.11
(td, JZ6.6, 0.9 Hz, 1H, H-5), 7.18 (td, JZ7.5, 1.2 Hz, 1H,
H-6), 7.22–7.28 (m, 4H, Ar), 7.30–7.36 (m, 3H, Ar), 7.64
(dd, JZ7.8, 1.2 Hz, 1H, H-4); 13C NMR (CDCl3) d K2.2
(CH2I), 46.8 (CH2), 53.7 (CONCH2), 102.7 (C-3), 109.6,
120.6, 121.4, 122.2, 128.1 (C-2), 128.4, 128.8 (C-3a), 128.9,
129.2, 129.3, 129.7, 129.8, 129.9, 135.6 (C-1 0), 136.4
(C-7a), 136.5 (C-1 00), 139.3 (C-2 0), 168.1 (CO); CI-MS m/z
480 ([MCH]C, 100%); HRCI-MS m/z calcd for [MCH]C

C24H21N2OI: 480.0690, found: 480.0689.

4.4.5. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-(1 00-
phenylethyl)iodoacetamide (15e). Treatment of 14e
(36 mg, 0.09 mmol) with NaI (0.14 g, 0.95 mmol) in
refluxing acetonitrile (2 mL) gave 15e (37 mg, 82%) as a
yellow solid; mp 60–61 8C; 1H NMR (CDCl3, rotamer ratio
of ca. 2:1*) d 1.55* (d, JZ7.2 Hz, 1H, CH3), 1.62 (d, JZ
6.9 Hz, 2H, CH3), 3.24 (d, JZ9.9 Hz, 1H, CHHI), 3.44 (d,
JZ9.6 Hz, 1H, CHHI), 3.80 (d, JZ17.1 Hz, 0.7H, CHH),
4.69 (d, JZ17.1 Hz, 0.7H, CHH), 5.30* (d, JZ16.8 Hz,
0.3H, CHH), 5.39* (d, JZ16.8 Hz, 0.3H, CHH), 6.24–6.29
(m, 1H, CH and CH*), 6.39 (d, JZ7.8 Hz, 0.7H, H-3 0), 6.45
(dd, JZ3.0, 0.9 Hz, 0.7H, H-3), 6.52–6.54 (m with
pominent d, JZ3.3 Hz, 1H, H-2 and H-3 0*), 6.60 (d, JZ
3.3 Hz, 0.3H, H-3*), 6.78 (d, JZ8.1 Hz, 1H, Ar), 7.03–7.21
(m, 4H, H-5, H-2 00, H-6 00 and Ar), 7.20–7.21 (m, 1H, H-4 0

and Ar), 7.27–7.42 (m, 5H, H-7, H-3 00, H-5 00 and Ar), 7.57
(dd, JZ7.5, 1.5 Hz, 0.7H, H-4), 7.69 (d, JZ7.5 Hz, 0.3H,
H-4*); 13C NMR (CDCl3) d K1.3 (CH2I), K0.8* (CH2I),
17.4* (CH3), 19.1 (CH3), 46.2 (CH2), 47.1* (CH2), 55.2*
(CH), 55.7 (CH), 102.5 (C-3), 103.0* (C-3), 109.5, 119.9,
120.2*, 121.2, 121.5*, 122.0, 122.4*, 128.1, 128.2, 128.3,
128.5, 128.7, 128.8 (C-3a), 128.87, 128.9, 129.5, 129.8*,
130.1, 130.7*, 131.0, 135.6 (C-1 0), 136.4* (ArC), 136.5
(C-7a), 136.66* (ArC), 136.7* (ArC), 138.0 (C-1 00), 139.2
(C-2 0), 141.3* (C-2), 167.9 (CO), 171.3* (CO); CI-MS m/z
495 ([MCH]C, 100%); HRCI-MS m/z calcd for [MCH]C

C25H24N2OI: 495.0933, found: 495.0926.

4.4.6. N-{2-[1 0-(5-Methoxy-1H-indolyl)methyl]phenyl}-
N-methyliodoacetamide (15f). Treatment of 14f (0.21 g,
0.63 mmol) with NaI (0.99 g, 6.61 mmol) in refluxing
acetonitrile (10 mL) gave 15f (0.17 g, 70%) as a yellow
solid; mp 75–77 8C; 1H NMR (CDCl3) d 3.18 (s, 3H, CH3),
3.27 (d, JZ9.9 Hz, 1H, CHHI), 3.42 (d, JZ10.2 Hz, 1H,
CHHI), 3.83 (s, 3H, OCH3), 5.26 (d, JZ16.2 Hz, 1H, CHH),
5.37 (d, JZ16.5 Hz, 1H, CHH), 6.48 (d, JZ3.3 Hz, 1H,
H-3), 6.83 (dd, JZ8.7, 2.7 Hz, 1H, Ar), 6.93 (dd, JZ7.2,
2.1 Hz, 1H, Ar), 7.05 (d, JZ3.0 Hz, 1H, H-2), 7.08–7.11
(m, 2H, Ar), 7.23 (td, JZ8.4, 1.5 Hz, 1H, Ar), 7.35 (d, JZ
8.7 Hz, 1H, Ar), 7.38 (d, JZ9.3 Hz, 1H, H-4); 13C NMR
(CDCl3) d K2.7 (CH2I), 37.7 (CH3), 47.2 (CH2), 56.1
(OCH3), 102.3 (C-3), 103.0, 110.5, 112.6, 128.5, 128.9,
129.6, 129.8, 131.7 (C-1 0), 135.0 (C-7a), 141.3 (C-2 0), 154.4
(COCH3), 168.3 (CO); CI-MS m/z 435 ([MCH]C, 100%);
HREI-MS m/z calcd for [M]C C19H19N2O2I: 434.0491,
found: 434.0476.
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4.4.7. N-{2-[1 0-(5-Methoxy-1H-indolyl)methyl]phenyl}-
N-benzyliodoacetamide (15g). Treatment of 14g (62 mg,
0.15 mmol) with NaI (0.22 g, 1.50 mmol) in refluxing
acetonitrile (3 mL) gave 15g (55 mg, 73%) as a yellow
solid; mp 59–61 8C; 1H NMR (CDCl3) d 3.28 (d, JZ9.6 Hz,
1H, CHHI), 3.43 (d, JZ9.9 Hz, 1H, CHHI), 3.84 (s, 3H,
OCH3), 4.60 (d, JZ13.8 Hz, 1H, CONCHH), 4.81 (d, JZ
16.8 Hz, 1H, CHH), 5.02 (d, JZ13.8 Hz, 1H, CONCHH),
5.12 (d, JZ16.8 Hz, 1H, CHH), 6.46 (dd, JZ3.3, 0.9 Hz,
1H, H-3), 6.78–6.81 (m, 2H, Ar), 6.83–6.86 (m, 2H, H-2 and
Ar), 6.93 (dd, JZ9.0, 0.6 Hz, 1H, H-3 0), 7.05 (ddd, JZ9.0,
6.6, 2.4 Hz, 1H, Ar), 7.09 (d, JZ2.4 Hz, 1H, H-4), 7.27–
7.29 (m, 4H, Ar), 7.33–7.36 (m, 2H, Ar); 13C NMR (CDCl3)
d K2.5 (CH2I), 46.9 (CH2), 53.5 (CONCH2), 56.0 (OCH3),
102.2 (C-3), 102.9, 110.4, 112.5, 128.4, 128.6 (C-3a), 128.7,
128.9, 129.2, 129.4, 129.7, 129.8, 129.9, 131.8 (C-1 0), 135.7
(C-7a), 136.5 (C-1 00), 139.4 (C-2 0), 154.5 (COCH3), 168.2
(CO); CI-MS m/z 511 ([MCH]C, 100%); HRCI-MS m/z
calcd for [MCH]C C25H24N2O2I: 511.0883, found:
511.0868.

4.4.8. N-{2-[1 0-(5-Fluoro-1H-indolyl)methyl]phenyl}-N-
benzyliodoacetamide (15h). Treatment of 14h (74 mg,
0.18 mmol) with NaI (0.27 g, 1.80 mmol) in acetonitrile
(4 mL) gave 15h (77 mg, 89%) as a yellow solid; mp 53–
54 8C; 1H NMR (CDCl3) d 3.28 (d, JZ9.9 Hz, 1H, CHHI),
3.42 (d, JZ9.0 Hz, 1H, CHHI), 4.64 (d, JZ13.8 Hz, 1H,
CONCHH), 4.82 (d, JZ16.8 Hz, 1H, CHH), 4.98 (d, JZ
13.8 Hz, 1H, CONCHH), 5.15 (d, JZ16.8 Hz, 1H, CHH),
6.49 (d, JZ3.3 Hz, 1H, H-3), 6.77 (dd, JZ7.5, 2.7 Hz, 1H,
Ar), 6.90–6.93 (m with prominent d, JZ3.0 Hz, 3H, H-2
and Ar), 7.05 (dd, JZ8.9, 2.7 Hz, 1H, Ar), 7.22–7.33 (m,
8H, Ar); 13C NMR (CDCl3) d K2.6 (CH2I), 47.0 (CH2),
53.6 (CONCH2), 102.6 (d, JZ5.2 Hz, 13C–19F, C3–F),
106.1 (d, JZ22.9 Hz, 13C–19F, C6–F), 110.3 (d, JZ9.8 Hz,
13C–19F, C7–F), 110.7 (d, JZ26.3 Hz, 13C–19F, C4–F),
128.5, 129.0, 129.2, 129.6, 129.79, 129.83, 129.88, 129.9,
130.5 (C-3a), 133.1 (C-1 0), 135.4 (C-7a), 136.5 (C-1 00),
139.4 (C-2 0), 158.2 (d, JZ223.7 Hz, 13C–19F, C5–F), 168.2
(CO); CI-MS m/z 499 ([MCH]C, 46%); HREI-MS m/z
calcd for [M]C C24H20N2OFI: 498.0604, found: 498.0600.

4.4.9. N-{2-[1 0-(5-Fluoro-1H-indoly)methyl]phenyl}-N-
methyliodoacetamide (15i). To a suspension of NaH
(18.2 mg of ca. 50% dispersion in mineral oil, 0.38 mmol)
in dry DMF (5 mL) under nitrogen was cooled to 0–5 8C and
a solution of 14i (0.11 g, 0.35 mmol) in DMF (15 mL) was
added dropwise and the mixture was stirred for 30 min at r.t.
A solution of methyl iodide (54 mL, 0.87 mmol) in DMF
(2 mL) was added and the reaction mixture was stirred at r.t.
for a further 16 h. The solvent was evaporated, DCM
(20 mL) was added and washed with water (3!15 mL),
dried, and evaporated. The crude product was subjected to
flash column chromatography (DCM) to give 15i (76 mg,
66%) as a yellow solid; mp 74–76 8C; 1H NMR (CDCl3) d
3.17 (s, 3H, CH3), 3.29 (d, JZ9.9 Hz, 1H, CHHI), 3.43 (d,
JZ10.2 Hz, 1H, CHHI), 5.29 (d, JZ16.5 Hz, 1H, CHH),
5.39 (d, JZ16.5 Hz, 1H, CHH), 6.53 (dd, JZ3.9, 0.9 Hz,
1H, H-3), 6.91 (dd, JZ9.3, 2.7 Hz, 1H, H-4), 6.95 (dd, JZ
7.8, 2.1 Hz, 1H, H-3 0), 7.12 (d, JZ3.3 Hz, 1H, H-2), 7.15
(dd, JZ7.2, 2.4 Hz, 1H, H-7), 7.29 (ddd, JZ9.6, 7.2,
2.4 Hz, 1H, H-6), 7.32 (dd, JZ7.8, 1.5 Hz, 1H, H-6 0), 7.36–
7.44 (m, 2H, Ar); 13C NMR (CDCl3) d K3.2 (CH2I), 37.6
(CH3), 47.2 (CH2), 102.7 (d, JZ4.6 Hz, C13–F19, C3–F),
106.2 (d, JZ23.5 Hz, C13–F19, C6–F), 110.3 (d, JZ9.5 Hz,
C13–F19, C7–F), 110.8 (d, JZ26 Hz, C13–F19, C4–F), 128.7,
129.2 (d, JZ10.4 Hz, C13–F19, C3a–F), 129.6, 129.88,
129.93, 130.0, 133.1 (C-7a), 134.6 (C-1 00), 141.4 (C-2 0),
158.7 (d, JZ225.0 Hz, C13–F19, C5–F), 168.4 (CO); CI-MS
m/z 423 ([MCH]C, 43%); HRCI-MS m/z calcd for [MC
H]C C18H17N2OFI: 423.0369, found: 423.0336.

4.4.10. N-[(2-(1 0-1H-Indolyl)methyl]phenyl]-N-benzyl-
bromoacetamide (16a). By a procedure similar to that for
15i, treatment of 9 (0.11 g, 0.34 mmol) with NaH (18 mg,
0.38 mmol) and bromoacetyl chloride (0.10 mL, 0.85 ml) in
dry DMF (20 mL) gave 16a, after purification by column
chromatography (1:1 DCM/hexane), (0.10 g, 68%) as a
yellow solid; mp 99–101 8C; 1H NMR (CDCl3) d 3.43 (d,
JZ1.8 Hz, 2H, CH2Br), 4.62 (d, JZ13.8 Hz, 1H,
CONCHH), 4.34 (d, JZ16.8 Hz, 1H, CHH), 5.06 (d, JZ
13.8 Hz, CONCHH), 5.17 (d, JZ16.8 Hz, 1H, CHH), 6.55
(dd, JZ3.3, 0.9 Hz, 1H, H-3), 6.81 (m, 1H, Ar), 6.87 (d, JZ
3.3 Hz, 1H, H-2), 6.98 (m, 1H, Ar), 7.07 (dd, JZ6.9, 0.9 Hz,
1H, H-7), 7.12 (ddd, JZ8.4, 7.2, 1.2 Hz, 1H, H-5), 7.18 (td,
JZ8.5, 1.2 Hz, 1H, H-6), 7.23–7.28 (m, 4H, Ar), 7.30–7.35
(m, 3H, Ar), 7.64 (dd, JZ8.0, 1.2 Hz, 1H, H-4); 13C NMR
(CDCl3) d 27.0 (CH2Br), 46.7 (CH2), 53.6 (CONCH2),
102.7 (C-3), 109.3 (C-7), 120.1, 121.4, 122.3, 128.1, 128.4,
128.8 (C-3a), 129.0, 129.3, 129.4, 129.9, 130.1, 135.7
(ArC), 136.3 (ArC), 136.4 (C-2 0), 138.9 (C-12a), 166.8
(CO); CI-MS m/z 433 ([MCH]C, 90%); HREI-MS m/z
calcd for [M]C C24H21N2O79Br: 432.0837, found:
432.0851.

4.4.11. N-{2-[1 0-(5-methoxy-1H-indolyl)methyl]phenyl}-
N-methylbromoacetamide (16b). A mixture of 11 (0.11 g,
0.41 mmol) and anhydrous K2CO3 (0.20 g, 1.50 mmol) in
dry DCM (5 mL) was cooled to 0–5 8C and bromoacetyl
chloride (80 mL, 1.03 mmol) in DCM (3 mL) was added.
Stirring was continued at 0–5 8C for a further 30 min and the
reaction mixture was then allowed to warm to r.t. with
stirring overnight. Distilled water (20 mL) was added to the
reaction mixture and the aqueous layer was extracted with
DCM (3!20 mL). The combined organic extracts were
dried, and concentrated to yield a yellow solid. The crude
solid was subjected to flash column chromatography (DCM)
to give 16b (83 mg, 54%) as yellow crystals; mp 58–59 8C;
1H NMR (CDCl3) d 3.21 (s, 3H, CH3), 3.53 (d, JZ12.6 Hz,
1H, CHHBr), 3.63 (d, JZ12.6 Hz, 1H, CHHBr), 3.84 (s,
3H, OCH3), 5.25 (d, JZ5.4 Hz, 2H, CH2), 6.49 (dd, JZ3.0,
0.6 Hz, 1H, H-3), 6.83 (dd, JZ9.0, 2.4 Hz, 1H, Ar), 6.97
(dd, JZ7.8, 2.1 Hz, 1H, Ar), 7.02–7.10 (m, 2H, H-2 and
Ar), 7.20–7.40 (m, 4H, Ar); 13C NMR (CDCl3) d 26.4
(CH2Br), 37.5 (CH3), 47.1 (CH2), 56.1 (OCH3), 102.3 (C-3),
103.2, 110.5, 112.6, 128.9, 129.3 (C-3a), 129.7, 129.8,
129.9, 131.6 (ArC), 135.2 (C-7a), 140.6 (C-2 0), 154.4
(COCH3), 166.8 (CO); CI-MS m/z 387 ([MCH]C, 13%);
HREI-MS m/z calcd for [M]C C19H19N2O2

79Br: 386.0630,
found: 386.0624.

4.5. General procedure for radical cyclization

A solution of tributyltin hydride (Bu3SnH) (2.0 equiv) and
AIBN (1.0 equiv) in an appropriate solvent (40 mM) was
added dropwise to the solution of the haloacetamide (14–16,
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1.0 equiv) in boiling solvent (22 mM) over 4 h, and the
mixture was then heated at reflux overnight After removal
of the solvent in vacuo, diethyl ether (20 mL) and saturated
potassium fluoride solution (20 mL) were added and the
mixture was stirred vigorously at r.t. for 2–3 h. The organic
layer was separated, dried, concentrated and column
chromatographed (DCM eluent).

The following radical cyclizations were performed by this
method.

4.5.1. Cyclization of 15b. Compound 15b (54 mg,
0.13 mmol) in toluene (5 mL) was treated with AIBN
(21 mg, 0.13 mmol) and Bu3SnH (70 mL, 0.26 mmol). The
first fraction from the column gave 5,14-dihydro-5-methyl-
indolo[2,1-d][1,5]benzodiazocin-6-one 17a, (20 mg, 20%)
as a yellow solid; mp 211–212 8C (DCM); IR (KBr) nmax:
2852 (N–CH3), 1660 (C]O) cmK1; 1H NMR (CDCl3) d
3.436 (s, 3H, CH3), 3.447 (d, JZ13.8 Hz, 1H, CHH-7), 3.67
(d, JZ13.8 Hz, 1H, CHH-7), 4.75 (d, JZ14.1 Hz, 1H,
CHH-14), 5.36 (d, JZ13.8 Hz, 1H, CHH-14), 6.37 (s, 1H,
H-8), 7.10 (t, JZ7.5 Hz, 1H, H-10), 7.23 (td, JZ8,1 Hz,
1H, Ar), 7.38 (d, JZ7.2 Hz, 1H, Ar), 7.46–7.56 (m, 5H, Ar);
13C NMR (CDCl3) d 36.2 (CH2-7), 36.7 (CH3), 45.2 (CH2-
14), 103.6 (C-8), 108.7, 119.9, 120.6, 121.7, 125.5, 128.0
(C-8a), 129.0, 130.6, 131.8 (C-7a), 132.2, 133.0 (C-14a),
136.8 (C-12a), 144.7 (C-4a), 168.9 (CO); CI-MS m/z 277
([MCH]C, 100%); HRCI-MS m/z calcd for [MCH]C

C18H17N2O: 277.1341, found: 277.1341.

The second fraction gave 5,7a,8,14-tetrahydro-5-methyl
indolo[2,1-d][1,5]benzodiazocin-6-one 18a, (80 mg, 60%)
as a yellow solid; mp 129–130 8C (DCM); 1H NMR
(CDCl3) d 2.39–2.50 (m, 2H, CH2-8), 2.60 (dd, JZ15.9,
9.0 Hz, 1H, CHH-7), 3.29 (dd, JZ15.9, 9.0 Hz, 1H, CHH-
7), 3.38 (s, 3H, CH3), 3.84 (d, JZ14.7 Hz, 1H, CHH-14),
4.08 (qd, JZ8.1, 1.2 Hz, 1H, H-7a), 4.55 (d, JZ15.0, 1H,
CHH-14), 6.58 (t, JZ7.5 Hz, 1H, H-10), 6.68 (d, JZ7.8 Hz,
1H, H-12), 6.99 (d, JZ7.2 Hz, 1H, Ar), 7.06 (m, 2H, Ar),
7.22–7.39 (m, 3H, Ar), 7.52 (d, JZ7.2 Hz, 1H, H-9); 13C
NMR (CDCl3) d 36.8 (CH2-7), 38.0 (CH3), 42.7 0 (CH2-8),
45.8 (CH2-14), 62.4 (CH), 105.1 (C-12), 116.9, 124.8,
126.0, 127.6, 127.7 (C-8a), 128.3, 129.2, 131.6, 135.3
(ArC), 142.4 (ArC), 149.5 (C-4a), 172.1 (CO); CI-MS m/z
279 ([MCH]C, 100%); HREI-MS m/z calcd for [M]C

C18H18N2O: 278.1419, found: 278.1413.

The third fraction gave N-[(2-(1 0-1H-indolyl)methyl)
phenyl]-N-methylacetamide 19a, (20 mg, 20%); mp 58–
59 8C; 1H NMR (CDCl3) d 1.78 (s, 3H, COCH3), 3.20 (s,
3H, NCH3), 5.26 (s, 2H, CH2-8), 6.58 (d, JZ3.0 Hz, 1H,
H-3), 6.90 (d, JZ7.5 Hz, 1H, Ar), 7.07 (dd, JZ3.0, 0.6 Hz,
1H, H-2), 7.11–7.20 (m, 4H, Ar), 7.25 (t, JZ7.5 Hz, 1H,
Ar), 7.35 (t, JZ7.5 Hz, 1H, Ar), 7.66 (dd, JZ7.8, 1.2 Hz,
1H, Ar); 13C NMR (CDCl3) d 22.2 (COCH3), 36.6 (NCH3),
46.6 (CH2-8), 102.6, 109.7, 120.1, 121.2, 122.0, 128.2,
128.4, 129.0, 129.4, 135.0 (ArC), 136.3 (ArC), 140.1 (C-2 0),
171.7 (CO); CI-MS m/z 279 ([MCH]C, 100%); HRCI-MS
m/z calcd for [MCH]C C18H19N2O: 279.1497, found:
279.1499.

4.5.2. Cyclization of 15b in mesitylene. Compound 15b
(56 mg, 0.14 mmol) in mesitylene (5 mL) was treated with
AIBN (23 mg, 0.14 mmol) and Bu3SnH (75 mL,
0.28 mmol). The crude material was chromatographed
(DCM) to give 18a (17 mg, 44%).

4.5.3. Cyclization of 15c. Compound 15c (0.17 g,
0.33 mmol) in toluene (5 mL) was treated with AIBN
(37 mg, 0.23 mmol) and Bu3SnH (0.12 mL, 0.46 mmol).
The first fraction from column gave 5,14-dihydro-5-(4 0-
methoxybenzyl)indolo[2,1-d][1,5]benzodiazo cin-6-one
17b (16 mg, 13%) as a yellow solid; mp 213–215 8C
(DCM); 1H NMR (CDCl3) d 3.42 (dd, JZ14.1, 1.2 Hz, 1H,
CHH-7), 3.68 (d, JZ14.1 Hz, 1H, CHH-7), 3.76 (s, 3H,
OCH3), 4.10 (d, JZ13.8 Hz, 1H, CHH-14), 4.50 (d, JZ
13.8 Hz, 1H, CONCHH), 4.93 (d, JZ13.8 Hz, 1H, CHH-
14), 5.52 (d, JZ13.8 Hz, 1H, CONCHH), 6.35 (s, 1H, H-8),
6.74 (d, JZ8.7 Hz, 2H, H-3 0 and H-5 0), 7.06 (t, JZ7.5 Hz,
1H, H-10), 7.11 (d, JZ8.7 Hz, 2H, H-2 0 and H-6 0), 7.18 (td,
JZ7.2, 0.6 Hz, 1H, H-11), 7.30–7.40 (m, 4H, Ar), 7.46 (dd,
JZ7.2, 1.5 Hz, 1H, Ar), 7.51 (d, JZ7.8 Hz, 1H, H-9); 13C
NMR (CDCl3) d 36.6 (CH2-7), 44.8 (CH2-14), 52.2
(CONCH2), 55.5 (OCH3), 103.5 (C-8), 108.7, 114.0,
119.8, 120.5, 121.5, 126.0, 128.0 (ArC), 128.5 (ArC),
129.0, 130.4, 130.9, 132.8 (ArC), 133.1 (ArC), 137.5
(C-12a), 142.8 (C-1 0), 159.3 (COCH3), 168.2 (CO); CI-
MS m/z 383 ([MCH]C, 100%); HRES-MS m/z calcd for
[MCH]C C25H23N2O2: 383.1763, found: 383.1760.

The second fraction gave 5,7a,8,14-tetrahydro-5-(4 0-
methoxybenzyl)indolo[2,1-d][1,5]benzodiazocin-6-one
18b (13 mg, 11%) as a yellow solid; mp 107–109 8C
(DCM); 1H NMR (CDCl3) d 2.39–2.51 (m, 2H, CH2-8),
2.56 (dd, JZ15.6, 8.4 Hz, 1H, CHH-7), 3.20–3.29 (m with
prominent d, JZ14.1 Hz, 2H, CHH-7 and CONCHH), 3.76
(d, JZ1.2 Hz, 3H, OCH3), 4.01 (q, JZ8.4 Hz, 1H, H-7a),
4.14 (d, JZ15.0 Hz, 1H, CONCHH), 4.38 (d, JZ14.1 Hz,
1H, CHH-14), 5.51 (d, JZ13.8 Hz, 1H, CHH-14), 6.51–
6.56 (m with prominent d, JZ6.9 Hz, 2H, Ar), 6.75 (d, JZ
7.8 Hz, 2H, H-3 0 and H-5 0), 6.95 (d, JZ7.5 Hz, 1H, Ar),
7.04 (t, JZ8.4 Hz, 1H, Ar), 7.07 (d, JZ7.8 Hz, 2H, H-2 0

and H-6 0), 7.22–7.35 (m, 3H, Ar), 7.39 (d, JZ7.5 Hz, 1H,
H-9); 13C NMR (CDCl3) d 36.7 (CH2-7), 42.6 (CH2-8), 45.6
(CH2-14), 53.1 (CONCH2), 55.5 (OCH3), 62.8 (CH), 105.0,
113.9, 116.7, 124.7, 126.7, 127.5, 127.7 (ArC), 128.4, 128.9
(ArC), 129.0, 130.7, 131.3, 136.7 (ArC), 140.4 (ArC), 154.7
(COCH3), 171.5 (CO); CI-MS m/z 385 ([MCH]C, 100%);
HRES-MS m/z calcd for [MCH]C C25H25N2O2: 385.1910,
found: 385.1916.

The third fraction gave N-[(2-(1 0-1H-indolyl)methyl)-
phenyl]-N-(4 00-methoxybenzyl)acetamide 19b (9 mg, 7%)
as a yellow solid; mp 58–60 8C (DCM); 1H NMR (CDCl3) d
1.81 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 4.75 (d, JZ15.9 Hz,
2H, CHH and CONCHH), 4.84 (d, JZ13.8 Hz, 1H, CHH),
5.03 (d, JZ17.2 Hz, 1H, CONCHH), 6.53 (dd, JZ3.0,
1.5 Hz, 1H, H-3), 6.65 (d, JZ7.8 Hz, 1H, H-3 0), 6.83 (m
with prominent dd, JZ8.7, 2.4 Hz, 3H, H-2, H-3 0 and H-5 0),
6.95 (t, JZ8.7 Hz, 1H, H-5 0), 7.08–7.17 (m, 3H, H-2 0, H-6 0

and Ar), 7.20–7.23 (m, 2H, Ar), 7.42–7.52 (m, 2H, Ar), 7.63
(d, JZ6.9 Hz, 1H, H-4); 13C NMR (CDCl3) d 22.5 (CH3),
47.4 (CH2), 52.1 (CONCH2), 55.5 (OCH3), 102.5 (C-3),
109.5, 114.2, 111.9, 121.3, 122.1, 128.3, 128.5, 129.2,
129.7, 130.9, 131.3, 132.4 (ArC), 135.9 (ArC), 137.6 (C-1 0),
140.3 (C-4a), 159.6 (COCH3), 168.2 (CO); CI-MS m/z 385
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([MCH]C, 100%); HRES-MS m/z calcd for [MCH]C

C25H25N2O2: 385.1910, found: 385.1916.

4.5.4. Cyclization of 15d. Compound 15d (38 mg,
0.08 mmol) in toluene (5 mL) was treated with AIBN
(13 mg, 0.08 mmol) and Bu3SnH (43 mL, 0.16 mmol) The
first fraction from the column gave 5-benzyl-5,14-dihydro-
indolo[2,1-d][1,5]benzodiazocin-6-one 17c (8 mg, 25%) as
a yellow solid; mp 154–155 8C (DCM); IR (KBr) nmax: 1661
(C]O) cmK1; 1H NMR (CDCl3) d 3.45 (dd, JZ13.8,
1.5 Hz, 1H, CHH-7), 3.71 (d, JZ13.8 Hz, 1H, CHH-7), 4.13
(d, JZ14.1 Hz, 1H, CONCHH), 4.62 (d, JZ13.8 Hz, 1H,
CHH-14), 4.93 (d, JZ13.8 Hz, 1H, CONCHH), 5.53 (d, JZ
14.1 Hz, 1H, CHH-14), 6.37 (s, 1H, H-8), 7.07 (t, JZ7.8,
1.2 Hz, 1H, H-10), 7.16–7.25 (m, 7H, Ar), 7.34 (d, JZ
7.8 Hz, 1H, Ar), 7.38–7.42 (m, 2H, Ar), 7.46 (dd, JZ8.1,
1.8 Hz, 1H, Ar), 7.52 (d, JZ7.8 Hz, 1H, H-9); 13C NMR
(CDCl3) d 36.6 (CH2-7), 44.8 (CH2-14), 52.8 (CONCH2),
103.6 (C-8), 108.7, 119.8, 120.5, 121.5, 125.9, 128.0 (C-8a),
128.2, 128.8, 129.0, 129.6, 130.5, 132.1, 132.7 (C-7a),
133.0 (C-14a), 136.3 (C-12a), 137.5 (C-1 0), 142.8 (C-4a),
168.4 (CO); CI-MS m/z 353 ([MCH]C, 100%); HREI-MS
m/z calcd for [M]C C24H20N2O: 352.1576, found:
352.1565.

The second fraction gave 5-benzyl-5,7a,8,14-tetrahydro-
indolo[2,1-d][1,5]benzodiazocin-6-one 18c (12 mg, 43%)
as a yellow solid; mp 141–144 8C (DCM); IR (KBr) nmax:
1647 (C]O) cmK1; 1H NMR (CDCl3) d 2.41–2.52 (m, 2H,
CH2-8), 2.57 (dd, JZ15.9, 9.3 Hz, 1H, CHH-7), 3.22–3.30
(m with prominent d, JZ15.3 Hz, 2H, CHH-7 and
CONCHH), 4.02 (qd, JZ9.0, 1.2 Hz, 1H, H-7a), 4.14 (d,
JZ15.0 Hz, 1H, CONCHH), 4.50 (d, JZ14.1 Hz, 1H,
CHH-14), 5.51 (d, JZ14.1 Hz, 1H, CHH-14), 6.51–6.56
(m, 2H, Ar), 6.95 (d, JZ6.9 Hz, 1H, Ar), 7.04 (t, JZ7.8 Hz,
1H, Ar), 7.14–7.19 (m, 2H, Ar), 7.22–7.27 (m, 5H, Ar), 7.30
(dd, JZ9.0, 1.8 Hz, 1H, Ar), 7.40 (dd, JZ9.0, 2.4 Hz, 1H,
H-9); 13C NMR (CDCl3) d 36.6 (CH2-7), 42.5 (CH2-8), 45.5
(CH2-14), 53.7 (CONCH2), 62.7 (CH), 105.0, 116.8, 124.8,
126.7, 127.6, 127.7 (C-8a), 128.0, 128.5, 128.7, 129.1,
129.4, 131.4 (ArC), 136.7 (ArC), 136.8 (C-1 0), 149.6 (C-4a),
171.1 (CO); CI-MS m/z 355 ([MCH]C, 100%); HREI-MS
m/z calcd for [M]C C24H22N2O: 354.1732, found:
354.1718.

The third fraction gave N-[(2-(1 0-1H-Indolyl)methyl)-
phenyl]-N-benzylacetamide 19c (3 mg, 10%) as a yellow
solid; mp 158–159 8C (DCM); IR (KBr) nmax: 1676 (C]O),
1358 (CO–CH3) cmK1; 1H NMR (CDCl3) d 1.83 (s, 3H,
CH3), 4.74 (d, JZ16.8 Hz, 1H, CONCHH), 4.80 (d, JZ
14.1 Hz, 1H, CHH), 4.92 (d, JZ14.1 Hz, 1H, CHH), 5.04
(d, JZ16.8 Hz, 1H, CONCHH), 6.53 (dd, JZ3.3, 0.9 Hz,
1H, H-3), 6.65 (d, JZ7.8 Hz, 1H, H-3 0), 6.79 (d, JZ3.3 Hz,
1H, H-2), 6.94–6.99 (m, 2H, Ar), 7.11 (td, JZ7.2, 1.2 Hz,
1H, Ar), 7.15–7.16 (m, 2H, H-5 and H-10), 7.21 (td, JZ8.4,
1.8 Hz, 1H, H-11), 7.24–7.29 (m, 3H, Ar), 7.30–7.35 (m,
2H, Ar), 7.64 (ddd, JZ7.2, 1.8, 0.6 Hz, 1H, H-4); 13C NMR
(CDCl3) d 22.6 (CH3), 46.4 (CH2), 52.7 (CONCH2), 102.5
(C-3), 109.6, 120.0, 121.3, 122.1, 128.4, 128.5, 128.8
(C-3a), 128.9, 129.2, 129.7, 129.8, 135.9 (C-1 0), 136.5
(C-7a), 137.2 (C-1 00), 140.3 (C-2 0), 170.6 (CO); CI-MS m/z
355 ([MCH]C, 100%); HREI-MS m/z calcd for [M]C

C24H22N2O: 354.1732, found: 354.1732.
4.5.5. Cyclization of 15d in larger scale. Compound 15d
(0.30 g, 0.68 mmol) in toluene (45 mL) was treated with
AIBN (0.12 g, 0.72 mmol) and Bu3SnH (0.39 mL,
1.44 mmol). The crude material was chromatographed to
give 17c (26 mg, 12%), 18c (42.8 mg, 19%), 19c (70 mg,
32%). A further product from the chromatographic
separation was compound 20 (10 mg, 4%), obtained as a
yellow solid; mp 76–77 8C; IR (KBr) nmax: 1650
(C]O) cmK1; 1H NMR (CDCl3) d 1.23 (s, 3H,CH3), 1.49
(s, 3H, CH3), 2.21 (d, JZ12.3 Hz, 1H, CHH-7), 2.58 (dd,
JZ12.3, 10.5 Hz, 1H, CHH-7), 3.01 (d, JZ3.3 Hz, 1H,
H-8), 3.43 (d, JZ15.6 Hz, 1H, CHH-14), 3.96 (dd, JZ10.5,
3.6 Hz, 1H, H-7a), 4.24 (d, JZ15.6 Hz, 1H, CHH-14), 4.56
(d, JZ13.5 Hz, 1H, CONCHH), 5.44 (d, JZ13.5 Hz, 1H,
CONCHH), 6.58 (t, JZ7.2 Hz, 1H, H-10), 6.65 (d, JZ
8.1 Hz, 1H, H-12), 7.12–7.20 (m, 3H, H-2, H-11 and Ar),
7.22–7.29 (m, 5H, Ar), 7.30–7.34 (m, 2H, H-9 and Ar), 7.47
(d, JZ7.5 Hz, 1H, H-1); 13C NMR (CDCl3) d 21.9 (CH3),
24.5 (CH3), 36.7 (CCN), 44.2 (CH2-7), 44.3 (CH2-14), 53.6
(CONCH2), 56.1 (C-8), 63.5 (C-7a), 106.8 (C-7), 116.8
(C-5), 124.7 (CN), 125.4 (C-8a), 126.2 (C-4), 126.6, 128.0,
128.1, 128.7 (all ArCH), 129.2 (C-11), 129.37, 129.4 (all
ArCH), 132.0 (C-1), 135.3 (C-14a), 136.6 (C-1 0), 140.7
(C-4a), 149.1 (C-12a), 171.1 (CO); CI-MS m/z 422 ([MC
H]C, 100%); HREI-MS m/z calcd for [M]C C28H27N3O:
421.2154, found: 421.2160.

4.5.6. Cyclization of 15d in xylene. Compound 15d
(52 mg, 0.11 mmol) in xylene (5 mL) was treated with
AIBN (18 mg, 0.11 mmol) and Bu3SnH (59 mL,
0.22 mmol). The crude material was chromatographed to
give 17c (22 mg, 57%).

4.5.7. Cyclization of 15d in mesitylene. Compound 15d
(51 mg, 0.11 mmol) in mesitylene (5 mL) was treated with
AIBN (18 mg, 0.11 mmol) and Bu3SnH (59 mL,
0.22 mmol). The crude material was chromatographed to
give 17c (27 mg, 70%).

4.5.8. Cyclization of 15d in tert-butylbenzene. Compound
15d (55 mg, 0.12 mmol) in tert-butylbenzene (5 mL) was
treated with AIBN (20 mg, 0.11 mmol) and Bu3SnH (65 mL,
0.22 mmol). The crude material was chromatographed to
give 17c (19 mg, 46%) and 19c (4 mg, 9%).

