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1. Introduction

The chemistry of pyrrole and its derivatives is enjoying a rel-
ative renaissance of interest due to the growing abundance of
pyrrolic components in natural products, pharmaceuticals,
and new materials. Pyrrole is the major constituent of natu-
rally occurring tetrapyrroles, such as heme and chlorophyll,
the tripyrrolic prodigiosin skeleton, and many alkaloid natu-
ral products of varying complexity and biological activity.1–6

Increasingly, pyrroles are being investigated as potential
pharmaceuticals because of their less restricted patent

Keywords: Pyrrole; Pyrrolic; Protecting group; Protection; Deprotection;
Electron withdrawing; Blocking.
* Corresponding authors. Tel.: +1 902 494 6421; fax: +1 902 494 1310

(A.T.); tel.: +1 514 343 7339; fax: +1 514 343 7586 (W.D.L.); e-mail
addresses: alison.thompson@dal.ca; lubell@chimie.umontreal.ca
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.071
position relative to more common heterocycle skeletons
such as indole and imidazole. Moreover, the blockbuster
atorvastatin calcium (Lipocor, Lipitor�) is a pentasubstituted
pyrrole, and is, the most-prescribed prescription drug for
cholesterol lowering.7 Furthermore, pyrrolic molecules
exhibit a wide variety of useful and emerging optical and
electronic properties.1,8–11

The synthetic chemistry of the pyrrolic unit is dominated by
electrophilic aromatic substitution and pyrrole is much more
reactive than benzene in this respect, as a result of the lone
pair at nitrogen and the consequent stability of s-complexes
(Wheland intermediates, Fig. 1).10 Polymerization of
pyrrole, and substituted pyrroles, is acid-catalyzed and
polypyrroles (dark tars) are often the result of the careless
management of reactions involving pyrroles. Such reactivity
necessitates that a delicate balance12 be achieved between

mailto:alison.thompson@dal.ca
mailto:lubell@chimie.umontreal.ca
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Figure 1. Electrophilic substitution of pyrrole and benzene.
the exploitation of nucleophilicity for required electrophilic
aromatic substitution, and the containment of nucleophilic-
ity (through electronic or steric means) to inhibit over-
substitution and/or unwanted transformations. Harnessing
the reactivity of pyrrole is often achieved by the use of
protecting and blocking groups, most usually involving
N-substitution (1-substitution) and 2-substitution. Electron-
withdrawing groups serve to both lessen nucleophilicity and
block certain positions from unwanted substitution. Steri-
cally bulky protecting groups can block the pyrrole to
prevent alpha-substitution. Certain groups have been shown
to activate the pyrrolic core. As with any useful synthetic
protecting group, three criteria must be met: facile introduc-
tion; robust reactivity of the protected moiety; and efficient
deprotection.

Over the last century, synthetic pyrrole chemistry has played
a crucial role in the preparation of porphyrins. The final steps
to prepare the porphyrinogenic skeleton typically require
large quantities of pyrroles as starting materials, as the
reactions can be low yielding and give complex product
mixtures. Consequently syntheses and derivatizations of
functionalized pyrroles are routinely achieved on multi-
molar scales using modest laboratory facilities. Many tradi-
tional reactions involving pyrroles incorporate harsh acidic
or caustic conditions, as well as high reaction temperatures.
With the absolute goal of synthesizing porphyrins, the mod-
erate yields from such reaction conditions were tolerated;
however, as other needs for pyrroles have surfaced, more
elegant syntheses and manipulations of pyrroles have been
required to achieve more effective and selective chemistry.
Although protecting groups suitable for pyrroles13 have
been included within comprehensive sources,14,15 and
many authorities of synthetic pyrrole and porphyrin chemis-
try have necessarily included protected pyrroles in the
discussion of synthetic strategies,10,16–18 a modern and
comprehensive survey is desirable. This review embraces
the gamut of protecting groups for pyrroles, including the
availability, utility, and deprotection of protected pyrroles.
Without a doubt this review does not include every report
of protected pyrroles, nor does it fully summarize all aspects
of the cited references. Instead, examples have been chosen
based on their demonstrated and potential usefulness, in the
opinion of the authors. The aim of this review is to provide
practicing and aspirant pyrrole chemists with a survey and
flavor of the types of groups used to protect pyrroles, and
insight into why certain groups are advantageous under
particular circumstances.

2. Pyrroles protection by N-substitution

2.1. N-Sulfonyl protecting groups

The sulfonyl groups are among the more common protecting
groups for pyrrole protection at nitrogen because of their
strong electron-withdrawing effect. Their ability to reduce
the reactivity of pyrrole allows a wider range of reactions
and higher yields in regioselective alkenylation19 and acyla-
tion20 at the alpha and beta positions. Some representative
sulfonyl protecting groups that have been used in pyrrole
chemistry are presented in Figure 2.

The effect of the sulfonyl group on the electron density distri-
bution in pyrrole has been evaluated by analysis of 13C NMR
chemical shift data and X-ray crystal structure analysis.21

The four major resonance forms A–D of 3,5-dimethyl-
pyrrole-2-carboxylate are shown in Figure 3. The introduc-
tion of an electron-withdrawing group (EWG) on the
nitrogen of the pyrrole significantly changes the distribution
of the resonance contributors by decreasing the availability
of the nitrogen lone pair, favoring A. As the strength of
the EWG was increased (N–H<N-Boc<N-Ms<N-Tf), the
aromatic carbons were proportionally deshielded in the
respective pyrrole 13C NMR spectra (Fig. 3).21

N-Phenylsulfonylpyrroles react regioselectively under
Friedel–Crafts acylation conditions contingent on Lewis
acid.22,23 For example, benzoylation of N-phenylsulfonyl-
pyrrole 1 with benzoyl chloride gave only 3-benzoyl-1-
phenylsulfonylpyrrole 4b using AlCl3 as Lewis acid in
DCM. Highly regioselective acylation at the 2-position of
N-phenylsulfonylpyrrole with benzoyl chloride was later
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Figure 2. Sulfonyl groups for pyrrole chemistry.
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obtained by using BF3$OEt2 as Lewis acid in 1,2-dichloro-
ethane to give 2b (Fig. 4).20

The introduction of a sulfonyl group on the nitrogen of pyr-
role is generally accomplished by reacting the pyrrolyl anion
with the corresponding sulfonyl halide. The counter ion, the
solvent, and the electrophile are all important for avoiding
electrophilic substitution at the 2-position. Some of the com-
mon bases and solvents for N-sulfonyl protection include
metal hydrides (NaH or KH) in THF, DCM or DMF, as
well as trialkylamines in DCM or MeCN. Alternatively,
regioselective protection of unsubstituted pyrrole with
BsCl or TsCl in ionic liquids [1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PF6]) and 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([Bmim][BF4])] in the pres-
ence of KOH afforded N-sulfonylpyrroles in quantitative
yields.24

The removal of N-aryl and N-alkylsulfonyl groups has been
typically achieved using alkaline hydrolysis with NaOH or
KOH (Figs. 4 and 5). For example, sodium hydroxide in
dioxane at room temperature effectively deprotected
pyrroles 2a–d and 4a–f, which possess acyl groups either
at the alpha or beta position, to provide pyrroles 3a–d and
5a–f in variable yields.20 Alternatively, benzyltrimethyl-
ammonium hydroxide (Triton B) was used to hydro-
lyze N-benzenesulfonyl-3-benzoylpyrrole 4b, with similar
results.22

Unsubstituted N-sulfonyl protected terpyrroles 6a–b and
bispyrrylthiophenes 7a–b were deprotected effectively in
refluxing MeOH with NaOH.25 Similarly, the N-methanesul-
fonyl group was cleaved from dipyrrolylmethane 10 using
NaOH.26 The p-toluenesulfonyl group was easily removed
from 12 and 13 by treatment with KOH in MeOH, giving
the corresponding deprotected pyrroles 14 and 15, respec-
tively.27 2-Furanyl-N-toluenesulfonylpyrrole 16 has also
been deprotected successfully using K2CO3 at room temper-
ature to yield pyrrole 17 (Fig. 5).28

Other moieties may be affected during deprotection of
N-sulfonylpyrroles under alkaline hydrolysis. For example,
in the preparation of an intermediate for the synthesis of

N

COR

Bs

N COR

Bs

NaOH, dioxane
rt, 0.3-2 h N

H

COR

NaOH, dioxane
rt, 0.3-2 h N

H
COR

  3a  95%
  b  95%
   c  93%
    d  50%
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PhCOCl, AlCl3

DCM

4a-f 5a-f

a R=Me                        93%
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c R=cyclopropyl         100%
d R=CH2CH2CH2Cl     83%
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85% over 2 steps

N
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N -OH

N
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   c R=cyclopropyl         69%
   d R=CH2CH2CH2Cl   56%

Figure 4. Alkaline hydrolysis of N-sulfonylacylpyrroles.
porphyrins, alkaline hydrolysis of N-methanesulfonylpyr-
role 18 with potassium hydroxide in MeOH caused simulta-
neous N-demesylation, elimination of methanesulfenic acid,
and attack of MeOH to afford 2-(methoxymethyl)pyrrole
1929 in quantitative yield in one step. Deprotection of N-benz-
enesulfonylpyrrole 20 with ethanolic sodium hydroxide
was accompanied by ester saponification to provide acid
21 (Fig. 6).30

The relatively harsh conditions of alkaline hydrolysis and
lack of selectivity encouraged synthetic chemists to find
alternative methods for N-sulfonyl deprotection. For example,
under relatively mild reaction conditions, N-tosyl pyrrole
23 was desulfonylated with magnesium in MeOH to give
pyrrole 24.31 In comparison, alkaline hydrolysis of 23 with
KOH gave a very poor yield of the deprotected pyrrole 24,
together with 60% recovery of the starting material. Ammo-
nium chloride was later shown to be useful for activation of
the magnesium surface for the deprotection of N-phenyl-
sulfonylpyrrole 25. Furthermore, improved selectivity for
deprotection was observed with pyrroles possessing a variety
of functional groups compared to alkaline hydrolysis (i.e., 23
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Figure 5. Alkaline hydrolysis of N-sulfonylpyrroles.
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Figure 6. Alkaline hydrolysis of N-sulfonylpyrroles.
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and 25).31,32 Moreover, elimination of the tosyl group of
pyrroles 27a–d occurred concurrently with the Grignard
reaction with geranyl bromide and magnesium. The same
Grignard reagent was reacted with N-tosyl pyrrole 22 with-
out cleaving the protecting group.33 The magnesium/MeOH
conditions have also been used for the deprotection of
N,N-dimethylaminosulfonylpyrrole 29 to provide 30, an
advanced intermediate for the synthesis of the natural prod-
uct lamellarin O. Deprotection of pyrrole 29 with tetrabutyl-
ammonium fluoride (TBAF) gave 30 in moderate yield.27

4-Amino-2,20-bipyrrole 31 failed to react under similar
conditions (Mg, NH4Cl, MeOH) even with heating. How-
ever, sonication of bipyrrole 31 and magnesium in MeOH/
CHCl3 (99:1) caused complete deprotection in 15 min to
give 32 (Fig. 7).34

The N-trimethylsilylethanesulfonyl (SES) group was devel-
oped for pyrrole protection because it can be removed under
mild conditions using tetrabutylammonium fluoride (TBAF)
in THF at room temperature.35,36 With additional heating,
this methodology was extended to the removal of N-methyl-
sulfonyl,37 N-phenylsulfonyl,37 N-p-toluenesulfonyl,38 and
N,N-dimethylaminosulfonyl38 groups without affecting
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Figure 7. Deprotection of N-sulfonylpyrroles with Mg in MeOH.
formyl (i.e., 37) and carboxylate (i.e., 35, 38, and 39) ring
substituents (Table 1).

N-sulfonylpyrrole
�!TBAF

THF
pyrrole

In addition, deoxygenation by reductive removal of xanthate
40 with triphenyl tinhydride proceeded with cleavage of
the tosyl moiety to provide the tricyclic core of the natural
product roseophilin 41 (Fig. 8).39

Table 1. Desulfonylation of N-sulfonylpyrrole with TBAF in THF

N-Sulfonylpyrrole Time
(h)

Temperature
(�C)

Yield
(%)

Ref.

N
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CO2Me
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1.5 rt 98 35
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MeO2C
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0.5 rt 89 36

N CO2Et
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Me
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0.5 Reflux 96 37

N Et

Bs
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24 Reflux 64 37

N CHO
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6 Reflux 90 37
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Ts
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3 60 96 38

39

N

Ph
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SO2NMe2

2 60 60 38
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O
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HO

Ph3SnH (3 eq)
AIBN (15%)

PhH, reflux, 2 h
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40 41

S
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Figure 8. Concomitant xanthate deoxygenation and N-toluenesulfonyl
group cleavage.
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2.2. N-Boc protection

The tert-butoxycarbonyl (Boc) moiety has been useful for
pyrrole chemistry, because of its electron-withdrawing
effect and ease of removal under a variety of conditions.
The protection of the pyrrole nitrogen has been performed
using different sources of the tert-butoxycarbonyl moiety
including (Boc)2O, BocOPh, and Boc–ON. For example,
pyrroles 42a–j were protected in the presence of di-tert-
butyl dicarbonate [(Boc)2O], catalytic 4-(dimethylamino)-
pyridine (DMAP), and Et3N in good yields (Table 2).40,41

Employing tert-butyl phenyl carbonate (BocOPh) and so-
dium hydride in THF, pyrrole 42a and 2,5-dimethylpyrrole
44 were converted to N-Boc-protected pyrroles 43a and
45, respectively.43 The N-protection of pyrrole-2-carbox-
aldehyde 46 using 2-(tert-butoxycarbonyloxyimino)-2-
phenylacetonitrile (Boc–ON) and similar conditions gave
the Boc analog 47 (Fig. 9).44

Although the reactivity of certain pyrroles may limit the use
of acidic conditions for Boc group deprotection, success has
been achieved with relatively electron-deficient pyrroles.
For example, in the pursuit of novel biologically active
heteroaromatic thiophenes, thiophenyl pyrrole 49 was
obtained by mixing N-Boc pyrrole 48 in trifluoroacetic
acid (TFA) for 30 min (Fig. 10).45

In a study of TFA-induced and thermolytic cleavage of
N-Boc pyrroles 50a and 50b, optimum thermolytic con-
ditions at 180 and 155 �C, respectively, yielded acrylate

Table 2. N-Boc protection with (Boc)2O

N
H

(Boc)2O, DMAP, Et3N

R1 R4

R2 R3

NR1 R4

R2 R3

Boc
42 43

Entry R1 R2 R3 R4 Solvent Yield (%) Ref.

a H H H H DCM 81 40
b CO2Et H H H DCM 85 40
c COCCl3 H H H DCM 81 40
d CO2Et H H Me DCM 94 40
e CO2Et Me H Me DCM 94 40
f CO2Et Me CO2Et Me DCM 81 40
g CO2Bz H NO2 H DCM 87 40
h CO2Bz H NH(Boc) H DCM 80 40
i CO2t-Bu Me Me H MeCN 100 41
j H TMS H TMS DCM 100 42
pyrroles 51a and 51b. Pyrrole 51a could be obtained in sim-
ilar yield when N-Boc pyrrole 50b was exposed to TFA;
however, acrylate 50b decomposed in the presence of TFA
in DCM (Table 3).41

Thermolytic removal of the N-Boc group from neat pyrrole,
at 180 �C for 30 min, was reported to give high yields in the
deprotection of a series of pyrrole and bipyrrole analogs, 52,
54, and 56.46 Similar thermolysis conditions were later used
for the selective Boc deprotection of pyrrole amino esters
58a–e to afford pyrroloprolines 59a–e.47 Recently, ther-
mally induced decarboxylation by heating Boc-protected
bipyrrole 60 at 230 �C under reduced pressure (10�3 Torr)
for 30 min produced 1,3-bis(2-pyrrolyl)azulene 61, a lumi-
nescent chemosensor for fluoride ions (Fig. 11).48

The Boc group can also be cleaved from the pyrrole nitrogen
under basic conditions. For example, N-Boc 2-substituted
pyrroles 62a–d were deprotected with sodium methoxide
in a mixture of methanol and THF.49 Furthermore, N-Boc
deprotection of 3,4-disubstituted pyrrole 64 produced 3,4-
bis(trimethylsilyl)pyrrole 65 (Fig. 12).42

The utility of the Boc group in natural product synthesis was
demonstrated in the synthesis of prodigiosin 75. Hydrobora-
tion and oxidation of olefin 66 furnished ketone 67 as the
substrate for the subsequent Wittig olefination. Hydrogena-
tion of olefin 68 and oxidation of the methyl group on

N
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N
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R R R R

43a R=H    80%
45   R=Me  67%

Boc

N
Boc

NaH, THF
OHCN

H
OHC 87%
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N

OBoc
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Ph
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42a R=H
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Figure 9. N-Boc pyrrole protection.
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59%
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O SMe

Boc NH

S
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Figure 10. Acidic deprotection of N-Boc pyrrole.
Table 3. Comparison of TFA and thermolysis for N-Boc removal

50 51

NR1O2C R2

Me R3

Boc

TFA
or heat

N
H

R1O2C R2

Me R3

Entry R1 R2 R3 Method Yield (%)

a Et Me CH]CHCO2Me TFA/DCM 85
180 �C, neat 86

b t-Bu CH]CHCO2Me Me TFA/DCM Decomposition
155 �C, neat 96
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pyrrole 69 with cerium ammonium nitrate (CAN) afforded
N-Boc-protected pyrrole-2-carboxaldehyde 70. Base-
induced condensation of aldehyde 70 with lactam 71 was
accompanied with Boc removal such that unprotected

52 53

230°C, 10-3Torr
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98%N
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NH HN

N

N
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O
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92%

94%
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Figure 11. Thermolysis of N-Boc pyrroles.
dipyrromethene 72 was isolated. Treatment of 72 with
Tf2O produced triflate 73 suitable for the cross-coupling
with boronic acid 74 delivering prodigiosin 75 (Fig. 13).50

The cleavage of the Boc group has also been observed during
Suzuki reactions on bromopyrrole 76, presumably due to
heating under alkaline conditions.51 Taking advantage of
this one-step process, 4-arylpyrroles 77a–d were prepared
from N-Boc-4-bromopyrrole 76 and different arylboronic
acids at 110 �C (Table 4).51

It is noteworthy that a series of N-(Boc)-2-arylpyrroles
78a–k were prepared by Suzuki coupling at 85 �C in 1,2-di-
methoxyethane (DME) with retention of the Boc moiety in
variable yields (Table 5).52

However, palladium-catalyzed cross-coupling reactions of
the same pyrrole boronic acid 74 at 130 �C in DMF induced
removal of the Boc group, such that 2-arylpyrroles 80a–b
were isolated (Fig. 14).53
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62a R=TMS         
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Figure 12. N-Boc group removal under alkaline conditions.
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Alternative methods for Boc deprotection have been devel-
oped in recent years. For example, 3-pyrrolylalanine 82
was liberated by simultaneous deprotection of the N-(Boc)
and N-carboxybenzyloxy (Cbz) amino protecting groups us-
ing trimethylsilyl iodide (TMSI) and pyridine (Fig. 15).54 In
pursuit of the synthesis of marine alkaloids, N-(Boc)pyrrole
diester 83 was treated with Br2, which caused bromination of
the 3- and 4-positions, and in situ Boc removal to afford
dibromopyrrole 8454 (Fig. 15). Moreover, selective depro-
tection of N-Boc pyrrole tert-butyl ester 85 was achieved

7479

Pd(dba)2, PPh3
aq Na2CO3N

Boc

(HO)2B
DMF, 130°C N

H

P(O)R2 P(O)R2

Br

a R=Ph     83%
b R=t-Bu   75%

80

Figure 14. N-Boc cleavage under Suzuki reaction conditions.

Table 4. N-Boc removal during Suzuki coupling

7776

ArB(OH)2
Pd(PPh3)4
aq Na2CO3

N
Boc

CO2Et
DMF, 110°C

Br

N
H

CO2Et

Ar

Entry Ar Yield (%)

a 3,4-Dimethoxyphenyl 80
b 4-Fluorophenyl 68
c 3-Isopropoxy-4-methoxyphenyl 82
d 2,3,4-Trimethoxyphenyl 84

Table 5. Suzuki coupling with retention of the N-Boc moiety

7874

ArX
Pd(PPh3)4
aq Na2CO3N

Boc

B(OH)2

H2O/DME
reflux

N Ar

Boc

Entry Ar X Yield (%)

a Ph I 55
b Ph Br 16
c 4-MeC6H5 Br 15
d 4-ClC6H5 Br 34
e 1-Naphthyl Br 34
f 2-Thienyl Br 35
g 3-Pyridyl Br 72

h
OMe

EtO2S

Br 98

i
OMe

H2NO2S

Br 83

j
OMe

PhHNO2S

Br 63

k

OMe

S
N

OO

MeN
Br 70
with TBAF in THF at reflux. The proposed mechanism for
the deprotection involves nucleophilic attack by fluoride
on the carbonyl group to release the pyrrole anion and
Boc–F (Fig. 15).55

2.3. N-Benzyl, alkyl, and allyl protection

The N-benzylation and alkylation of pyrrole, rather than
substitution at the 2-position, is enhanced by the use of
soft pyrrolyl anions (e.g., potassium, ammonium, and thal-
lium) and polar aprotic solvents.56–59 Phase-transfer catal-
ysis has been a useful strategy for the N-benzylation of
pyrrole, making use of the soft trialkylammonium cation.59

This method was shown to be applicable to the N-benzyla-
tion of pyrroles with electron-withdrawing groups at the
2-position. Ionic liquids24 and phase-transfer catalysis con-
ditions with polyethylene glycols60 have also been reported
to be advantageous for the preparation of N-benzyl pyrrole.
A synthesis of N-benzyl pyrroles bearing 2-morpholino
substituents has been developed featuring the reaction of
an imine 87, as its enamine, with a diimmonium salt
88 (Fig. 16).61 In electrophilic substitution reactions, the
effects of the N-benzyl group on the regioselectivity have
been investigated in pyrrole bromination, nitration, and
Vilsmeier–Haack formylation. Bromination and nitration
gave 3-substituted pyrroles as major products (66 and
60%, respectively). On the contrary, formylation gave the
pyrrole-2-carboxaldehyde as the major product, with an
increased amount of pyrrole-3-carboxaldehyde (15%) com-
pared to product from Vilsmeier–Haack formylation of
N-methylpyrrole under the same conditions.62 Debenzyla-
tion of N-benzyl pyrroles was originally found to be prob-
lematic63 as catalytic hydrogenation methods resulted in
reduction of the phenyl ring to give N-cyclohexylmethyl
derivatives, and acid-catalyzed deprotection conditions in-
duced migration of the benzyl group to an unsubstituted
2-position. Debenzylation via hydrogenation over Raney
nickel was also unsuccessful, with only starting material
being recovered.62 Effective removal of the benzyl group
has been achieved by reaction with a reducing metal such
as sodium in liquid ammonia (Fig. 16).

En route to indoles, N-benzyl pyrroles have been employed
in the synthesis of 4-oxo-4,5,6,7-tetrahydroindole deriva-
tives (Fig. 17).64 The N-benzyl group proved stable to condi-
tions for a variety of synthetic steps, including reduction

8281
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H
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Figure 15. Various conditions for N-Boc deprotection.
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Figure 16. Synthesis and deprotection of 89.
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Figure 17. Use of the benzyl group in the synthesis of dihydroindole 94.
(NaBH4 and Wolff–Kishner), Wittig, aldol and alkylation
reactions. Final removal of the benzyl group from dihydro-
indole 93 was performed using sodium in liquid ammonia.

In the synthesis of indole 100, N-benzyl pyrroles were
employed in a sequence featuring a Stille cross-coupling
reaction, Grignard addition to aldehyde 97, alkylation, and
electrocyclization (Fig. 18).65 Removal of the benzyl group
from indole 99 was found to be problematic, and best
achieved by transalkylation.

In the synthesis of the macrotricyclic segment 41 of the
antitumor agent roseophilin, a benzyl group was used to pro-
tect the pyrrole nitrogen during the intramolecular acylation,
sulfone elimination, and conjugate addition reactions to pro-
vide the protected intermediate 103 (Fig. 19).28 The benzyl
group was first introduced by a palladium-catalyzed amina-
tion to form pyrrole 102. Model debenzylation studies with
2-acetyl-1-benzyl pyrrole revealed that deprotection could
be achieved by transalkylation (AlCl3, benzene);66 however,
these conditions were not effective for the deprotection
of N-benzyl pyrrole 103. Instead, the benzyl group was
removed from pyrrole 103 by reductive cleavage using
calcium in liquid ammonia, which caused concurrent ketone
reduction such that oxidation was necessary to reinstall the
carbonyl group.

In the synthesis of alkoxyporphyrins (Fig. 20),67 the benzyl
group prevented N-alkylation during the synthesis of di-
methoxypyrrole 107. Benzyl group removal from pentasub-
stituted 107 was achieved both by hydrogenation and by
exposure to acid in the presence of anisole to trap the benzyl
carbonium ion. Related debenzylation of N-protected 3,4-
dialkoxy pyrroles has been achieved using sodium in liquid
ammonia.68

The 2,4-dimethoxybenzyl (DMB) group has been employed
to N-protect pyrrolo[2,3-d]pyrimidines, en route to the
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natural product rigidin (Fig. 21).69 The pyrrolo[2,3-d]pyrim-
idine 110 was prepared by ring closure of pyrimidinone 109,
via intramolecular acylation. Conversion to the correspond-
ing triflate 111, Stille cross-coupling and then TFAA-
promoted acylation gave a mixture of DMB-protected
product 112 (18%) and pyrrolopyrimidine 113 (47%),
from loss of the DMB group under the acidic conditions.
Complete removal of the DMB group was then achieved
by treating 112 with TFA. Deprotection of the DMB group
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Figure 20. Use of the benzyl group in the synthesis of dimethoxypyrrole
108.
in this way surmounted difficulties encountered with the
related N-benzyl analog of 112, which had resisted depro-
tection by a number of methods, including hydrogenation,
BBr3, HBr/AcOH, TMSI/CH3CN, and Na/NH3.69

The 3,4-dimethoxybenzyl group was also used in the synthe-
sis of porphobilinogen (Fig. 22).63 Annulation of vinylogous
amide 114 gave N-DMB pyrrole 115, which was deprotected
cleanly with acid to afford pyrrole triester 116. Although
N-benzyl and N-p-methoxybenzyl pyrrole derivatives of
115 could be prepared, their deprotection was troublesome
since hydrogenative methods led to reduction of the benzyl
units and acidic methods led to migration of the N-substituent
to the free a-position.

In a total synthesis of prodigiosin, alkenyl vicinal tricarbonyl
compound 117 served in the construction of dipyrrole 119
(Fig. 23).70 Protected dipyrrole 118 was constructed by
condensation of 117 with 3,4-dimethoxybenzyl amine, and
subsequently O-methylated and N-deprotected to provide
dipyrrole 119, after removal of the N-tosyl group.63

The N-(4-methoxybenzyl) (MPM) group has been incorpo-
rated into N-substituted-2-vinylpyrroles evaluated as poten-
tial anti-HIV agents.71 N-(MPM)pyrroles have also served
in the synthesis of indoles by an analogous manner to that
N
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detailed in Figure 18 for the benzyl group.65 In a synthesis of
porphobilinogen akin to that shown in Figure 22,63 attempts
at hydrogenolytic and acidic deprotection of the correspond-
ing N-MPM pyrrole caused reduction of the benzene ring
and migration of the protecting group to the free a-position,
respectively.

The 2-(trimethylsilyl)ethoxymethyl (SEM) group has been
demonstrated to be a useful N-protecting group for pyrroles,
conferring resistance to reductive, oxidative, acidic, and
basic conditions.72,73 Treatment of the sodium anion of pyr-
role-2-carboxaldehyde with SEM-chloride gave N-(SEM)-
pyrrole 120 in excellent yield (Fig. 24), and pyrroles
substituted with formyl, keto, and benzyl groups were also
N-protected in this manner. Deprotection occurred upon
treatment with BF3$OEt2, to give the corresponding N-
(hydroxymethyl)-pyrrole 121. In situ treatment of 121 with
catalytic amounts of Triton B caused loss of formaldehyde.
Alternatively, the SEM group has been removed directly
using TBAF albeit in lower yields, which are enhanced in
the presence of amines; however attempts using LiBF4/
MeCN and CsF/HMPA failed to remove the SEM group.73

The SEM group has been particularly useful as a directing
group for pyrrole metalation. For example, a-lithiation of
N-(SEM)pyrrole 122 was best accomplished using n-BuLi/
DME to furnish chelated 2-lithio-SEM-pyrrole 123.73

a-Lithiated pyrrole 123 reacted with a series of alkyl halides,
acid chlorides, silyl chlorides, aldehydes, and lactones in
moderate–good yield.72,73 In essence the SEM group acts
as both an N-protecting group and a directing group for sub-
stitution. This approach to acylation has been used in the
preparation of ketone 126 en route to the ionophore
X-14547 A (127) (Fig. 25).74 Halopyrroles have also been
protected with the SEM group prior to halogen–lithium
exchange and acylation at the b-position.75,76
The employment of SEM protection has been critical in two
total syntheses of roseophilin.28,77 N-Protection of pyrrole
41 with the SEM group minimized steric bulk during the
addition to the ketone 128, and provided means for simulta-
neous removal of the SEM and the triisopropylsilyl (TIPS)
groups (Fig. 26). The SEM protection enabled the organo-
cerium addition to ketone 128 to provide protected roseophi-
lin (130), which was subsequently deprotected with TBAF.
In an alternative synthesis of ent-roseophilin78 employing
N-(SEM)pyrrole 133, the SEM group proved robust through-
out steps including lactone hydrolysis, reduction, oxidation,
Wittig olefination, alkylation (TMS, diazomethane), and
ring-closing metathesis (Fig. 27). Organo-cerium addition,
followed by removal of the SEM group using TBAF gave
ent-rosoephilin. A SEM-protected pyrrole was also used in
the synthesis of (+)-dragmacidin F.79

N-Pivaloyloxymethyl (POM) pyrrole13 has been prepared in
good yield from chloromethylpivalate and the sodium anion
of pyrrole. Although removal of the POM group from pyr-
role has yet to be reported, deprotection of POM-protected
indole with sodium methoxide gave a mixture of indole
(50%) and N-(hydroxymethyl)indole (30%), and treatment
with sodium methoxide followed by KOH gave 95% yield
for the deprotection.

The benzylmethyl ether (benzyloxymethyl, BME) group has
been introduced to N-protect pyrroles to alleviate problems
during functional group manipulations that would occur
if the acidic N–H were present.80 The sodium anion of 3,4-
disubstituted pyrrole 134 reacted with benzyl chloromethyl
ether to give N-(BME)-pyrrole 135 in excellent yield
(Fig. 28). Stable to acidic, basic, and acylating conditions,
the N-BME group has been removed from pyrroles by either
hydrogenation or treatment with AlCl3 to give the corre-
sponding 1-(hydroxymethyl)-pyrrole, which as described
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for SEM group removal, can be cleaved with catalytic
amounts of Triton B to effect the loss of formaldehyde. In
the synthesis of verrucarin E (139),81 the BME group
demonstrated utility both for nitrogen protection and for
improving the solubility of the pyrrole 3,4-dicarboxylates.

The BME group has been used to N-protect pyrroles
involved in mercuration reactions. Difficulties with the
deprotection of N-benzyl pyrroles and complications with
pyrroles bearing electron-withdrawing N-protecting groups
(benzoyl and tosyl) were surmounted by the electron-donat-
ing ability of the BME group, which enhanced nucleophilic-
ity and facilitated b-mercuration of N-(BME)-pyrrole 140
(Fig. 29).41 With the BME group, higher yields of organo-
mercuration were obtained than with the corresponding

N
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1) NaH, THF

92%

O
MeO2C

O
2) SEMCl N
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OSEM
133132
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Figure 27. Alternative route toward ent-roseophilin using N-(SEM) pyrrole
133.
N-methylpyrrole.41 Subsequent Heck-type coupling of 141
with methyl acrylate gave pentasubstituted pyrrole 142.
N-Deprotection occurred with concurrent reduction of the
alkene in the hydrogenation step.80 In the removal of the
BME group, the solvent was key for successful hydrogena-
tion (use of THF was prohibitively slow), and the addition
of NEt3 to the reaction mixture gave the N-(ethoxymethyl)-
pyrrole. The use of more than catalytic amounts of Triton
B for deformylation resulted in partial hydrolysis of the
3-methylpropanoate. a-Mercuration of N-BME-2-unsubsti-
tuted pyrroles has also been demonstrated.41

The trityl group may act as both a nitrogen blocking group
and a bulky directing group.82 Pyrrole N-protection with the
triphenylmethyl (trityl, CPh3) group has been particularly
used to favor substitution at the 3-position. N-Tritylpyrrole
(145) was synthesized by condensation of 2,5-dimethoxy-
tetrahydrofuran and triphenylmethylamine (Fig. 30). N-Trityl-
pyrroles have also been prepared by treating the potassium
salt of the pyrrolyl anion with trityl chloride, albeit with vari-
able yields due to difficulties in product purification. Formyl-
ation of N-tritylpyrrole (145) proceeded with reasonable
selectivity for the 3-position, and the regioselectivity was
improved by modification of the formylating agent. Bromine
and triphenylphosphine in DMF gave better selectivity than
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POCl3 in DMF (Fig. 30). Trifluoroacetylation of 145 pro-
ceeded with high regioselectivity for the 3-position, as did
bromination. Pyrrole-3-carboxylic acid (151), which was
difficult to prepare by other routes, was synthesized from
3-trifluoroacetylpyrrole 149 by a haloform reaction using
sodium hydroxide in methanol and deprotection of the
trityl group with sodium in liquid ammonia. 3-Trifluoro-
acetylpyrrole 149 was also used to synthesize 3-amino
pyrroles 152–154, by way of a sequence featuring a Curtius
rearrangement. An electrochemical method for the deprotec-
tion of the trityl group has also been briefly investigated.82

N-Tritylpyrrole (145) has been shown to undergo regioselec-
tive Friedel–Crafts 3-position acylation with an N-protected
b-lactam to provide aminoketone 155 (Fig. 31).83 In compar-
ison, N-phenylsulfonylpyrrole underwent acylation solely at
the 2-position. The Diels–Alder reaction of N-tritylpyrrole
(145) with acetylenedicarboxylic acid gave the required
product in the same yield as for N-benzyl pyrrole84 as part
of a study that deduced that steric factors alone do not
control the reactivity of N-substituted pyrroles.

Allyl (2-propenyl) groups have been used in the N-protec-
tion of pyrrole, although with little synthetic application.
N-Allyl pyrrole (156) has been prepared in good yield by
alkylation of pyrrole with allyl bromide and potassium
hydroxide in DMSO (Fig. 32).85 Other solvent systems
that have been effective for N-allylation include ionic liq-
uids24 and the application of aqueous/organic mixtures

N N
CPh3

145

CPh3
155

63%

O

NHTrocTfOH, DCE

N
O

O

O

CCl3

Figure 31. Acylation of N-tritylpyrrole.
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with polyethylene glycols as phase-transfer catalysts.60

Subjection of N-allyl pyrrole 156 to rhodium-catalyzed
hydroformylation gave excellent conversion to furnish
a mixture of three products (157–159), the ratio of which
varied with temperature and reaction time. Removal of the
N-allyl group from pyrrole has been achieved by treatment
with DIBAL in the presence of dichloro[bis(diphenylphos-
phino)propane]nickel [(dppp)NiCl2], which has been
claimed to be vital for success (Fig. 32). This method has
not been applied to substituted pyrroles and with N-allyl
pyrrole (156) the low isolated yield after allyl group removal
may be due to difficulties in product isolation.86

In the synthesis of 3,4-dialkoxy pyrroles for the construction
of alkoxy-substituted porphyrins (Fig. 33),68 N-allyl protec-
tion was introduced by the condensation of allyl amine with
dimethoxy dialdehyde 161, which was produced in situ from
hydrolysis of tetrahydrofuran 160. The N-allyl group was
removed by treatment with sodium in liquid ammonia. De-
allylation of 162 was also achieved with stoichiometric
amounts of methyl Grignard reagent in the presence of
a nickel catalyst. With O-allyl and O-benzyl derivatives of
162, all of the protecting groups were removed by treatment
with either sodium in liquid ammonia or methyl Grignard
reagent with nickel catalyst.

2.4. Beta-eliminating protecting groups

N-Ethyl groups possessing a terminal electron-withdrawing
group have been used effectively for the protection of the
pyrrole nitrogen atom because of their capacity to liberate
the negatively charged heterocycle by beta-elimination in
a reverse Michael reaction under basic conditions.

The introduction of such beta-eliminating ethyl group
protection onto pyrrole has been achieved by alkylation, after
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Figure 32. Synthesis, deprotection, and reaction of N-allyl pyrrole (156).
nitrogen deprotonation with sodium hydride in DMF.59

For example, 2-phenylsulfonylethyl chloride reacted with
pyrrole-2-carboxaldehyde 46, 2-methylthio pyrrole (164),
and 4-oxo-4,5,6,7-tetrahydroindole 91 under these condi-
tions (Fig. 34).87 Alternatively, pyrrole alkylation has been
achieved using phase-transfer conditions with tetrabutyl-
ammonium iodide in a benzene/aqueous sodium hydroxide
mixture. In this way, 2-phenylsulfinylethyl and 2-phenylsul-
fonylethyl chlorides reacted with 2-benzoylpyrrole 3b to
provide N-alkylpyrroles 176 and 167 (Figs. 34 and 38).87

Under modified conditions, 1-cyanoethylpyrrole 169 was
prepared by alkylation of pyrrole 42a with 3-chloropropio-
nitrile using tetrabutylammonium bromide in a dichloro-
methane/aqueous sodium hydroxide mixture (Fig. 35).59

Various conditions have also been developed for performing
the Michael addition of pyrrole 42a onto a,b-unsaturated
esters, nitriles, ketones, and sulfones in order to protect the
heterocycle nitrogen. For example, using KOH in the ionic
liquid [Bmim][PF6], pyrrole 42a reacted respectively with
acrylonitrile, methyl acrylate, and methyl vinyl ketone to
provide N-alkylpyrroles 169–171 (Fig. 36).24 Reduced reac-
tion times and higher yields were typically obtained in the
respective syntheses of N-alkylpyrroles 169, 170, and 172
by employing ultrasound irradiation in the attack of pyrrole
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onto acrylonitrile, methyl acrylate, and allylcyanide using
potassium superoxide as base in the presence of catalytic
18-crown-6 in THF (Fig. 36).88 The alkylation of pyrrole-
2-carboxaldehyde 46 with phenylvinylsulfone provided
N-alkylpyrrole 165 using tetrabutylammonium bisulfate as
phase-transfer catalyst in a toluene/aqueous sodium hydrox-
ide mixture for 24 h at room temperature (Fig. 36).89 At
reflux, after 1 h, these same conditions provided a mixture
from which N-alkylpyrrole 165 was isolated in only 27%
yield contaminated with three pyrrolizines 173–175 each
of which was isolated in <5% yield (Fig. 37).89

Oxidation of phenylthioethyl ether to its corresponding sulf-
oxide and sulfone has been used to generate the respective
phenylsulfinylethyl- and phenylsulfonylethyl-protection for
the subsequent alkaline induced beta-elimination. For
example, N-(2-phenylsulfinylethyl)pyrrole 176 has been
synthesized in two steps from N-(2-chloroethyl)-2-benzoyl-
pyrrole 177 by nucleophilic displacement of the chloride
with sodium thiophenolate in DMF, followed by oxidation
with m-chloroperbenzoic acid (m-CPBA) in dichloro-
methane (Fig. 38).87 Treatment of N-(2-phenylthioethyl)pyr-
role 194 in EtOH with a pH¼5 buffered NaOAc/AcOH
solution containing oxone oxidized thioether 194 to provide
N-(2-phenylsulfonylethyl)pyrrole 195 (Fig. 41).90

As mentioned, the advantage of N-ethyl groups possessing
a terminal electron-withdrawing group as pyrrole protection
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is their effective removal under basic conditions. For exam-
ple, N-(2-phenylsulfinylethyl)pyrrole 176 was deprotected
using sodium hydride in DMF at room temperature
(Fig. 39).87 Similar conditions were used to remove the phe-
nylsulfonylethyl group from the tetrahydroindole 185 in the
synthesis of aziridinomitosene 187 (Fig. 40).91 Diazabicyclo-
[4.3.0]non-5-ene (DBN) has been employed successfully
as a non-nucleophilic base in the presence of diethylamine
as a scavenger for the removal of 2-phenylsulfonylethyl
groups from pyrroles 165 and 167 at room temperature
(Fig. 39). 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) has
been similarly employed in DMF to remove 2-p-nitrophenyl-
ethyl groups from benzoylpyrrole 210 at 100 �C and pyrro-
lopyrimidines 203 and 205 at 25 �C, respectively (Figs. 42
and 43).92–94 Furthermore, the phenylsulfonylethyl group
has been removed from the tetrahydroindole 195 using
potassium tert-butoxide in a dichloromethane/THF mixed
solvent system (Fig. 41).

The 2-phenylsulfonylethyl and 2-p-nitrophenylethyl groups
have both been employed in the total syntheses of various
pyrroles. For example, in the synthesis of aziridinomitosene
187, alkylation of oxazole 179 with the crystalline triflate
180 (derived from 2-phenylsulfonylethanol and triflic anhy-
dride in pyridine) gave the corresponding oxazolium salt 181
(Fig. 40). Electrocyclic ring opening of the oxazoline on
treatment of 181 with cyanide ion provided the azomethine
ylide 183, which reacted in an intramolecular dipolar cyclo-
addition to furnish tetrahydroindole 185. Subsequent re-
moval of the 2-phenylsulfonylethyl group with sodium
hydride in DMF gave pyrrole 186, which was converted to
the target aziridinomitosene 187.91
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Figure 40. Application of 2-phenylsulfonylethyl group in aziridinomitosene synthesis.
In an alternative approach to the aziridinomitosene skeleton,
4-oxo-4,5,6,7-tetrahydroindole 196 was prepared by an
oxaza-Claisen rearrangement and subsequent ring closure
of the aldehyde intermediate (Fig. 41).90 The key vinylogous
hydroxamate 190 starting material was produced by conden-
sation of 1,3-cyclohexanedione with the hydroxylamine
product 189 from reduction of oxime 188 with sodium
cyanoborohydride in methanol acidified with 10% HCl.
Michael addition, rearrangement, and pyrrole annulation,
all were performed in the same pot by treating vinylogous
hydroxamate 190 with ethyl propiolate and H€unig’s base
to provide aminol 193 that eliminated water on exposure
to TsOH to give N-protected tetrahydroindole 194. Removal
of the N-protecting group was then achieved by oxidation of
sulfide 194 to sulfone 195 using oxone, and beta-elimination
with potassium tert-butoxide to give tetrahydroindole 196 in
two steps.90

The p-nitrophenylethyl group has been employed in the
synthesis of pyrrolopyrimidines.93,94 Introduced as the
sodium salt of N-(p-nitrophenylethyl)glycinate (197) during
the step to form 4-acetoxypyrrole 199, which featured sub-
stitution onto chloride 198 and annulation using acetic an-
hydride (Fig. 42), the p-nitrophenylethyl group was tolerant
to subsequent steps involving hydrolysis of the acetate,
activation of the resulting 4-hydroxypyrrole 200 as its cor-
responding triflate, and Pd-catalyzed methoxycarbonylation
to provide ester 202. Both acetoxypyrrole 199 and its
corresponding methyl ester 202 could be effectively depro-
tected with DBU in acetonitrile at 25 �C to provide the
pyrrole nitrogen suitable for alkylation with a carbohydrate
moiety.93,94
In the preparation of the potent activator of L-type calcium
channels, FPL 64176 (211), the p-nitrophenylethyl group
played a key role in preventing destruction of the pyrrole
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Figure 41. 2-Phenylsulfonylethyl group use in the synthesis of tetrahydro-
indole 196.
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product by Michael attack on dipolarophile 209 during the
cycloaddition of azomethine ylide 208 (Fig. 43).92 Alkyl-
ation of p-nitrophenylethylamine with ethyl 2-bromopro-
pionate and hydrolysis gave amino acid 207, which on
treatment with acetic anhydride and triethylamine at 70 �C
underwent acetylation and dehydration to form oxazolium
intermediate 208. Cycloaddition of the oxazolium onto elec-
tron-deficient acetylene 209 yielded the protected pyrrole
210. Removal of the p-nitrophenylethyl group was then ac-
complished with DBU in DMF at 100 �C giving the desired
benzoylpyrrole 211.92

The pyridylethyl group has been developed as a safety-
catch95 N-protecting group for pyrrole. Alkylation of the

2) Ac2O, (n-Pr)3N, 100°C
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Figure 43. p-Nitrophenylethyl group use in the synthesis of FPL 64176.
pyridine nitrogen of this group generates the corresponding
N-alkyl pyridinium salt, which on exposure to alkaline
conditions undergoes beta-elimination of the N-alkyl
vinylpyridinium salt to liberate the pyrrole. N-(2-Pyrid-4-
ylethyl)pyrrole (212) has been synthesized by reaction of
pyrrole and 4-vinylpyridine in the presence of sodium metal
(Fig. 44).96,97 Isomeric 2-(2-pyrrol-1-yl-ethyl)pyridine (213)
was made by the photocatalyzed [2+2+2]-cycloaddition of
2-cyanoethylpyrrole 169 with acetylene in the presence of
a cobalt catalyst (Fig. 44).98

Removal of the pyridylethyl group from N-(2-pyrid-4-yl-
ethyl)pyrrole (212) was performed in two steps.97 First,
alkylation with iodomethane in acetone at 25 �C for 24 h
gave a solid, which, after recrystallization, afforded the pyr-
idinium iodide 214 as prisms. Exposure of the pyridinium
salt 214 to sodium hydroxide in a 10:1 acetone/water solu-
tion released 1-methyl-4-vinylpyridinium iodide (215),
which precipitated, and delivered pyrrole 42a (Fig. 45).