4.5.9. Cyclization of 15e in toluene. Compound 15e
(37 mg, 0.07 mmol) in toluene (5 mL) was treated with
AIBN (12 mg, 0.07 mmol) and Bu3SnH (40 mL,
0.15 mmol). The first fraction gave 5,14-dihydro-5-(1 0-
phenylethyl)indolo[2,1-d][1,5]benzodiazocin-6-one 17d
(6 mg, 22%) as a yellow solid; mp 157–159 8C (DCM);
1H NMR (CDCl3, rotamer ratio 52:48*) d 1.56 (d, JZ
7.2 Hz, 1.6H, CHCH3), 1.78* (d, JZ7.5 Hz, 1.4 Hz,
CHCH3), 3.33* (d, JZ13.8 Hz, 0.5H, CHH-7), 3.38 (d,
JZ12.3 Hz, 0.5H, CHH-7), 3.66* (d, JZ13.5 Hz, 0.5H,
CHH-7), 3.72 (d, JZ14.1 Hz, 0.5H, CHH-7), 3.73* (d, JZ
13.8 Hz, 0.5H, CHH-14), 4.64* (d, JZ13.8 Hz, 0.5H, CHH-
14), 4.88 (d, JZ13.8 Hz, 0.5H, CHH-14), 5.37 (d, JZ
13.5 Hz, 0.5H, CHH-14), 6.32* (br s, 0.5H, CHCH3), 6.32*
(s, JZ0.5 Hz, H-8), 6.35 (s, JZ0.5 Hz, H-8), 6.38 (br s,
0.5H, CHCH3), 6.54 (d, JZ8.1 Hz, 0.5H, H-4), 7.02–7.56
(m, 12.5H, Ar); 13C NMR (CDCl3) d 16.4 (CH3), 19.0*
(CH3), 36.9 (CH2-7), 44.3* (CH2-14), 45.2 (CH2-14), 52.8*
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(CH), 53.9 (CH), 103.2* (C-8), 103.3 (C-8), 108.4 (C-15),
119.4*, 119.6, 120.2*, 120.3. 121.1*, 121.3, 127.0* (C-4),
127.7, 128.0, 128.1, 128.2, 128.5, 129.0, 129.4, 130.8
(C-3a), 131.7*, 131.8, 132.8 (C-7a), 133.0* (C-14a), 133.2*
(C-7a), 134.2, (C-14a), 137.3* (C-12a), 138.9 (C-12a),
139.5 (C-1 0), 140.3* (C-1 0), 141.6 (C-4a), 145.5* (C-4a),
164.4 (CO), 168.4* (CO); CI-MS m/z 367 ([MCH]C,
100%); HRCI-MS m/z calcd for [MCH]C C25H23N2O:
367.1810, found: 367.1796.

Further elution then gave a mixture of 18d and 19d (7 mg,
26%) in a ratio of ca. 1:1 (determined by 1H NMR
spectroscopy).

4.5.10. Cyclization of 15f. Compound 15f (83 mg,
0.19 mmol) in toluene (5 mL) was treated with AIBN
(31 mg, 0.19 mmol) and Bu3SnH (0.12 mL, 0.38 mmol).
The crude material was chromatographed to give, in the first
fraction, 5,14-dihydro-10-methoxy-5-methylindolo[2,1-
d][1,5]benzodiazocin-6-one, 17e (30 mg, 50%) as a yellow
solid; mp 170–173 8C (DCM); 1H NMR (CDCl3) d 3.430
(dd, JZ13.8, 1.2 Hz, 1H, CHH-7), 3.434 (s, 3H, CH3), 3.63
(d, JZ13.5 Hz, 1H, CHH-7), 3.84 (s, 3H, OCH3), 4.74 (d,
JZ13.8 Hz, 1H, CHH-14), 5.27 (d, JZ13.8 Hz, 1H, CHH-
14), 6.30 (s, 1H, H-8), 6.90 (dd, JZ9.0, 2.4 Hz, 1H, H-4),
7.01 (d, JZ2.4 Hz, 1H, H-9), 7.35–7.39 (m, 3H, Ar), 7.45–
7.53 (m, 2H, Ar); 13C NMR (CDCl3) d 36.1 (CH2-7), 36.5
(NCH3), 45.3 (CH2-14), 56.1 (OCH3), 102.4 (C-8), 103.2
(C-9), 109.4, 111.7, 125.4, 128.4 (C-8a), 129.0, 130.6, 131.8
(C-7a), 132.2, 133.1 (C-14a), 133.5 (C-12a), 144.8 (C-4a),
154.3 (COCH3), 168.9 (CO); CI-MS m/z 307 ([MCH]C,
100%); HRCI-MS m/z calcd for [MCH]C C19H19N2O2:
307.1447, found: 307.1444.

Further elution then gave N-{2-[1 0-(5 0-methoxy-1H-
indolyl)methyl]phenyl}-N-methylacetamide 19e (11 mg,
20%) as a yellow solid; mp 151–153 8C (DCM); 1H NMR
(CDCl3) d 1.76 (s, 3H, CH3), 3.19 (s, 3H, NCH3), 3.84 (s,
3H, OCH3), 5.20 (s, 2H, CH2), 6.47 (d, JZ3.0 Hz, 1H, H-3),
6.80 (dd, JZ8.7, 2.1 Hz, 1H, Ar), 6.87 (d, JZ7.2 Hz, 1H,
Ar), 6.98–7.07 (m with prominent d, JZ3.6 Hz, 2H, H-2
and Ar), 7.08 (d, JZ2.1 Hz, 1H, H-4), 7.10 (d, JZ7.8 Hz,
1H, Ar), 7.23 (t, JZ8.7 Hz, 1H, Ar), 7.32 (dd, JZ7.2,
0.9 Hz, 1H, H-7); 13C NMR (CDCl3) d 22.2 (CH3), 36.5
(NCH3), 46.8 (CH2), 56.0 (OCH3), 102.0 (C-3), 103.0,
110.3, 112.5, 128.7, 129.1, 129.16, 129.24, 129.4, 129.7,
131.7 (ArC), 135.1 (ArC), 142.3 (C-2 0), 154.5 (COCH3),
170.9 (CO); CI-MS m/z 309 ([MCH]C, 87%); HREI-MS
m/z calcd for [M]C C19H20N2O2: 308.1525, found:
308.1524.

4.5.11. Cyclization of 15g. Compound 15g (55 mg,
0.11 mmol) in mesitylene (5 mL) was treated with AIBN
(18 mg, 0.11 mmol) and Bu3SnH (59 mL, 0.22 mmol). The
crude material was chromatographed to give 5-benzyl-5,14-
dihydro-10-methoxyindolo[2,1-d][1,5]benzodiazocin-6-one
17f (12 mg, 29%) as a yellow solid; mp 113–114 8C (DCM);
IR (KBr) nmax: 1660 (C]O) cmK1; 1H NMR (CDCl3) d
3.42 (dd, JZ15, 1.2 Hz, 1H, CHH-7), 3.68 (d, JZ13.8 Hz,
1H, CHH-7), 3.82 (s, 3H, OCH3), 4.12 (s, JZ13.8 Hz, 1H,
CONCHH), 4.62 (d, JZ13.8 Hz, 1H, CHH-14), 4.85 (d, JZ
14.0 Hz, 1H, CONCHH), 5.51 (d, JZ13.8 Hz, 1H, CHH-
14), 6.28 (s, 1H, H-8), 6.84 (dd, JZ9.0, 2.4 Hz, 1H, H-4),
6.99 (d, JZ2.4 Hz, 1H, H-9), 7.21–7.25 (m, 6H, Ar), 7.31–
7.50 (m, 4H, Ar); 13C NMR (CDCl3) d 36.4 (CH2-7), 44.9
(CH2-14), 52.7 (CONCH2), 56.1 (OCH3), 102.4 (C-8),
109.4, 111.6, 125.9, 128.2, 128.3 (C-8a), 128.8, 129.7,
129.6, 130.0, 130.5, 132.1, 132.7 (C-7a), 132.9 (C-14a),
133.5 (C-12a), 136.4 (C-1 0), 142.9 (C-4a), 154.3 (COCH3),
168.4 (CO); CI-MS m/z 383 ([MCH]C, 100%); HRCI-MS
m/z calcd for [MCH]C C25H23N2O2: 383.1760, found:
383.1766.

4.5.12. Cyclization of 15h. Compound 15h (77 mg,
0.16 mmol) in mesitylene (7 mL) was treated with AIBN
(25 mg, 0.16 mmol) and Bu3SnH (77 mL, 0.31 mmol) The
first fraction from the column gave 5-benzyl-10-fluoro-5,14-
dihydroindolo[2,1-d][1,5] benzodiazocin-6-one 17h
(14 mg, 23%) as a yellow solid; mp 115–116 8C (DCM);
IR (KBr) nmax: 1663 (C]O) cmK1; 1H NMR (CDCl3) d
3.43 (dd, JZ13.8, 1.2 Hz, 1H, CHH-7), 3.69 (d, JZ
13.8 Hz, 1H, CHH-7), 4.13 (d, JZ14.1 Hz, 1H, CHH-14),
4.63 (d, JZ14.1 Hz, 1H, CONCHH), 4.86 (d, JZ13.8 Hz,
1H, CHH-14), 5.52 (d, JZ14.1 Hz, 1H, CONCHH), 6.31 (s,
1H, H-8), 6.90 (dd, JZ9.0, 2.7 Hz, 1H, Ar), 6.94 (dd, JZ
9.0, 2.4 Hz, 1H, H-9), 7.16 (dd, JZ9.6, 2.4 Hz, 1H, H-12),
7.19–7.27 (m, 5H, Ar), 7.31–7.40 (m, 3H, Ar), 7.47 (dd, JZ
6.6, 2.1 Hz, 1H, H-1); 13C NMR (CDCl3) d 36.4 (CH2-7),
45.0 (CH2-14), 52.6 (CONCH2), 105.5 (d, JZ4.6 Hz, C13–
F19, C8–F), 105.3 (d, JZ23.5 Hz, C13–F19, C11–F), 109.3
(d, JZ9.8 Hz, C13–F19, C12–F), 109.7 (d, JZ26.3 Hz, C13–
F19, C9–F), 126.0, 128.2, 129.2, 129.6, 130.1, 130.7, 132.1,
132.4 (ArC), 134.1 (ArC), 134.6 (ArC), 136.3 (C-1 0), 142.8
(C-4a), 158.7 (d, JZ238.6 Hz, C13–F19, C10–F), 168.2
(CO); CI-MS m/z 371 ([MCH]C, 100%); HRCI-MS m/z
calcd for [MCH]C C24H20N2O2F: 371.1560, found:
371.1552.

Further elution then gave N-{2-[1 0(5 0-fluoro-1H-indolyl)-
methyl)phenyl]-N-benzylacetamide 19h (9 mg, 15%) as a
yellow solid; mp 63–64 8C (DCM); 1H NMR (CDCl3) d
1.80 (d, 3H, CH3), 4.70 (d, JZ16.8 Hz, 1H, CONCHH),
4.84 (d, JZ5.1 Hz, 2H, CH2), 5.00 (d, JZ16.8 Hz, 1H,
CONCHH), 6.48 (dd, JZ2.7, 0.6 Hz, 1H, H-3), 6.63 (dd,
JZ7.5, 1.2 Hz, 1H, H-3 0), 6.79 (m with prominent d, JZ
3.3 Hz, 2H, H-2 and H-4), 6.88 (td, JZ9.0, 2.4 Hz, 1H,
H-6), 6.97 (dd, JZ7.8, 1.5 Hz, 1H, H-6 0), 7.20 (td, JZ7.5,
1.5 Hz, 1H, Ar), 7.23–7.28 (m, 5H, Ar), 7.29–7.34 (m, 3H,
Ar); 13C NMR (CDCl3) d 22.2 (CH3), 46.4 (CH2), 52.5
(CONCH2), 102.1 (d, JZ4.9 Hz, C13–F19, C3–F), 105.8 (d,
JZ11.6 Hz, C13–F19, C7–F), 109.9 (d, JZ9.8 Hz, C13–F19,
C6–F), 110.3 (d, JZ26.3 Hz, C13–F19, C4–F), 127.9, 128.2,
128.7, 128.9, 129.0, 129.2, 129.5, 129.67, 129.71, 135.4
(C-7a), 136.9 (C-1 00), 140.1 (C-2 0), 157.9 (d, JZ233.1 Hz,
C13–F19, C5–F), 170.3 (CO); CI-MS m/z 373 [MCH]C,
100%); HRCI-MS m/z calcd for [MCH]C C24H22N2O2F:
373.1716, found: 373.1704.

4.5.13. Cyclization of 15i. Compound 15i (60 mg,
0.14 mmol) in toluene (5 mL) was treated with AIBN
(23 mg, 0.14 mmol) and Bu3SnH (75 mL, 0.28 mmol) The
first column fraction gave 10-fluoro-5,14-dihydro-5-methyl-
indolo[2,1-d][1,5]benzodiazocin-6-one 17g (15 mg, 35%)
as a yellow solid; mp 200–202 8C (DCM); 1H NMR
(CDCl3) d 3.436 (s, 3H, CH3), 3.439 (d, JZ13.8 Hz, 1H,
CHH-7), 3.65 (d, JZ14.1 Hz, 1H, CHH-7), 4.76 (d,
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JZ13.8 Hz, 1H, CHH-14), 5.29 (d, JZ13.8 Hz, 1H, CHH-
14), 6.33 (s, 1H, H-8), 6.97 (td, JZ9.0, 2.7 Hz, 1H, H-11),
7.18 (dd, JZ9.3, 2.4 Hz, 1H, H-9), 7.35–7.40 (m, 3H, Ar),
7.48 (dd, JZ7.5, 1.8 Hz, 1H, Ar), 7.51 (d, JZ7.2 Hz, 1H,
Ar); 13C NMR (CDCl3) d 36.2 (CH2-7), 36.7 (NCH3), 45.5
(CH2-14), 103.5 (d, JZ4.3 Hz, C13–F19, C8–F), 105.4 (d,
JZ23.2 Hz, C13–F19, C11–F), 109.3 (d, JZ9.5 Hz, C13–
F19, C12–F), 109.9 (d, JZ49.0 Hz, C13–F19, C9–F), 125.5,
128.2 (d, JZ10.1 Hz, C13–F19, C8a–F), 129.0, 130.7, 131.4
(C-7a), 132.1, 134.3 (C-14a), 134.6 (C-12a), 144.6 (C-4a),
158.0 (d, JZ232.7 Hz, C13–F19, C10–F), 168.6 (CO); CI-
MS m/z 295 ([MCH]C, 100%); HREI-MS m/z calcd for
[M]C C18H15N2OF: 294.1168, found: 294.1159.

Further elution then gave N-{2-[1 0-(5 0-fluoro-1H-indolyl)-
methyl]phenyl}-N-methylacetamide 19g (7 mg, 17%) as a
yellow solid; mp 70–72 8C (DCM); 1H NMR (CDCl3) d
1.74 (s, 3H, CH3), 3.17 (s, 3H, NCH3), 5.23 (s, 2H, CH2),
6.52 (dd, JZ3.3, 0.9 Hz, 1H, H-3), 6.89–6.95 (m, 2H, Ar),
7.06 (dd, JZ9.3, 4.5 Hz, 1H, H-4), 7.09 (d, JZ3.0 Hz, 1H,
H-2), 7.18 (dd, JZ7.8, 1.5 Hz, 1H, Ar), 7.25–7.30 (m, 2H,
Ar), 7.36 (dd, JZ7.5, 1.5 Hz, 1H, Ar); 13C NMR (CDCl3) d
22.3 (CH3), 36.7 (NCH3), 47.1 (CH2), 102.5 (d, JZ4.6 Hz,
C13–F19, C3–F), 106.2 (d, JZ23.2 Hz, C13–F19, C6–F),
110.2 (d, JZ9.7 Hz, C13–F19, C7–F), 110.7 (d, JZ26.5 Hz,
C13–F19, C4–F), 128.8, 128.9, 129.1, 129.2, 129.5 (d, JZ
4.5 Hz, C13–F19, C3a–F), 129.9, 130.0, 133.0 (C-1 0), 134.6
(C-7a), 142.4 (C-2 0), 157.6 (d, JZ232.2 Hz, C13–F19, C5–
F), 170.7 (CO); CI-MS m/z 297 ([MCH]C, 100%); HREI-
MS m/z calcd for [M]C C18H17N2OF: 296.1325, found:
296.1320.

4.5.14. Cyclization of 16a. Compound, 16a (44 mg,
0.10 mmol) in toluene (5 mL) was treated with AIBN
(16 mg, 0.10 mmol) and Bu3SnH (53 mL, 0.20 mmol) The
crude material was chromatographed to give, in the first
fraction, 17c (19 mg, 54%) and, in the second fraction, a
mixture of 18c and 19c (7 mg, 20%) in a ratio of ca. 2:1
(determined by 1H NMR spectroscopy).

4.5.15. Cyclization of 16b. Compound 16b (45 mg,
0.12 mmol) in toluene (5 mL) was treated with AIBN
(20 mg, 0.12 mmol) and Bu3SnH (64 mL, 0.24 mmol) The
crude material was chromatographed to give 17e (9 mg,
24%) (first fraction) and 18e (12 mg, 33%) (second fraction).

4.5.16. Dehydrogenation of 18a. To a solution of 18a
(98 mg, 0.35 mmol) in dry toluene (5 mL) was added 10%
Pd/C (20 mg) The reaction mixture was then heated at reflux
for 8 h. The mixture was then cooled, filtered through
Celite, and the filtrate evaporated to dryness. The crude
yellow solid residue was column chromatographed (DCM)
to yield 17a (48 mg, 50%) and the starting material 18a
(40 mg).

4.5.17. 4.10 5,14-Dihydroindolo[2,1-d][1,5]benzodiazo-
cin-6(7H)-one (1). Sodium metal (ca. 30 mg) was added
to dry THF (1 mL) under nitrogen and then the mixture was
cooled using a liquid N2 bath. Liquid ammonia (condensed
at K70 8C, ca. 7 mL) and a solution of 17c (30 mg,
0.09 mmol) in dry THF (2 mL) was added. The frozen
mixture was warmed to K60 8C and the reaction was stirred
for 20 min. Solid ammonium chloride was then added until
the colour dissipated, at which point the reaction was
allowed to warm to r.t. The residue was dissolved in ethyl
acetate (30 mL), extracted with water (20 mL), dried and
the organic layer concentrated to give a yellow residue. The
residue was purified using preparative thin layer chroma-
tography (1% MeOH/DCM) to give 1 (7.8 mg, 35%) as an
off white solid; mp 269–271 8C (lit.9 268–270 8C); IR (KBr)
nmax: 3415 (NH), 1655 (C]O) cmK1; 1H NMR (CDCl3) d
3.58 (s, 2H, CH2-7), 5.18 (s, 2H, CH2-14), 6.40 (s, 1H, H-8),
7.12 (td, JZ7.2, 0.9 Hz, 1H, Ar), 7.24–7.30 (m, 2H, Ar),
7.36–7.41 (m, 1H, Ar), 7.44 (dd, JZ7.5, 1.8 Hz, 1H, Ar),
7.48–7.58 (m, 3H, Ar), 7.73 (br s, 1H, NH); 13C NMR
(CDCl3) d 35.2 (CH2-14), 45.5 (CH2-7), 103.8 (C-8), 108.9,
120.1, 120.7, 121.8, 125.7, 128.1 (C-8a), 128.97, 129.02
(ArC), 130.4, 132.6, 138.3 (ArC), 144.0 (ArC), 170.7 (CO);
CI-MS m/z 263 ([MCH]C, 100%); HREI-MS m/z calcd for
[M]C C17H14N2O: 262.1106, found: 262.1104.
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sponge Lamellodysidea herbacea
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Abstract—Chemical investigation of the dichloromethane extract of the Red Sea marine sponge Lamellodysidea herbacea led to the
isolation of seven new polychlorinated derivatives 3–6 and 8–10 in addition to the known dysidamide 1, dysidamide B 2 and dysidamide C 7.
Their structures were established by extensive NMR spectroscopic data. The absolute configuration of compound 9 was determined by X-ray
crystallographic diffraction analysis. Dysidamide 1 exhibited neurotoxic effects towards both mesencephalic and cortical murine neurones at
0.8 mg/ml.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Marine sponges of the genus Dysidea have yielded
secondary metabolites of a great structural diversity such
as sesqui- and sesterterpenes,1–3 polybrominated derivatives
of diphenyl ether1 and dibenzo-p-dioxin types4,5 and
polychlorinated derivatives6 including amino acids7 as
well as peptides.8 Some of them exhibited interesting
pharmacological activities such as inhibition of iodide
transport in thyroid cells,9 neurotoxicity10 and inhibition of
protein phosphatase.11

In our ongoing chemical studies on marine sponges, we
have examined a sample of Lamellodysidea herbacea
(formerly Dysidea herbacea) collected in the Red Sea.
Chemical investigations of the dichloromethane extract led
to the isolation of seven new polychlorinated derivatives
3–6 and 8–10 in addition to the known dysidamide 1,
dysidamide B 2 and dysidamide C 7, previously
reported.12,13 This paper describes the isolation and
structure elucidation of these new polychlorinated
derivatives.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.011
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2. Results and discussion

The marine sponge Lamellodysidea herbacea was collected
by hand using SCUBA (K20 m) in the Red Sea and was air-
dried. Silica gel flash chromatography (CH2Cl2/MeOH) of
the dichloromethane extract followed by Sephadex LH-20
and/or reversed-phase HPLC yielded compounds 1–10 in
pure form. The known compounds dysidamide 1, dysida-
mide B 2 and dysidamide C 7, originally isolated from the
marine sponge Dysidea herbacea12,13 were rapidly identi-
fied by comparison with literature values. An X-ray
diffraction analysis14 of dysidamide 1 showed the presence
of two conformers in the unit cell, in which all asymmetric
carbon centres exhibited (S) configuration, as previously
reported.15

Compounds 3–6 and 8–10 were identified through extensive
1D and 2D NMR spectroscopic data.

Compound 3 was isolated as a colourless glass, [a]DZK4.0
(c 0.15, CH2Cl2). Electrospray mass spectrum of compound
3 exhibited a cluster ion at m/z 440, 442, 444, 446, 448
characteristic of the presence of five chlorine atoms in the
molecule. The molecular formula C15H22NO3Cl5 was
deduced from HREIMS and 13C NMR spectrum. In the IR
spectrum, absorption bands at 3606, 1741 and 1697 cmK1

indicated the presence of an hydroxyl (or NH) and two
carbonyl groups, respectively. NMR spectral data were
similar to those of dysidamide 1, pointing out the presence
Tetrahedron 61 (2005) 955–963



Table 1. 1H NMR data of compounds 1–4 and 10 recorded in CDCl3 (dH, multiplicity, J in Hz)

No 1 2 3 4 10

4 4.13 (d, 7.5) 4.10 (br d, 7.3) 4.14 (d, 7.7) 4.12 (d, 7.3)
5 4.38 (dt, 7.5, 5.3) 4.28 (m) 4.36 (dt, 7.6, 5.2) 4.31 (ddd, 7.3, 4.5, 7.0) 4.52 (t, 6.5)
6 2.17 (m) 2.04 (ddd, 14.1, 6.0, 7.0)

1.85 (m)
2.16 (m) 2.03 (brdd, 14.0, 6.9)

1.88 (ddd, 14.3, 5.9, 4.5)
2.20 (dd, 6.0, 6.8)

7 2.97 (m) 2.48 (m) 2.98 (m) 2.48 (m) 2.98 (m)
8 5.93 (d, 2.9) 5.94 (d, 2.8)
9 1.21 (s) 1.20 (s) 1.19 (s) 1.22 (s) 1.31 (s)
10 1.22 (s) 1.20 (s) 1.21 (s) 1.21 (s) 1.40 (s)
11 1.37 (d, 6.4) 1.17 (d, 6.7) 1.36 (d, 6.5) 1.19 (d, 6.0) 1.47 (d, 6.4)

2 0 3.55 (dd, 18.1, 1.6)
3.14 (dd, 18.1, 9.4)

3.20 (dd, 18.1, 5.9)
2.98 (dd, 18.1, 6.9)

3.19 (dd, 18.1, 5.8)
3.03 (dd, 18.1, 7.1)

3.58 (dd, 18.1, 2.6)
3.11 (dd, 18.1, 9.3)

3.68 (dd, 18.0, 1.8)
3.25 (dd, 18.0, 9.2)

3 0 3.29 (m) 2.77 (m) 2.78 (m) 3.30 (ddq, 2.7, 9.2, 6.5) 3.31 (m)

4 0 5.95 (d, 3.3) 5.95 (d, 3.3)

5 0 1.34 (d, 6.4) 1.19 (d, 6.6) 1.18 (d, 6.7) 1.35 (d, 6.5) 1.39 (d, 6.6)
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of a pyrrolidinone ring system (see Table 1). In comparison
with dysidamide 1, we observed in the 1H NMR spectrum
the presence of one additional signal at d 5.95 (1H, d, JZ
3.3 Hz). The 13C NMR spectrum showed the loss of the
quaternary carbon signal at d 104.9 and the presence of one
additional methine carbon signal at d 77.8. Furthermore, we
noticed that the methine proton at d 50.7 was shifted at d
40.1. This information suggested the replacement of one
CCl3 group by a CHCl2 functionality in 3. This hypothesis
was strengthened by COSY spectrum. Starting from the
additional proton at d 5.95 (H4 0), correlations could be
observed to the methine proton at d 2.78 (H3 0), which in turn
coupled to both methylene protons at d 3.19–3.03 (H2 0) and
methyl protons at d 1.18 (H5 0), confirming the presence of a
Me–CH(CHCl2)–CH2– side chain in 3. A second spin
system was observed in the COSY spectrum with
correlations between the methyl doublet at d 1.36 (H11) to
the methine proton at d 2.98 (H7), which in turn coupled to
the methylene protons at d 2.16 (H6). These protons further
coupled to the methine proton at d 4.36, which coupled to
the methine proton at d 4.14 (H4), as in dysidamide 1. Key
HMBC correlations between both methylene protons at d
3.19–3.03 (H2 0) and methine proton at d 4.36 (H5) with the
carbonyl C1 0 at d 172.9, unambiguously located each chain
on the pyrrolidinone ring as depicted in Figure 2. NOESY
correlations between the methyl protons at d 1.21 in position
10 and both methine protons at d 4.36 (H5) and 4.14 (H4)
and between the methyl protons at d 1.19 in position 9 with
the methylene protons at d 2.16 indicated that the relative
stereochemistry of the new compound 3 was identical to that
of dysidamide 1. We propose the name dysidamide D for
this compound 3.

Compound 4 was isolated as a colourless glass, [a]DZK3.5
(c 0.3, CH2Cl2). The molecular formula, C15H22NO3Cl5,
deduced from HREIMS indicated that compound 4 was
isomer of compound 3. The 1H NMR spectrum rather
matched that of dysidamide B 2 by the presence of the non
equivalent methylene protons at d 2.03–1.88. However, we
noticed in the 1H NMR spectrum the loss of one doublet
signal at d 5.95 (see Table 1). The COSY spectrum
delineated the presence of two spin systems, whose position
was secured by HMBC correlations, as presented in
Figure 3. NOESY correlations between the methyl protons
Me-10 at d 1.21 and the methine protons at d 4.31 (H5) and
4.12 (H4) and between the methyl protons at d 1.22 and the
methylene protons at d 2.03–1.88 were observed, assigning
the stereochemistry of 4 identical to that of dysidamide 1.
Thus, combined 2D NMR data allowed to propose the
structure depicted in Figure 1 for compound 4 (see also
Tables 1 and 5), we named dysidamide E.

Compound 5 was obtained as white needles, mp 173–
174 8C, [a]DZK41.8 (c 1.1, CH2Cl2). The molecular
formula C16H25NO4Cl6 was obtained by combined
HREIMS and 13C NMR spectral data. The spectral data of
5 were similar to those obtained for dysidamide 1 (see
Table 2). The significant difference in 1H NMR spectrum
was the presence of two additional signals at dH 5.84 and d

3.70. This last signal gave a carbon resonance in 13C NMR
spectrum at d 52.4, indicating the presence of a methoxyl
group in the molecule. HMBC correlations between these
methoxyl protons at d 3.70 to the carbonyl at d 178.9
suggested the presence of a methyl ester. HMBC corre-
lations between the two singlet methyl protons at d 1.19 and
1.28 to the carbonyl at d 178.9, placed the methyl ester
function in position 2 on the molecule. We also observed the
presence of two resonances at d 106.1 and 105.0 due to two
CCl3 groups. Also in this case, the COSY spectrum
confirmed the presence of the two chains identical to
those of dysidamide 1. In addition, the deshielded proton at
d 5.84, which did not matched any carbon resonance in the
HSQC spectrum, showed an HMBC correlation to the
carbonyl at d 169.7, showing the presence of an amide
function. At last, key HMBC correlations between the
methine proton at d 2.48–1.45 (H5) to the carbonyl at d

169.7, suggested the arrangement reported in Figure 1 for
compound 5.

Compound 6 was obtained as white needles, mp 95–96 8C;
[a]DZK29.6 (c 0.44, CH2Cl2), that analysed for
C16H23NO4Cl6 by HREIMS. The IR spectrum showed
absorptions due to the presence of three carbonyl groups (l
1749, 1723 and 1683 cmK1). The spectral data of 6 were
similar to those of compound 5 (see Table 2). The only
noticeable difference in the 1H NMR spectrum was the loss
of the methine proton at d 3.59. We observed in the 13C
NMR spectrum an additional signal at d 206.9. These
spectral differences were readily accommodated by the
replacement of the secondary alcohol group in 5 by a ketone
function in position 3 of the molecule. This proposal was



Figure 1. Structures of compounds 1–10 isolated from the marine sponge Lamellodysidea herbacea.

Figure 2. COSY and selected HMBC correlations used to determine the
structure of 3.

Figure 3. COSY and selected HMBC correlations used to determine the
structure of 4.
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Table 2. 1H and 13C NMR data of compounds 5–6 recorded in CDCl3

N8 5 6

dC dH (m, J in Hz) HMBC (H/C) dC dH (m, J in Hz) HMBC (H/C)

1 178.9 173.5
2 45.8 40.5
3 78.9 3.59 (d, 1.1) 1, 2, 5, 9, 10 206.9
4 46.7 4.33 (ddd, 12.6, 11.7, 1.1) 5, 6, 11 51.6 5.09 (ddd, 11.8, 9.5, 2.3) 5, 6, 11
5 39.5 2.48 (ddd, 12.8, 12.8, 0.8)

1.45 (ddd, 13.9, 2.5, 10.1)
4, 6, 7, 11, 1 0 36.9 2.12 (brdd, 14.2, 0.7)

1.68 (ddd, 14.2, 10.2, 2.3)
4, 6, 7, 11, 1 0

6 52.0 2.39 (ddq, 10.1, 1.7, 6.3) 4, 5, 11, 1 0 51.7 2.47 (m) 4, 5, 11, 1 0

7 106.1 105.3
8 52.4 3.70 (s) 1 52.9 3.73 (s) 1
9 20.1 1.19 (s) 1, 2, 3,10 21.9 1.42 (s) 1, 2, 3,10
10 24.0 1.28 (s) 1, 2, 3, 9 22.2 1.43 (s) 1, 2, 3, 9
11 16.8 1.41 (d, 6.3) 5, 6, 7 16.3 1.42 (d, 4.2) 5, 6, 7

1 0 169.7 170.0

2 0 40.4 2.92 (dd, 14.8, 2.5)
2.13 (dd, 14.8, 10.2)

1 0, 30, 5 0 40.3 2.97 (dd, 14.9, 3.1)
2.20 (dd, 14.9, 9.6)

1 0, 3 0, 5 0

3 0 51.6 3.17 (ddq, 10.2, 2.5, 6.4) 1 0, 20, 4 0, 5 0 51.6 3.17 (ddq, 3.1, 9.6, 6.5) 1 0, 2 0, 4 0, 5 0

4 0 105.0 104.8

5 0 16.8 1.33 (d, 6.4) 2 0, 30, 4 0 16.9 1.34 (d, 6.5) 2 0, 3 0, 4 0

NH1 0 5.84 (d, 9.8) 3, 4, 1 0 6.02 (d, 9.5) 3, 4, 1 0
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confirmed by interpretation of combined 2D NMR spectra
(see Table 2).

Compound 8 was isolated as white needles, mp 171–172 8C,
[a]DZK36.0 (c 0.84, CH2Cl2). Its ESI mass spectrum
exhibited a cluster of peaks at m/z 288, 290, 292, 294 with a
pattern characteristic of a trichlorinated compound. The
molecular formula C10H16NO2Cl3 was determined on the
basis of HREIMS and NMR data. Comparison of the NMR
data of 8 with those of dysidamide 1 indicated that 8 also
contained a pyrrolidinone ring system. The 1H NMR
spectrum also showed the presence of a methylene group
at d 2.33–1.73, one methine at d 2.79 and one methyl
doublet at d 1.40, indicating that 8 possessed the same
MeCH(CCl3)CH2– side chain as dysidamide 1 on C5.
NOESY correlations between the methyl protons in position
10 at d 1.15 and protons H-4 and H-5 and between the
methyl protons in position 9 at d 1.12 with the methylene
protons at d 2.33–1.73 were also observed.

The structure of 8 was secured by hydrolysis of dysidamide
1. Under mild basic conditions with 0.1% K2CO3 in MeOH,
dysidamide 1 gave rise to a compound, whose NMR data
were in complete accordance with those of the natural
product 8, suggesting (S) configuration for all asymmetric
centres. We propose the name dysidamide F for compound
8.

This is the first report of this compound as a natural product.
Table 3. 1H NMR data of compounds 8, 9a and 9b recorded in CD3OD (dH, mu

N8 8

4 3.97 (d, 5.3)
5 3.86 (ddd, 5.3, 4.5, 9.5) 4.24 (dd, 3.4, 10
6 2.33 (ddd, 14.1, 10.2, 1.5)

1.73 (ddd, 14.1, 10.2, 4.0)
1.91 (ddd, 13.9,
2.13 (ddd, 13.9,

7 2.79 (m) 2.87 (ddq, 10.5,
8 — —
9 1.12 (s) 1.20 (s)
10 1.15 (s) 1.23 (s)
11 1.40 (d, 6.5) 1.41 (d, 6.5)
This compound was previously obtained after hydrolysis of
dysidamide 1.12

Compound 9 was isolated as colourless needles, mp 109 8C,
[a]DZK38.5 (c 0.75, CH2Cl2). Its ESI mass spectrum
exhibited a characteristic cluster of three chlorine atoms for
the [MCH]C peaks at m/z 286, 288, 290, 292. From the
lower peak at m/z 286.0161 (DK0.8 mmu) by HREIMS, a
molecular formula of C10H14NO2Cl3 was deduced. Its IR
spectrum showed the presence of hydroxyl or NH groups (l
3419 cmK1), two carbonyl functions (l 1775, 1711 cmK1),
one gem dimethyl (l 1416, 1389 cmK1). The 1H NMR
spectrum recorded in CD3OD was similar to that of
compound 8 but showed that all 1H signals were split into
two in a 3⁄4 :1⁄4 proportion, suggesting the presence of two
diastereoisomers (see Table 3). Compound 9 was crystal-
lized by slow evaporation from a mixture of MeOH/H2O
(7/3) for X-ray studies. The crystals belong to the triclinic
system, space group P1, chiral. Anomalous dispersion from
the chlorine atoms of the molecule permitted us to deduce
the relative stereochemistry of the asymmetric carbons,
namely C5 and C7.

The crystal is made of two pairs of molecules with
occupancy factorZ0.5 in the unit cell. In each pair, one of
the two molecules, (Ia), exhibits the S-configuration at both
quaternary carbons C5(S) and C7(S) (see Fig. 4). In the
crystal packing, molecule (Ia) is connected to either its
conformer (Ib) or to its diastereoisomer (II) by two
ltiplicity, J in Hz)

9a 9b

.9) 4.22 (dd, 5.3, 9.5)
10.5, 3.4)
10.9, 2.3)

1.80 (ddd, 13.9, 9.5, 5.3)
2.36 (m)

2.3, 6.5) 3.03 (brdq, 9.5, 6.5)
—
1.21 (s)
1.22 (s)
1.42 (d, 6.5)



Figure 4. ORTEP-plots showing the molecule Ia: C5(S), C7(S), Ib: C5(S), C7(S) and II: C5(R), C7(S) of compound 9. Atomic displacement ellipsoids drawn at
the 30% probability level, hydrogen atoms drawn as spheres of arbitrary radius.
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hydrogen bonds, involving N1a and O2 00 or O2b (dZ
2.02 Å, angle N–H–OZ151.88) and O2a and N1 00 or N1b
(dZ2.11 Å, angle N–H–OZ171.08), respectively (see
Fig. 5).

In the unit cell, molecule (Ia) adopts a N4-envelope
conformation as deduced from the torsion angles (see
Table 4). The second molecule (Ib) adopts a half-chair
conformation and also exhibits S-configuration at both
quaternary carbons. The third molecule (II) appears to be
C5(R), C7(S) and adopts a half-chair conformation (see
Fig. 4).

Hence, the crystal is made of two diastereoisomers in the
following proportion 3⁄4 :1⁄4 which is somewhat consistent
with the 1H NMR results aforementioned. We propose the
name dysidamide G for compound 9a and 5-epi-dysidamide
G for 9b (see Fig. 1).

Compound 10 was isolated as a colourless glass; [a]DZ
K62.8 (c 0.6, CH2Cl2). Its ESIMS exhibited a pseudo-
molecular ion cluster peak at m/z 474, 476, 478, 480, 482
and 484 indicating the presence of six chlorine atoms in the
molecule. The molecular formula was deduced from
HREIMS as being C15H19NO3Cl6, implying the presence
of four unsaturations in the molecule. The IR spectrum of 10
showed the presence of three carbonyl groups (1776, 1741,
1708 cmK1) and one gem dimethyl group (1385,
1373 cmK1). The 1H NMR spectrum was similar to that of
dysidamide 1 but revealed the disappearance of the methine
signal at d 4.13. The 13C NMR spectrum showed an
additional carbonyl signal at d 209.4. Extensive 1D and 2D
spectra were consistent with structure presented in Figure 1.
In particular, HMBC correlations between the gem methyl
protons at d 1.40, the methine proton at d 4.52 and the
methylene protons at d 2.20 with the carbonyl at d 209.4
supported this structure. NOESY correlation between the
methyl at d 1.31 in position 9 and the methylene protons at d
2.20 was observed. We propose the name dysidamide H for
compound 10.

Previous intensive studies of the same species, referred to as
Dysidea herbacea demonstrated that large quantities of the
filamentous cyanobacterium Oscillatoria spongeliae are
responsible for the occurrence of the isolated chlorinated
compounds.16,17 Our work also illustrates and re-enforces
the chemical diversity within the genus Lamellodysidea.

Dysidamide 1 was tested towards both mesencephalic and
cortical murine neurones. In these two neuronal cultures,
dysidamide 1 provoked the entire and rapid death of
neurones, even at doses of 0.8 mg/ml. No significant effect
was observed at 100 ng/ml. Further investigations are in
progress to evaluate the neurotoxic effect of the other
compounds in the series.
3. Experimental

3.1. General experimental procedures

Silica gel column chromatographies were carried out using



Table 4. List of selected torsion angles (8) for compound 9

Diastereoisomer C5(S) C7(S) C5(R) C7(S)

Molecule Ia Molecule Ib Molecule II

‘Five-member ring’
N1 C2 C3 C4 12.9 K10.1 K10.1
C2 C3 C4 C5 K21.5 K15.8 27.7
C3 C4 C5 N1 21.8 30.9 K32.2
C4 C5 N1 C2 K14.2 K38.0 27.2
C5 N1 C2 C3 1.5 31.6 K12.9
‘Tail’
C4 C5 C6 C7 K179.7 K172.7 169.1
N1 C5 C6 C7 K68.6 K68.2 70.2
C5 C6 C7 C8 170.2 171.8 95.9
C5 C6 C7 C11 K65.4 K73.0 K127.2

Figure 5. Crystal packing of compound 9: interpretation of the unit cell content in the bc plane. Molecule (Ia) (left column) can be H-bonded either to its
conformer (Ib) or its diastereoisomer (II). Note that in the crystallographic refinement, N1b is equivalent to N1 00, C2b to C2 00, C3b to C3 00, C4b to C4 00, C9b to
C9 00, C10 to C10 00, O2b to O2 00, O4b to O400, and so are the corresponding attached hydrogens.
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Table 5. 13C NMR data of compounds 1–4 and 10 recorded in CDCl3 and compounds 7–9 recorded in CD3OD

N8 1 2 3 4 7 8 9a 9b 10

2 178.9 178.8 178.9 178.9 183.9 183.9 180.2 180.2 176.1
3 46.4 46.5 46.3 46.5 46.7 46.7 47.4 47.4 49.1
4 72.9 73.0 73.1 72.9 77.9 77.9 215.1 215.3 209.4
5 57.0 56.7 56.9 56.8 54.8 55.3 60.2 59.9 61.4
6 33.1 31.9 33.2 31.7 33.6 34.6 37.7 37.7 35.1
7 53.5 46.5 53.5 42.8 42.1 53.3 52.7 52.2 50.4
8 105.8 78.4 105.9 78.3 80.5 107.6 106.6 106.6 105.1
9 19.3 19.3 19.3 19.2 18.6 18.8 21.2 21.4 20.8
10 23.9 24.1 24.1 24.0 23.5 23.7 21.3 21.4 22.9
11 16.9 15.1 16.9 15.5 14.9 16.7 16.1 17.0 15.8

1 0 172.3 172.7 172.9 172.2 171.0

2 0 41.9 40.9 40.8 41.9 42.4

3 0 50.7 40.0 40.1 50.7 50.4

4 0 104.9 77.8 77.8 105.0 104.7

5 0 17.2 15.4 15.2 17.3 17.4
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Kieselgel 60 (230–400 mesh, E. Merck). Fractions were
monitored by TLC using aluminium-backed sheets (Si gel
60 F254, 0.25 mm thick). Analytical reversed-phase
HPLC (Kromasil RP18 column K2185, 4.6!250 mm,
MeOH/H2O) were performed with a L-6200A pump
(Merck-Hitachi) equipped with a UV–vis detector (lZ
210 nm) L-4250C (Merck-Hitachi) and a chromato-
integrator D-2500 (Merck-Hitachi).

IR spectra were recorded on a Nicolet IMPACT 400D
FT-IR spectrophotometer.

Mass spectra were recorded on an API Q-STAR PULSAR I
of Applied Biosystem and on a JEOL MS 700BE for low
and high-resolution, respectively.

13C NMR spectra were obtained on a Bruker AC300 at
75.47 MHz, 1H NMR spectra 1D and 2D (COSY, HSQC,
HMBC, NOESY) were obtained on a Bruker AVANCE
400.

3.2. Animal material

Specimens of Lamellodysidea herbacea (Keller, 1889)
(Order Dictyoceratida, Family Dysideidae) were collected
by J. Vacelet in the Red Sea at a depth of 20 m in January
1985 during the Ardoukoba expedition. A voucher speci-
men is available from the Muséum d’Histoire Naturelle in
Marseille as collection number MHNM 13660. In the new
classification of Hooper and Van Soest, the species
D. herbacea and D. chlorea have been transferred from
Dysidea to the new genus Lamellodysidea.18 This new
genus has been split from Dysidea because of the consistent
presence in these sponges of an encrusting basal plate and
the lack of orientation of the skeleton with respect to the
surface. Many sponge specimens from the Indo-Pacific area
have been previously identified to Dysidea herbacea, which
has been originally described from the Red Sea. However, it
is likely that this species has been confused with other
species such as D. chlorea,18 which could explain the
reported chemical diversity.

3.3. Extraction and isolation

The air-dried sponge (288 g) was extracted with 3L
methanol at room temperature for 3 days. The concentrated
extract (60 g) was partitioned into hexane, CH2Cl2, MeOH
soluble fractions. The CH2Cl2 soluble extract was then
fractionated by rapid filtration on a silicagel (Merck silica
gel 70–230 mesh) column using dichloromethane with
increasing amounts of methanol as eluent. Fraction eluted
with 2% MeOH (5.4 g) was subjected to successive
reversed-phase HPLC using MeOH/H2O 7/3 as eluent
(flow rate: 1 ml/min, det. wavelength of 210 nm) to yield in
order of elution dysidamide B 2 (4.3 mg, at tZ12.66 mn),
dysidamide D 3 (1.5 mg at tZ15.44 mn), dysidamide E 4
(3.0 mg, at tZ15.90 mn), dysidamine 1 (450 mg at tZ
17.99 mn), compound 5 (11.4 mg at tZ19.55 mn), com-
pound 6 (4.4 mg at tZ19.56 mn), dysidamide H 10 (6.4 mg
at tZ20.86 mn). Fraction eluted with 5% MeOH (5.5 g) was
first separated on a Sephadex LH20 in 5 subfractions.
Subfraction 3 (3.6 g) was successively subjected to
reversed-phase column and RP-18 HPLC using MeOH/
H2O 7/3 as eluent to yield dysidamide C 7 (1 mg),
dysidamide F 8 (10 mg) and dysidamide G 9a with 5-epi-
dysidamide G 9b (26 mg).
3.3.1. Compound 1. Dysidamide, 4-hydroxy-3,3-
dimethyl-1-(4,4,4-trichloro-3-methyl-1-oxobutyl)-5-
(3,3,3-trichloro-2-methylpropyl)-2-pyrrolidinone.
0.450 g, 0.15% dry weight white crystals; mp 133 8C;
[a]DZK16.1 (c 2.76, CH2Cl2), IR n cmK1: 3447, 1722,
1700, 1385, 1385, 1387, 1H and 13C NMR data recorded in
CDCl3: see Tables 1 and 5; HREIMS [MCH]C found at m/z
473.9758 (DC0.5 mmu) for C15H22NO3

35Cl6.
3.3.2. Compound 2. Dysidamide B, 1-(4,4-dichloro-3-
methyl-1-oxobutyl)-5-(3,3-dichloro-2-methylpropyl)-4-
hydroxy-3,3-dimethyl-2-pyrrolidinone. 0.0043 g,
0.0015% dry weight colourless glass; [a]DZC10.5 (c
0.43, CH2Cl2), IR n cmK1: 36.7, 1743, 1701, 1388, 1374; 1H
and 13C NMR data recorded in CDCl3: see Tables 1 and 5;
HREIMS [MCH]C found at m/z 406.0500 (DK1.0 mmu)
for C15H24NO3

35Cl4.
3.3.3. Compound 3. Dysidamide D, 1-(4,4-dichloro-3-
methyl-1-oxobutyl)-4-hydroxy-3,3-dimethyl-5-(3,3,3-tri-
chloro-2-methylpropyl)-2-pyrrolidinone. 0.0015 g,
0.05!10K2 % dry weight colourless glass; [a]DZK4.0
(c 0.15, CH2Cl2); IR n cmK1: 3606, 1741, 1697, 1386, 1371,
1H and 13C NMR data recorded in CDCl3: see Tables 1
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and 5; HREIMS [MCH]C found at m/z 440.0118
(DK0.2 mmu) for C15H23NO3

35Cl5.

3.3.4. Compound 4. Dysidamide E, 5-(3,3-dichloro-2-
methylpropyl)-4-hydroxy-3,3-dimethyl-1-(4,4,4-tri-
chloro-3-methyl-1-oxobutyl)-2-pyrrolidinone. 0.003 g,
0.10!10K2 % dry weight colourless glass; [a]DZK3.5
(c 0.3, CH2Cl2); IR n cmK1: 3614, 1745, 1703, 1395, 1381;
1H and 13C NMR data recorded in CDCl3: see Tables 1
and 5; HREIMS [MCH]C found at m/z 440.0112
(DK0.7 mmu) for C15H23NO3

35Cl5.

3.3.5. Compound 5. 7,7,7-Trichloro-3-hydroxy-2,2,6-
trimethyl-4-(4,4,4-trichloro-3-methyl-1-oxobutyl-
amino)-heptanoic acid methyl ester. 0.0114 g, 0.4!10K2

% dry weight white needles; mp 173–174 8C, [a]DZK41.8
(c 1.1, CH2Cl2), IR n cmK1: 3423, 1698, 1676, 1510, 1393,
1374; 1H and 13C NMR data recorded in CDCl3: see
Table 2; HREIMS [MCH]C found at m/z 505.9988
(DK0.5 mmu), for C16H26NO4

35Cl6.

3.3.6. Compound 6. 7,7,7-Trichloro-2,2,6-trimethyl-3-
oxo-4-(4,4,4-trichloro-3-methyl-1-oxobutylamino)-
heptanoic acid methyl ester. 0.004 g, 0.14!10K2 % dry
weight, white needles; mp 95–96 8C; [a]DZK29.6 (c 0.44,
CH2Cl2), IR n cmK1: 3414, 1749, 1723, 1683, 1512, 1427;
1389, 1376, 1H and 13C NMR data recorded in CDCl3:
see Table 2; HREIMS [MCH]C found at m/z 503.9821
(DK1.5 mmu), calcd 503.9836 for C16H24NO4

35Cl6.

3.3.7. Compound 7. Dysidamide C, 5-(3,3-dichloro-2-
methylpropyl)-4-hydroxy-3,3-dimethyl-2-pyrrolidinone.
0.001 g, 0.03!10K2 % dry weight white needles; 13C NMR
data recorded in CD3OD: see Table 5; ESIMS [MCH]C

found at m/z 254.0578 for C10H18NO2Cl2.

3.3.8. Compound 8. Dysidamide F, 4-hydroxy-3,3-
dimethyl-5-(3,3,3-trichloro-2-methylpropyl)-2-pyrroli-
dinone. 0.010 g, 0.3 10K2 % dry weight white needles;
mp 171–172 8C; [a]DZK36.0 (c 0.84, CH2Cl2); IR n cmK1:
3610, 3423, 1716, 1392, 1386; 1H and 13C NMR data
recorded in CD3OD: see Tables 3 and 5; HREIMS [MC
H]C found at m/z 288.0319 (DK0.6 mmu) for C10H17NO2
35Cl3.

3.3.9. Compound 9. Dysidamide G with 5-epi-dysida-
mide G, 3,3-dimethyl-4-oxo-5-(3,3,3-trichloro-2-methyl-
propyl)-2-pyrrolidinone. 0.026 g, 0.9!10K2 % dry
weight colourless needles; mp 109 8C, Rf (CH2Cl2/acetone
1:1) 0.11; [a]DZK38.5 (c 0.75, CH2Cl2), IR n cmK1: 3419,
1775, 1711, 1416, 1389; 1H and 13C NMR data recorded in
CD3OD: see Tables 3 and 5; HREIMS [MCH]C found at
m/z 286.0161 (DK0.8 mmu) for C10H15NO2

35Cl3.

3.3.10. Compound 10. Dysidamide H, 3,3-dimethyl-4-
oxo-1-(4,4,4-trichloro-3-methyl-1-oxobutyl)-5-(3,3,3-tri-
chloro-2-methylpropyl)-2-pyrrolidinone. 0.0064 g,
0.22!10K2 % dry weight colourless glass; [a]DZK62.8
(c 0.6, CH2Cl2), IR n cmK1: 1776, 1741, 1708, 1385, 1373;
1H and 13C NMR data recorded in CDCl3: see Tables 1
and 5; HREIMS [MCH]C found at m/z 471.9579
(DC0.5 mmu) for C15H20NO3

35Cl6.
3.4. X-ray crystallographic analysis

A total of 8577 (4051 unique) reflections were collected up
to 2qmaxZ50.08 in 234 frames of 28 oscillation range using
an Enraf-Nonius Kappa-CCD diffractometer with graphite
monochromated Mo-K radiation (lZ0.71073 Å) at room
temperature. The structure was solved by Patterson method
to locate four over six chlorides, the rest of atoms was
derived from successive Fourier difference syntheses.
Structural parameters were refined based on F2 using the
programs from the SHELX97 package.19 All non-hydrogen
atoms were refined anisotropically, except for C11b and
C11 00. Hydrogen atoms were assigned idealized locations
and given isotropic displacement parameters 1.15! that of
the bonded carbon atoms (but 1.2! for the hydrogens in
methyl groups).

Crystallographic data for C10H14Cl3NO2 (FWZ286.57),
colourless thin needles [the crystal size, 0.1!0.3!
0.35 mm3], triclinic, P1 (#1), aZ6.010 (4) Å, bZ10.341
(3) Å, cZ11.103 (4) Å, aZ92.268, bZ94.12 (2)8, gZ
97.248, VZ681.9 (6) Å3, ZZ2, DcalcdZ1.396 g/cm3, m
(Mo-Ka)Z0.658 mmK1, observed unique reflectionsZ
4047, 358 parameters refined using 11 restraints. For 3210
FO4s (F): R1Z0.0590 (based on F), wR2Z0.1614 (based
on F2) and goodness of fit factorZ1.051 (based on F2).
DrmaxZ0.29!103 Å, DrminZK0.21 eÅ3.

Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited with the
Cambridge Crystallographic Data Centre (CIF file) as
supplementary publication number CCDC 244215.
Copies of the data can be obtained free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1,
EZ, UK [fax: C44(0)1223-336033 or e-mail: http://
deposit@ccdc.cam.ac.uk].
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Abstract—This paper describes bis[3-(triethoxysilyl)propyl]tetrasulfide, which is the first liquid sulfur-transferring agent useful for the
conversion of nucleoside phosphite intermediates in the synthesis of the phosphorothioates using a phosphoramidite strategy. This liquid
reagent is preferable to existing solid sulfur-transferring agents, because it enables solid-phase synthesis with an automated DNA/RNA
synthesizer, while avoiding the risk of accumulation of reagent deposits in the delivery tubes and valves of the synthesizer during
sulfurization.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Oligodeoxyribonucleotide phosphorothioates have attracted
a great deal of attention as promising antisense molecules;1

thus, the development of an efficient method for synthesis of
these substances has become important.1 Synthesis is now
most conventionally carried out in a solid phase using the
phosphoramidite method.2 For the phosphoramidite
approach, the invention of a sulfurizing agent useful for
the conversion of nucleoside phosphites to phosphorothio-
ates remains important. Thus far, a number of sulfurizing
agents have been suggested, including elemental sulfur,3

3H-1,2-benzodithiol-3-one 1,1-dioxide (Beaucage reagent),4

tetraethylthiuram disulfide,5 dibenzoyl tetrasulfide,6

bis(ethoxythiocarbonyl) tetrasulfide,7 benzyl(triethyl)ammo-
nium tetrathiomolybdate,8 bis(arenesulfonyl) disulfides [e.g.
bis(benzenesulfonyl) disulfide, bis(p-toluenesulfonyl) disul-
fide, bis(p-methoxybenzenesulfonyl) disulfide, and bis(p-
chlorobenzenesulfonyl) disulfide9], diphenylacetyl disul-
fide,10 bis(ethoxythiocarbonyl) disulfide,11 propylene sulfide
in the presence of ReOCl3[P(C6H5)3]2 as a catalyst,12 bis(O,O-
diisopropoxyphosphinothioyl) disulfide,13 3-methyl-1,2,4-
dithiazolin-5-one,14 3-ethoxy-1,2,4-dithiazolidin-5-one,15–17

1,2,4-dithiazolidine-3,5-dione,16,17 3-amino-1,2,4-dithiazol-
5-thione,18 and 2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.003
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diphosphetane-2,4-disulfide (Lawesson’s reagent).19 How-
ever, these reagents are solids with insufficient solubility
in solvents suitable for this type of synthesis, such as
acetonitrile and toluene. Accordingly, use of these reagents
for solid-phase synthesis is often difficult because the
reagent deposits in delivery tubes and valves, thereby caus-
ing serious mechanical problem. In contrast, there would be
no such risk if a liquid reagent could be used that is freely/
highly soluble in various organic solvents. Furthermore,
high solubility of the reagent would enable the use of a high-
concentration solution, and thus avoids the need for
undesired large volume of solvent. This issue is particularly
relevant in the case of large-scale syntheses, for example, in
the synthesis of substances practically used for antisense
therapy. Thus, although liquid sulfurizing agents useful for
solid-phase synthesis are critical, no such reagents have
been found to date. The liquid reagent, di-tert-butyl
disulfide, was previously suggested,20 but this reagent
requires UV irradiation in order to become active,21 and
thus it is only useful for liquid-phase synthesis. Conse-
quently, there is still no useful liquid sulfurizing agent
known for application in solid-phase synthesis. This paper
describes bis[3-(triethoxysilyl)propyl] tetrasulfide (TEST)
{[(C2H5O)3SiCH2CH2CH2SS]2}22 as the first example of a
liquid sulfurizing agent found to be useful not only for the
liquid-phase synthesis, but also the solid-phase synthesis of
nucleoside phosphorothioates through a phosphoramidite
approach.
Tetrahedron 61 (2005) 965–970



M. Hyodo et al. / Tetrahedron 61 (2005) 965–970966
2. Results and discussion

First, the utility of TEST was examined for the liquid-phase
preparation of the dinucleoside phosphorothioate 9. To this
end, the nucleoside phosphoramidite 4 (0.20 mmol) and the
nucleoside 5 (0.20 mmol) were condensed using benzimid-
azolium triflate (BIT)23 (0.20 mmol) as a promoter in the
presence of powdery molecular sieves (MS) 3A (ca.
50 mg)24 in acetonitrile (1.0 mL) (25 8C, 1–10 min).
Subsequently, the resulting product (the dinucleoside
phosphite), without isolation, was sulfurized in the same
flask by adding neat TEST (0.22 mmol) only or a mixture of
TEST (0.22 mmol) and an additive reagent (in the amount
shown in Table 1).25 Yield of the target phosphorothioate 9
was estimated by the 31P NMR analysis of an aliquot of the
reaction mixture collected at suitable intervals. Table 1
summarizes the results, which demonstrated that it is crucial
to use DMAP or N-methylimidazole (N-MeIm) as an
additive in more than 3 equiv with respect of the amount
of TEST in order to smoothly accomplish sulfurization and
to obtain a high yield of the target product. For example,
sulfurization in the presence of DMAP in three to 5 equiv to
TEST was completed within 1 min to provide 9 in an almost
quantitative yield. In contrast, the sulfurization in the
absence of the additive (a reaction promoter), i.e. the
reaction in neat TEST was not completed within 1 min, and
the yield of 9 after 1 min was ca. 75%. This reaction
required 10 min for completion. The amount of the
promoter was also important. Less than 3 equiv of the
reaction promoter with respect to TEST did not enable a
sufficiently rapid reaction. For instance, when 1 equiv of
DMAP was used, the reaction required 5 min for com-
pletion. The crude product always included a small amount
of phosphate, but the ratio of the phosphorothioate 9 versus
the undesired phosphate (S/O ratio) was generally high. For
example, the S/O ration in the crude product obtained by
synthesis using 3 equiv of DMAP with respect to TEST was
O99.5:0.5. In general, this strategy could be applied for
the preparation of other dinucleoside phosphorothioates
such as 6, 7, and 8, using 1, 2, and 3, respectively, as the
phosphoramidite. The isolated yields of 6, 7, and 8, prepared
via 1-min sulfurization using a mixture of TEST (1.1 equiv
to the phosphoramidite) and DMAP (3.3 equiv to the
phosphoramidite) were as follows: 6, 95%; 7, 92%; and 8,
96%. The S/O ratios in these products were all O99.5:0.5.
In all cases, no damage of the nucleoside bases, carbo-
hydrate moieties, or protecting groups was observed.
Table 1. Synthesis of the dinucleotide phosphorothioate 9: effect of an
additive on sulfurization using TEST

Additive (equiva) Reaction time/min Product yield/%

None 1 75
None 5 95
None 10 100
DMAP (1.1) 1 98
DMAP (1.1) 5 100
DMAP (3.3) 1 100
N-Melm (1.1) 1 81
N-Melm (1.1) 5 98
N-Melm (3.3) 1 94
N-Melm (3.3) 5 100
Benzimidazole (3.3) 1 100
HMPA (3.3) 1 96

a Molar equivalents with respect to the amount of TEST.
Furthermore, we investigated the utility of TEST in the
synthesis of the methyl phosphorothioate 10 and the 2-
cyanoethyl phosphorothioate 11, in which internucleotide-
bond formation was achieved using 12 or 13, respectively,
as the phosphoramidite under similar conditions to those
described above. However, in these two cases, the undesired
and extensive elimination of the methyl and cyanoethyl
groups took place. Thus, the present method was not
deemed useful for the synthesis of methyl and cyanoethyl
phosphorothioates.

In the present sulfurization reaction, the promotion of N-
MeIm could be explained as follows. The mechanism of the
reaction in the absence of a promoter can be conceived as
the equation shown in the first line of Scheme 1. Thus, first
the phosphite reacts with TEST to form the phosphonium
disulfide X and the disulfide anion Y. Then, the anion Y
nucleophilically attacks the sulfur atom of X, giving the
phosphorothioate Z and R 0SSSR 0 [R 0Z(C2H5O)3SiCH2-
CH2CH2].26 In this process, the reaction of X and Y may
be the rate-determining step, but Y is not sufficiently
nucleophilic. Therefore, the rate of the reaction is rather
slow. However, when N-MeIm, the nucleophilicity of which
is higher than that of the disulfide ion Y, is present, then
N-MeIm will react with X in place of Y, as shown in the
equation in the second line of Scheme 1.

Consequently, the replacement is more smoothly accom-
plished to produce the phosphorothioate Z. Here, the
above-mentioned demethylation in the synthesis of methyl
phosphorothioates may be caused by the nucleophilic



Scheme 1. Proposed mechanism of sulfurization of a phosphite to a phosphorothioate.

Table 2. Reaction sequence of the solid-phase synthesis

Step Operation Reagent(s) Time
(min)

1 Washing CH3CN 0.4
2 Detritylation 3% Cl3CCOOH 1.3
3 Washing CH3CN 0.8
4 Coupling 0.1 M Amidite/CH3CN 1.0
5 Washing CH3CN 0.2
6 Capping Ac2O/2,6-lutidine/THF (1:1:8)CN-

methylimidazole/THF
0.3

7 Washing CH3CN 0.2
8 Sulfurization 0.1 M TEST/0.5 M N-methylimida-

zole/DMF
10.0

9 Washing CH3CN 0.6
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attack of N-MeIm or by the disulfide anion Y. However, in
the synthesis of cyanoethyl phosphorothioates, N-MeIm
may act as a base deblocking the cyanoethyl group via
a b-elimination process.

We next examined the utility of TEST for the solid-phase
synthesis of nucleotide phosphorothioates via the phosphor-
amidite method on an automated Applied Biosystems
Model 392 DNA/RNA synthesizer. As shown in the
solution-phase synthesis, it also appears to be crucial for
solid-phase synthesis that one uses DMAP or N-MeIm as a
promoter in order to obtain good results. However, because
DMAP is a solid reagent that is not highly soluble in organic
solvents, this material has the potential of depositing in the
synthesizer, causing mechanical problems. On the other
hand, N-MeIm is a freely or highly soluble liquid in various
organic solvents, and thus there is no risk of depositing in a
machine when such a solvent is used for dissolving the
reagent. Thus, we chose N-MeIm as the promoter.
Furthermore, in contrast to the liquid-phase synthesis
carried out in a flask, it is impossible to add a neat form
of TEST to the reaction mixture in the case of solid-phase
synthesis achieved using an automated machine; thus, in the
solid-phase synthesis, we had to use TEST as a solution in a
suitable solvent. Therefore, before starting our synthesis, we
tested the stability of TEST in the presence of N-MeIm in an
organic solvent. The test was carried out using 0.25 M
TEST/1.25 M N-MeIm solution in various media by
keeping the samples at 25 8C for 7 days. The solvents
tested included benzene, dichloromethane, ethyl acetate,
acetone, anisole, acetonitrile, a 1:1 mixture of dichloro-
methane and acetonitrile, a 1:4 mixture of dichloromethane,
methanol, tert-butyl alcohol, DMSO, N-methyl-2-pyrroli-
done, DMF, and HMPA. Here, it was revealed that TEST is
stable in tert-butyl alcohol, N-methyl-2-pyrrolidone, DMF,
and HMPA, but it underwent decomposition in other
solvents, generating a colorless precipitate of sulfur.
Among the four solvents that did not decompose TEST,
we chose DMF for use in the following examinations,
because this solvent is very inexpensive, non-toxic, and
appears to be safer for use in reactions on this type of
machine.26 We next attempted to determine which con-
ditions would be suitable for solid-phase synthesis by the
preparation of TpsT (psZphosphorothioate linkage), using
4 as the phosphoramite unit. The synthesis was examined on
a 1.0-mmol scale, starting from 14, i.e. thymidine bound at
its 3 0-terminal oxygen via a long chain alkylamine chain to
controlled pore glass; the chain elongation was performed
according to the protocol shown in Table 2. In this synthesis,
the sulfurization of the phosphite intermediate was exam-
ined by the use of (i) a 0.1 M TEST, 0.5 M N-MeIm/DMF
solution (method A), (ii) a 0.1 M TEST, 2.5 M N-MeIm/
DMF solution (method B), (iii) a 0.25 M TEST, 1.25 M
N-MeIm/DMF solution (method C), (iv) a 0.25 M TEST,
1.25 M N-MeIm/N-methyl-2-pyrrolidone solution (method
D), (v) a 0.5 M TEST, 2.5 M N-MeIm/DMF solution
(method E), or (vi) a 1.0 M solution of TEST in N-MeIm
(method F). After elongation of the nucleotide linkage was
complete, TpsT was isolated by treatment with Pd2

[(C6H5CH]CH)2CO]3$CHCl3 in the presence of (C6H5)3P
and butylammonium formate in THF (50 8C, 1 h) for
deblocking the allyl protector, and then with conc. ammonia
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(30 min) for detaching the nucleotide from the solid support.
The purity and yield of the product were determined by the
31P NMR analysis of the crude material. Among the
sulfurization methods, method A was found to be the best,
and the reaction was complete in 10 min. In this case, TpsT
was obtained in a 98% isolated yield and the S/O ratio of the
product was O99.5:0.5. However, in the case of the
syntheses employing method B, C, D, E, or F for 10 min,
the phosphorothioate was obtained in only an 89 (method
B), 49 (method C), 37 (method D), 25 (method E) or 37%
(method F) yield, respectively. In these cases, completion of
the sulfurization required longer than 10 min. It should be
noted that one of these methods caused technical problems
with regard to the delivery tubes and machine valves; this
was the case not only during but also after the sulfurization
process, as the substances used for sulfurization and those
generated by sulfurization were highly soluble in the
reaction solvent. Subsequently, we carried out the prepar-
ation of a longer oligomer, (Tps)19T, via the procedure
shown in Table 2, in which the sulfurization was performed
in 10 min by method A.27 The chain elongation was
achieved at a 97.2% average coupling yield to give the
desired product in a 78% overall yield, which had high
purity in the crude form, as shown in Figure 1. The S/O ratio
of this product was 99:1.
3. Conclusion

Here, we disclosed the first example of a liquid sulfurizing
agent, TEST, which was found to be useful for the
conversion of nucleoside phosphites to the phosphorothio-
ates. We compared the utility of TEST with that of the
Beaucage reagent, a representative sulfurizing agent that is
currently the most widely used reagent for such purpose.
With regard to its reactivity in solid-phase synthesis, TEST
is unfortunately inferior to the Beaucage reagent. For
example, in the solid-phase synthesis of TpsT, sulfurization
using a 0.1 M solution of the Beaucage reagent in
Figure 1. The 31P NMR spectrum of (Tps)19T in crude form.
acetonitrile was completed in 0.25 min to give the target
product in a 98% yield (the S/O ratio in the product
Z99.0:1.0). On the other hand, sulfurization using a 0.1 M
TEST and 0.5 M N-methylimidazole solution in DMF was
rather slow, i.e. required 10 min for completion in order to
obtain the desired product in a comparable yield (98%) to
that shown in the synthesis using the Beaucage reagent.
However, TEST was found to be superior in some respects
to the Beaucage reagent. The clearest advantage of TEST
was that this reagent is a liquid. This feature is quite
beneficial in the context of solid-phase synthesis, because
there is no risk that the reagent will deposit in the delivery
tubes and the synthesizer valves. Another advantage of
TEST is that it is highly soluble in various organic solvents
such as acetonitrile and THF. This characteristic is also an
important advantage for solution-phase synthesis on a large
scale, because it circumvents the need for use of an
undesirably large volume of solvent. Another advantage of
TEST is that this compound is commercially available at a
reasonable price, i.e. it costs less than the Beaucage
reagent.28 The low-cost availability of this novel reagent
will prove to be an important feature for large-scale
synthesis. Thus, TEST is more useful than the Beaucage
reagent in such cases. Furthermore, TEST is quite stable in a
moist environment and does not undergo decomposition
with storage under ordinary conditions, nor does it
decompose during synthetic procedures, including workup.
In contrast, the Beaucage reagent is very sensitive to
moisture. In fact, the Beaucage reagent is decomposed by
moisture present in the atmosphere during storage and is
also decomposed by water in a reaction solvent or in that
used during a workup to generate certain acidic species,
causing the cleavage of the 5 0-O-dimethoxytrityl protector
and depurination of deoxyadenosines and deoxyguanosines.
In conclusion, these merits of TEST more than compensate
for the low reactivity of this reagent, which was found to be
a sufficiently useful sulfurizing agent in the synthesis of
nucleoside phosphorothioates via the phosphoramidite
approach.
4. Experimental

4.1. General

A UV spectrum was measured on a JASCO V-500
spectrometer. NMR spectra were taken on a JEOL JNM-
a400 or ECA-500 instrument. The 1H, 13C, and 31P NMR
chemical shifts are described as d values in ppm relative to
(CH3)4Si (for 1H and 13C) and 85% H3PO4, respectively.
ESI-TOF high-resolution mass (HRMS) spectra were
obtained on Applied Biosystems Voyager MDE and
Mariner spectrometers, respectively. HPLC analysis was
carried out using a COSMOSIL 5C18-MS column (Nacalai
Tesque, ODS-5 mm, 4.6–250 mm) on a Waters 2695
Separations Module chromatograph with a Waters 2996
Photodiode Array detector. Column chromatography was
performed using Nacalai Tesque silica gel 60 (neutrality,
75 mm). Unless otherwise noted, synthetic reactions were
carried out at ambient temperature. The reactions requiring
anhydrous conditions were achieved under an argon
atmosphere in flasks dried by heating at 400 8C under 1.0–
3.0 mmHg, or by washing with a 5% solution of
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dichlorodimethylsilane in dichloromethane followed by
anhydrous dichloromethane, and then heating at 100 8C.

4.2. Materials and solvents

TEST (Gelest), DMAP (Tokyo Kasei), N-methylimidazole
(Nakarai tesque), benzimidazole (Tokyo Kasei), triphenyl-
phosphine oxide (Tokyo Kasei), 5 0-O-(p,p 0-dimethoxytrityl)
thymidine 3 0-(methyl N,N 0-diisopropylphosphoramidite)
(12) (Glen Research), 5 0-O-(p,p 0-dimethoxytrityl)thymidine
3 0-(2-cyanoethyl N,N 0-diisopropylphosphoramidite) (Glen
Research) (13) and the thymidine derivative anchored on
CPG (14) (Applied Biosystems) were commercially sup-
plied. Nucleoside phosphoramidite 1,29,30 2,29,30 329,30 and
4,29 5 0-O-free nucleoside 5,31 benzimidazolium triflate,23a

and Pd2[C6H5CH]CH]2CO]3$CHCl3
28 were prepared by

the reported methods. Diethyl ether, THF, and toluene were
used after drying by reflux over sodium-benzophenone
ketyl. Acetonitrile, DMF, and dichloromethane were
distilled from calcium hydride. Other organic reagents
were used as commercially supplied without any purifi-
cation. Solid and amorphous organic substances were used
after drying over P2O5 at 50–60 8C for 8–12 h under 1.0–
3.0 mmHg. Powdery molecular sieves (MS) 3A was
employed after drying the commercially supplied one
(Nacalai tesque) at 200 8C for 12 h under 1.0–3.0 mmHg.

4.3. General procedure for the liquid-phase preparation
of dinucleoside phosphorothioates 6–9

A mixture of the nucleoside phosphoramidite 1–4
(0.20 mmol), the nucleoside 5 (0.20 mmol), and powdery
molecular sieves (MS) 3A (ca. 50 mg) in acetonitrile
(1.0 mL) was stirred at 25 8C for 30 min. To the resulting
mixture was added benzimidazolium triflate (0.20 mmol)
and stirring was continued for 5 min. TEST (0.22 mmol)
and a promoter (0.66 mmol) were added to the reaction
mixture, which was stirred at 25 8C. An aliquot of the reaction
mixture was sampled at intervals, dissolved in CDCl3, and
subjected to 31P NMR analysis using triphenylphosphine
oxide as a standard to estimate the yield of the target
phosphorothioates. After confirming the completion of the
reaction, the reaction mixture was filtered to remove MS 3A
and the filtrate was concentrated to give a viscous oil. This
crude product was chromatographed on silica gel (50 g) to
give a pure sample of 6–9.

4.3.1. Allyl N6-(allyloxycarbonyl)-5 0-O-(4,4 0-dimethoxy-
trityl)-2 0-deoxyadenyn-3 0-yl 3 0-O-(tert-butyldimethyl-
silyl)-thymidin-5 0-yl phosphorothioate (6). 1H NMR
(CDCl3) 0.09 (s, 6H), 0.90 (s, 9H), 1.93, 1.94 (2 s, 3H),
2.06–2.19 (m, 1H), 2.24–2.31 (m, 1H), 2.73–2.78 (m, 1H),
3.00–3.11 (m, 1H), 3.39–3.46 (m, 2H), 3.77 (s, 6H), 4.01–
4.06 (m, 1H), 4.17–4.31 (m, 2H), 4.40–4.43 (m, 2H), 4.48–
4.64 (m, 2H), 4.76, 4.77 (2 s, 2H), 5.22–5.46 (m, 5H), 5.82–
6.02 (m, 2H), 6.26, 6.32 (2 t, JZ6.0 Hz, 1H), 6.47 (t, JZ
6 Hz, 1H), 6.79, 6.81 (2 s, 4H), 7.22–7.39 (m, 9H), 8.17, 8.18
(2 s, 1H), 8.68 (s, 1H), 8.81 (s, 1H), 9.78, 9.88 (2 br s, 1H). 31P
NMR (CDCl3) 67.6, 67.2; HRMS (ESIC) calcd for C54H67-
N7O13PSSiC (MCHC) 1112.4019, found 1112.4447.

4.3.2. Allyl N4-(allyloxycarbonyl)-5 0-O-(4,4 0-dimethoxy-
trityl)-2 0-deoxycytosyn-3 0-yl 3 0-O-(tert-butyldimethyl-
silyl)-thymidin-5 0-yl phosphorothioate (7). 1H NMR
(CDCl3) 0.06, 0.08 (2 s, 6H), 0.87, 0.88 (2 s, 9H), 1.88,
1.99 (2 s, 3H), 2.02–2.31 (m, 3H), 2.79–2.94 (m, 1H), 3.41–
3.44 (m, 2H), 3.74–3.80 (m, 6H), 3.92–4.78 (m, 9H), 5.16–
5.37 (m, 5H), 5.77–6.03 (m, 2H), 6.24–6.32 (m, 2H), 6.82–
6.84 (m, 4H), 6.96 (d, JZ6.0 Hz, 1H), 7.21–7.36 (m, 9H),
8.05–8.15 (m, 2H), 9.34, 9.37 (2 s, 1H). 31P NMR (CDCl3)
68.8, 68.7; HRMS (ESIC) calcd for C53H66N5O14PSSiNaC

(MCNaC) 1110.3738, found 1110.3726.