N-Vinylpyrroles are relatively stable, but can be hydrated
using strong acid to provide the corresponding 1-hydroxy-
ethylpyrroles that can be deprotected with loss of acetalde-
hyde. The 2-chloroethyl and 2-hydroxyethyl groups have
been employed as pyrrole protecting groups because of their
ability to be removed by conversion into vinylpyrroles.87,99

As mentioned, chloroethylation of pyrrole can be achieved
in high yield under phase-transfer conditions with tetrabutyl-
ammonium iodide as catalyst in a mixture of 1,2-dichloro-
ethane and 50% aqueous sodium hydroxide (Figs. 38 and
46).87 Removal of the chloroethyl group involves beta-
elimination to the corresponding vinylpyrrole. In the case
of 2-chloroethylpyrroles 217a and 177, sodium hydride
in acetonitrile at 50 �C was employed to generate the
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Figure 44. Syntheses of pyridylethylpyrroles 212 and 213.
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respective vinylpyrroles 218a and 218b (Fig. 47).87 Alter-
natively, heating 2-chloroethylpyrrole 233 with potassium
hydroxide in a methanol/2-propanol solution gave vinyl-
pyrrole 234 (Fig. 50).100 Moreover, elimination occurred
concurrently with the formylation of ketone 216 using
sodium methoxide and ethyl formate in methanol to produce
vinylpyrrole 220 (Fig. 48).87
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85%
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Figure 46. Synthesis of chloroethylpyrroles.
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Figure 48. Synthesis of benzyl cyclopenta[b]pyrrole-5-carboxylate 223.
Vinylpyrroles 218a and 218b were subsequently solvolyzed
in a two-step process featuring hydration of the enamine
with 6 N HCl and hydrolysis of the resulting 1-hydroxy-
ethylpyrroles 219a and 219b with aqueous sodium acetate.87

The three-step deprotections of 2-chloroethylpyrroles 217a
and 177 thus furnished 2-formyl and 2-benzoylpyrroles 46
and 3b, respectively (Fig. 47). Additionally, vinylpyrrole
234 was hydrated using 12 N HCl and solvolyzed by heating
with silver benzoate in wet acetonitrile to provide trisubsti-
tuted pyrrole 236 (Fig. 50).100

Alternatively, the vinyl group has been used as protection
in pyrrole synthesis. For example, vinylpyrrole 220 was
employed in the four-step synthesis of benzyl 1,4,5,6-tetra-
hydrocyclopenta[b]pyrrole-4-carboxylate (223) featuring
rearrangement of alpha-diazoketone 221 to the vinyl pro-
tected tetrahydrocyclopenta[b]pyrrole-4-carboxylate 222
(Fig. 48).87 For such pyrroles without electron-withdrawing
substituents, the acidic conditions for hydration of vinylpyr-
roles were claimed to be ‘too vigorous to permit survival of
the pyrrole moiety’. To liberate the tetrahydrocyclopenta[b]-
pyrrole 223, vinylpyrrole 222 was, instead, deprotected
using mercuric acetate in aqueous acetonitrile. The supposed
acetoxy mercury intermediate was reduced in situ with
sodium borohydride (Fig. 48).87 In addition, 1,10-divinyl-
[3,30]bipyrrole 227 and 1,5-divinyl-4,8-dihydropyrrolo[2,3-f]-
indole 229 were respectively synthesized by treatment of
dioximes 224 and 228 with acetylene and potassium hydrox-
ide in DMSO in an autoclave at 100 �C and at 14 atm of
initial pressure (Fig. 49).99

Installed by using ethanolamine in a Hantzsch synthesis with
a-bromoketone 230 and dimethyl acetone dicarboxylate, the
2-hydroxyethyl group has been employed as a precursor to
the 2-chloroethyl group in the synthesis of trisubstituted
pyrrole 236 (Fig. 50).100 2-Chloroethylpyrrole 233 was
synthesized by the activation of 2-hydroxyethylpyrrole 231
as the methanesulfonate 232, using methanesulfonylchloride
and trimethylamine in DCM, followed by displacement with
lithium chloride in DMF. Removal of the 2-chloroethyl
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Figure 49. Synthesis of bipyrrole 227 and dihydropyrrolo[2,3-f]indole 229.
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group was then achieved by way of vinylpyrrole 234 in three
steps, as described above.100

2.5. N-Trialkylsilyl protecting groups

The silyl family of protecting groups has found use in
pyrrole chemistry as its members meet the requirements
for a relatively stable yet easily removable N-substituent.
N-Trialkylsilylpyrroles are generally prepared from the
sodium salt of pyrrole and the corresponding silyl chloride.
For example, pyrroles 42a and 44 were reacted with sodium
hydride in THF, and treated with tert-butyldimethylsilyl
chloride (TBDMSCl) to afford N-protected pyrroles
237a–b.43 Similarly, 2-(2-phenylsulfinylvinyl)pyrrole 238
was converted to TIPS-protected pyrrole 239 using sodium
hydride and triisopropylsilyltrifluoromethane sulfonate
(TIPSOTf) in DMF (Fig. 51).101

The triisopropylsilyl (TIPS) group was found to be particu-
larly useful for the synthesis of 3-substituted pyrroles. In
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pyrrole 236.

N
H

NaH, DMF
S

Ph

O N
S

Ph

O
Si(i-Pr)3

Si(i-Pr)3OTf
66%

N
H

NR R R R
a R=H    78%
b R=Me  71% SiMe2t-Bu

NaH, THF
TBDMSCl

42a

44
237

238 239

Figure 51. N-Silylation of pyrroles 42a, 44, and 238.
CPK models of N-triisopropylsilylpyrrole 240, the alpha po-
sitions of the pyrrole were sterically hindered. Competitive
trifluoroacetylation experiments showed that substitution at
the alpha position of TIPS-pyrrole 240 was >104 times
slower than for pyrrole itself. However, reactivity at the
beta position was not changed. Reactions of TIPS-pyrrole
240 with different electrophiles have produced predomi-
nantly or exclusively products from substitution at the beta
position. Desilylation of 241a–d was performed using
TBAF in THF to afford 3-substituted pyrroles 242a–d
(Fig. 52).102,103

Furthermore, regioselective alkenylation at the beta position
was performed on TIPS-pyrrole 240. This is in contrast to
pyrroles possessing Bn, SEM, Ac, BOC, and Ts N-protec-
tion, which afforded only, or predominantly, alpha-substitu-
tion products (Fig. 53).19

A series of 3-aryl, 3-ethynyl and 3,4-diethynylpyrroles
244a–j were efficiently desilylated using TBAF (Table 6).104

N-Silyl protection of pyrrole has been employed in natural
product synthesis. The cross-coupling reaction of organo-
zinc 246 with 3,4-dibromo-N-TIPS-pyrrole 247 in the
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Figure 52. Synthesis of 3-substituted pyrroles based on the use of TIPS
protecting group.
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Figure 53. Regioselective alkenylation on N-silylpyrrole 240.

Table 6. Deprotection of N-TIPS-pyrroles

N
Bu4NF

R2

Si(i-Pr)3

THF, rt N
H

R2R1 R1

244 245

Entry R1 R2 Yield (%)

a H Ph 92
b H 4-MePh 90
c H 4-OmePh 91
d H 4-ClPh 93
e H 3-Pyridyl 96
f H C^CH 62
g H C^CC5H11 74
h H C^CPh 85
i C^CH C^CH 82
j C^CPh C^CPh 85
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presence of palladium catalyst gave access to the core of the
marine alkaloid halitulin 248 after deprotection with TBAF
(Fig. 54).105 The total synthesis of roseophilin was com-
pleted by treating 128 with TBAF in THF to cleave the
TIPS group at ambient temperature, whereas the 2-tri-
methylsilylethoxymethyl (SEM) substituent was removed
upon warming to 60 �C. Addition of aqueous HCl caused de-
hydration and roseophilin hydrochloride 129 was obtained
(Fig. 26).28

Although tetrabutylammonium fluoride (TBAF) is com-
monly used as a source of fluoride for silylpyrrole deprotec-
tion, sodium fluoride has also been successfully employed in
a few cases. For example, N-TBDMS-pyrroles 249a–c were
deprotected in 3 h with NaF in a THF/water (1:1) solution at
reflux to give 3-acylpyrroles 5a, 5b, and 250 (Fig. 55).106

It is noteworthy that 1,3,4-tris(trimethylsilyl)pyrrole 251
was selectively N-deprotected using methanol to furnish pyr-
role 65. Similarly, desilylation of N-TIPS-pyrrole 252 with
sodium methoxide in methanol at reflux afforded 3,4-disub-
stituted pyrrole 253 (Fig. 56).42

Finally, it should be mentioned that a rearrangement of the
triethylsilyl group (TES) was observed when N-triethylsilyl-
pyrrole 254 was exposed to an excess of t-BuLi followed by
carboxylation and methylation. A mixture of three 2-tri-
ethylsilylpyrroles (255, 256, and 257) was obtained in a ratio
of 4:1.5:1, respectively, and each component was isolated
and individually treated with TFA to cleave the TES groups
(Fig. 57).107

N

N N

N
H

MeO MeO MeO
OMeZnBr

MeO
OMe

N

Si(i-Pr)3

Br Br 1) Pd(dppf)Cl2, BX
THF, 80°C

2) Bu4NF, THF, rt
44% over 2 steps

246 247 248
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2.6. N-Amino protecting groups

N-(Amino)pyrroles are generally formed by intramolecular
or intermolecular annulations onto N,N-disubstituted hydra-
zines and hydrazones. The most common N-aminopyrrole
protecting group is N,N-dimethylamine; however, N-methyl-
N-phenylamine has also been used for pyrrole protection.

N-Aminopyrroles 259 were obtained by intramolecular
cyclization with dehydration of hydrazones 258 using p-tol-
uenesulfonic acid (p-TsOH) in toluene at room temperature.
Cleavage of the N–N bond was achieved by hydrogenolysis
using Raney nickel in aqueous methanol under hydrogen
atmosphere to afford the deprotected pyrroles 260 after
48 h in good yields (Table 7).108

2-Substituted N,N-dimethylaminopyrrole 263 was synthe-
sized by a three-step reaction sequence featuring selective
C-alkylation of N,N-dimethylhydrazone 261 with 2-iodo-
methyl-1,3-dioxolane, followed by acid-catalyzed dehydra-
tion of iminoacetal derivative 262. Removal of the
dimethylamino group by hydrogenation over Raney nickel
as catalyst provided pyrrole 264 (Fig. 58).109
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Figure 57. Triethylsilyl group rearrangement.

Table 7. Formation of N-aminopyrroles and deprotection of N-amino groups
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b Me p-CH3C6H4 87 92
c Me p-CH3OC6H4 n/d 90
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Figure 58. Synthesis of 2-phenylpyrrole 264 from hydrazone 261.
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N-(N,N-Dimethylamino)pyrrole 265 was synthesized from
2,5-dimethoxytetrahydrofuran 144 and N,N-dimethylhydra-
zine in acetic acid at reflux for 3 h. After C-acylation of the
protected pyrrole, reductive cleavage of the N–N bond with
chromous acetate gave 2-acylpyrrole 267 (Fig. 59).110

Similarly, in the last steps of the synthesis of calcimycin 269,
the N,N-dimethylamino group was cleaved from 2-acylpyr-
role 268 using chromous acetate. Subsequent hydrolysis of
the trifluoroacetamide and ester with potassium carbonate
in aqueous methanol delivered the targeted pyrrole natural
product 269 (Fig. 60).111

A one-pot synthesis of 1,2,3-trisubstituted pyrroles (273)
from hydrazones 270 has been achieved using the carbo-
metalation of vinylstannane, followed by aerobic oxygena-
tion of the gem-Zn/Sn dimetallic species 272 (Table 8). In
this case, the N,N-dimethylamino group was removed from
273a under Birch conditions (Na in liquid NH3) to afford
the corresponding 2,3-disubstituted pyrrole 274 (Fig. 61).112

The reaction of hydrazone 275 with silylenol ether 276 in the
presence of titanium tetrachloride for 1–3 days afforded
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Figure 59. Synthesis of 2-acylpyrrole from 2,5-dimethoxytetrahydrofuran.
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Figure 60. Synthesis of calcimycin 269 by N,N-dimethylamino group cleav-
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N-aminopyrroles 277 (Fig. 62).113 Alkyl- and aryl-
substituted as well as ring-fused pyrroles 278 were obtained
after reductive cleavage of the dimethylamino group under
Birch conditions (Table 9).113,114

2.7. N-Amido protecting groups

N-Acylpyrroles exhibit different properties from their re-
spective saturated pyrrolidine amides due to the aromatic
ring restricting the ability for the nitrogen lone pair of elec-
trons to conjugate with the carbonyl. For example, lithium
aluminum hydride reduction of N-acylpyrroles liberates
the pyrrole and the respective aldehyde or alcohol, contin-
gent on stoichiometry and order of hydride addition. In con-
trast, the N-alkylheterocycle is typically the major product
from reduction of the corresponding N-acylpyrrolidines.115

Moreover, N-acylpyrroles are much more labile to alkaline
hydrolysis than their pyrrolidine counterparts, by a mecha-
nism that can be first or second order in hydroxide ion, con-
tingent on concentration (Fig. 63).116 In addition, the acetyl
group proved more effective in suppressing azafulvene inter-
mediate (281, EWG¼Ac) than no protection, yet less

Table 8. Formation of N-aminopyrroles 273

Entry R1 R2 Yields of 273 (%)

a CH2Ph CH2CH2Ph 63
b Pr i-Pr 77
c CH2Ph CH2Ph 53
d –(CH2)10– 67
e –(CH2)6– 50
f –(CH2)4– 29
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Figure 62. Synthesis of 2,3,4-trisubstituted pyrroles.
Me2NN

Me2NN Me2NN

R2

R1
3)
4) O2

SnBu3

1) t-BuLi
2) BuZnI

N

R1

R2

NMe2

R2

R1

ZnBu

R2

R1

ZnBu

SnBu

Na (19 equiv), NH3
-78 to 20°C, 3 h

N
H

Ph
68%

Ph

270

271 272

273 274

Figure 61. Synthesis of 2,3-disubstituted pyrroles 274.



11551B. Jolicoeur et al. / Tetrahedron 62 (2006) 11531–11563
effective than sulfonyl protection (EWG¼mesyl and triflyl),
during displacement of 2-hydroxymethylpyrroles 280
(X¼OH) with camphanic acid as nucleophile under Mitsu-
nobu reactions (Fig. 64).44

Amide protection is usually installed by treating the pyrrolyl
anion with the corresponding acyl chloride. For example,
pyrrole-2-carboxaldehyde 46 was converted to its acetamide
derivative by treating a solution of the pyrrole and sodium
hydride in THF with acetyl chloride.44 Similarly, treatment
of a mixture of pyrrole 91 and potassium tert-butoxide in
benzene with benzoyl chloride at reflux gave benzamide
283 after recrystallization (Fig. 65).64 Recently, acylation
of pyrrole itself (42a) with benzoyl chloride has been
achieved by heating with KOH in the ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphonate, [Bmim][PF6],
at 80 �C.24 Finally, diamine 287 was converted to diacetate
288 without discernable selectivity for either the pyrrole
or enamide nitrogens using acetic anhydride in DMF
(Fig. 66).117

Amides have been generally used less often for pyrrole
protection than the Boc or sulfonyl groups, because of their
greater reactivity to nucleophiles. On the other hand, the
application of benzamide protection proved more advanta-
geous than benzenesulfonyl protection in the synthesis of
pyrrolo[3,2-e]benzothiazole 286. This is because the former
could be removed using sodium hydroxide in methanol, con-
ditions that had no effect on the corresponding sulfonamide

279
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N
HO- HO-

N
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42a

OH
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O-

O

Figure 63. Alkaline hydrolysis of N-acetylpyrrole 279.
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Figure 64. Nucleophilic displacement of 2-hydroxymethylpyrrole 280.

Table 9. Synthesis of pyrroles 278 by reductive cleavage of N–N bond

Entry R1 R2 R3 Yield (%) Ref.

a Me H Me 32 113
b t-Bu H Me 42 114
c C6H5 H Me 85 113
d C6H5 Me Me 82 113
e Et Me Me 70 114
f –(CH2)3– Me 90 113
g –(CH2)4– Me 86 114
h –(CH2)5– Me 82 113

i Me 89 113

j C6H5 H Et 44 114
k C6H5 Me Et 51 114
l C6H5 H i-Pr 65 114
derivative, which decomposed under stronger alkaline con-
ditions (Fig. 65).64 Acetamide protection was abandoned
in the synthesis of 286, after protection of pyrrole 91 with
acetic anhydride and sodium acetate, because solvolysis of
the acetyl group on attempted recrystallization from metha-
nol returned the starting pyrrole.64

3. Pyrrole protection by C-substitution

3.1. Introduction to C-2 protection

As discussed, protection of pyrroles through substitution at
nitrogen is well documented and the field benefits directly
from advances in amine protection.15,118 Placing an EWG
on the 2-position of the pyrrole ring has proven to be another
successful strategy for tempering pyrrole reactivity during
the synthesis of substituted porphyrins and other synthetic
targets. By utilizing the doubly vinylogous10 amino-nature
of the 2-position, as shown in Figure 67 for carboxylate
substitution, a suitable group can serve to diminish pyrrole
reactivity. Moreover, by blocking the 2-position such groups
can direct catalyzed substitution to the other positions. The
natural tendency for pyrrole to undergo 2- (and 5-) substitu-
tion is altered by the presence of EWG at the 2-position. In
this case, substitution can favor the 4-position. The extent of
selectivity is dependent upon the nature of the 2-position
substituent and the conditions of the substitution reaction.
2-Position substituents with electron-donating groups can
activate the pyrrolic core toward electrophilic aromatic sub-
stitution. Careful manipulation and removal of the 2-position
substituent has been important for the preparation of a wide
range of functionalized pyrroles. The directing effects of
various 2-position substituents upon electrophilic substitu-
tion of 2-protected pyrroles have been previously reviewed
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Figure 67. Resonance forms of pyrrole-2-carboxylate and carbamate.
by Anderson.119 In addition, Trofimov has reviewed the use
of 2-vinyl-substituted pyrroles as building blocks within
synthesis.120

3.2. Pyrrole-2-carboxylates

Pyrrole-2-carboxylates exhibit doubly vinylogous carba-
mate character10 (Fig. 67), and the pyrrolic lone pair is
stabilized through resonance. Indeed, pyrrole-2-carboxyl-
ates are usually air- and moisture-stable crystalline solids,
making purification through crystallization or chromato-
graphy facile. Furthermore, the 2-carboxylate functionality
is stable to oxidation, reduction, and nucleophilic substitu-
tion conditions that are often required for the derivatization
of other substituents of the pyrrole ring. In these two
respects, the carboxylate group at the 2-position of pyrroles
represents an ideal protecting group and has widespread
application in dipyrromethene121,122 and porphyrin17,18

synthesis. Furthermore, the electron-withdrawing ability of
the ester123 and the stability of pyrrole-2-carboxylates
render this structural motif useful within pyrrolic targets
for the pharmaceutical industry, for example, pyrroles with
antiviral,124 antibacterial,125 and anticancer3,126 capabilities.

Courtesy of the Knorr reaction and its modifications
(Fig. 68)18 substituted pyrrole-2-carboxylates are readily
available on grand scales from acyclic materials. Typical
Zanetti-modified127 Knorr reaction conditions involve the
oxime of an alkylacetoacetate (289) and 2,4-pentanedione
(acetylacetone). The oxime 290a is reduced with zinc dust
to the corresponding a-aminoketone, which can undergo
self-condensation rather than react as desired with the
2,4-pentanedione. Consequently, the modern procedure18
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Figure 68. Knorr reactions.
involves the dropwise addition of the oxime to the acetyl-
acetone with concurrent slow addition of zinc powder,
thereby limiting the concentrations of a-aminoketone gener-
ated in situ. With practice, the exothermic reaction can be
performed on multi-molar scales to obtain moderate–good
yields of crystalline pyrroles 291 of very high purity. The
ketone functionality can be reduced using diborane128 and
thus the familiar ethyl–methyl substitution pattern of many
porphyrin skeletons129 is created.

The Kleinspehn-modified130 Knorr reaction replaces alkyl-
acetoacetate with a dialkyl malonate (292). Condensation
involves an alternative conformation and the resulting
pyrrole-2-carboxylate 293 is unsubstituted at the 4-position
(R1¼H) if 2,4-pentanedione is used. Alternatively, use of
3-substituted 2,4-pentanediones gives 4-substituted pyr-
role-2-carboxylates. The Johnson-modified131 Knorr reac-
tion also gives 4-substituted pyrrole-2-carboxylates and it
uses alkylacetoacetates and 3-substituted 2,4-pentanediones.
Although the Kleinspehn modification typically gives higher
pyrrole yields than the Johnson modification, the nitrosation
of alkylacetoacetates proceeds more readily than the nitrosa-
tion of dialkyl malonates.18 A variety of other Knorr-type re-
actions, and alternatives, have been reviewed previously.18

The Barton–Zard route132 (Fig. 69) to pyrrole-2-carboxyl-
ates (296) is particularly advantageous in that pyrroles
unsubstituted at the 5-position are produced.

Pyrrole-2-carboxylates are the traditional mainstay of
synthetic routes to porphyrins and dipyrromethenes. The
carboxylate group serves to deactivate the pyrrole ring,
thus protecting it from over-reaction and facilitating isola-
tion and purification procedures. The 3-, 4- and 5-positions
of pyrroles are typically manipulated with the carboxylate
group serving to block the 2-position. Pyrrole-2-carboxyl-
ates generated through Knorr-type syntheses are robust
under the reaction conditions required for derivatization at
the other positions (Fig. 70). By no means comprehensive,
Figure 70 serves to show a range of synthetic steps typically
encountered in routes to porphyrins and dipyrromethenes.
For example, 5-methyl groups of pyrroles protected with
2-carboxylate groups can be mono-oxidized, and the prod-
ucts (304) can be either isolated (X¼OAc) or self-condensed
in situ to give 2,20-dipyrromethanes (305).133 Trioxidation of
the 5-methyl group, followed by decarboxylation gives the
5-unsubstituted pyrrole-2-carboxylate (307), the same as
the product produced directly via the Barton–Zard
procedure. This trioxidation and thermal or iodinative134

NO2

R2R1CN CO2R
base

N
H

CO2R

R1R2

294 295 296

Figure 69. The Barton–Zard reaction.
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Figure 70. Syntheses involving Knorr pyrroles.
decarboxylation effectively permits a reversal of the orienta-
tion of substituents, and is crucial in the synthesis of proto-
porphyrin IX.135,136 The 2-carboxylate group is stable under
mild hydrolysis conditions giving 302, and thus alkanoates
at other positions can be hydrolyzed and transesterified to
give 303.137 In many cases, acids are required to catalyze
the reaction (e.g., acylation,138,139 self-condensation133) as
the electron-withdrawing 2-carboxylate group greatly re-
duces the nucleophilicity of the pyrrolic core.21 Without
such protection over-reaction and side-reactions leading
to dark tars would likely result from exposure of related
pyrroles to acidic conditions.

The deprotection and application of the three most popular
pyrrole-2-carboxylates (ethyl, benzyl, and tert-butyl) will
be discussed. Diethylmalonate and ethylacetoacetate are
commercially available at very modest cost. Consequently,
Knorr-type reactions often utilize these esters. Ethyl
pyrrole-2-carboxylates can be saponified by treatment with
aqueous KOH, whereby the resulting carboxylic acid
undergoes acid-catalyzed decarboxylation to give the
corresponding 2-unsubstituted (alpha-free) pyrrole. For ex-
ample, cryptopyrrole (310, Fig. 71) has been used as a com-
mon starting material for porphyrin synthesis, despite its
relative instability and propensity to give tars under acidic
conditions. Cryptopyrrole is best prepared by large-scale
saponification of ethyl 4-ethyl-3,5-dimethyl-2-pyrrole-
carboxylate (308), followed by decarboxylation and steam-
distillation (Fig. 71).138 Exposure to high temperatures has
been commonly used for the decarboxylation of pyrrole-2-
carboxylic acids,140,141 and so has treatment with TFA.142

For example, 3,4-dialkoxypyrroles were made by saponifi-
cation and decarboxylation of dimethyl-3,4-dialkoxy-
pyrrole-2,5-dicarboxylates.67 In the presence of formic
acid, alpha-free pyrroles were produced by decarboxylation
and condensed in situ to give the dipyrromethene hydro-
bromide salt (299, Fig. 70).143 Such reactions are also
applicable to 2,20- and 3,30-dipyrromethanes, molecules
containing more than one pyrrolic unit.18,137

The terpyrrole 312, protected as its tetra(ethyl carboxylate),
was synthesized from 311 by condensation with ammonia.
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H
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Figure 71. Synthesis of cryptopyrrole.
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Figure 72. Synthesis of terpyrrole 313.
Removal of all four ethyl esters, to give 313, was achieved by
hydrolysis followed by decarboxylation under sublimation
conditions (Fig. 72).

Following saponification of ethyl esters, acidification is
required to give the carboxylic acid. This acidification pro-
cess must be very carefully controlled, because excess acid
can cause side reactions such as polymerization, which
may result in the discoloration of the product and formation
of dark tars. Trans-esterification of ethyl pyrrole-2-carboxyl-
ates such as 308 in benzyl alcohol at reflux with stoichiomet-
ric amounts of sodium benzoxide gave benzyl ester 314
(Fig. 73).144 Trans-esterification can be promoted by micro-
wave energy using catalytic amounts of sodium methoxide
in benzyl alcohol.145 Benzyl pyrrole-2-carboxylates have
the advantage that hydrogenolysis catalyzed by Pd/C pro-
ceeds very readily and the carboxylic acids prepared in
this way are generally less prone to discoloration and poly-
merization than those prepared by saponification of ethyl
pyrrole-2-carboxylates.18

tert-Butyl pyrrole-2-carboxylates cannot be prepared by
trans-esterification of ethyl or benzyl pyrrole-2-carboxyl-
ates. The synthesis of such tert-butyl esters has been
achieved by Knorr-type reactions employing di-tert-
butyl malonate and tert-butyl acetoacetate.18,146 tert-Butyl
pyrrole-2-carboxylates are advantageous in that deprotec-
tion can be achieved by treatment of the pyrrole with TFA,
although these conditions are not always tolerated by other
substituents. Furthermore, tert-butyl acetoacetate is less
readily available than the ethyl and benzyl analogues.147

Given the difficulties encountered with the decarboxylation
of pyrrole-2-carboxylates, it might appear rather tedious to
persevere with their use. However as the Knorr reaction is
so adept at providing such pyrroles, and the starting mate-
rials for the reaction are inexpensive, the bulk of synthetic
chemistry toward porphyrins and dipyrromethenes still
uses these pyrroles as building blocks.
The methyl pyrrole-2-carboxylate 316 was prepared in order
to temporarily protect the pyrrole 315 (Fig. 74). After a
number of steps the methyl ester was hydrolyzed and in
situ decarboxylation under acidic conditions gave (�)-rhazi-
nilam 318.148

3.3. Pyrrole-2-carboxaldehydes

Formyl groups are often used to stabilize electron-rich
pyrroles within extended synthetic sequences, with the
Vilsmeier–Haack reaction18,147 (e.g., DMF/POCl3

134 or
DMF/PhCOCl149) and the Clezy formylation reaction
(CH(OMe)3/TFA150,151) being extremely useful for the prep-
aration of pyrrole-2-carboxaldehydes in situ from pyrrole-2-
carboxylates. Although pyrrole-2-carboxaldehydes are key
intermediates en route to porphyrins and dipyrromethenes,
they are often susceptible to oxidation, reduction, and
acid-induced decomposition. This can lead to complex reac-
tion mixtures and unpleasant tars, often making for
extremely difficult purification procedures when pyrrole-2-
carboxaldehydes are involved. Consequently, the formyl
group is often protected as an oxime, hydrazone, acetal or re-
lated functionality,18 among which one of the more useful
protecting groups has been the corresponding 2-cyanovinyl
pyrroles.152–154 The cyanovinyl group has acted as an elec-
tron-withdrawing protecting group for the pyrrole during
mono-oxidation of the 5-methyl group, and isolation of the
5-chloromethyl pyrrole 321 (Fig. 75). 2-Cyanovinyl pyrroles
can be readily prepared by treating pyrrole-2-carboxalde-
hydes with malonitrile or cyanoacetate esters via the
Knoevenagel reaction. For example, protection of 3,4,5-
trimethylpyrrole-2-carboxaldehyde (319), with methyl
cyanoacetate gave excellent yields of 2-(2-cyano-2-methoxy-
carbonylvinyl)-3,4-5-trimethylpyrrole (320, Fig. 75).

Coupling of chloromethylpyrrole 321 with 2-cyanovinyl-
protected pyrrole 322155 under Lewis acid-catalyzed con-
ditions gave the 2,20-dipyrromethane 323, which was
N
H

O

O

Bn
N
H

O

O

Et NaOBn
HOBn, 209°C

H2, Pd/C
N
H

O

O

H

314 309308

Figure 73. Trans-esterification with benzoxide and hydrogenolytic ester cleavage.
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hydrolyzed to release the two formyl groups. 2-Cyanovinyl
pyrroles are recognizably bright yellow and often crystalline
solids. They are quite nonpolar relative to pyrrole-2-carb-
oxaldehydes and simpler to purify using silica-gel chroma-
tography. Due to their easy crystallization and facile
chromatographic purification, dicyanovinyl derivatives of
pyrrole-2-carboxaldehydes are sometimes made purely for
the purposes of facilitating purification. Furthermore, the cy-
anovinyl group is resistant to oxidation and thus protects
pyrrole aldehydes from oxidation to carboxylic acid. This
is especially important in the synthesis of strapped porphy-
rins, etc. whereby both the 2- and 5-positions of the pyrrole
must be functionalized. Methyl cyanoacrylates have been
reported155 to be the most useful cyanovinyl group for this
purpose, as these are more reactive and more soluble than
their 2-dicyanovinyl analogues. However E/Z isomers, of
variable ratio, unnecessarily complicate NMR spectra and
so many practitioners favor using 2-dicyanovinyl-protected
pyrroles. Disadvantages of cyanovinyl groups include their
susceptibility toward hydrogenation, the low reactivity of
cyanovinyl-protected pyrroles as a result of the very
electron-withdrawing group, and the strongly alkaline
conditions required for their hydrolysis (Fig. 75).155

5-Substituted pyrrole-2-carboxaldehydes have been
efficiently synthesized by protection of pyrrole-2-
carboxaldehyde as the dimer 325. Deprotonation of 325,
followed by treatment with a range of electrophiles and
subsequent hydrolysis gave good yields of the required
5-substituted pyrrole-2-carboxaldehydes (326, Fig. 76).
Protection of the 2-formyl group in this way avoided the
mixtures of 4- and 5-substituted products that would likely
result from electrophilic aromatic substitution of pyrrole-
2-carboxaldehyde, due to the poor regioselectivity induced
by the formyl group.18

Pyrrole-2-carboxaldehyde has been protected as various
iminium salts that have increased selectivity for 4-substitu-
tion, compared to pyrrole-2-carboxaldehyde.156 The elec-
tron-withdrawing iminium substituent often limits pyrrole
reactivity to only the more reactive electrophilic reactions,
for example, bromination and acylation (Fig. 77).157 After
regioselective acylation and subsequent hydrolysis, the
formyl group has been removed from disubstituted pyrrole
328 by oxidation to the carboxylic acid and then heat-
induced decarboxylation, thus giving ketone 329.157

Acetals have also been used to protect formyl groups. Diffi-
culty was encountered in preparing simple acetal derivatives
of pyrrole-2-carboxaldehydes (e.g., with methanol or ethyl-
ene glycol) as a result of acid instability and the reduced
nucleophilicity of the doubly vinylic amide carbonyl
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group.140 Acetals of 2-methylpentane-2,4-diol were, how-
ever, isolable in cases when the pyrrole bore an EWG in
addition to the formyl group. For example, acetylation of
pyrrole-2-carboxaldehyde 330 (bearing three EWGs),
hydrolysis and decarboxylation yielded acetalpyrrole 331
(Fig. 78).

Thioacetals have also proven to be useful protecting groups
for the carbonyl group of pyrrole-2-carboxaldehydes
(Fig. 79),140 with successful condensation again being
reliant upon the presence of a second electron-withdrawing
substituent (in addition to the formyl group). Reaction of
ethanedithiol with the appropriate 2-(dichloromethyl)-
pyrrole has also provided the thioacetal directly from the di-
chloride precursor to the aldehyde. Such thioacetals (334) do
not introduce chiral centers and have been used effectively in
the synthesis of dipyrromethanes (e.g., 337), preventing self-
condensation of 5-unsubstituted pyrrole-2-carboxaldehyde.
Removal of the thioacetal has been achieved by treatment
with red mercuric oxide and BF3$Et2O.

3.4. Blocking and activating groups at the 2-position

Introduction of an electron-rich blocking group at the
2-position of pyrrole group is an alternative and useful strat-
egy for promoting the pyrrole reactivity. For example, the
electron-donating158 thio substituent in 2-sulfenyl pyr-
roles159,160 has been used to block the 2-position and activate
the other positions toward electrophilic substitution reac-
tions. The 2-methylthio substituent in pyrrole 164 promoted
regioselective Vilsmeier–Haack acylation at the 5-position
(Fig. 80),161 exclusively giving ketone 340. For the synthesis
of pyrrolizine 343, the sulfide was oxidized to the
corresponding sulfone (341). N-Alkylpyrrole 342 was then
synthesized by reaction with spiro-activated cyclopropane
344. Hydrolysis to the dimethyl malonate, deprotonation
with sodium hydride, and intramolecular addition with elim-
ination of the sulfinate gave pyrrolizine 343, an intermediate
en route to a potent anti-inflammatory and analgesic agent.
In this synthetic sequence, the methylthio substituent served
to block the 2-position of the pyrrole toward electrophilic
attack, and activated the 5-position toward acylation. On
oxidation to the sulfone, a leaving group was generated for
intramolecular displacement in the annulation step. The
procedure for the preparation of methylthio pyrrole 164
was somewhat general and extended to the syntheses of
2-(alkylthio)- and 2-(arylthio)-pyrroles. Furthermore, the
addition–elimination of sulfinate in the annulation was
only successful with pyrroles bearing electron-withdrawing
ring substituents, and other leaving groups (e.g., Br) also
underwent displacement in related cyclizations.

The use of alkylthio groups as masking and activating groups
for pyrroles has been extended by the preparation of methyl-
thio, ethylthio, n-decylthio, and phenylthio substituents.160

2-(Methylthio)-pyrrole (164) was prepared by the reaction
of pyrrole with dimethyldisulfide under acidic conditions;160

however this procedure could not be extended to give good
yields of the other sulfides (Fig. 81). Instead, the treatment
of 2-thiocyanatopyrrole with Grignard reagents gave 2-(eth-
ylthio)-, 2-(decylthio)-, and 2-(phenylthio)pyrrole (347, 348,
and 346, respectively).162 Deuterium exchange studies
showed that the three alkylthio substituents all activated
the 3- and 5-positions toward substitution (relative to pyrrole
itself), and that these 2-(alkylthio)-pyrroles were intermedi-
ate in reactivity between pyrrole and 2-methylpyrrole.
N
H

EtO2C
H

O
333 334 335

88% 1) KOH, MeOH, H2O

O

N
H

EtO2C
H

O

S
S 2) HOCH2CH2OH

    HOCH2CH2NH2
            13%

N
H

H

O

S
S

N
H

BnO2C
OAc

CO2Et

AcOH
80%

HN
H

O

S
S

NH

EtO2C

BnO2C
337

88%

HgO-BF3.Et2O
THF/H2O

HN
H

O

NH

EtO2C

BnO2C
O338

TsOH, benzene, -H2O
HSCH2CH2SH

336

Figure 79. Thioacetal employment in the synthesis of dipyrromethane 338.
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Figure 80. Synthesis of 343 using 2-sulfonium pyrrole 339.
Significantly, the electron-donating alkylthio substituent
deactivated the 4-position (relative to pyrrole itself). In
contrast, 2-(phenylthio)-pyrrole was found to deactivate all
positions of the pyrrolic ring toward deuterium exchange.

Reaction of 2-(methylthio)-pyrrole (164) with pseudo-stoi-
chiometric amounts of benzaldehyde under acid-catalyzed
conditions gave the corresponding meso-substituted dipyrro-
methane 349 in moderate yield (Fig. 82), with InCl3 proving
to be the best Lewis acid for effecting good regioselectivity

N
H

SR

346 R = Ph      66%
347 R = Et       67%
348 R = decyl  92%

RMgBr, THF
N
H

SCN

345

Figure 81. Synthesis of 2-thio-pyrroles.
between the desired dipyrromethane and its N-confused
alternative (not shown). This procedure was applied to the
ethyl, decyl, and phenyl analogues and represented a signifi-
cant improvement over existing routes to meso-substituted
dipyrromethenes, which had typically required the use of
a large excess of the pyrrole.163 Desulfurization of thioether
349 proceeded smoothly with Raney nickel to give dipyrro-
methane 351; similar results were obtained for the decyl
analog. For the phenyl analog, incomplete reaction and several
products resulted from the use of Raney nickel, and nickel
boride did not improve the desulfurization process. Oxidation
of dipyrromethane 349 with DDQ gave the required dipyrro-
methene (350), and treatment of the decyl and phenyl ana-
logues with m-CPBA gave the corresponding sulfones,
which proved difficult to purify. A potential route to unsym-
metrical dipyrromethanes was also demonstrated, whereby
the acylated 2-(methylthio)-pyrrole 340 was reduced and the
resulting alcohol was reacted with 164, as shown in Figure 82.
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Figure 82. 2-Methylthio-pyrrole in the synthesis of dipyrromethanes and dipyrromethenes.
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3.5. 2-Sulfinyl and 2-sulfonyl protecting groups

Sulfonium, sulfinyl, and sulfonyl groups at the 2-position, all
stabilize the electron-excessive119 pyrrolic ring as demon-
strated by 13C NMR spectroscopic and X-ray crystallo-
graphic studies.12 Some 2-(arylsulfinyl)-pyrroles rearrange
under acidic conditions to give the 3-substituted isomer.164

2-(Alkylsulfinyl)-pyrroles also rearrange at slower rates.
Although desulfonylation reactions occur usually via treat-
ment with Raney nickel, 2-(arylsulfonyl)-pyrroles undergo
radical-induced reductive desulfonylation on treatment
with Bu3SnH/AIBN (Fig. 83).161 This procedure was used
to effect annulation by intramolecular trapping of the radical
intermediate with aryl and alkyl bromides to form pyrroli-
zine and indolizine analogs 355 and 357, respectively
(Fig. 83). The related 3-(arylsulfonyl)-pyrroles were re-
ported to be inert under such conditions.

2,4-Dinitrobenzenesulfinyl and sulfonyl groups are effective
stabilizing groups for pyrrole. In analogous fashion to the
liberation of amines from protection as nitrobenzene-
sulfonylamides,165 2,4-dinitrobenzenesulfinyl and sulfonyl
groups can be removed by treatment of the pyrrole with
thiol, which produces the thioether 359 as byproduct
(Fig. 84).12

4. Concluding remarks

Pyrrole chemistry presents particular challenges for mediat-
ing the reactivity of this archetypal pi-excessive hetero-
cycle.166 Innovative strategies have been developed for
controlling reactivity and selectivity by modulation of the
electron density and steric environment through use of
different protecting groups at the pyrrole nitrogen and its
2-position carbon. Growing interest in pyrrolic products

PhSH, K2CO3
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Figure 84. Cleavage of 2,4-dinitrobenzenesulfonyl group from pyrrole.
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Figure 83. Radical-induced desulfonylation and annulation of 2-sulfonyl
pyrroles.
for applications in medicine and materials science evokes
the need for more selective chemistry and improved methods
to effectively introduce, apply, and remove protection for the
functionalization of pyrrole. By presenting a survey of these
different protection strategies and their application in the
synthesis of pyrrolic targets, we hope that this review will
facilitate the application of existing methods and inspire
creativity for the development of new approaches for
performing practical, effective, and selective pyrrole
chemistry.
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Abstract—The reaction of 1,2-diacyloxycyclohex-3-enes with iodinating agents in the presence of water has been investigated. The process
is inherently diastereoselective, with many reactions giving only two of the four possible diastereoisomers which could be obtained. However,
the regiocontrol is variable: highest selectivities are observed when pivalates are present on the periphery of the cycloalkene, when single
regio- and diastereoisomers are obtained from the reactions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

We have previously described1 the use of iterative 1,2-
hydroxyiodination reactions of acetoxycyclohexenes to
prepare a conduritol D derivative;2 during the course of
that work we experienced difficulty in obtaining the
desired regioselectivity in one of the crucial steps of
the synthetic route to this cyclitol. Thus, the reaction of
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.076
1,2-diacetoxycyclohex-3-ene 1 with NIS in CH2Cl2/H2O
solvent initially gave key intermediate 2 as the minor com-
ponent isolated, with diastereoisomer 3 being the primary
product (Scheme 1). In other words, the diastereoselectivity
of the reaction was reasonable (only two of the four possible
stereoisomers were obtained) but the regioselectivity was
poor and of the wrong type for our strategy. When wet acetic
acid was used as cosolvent (following the precedent of
AcO
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OAc
OAc

I
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OAc
OAc
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Conditions

Entry Substrate Conditions Time/h Product yield (%)

1a OAc
OAc

1

NIS, H2O, CH2Cl2 240 — 2 39 3 52 —

2a 1 NIS, H2O, MeCN 72 — 2 60 3 6 —
3 1 NIS, 4 Å sieves, MeCN 144 1 80 2 1 3 2 —
4a 1 NIS, AcOH, CH2Cl2

3 48 — 2 46 3 27 —
5 1 NIS, AcOH, 4 Å sieves, CH2Cl2 96 1 30 2 20 3 15 —
6 1 NIS, Pb(OAc)3$H2O, AcOH5 5 — 2 30b 3 30b —
7 1 I2, AgOAc; H2O, AcOH6 21 1 79 — — 4 21
8 2 I2, AgOAc; H2O, MeCN 168 1 41 — — 4 4

9 OAc
OPiv

5

NIS, H2O, CH2Cl2 96 5 20 6 68 — —

10 5 NIS, H2O, MeCN 96 5 17 6 58 — —

11

OPiv
OPiv

8

NIS, H2O, CH2Cl2 102 8 30 9 68 — —

12 8 NIS, H2O, MeCN 144 8 3 9 29 — —
13 8 I2, H2O, CH2Cl2

7 96 8 58 9 29 — —
14 8 I2, AgOAc; H2O, AcOH 20 — 9 17c — 11 25
15 8 I2, AgOAc; H2O, MeCN 24 — 9 26d — —

a Ref. 2.
b Inter alia.
c 3-Iodo-4-acetoxy analogue also obtained (55% yield).
d 3-Iodo-4-acetoxy analogue also obtained (27% yield).
Danishefsky et al.3) in the same reaction, an improvement in
regiochemistry was observed, along with an inversion of
selectivity: compound 2 was now obtained as the major
isomer. Our best result was obtained when the reaction
was performed using wet acetonitrile as solvent, in which
case the regiocontrol was good (2:3¼10:1) and the diastereo-
control maintained.

Since 2 was separable chromatographically from its dia-
stereoisomer, the presence of by-product 3 did not seriously
hinder our progression along the synthetic path leading to
conduritol D, but we were of course motivated to explore
the factors responsible for the variation in regioselectivity
we had observed. Having briefly examined solvent effects,
we next sought to investigate the effect of both alternative
iodonium sources and the acyl substituent. We here describe
in full4 the results of these investigations.

2. Results and discussion

2.1. The effect of other sources of iodonium ion

We started our optimization study (Table 1) by varying the
reagents employed in the reaction, but quickly found that
any alteration in the source of iodonium had a deleterious
effect on the process. Thus, reaction with a range of iodinat-
ing reagents proceeded very slowly, with starting materials
being returned as the major constituent of the reactions.
Reaction in the presence of lead acetate proceeded more
rapidly than the original process, but there was no preference
for 2 over 3 (Table 1, entry 6) and the reaction was difficult
to work-up, returning significant amounts of intractable
materials. Reaction under Pr�evost conditions (entries 7 and
8) was inefficient, with only 1 and epoxide 4y being retrieved
from the reaction mixture. Presumably the latter is formed
via 2 by ring closure, under the influence of the silver(I)
salt. Thus, the original source of iodonium was optimal.

2.2. The effect of 1,3-diaxial interactions

To study the effect of 1,3-diaxial interactions, we next varied
the nature of the acyl substituents on the periphery of the
alkene. Thus, mixed diester 5 (prepared from pivaloxycyclo-
hexene by a sequence of hydroxyiodination, acetylation and
elimination of hydroiodic acid) reacted under the conditions
found to be optimal in hydroxyiodination of 1 to give a single
product, trans-3,4-hydroxyiodide 6, in 58% yield (or 70%,
based on recovery of starting material). Now the reaction

y The structure of 4 was confirmed by chemical correlation with the minor
epoxide obtained from epoxidation of 1 with mCPBA.
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using dichloromethane as solvent was also highly selective
(in contrast to the hydroxyiodination of diacetate 1):
a 68% yield (85%, based on recovered starting material) of
6 was obtained. Thus, as might be expected, it seems that in-
creasing the steric bulk of the axial ester substituent favours
formation of the a-iodonium ion, necessarily leading to 6.
What is also notable is the return of unreacted starting mate-
rial from these reactions; this had been observed in similar
reactions of diacetate 1 only for reactions conducted in the
presence of a dessicant (entries 3 and 5) or using iodine itself
as an iodinating reagent, perhaps suggesting that the
crowded steric environment now retards formation of iodo-
nium ion.

To probe this phenomenon further, we prepared dipivalate 8,
by a similar sequence to that used previously for 5. This
compound, the bulkiest diester used to date, was not com-
pletely consumed upon exposure to NIS (two portions,
2.5 equiv in total) in dichloromethane after more than 4
days at room temperature (Table 1, entry 11) and the yield
of product was significantly diminished if the reaction was
left past this stage. However, the reaction was highly selec-
tive, providing only the desired (from the perspective of
conduritol synthesis) iodoalcohol 9 in 68% yield (entry 11,
97% yield based on recovered 8). This process stands in
stark contrast to the reaction of diacetate 1, which proceeded
with much inferior regiocontrol, although in higher yield
(73–91%).

When the reaction of 8 with NIS was carried out in aceto-
nitrile, the process was again highly selective, but not effi-
cient: though the only product was 9, the mass balance
was poor (29% yield, 3% returned starting material). Other
iodinating reagents did not efficiently produce 9: reaction
with elemental iodine gave predominantly starting material
(entry 13), whilst Pr�evost reaction gave a mixture of prod-
ucts, depending upon the solvent (entries 14 and 15, Scheme
2). Thus, reaction in acetic acid proceeded in good yield
(overall yield 97%) but did not give 9, yielding instead isomer
10 and two other products, epoxide 11z (presumably formed
from 9) and (as the major product) trans-3,4-iodoacetate 12.
In acetonitrile solvent, 9 and 12 were formed in roughly equal
amounts, implying ring opening of both a- and b-iodonium
ions to be similar in energy.