4.3.3. Allyl N2-(allyloxycarbonyl)-O6-(allyl)-5 0-O-(4,4 0-
dimethoxytrityl)-2 0-deoxyguanyn-3 0-yl 3 0-O-(tert-butyl-
dimethylsilyl)-thymidin-5 0-yl phosphorothioate (8). 1H
NMR (CDCl3) 0.09 (s, 6H), 0.89, 0.90 (2 s, 9H), 1.94, 1.95
(2 s, 3H), 2.08–2.31 (m, 2H), 2.69–2.77 (m, 1H), 2.91–3.01
(m, 1H), 3.32–3.49 (m, 2H), 3.77 (s, 6H), 3.98–4.70 (m,
8H), 5.01–5.10 (m, 2H) 5.21–5.50 (m, 7H) 5.80–6.02 (m,
2H), 6.10–6.41 (m, 3H), 6.77–6.80 (m, 4H), 7.17–7.40 (m,
9H), 7.67–7.95 (2 s, 2H), 8.80, 9.02 (2 s, 1H), 8.81 (s, 1H),
9.78, 9.88 (2 br, 1H). 31P NMR (CDCl3) 67.7, 67.3; HRMS
(ESIC) calcd for C57H71N7O14PSSiC (MCHC) 1168.4281,
found 1168.4284.

4.3.4. Allyl 5 0-O-(4,4 0-dimethoxytrityl)-thymidin-3 0-yl 3 0-
O-(tert-butyldimethylsilyl)-thymidin-5 0-yl phosphoro-
thioate (9). 1H NMR (CDCl3) 0.08, 0.10 (2 s, 6H), 0.89,
0.90 (2 s, 9H), 1.46 (s, 3H), 1.92, 1.93 (2 s, 3H), 2.05–2.62
(m, 4H), 3.40–3.49 (m, 2H), 3.80 (s, 6H), 3.94–4.62 (m,
7H), 5.20–5.41 (m, 4H), 5.78–5.96 (m, 1H), 6.12–6.28 (m,
1H), 6.39–6.44 (m, 1H), 6.85 (d, JZ4.0 Hz, 4H), 7.25–7.41
(m, 9H), 7.57–7.58 (m, 1H), 8.54–8.67 (m, 2H). 31P NMR
(CDCl3) 67.5, 67.3; HRMS (ESIC) calcd for C50H63N4O13-
PSSiNaC (MCNaC) 1041.3642, found 1041.3511.

4.4. Solid-phase synthesis of (Tps)19T

The synthesis of oligodeoxyribonucleotide phosphorothio-
ates were carried out according to the reaction cycle shown
in Table 2, respectively, using suitable phosphoramidites as
monomer units. In the synthesis via the allyl/AOC-protected
phosphoramidite approach, the solid-anchored product after
chain elongation was treated with a mixture of Pd2[(C6H5-
CH]CH)2CO]3$CHCl3 and (C6H5)3P in the presence of
n-butylammonium formate in THF at 50 8C for 60 min and
then with conc. ammonia at 25 8C for 60 min to give the
target oligomer.
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Abstract—Hydrolytic yields as high as 80% were obtained by using penicillin G amidase (PGA) on substrates anchored on optimized
positively charged PEGA polymers. By increasing the amount of permanent charges inside the polymer, electrostatic interactions between
the positively charged PEGAC and the negatively charged PGA (pIZ5.2–5.4) were strengthened, thus favouring the accessibility of the
bulky enzyme (MWZ88 kDa) inside the pores. The effect of different amounts of charges on polymer swelling and protein retention inside
the polymer was investigated and correlated to the enzyme efficiency demonstrating that electrostatic interactions predominate over swelling
properties in determining enzyme accessibility.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Evaluation of libraries of compounds generated by combi-
natorial chemistry has been appreciated during the last
decade as an efficient and rapid approach to synthesise and
screen arrays of compounds. Combinatorial biocatalysis
represents a complementary approach to combinatorial
chemistry and exploits the amazing selectivity and activity
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.11.015

Scheme 1. Structure of PEGA1900, co-polymer of poly(ethylene glycol) and
acrylamide.

Keywords: Penicillin G amidase; PEGA polymers; Solid phase biocatalysis;
Hydrolysis; Electrostatic interaction.
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of enzymes at mild experimental conditions and with a low
environmental impact. This approach requires polymer
materials that are compatible with enzyme activity. Meldal
et al. successfully developed a range of PEGA polymers
(cross-linked acrylamide and poly(ethylene glycol)
(Scheme 1) that have been used successfully in both
enzymatic acylation and hydrolysis.1

PEGA1900 was found to be completely permeable to
proteins with molecular masses of up to 35 kDa,2,3 whereas
incomplete enzyme access was observed when larger
enzymes, such as penicillin G acylase (PGA, 88 kDa)
were used.4

Penicillin G amidase, due to its high specificity for
phenylacetic group, is the enzyme of first choice for the
protection/deprotection of functional groups in solution and
it is expected to open up alternative opportunities for
releasing compounds from polymeric supports via enzy-
matic selective cleavage of ad hoc designed linkers.5

Recently, we demonstrated that the introduction of
permanent charges into PEGA polymer (by replacing 20%
(w/w) of the amide monomers with monomers containing
quaternary amine derivatives) increased swelling is
observed due to electrostatic repulsions between equal
Tetrahedron 61 (2005) 971–976
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charges which cause the enlargement of pores.6 In addition,
oppositely charged enzymes are drawn inside due to
favourable electrostatic attraction between polymer and
protein. For example, we showed that these novel resins,
PEGAC, could be used effectively for the hydrolysis of
phenylacetamides by PGA, achieving conversions of up to
48%.6

Following the promising results obtained with PEGAC, and
being aware that practical applications of enzymes in solid
phase synthesis necessitate complete enzyme accessibility
to the polymer, we report here on the further improvement
of the positively charged PEGA resins. By studying the
effect of charge density on enzyme–polymer electrostatic
Scheme 2. Structure of novel charged PEGA polymers. Partial substitution
of acrylamide monomers on PEGA1900 (a) with positively charged
monomers leads to (b) PEGAL

C (10%, w/w substitution) or PEGAC

(20%, w/w substitution) or PEGAH
C (30%, w/w substitution).

Table 1. Characteristics of novel charged PEGA polymers

Resin Solida (%) Monomer substitutionb

(%, w/w)

PEGAL
C 4.78 11.40

PEGAC 6.40 22.50
PEGAH

C 5.09 30.40

a Resins as supplied by Polymerlab, wet in methanol.
b Weight of charged monomer on the total polymer.

Table 2. Loading and chemical reactivity of charged PEGA polymers

Resin Chemic

Number of acyl

1 2

PEGAL
C 0.21 0.26

PEGAC 0.01 0.23
PEGAH

C 0.16 0.20

a Calculated on saturation data: second, third and fourth acylation step. Complete
interactions, optimal diffusion of PGA into the resin can be
achieved, thus assuring efficient hydrolytic activity.
2. Results and discussion
2.1. Characterisation of novel charged PEGA polymers

PEGAC has a polyacrylamide backbone in which acryl-
amide units are partially substituted (20%, w/w) with units
carrying 3-(trimethylammonium)propyl chloride side
chains (Scheme 2) which confer permanent positive charges
to the polymer.6

During the present study novel charged PEGA polymers
have been developed by varying the percentage of
substitution of the acrylamide monomers with charged
monomers from 10%, w/w (low density, PEGAL

C) to 30%,
w/w (high density, PEGAH

C) (Table 1).

The three polymers have a declared loading of about
0.2 mmol/gdry (Table 2). All the different PEGAC polymers
were designed so to maintain constant the amount of
primary amino groups and the presence of different
percentages of charged monomers does not affect the
chemical reactivity of the amino functions, as demonstrated
experimentally by their chemical acylation with Fmoc-Phe
(Table 2). Experimental results are in agreement with the
loading declared by the manufacturer.

The amino group distribution was studied in all the
polymers by exploiting two photon microscopy.7 The
amino groups were coupled with the fluorescent probe
dansyl chloride as reported in Scheme 3.
Scheme 3. The amino group distribution in charged PEGA polymers was
determined by coupling the fluorophore dansyl chloride.

al accessibility (mmol/gdry)

ation step Averagea

3 4

0.31 0.26 0.27
0.24 0.22 0.23
0.22 0.22 0.22

acylation was confirmed by ninhydrin test.

Figure 1. Fluorescence images of PEGA polymers. (a) PEGA1900, (b)
PEGAL

C, (c) PEGAC, (d) PEGAH
C. The beads have an average diameter

size of 300 mm.
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After the dansylation the beads were analysed with two
photon microscopy, TPM. The visual analysis of the beads
showed a uniform distribution of the amino groups inside
the polymers (Fig. 1).

Despite the similar loading determined for all the PEGA
polymers (w0.2 mmol/gdry), when the beads were sus-
pended in Kpi buffer, an increase in fluorescence intensity
was observed moving from neutral PEGA1900 to PEGAH

C

(Fig. 2). This is most probably ascribable to the presence of
quaternary ammonium groups in a microenvironment that
favours a shift in the equilibrium towards the highly
fluorescent form of the dansylated residues.
Figure 2. Fluorescence intensity (expressed in terms of adsorbance units)
of charged PEGA beads after dansylation.

Figure 4. Swelling properties of charged PEGA and neutral PEGA1900 in
ultra pure water.
2.2. Effect of permanent charge density on swelling
properties

It has been demonstrated that improved polymer swelling
can promote more efficient enzyme diffusion into the
polymer pores. Our previous studies on charged PEGAC

showed that electrostatic repulsion between the positive
charges inside the polymer causes pore enlargement and
improved swelling. Of course, the extent of the phenomenon
strongly depends both on buffer pH and ionic strength.8

Figure 3 reports the swelling behaviour of the PEGA resins
Figure 3. Swelling behaviour (mL/gdry) of neutral polymer PEGA1900

(white), PEGAL
C (grey), PEGAC (dark grey) and PEGAH

C (black)
depending on pH. Data were collected in 0.1 M (a) and 0.001 M (b) buffer
Kpi.
considered in this study as a function of ionic strength
variations and in a range of pH values from 6.0 to 8.0.

The largest extent of swelling was observed for the PEGAL
C

polymer. It is quite remarkable that the substitution of only
10%, w/w of the acrylamide in the original neutral
(PEGA1900) polymer monomers translates into a threefold
improvement, so that the swelling capacity increases from
15 mL/gdry (observed for PEGA1900) to more than
50 mL/gdry.

The data confirm the behaviour previously observed for
PEGAC: the swelling of all charged PEGA resins is
considerably favoured by low ionic strength.8 This beha-
viour is mainly due to the interference coming from the
buffer ionic species which weaken the interactions between
the permanent charges of the polymer. Data obtained using
ultra pure water support this hypothesis, demonstrating how
swelling reaches a maximum as the concentration of ionic
species in solution is minimized (Fig. 4).
In principle, a larger number of positive charges inside the
polymer should favour chain repulsion and pore enlarge-
ment, thus improving swelling capacity. The unexpected
lower swelling capacity of PEGAH

C could be ascribed to an
exceeding concentration of counter-ions inside the polymer
which could cause a sort of ‘rigidity’ of the resin.

Therefore, the PEGAL
C seems to be characterized by the

right balance between positive charges and polymer
structure so as to maximize the resin solvation and pore
enlargement.
2.3. Enzyme–resin interaction

We have previously reported that PGA can be attracted by
PEGAC thanks to electrostatic interactions occurring
between the positive charges of the polymer and the
enzyme which has an overall negative charge at pH 8.0
(five negative charges).8 In principle this phenomenon could
favour the accessibility of the protein inside the resin.

The effect of the electrostatic interactions between PGA and
the different positively charged PEGA was evaluated by
determining the amount of protein retained by each resin in
a Kpi buffer at pH 8.0 (0.001 M).
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The protein retention was determined by the Pierce
method.9 As expected, PEGAH

C exerts the largest capacity
for enzyme retention (70% of protein in solution, pH 8.0)
due to the highest density of positive charges (Fig. 5). It is
noteworthy that despite the fact that PEGAL

C shows highest
swelling capacity (Fig. 4), PGA permeates PEGAH

C more
efficiently, thus indicating the overwhelming role of
electrostatic interactions in determining enzyme accessi-
bility (Fig. 5).
Figure 5. Comparison of retained PGA by PEGA polymers (%) when
suspended in Kpi buffer 0.001 M at pH 6.0 and pH 8.0.
The strong effect of electrostatic interactions on protein
accessibility inside the polymer was evidenced by com-
paring the protein retention at pH 6.0 (Fig. 5). At pH 6.0 the
negative charge density on PGA decreases, thus causing
the weakening of the electrostatic interactions with the
positive resin and PEGAH

C in particular. This is reflected by
a considerable decrease in protein retention by PEGAH

C

from 70 to 50%.

Although both swelling and electrostatic interactions
positively affect the enzyme accessibility and diffusion,
the present data clearly demonstrate the major relevance of
electrostatic interactions. Then it appears that, by using the
appropriate solid support in controlled experimental con-
ditions, optimal enzyme diffusion into the resin can be
achieved together with favourable interactions with the
polymer backbone. In the case of PGA, maximum protein
retention was achieved working with PEGAH

C at pH 8.0 in
dilute buffer (0.001 M) (14.4 mg/mgdry of retained PGA).
Scheme 4. Chemical synthesis of PhAc-Phe-Wang-PEGA and enzymatic
hydrolysis by PGA. Yields are determined by HPLC determination of
released PhAcOH and by UV. Results were confirmed by TFA cleavage of
the Wang linker (see Section 4).
2.4. PGA efficiency in the hydrolysis of PEGA-bound
substrates

In order to evaluate the enzymatic efficiency on charged
PEGA polymers, the substrate PhAc-Phe-Wang was linked
to the polymers as described in Section 4 (Scheme 4). The
release of phenylacetic acid was quantified by HPLC. After
enzymatic hydrolysis, the obtained results were confirmed
by acylating the free amino groups of Phe-Wang with
Fmoc-Cl and then by quantifying (UV) the Fmoc released
upon chemical cleavage.

The hydrolysis study was performed at pH 8.0, which
guarantees optimal PGA hydrolytic activity. The results of
enzymatic hydrolysis (Fig. 6) are in perfect agreement with
the data of protein retention (Fig. 5).

PEGAH
C in dilute buffer allows 80% conversion to be

achieved, which is a quite impressive improvement
compared to about 10% obtained with PEGAL
C and 50%

with PEGAC.

Figure 6 clearly indicates that, by choosing the appropriate
pH and ionic strength, it was possible to take full advantage
of the innovative properties of the PEGAH

C polymers.
Experimental conditions strongly promote and reinforce
PGA–polymer interactions thus maximising protein
diffusion.

On the other hand, the results clearly indicate that PEGAL
C,

although endowed with the highest swelling capacity, is



Figure 6. Enzymatic hydrolysis catalysed by PGA on PEGAL
C, PEGAC

and PEGAH
C in Kpi buffer 0.1 and 0.001 M (pH 8.0) at 24 h reaction and

30 8C.
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less efficient for PGA applications due to its lower protein
retention caused by the fewer positive charges.
3. Conclusions

This study demonstrates that large enzymes can be
efficiently applied in solid phase chemistry. In particular,
the high hydrolytic conversions obtained by using PGA on
PEGAH

C attest that the selectivity of this enzyme can be
fully exploited, thus opening new perspectives for the
enzymatic cleavage of ad hoc designed ‘safety catch’
linkers.5
4. Experimental

4.1. General

PEGA1900 and charged PEGA (PEGAL
C, PEGAC and

PEGAH
C were supplied by Polymer Laboratories (UK).

The polymers were supplied with a declared loading of
0.1–0.2 mmol/gdry. 4-Hydroxymethylphenoxyacetic acid
(HMPA), N,N 0-diisopropylcarbodiimide (DIC), 1-hydroxy-
benzotriazole (HOBT), N-Fmoc-L-phenylalanine (Fmoc-
Phe), 4-dimethylaminopyridine (DMAP), N-ethyldiisopro-
pylamine (DIPEA), phenylacetyl-L-phenylalanine (PhAc-L-
Phe), 9-fluorenylmethyl chloroformiate (Fmoc-chloride)
and phenylacetic acid (PhAcOH) were purchased from
Sigma-Aldrich. All the solvents were of HPLC grade and
obtained from Labscan. N,N-Dimethylformamide (DMF)
was Biotech grade, O99% (Aldrich).

Penicillin G amidase (PGA) (solution: 16–32 U/mg) was
obtained from Fluka and lyophilized. The specific activity
after lyophilisation was 17 U/mg (benzylpenicillin units).
One unit corresponds to the amount of preparation that
hydrolyses 1 mmol of benzylpenicillin (solution of 10%
in Na2 HPO4/NaH2PO4 buffer, 0.02 M, pH 8.0) per minute
at 37 8C.

4.2. Chemical synthesis

Before and after any chemical step, resins were washed
three times with MeOH/DMF (1:1), MeOH, DCM
(dichloromethane) and DMF and filtered. Swelling of
polymers was determined by suspending them in the
appropriate solvent. After 90 min this suspension was
filtered by gravity force and weighed. All the reactions
(loading determination, chemical syntheses) were per-
formed at room temperature, under constant stirring on a
blood rotator (40 rpm) and repeated at least three times.

4.2.1. Ninhydrin test. Three solutions were prepared:
solution A: 5 g ninhydrin in 100 mL of ethanol; solution
B: 80 g phenol in 20 mL of ethanol; solution C: 2 mL of a
KCN solution (0.001 mequiv in pyridine) diluted to
100 mL. One drop of each solution was added on a small
sample of resin. The mixture was then heated to 200 8C.
A blue colour was evidence of the presence of unreacted
amines. Yellow indicated all amines had reacted.

4.2.2. Determination of loading. The chemical accessi-
bility was determined by reacting them with Fmoc-Phe
(3 equiv) in the presence of DIC (4 equiv) and DMAP
(0.1 equiv) in dry DMF. The process was repeated until the
ninhydrin test gave a negative result. The Fmoc group was
removed and quantified by suspending the resins in a 20%
solution of piperidine in DMF and filtering the mixture after
2 h. The loading of the resin was calculated from the filtrate
using Eq. 1

Loading ðmequiv=gdryÞ ¼
Absð290 nmÞ,VðmlÞ

4950,gdry

(1)

where Abs (290 nm) represents the absorbance at 290 nm, V
(mL) the volume of piperidine (20% in DMF) used, 4950
the 3 and gdry the amount of dry resin.

4.2.3. Synthesis of PhAc-Phe-Wang-PEGA. Before
chemical synthesis the resins were washed three times
with MeOH/DMF, MeOH, CH2Cl2 and DMF. The synth-
eses were performed on a gram scale (wet weight polymer)
(Scheme 4). The solvent content after each chemical
synthesis was calculated by drying samples at 110 8C.

The resins were weighed in reactor syringes and suspended
in DMF. The Wang linker was attached using HMPA
(3 equiv) in the presence of DIC (4 equiv) and HOBT
(6 equiv). The mixtures were allowed to mix on a blood
rotator overnight. The resins were then filtered (Vacuum-
System, Stepbio) and washed with MeOH/DMF, MeOH,
DCM and DMF. The synthesis step was repeated until the
ninhydrin test gave a negative result indicating all amines
had reacted.

Next, L-Phe-PhAc (3 equiv) was added in the presence of
DIC (4 equiv) and DMAP (0.1 equiv) in DMF. The reaction
was performed in two cycles, the first of 2 h and the second
overnight. After each cycle the resin was filtered and
washed with MeOH/DMF, MeOH, DCM and DMF. The
non-reacted OH groups were capped with acetic anhydride
(10 equiv) in DMF overnight.

4.2.4. Dansylation. Experimental conditions. N-terminal
dansylation was performed by treating the resin with
2 equiv of dansyl chloride and 2 equiv of triethylamine in
DMF for 30 min.10

4.2.5. TPM experiments. A standard commercial multi-
photon system (Biorad MRC1024, Coherent Mira 900)
coupled to a Nikon TE300 microscope was used. Images
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were acquired using Nikon lens. Optical sections were
obtained by focusing the laser beam at different depths,
within the sample (lZ770 nm). Dansylated PEGA beads
were suspended in Kpi buffer (0.1 M) and analysed with
TPM.

4.3. Enzymatic reactions

Prior to the enzymatic reactions, the peptide carrying
polymers were washed three times with the buffer used for
the enzymatic hydrolysis.

The resin was suspended in 6 mL of the appropriate buffer
in the presence of 5 mg of lyophilized PGA (85U). The
reactions were incubated at 30 8C for 24 h on a blood
rotator. Afterwards, the reaction mixtures were filtered and
washed using 36 mL (12!3 mL) of MeCN/H2O (1:1). The
filtrate was recovered in a flask, dried under vacuum, re-
dissolved in 1 mL of MeCN/H2O (1:1), centrifuged, and
filtered through 0.45 mm membrane filters. The samples
were then analysed with a RP-HPLC system as detailed
below.

4.3.1. Cleavage of Wang-linker. After the enzymatic
reactions, the remaining peptide on the solid support was
cleaved with a solution of TFA/H2O (95:5) for 2 h. The
filtrate was collected, the resins were then washed with a
1:1 mixture of MeCN/H2O, filtered, collected, and dried
under vacuum. The residues were re-dissolved in 1 mL of
MeCN/H2O (1:1) and analysed by RP-HPLC as detailed
below.

4.3.2. HPLC analysis. Reverse phase HPLC analysis was
carried out on Gilson 321 system equipped with a Gilson
255 UV at 260 nm detector using a C18 column. A flow of
1 mL/min (50% MeCN and H2O with 0.1% TFA in both
phases) was used and enzymatic conversions were then
calculated by comparison with standard solutions.

4.3.3. Coupling with Fmoc chloride. After the enzymatic
hydrolysis, free amino groups were reacted with Fmoc
chloride (3 equiv) in the presence of DIPEA (3 equiv) in dry
DMF for 2 h. The Fmoc group was then removed and
quantified as reported previously.

4.3.4. Determination of retained protein. The amount of
protein that had accessed the PEGA polymers (Fig. 5) was
determined by the Pierce method, using bicinchoninic acid
kit (Sigma). Standard PGA solutions with known enzyme
concentrations were used as standards. Analyses were
performed as reported in literature.9
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Abstract—Several tri- and tetracyclic diterpenes have been synthesised from zamoranic acid. The key step is the cyclisation of a dicarbonyl
13,14-secoderivative by SmI2.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Tri- and tetracyclic diterpenes are very common in nature,
showing a variety of skeletons, and many of them are very
important not only due to their structures but also from the
biological point of view.1 Abietanes, pimaranes, isopimar-
anes, cassanes, cleistanthanes, totaranes and the trinor-
derivatives, podocarpanes, are tricyclic diterpenes. Among
the tetracyclic systems are kauranes, beyeranes or hibaenes
and isohibaenes (Fig. 1). They show biological profiles as
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.116

Figure 1. Diterpene tri- and tetracyclic skeletons.

Keywords: Samarium iodide; Stereoselective cyclisation; Tri- and tetra-
cyclic diterpenes; Zamoranic acid.
* Corresponding author. Tel.: C34 923 294474; fax: C34 923 294574;
e-mail: ismarcos@usal.es
antifungal,2 antiinflamatory,3 antioxidant,4 antibiotic,5 anti-
tumoural,6 antimalarial,7 cardioactive,8 and antiviral9 com-
pounds and are inhibitors of nitric oxide.10 Additionally
some of this class of species are active as phytoalexines,11

making these compounds particularly interesting. Due to
their wide distribution and interesting bioactivities many
synthetic studies have been reported.12

As part of our continuing efforts to synthesise this kind of
biologically active compound, a series of tri-and tetracyclic
diterpenes were synthesised from zamoranic acid. This
compound is a labdane diterpene,13 which has already been
used to prepare biologically active natural products, such as
sesquiterpene drimanes,14 labdanolides, such as limonidi-
lactone,15 diterpenes with the isofregenedane skeleton, such
as chrysolic acid and isofregenedol.16 Recently we have
reported the synthesis of tri- and tetracyclic diterpenes17 and
(C)-totarol.18

In this paper we show that when the trinorderivative of
zamoranic acid, the dialdehyde (14,15,16-trinorlabdan-
13,17-dial), 23, is treated with SmI2, it gives rise to the
podocarpanic diol 36 as the major product, an advanced
intermediate for the synthesis of tricyclic compounds with
the isopimarane, cassane, cleistanthane and rearranged
abietane skeletons.
2. Results and discussion

Our general approach to the tricyclic diterpenes from
zamoranic acid is outlined in Scheme 1. To allow access to
tricyclic diterpenes of diverse skeletons such as II, our plan
Tetrahedron 61 (2005) 977–1003



Scheme 1.
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leads to the corresponding dicarbonyl compounds I as
intermediates for subsequent cyclisation by SmI2. The
synthesis of the dicarbonyl compounds I was planned as
resulting from the degradation of the side chain of
zamoranic acid and then adjustment of the functionalisation
or substitution at C-17. The synthesis of tricyclic diterpenes,
such as pimaranes, or tetracyclic species, such as hibaenes
IIA, was planned via an intermediate obtained by cyclisa-
tion of IA. The synthesis of totaranes, and particularly
(C)-totarol, can be envisaged from diol IIB as intermediate,
this being obtained by cyclisation of IB with SmI2. As
highlighted above in order to obtain tricyclic diterpenes
with a range of different skeletons, the synthesis of the
podocarpanic diol IIC was planned from the dialdehyde IC.

In the paper we describe the synthesis of compounds with
pimarane and hibaene skeletons and of (C)-totarol, and
demonstrate the potential of the podocarpanic diol 36 as an
intermediate for the synthesis of different tricyclic diterpene
skeletons. Initially, we describe the synthesis of the
dicarbonyl compounds, then the cyclisation with SmI2 of
each of these, and finally the synthesis of the diterpenes.
Scheme 2. (i) OsO4, NMO, tBuOH/THF/H2O, rt, 18 h; (ii) LTA, benzene, rt, 2 h; (i
toluene,K78 8C, 30 min; (v) (COCl)2, DMSO, Et3N, DCM,K78 8C, 30 min; (vi)
12 h; (b) CH2N2; (viii) LAH, Et2O, rt, 1 h; (ix) CrO3/Py, DCM, rt, 30 min; (x) p
2.1. Degradation of the side chain and synthesis of
dicarbonyl compounds
2.1.1. Synthesis of dicarbonyl compounds 5 and 6. The
synthesis of the intermediates 5 and 6 is shown in Scheme 2.
Chemoselective oxidation of the allyl alcohol olefin unit of
zamoranic acid 2 with OsO4

19 afforded the corresponding
diol, which was subsequently cleaved with LTA (lead
tetracetate)20 to yield the methyl ketone 3. Hydrogenation of
3 in the presence of PtO2,

21 followed by reduction with
DIBAL-H22 led to compound 4 with very good diastereo-
selectivity, we realised that LAH could also be used for the
latter part of this transformation. Oxidation of 4 using Swern
technique23 gave 5 and 6; Collins’s reagent24 could also
facilitate this transformation.

However, aldehyde 6 was alternatively synthesised from 7
in an excellent yield (Scheme 2). Hydrogenation of the
dioxolane derivative of 3 gives 7 and 8 stereoselectively
(93:7, 98%). The coupling constants of H-8 in the 1H NMR
spectra for 7 (JZ1.6, 4.8 Hz) and 8 (JZ4.3, 11.8 Hz)
confirm the stereochemical assignment for C-8. Treatment
of 7 with NaOMe25 gave diastereomer 8, which was easily
converted to 6 by a reduction–oxidation sequence through
the intermediates 9 and 10, these transformations confirm
the C-8 stereochemistry of 5 and 6.
2.1.2. Synthesis of dicarbonylic compound 19.Addition of
isopropylmagnesium chloride26 to aldehyde 10 (Scheme 3)
proceeded with complete stereoselectivity to give exclu-
sively the 14R-hydroxy derivative 11, in excellent yield.
The structure of 11 was confirmed by X-ray analysis of one
of its derivatives (compound 15, Scheme 3), showing that
the reaction of the nucleophile has taken place from the less
hindered Si face of the carbonyl group.
ii) H2/PtO2/Et2O, rt, 36 h for 3 to 4 and 10 h for 3 to 7 and 8; (iv) DIBAL-H,
(CH2OH)2, p-TsOH, benzene, reflux, 21 h; (vii) (a) NaOMe/MeOH, reflux

-TsOH/acetone, rt, 14 h.



Scheme 3. (i) i-PrMgCl, THF, 0 8C, 1 h; (ii) (a) Ac2O, Py, 70 8C, 2 h; (b) p-TsOH, Me2CO, rt, 14 h; (iii) (a) HMDSNa, TMSCl,K78 8C, 2 h; (b) OsO4, NMO,
rt, 48 h; (c) H5IO6, THF, HOH, rt, 1 h; (d) CH2N2, Et2O, rt, 3 h; (iv) LAH, Et2O, rt, 1 h; (v) TPAP, NMO, rt, 30 min; (vi) Ac2O, Py, rt, 30 min; (vii) TPAP,
NMO, rt, 2 h; (viii) K2CO3, MeOH, rt, 4 h; (ix) CrO3, Py, rt, 1 h.
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The transformation of 11 into secototarane 13 through the
methyl ketone 12 required acetylation at 70 8C, due to the
hindrance of the hydroxyl group, followed by deprotection.

Degradation of 12 by the haloform reaction27 did not work
and it was therefore necessary to employ a sequence of
reactions. Thus, capture of the kinetic enolate of 12 as a
trimethylsilyl enol ether28 and cis-hydroxylation, followed
by cleavage with H5IO6

29 and esterification30 of the
resulting acid give 13. Reduction of 13 with LAH gave
the diol 14 in excellent overall yield from 10. TPAP/NMO31

oxidation of 14 gave the lactone 15, whose structure was
confirmed by single crystal X-ray32 structure determination
corroborating the 14R configuration in 11. Due to this
unwanted lactonisation, the oxidation of 14 to the
dicarbonyl system 19 needed for the cyclisation was carried
out in an indirect way: chemoselective acetylation of the
primary hydroxyl group of 14 with Ac2O in pyridine over
30 min gave 16, oxidation of the secondary alcohol of the
Scheme 4. (i) (a) LDA, TMSCl, K78 8C, 3 h; (b) OsO4, NMO, rt, 24 h; (c) H5IO
EtOH, rt, 12 h; (iii) LAH, Et2O, rt, 1 h; (iv) Li/NH3 K78 8C, 2 h; (v) CrO3, Py, r
resulting monoacetyl derivative gave 17, hydrolysis of the
primary acetoxy group, and subsequent oxidation gave 19
through the intermediates 16, 17 and 18 in a 85% global
yield from 16. (Scheme 3).

2.1.3. Synthesis of dialdehyde 23. Dialdehyde 23 can be
obtained from the methylketone 3 by degradation of the side
chain by one carbon, hydrogenation of D7 and adjustment of
the functionality (Scheme 4). The first two steps can be
interchanged, but a better yield is obtained using the
degradation–hydrogenation sequence.

Degradation of the side chain of 3 by the same sequence as
before—enol ether formation, oxidation with OsO4, clea-
vage with H5IO6 and final esterification with TMSCHN2—
gives diester 20 in an excellent global yield of 81%. For the
hydrogenation of 20 several conditions were tested, the best
yield of 21 (92%) and excellent diastereoselection (8S)
being obtained using PtO2 in EtOH. Reduction of 21 with
6, THF, HOH, rt, 3 h; (d) TMSCHN2, MeOH, C6H6, rt, 12 h; (ii) H2/PtO2,
t, 1 h.



Scheme 5. (i) SmI2, THF/MeOH, rt, 4 h; (ii) Ac2O/Py, rt, 12 h; (iii) DMSO, (COCl)2, Et3N, CH2Cl2, K78 8C, 30 min.
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LAH gives 22 in a 95% yield. The transformation of 20 to
22 can be done directly by reduction of 20 with Li in NH3

33

(91%). Oxidation of 22 with CrO3 in pyridine gives 23 in a
90% yield.
2.2. Cyclisation with SmI2
2.2.1. Cyclisation of 5 and 6 with SmI2. As shown in
Scheme 5, treatment of 5 with SmI2

34 led to a diastereo-
Figure 2.

Figure 3.
meric mixture of 24 (75%) and 25 (5%). Under the same
conditions, 6 afforded 26 (72%) and 27 (7%).

The stereochemical assignment of H-14 (Fig. 1) in the acetyl
derivatives of major diols 28 and 29 was established as b
and a, respectively, by measurement of the coupling
constants between H-14 and H-8, which indicate that
these hydrogens are trans, dihedral angle 1808. The
stereochemistry of Me-17 was determined by NOE
experiments (Fig. 2).

The stereochemistry of H-14 in the minor components, 25
and 27, was determined to be cis based on the coupling
constants between H-8 and H-14 (J8–14Z4.3 Hz in 25 and
J8–14!1.0 Hz in 27). We were not able to establish directly
the stereochemistry of Me-17 in the minor components 25
and 27 so we oxidised C-14 in the four diols to give 30–33
(Scheme 5). H-8 coupling constants in compounds 30–33
corroborate that the stereochemistry of C-8 is 8S for 30 and
31 (JH-8Z2.0, 6.5, 6.5 Hz) and 8R for 32 and 33 (JH-8Z4.0,



Scheme 7.
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11.8, 11.8 Hz) in agreement with that obtained above for
24–27 in the pinacol cyclisation.

Formation of 32 from 26 (with the stereochemistry already
fixed at C-13) and 33 from 27, allowed assignment of the
stereochemistry at C-13 of 27 as opposite to that in 26 at
C-13. The same reasoning led to assignment of the
stereochemistry at C-13 for compound 25, due to its
relationship with compound 24.

The SmI2 promoted cyclisation results in a cis disposition of
the hydroxyl groups. As proposed in Figure 3, this is
probably due to chelation of the oxygen to samarium in the
coupling reaction.34 The higher proportion of 26 is probably
due to the greater stability of intermediate III, which allows
the metal centre to be in a pseudoequatorial position.

Following the same rationalisation, the formation of
compound 24 as the major isomer can be explained. The
structure of 24 was corroborated by X-ray35 (Fig. 4).
Figure 4. ORTEP view of compound 24.
Thus, efficient generation of dinor-diterpenes with a
tricyclic skeleton such as 24 permits access to complex
tri- and tetracyclic compounds, as will be discussed later.
2.2.2. Cyclisation of 19 with SmI2. Treatment of 19 with
SmI2

34 (0.1 M, in THF prepared in situ) gave a mixture of
the totarane diastereomers 34 (80%) and 35 (10%), which
were separated by column chromatography (Scheme 6).
NMR, including HMQC, HMBC and NOE experiments
established the structures of 34 and 35. The signal for H-13
of 34 corresponded to an axial hydrogen (d 3.55, dd, JZ
11.1, 4.1 Hz) and so the hydroxyl groups are both a. The
signal for H-13 in 35 corresponds to an equatorial hydrogen
(d 3.83 ppm, t, JZ2.0 Hz). The structure for the major diol
34 is that expected from a pinacol coupling with SmI2.

34
Scheme 6.
2.2.3. Cyclisation of 23 with SmI2. Reaction of 23 (Scheme
7) with a solution of SmI2

34 (0.1 M in THF) generated in
situ gives the mixture of 36 (80%) and 37 (5%), which were
separated by column chromatography.
The structures of 36 and 37 as stereoisomeric podocarpane
diols were established by extensive NMR studies, including
1H/13C HMQC and HMBC. C-13 and C-14 stereochemistry
for the tricyclic compounds 36 and 37, considering that C-8
retains the stereochemistry of the starting material, was
deduced from the multiplicity and the coupling constants of
the geminal hydrogens to the hydroxyl groups. Signals for
H-13 (4.00 ppm, 1H, q, JZ3.2 Hz) and for H-14 (3.80 ppm,
1H, dd, JZ11.5, 3.2 Hz) in the 1H NMR spectrum of 36,
indicate that H-13 is equatorial and H-14 axial, and thus the
union of rings B and C has to be cis.

In the 1H NMR spectrum of 37, the signal due to H-14
appears as a triplet of coupling constant 9.2 Hz and that due
to H-13 as a multiplet. The configuration of C-13 and C-14
(13R,14S) in 37 was suggested by the NOE between H-14
and H-8 that indicates a probable cis relationship between
these hydrogens. The multiplicity of H-14 as a triplet and its
coupling constant of 9.2 Hz may be interpreted by three
possible hypotheses, all of which were studied using the
molecular modelling programs Maestro and MacroModel36

to generate conformations, with all possible ring confor-
mations permitted. Firstly, it is conceivable that epimerisa-
tion has taken place at position 8. Conformational analysis
of either possible cis diol with position 8 epimerised shows
that the dihedral angles between H-14 and H-13 and H-8
would be either diequatorial/diequatorial or diaxial/diequa-
torial for all energetically accessible conformations, which
is not consistent with the observed coupling constants of
9.2 Hz, confirming the assumption stated earlier that
position 8 retains its stereochemistry. Alternatively, it
could be that this minor product was due to an alternate
cyclisation mechanism in which the diol unit adopted the
trans configuration, permitting a diaxial/diaxial arrange-
ment of these protons. Though the established mechanism
gives rise to the cis product, the trans-diol is a known minor
side-product of SmI2 mediated pinacol cyclisation,14n

presumably via alternate cyclisation mechanisms. Molecu-
lar modelling studies show that such a trans-diol arrange-
ment would be expected to produce H-8, H-14 and H-13,
H-14 dihedral angles of 173–174 and 168–1698, respec-
tively for energetically-accessible conformations, consistent
with the observed coupling constant. Finally, we may
propose that in a trans-anti-cis tricyclic system as in 37, the
three rings adopt a conformation in which H-14 has similar
dihedral angles, fairly close to 08, with H-8 and H-13,
explaining the identical 9.2 Hz coupling constant. Molecu-
lar models with ring B in a chair conformation (Fig. 5, I)
show that H-14 has dihedral angles with H-8 and H-13a of



Figure 5.
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K548 and 53, while the energetically-accessible ring B boat
form (Fig. 5, II) shows corresponding dihedral angles of 42
and K548, respectively. It is possible that an intermediate
conformation between these extremes, which would show
dihedral angles close to 08, is sufficiently low-energy to be
significantly populated, giving rise to the observed coupling
constant. When the three rings adopt a chair conformation,
as in 37(I) the very significant steric hindrance between
Figure 6.

Figure 7. ORTEP view of compound 36.

Scheme 8. (i) p-TsOH/THF, 80 8C, 30 min; (ii) KHMDS, allyl-MgBr, THF, K
THF/H2O, rt, 25 min; (v) KOH/MeOH, reflux, 36 h; (vi) Py, TsCl, 90 8C, 36 h.
Me-20 and the hydroxyl of C-14 can immediately be seen.
Conformation 37(II) avoids this hindrance, and results in
the two conformations being equally accessible (energy
difference using MMFF94S!1.0 kJ/mol whether modelled
in vacuo or with the CHCl3 GB/SA solvent model) despite
the boat conformation for ring B (Fig. 6). Since cyclisation
with SmI2 of the similar compounds 5 and 6 (Scheme 5) has
been shown to give only the cis diols, we propose the cis
stereochemistry for the hydroxy groups of 37.

The structures of 36 and 37 correspond to those of the 8-epi-
podocarpanes.

Structure and configuration for C-8, C-13 and C-14
(8S,13S,14R) of the major diol 36 were confirmed by
X-ray 37 (Fig. 7).
2.3. Preparation of natural products

Having thus established the synthesis of the tricyclic
compounds, we describe some applications of this method-
ology for the synthesis of natural products with different
skeletons such as the tetracyclic diterpene, 15-hibaene-14-
one,38 (C)-totarol and others.
2.3.1. Synthesis of pimaranes and hibaenes: 40 and 42.
Compound 38 (Scheme 8) was obtained by reaction of 24
with p-TsOH/THF (90% yield). In this reaction an
epimerisation has taken place from the trans-anti-cis system
to the more stable trans-anti-trans system, in which Me-17
has adopted the more stable equatorial position. Treatment
of 38 with LDA/allyl bromide gave 39, with the stereo-
chemistry predicted by House39 as outlined below.

Oxidation with OsO4 and subsequent cleavage with NaIO4

achieved transformation of 39 into 40, in an excellent yield.
(Scheme 8). Compound 40 is a diterpene with a pimarane
skeleton that can be considered as an advanced intermediate
for the synthesis of other natural pimaranes. Tetracyclic
compound 41 was formed on reaction of 40 with KOH/
MeOH. The stereochemistry of C-8, C-13 and C-16 in 41
was determined by differential NOE experiments. Of the
four possible stereoisomers only the one shown in Figure 8
would show a NOE (6%) between H-16 (d 4.68 ppm) and
Me-20. In addition, a NOE (6%) between H-16 and the
pro-R hydrogen on C-15 (d 2.43 ppm) was observed.
78 8C, 90 min; (iii) OsO4, NMO, tBuOH/THF/H2O, rt, 2 h; (iv) NaIO4,
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It should be noted that this cyclisation reaction has taken
place with high diastereoselectivity. The aldehyde only
reacts on the Re-face (Fig. 8) due to the more favourable
orientation of the carbonyl group in the intermediate when
Me-20 is further away from the C]O.

Finally, elimination of the hydroxyl group was achieved by
treatment of 41with TsCl/Py affording 42, in 65% yield [mp
95–98 8C; [a]D K338 (c 0.5, CHCl3)], and whose spectro-
scopic properties are coincident with those of 15-hibaen-14-
one; (lit.38) mp 98–99 8C, [a]D K298 (c 0.8, CHCl3).
2.3.2. Synthesis of totaranes: (C)-totarol, 49. Transform-
ation of 34 into (C)-totarol 49 requires the dehydration of
the tertiary hydroxyl group and ring C aromatisation
(Scheme 9). Oxidation of 34 with TPAP/NMO gave 43 in
good yield, but all attempts to dehydrate and aromatise 43
using different conditions and reagents (DDQ,40 TsCl/Py,
POCl3/Py, SOCl2/Py, HClO4, CF3COOH, and HCOOH, HI)
failed to give the desired results.

The aromatisation of ring C was therefore attempted from
ketone 46, obtained by pinacol rearrangement from 34.
Treatment of 34 with p-TsOH, and subsequent column
chromatography, gave 46 (61%) and the minor compounds
45 and 44. The formation of the cyclohexanone 46 is
explained by the migration of hydride from C-13 to C-14,
although in the acidic conditions of the reaction an
Scheme 9. (i) TPAP, NMO, rt, 30 min; (ii) p-TsOH, benzene, 60 8C, 48 h; (iii) (a) L
(iv) CuBr2, MeCN, 50 8C, 72 h; (v) Li2CO3, LiBr, DMF, 140 8C, 16 h.
epimerization at C-14 takes place to provide the more
stable b-isopropyl group. The aldehyde 45 is formed by ring
C contraction in the pinacol reaction and compound 44 is a
dimer (MC m/z: 580) formed by reaction of the starting
material with the aldehyde 45.

The aromatisation of 46 was attempted via enone 47,
obtained by reaction of 46 with PhSeCl/LDA41 followed by
oxidation of the selenide withm-CPBA at 0 8C. All attempts
at aromatisation of 47 with DDQ, SeO2 at 0 8C or even Pd/
C42 in refluxing m-xylene failed to give totarol.

Aromatisation of ring C was finally achieved by a
halogenation–dehydrohalogenation sequence via inter-
mediate 48. Treatment of 46 with CuBr2/MeCN43 gave
the dibromide 48 in moderate yield, and subsequent
elimination with Li2CO3/LiBr

44 gave a good yield of 4945

[mp 129–130 8C; [a]D C418 (c 0.4, CHCl3)], whose
spectroscopic properties are coincident with those of (C)-
totarol; (lit.45) mp 131–132 8C, [a]D C428 (c 0.8, CHCl3).

With the synthesis of (C)-totarol from zamoranic acid, we
have opened a new synthetic route to tricyclic diterpenes
with alkyl groups at C-14 (totaranes, cassanes or cleis-
tanthanes) using the cyclisation of their 13,14-
secoderivatives.
2.3.3. Synthesis of abietanes, totaranes, cleistanthanes,
cassanes, isopimaranes and abeoabietanes. The podo-
carpanediols 36 and 37 obtained in the cyclisation have been
tested as advanced intermediates for the synthesis of
tricyclic diterpenes with different skeletons. First of all we
did a study of the chemoselective protection of the hydroxy
groups at C-13 and C-14.

Acetylation is not useful because a mixture of both
DA, PhSeCl, THF, HMPA,K78 to 0 8C, 1 h; (b)m-CPBA, DCM, rt, 5 min;



Scheme 10. (i) TBDMSCl, imidazole, rt, 22 h; (ii) TPAP, NMO, rt, 30 min; (iii) TBAF, THF, rt, 2 h; (iv) i-PrMgCl, THF, 0 8C, 3 h; (v) HI, benzene, 90 8C, 1 h.
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monoacetyl derivatives is always obtained, due to acetyl
migration.

Reaction of 36 with TBDMSCl and imidazole46 (Scheme
10) gives good chemoselectivity yielding 52(61%),
51(24%) and 50 (9%). The latter compound can easily be
transformed into 36 by treatment with TBAF.47

TPAP oxidation of 51 and 52 gives the carbonyl compounds
53 and 54, respectively in quantitative yield, and from these
we were able to obtain access to the diterpenes with
different skeletons. TBAF deprotection of 54 and 53 gives a
mixture of acyloins 55, 56 and 57 (1:1:2) in which not only
has the deprotection taken place, but also an inversion at C-8
has been produced. When the reaction is carried out on each
compound separately with iPrMgCl, the same of reaction
mixture was obtained and 55, 56 and the diol 58 were
produced in the same 1:1:2 ratio as before. Treatment of 58
with HI48 leads to the pinacolinic transposition to the ketone
59, with the abietane skeleton.

Since acyloins could not be used separately, the
Scheme 11. (i) (a) allyl-MgBr, THF, 0 8C, 1 h; (b) TBAF, THF, rt, 90 min; (ii) vin
MeOH, rt, 12 h; (v) i-PrMgCl, THF, 0 8C, 90 min; (vi) TBAF, THF, 3 h.
organometalic addition was done directly on the carbonyl
compounds 53 and 54.

The organometalic addition was tested with the minor
carbonyl compound 53 (Scheme 11) and gave rise directly
to various diterpenes with the totarane skeleton, or
indirectly to a diterpene with a cleistanthane skeleton.

Addition of allyl magnesium bromide to 53 followed by
treatment with TBAF gives 60 while treatment of 53 with
vinyl magnesium bromide gives intermediate 61. These
compounds are advanced intermediates for the synthesis of
diterpenes with a cleistanthane skeleton. Reaction of 53
with isopropylmagnesium chloride does not give the
addition compound but the reduction product 62 instead.
Addition of isopropylmagnesium chloride to 63, the epimer
of 53 at C-8 (which was obtained by treatment of 53
with NaMeO in methanol), gives the addition product
64 that by deprotection gives diol 34 with a totarane
skeleton. Nevertheless, the best procedure found for the
preparation of totaranes is by the secototarane route already
described.
yl-MgBr, THF, 0 8C, 15 min; (iii) i-PrMgCl, THF, 0 8C, 92 h; (iv) NaOMe,



Scheme 12. (i) NaOMe, MeOH, rt, 4 h; (ii) (a) vinyl-MgBr, THF, 0 8C, 15 min; (b) TBAF, THF, rt, 1 h; (iii) (a) allyl-MgBr, THF, 0 8C, 1 h; (b) TBAF, THF, rt,
90 min; (iv) p-TsOH, benzene, 60 8C, 24 h; (v) MeI, KHMDS, THF, K78 8C, 24 h.
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All attempts to add isopropylmagnesium chloride to 54 and
its epimer at C-14, 65 (obtained by treatment of 54 with
NaMeO in methanol) gave no satisfactory results. Addition
of allylmagnesium bromide and vinylmagnesium bromide
to 54 gave excellent yields, the derivatives 67 (88%) and
68 (3%) being isolated from the reaction with the first
organometallic and 66 (91%) from reaction of the second.
(Scheme 12).

Compound 67 could be considered a precursor of the
cytotoxic agent incanone,49 a diterpene with an abeoabie-
tane skeleton. Compounds 67 and 66 could also be
considered as advanced intermediates for the synthesis of
diterpenes with cassane and isopimarane skeletons, as has
been established in the synthesis of the homoisopimarane 70
(epimer at C-13 of 39, a homopimarane used in the synthesis
of hibaenone 42). Treatment of 67 with p-toluensulfonic
acid gives ketone 69, which leads to 70 upon treatment with
MeI in the presence of KHMDS.50 As in the synthesis of 39,
the alkyl groups, that have been introduced, occupy the axial
positions predicted by House.
3. Conclusions

Several dicarbonyl compounds were obtained from zamora-
nic acid. These advanced intermediates undergo an efficient
stereoselective cyclisation promoted by SmI2, leading to tri-
and tetracyclic diterpenes with different carbon skeletons.
The synthesis of biologically active natural products with
abietane, cassane, abeoabietane, cleistanthane and isopi-
marane skeletons using 58, 60 or 61, 66, 67, 69 and 70 as
advanced intermediates is under development.
4. Experimental

Unless otherwise stated, all chemicals were purchased as the
highest purity commercially available and were used
without further purification. Melting points were deter-
mined with a Kofler hot stage melting point apparatus and
are uncorrected. IR spectra were recorded on a BOMEM
100 FT IR spectrophotometer. 1H and 13C NMR spectra
were performed in deuterochloroform and referenced to the
residual peak of CHCl3 at d 7.26 ppm and d 77.0 ppm for 1H
and 13C, respectively, in a Bruker WP-200 SY and a
BRUKER DRX 400 MHz. Chemical shifts are reported in d
ppm and coupling constants (J) are given in Hz. MS were
performed in a VG-TS 250 spectrometer at 70 eV ionising
voltage. Mass spectra are presented as m/z (% rel. int.).
HRMS were recorded in a VG Platform (Fisons) spectro-
meter. Optical rotations were determined in a Perkin–Elmer
241 polarimeter in 1 dm cells. Diethyl ether, THF and
benzene were distilled from sodium, and pyridine and
dichloromethane were distilled from calcium hydride under
an argon atmosphere.
4.1. Preparation of 3

To a solution of 2 (460 mg, 1.42 mmol) in t-BuOH/THF/
H2O (10:3:1), was added 4-methylmorpholine N-oxide
(NMO) (196 mg, 1.67 mmol) and OsO4 (2.5% in t-BuOH,
20 mL). The solution was stirred and checked by TLC
during 18 h then Na2SO3 aqueous saturated was added and
the solution stirred for 30 min, diluted with Et2O, washed
with HCl 7%, water and brine, dried over Na2SO4 and the
solvent evaporated at low vacuum to give, after chroma-
tography (Hex/AcOEt 8:2), the dihydroxylated compound
(520 mg, 99%).

To a solution of the latter compound (348 mg, 0.94 mmol)
in benzene (13 mL), LTA (1.25 g, 2.81 mmol) was added at
room temperature and the solution stirred for 2 h. After this
time, the mixture was diluted with Et2O and washed with
water, NaHCO3 10%, water and brine, dried (Na2SO4) and
the solvent evaporated at low vacuum to give the crude
material that was chromatographed on silica gel (Hex/
AcOEt 9:1) to give compound 3 (280 mg, 98%).
4.1.1. Methyl 13-oxo-14,15-dinor-7-labden-17-oate: 3.
lmax
EtOH: 220 (3Z4500); [a]D

22 K52.08 (cZ0.9, CHCl3). IR
(film): 2949, 2866, 1717, 1647, 1458, 1435, 1389, 1364,
1316, 1267, 1246, 1215, 1163, 1109, 1063, 1049, 974, 785,
758, 702, 665 cmK1. 1H NMR (200 MHz, CDCl3) d: 6.71
(1H, m, H-7), 3.69 (3H, s, OMe), 2.85 (1H, ddd, JZ4.6,
11.1, 17.1 Hz, H-12), 2.40 (1H, ddd, JZ4.6, 11.1, 17.1 Hz,
H-12), 2.11 (3H, s, COMe), 2.10–0.91 (12H, m), 0.89, 0.86
and 0.81 (3Me, s each, Me-18, Me-19 and Me-20). 13C
NMR (50 MHz, CDCl3) d: 39.2 (C-1); 18.4 (C-2); 41.9
(C-3); 32.6 (C-4); 49.3 (C-5); 23.8 (C-6); 137.5 (C-7); 134.6
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(C-8); 50.3 (C-99); 36.8 (C-10); 21.7 (C-11); 45.1 (C-12);
207.9 (C-13); 29.4 (C-16); 168.7 (C-17); 32.9 (C-18); 21.7
(C-19); 13.9 (C-20); 51.0 (–CO2Me). EIMS m/z (%): 306
(MC, 4), 275 (98), 219 (19), 190 (16), 150 (43), 133 (17),
119 (36), 109 (100), 73 (84), 61 (61). Anal. Calcd for
C19H30O3: C, 74.47; H, 9.87; found: C, 74.49; H, 9.84.

4.2. Preparation of 4

Compound 3 (10.3 g, 33.7 mmol), dissolved in Et2O
(90 mL), was hydrogenated in the presence of PtO2

(400 mg). After 36 h the catalyst was filtered off, and the
solvent removed, to give the crude mixture (10.3 g).

Diisobutylaluminium hydride (78.4 mL of a 1.5 M solution
in toluene, 117 mmol) was added dropwise to a stirred
solution of the crude mixture (10.3 g) in DCM (340 mL),
under argon atK78 8C. The solution was stirred for 30 min,
quenched with water (5 mL) and allowed to warm to room
temperature; upon gelling the slurry was stirred with solid
(NaHCO3/Na2SO4), and diluted with AcOEt. The mixture
was stirred vigorously until, upon standing, the solution
cleared. The organic phase was decanted and filtered
through a pad of celite. The filtrate was evaporated in
vacuo and purified by column chromatography on silica gel
to give a mixture (95:5) of diol 4 and its epimer on C-8
(8.54 g, 90%).

4.2.1. 14,15-Dinor-labda-13,17-diol: 4. IR (film): 3341,
2934, 2868, 1464, 1387, 1132, 1086, 1028, 955 cmK1. 1H
NMR (200 MHz, CDCl3) d: 3.85–3.55 (3H, m, H-13 and
CH2OH), 2.10–0.92 (19H, m), 1.20 (3H, m, Me-16), 0.86,
0.80 and 0.70 (3Me, s each, Me-18, Me-19 and Me-20). 13C
NMR (50 MHz, CDCl3) d: 39.2 (C-1), 18.6 (C-2), 42.0
(C-3), 33.2 (C-4), 56.6 (C-5), 17.8 (C-6), 29.6/29.4 (C-7),
39.6/39.7 (C-8), 53.4 (C-9), 38.0 (C-10), 20.7/21.6 (C-11),
37.5/38.0 (C-12), 67.7/68.5 (C-13), 22.7/23.8 (C-16), 61.4
(C-17), 33.4 (C-18), 21.5 (C-19), 15.7 (C-20). Anal. Calcd
for C18H34O2: C, 76.54; H, 12.13; found: C, 76.52; H, 12.10.

4.3. Preparation of 5 and 6

Dimethylsulfoxide (220 mL, 3.10 mmol) was added drop-
wise to a solution of oxalyl chloride (133 mL, 1.55 mmol) in
dry DCM (4 mL) at K78 8C. The mixture was stirred for
5 min, then diol 4 (104 mg, 0.37 mmol) in dichloromethane
(7 mL) was added. The solution was stirred for a further
30 min at K78 8C, then quenched with triethylamine
(1.3 mL, 9.34 mmol) and allowed to warm to room
temperature. The mixture was then poured into water and
extracted with AcOEt. The extract was washed with water
and brine, dried over Na2SO4, and evaporated in vacuo,
giving the aldehydes 5 and 6 (95:5, 103 mg, 99%).

4.3.1. (8S)-13-Oxo-14,15-dinor-17-labdanal: 5. IR (film):
2940, 2870, 1721, 1452, 1389, 1366, 1263, 1167, 1109,
1028, 1003 cmK1; 1H NMR (200 MHz, CDCl3) d: 9.95 (1H,
br s, –CHO), 2.75 (1H, ddd, JZ4.6, 11.1, 17.1 Hz, H-12),
2.38 (1H, ddd, JZ4.6, 11.1, 17.1 Hz, H-12), 2.34–0.89
(15H, m), 2.16 (3H, s, MeCO), 0.85, 0.78 and 0.74 (3Me, s
each, Me-18, Me-19 and Me-20); 13C NMR (50 MHz,
CDCl3) d: 38.7 (C-1), 18.7 (C-2), 42.0 (C-3), 33.3 (C-4),
53.5 (C-5), 18.9 (C-6), 26.6 (C-7), 47.5 (C-8), 55.8 (C-9),
38.7 (C-10), 19.6 (C-11), 42.6 (C-12), 208.3 (C-13), 29.8
(C-16), 204.7 (C-17), 33.5 (C-18), 21.5 (C-19), 15.3 (C-20).
Anal. Calcd for C18H30O2: C, 77.65; H, 10.86; found: C,
77.44; H, 10.70.

4.3.2. (8R)-13-Oxo-14,15-dinor-17-labdanal: 6. IR (film)
2944, 2851, 1719, 1458, 1389, 1364, 1186, 1171, 972, 937,
719 cmK1; 1H NMR (200 MHz, CDCl3) d: 9.53 (1H, d, JZ
4.2 Hz, –CHO), 2.65–2.35 (3H, m), 2.07 (3H, s, MeCO),
1.90–0.86 (14H, m), 0.86, 0.85 and 0.82 (3Me, s each, Me-
18, Me-19 and Me-20); 13C NMR (100 MHz, CDCl3) d:
38.6 (C-1); 18.4 (C-2), 41.9 (C-3), 33.2 (C-4), 54.5 (C-5),
20.1 (C-6), 26.8 (C-7), 49.9 (C-8), 53.8 (C-9), 37.8 (C-10),
22.8 (C-11), 44.6 (C-12), 208.2 (C-13), 29.7 (C-16), 205.1
(C-17), 33.3 (C-18), 21.7 (C-19), 14.0 (C-20). Anal. Calcd
for C18H30O2: C, 77.65; H, 10.86; found: C, 77.78; H, 11.05.

4.4. Preparation of compounds 7 and 8

To a solution of compound 3 (360 mg, 1.18 mmol) in
benzene (20 mL) was added ethylene glycol (254 mL) and a
catalytic amount of p-TsOH (12 mg) and the solution was
refluxed in a Dean–Stark apparatus. After 21 h the mixture
was cooled and diluted with Et2O, washed with 10%
NaHCO3, water and brine, dried over Na2SO4 and the
solvent removed to give the corresponding protected
compound (412 mg, 100%). Then, this product (320 mg,
0.91 mmol), was dissolved in ether (3 mL) and hydrogen-
ated in the presence of PtO2 (22 mg). After 10 h the catalyst
was filtered off, the solvent removed subsequent chroma-
tography of the crude mixture (Hex/AcOEt 95:5) afforded
compounds 7 (290 mg, 92%) and 8 (25 mg, 7%).

4.4.1. Methyl (8S)-13-ethylendioxy-14,15-dinor-17-lab-
danoate: 7. [a]D

22 C26.88 (cZ0.41, CHCl3); IR (film):
2947, 1728, 1464, 1445, 1387, 1373, 1206, 1171, 1140,
1098, 1063, 947, 858 cmK1; 1H NMR (200 MHz, CDCl3) d:
3.97–3.89 (4H, m, CH2O), 3.63 (3H, s, OMe), 2.62 (1H, dt,
JZ1.6, 4.8 Hz, H-8), 2.32–0.80 (16H, m), 1.33 (3H, s,
Me-16), 0.83, 0.79 and 0.74 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.2 (C-1), 18.7
(C-2), 42.1 (C-3), 33.3 (C-4), 56.5 (C-5), 19.2 (C-6), 29.5
(C-7), 38.6 (C-8), 54.0 (C-9), 39.2 (C-10), 20.7 (C-11), 37.6
(C-12), 110.5 (C-13), 23.5 (C-16), 175.8 (C-17), 33.5
(C-18), 21.5 (C-19), 14.0 (C-20), 50.8 (–CO2Me), 64.4/64.5
(O(CH2)2O); EIMS m/z (%): 352 (MC, 1), 337 (5), 123 (5),
87 (100); EIHRMS: calcd for C21H36O4 (MC) 352.2614,
found (MC) 352.2618.

4.4.2. Methyl (8R)-13-ethylendioxy-14,15-dinor-17-lab-
danoate: 8. [a]D

22 K3.68 (cZ1.62, CHCl3); IR (film): 2945,
1736, 1462, 1433, 1375, 1327, 1296, 1258, 1157, 1109,
1063, 972, 947, 855 cmK1; 1H NMR (400 MHz, CDCl3) d:
3.94–3.83 (4H, m, CH2O), 3.65 (3H, s, –OMe), 2.36 (1H, dt,
JZ4.3, 11.8 Hz, H-8), 1.25 (3H, s, Me-16), 0.85, 0.82 and
0.80 (3Me, s each, Me-18, Me-19 and Me-20); 13C NMR
(100 MHz, CDCl3) 40.3 (C-1), 18.5 (C-2), 42.0 (C-3), 33.1
(C-4), 52.6 (C-5), 23.4 (C-6), 30.7 (C-7), 47.0 (C-8), 54.5
(C-9), 38.1 (C-10), 20.7 (C-11), 38.4 (C-12), 109.8 (C-13),
23.5 (C-16), 176.9 (C-17), 33.3 (C-18), 21.7 (C-19), 13.9
(C-20), 51.3 (CO2Me), 64.4/64.5 (O(CH2)2O); EIMS m/z
(%): 352 (MC, 1), 337 (3), 87 (100); EIHRMS: calcd for
C21H36O4 (M

C) 352.2614, found (MC) 352.2619.
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4.5. Reaction of 7 with NaOMe/MeOH: 8

Compound 8 was also obtained from 7 as follows. To a
solution of NaOMe/MeOH (2 N), prepared carefully from
Na metal (92 mg) over MeOH (2 mL), was added
compound 7 (150 mg, 0.43 mmol) dissolved in MeOH
(1.5 mL) at room temperature. The solution was heated
under reflux for 12 h. After that, the mixture was diluted
with Et2O, washed with saturated aqueous NH4Cl, H2O,
brine, dried over Na2SO4 and the solvent removed at low
vacuum to give 144 mg of the crude product. Subsequent
esterification with CH2N2 afforded compound 8 (148 mg,
98%).

4.6. Reduction of 8: 9

To a solution of 8 (2.54 g, 7.22 mmol) in dry Et2O (40 mL),
LAH (300 mg, 7.89 mmol) was added. The reaction was
stirred at room temperature for 1 h. The reaction was cooled
to 0 8C and wet EtOAc was added and the mixture filtered.
The organic phase was dried over Na2SO4, filtered and
evaporated affording 9 (2.34 g, 99%).

4.6.1. 13-Ethylendioxy-14,15-dinor-8-epi-labdan-17-ol:
9. [a]D

22 K5.68 (cZ0.95, CHCl3); IR (film): 3461, 2886,
1464, 1387, 1277, 1252, 1210, 1204, 1107, 1063, 972, 947,
858, 785 cmK1; 1H NMR (200 MHz, CDCl3) d: 4.00–3.80
(4H, m, –OC2H4O–), 3.67 (1H, dd, JZ3.2, 10.8 Hz, HA-17),
3.47 (1H, dd, JZ5.9, 10.8 Hz, HB-17), 1.95–1.00 (15H, m),
1.00–0.96 (2H, m), 1.29 (3H, s, H-16), 0.84, 0.80 and 0.80
(3Me, s each, Me-18, Me-19 and Me-20); 13C NMR
(100 MHz, CDCl3) d: 42.2 (C-1), 18.7 (C-2), 38.8 (C-3),
33.3 (C-4), 55.0 (C-5), 21.3 (C-6), 29.6 (C-7), 41.9 (C-8),
52.7 (C-9), 38.4 (C-10), 22.9 (C-11), 41.0 (C-12), 110.1
(C-13), 23.5 (C-16), 66.4 (C-17), 33.4 (C-18), 21.8 (C-19),
14.1 (C-20), 64.6 (–OC2H4O–); EIMS m/z (%): 309
(MCK15, 2), 120 (8), 87 (100), 69 (12).

4.7. Oxidation of 9: 10

To a solution of pyridine (0.44 mL, 5.38 mmol) in dry DCM
(6 mL) was added CrO3 (43 mg, 0.43 mmol). The mixture
was stirred for 30 min at room temperature. 9 (88 mg,
0.27 mmol) in dry DCM (8 mL) was added. After this time
ether was added and the mixture filtered. The organic layer
was washed with 2 N aqueous HCl, a 6% aqueous solution
of NaHCO3, water and brine. The organic layer was dried
over Na2SO4 and evaporated to give the expected
compound 10 (86 mg 99%).

4.7.1. 13-Ethylendioxy-14,15-dinor-8-epi-labdan-17-al:
10. IR (film): 2900, 1723, 1462, 1385, 1206, 1063,
855 cmK1; 1H NMR (200 MHz, CDCl3) d: 9.50 (1H, d,
JZ4.2 Hz, H-17), 4.00–3.80 (4H, m, –OC2H4O–), 2.40–
2.20 (1H, m, H-8), 1.82–0–98 (14H, m), 0.98–0.70 (2H, m),
1.25 (3H, s, H-16), 0.85, 0.83 and 0.81 (3Me, s each, Me-18,
Me-19 and Me-20); 13C NMR (50 MHz, CDCl3) d: 40.2
(C-1), 18.7 (C-2), 42.2 (C-3), 33.4 (C-4), 54.8 (C-5), 20.3
(C-6), 27.0 (C-7), 51.1 (C-8), 54.2 (C-9), 38.7 (C-10), 23.4
(C-11), 38.7 (C-12), 110.0 (C-13), 23.7 (C-16), 205.5
(C-17), 33.6 (C-18), 22.0 (C-19), 14.3 (C-20), 64.7
(–OC2H4O–); EIHRMS: calcd for C20H34O3 (MC)
322.2508, found (MC) 322.2512.
4.8. Deprotection of 10: 6

To a solution of 10 (87 mg, 0.27 mmol) in acetone (which
had been distilled over KMnO4 (10 mL)) was added
p-toluensulfonic acid (2 mg, 0.01 mmol). The reaction
mixture was stirred for 14 h and extracted with EtOAc
followed by successive washing of the organic layer with
5% aqueous NaHCO3 solution, water and brine. The organic
layer was dried and evaporated to give a crude mixture,
which was chromatographed on silica gel to yield the
expected compound 6 (65 mg, 86%).

4.9. Reaction of 10 with isopropyl magnesium chloride:
11

To a solution of 10 (2.0 g, 6.20 mmol) in dry THF (20 mL)
was added isopropylmagnesium chloride 2 M in THF
(30 mL, 60 mmol) at 0 8C, under an argon atmosphere.
The reaction mixture was stirred for 1 h at room temperature
and then treated with a saturated NH4Cl aqueous solution,
extracted with EtOAc and washed with water and brine. The
organic layer was dried over Na2SO4 and evaporated
yielded desired compound 11 (2.11 g, 93%).

4.9.1. 13-Methyl-13-ethylendioxy-13,14-seco-totaran-14-
ol: 11. [a]D

22K6.68 (cZ1.43, CHCl3); IR (film): 3516, 2932,
1723, 1468, 1385, 1053, 851 cmK1; 1H NMR (200 MHz,
CDCl3) d: 4.00–3.86 (4H, m, –OC2H4O–), 3.22 (1H, d, JZ
9.6 Hz, H-14), 1.82–1.00 (15H, m), 1.31 (3H, s, H-13a),
1.02 (3H, d, JZ6.3 Hz, H-16), 1.00–0.78 (2H, m), 0.82 (3H,
d, JZ6.8 Hz, H-17), 0.84, 0.80 and 0.80 (3Me, s each, Me-
18, Me-19 and Me-20); 13C NMR (50 MHz, CDCl3) d: 40.9
(C-1), 19.0 (C-2), 42.4 (C-3), 33.6 (C-4), 54.9 (C-5), 21.4
(C-6), 24.4 (C-7), 40.5 (C-8), 51.9 (C-9), 38.8 (C-10), 22.7
(C-11), 39.4 (C-12), 110.5 (C-13), 23.8 (C-13a), 77.0
(C-14), 31.4 (C-15), 22.1 and 21.0 (C-16 and C-17), 33.6
(C-18), 19.0 (C-19), 14.3 (C-20), 64.8 (–OC2H4O–); EIMS
m/z (%): 351 (MCK15, 2), 115 (8), 87 (100).

4.10. Preparation of 12

A solution of compound 11 (1.23 g, 3.36 mmol) in pyridine
(5 mL) and Ac2O (10 mL) was stirred at 70 8C for 2 h. Then
ice was added, the solution stirred for 30 min, and diluted
with EtOAc, the organic layer was washed with 10% HCl
and water, dried (Na2SO4) and evaporated. Purification by
chromatography on silica gel yielded quantitatively the
corresponding acetate.

To a solution of the latter compound (1.56 g, 3.82 mmol) in
distilled acetone over KMnO4 (10 mL), was added
p-toluensulfonic acid (70 mg, 0.42 mmol). The reaction
mixture was stirred for 14 h and extracted with EtOAc
followed by successive washing of the organic layer with
5% aqueous NaHCO3 solution, water and brine. The organic
layer was dried over Na2SO4 and evaporated to give a crude
mixture, which was chromatographed on silica gel to yield
the expected compound 12 (1.33 g, 96%).

4.10.1. 13-Methyl-14R-acetoxy-13,14-seco-totaran-13-
one: 12. [a]D

22 C18.08 (cZ1.99, CHCl3); IR (film): 2928,
1728, 1462, 1370, 1244, 1115 and 1020 cmK1; 1H NMR
(200 MHz, CDCl3) d: 4.68 (1H, d, JZ9.6 Hz, H-14), 2.61
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(1H, dddd, JZ17.2, 12.2, 7.4, 4.8 Hz, H-8), 2.11 (3H, s,
H-13), 2.09 (3H, s, MeCOO–), 2.58–1.00 (14H, m), 1.00–
0.50 (3H, m), 0.88 (3H, d, JZ6.6 Hz, H-16), 0.83 (3H, d,
JZ6.6 Hz, H-17), 0.85, 0.82 and 0.81 (3Me, s each, Me-18,
Me-19 and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.9
(C-1), 18.8 (C-2), 42.2 (C-3), 33.3 (C-4), 54.8 (C-5), 21.3
(C-6), 25.9 (C-7), 39.1 (C-8), 51.8 (C-9), 39.1 (C-10), 22.1
(C-11), 45.9 (C-12), 209.7 (C-13), 30.0 (C-13a), 78.9
(C-14), 30.0 (C-15), 19.8 and 18.8 (C-16 and C-17), 33.6
(C-18), 22.1 (C-19), 14.5 (C-20), 21.4 (MeCOO–), 171.3
(MeCOO–); EIMS m/z (%): 364 (MC, 8), 304 (38), 247
(62), 217 (8), 177 (20), 123 (70), 69 (100); EIHRMS: calcd
for C23H40O3 (M

C) 364.2977, found (MC) 364.2970.

4.11. Preparation of 13

To a solution of 12 (40 mg, 0.110 mmol) in dry THF (1 mL)
was added NaHMDS 1.0 M (0.60 mL, 0.600 mmol), at
K78 8C under an argon atmosphere. The solution was
stirred for 10 min. Then distilled TMSCl (0.20 mL,
1.60 mmol) was added. The mixture was stirred for 2 h
and NEt3 (1 mL) was added. After 30 min, the resulting
mixture was diluted with EtOAc and washed with 5%
aqueous NaHCO3 solution, water and brine. The organic
layer was dried over Na2SO4 and the solvent evaporated to
give a crude mixture (58 mg).

To a solution of the crude mixture (58 mg) in
tBuOH/THF/H2O (3/2/1 mL) was added N-methylmorpho-
line N-oxide (NMO) (45 mg, 0.33 mmol) and a solution of
OsO4 2.5% (0.01 mL) in tBuOH. The reaction mixture was
stirred at room temperature for 48 h and a saturated aqueous
solution of Na2S2O3 (5 mL) was added. Extraction with
AcOEt was followed by successive washing of the organic
layer with a 10% aqueous Na2S2O3 solution, 2 N aqueous
HCl solution, water and brine. The organic layer was dried
over Na2SO4 and the solvent evaporated to yield the
expected crude mixture (53 mg).

To a solution of the crude mixture (53 mg) in THF/H2O
(3/1 mL) was added H5IO6 (170 mg, 0.75 mmol). The
reaction mixture was stirred at room temperature for 1 h.
After this time the mixture was diluted with water and a
10% aqueous NaOH solution until the pH was O7.0, and
extracted with AcOEt. The aqueous layer was acidified with
concd HCl, extracted with AcOEt, and washed with water
and brine. The organic layer was dried and evaporated.
A saturated solution of CH2N2 in Et2O was added. After 3 h
the solution was evaporated giving a crude mixture (61 mg),
which was chromatographed on silica gel (n-hexane/AcOEt,
95/5) to give the expected compound 13 (32 mg, 78%).