Armed with a more efficient entry to the 1,2-cis-2,3-cis-3,4-
trans-hydroxyiodides needed for conduritol synthesis, we
proceeded to investigate the elimination reaction next in
the synthetic sequence for conduritols. However, both mixed

z The structure of 11 was confirmed by chemical correlation with the minor
epoxide obtained from epoxidation of 8 with mCPBA.
triester 13 and trispivalate 14 did not undergo elimination of
hydroiodic acid upon treatment with a range of bases
(Scheme 3). Instead, decomposition was generally observed,
producing unidentifiable aromatic products. Only when the
P4-tBu base was used could products be isolated in pure
form: epoxide 11 was obtained from 14 in 57% yield. Pre-
sumably in this case the trans-diaxial conformer required
for E2 elimination is energetically inaccessible due to the
crowded periphery.
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Scheme 3.

2.3. Mechanistic discussion

It is interesting to note that these reactions often proceed via
apparently less stable intermediates, in Curtin–Hammett-
like processes.8 Diacetate 1 reacts through iodonium ions
in which the 1-acetoxy substituent is axial, and the 2-acetoxy
pseudoequatorial (Scheme 4). Thus, although one might pre-
dict that the 1-equatorial, 2-pseudoaxial conformers would
be favoured, no product arising from trans-diaxial ring
opening of such iodonium ions is obtained. It seems that
the primary requirement is a pseudoequatorial allylic
acyloxy group: when this condition is satisfied, formation
of iodonium ion either cis- or trans-to the ring substituents
is feasible and under solvent control. In a nonpolar solvent,
b-iodonium is favoured, leading to 3,4-iodoalcohol product
as the major product (Table 1, entry 1). When a more polar
solvent, or a polar additive, is used (entries 2 and 4), a-iodo-
nium is the favoured intermediate, leading to preferentially
to trans-3,4-hydroxyiodides. We have previously rational-
ized this observation by means of nucleophilic attack of
the carbonyl oxygen onto the a-iodonium, or an electrostatic
stabilization of the b-iodonium ion.

In the case of bispivalate 8, there is a much greater prefer-
ence for the a-iodonium ion, except in the Pr�evost reaction
in acetic acid where the b-iodonium dominates. We propose
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that there are two reasons for the latter observation: firstly,
the equilibrium between the iodonium ions is facilitated
in acid and secondly, intramolecular ring opening by the
adjacent acyl group is disfavoured. Thus, the more rapid
(because less hindered) diaxial ring opening to give 10 and
12 dominates, rather than the relatively slow diaxial opening
of the a-iodonium by water (Scheme 5).
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Scheme 5.

3. Conclusion

We have investigated the 1,2-hydoxyiodination reactions of
1,2-diacyloxycyclohex-3-enes and found them to highly se-
lective when bulky acyl substituents are present. We are cur-
rently engaged in a detailed study of the precise mechanistic
factors underlying these phenomena and we shall report in
due course the results of our further studies in this arena.

4. Experimental

4.1. General techniques

All organic solvents were distilled prior to use and all re-
agents were purified by standard procedures.9 ‘Petrol’ refers
to the fraction of petroleum ether with the boiling range 40–
60 �C and ‘ether’ refers to diethyl ether. Ether was distilled
from sodium benzophenone ketyl; dichloromethane from
calcium hydride. Other chemicals were purchased from
Aldrich Chemical Co. or prepared by literature methods.

Melting points were recorded on either a Kofler hot-stage
apparatus and are corrected, or an electrothermal melting
point apparatus and are uncorrected. Infrared spectra
were recorded on a Perkin–Elmer 881 spectrophotometer.
Mass spectra were recorded on a Fisons Autospec spectro-
meter. NMR spectra were recorded on a Jeol GX-270 spec-
trometer, a Jeol GX-400 spectrometer or a Jeol L-300
spectrometer, using tetramethylsilane or chloroform as the
internal standard. Chemical shifts in 1H NMR spectra are
expressed as parts per million downfield from tetramethyl-
silane, and, in 13C NMR, relative to the internal solvent
standard. Coupling constants (J) are quoted in Hz.

Reactions involving chemicals or intermediates sensitive to
air and/or moisture were conducted under a nitrogen or argon
atmosphere in flame- or oven-dried apparatus. Column chro-
matography was performed using Merck Kieselgel 60 or
Fluka Kieselgel 60 silica gel. Analytical thin layer chroma-
tography was carried out using either precoated Merck
Kieselgel 60 F254 glass backed plates, or precoated Merck
Kieselgel 60 F254 aluminium backed plates and were visual-
ized under UV at 346 nm and/or by staining with iodine and
an acidic ammonium molybdate stain (20% w/v ammonium
molybdate(VI) tetrahydrate in 10% sulfuric acid).

4.1.1. (±)-cis-2-Acetoxy-1-(2,2-dimethylpropionyloxy)-
cyclohex-3-ene (5). 1. To a solution of (�)-1,2-cis-2,3-
trans-1-(2,2-dimethylpropionyloxy)-3-iodocyclohexan-2-ol2

(1.30 g, 3.99 mmol) in pyridine (12 mL) was added acetic
anhydride (0.42 mL, 4.44 mmol). The mixture was stirred
at room temperature (27 h), diluted with ethyl acetate
(30 mL) and washed with saturated copper(II)sulfate solu-
tion (20 mL) and water (20 mL). The organic layer was
dried (MgSO4) and concentrated in vacuo. Purification by
flash column chromatography (ether/petrol, 1:4) yielded
1,2-cis-2,3-trans-2-acetoxy-1-(2,2-dimethylpropionyloxy)-3-
iodocyclohexane as a colourless solid (0.96 g, 65%); Rf 0.40
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[ether/petrol, 1:4]; mp 52–53 �C (Found: C, 42.63; H, 6.18;
I, 34.37. C13H21IO4 requires C, 42.40; H, 5.75; I, 34.46%);
nmax (CCl4)/cm�1 2954, 1754 (C]O), 1734 (C]O); dH

(270 MHz, CDCl3) 1.22 (9H, s), 1.51–2.03 (5H, m), 2.04
(3H, s), 2.46–2.51 (1H, m), 4.31 (1H, ddd, J 11.4, 10.3,
4.4), 5.01 (1H, dd, J 10.2, 3.0), 5.29–5.31 (1H, m); dC

(67.5 MHz, CDCl3) 177.29, 169.58, 76.14, 69.06, 39.03,
37.22, 28.46, 27.16, 26.20, 22.04, 20.77; m/z (CI) 309
(100.0), 241 ([M�I]+, 13.3), 225 (5.2), 207 (9.2), 199 (5.5).

2. (�)-1,2-cis-2,3-trans-2-Acetoxy-1-(2,2-dimethylpropio-
nyloxy)-3-iodocyclohexane (937 mg, 2.54 mmol) and
DBU (0.76 mL, 5.08 mmol) in toluene (15 mL) were heated
at reflux for 3 days, to yield 5 after column chromatography
(ether/petrol, 1:4) as a colourless oil (469 mg, 77%); Rf 0.40
[ether/petrol, 1:4] (Found: C, 64.13; H, 8.80. C13H20O4 re-
quires C, 64.98; H, 8.39%); nmax (CCl4)/cm�1 2973, 1732
(C]O); dH (270 MHz, CDCl3) 1.19 (9H, s), 1.80–2.28
(4H, m), 2.05 (3H, s), 5.09 (1H, ddd, J 9.9, 3.5, 3.5), 5.48
(1H, m), 5.64 (1H, dddd, J 9.9, 4.2, 2.0, 2.0), 5.98 (1H,
dddd, J 9.9, 4.0, 4.0, 1.0); dC (67.5 MHz, CDCl3) 177.29,
169.96, 132.21, 123.26, 68.555, 66.365, 38.55, 26.775,
23.22, 23.06, 20.68; m/z (CI) 241 (MH+, 2.2%), 181
(85.4), 153 (8.6), 131 (7.7), 103 (74.5) (Found 241.1451.
C13H21O4 (MH+) requires 241.1440).

4.1.2. (±)-1,2-cis-2,3-cis-3,4-trans-2-Acetoxy-1-(2,2-di-
methylpropionyloxy)-4-iodocyclohexan-3-ol 6 (Table 1,
entries 9 and 10).

4.1.2.1. Method 1. To a solution of (�)-cis-2-acetoxy-
1-(2,2-dimethylpropionyloxy)-cyclohex-3-ene 1 (100 mg,
0.416 mmol) in dichloromethane (5 mL) were added N-iodo-
succinimide (122 mg, 0.542 mmol) and water (five drops).
The mixture was stirred at room temperature (2 days),
then further N-iodosuccinimide (94 mg, 0.418 mmol) was
added and stirring continued (2 days). The mixture was
washed with saturated sodium thiosulfate solution (4 mL)
and the organic layer dried (MgSO4) and concentrated
in vacuo. Purification by flash column chromatography
(ethyl acetate/petrol, 1:4) yielded unreacted 1 (20 mg,
20%) and (�)-1,2-cis-2,3-cis-3,4-trans-2-acetoxy-1-(2,2-
dimethylpropionyloxy)-4-iodocyclohexan-3-ol 6 as a colour-
less solid (109 mg, 68%); Rf 0.36 [ethyl acetate/
petrol, 1:4]; mp 106–107 �C (Found: C, 40.70; H, 5.70; I,
33.20%. C13H21IO5 requires C, 40.64; H, 5.51; I, 33.03%);
nmax (CCl4)/cm�1 3583 (OH), 2973, 1756 (C]O), 1736
(C]O); dH (270 MHz, CDCl3) 1.15 (9H, s), 1.69–2.03
(3H, m), 2.13 (3H, s), 2.42–2.52 (1H, m), 2.87 (1H, d,
J 4.8), 3.85 (1H, ddd, J 9.9, 4.4, 3.1), 4.21 (1H, ddd,
J 11.5, 10.2, 4.4), 4.90 (1H, ddd, J 10.6, 4.8, 2.75), 5.53
(1H, ddd, J 2.75, 2.75, 1.1); dC (67.5 MHz, CDCl3)
177.23, 170.18, 74.52, 70.87, 69.98, 38.62, 32.78, 31.00,
26.87, 25.92, 20.77; m/z (CI) 385 (0.8%), 325 (34.5), 283
(5.7), 257 (18.4) (Found 385.0514. C13H22IO5 requires
385.0512).

4.1.2.2. Method 2. To a solution of (�)-cis-2-acetoxy-
1-(2,2-dimethylpropionyloxy)-cyclohex-3-ene 1 (100 mg,
0.416 mmol) in acetonitrile (5 mL) was added N-iodosucci-
nimide (122 mg, 0.542 mmol). The mixture was stirred at
room temperature (22 h), then further N-iodosuccinimide
(94 mg, 0.418 mmol) was added and stirring continued
(4 days). Acetonitrile was removed in vacuo, the residue
dissolved in dichloromethane (10 mL), and washed with sat-
urated sodium thiosulfate solution (8 mL). The organic layer
was dried (MgSO4) and concentrated in vacuo. Purification
by flash column chromatography (ethyl acetate/petrol, 1:4)
yielded unreacted 1 (17 mg, 17%) and 6 (93 mg, 58%).

4.1.3. (±)-cis-1,2-Bis(2,2-dimethylpropionyloxy)-cyclo-
hex-3-ene 8. 1. To a solution of (�)-1,2-cis-2,3-trans-1-
(2,2-dimethylpropionyloxy)-3-iodocyclohexan-2-ol2 (3.05 g,
9.35 mmol) in pyridine (35 mL) were added pivaloyl chlo-
ride (1.27 mL, 10.31 mmol) and DMAP (50 mg). The
mixture was stirred at room temperature (2 days), at which
time further pivaloyl chloride (1.15 mL, 9.34 mmol) was
added and stirring continued (24 h). The mixture was then
diluted with ethyl acetate (50 mL) and washed with
saturated copper(II)sulfate solution (30 mL) and water
(30 mL). The organic layer was dried (MgSO4) and con-
centrated in vacuo. Purification by flash column chroma-
tography (ether/petrol, 1:4) yielded unreacted starting
material (124) (0.39 g, 13%) and 1,2-cis-2,3-trans-1,2-
bis(2,2-dimethylpropionyloxy)-3-iodocyclohexane (2.83 g,
74%) as a colourless oil; Rf 0.70 [ether/petrol, 1:4] (Found:
C, 46.54; H, 7.17; I, 31.21. C16H27IO4 requires C, 46.84;
H, 6.63; I, 30.93%); nmax (CCl4)/cm�1 2935, 1736 (C]O);
dH (270 MHz, CDCl3) 1.214 and 1.215 (18H, 2�s), 1.40–
2.48 (6H, m), 4.35 (1H, ddd, J 10.1, 10.1, 4.2), 5.00 (1H,
dd, J 9.9, 2.7), 5.29–5.31 (1H, m); dC (67.5 MHz, CDCl3)
176.88, 176.69, 75.57, 69.13, 40.08, 38.74, 36.935, 28.36,
27.12, 26.43, 26.17, 21.89; m/z (EI) 283 ([M�I]+, 22.0%),
207 (3.7), 129 (4.7), 97 (12.6) (Found 283.1891. C16H27O4

([M�I]+) requires 283.1909).

2. To a solution of (�)-1,2-cis-2,3-trans-1,2-bis(2,2-di-
methylpropionyloxy)-3-iodocyclohexane (2.44 g, 5.95 mmol)
in toluene (30 mL) was added DBU (1.78 mL,
11.90 mmol). The mixture was heated to reflux (30 h) until
the reaction had gone to completion as evinced by 1H
NMR spectroscopy. The toluene was removed in vacuo,
and the residue dissolved in dichloromethane (50 mL) and
washed with 5% hydrochloric acid (30 mL) and saturated
sodium hydrogen carbonate solution (30 mL). The organic
layer was dried (MgSO4) and concentrated in vacuo. Purifi-
cation by flash column chromatography (ether/petrol, 1:4)
yielded 8 as a colourless oil (1.33 g, 79%); Rf 0.70 [ether/
petrol, 1:4] (Found: C, 67.59; H, 9.23. C16H26O4 requires
C, 68.05; H, 9.28%); nmax (CCl4)/cm�1 2972, 1733
(C]O), 1619 (C]C); dH (270 MHz, CDCl3) 1.19 and
1.21 (18H, 2�s), 1.75–2.31 (4H, m), 5.08 (1H, ddd,
J 10.3, 3.4, 3.4), 5.41 (1H, m), 5.67 (1H, dddd, J 9.9, 4.4,
2.2, 2.2), 5.94 (1H, ddd, J 9.9, 3.2, 3.2); dC (67.5 MHz,
CDCl3) 177.39, 132.08, 123.54, 69.22, 66.43, 38.58,
27.03, 26.97, 23.66, 23.09; m/z (CI) 283 (MH+, 24.5%),
181 (100.0), 149 (6.3) (Found 283.1899. C16H27O4 (MH+)
requires 283.1909).

4.1.4. NIS/water addition to (±)-cis-1,2-bis(2,2-dimethyl-
propionyloxy)-cyclohex-3-ene 8 in dichloromethane
(Table 1, entry 11); preparation of (±)-1,2-cis-2,3-cis-
3,4-trans-1,2-Bis(2,2-dimethylpropionyloxy)-4-iodo-
cyclohexan-3-ol 9. To a solution of (�)-cis-1,2-bis(2,2-di-
methylpropionyloxy)-cyclohex-3-ene 8 (100 mg, 0.35 mmol)
in dichloromethane (5 mL) were added N-iodosuccinimide
(120 mg, 0.53 mmol) and water (two drops). The mixture



11570 J. B. Sweeney et al. / Tetrahedron 62 (2006) 11565–11571
was stirred at room temperature for 30 h, then further
N-iodosuccinimide (79 mg, 1.00 mmol) and water (two
drops) were added, and stirring continued for 3 days. The
mixture was washed with saturated sodium thiosulfate
solution (4 mL), and the organic layer dried (MgSO4) and
concentrated in vacuo. Purification by flash column chroma-
tography (ether/petrol, 3:7 to 1:1) yielded unreacted 8
(30 mg, 30%) and (�)-1,2-cis-2,3-cis-3,4-trans-1,2-bis(2,2-
dimethylpropionyloxy)-4-iodocyclohexan-3-ol 9 as a colour-
less solid (102 mg, 60%); Rf 0.38 [ether/petrol, 3:7]; mp
137–138 �C; nmax (CCl4)/cm�1 3583 (OH), 2974, 1743
(C]O); dH (270 MHz, CDCl3) 1.15 and 1.25 (18H, 2�s),
1.70–1.87 (2H, m), 1.97–2.12 (1H, m), 2.43–2.50 (1H, m),
2.51 (1H, br s), 3.85 (1H, ddd, J 10.1, 3.5, 2.9), 4.16 (1H,
ddd, J 11.5, 10.3, 4.4), 4.91 (1H, ddd, J 10.9, 4.6, 2.4),
5.49 (1H, ddd, J 2.75, 2.75, 1.1); dC (67.5 MHz, CDCl3)
177.48, 177.29, 75.03, 70.65, 70.21, 39.04, 38.65, 32.63,
31.38, 27.25, 27.16, 27.00; m/z (CI) 427 (MH+, 8.5%), 325
(100.0), 299 (24.9) (Found 427.0982. C16H28IO5 (MH+)
requires 427.0982).

4.1.5. I2/water addition to (±)-cis-1,2-bis(2,2-dimethyl-
propionyloxy)-cyclohex-3-ene 8 in dichloromethane
(Table 1, entry 13). To a solution of (�)-cis-1,2-bis(2,2-di-
methylpropionyloxy)-cyclohex-3-ene 8 (50 mg, 0.177 mmol)
in dichloromethane (2 mL) were added iodine (67 mg,
0.264 mmol) and water (five drops). The mixture was stirred
at room temperature (23 h), then further iodine (50 mg,
0.197 mmol) and water (two drops) was added and stirring
continued for 3 days. The mixture was washed with saturated
sodium thiosulfate solution (2 mL), and the organic layer
dried (MgSO4) and concentrated in vacuo. Purification by
flash column chromatography (ether/petrol, 3:7) yielded
(�)-1,2-cis-2,3-cis-3,4-trans-1,2-bis(2,2-dimethylpropionyl-
oxy)-4-iodocyclohexan-3-ol 9 (22 mg, 29%) and unreacted
8 (29 mg, 58%).

4.1.6. (±)-1,2-cis-2,3-cis-3,4-trans-4-Acetoxy-1,2-bis(2,2-
dimethylpropionyloxy)-3-iodocyclohexane 12 (Table 1,
entries 14 and 15).

4.1.6.1. Method 1. To a solution of (�)-cis-1,2-
bis(2,2-dimethylpropionyloxy)-cyclohex-3-ene 8 (50 mg,
0.177 mmol) in acetonitrile (2 mL) were added acetic
acid (0.02 mL, 0.354 mmol) and silver(I)acetate (59 mg,
0.354 mmol) followed by iodine pellets (67 mg, 0.264 mmol).
The mixture was stirred at room temperature (24 h),
filtered and concentrated in vacuo. The residue was dis-
solved in ethyl acetate (10 mL), washed with saturated
sodium hydrogen carbonate solution (6 mL) and brine
(6 mL). The organic layer was dried (MgSO4) and concen-
trated in vacuo. Purification by flash column chromato-
graphy (20%-ether/petrol, 3:7) yielded 9 (20 mg, 26%)
and (�)-1,2-cis-2,3-cis-3,4-trans-4-acetoxy-1,2-bis(2,2-di-
methylpropionyloxy)-3-iodocyclohexane 12 as a colourless
solid (22 mg, 27%); Rf 0.50 [ether/petrol, 1:4]; mp 116–
117 �C (corrected) (Found: C, 45.53; H, 6.40; I, 26.90.
C18H29IO6 requires C, 46.16; H, 6.24; I, 27.10%); nmax

(CCl4)/cm�1 2975, 1747 (C]O), 1737 (C]O); dH

(270 MHz, CDCl3) 1.14 and 1.31 (18H, 2�s), 1.40–1.55
(1H, m), 1.85–1.99 (1H, m), 2.10 (3H, s), 2.14–2.34 (1H,
m), 4.21 (1H, dd, J 11.0, 2.6), 4.91 (1H, ddd, J 11.2, 5.3,
2.75), 5.09 (1H, ddd, J 10.8, 10.8, 4.8), 5.65–5.67 (1H, m);
dC (75 MHz, CDCl3) 177.47, 176.29, 169.90, 72.70, 72.40,
70.05, 39.19, 38.67, 28.82, 28.49, 27.46, 27.04, 23.65,
21.11; m/z (EI) 341 ([M�I]+, 4.5%), 306 (4.4), 281 (7.8),
197 (12.5) (Found 341.1977. C18H29O5 ([M�I]+) requires
341.1964).

4.1.6.2. Method 2. To a solution of (�)-cis-1,2-
bis(2,2-dimethylpropionyloxy)-cyclohex-3-ene 8 (50 mg,
0.177 mmol) in acetic acid (2 mL) was added silver(I) ace-
tate (59 mg, 0.354 mmol) and water (five drops) followed
by iodine (67 mg, 0.264 mmol). The mixture was stirred at
room temperature (20 h), filtered and concentrated in vacuo.
The residue was dissolved in ethyl acetate (10 mL), washed
with saturated sodium hydrogen carbonate solution (6 mL)
and brine (6 mL). The organic layer was dried (MgSO4)
and concentrated in vacuo. Purification by flash column
chromatography (ether/petrol, 1:4) yielded 12 (46 mg,
55%), (�)-1,2-cis-2,3-cis-3,4-cis-1,2-bis(2,2-dimethylpro-
pionyloxy)-3,4-epoxycyclohexane 11 (13 mg, 25%) and
(�)-1,2-cis-2,3-cis-3,4-trans-1,2-bis(2,2-dimethylpropionyl-
oxy)-3-iodocyclohexan-4-ol 12 (13 mg, 17%).

4.1.7. (±)-1,2-cis-2,3-cis-3,4-trans-1,2,3-Tris(2,2-di-
methylpropionyloxy)-4-iodocyclohexane 14. To a solution
of (�)-1,2-cis-2,3-cis-3,4-trans-1,2-bis(2,2-dimethylpropio-
nyloxy)-4-iodocyclohexan-3-ol 9 (455 mg, 1.067 mmol) in
pyridine (5 mL) were added pivaloyl chloride (0.2 mL,
1.624 mmol) and DMAP (30 mg). The mixture was stirred
at room temperature (24 h), then further pivaloyl chloride
(0.2 mL, 1.624 mmol) was added and stirring continued
for 3 days. The mixture was then diluted with ethyl acetate
(30 mL) and washed with saturated copper(II)sulfate solu-
tion (20 mL) and water (20 mL). The organic layer was dried
(MgSO4) and concentrated in vacuo. Purification by flash
column chromatography (ether/petrol, 1:4) yielded 14 as
a colourless solid (380 mg, 70%); Rf 0.57 [ether/petrol,
1:4]; mp 176–177 �C (corrected) (Found: C, 49.87; H,
6.74; I, 24.26. C21H35IO6 requires C, 49.42; H, 6.71; I,
24.86%); nmax (CCl4)/cm�1 2976, 1745 (C]O); dH

(270 MHz, CDCl3) 1.14, 1.21 and 1.27 (27H, 3�s), 1.60–
1.88 (2H, m), 2.04–2.20 (1H, m), 2.52–2.61 (1H, m), 4.20
(1H, ddd, J 12.6, 11.3, 4.6), 4.94 (1H, ddd, J 11.5, 5.5,
2.6), 5.01 (1H, dd, J 11.4, 2.6), 5.47 (1H, ddd, J 2.75,
2.75, 1.3); dC (67.5 MHz, CDCl3) 176.89, 176.39, 176.32,
74.95, 69.62, 69.44, 38.90, 38.68, 38.54, 33.81, 27.24,
27.04, 26.90, 26.43, 23.00; m/z (EI) 409 (0.7%), 393 (1.1),
385 (1.5), 383 ([M�I]+, 40.6), 197 (9.1) (Found 383.2430.
C21H35O6 ([M�I]+) requires 383.2434).

4.1.8. (±)-1,2-cis-2,3-cis-3,4-trans-2-Acetoxy-1,3-bis(2,2-
dimethylpropionyloxy)-4-iodocyclohexane 13. Prepared
as for (�)-1,2-cis-2,3-cis-3,4-trans-1,2,3-tris(2,2-dimethyl-
propionyloxy)-4-iodocyclohexane 14, but from (�)-1,2-
cis-2,3-cis-3,4-trans-2-acetoxy-1-(2,2-dimethylpropionyl-
oxy)-4-iodocyclohexan-3-ol 6 (205 mg, 0.534 mmol),
pivaloyl chloride (0.07 mL initially, then an additional
0.07 mL after 19 h, 1.136 mmol total) and DMAP (20 mg)
in pyridine (4 mL) with stirring at room temperature (2
days) to yield unreacted alcohol 6 (21 mg, 10%) and 15 as
a colourless solid (155 mg, 62%); Rf 0.54 [ethyl acetate/
petrol, 1:4]; mp 129.5–130.5 �C (corrected); nmax (CCl4)/
cm�1 2978, 1757 (C]O), 1744 (C]O); dH (270 MHz,
CDCl3) 1.13 and 1.20 (18H, 2�s), 1.65–1.90 (2H, m),
2.00–2.13 (1H, m), 2.12 (3H, s), 2.49–2.58 (1H, m), 4.22
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(1H, ddd, J 12.8, 11.6, 4.6), 4.91 (1H, ddd, J 11.7, 5.1, 2.9),
4.97 (1H, dd, J 11.4, 2.8), 5.49 (1H, ddd, J 2.75, 2.75, 1.3);
dC (67.5 MHz, CDCl3) 176.97, 176.39, 169.40, 74.71, 69.57,
69.28, 38.71, 38.58, 33.66, 27.08, 26.97, 26.85, 26.43,
22.92; m/z (EI) 341 ([M�I]+, 15.5%), 264 (1.4), 193 (4.2),
189 (5.1), 137 (8.7), 113 (4.6) (Found 341.1962. C18H29O6

([M�I]+) requires 341.1964).

4.1.9. Attempted elimination of HI from (±)-1,2-cis-
2,3-cis-3,4-trans-1,2,3-Tris(2,2-dimethylpropionyloxy)-4-
iodocyclohexane 14. To a solution of (�)-1,2-cis-2,3-cis-
3,4-trans-1,2,3-tris(2,2-dimethylpropionyloxy)-4-iodocyclo-
hexane 14 (60 mg, 0.118 mmol) in THF (2 mL) at �78 �C
was added, dropwise, a solution of phosphazene P4-tBu
base (152) (0.12 mL of a 1 M solution in hexane,
0.12 mmol) in THF (0.5 mL). The mixture was stirred at
�78 �C (2 h), then to room temperature (20 h). Solvent
was removed in vacuo, and ether (10 mL) was added to the
residue. The resultant precipitate was filtered and washed
with ether (4�10 mL). The combined filtrates were dried
(MgSO4) and concentrated in vacuo. Purification by flash
column chromatography (20%-ether/petrol, 3:7) yielded
(�)-1,2-cis-2,3-cis-3,4-cis-1,2-bis(2,2-dimethylpropionyloxy)-
3,4-epoxycyclohexane 11 (20 mg, 57%) as the only isolable
product.
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Abstract—The synthesis of several g,d-unsaturated-a-amino acid derivatives is described. The method features regioselective stannylation of
propargylglycine derivatives followed by Stille coupling reactions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Non-proteinogenic a-amino acids are important nitrogenous
building blocks that are useful for the synthesis of natural
products and a multitude of biologically significant sub-
stances.1 There has been a continuing interest in the develop-
ment of new methods for the synthesis of enantiomerically
pure amino acids with substituents strategically placed at
side-chain positions including the capacity to install unsatu-
ration. Many methods have been developed for the asym-
metric synthesis of amino acids.2,3 Despite the plethora of

NN
O

O

N
HN

O

Me
NH

BocHN

MeO2C
CO2Et

X

1a, spiroquinazoline 

2a X=Br
2b X=NO2

NN
O

O

HN

Me
O

1b, alantrypinone 

NH

Figure 1. Structures of spiroquinazoline, alantrypinone, and g,d-unsatu-
rated amino acid derivatives 2.

Keywords: Syntheses; Amino acids.
* Corresponding author. Tel.: +1 970 491 6747; fax: +1 970 491 5610;

e-mail: rmw@chem.colostate.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.069
methodologies extant, many reactive functionalities remain
incompatible with existing templates.2

As part of a strategy to synthesize the natural metabolites
spiroquinazoline (1a)4 and alantrypinone (1b),5 we required
access to g-aryl-g,d-unsaturated-a-amino acids such as 2.
Several reported methods to prepare this type of amino
acid were attempted but we were unsuccessful in construct-
ing the target substances 2.6 Jackson et al. have reported the
synthesis of enantiomerically pure unsaturated a-amino
acids via coupling with readily available serine-derived
b-iodoalanine derivatives using zinc/copper reagents.7 We
have adapted this approach to prepare a variety of g-aryl-
g,d-unsaturated-a-amino acids (Fig. 1).

2. Results and discussion

Our approach commenced with N-(tert-butoxycarbonyl)-L-
iodoalanine methyl ester 3, which is commercially available
or can be prepared on a large scale by using the reported pro-
cedure with serine as the starting material.8 Iodide 3 was
converted into the corresponding Zn/Cu complex and then
coupled with ethyl 3-bromopropiolate or tert-butyl 3-bromo-
propiolate.7 The Zn/Cu complex 4 reacted with ethyl-3-
bromopropiolate to produce the propargyl species 5a and
5b in 77 and 48% yields, respectively (Scheme 1).

Next, we examined the conjugate stannylation of organo-
copper(I) reagents to the g,d-alkynyl residue of 5. The addi-
tion of compound 5a to the solution of Bu3SnCu$SMe2 or
[Bu3SnCuCN]Li9,10 in THF resulted in no reaction.
When 5a was added to Me3SnCu$SMe2 in THF, compound
6 was obtained in 23% yield with 40% recovery of
5a. Piers et al. reported that (trimethylstannyl)copper(I)

mailto:rmw@chem.colostate.edu
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dimethylsulfide complex was relatively unreactive toward
a,b-unsaturated carbonyl compounds.9 When a more reac-
tive species [Me3SnCuCN]Li10 was used in the place of
Me3SnCu$SMe2 for this reaction we observed that the yield
was dramatically improved. When 5a was added to [Me3Sn-
CuCN]Li in dry THF at �78 �C, compound 6 and the corre-
sponding Z-isomer were produced in a nearly 1:1 ratio with
no recovery of the starting material. Separation of the two
isomers by flash chromatography proved to be very difficult
and synthetically intractable. When [Me3SnCuCN]Li was
treated with EtOH prior to the addition of 5a, the product ob-
tained was exclusively the desired E-isomer. The geometric
configuration of the product was determined by the coupling
constant between the a-olefinic proton and the tin atom
(117Sn, 119Sn) of the Me3Sn group. It is well-known that
when a trialkylstannyl group and a proton are vicinal on
a C]C bond, the 3JSn–H values are much larger when these
moieties are trans- as opposed to cis-configuration.11 The
3JSn–H value in the present case of 69 Hz, falls into the
expected range for the E-stereochemistry. The observation
of a significant 1H NOE between the vinyl proton and the
Me3Sn protons provided corroborating evidence to support
the E-stereochemistry assigned for 6 (Fig. 2). The optical
integrity of 6 was determined by 1H NMR analysis of
the derived Mosher’s amide,12 which revealed that 6 was
obtained in at least 99.5:0.5 er. Compound 6 proved to
be a stable substance and can be kept as an oil, exposed to
air at ambient temperature for several weeks without detect-
able decomposition.

Compound 6 was then coupled with a variety of aryl and
heterocyclic halides under Stille cross-coupling conditions
(Table 1).13 Our initial efforts examined Pd(PPh3)4 as the
catalyst in the presence of CuI14 at room temperature. But
under these conditions either no product or trace amount

BocHN

MeO2C

Me3Sn

CO2Et

H
3
JSn-H

nOe

3
JSn-H=69 Hz

Figure 2. E-Stereochemical assignment for 6.

CO2Me

I

BocHN CO2Me

Cu(CN)ZnI

BocHN
1. Zn
2. CuCN 

Br CO2R

5a. R=Et     77%
5b. R=t-Bu  48%

CO2MeBocHN

CO2R

BocHN

MeO2C

Me3Sn

CO2Et
[Me3SnCuCN]Li

3 4

6

81%
5a

Scheme 1. Preparation of stannane 6.
of product was obtained. Higher temperature only led to
the decomposition of compound 6. Amino acid 2a was suc-
cessfully prepared by coupling o-bromoiodobenzene with
compound 6 by using Pd2dba3 in the presence of AsPh3

and CuI.15 Only the bromide product 2a was observed as
evidenced by 13C NMR and MS; the corresponding iodide
was not observed. The 3-cyanophenyl moiety can be intro-
duced under similar conditions (entry c). Heterocyclic
species such as 2-bromocyclopent-2-enone and 4-bromo-
furan-2(5H)-one were also successfully coupled with
compound 6 to yield 2d and 2e in 77 and 57% yields, respec-
tively (entries d and e). The coupling of 6 with 3-iodothio-
phene or 5-iodofuran-2-carboxaldehyde also provided the
cross-coupling products in useful yields (entries f and g).

In all cases, the reaction was complete in just 2 h and no loss
of optical integrity was observed by chiral HPLC analysis.16

o-Iodonitrobenzene coupled with compound 6 to deliver 2b,
however in very poor yield. When PdCl2(CH3CN)2 was used
as the catalyst, incomplete reaction was observed. We found
that the yields could be improved by increasing the catalyst
loading, but this also caused more homocoupling. Eventu-
ally, it was found that treatment of PdCl2(CH3CN)2 with
tri-n-butyltin hydride followed by the addition of compound
6 and o-iodonitrobenzene portionwise resulted in a 79%
yield of 2b (based on a small amount of unreacted starting
material).

It proved unnecessary to employ dry, deoxygenated solvent
(DMF) and the reaction can be manipulated in air at
ambient temperature. It should be noted that no reaction
occurred when commercially available Pd-black was

Table 1. Stille coupling reactions of stannane 6

BocHN

MeO2C

Me3Sn

CO2Et
BocHN

MeO2C

R

CO2Et
R-X

6 2

Entry R-X Conditions Yield (%) R

a

Br

I
Pd2dba3, CuI,
AsPh3, DMF

68

Br

b

I

O2N
Pd2Cl2(CH3CN)2,
Bu3SnH

79 (brsm)

NO2

c

I

CN
Pd2dba3, CuI,
AsPh3, DMF

71

NC

d
O

Br
Pd2dba3, CuI,
AsPh3, DMF

77
O

e
O

Br

O Pd2dba3, CuI,
AsPh3, DMF

57
O

O

f

S

I
Pd2dba3, CuI,
AsPh3, DMF

80

S

g
OI CHO Pd2dba3, CuI,

AsPh3, DMF
84

OOHC

h I CHO Pd2Cl2(CH3CN)2,
Bu3SnH, 45 �C

67 OHC
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used. This system also proved effective for the coupling of
p-iodobenzaldehyde with compound 6 (entry h). In this
case the catalyst could be added in one portion and heating
to 45 �C was required. It is known that for aryl iodide sub-
strates, the oxidative addition of Pd(0) in the Stille reaction
cycle is accelerated by electron-withdrawing substituents.17

Strong electron-withdrawing groups, such as the aldehyde or
nitro group consequently accelerates the oxidative addition
step so that no ligand is needed (entries b and h). For the
other halides examined, which were devoid of strong elec-
tron-withdrawing substituents, the ligand has to be added
to facilitate the oxidative addition.18

In contrast to the copper(I) chemistry described above, com-
pound 5a underwent a Pd-catalyzed hydrostannylation reac-
tion19 with tri-n-butyltin hydride providing 7a as the major
product in 71% yield along with regioisomer 7b (10%) as
shown in Scheme 2.

CO2MeBocHN

CO2Et
BocHN

MeO2C

Bu3Sn

CO2Et
Bu3SnH

Pd(PPh3)4
THF

BocHN

MeO2C
CO2Et

SnBu3
+

7a,  71 % 7b, 10 %5a

Scheme 2.

The two regioisomers 7a and 7b can be separated by flash
chromatography and may be stored by exposing to air for
weeks without significant decomposition. The major isomer
7a can couple with a variety of halides to give the amino
acids listed in Table 2. The catalytic system Pd2dba3/CuI/
AsPh3 works quite well for the Stille coupling reactions of
7a and the halides that are listed in Table 2. It does not appear
to matter whether the substituent on the phenyl group is an
electron-withdrawing group such as cyano or an electron-
donating group such as methoxy. 2-Bromocyclopent-2-

Table 2. Stille coupling reactions of stannane 7a

BocHN

MeO2C
CO2Et

BocHN

MeO2C
CO2EtR-X

SnBu3 R

7a 8a~8f

Entry R-X Conditions Yield (%) R

a I OMe
Pd2dba3, CuI,
AsPh3, DMF

74 H3CO

b

I

CN
Pd2dba3, CuI,
AsPh3, DMF

79

NC

c
O

Br
Pd2dba3, CuI,
AsPh3, DMF

72
O

d
O

Br

O Pd2dba3, CuI,
AsPh3, DMF

69
O

O

e

S

I
Pd2dba3, CuI,
AsPh3, DMF

84

S

f
OI CHO Pd2dba3, CuI,

AsPh3, DMF
76

OOHC
enone and 4-bromofuran-2(5H)-one can couple with com-
pound 7a to yield 8c and 8d, respectively. The coupling of
7a with 3-iodothiophene or 5-iodofuran-2-carboxaldehyde
delivered 8e and 8f, respectively, in good yields.

Compound 5a underwent hydrostannylation with good
regioselectivity favoring the d-stannane 7a. We also exam-
ined the reaction conditions by using a hindered tert-butyl
ester that would favor the g-stannane-type regioisomer 7b.
Compound 5b underwent conjugate addition with [Me3Sn-
CuCN]Li to yield the g-substituted stannane 9 in 53% yield
(Scheme 3). As a preliminary demonstration of the utility of
this species, compound 9 underwent Stille cross-coupling
with o-iodonitrobenzene to produce the g-aryl-g,d-unsatu-
rated amino acid derivative 10 in which the two ester groups
are differentiated. This amino acid and related derivatives
are currently being examined for their utility in an intra-
molecular SN20-type strategy to access the core ring systems
of spiroquinazoline and alantrypinone.

CO2MeBocHN

CO2
tBu

CO2
tBu

Bu3SnH

Pd(PPh3)4, THF No Reaction

BocHN

MeO2C

Me3Sn

53%

Me6Sn2, BuLi

CuCN, Ethanol

BocHN

MeO2C
CO2

tBu

NO2

NO2

I

Pd(CH3CN)2Cl2
Bu3SnH, DMF

66% (brsm)

5b

9

10

Scheme 3. Synthesis of 10 via 9.

3. Conclusion

In summary, we have developed an efficient strategy to syn-
thesize two types of g,d-unsaturated-a-amino acids bearing
substitution at either g- or d-position. Further applications
of this methodology toward the total synthesis of spiroquin-
azoline and other nitrogen-rich substances are currently
underway and will be reported on in due course.

4. Experimental

4.1. General

All anhydrous reactions were conducted under an inert argon
atmosphere. Dry solvents were obtained from a glass contour
solvent purification system. Flash column chromatography
was carried out using silica gel 60. All chemical shifts (d)
are reported in parts per million. Ethyl 3-bromopropiolate
and tert-butyl 3-bromopropiolate were prepared by Leory’s
method.20 2-Bromocyclopent-2-enone21 and 4-bromofuran-
2(5H)-one22 were prepared by literature procedures.

4.1.1. (S)-1-Ethyl 6-methyl 5-(tert-butoxycarbonylami-
no)hex-2-ynedioate (5a).7 A suspension of zinc (9.83 g,
150.4 mmol) in 11.2 mL dry THF and 1,2-dibromoethane
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(0.65 mL, 7.53 mmol) was heated under Ar to 60 �C for
3 min. After cooling the mixture to 35 �C, trimethylsilyl
chloride (0.194 mL, 1.53 mmol) was added and the mixture
was vigorously stirred for 30 min. At this point the reaction
vessel was warmed to 35 �C, compound 3 (8.25 g,
25.1 mmol) in 50 mL dry THF was slowly added, and the
mixture was stirred for 15–40 min until no starting material
remained. The solution of zinc reagent was then converted to
the zinc/copper reagent 4 by the following procedure. The
solution of zinc reagent was cooled to�10 �C, and a solution
prepared from CuCN (2.27 g, 25.1 mmol) and LiCl (2.15 g,
50.2 mmol) in 50 mL dry THF was added. The mixture was
stirred at 0 �C for 10 min and then cooled to �55 �C. A so-
lution of ethyl 3-bromoprop-2-ynoate (5.91 g, 33.4 mmol) in
67 mL dry THF was introduced followed by stirring at this
temperature for 20 h. After quenching with saturated aque-
ous NH4Cl, the mixture was extracted with ethyl acetate
(3�400 mL), the combined organic layers were washed
with 400 mL water, dried (MgSO4), and concentrated in va-
cuo. The residue was separated by silica gel flash chromato-
graphy (eluted with 20% ethyl acetate/hexane) to give 6.2 g
of 5a as a yellow oil (yield 77%). [a]D

20 +55.7 (c 0.670,
CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.79 (3H, t,
J¼7.2 Hz), 1.38 (9H, s), 2.39 (1H, dd, J¼17.4, 5.4 Hz),
2.54 (1H, dd, J¼17.4, 5.1 Hz), 3.18 (3H, s), 3.81 (2H, q,
J¼7.2 Hz), 4.34 (1H, ddd, J¼7.8, 5.4, 5.1 Hz), 5.29 (1H,
d, J¼7.8 Hz). 13C NMR (75 MHz, C6D6): d 14.3, 23.3,
28.7, 52.5, 52.6, 62.1, 76.6, 80.3, 83.6, 153.5, 155.4,
170.7. IR (NaCl, neat) 3366, 2980, 2240, 1748, 1712,
1507. HRMS (FAB+) calcd mass for C14H22NO6 300.1447
(M+1), found: 300.1453. Rf 0.33 (eluted with 20% ethyl ace-
tate/hexane).

4.1.2. (S)-1-tert-Butyl 6-methyl 5-(tert-butoxycarbonyl-
amino)hex-2-ynedioate (5b). A procedure similar to the
one described above for the preparation of 5a was used for
the synthesis of 5b starting from 2.1 g (6.38 mmol) of com-
pound 3 and 1.44 g (7.02 mmol) of tert-butyl 3-bromoprop-
2-ynoate. Yield: 1.0 g (48%). [a]D

20 +52.5 (c 1.46, CH2Cl2).
1H NMR (300 MHz, C6D6): d 1.24 (9H, s), 1.37 (9H, s),
2.39 (1H, dd, J¼17.1, 5.4 Hz), 2.53 (1H, dd, J¼17.1,
5.1 Hz), 3.15 (3H, s), 4.34 (1H, ddd, J¼7.8, 5.4, 5.1 Hz),
5.26 (1H, d, J¼7.8 Hz). 13C NMR (75 MHz, C6D6):
d 23.1, 28.1, 28.6, 52.3, 52.5, 77.8, 80.2, 81.3, 83.0, 152.7,
155.4, 170.8. IR (NaCl, neat) 3366, 2980, 2244, 1750,
1709, 1505. HRMS (FAB+) calcd mass for C16H26NO6

328.1760 (M+1), found 328.1746. Rf 0.33 (eluted with
20% ethyl acetate/hexane).

4.1.3. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(trimethylstannyl)hex-2-enedioate (6).9 To a
cold (�20 �C), stirred solution of 5.2 g of hexamethylditin
(15.87 mmol) in 150 mL dry THF was added a solution of
10.7 mL (17.12 mmol) of a 1.6 M solution of methyl lithium
in ether. The mixture was stirred at�20 �C for 15 min to af-
ford a pale yellow solution of Me3SnLi. This solution was
then cooled to �78 �C and 1.66 g (18.52 mmol) of solid
CuCN was added in one portion. The mixture was stirred
at �78 �C for 5 min and at �48 �C for 15 min to afford
a bright orange solution. This solution was then cooled to
�78 �C and 0.95 mL (16.0 mmol) of dry ethanol was added.
After 5 min, a solution of compound 5a in 50 mL dry THF
was added dropwise and the mixture was stirred at �78 �C
for 4 h. NH4Cl–NH4OH buffer (200 mL, consisting of
a 9:1 ratio of saturated aqueous NH4Cl/28–30% NH4OH,
pH¼8) was added, the mixture was opened to the atmo-
sphere, allowed to warm to room temperature, and stirred
vigorously until the aqueous phase became a deep blue color.
The organic phase was separated and the aqueous phase was
extracted thoroughly with ether. The combined organic ex-
tracts were washed with brine, dried over Na2SO4, and con-
centrated. The residue was purified by silica gel flash column
chromatography (eluted with 15% ethyl acetate/hexane) to
give 5.0 g of compound 6 as a yellow oil (81% yield).
[a]D

20 +60.8 (c 2.65, CH2Cl2). 1H NMR (300 MHz, C6D6):
d 0.18 (9H, s), 0.95 (3H, t, J¼7.2 Hz), 1.36 (9H, s, 2JSn–H¼
54.3 Hz), 2.89 (1H, dd, J¼12.0, 3.9 Hz), 3.28 (3H, s), 3.90
(1H, t, J¼12.0 Hz), 3.95 (2H, q, J¼7.2 Hz), 4.68 (1H, J¼
12.0, 8.1, 3.9 Hz), 6.09 (1H, d, J¼8.1 Hz), 6.22 (1H, s,
3JSn–H¼69.0 Hz). 13C NMR (75 MHz, C6D6): d �8.7,
28.7, 28.9, 37.2, 52.3, 54.5, 79.5, 81.0, 133.4, 156.2,
164.9, 165.5, 172.8. IR (NaCl, neat) 3371, 2977, 1751,
1717, 1598, 1507, 1446 cm�1. HRMS (FAB+) calcd mass
for C19H36NO6Sn: 494.1565 (M+1), found: 494.1557. Rf

0.33 (eluted with 15% ethyl acetate/hexane).

4.1.4. (S,E)-1-Ethyl 6-methyl 3-(2-bromophenyl)-5-(tert-
butoxycarbonylamino)hex-2-enedioate (2a). A solution
of o-iodobromobenzene (41.2 mg, 0.146 mmol), CuI
(6.67 mg, 35 mmol), AsPh3 (10.7 mg, 35 mmol), and Pd2dba3

(9.45 mg, 8.74 mmol) in 1.2 mL dry DMF under Ar was
treated with compound 6 (61.3 mg, 0.132 mmol). The reac-
tion mixture was then stirred for 2 h. The solution was then
diluted with EtOAc (5 mL) and washed with water. The
combined aqueous layers were back-extracted with EtOAc
(2�5 mL). The combined organic extracts were dried over
Na2SO4, filtered, and evaporated to dryness. The resulting
oil was purified by silica gel chromatography (eluted with
25% EtOAc in hexanes) to yield 41.0 mg of 2a as a yellow
oil (yield 68%). [a]D

20 +53.2 (c 1.17, CH2Cl2). 1H NMR
(400 MHz, C6D6): d 0.91 (3H, t, J¼7.2 Hz), 1.41 (9H, s),
3.13 (3H, s), 3.33 (1H, dd, J¼12.4, 4.0 Hz), 3.88 (2H, q,
J¼7.2 Hz), 4.02 (1H, t, J¼12.4 Hz), 4.70 (1H, ddd,
J¼12.4, 6.6, 4.0 Hz), 5.89 (1H, s), 5.96 (1H, d, J¼6.6 Hz),
6.58–7.25 (4H, m). 13C NMR (75 MHz, C6D6): d 14.4,
28.7, 35.4, 52.1, 53.3, 60.9, 79.6, 121.8, 124.6, 127.9,
128.9, 130.1, 130.9, 133.6, 142.5, 156.2, 167.0, 172.5. IR
(NaCl, neat) 3382, 2978, 1748, 1717, 1645, 1507,
1436 cm�1. HRMS (FAB+) calcd mass for C20H27NO6Br:
456.1021 (M+1, 80Br), found: 456.1005. Rf 0.30 (eluted
with 25% ethyl acetate/hexane).

4.1.5. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(2-nitrophenyl)hex-2-enedioate (2b). A 25 mL
flask, equipped with a magnetic stir bar was charged with
80 mg (0.308 mmol) of PdCl2(CH3CN)2 and 10 mL of
DMF. Tri-n-butyltin hydride (182 mL, 0.339 mmol) was
added dropwise and a black precipitate was formed immedi-
ately. The mixture was stirred for 10 min and then added to
a solution of compound 6 (1.98 g, 4.27 mmol) and 1.12 g
(4.49 mmol) of o-iodonitrobenzene in DMF (50 mL) in three
portions (one portion every 5 h). The mixture was stirred
overnight. The reaction was then quenched with water and
the mixture was extracted with ether (3�100 mL). The com-
bined organic extracts were washed with 300 mL water,
dried over Na2SO4, and concentrated in vacuo. The residue
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was separated by silica gel flash column chromatography
(eluted with 25% ethyl acetate/hexane) to give 850 mg
(47% conversion and 79% yield based on recovered 6) of
2b as a yellow oil along with 800 mg of unreacted 6. [a]D

20

+17.8 (c 0.835, CH2Cl2). 1H NMR (300 MHz, C6D6):
d 0.89 (3H, t, J¼7.2 Hz), 1.42 (9H, s), 3.11 (3H, s), 3.16
(1H, dd, J¼12.9, 3.6 Hz), 3.85 (2H, q, J¼7.2 Hz), 4.03
(1H, t, J¼12.9 Hz), 4.64 (1H, ddd, J¼12.9, 9.0, 3.6 Hz),
5.75 (1H, s), 5.9 (1H, d, J¼9.0 Hz), 6.5–7.6 (4H, m). 13C
NMR (75 MHz, C6D6): d 14.8, 28.4, 35.6, 52.1, 53.3,
79.6, 81.4, 124.2, 125.3, 128.9, 131.7, 133.6, 137.3,
147.4, 153.4, 156.3, 166.3, 172.4. IR (NaCl, neat) 3389,
2979, 1747, 1716, 1640, 1608, 1528, 1367, 1347 cm�1.
HRMS (FAB+) calcd mass for C22H31N2O8: 451.2080
(M+1), found: 451.2086. Rf 0.30 (eluted with 25% ethyl
acetate/hexane).

4.1.6. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(3-cyanophenyl)hex-2-enedioate (2c). A proce-
dure similar to the one described above for the preparation
of 2a was used for the synthesis of 2c starting from 19.5 mg
(0.0421 mmol) of compound 6 and 10.6 mg (0.0464 mmol)
of 3-iodobenzonitrile. Yield: 12.0 mg (71%). [a]D

20 +46.7 (c
0.405, CH2Cl2). 1H NMR (400 MHz, C6D6): d 0.99 (3H, t,
J¼7.0 Hz), 1.36 (9H, s), 3.16 (3H, s), 3.20 (1H, dd,
J¼13.4, 10.0 Hz), 3.59 (1H, dd, J¼13.4, 9.6 Hz), 3.96
(2H, q, J¼7.0 Hz), 4.46 (1H, ddd, J¼10.0, 9.6, 8.4 Hz),
5.71 (1H, d, J¼8.4 Hz), 5.81 (1H, s), 6.40–7.20 (3H, m),
7.21 (1H, s). 13C NMR (100 MHz, C6D6): d 14.5, 28.6,
33.4, 52.1, 53.5, 60.9, 79.8, 113.9, 118.7, 122.8, 129.7,
130.9, 131.1, 132.6, 141.5, 153.0, 155.9, 166.7, 172.2. IR
(NaCl, neat) 3371, 2878, 2231, 1744, 1713, 1632,
1510 cm�1. HRMS (FAB+) calcd mass for C21H27N2O6

403.1869 (M+1), found 403.1869. Rf 0.30 (eluted with
25% ethyl acetate/hexane).

4.1.7. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(5-oxocyclopent-1-enyl)hex-2-enedioate (2d).
A procedure similar to the one described above for the prep-
aration of 2a was used for the synthesis of 2d starting from
21.0 mg (0.0454 mmol) of compound 6 and 8.05 mg
(0.05 mmol) of 4-bromocyclopent-2-enone. Yield: 13.3 mg
(77%). [a]D

20 +46.5 (c 0.550, CH2Cl2). 1H NMR
(300 MHz, C6D6): d 0.91 (3H, t, J¼6.9 Hz), 1.39 (9H, s),
1.58 (2H, m), 1.78 (2H, t, J¼4.5 Hz), 3.07 (1H, dd,
J¼13.5, 5.1 Hz), 3.33 (3H, s), 3.74 (1H, J¼13.5, 10.8 Hz),
3.91 (2H, q, J¼6.9 Hz), 4.70 (1H, ddd, J¼10.8, 8.1,
6.9 Hz), 6.37 (1H, d, J¼8.1 Hz), 7.41 (1H, t, J¼3.0 Hz),
7.66 (1H, s). 13C NMR (100 MHz, C6D6): d 14.7, 26.3,
28.9, 32.6, 36.2, 52.4, 54.5, 61.0, 79.8, 122.5, 140.5,
144.0, 156.4, 163.0, 168.4, 172.8, 205.7. IR (NaCl,
neat) 3371, 2978, 1746, 1708, 1625, 1510, 1367 cm�1.
HRMS (FAB+) calcd mass for C19H28NO7 382.1866
(M+1), found 382.1873. Rf 0.30 (eluted with 50% ethyl
acetate/hexane).

4.1.8. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(5-oxo-2,5-dihydrofuran-3-yl)hex-2-enedioate
(2e). A procedure similar to the one described above for the
preparation of 2a was used for the synthesis of 2e starting
from 45.0 mg (0.097 mmol) of compound 6 and 17.4 mg
(0.107 mmol) of 4-bromofuran-2(5H)-one. Yield: 21.1 mg
(57%). [a]D

20 +36.0 (c 2.19, CH2Cl2). 1H NMR (300 MHz,
C6D6): d 0.93 (3H, t, J¼7.2 Hz), 1.35 (9H, s), 2.90 (1H, dd,
J¼13.2, 4.8 Hz), 3.21 (1H, dd, J¼13.2, 9.6 Hz), 3.24 (3H,
s), 3.87 (2H, q, J¼7.2 Hz), 3.96 (2H, s), 4.69 (1H, ddd,
J¼9.6, 8.1, 4.8 Hz), 5.34 (1H, s), 5.62 (1H, d, J¼8.1 Hz),
6.15 (1H, s). 13C NMR (75 MHz, C6D6): d 14.4, 28.6,
32.3, 52.4, 53.9, 61.3, 70.0, 80.0, 120.3, 123.2,
143.9, 155.9, 162.1, 166.0, 171.9, 172.2. IR (NaCl, neat)
3376, 2979, 1789, 1752, 1714, 1630, 1599, 1507 cm�1.
HRMS (FAB+) calcd mass for C18H26NO8 384.1658
(M+1), found 384.1673. Rf 0.30 (eluted with 50% ethyl
acetate/hexane).

4.1.9. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(thiophen-3-yl)hex-2-enedioate (2f). A procedure
similar to the one described above for the preparation of 2a
was used for the synthesis of 2f starting from 19.6 mg
(0.0423 mmol) of compound 6 and 9.8 mg (0.0466 mmol)
of 3-iodothiophene. Yield: 13.0 mg (80%). [a]D

20 +46.1 (c
0.460, CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.99 (3H, t,
J¼7.1 Hz), 1.38 (9H, s), 3.27 (1H, dd, J¼12.9, 5.1 Hz),
3.28 (3H, s), 3.76 (1H, dd, J¼12.9, 9.9 Hz), 3.96 (2H, q,
J¼6.9 Hz), 4.77 (1H, ddd, J¼7.8, 6.9, 5.1 Hz), 6.22 (1H,
d, J¼7.8 Hz), 6.26 (1H, s), 6.65 (1H, dd, J¼5.1, 3.0 Hz),
6.88 (1H, dd, J¼5.1, 1.5 Hz), 7.35 (1H, dd, J¼3.0,
1.5 Hz). 13C NMR (100 MHz, C6D6): d 14.8, 28.9, 33.4,
52.3, 54.9, 60.8, 79.7, 118.5, 125.8, 125.9, 126.9, 141.3,
148.7, 156.1, 167.8, 172.6. IR (NaCl, neat) 3366, 2978,
1745, 1711, 1698, 1619, 1503, 1450 cm�1. HRMS
(FAB+) calcd mass for C18H26NO6S 384.1481 (M+1),
found 384.1489. Rf 0.40 (eluted with 20% ethyl acetate/
hexane).

4.1.10. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(5-formylfuran-2-yl)hex-2-enedioate (2g). A pro-
cedure similar to the one described above for the preparation
of 2a was used for the synthesis of 2g starting from 53.5 mg
(0.116 mmol) of compound 6 and 28.2 mg (0.127 mmol) of
5-iodofuran-2-carbaldehyde. Yield: 38.4 mg (84%). [a]D

20

+27.2 (c 1.13, CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.94
(3H, t, J¼7.1 Hz), 1.36 (9H, s), 3.17 (1H, dd, J¼13.2,
5.7 Hz), 3.29 (3H, s), 3.50 (1H, dd, J¼13.2, 9.9 Hz), 3.90
(2H, q, J¼7.1 Hz), 4.69 (1H, ddd, J¼9.9, 8.1, 5.7 Hz), 6.02
(1H, d, J¼8.1 Hz), 6.37 (1H, d, J¼4.2 Hz), 6.55 (1H, d,
J¼4.2 Hz), 6.67 (1H, s), 9.13 (1H, s). 13C NMR (75 MHz,
C6D6): d 14.4, 28.6, 31.1, 52.3, 54.7, 61.0, 79.9, 113.9,
119.6, 121.1, 140.6, 153.4, 156.2, 156.7, 167.2, 172.2,
177.7. IR (NaCl, neat) 3366, 2978, 1746, 1713, 1683,
1623, 1500, 1447 cm�1. HRMS (FAB+) calcd mass for
C19H26NO8 396.1658 (M+1), found 396.1649. Rf 0.25
(eluted with 25% ethyl acetate/hexane).

4.1.11. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(4-formylphenyl)hex-2-enedioate (2h). A proce-
dure similar to the one described above for the preparation of
2b was used for the synthesis of 2h starting from 45.0 mg
(0.0972 mmol) of compound 6 and 21.6 mg (0.117 mmol)
of 4-iodobenzaldehyde. Yield: 26.4 mg (67%). [a]D

20 +66.8
(c 0.467, CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.99
(3H, t, J¼6.9 Hz), 1.37 (9H, s), 3.19 (3H, s), 3.28 (1H, dd,
J¼13.2, 5.1 Hz), 3.75 (1H, dd, J¼13.2, 9.9 Hz), 3.87 (2H,
q, J¼6.9 Hz), 4.55 (1H, ddd, J¼9.9, 8.4, 5.1 Hz), 5.80
(1H, d, J¼8.4 Hz), 6.03 (1H, s), 7.12 (2H, d, J¼4.8 Hz),
7.39 (2H, d, J¼4.8 Hz), 9.59 (1H, s). 13C NMR (400 MHz,
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C6D6): d 14.5, 28.7, 33.4, 52.1, 53.7, 60.9, 79.7, 122.7,
130.0, 130.2, 137.4, 145.7, 154.2, 155.9, 166.9, 172.4,
191.0. IR (NaCl, neat) 3371, 2979, 1745, 1704, 1604,
1511 cm�1. HRMS (FAB+) calcd mass for C21H28NO7

406.1866 (M+1), found 406.1874. Rf 0.30 (eluted with
33% ethyl acetate/hexane).

4.1.12. (S,E)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(tri-n-butylstannyl)hex-2-enedioate (7a) and
(S,E)-1-ethyl 6-methyl 5-(tert-butoxycarbonylamino)-3-
(tri-n-butylstannyl)hex-2-enedioate (7b).18 A solution of
compound 5a (347.8 mg, 022 mmol) and Pd(PPh3)4 (5 mg,
4.3 mmol) in dry THF (10 mL) under Ar was treated with
tri-n-butyltin hydride (343 mmol, 0.24 mmol). The reaction
mixture was then stirred for 2 h and the solvent was evapo-
rated to dryness. The resulting oil was purified by silica gel
chromatography (eluted with 5% ethyl acetate, 95% hex-
ane). The fast eluting compound was 7b (66 mg, 10%) and
the slower eluting substance was 7a (487 mg, yield 71%).
Data for 7a: [a]D

20 +33.5 (c 1.10, CH2Cl2). 1H NMR
(400 MHz, C6D6): d 0.96 (9H, t, J¼7.6 Hz), 1.01 (3H, t,
J¼7.2 Hz), 1.02 (6H, t, J¼8.8 Hz), 1.37 (6H, m), 1.42
(9H, s), 1.59 (6H, m), 2.90 (2H, m), 3.28 (3H, s), 3.95
(2H, q, J¼7.2 Hz), 4.58 (1H, ddd, J¼13.2, 7.2, 0.4 Hz),
5.76 (1H, d, J¼7.2 Hz), 6.09 (1H, t, J¼7.4 Hz, 3JSn–H¼
45.0 Hz). 13C NMR (100 MHz, C6D6): d 11.0, 14.3, 14.7,
28.0, 28.7, 29.6, 35.2, 52.1, 54.0, 60.8, 79.6, 141.1, 146.9,
156.1, 171.1, 172.8. IR (NaCl, neat) 3364, 2957, 2928,
2872, 2854, 1754, 1719, 1607, 1500 cm�1. HRMS (FAB+)
calcd mass for C26H50NO6Sn: 591.2671 (M+1), found:
591.2647. Rf 0.33 (eluted with 10% ethyl acetate/hexane).
Data for 7b: [a]D

20 +54.3 (c 3.30, CH2Cl2). 1H NMR
(400 MHz, C6D6): d 0.93 (9H, t, J¼7.4 Hz), 0.94 (3H, t,
J¼7.0 Hz), 1.02 (6H, t, J¼8.2 Hz), 1.36 (6H, m), 1.41
(9H, s), 1.58 (6H, m), 2.97 (1H, dd, J¼12.4, 3.6 Hz), 3.31
(3H, s), 3.92 (2H, q, J¼7.0 Hz), 4.02 (1H, t, J¼12.4 Hz),
4.71 (1H, ddd, J¼12.4, 12.4, 8.4 Hz), 6.23 (1H, d,
J¼8.4 Hz), 6.34 (1H, s, 3JSn–H¼60.0 Hz). 13C NMR
(100 MHz, C6D6): d 10.7, 14.2, 14.5, 28.1, 28.8, 29.7,
37.6, 52.2, 54.6, 60.6, 79.5, 132.1, 156.5, 165.3, 168.1,
173.0. IR (NaCl, neat) 3364, 2957, 2929, 2872, 2854,
1754, 1719, 1607, 1503 cm�1. HRMS (FAB+) calcd mass
for C26H50NO6Sn: 591.2671 (M+1), found: 591.2671. Rf

0.30 (eluted with 15% ethyl acetate/hexanes).

4.1.13. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(4-methoxyphenyl)hex-2-enedioate (8a). A pro-
cedure similar to the one described above for the preparation
of 2a was used for the synthesis of 8a starting from 40.0 mg
(0.0678 mmol) of compound 7a and 17.4 mg (0.0745 mmol)
of 1-iodo-4-methoxybenzene. Yield: 20.4 mg (74%). [a]D

20

+20.9 (c 0.675, CH2Cl2). 1H NMR (300 MHz, C6D6):
d 0.94 (3H, t, J¼7.1 Hz), 1.42 (9H, s), 2.81 (2H, t,
J¼7.2 Hz), 3.25 (3H, s), 3.28 (3H, s), 4.01 (2H, q,
J¼7.1 Hz), 4.61 (1H, q, J¼7.5 Hz), 5.71 (1H, d, J¼
7.5 Hz), 5.89 (1H, t, J¼7.5 Hz), 6.72 (2H, d, J¼8.7 Hz),
7.23 (2H, d, J¼8.7 Hz). 13C NMR (75 MHz, C6D6):
d 14.4, 28.7, 33.5, 52.1, 54.1, 55.1, 61.2, 79.8, 114.4,
129.3, 130.6, 131.6, 138.5, 156.1, 160.4, 168.6, 172.8. IR
(NaCl, neat) 3371, 2978, 1745, 1715, 1608, 1513 cm�1.
HRMS (FAB+) calcd mass for C21H30NO7 408.2022
(M+1), found 408.2003. Rf 0.33 (eluted with 33% ethyl
acetate/hexane).
4.1.14. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(3-cyanophenyl)hex-2-enedioate (8b). A proce-
dure similar to the one described above for the preparation
of 2a was used for the synthesis of 8b starting from
41.3 mg (0.070 mmol) of compound 7a and 17.6 mg
(0.077 mmol) of 3-iodobenzonitrile. Yield: 22.0 mg (79%).
[a]D

20 +27.4 (c 0.625, CH2Cl2). 1H NMR (300 MHz,
C6D6): d 0.84 (3H, t, J¼6.9 Hz), 1.41 (9H, s), 2.82 (1H, t,
J¼7.5 Hz), 3.25 (3H, s), 3.88 (2H, q, J¼6.9 Hz), 4.57 (1H,
q, J¼7.5 Hz), 5.53 (1H, d, J¼7.2 Hz), 5.75 (1H, t,
J¼7.8 Hz), 6.61 (1H, t, J¼7.5 Hz), 6.8–7.4 (4H, m). 13C
NMR (100 MHz, C6D6): d 14.3, 28.7, 33.7, 52.3, 53.8,
61.5, 80.1, 113.5, 118.9, 129.2, 131.5, 131.8, 132.1,
136.1, 138.1, 139.5, 156.0, 166.8, 172.5. IR (NaCl,
neat) 3373, 2979, 2231, 1745, 1716, 1511, 1438 cm�1.
HRMS (FAB+) calcd mass for C21H27N2O6 403.1869
(M+1), found 403.1864. Rf 0.30 (eluted with 25% ethyl
acetate/hexane).

4.1.15. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(5-oxocyclopent-1-enyl)hex-2-enedioate (8c).
A procedure similar to the one described above for the prep-
aration of 2a was used for the synthesis of 8c starting from
42.4 mg (0.0718 mmol) of compound 7a and 12.7 mg
(0.079 mmol) of 4-bromocyclopent-2-enone. Yield: 19.7 mg
(72%). [a]D

20 +20.2 (c 0.130, CH2Cl2). 1H NMR
(300 MHz, C6D6): d 1.01 (3H, t, J¼7.2 Hz), 1.66 (9H, s),
1.68 (2H, m), 1.85 (2H, m), 2.83 (2H, m), 3.30 (3H, s),
4.05 (2H, q, J¼7.2 Hz), 4.59 (1H, m), 5.64 (1H, d,
J¼6.9 Hz), 6.82 (1H, t, J¼7.8 Hz), 6.96 (1H, t, J¼2.9 Hz).
13C NMR (75 MHz, C6D6): d 14.5, 26.3, 28.7, 33.2, 35.3,
52.2, 53.9, 61.4, 79.7, 130.0, 135.6, 140.5, 156.0, 160.0,
167.0, 172.6, 205.6. IR (NaCl, neat) 3367, 2978, 1745,
1709, 1509, 1367 cm�1. HRMS (FAB+) calcd mass for
C19H28NO7 382.1866 (M+1), found 382.1874. Rf 0.33
(eluted with 50% ethyl acetate/hexane).

4.1.16. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(5-oxo-2,5-dihydrofuran-3-yl)hex-2-enedioate
(8d). A procedure similar to the one described above for
the preparation of 2a was used for the synthesis of 8e starting
from 36.0 mg (0.061 mmol) of compound 7a and 10.93 mg
(0.0671 mmol) of 4-bromofuran-2(5H)-one. Yield: 16.0 mg
(69%). [a]D

20 +20.8 (c 1.00, CH2Cl2). 1H NMR (300 MHz,
C6D6): d 0.82 (3H, t, J¼7.2 Hz), 1.37 (9H, s), 2.65 (1H,
m), 2.66 (1H, t, J¼8.1 Hz), 3.21 (3H, s), 3.81 (2H, q,
J¼7.2 Hz), 4.11 (2H, s), 4.40 (1H, dd, J¼14.1, 8.1 Hz),
5.36 (1H, d, J¼8.1 Hz), 5.54 (1H, t, J¼7.8 Hz), 5.98 (1H,
s). 13C NMR (75 MHz, C6D6): d 14.2, 28.6, 33.7, 52.4,
53.5, 61.8, 70.5, 80.3, 117.5, 129.5, 140.4, 155.9, 158.7,
164.9, 172.1, 172.9. IR (NaCl, neat) 3364, 2979, 1785,
1750, 1716, 1634, 1516 cm�1. HRMS (FAB+) calcd mass
for C18H26NO8 384.1658 (M+1), found 384.1649. Rf 0.30
(eluted with 50% ethyl acetate/hexane).

4.1.17. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(thiophen-3-yl)hex-2-enedioate (8e). A proce-
dure similar to the one described above for the preparation
of 2a was used for the synthesis of 8e starting from
35.6 mg (0.0603 mmol) of compound 7a and 13.9 mg
(0.0633 mmol) of 3-iodothiophene. Yield: 19.4 mg (84%).
[a]D

20 +17.0 (c 0.635, CH2Cl2). 1H NMR (300 MHz,
C6D6): d 0.91 (3H, t, J¼7.1 Hz), 1.40 (9H, s), 2.76 (2H, t,
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J¼7.5 Hz), 3.25 (3H, s), 3.96 (2H, q, J¼7.1 Hz), 4.57 (1H, q,
J¼7.5 Hz), 5.64 (1H, d, J¼7.5 Hz), 5.95 (1H, t, J¼8.1 Hz),
6.77 (1H, dd, J¼5.1, 3.3 Hz), 6.94 (1H, dd, J¼5.1, 1.2 Hz),
7.08 (1H, dd, J¼3.3, 1.2 Hz). 13C NMR (75 MHz, C6D6):
d 14.6, 28.9, 33.5, 52.3, 54.2, 61.5, 79.9, 123.2, 125.9,
127.2, 132.3, 133.4, 138.6, 156.0, 168.5, 172.6. IR (NaCl,
neat) 3372, 2978, 1743, 1717, 1506, 1436, 1366 cm�1.
HRMS (FAB+) calcd mass for C18H26NO6S 384.1481
(M+1), found 384.1486. Rf 0.30 (eluted with 25% ethyl ace-
tate/hexane).

4.1.18. (S,Z)-1-Ethyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-2-(5-formylfuran-2-yl)hex-2-enedioate (8f). A pro-
cedure similar to the one described above for the preparation
of 2a was used for the synthesis of 8f starting from 40.3 mg
(0.0683 mmol) of compound 7a and 16.7 mg (0.0751 mmol)
of 5-iodofuran-2-carbaldehyde. Yield: 20.5 mg (76%). [a]D

20

�1.3 (c 0.555, CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.92
(3H, t, J¼7.2 Hz), 1.39 (9H, s), 2.78 (2H, t, m), 3.23 (3H,
s), 3.93 (2H, q, J¼7.2 Hz), 4.50 (1H, m), 5.42 (1H, d,
J¼7.8 Hz), 6.36 (1H, d, J¼3.6 Hz), 6.46 (1H, d, J¼3.6 Hz),
6.66 (1H, t, J¼7.95 Hz), 9.22 (1H, s). 13C NMR (75 MHz,
C6D6): d 14.3, 28.6, 33.2, 52.2, 53.7, 61.8, 80.0, 111.8,
121.8, 127.0, 137.5, 152.8, 154.9, 155.9, 165.0, 172.4,
177.0. IR (NaCl, neat) 3365, 2979, 1742, 1716, 1678, 1500,
1439 cm�1. HRMS (FAB+) calcd mass for C19H26NO8

396.1658 (M+1), found 396.1640. Rf 0.30 (eluted with 33%
ethyl acetate/hexane).

4.1.19. (S,E)-1-tert-Butyl 6-methyl 5-(tert-butoxycar-
bonylamino)-3-(trimethylstannyl)hex-2-enedioate (9). A
procedure similar to the one described above for the prepara-
tion of 6 was used for the synthesis of 9 starting from 0.91 mg
(2.78 mmol) of compound 5b and 1.09 g (3.34 mmol) of
hexamethylditin. Yield: 729 mg (53%). [a]D

20 +60.8 (c 2.65,
CH2Cl2). 1H NMR (300 MHz, C6D6): d 0.13 (9H, s, 2JSn–H¼
54.3 Hz), 1.36 (9H, s), 1.42 (9H, s), 2.89 (1H, dd, J¼12.0,
3.9 Hz), 3.28 (3H, s), 3.95 (1H, t, J¼12.0 Hz), 4.68 (1H,
J¼12.0, 8.1, 3.9 Hz), 6.09 (1H, d, J¼8.1 Hz), 6.22 (1H, s,
3JSn–H¼69.0 Hz). 13C NMR (75 MHz, C6D6): d �8.7, 28.7,
28.9, 37.2, 52.3, 54.5, 79.5, 81.0, 133.4, 156.2, 164.9,
165.5, 172.8. IR (NaCl, neat) 3371, 2977, 1751, 1717,
1598, 1507, 1446 cm�1. HRMS (FAB+) calcd mass for
C19H36NO6Sn 494.1565 (M+1), found 494.1557. Rf 0.33
(eluted with 15% ethyl acetate/hexane).

4.1.20. (S,E)-1-tert-Butyl 6-methyl 5-(tert-butoxycarbonyl-
amino)-3-(2-nitrophenyl)hex-2-enedioate (10). A proce-
dure similar to the one described above for the preparation
of 2b was used for the synthesis of 10 starting from 404 mg
(1.03 mmol) of compound 9 and 284 mg (1.14 mmol) of
o-iodonitrobenzene. Product of 94.9 mg was obtained along
with the recovery of 246 mg compound 9 (25% conversion
and 66% yield based on recovered 9). [a]D

20 +17.8 (c
0.835, CH2Cl2). 1H NMR (300 MHz, C6D6): d 1.36 (9H,
s), 1.42 (9H, s), 3.11 (3H, s), 3.16 (1H, dd, J¼12.9,
3.6 Hz), 4.03 (1H, t, J¼12.9 Hz), 4.64 (1H, ddd, J¼12.9,
9.0, 3.6 Hz), 5.75 (1H, s), 6.02 (1H, d, J¼9.0 Hz), 6.5–7.6
(4H, m). 13C NMR (75 MHz, C6D6): d 28.4, 28.8, 35.6,
52.1, 53.3, 79.6, 81.4, 124.2, 125.3, 128.9, 131.7, 133.6,
137.3, 147.4, 153.4, 156.3, 166.3, 172.4. IR (NaCl, neat)
3389, 2979, 1747, 1716, 1640, 1608, 1528, 1367,
1347 cm�1. HRMS (FAB+) calcd mass for C22H31N2O8
451.2080 (M+1), found 451.2086. Rf 0.30 (eluted with
25% ethyl acetate/hexane).
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Abstract—Investigation of the palladium-catalyzed tandem cyclization-cross-coupling reaction using indolylborate (2) as a transfer agent
has been carried out. Furthermore, the cross-coupling reaction performed under carbon monoxide led to the generation of indolyl ketones.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-catalyzed cross-coupling reactions have now become
a quite significant synthetic tool for the carbon–carbon bond
formation, and have furnished an enormous variety of fasci-
nating transformations.1 Within this research, the search for
palladium-catalyzed tandem Heck-type carbocyclization-
cross-coupling reactions has provided a vast development
that complex entities can be built up in a one-pot protocol,2

in which various organometallic reagents such as zinc, tin,
and magnesium compounds were adapted as transfer agents
to take advantage of their high reactivity. The Suzuki cross-
coupling protocol has now emerged as the method of choice
in various chemical transformations,3 for which phenyl-
boronic acid is ranked among the premier transfer agents,
whereas the use of organoboron compounds in the tandem
process is of limited significance.4 Notably, tetravalent orga-
noboron compounds (ate complexes) have proven to offer
less practical advantages over other agents.5

In connection with our project to elucidate indolylborate (2)
as a potential synthetic intermediate,6 we have previously
disclosed that 2 is highly effective, though nevertheless an
ate complex, in the palladium-catalyzed cross-coupling pro-
cess.7 By taking advantage of the attractive features of 2 in
the cross-coupling reaction, we have interested in whether
2 might also be valid as a transfer agent in the palladium-
catalyzed tandem cyclization-cross-coupling process, and
herein, we report the detailed results of our investigation.8

Keywords: Indolylborate; Cascade reaction; Cross-coupling reaction;
Carbonylation; Palladium catalyst.
* Corresponding author. Tel./fax: +81 133 23 1245; e-mail: ishikura@

hoku-iryo-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.065
2. Results and discussion

At first, we have set about our study by reacting 2, generated
from the corresponding indole (1) and triethylborane in
situ,9 with 3 in the presence of a catalytic amount of palla-
dium complex (5 mol %). The following common mechanis-
tic scheme might account for the present reaction (Scheme
1); (1) the palladium-catalyzed Heck-type cyclization of 3,
(2) the transmetalation between complex (A) and 2 possibly
involving transfer of the indole ring and/or the Et group, and
(3) the subsequent reductive elimination. The implementa-
tion of the present protocol requires a potent transfer of
the indole ring of 2 (A/B) to produce 4, while competitive
transfer of the ethyl group of 2 (A/C) should account for
the formation of 5.

On treating 2a with 1 and 2 equiv of 3a in the presence of
Pd(OAc)2, 4a was obtained in 60 and 53% yields, respec-
tively, along with substantial amounts of 5a as a byproduct.
Eventually, the successful reaction of 2a with 3a could be
achieved using an excess amount of 2a (ca. 2 equiv) in the
presence of Pd(OAc)2 in THF at 60 �C, which proceeded to
completion within 30 min, allowing the isolation of 4a in
78% yield along with trace amounts of 5a (Table 1). On the
other hand, marked retardation in the yield of 4a and the ap-
preciable appearance of 5a were observed in the reaction
with PPh3. Under the same conditions, treatment of 2a with
bromide (3b) resulted in a lower yield of 4a together with
substantial amounts of 5a.

The (E)-configuration in 4a was firmly established based on
NOE experiments, in which irradiation of the H20-proton at
d 4.82 gave NOE enhancement of the methyl group at d 2.04
(Chart 1).

mailto:ishikura@hoku-iryo-u.ac.jp
mailto:ishikura@hoku-iryo-u.ac.jp
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Scheme 1.
It is possible that the increased steric bulkiness on the Pd in
A (L¼PPh3) or the decrease in the positive charge on the Pd
in A (X¼Br)10 might hamper the coordination–transmetala-
tion step, thus allowing enough time for side reactions and
resulting in the formation of 4a and 5a with the observed
selectivity.

A clear steric effect was observed during the reaction of
N-Boc-indolylborate (2c). The reaction of 2c with 3a
became sluggish, giving 4f in 23% yield along with 5a
(20%) and unreacted 3a (18%) after heating for 2 h. With
3c having a bulky TMS group on the alkyne terminus, the
reaction of 2c failed to isolate cross-coupling products, re-
sulting in substantial amounts of 3c and other unidentified
compounds.

Chart 1.
The reaction of 2a with 3e and 3f was messy, allowing the
isolation of 4c only in a low yield. This is likely due to the
lower stability of complex (A) (R¼H) during the transmeta-
lation step.

A closely related reaction outcome could be observed on the
reaction of 2 with 6 (Table 2). When the reaction was per-
formed in the presence of PPh3, a decrease in the yield of
7 and the appearance of 8 were observed.

Subjection of iodides (9)11 to the reaction with 2a under the
same conditions also afforded cross-coupling products (10)
in good yields (Scheme 2).

To explore the advantage of this reaction, we next investi-
gated the reaction of 2 with 11 having an olefin moiety under
the same conditions. The initially attempted reaction of 2a
with 11 was messy, and resulted in the isolation of 12 and
13 in low yields (Table 3).

Due to the possible presence of multiple paths acting simul-
taneously in the decomposition of the s-alkyl palladium
complex (D),12 there is no clear account for the formation
of 12. One possibility suggests that the homolytic cleavage
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Table 1. Tandem cyclization-cross-coupling reaction of 2 with 3a

2 3 PdLn Time
(h)

Yield (%)b

of 4
Yield (%)b

of 5

2a 3a Pd(OAc)2 1 53 (4a)c 13 (5a)c

2a 3a Pd(OAc)2 1 60 (4a)d 10 (5a)d

2a 3a Pd(OAc)2 0.5 78 (4a) —
2a 3a Pd(OAc)2+2PPh3 1 37 (4a) 30 (5a)
2a 3a Pd2(dba)3CHCl3 0.5 75 (4a) —
2a 3a Pd2(dba)3CHCl3+4PPh3 1 34 (4a) 31 (5a)
2a 3a PdCl2(CH3CN)2 0.5 75 (4a) —
2a 3b Pd(OAc)2 1 53 (4a) 15 (5a)
2a 3b Pd(OAc)2+2PPh3 1 35 (4a) 23 (5a)
2a 3b Pd2(dba)3CHCl3 1 50 (4a) 20 (5a)
2a 3b Pd2(dba)3CHCl3+4PPh3 2 29 (4a) 35 (5a)
2a 3b PdCl2(CH3CN)2 1 53 (4a) 15 (5a)
2a 3b PdCl2(CH3CN)2+2PPh3 2 35 (4a) 25 (5a)
2a 3c Pd(OAc)2 0.5 71 (4b) —
2a 3c PdCl2(CH3CN)2 0.5 71 (4b) —
2a 3c Pd2(dba)3CHCl3 0.5 72 (4b) —
2a 3d Pd(OAc)2 1 55 (4b) 15 (5b)
2a 3d PdCl2(CH3CN)2 1 51 (4b) 15 (5b)
2a 3e Pd(OAc)2 0.5 34 (4c) —
2a 3e Pd(OAc)2+2PPh3 1 24 (4c) —
2a 3e Pd2(dba)3CHCl3 0.5 29 (4c) —
2a 3e Pd2(dba)3CHCl3+4PPh3 1 12 (4c) —
2a 3f Pd(OAc)2 1 27 (4c) —
2a 3f Pd(OAc)2+2PPh3 1 18 (4c) —
2b 3a Pd(OAc)2 1 70 (4d) —
2b 3c Pd(OAc)2 1 65 (4e) 10 (5b)
2b 3b Pd(OAc)2 1 55 (4d) 10 (5a)
2b 3d Pd(OAc)2 1 43 (4e) 15 (5b)
2c 3a Pd(OAc)2 3 23 (4f) 20 (5a)
2c 3c Pd(OAc)2 3 — —

a The reaction was carried out using indole (1) (2 equiv), 3 (1 equiv), and
palladium complex (5 mol %) in THF under argon atmosphere at 60 �C.

b Yields based on 3.
c Indole (1a) (1 equiv) and 3a (2 equiv) and yield based on 1a.
d Indole (1a) (1 equiv) and 3a (1 equiv).
of the C–Pd bond, a commonly observable side reaction, is
responsible for the generation of 12 (Scheme 3).13 On the
other hand, the nucleophilic attack of 2a with a spontaneous
intramolecular alkyl migration to complex (D) could have
produced 13.14

As several factors are generally known to enhance the stabil-
ity of the s-monoalkyl palladium complex, an increase in
sterical hindrance was envisioned to exert an influence on
the stability of s-alkyl palladium intermediate, enabling
the cross-coupling reaction to proceed.

Then, we next carried out the reaction using 14 under the
same conditions (Table 4). As was expected, treatment of
2a,b with 14 in the presence of Pd(OAc)2 smoothly produced
the cross-coupling product (15) in good yields. However, the
presence of PPh3 markedly altered the reaction outcome by
resulting in a lower yield of 15 along with 16.15 A reason
for this result is that the s-alkyl palladium intermediate, gen-
erated from 14 by the way of carbopalladation, might possi-
bly undergo homolytic cleavage of the C–Pd bond to give 16.

Otherwise, treatment of 2a with 17 allowed the isolation of
two kinds of cross-coupling products 18a and 19a, in which
a marked propensity for the yield of 18a to exceed that of
19a in the presence of PPh3 was observed (Table 5). To
our surprise, 19b was exclusively obtained in the reaction
of 2b with 17, and no additional products by way of the cas-
cade reaction were isolated. The reaction of 2c was also
sluggish, giving rise to lower yield of 18b together with
the recovery of unreacted 17.

The conformational space of 14 is restricted by the presence
of carbonyl sp2 carbon involved in the tether, which enforces
Table 2. Tandem cyclization-cross-coupling reaction of 2 with 6

PdLn (5 mol%)
THF / Ar / reflux N

Z

1) tert- or
    n-BuLi

2) BEt3
N

O

Me

R7

1 [ 2 ]

I

N

O
Me

R
a: R=Me
b: R=TMS

6

a: Z=Me    R=Me
b: Z=Me    R=TMS
c: Z=OMe  R=Me
d: Z=OMe  R=TMS
e: Z=Boc    R=Me

N

O

Me

R8

+

a: R=Me
b: R=TMS

2 6 PdLn Time (h) Yield (%)a of 7 Yield (%)a of 8

2a 6a Pd(OAc)2 0.5 74 (7a) —
2a 6a Pd(OAc)2+2PPh3 0.5 55 (7a) 18 (8a)
2a 6a Pd2(dba)3CHCl3 0.5 71 (7a) —
2a 6a PdCl2(CH3CN)2 0.5 70 (7a) —
2a 6a PdCl2(CH3CN)2+2PPh3 0.5 55 (7a) 10 (8a)
2a 6b Pd(OAc)2 0.5 73 (7b) —
2a 6b PdCl2(CH3CN)2 0.5 63 (7b) 5 (8b)
2b 6a Pd(OAc)2 0.5 43 (7c) —
2b 6b Pd(OAc)2 0.5 45 (7d) —
2c 6a Pd(OAc)2 2 23 (7e) 15 (8a)b

2c 6b Pd(OAc)2 4 — 20 (8b)c

a Yields based on 6.
b Recovery of 6a (20%).
c Recovery of 6b (30%) with unidentified products.
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Table 3. Tandem cyclization-cross-coupling reaction of 2 with 11

PdLn (5 mol%)
THF / Ar / reflux N

Me

1) tert-BuLi
2) BEt3

13

1a [ 2a]

I

N

11

Me
O

Me

N
Me12

O

N

Me

Me

O

+

PdLn Time (h) Yield (%)a of 12 Yield (%)a of 13

Pd(OAc)2 0.5 26 4
Pd(OAc)2+2PPh3 0.5 —b —b

Pd2(dba)3CHCl3 0.5 29 5
PdCl2(CH3CN)2 0.5 24 2

a Yields based on 11.
b Unidentified products.

Scheme 2.
Heck-type cyclization path. On the other hand, the lack of
conformational restriction in 17 and free rotation around
the C–N bond before the cyclization now made the direct
cross-coupling process more favorable. Stabilization through
the coordination of PPh3 seems to be enough to minimize
the transmetalation, so that the tandem cyclization-cross-
coupling process might proceed.

Scheme 3.
Upon treatment of 2 with 20 under the same conditions,
cross-coupling products 21 and 22 were similarly obtained,
where the yield of 21 was greater than that of 22 in the ab-
sence of PPh3 (Table 6).

These results demonstrate that indolylborate (2) successfully
serves as a transfer agent in the tandem cyclization-cross-
coupling reaction. As we have previously reported the suc-
cessful use of 2 for indolyl ketone synthesis by the way of
the palladium-catalyzed carbonylative-cross-coupling reac-
tion,16 we then wondered if this protocol could be expanded
to the cascade of cyclization–carbonylation-cross-coupling
process.

When 2a was simply treated with 14 in the presence of
PdCl2(PPh3)2 (5 mol %) in THF at 60 �C under carbon mon-
oxide (10 atm), a 65% yield of ketone (23a) was obtained to-
gether with a small amount of 15a (Table 7). The reaction
using 2c was less effective, producing ketone (23b) in
51% yield accompanied by the recovery of unreacted 14.

Under the same conditions, the reaction of 2a with 17 also
proceeded to afford ketone (24) along with 18a and 19a. Un-
fortunately, on the treatment of 2a with 20, ketone (25) was
obtained but in low a yield allowing the isolation of ketone
(26) along with 22 (Scheme 4).

In summary, we have disclosed that 2, which is a tetravalent
organoboron compound, could offer practical advantages as
a transfer agent in the palladium-catalyzed tandem cycliza-
tion-cross-coupling reaction. Moreover, it was also shown
that 2 is effective for tandem cyclization–carbonylation-
cross-coupling reactions, providing indolyl ketones.
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Table 4. Tandem cyclization-cross-coupling reaction of 2 with 14

PdLn (5 mol%)
THF / Ar / reflux

N
Z

1) tert- or
    n-BuLi
2) BEt3

15

1 [ 2 ]
N Me

O
Me

I

N

14

Me
O

Me

Me

N Me

O
Me

+

16
a: Z=Me
b: Z=OMe
c: Z=Boc

2 PdLn Time (h) Yield (%)a of 15 Yield (%)a of 16

2a Pd(OAc)2 0.5 75 (15a) —
2a Pd(OAc)2+2PPh3 0.5 53 (15a) 16
2b Pd(OAc)2 0.5 74 (15b) —
2b PdCl2(CH3CN)2 0.5 70 (15b) —
2c Pd(OAc)2 6 12 (15c) 30
2c Pd(OAc)2+2PPh3 6 — 45

a Yields based on 14.

Table 5. Tandem cyclization-cross-coupling reaction of 2 with 17

PdLn (5 mol%)
THF / Ar / reflux

N
Z

1) tert- or
    n-BuLi
2) BEt3

18

1 [ 2 ]
N Ac

Me

I

N

17

Ac

Me

N
Z

N
Ac

Me
+

19

a: Z=Me
b: Z=Boc

a: Z=Me
b: Z=OMe

2 PdLn Time (h) Yield (%)a of 18 Yield (%)a of 19

2a Pd(OAc)2 0.5 13 (18a) 60 (19a)
2a Pd(OAc)2+2PPh3 0.5 65 (18a) 10 (19a)
2a Pd2(dba)3CHCl3 0.5 12 (18a) 72 (19a)
2a PdCl2(CH3CN)2 0.5 10 (18a) 75 (19a)
2b Pd(OAc)2 0.5 — 80 (19b)
2b Pd(OAc)2+2PPh3 0.5 — 70 (19b)
2c Pd(OAc)2 6 31 (18b) —b

2c Pd(OAc)2+2PPh3 6 51 (18b) —c

a Yields based on 17.
b Recovery of 17 (20%).
c Recovery of 17 (10%).

Table 6. Tandem cyclization-cross-coupling reaction of 2 with 20

PdLn (5 mol%)
THF / Ar / reflux

N
Z

1) tert- or
    n-BuLi
2) BEt3

1 [ 2 ] N

O

Me
Me

I

N
O

Me

Me

20

21

a: Z=Me
b: Z=OMe
c: Z=Boc

N
Z

NO

Me

22

a: Z=Me
b: Z=OMe

Me

+

2 PdLn Time (h) Yield (%)a of 21 Yield (%)a of 22

2a Pd(OAc)2 1 26 (21a) 54 (22a)
2a Pd(OAc)2+2PPh3 1 68 (21a) 5 (22a)
2b Pd(OAc)2 1 35 (21b) 20 (22b)
2b Pd(OAc)2+2PPh3 1 63 (21b) 5 (22b)
2c Pd(OAc)2 5 32 (21c) —b

2c Pd(OAc)2+2PPh3 5 57 (21c) —c

a Yields based on 20.
b Recovery of 20 (20%) and unidentified products.
c Recovery of 20 (10%) and unidentified products.
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3. Experimental

3.1. General

Melting points were recorded on a Yamato MP21 apparatus
and are uncorrected. MS and high-resolution MS spectra
were recorded on a Micromass AutoSpec 3100 mass spec-
trometer. IR spectra were measured on a Hitachi Model
270-30 spectrometer. The NMR experiments were per-
formed with a JEOL JNM-LA300 or JNM-ECA500 spec-
trometer, and chemical shifts are expressed in parts per
million (d) with TMS as an internal reference. Medium pres-
sure liquid chromatography (MPLC) was performed on
silica gel (Silica Gel 60N, Kanto Chemical Co., Ltd.).

3.1.1. N-(2-Iodophenyl)-N-but-2-yn-1-ylbenzamide (3a).
Treatment of 3e (2 g, 5.5 mmol) with iodomethane (0.5 mL,
8 mmol) according to the literature10 produced 3a in 70%
yield after separation by MPLC with hexane–AcOEt (10:1)
as an eluent.