4.11.1. Methyl 14R-acetoxy-13,14-seco-totaran-13-oate:
13. [a]D

22 C20.88 (cZ0.64, CHCl3); IR (film): 1732, 1458,
1370, 1244, 1171, 1032 cmK1; 1H NMR (200 MHz, CDCl3)
d: 4.73 (1H, d, JZ9.6 Hz, H-14), 3.64 (3H, s, –COOMe),
2.60–2.00 (2H, m, H-12), 2.07 (3H, s, MeCOO–), 2.00–1.00
(14H, m), 0.89 (3H, d, JZ6.6 Hz, H-16), 0.84 (3H, d, JZ
6.6 Hz, H-17), 1.00–0.60 (2H, m), 0.85, 0.83 and 0.81 (3Me,
s each, Me-18, Me-19 and Me-20); 13C NMR (50 MHz,
CDCl3) d: 39.9 (C-1), 18.8 (C-2), 42.2 (C-3), 33.4 (C-4),
54.8 (C-5), 21.4 (C-6), 25.9 (C-7), 39.5 (C-8), 51.6 (C-9),
39.1 (C-10), 23.4 (C-11), 35.6 (C-12), 174.5 (C-13), 78.8
(C-14), 30.7 (C-15), 19.8 and 19.6 (C-16 and C-17), 33.6
(C-18), 22.2 (C-19), 14.5 (C-20), 51.6 (–COOMe), 21.4
(MeCOO–), 171.3 (MeCOO–); EIMS m/z (%): 380 (MC, 4),
320 (48), 277 (30), 233 (27), 182 (30), 136 (83), 69 (100);
EIHRMS: calcd for C23H40O4 (M

C) 380.2927, found (MC)
380.2919.
4.12. Reduction of 13: 14

To a solution of 13 (15 mg, 0.039 mmol) in dry Et2O (2 mL)
was added LAH (5 mg, 0.130 mmol). The mixture was
stirred at room temperature for 1 h. The reaction mixture
was cooled at 0 8C and wet EtOAc was added and the
mixture filtered, the organic phase was dried over Na2SO4,
filtered and the solvent evaporated affording 14 (11 mg,
90%).
4.12.1. 13,14-seco-Totaran-13,14R-diol: 14. [a]D
22 K10.68

(cZ0.72, CHCl3); IR (film): 3372, 2926, 1464, 1387, 1262,
1057, 1009, 970, 909, 735 cmK1; 1H NMR (200 MHz,
CDCl3) d: 3.65 (2H, dd, JZ9.2, 5.6 Hz, H-13), 3.25 (1H, d,
JZ9.6 Hz, H-14), 2.30 (2H, br s, OH), 1.80–1.00 (16H, m),
1.02 (3H, d, JZ7.0 Hz, H-16), 0.81 (3H, d, JZ7.0 Hz,
H-17), 1.00–0.70 (2H, m), 0.84, 0.80 and 0.80 (3Me, s each,
Me-18, Me-19 and Me-20); 13C NMR (50 MHz, CDCl3) d:
39.6 (C-1), 19.0 (C-2), 42.4 (C-3), 33.5 (C-4), 54.9 (C-5),
21.4 (C-6), 24.6 (C-7), 40.4 (C-8), 51.3 (C-9), 38.7 (C-10),
24.4 (C-11), 34.8 (C-12), 63.5 (C-13), 77.3 (C-14), 31.4
(C-15), 21.4 and 19.2 (C-16 and C-17), 33.6 (C-18), 22.1
(C-19), 14.2 (C-20); EIMS m/z (%): 267 (MCK43, 3), 238
(100), 123 (46), 95 (25), 69 (32).
4.13. Oxidation of 14 with TPAP: 15

To a mixture of 14 (41 mg, 0.130 mmol), N-methylmorpho-
line N-oxide (20 mg, 0.15 mmol) and molecular sieves
(60 mg), in anhydrous DCM (2 mL), was added TPAP
(6 mg, 0.017 mmol) under argon, at room temperature. The
reaction mixture was stirred for 30 min and then filtered on
silica gel (EtOAc), the organic layer was evaporated to give
a crude mixture which was chromatographed on silica gel
(n-hexane/AcOEt, 9/1) to yield 15 (35 mg, 90%).
4.13.1. 13,14-seco-Totaran-13,14R-olide: 15. [a]D
22

C20.08 (cZ0.42, CHCl3); IR (film): 1710, 1520,
1430 cmK1; 1H NMR (200 MHz, CDCl3) d: 3.78 (1H, dd,
JZ10.3, 3.7 Hz, H-14), 2.90–2.80 and 2.40–2.30 (2H, m,
H-12), 1.95–1.92 (1H, m, H-15), 1.90–1.86 (2H, m, H-11),
1.80–1.76 (2H, m, H-7), 1.74–1.66 (4H, m, H-1 and H-6),
1.63–1.58 (1H, m, H-8), 1.45–1.37 and 1.20–1.10 (2H, m,
H-3), 1.01 (3H, d, JZ6.6 Hz, H-16), 1.00–0.92 (1H, m,
H-9), 0.90 (3H, d, JZ6.6 Hz, H-17), 0.94–0.90 (3H, m, H-2
and H-5), 0.84 (3H, s, Me-18), 0.79 (6H, s, Me-19 and
Me-20); 13C NMR (50 MHz, CDCl3) d: 38.8 (C-1), 19.1
(C-2), 42.2 (C-3), 33.1 (C-4), 55.3 (C-5), 22.0 (C-6), 25.8
(C-7), 40.1 (C-8), 53.0 (C-9), 37.8 (C-10), 17.9 (C-11), 33.1
(C-12), 174.8 (C-13), 85.6 (C-14), 28.7 (C-15), 20.7 and
18.6 (C-16 and C-17), 33.5 (C-18), 21.6 (C-19), 14.8 (C-20);
EIMS m/z (%): 306 (MC, 1), 234 (100), 201 (14), 178 (12),
123 (60), 81 (58).
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4.14. Acetylation of 14: 16

A solution of compound 14 (43 mg, 0.140 mmol) in
pyridine (1.5 mL) and Ac2O (3 mL) was stirred at room
temperature for 30 min. Then ice was added, the solution
stirred for 30 min and diluted with EtOAc, the organic layer
was washed with 10% HCl and water, dried over Na2SO4

and evaporated the solvent. Purification by chromatography
on silica gel yielded desired compound 16 (48 mg, 99%).

4.14.1. 13-Acetoxy-13,14-seco-totaran-14R-ol: 16. [a]D
22

K6.18 (cZ1.46, CHCl3); IR (film): 3536, 2959, 1738, 1464,
1387, 1366, 1258, 1040 cmK1; 1H NMR (200 MHz, CDCl3)
d: 4.08–3.84 (2H, m, H-13), 3.12 (1H, d, JZ9.6 Hz, H-14),
2.00 (3H, s, MeCOO–), 1.80–1.08 (14H, m), 0.98 (3H, d,
JZ6.6 Hz, H-16), 1.00–0.80 (4H, m), 0.78 (3H, d, JZ
6.6 Hz, H-17), 0.81, 0.75 and 0.75 (3Me, s each, Me-18,
Me-19 and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.4
(C-1), 18.9 (C-2), 42.3 (C-3), 33.4 (C-4), 54.8 (C-5), 21.3
(C-6), 24.9 (C-7), 40.6 (C-8), 51.3 (C-9), 38.5 (C-10), 24.3
(C-11), 30.5 (C-12), 65.1 (C-13), 77.1 (C-14), 31.4 (C-15),
20.9 and 19.3 (C-16 and C-17), 33.6 (C-18), 22.0 (C-19),
14.2 (C-20), 171.4 (MeCOO–), 21.2 (MeCOO–); EIMS m/z
(%): 352 (MC, 2), 309 (10), 280 (82), 249 (30), 205 (40),
177 (15), 123 (100), 69 (88); EIHRMS: calcd for C22H40O3

(MC) 352.2977, found (MC) 352.2975.

4.15. Oxidation of 16 with TPAP: 17

To a mixture of 16 (48 mg, 0.140 mmol), N-methylmorpho-
line N-oxide (26 mg, 0.190 mmol) and molecular sieves
(80 mg) in anhydrous DCM (4 mL), under argon, at room
temperature was added TPAP (7 mg, 0.020 mmol). The
reaction mixture was stirred for 2 h and then filtered on
silica gel (EtOAc), the organic layer was evaporated to give
a crude product which was chromatographed on silica gel
(n-hexane/AcOEt, 9/1) to yield 17 (48 mg, 98%).

4.15.1. 13-Acetoxy-13,14-seco-totaran-14-one: 17. [a]D
22

K11.68 (cZ0.83, CHCl3); IR (film): 2940, 1738, 1705,
1244 cmK1; 1H NMR (200 MHz, CDCl3) d: 3.90 (2H, t, JZ
5.8 Hz, H-13), 2.80–2.58 (2H, m, H-8 and H-15), 2.00 (3H,
s, MeCOO–), 1.88–1.10 (12H, m), 1.09 (3H, d, JZ6.8 Hz,
H-16), 1.06 (3H, d, JZ6.8 Hz, H-17), 1.10–0.60 (4H, m),
0.83, 0.83 and 0.81 (3Me, s each, Me-18, Me-19 and Me-
20); 13C NMR (50 MHz, CDCl3) d: 38.7 (C-1), 18.7 (C-2),
42.3 (C-3), 33.4 (C-4), 54.6 (C-5), 21.4 (C-6), 30.6 (C-7),
41.8 (C-8), 52.3 (C-9), 38.2 (C-10), 27.0 (C-11), 31.7
(C-12), 65.1 (C-13), 218.5 (C-14), 51.6 (C-15), 18.4 and
18.3 (C-16 and C-17), 33.6 (C-18), 22.0 (C-19), 14.4 (C-20),
171.4 (MeCOO–), 21.4 (MeCOO–); EIMS m/z (%): 350
(MC, 14), 290 (8), 265 (82), 219 (16), 123 (45), 69 (100);
EIHRMS: calcd for C22H38O3 (M

C) 350.2821, found (MC)
350.2823.

4.16. Hydrolysis of 17: 18

To 17 (21 mg, 0.060 mmol) a solution of 3% K2CO3 in
methanol (4 mL) was added with stirring at room tempera-
ture. After 4 h the solvent was evaporated and diluted with
AcOEt. The organic layer was washed with a 2 M aqueous
solution of HCl, water and brine. The solution was dried and
evaporated to yield the expected compound 18 (18 mg,
97%).

4.16.1. 13-Hydroxy-13,14-seco-totaran-14-one: 18. [a]D
22

K20.48 (cZ0.74, CHCl3); IR (film): 3441, 2934, 1705,
1458, 1387, 1053 cmK1; 1H NMR (200 MHz, CDCl3) d:
3.66–3.38 (2H, m, H-13), 2.82–2.58 (2H, m, H-8 and H-15),
2.09–1.15 (12H, m), 1.08 (3H, d, JZ7.0 Hz, H-16), 1.06
(3H, d, JZ7.0 Hz, H-17), 1.02–0.83 (4H, m), 0.84, 0.84 and
0.81 (3Me, s each, Me-18, Me-19 and Me-20); 13C NMR
(50 MHz, CDCl3) d: 38.9 (C-1), 18.7 (C-2), 42.2 (C-3), 33.3
(C-4), 54.6 (C-5), 21.4 (C-6), 31.7 (C-7), 41.7 (C-8), 52.3
(C-9), 38.2 (C-10), 26.6 (C-11), 34.6 (C-12), 63.1 (C-13),
219.5 (C-14), 51.2 (C-15), 18.3 and 18.3 (C-16 and C-17),
33.6 (C-18), 22.0 (C-19), 14.3 (C-20); EIMS m/z (%): 308
(MC, 8), 265 (7), 237 (16), 139 (38), 109 (30), 95 (46), 69
(100); EIHRMS: calcd for C20H36O2 (M

C) 308.2715, found
(MC) 308.2712.

4.17. Oxidation of 18: 19

To a solution of pyridine (0.4 mL, 4.90 mmol) in dry DCM
(5 mL) was added CrO3 (200 mg, 2.00 mmol). The mixture
was stirred for 30 min at room temperature. Then 18
(90 mg, 0.290 mmol) in dry DCM (5 mL) was added. After
30 min ether was added and the mixture filtered. The
organic layer was washed with 2 M aqueous HCl, a 6%
aqueous solution of NaHCO3, water and brine. The organic
layer was dried and evaporated to give the expected
compound 19 (80 mg, 90%).

4.17.1. 14-Oxo-13,14-seco-totaran-13-al: 19. IR (film):
1709, 1464, 1387, 1368 cmK1; 1H NMR (200 MHz, CDCl3)
d: 9.62 (1H, s, H-13), 2.81–2.00 (4H, m, H-8, H-12 and
H-15), 1.93–1.12 (12H, m), 1.07 (6H, d, JZ6.8 Hz, H-16
and H-17), 1.12–0.63 (2H, m), 0.84, 0.84 and 0.81 (3Me, s
each, Me-18, Me-19 and Me-20); 13C NMR (50 MHz,
CDCl3) d: 38.8 (C-1), 18.7 (C-2), 41.5 (C-3), 33.4 (C-4),
54.6 (C-5), 21.4 (C-6), 31.6 (C-7), 41.4 (C-8), 52.4 (C-9),
38.2 (C-10), 25.6 (C-11), 35.7 (C-12), 202.8 (C-13), 218.8
(C-14), 51.0 (C-15), 18.4 and 18.2 (C-16 and C-17), 33.6
(C-18), 22.0 (C-19), 14.3 (C-20).

4.18. Preparation of 20

To a solution of diisopropylamine (0.80 mL, 5.62 mmol) in
THF (10 mL), cooled at K78 8C and under an argon
atmosphere was added n-BuLi 1.6 M in hexane (3.52 mL,
5.62 mmol). The solution was stirred for 10 min. Then
distilled TMSCl (3.52 mL, 28.1 mmol) was added and
compound 3 (862 mg, 2.81 mmol) in THF (12 mL) was
added via cannula. The mixture was stirred for 3 h and NEt3
(4 mL) was added. After 30 min, the resulting mixture was
diluted with AcOEt and washed with 5% aqueous NaHCO3

solution (2 mL), water and brine. The organic layer was
dried over Na2SO4 and evaporated to give the corresponding
silyl enol ether (1.06 g).

To a solution of later compound (1.00 g, 2.65 mmol) in
tBuOH/THF/H2O (20/7/3 mL) was added N-methylmorpho-
line N-oxide (NMO) (450 mg, 3.18 mmol) and a solution of
OsO4 2.5% (60 mL) in tBuOH. The reaction mixture was
stirred at room temperature for 24 h and a saturated aqueous
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solution of Na2S2O3 (10 mL) was added. Extraction with
AcOEt was followed by successive washing of the organic
layer with a 10% aqueous Na2S2O3 solution, 2 N aqueous
HCl solution, water and brine. The organic layer was dried
and evaporated to yield the expected hydroxyketone
(820 mg). To a solution of this material (820 mg,
2.55 mmol) in THF/H2O (15/5 mL) was added H5IO6

(1.40 g, 6.32 mmol). The reaction mixture was stirred at
room temperature for 3 h. After this time the mixture was
diluted with water and a 10% aqueous NaOH solution until
the pH was O7.0, and extracted with AcOEt. The aqueous
layer was acidified with concd HCl, extracted with AcOEt,
and washed with water and brine. The organic layer was
dried over Na2SO4 and evaporated to give the acid. To a
solution of this acid (800 mg, 2.72 mmol) in MeOH/ben-
zene (4/4 mL) was added TMSCHN2 2 M in hexane
(1.4 mL, 2.8 mmol). After 15 h the solvent was evaporated
to give 20 (732 mg, 81% from compound 3).

4.18.1. Dimethyl 14,15,16-trinor-7-labden-13,17-dioate:
20. IR (film): 3100, 2928, 2855, 1717, 1645, 1435, 1248,
1040, 914, 733 cmK1; 1H NMR (200 MHz, CDCl3) d: 10.60
(1H, br s, –COOH), 6.80–6.60 (1H, m, H-7), 3.67 (3H, s,
–COOMe), 2.75 (1H,,ddd, JZ16.1, 11.3, 4.8 Hz, HA-12),
2.30 (1H, ddd, JZ16.1, 11.3, 5.4 Hz, HB-12), 2.10–0.90
(12H, m), 0.87, 0.83 and 0.79 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.2 (C-1), 18.4
(C-2), 42.0 (C-3), 32.7 (C-4), 50.3 (C-5), 23.2 (C-6), 138.2
(C-7), 134.4 (C-8), 49.4 (C-9), 36.9 (C-10), 24.0 (C-11),
35.4 (C-12), 179.1 (C-13), 169.3 (C-17), 33.0 (C-18), 21.8
(C-19), 14.1 (C-20), 51.3 (–COOMe).

4.19. Hydrogenation of 20: 21

To a solution of 20 (39 mg, 0.120 mmol) in EtOH (3 mL),
PtO2 (10 mg, 0.044 mmol) was added. The reaction mixture
was stirred for 12 h under hydrogen atmosphere and then
filtered on silica gel (AcOEt), the organic layer was
evaporated to yield the expected compound 21 (36 mg,
92%).

4.19.1. Dimethyl 14,15,16-trinor-labdan-13,17-dioate:
21. IR (film): 2949, 2880, 1734, 1458, 1437, 1389, 1366,
1258, 1210, 1163 cmK1; 1H NMR (200 MHz, CDCl3) d:
3.59 and 3.57 (3H, s each, –COOMe), 2.70–2.10 (3H, m,
H-8 and H-12), 2.00–1.00 (13H, m), 1.00–0.80 (1H, m),
0.77, 0.73 and 0.67 (3Me, s each, Me-18, Me-19 and Me-
20); 13C NMR (50 MHz, CDCl3) d: 42.2 (C-1), 18.8 (C-2),
39.2 (C-3), 33.5 (C-4), 56.5 (C-5), 19.3 (C-6), 29.4 (C-7),
38.9 (C-8), 53.0 (C-9), 38.7 (C-10), 21.9 (C-11), 32.9
(C-12), 174.8 (C-13), 175.9 (C-17), 33.7 (C-18), 21.7
(C-19), 14.1 (C-20), 51.7 and 51.4 (–COOMe); EIMS m/z
(%): 324 (MC, 20), 292 (59), 264 (25), 221 (39), 201 (15),
177 (43), 149 (70), 123 (95), 91 (100), 77 (90).

4.20. Reduction of 21: 22

To a solution of 21 (32 mg, 0.098 mmol) in dry Et2O (4 mL)
was added LAH (12 mg, 0.320 mol). The reaction was
stirred at room temperature for 1 h. The reaction was cooled
at 0 8C, then wet AcOEt was added and the mixture filtered,
the organic phase was dried over Na2SO4, filtered and
evaporated affording 22 (27 mg, 95%).
4.20.1. 14,15,16-Trinor-labdan-13,17-diol: 22. Mp 141–
144 8C (Et2O); [a]D

22 C44.68 (cZ0.84, CHCl3); IR (film):
3364, 2924, 2851, 1464, 1387, 1262, 1026, 801, 735 cmK1;
1H NMR (400 MHz, CDCl3) d: 3.75–3.55 (4H, m, H-13 and
H-17), 2.05–1.10 (16H, m), 0.90–0.80 (1H, m), 0.86, 0.81
and 0.71 (3Me, s each, Me-18, Me-19 and Me-20); 13C
NMR (100 MHz, CDCl3) d: 39.2 (C-1), 18.7 (C-2), 42.0
(C-3), 33.3 (C-4), 56.6 (C-5), 18.0 (C-6), 29.6 (C-7), 39.9
(C-8), 53.0 (C-9), 38.2 (C-10), 21.7 (C-11), 31.6 (C-12),
63.3 (C-13), 61.6 (C-17), 33.5 (C-18), 21.5 (C-19), 15.7
(C-20); EIMS m/z (%): 268 (MC, 2), 177 (8), 123 (33), 81
(61), 69 (96), 53 (100).

4.21. Reaction of 20 with Li/NH3: 22

Lithium (175 mg, 22 mmol), tBuOH (5 mL) and a solution
of compound 20 (290 mg, 0.900 mmol) in THF (5 mL) were
added to liquid NH3 at K78 8C (50 mL). The reaction
mixture was stirred at K78 8C for 2 h. The solution was
brought up to room temperature and then treated with a
saturated NH4Cl aqueous solution. Extraction with AcOEt,
washing with water and brine followed by drying (Na2SO4)
and evaporation of the solvent left a crude product
(232 mg), which was chromatographed on silica gel
(n-hexane/AcOEt 9/1) to give 22 (220 mg, 91%).

4.22. Oxidation of 22: 23

To a solution of pyridine (0.44 mL, 5.38 mmol) in dry DCM
(6 mL) was added CrO3 (266 mg, 2.68 mmol). The mixture
was stirred for 30 min at room temperature. Then 22
(60 mg, 0.22 mmol) in dry DCM (8 mL) was added. After
30 min ether was added and filtered. The organic layer was
washed with 2 N aqueous HCl, a 6% aqueous solution of
NaHCO3, water and brine. The organic layer was dried over
Na2SO4 and evaporated to give the expected compound 23
(52 mg, 90%).

4.22.1. 14,15,16-Trinor-labdan-13,17-dial: 23. IR (film):
2950, 1709, 1462, 1389 cmK1; 1H NMR (200 MHz, CDCl3)
d: 9.83 and 9.63 (1H, s each, –CHO), 2.80–2.20 (3H, m, H-8
and H-12), 2.10–0.80 (14H, m), 0.85, 0.80 and 0.77 (3Me, s
each, Me-18, Me-19 and Me-20); EIMS m/z (%): 264 (MC,
2), 221 (3), 123 (8), 84 (100), 69 (12).

4.23. Preparation of SmI2

In a standard procedure 1.07 g (7.1 mmol) of Samarium
powder was placed in a schlenk, which was flamed under
vacuum. Then, 1,2-diiodoethane (1.26, 4.4 mmol) in THF
(47 mL) was added via cannula. The mixture was stirred
under an argon atmosphere for 1.30 h. After that, a deep
blue solution of SmI2 in THF was obtained.

4.24. Preparation of compounds 24 and 25

To a solution of compound 5 (590 mg, 2.1 mmol) in dry
THF (21 mL) and MeOH (430 mL), was added at room
temperature a solution of SmI2 (0.1 M in THF, 52 mL,
5.3 mmol), under an argon atmosphere. After 4 h of stirring,
the solution was diluted with Et2O, the organic layers
washed with aqueous saturated NH4Cl, brine, dried
(Na2SO4) and evaporated in vacuo to afford, after column
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chromatography on silica gel, the products 24 (550 mg,
75%) and 25 (44 mg, 5%).

4.24.1. (8S)-15,16-Dinor-pimaran-13a,14a-diol: 24. Mp
140–144 8C (n-hexane/AcOEt); [a]D

22 C23.08 (cZ1.24,
CHCl3); IR (film): 3437, 2984, 1383, 1371, 1049 cmK1;
1H NMR (200 MHz, CDCl3) d: 3.63 (1H, d, JZ11.8 Hz,
H-14), 2.20–1.30 (13H, m), 1.26 (3H, s, Me-17), 1.20–1.00
(4H, m), 0.86, 0.84 and 0.83 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (100 MHz, CDCl3) d: 40.7 (C-1),
18.7 (C-2), 42.0 (C-3), 33.0 (C-4), 56.0 (C-5), 18.4 (C-6),
27.2 (C-7), 38.0 (C-8), 49.4 (C-9), 39.0 (C-10), 20.1 (C-11),
27.2 (C-12), 71.3 (C-13), 73.6 (C-14), 28.2 (C-17), 34.0
(C-18), 22.0 (C-19), 15.6 (C-20); EIMS m/z (%): 280 (MC,
5), 262 (18), 244 (9), 177 (12), 123 (41), 107 (26), 95 (51),
81 (62), 67 (69), 54 (100). Anal. Calcd for C18H32O2: C,
77.09; H, 11.50; found: C, 77.12; H, 11.13.

4.24.2. (8S)-15,16-Dinor-pimaran-13b,14b-diol: 25. IR
(film): 3374, 2924, 1462, 1385, 1368, 1146, 1074, 945 cmK1;
1H NMR (200 MHz, CDCl3) d: 3.38 (1H, d, JZ4.3 Hz,
H-14), 1.23 (3H, s, Me-17), 1.01 (3H, s, Me-20), 0.87 and
0.85 (2Me, s each, Me-18 and Me-19). Anal. Calcd for
C18H32O2: C, 77.09; H, 11.50; found: C, 77.05; H, 11.21.

4.25. Acetylation of 24: 28

A solution of compound 24 (81 mg, 0.2 mmol) in pyridine
(1 mL) and Ac2O (1 mL) was stirred at room temperature
for 12 h. Then, ice was added, the solution was stirred for
30 min and diluted with AcOEt, the organic layer was
washed with HCl 10% and water, dried over Na2SO4 and
evaporated. Purification by chromatography on silica gel
gave the monoacetyl derivative 28 in a quantitative yield.

4.25.1. (8S)-14a-Acetoxy-15,16-dinor-pimaran-13a-ol:
28. Mp 127–131 8C (n-hexane/AcOEt); [a]D

22 C18.88 (cZ
0.24, CHCl3); IR: 3400, 1721, 1281, 1236, 1144, 1127,
1109, 1024, 1001, 978, 943 cmK1; 1H (400 MHz, CDCl3) d:
5.24 (1H, d, JZ11.9 Hz, H-14), 2.30–2.20 (1H, m, H-8),
2.14 (3H, s, OAc), 1.87 and 1.82 (2H, m, H-1), 1.58–1.53
(1H, m, H-9), 1.51–1.20 (10H, m), 1.40–1.15 (2H, m, H-3),
0.85–0.82 (1H, m, H-5), 1.12 (3H, s, Me-17), 1.09 (3H, s,
Me-20), 0.85 and 0.84 (2Me, s each, Me-18 and Me-19); 13C
NMR (100 MHz, CDCl3) d: 40.5 (C-1), 18.6 (C-2), 41.9
(C-3), 33.1 (C-4), 56.1 (C-5), 18.5 (C-6), 27.7 (C-7), 35.1
(C-8), 49.3 (C-9), 39.0 (C-10), 19.9 (C-11), 35.9 (C-12),
71.0 (C-13), 76.9 (C-14), 28.2 (C-17), 33.9 (C-18), 21.9
(C-19), 19.0 (C-20), 20.8 (–OCOMe), 170.7 (–OCOMe);
EIMS m/z (%): 322 (MC, 5), 262 (14), 205 (41), 177 (12),
136 (39), 107 (60), 77 (100); HRMS: calcd for C20H34O3

(MC) 322.2508, found (MC) 322.2511.

4.26. Preparation of compounds 26 and 27

To a solution of compound 6 (230 mg, 0.83 mmol) in dry
THF (10 mL) and MeOH (230 mL), was added at room
temperature a solution of SmI2 (0.1 M in THF, 25 mL,
2.6 mmol), under an argon atmosphere. After 4 h of stirring,
the solution was diluted with Et2O, the organic layers
washed with saturated aqueous NH4Cl, brine, dried
(Na2SO4) and evaporated in vacuo to afford, after column
chromatography on silica gel, the products 26 (167 mg,
72%) and 27 (16 mg, 7%).

4.26.1. (8R)-15,16-Dinor-pimaran-13b,14b-diol: 26. IR
(film): 3356, 2940, 2855, 1458, 1373, 1069, 1018 cmK1; 1H
NMR (200 MHz, CDCl3) d: 2.90 (1H, d, JZ10.2 Hz, H-14),
2.20–1.00 (17H, m), 1.23 (3H, s, Me-17), 0.85, 0.82 and
0.82 (3Me, s each, Me-18, Me-19 and Me-20); EIMS m/z
(%): 280 (MC, 1), 262 (14), 244 (12), 177 (6), 123 (10), 107
(32), 54 (100). Anal. Calcd for C18H32O2: C, 77.09; H,
11.50; found: C, 77.32; H, 11.07.

4.26.2. (8R)-15,16-Dinor-pimaran-13a,14a-diol: 27. IR
(film): 3434, 1452, 1385, 1371, 1125, 1040, 1005 cmK1; 1H
NMR (200 MHz, CDCl3) d: 3.29 (1H, br s, H-14), 2.18–1.02
(17H, m), 1.21 (3H, s, Me-17), 0.85, 0.82 and 0.82 (3Me, s
each, Me-18, Me-19 and Me-20); EIMS m/z (%): 280 (MC,
2), 262 (18), 244 (14), 177 (28), 54 (100).

4.27. Acetylation of 26: 29

A solution of compound 26 (120 mg, 0.3 mmol) in pyridine
(1 mL) and Ac2O (1 mL) was stirred at room temperature
for 12 h. Then, ice was added, the solution stirred for 30 min
and diluted with AcOEt, the organic layer was washed with
HCl 10% and water, dried over Na2SO4 and evaporated.
Purification by chromatography on silica gel gave the
monoacetyl derivative 29 in a quantitative yield.

4.27.1. (8R)-14b-Acetoxy-15,16-dinor-pimaran-13b-ol:
29. IR (film): 3451, 2918, 2849, 1721, 1452, 1377, 1238,
1127, 1022, 912 cmK1; 1H NMR (400 MHz, CDCl3) d: 4.52
(1H, d, JZ10.4 Hz, H-14), 2.12 (3H, s, OAc), 2.10–1.10
(17H, m), 1.09 (3H, s, Me-17), 0.86, 0.84 and 0.82 (3Me, s
each, Me-18, Me-19 and Me-20); 13C NMR (100 MHz,
CDCl3) d: 39.2 (C-1), 18.8 (C-2), 42.0 (C-3), 33.1 (C-4),
54.8 (C-5), 19.1 (C-6), 30.4 (C-7), 36.3 (C-8), 53.7 (C-9),
36.7 (C-10), 20.7 (C-11), 36.8 (C-12), 70.6 (C-13), 82.7
(C-14), 27.5 (C-17), 33.8 (C-18), 21.8 (C-19), 14.2 (C-20),
20.8 (–OCOMe), 170.6 (–OCOMe); HRMS: calcd for
C20H34O3 (M

C) 322.2508, found (MC) 322.2505.

4.28. Oxidation of 24: 30

Swern oxidation of 24 (395 mg, 1.41 mmol) (as described
above for compound 5), afforded after column chroma-
tography over silica gel (Hex/AcOEt 8:2) compound 30
(350 mg, 88%).

4.28.1. (8S)-13a-Hydroxy-15,16-dinor-pimaran-14-one:
30. Mp 122–125 8C (n-hexane/AcOEt); IR (film): 3450,
2950, 1713, 1462, 1389, 1370, 1146, 1071, 997, 912,
739 cmK1; 1H NMR (200 MHz, CDCl3) d: 3.24 (1H, dt, JZ
2.7, 6.0 Hz, H-8), 2.30–2.20 (2H, m), 2.00–1.30 (11H, m),
1.30 (3H, s, Me-17), 0.85, 0.81 and 0.75 (3Me, s each,
Me-18, Me-19 and Me-20); EIMS m/z (%): 279 (MCC1,
25), 235 (30), 217 (20), 177 (22), 153 (23), 107 (58), 95
(71), 81 (75),69 (83), 53 (100). Anal. Calcd for C18H30O2:
C, 77.65; H, 10.86; found: C, 77.59; H, 10.94.

4.28.2. (8R)-13b-Hydroxy-15,16-dinor-pimaran-14-one:
32. Swern oxidation of compound 26 (52 mg, 0.18 mmol)
(described above for compound 5), gave compound 32
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(41 mg, 79%). IR (film): 3482, 2947, 2866, 1703, 1447,
1385, 1256, 1144 cmK1; 1H NMR (200 MHz, CDCl3) d:
2.91 (1H, dt, JZ3.8, 11.8 Hz, H-8), 2.20–1.10 (13H, m),
1.27 (3H, s, Me-17), 0.96, 0.85 and 0.83 (3Me, s each,
Me-18, Me-19 and Me-20); EIMS m/z (%): 278 (MC, 3),
235 (15), 217 (10), 153 (30), 81 (70), 53 (100). Anal. Calcd
for C18H32O2: C, 77.65; H, 10.86; found: C, 77.72; H, 10.53.

4.28.3. (8S)-13b-Hydroxy-15,16-dinor-pimaran-14-one:
31. Swern oxidation of compound 25 (40 mg, 0.14 mmol)
(described above for compound 5), gave compound 31
(33 mg, 84%). IR (film): 3470, 2930, 1697, 1458, 1379,
1366, 1200, 1169, 1142, 1111, 1053, 990, 955 cmK1; 1H
NMR (200 MHz, CDCl3) d: 4.00 (1H, s, –OH), 2.86 (1H, t,
JZ7.0 Hz, H-8), 2.18–1.12 (12H, m), 1.39 (3H, s, Me-17),
0.86, 0.81 and 0.79 (3Me, s each, Me-18, Me-19 and
Me-20); EIMS m/z (%): 278 (MC, 2), 235 (12), 217 (22),
177 (26), 153 (18), 107 (43), 95 (64), 53 (100).

4.28.4. (8R)-13a-Hydroxy-15,16-dinor-pimaran-14-one:
33. Swern oxidation of compound 27 (24 mg, 0.08 mmol),
gave compound 33 (20 mg, 88%). IR (film): 3451, 2945,
1705, 1462, 1370, 1179, 1163, 1034, 993, 963 cmK1; 1H
NMR (200 MHz, CDCl3) d: 4.08 (1H, s, –OH), 2.52 (1H, dt,
JZ4.3, 11.8 Hz, H-8), 2.19–1.08 (12H, m), 1.36 (3H, s,
Me-17), 0.95, 0.85 and 0.83 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.3 (C-1), 18.9
(C-2), 41.9 (C-3), 33.2 (C-4), 58.1 (C-5), 20.5 (C-6), 25.0
(C-7), 45.0 (C-8), 54.5 (C-9), 37.7 (C-10), 21.5 (C-11), 40.9
(C-12), 216.0 (C-14), 25.0 (C-17), 33.5 (C-18), 21.8 (C-19),
13.9 (C-20); EIMS m/z (%): 322 (MCC1, 75), 236 (100),
218 (45), 177 (22), 123 (61), 95 (26), 81 (22), 67 (19);
HRMS: calcd for C18H30O2 (MC) 278.2246, found (MC)
278.2240.

4.29. Reaction of 19 with SmI2: 34 and 35

To a solution of 19 (220 mg, 0.720 mmol) in THF (10 mL)
was added, under an argon atmosphere, dry methanol
(1 mL) and a solution of SmI2 prepared in situ 0.1 M
(20 mL). The mixture was stirred for 2 h. The reaction
mixture was diluted with AcOEt and a saturated NH4Cl
aqueous solution was added, extracted with AcOEt and
washed with a 10% aqueous Na2S2O3 solution, water and
brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude product, which was chromato-
graphed on silica gel (n-hexane/AcOEt, 9/1) to give 34
(173 mg, 80%) and 35 (21 mg, 10%).

4.29.1. Totaran-13a,14a-diol: 34. Mp 140 8C (n-hexane/
AcOEt); [a]D

22 K7.68 (cZ0.82, CHCl3); IR: 3468, 2928,
1458, 1387, 1055, 1032 cmK1; 1H NMR (400 MHz, CDCl3)
d: 3.55 (1H, dd, JZ11.1, 4.1 Hz, H-13), 2.27–2.17 (1H, m,
H-15), 1.89–1.79 (2H, m, H-7), 1.79–1.69 and 1.57–1.47
(2H, m, H-12), 1.73–1.60 (2H, m, H-11), 1.73–1.63 and
0.95–0.85 (2H, m, H-1), 1.59–1.47 and 1.45–1.35 (2H, m,
H-2), 1.49–1.37 (1H, m, H-8), 1.43–1.33 and 1.17–1.07 (2H,
m, H-3), 1.33–1.23 (2H, m, H-6), 1.11–1.01 (1H, m, H-9),
1.07 (3H, d, JZ7.1 Hz, H-16), 0.99 (3H, d, JZ7.1 Hz,
H-17), 0.88–0.78 (1H, m, H-5), 0.83 (3H, s, Me-18), 0.81
(3H, s, Me-19) and 0.79 (3H, s, Me-20); 13C NMR
(100 MHz, CDCl3) d: 39.5 (C-1), 18.9 (C-2), 42.0 (C-3),
33.0 (C-4), 54.0 (C-5), 21.4 (C-6), 26.2 (C-7), 39.8 (C-8),
49.1 (C-9), 36.8 (C-10), 22.7 (C-11), 31.2 (C-12), 71.9
(C-13), 76.7 (C-14), 32.6 (C-15), 18.6 and 18.1 (C-16 and
C-17), 33.4 (C-18), 21.8 (C-19), 14.1 (C-20); EIMS m/z
(%): 308 (MC, 3), 265 (88), 229 (52), 177 (8), 109 (30), 95
(38), 69 (100); EIHRMS: calcd for C20H36O2 (MC)
308.2715, found (MC) 308.2712.

4.29.2. Totaran-13b,14b-diol: 35. [a]D
22 K19.88 (cZ0.63,

CHCl3); IR (film): 3432, 2938, 1460, 1387, 1368, 1263,
1028, 1001, 970 cmK1; 1H NMR (400 MHz, CDCl3, d
ppm): 3.83 (1H, t, JZ2.0 Hz, H-13), 2.07–1.97 (1H, m,
H-15), 1.93–1.83 (2H, m, H-12), 1.79–1.69 (1H, m, H-8),
1.73–1.63 and 0.94–0.84 (2H, m, H-1), 1.70-1.60 (2H, m,
H-11), 1.52–1.42 (2H, m, H-2), 1.50–1.40 (2H, m, H-6),
1.45–1.35 and 1.15–1.05 (2H, m, H-3), 1.35–1.20 and 1.00–
0.90 (2H, m, H-7), 1.13–1.03 (1H, m, H-9), 1.02 (3H, d, JZ
7.0 Hz, H-16), 1.00 (3H, d, JZ7.0 Hz, H-17), 0.86–0.76
(1H, m, H-5), 0.86 (6H, s, Me-18 and Me-20) and 0.82 (3H,
s, Me-19); 13C NMR (100 MHz, CDCl3, d ppm): 39.7 (C-1),
16.9 (C-2), 42.0 (C-3), 33.1 (C-4), 55.3 (C-5), 19.0 (C-6),
27.4 (C-7), 42.2 (C-8), 51.0 (C-9), 37.6 (C-10), 22.0 (C-11),
28.6 (C-12), 68.9 (C-13), 76.4 (C-14), 31.5 (C-15), 20.1 and
19.5 (C-16 and C-17), 33.6 (C-18), 22.0 (C-19), 14.0 (C-20);
EIMS m/z (%): 308 (MC, 60), 265 (90), 229 (35), 153 (42),
123 (55), 69 (100); EIHRMS: calcd for C20H36O2 (MC)
308.2715, found (MC) 308.2708.

4.30. Reaction of 23 with SmI2: 36 and 37

To a solution of 23 (700 mg, 2.65 mmol) in THF (20 mL)
was added, under an argon atmosphere, dry methanol
(6 mL) and a solution of SmI2 prepared in situ 0.1 M
(70 mL). The mixture was stirred for 2 h. After that, the
reaction mixture was diluted with AcOEt and a saturated
NH4Cl aqueous solution was added, extracted with AcOEt
and washed with a 10% aqueous Na2S2O3 solution, water
and brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude product, which was chromato-
graphed on silica gel (n-hexane/AcOEt, 9/1) to give 36
(568 mg, 82%) and 37 (40 mg, 5%).

4.30.1. 8-epi-Podocarpa-13a,14a-diol: 36. Mp 113–
116 8C (n-hexane/AcOEt); [a]D

22 C33.98 (cZ1.09,
CHCl3); IR (film): 3390, 2940, 2845, 1265, 1100 cmK1;
1H NMR (400 MHz, CDCl3) d: 4.00 (1H, q, JZ3.2 Hz,
H-13), 3.85 (1H, dd, JZ11.5, 3.2 Hz, H-14), 2.20–2.00 (3H,
m, H-7 and H-8), 1.89–1.79 and 0.94–0.84 (2H, m, H-1),
1.73–1.63 (4H, m, H-2 and H-11), 1.69–1.59 (2H, m, H-12),
1.56–1.46 (3H, m, H-6 and H-9), 1.45–1.35 and 1.17–1.07
(2H, m, H-3), 0.99 (3H, s, Me-20), 0.92–0.82 (1H, m, H-5),
0.86 (3H, s, Me-18), 0.83 (3H, s, Me-19); 13C NMR
(100 MHz, CDCl3) d: 40.8 (C-1), 18.6 (C-2), 41.9 (C-3),
33.1 (C-4), 55.3 (C-5), 18.3 (C-6), 26.6 (C-7), 36.0 (C-8),
48.7 (C-9), 38.8 (C-10), 18.7 (C-11), 29.3 (C-12), 69.5
(C-13), 70.2 (C-14), 34.0 (C-18), 22.0 (C-19), 18.9 (C-20);
EIMS m/z (%): 266 (MC, 2), 153 (11), 123 (14), 107 (45),
89 (37), 77 (100), 67 (34).