Colorless crystals. Mp 73–74 �C (hexane–AcOEt). IR
(CHCl3): 1642 cm�1. 1H NMR (CDCl3) d: 1.76 (s, 3H),
4.07 (qd, 1H, J¼2.0, 17.2 Hz), 5.09 (d, 1H, J¼17.2 Hz),
6.90–6.93 (m, 1H), 7.12–7.25 (m, 5H), 7.38 (d, 2H,

Table 7. Tandem cyclization–carbonylation-cross-coupling reaction of 2
with 14

N
Z

1) tert- or
    n-BuLi
2) BEt3

14
15a1 [ 2 ]

N Me

O
MePdLn (5 mol%)

CO (10 atm)

THF 23

+

O

a: Z=Me
b: Z=Boc

2 PdLn Yield (%)a of 23 Yield (%)a of 15

2a Pd(OAc)2 36 (23a) 31 (15a)
2a PdCl2(Ph3P)2 65 (23a) 5 (15a)
2c Pd(OAc)2 22 (23b) —b

2c PdCl2(Ph3P)2 51 (23b) —c

a Yields based on 14.
b Recovery of 14 (30%).
c Recovery of 14 (10%).
J¼7.5 Hz), 7.80 (d, 1H, J¼8.1 Hz). 13C NMR (CDCl3) d:
3.7, 38.9, 73.7, 80.6, 99.9, 127.7, 128.3, 128.4, 128.5,
128.9, 129.4, 130.1, 132.1, 135.3, 140.0, 144.2, 170.3. MS
m/z: 375 (M+). Anal. Calcd for C17H14INO: C, 54.42; H,
3.76; N, 3.73. Found: C, 54.30; H, 3.87; N, 3.68.

3.1.2. N-(2-Bromophenyl)-N-but-2-yn-1-ylbenzamide
(3b). Treatment of 3f (2 g, 6.3 mmol) with iodomethane
(0.5 mL, 8 mmol) according to the literature10 produced
3b in 71% yield after separation by MPLC with hexane–
AcOEt (10:1) as an eluent.

Viscous oil. IR (CHCl3): 1646 cm�1. 1H NMR (CDCl3) d:
1.76 (s, 3H), 4.09 (qd, 1H, J¼2.0, 17.2 Hz), 5.09 (d, 1H,
J¼17.2 Hz), 7.05–7.25 (m, 6H), 7.36 (d, 2H, J¼7.5 Hz),
7.54 (d, 1H, J¼8.1 Hz). 13C NMR (CDCl3) d: 3.69, 38.5,
73.8, 80.5, 123.2, 127.8, 128.1, 128.3, 129.4, 130.1, 132.5,
133.6, 135.3, 141.3, 170.5. HRMS m/z Calcd for
C17H14BrNO: 327.0259 and 329.0238. Found: 327.0264
and 329.0225.

3.1.3. N-(2-Iodophenyl)-N-[3-(trimethylsilyl)prop-2-yn-
1-yl]benzamide (3c). Treatment of 3e (2 g, 5.5 mmol)
with chlorotrimethylsilane (1 mL, 8 mmol) according to
the literature10 produced 3c in 68% yield after separation
by MPLC with hexane–AcOEt (10:1) as an eluent.

Viscous oil. IR (CHCl3): 2340, 1660 cm�1. 1H NMR
(CDCl3) d: 0.09 (s, 9H), 4.16 (d, 1H, J¼17.2 Hz), 5.20 (d,
1H, J¼17.2 Hz), 6.91–6.94 (m, 1H), 7.10–7.28 (m, 5H),
7.38 (d, 2H, J¼7.5 Hz), 7.78 (d, 1H, J¼8.0 Hz). 13C NMR
(CDCl3) d: 0.1, 39.0, 90.2, 100.2, 127.2, 128.5, 128.7,
129.6, 130.1, 132.5, 135.3, 139.9, 143.9, 170.1. HRMS m/z
Calcd for C19H20INOSi: 433.0358. Found: 433.0348.

3.1.4. N-(2-Bromophenyl)-N-[3-(trimethylsilyl)prop-2-
yn-1-yl]benzamide (3d). Treatment of 3f (2 g, 6.3 mmol)
with chlorotrimethylsilane (1 mL, 8 mmol) according to
the literature10 produced 3d in 69% yield after separation
by MPLC with hexane–AcOEt (10:1) as an eluent.

Colorless crystals. Mp 82–83 �C (hexane–AcOEt). IR
(CHCl3): 2320, 1646 cm�1. 1H NMR (CDCl3) d: 0.08
(s, 9H), 4.19 (d, 1H, J¼17.2 Hz), 5.20 (d, 1H, J¼17.2 Hz),
Scheme 4.
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7.04–7.25 (m, 6H), 7.34–7.40 (m, 2H), 7.52 (d, 1H,
J¼8.0 Hz). 13C NMR (CDCl3) d: �0.2, 38.5, 90.1, 100.2,
123.5, 127.7, 127.9, 128.2, 129.5, 130.1, 132.8, 133.5,
135.3, 140.7, 170.3. MS m/z: 385, 387 (M+). Anal. Calcd
for C19H20BrNOSi: C, 59.07; H, 5.22; N, 3.63. Found: C,
58.89; H, 5.28; N, 3.49.

3.1.5. N-But-2-yn-1-yl-2-iodo-N-methylbenzamide (6a).
Treatment of 2-iodo-N-methyl-N-prop-2-yn-1-ylbenzamide
(1.8 g, 6.3 mmol) with iodomethane (0.5 mL, 8 mmol) ac-
cording to the literature10 produced 6a in 65% yield after
separation by MPLC with hexane–AcOEt (3:1) as an eluent.

Viscous oil. IR (CHCl3): 1632 cm�1. 1H NMR (CDCl3) d:
1.79 and 1.83 (two s, 3H), 4.07 (dd, 1H, J¼2.3, 16.7 Hz),
5.09 (d, 1H, J¼16.7 Hz), 6.90–6.93 (m, 1H), 7.15–7.22
(m, 5H), 7.38 (d, 2H, J¼7.5 Hz), 7.80 (d, 1H, J¼7.5 Hz).
13C NMR (CDCl3) d: 3.7, 32.1, 35.5, 35.9, 36.4, 41.1,
72.6, 73.1, 80.3, 81.3, 92.3, 92.6, 127.1, 128.5, 130.3, 139.3,
142.1, 142.3, 170.3. HRMS m/z Calcd for C12H12INO:
312.9964. Found: 312.9953.

3.1.6. 2-Iodo-N-methyl-N-[3-(trimethylsilyl)prop-2-yn-1-
yl]benzamide (6b). Treatment of 2-iodo-N-methyl-N-prop-
2-yn-1-ylbenzamide (1.8 g, 6.3 mmol) with chlorotri-
methylsilane (1 mL, 8 mmol) according to the literature10

produced 6b in 60% yield after separation by MPLC with
hexane–AcOEt (3:1) as an eluent.

Colorless crystals. Mp 53–54 �C (hexane–AcOEt). IR
(CHCl3): 1634 cm�1. 1H NMR (CDCl3) d: 0.15 and 0.17
(two s, 9H), 2.88 and 3.18 (two s, 3H), 3.86 (d, 1H, J¼
7.5 Hz), 4.43 (s, 1H), 7.05–7.09 (m, 1H), 7.22 (dd, 1H,
J¼1.5, 8.0 Hz), 7.27 (dd, 1H, J¼1.5, 8.0 Hz), 7.37–7.41
(m, 1H), 7.82 (dd, 1H, J¼2.9, 8.1 Hz). 13C NMR (CDCl3)
d: �0.1, 32.2, 35.4, 36.9, 41.7, 89.6, 90.5, 92.3, 92.6, 99.2,
99.5, 127.1, 127.3, 128.4, 128.5, 130.3, 130.4, 139.3,
142.1, 170.3. MS m/z: 371 (M+). MS m/z: 371 (M+). Anal.
Calcd for C14H18INOSi: C, 45.29; H, 4.89; N, 3.77. Found:
C, 45.30; H, 4.74; N, 3.76.

3.1.7. (2E)-N-(2-Iodophenyl)-N-methylbut-2-enamide
(11). Treatment of (2E)-N-(2-iodophenyl)but-2-enamide,
readily available from 2-iodoaniline and trans-crotonyl chlo-
ride in 80% yield, with iodomethane according to a common
procedure using sodium hydride gave 11 in 85% yield.

Colorless crystals. Mp 107–108 �C (hexane–AcOEt). IR
(CHCl3): 1664, 1620 cm�1. 1H NMR (CDCl3) d: 1.73 (dd,
3H, J¼1.8, 6.9 Hz), 3.21 (s, 3H), 5.48 (dd, 1H, J¼1.8,
15.5 Hz), 6.94 (dq, 1H, J¼6.9, 15.5 Hz), 7.08 (dt, 1H,
J¼1.8, 8.0 Hz), 7.24 (dd, 1H, J¼1.8, 8.0 Hz), 7.41 (dt, 1H,
J¼1.8, 8.0 Hz), 7.93 (dd, 1H, J¼1.8, 8.0 Hz). 13C NMR
(CDCl3) d: 18.1, 36.1, 99.8, 122.2, 129.5, 129.7, 129.9,
140.2, 142.0, 145.9, 165.9. MS m/z: 301 (M+). Anal. Calcd
for C11H12INO: C, 43.87; H, 4.02; N, 4.65. Found: C,
43.83; H, 4.05; N, 4.54.

3.1.8. N,2-Dimethyl-N-(2-methylphenyl)acrylamide (14).
Treatment of N-(2-iodophenyl)-2-methylacrylamide, readily
available from 2-iodoaniline and methacryl chloride in 85%
yield, with iodomethane according to a common procedure
using sodium hydride gave 14 in 90% yield.
Colorless crystals. Mp 79–80 �C (hexane–AcOEt). IR
(CHCl3): 1648, 1622 cm�1. 1H NMR (CDCl3) d: 1.81 (s,
3H), 3.23 (s, 3H), 4.97 (s, 1H), 5.04 (s, 1H), 7.00 (dt, 1H, J¼
1.2, 8.0 Hz), 7.16 (d, 1H, J¼7.5 Hz), 7.34 (t, 1H, J¼7.5 Hz),
7.86 (dd, 1H, J¼1.2, 8.0 Hz). 13C NMR (CDCl3) d: 20.6,
36.9, 99.1, 119.1, 129.3, 129.4, 129.5, 140.3, 147.0, 171.8.
MS m/z: 301 (M+). Anal. Calcd for C11H12INO: C, 43.87;
H, 4.02; N, 4.65. Found: C, 43.77; H, 4.02; N, 4.56.

3.1.9. N-(2-Iodophenyl)-N-(2-methylprop-2-en-1-yl)-
acetamide (17). Treatment of N-(2-iodophenyl)acetamide,
readily available from 2-iodoaniline and acetyl chloride,
with methallyl chloride according to a common procedure
using sodium hydride gave 17 in 80% yield.

Colorless crystals. Mp 68–69 �C (hexane–AcOEt). IR
(CHCl3): 1655 cm�1. 1H NMR (CDCl3) d: 1.79 (s, 3H),
1.80 (s, 3H), 3.32 (d, 1H, J¼14.9 Hz), 4.64 (s, 1H), 4.82 (s,
1H), 4.97 (d, 1H, J¼14.9 Hz), 7.05 (t, 1H, J¼7.5 Hz), 7.16
(dd, 1H, J¼1.5, 7.5 Hz), 7.36 (t, 1H, J¼7.5 Hz), 7.93 (d,
1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 20.7, 22.9, 54.0,
100.2, 114.2, 129.4, 129.8, 130.3, 140.4, 140.5, 144.8,
170.2. MS m/z: 315 (M+). Anal. Calcd for C12H14INO: C,
45.73; H, 4.48; N, 4.44. Found: C, 45.88; H, 4.50; N, 4.31.

3.1.10. 2-Iodo-N-methyl-N-(2-methylprop-2-en-1-yl)benz-
amide (20). Treatment of 2-iodo-N-methylbenzamide,
readily available from 2-iodobenzoyl chloride and methyl-
amine, with methallyl chloride according to a common pro-
cedure using sodium hydride gave 20 in 78% yield.

Viscous oil. IR (CHCl3): 1638 cm�1. 1H NMR (CDCl3) d:
1.57 and 1.82 (two s, 3H), 2.73 and 3.04 (two s, 3H), 3.58
and 3.68 (two d, 1H, J¼14.9 Hz), 4.12 (s, 1H), 4.85 and
4.90 (two s, 1H), 4.95 (s, 1H), 7.00–7.08 (m, 1H), 7.15–
7.22 (m, 1H), 7.30–7.40 (m, 1H), 7.73–7.83 (m, 1H). 13C
NMR (CDCl3) d: 20.0, 20.5, 32.3, 35.6, 52.4, 56.8, 92.2,
92.9, 113.3, 113.4, 127.1, 127.3, 128.2, 128.4, 130.1,
130.2, 139.1, 139.3, 140.0, 140.2, 142.3, 143.0, 170.7,
171.2. HRMS m/z Calcd for C12H14INO: 315.0120. Found:
315.0133.

3.2. General procedure for the tandem cross-coupling
reaction of indolylborate (2) with 3, 6, 9,11 11, 14, 17,
and 20

To a THF solution of indolylborate (2) generated from indole
(1) (2 mmol) in situ under an argon atmosphere, 3, 6, 9, 11,
14, 17, or 20 (1 mmol) and the palladium complex
(0.05 mmol) were added at room temperature, and then,
the whole was heated at 60 �C for the time indicated in
Table 1. The mixture was ice-cooled, and 10% NaOH
(10 mL) and 30% H2O2 (2 mL) were added. After stirring
for 10 min, the mixture was diluted with AcOEt (100 mL),
washed with brine, and dried over MgSO4. The solvent was
removed, and the residue was separated by MPLC with
hexane–AcOEt.

3.2.1. 2-[(1E)-1-(1-Benzoyl-1,2-dihydro-3H-indol-3-yl-
idene)ethyl]-1-methyl-1H-indole (4a). Colorless crystals.
Mp 180–181 �C (hexane–AcOEt). IR (CHCl3): 1642 cm�1.
1H NMR (CDCl3) d: 2.04 (br s, 3H), 3.53 (s, 3H), 4.82
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(br s, 2H), 6.14 (d, 1H, J¼7.8 Hz), 6.39 (s, 1H), 6.60–6.75 (m,
1H), 6.90–7.15 (m, 1H), 7.16 (t, 1H, J¼7.8 Hz), 7.25 (t,
1H, J¼7.8 Hz), 7.36 (d, 1H, J¼7.8 Hz), 7.48–7.56 (m, 4H),
7.57–7.62 (m, 2H), 7.64 (d, 1H, J¼7.8 Hz). 13C NMR
(CDCl3) d: 23.0, 29.6, 55.1, 99.1, 109.5, 118.4, 119.6,
120.5, 121.3, 122.8, 124.1, 126.7, 128.1, 128.5, 128.6,
129.0, 130.3, 133.4, 136.7, 136.8, 140.3, 168.4. MS m/z:
378 (M+). Anal. Calcd for C26H22N2O: C, 82.51; H, 5.86;
N, 7.40. Found: C, 82.31; H, 5.99; N, 7.25.

3.2.2. 2-[(Z)-(1-Benzoyl-1,2-dihydro-3H-indol-3-yl-
idene)(trimethylsilyl)methyl]-1-methyl-1H-indole (4b).
Colorless crystals. Mp 190–191 �C (hexane–AcOEt). IR
(CHCl3): 1642, 1600 cm�1. 1H NMR (CDCl3) d: 0.06 (s,
9H), 3.49 (s, 3H), 4.90 (br s, 2H), 5.91 (d, 1H, J¼8.3 Hz),
6.15 (s, 1H), 6.60–6.70 (m, 1H), 7.00–7.18 (m, 1H), 7.14
(t, 1H, J¼7.8 Hz), 7.21 (t, 1H, J¼7.8 Hz), 7.34 (d, 1H,
J¼8.3 Hz), 7.42–7.56 (m, 4H), 7.56–7.61 (m, 3H). 13C
NMR (CDCl3) d: �1.1, 29.6, 56.4, 97.8, 109.5, 119.4,
120.0, 120.6, 124.4, 126.8, 128.6, 128.7, 129.9, 130.0,
130.6, 136.7, 136.9, 140.0, 147.0, 168.3. MS m/z: 436
(M+). Anal. Calcd for C28H28N2OSi: C, 74.02; H, 6.46; N,
6.42. Found: C, 76.87; H, 6.46; N, 6.49.

3.2.3. 2-[(E)-(1-Benzoyl-1,2-dihydro-3H-indol-3-yl-
idene)methyl]-1-methyl-1H-indole (4c). Colorless crystals.
Mp 171–172 �C (hexane–AcOEt). IR (CHCl3): 1642,
1590 cm�1. 1H NMR (CDCl3) d: 3.65 (s, 3H), 4.86 (br s,
2H), 6.40 (br s, 1H), 6.65 (s, 1H), 6.80–6.90 (m, 1H), 7.14
(dt, 1H, J¼1.2, 7.8 Hz), 7.20–7.25 (m, 1H), 7.23 (dt, 1H,
J¼1.0, 7.8 Hz), 7.33 (d, 1H, J¼7.8 Hz), 7.46–7.56 (m,
5H), 7.57–7.62 (m, 2H), 7.62 (d, 1H, J¼7.8 Hz). 13C NMR
(CDCl3) d: 30.3, 57.2, 101.7, 109.5, 109.7, 119.9, 120.6,
121.8, 123.9, 124.1, 127.1, 128.0, 128.6, 128.9, 130.5,
130.6, 135.4, 136.9, 137.4, 137.7, 137.8, 168.6. MS m/z:
364 (M+). Anal. Calcd for C25H20N2O: C, 82.39; H, 5.53;
N, 7.69. Found: C, 82.45; H, 5.72; N, 7.69.

3.2.4. 2-[(1E)-1-(1-Benzoyl-1,2-dihydro-3H-indol-3-yl-
idene)ethyl]-1-methoxy-1H-indole (4d). Colorless crystals.
Mp 124–125 �C (hexane–AcOEt). IR (CHCl3): 1640 cm�1.
1H NMR (CDCl3) d: 2.16 (br s, 3H), 3.89 (s, 3H), 4.81
(br s, 2H), 6.30 (s, 1H), 6.73 (br s, 1H), 6.83 (d, 1H,
J¼8.0 Hz), 7.05–7.15 (m, 1H), 7.15 (t, 1H, J¼7.5 Hz), 7.27
(t, 1H, J¼7.5 Hz), 7.46 (d, 1H, J¼8.0 Hz), 7.49–7.55 (m,
4H), 7.57–7.69 (m, 3H). 13C NMR (CDCl3) d: 22.4, 55.4,
65.8, 97.3, 108.6, 117.2, 120.4, 121.1, 122.4, 123.5, 124.0,
127.0, 128.8, 129.2, 129.3, 129.5, 130.6, 132.4, 133.5,
136.4, 136.9, 168.7. MS m/z: 394 (M+). Anal. Calcd for
C26H22N2O2: C, 79.16; H, 5.62; N, 7.10. Found: C, 79.10;
H, 5.78; N, 6.97.

3.2.5. 2-[(Z)-(1-Benzoyl-1,2-dihydro-3H-indol-3-yl-
idene)(trimethylsilyl)methyl]-1-methoxy-1H-indole (4e).
Viscous oil. IR (neat): 1646, 1600 cm�1. 1H NMR
(CDCl3) d: 0.06 (s, 9H), 3.90 (s, 3H), 4.84 (br s, 2H), 6.02
(s, 1H), 6.60 (d, 1H, J¼7.5 Hz), 6.67–6.74 (m, 1H), 7.08–
7.18 (m, 1H), 7.13 (t, 1H, J¼7.5 Hz), 7.22 (t, 1H,
J¼7.5 Hz), 7.45 (d, 1H, J¼8.0 Hz), 7.35–7.65 (m, 7H).
13C NMR (CDCl3) d: �0.12, 56.8, 65.8, 94.7, 108.3,
120.0, 120.7, 121.4, 124.1, 124.3, 124.9, 127.0, 128.8,
130.7, 132.2, 136.8, 137.0, 146.6, 168.4. HRMS m/z Calcd
for C28H28N2O2: 452.1920. Found: 452.1916.
3.2.6. tert-Butyl 2-[(1E)-1-(1-Benzoyl-1,2-dihydro-3H-
indol-3-ylidene)ethyl]-1H-indole-1-carboxylate (4f). Color-
less crystals. Mp 177–178 �C (AcOEt–hexane). IR (CHCl3):
1724, 1640 cm�1. 1H NMR (CDCl3) d: 1.49 (s, 9H), 1.98
(br s, 3H), 4.73 (br s, 2H), 6.45 (s, 1H), 6.57 (d, 1H,
J¼8.0 Hz), 6.69 (br s, 1H), 7.26 (t, 1H, J¼7.5 Hz), 7.34 (t,
1H, J¼7.5 Hz), 7.48–7.60 (m, 7H), 8.24 (d, 1H, J¼8.5 Hz).
13C NMR (CDCl3) d: 22.9, 28.1, 50.5, 83.6, 107.9, 115.9,
120.7, 123.0, 123.1, 124.2, 124.3, 127.0, 128.7, 128.9,
129.6, 130.5, 136.4, 137.1, 139.5, 149.8, 168.8. MS m/z:
464 (M+). Anal. Calcd for C30H28N2O3: C, 77.56; H, 6.08;
N, 6.03. Found: C, 77.48; H, 6.20; N, 5.87.

3.2.7. (3E)-1-Benzoyl-3-(1-methylpropylidene)indoline
(5a). Viscous oil. IR (neat): 1666, 1580 cm�1. 1H NMR
(CDCl3) d: 1.13 (t, 3H, J¼7.4 Hz), 1.71 (br s, 3H), 2.46 (q,
2H, J¼7.4 Hz), 4.56 (br s, 2H), 7.04 (br s, 1H), 7.43–7.58
(m, 8H). 13C NMR (CDCl3) d: 11.7, 21.3, 27.5, 55.7,
117.3, 123.5, 123.9, 124.1, 125.1, 126.9, 127.4, 128.7,
137.1, 145.5, 168.5. HRMS m/z Calcd for C19H19NO:
277.1467. Found: 277.1470.

3.2.8. (3Z)-1-Benzoyl-3-[1-(trimethylsilyl)propylidene]-
indoline (5b). Viscous oil. IR (CHCl3): 1636, 1598 cm�1.
1H NMR (acetone-d6) d: 0.05 (s, 9H), 1.09 (t, 3H,
J¼7.5 Hz), 2.55 (q, 2H, J¼7.5 Hz), 4.67 (s, 2H), 7.08 (t,
1H, J¼8.0 Hz), 7.38 (br s, 1H), 7.45–7.54 (m, 4H), 7.58–
7.64 (m, 2H), 7.68 (d, 1H, J¼7.5 Hz). 13C NMR (acetone-
d6) d: �1.1, 13.1, 24.2, 57.1, 117.3, 123.9, 125.4, 126.8,
128.5, 128.8, 130.1, 130.6, 135.4, 137.6, 140.2, 146.1,
167.8. HRMS m/z Calcd for C21H25NOSi: 335.1705. Found:
335.1701.

3.2.9. (4E)-2-Methyl-4-[1-(1-methyl-1H-indol-2-yl)ethyl-
idene]-3,4-dihydroisoquinolin-1(2H)-one (7a). Colorless
crystals. Mp 181–182 �C (hexane–AcOEt). IR (CHCl3):
1638 cm�1. 1H NMR (CDCl3) d: 2.31 (s, 3H), 3.05 (s, 3H),
3.27 (s, 3H), 4.36 (d, 2H, J¼5.2 Hz), 6.38 (d, 1H,
J¼7.5 Hz), 6.51 (s, 1H), 6.95 (dt, 1H, J¼1.2, 7.5 Hz),
7.11–7.14 (m, 2H), 7.17–7.22 (m, 2H), 7.60 (d, 1H,
J¼8.0 Hz), 8.07 (dd, 1H, J¼1.2, 8.0 Hz). 13C NMR
(CDCl3) d: 22.6, 30.0, 35.0, 51.4, 101.6, 109.7, 119.9,
120.4, 121.8, 125.8, 126.3, 127.6, 127.7, 127.8, 128.8,
131.1, 136.4, 137.2, 140.7, 164.1. MS m/z: 316 (M+). Anal.
Calcd for C21H20N2O: C, 79.71; H, 6.37; N, 8.85. Found:
C, 79.51; H, 6.61; N, 8.82.

3.2.10. (4Z)-2-Methyl-4-[(1-methyl-1H-indol-2-yl)(tri-
methylsilyl)methylene]-3,4-dihydroisoquinolin-1(2H)-
one (7b). Viscous oil. IR (neat): 1646 cm�1. 1H NMR (CDCl3)
d: 0.01 (s, 9H), 3.00 (s, 3H), 3.59 (s, 3H), 3.65 (d, 1H,
J¼13.5 Hz), 3.98 (d, 1H, J¼13.5 Hz), 6.18 (s, 1H), 7.14 (t,
1H, J¼7.5 Hz), 7.22 (t, 1H, J¼7.5 Hz), 7.33 (d, 1H, J¼
8.0 Hz), 7.51–7.53 (m, 2H), 7.59–7.63 (m, 2H), 8.10–8.12
(m, 1H). 13C NMR (CDCl3) d: 0.44, 30.1, 34.9, 54.0, 99.8,
109.4, 119.8, 120.2, 121.0, 126.9, 128.1, 128.5, 129.7, 129.9,
130.7, 136.0, 137.1, 137.2, 140.6, 146.6, 164.5. HRMS m/z
Calcd for C23H26N2OSi: 374.1814. Found: 374.1805.

3.2.11. (4E)-4-[1-(1-Methoxy-1H-indol-2-yl)ethylidene]-
2-methyl-3,4-dihydroisoquinolin-1(2H)-one (7c). Color-
less crystals. Mp 170–171 �C (hexane–AcOEt). IR
(CHCl3): 1640 cm�1. 1H NMR (CDCl3) d: 2.32 (s, 3H),
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3.26 (s, 3H), 3.78 (s, 3H), 4.33 (s, 2H), 6.23 (s, 1H), 6.72 (d,
1H, J¼8.0 Hz), 7.01 (t, 1H, J¼7.5 Hz), 7.10 (t, 1H,
J¼7.5 Hz), 7.19–7.24 (m, 2H), 7.31 (d, 1H, J¼8.0 Hz),
7.51 (d, 1H, J¼8.0 Hz), 8.07 (d, 1H, J¼8.0 Hz). 13C NMR
(CDCl3) d: 21.4, 35.2, 51.5, 65.2, 99.0, 108.6, 120.4,
121.0, 122.6, 123.4, 123.8, 126.4, 127.7, 127.9, 128.8,
128.9, 130.8, 132.7, 136.8, 136.9, 164.5. MS m/z: 332
(M+). Anal. Calcd for C21H20N2O2$1/10H2O: C, 75.47; H,
6.09; N, 8.38. Found: C, 75.51; H, 6.19; N, 8.28.

3.2.12. (4Z)-4-[(1-Methoxy-1H-indol-2-yl)(trimethyl-
silyl)methylene]-2-methyl-3,4-dihydro-isoquinolin-1(2H)-
one (7d). Viscous oil. IR (CHCl3): 1640 cm�1. 1H NMR
(CDCl3) d: 0.00 (s, 9H), 3.04 (s, 3H), 3.98 (s, 3H), 3.95–
4.01 (m, 1H), 4.09–4.15 (m, 1H), 6.05 (s, 1H), 7.13 (t, 1H,
J¼7.5 Hz), 7.23 (t, 1H, J¼7.5 Hz), 7.42 (d, 1H,
J¼8.0 Hz), 7.45–7.55 (m, 2H), 7.56 (d, 1H, J¼8.0 Hz),
7.65–7.69 (m, 1H), 8.08–8.14 (m, 1H). 13C NMR (CDCl3)
d: 0.98, 34.6, 54.0, 65.3, 96.9, 108.2, 120.4, 120.5, 121.8,
124.1, 126.7, 128.1, 129.6, 129.9, 130.6, 132.4, 133.5,
137.3, 137.5, 146.5, 164.4. HRMS m/z Calcd for
C23H26N2O2Si: 390.1764. Found: 390.1752.

3.2.13. tert-Butyl 2-[(1E)-1-(2-methyl-1-oxo-2,3-di-
hydroisoquinolin-4(1H)-ylidene)ethyl]-1H-indole-1-car-
boxylate (7e). Colorless crystals. Mp 166–167 �C (hexane–
AcOEt). IR (CHCl3): 1722, 1636 cm�1. 1H NMR (CDCl3) d:
1.59 (s, 9H), 2.16 (s, 3H), 3.24 (s, 3H), 4.27 (d, 2H,
J¼4.0 Hz), 6.13 (s, 1H), 6.79 (d, 1H, J¼8.0 Hz), 7.03 (t,
1H, J¼7.5 Hz), 7.18 (t, 1H, J¼7.5 Hz), 7.20 (t, 1H,
J¼7.5 Hz), 7.29 (t, 1H, J¼7.5 Hz), 7.37 (d, 1H, J¼7.5 Hz),
8.05 (d, 1H, J¼7.5 Hz), 8.18 (d, 1H, J¼8.0 Hz). 13C NMR
(CDCl3) d: 21.6, 28.1, 35.1, 50.9, 84.1, 108.8, 115.5, 120.9,
123.0, 124.3, 125.8, 126.7, 127.5, 127.8, 128.6, 128.9,
129.4, 130.8, 136.5, 136.7, 140.5, 149.8, 164.4. MS m/z:
402 (M+). Anal. Calcd for C25H26N2O3$2/3H2O: C, 72.44;
H, 6.65; N, 6.76. Found: C, 72.65; H, 6.43; N, 6.72.

3.2.14. (4E)-2-Methyl-4-(1-methylpropylidene)-3,4-di-
hydroisoquinolin-1(2H)-one (8a). Colorless crystals. Mp
100–101 �C (hexane–AcOEt). IR (CHCl3): 1632,
1600 cm�1. 1H NMR (CDCl3) d: 1.17 (t, 3H, J¼7.5 Hz),
1.92 (s, 3H), 2.35 (q, 2H, J¼7.5 Hz), 3.17 (s, 3H), 4.09 (s,
2H), 7.26–7.38 (m, 2H), 7.43 (dt, 1H, J¼1.1, 7.5 Hz), 8.07
(dd, 1H, J¼1.5, 7.8 Hz). 13C NMR (CDCl3) d: 13.0, 18.5,
27.7, 34.9, 51.1, 122.7, 126.7, 127.0, 127.9, 129.5, 130.5,
137.3, 137.7, 164.6. MS m/z: 215 (M+). Anal. Calcd for
C14H17NO: C, 78.10; H, 7.96; N, 6.51. Found: C, 78.21; H,
8.08; N, 6.43.

3.2.15. (4Z)-2-Methyl-4-[1-(trimethylsilyl)propylidene]-
3,4-dihydroisoquinolin-1(2H)-one (8b). Viscous oil. IR
(neat): 1642, 1598 cm�1. 1H NMR (acetone-d6) d: 0.06 (s,
9H), 0.84 (t, 3H, J¼7.5 Hz), 2.17 (q, 2H, J¼7.5 Hz), 2.86
(s, 3H), 3.90 (s, 2H), 7.11–7.30 (m, 3H), 7.73 (dd, 1H,
J¼1.5, 8.3 Hz). 13C NMR (CDCl3) d: 1.2, 15.9, 25.8, 34.3,
55.6, 127.5, 128.5, 128.6, 131.0, 131.3, 138.3, 138.5,
145.3, 164.5. HRMS m/z Calcd for C16H23NOSi:
273.1549. Found: 273.1547.

3.2.16. Diethyl (4Z)-4-[1-(1-methyl-1H-indol-2-yl)ethyl-
idene]-3,4-dihydronaphthalene-2,2(1H)-dicarboxylate
(10a). Viscous oil. IR (neat): 1732 cm�1. 1H NMR (CDCl3)
d: 1.10–1.35 (m, 6H), 2.26 (s, 3H), 3.00 (s, 3H), 3.15–3.45
(m, 2H), 4.10–4.30 (m, 4H), 6.39 (s, 1H), 6.42 (d, 1H,
J¼8.0 Hz), 6.64 (t, 1H, J¼7.5 Hz), 6.97 (dt, 1H, J¼1.0,
7.3 Hz), 7.05–7.16 (m, 4H), 7.57 (d, 1H, J¼7.5 Hz). 13C
NMR (CDCl3) d: 14.0, 22.8, 29.8, 34.7, 35.6, 54.8, 61.5,
100.4, 109.4, 119.4, 120.1, 121.0, 124.5, 125.9, 126.8,
127.7, 128.0, 128.1, 131.7, 134.3, 135.7, 136.9, 142.8,
170.9. HRMS m/z Calcd for C27H29NO4: 431.2097. Found:
431.2112.

3.2.17. Diethyl (4E)-4-[(1-methyl-1H-indol-2-yl)(tri-
methylsilyl)methylene]-3,4-dihydronaphthalene-2,2(1H)-
dicarboxylate (10b). Viscous oil. IR (neat): 1732 cm�1. 1H
NMR (CDCl3) d: 0.18 (s, 9H), 1.18 (t, 3H, J¼7.3 Hz), 1.24
(t, 3H, J¼7.3 Hz), 3.22 (s, 3H), 3.26 (s, 2H), 3.34 (d, 1H,
J¼15.0 Hz), 3.49 (d, 1H, J¼15.0 Hz), 3.91–4.09 (m, 4H),
6.10 (s, 1H), 6.60–6.75 (m, 2H), 6.97 (dt, 1H, J¼2.0,
7.5 Hz), 7.04–7.10 (m, 1H), 7.10 (dt, 1H, J¼1.0, 7.5 Hz),
7.14 (d, 1H, J¼7.5 Hz), 7.51 (d, 1H, J¼7.5 Hz). 13C NMR
(CDCl3) d: 0.49, 14.0, 29.5, 34.0, 37.7, 54.6, 61.6, 99.5,
108.9, 119.1, 119.8, 120.0, 126.4, 127.6, 128.1, 128.4, 131.8,
134.9, 136.0, 136.7, 141.7, 150.0, 170.0, 171.0. HRMS m/z
Calcd for C27H29NO4: 489.2336. Found: 489.2342.

3.2.18. 3-Ethyl-1-methyl-1,3-dihydro-2H-indol-2-one
(12). Viscous oil. IR (CHCl3): 1696 cm�1. 1H NMR
(CDCl3) d: 0.88 (t, 3H, J¼7.5 Hz), 1.95–2.08 (m, 2H),
3.19 (s, 3H), 3.40 (t, 1H, J¼5.7 Hz), 6.82 (d, 1H,
J¼7.5 Hz), 7.05 (t, 1H, J¼7.5 Hz), 7.24–7.30 (m, 2H). 13C
NMR (CDCl3) d: 10.2, 23.8, 26.2, 46.7, 107.9, 122.3,
123.9, 127.9, 129.1, 140.2, 178.1. HRMS m/z Calcd for
C11H13NO: 175.0997. Found: 175.0981.

3.2.19. 3-[1-(2-Ethyl-1-methyl-1H-indol-3-yl)ethyl]-1-
methyl-1,3-dihydro-2H-indol-2-one (13). Colorless crys-
tals. Mp 198–199 �C (hexane–AcOEt). IR (CHCl3):
1692 cm�1. 1H NMR (CDCl3) d: 0.82 (t, 3H, J¼7.5 Hz),
1.86 (d, 3H, J¼6.9 Hz), 2.49 (q, 2H, J¼7.5 Hz), 3.16 (s,
3H), 3.17–3.22 (m, 1H), 3.66 (s, 3H), 3.88 (d, 1H, J¼
10.4 Hz), 6.03 (d, 1H, J¼6.9 Hz), 6.65 (t, 1H, J¼7.5 Hz),
6.69 (d, 1H, J¼7.5 Hz), 7.02 (t, 1H, J¼7.5 Hz), 7.12 (t, 1H,
J¼7.5 Hz), 7.16 (t, 1H, J¼7.5 Hz), 7.30 (d, 1H, J¼8.0 Hz),
7.61 (d, 1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 14.1, 17.6,
19.2, 26.1, 29.6, 34.9, 50.0, 107.4, 109.0, 112.9, 118.9,
119.9, 120.6, 121.6, 125.6, 126.2, 127.6, 128.8, 137.1,
139.2, 144.2, 177.6. MS m/z: 332 (M+). Anal. Calcd for
C22H24N2O$1/5H2O: C, 78.63; H, 7.32; N, 8.34. Found: C,
78.64; H, 7.38; N, 8.33.

3.2.20. 1,3-Dimethyl-3-[(1-methyl-1H-indol-2-yl)-
methyl]-1,3-dihydro-2H-indol-2-one (15a). Colorlesscrys-
tals. Mp 106–107 �C (hexane–AcOEt). IR (CHCl3):
1708 cm�1. 1H NMR (CDCl3) d: 1.50 (s, 3H), 3.09 (s, 3H),
3.14 (d, 1H, J¼14.6 Hz), 3.22 (d, 1H, J¼14.6 Hz), 3.36 (s,
3H), 6.02 (s, 1H), 6.72 (d, 1H, J¼7.5 Hz), 6.90 (d, 1H,
J¼7.3 Hz), 6.95 (t, 1H, J¼7.3 Hz), 7.02 (t, 1H, J¼7.3 Hz),
7.11 (t, 1H, J¼7.8 Hz), 7.16 (d, 1H, J¼8.0 Hz), 7.21 (t, 1H,
J¼7.8 Hz), 7.44 (d, 1H, J¼7.5 Hz). 13C NMR (CDCl3) d:
22.9, 26.0, 29.6, 33.9, 48.6, 101.7, 108.0, 109.1, 119.1,
119.9, 120.7, 122.2, 123.1, 127.5, 128.0, 132.8, 135.2,
136.9, 143.1, 179.9. MS m/z: 304 (M+). Anal. Calcd for
C20H20N2O: C, 78.92; H, 6.62; N, 9.20. Found: C, 78.89;
H, 6.73; N, 9.08.
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3.2.21. 3-[(1-Methoxy-1H-indol-2-yl)methyl]-1,3-
dimethyl-1,3-dihydro-2H-indol-2-one (15b). Colorless
crystals. Mp 121–122 �C (hexane–AcOEt). IR (CHCl3):
1702 cm�1. 1H NMR (CDCl3) d: 1.55 (s, 3H), 3.17 (s,
3H), 3.32 (s, 2H), 3.92 (s, 3H), 5.73 (s, 1H), 6.78 (d, 1H,
J¼7.5 Hz), 6.99–7.06 (m, 2H), 7.11 (d, 1H, J¼7.5 Hz),
7.16 (t, 1H, J¼7.5 Hz), 7.25 (t, 1H, J¼8.0 Hz), 7.33 (d,
1H, J¼8.0 Hz), 7.41 (d, 1H, J¼8.0 Hz). 13C NMR
(CDCl3) d: 23.9, 26.4, 32.5, 48.5, 65.0, 97.4, 108.2, 108.3,
120.0, 120.5, 121.6, 122.5, 123.4, 123.9, 128.2, 131.6,
132.4, 133.2, 143.3, 180.1. MS m/z: 320 (M+). Anal. Calcd
for C20H20N2O2: C, 74.98; H, 6.29; N, 8.74. Found: C,
74.89; H, 6.37; N, 8.65.

3.2.22. tert-Butyl 2-[(1,3-dimethyl-2-oxo-2,3-dihydro-1H-
indol-3-yl)methyl]-1H-indole-1-carboxylate (15c). Vis-
cous oil. IR (neat): 1708 cm�1. 1H NMR (CDCl3) d: 1.44
(s, 3H), 1.55 (s, 9H), 3.16 (s, 3H), 3.62 (d, 1H,
J¼14.9 Hz), 3.82 (d, 1H, J¼14.9 Hz), 6.22 (s, 1H), 6.74
(d, 1H, J¼8.0 Hz), 6.92–6.96 (m, 2H), 7.11–7.21 (m, 3H),
7.38 (d, 1H, J¼7.5 Hz), 7.93 (d, 1H, J¼8.5 Hz). 13C NMR
(CDCl3) d: 23.6, 26.3, 28.2, 35.8, 48.8, 83.9, 108.0, 109.9,
115.8, 120.0, 122.4, 122.6, 123.4, 123.6, 127.9, 128.9,
133.4, 136.5, 136.9, 143.1, 150.6, 180.4. HRMS m/z Calcd
for C24H26N2O3: 390.1943. Found: 390.1951.

3.2.23. 2-[(1-Acetyl-3-methyl-2,3-dihydro-1H-indol-
3-yl)methyl]-1-methyl-1H-indole (18a). Colorless crystals.
Mp 151–152 �C (hexane–AcOEt). IR (CHCl3): 1652 cm�1.
1H NMR (CDCl3) d: 1.51 (s, 3H), 2.23 (s, 3H), 3.01 (d, 1H,
J¼18.0 Hz), 3.06 (d, 1H, J¼18.0 Hz), 3.15 (s, 3H), 3.76 (d,
1H, J¼10.3 Hz), 4.07 (d, 1H, J¼10.3 Hz), 6.31 (s, 1H),
6.73 (d, 1H, J¼7.5 Hz), 6.94 (t, 1H, J¼7.5 Hz), 7.10 (t, 1H,
J¼7.5 Hz), 7.16–7.24 (m, 3H), 7.56 (d, 1H, J¼7.5 Hz),
8.21 (d, 1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 24.3, 25.1,
29.3, 37.8, 44.4, 62.0, 101.9, 109.4, 117.1, 119.7, 120.0,
121.1, 122.8, 123.9, 127.6, 128.5, 136.2, 137.3, 138.0, 142.1,
168.9. MS m/z: 318 (M+). Anal. Calcd for C21H22N2O: C,
79.21; H, 6.96; N, 8.80. Found: C, 79.48; H, 7.07; N, 8.73.

3.2.24. tert-Butyl 2-[(1-acetyl-3-methyl-2,3-dihydro-1H-
indol-3-yl)methyl]-1H-indole-1-carboxylate (18b). Color-
less crystals. Mp 167–168 �C (hexane–AcOEt). IR (CHCl3):
1724, 1648 cm�1. 1H NMR (CDCl3) d: 1.44 (s, 3H), 1.65 (s,
9H), 2.17 (s, 3H), 3.35 (d, 1H, J¼14.9 Hz), 3.67 (d, 1H,
J¼10.3 Hz), 3.75 (d, 1H, J¼14.9 Hz), 4.09 (d, 1H, J¼
10.3 Hz), 6.14 (s, 1H), 7.00–7.08 (m, 2H), 7.16–7.28 (m,
3H), 7.42 (d, 1H, J¼8.0 Hz), 7.99 (d, 1H, J¼8.0 Hz), 8.18
(d, 1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 24.3, 26.8, 28.3,
38.7, 44.7, 61.2, 84.3, 110.4, 115.8, 117.1, 120.1, 122.6,
122.9, 123.8, 128.1, 128.9, 136.4, 137.6, 138.8, 142.1, 150.9,
168.7. MS m/z: 404 (M+). Anal. Calcd for C25H28N2O3: C,
74.23; H, 6.98; N, 6.93. Found: C, 74.23; H, 6.98; N, 6.93.

3.2.25. N-[2-(1-Methyl-1H-indol-2-yl)phenyl]-N-(2-
methylprop-2-en-1-yl)acetamide (19a). Colorless crystals.
Mp 120–121 �C (hexane–AcOEt). IR (CHCl3): 1648 cm�1.
1H NMR (CDCl3) d: 1.61 (s, 3H), 2.00 (s, 3H), 3.07 (d, 1H,
J¼15.0 Hz), 3.61 (s, 3H), 4.54 (s, 1H), 4.64 (d, 1H,
J¼15.0 Hz), 4.71 (s, 1H), 6.44 (s, 1H), 7.15 (t, 1H, J¼
7.5 Hz), 7.24–7.30 (m, 2H), 7.35–7.45 (m, 4H), 7.62 (d,
1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 20.5, 23.0, 31.1,
54.0, 102.7, 109.6, 113.4, 120.2, 121.0, 122.2, 127.9,
128.0, 129.3, 130.5, 132.8, 136.2, 137.9, 140.9, 141.9,
170.5. MS m/z: 318 (M+). Anal. Calcd for C21H22N2O: C,
79.21; H, 6.96; N, 8.80. Found: C, 79.48; H, 7.07; N, 8.73.

3.2.26. N-[2-(1-Methoxy-1H-indol-2-yl)phenyl]-N-(2-
methylprop-2-en-1-yl)acetamide (19b). Colorless crystals.
Mp 168–169 �C (hexane–AcOEt). IR (neat): 1644 cm�1. 1H
NMR (CDCl3) d: 1.67 (s, 3H), 2.01 (s, 3H), 3.05 (d, 1H,
J¼14.9 Hz), 3.70 (s, 3H), 4.56 (s, 1H), 4.72 (s, 1H), 4.81
(d, 1H, J¼14.9 Hz), 6.41 (s, 1H), 7.15 (t, 1H, J¼7.5 Hz),
7.24–7.30 (m, 2H), 7.40–7.49 (m, 3H), 7.60 (d, 1H,
J¼8.0 Hz), 7.80 (dd, 1H, J¼1.7, 7.5 Hz). 13C NMR
(CDCl3) d: 20.7, 22.9, 53.2, 64.5, 100.4, 109.1, 113.3,
120.9, 121.3, 123.2, 124.3, 128.1, 128.2, 129.1, 130.7,
131.9, 132.7, 133.3, 140.8, 141.0, 170.9. MS m/z: 334
(M+). Anal. Calcd for C21H22N2O2$1/10H2O: C, 75.02; H,
6.66; N, 8.33. Found: C, 74.98; H, 6.61; N, 8.36.

3.2.27. 2,4-Dimethyl-4-[(1-methyl-1H-indol-2-yl)-
methyl]-3,4-dihydroisoquinolin-1(2H)-one (21a). Color-
less crystals. Mp 118–119 �C (hexane–AcOEt). IR
(CHCl3): 1638 cm�1. 1H NMR (CDCl3) d: 1.43 (s, 3H),
2.95 (d, 1H, J¼14.5 Hz), 3.01 (s, 3H), 3.23 (s, 3H), 3.24 (d,
1H, J¼14.5 Hz), 3.27 (d, 1H, J¼12.6 Hz), 3.62 (d, 1H,
J¼12.6 Hz), 6.29 (s, 1H), 6.86 (d, 1H, J¼8.0 Hz), 7.07–
7.12 (m, 1H), 7.13–7.17 (m, 2H), 7.29 (dt, 1H, J¼1.8,
8.0 Hz), 7.36 (dt, 1H, J¼1.2, 7.5 Hz), 7.56 (d, 1H,
J¼8.0 Hz), 8.18 (dd, 1H, J¼1.2, 8.0 Hz). 13C NMR
(CDCl3) d: 22.7, 29.1, 35.6, 36.0, 38.3, 59.0, 102.9, 109.4,
119.6, 119.9, 121.1, 124.7, 127.4, 127.6, 128.4, 128.7,
132.0, 135.8, 137.3, 144.4, 164.7. MS m/z: 318 (M+). Anal.
Calcd for C21H22N2O$3/10H2O: C, 77.89; H, 7.03; N, 8.65.
Found: C, 77.99; H, 6.92; N, 8.54.

3.2.28. 4-[(1-Methoxy-1H-indol-2-yl)methyl]-2,4-di-
methyl-3,4-dihydroisoquinolin-1(2H)-one (21b). Viscous
oil. IR (neat): 1648, 1602 cm�1. 1H NMR (CDCl3) d: 1.38
(s, 1H), 2.99 (d, 1H, J¼14.5 Hz), 3.15 (d, 1H, J¼14.5 Hz),
3.21 (s, 3H), 3.31 (d, 1H, J¼12.6 Hz), 3.40 (d, 1H,
J¼12.6 Hz), 3.85 (s, 3H), 6.02 (s, 1H), 7.11 (t, 1H,
J¼7.5 Hz), 7.22 (t, 1H, J¼7.5 Hz), 7.28 (d, 1H, J¼7.5 Hz),
7.38 (t, 2H, J¼7.5 Hz), 7.47 (dt, 1H, J¼1.7, 7.5 Hz), 7.54
(d, 1H, J¼8.0 Hz), 8.19 (dd, 1H, J¼1.7, 7.5 Hz). 13C NMR
(CDCl3) d: 22.7, 34.9, 35.4, 38.3, 57.3, 64.6, 99.1, 108.4,
120.4, 120.5, 121.9, 123.9, 124.2, 127.3, 128.3, 128.7,
131.8, 132.0, 132.5, 145.5, 164.7. HRMS m/z Calcd for
C21H22N2O2: 334.1681. Found: 334.1678.

3.2.29. tert-Butyl 2-[(2,4-dimethyl-1-oxo-1,2,3,4-tetra-
hydroisoquinolin-4-yl)methyl]-1H-indole-1-carboxylate
(21c). Colorless crystals. Mp 141–142 �C (hexane–AcOEt).
IR (CHCl3): 1728, 1646 cm�1. 1H NMR (CDCl3) d: 1.32 (s,
3H), 1.69 (s, 9H), 3.18 (s, 3H), 3.37 (d, 1H, J¼12.6 Hz), 3.38
(d, 1H, J¼14.8 Hz), 3.42 (d, 1H, J¼12.6 Hz), 3.80 (d, 1H,
J¼14.8 Hz), 6.01 (s, 1H), 7.10 (d, 1H, J¼7.4 Hz), 7.18 (t,
1H, J¼7.4 Hz), 7.23 (d, 1H, J¼7.4 Hz), 7.34 (t, 1H,
J¼7.4 Hz), 7.38 (dt, 1H, J¼1.1, 7.4 Hz), 7.42 (d, 1H,
J¼7.4 Hz), 7.97 (d, 1H, J¼8.5 Hz), 8.14 (dd, 1H, J¼1.1,
8.5 Hz). 13C NMR (CDCl3) d: 22.5, 28.4, 35.5, 36.8, 38.7,
58.2, 84.3, 111.3, 115.7, 120.1, 122.8, 123.7, 124.6, 127.0,
128.3, 128.6, 128.8, 131.7, 136.6, 137.5, 145.2, 150.9,
164.8. MS m/z: 404 (M+). Anal. Calcd for C25H28N2O3: C,
74.23; H, 6.98; N, 6.93. Found: C, 74.16; H, 7.07; N, 6.81.
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3.2.30. N-Methyl-2-(1-methyl-1H-indol-2-yl)-N-(2-meth-
ylprop-2-en-1-yl)benzamide (22a). Viscous oil. IR (neat):
1638 cm�1. 1H NMR (CDCl3) d: 1.28 and 1.47 (two s, 3H),
2.55 and 2.75 (two s, 3H), 2.88–3.04 (two br s, 1H), 3.63
(s, 3H), 4.44 and 4.56 (two s, 1H), 4.60 and 4.74 (two s,
1H), 4.85–4.98 (m, 1H), 6.51 and 6.55 (two s, 1H), 7.07–
7.15 (m, 1H), 7.20–7.27 (m, 1H), 7.30–7.50 (m, 4H), 7.55–
7.64 (m, 1H). 13C NMR (CDCl3) d: 19.4, 19.7, 28.1, 28.2,
31.2, 32.1, 35.6, 52.3, 56.6, 102.2, 103.0, 109.7, 112.5, 113.0,
119.8, 120.6, 120.8, 121.8, 126.8, 127.3, 127.9, 128.4, 128.5,
128.6, 128.7, 128.9, 129.6, 130.9, 131.3, 137.6, 138.0, 138.3,
138.5, 139.9, 140.0, 170.1, 171.2. HRMS m/z Calcd for
C21H22N2O: 318.1732. Found: 318.1728.

3.2.31. 2-(1-Methoxy-1H-indol-2-yl)-N-methyl-N-(2-
methylprop-2-en-1-yl)benzamide (22b). Viscous oil. IR
(neat): 1630 cm�1. 1H NMR (CDCl3) d: 1.51 and 1.60
(two s, 3H), 2.66 and 2.93 (two s, 3H), 3.18–3.25 (m, 1H),
3.78 (s, 3H), 3.95–4.15 (m, 1H), 4.70 and 4.74 (two s,
1H), 4.82 (s, 1H), 6.51 and 6.52 (two s, 1H), 7.09–7.15
(m, 1H), 7.22–7.29 (m, 1H), 7.38–7.51 (m, 4H), 7.56 and
7.57 (two d, 1H, J¼8.0 Hz), 7.75 (d, 1H, J¼8.3 Hz). 13C
NMR (CDCl3) d: 19.8, 20.0, 32.3, 35.8, 52.5, 56.7, 64.7,
100.3, 100.6, 108.8, 113.1, 120.6, 120.7, 121.2, 121.3,
122.8, 122.9, 124.1, 127.2, 127.3, 127.4, 127.5, 128.3,
128.5, 128.9, 129.0, 130.2, 130.4, 133.4, 134.0, 134.1,
136.4, 137.1, 140.1, 140.3, 170.9, 171.5. HRMS m/z Calcd
for C21H22N2O2: 334.1681. Found: 334.1680.

3.3. General procedure for the tandem cyclization–
carbonylation-cross-coupling reaction of 2 with
14, 17, and 20

To a THF solution of indolylborate (2) generated from indole
(1) (2 mmol) in situ under an argon atmosphere, 3, 6, 9, 11, 14,
17, or 20 (1 mmol) was added, and the apparatus was filled
with carbon monoxide. Palladium complex (0.05 mmol)
was placed in a flask, and then carbon monoxide was intro-
duced up to 10 atm. The whole was heated at 60 �C overnight.
The mixture was ice-cooled, and 10% NaOH (10 mL) and
30% H2O2 (2 mL) were added. After stirring for 10 min,
the mixture was diluted with AcOEt (100 mL), washed with
brine, and dried over MgSO4. The solvent was removed,
and the residue was separated by MPLC with hexane–AcOEt.

3.3.1. 1,3-Dimethyl-3-[2-(1-methyl-1H-indol-2-yl)-2-oxo-
ethyl]-1,3-dihydro-2H-indol-2-one (23a). Colorless crys-
tals. Mp 145–146 �C (hexane–AcOEt). IR (CHCl3): 1702,
1662, 1612 cm�1. 1H NMR (CDCl3) d: 1.44 (s, 3H), 3.30
(s, 3H), 3.62 (d, 1H, J¼17.2 Hz), 3.73 (d, 1H, J¼17.2 Hz),
3.81 (s, 3H), 6.87 (d, 1H, J¼8.0 Hz), 6.96 (t, 1H, J¼
7.5 Hz), 7.13 (t, 1H, J¼8.0 Hz), 7.17 (d, 1H, J¼7.5 Hz),
7.24 (t, 1H, J¼7.5 Hz), 7.26–7.31 (m, 2H), 7.37 (t, 1H, J¼
7.5 Hz), 7.67 (d, 1H, J¼8.0 Hz). 13C NMR (CDCl3) d: 25.1,
26.5, 32.0, 45.7, 46.9, 108.2, 110.3, 111.3, 120.8, 122.1,
122.2, 122.9, 125.7, 126.0, 127.9, 133.6, 134.4, 140.0,
143.8, 180.7, 189.9. MS m/z: 332 (M+). Anal. Calcd for
C21H20N2O2: C, 75.88; H, 6.06; N, 8.43. Found: C, 75.80;
H, 6.08; N, 8.29.

3.3.2. tert-Butyl 2-[(1,3-dimethyl-2-oxo-2,3-dihydro-
1H-indol-3-yl)acetyl]-1H-indole-1-carboxylate (23b).
Colorless crystals. Mp 154–155 �C (hexane–AcOEt). IR
(CHCl3): 1706, 1602 cm�1. 1H NMR (CDCl3) d: 1.42 (s,
3H), 1.47 (s, 9H), 3.19 (s, 3H), 3.54 (s, 2H), 6.82 (d, 1H,
J¼8.0 Hz), 6.89 (s, 1H), 6.96 (t, 1H, J¼7.5 Hz), 7.18–7.25
(m, 3H), 7.38 (t, 1H, J¼8.0 Hz), 7.55 (d, 1H, J¼8.0 Hz),
7.97 (d, 1H, J¼8.6 Hz). 13C NMR (CDCl3) d: 24.7, 26.4,
27.7, 45.6, 48.0, 84.8, 108.1, 114.7, 114.9, 122.3, 122.4,
122.5, 123.3, 127.2, 127.4, 128.0, 133.2, 137.7, 138.4,
143.9, 149.5, 180.1, 189.4. MS m/z: 418 (M+). Anal. Calcd
for C25H26N2O4$3/10H2O: C, 70.84; H, 6.33; N, 6.61.
Found: C, 70.94; H, 6.20; N, 6.44.

3.3.3. 2-(1-Acetyl-3-methyl-2,3-dihydro-1H-indol-3-yl)-
1-(1-methyl-1H-indol-2-yl)ethanone (24). Colorless crys-
tals. Mp 91–92 �C (hexane–AcOEt). IR (CHCl3):
1648 cm�1. 1H NMR (CDCl3) d: 1.50 (s, 3H), 2.21 (s,
3H), 3.17 (d, 1H, J¼15.8 Hz), 3.46 (d, 1H, J¼15.8 Hz),
3.96 (d, 1H, J¼11.0 Hz), 4.03 (s, 3H), 4.34 (d, 1H,
J¼11.0 Hz), 7.05 (t, 1H, J¼7.5 Hz), 7.15 (t, 1H,
J¼6.9 Hz), 7.18–7.27 (m, 3H), 7.34–7.42 (m, 2H), 7.66 (d,
1H, J¼8.0 Hz), 8.20 (d, 1H, J¼8.0 Hz). 13C NMR
(CDCl3) d: 24.3, 26.4, 32.3, 42.8, 49.2, 61.3, 110.5, 112.1,
117.2, 121.0, 122.2, 123.0, 123.9, 125.7, 126.4, 128.3,
135.2, 139.0, 140.3, 141.7, 168.9, 192.1. MS m/z: 346
(M+). Anal. Calcd for C22H22N2O2: C, 76.28; H, 6.40; N,
8.09. Found: C, 76.30; H, 6.48; N, 7.98.

3.3.4. 2,4-Dimethyl-4-[2-(1-methyl-1H-indol-2-yl)-2-oxo-
ethyl]-3,4-dihydroisoquinolin-1(2H)-one (25). Viscous
oil. IR (CHCl3): 1642 cm�1. 1H NMR (CDCl3) d: 1.53
(s, 3H), 3.09 (s, 3H), 3.12 (d, 1H, J¼14.3 Hz), 3.20
(d, 1H, J¼14.3 Hz), 3.52 (d, 1H, J¼12.6 Hz), 3.68 (d,
1H, J¼12.6 Hz), 4.04 (s, 3H), 7.10 (s, 1H), 7.13 (dt,
1H, J¼1.8, 8.0 Hz), 7.31–7.41 (m, 4H), 7.46 (t, 1H,
J¼7.5 Hz), 7.63 (d, 1H, J¼8.0 Hz), 8.12 (d, 1H, J¼
7.5 Hz). 13C NMR (CDCl3) d: 23.1, 32.4, 35.1, 37.7, 47.5,
57.2, 110.4, 112.5, 120.9, 123.1, 123.8, 125.6, 126.3,
127.3, 128.3, 128.7, 132.1, 135.6, 140.4, 145.2, 164.6,
192.0. HRMS m/z Calcd for C22H22N2O2: 346.1681. Found:
346.1673.

3.3.5. N-Methyl-2-[(1-methyl-1H-indol-2-yl)carbonyl]-
N-(2-methylprop-2-en-1-yl)benzamide (26). Viscous oil.
IR (neat): 1632 cm�1. 1H NMR (CDCl3) d: 1.63 and 1.67
(two s, 3H), 2.86 and 2.92 (two s, 3H), 3.76 (s, 1H), 4.03
(s, 1H), 4.10 (s, 3H), 4.87 (s, 1H), 4.90 and 4.94 (two s,
1H), 6.95 (d, 1H, J¼4.6 Hz), 7.10–7.16 (m, 1H), 7.35–
7.58 (m, 5H), 7.60–7.64 (m, 1H), 7.73 (d, 1H, J¼7.5 Hz).
13C NMR (CDCl3) d: 19.9, 20.1, 32.0, 32.6, 36.3, 52.7,
53.5, 57.3, 110.3, 112.5, 112.9, 115.7, 115.8, 120.8, 123.2,
125.9, 126.2, 126.3, 126.7, 127.2, 128.2, 128.3, 129.9,
130.1, 130.8, 135.1, 137.6, 137.9, 138.2, 138.5, 140.5,
140.6, 170.6, 171.3, 188.4, 188.5. HRMS m/z Calcd for
C22H22N2O2: 346.1681. Found: 346.1677.
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Abstract—Palladium-catalyzed methoxycarbonylation of (�)-(2R,3S)-1-tert-butyldimethylsiloxy-3-methyl-2-methoxypenta-4-yne 9
derived from (2R,3S)-epoxy butanoate 5 gave the acetylenic ester 10, which was treated with MeOH in the presence of Bu3P to afford selec-
tively (Z)-b-methoxy acrylate congener 11 in 86% yield. Treatment of (Z)-11 with 99.8% enrichment of CDCl3 followed by consecutive
desilylation and oxidation afforded the left-half aldehyde (+)-2. The overall yield (10 steps from 5; 23%) of (+)-2 via the present route
was improved in comparison to that (10 steps from 5; 10%) of the previously reported route. By applying the modified Julia’s coupling
method, selectivity (E/Z¼14:1) of the (E)-form (cystothiazole A 1) against the (Z)-form was improved in comparison to the Wittig method
(E/Z¼4:1 to 6.9:1).
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Antifungal substances, myxothiazole A1 and cystothiazole
A 1,2 were isolated from different strains of myxobacterium
Myxococcus fulvus and Cystobacter fuscus, respectively.
These antibiotics possessing a bis-thiazole skeleton as well
as a b-methoxy acrylate moiety and cystothiazole A 1
have indicated potent antifungal activity against the phyto-
pathogenic fungus, Phytophthora capsici (2 mg/disk), and
have shown activity against a broad range of additional fungi
with no effect on bacterial growth.2 Furthermore, cystothia-
zole A 1 was examined for in vitro cytotoxicity using human
colon carcinoma HCT-116 and human leukemia K562 cells.
The IC50 values of cystothiazole A 1 were 110–130 ng/ml,
which were significantly higher than those of myxothiazole
A. The fungicidal activity of these b-methoxy acrylate
(MOA) inhibitors has been shown to be due to their ability
to inhibit mitochondrial respiration by blocking electron
transfer between cytochrome b and cytochrome c.3 The
absolute structure of cystothiazole A 1 was established by
a combination of spectroscopic analysis and chemical degra-
dation of the natural product.2 The left-half structure of
cystothiazole A 1 has been reported to be responsible for
antifungal activity.4 In future, for the purpose of structure–
biological activity relationship study of cystothiazole A
congeners, efficient synthesis of the left-half aldehyde 2 is
considered to be highly important.

The first enantiocontrolled synthesis of cystothiazole A 1
was achieved based on the preparation of a bis-thiazole
core for the application of the asymmetric Evans aldol

* Corresponding author. Tel.: +81 474 72 1805; e-mail: akita@phar.toho-u.
ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.064
methodology for the development of the C(4)/C(5) vicinal
stereochemistry.5 After our synthesis of cystothiazoles A
16a,b and B6c was reported, syntheses of cystothiazoles A
1,4,7–9 B,9 C,5,7 and E10 were reported. In this paper, we
describe a new chiral synthesis of cystothiazole A 1 for
the purpose of improvement of the overall yield and the
(E)-selectivity of the C(6)/C(7) double bond. Our retro-
synthetic strategy of cystothiazole A 1 is illustrated in
Scheme 1. Retrosynthetically, the synthesis of 1 can be
achieved by the modified Julia’s coupling11 of the left-half
aldehyde 2 and the right-half sulfone 3 or 4. The synthesis
of the left-half aldehyde 2 is shown in Scheme 2.

By applying the previously reported procedure,6b the reac-
tion of (2R,3S)-epoxy butanoate 512 and lithium silyl-acetyl-
ide in the presence of Et2AlCl gave 6 in 71% yield.
Methylation of 6 followed by consecutive reduction and
silylation afforded the silyl ether 9 possessing the terminal
acetylene group in 52% overall yield from 6. By applying
Tsuji’s procedure,13 the acetylenic compound 9 was con-
verted to acetylenecarboxylate 10 in 87% yield under atmo-
spheric pressure (balloon) of carbon monoxide at room
temperature using 5 mol % of PdCl2 and a stoichiometric
amount of CuCl2 in MeOH. By applying the reported proce-
dures,14 conjugate addition of MeOH to acetylenecarboxyl-
ate 10 in the presence of a catalytic amount of Bu3P afforded
the corresponding (Z)-b-methoxy-a,b-unsaturated ester 11
in 86% yield. The (Z)-geometry of 11 was confirmed by
the NOE enhancement for the olefinic proton and the
methine proton (8.6%). Isomerization of (Z)-11 to (E)-12
was carried out by the following procedure. When a solution
of (Z)-11 in CDCl3 (chloroform-d+1% v/v TMS (D,
99.8%)+silver foil) from Cambridge Isotope Laboratories,
Inc.) was stood for 3 days at room temperature, (E)-12 was

mailto:akita@phar.toho-u.ac.jp
mailto:akita@phar.toho-u.ac.jp
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exclusively obtained. The crude (E)-12 was treated with
Et3N$(HF)3 in CH2Cl2 to give the primary alcohol (+)-13
([a]D +91.4 (c 0.64, CHCl3)) in 85% overall yield from
(Z)-11, which was identical with the reported (+)-13 ([a]D

+76.1 (c 0.7, CHCl3)).6b Another CDCl3 (99.8% atom % D
from Aldrich) was also effective for this selective isomeriza-
tion. On the other hand, the distillated CHCl3, CH2Cl2,
(CF3SO3)Yb/CH2Cl2, and silica gel/MeOH were inactive for
this selective isomerization. Treatment of (Z)-11 with pyridi-
nium p-toluenesulfonate (PPTS)/MeOH/PhH or (CF3SO3)Sc/
CH2Cl2 or InCl3/CH2Cl2 gave a complex mixture including
a mixture of (Z)-12 and (E)-12. The same type of isomeriza-
tion as conversion of (Z)-11 to (E)-12 in 99.8% CDCl3 was
observed in our previous case.15 In the case of b-methoxy
acrylate, it was reported that a trace amount of acidic impu-
rities often was sufficient to bring about rapid equilibration
toward the (E)-form from the (Z)-form at ordinary tempera-
tures.16 The thus-obtained (+)-13 was subjected to Dess–
Martin periodinane oxidation to provide the desired aldehyde
(+)-2 ([a]D +104.7 (c 0.55, CHCl3)) in 89% yield. Then, the
synthesis of the right-half sulfone 3 or 4 is carried out as
shown in Scheme 3.

Treatment of isopropylamide 14 with P4S10 gave an isopro-
pylthioamide 15, which was reacted with a-bromopyruvate
to afford a mono-thiazole ester 16 in 82% overall yield
from 14. Treatment of 16 with NH3/MeOH followed by thio-
amidation with P4S10 yielded a thioamide 18 in 67% overall
yield from 16. The reaction of 18 with a-bromopyruvate
afforded a bithiazole ester 19 in 94% yield. LiBH4 reduc-
tion (20, 91% yield) of 19 followed by treatment with 2-mer-
captobenzothiazole (BTSH)/Ph3P/diethylazodicarboxylate
(DEAD) provided a sulfide 21 in 90% yield. The sulfide
21 was subjected to oxidation with 30% H2O2 in the pres-
ence of Mo7O24(NH4)6$4H2O to give the corresponding
sulfone 3 in 88% yield. Moreover, an alcohol 20 was treated
with 1-phenyl-1H-tetrazole-5-thiol (PTSH)/Ph3P/diethyl-
azodicarboxylate (DEAD) to provide a sulfide 22 in 96%
yield. The sulfide 22 was subjected to oxidation with 30%
H2O2 in the presence of Mo7O24(NH4)6$4H2O to give the
corresponding sulfone 4 in 91% yield. Then, the modified
Julia’s coupling of the aldehyde 2 with sulfones (3 or 4)
was carried out. The reaction of 2 and 3 in the presence
of lithium bis(trimethylsilyl)amide in THF gave a mixture
(E/Z¼14:1) of cystothiazole A 1 and (Z)-cystothiazole A
23 in 64% yield. A part of this mixture was again subjected
to chromatography to provide (E)-1, whose spectral data
(1H and 13C NMR) were identical with those of the reported
data.6b The reaction of 2 and 4 in the presence of lithium
bis(trimethylsilyl)amide in THF gave a mixture (E/Z¼4:1)
of cystothiazole A 1 and (Z)-cystothiazole A 23 in 66%
yield.

In conclusion, palladium-catalyzed methoxycarbonyla-
tion of (–)-(2R,3S)-1-tert-butyldimethylsiloxy-3-methyl-
2-methoxypenta-4-yne 9 derived from (2R,3S)-epoxy
butanoate 5 gave the acetylenic ester 10, which was treated
with MeOH in the presence of Bu3P to afford selectively
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Scheme 3.
(Z)-b-methoxy acrylate congener 11 in 86% yield. Treat-
ment of (Z)-11 with 99.8% enrichment of CDCl3 followed
by consecutive desilylation and oxidation gave the left-half
aldehyde (+)-2. The overall yield (10 steps from 5, 23%)
of (+)-2 via the present route was improved in comparison
to that (10 steps from 5, 10%) of the previously reported
route.6a,b By applying the modified Julia’s coupling method,
selectivity (E/Z¼14:1) of the (E)-form (cystothiazole A 1)
against the (Z)-form was improved in comparison to the
Wittig method (E/Z¼4:16b to 6.9:18).

2. Experimental

2.1. General

All melting points were measured on a Yanaco MP-3S
micro melting point apparatus and are uncorrected. 1H and
13C NMR spectra were recorded on JEOL AL 400 spectro-
meter in CDCl3. Carbon substitution degrees were estab-
lished by DEPT pulse sequence. High-resolution mass
spectra (HRMS) and the fast atom bombardment mass spec-
tra (FABMS) were obtained with a JEOL JMS 600H
spectrometer. IR spectra were recorded with a JASCO FT/
IR-300 spectrometer. Optical rotations were measured with
a JASCO DIP-370 digital polarimeter. All evaporations
were performed under reduced pressure. For column chro-
matography, silica gel (Kieselgel 60) was employed.

2.2. (L)-(2R,3S)-1-tert-Butyldimethylsiloxy-3-methyl-2-
methoxypenta-4-yne (9)

n-Butyllithium (n-BuLi, 1.6 M in hexane, 24.5 ml,
39.2 mmol) was added to a stirred solution of trimethylsilyl-
acetylene (3.8 g, 38.7 mmol) in toluene (50 ml) at �40 �C
under an argon atmosphere and the mixture was stirred for
1 h at 0 �C. A solution of (2R,3S)-5 (3.0 g, 25.8 mmol) in
toluene (10 ml) was added to the above reaction mixture
and the whole mixture was stirred for 3 h at 5–10 �C. The
reaction mixture was diluted with H2O (20 ml) at 0 �C and
the generated white precipitate was filtered off with the aid
of Celite. The precipitate was washed with AcOEt and the
washing and filtrate were combined. The extracted organic
layer was dried over MgSO4 and evaporated to give an
oily product, which was chromatographed on silica gel
(60 g, n-hexane–AcOEt 30:1) to afford methyl (2R,3S)-2-
hydroxy-3-methyl-5-trimethylsilyl-4-pentynoate 6 (3.91 g,
71% yield) as a colorless oil. Compound (�)-6: [a]D

25

�24.1 (c 1.07, CHCl3); IR (neat): 3482, 2168, 1741 cm�1;
1H NMR: d 0.15 (9H, s), 1.21 (3H, d, J¼7.2 Hz), 2.86–
2.93 (1H, m), 3.81 (3H, s), 4.21 (1H, d, J¼4.4 Hz);
13C NMR: d �0.07, 15.8, 32.3, 52.4, 73.5, 86.9, 106.1,
173.1; HRMS (FAB) calcd for C10H19O3Si (M++1):
215.1104. Found: m/z: 215.1106.

A mixture of 6 (2.105 g, 9.8 mmol), methyl iodide (18 g,
127 mmol), and Ag2O (3.2 g, 13.8 mmol) in DMF (6 ml)
was stirred for 48 h at room temperature. The reaction mix-
ture was diluted with AcOEt (30 ml) and filtered off with the
aid of Celite. The filtrate was diluted with H2O and extracted
with n-hexane. The organic layer was dried over MgSO4.
Concentration of the organic layer gave a crude residue,
which was chromatographed on silica gel (50 g, n-hexane–
AcOEt 60:1) to provide methyl (2R,3S)-2-methoxy-3-methyl-
5-trimethylsilyl-4-pentynoate 7 (1.819 g, 81% yield) as a
colorless oil. Compound (�)-7: [a]D

23 �0.32 (c 1.225,
CHCl3); IR (neat): 1752, 2170 cm�1; 1H NMR: d 0.14 (9H,
s), 1.23 (3H, d, J¼6.8 Hz), 2.89 (1H, dq, J¼6.4, 6.8 Hz),
3.43 (3H, s), 3.71 (1H, d, J¼6.4 Hz), 3.77 (3H, s);
13C NMR: d �0.02, 16.4, 30.5, 51.8, 58.9, 84.0, 86.6,
106.3, 171.4; HRMS (FAB) calcd for C11H21O3Si (M++1):
229.1260. Found: 229.1289.
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To a solution of (2R,3S)-7 (1.66 g, 7.3 mmol) in THF (20 ml)
was added 1 M tetrabutylammonium fluoride (TBAF) in
THF solution (3.7 ml, 3.7 mmol) at 0 �C and the whole mix-
ture was stirred for 10 min at 0 �C. The reaction mixture was
diluted with H2O and extracted with AcOEt. The organic
layer was dried over MgSO4 and evaporated to give a crude
residue, which was used for the next reaction without further
purification. To a solution of the above 2-methoxy ester in
THF (20 ml) was added LiBH4 (0.641 g, 29.4 mmol) at
0 �C and the whole mixture was stirred for 60 min at room
temperature. The reaction mixture was diluted with MeOH
(2 ml), H2O (100 ml), and Et2O (100 ml), and the whole
mixture was stirred for 12 h at the same temperature. The
generated precipitate was filtered off with the aid of Celite
to afford the filtrate. The filtrate was extracted with Et2O.
The organic layer was dried over MgSO4. Evaporation of
the filtrate gave a crude residue, which was chromato-
graphed on silica gel (20 g, n-hexane–AcOEt 5:1) to provide
(�)-8 as a colorless oil (0.66 g, 71%). Compound (�)-8: [a]D

27

�27.6 (c 1.05, CHCl3); IR (neat): 3429, 3296, 2113 cm�1;
1H NMR: d 1.25 (3H, d, J¼6.8 Hz), 2.11 (1H, d,
J¼2.4 Hz), 2.38 (1H, br s), 2.76 (1H, ddq, J¼2.4, 6.8,
6.8 Hz), 3.16 (1H, ddd, J¼3.2, 5.6, 6.8 Hz), 3.80 (2H, dq,
J¼12, 5.6 Hz); 13C NMR: d 17.1, 27.3, 58.4, 61.9, 70.3,
84.5, 85.5; HRMS (FAB) calcd for C7H13O2 (M++1):
129.0916. Found: 129.0919.

A solution of (�)-8 (0.452 g, 3.5 mmol), imidazole (0.492 g,
7.1 mmol), and tert-butyldimethylsilyl chloride (TBDMSCl,
0.797 g, 5.3 mmol) in DMF (2 ml) was stirred for 1 h at
room temperature. The reaction mixture was diluted with
brine and extracted with AcOEt/n-hexane (1:1). The organic
layer was dried over MgSO4 and evaporated to give a crude
9, which was chromatographed on silica gel (30 g, n-hexane/
AcOEt 30:1) to afford 9 (0.801 g, 93%) as a colorless oil.
Compound (�)-9: [a]D

25 �4.74 (c 1.06, CHCl3); IR (neat):
2115 cm�1; 1H NMR: d 0.06 (6H, s), 0.89 (9H, s), 1.21
(3H, d, J¼7.2 Hz), 2.05 (1H, d, J¼2.4 Hz), 2.68 (1H, ddq,
J¼2.4, 7.2, 6.4 Hz), 3.16 (1H, ddq, J¼4.4, 5.6, 6.4 Hz),
3.71 (1H, dd, J¼5.6, 10.8 Hz), 3.82 (1H, dd, J¼4.4,
10.8 Hz); 13C NMR: d �5.46, �5.41, 16.4, 18.3, 25.9
(3C), 27.4, 59.0, 63.3, 69.4, 84.6, 86.5; HRMS (FAB) calcd
for C13H27O2Si (M++1): 243.1781. Found: 243.1785.

2.3. (L)-Methyl (4S,5R)-6-tert-butyldimethylsiloxy-
4-methyl-5-methoxy-2-hexynoate (10)

A 100-ml two-necked round-bottomed flask, containing
a magnetic stirring bar, PdCl2 (47 mg, 0.27 mmol), anhy-
drous CuCl2 (1.79 g, 13.2 mmol), and anhydrous NaOAc
(1.09 g, 13.3 mmol) in MeOH (25 ml), was fitted with a rub-
ber septum and three-way stopcock connected to a balloon
filled with carbon monoxide. The apparatus was purged
with carbon monoxide by pumping–filling via the three-
way stopcock. A solution of (�)-9 (1.289 g, 5.33 mmol) in
MeOH (3.5 ml) was added to the above stirred mixture via
a syringe at 0 �C. After being stirred for 4 h, the reaction
mixture was diluted with AcOEt (100 ml)/H2O (100 ml).
The organic layer was dried over MgSO4. Evaporation
of the organic solvent gave a crude residue, which was chro-
matographed on silica gel (30 g, n-hexane/AcOEt 50:1) to
provide (�)-10 as a homogeneous oil (1.399 g, 87%). [a]D

24

�15.1 (c 0.86, CHCl3); IR (neat): 2236, 1717 cm�1;
1H NMR: d 0.06 (6H, s), 0.89 (9H, s), 1.25 (3H, d,
J¼7.2 Hz), 2.86 (1H, dq, J¼7.2, 6.8 Hz), 3.23–3.27
(1H, m), 3.47 (3H, s), 3.68–3.77 (2H, m), 3.74 (3H, s);
13C NMR: d �5.52, �5.47, 15.0, 18.2, 25.8 (3C), 27.5,
52.5, 59.0, 62.7, 73.7, 83.6, 91.3, 154.1; HRMS (FAB) calcd
for C15H29O4Si (M++1): 301.1836. Found: 301.1837.

2.4. (L)-Methyl (4R,5R)-6-tert-butyldimethylsiloxy-
3,5-dimethoxy-4-methyl-2(Z)-hexenoate (11)

A mixture of (�)-10 (1.25 g, 4.2 mmol), Bu3P (0.254 g,
1.25 mmol), and MeOH (0.335 g, 10.5 mmol) in CH2Cl2
(25 ml) was stirred for 4 h at room temperature. The reaction
mixture was evaporated to give a crude residue, which was
chromatographed on silica gel (30 g, n-hexane/AcOEt
50:1) to afford (�)-11 (1.90 g, 86%) as a colorless oil. Com-
pound (�)-11: [a]D

24 �15.6 (c 0.96, CHCl3); IR (neat): 1717,
1630 cm�1; 1H NMR: d 0.05 (6H, s), 0.89 (9H, s), 1.11 (3H,
d, J¼7.2 Hz), 2.59 (1H, dq, J¼6.8, 6.8 Hz), 3.30 (1H, dd,
J¼5.6, 6.8 Hz), 3.41 (3H, s), 3.61 (2H, d, J¼5.6 Hz), 3.66
(3H, s), 3.91 (3H, s), 5.07 (1H, s); 13C NMR: d �5.45,
�5.38, 13.4, 18.3, 25.9 (3C), 40.5, 50.9, 59.3, 60.2, 62.9,
83.1, 95.8, 165.9, 174.7; HRMS (FAB) calcd for
C16H33O5Si (M++1): 333.2097. Found: 332.2120.

2.5. (D)-Methyl (4R,5R)-6-hydroxy-3,5-dimethoxy-
4-methyl-2(E)-hexenoate (13)

A solution of (�)-11 (0.103 g, 0.45 mmol) in CDCl3 (2 ml;
D, 99.8% including 1% v/v TMS, silver foil, available from
Cambridge Isotope Laboratories Inc.) was stood for 2 weeks
at room temperature. Evaporation of the solvent gave 12 as
a colorless oil, which was used for the next reaction without
further purification. Compound 12: 1H NMR: d 0.03 (6H, s),
0.87 (9H, s), 1.15 (3H, d, J¼7.2 Hz), 3.33 (1H, dq, J¼3.0,
7.2 Hz), 3.46 (3H, s), 3.54 (1H, dd, J¼7.2, 11.2 Hz), 3.61
(3H, s), 3.61–3.65 (1H, m), 3.65 (3H, s), 3.97–4.04 (1H,
m), 4.96 (1H, s).

A mixture of 12 and Et3N$(HF)3 (0.6 g, 3.7 mmol) in
CH2Cl2 (4 ml) was stirred for 12 h at room temperature.
The reaction mixture was diluted with CH2Cl2 and washed
with 7% aqueous NaHCO3. The organic layer was dried
over MgSO4. Evaporation of the organic solvent gave a crude
residue, which was chromatographed on silica gel (5 g,
n-hexane/AcOEt 3:1) to afford (+)-13 (0.06 g, 89% from
(�)-11) as a colorless oil. Compound (+)-13: [a]D

23 +91.4
(c 0.64, CHCl3); IR (KBr): 3450, 1711, 1623, 1150 cm�1;
1H NMR: d 1.19 (3H, d, J¼6.8 Hz), 3.24–3.32 (1H, m),
3.44–3.48 (1H, m), 3.45 (3H, s), 3.63 (3H, s), 3.67–3.73
(1H, m), 3.69 (3H, s), 4.07–4.15 (1H, m), 5.05 (1H, s);
13C NMR: d 14.5, 36.0, 51.2, 55.6, 58.1, 61.4, 83.6, 91.4,
168.6, 176.6; HRMS (FAB) calcd for C10H17O5 (M++1):
217.1076. Found: 217.1079.

2.6. (D)-Methyl (4R,5R)-3,5-dimethoxy-4-methyl-
2(E)-hexenoate (2)

A mixture of (+)-14 (0.142 g, 0.65 mmol) and Dess–Martin
reagent (0.708 g, 1.67 mmol) in CH2Cl2 (6 ml) was stirred
for 2 h at room temperature. The reaction mixture was
diluted with ether. The organic layer was washed with 7%
aqueous NaHCO3 and dried over MgSO4. Evaporation of
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the organic solvent gave a crude residue, which was chroma-
tographed on silica gel (5 g, n-hexane/AcOEt 9:1) to provide
(+)-2 as a colorless oil (0.125 g, 89%). Compound (+)-2:
[a]D

23 +104.7 (c 0.55, CHCl3); IR (KBr): 1712, 1628, 1441,
1149, 1095 cm�1; 1H NMR: d 1.20 (3H, d, J¼7.2 Hz),
3.43 (3H, s), 3.56 (1H, dd, J¼2.4, 6.8 Hz), 3.64 (3H, s),
3.68 (3H, s), 4.48 (1H, dq, J¼6.8, 7.2 Hz), 5.07 (1H, s),
9.59 (1H, q, J¼2.4 Hz); 13C NMR: d 13.9, 36.5, 51.0,
55.7, 58.6, 87.4, 91.9, 167.6, 174.4, 202.1; HRMS (FAB)
calcd for C10H17O5 (M++1): 217.1076. Found: 217.1079.

2.7. Ethyl 2-isopropylthiazole-4-carboxylate (16)

To a solution of phosphorus pentasulfide (P4S10; 5.1 g,
11.47 mmol) in ether (40 ml) was added isobutylamide 14
(10 g, 114.7 mmol) and the whole mixture was stirred for
2 h at room temperature. The reaction mixture was diluted
with brine and extracted with ether. The organic layer was
dried over MgSO4 and evaporated to give a crude 15. A mix-
ture of the crude 15 and ethyl a-bromopyruvate (22.39 g,
114.5 mmol) in EtOH (100 ml) was stirred at reflux for
15 min. The reaction mixture was evaporated, diluted with
AcOEt, and washed with 7% aqueous NaHCO3. The organic
layer was dried over MgSO4 and evaporated to give a crude
oil, which was chromatographed on silica gel (200 g,
n-hexane/AcOEt 20:1) to afford 16 as a colorless compound
(18.92 g, 82% overall yield from 14). Compound 16: IR
(neat): 1726 cm�1; 1H NMR: d 1.40 (3H, t, J¼7.2 Hz),
1.42 (6H, t, J¼7.0 Hz), 3.43 (1H, sept, J¼7.0 Hz), 4.42
(2H, q, J¼7.2 Hz), 8.06 (1H, s); 13C NMR: d 14.4, 23.3
(C2), 33.6, 61.4, 126.4, 146.6, 161.6, 179.0; MS (FAB)
m/z: 200 (M++1).

2.8. 2-Isopropylthiazole-4-thioamide (18)

The thiazole ester 16 (20.01 g, 100.1 mmol) was treated with
saturated NH3 in MeOH (10 ml) in a sealed tube and the
whole mixture was left to stand for 3 days at room tempera-
ture. After cooling, the reaction mixture was concentrated to
afford a crude amide 17. To a solution of crude 17 in benzene
(300 ml) was added phosphorus pentasulfide (P4S10; 36.5 g,
82.1 mmol) and the whole mixture was stirred for 2 h at
reflux. The reaction mixture was diluted with H2O and ex-
tracted with AcOEt. The organic layer was washed with brine
and dried over MgSO4. The organic layer was evaporated to
give a crude residue, which was chromatographed on silica
gel (300 g, n-hexane/AcOEt 10:1) to afford 18 as a pale yel-
low compound (12.53 g, 67% from 16). Recrystallization of
18 from n-hexane afforded 18 as pale yellow needles. Com-
pound 18: mp 83–85 �C; IR (KBr): 3290, 3155, 1634 cm�1;
1H NMR: d 1.40 (6H, d, J¼6.9 Hz), 3.28 (1H, sept, J¼
6.9 Hz), 7.79 (1H, br s), 8.32 (1H, s), 8.70 (1H, br s);
13C NMR: d 22.9, 33.3, 85.1, 126.4, 152.5, 177.7, 190.9.
Anal. Calcd for C7H10N2S2: C, 45.13; H, 5.41; N, 15.04%.
Found: C, 45.13; H, 5.36; N, 15.01. FABMS m/z: 187 (M++1).

2.9. Ethyl 20-isopropyl[2,40]bithiazolyl-4-carboxylate
(19)

A solution of 19 (0.99 g, 5.3 mmol) and ethyl bromopyru-
vate (1.14 g, 5.8 mmol) in absolute EtOH (30 ml) was stirred
for 1 h at reflux. The reaction mixture was diluted with 7%
aqueous NaHCO3 and extracted with Et2O. The organic
layer was washed with brine and dried over MgSO4. The
organic layer was evaporated to give a crude residue, which
was chromatographed on silica gel (30 g, n-hexane/AcOEt
30:1) to afford 19 (1.41 g, 94%). Recrystallization of 19
from n-hexane provided 19 as colorless needles. Compound
19: mp 76–77 �C; IR (KBr): 1729 cm�1; 1H NMR: d 1.43
(3H, d, J¼7.1 Hz), 1.44 (6H, d, J¼6.9 Hz), 3.36 (1H, sept,
J¼6.9 Hz), 4.44 (2H, q, J¼7.1 Hz), 8.02 (1H, s), 8.16 (1H,
s); 13C NMR: d 14.4, 23.1, 33.4, 61.5, 116.1, 127.4, 147.5,
147.6, 161.3, 163.5, 178.4. Anal. Calcd for C12H14N2O2S2:
C, 51.02; H, 5.00; N, 9.92%. Found: C, 50.89; H, 5.02; N,
9.96. FABMS m/z: 283 (M++1).

2.10. 20-Isopropyl[2,40]bithiazolyl-4-methyl alcohol (20)

A mixture of 19 (1.787 g, 6.3 mmol) and LiBH4 (0.69 g,
31.6 mmol) in THF (20 ml) was stirred for 2 h at room tem-
perature. The reaction mixture was diluted with H2O (10 ml)
and the whole was stirred for 5 h at the same temperature.
The reaction mixture was extracted with AcOEt and washed
with brine, and dried over MgSO4. The organic layer was
evaporated to give a crude residue, which was chromato-
graphed on silica gel (10 g, n-hexane/AcOEt 5:1) to afford
20 (1.506 g, 91%). Recrystallization of 20 from n-hexane
provided 20 as colorless needles. Compound 20: mp 56–
58 �C; IR (KBr): 3247, 1536, 1447 cm�1; 1H NMR: d 1.44
(6H, d, J¼7.2 Hz), 3.25–3.40 (1H, br s), 3.37 (1H, sept,
J¼7.2 Hz), 4.81 (2H, s), 7.19 (1H, t, J¼0.8 Hz), 7.84 (1H,
s); 13C NMR: d 23.1, 23.1, 33.4, 60.9, 115.0, 115.2, 148.4,
157.2, 163.7, 178.8. Anal. Calcd for C10H12N2OS2: C,
49.97; H, 5.03; N, 11.66%. Found: C, 50.27; H, 5.19; N,
11.43. FABMS m/z: 241 (M++1).

2.11. 20-Isopropyl[2,40]bithiazolyl-4-methylenethio-
2-benzothiazole (21) and 20-isopropyl[2,40]bithiazolyl-
4-methylenesulfonyl-2-benzothiazole (3)

To a mixture of 20 (0.1 g, 0.42 mmol), triphenylphosphine
(0.218 g, 0.83 mmol), and diethylazocarboxylate (0.27 g,
0.62 mmol) in THF (5 ml) was added 2-mercaptobenzothia-
zole (0.14 g, 0.84 mmol) under argon atmosphere and the
whole mixture was stirred for 60 min at room temperature.
The reaction mixture was diluted with 2 M aqueous NaOH
and extracted with Et2O. The organic layer was washed
with brine and dried over MgSO4. The organic layer was
evaporated to give a crude residue, which was chromato-
graphed on silica gel (20 g, n-hexane/AcOEt 30:1) to afford
22 (0.146 g, 90%). Recrystallization of 21 from n-hexane
provided 21 as colorless needles. Compound 21: mp 74–
75 �C; IR (KBr): 3119, 2962, 1430, 997 cm�1; 1H NMR:
d 1.42 (6H, d, J¼7.0 Hz), 3.36 (1H, sept, J¼7.0 Hz), 4.76
(2H, s), 7.27–7.31 (1H, m), 7.33 (1H, s), 7.40–7.44 (1H,
m), 7.73–7.75 (1H, m), 7.82 (1H, s), 7.89–7.91 (1H, m);
13C NMR: d 23.1, 23.1, 33.0, 33.3, 115.0, 117.5, 121.0,
121.6, 124.3, 126.0, 135.4, 148.4, 152.1, 153.1, 163.2,
166.0, 178.7. Anal. Calcd for C17H15N3S4: C, 52.41; H,
3.88; N, 10.79%. Found: C, 52.44; H, 3.96; N, 10.33.
FABMS m/z: 390 (M++1).

To a solution of 21 (0.094 g, 0.24 mmol) in EtOH (2 ml)
were added Mo7O24(NH4)6$4H2O (0.03 g, 0.024 mmol)
and 30% H2O2 (0.5 ml) at 0 �C, and the whole mixture was
stirred for 60 min at room temperature. The reaction mixture
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was diluted with brine and extracted with AcOEt. The
organic layer was dried over MgSO4. The organic layer was
evaporated to give a residue, which was chromatographed on
silica gel (15 g, n-hexane/AcOEt 3:1) to afford 3 (0.089 g,
88%). Recrystallization of 3 from n-hexane/AcOEt provided
3 as colorless needles. Compound 3: mp 129–130 �C; IR
(KBr): 1332, 1150 cm�1; 1H NMR: d 1.38 (6H, d,
J¼6.8 Hz), 3.31 (1H, sept, J¼6.8 Hz), 5.15 (2H, s), 7.19
(1H, s), 7.68 (1H, s), 7.67–7.71 (1H, m), 7.74–7.78 (1H, m),
8.21–8.23 (1H, m), 8.29–8.31 (1H, m); 13C NMR (acetone-
d6): d 23.1, 23.1, 33.8, 57.4, 115.7, 122.9, 123.8, 126.1,
128.7, 128.9, 138.2, 144.7, 148.9, 153.8, 163.6, 167.1, 179.4.
Anal. Calcd for C17H15N3O2S4: C, 48.43; H, 3.59; N, 9.97%.
Found: C, 48.30; H, 3.61; N, 9.80. FABMS m/z: 422 (M++1).