4.30.2. 8-epi-Podocarpa-13b,14b-diol: 37. Mp 130–
133 8C (n-hexane/AcOEt); [a]D

22 C3.48 (cZ1.02, CHCl3);
IR (film): 3390, 2940, 2845, 1265 cmK1; 1H NMR
(400 MHz, CDCl3) d: 3.64 (1H, t, JZ9.2 Hz, H-14), 3.42–
3.32 (1H, m, H-13), 2.30–2.20 and 1.53–1.43 (2H, m, H-7),
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2.00–1.90 (2H, m, H-11), 1.95–1.85 and 1.73–1.63 (2H, m,
H-12), 1.91–1.81 and 0.92–0.82 (2H, m, H-1), 1.70–1.60
(1H, m, H-8), 1.63–1.53 and 1.35–1.25 (2H, m, H-2), 1.53–
1.43 (3H, m, H-6 and H-9), 1.45–1.35 and 1.20–1.10 (2H,
m, H-3), 1.02 (3H, s, Me-20), 0.89–0.79 (1H, m, H-5), 0.87
(3H, s, Me-18), 0.82 (3H, s, Me-19); 13C NMR (100 MHz,
CDCl3) d: 40.6 (C-1), 18.6 (C-2), 41.9 (C-3), 33.1 (C-4),
56.0 (C-5), 18.2 (C-6), 26.7 (C-7), 41.9 (C-8), 49.1 (C-9),
38.8 (C-10), 23.0 (C-11), 31.1 (C-12), 76.6 (C-13), 74.2
(C-14), 33.9 (C-18), 21.9 (C-19), 19.3 (C-20); EIMS m/z
(%): 266 (MC, 70), 233 (15), 215 (15), 123 (95), 107 (48).

4.31. Reaction of 24 with p-TsOH: 38

A solution of compound 24 (160 mg, 0.57 mmol) in
benzene (5 mL) was added at room temperature p-TsOH
(5 mg) and the resulting mixture heated at 80 8C for 30 min.
The solution was cooled and diluted with Et2O, and the
organic layer washed with NaHCO3 10%, water and brine,
dried over Na2SO4 and the solvent was removed at low
vacuum to give, after column chromatography on silica gel,
compound 38 (130 mg, 90%).

4.31.1. (8R,13S)-15,16-Dinor-pimaran-14-one: 38. IR
(film): 2928, 2866, 1709, 1447, 1371, 1260, 1121, 1090,
1063, 1036, 984 cmK1; 1H NMR (400 MHz, CDCl3) d: 2.30
(1H, dq, JZ12.4, 6.2 Hz, H-13), 2.21 (1H, ddt, JZ1.2, 4.0,
12.0 Hz, H-8), 2.07 (1H, ddt, JZ12.8, 6.2, 3.2 Hz, H-12),
1.95–0.78 (15H, m), 0.98 (3H, d, JZ6.5 Hz, Me-17), 0.93,
0.85 and 0.82 (3Me, s each, Me-18, Me-19 and Me-20).
Anal. Calcd for C18H30O: C, 82.38; H, 11.52; found: C,
82.12; H, 11.73.

4.32. Reaction of 38 with allyl bromide: 39

To a solution of 38 (114 mg, 0.435 mmol) in THF (2.1 mL)
was added a solution of KHMDS (957 mL, 0.5 M in toluene)
atK78 8C, under argon. After stirring the mixture for 5 min,
allyl bromide (51 mL, 1.4 mmol) was added and stirred for
90 min. Then NaHCO3 (1 mL) was added, diluted with
ether, washed with water, brine, dried (Na2SO4) and the
solvent removed to give, after chromatography, compound
39 (105 mg, 80%).

4.32.1. 15a-Homo-15-pimaren-14-one: 39. IR (film):
3077, 2944, 2866, 1705, 1640, 1456, 1375, 1256, 1121,
1094, 1032, 991, 914, 864, 833 cmK1; 1H NMR (400 MHz,
CDCl3) d: 5.62–5.58 (1H, m, H-15), 5.05–5.02 (2H, m,
]CH2), 2.45 (1H, dt, JZ4.3, 11.9 Hz, H-8), 2.45 (1H, dd,
JABZ14.0 Hz, JAXZ7.2 Hz, HA-15a), 2.15 (1H, dd, JBAZ
14.0 Hz, JBXZ7.6 Hz, HB-15a), 1.90–0.80 (16H, m), 0.97
(3H, s, Me-17), 0.94, 0.85 and 0.83 (3Me, s each, Me-18,
Me-19 and Me-20); 13C NMR (100 MHz, CDCl3) d: 38.1
(C-1), 18.9 (C-2), 41.5 (C-3), 33.1 (C-4), 57.2 (C-5), 19.5
(C-6), 26.7 (C-7), 45.3 (C-8), 54.4 (C-9), 37.6 (C-10), 20.7
(C-11), 39.1 (C-12), 47.7 (C-13), 216.6 (C-14), 41.9
(C-15a), 117.9 (C-15), 133.1 (C-16), 21.8 (C-17), 33.5
(C-18), 22.3 (C-19), 13.9 (C-20); HRMS: calcd for C21H34O
(MC) 302.2610, found (MC) 302.2614.

4.33. Preparation of 40

To a solution of 39 (30 mg, 0.1 mmol) in t-BuOH/THF/H2O
(10:3:1), was added NMO (16 mg, 0.12 mmol) and OsO4

(2.5% in t-BuOH, 10 mL). The solution was stirred and
checked by TLC during 2 h, then saturated aqueous Na2SO3

was added and the solution stirred for 30 min, diluted with
Et2O, washed with HCl 7%, water and brine, dried over
Na2SO4 and the solvent evaporated. The residue was
dissolved in THF/H2O (2:1, 1 mL) and NaIO4 (82 mg,
0.39 mmol) was added at room temperature. The mixture
was stirred for 25 min, then diluted with Et2O and washed
with NaHCO3 10%, NaHSO3 10%, water and brine, dried
(Na2SO4) and the solvent evaporated at low vacuum to give
the crude material, which was chromatographed on silica
gel (Hex/AcOEt 95:5) to give compound 40 (27 mg, 90%).

4.33.1. 14-Oxo-pimaran-16-al: 40. IR (film): 2940, 2866,
2733, 1705, 1456, 1381, 1321, 1256, 1121, 1067, 1034,
1005, 972, 916, 854, 833, 733 cmK1; 1H NMR (200 MHz,
CDCl3) d: 9.65 (1H, t, JZ2.7 Hz, –CHO), 2.77 (1H, d, JZ
2.7 Hz, HA-15), 2.50 (1H, d, JZ2.7 Hz, HB-15), 2.46 (1H,
dt, JZ3.8, 11.3 Hz, H-8), 1.14 (3H, s, Me-17), 198–0.78
(16H, m), 0.95, 0.84 and 0.82 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (50 MHz, CDCl3) d: 38.4 (C-1), 18.9
(C-2), 41.9 (C-3), 33.1 (C-4), 56.8 (C-5), 19.7 (C-6), 26.7
(C-7), 45.4 (C-8), 54.5 (C-9), 37.7 (C-10), 20.6 (C-11), 39.1
(C-12), 46.2 (C-13), 214.7 (C-14), 50.3 (C-15), 200.6
(C-16), 22.9 (C-17), 33.5 (C-18), 21.8 (C-19), 13.9 (C-20).
Anal. Calcd for C20H32O2: C, 78.90; H, 10.59; found: C,
79.00; H, 10.23.

4.34. Reaction of 40 with KOH/MeOH: 41

To a solution of 40 (20 mg, 0.07 mmol) in MeOH was added
KOH (20 mg). The solution was heated under reflux for
36 h. After that, the mixture was diluted with Et2O, washed
with water, brine, dried (Na2SO4) and the solvent evapo-
rated at low vacuum to give the crude material which was
chromatographed on silica gel (Hex/AcOEt 9:1) to give
compound 41 (16 mg, 75%).

4.34.1. 16S-Hydroxy-14-hibaone: 41. [a]D
22 C10.28 (cZ

0.25, CHCl3); IR (film): 3482, 1717, 1314, 1256, 1155,
1042, 721 cmK1; 1H NMR (400 MHz, CDCl3) d: 4.68 (1H,
m, H-16), 2.43 (1H, dd, JZ8.1, 14.0 Hz, H-15), 1.90–0.80
(14H, m), 1.42 (1H, dd, JZ3.0, 14.0 Hz, H-15), 1.23 (1H,
m, H-9), 1.04 (2Me, s, Me-17 and Me-20), 0.90 (1H, m,
H-5), 0.87 and 0.82 (2Me, s each, Me-18 and Me-19); 13C
NMR (100 MHz, CDCl3) d: 39.8 (C-1), 18.4 (C-2), 41.5
(C-3), 33.0 (C-4), 55.4 (C-5), 18.4 (C-6), 23.9 (C-7), 56.2
(C-8), 60.5 (C-9), 39.1 (C-10), 18.3 (C-11), 41.5 (C-12),
47.1 (C-13), 221.5 (C-14), 43.5 (C-15), 67.6 (C-16), 19.5
(C-17), 33.5 (C-18), 21.7 (C-19), 15.5 (C-20); HRMS: calcd
for C20H32O2 (M

C) 304.2402, found (MC) 304.2406.

4.35. Treatment of 41 with TsCl/Py: 42

To a solution of compound 41 (13 mg, 0.04 mmol) in
pyridine was added tosyl chloride (25 mg), under argon. The
solution was heated at 90 8C and checked by TLC. After
36 h the mixture was cooled and diluted with AcOEt,
washed with HCl 7%, NaHCO3 10%, water and brine, dried
(Na2SO4) and the solvent removed to give, after CC (Hex/
AcOEt 9:1) compound 42 (8 mg, 65%).
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4.35.1. 15-Hibaen-14-one: 42. Mp 95–98 8C; [a]D
22 K33.28

(cZ0.5, CHCl3); IR: 2953, 1759, 1177, 721 cmK1; 1H
NMR (400 MHz, CDCl3) d: 6.12 and 5.89 (1H, d each, JZ
7.0 Hz, H-15 and H-16), 1.94 (1H, dt, JZ4.7, 13.3 Hz, H-7),
1.70–0.84 (15H, m), 1.05 (3H, s, Me-17), 0.87, 0.87 and
0.83 (3Me, s each, Me-18, Me-19 and Me-20); 13C NMR
(100 MHz, CDCl3) d: 39.2 (C-1), 18.5 (C-2), 41.7 (C-3),
33.1 (C-4), 54.6 (C-5), 19.0 (C-6), 27.2 (C-7), 55.4 (C-8),
55.9 (C-9), 38.2 (C-10), 18.4 (C-11), 35.3 (C-12), 50.9 (C-
13), 220.0 (C-14), 133.0 (C-15), 132.3 (C-16), 16.5 (C-17),
33.5 (C-18), 21.9 (C-19), 15.5 (C-20). Anal. Calcd for
C20H30O: C, 83.86; H, 10.56; found: C, 83.76; H, 10.66.
4.36. Oxidation of 34 with TPAP: 43

To a mixture of 34 (31 mg, 0.10 mmol), N-methylmorpho-
line N-oxide (20 mg, 0.15 mmol) and molecular sieves
(50 mg) in anhydrous DCM (3 mL), TPAP (10 mg,
0.028 mmol) was added under argon, at room temperature.
The reaction mixture was stirred for 30 min and then filtered
on silica gel (EtOAc), the organic layer was evaporated to
give a crude mixture, which was chromatographed on silica
gel (DCM) to yield 43 (24 mg, 80%).
4.36.1. 14a-Hydroxy-totaran-13-one: 43. [a]D
22 C9.58

(cZ0.48, CHCl3); IR: 3470, 2932, 1709, 1464, 1387,
1273, 1123 cmK1; 1H NMR (200 MHz, CDCl3) d: 3.28 (1H,
br s, –OH), 2.52–2.39 (2H, m, H-12), 2.16–2.00 (1H, m,
H-15), 1.98–1.08 (14H, m), 1.03 (3H, d, JZ7.0 Hz, H-16),
1.00–0.60 (1H, m), 0.86, 0.83 and 0.81 (3Me, s each, Me-18,
Me-19 and Me-20), 0.72 (3H, d, JZ7.0 Hz, H-17); 13C
NMR (50 MHz, CDCl3) d: 39.1 (C-1), 19.0 (C-2), 42.2
(C-3), 33.3 (C-4), 54.8 (C-5), 21.9 (C-6), 28.9 (C-7), 45.8
(C-8), 52.2 (C-9), 37.6 (C-10), 22.2 (C-11), 35.9 (C-12),
217.2 (C-13), 81.2 (C-14), 35.9 (C-15), 17.5 and 15.9 (C-16
and C-17), 33.6 (C-18), 21.9 (C-19), 14.1 (C-20); EIMS m/z
(%): 306 (MC, 26), 264 (22), 235 (93), 123 (46), 95 (50), 69
(100); HRMS: calcd for C20H34O2 (MC) 306.2559, found
(MC) 306.2554.
4.37. Reaction of 34 with p-TsOH: 44, 45 and 46

Diol 34 (136 mg, 0.440 mmol) dissolved in benzene
(10 mL) was stirred at 60 8C in the presence of p-toluen-
sulfonic acid (30 mg, 0.150 mmol) for 48 h under an
argon atmosphere. The mixture reaction was diluted with
AcOEt and washed successively with a 5% aqueous solution
of NaHCO3, water and brine. The organic layer was dried
and evaporated to give a crude (126 mg), which was
chromatographed on silica gel (n-hexane/benzene, 9/1) to
yield 44 (19 mg, 8%), 45 (15 mg, 12%) and 46 (74 mg,
61%).

Compound 44. [a]D
22 C20.38 (cZ1.20, CHCl3); IR (film):

2942, 1262, 1200 cmK1; 1H NMR (400 MHz, CDCl3) d:
4.78 (1H, s, –OCHO–), 3.94 (1H, d, JZ7.0 Hz, H-13), 2.32–
2.23 (2H, m, H-15), 2.23–1.00 (32H, m), 0.98 (3H, d, JZ
6.9 Hz, H-16 0), 0.95 (3H, d, JZ6.9 Hz, H-17 0), 0.88 (3H, s),
0.87 (3H, d, JZ6.9 Hz, H-16), 0.86 (3H, s), 0.85 (3H, s),
0.84 (3H, s), 0.83 (3H, d, JZ6.9 Hz, H-17), 0.81 (3H, s),
0.79 (3H, s), 1.00–0.80 (2H, m); EIMS m/z (%): 579
(MCK1, 2), 537 (3), 319 (98), 273 (100), 217 (16).
4.37.1. 14R-(13/14)-abeo-Totaran-13-al: 45. [a]D
22

C16.68 (cZ1.25, CHCl3); IR (film): 2944, 1724, 1458,
1389, 1370, 1198 cmK1; 1HNMR (200 MHz, CDCl3) d: 9.43
(1H, s, –CHO), 2.29–2.09 (1H, m, H-15), 2.09–1.00 (16H,
m), 1.00 (3H, d, JZ6.6 Hz, H-16), 1.00–0.80 (1H, m), 0.85,
0.81 and 0.78 (3Me, s each, Me-18, Me-19 and Me-20), 0.75
(3H, d, JZ6.6 Hz, H-17); 13C NMR (50 MHz, CDCl3, d
ppm): 40.5 (C-1), 19.0 (C-2), 42.7 (C-3), 33.7 (C-4), 57.9
(C-5), 22.5 (C-6), 24.2 (C-7), 45.0 (C-8), 55.6 (C-9), 37.3
(C-10), 24.2 (C-11), 27.4 (C-12), 205.2 (C-13), 60.6 (C-14),
28.3 (C-15), 19.9 and 19.8 (C-16 and C-17), 33.9 (C-18),
21.9 (C-19), 13.2 (C-20); EIMS m/z (%): 290 (MC, 50), 261
(80), 177 (49), 123 (100), 95 (64), 69 (92). EIHRMS: calcd
for C20H34O (MC) 290.2610, found (MC) 290.2519.

4.37.2. 14-epi-Totaran-13-one: 46. Mp 132 8C (n-hexane/
AcOEt); [a]D

22 C19.98 (cZ1.19, CHCl3); IR: 2944, 1724,
1458, 1389, 1370, 1198 cmK1; 1H NMR (400 MHz, CDCl3)
d: 2.30 (1H, ddd, JZ13.7, 6.1, 3.5 Hz, HA-12), 2.25 (1H, dd,
JZ13.7, 6.1 Hz, HB-12), 2.05–1.90 (4H, m), 1.75–1.07
(12H, m), 1.04 (3H, d, JZ6.8 Hz, H-16), 0.97 (3H, d, JZ
6.8 Hz, H-17), 0.95–0.88 (1H, m), 0.86, 0.84 and 0.83 (3Me,
s each, Me-18, Me-19 and Me-20); 13C NMR (50 MHz,
CDCl3) d: 42.2 (C-1), 19.0 (C-2), 42.4 (C-3), 33.4 (C-4),
55.1 (C-5), 22.0 (C-6), 34.0 (C-7), 41.0 (C-8), 54.8 (C-9),
37.6 (C-10), 25.7 (C-11), 39.6 (C-12), 213.9 (C-13), 61.0
(C-14), 26.8 (C-15), 21.1 and 17.5 (C-16 and C-17), 33.7
(C-18), 22.0 (C-19), 14.4 (C-20); EIMS m/z (%): 290 (MC,
100), 248 (98), 177 (18), 137 (21), 98 (48), 77 (29);
EIHRMS: calcd for C20H34O (MC) 290.2610, found (MC)
290.2611.

4.38. Preparation of 47

To a solution of diisopropylamine (60 mL, 0.420 mmol) in
THF (0.5 mL), cooled at K78 8C and under an argon
atmosphere, was added n-BuLi 1.6 M in hexane (0.20 mL,
0.32 mmol). After 10 min, a solution of 46 (20 mg,
0.069 mmol) in THF (0.1 mL) was added via cannula with
stirring. The resulting mixture was stirred for 30 min at
K78 8C, then the solution was brought up to 0 8C, and then
recooled to K78 8C. A solution of phenylselenium chloride
(65 mg, 0.34 mmol) in THF (2 mL) and HMPA (0.05 mL)
was added via cannula. The reaction mixture was stirred at
room temperature for 1 h, and washed with a saturated
NH4Cl aqueous solution, extracted with AcOEt and washed
with water and brine. Evaporation of the solvent followed
by chromatography on silica gel (n-hexane/AcOEt, 98/2)
yielded the phenylselenide (30 mg).

To a solution of the latter compound (58 mg, 0.130 mmol)
in dry DCM (5 mL) at 0 8C, was added m-CPBA (33 mg,
0.191 mmol) dissolved in dry DCM (0.1 mL). The reaction
mixture was stirred for 5 min at room temperature and then
treated with a 6% aqueous solution of Na2S2O3. Extraction
with AcOEt, followed by successive washing of the organic
layer with a 10% aqueous Na2S2O3 solution, 5% aqueous
NaHCO3 solution, water and brine. The organic layer was
dried over Na2SO4 and evaporated. Purification by chroma-
tography on silica gel (n-hexane/benzene, 8/2) yielded
desired compound 47 (33 mg, 88%).

4.38.1. 14-epi-11-Totaren-13-one: 47. [a]D
22 C15.18 (cZ
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0.49, CHCl3); IR (film): 2932, 2872, 1680, 1464, 1458,
1387, 1366, 1271, 1121, 1084 cmK1; 1H NMR (200 MHz,
CDCl3) d: 6.86 (1H, d, JZ10.2 Hz, H-11), 5.93 (1H, dd, JZ
10.2, 2.2 Hz, H-12), 2.34–2.10 (2H, m, H-9 and H-14),
2.10–1.00 (12H, m), 1.16 (3H, d, JZ7.4 Hz, H-16), 0.95
(3H, d, JZ7.4 Hz, H-17), 1.00–0.80 (1H, m), 0.88, 0.84 and
0.82 (3Me, s each, Me-18, Me-19 and Me-20); 13C NMR
(50 MHz, CDCl3) d: 38.4 (C-1), 18.8 (C-2), 42.1 (C-3), 33.4
(C-4), 57.9 (C-5), 21.7 (C-6), 31.8 (C-7), 39.1 (C-8), 56.3
(C-9), 37.2 (C-10), 131.5 (C-11), 149.4 (C-12), 187.1
(C-13), 54.6 (C-14), 25.9 (C-15), 21.2 and 17.4 (C-16 and
C-17), 33.3 (C-18), 21.6 (C-19), 15.8 (C-20); EIMS, m/z:
288 (MC, 43), 246 (29), 177 (12), 137 (38), 108 (100), 69
(68); EIHRMS: calcd for C20H32O (MC) 288.2453, found
(MC) 288.2462.

4.39. Reaction of 46 with CuBr2: 48

To a solution of 46 (14 mg, 0.048 mmol) in MeCN (0.5 mL)
was added CuBr2 (14 mg, 0.063 mmol). The reaction
mixture was stirred at 50 8C, under an argon atmosphere
for 72 h, then the mixture was diluted with AcOEt and
water. Extraction with AcOEt was followed by successive
washing of the organic layer with 5% aqueous solution of
NaHCO3, water and brine. The organic layer was dried over
Na2SO4 and evaporated. Purification by chromatography on
silica gel (n-hexane/benzene, 99/1) yielded compound 48
(16 mg, 76%).

4.39.1. 12b,14a-Dibromo-totaran-13-one: 48. [a]D
22

K19.28 (cZ0.48, CHCl3); IR (film): 3553, 2932, 1732,
1653, 1458, 1387, 1082 cmK1; 1H NMR (200 MHz, CDCl3)
d: 5.75 (1H, dd, JZ13.2, 6.2 Hz, H-12), 2.62–2.44 (1H, m),
2.42–2.22 (1H, m, H-15), 2.12–1.00 (13H, m), 1.32 (3H, d,
JZ7.0 Hz, H-16), 1.14 (3H, d, JZ7.0 Hz, H-17), 1.00–0.80
(1H, m), 0.90, 0.86 and 0.84 (3Me, s each, Me-18, Me-19
and Me-20); 13C NMR (50 MHz, CDCl3) d: 39.6 (C-1), 18.9
(C-2), 41.9 (C-3), 33.4 (C-4), 54.1 (C-5), 21.0 (C-6), 27.8
(C-7), 45.1 (C-8), 51.6 (C-9), 37.8 (C-10), 39.3 (C-11), 54.9
(C-12), 224.7 (C-13), 83.8 (C-14), 36.7 (C-15), 20.2 and
18.0 (C-16 and C-17), 33.7 (C-18), 22.1 (C-19), 14.6 (C-20);
EIMS m/z (%): 473, 471 and 469 (MC, 51, 100 and 57), 446
(9), 445 (28), 423 (10), 413 (19), 392 (11), 391 (41), 365 (9),
343 (17), 329 (9), 309 (23), 287 (11), 269 (5), 259 (5), 187
(6), 177 (9).

4.40. Reaction of 48 with Li2CO3/LiBr: 49, (C)-totarol

To a solution of 45 (10 mg, 0.022 mmol) in DMF (1 mL)
Li2CO3 (5 mg, 0.068 mmol) and LiBr (6 mg, 0.068 mmol)
were added. The reaction mixture was heated at 140 8C for
17 h. Then ice was added, the solution stirred for 30 min and
diluted with AcOEt, the organic layer was washed with 2 M
aqueous HCl solution, water and brine. The organic layer
was dried over Na2SO4 and evaporated to give a crude
mixture which was chromatographed on silica gel (n-hex-
ane/AcOEt, 98/2) to give compound 49, (C)-totarol
(4.5 mg, 71%).

4.40.1. (C)-Totarol: 49. Mp 129–130 8C (n-hexane); [a]D
22

C41.28 (cZ0.4, CHCl3); IR: 3482, 2932, 1458, 1387, 1263,
1103, 665 cmK1; 1H NMR (200 MHz, CDCl3) d: 7.00 (1H,
d, JZ8.4 Hz, H-12), 6.51 (1H, d, JZ8.4 Hz, H-11), 3.41
(1H, m, H-15), 3.00–2.80 (2H, m, H-7), 2.30–1.40 (9H, m),
1.33 (3H, d, JZ7.0 Hz, H-16), 1.32 (3H, d, JZ7.0 Hz,
H-17), 1.17 (3H, s, Me-20), 0.94 (3H, s, Me-18) and 0.90
(3H, s, Me-19); 13C NMR (50 MHz, CDCl3) d: 39.8 (C-1),
19.8 (C-2), 42.0 (C-3), 33.5 (C-4), 49.7 (C-5), 19.6 (C-6),
28.9 (C-7), 133.9 (C-8), 143.3 (C-9), 38.0 (C-10), 123.1
(C-11), 114.5 (C-12), 152.1 (C-13), 131.1 (C-14), 27.3
(C-15), 20.6 (C-16 and C-17), 33.4 (C-18), 21.8 (C-19), 25.4
(C-20); EIHRMS: calcd for C20H30O (MC) 286.2567, found
(MC) 286.2572.

4.41. Reaction of 36 with TBDMSCl: 50, 51 and 52

To a solution of diol 51 (48 mg, 0.180 mmol) in DMF
(1.6 mL), TBDMSCl (36 mg, 0.234 mmol), imidazole
(37 mg, 0.540 mmol) and DMAP (6 mg, 0.049 mmol)
were added. The reaction mixture was stirred for 22 h and
then treated with a 5% aqueous NaHCO3 solution. The
solution was extracted with AcOEt and washed with water
and brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude mixture (64 mg) which was
chromatographed on silica gel (DCM) yielding 50 (8 mg,
9%), 51 (16 mg. 24%) and 52 (42 mg, 61%).

4.41.1. 13a,14a-t-Butyldimethylsilyloxy-8-epi-podocar-
pane: 50. Mp 138 8C (n-hexane/AcOEt); [a]D

22 C16.88
(cZ0.57, CHCl3);

1H NMR (200 MHz, CDCl3) d: 3.85–
3.78 (1H, m, H-13), 3.72 (1H, dd, JZ13.2, 2.9 Hz, H-14),
2.28–1.00 (16H, m), 0.98–0.88 (1H, m), 0.87 and 0.85 (9H s
each, tBuMe2Si–), 0.93, 0.81 and 0.79 (3Me, s each, Me-18,
Me-19 and Me-20), 0.03, 0.01, 0.00 andK0.02 (3H, s, each,
tBuMe2Si); EIMS m/z (%): 495 (MCC1, 2), 437 (60), 231
(100), 147 (20).

4.41.2. 13a-t-Butyldimethylsilyloxy-8-epi-podocarpan-
14a-ol: 51. Mp 104 8C (n-hexane/AcOEt); [a]D

22 C21.38
(cZ0.79, CHCl3);

1H NMR (400 MHz, CDCl3) d: 3.99 (1H,
dd, JZ5.9, 2.9 Hz, H-14), 3.70 (1H, dt, JZ10.3, 2.9 Hz, H-
13), 2.25–2.18 (1H, m), 2.00–1.92 (1H, m), 1.83–1.08 (14H,
m), 0.98, 0.87 and 0.83 (3Me, s each, Me-18, Me-19 and
Me-20), 0.91 (9H, s, tBuMe2Si–), 0.90–0.80 (1H, m), 0.08
(6H, s, tBuMe2Si–);

13C NMR (100 MHz, CDCl3) d: 41.0
(C-1), 18.7 (C-2), 42.0 (C-3), 33.1 (C-4), 55.1 (C-5), 18.5
(C-6), 26.4 (C-7), 37.2 (C-8), 48.6 (C-9), 38.7 (C-10), 18.9
(C-11), 20.3 (C-12), 71.1 (C-13), 70.5 (C-14), 34.0 (C-18),
22.0 (C-19), 18.7 (C-20), 25.8 (Me3CSi–), 25.8 (Me3CSi–),
K4.8 and K4.5 (Me2Si–); EIMS m/z (%): 362 (MCK18,
2), 323 (8), 231 (100), 175 (18), 149 (48), 75 (80); EIHRMS:
calcd for C23H45O2Si (M

CC1) 381.3189, found (MCC1)
381.3184.

4.41.3. 14a-t-Butyldimethylsilyloxy-8-epi-podocarpan-
13a-ol: 52. Mp 85 8C (n-hexane/AcOEt); [a]D

22 C17.88
(cZ1.16, CHCl3);

1H NMR (200 MHz, CDCl3) d: 3.92 (1H,
dd, JZ13.2, 2.9 Hz, H-14), 3.90–3.80 (1H, m, H-13), 2.20–
1.00 (16H, m), 0.90–0.80 (1H, m), 0.99, 0.86 and 0.84 (3Me,
s each, Me-18, Me-19 and Me-20), 0.92 (9H, s, tBuMe2Si–),
0.12 and 0.10 (6H, s, tBuMe2Si–);

13C NMR (50 MHz,
CDCl3) d: 41.0 (C-1), 18.5 (C-2), 42.2 (C-3), 33.3 (C-4),
56.0 (C-5), 18.8 (C-6), 28.8 (C-7), 36.0 (C-8), 49.6 (C-9),
39.2 (C-10), 18.9 (C-11), 27.1 (C-12), 71.9 (C-13), 69.9
(C-14), 34.2 (C-18), 22.2 (C-19), 19.4 (C-20), 26.1
(Me3CSi–), 26.1 (Me3CSi–), K4.5 and K4.0 (Me2Si–);
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EIMS m/z (%): 380 (MC, 2), 323 (30), 231 (95), 149 (48),
149 (48), 75 (100). EIHRMS: calcd for C23H44O2Si (M

C)
380.3111, found (MC) 380.3117.

4.42. Reaction of 50 with TBAF: 36

To compound 50 (60 mg, 0.160 mmol) TBAF 1.0 M in THF
(1 mL) was added. The mixture was stirred under an argon
atmosphere for 2 h then diluted with water. The solution
was extracted with AcOEt, and washed with water and
brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude product which was chromato-
graphed on silica gel (n-hexane/AcOEt, 95/5) to yield 36
(41 mg, 98%).

4.42.1. Oxidation of 51 with TPAP: 53. To a mixture of
51 (36 mg, 0.095 mmol), N-methylmorpholine N-oxide
(30 mg, 0.220 mmol) and molecular sieves (25 mg) in
anhydrous DCM (4 mL) under argon, TPAP (10 mg,
0.028 mmol) was added, at room temperature. The reaction
mixture was stirred for 30 min and then filtered on silica gel
(EtOAc), the organic layer was evaporated to give a crude
which was chromatographed on silica gel (DCM) to yield 53
(33 mg, 92%).

4.42.2. 13a-t-Butyldimethylsilyloxy-8-epi-podocarpan-
14-one: 53. Mp 123 8C (n-hexane/AcOEt); [a]D

22 C15.48
(cZ0.76, CHCl3); IR: 2920, 1711, 1254, 1094, 1065,
833 cmK1; 1H NMR (400 MHz, CDCl3) d: 3.91 (1H, dd,
JZ5.8, 3.2 Hz, H-13), 3.14 (1H, t, JZ6.5 Hz, H-8), 2.37–
2.27 (2H, m, H-7), 2.15–2.10 (2H, m, H-12), 2.03–1.93 (1H,
m, H-9), 1.79–1.69 and 0.94–0.84 (2H, m, H-1), 1.50–1.40
(2H, m, H-2), 1.44–1.33 and 1.18–1.08 (4H, m, H-3 and
H-11), 0.95–0.74 (3H, m, H-5 and H-6), 0.91 (9H, s,
tBuMe2Si–), 0.88 (3H, s, Me-18), 0.83 (3H, s, Me-19), 0.79
(3H, s, Me-20), 0.09 and 0.06 (3H, s each, tBuMe2Si–);

13C
NMR (100 MHz, CDCl3) d: 40.0 (C-1), 19.0 (C-2), 41.9
(C-3), 33.0 (C-4), 55.2 (C-5), 18.4 (C-6), 24.5 (C-7), 42.7
(C-8), 51.3 (C-9), 39.1 (C-10), 18.8 (C-11), 32.4 (C-12),
74.8 (C-13), 214.6 (C-14), 33.8 (C-18), 21.9 (C-19), 16.2
(C-20), 25.7 (Me3CSi–), 25.7 (Me3CSi–), K5.2 and K4.9
(Me2Si–); EIMS m/z (%): 379 (MCC1, 2), 353 (8), 321
(100), 229 (8), 75 (18).

4.43. Oxidation of 52 with TPAP: 54

To a mixture of 52 (32 mg, 0.084 mmol), N-methylmorpho-
line N-oxide (28 mg, 0.204 mmol) and molecular sieves
(25 mg) in anhydrous DCM (4 mL), under argon, at room
temperature was added TPAP (10 mg, 0.028 mmol). The
reaction mixture was stirred for 30 min and then filtered on
silica gel, the organic layer was evaporated to give a crude
which was chromatographed on silica gel (DCM) to yield 54
(31 mg, 98%).

4.43.1. 14a-t-Butyldimethylsilyloxy-8-epi-podocarpan-
13-one: 54. [a]D

22 K2.58 (cZ1.43, CHCl3); IR: 2940,
2920, 2820, 1732, 1458, 1254, 1117, 857, 779 cmK1; 1H
NMR (400 MHz, CDCl3) d: 4.40 (1H, d, JZ11.5 Hz, H-14),
2.56 (1H, ddd, JZ14.5, 8.7, 5.1 Hz, HA-12), 2.36 (1H, dt,
JZ14.5, 5.1 Hz, HB-12), 2.15–2.00 (3H, m, HA-7, H-8 and
HA-11), 1.89–1.79 and 1.00–0.90 (2H, m, H-1), 1.70–1.65
(1H, m, HB-11), 1.64–1.54 (2H, m, HB-7 and H-9), 1.55–
1.40 (2H, H-6), 1.48–1.37 and 1.21–1.11 (4H, m, H-2 and
H-3), 1.14 (3H, s, Me-20), 1.03–0.93 (1H, m, H-5), 0.94
(9H, s, tBuMe2Si–), 0.90 (6H, s, Me-18 and Me-19), 0.17
and 0.14 (3H, s c/u, tBuMe2Si–).

13C NMR (100 MHz,
CDCl3) d: 41.0 (C-1), 18.6 (C-2), 42.0 (C-3), 33.2 (C-4),
53.7 (C-5), 18.2 (C-6), 26.5 (C-7), 44.2 (C-8), 48.8 (C-9),
38.3 (C-10), 23.6 (C-11), 39.0 (C-12), 211.2 (C-13), 77.0
(C-14), 33.5 (C-18), 21.8 (C-19), 18.3 (C-20), 25.9
(Me3CSi–), 25.8 (Me3CSi–), K5.6 and K4.2 (Me2Si–);
EIMS m/z (%): 379 (MCC1, 2), 353 (5), 321 (100), 229
(23), 197 (10), 149 (28), 105 (25), 77 (53).
4.44. Reaction of 53 or 54 with TBAF: 55, 56 and 57

To compound 53 (60 mg, 0.160 mmol) TBAF 1.0 M in THF
(1 mL) was added. The mixture was stirred under an argon
atmosphere for 2 h and diluted with water. The solution was
extracted with AcOEt, and washed with water and brine.
The organic layer was dried over Na2SO4 and evaporated to
give a crude which was chromatographed on silica gel
(n-hexane/AcOEt, 95/5) to yield 55 (10 mg, 23%), 56
(10 mg, 23%) and 57 (20 mg, 46%).

When the reaction was carried out under the same condition
with 54 (146 mg, 0.39 mmol), TBAF 1.0 M in THF (2 mL),
after the work up 55 (22 mg, 22%), 56 (22 mg, 22%) and 57
(44 mg, 44%) were obtained.
4.44.1. 14b-Hydroxy-podocarpan-13-one: 55. Mp 95 8C
(n-hexane/AcOEt); [a]D

22 K8.48 (cZ0.75, CHCl3); IR:
2926, 2843, 1724, 1458, 1387, 1088 cmK1; 1H NMR
(400 MHz, CDCl3) d: 3.72 (1H, d, JZ10.2 Hz, H-14),
2.53 (1H, ddd, JZ14.2, 6.8, 2.8 Hz, HA-12), 2.39–2.29 (1H,
m, H-8), 2.32 (1H, ddd, JZ14.2, 6.4, 3.2 Hz, HB-12), 2.10–
2.03 (1H, m, HA-7), 1.80–1.05 (13H, m), 1.05–0.90 (1H, m),
0.89, 0.84 and 0.83 (3Me, s each, Me-18, Me-19 and Me-
20); 13C NMR (50 MHz, CDCl3) d: 39.7 (C-1), 19.0 (C-2),
42.2 (C-3), 33.4 (C-4), 55.1 (C-5), 21.3 (C-6), 32.6 (C-7),
47.1 (C-8), 52.3 (C-9), 37.9 (C-10), 26.9 (C-11), 38.5
(C-12), 211.4 (C-13), 80.2 (C-14), 33.8 (C-18), 22.1 (C-19),
14.3 (C-20); EIMS m/z (%): 264 (MC, 90), 235 (15), 163
(38), 123 (57), 95 (62), 69 (100); EIHRMS: calcd for
C17H28O2 (M

C) 264.2089, found (MC) 264.2097.
4.44.2. 14a-Hydroxy-podocarpan-13-one: 56. Mp 85 8C
(n-hexane/AcOEt); [a]D

22 K14.28 (cZ0.48, CHCl3); IR:
3669, 2936, 1705 cmK1; 1H NMR (400 MHz, CDCl3) d:
4.05 (1H, ddd, JZ12.0, 6.8, 1.6 Hz, H-14), 2.43 (1H, ddd,
JZ9.2, 6.8, 3.6 Hz, HA-12), 2.32 (1H, ddt, JZ12.0, 4.0,
1.6 Hz, H-8), 1.97 (1H, dq, JZ13.6, 4.0 Hz, HA-7), 1.83
(1H, dq, JZ12.8, 2.8 Hz, HA-11), 1.76–1.66 and 1.00–0.90
(2H, m, H-1), 1.76–1.66 and 1.35–1.25 (2H, m, H-6), 1.65–
1.55 and 1.45–1.35 (2H, m, H-2), 1.55–1.45 (1H, m, HB-7),
1.50–1.40 (1H, m, HB-11), 1.47–1.37 and 1.25–1.15 (2H, m,
H-3), 1.42–1.32 (1H, m, HB-12), 1.25–1.15 (1H, m, H-9),
0.94 (3H, s, Me-20), 0.86 (3H, s, Me-18), 0.84 (3H, s,
Me-19) and 0.84–0.74 (1H, m, H-5); 13C NMR (100 MHz,
CDCl3, dppm): 39.2 (C-1), 18.8 (C-2), 41.8 (C-3), 33.1
(C-4), 54.4 (C-5), 20.3 (C-6), 25.8 (C-7), 47.4 (C-8), 57.7
(C-9), 37.6 (C-10), 21.8 (C-11), 35.6 (C-12), 213.1 (C-13),
74.9 (C-14), 33.4 (C-18), 21.8 (C-19), 13.8 (C-20); EIMS
m/z (%): 264 (MC, 100), 231 (10), 163 (18), 123 (43), 95
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(42), 69 (57); EIHRMS: calcd for C17H28O2 (MC)
264.2089, found (MC) 264.2095.