2.12. 20-Isopropyl[2,40]bithiazolyl-4-methylenethio-
5-(1-phenyl-1H)-tetrazole (22) and 20-isopropyl[2,40]-
bithiazolyl-4-methylenesulfonyl-5-(1-phenyl-1H)-
tetrazole (4)

To a mixture of 20 (0.1 g, 0.42 mmol), triphenylphosphine
(0.218 g, 0.83 mmol), and diethylazocarboxylate (0.27 g,
0.62 mmol) in THF (5 ml) was added 1-phenyl-1H-tetra-
zole-5-thiol (0.148 g, 0.83 mmol) under argon atmosphere
and the whole mixture was stirred for 60 min at room tem-
perature. The reaction mixture was diluted with 2 M aqueous
NaOH and extracted with Et2O. The organic layer was
washed with brine and dried over MgSO4. The organic layer
was evaporated to give a crude residue, which was chroma-
tographed on silica gel (20 g, n-hexane/AcOEt 6:1) to afford
22 (0.16 g, 96%). Recrystallization of 22 from n-hexane
provided 22 as colorless needles. Compound 22: mp 102–
104 �C; IR (KBr): 3114, 2957, 1498, 1393 cm�1; 1H NMR:
d 1.43 (6H, d, J¼6.8 Hz), 3.36 (1H, sept, J¼6.8 Hz), 4.77
(2H, s), 7.43 (1H, s), 7.51–7.55 (5H, m), 7.79 (1H, s); 13C
NMR: d 23.1, 23.1, 33.0, 33.3, 115.1, 118.4, 123.9, 123.9,
129.8, 129.8, 130.1, 133.6, 148.3, 150.9, 153.8, 163.5, 178.8.
Anal. Calcd for C17H16N6S3: C, 50.98; H, 4.03; N, 20.98%.
Found: C, 51.00; H, 4.00; N, 20.89. FABMS m/z: 401 (M++1).

To a solution of 22 (0.34 g, 0.85 mmol) in EtOH (1 ml) were
added Mo7O24(NH4)6$4H2O (0.105 g, 0.085 mmol) and
30% H2O2 (1 ml) at 0 �C, and the whole mixture was stirred
for 60 min at room temperature. The reaction mixture was
diluted with brine and extracted with AcOEt. The organic
layer was dried over MgSO4. The organic layer was evapo-
rated to give a crude residue, which was chromatographed on
silica gel (20 g, n-hexane/AcOEt 8:1) to afford 4 (0.333 g,
91%). Recrystallization of 4 from n-hexane/AcOEt provided
4 as colorless needles. Compound 4: mp 121–122 �C;
IR (KBr): 1338, 1160 cm�1; 1H NMR: d 1.43 (6H, d,
J¼6.8 Hz), 3.35 (1H, sept, J¼6.8 Hz), 5.02 (2H, s), 7.44
(1H, s), 7.50–7.60 (5H, m), 7.66 (1H, s); 13C NMR: d 23.1,
23.1, 33.3, 58.1, 115.7, 122.4, 125.6, 125.6, 129.5, 129.5,
131.5, 132.9, 141.3, 147.7, 153.2, 164.2, 179.1. Anal. Calcd
for C17H16N6O2S3: C, 47.21; H, 3.73; N, 19.43%. Found: C,
47.24; H, 3.77; N, 19.17. FABMS m/z: 433 (M++1).

2.13. Modified Julia’s coupling of (D)-2 and 3 (synthesis
of cystothiazole A (E)-1)

To a solution of 3 (0.17 g, 0.40 mmol) in THF (3 ml) was
added lithium bis(trimethylsilyl)amide (1 M solution in
THF, 0.4 ml, 0.4 mmol) at 0 �C under argon atmosphere
and the whole mixture was stirred for 20 min at the same
temperature. A solution of (+)-2 (0.073 g, 0.34 mmol) in
THF (2 ml) was added to the above reaction mixture at
0 �C and the whole mixture was stirred for 20 min at the
same temperature. The reaction mixture was diluted with
H2O and extracted with AcOEt. The organic layer was dried
over MgSO4 and evaporated to afford a crude product, which
was chromatographed on silica gel (12 g, n-hexane/AcOEt
20:1) to give a 14:1 mixture (0.091 g, 64%) of (E)-1 and
(Z)-cystothiazole 23. A part of this mixture was again sub-
jected to chromatography on silica gel (5 g, n-hexane/AcOEt
20:1) to afford (E)-1 (0.005 g). 1H and 13C NMR data of
the present (E)-1 were identical with those of the reported
data.2,5

2.14. Modified Julia’s coupling of (D)-2 and 4 (synthesis
of cystothiazole A (E)-1)

To a solution of 4 (0.216 g, 0.50 mmol) in THF (5 ml) was
added lithium bis(trimethylsilyl)amide (1 M solution in
THF, 0.5 ml, 0.5 mmol) at 0 �C under argon atmosphere
and the whole mixture was stirred for 20 min at the same
temperature. A solution of (+)-2 (0.09 g, 0.42 mmol) in
THF (2 ml) was added to the above reaction mixture at
0 �C and the whole mixture was stirred for 20 min at the
same temperature. The reaction mixture was diluted with
H2O and extracted with AcOEt. The organic layer was dried
over MgSO4 and evaporated to afford a crude product, which
was chromatographed on silica gel (15 g, n-hexane/AcOEt
20:1) to give a 4:1 mixture (0.116 g, 66%) of (E)-1 and
(Z)-cystothiazole 23.
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A novel tert-butoxycarbonylation reagent: 1-tert-butoxy-2-tert-
butoxycarbonyl-1,2-dihydroisoquinoline (BBDI)
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Abstract—The use of 1-tert-butoxy-2-tert-butoxycarbonyl-1,2-dihydroisoquinoline (BBDI) as a tert-butoxycarbonylation reagent for acidic
proton-containing substrates such as phenols, aromatic and aliphatic amines hydrochlorides, and aromatic carboxylic acids in the absence of
a base is described. The reactions proceed chemoselectively in high yield under mild conditions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The development of mild and selective methods for the pro-
tection and deprotection of functional groups continues to be
an important tool in the synthetic chemistry of functional
molecules.1 Among the various protection groups available,
the tert-butoxycarbonyl (Boc) group is resistant to nucleo-
philic reagents, because of the electron donating and steri-
cally bulky tert-butyl group.1 It is noteworthy that the Boc
group for protecting amino functionalities is most frequently
used in organic synthesis due to its chemical stability to
nucleophiles and strong basic conditions and its ease of
removal under specific conditions.2 In addition, the Boc
group can also act as a useful protecting group for alcohols
and phenols, since it is more stable than the corresponding
ester under basic conditions.3 Various reagents and methods
for introducing this group using Boc2O have been devel-
oped. Most reactions are carried out in the presence of
a base such as DMAP4 or organic/inorganic bases.3a,5 In
addition, the tert-butoxycarbonylation of acidic substrates
such as phenol and thiophenol also require a base.6 On the
other hand, the use of a Lewis acid catalyst to perform this
protection has not been extensively studied.7 In these
contexts, we discovered that the Reissert like reaction of
Boc2O with isoquinoline afforded 1-tert-butoxy-2-tert-
butoxycarbonyl-1,2-dihydroisoquinoline (BBDI) 1, which
appears to be a promising tert-butoxycarbonylating agent.8

Our efforts toward the use of BBDI 1 as a de novo tert-
butoxycarbonylation reagent for acidic proton-containing
substrates such as amine hydrochlorides, phenols, and
carboxylic acids have been described in detail.9

* Corresponding author. Tel./fax: +81 22 7270144; e-mail: takahata@
tohoku-pharm.ac.jp

y Present address: Faculty of Pharmaceutical Sciences, Aomori University,
2-3-1 Kobata, Aomori 030-0943, Japan.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.063
2. Results and discussion

2.1. The reaction of Boc2O with nitrogen-containing
aromatic compounds

We, first, found that the exposure of isoquinoline to Boc2O in
n-hexane at room temperature resulted in the loss of carbon
dioxide to give 1 in 86% yield, which is stable and can be
stored at room temperature for periods of over 1 year without
any decomposition. Similarly, when a solution of phthala-
zine and quinazoline is refluxed with Boc2O in benzene,
the adducts 2 and 3 are produced, in 86% and 68% yields,
respectively (Scheme 1). Surprisingly, the addition of
Boc2O to pyridine, pyrimidine, quinoline, and quinoxaline
gave no adducts, resulting in the recovery of starting mate-
rials. Only heterocycles bearing a nitrogen at the b-position
in the naphthalene ring such as isoquinoline, phthalazine,
and quinazoline were amenable to reaction with Boc2O to
give the corresponding adducts 1–3, although the reasons
for this remain unclear.

N
X

Y
+ Boc2O N

X
Y

OtBu

OtBu

O

N

OtBu

OtBu

O

N + Boc2O

2 X = N, Y = CH
3 X = CH, Y = N

1

n-hexane, rt

benzene,
reflux

Scheme 1. Synthesis of 1–3.
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2.2. tert-Butoxycarbonylation of phenols with BBDI

Avariety of natural polyphenols that have attracted the inter-
est of scientists and synthetic research into this class of com-
pounds has been vigorously carried out in recent years.10

The phenolic hydroxyl group(s) on those compounds often
play an important role in their biological activities.11 The
protection of the hydroxyl group(s) is necessary in order to
maintain these activities and to avoid expected side reac-
tions. A variety of protecting groups for phenols have been
developed and have been utilized in synthetic studies.1

Recent studies have highlighted the utility of the tert-
butoxycarbonyl (Boc) group for phenols.4 Based on these
properties, we embarked on an investigation of the tert-
butoxycarbonylation of phenol (4a) using 1. A solution of
4a and 1 in benzene was heated under reflux for 1 h to
give phenyl tert-butyl carbonate (5a) in quantitative yield.
The tert-butoxycarbonylation of 4a using 2 and 3, however,
resulted in low yields (Table 1, entries 2 and 3). The reaction
of p-methoxy- and p-nitorophenol (4b and 4c), respectively,
with 1 afforded the corresponding carbonates 5b and 5c in
high yields, respectively (Table 1, entries 4 and 5). In the
case of 4c, however, the reaction proceeded easily at room
temperature. Unfortunately, the exposure of 2 and 3 to 4c
also resulted in low yields (Table 1, entries 6 and 7). It is
noteworthy that the tert-butoxycarbonylation of p-hydroxy-
methylphenol (4d) took place chemoselectively to give 5d
without any substitution of the hydroxymethyl group. Sur-
prisingly, although the tert-butoxycarbonylation of phenols
in alkaline media has been reported,4,6 this is the first exam-
ple of such a reaction in the absence of base.

2.3. tert-Butoxycarbonylation of amine hydrochlorides
with BBDI

The Boc group is extensively used for amino protection
because of its chemical inertness to nucleophilic reagents
including base and deprotection using acid reagents.12 The
tert-butoxycarbonylation of aniline with 1 was examined
first. However, no reaction occurred and 1 was recovered.
As described above, it was found that the tert-butoxycarbo-
nylation at 4c (pKa¼10.8)13 proceeds under more mild

Table 1. tert-Butoxycarbonylation of 4a–d with 1–3

OHX
1-3

4a-d

OBocX

5a-d
a, X = H
b, X = OMe
c, X = NO2
d, X = CH2OH

benzene

a, X = H
b, X = OMe
c, X = NO2
d, X = CH2OH

Entry Reagent Substrate (X) Temp Time (h) Prod. Yield (%)a

1 1 4a (H) Reflux 1 5a 99
2 2 4a (H) Reflux 2 5a 21
3 3 4a (H) Reflux 5 5a 2
4 1 4b (OMe) Reflux 1 5b 92
5 1 4c (NO2) rt 3 5c 96
6 2 4c (NO2) rt 3 5c 21
7 3 4c (NO2) rt 3 5c 17
8 1 4d (CH2OH) Reflux 3 5d 91

a Isolated yields.
conditions compared with those of 4a (pKa¼18.0).13 With
these results in hand, we concluded that reactivity is propor-
tional to the acidity of the substrates. Because the conjugate
acid 6a (pKa¼3.6)13 of aniline (pKa¼30.6)13 is stronger acid
than 4a, we tried the tert-butoxycarbonylation of aniline
hydrochloride (6a). Treatment of 6a with 1 in benzene at
room temperature afforded N-Boc aniline 7a, as expected,
in 81% yield (Table 2, entry 1). The use of dimethoxyethane
(DME) instead of benzene as solvent dramatically increased
the yield of 7a (entry 2). A similar treatment of p-methoxy-
aniline hydrochloride (6b) with 1 afforded N-Boc aniline 7b
in high yield (entry 3). On the other hand, the reaction of
p-nitroaniline hydrochloride (6c) with 1 resulted in low
yields. Although this reason remains unclear, a decomposi-
tion of 1 may occur due to a stronger acidity of 6c compared
with that (pKa¼3.6)13 of 6a. Actually, an evolution of gas
presumed to be isobutylene was observed in a reaction flask.
A high degree of chemoselectivity was also demonstrated by
using 6d of the coexistence of an aliphatic hydroxyl group,
as shown in entry 4.

The tert-butoxycarbonylation of a-amino acids ester hydro-
chlorides (pKa¼7.6–8.7)14 as the weaker conjugate acid was
next examined. Screening experiments were conducted with
L-Met–OMe$HCl 8a as a model compound using 1 in DME.
The use of 3 equiv of 1 gave the best yield (93%, Table 3,
entry 1), whereas the use of 2 and 1.2 equiv of 1 resulted
in 82% and 33% yields, respectively. The use of diethyl ether
(reflux) and chloroform as solvents provided similar results
(95% and 92%), respectively, whereas dioxane resulted in
a low yield (53%). Moreover, the decrease of the amounts
of 1 was examined. Consequently, the treatment of 8a with
1 (2 equiv) in acetonitrile at 0 �C provided 9a in 97% yield
(entry 3). On the basis of these results, the standard condition
for the tert-butoxycarbonylation of several a-amino acid
ester hydrochlorides 8 with 1 (3 equiv) was in DME at
room temperature (A) or in diethyl ether under reflux (B).
Thirdly, the use of 2 equiv of 1 in acetonitrile at 0 �C was
carried out (C). Thus the tert-butoxycarbonylation of various
a-amino acids occurs, and the corresponding N-Boc L-amino
acid esters were obtained in high yields as shown in Table 3.
The identification of N-Boc L-amino acid esters was con-
firmed by comparison of 1H NMR and IR data and [a]D

Table 2. tert-Butoxycarbonylation of 6 with 1

NH3ClX

6a-e

NHBocX

7a-e
a, X = H
b, X = OMe
c, X = NO2
d, X = CN
e, X = CH2CH2OH

a, X = H
b, X = OMe
c, X = NO2
d, X = CN
e, X = CH2CH2OH

BBDI (1)

Entry Substrate (X) Temp Solvent Prod. Yield (%)a

1 6a (H) rt Benzene 7a 81
2 6a (H) rt DME 7a 97
3 6b (OMe) rt DME 7b 98
4 6c (NO2) rt DME 7c 19
5 6c (NO2) �10 �C DME 7c 38
6 6d (CN) rt DME 7d 75
7 6e (CH2CH2OH) rt DME 7e 97

a Isolated yields.
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values with the reported data.15–22 In general, a-amino acid
esters are commercially available in the form of hydrochlo-
ride salts. Therefore, this procedure without any additive
such as a base is a convenient procedure for N-tert-butoxy-
carbonylation.

2.4. The chemoselectivity of tert-butoxycarbonylation

As an application, the chemoselectivity of tert-butoxycarbo-
nylation for amino and hydroxyl groups on a benzene ring
was investigated using 4-aminophenol (11a) and 4-amino-
phenol hydrochloride (11b). When 11a was reacted with
2 equiv of 1 in benzene under reflux, the O-Boc derivative
12a was obtained in 94% yield together with small amounts
of N,O-(Boc)2 derivative 13. In contrast, when 11b was
subjected to a reaction with 2 equiv of 1, the N-Boc deriva-
tive 12b was isolated in 93% yield together with small
amounts of 13 (Scheme 2). It was found that a higher
acidity-containing functional group is preferentially tert-
butoxycarbonylated.

XHO

11a,b

ZY

12a,b

a, X = NH2
b, X = N+H3Cl-

a, Y = OBoc, Z = NH2
b, Y = OH, Z = NHBoc

NHBocBocO+

13

BBDI (1)
benzene

Scheme 2.

2.5. tert-Butoxycarbonylation of various acidic
substrates

Further, the tert-butoxycarbonylation of several acidic
substrates, such as benzoic acid derivatives 14a (pKa¼
11.0),13 14b, 14c, benzenethiol (15) (pKa¼10.2),13 benzene-
sulfonamide (16) (pKa¼16.1),13 and phthalimide (17)

Table 3. tert-Butoxycarbonylation of 8 with 1

8a-j

Boc-AA-OR

9a-j

BBDI (1)
H-AA-OR·HCl

Entry H–AA–OR$HCl 8 Methoda Boc–AA–OR 9 Yield
(%) b

1 Met–OMe$HCl 8a A Boc–Met–OMe 9a15 93
2 Met–OMe$HCl 8a B Boc–Met–OMe 9a15 95
3 Met–OMe$HCl 8a C Boc–Met–OMe 9a15 97
4 Ala–OEt$HCl 8b B Boc–Ala–OEt 9b16 87
5 Leu–OEt$HCl 8c B Boc–Leu–OEt 9c16 91
6 Leu–OEt$HCl 8c C Boc–Leu–OEt 9c16 90
7 Val–OMe$HCl 8d A Boc–Val–OMe 9d15 86
8 Phe–OMe$HCl 8e A Boc–Phe–OMe 9e17 97
9 Pro–OMe$HCl 8f A Boc–Pro–OMe 9f18 98
10 Pro–OMe$HCl 8f C Boc–Pro–OMe 9f18 92
11 Glu(OEt)–OEt$HCl 8g B Boc–Glu(OEt)–OEt 9g19 98
12 Ser–OMe$HCl 8h A Boc–Ser–OMe 9h20 92
13 Cys–OMe$HCl 8i A Boc–Cys–OMe 9i21 87
14 Tyr–OMe$HCl 8j A Boc–Tyr–OMe 9j22 76c

a Method A: in 1,2-dimethoxyethane at room temperature overnight with
3 equiv of BBDI. Method B: in diethyl ether under reflux overnight
with 3 equiv of BBDI. Method C: in acetonitrile at 0 �C for 2 days with
2 equiv of BBDI.

b Isolated yield.
c A small amount of Boc–Tyr(Boc)–OMe (10) was also obtained.
(pKa¼14.6)23 with 1 without any base was examined. The
reaction of 1 (1.2 equiv) with the above substrates in
benzene gave the corresponding Boc-derivatives, as shown
in Scheme 3 and Table 4. In particular, the tert-butoxy-
carbonylation of 14 was performed under mild conditions
for a short time (Table 1, entries 1–3). The Boc-products
18 were somewhat unstable. Therefore, the yield of 18c
was low presumably due to the decomposition of 18c during
silica gel chromatography.

COOHR

14a-c

a, R = H
b, R = OMe
c, R = NO2

COOBocR

18a-c

a, R = H
b, R = OMe
c, R = NO2

SH SBoc

15 19

16 20

NH

O

O

NBoc

O

O
17 21

BBDI (1)
benzene

BBDI (1)
benzene

BBDI (1)
benzene

SO2NH2 SO2NHBoc

BBDI (1)
benzene

Scheme 3. tert-Butoxycarbonylation of various acidic substrates with
BBDI.

Although we attempted the tert-butoxycarbonylation of
N-protected amino acids 22, Boc-compounds 23 were not
isolated because of their labilities. However, the Boc
anhydrides 23 were regarded to be a promising active
intermediate for esterification. In practice, a simple and
mild esterification of N-protected amino acids via Boc-
anhydride 23 using BBDI as a novel condensing reagent in
a one-pot method was developed (Table 5).24 This protocol
has several advantages including the use of nearly equimolar
amounts of alcohols, no requirement for additives, and no
racemization occurs.

On the other hand, neutral substrates such as alcohols, thiol,
and pyrrolidone, when subjected to tert-butoxycarbonyla-
tion with 1, gave no Boc-products. Treatment of 1 equiv of
methanol (pKa¼29.0)13 with 1 in benzene under reflux

Table 4. tert-Butoxycarbonylation of various acidic substrates with 1

Entry Substrate Condition Prod. Yield (%)a

1 14a rt/10 min 18a 86
2 14b rt/10 min 18b 87
3 14c rt/3 min 18c 58
4 15 Reflux/5 h 19 89
5 16 Reflux/3 days 20 65
6 17 Reflux/overnight 21 49

a Isolated yield.
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Table 5. Esterification of N-protected amino acids 22 with 1

R

PGHN
OBoc

O

R'OH R

PGHN COOR'

R

PGHN
OH

O

BBDI (1)

22 23 24

(1.2 equiv.) (1~1.1 equiv.)
dioxane,
rt

Entry Substrate PG R R0 Prod. Yield (%)a

1 22a Cbz Me Me 24a 86
2 22b Cbz Me Et 24b 95
3 22c Cbz Ph Allyl 24c 91
4 22d Cbz MeSCH2CH2 PhCH2 24d 91
5 22e Boc Me p-MeOPh 24e 95
6 22f Fmoc Ph Allyl 24f 90

a Isolated yield.
gave a 5/2 mixture of 25 and 1. The use of a large excess
of methanol (15 equiv) in benzene at room temperature
provided 25 in 92% yield. Unfortunately, the reactions of
propanethiol (pKa¼17.0)13 and pyrrolidone (pKa¼24.2)13

gave complex mixtures, which were not identified. Thus,
no tert-butoxycarbonylation was observed for non-acidic
proton-containing substrates.

NCOOtBu

OCH3

25

2.6. A mechanism of tert-butoxycarbonylation
with BBDI

On the basis of these results, a proposed mechanism for this
reaction is as follows: Presumably 1 would be first proton-
ated to form a cyclic six-membered intermediate A. A sub-
sequent attack of its resulting conjugated base (Nu anion
or HNu2) to the activated carbonyl of A followed by cleav-
age could produce the tert-butoxycarbonylation product,
isoquinoline or its salt, and tert-butyl alcohol. Namely, 1
would act as a weak Lewis base (pseudo base) (Scheme 4).25

Accordingly, this tert-butoxycarbonylation would depend
on the strength of the acidity. For the reason that protons
of neutral substrates such as alcohols, thiol, and pyrrolidone
cannot be captured by 1, their tert-butoxycarbonylation
would not take place. It would be difficult to form an A-
like intermediate in tert-butoxycarbonylation using reagents
2 and 3 due to protonation of the more basic nitrogen atoms
of 2 and 3.

N

O

O

O

A

H
+

Nu1

HNu2

Nu1Boc
N

+

NH++

t-BuOH+

Nu2Boc

HNu1

HNu2H+
or 1

Scheme 4. A plausible mechanism of tert-butoxycarbonylation with BBDI.

3. Conclusion

In summary, a novel and chemoselective tert-butoxycarbo-
nylation reagent, BBDI 1 is reported. This reagent is easily
prepared in quantitative yield by the reaction of isoquinoline
with Boc2O. In general, the tert-butoxycarbonylation of
acidic compounds such as phenols and carboxylic acids
using Boc2O require a base. Interestingly, BBDI easily
caused the tert-butoxycarbonylation of acidic substrates in
the absence of bases. The strength of the acidity of substrates
appears to influence the reaction rate, in fact, a higher acidic
substrate hastened the reaction compared to a low acidic one.
Furthermore, tert-butoxycarbonylation of N-protected
amino acids with BBDI is applicable to their simple and
mild esterification using nearly equimolar amounts of
alcohols in a one-pot procedure.

4. Experimental

4.1. General information

Melting points were determined on a Mel-Temp melting
point apparatus using an open-capillary tube. All melting
and boiling points are uncorrected. Infrared (IR) spectra
were recorded on a Perkin–Elmer 1600 series FTIR spec-
trometer. Mass spectra (MS) were recorded on a JEOL
JMN-DX 303/JMA-DA 5000 spectrometer. Microanalyses
were performed on a Perkin–Elmer CHN 2400 Elemental
Analyzer. Optical rotations were measured with a JASCO
DIP-360 or JASCO P-1020 digital polarimeter. Proton
nuclear magnetic resonance (1H NMR) spectra were re-
corded on JEOL JNM-EX 270 (270 MHz) or JEOL JNM-
AL 400 (400 MHz) spectrometer, using tetramethylsilane as
an internal standard. The following abbreviations are used:
s¼singlet, d¼doublet, t¼triplet, q¼quartet, m¼multiplet,
and br¼broad. Column chromatography was carried out on
Merck Silica gel 60 (230–400 mesh) or KANTO Silica Gel
60N (40–50 mm) for flash chromatography.

4.1.1. 1-tert-Butoxy-2-tert-butoxycarbonyl-1,2-dihydro-
isoquinoline (1). A mixture of isoquinoline (3.87 g,
30 mmol) and di-tert-butyl dicarbonate (7.86 g, 36 mmol)
in hexane (30 mL) was stirred at room temperature for 8 h.
After concentration in vacuo, the residue was purified by
recrystallization from Et2O–hexane to give 1 (7.87 g, 86%)
as colorless prisms. Mp 114–115 �C (Et2O–hexane). IR
(neat) cm�1: 1712. 1H NMR (400 MHz, CDCl3) d 1.30 (s,
9H), 1.52 (s, 9H), 6.10 (d, J¼7.5 Hz, 1H), 6.66 (s, 1H),
6.88 (d, J¼7.3 Hz, 1H), 7.17–7.33 (m, 4H). 13C NMR
(100 MHz, CDCl3) d 28.2, 28.7, 74.3, 75.3, 81.8, 109.3,
124.1, 125.0, 126.4, 126.8, 128.0, 130.0, 131.3, 152.1. MS
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(EI) m/z 303 (M+). Anal. Calcd for C18H25NO3: C, 71.26; H,
8.31; N, 4.62. Found: C, 71.38; H, 8.02; N, 4.54.

4.1.2. 1-tert-Butoxy-2-tert-butoxycarbonyl-1,2-dihydro-
phthalazine (2). A mixture of phthalazine (3.90 g,
30 mmol) and di-tert-butyl dicarbonate (7.86 g, 36 mmol)
in benzene (30 mL) was heated under reflux for 6 h. After
concentration in vacuo, the residue was purified by recrystal-
lization from hexane or distilled under reduced pressure to
give 3 (7.8 g, 86%) as colorless needles. Bp 146–149 �C
(1 mmHg), mp 117–118 �C (hexane). IR (neat) cm�1:
1695. 1H NMR (400 MHz, CDCl3) d 1.29 (s, 9H), 1.60 (s,
9H), 6.82 (br s, 1H), 7.28–7.32, (m, 1H), 7.39–7.47 (m,
2H), 7.46–7.54 (m, 1H), 7.99 (br s, 1H). 13C NMR
(100 MHz, CDCl3) d 28.3, 28.7, 72.2, 74.8, 82.6, 124.0,
125.6, 125.7, 128.6, 131.3, 131.5, 132.4, 143.9. MS (EI)
m/z 304 (M+). Anal. Calcd for C17H24N2O3: C, 68.08; H,
7.95; N, 9.20. Found: C, 67.79; H, 7.97; N, 9.30.

4.1.3. 3-tert-Butoxy-4-tert-butoxycarbonyl-3,4-dihydro-
quinazoline (3). A mixture of quinazoline (3.90 g,
30 mmol) and di-tert-butyl dicarbonate (7.86 g, 36 mmol) in
benzene (30 mL) was heated under reflux for 30 h. After con-
centration in vacuo, the residue was purified by recrystalliza-
tion from hexane to give 3 (5.9 g, 65%) as colorless prisms.
Mp 134–135 �C (hexane). IR (neat) cm�1: 1716. 1H NMR
(400 MHz, CDCl3) d 1.28 (s, 9H), 1.57, (s, 9H), 6.49 (br s,
1H), 7.20–7.30, (m, 2H), 7.36–7.47 (m, 2H), 8.12 (br s, 1H).
13C NMR (100 MHz, CDCl3) d 28.1, 28.2, 73.1, 74.9, 83.8,
126.0, 126.1, 126.2, 126.8, 129.0, 140.0, 141.5, 151.1. MS
(EI) m/z 304 (M+). Anal. Calcd for C17H24N2O3: C, 68.08;
H, 7.95; N, 9.20. Found: C, 68.08; H, 8.04; N, 9.26.

4.2. General procedure for tert-butoxycarbonylation
of phenols 4 by BBDI 1 (Table 1)

A mixture of 1 (1.52 g, 5 mmol) and phenol 4a (5 mmol) in
benzene (10 mL) was heated under reflux or stirred at room
temperature for reaction times as indicated in Table 1. The
reaction mixture was washed with 5% HCl solution
(10 mL) and brine (10 mL), dried (MgSO4), and concen-
trated under reduced pressure. The residue was purified by
flash column chromatography on silica gel to give 5a–d in
yields as shown in Table 1.

4.2.1. tert-Butyl phenyl carbonate (5a). A colorless liquid.
Bp 88–90 �C (1 mmHg) [lit.26 bp 74–78 �C (0.5 mmHg)].
IR (neat) cm�1: 1758. 1H NMR (400 MHz, CDCl3) d 1.56
(s, 9H), 6.97–7.50 (m, 5H). 13C NMR (100 MHz, CDCl3)
d 27.7, 83.5, 121.3, 125.7, 129.4, 151.1, 151.9. MS (EI)
m/z 194 (M+).

4.2.2. tert-Butyl 4-methoxyphenyl carbonate (5b). A color-
less plates. Mp 66–67 �C (hexane). IR (KBr) cm�1: 1752.
1H NMR (400 MHz, CDCl3) d 1.55 (s, 9H), 3.79 (s, 3H),
6.86–6.89 (d, J¼9.2 Hz, 2H), 7.07–7.09 (d, J¼8.7 Hz, 2H).
13C NMR (100 MHz, CDCl3) d 27.7, 55.6, 83.3, 114.3,
122.1, 144.7, 152.3, 157.2. MS (EI) m/z 224 (M+). Anal.
Calcd for C12H16O4: C, 64.27; H, 7.19. Found: C, 64.21;
H, 7.24.

4.2.3. tert-Butyl 4-nitrophenyl carbonate (5c). A white
powder. Mp 78–79 �C (hexane) [lit.27 mp 78.5–79.5 �C].
IR (KBr) cm�1: 1346, 1757. 1H NMR (400 MHz, CDCl3)
d 1.58 (s, 9H), 7.37 (d, J¼9.2 Hz, 2H), 8.27 (d, J¼9.2 Hz,
2H). 13C NMR (100 MHz, CDCl3) d 27.6, 84.8, 121.9,
125.2, 145.1, 150.5, 155.7. MS (EI) m/z 240 (M++1).

4.2.4. tert-Butyl 4-(hydroxymethyl)phenyl carbonate
(5d).28 A white powder. Mp 39–40 �C (pentane). IR (KBr)
cm�1: 1762, 3270. 1H NMR (400 MHz, CDCl3) d 1.56 (s,
9H), 2.01 (br s, 1H), 4.64 (s, 2H), 7.14 (d, J¼8.7 Hz, 2H),
7.35 (d, J¼8.7 Hz, 2H). 13C NMR (100 MHz, CDCl3)
d 27.7, 64.0, 83.6, 121.3, 128.0, 138.4, 150.4, 151.9. MS
(EI) m/z 224 (M+).

4.3. General procedure for the tert-butoxycarbonylation
of aniline hydrochlorides 6 by 1 (Table 2)

A solution of 1 (6 mmol) in DME (10 mL) was added to
a stirred suspension of aniline hydrochloride 6 (5 mmol) in
DME (10 mL), with stirring at room temperature for 16 h.
After removing DME under reduced pressure, the residue
was dissolved in AcOEt, washed with 5% HCl solution
(10 mL) and brine (10 mL), dried (MgSO4), and concen-
trated in vacuo. The residue was purified by flash column
chromatography on silica gel to give 7 in yields as shown
in Table 2.

4.3.1. tert-Butyl N-phenylcarbamate (7a). A colorless nee-
dles. Mp 137–138 �C (Et2O–hexane) [lit.29 mp 135–136 �C].
IR (KBr) cm�1: 1687, 3313. 1H NMR (400 MHz, CDCl3)
d 1.52 (s, 9H), 6.49 (br s, 1H), 6.99–7.06 (m, 1H), 7.25–
7.37 (m, 4H). 13C NMR (100 MHz, CDCl3) d 28.3, 80.5,
118.5, 123.0, 128.9, 138.3, 152.7. MS (EI) m/z 193 (M+).

4.3.2. tert-Butyl N-(4-methoxyphenyl)carbamate (7b).
A colorless needles. Mp 96–97 �C (hexane) [lit.30 91.5–
92.5 �C]. IR (KBr) cm�1: 1695, 3366. 1H NMR
(400 MHz, CDCl3) d 1.51 (s, 9H), 3.78 (s, 3H), 6.36 (br s,
1H), 6.83 (d, J¼8.2 Hz, 2H), 7.26 (d, J¼9.1 Hz, 2H). 13C
NMR (100 MHz, CDCl3) d 28.3, 55.5, 80.2, 114.2, 120.6,
131.4, 153.2, 155.7. MS (EI) m/z 223 (M+).

4.3.3. tert-Butyl N-(4-nitrophenyl)carbamate (7c). A yel-
low needless. Mp 111–112 �C. [lit.31 108–109 �C]. IR
(KBr) cm�1: 1543, 1600, 1735, 1746, 3397. 1H NMR
(400 MHz, CDCl3) d 1.54 (s, 9H), 6.90 (br s, 1H), 7.53 (d,
J¼9.2 Hz, 2H), 8.18 (d, J¼9.2 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 28.2, 81.9, 117.5, 125.2, 142.7,
144.5, 151.8. MS (EI) m/z 238 (M+). Anal. Calcd for
C11H14N2O4: C, 55.46; H, 5.92; N, 11.76. Found: C,
55.49; H, 5.92; N, 11.75.

4.3.4. tert-Butyl N-(4-cyanophenyl)carbamate (7d). A
colorless needles. Mp 118–119 �C [lit.32 113–114 �C]. IR
(KBr) cm�1: 1500, 1522, 1694, 2227, 2996, 3370. 1H
NMR (400 MHz, CDCl3) d 1.52 (s, 9H), 6.86 (br s, 1H),
7.49 (d, J¼8.7 Hz, 2H), 7.57 (d, J¼8.7 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 28.2, 81.6, 105.6, 118.0, 119.0,
133.2, 142.6, 152.0.

4.3.5. tert-Butyl N-[4-(2-hydroxyethyl)phenyl]carbamate
(7e). A white powder. Mp 109–110 �C (hexane). IR (KBr)
cm�1: 1699, 3364, 3413. 1H NMR (400 MHz, CDCl3)
d 1.39 (t, J¼5.6 Hz, 1H), 1.51 (s, 9H), 2.82 (t, J¼6.5 Hz,
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2H), 3.82 (q, J¼6.3 Hz, 2H), 6.45 (br s, 1H), 7.14 (d, J¼
8.7 Hz, 2H), 7.30 (d, J¼8.7 Hz, 2H). 13C NMR (100 MHz,
CDCl3) d 28.3, 38.4, 63.7, 80.5, 118.9, 130.0, 133.1,
136.8, 152.9. MS (EI) m/z 237 (M+). Anal. Calcd for
C13H19NO3: C, 65.80; H, 8.07; N, 5.90. Found: C, 66.01;
H, 8.03; N, 5.88.

4.4. General procedure for the N-tert-butoxy-
carbonylation of amino acid esters 8 by 1

Method A: A solution of 1 (15 mmol) in DME (20 mL) was
added to a stirred suspension of amino acid ester hydrochlo-
ride 8 (5 mmol) in DME (10 mL), with stirring at room tem-
perature for overnight. After removing DME under reduced
pressure, the residue was dissolved in AcOEt, washed with
5% HCl solution (10 mL�2) and brine (10 mL), dried
(MgSO4), and concentrated in vacuo. The residue was puri-
fied by flash column chromatography on silica gel to give 9.
Method B: A stirred mixture of 1 (15 mmol) and amino acid
alkyl ester hydrochloride (5 mmol) in Et2O (30 mL) was
refluxed for overnight. The reaction mixture was washed
with 5% HCl solution (10 mL�2) and brine (10 mL), dried
over MgSO4 and then evaporated. The residue was purified
by flash column chromatography on silica gel to give 9.
Method C: A stirred mixture of 1 (10 mmol) and amino
acid alkyl ester hydrochloride (5 mmol) in acetonitrile
(30 mL) was stirred for 48 h. The reaction mixture was
washed with 5% HCl solution (10 mL�2) and brine
(10 mL), dried over MgSO4 and then evaporated. The resi-
due was purified by flash column chromatography on silica
gel to give 9. Yields are shown in Table 3.

4.4.1. Boc–Met–OMe (9a). A colorless liquid. [a]D
26 �34.0

(c 2.6, MeOH) [lit.15 [a]D
amb�34.0 (c 1.0, MeOH)]. IR (neat)

cm�1: 1715, 1745, 3359. 1H NMR (400 MHz, CDCl3) d 1.45
(s, 9H), 1.84–1.99 (m, 1H), 2.08–2.18 (m, 1H), 2.10 (s, 3H),
2.54 (t, J¼7.6 Hz, 2H), 3.76 (s, 3H), 4.34–4.46 (br, 1H),
5.08–5.20 (br, 1H). 13C NMR (100 MHz, CDCl3) d 15.4,
28.3, 30.0, 32.2, 52.4, 52.7, 80.0, 155.3, 172.8. MS (EI)
m/z 263 (M+).

4.4.2. Boc–Ala–OEt (9b). A colorless liquid. [a]D
26�39.8 (c

2.5, MeOH) [lit.16 [a]D �42.5 (c 1.0, MeOH)]. IR (neat)
cm�1: 1715, 1738, 3367. 1H NMR (400 MHz, CDCl3)
d 1.28 (t, J¼7.0 Hz, 3H), 1.38 (d, J¼7.2 Hz, 3H), 1.45 (s,
9H), 4.20 (q, J¼7.1 Hz, 2H), 4.23–4.36 (m, 1H), 5.10 (br
s, 1H). 13C NMR (100 MHz, CDCl3) d 14.1, 18.6, 28.3,
31.1, 49.2, 61.2, 79.7, 155.1, 173.3. MS (EI) m/z 217 (M+).

4.4.3. Boc–Leu–OEt (9c). A colorless liquid. [a]D
25�34.6 (c

2.3, MeOH) [lit.17 [a]D �37.0 (c 1.0, MeOH)]. IR (neat)
cm�1: 1716, 1740, 3365. 1H NMR (400 MHz, CDCl3)
d 0.94 (dd, J¼6.5, 3.1 Hz, 6H), 1.28 (t, J¼7.1 Hz, 3H),
1.44 (s, 9H), 1.48–1.78 (m, 3H), 4.18 0 (q, J¼7.2 Hz, 2H),
4.24–4.33 (m, 1H), 4.90 (br s, 1H). 13C NMR (100 MHz,
CDCl3) d 14.3, 21.9, 22.8, 24.8, 28.3, 41.9, 52.1, 61.1,
79.7, 155.4, 173.5. MS (EI) m/z 260 (M++1).

4.4.4. Boc–Val–OMe (9d). A colorless liquid. [a]D
25 �21.9

(c 2.2, MeOH) [lit.15 [a]D
amb �22.7 (c 2.0, MeOH)]. IR

(neat) cm�1: 1715, 1746, 3369. 1H NMR (400 MHz,
CDCl3) d 0.93 (dd, J¼25.8, 7.0 Hz, 6H), 1.45 (s, 9H),
2.06–2.16 (m, 1H), 3.74 (s, 3H), 4.22 (dd, J¼9.2, 4.8 Hz,
1H), 5.03 (br d, J¼8.1 Hz, 1H). 13C NMR (100 MHz,
CDCl3) d 17.6, 18.9, 28.3, 31.3, 52.0, 58.5, 79.8, 155.7,
172.9. MS (EI) m/z 231 (M+).

4.4.5. Boc–Phe–OMe (9e). A colorless liquid. [a]D
25�6.0 (c

2.5, MeOH) [lit.17 [a]D
20 �3.0 (c 2.0, MeOH)]. IR (neat)

cm�1: 1716, 1746, 3368. 1H NMR (400 MHz, CDCl3)
d 1.41 (s, 9H), 2.97–3.16 (m, 2H), 3.70 (s, 3H), 4.52–4.65
(m, 1H), 5.03 (br d, J¼7.6 Hz, 1H), 7.11–7.24 (m, 2H),
7.27–7.31 (m, 3H). 13C NMR (100 MHz, CDCl3) d 28.3,
38.3, 52.2, 54.4, 79.9, 127.0, 128.5, 129.3, 136.0, 155.1,
172.3. MS (EI) m/z 279 (M+).

4.4.6. Boc–Pro–OMe (9f). A colorless liquid. [a]D
27�54.5 (c

1.1, CH2Cl2) [lit.18 [a]D
25�52.47 (c 0.99, CH2Cl2)]. IR (neat)

cm�1: 1702, 1752. 1H NMR (400 MHz, CDCl3, major/
minor) d 1.41/1.47 (2�s, 9H), 1.85–2.03 (m, 3H), 2.14–
2.30 (m, 1H), 3.36–3.60 (m, 2H), 3.72 (s, 3H), 4.22/4.33
(dd, J¼8.5, 4.1 Hz, 0.6H/J¼8.7, 3.4 Hz, 0.4H). 13C NMR
(100 MHz, CDCl3, major/minor) d 23.6/24.2, 28.2/28.3,
30.8/29.8, 46.2/46.5, 51.8/52.0, 59.0/58.6, 79.7, 153.7/
154.3, 173.7/173.4. MS (EI) m/z 229 (M+).

4.4.7. Boc–Glu(OEt)–OEt (9g). A colorless needles. Mp
46–47 �C (pentane). [a]D

27 �18.2 (c 1.3, Acetone) [lit.19

mp 46–47 �C, [a]D �16.4 (c 1.0, Acetone)]. IR (KBr)
cm�1: 1682, 1694, 1732, 3352. 1H NMR (400 MHz,
CDCl3) d 1.26 (t, J¼7.1 Hz, 3H), 1.29 (t, J¼7.1 Hz, 3H),
1.44 (s, 9H), 1.88–2.01 (m, 1H), 2.12–2.24 (m, 1H), 2.30–
2.44 (m, 2H), 4.14 (q, J¼7.1 Hz, 2H), 4.20 (q, J¼7.1 Hz,
2H), 4.23–4.37 (m, 1H), 5.12 (br d, J¼7.6 Hz, 1H). 13C
NMR (100 MHz, CDCl3) d 14.1, 14.1, 27.7, 28.2, 30.3,
52.9, 60.6, 61.4, 79.9, 155.5, 172.2, 172.7. MS (EI) m/z
304 (M++1).

4.4.8. Boc–Ser–OMe (9h). A colorless liquid. [a]D
26 +9.1 (c

1.3, CHCl3) [lit.20 [a]D
20 +9.0 (c 1.0, CHCl3)]. IR (neat)

cm�1: 1717, 1747, 3399. 1H NMR (400 MHz, CDCl3)
1.45 (s, 9H), 3.08 (br s, 1H), 3.78 (s, 3H), 3.87–3.90 (m,
1H), 3.95–3.97 (m, 1H), 4.38 (br s, 1H), 5.59 (br, 1H). 13C
NMR (100 MHz, CDCl3) d 28.2, 52.5, 55.6, 63.2, 80.2,
155.8, 171.4. MS (EI) m/z 220 (M++1).

4.4.9. Boc–Cys–OMe (9i). A colorless liquid. [a]D
26 +27.5 (c

1.0, CHCl3) [lit.21 [a]D
21 +28.5 (c 318 mM, CHCl3)]. IR

(neat) cm�1: 1712, 1747, 3368. 1H NMR (400 MHz,
CDCl3) d 1.46 (s, 9H), 1.84 (br s, 1H), 2.95–2.99 (m, 2H),
3.79 (s, 3H), 4.61–4.80 (br s, 1H), 5.45 (br s, 1H). 13C
NMR (100 MHz, CDCl3) d 27.3, 28.2, 52.6, 54.8, 80.3,
155.1, 170.8. MS (EI) m/z 235 (M+).

4.4.10. Boc–Tyr–OMe (9j). Colorless prisms. Mp 102–
104 �C (Et2O–hexane), [a]D

27 +12.0 (c 2.2, EtOH) [lit.31

mp 101–103 �C, [a]D
25 +10.6 (c 2, EtOH)]. IR (KBr) cm�1:

1690, 1716, 1761, 3389. 1H NMR (400 MHz, CDCl3)
d 1.42 (s, 9H), 2.91–3.07 (m, 2H), 3.71 (s, 3H), 4.47–4.60
(m, 1H), 5.04 (br d, J¼8.1 Hz, 1H), 6.55 (br s, 1H), 6.72
(d, J¼8.1 Hz, 2H), 6.95 (d, J¼8.6 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 28.3, 37.5, 52.3, 54.6, 80.3, 115.5,
127.3, 130.3, 155.2, 155.4, 172.7. MS (EI) m/z 295 (M+).

4.4.11. Boc–Tyr(Boc)–OMe (10). Colorless needles. Mp
90–91 �C (hexane). [a]D

20 �0.6 (c 2.3, MeOH). IR (KBr)
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cm�1: 1716, 1758, 3455. 1H NMR (400 MHz, CDCl3) d 1.42
(s, 9H), 1.55 (s, 9H), 3.02–3.14 (m, 2H), 3.71 (s, 3H), 4.51–
4.62 (m, 1H), 4.98 (br d, J¼8.1 Hz, 1H), 7.06–7.16 (m, 4H).
13C NMR (100 MHz, CDCl3) d 27.7, 28.2, 37.6, 52.2, 54.3,
80.0, 83.5, 121.3, 130.2, 133.5, 150.1, 151.8, 155.0, 172.1.
MS (EI) m/z 395 (M+). Anal. Calcd for C20H29NO7:
C, 60.74; H, 7.39; N, 3.54. Found: C, 60.64; H, 7.24; N, 3.63.

4.5. tert-Butyl 4-aminophenyl carbonate (12a)

A mixture of 1 (3.03 g, 10 mmol) and 4-aminophenol (11a)
(0.55 g, 5 mmol) in benzene (15 mL) was heated under
reflux for 8 h. The reaction mixture was concentrated under
reduced pressure. The residue was purified by flash column
chromatography on silica gel to give 12a (0.98 g, 94%) as
colorless needles, tert-butyl 4-tert-butoxycarbonylamino-
phenyl carbonate (13) (0.08 g, 5%) as a brown powder.

12a: Mp 113–114 �C (Et2O–hexane) [lit.6 mp 113.5–
114.5 �C]. IR (KBr) cm�1: 1744, 3384, 3475. 1H NMR
(400 MHz, CDCl3) d 1.54 (s, 9H), 3.63 (br s, 2H), 6.64 (d,
J¼8.7 Hz, 2H), 6.94 (d, J¼8.7 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 27.7, 83.1, 115.5, 121.9, 143.3,
144.1, 152.5. MS (EI) m/z 209 (M+).

13: Mp 137–138 �C (hexane) [lit.6 mp 135–137 �C]. IR
(KBr) cm�1: 1704, 1754. 1H NMR (400 MHz, CDCl3)
d 1.51 (s, 9H), 1.55 (s, 9H), 6.53 (br s, 1H), 7.08 (d,
J¼8.7 Hz, 2H), 7.34 (d, J¼8.7 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 27.7, 28.3, 80.6, 83.4, 119.3, 121.6,
135.9, 146.4, 152.0, 152.7. MS (EI) m/z 309 (M+).