4.44.3. 13a-Hydroxy-podocarpan-14-one: 57. Mp 90 8C
(n-hexane/AcOEt); [a]D

22 K72.58 (cZ1.57, CHCl3); IR:
3445, 2926, 1717, 1458 cmK1; 1H NMR (400 MHz, CDCl3)
d: 4.10 (1H, dd, JZ6.4, 5.2 Hz, H-13), 2.59 (1H, dt, JZ
11.9, 4.2 Hz, H-8), 2.05–1.95 and 1.30–1.20 (2H, m, H-7),
1.90–1.80 (2H, m, H-12), 1.75–1.65 and 1.25–1.15 (2H, m,
H-6), 1.75–1.65 and 1.03–0.93 (2H, m, H-1), 1.60–1.50 (2H,
m, H-11), 1.50–1.40 (2H, m, H-2), 1.47–1.37 and 1.20–1.10
(2H, m, H-3), 1.30–1.20 (1H, m, H-9), 0.90 (3H, s, Me-20),
0.88 (3H, s, Me-18), 0.83 (3H, s, Me-19) and 0.88–0.78 (1H,
m, H-5); 13C NMR (100 MHz, CDCl3) d: 39.5 (C-1), 18.7
(C-2), 41.9 (C-3), 33.4 (C-4), 54.9 (C-5), 20.8 (C-6), 27.2
(C-7), 45.2 (C-8), 53.2 (C-9), 37.4 (C-10), 18.2 (C-11), 30.6
(C-12), 73.0 (C-13), 215.3 (C-14), 33.6 (C-18), 21.9 (C-19),
13.6 (C-20); EIMS m/z (%): 264 (MC, 91), 235 (16), 205
(15), 163 (32), 123 (50), 95 (52), 69 (100); EIHRMS: calcd
for C17H28O2 (M

C) 264.2089, found (MC) 264.2081.

4.45. Addition of isopropylmagnesium chloride to 55, 56
and 57: 58

To a solution of 55, 56 and 57 (25 mg, 0.095 mmol) in dry
THF (1 mL) under an argon atmosphere, isopropylmag-
nesium chloride 2 M in Et2O (3 mL, 6 mmol) was added at
0 8C. The reaction mixture was stirred for 3 h at room
temperature and then treated with a saturated NH4Cl
aqueous solution, extracted with EtOAc and washed with
water and brine. The organic layer was dried over Na2SO4

and evaporated to give a crude mixture, which was
chromatographed on silica gel (n-hexane/AcOEt, 9/1) to
yield 55 (5 mg, 20%), 56 (5 mg, 20%) and 58 (10.5 mg,
42%).

These results were the same when the reaction was carried
out with any of these compounds separately.

4.45.1. Abietan-13b,14b-diol: 58. Mp 65 8C (n-hexane/
AcOEt); [a]D

22 K19.18 (cZ0.54, CHCl3); IR: 3445, 2926,
2868, 1464, 1387, 1368, 1263, 1026 cmK1; 1H NMR
(400 MHz, CDCl3) d: 3.16 (1H, d, JZ9.5 Hz, H-14),
2.25–2.15 and 1.00–0.90 (2H, m, H-7), 2.10–2.00 (1H, m,
H-15), 1.95–1.85 (2H, m, H-2), 1.78–1.68 and 1.73–1.63
(2H, m, H-1), 1.75–1.65 and 1.23–1.13 (2H, m, H-12), 1.75–
1.65 (1H, m, H-8), 1.70–1.60 and 1.35–1.25 (2H, m, H-6),
1.51–1.41 (2H, m, H-11), 1.45–1.35 and 1.20–1.10 (2H, m,
H-3), 0.92 (3H, d, JZ6.9 Hz, H-16), 0.87 (3H. d, JZ6.9 Hz,
H-17), 0.85 (3H, s, Me-19), 0.85 (3H, s, Me-18), 0.83 (3H, s,
Me-20), 0.88–0.78 (1H, m, H-5) and 0.75–0.63 (1H, m,
H-9). 13C NMR (100 MHz, CDCl3) d: 39.2 (C-1), 18.8
(C-2), 42.1 (C-3), 33.1 (C-4), 55.0 (C-5), 21.2 (C-6), 31.4
(C-7), 38.8 (C-8), 53.3 (C-9), 36.6 (C-10), 18.7 (C-11), 27.1
(C-12), 71.9 (C-13), 77.2 (C-14), 33.4 (C-15), 17.6 and 16.2
(C-16 and C-17), 33.5 (C-18), 21.8 (C-19), 14.2 (C-20);
EIMS m/z (%): 308 (MC, 1), 265 (100), 229 (27), 69 (78);
EIHRMS: calcd for C20H36O2 (M

C) 308.2715, found (MC)
308.2721.

4.46. Reaction of 58 with HI: 59

Diol 58 (13 mg, 0.041 mmol) dissolved in benzene (2 mL)
was refluxed in the presence of an aqueous solution of HI
57% (0.13 mL) at 90 8C for 1 h. The solution was diluted
with AcOEt and washed with a 6% aqueous solution of
NaHSO3, a 10% aqueous solution of NaHCO3, water and
brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude mixture which was chromato-
graphed on silica gel (n-hexane/AcOEt, 95/5) to yield 59
(7 mg, 60%).

4.46.1. Abietan-14-one: 59. [a]D
22 K4.08 (cZ0.30, CHCl3);

IR (film): 2942, 2868, 1707, 1458, 1387, 1368, 1260 cmK1;
1H NMR (400 MHz, CDCl3) d: 2.20 (1H, dt, JZ11.6,
4.0 Hz, H-8), 2.15–0.95 (17H, m), 0.93, 0.85 and 0.83 (3Me,
s each, Me-18, Me-19 and Me-20), 0.89 (3H, d, JZ6.7 Hz,
H-16), 0.84 (3H, d, JZ7.2 Hz, H-17), 0.85–0.75 (1H, m);
13C NMR (50 MHz, CDCl3) d: 39.5 (C-1), 19.2 (C-2), 42.2
(C-3), 33.4 (C-4), 56.8 (C-5), 20.7 (C-6), 26.6 (C-7), 50.3
(C-8), 54.7 (C-9), 37.8 (C-10), 24.7 (C-11), 29.1 (C-12),
58.4 (C-13), 214.4 (C-14), 26.2 (C-15), 21.7 and 19.2 (C-16
and C-17), 33.8 (C-18), 22.1 (C-19), 14.1 (C-20); EIMS m/z
(%): 290 (MC, 100), 248 (15), 177 (35), 153 (23), 123 (48),
98 (99), 69 (72); EIHRMS: calcd for C20H34O (MC)
290.2610, found (MC) 290.2604.

4.47. Preparation of 60

To a solution of 53 (18 mg, 0.048 mmol) in dry THF (2 mL)
was added allylmagnesium bromide 1 M in Et2O (1 mL,
1 mmol) at 0 8C, under an argon atmosphere. The reaction
mixture was stirred for 1 h at room temperature and then
treated with a saturated NH4Cl aqueous solution, extracted
with EtOAc and washed with water and brine. The organic
layer was dried and evaporated to give a crude mixture,
which was chromatographed on silica gel (n-hexane/AcOEt,
7/3) to give the allyl derivative (17 mg). To a solution of
TBAF 1.0 M in THF (1 mL), the latter compound (17 mg,
0.040 mmol) was added. The mixture was stirred under an
argon atmosphere for 90 h and diluted with water. The
solution was extracted with AcOEt, washed with water and
brine. The organic layer was dried over Na2SO4 and
evaporated to give a crude which was chromatographed on
silica gel (n-hexane/AcOEt, 7/3) to yield 60 (12.5 mg,
98%).

4.47.1. 8-epi-15(17/16)-abeo-Totaran-13a,14b-diol: 60.
[a]D

22K37.38 (cZ0.37, CHCl3); IR (film): 3449, 2926 cmK1;
1H NMR (400 MHz, CDCl3) d: 5.96 (1H, dddd, JZ17.3,
10.1, 7.7, 7.5 Hz, H-15), 5.23 (1H, dd, JZ10.1, 2.1 Hz,
HA-16), 5.18 (1H, dd, JZ17.3, 2.1 Hz, HB-16), 3.62 (1H,
dd, JZ11.1, 4.6 Hz, H-13), 2.59 (1H, dd, JZ14.1, 7.7 Hz,
HA-15a), 2.36 (1H, dd, JZ14.1, 7.5 Hz, HB-15a), 2.12 (1H,
ddd, JZ13.4, 6.1, 3.1 Hz, H-8), 1.85–1.75 and 1.34–1.24
(2H, m, H-12), 1.70–1.60 and 1.10–1.00 (2H, m, H-3), 1.56–
1.45 (3H, m, H-7 and H-9), 1.45–1.35 (2H, m, H-11), 1.44–
1.34 and 1.19–1.09 (2H, m, H-1), 1.40–1.30 (2H, m, H-2),
1.35–1.23 (3H, m, H-5 and H-6), 0.90 (3H, s, Me-19), 0.87
(3H, s, Me-20), 0.86 (3H, s, Me-18); 13C NMR (100 MHz,
CDCl3) d: 42.4 (C-1), 16.4 (C-2), 44.2 (C-3), 33.3 (C-4),
46.1 (C-5), 19.2 (C-6), 20.0 (C-7), 39.4 (C-8), 45.7 (C-9),
36.7 (C-10), 22.1 (C-11), 29.3 (C-12), 73.0 (C-13), 75.7
(C-14), 36.8 (C-15a), 134.1 (C-15), 119.5 (C-16), 33.9
(C-18), 22.5 (C-19), 17.7 (C-20); EIMS m/z (%): 306 (MC,
5), 265 (100), 229 (70), 173 (11), 123 (40), 95 (42), 69 (65);
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EIHRMS: calcd for C20H34O2 (M
C) 306.2559, found (MC)

306.2566.

4.48. Reaction of 53 with vinylmagnesium bromide: 61

To a solution of 53 (40 mg, 0.106 mmol) in dry THF (1 mL)
was added vinylmagnesium bromide 1 M in Et2O (2 mL,
2 mmol), at 0 8C, under an argon atmosphere. The reaction
mixture was stirred for 15 min at room temperature and then
treated with a saturated NH4Cl aqueous solution, extracted
with EtOAc and washed with water and brine. The organic
layer was dried over Na2SO4 and evaporated to give a crude
mixture, which was chromatographed on silica gel (DCM)
to yield 61 (35 mg, 81%).

4.48.1. 13a-t-Butyldimethylsilyloxy-17-nor-8-epi-15-
cleistanten-14b-ol: 61. [a]D

22 K2.48 (cZ0.74, CHCl3); IR
(film): 3450, 2920 cmK1; 1H NMR (400 MHz, CDCl3) d:
6.23 (1H, dd, JZ17.4, 10.9 Hz, H-15), 5.30 (1H, dd, JZ
17.4, 1.5 Hz, HA-16), 5.12 (1H, dd, JZ10.9, 1.5 Hz,
HB-16), 3.52 (1H, dd, JZ8.4, 4.1 Hz, H-13), 2.13 (1H,
ddd, JZ10.4, 6.2, 2.8 Hz, H-8), 1.88–1.78 and 1.47–1.37
(2H, m, H-12), 1.75–1.65 and 1.02–0.92 (2H, m, H-3), 1.69–
1.59 and 1.58–1.48 (2H, m, H-7), 1.61–1.51 (1H, m, H-9),
1.44–1.34 and 1.19–1.09 (2H, m, H-1), 1.40–1.30 (4H, m,
H-2 and H-6), 1.21–1.11 (3H, m, H-5 and H-11), 0.93 (3H,
s, Me-20), 0.87 (9H, s, tBuMe2Si–), 0.87 (3H, s, Me-19),
0.83 (3H, s, Me-18), 0.03 (6H, s, tBuMe2Si–);

13C NMR
(100 MHz, CDCl3) d: 42.6 (C-1), 19.5 (C-2), 43.6 (C-3),
33.5 (C-4), 48.8 (C-5), 19.4 (C-6), 21.1 (C-7), 39.5 (C-8),
46.2 (C-9), 37.2 (C-10), 20.6 (C-11), 30.3 (C-12), 75.2
(C-13), 76.9 (C-14), 143.8 (C-15), 112.9 (C-16), 33.2
(C-18), 22.6 (C-19), 17.6 (C-20), 26.1 (Me3CSi–), 26.1
(Me3CSi–), K4.6 and K3.9 (Me2Si–); EIMS m/z (%): 406
(MC, 10), 349 (28), 257 (40), 217 (7), 171 (42), 131 (52), 75
(100); EIHRMS: calcd for C25H46O2Si (MC) 406.3267,
found (MC) 406.3262.

4.49. Reaction of 53 with isopropylmagnesium chloride:
62

To a solution of 53 (195 mg, 0.520 mmol) in dry THF
(1 mL) was added isopropylmagnesium chloride 2 M in
Et2O (4 mL, 8 mmol), at 0 8C, under an argon atmosphere.
The reaction mixture was stirred for 2 h at room temperature
and then treated with a saturated NH4Cl aqueous solution,
extracted with EtOAc and washed with water and brine. The
organic layer was dried over Na2SO4 and evaporated to
yield compound 62 (137 mg, 70%).

4.49.1. 13a-t-Butyldimethylsilyloxy-8-epi-podocarpan-
14b-ol: 62. [a]D

22 K20.08 (cZ0.36, CHCl3); IR (film):
3584, 2928, 1464, 1389, 1258, 1103, 1080, 837, 775 cmK1;
1H NMR (200 MHz, CDCl3) d: 3.42–3.33 (2H, m, H-13 and
H-14), 1.98–1.00 (16H, m), 0.89 (9H, s, tBuMe2Si–), 0.86,
0.84 and 0.84 (3Me, s each, Me-18, Me-19 and Me-20),
1.00–0.85 (1H, m), 0.06 (6H, s, tBuMe2Si–);

13C NMR
(50 MHz, CDCl3) d: 42.7 (C-1), 19.5 (C-2), 44.2 (C-3), 33.5
(C-4), 47.8 (C-5), 16.3 (C-6), 22.4 (C-7), 36.7 (C-8), 46.3
(C-9), 36.7 (C-10), 20.1 (C-11), 32.6 (C-12), 73.2 (C-13),
77.4 (C-14), 34.1 (C-18), 22.7 (C-19), 18.1 (C-20), 26.1
(Me3CSi–), 26.1 (Me3CSi–), K3.8 and K4.4 (Me2Si–).
4.50. Reaction of 53 with NaMeO/MeOH: 63

To a solution of NaMeO/MeOH (2 M) (prepared by adding
sodium (50 mg, 2.17 mmol) to MeOH (1.1 mL)), was added
at room temperature a solution of 53 (50 mg, 0.132 mmol)
in MeOH (3 mL). After 12 h the reaction mixture was
diluted with AcOEt and then treated with a saturated
aqueous solution of NH4Cl (5 mL), extracted with AcOEt
and washed with water and brine. The organic layer was
dried over Na2SO4 and evaporated to give a crude (43 mg)
which was chromatographed on silica gel (DCM) to give 62
(38 mg, 76%).

4.50.1. 13a-t-Butyldimethylsilyloxy-podocarpan-14-one:
63. [a]D

22 K33.98 (cZ0.43, CHCl3); IR (film): 2942, 2857,
1728, 1254, 1159 cmK1; 1H NMR (400 MHz, CDCl3) d:
4.10 (1H, dd, JZ12.2, 6.4 Hz, H-13), 2.27–2.20 (1H, m,
HA-12), 2.20 (1H, dt, JZ13.4, 4.0 Hz, H-8), 1.92 (1H, dq,
JZ13.4, 3.6 Hz, H-7b), 1.83 (1H, dq, JZ12.8, 2.7 Hz,
H-11a), 1.76–1.66 and 0.97–0.87 (2H, m, H-1), 1.71–1.61
(1H, m, HB-12), 1.67–1.57 (2H, m, H-2), 1.50–1.40 (1H, m,
H-7a), 1.47–1.37 (1H, m, H-11b), 1.48–1.40 (2H, m, H-6),
1.43–1.33 and 1.15–1.08 (2H, m, H-3), 1.16–1.06 (1H, m,
H-9), 0.92 (3H, s, Me-20), 0.89 (9H, s, tBuMe2Si–), 0.85
(3H, s, Me-18), 0.82 (3H, s, Me-19), 0.82–0.72 (1H, m,
H-5), 0.13 and 0.01 (3H, s each, tBuMe2Si–);

13C NMR
(100 MHz, CDCl3) d: 39.2 (C-1), 20.4 (C-2), 41.8 (C-3),
33.1 (C-4), 54.8 (C-5), 18.8 (C-6), 26.1 (C-7), 47.8 (C-8),
57.0 (C-9), 37.5 (C-10), 22.6 (C-11), 35.9 (C-12), 77.0
(C-13), 210.8 (C-14), 33.5 (C-18), 21.8 (C-19), 13.8 (C-20),
25.8 (Me3CSi–), 25.8 (Me3CSi–),K5.4 andK4.6 (Me2Si–);
EIMS m/z (%): 363 (MCK15, 5), 321 (100), 229 (10), 183
(12), 129 (11), 75 (27).

4.51. Reaction of 63 with isopropylmagnesium chloride:
64

To a solution of 63 (28 mg, 0.074 mmol) in dry THF (1 mL)
was added isopropylmagnesium chloride 2 M in Et2O
(10 mL, 20 mmol), at 0 8C, under an argon atmosphere.
The reaction mixture was stirred for 90 min at room
temperature and then treated with a saturated NH4Cl
aqueous solution, extracted with EtOAc and washed with
water and brine. The organic layer was dried over Na2SO4

and evaporated to yield compound 64 (31 mg, 99%).

4.51.1. 13a-t-Butyldimethylsilyloxy-totaran-14a-ol: 64.
[a]D

22 K2.18 (cZ0.77, CHCl3); IR (film): 3567, 2949, 1472,
1387, 1362, 1256, 1071, 837, 775 cmK1; 1H NMR
(400 MHz, CDCl3) d: 3.52 (1H, dd, JZ10.3, 4.4 Hz,
H-13), 2.25–2.15 (1H, m, H-15), 1.88–1.78 (2H, m, H-7),
1.73–1.63 and 0.95–0.85 (2H, m, H-1), 1.60–1.58 (8H, m,
H-2, H-6, H-11 and H-12), 1.47–1.37 (1H, m, H-8), 1.40–
1.30 and 1.17–1.07 (2H, m, H-3), 1.25–1.15 (1H, m, H-9),
1.01 (3H, d, JZ7.3 Hz, H-16), 0.95 (3H, d, JZ7.2 Hz,
H-17), 0.90 (9H, s, tBuMe2Si–), 0.88–0.78 (1H, m, H-5),
0.83 (3H, s, Me-18), 0.80 (3H, s, Me-19), 0.79 (3H, s,
Me-20), 0.06 and 0.05 (3H, s each, tBuMe2Si–);

13C NMR
(100 MHz, CDCl3) d: 39.5 (C-1), 18.9 (C-2), 42.0 (C-3),
33.0 (C-4), 53.8 (C-5), 21.5 (C-6), 27.1 (C-7), 39.5 (C-8),
48.8 (C-9), 36.7 (C-10), 22.6 (C-11), 31.0 (C-12), 73.5
(C-13), 77.0 (C-14), 32.0 (C-15), 18.5 and 18.0 (C-16
and C-17), 33.4 (C-18), 21.8 (C-19), 14.0 (C-20), 25.9
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(Me3CSi–), 25.8 (Me3CSi–), K3.6 and K4.6 (Me2Si–);
EIMS, m/z (%): 422 (MC, 2), 379 (52), 321 (11), 273 (22),
231 (36), 147 (30), 75 (100); EIHRMS: calcd for
C26H50O2Si (M

C) 422.3580, found (MC) 422.3586.

4.52. Reaction of 64 with TBAF: 34

To compound 64 (50 mg, 0.120 mmol) TBAF 1.0 M in THF
(1 mL) was added. The mixture was stirred under an argon
atmosphere for 3 h and diluted with water. The solution was
extracted with AcOEt, and washed with water and brine.
The organic layer was dried over Na2SO4 and evaporated to
give a crude product which was chromatographed on silica
gel (n-hexane/AcOEt, 95/5) to yield the diol 34 (35 mg,
95%).

4.53. Reaction of 54 with NaMeO/MeOH: 65

To a solution of NaMeO/MeOH (2 M), prepared by addition
of sodium (75 mg, 3.26 mmol) to MeOH (1.6 mL), a
solution of 54 (90 mg, 0.240 mmol) in MeOH (10 mL)
was added at room temperature. After 4 h the reaction
mixture was diluted with AcOEt and then treated with a
saturated NH4Cl aqueous solution (5 mL), extracted with
AcOEt and washed with water and brine. The organic layer
was dried over Na2SO4 and evaporated to give a crude
(85 mg) which was chromatographed on silica gel (DCM) to
give 65 (65 mg, 72%).

4.53.1. 14b-t-Butyldimethylsilyloxy-8-epi-podocarpan-
13-one: 65. [a]D

22 K29.78 (cZ0.81, CHCl3); IR (film):
2944, 2053, 1732, 1472, 1389, 1362, 1254, 1136, 974, 868,
837, 779 cmK1; 1H NMR (200 MHz, CDCl3) d: 3.81 (1H, d,
JZ10.4 Hz, H-14), 2.40–1.00 (16H, m), 1.00–0.80 (1H, m),
0.91 (9H, s, tBuMe2Si–), 0.88, 0.83 and 0.81 (3Me, s each,
Me-18, Me-19 and Me-20), 0.13 and 0.03 (3H, s each,
tBuMe2Si–);

13C NMR (50 MHz, CDCl3) d: 39.5 (C-1), 18.8
(C-2), 42.0 (C-3), 32.8 (C-4), 54.9 (C-5), 21.2 (C-6), 32.8
(C-7), 46.4 (C-8), 53.1 (C-9), 37.1 (C-10), 26.1 (C-11), 39.3
(C-12), 209.5 (C-13), 82.1 (C-14), 33.6 (C-18), 21.8 (C-19),
14.1 (C-20), 25.8 (Me3CSi–), 25.8 (Me3CSi–), K4.3 and
K5.7 (Me2Si–); EIMS m/z (%): 378 (MC, 2), 363 (6), 321
(100), 197 (7), 129 (20), 75 (18); EIHRMS: calcd for
C23H42O2Si (M

C) 378.2954, found (MC) 378.2946.

4.54. Reaction of 54 with vinylmagnesium chloride: 66

To a solution of 65 (117 mg, 0.308 mmol) in dry THF
(2 mL) was added vinylmagnesium bromide 1 M in Et2O
(10 mL, 3 mmol), at 0 8C, under an argon atmosphere. The
reaction mixture was stirred for 15 min at room temperature
and then treated with a saturated NH4Cl aqueous solution,
extracted with EtOAc and washed with water and brine. The
organic layer was dried and evaporated to give a crude
mixture, which was chromatographed on silica gel (DCM)
to yield the vinyl derivative (93 mg). To a solution of TBAF
1.0 M in THF (2 mL), the latter compound (93 mg) was
added. The mixture was stirred under an argon atmosphere
for 1 h and diluted with water. The solution was extracted
with AcOEt, washed with water and brine. The organic
layer was dried over Na2SO4 and evaporated to give a crude
which was chromatographed on silica gel (n-hexane/AcOEt,
7/3) to yield 66 (82 mg, 91%).
4.54.1. 17-nor-8-epi-15-Pimaren-13a,14a-diol 66. [a]D
22

C25.18 (cZ0.71, CHCl3); IR (film): 3387, 2932, 1458,
1387, 1368, 1042 cmK1; 1H NMR (400 MHz, CDCl3) d:
5.87 (1H, dd, JZ17.3, 10.7 Hz, H-15), 5.38 (1H, dd, JZ
17.3, 1.4 Hz, HA-16), 5.18 (1H, dd, JZ10.7, 1.4 Hz,
HB-16), 3.80 (1H, d, JZ11.8 Hz, H-14), 2.26 (1H, s,
–OH), 2.25–2.15 (1H, m, HA-7), 2.06 (1H, dddd, JZ11.7,
10.4, 6.0, 3.0 Hz, H-8), 1.90–1.80 and 0.92–0.82 (2H, m,
H-1), 1.83-1.68 (2H, m, H-11), 1.78–1.68 and 1.62–1.52
(2H, m, H-12), 1.60–1.50 (1H, m, H-9), 1.58–1.47 and 1.32–
1.22 (2H, m, H-6), 1.48–1.45 (1H, m, HB-7), 1.45–1.35 and
1.20–1.10 (2H, m, H-3), 1.43–1.33 (2H, m, H-2), 1.03 (3H,
s, Me-20), 0.88–0.78 (1H, m, H-5), 0.87 (3H, s, Me-18),
0.83 (3H, s, Me-19); 13C NMR (100 MHz, CDCl3) d: 40.6
(C-1), 18.6 (C-2), 41.9 (C-3), 33.1 (C-4), 56.0 (C-5), 18.3
(C-6), 27.2 (C-7), 36.5 (C-8), 49.0 (C-9), 39.0 (C-10), 19.7
(C-11), 33.9 (C-12), 74.2 (C-13), 71.6 (C-14), 144.6 (C-15),
113.9 (C-16), 34.0 (C-18), 21.9 (C-19), 19.2 (C-20); EIMS
m/z (%): 292 (MC, 8), 264 (26), 220 (38), 191 (18), 137
(60), 109 (53), 95 (70), 69 (78), 55 (100); EIHRMS: calcd
for C19H32O2 (M

C) 292.2402, found (MC) 292.2398.
4.55. Reaction of 54 with allylmagnesium chloride: 67
and 68

To a solution of 54 (108 mg, 0.240 mmol) in dry THF
(16 mL) was added allylmagnesium bromide 1 M in Et2O
(12 mL, 12 mmol), at 0 8C, under an argon atmosphere. The
reaction mixture was stirred for 1 h at room temperature and
then treated with a saturated NH4Cl aqueous solution,
extracted with EtOAc and washed with water and brine. The
organic layer was dried (Na2SO4) and evaporated to give a
crude mixture, which was chromatographed on silica gel
(n-hexane/AcOEt, 9/1) to yield the corresponding allyl
derivatives (82 mg). To a solution of TBAF 1.0 M in THF
(2 mL), the latter compounds (82 mg) were added. The
mixture was stirred under an argon atmosphere for 90 min
and diluted with water. The solution was extracted with
AcOEt, and washed with water and brine. The organic layer
was dried over Na2SO4 and evaporated to give a crude
product which was chromatographed on silica gel (n-hex-
ane/AcOEt, 7/3) to yield 67 (65 mg, 88%) and 68 (3 mg,
3%).
4.55.1. 8-epi-15(17/16)-abeo-Abiet-16-en-13a,14a-
diol: 67. [a]D

22 C23.38 (cZ0.36, CHCl3); IR (film): 3435,
2924, 2866, 2361, 1456, 1038 cmK1; 1H NMR (400 MHz,
CDCl3) d: 5.96–5.78 (1H, m, H-16), 5.16–5.11 (2H, m,
H-17), 3.69 (1H, d, JZ9.4 Hz, H-14), 2.42 (1H, dd, JZ
14.9, 7.8 Hz, HA-15), 2.30 (1H, dd, JZ14.9, 7.7 Hz,
HB-15), 2.25–2.15 (2H, m, H-7), 1.92 (1H, dddd, JZ9.4,
9.0, 6.0, 3.0 Hz, H-8), 1.87–1.77 and 0.92–0.82 (2H, m,
H-1), 1.80–1.70 and 1.60–1.50 (6H, m, H-2, H-11 and
H-12), 1.50–1.40 (3H, m, H-6 and H-9), 1.45–1.35 and
1.15–1.05 (2H, m, H-3), 0.98 (3H, s, Me-20), 0.89–0.79
(1H, m, H-5), 0.87 (3H, s, Me-18), 0.84 (3H, s, Me-19); 13C
NMR (100 MHz, CDCl3) d: 40.6 (C-1), 18.6 (C-2), 41.9
(C-3), 33.0 (C-4), 56.0 (C-5), 18.3 (C-6), 27.2 (C-7), 38.0
(C-8), 49.0 (C-9), 38.9 (C-10), 19.9 (C-11), 33.2 (C-12),
72.8 (C-13), 71.8 (C-14), 45.2 (C-15), 134.0 (C-16), 118.6
(C-17), 34.0 (C-18), 21.9 (C-19), 19.0 (C-20); EIMS m/z
(%): 265 (MCK41, 100), 247 (36), 229 (64), 205 (22), 177
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(12), 153 (44), 123 (42), 77 (80); EIHRMS: calcd for
C20H34O2Si (M

C) 306.2559, found (MC) 306.2552.

4.55.2. 8-epi-15(17/16)-abeo-Abiet-16-en-13b,14a-
diol: 68. [a]D

22 C9.38 (cZ1.28, CHCl3); IR (film): 3397,
2936, 2868, 1638, 1456, 1389, 1368, 1263, 1053, 1028, 995,
972, 909, 741 cmK1; 1H NMR (400 MHz, CDCl3) d: 5.88
(1H, dddd, JZ17.3, 10.1, 7.6, 7.2 Hz, H-16), 5.15 (1H, dd,
JZ10.1, 1.8 Hz, HA-17), 5.12 (1H, dd, JZ17.3, 1.8 Hz,
HB-17), 3.85 (1H, d, JZ12.3 Hz, H-14), 2.43 (1H, dd, JZ
14.0, 7.2 Hz, HA-15), 2.35 (1H, dd, JZ14.0, 7.6 Hz,
HB-15), 2.25–2.15 (1H, m, H-7b), 1.92–1.80 (3H, m,
HA-1, H-8 and HA-11), 1.73–1.41 (4H, m, HA-2 and
HB-11 and H-12), 1.51–1.48 (1H, m, H-9), 1.50–1.25 (5H,
m, HB-2, HA-3, H-6 and H-7a), 1.24–1.08 (1H, m, HB-3),
1.05 (3H, s, Me-20), 0.88–0.78 (2H, m, HB-1 and H-5), 0.85
(3H, s, Me-18), 0.83 (3H, s, Me-19); 13C NMR (100 MHz,
CDCl3) d: 40.8 (C-1), 18.7 (C-2), 41.9 (C-3), 33.1 (C-4),
55.6 (C-5), 18.1 (C-6), 26.8 (C-7), 38.7 (C-8), 48.5 (C-9),
39.0 (C-10), 21.5 (C-11), 33.4 (C-12), 75.3 (C-13), 75.5
(C-14), 34.6 (C-15), 133.9 (C-16), 118.8 (C-17), 33.9
(C-18), 22.0 (C-19), 19.1 (C-20); EIMS m/z (%): 306 (MC,
3), 288 (4), 265 (62), 247 (21), 229 (40), 177 (8), 123 (34),
95 (40), 69 (100); EIHRMS: calcd for C20H34O2Si (M

C)
306.2559, found 306.2550.

4.56. Reaction of 67 with p-TsOH: 69

A solution of p-toluensulfonic acid in benzene 0.12 M
(2 mL) was added to compound 67 (16 mg, 0.055 mmol)
and stirred under an argon atmosphere for 24 h. at 60 8C.
After that the mixture was diluted with AcOEt and water,
extracted with AcOEt, and washed with 5% NaHCO3, H2O
and brine. It was then dried over Na2SO4, filtered and the
solvent evaporated. The crude product (15 mg) was
chromatographed on silica gel, eluting with n-hexane/
benzene (9/1) giving 69 (12 mg, 73%).

4.56.1. 13R-15(17/16)-abeo-Abiet-16-en-14-one: 69.
[a]D

22 K6.88 (cZ0.77, CHCl3); IR (film): 1709, 1462,
1445, 1389, 1260, 1036, 910, 802 cmK1; 1H NMR
(400 MHz, CDCl3) d: 5.76 (1H, dddd, JZ19.4, 14.5, 9.1,
2.3 Hz, H-16), 5.02 (1H, dd, JZ14.5, 1.5 Hz, HA-17), 4.99
(1H, dd, JZ2.3, 1.5 Hz, HB-17), 2.65–2.55 (2H, m, H-15),
2.24 (1H, dt, JZ12.2, 4.6 Hz, H-8), 2.29–2.19 (1H, m,
H-13), 2.19–2.09 and 1.23–1.13 (2H, m, H-12), 1.95–1.85
and 1.45–1.35 (2H, m, H-7), 1.85–1.75 and 1.38–1.12 (2H,
m, H-3), 1.85–1.75 and 1.18–1.08 (2H, m, H-11), 1.75–1.65
and 0.95–0.85 (2H, m, H-1), 1.74–1.54 (4H, m, H-2 and
H-6), 1.18–1.08 (1H, m, H-9), 0.93 (3H, s, Me-20), 0.87
(3H, s, Me-18), 0.83 (3H, s, Me-19), 0.83–0.73 (1H, m,
H-5); 13C NMR (100 MHz, CDCl3) d: 39.2 (C-1), 18.9
(C-2), 41.9 (C-3), 33.1 (C-4), 58.1 (C-5), 20.5 (C-6), 26.3
(C-7), 49.6 (C-8), 54.4 (C-9), 37.6 (C-10), 24.3 (C-11), 32.8
(C-12), 49.9 (C-13), 213.8 (C-14), 33.6 (C-15), 136.8
(C-16), 115.9 (C-17), 33.5 (C-18), 21.8 (C-19), 13.8 (C-20);
EIMS m/z (%): 288 (MC, 100), 267 (8), 203 (10), 177 (25),
109 (82), 95 (58), 69 (85); EIHRMS: calcd for C20H32O
(MC) 288.2453, found 288.2458.

4.57. Preparation of 70

To a solution of 69 (58 mg, 0.201 mmol) in THF (0.5 mL),
KHMDS 0.5 M in toluene (2 mL, 1 mmol) was added at
K78 8C, under an argon atmosphere. After 5 min distilled
MeI (5 mL, 3.21 mmol) was added. The mixture was stirred
for 24 h After that, 5% NaHCO3 was added, the mixture
extracted with AcOEt, washed with 5% NaHCO3, H2O and
brine, dried over Na2SO4, filtered and the solvent evapo-
rated. The crude mixture (65 mg) was chromatographed on
silica gel (13 g), eluting with n-hexane/AcOEt (100/0.5 mL)
to give 70 (57 mg, 97%).

4.57.1. 15a-Homo-15-isopimaren-14-one: 70. [a]D
22

K29.08 (cZ0.31, CHCl3); IR (film): 2938, 2868, 1703,
1638, 1458, 1387, 1370, 1260, 1098, 912 cmK1; 1H NMR
(400 MHz, CDCl3) d: 5.77 (1H, dddd, JZ19.4, 14.5, 9.1,
2.3 Hz, H-15), 5.02 (1H, dd, JZ14.5, 1.5 Hz, HA-16), 4.99
(1H, dd, JZ2.3, 1.5 Hz, HB-16), 2.45 (1H, dt, JZ11.9,
4.3 Hz, H-8), 2.47–2.43 (1H, m, HA-15a), 2.18–2.05 (1H, m,
HB-15a), 2.00–1.00 (15H, m), 1.10 (3H, s, Me-17), 1.00–
0.80 (1H, m), 0.93, 0.83 and 0.81 (3Me, s each, Me-18,
Me-19 and Me-20); 13C NMR (100 MHz, CDCl3) d: 42.2
(C-1), 19.1 (C-2), 43.1 (C-3), 33.4 (C-4), 57.3 (C-5), 20.1
(C-6), 27.1 (C-7), 45.3 (C-8), 54.6 (C-9), 37.7 (C-10), 20.9
(C-11), 37.2 (C-12), 47.1 (C-13), 217.2 (C-14), 39.4
(C-15a), 135.5 (C-15), 117.6 (C-16), 22.1 (C-17), 33.7
(C-18), 23.2 (C-19), 14.1 (C-20). EIMS m/z (%): 302 (MC,
100), 287 (33), 244 (12), 177 (30), 123 (93), 95 (56), 69
(83); EIHRMS: calcd for C21H34O (MC) 302.2610, found
302.2602.
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Arno, M.; Peiro, M.; Zaragozá, R. J. Tetrahedron 1991, 47,

3829.

13. Pascual Teresa, J. de; Urones, J. G.; Marcos, I. S.; Dı́ez, D.;

Alvarez, V. Phytochemistry 1986, 25, 711.

14. (a) Marcos, I. S.; Moro, R. F.; Carballares, S.; Urones, J. G.

Synlett 2000, 541. (b) Urones, J. G.; Marcos, I. S.; Pérez, B. G.;
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