4.6. tert-Butyl N-(4-hydroxyphenyl)carbamate (12b)

A solution of 1 (3.03 g, 10 mmol) in DME (15 mL) was
added to a stirred suspension of 4-aminophenol hydrochlo-
ride (11b) (0.73 g, 5 mmol) in DME (10 mL), with stirring
at room temperature for 16 h. After removing DME under
reduced pressure, the residue was dissolved in AcOEt,
washed with 5% HCl solution (10 mL) and brine (10 mL),
dried (MgSO4), and concentrated in vacuo. The residue
was purified by flash column chromatography on silica gel
to give 12b (0.97 g, 93%) as colorless needles and 13
(0.08 g, 5%) as a brown powder.

12b: Mp 142–143 �C (Et2O–hexane) [lit.33 mp 144–
145 �C]. IR (KBr) cm�1: 1698, 3362. 1H NMR (400 MHz,
CDCl3) d 1.51 (s, 9H), 5.59 (br s, 1H), 6.35 (br s, 1H),
6.73 (d, J¼8.7 Hz, 2H), 7.16 (d, J¼8.2 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 28.4, 80.4, 115.7, 121.4, 130.9,
152.1, 153.6. MS (EI) m/z 209 (M+).

4.7. General procedure for the tert-butoxycarbonylation
of acidic substrates by 1 (Table 4)

To a solution of 1 (5 mmol) in benzene (15 mL) were added
acidic substrates (5 mmol) at room temperature, and the
resulting mixture was stirred at room temperature for 14a–c
or refluxed for 15–17. The reaction times were shown in
Table 4. The reaction mixture was washed with 5% HCl
solution (10 mL), dried, and concentrated in vacuo. The
residue was purified by flash column chromatography on
silica gel to give the products 18–21. The yields are shown
in Table 4.

4.7.1. Benzoic tert-butylcarbonic anhydride (18a). A
colorless liquid. IR (neat) cm�1: 1742, 1800. 1H NMR
(400 MHz, CDCl3) d 1.59 (s, 9H), 7.45–7.49 (m, 2H),
7.61–7.64 (m, 1H), 8.05–8.07 (m, 2H). 13C NMR
(100 MHz, CDCl3) d 27.4, 85.6, 128.0, 128.6, 130.4,
134.2, 147.2, 161.8. MS (EI) m/z 222 (M+). Anal. Calcd
for C12H14O4: C, 64.85; H, 6.35. Found: C, 64.71; H, 6.39.

4.7.2. 4-Methoxybenzoic tert-butylcarbonic anhydride
(18b). A colorless liquid. IR (neat) cm�1: 1736, 1795. 1H
NMR (400 MHz, CDCl3) d 1.58 (s, 9H), 3.87 (s, 3H), 6.94
(d, J¼8.9 Hz, 2H), 8.01 (d, J¼9.1 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 27.4, 55.5, 85.3, 113.9, 120.2, 132.6,
147.4, 161.4, 164.4. MS (EI) m/z 252 (M+). Anal. Calcd
for C13H16O5: C, 61.90; H, 6.39. Found: C, 61.71; H, 6.40.

4.7.3. 4-Nitrobenzoic tert-butylcarbonic anhydride (18c).
A pale yellow needles. Mp 94–96 �C. IR (neat) cm�1: 1747,
1799. 1H NMR (400 MHz, CDCl3) d 1.61 (s, 9H), 8.25 (d,
J¼9.2 Hz, 2H), 8.33 (d, J¼8.7 Hz, 2H). 13C NMR
(100 MHz, CDCl3) d 27.4, 86.8, 123.8, 131.5, 133.5,
146.2, 151.2, 160.1. MS (EI) m/z 268 (M++1). Anal. Calcd
for C12H13NO6: C, 53.93; H, 4.90; N, 5.24. Found: C,
54.12; H, 4.89; N, 5.13.

4.7.4. O-tert-Butyl S-phenyl thiocarbonate (19).34 A color-
less liquid. IR (neat) cm�1: 1728, 1698. 1H NMR (400 MHz,
CDCl3) d 1.49 (s, 9H), 7.36–7.42 (m, 3H), 7.51–7.56 (m, 2H).
13C NMR (100 MHz, CDCl3) d 28.1, 85.4, 128.6, 129.0,
129.2, 134.8, 167.7. MS (EI) m/z 210 (M+). Anal. Calcd for
C11H14O2S: C, 62.83; H, 6.71. Found: C, 62.80; H, 6.84.

4.7.5. tert-Butyl (benzenesulfonyl)carbamate (20). A
colorless needles. Mp 128–130 �C (Et2O–hexane). IR
(KBr) cm�1: 1722, 1732, 3241. 1H NMR (400 MHz,
CDCl3) d 1.38 (9H, s), 7.45 (1H, br), 7.53–7.65 (3H, m),
8.00–8.04 (2H, m). 13C NMR (100 MHz, CDCl3) d 27.8,
84.2, 128.1, 128.9, 133.7, 138.9, 149.1. MS (EI) m/z 256
(M++1). Anal. Calcd for C11H15NO4S: C, 51.35; H, 5.88;
N, 5.44. Found: C, 51.47; H, 5.64; N, 5.29.

4.7.6. tert-Butoxycarbonyl phthalimide (21). A colorless
needles. Mp 91–93 �C (Et2O–hexane) [lit.35 97.4 �C]. IR
(KBr) cm�1: 1721, 1768, 1802. 1H NMR (270 MHz,
CDCl3) d 1.64 (9H, s), 7.74–7.86 (2H, m), 7.93–7.99 (2H,
m). 13C NMR (67.5 MHz, CDCl3) d 27.9, 85.4, 124.3,
131.2, 135.1, 146.7, 164.2. MS (EI) (m/z) 247 (M+). Anal.
Calcd C13H13NO4: C, 63.15; H, 5.30; N, 5.67. Found: C,
63.32; H, 5.20; N, 5.78.

4.8. General procedure for esterification of N-protected
amino acids 22 with BBDI 1

BBDI 1 (1.2 mmol) was added to a solution of N-protected
amino acid 22 (1 mmol) in dioxane (5 mL) with sitirring at
room temperature. The reaction mixture was stirred for
30 min. To the reaction mixture was alcohol (1 or 1.1 mmol)
(amounts of alcohol of entries 2, 4, and 6 in Table 5 were
used 1 mmol and others were used 1.1 mmol), and after the
addition, the reaction mixture was stirred for 5 h, and then
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concentrated. After the addition of ethyl acetate, the organic
phase was washed twice with 5% HCl and brine. The organic
layers were dried (MgSO4) and the solvent evaporated to give
the crude compound, which was purified by chromatography
on a short column using a mixture of n-hexane and ethyl ace-
tate as eluant to yield N-protected amino acid ester 24. Yields
and reaction times are shown in Table 5.

4.8.1. N-Cbz–Ala methyl ester (24a). Colorless needles.
Mp 47–48.5 �C [lit.15 45–46 �C]. [a]D

23 �33.0 (c 1.2,
MeOH) [lit.36 [a]D

25 �32.7 (c 1.3, MeOH)]. IR (KBr) cm�1:
1685, 1755, 3340. 1H NMR (270 MHz, CDCl3) d 1.41 (3H,
d, J¼7.1 Hz), 3.74 (3H, s), 4.30–4.46 (1H, m), 5.11 (2H,
s), 5.24–5.38 (1H, m), 7.22–7.46 (5H, m). MS (EI) m/z
237 (M+).

4.8.2. N-Cbz–Ala ethyl ester (24b). Colorless liquid. [a]D
27

�32.6 (c 1.5, MeOH) [lit.36 [a]D
25 �32.2 (c 1.0, MeOH)]. IR

(neat) cm�1: 1723, 3341. 1H NMR (270 MHz, CDCl3) d 1.26
(3H, t, J¼7.1 Hz), 1.40 (3H, d, J¼7.3 Hz), 4.18 (2H, q,
J¼7.0 Hz), 4.27–4.38 (1H, m), 5.10 (2H, s), 5.32–5.49
(1H, m), 7.19–7.43 (5H, m). MS (EI) m/z 251 (M+).
HRMS m/z Calcd for C13H17NO4 (M+) 251.1158. Found:
251.1142.

4.8.3. N-Cbz–Phe allyl ester (24c). Colorless liquid. [a]D
21

�14.8 (c 1.3, MeOH) [lit.37 [a]D
25 �15.6 (c 2.03, MeOH)].

IR (KBr) cm�1: 1714, 1728, 3340. 1H NMR (270 MHz,
CDCl3) d 3.04–3.19 (2H, m), 4.59 (2H, d, J¼5.8 Hz),
4.60–4.71 (1H, m), 5.08 (2H, s), 5.21–5.35 (3H, m), 5.77–
5.91 (1H, m), 7.07–7.19 (2H, m), 7.24–7.38 (8H, m). MS
(EI) m/z 339 (M+). HRMS m/z Calcd for C20H21NO4 (M+)
339.1471. Found: 339.1458.

4.8.4. N-Cbz–Met benzyl ester (24d). Colorless needles.
Mp 37–38 �C. [a]D

21 �30.6 (c 1.0, MeOH). IR (KBr)
cm�1: 1689, 1738, 3312. 1H NMR (270 MHz, CDCl3)
d 1.84–2.20 (5H, m), 2.40–2.52 (2H, m), 4.37–4.58 (1H,
m), 5.09 (2H, s), 5.10–5.21 (2H, m), 5.47–5.60 (1H, m),
7.28–7.51 (10H, m). 13C NMR (67.5 MHz, CDCl3) d 15.1,
29.5, 31.5, 53.0, 66.8, 67.0, 127.8, 127.9, 128.1, 128.3,
128.4, 134.9, 135.0, 136.0, 155.7, 171.6. MS (EI) m/z 373
(M+). HRMS m/z Calcd for C20H23NO4S (M+) 373.1348.
Found: 373.1328.

4.8.5. N-Boc–Ala p-methoxyphenyl ester (24e). Colorless
needles. Mp 82–83 �C. [a]D

30 �63.4 (c 1.1, MeOH). IR
(KBr) cm�1: 1687, 1774, 3386. 1H NMR (270 MHz,
CDCl3) d 1.46 (9H, s), 1.54 (3H, d, J¼7.0 Hz), 3.80 (3H,
s), 4.47–4.60 (1H, m), 5.05–5.11 (1H, m), 6.86–6.91 (2H,
m), 6.98–7.04 (2H, m). 13C NMR (67.5 MHz, CDCl3)
d 18.2, 28.2, 49.3, 55.4, 79.8, 114.3, 121.9, 143.9, 155.0,
157.2, 172.2. MS (EI) m/z 295 (M+). Anal. Calcd for
C15H21NO5: C, 61.00; H, 7.17; N, 4.74. Found: C, 61.09;
H, 7.16; N, 4.70.

4.8.6. N-Fmoc–Phe allyl ester (24f). Colorless needles. Mp
105–106 �C [lit.38 mp 92–95 �C]. [a]D

27 +15.2 (c 0.9, CHCl3)
[lit.38 [a]D

20 +15.9 (c 0.8, CHCl3)]. IR (KBr) cm�1: 1690,
1735, 3343. 1H NMR (270 MHz, CDCl3) d 3.05–3.19 (2H,
m), 4.19 (1H, t, J¼6.8 Hz), 4.29–4.46 (2H, m), 4.60 (2H,
d, J¼5.6 Hz), 4.65–4.73 (1H, m), 5.22–5.32 (3H, m),
5.78–5.93 (1H, m), 6.92–7.11 (2H, m), 7.20–7.43 (7H, m),
7.49–7.59 (2H, m), 7.74 (2H, d, J¼7.2 Hz). MS (EI) m/z
427 (M+). Anal. Calcd for C27H25NO4: C, 75.86; H, 5.89;
N, 3.28. Found: C, 75.75; H, 5.92; N, 3.18.

4.8.7. 2-tert-Butoxycarbonyl-1-methoxy-1,2-dihydro-
isoquinoline (25). To a solution of 1 (3.03 g, 10 mmol) in
benzene (15 mL) was added absolute methanol (6 mL,
148 mmol) with stirring for 6 h at room temperature. After
concentration in vacuo, the residue was purified by distilled
under reduced pressure to give 25 (2.40 g, 92%) as a color-
less prism. Mp 61–62 �C (pentane). IR (KBr) cm�1: 1718.
1H NMR (400 MHz, CDCl3) d 1.56 (9H, s), 3.30 (3H, s),
6.01 (1H, br s), 6.44 (1H, br), 7.00 (1H, br s), 7.19–7.35
(4H, m). 13C NMR (67.5 MHz, CDCl3) d 28.1, 54.5, 81.6,
82.3, 107.3, 124.2, 124.9, 126.6, 127.5, 128.2, 129.0,
130.4, 152.5. MS (EI) (m/z) 261 (M+). Anal. Calcd
C15H19NO3: C, 68.94; H, 7.33; N, 5.36. Found: C, 68.92;
H, 7.51; N, 5.28.
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Abstract—Calculated equilibrium geometries, bond lengths, and charge densities were performed on halonium ions derived by the addition
of halogen electrophiles to fluoro-substituted terminal alkenes. The calculated structures correlate with regiochemical product distributions
from ring-opening of halonium ions by anions or by the solvent methanol. Calculated halonium ion structures and the Hammond postulate
are utilized to predict the regiochemical product distributions for reactions of halogens with fluoroalkenes that are not investigated
experimentally.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, we reported on the symmetry of halonium ions
from ionic reaction of chlorine (Cl2), bromine (Br2), and
the interhalogens iodine monochloride (ICl) and chlorine
monofluoride (ClF) with terminal alkenes.1–5 The product
regiochemistry, Markovnikov M or anti-Markovnikov aM,
is determined by the fast-step. Our study reported that the
M/aM product distribution was greatly influenced by the
symmetry of the halonium ions; and that the halonium ion
symmetry was changed dramatically by fluorine substitu-
tion.1 Regioisomers from Cl2 and Br2 were obtained from
their solvent incorporated products in methanol as shown
below. All ClF reactions with terminal alkenes were carried
out in methylene chloride as solvent.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.071
Substituting a vinyl hydrogen with a fluorine presents an
interesting situation for electrophilic reactions. The
p-bond is less reactive toward electrophiles due to the
electron-withdrawing effect of the vinyl fluorine. Therefore,
carbocations or radical cations are destabilized by fluorine
and the intermediates are difficult to generate. When the
ionic intermediate is formed, it can be stabilized by back-
bonding from the lone-pair (2p) electrons on the fluorine.

FCFC (3)

A vinyl fluorine alters the shape of the halonium ion inter-
mediate and the M to aM product distribution.6 The M to
aM product ratio was also greatly influenced by the alkyl
CH2RCH
X

OCH3

kinetic
step

RCH CH2X2  + Halonium
     Ion

fast
CH3OH

CH2RCH
X

OCH3

+

X = Cl, Br, I (as ICl) M aM

(1)

CH2RCHXY  +  Halonium
     Ion

fast
CH2Cl2

kinetic
step

CHR
Y

CH2

X
RCH CH2

Y

X

+

XY = ICl or ClF M aM

(2)

Keywords: Halonium ions; Symmetry; Fluorine substituents; Computations.
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substituent on the terminal alkene. A structure for the halo-
nium ion intermediate was assigned on the basis of the
M/aM ratio as either A, B, C, D, or E.1

CR C
X

CR C
X

CR C

X

CR C
X

CR C
X

A B C D E

In this paper, we utilize quantum chemical calculations to
probe the bond distance, bond angles, and charges on
substituted terminal halonium ions. The calculated data are
correlated with our assigned structures (A/E) of halonium
ions from regiochemical product distributions (M/aM
product ratio1) formed under kinetically controlled reaction
conditions. These calculated halonium ion structures and the
Hammond postulate are also utilized to predict the regio-
chemical kinetic product distributions for reaction of halo-
gens with terminal fluoroalkenes that are not investigated
experimentally. Geometry calculations have been performed
by others7–12 but little has been done to investigate the asym-
metrical bridged structures. While Sordo et al.11 propose that
a tightly bridged structure is energetically unfavorable,
others8,9 show they are the preferred structures.

2. Methods

Geometry optimizations were performed at the second-order
perturbation theory level (MP2, also known as MBPT(2)),13

using the Spartan02 program and also at the density func-
tional theory level, using the GAMESS14 quantum chemistry
code with the B3LYP hybrid functional,15 which included
the VWN5 correlation functional.15 In addition, a separate
set of B3LYP calculations incorporating the Polarizable
Continuum Model (PCM)16 were performed to probe the
methanol solvent effects. The 6-311++G(d,p) basis set17

was used for all calculations. Other work has shown the
necessity for diffuse and polarization basis functions,12,18

which we have used in our study. There was no attempt
made to quantify the sensitivity of predicted geometries to
the choice of basis set. Harmonic vibrational frequencies
were calculated at the B3LYP and B3LYP+PCM levels for
each structure to ensure that the optimized structure is
indeed a local minimum on the ground state potential energy
surface. Unless otherwise noted, R¼CH3 and Rf¼CF3.

The product ratios were determined experimentally under
conditions of kinetic control and reported previously.1,2

For experimental reactions, side chains are generally longer
than those used for calculations (CH3– and CF3–) reported in
Table 1.

3. Results and discussion

Table 1 contains the X–C1–C2 and X–C2–C1 bond angles
from calculations obtained using the B3LYP/6-
311++G(d,p) PCM method, which includes corrections for
the solvent methanol. The X–C2–C1 bond angles from the
B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p) calcula-
tions, which do not include corrections for solvent, are
also included in Table 1. The MP2 and B3LYP calculations
are similar and are confirmed by our gas phase data in
Table 1. Halonium ion structures of A through E, assigned
from the calculated structures and also independently as-
signed from our experimental data1,2 are in Table 1. These
calculated data provide a more refined structure for the halo-
nium ion than we were able to predict based on experimental
data.1,2 Where experimental data are lacking, we give the
calculated halonium ion structure in Table 1. Regiochemical
product distributions can be estimated for reactions that are
not done experimentally using the Hammond postulate and
the calculated halonium ion structure.

3.1. Refined structures defined

The X–C1–C2 bond angle is best suited for assigning struc-
tures A and B while the X–C2–C1 bond angle is used for
structures D and E. For example, a X–C1–C2 bond angle
of 90� or more is assigned as structure A while a X–C1–C2

bond angle (a) of 75–80� represents structure B. Bond an-
gles of 85–90� describe halonium ions as resembling A but
approaching structure B, and 80–85� like structure B but be-
coming like structure A; this is denoted as A0B and B0A,
respectively. A bond angle a of 75–80� represents structure
B; 70–75� as B0C, and 65–70� as C0B. Symmetrical
structure C is represented by 55–65� for either the X–C1–
C2 or X–C2–C1 bond angle. Similarly, a X–C2–C1 bond
angle of 90� or more represents structure E, 85–90 E0D,
80–85 D0E, 75–80 D, 70–75 D0C, 65–70 C0D, and
55–65 as the symmetrical structure C. These refined struc-
tures could not be gleaned from our experimental data.1,2

Bond angles

R C2 1C
α

X

R C2 1C
β

X

a>90� A b>90� E
a>85–90� A0B b>85–90� E0D
a>80–85� B0A b>80–85� D0E
a>75–80� B b>75–80� D
a>70–75� B0C b>70–75� D0C
a>65–70� C0B b>65–70� C0D

a or b 55–65� C

3.2. Comparing the models

Table 2 contains bond lengths from the B3LYP calculations,
both with and without corrections for solvent, and Table 3
summarizes the MP2 bond lengths. Table 4 lists the atomic
charges from the B3LYP+PCM and MP2 calculations. The
MP2 and B3LYP C1–C2 computed bond lengths are in excel-
lent agreement, with differences of at most 0.02 Å. Inclusion
of solvent effects via the B3LYP+PCM method has a small
effect on the C1–C2 bond lengths, which differ from the
B3LYP values by at most 0.01 Å. However, the predicted
C1–X and C2–X bond lengths are more sensitive to the the-
oretical method than the C1–C2 bond distances. In general,
the incorporation of solvent effects using the PCM method
has minor effects on the halonium ion bond angles (Table
1), bond lengths (Table 2), and charge densities (Table 4)
relative to the corresponding predictions in the gas phase.
Experimentally predicted structures and calculated geo-
metries are consistent where carbocations with mono-
coordinated halonium ions (i.e., having structure A or E)
are anticipated (Table 1, structure A, runs 3 and 13; structure



Table 1

p) M/aM
Experimental
product ratiob

Predicted structure
from experimentalb

data (CH3OH)
turea

Run

1 2.6/1 B
3.1/1 B

2 D aM only D
C 1/9.0 D

3 M only A
M only A

4 — —
— —

5 — —
— —

6 — —
— —

7 D aM only D
D aM only D

8 — —
— —

9 aM only D
D — —

10 — —
— —

11 C 1.8/1c C
C — —

12 aM only E
— —

13 M onlyd Ad

M onlyd Ad

14 2.4/1 B
1/4.7 C

15 1/2.1 C
1/1.3e Ce

a The s an B. The structure was not assigned when the angle is
aroun

b Struc
c Expe
d Unpu
e The p ccurate M/aM product ratio of 1:1.3 was obtained by
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X
R C

C
A

C
2 1 B

B3LYP/6-311++G(d,p)+PCM(CH3OH) B3LYP/6-311++G(d,p) MP2/6-311++G(d,

Bond angle Structurea based
on angles

Bond angle Structurea Bond angle Struc

R A B C X X–C2–C1 X–C1–C2 X–C2–C1 X–C1–C2 X–C2–C1 X–C2–C1 X–C2–C1

CH3 H H H Cl 61.2 75.7 C B 61.7 C 64.7 C
Br 64.3 75.8 C B 64.3 C 62.9 C

CH3 H F H Cl 67.1 69.6 C0D C0D 68.2 C0D 68.6 C0
Br 69.9 70.0 C0D D0C 70.5 D0C 71.6 D0

CH3 F H H Cl 46.3 97.9 A 49.8 55.9 C
Br 51.3 93.8 A 54.2 48.7

CH3 H F F Cl 93.3 49.5 E 87.1 E0D 88.0 E0D
Br 88.3 55.4 E0D 83.2 D0E 95.3 E

CH3 F H F Cl 44.8 93.3 A 48.9 58.2 C
Br 51.4 93.0 A 55.4 47.1

CH3 F F F Cl 43.3 100.8 A 46.2 46.2
Br 49.0 95.6 A 54.0 89.3 E0D

CF3 H H H Cl 68.6 66.1 C0D C0B 67.9 C0D 67.4 C0
Br 70.2 68.0 D0C C0B 69.6 C0D 69.4 C0

CF3 H F H Cl 80.0 57.8 D C 77.8 D 73.0 D
Br 78.3 61.8 D C 77.5 D 75.3 D

CF3 F H H Cl 63.9 72.3 C B0C 61.8 C 64.9 C
Br 65.9 73.5 C0D B0C 64.4 C 66.2 C0

CF3 H F F Cl 99.3 45.1 E 95.4 E 97.8 E
Br 95.6 49.8 E 91.6 E 93.8 E

CF3 F H F Cl 75.6 60.9 D C 71.5 D0C 70.0 D0
Br 73.2 65.8 D0C C0B 71.8 D0C 71.5 D0

CF3 F F F Cl 99.4 44.2 E 95.4 E 98.8 E
Br 94.4 49.9 E 89.3 D0E 92.4 E

CH3O H H H Cl 41.9 105.0 A 46.0 45.5
Br 46.5 100.9 A 49.8 45.6

CF3O F F F Cl 40.3 105.4 A 41.0 40.6
Br 43.6 103.4 A 44.6 43.8

Br(CH2)2 F F F Cl 43.1 101.0 A 45.2 44.9
Br 50.5 93.4 A 52.4 92.5 E

ymbol 0 means becomes like. For example, C0B means the structure resembles C but contains some of the symmetrical structure B. It resembles C more th
d 55� or less.
tures were assigned using experimental data in Ref. 1 unless noted.
rimental data from Ref. 2.
blished data.
roduct ratios in Ref. 1 were influenced by the 1,2,4-tribromo-1,1,2-trifluorobutane product overlapping the aM product in the gas chromatograph. A more a
MR.



Table 2. Bond

3LYP/6-311++G(d, p) (Gas phase)

Run R –X C2–X C1–FB C1–FC C2–FA

1 CH3 65 2.043 — — —
20 2.169

2 CH3 67 1.968 1.298 — —
22 2.107 1.302

3 CH3 24 2.386 — — 1.282
89 2.454 1.290

4 CH3 12 1.862 1.263 1.263 —
60 2.040 1.273 1.272

5 CH3 13 2.402 — 1.335 1.278
99 2.421 1.329 1.289

6 CH3 94 2.472 1.316 1.324 1.269
93 2.463 1.310 1.317 1.280

7 CF3 02 1.889 — — —
47 2.035

8 CF3 97 1.847 1.277 — —
05 2.004 1.286

9 CF3 69 2.047 — — 1.285
23 2.170 1.293

10 CF3 38 1.807 1.255 1.252 —
91 1.978 1.263 1.259

11 CF3 11 1.915 — 1.282 1.303
35 2.074 1.291 1.307

12 CF3 53 1.795 1.249 1.249 1.329
63 1.982 1.258 1.259 1.326

13 CH3 13 2.496 — — —
77 2.575

14 CF3 68 2.616 1.327 1.323 1.275
42 2.707 1.326 1.323 1.276

15 Br(C 93 2.504 1.318 1.325 1.273
86 2.506 1.313 1.319 1.281
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α
X

R C
C

A
C

B

B3LYP/6-311++G(d, p)+PCM(CH3OH) Predicted
structures
PCM

B

A B C X C1–C2 C1–X C2–X C1–FB C1–FC C2–FA C1–C2 C1

H H H Cl 1.456 1.867 2.065 — — — C0B 1.460 1.8
Br 1.448 2.021 2.114 C0B 1.454 2.0

H F H Cl 1.453 1.952 1.985 1.306 — — C0D 1.458 1.9
Br 1.445 2.112 2.114 1.308 D0C 1.452 2.1

F H H Cl 1.473 1.820 2.495 — — 1.277 A 1.469 1.8
Br 1.457 1.984 2.538 1.286 A 1.456 1.9

H F F Cl 1.471 2.425 1.846 1.254 1.255 — E 1.466 2.3
Br 1.454 2.455 2.022 1.264 1.264 E0D 1.453 2.3

F H F Cl 1.498 1.800 2.522 — 1.347 1.269 A 1.491 1.8
Br 1.478 1.980 2.531 1.340 1.279 A 1.474 1.9

F F F Cl 1.526 1.783 2.555 1.325 1.329 1.262 A 1.519 1.7
Br 1.506 1.965 2.590 1.322 1.325 1.270 A 1.495 1.9

H H H Cl 1.454 1.905 1.871 — — — C0D 1.458 1.9
Br 1.451 2.047 2.018 D0C 1.453 2.0

H F H Cl 1.457 2.133 1.832 1.271 — — D 1.459 2.0
Br 1.452 2.213 1.991 1.283 D 1.453 2.2

F H H Cl 1.450 1.879 1.994 — — 1.290 B0C 1.455 1.8
Br 1.445 2.026 2.129 1.297 B0C 1.450 2.0

H F F Cl 1.482 2.507 1.798 1.245 1.246 — E 1.476 2.4
Br 1.464 2.563 1.966 1.252 1.253 E 1.460 2.4

F H F Cl 1.472 2.068 1.865 — 1.274 1.311 D 1.474 2.0
Br 1.467 2.143 2.043 1.289 1.310 D0C 1.469 2.1

F F F Cl 1.517 2.520 1.781 1.239 1.241 1.334 E 1.511 2.4
Br 1.495 2.554 1.959 1.246 1.248 1.332 E 1.488 2.4

O H H H Cl 1.477 1.808 2.615 — — — A 1.475 1.8
Br 1.467 1.973 2.671 A 1.464 1.9

O F F F Cl 1.543 1.768 2.637 1.329 1.326 1.265 A 1.548 1.7
Br 1.532 1.941 2.738 1.329 1.327 1.267 A 1.533 1.9

H2)2 F F F Cl 1.527 1.781 2.558 1.325 1.328 1.262 A 1.521 1.7
Br 1.503 1.972 2.549 1.319 1.322 1.271 A 1.499 1.9
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Table 3. Bond lengths (angstroms)

12

α
X

R C
C

A
C

B

MP2/6-311++G(d,p) (Gas phase)

Run R A B C X C1–C2 C1–X C2–X C1–FB C1–FC C2–FA

1 CH3 H H H Cl 1.462 1.842 1.909 — — —
Br 1.441 2.012 2.205

2 CH3 H F H Cl 1.457 1.920 1.890 1.298 — —
Br 1.436 2.129 2.089 1.273

3 CH3 F H H Cl 1.458 1.815 2.174 — — 1.284
Br 1.463 1.958 2.587 1.249

4 CH3 H F F Cl 1.461 2.294 1.821 1.257 1.257 —
Br 1.464 2.564 1.973 1.229 1.229

5 CH3 F H F Cl 1.470 1.831 2.112 — 1.317 1.288
Br 1.486 1.939 2.615 1.317 1.243

6 CH3 F F F Cl 1.513 1.762 2.429 1.315 1.322 1.260
Br 1.473 2.151 2.104 1.279 1.284 1.311

7 CF3 H H H Cl 1.461 1.858 1.839 — — —
Br 1.458 2.020 2.002

8 CF3 H F H Cl 1.456 1.975 1.826 1.284 — —
Br 1.454 2.144 1.988 1.288

9 CF3 F H H Cl 1.455 1.853 1.921 — — 1.294
Br 1.453 2.011 2.095 1.297

10 CF3 H F F Cl 1.476 2.459 1.776 1.248 1.245 —
Br 1.460 2.519 1.958 1.254 1.251

11 CF3 F H F Cl 1.469 1.948 1.878 — 1.285 1.298
Br 1.467 2.108 2.048 1.289 1.301

12 CF3 F F F Cl 1.512 2.486 1.756 1.240 1.241 1.333
Br 1.488 2.502 1.951 1.249 1.250 1.329

13 CH3O H H H Cl 1.476 1.784 2.474 — — —
Br 1.475 1.946 2.669

14 CF3O F F F Cl 1.540 1.740 2.590 1.325 1.322 1.269
Br 1.531 1.921 2.707 1.325 1.322 1.270

15 Br(CH2)2 F F F Cl 1.514 1.756 2.465 1.319 1.327 1.266
Br 1.473 2.140 2.112 1.281 1.286 1.312
E, run 12 for chlorine, the perfluoroalkene in run 12 did not
react ionically with bromine). The calculated structures,
including those corrected for solvent, are generally more
symmetrical than structures B and D predicted from experi-
mental data1,2 (Table 1, runs 1, 2, 7, and 9 for chlorine).
Halonium ions formed from alkenes with fluorine on both
carbon-1 and carbon-2 (Table 1, runs 11 for chlorine, and
runs 14 and 15) gave calculated structures less symmetrical
than what we predicted based on experimental data.1,2

The MP2, B3LYP, and B3LYP+PCM data in Table 1 overall
are in good agreement. In those instances where they disagree
(runs 3 and 5, and the bromonium ions from runs 4 and 9), the
B3LYP and B3LYP+PCM results are generally similar to
each other but distinct from MP2. An exception is the bromo-
nium ion case from run 12, in which case the MP2 and
B3LYP+PCM predictions are similar but in slight disagree-
ment with B3LYP. However, these differences are typically
small and the overall level of consistency between the three
theoretical methods lends confidence to their reliability.

3.3. Trends

Structures for the halonium ions A through E were assigned
from X–C1–C2 and X–C2–C1 bond angles. These
assignments are generally supported by bond lengths (Tables
2 and 3) and charge densities (Table 4). Halonium ions
assigned unsymmetrical structure A (runs 3, 5, 6, 13, 14,
and 15) have shorter C1–X than C2–X bond lengths (see
Tables 2 and 3), except for the MP2 predicted geometries
of the bromonium ions in runs 6 and 15, in which the C1–
Br bond lengths are slightly longer than C2–Br. Furthermore,
the positive charges are greater on carbon-2 than on carbon-1
(Table 4), with the sole exception of the bromonium ion in
run 5, for which the B3LYP+PCM L€owdin atomic charge
of C1 exceeds that of C2. In runs 1, 2, and 9, in which the
assigned halonium ion structure is nearly symmetrical like
C, the predicted C1–X bond lengths are smaller than C2–X
(except for X¼Br in run 2). In contrast, the C1–X bond
lengths are larger than C2–X in the nearly symmetrical halo-
nium ions in run 7. The PCM L€owdin atomic charges on
carbon-1 and carbon-2 of the symmetrical ions (runs 1, 2,
7, and 9) differ by less than 0.1 electron (although in the in-
stance of the chloronium cation in run 1, the difference in
charges on C1 and C2 is 0.39 electron). In contrast, the
MP2 natural population analysis of the charges on C1 and
C2 in the nearly symmetrical halonium ions shows consider-
able more variation than the corresponding B3LYP+PCM
L€owdin atomic charges. Unsymmetrical structure like D or
E (runs 4, 8, 10, 11, and 12) has the positive charge primarily



Table 4. Ch

Atomic charges–MP2b

Run R X FC FB FA

1 C 0.406
0.307

2 C 0.363 �0.256
0.294 0.315

3 C 0.251 �0.240
0.191 �0.303

4 C 0.188 �0.194 �0.190
0.194 �0.262 �0.260

5 C �0.275 �0.278 �0.241
�0.187 �0.355 �0.291

6 C 0.175 �0.293 �0.284 �0.186
0.270 �0.240 �0.230 �0.269

7 C 0.489
0.604

8 C 0.410 �0.230
0.517 �0.234

9 C 0.436 �0.245
0.543 �0.249

10 C 0.198 �0.158 �0.163
0.325 �0.172 �0.179

11 C 0.393 �0.227 �0.245
0.497 �0.232 �0.249

12 C 0.204 �0.150 �0.145 �0.286
0.331 �0.167 �0.164 �0.281

13 C 0.101
0.134

14 C 0.139 �0.292 �0.294 �0.202
0.216 �0.293 �0.294 �0.203

15 B 0.170 �0.301 �0.289 �0.196
0.298 �0.243 �0.233 �0.270

a L€owdin at
b Natural po
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α
X

R C
C

A
C

B

Atomic charges–PCMa Predicted
structures
PCM

(Rc) A B C Halogen C1 C2 C3 X C1 C2

H3 H H H X¼Cl 0.24 �0.15 0.09 0.35 C0B 0.258 �0.043
X¼Br �0.04 0.03 �0.20 0.38 C0B 0.313 0.134

H3 H F H X¼Cl 0.07 �0.02 �0.19 0.41 C0D 0.373 �0.124
X¼Br 0.10 0.00 �0.19 0.40 D0C 0.482 �0.098

H3 F H H X¼Cl �0.16 0.20 �0.15 0.23 A �0.394 0.700
X¼Br �0.09 0.17 �0.16 0.24 A �0.524 0.978

H3 H F F X¼Cl 0.21 �0.13 �0.19 0.27 E 1.072 �0.296
X¼Br 0.18 �0.07 �0.19 0.30 E0D 1.294 �0.381

H3 F H F X¼Cl �0.06 0.21 �0.15 0.28 A 0.217 0.623
X¼Br 0.30 0.17 �0.16 0.29 A 0.111 0.964

H3 F F F X¼Cl �0.06 0.22 �0.13 0.34 A 0.624 0.775
X¼Br 0.02 0.19 �0.14 0.34 A 0.623 0.696

F3 H H H X¼Cl 0.00 �0.04 0.09 0.57 C0D �0.224 �0.196
X¼Br 0.02 0.00 0.09 0.54 D0C �0.281 �0.251

F3 H F H X¼Cl 0.19 �0.11 0.09 0.47 D 0.431 �0.281
X¼Br 0.16 �0.04 0.09 0.48 D 0.398 �0.348

F3 F H H X¼Cl �0.03 0.05 0.10 0.52 B0C �0.295 0.425
X¼Br 0.00 0.07 0.10 0.52 B0C �0.367 0.395

F3 H F F X¼Cl 0.24 �0.15 0.09 0.35 E 1.134 �0.436
X¼Br 0.21 �0.07 0.09 0.36 E 1.089 �0.495

F3 F H F X¼Cl 0.16 �0.04 0.09 0.53 D 0.361 0.335
X¼Br 0.14 0.03 0.09 0.53 D0C 0.312 0.294

F3 F F F X¼Cl 0.24 �0.10 0.08 0.41 E 1.106 0.143
X¼Br 0.20 �0.01 0.08 0.40 E 1.045 0.106

H3O H H H X¼Cl �0.19 0.17 0.04 0.15 A �0.446 0.499
X¼Br �0.11 0.14 0.03 0.14 A �0.502 0.666

F3O F F F X¼Cl �0.05 0.18 0.07 0.33 A 0.610 0.937
X¼Br 0.04 0.17 0.07 0.29 A 0.560 0.926

r(CH2)2 F F F X¼Cl �0.06 0.22 �0.15 0.35 A 0.620 0.756
X¼Br 0.04 0.17 �0.16 0.35 A 0.637 0.664

omic charges from the B3LYP/6-311++G(d,p)+PCM calculations.
pulation analysis charges from the MP2/6-311++G(d,p) calculations.
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on carbon-1 (Table 4) and C1–X bond lengths, which are
shorter than C2–X. The chlorine and bromine atoms in all
of the halonium ions have positive charges, except in the
case of the MP2 natural population analysis of the charges
for run 5 (see Table 4). Atomic charges and the C1–X,
C2–X relative bond lengths are generally consistent with
the structural assignments based upon the X–C1–C2 and
X–C2–C1 bond angles, which provide the most reliable
correlation with experimental data.

3.4. Structures

3.4.1. Hydrocarbon substituents (R¼alkyl).
3.4.1.1. No vinyl fluorines on carbon-1 or carbon-2. The

halonium ion geometries from the PCM calculations on
the hydrocarbon alkene propene (Table 1, run 1) have an X–
C2–C1 bond angle consistent with structure C and an X–C1–
C2 bond angle more like B. The X–C2 bond is longer than
the bond at all computational levels (Tables 2 and 3, run 1),
which indicates some asymmetry toward B. In run 1,
carbon-1 is more positively charged than carbon-2, except
for the B3LYP+PCM bromonium ion. Our calculations
indicate a slightly more symmetrical intermediate (C from
X–C2–C1 bond angle and B from X–C1–C2 bond angle,
Table 1) than that predicted by experimental product ratios
(B, Table 1). Throughout this study, we find that calculated
structures tend to be slightly more symmetrical than those
inferred by experimental data in solution.

The hydrocarbon vinyl ether halonium ions have X–C1–C2

bond angles of 100� and X–C2–C1 around 40�, consistent
with an open-ion A (Table 1, run 13). Bond lengths
(X–C2>X–C1) and the positive charge on carbon-2 support
the open-ion structures (Tables 2–4).

3.4.1.2. With one vinyl fluorine on either carbon-1 or
carbon-2. Halonium ions from a terminal alkene with a sin-
gle fluorine on the number-2 carbon have a small X–C2–C1

angle (b<56�), where the halogen (X) is more closely asso-
ciated with the terminal carbon (Table 1, run 3). Therefore,
the X–C1–C2 (a) bond angle is a better model than the
X–C2–C1 (b) angle to predict the intermediate, and the open-
ion A is indicated, although the MP2 geometry is more
consistent with the symmetrical structure C. The open-ion
is supported by bond length and charge distributions (Tables
2–4, run 3). Experimentally, exclusive formation of Markov-
nikov products in methanol as solvent also support an
open-ion intermediate1 A (Table 1, run 3). We suggest that
halonium ions from terminal alkenes with a single fluorine
on the number-2 carbon are unsymmetrical and open-ion
intermediates.

A single fluorine on the terminal carbon (Table 1, run 2)
makes the halonium ion more symmetrical as the X–C1–C2

and X–C2–C1 bond angles are ca. 70�, which suggest struc-
ture C0D. Charge distribution (Table 4, run 2) data show
that more positive charge is concentrated on carbon-1 than
on carbon-2. Our experimental data were best described by
the unsymmetrical halonium ion D (Table 1, run 2). The
calculated geometry is more symmetrical than intermediate
D and is best described as C with some asymmetry associated
with D (Table 1, run 2). The positive charge density on
carbon-1 (Table 4, run 2) supports the formation of anti-
Markovnikov products predominately or exclusively in
methanol as solvent.1 We suggest that gas phase reactions
of 1-fluoro terminal alkenes with interhalogens will give pre-
dominately aM products primarily due to the positive charge
density on carbon-1 (Table 4, run 2). The bond length data of
C1–X and C2–X are similar and suggest a rather symmetrical
intermediate, while slightly asymmetric structures (C0D)
are indicated and supported by charge densities and bond
angles (Tables 1 and 4, run 2).

3.4.1.3. With two vinyl fluorines: 1,1- or 1,2-difluoro-
terminal alkenes. Two fluorines on the terminal carbon
give X–C2–C1 bond angles of 83–95� (Table 1, run 4), which
place the halogen almost directly above carbon-2. The X–C2

bond is shorter than the X–C1 bond (Tables 2 and 3, run 4),
and the positive charge on carbon-1 is high (Table 4, run 4),
which supports intermediate E for the chloronium ion and
E0D for the bromonium ion. It is well known that bromine
bridges better than chlorine1,19 and that is confirmed by both
B3LYP and B3LYP+PCM calculations, but not by MP2. The
positive charge on carbon-1 may induce the lone-pair elec-
trons on both fluorines to back-bond as indicated by the
shorter C1–F bond length and decrease in negative charge
on the fluorines (compare the C–F bond lengths in Table 2,
run 4 with run 3, and the charges on fluorine Table 4, run
4 with run 3). We did not treat any 1,1-difluoro terminal
alkenes with halogens in our earlier paper1 but it is clear
from these calculations that only anti-Markovnikov products
would be expected from an open-ion E.

Placing a fluorine on carbon-1 and on carbon-2 (Table 1, run
5) moves the halogen closer to the terminal carbon as indi-
cated by the B3LYP+PCM X–C1–C2 bond angles of 93�.
The larger X–C2 bond length compared to X–C1, also
supports a structure like A (Table 2, run 5). The positive
charge is greater on carbon-2 than on carbon-1 and the
negative charge of the fluorine on carbon-2 is less than
carbon-1 (Table 4, run 5). We did not react a 1,2-difluoro-
alkene with halogens in our earlier study1 but these data
suggest that Markovnikov products would be expected
from an intermediate like A (Table 1, run 5).

3.4.1.4. With three vinyl fluorines: 1,1,2-trifluoro
terminal alkenes. The structure of the halonium ions is
best represented by A when all the vinyl hydrogens are
substituted for fluorines (Table 1, run 6). The halogens are
above carbon-1 as evidence by the 95–100� bond angles,
and structures like A are also supported by the longer bond
length of the X–C2 compared to X–C1 bond (Table 2, run
6). Note, however, that the MP2 bromonium ion geometry
is more symmetrical (E0D). Although, we did not experi-
mentally carry out halogenation of an exact model for run 6,
we did reactions with the alkene in run 15 and we have
experimental data for that compound. The calculated data
for runs 6 and 15 (Tables 1–4) are similar and support an
open-ion A (except for the MP2 prediction for the bromo-
nium ion, as previously noted). Our experimental data (Table
1, run 15) for chlorination and bromination show that signif-
icant anti-Markovnikov products are formed and that the
M/aM product ratios are more consistent for a symmetrical
structure like C. We explained the large amount of aM prod-
ucts as evidence for neighboring group participation of the
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number-4 bromine to form five-membered ring tetramethyl-
ene bromonium ion intermediates (F).1

Br

F

F

F

X
Y

F

The ability to predict the regiochemical product distributions
from a calculated three-membered halonium ion is apparent.
However, experimental data for the bromination of 4-bromo-
1,1,2-trifluorobutene-1 in methanol was not consistent with
these calculations.1 We looked back at our experimental
data and noticed that the amount of aM product we reported1

was overstated since 1,3,4-tribromo-3,4,4-trifluorobutane,
the major product, trailed into the aM peak. These two prod-
ucts, the dibromo addition product and the aM bromo-
methoxy product, could not be resolved by capillary gas
chromatography. The M/aM ratio of 1/1.3 in Table 1 (run
15 for bromination) was obtained by 19F NMR integration.
Our earlier reported value of 1/6.5 suggested structure C.1

Our calculated data support structure A for runs 6 and 15
and we speculate that the five-membered tetramethylene
halonium ion in run 15 plays a lesser role in this sequence
than we described earlier.1 Thus, a hydrocarbon substituent
and a fluorine on the number-2 carbon (Table 1, runs 3, 5,
and 6) support open-ion intermediates like G. Halonium
ions from 4-halo-1,1,2-trifluoro-1-butenes are special cases,
which we are continuing to study.

C

X

R C
F

C

X
R

C
FG

3.4.2. Perfluorocarbon substituents (R¼perfluoroalkyl).
Changing the hydrocarbon alkyl group of a terminal alkene
to a perfluorocarbon destabilizes the positive charge on car-
bon-2. In fact carbon-2 is generally negative (Table 4, runs 7,
8, 10, and B3LYP+PCM for run 12) unless the carbon-2
contains a fluorine (Table 4, runs 9 and 11), a hydrocarbon
(run 15), or a perfluoroether moiety (run 14). The positive
charge on the chlorine and bromine is increased (Table 4,
runs 7 through 12) when a perfluoroalkyl group replaces
a hydrocarbon alkyl group of a terminal alkene.

3.4.2.1. No vinyl fluorines on carbon-1 or carbon-2. Cal-
culations on a terminal alkene with a fluorocarbon alkyl and
no vinyl fluorines (Table 1, run 7) show that the halonium
ions are somewhat symmetrical by the X–C2–C1 and X–
C1–C2 bond angles. The similar X–C2 and X–C1 bond
lengths are also consistent with a symmetrical halonium ion
(Tables 2 and 3, run 7). The positive charge now resides
primarily on the chlorine or bromine (Table 4, run 7). Ex-
perimentally 1H,1H,2H-perfluoroalkenes react slowly,3 and
the inability of carbons 1 and 2 to support positive charge is
consistent with the sluggish nature of these alkenes toward
electrophiles (Table 4, run 7). Our earlier experimental data1

support the unsymmetrical halonium ion D for this reaction
(Table 1, run 7). We now believe that more symmetrical
intermediates are indicated (C0D or D0C). The anti-
Markovnikov products are best accounted for by an SN2-
like ring-opening of the halonium ion at the sterically least
hindered carbon-1. Ring-opening of normal halonium ions
in the fast product-determining step by a nucleophile or
solvent represents an SN2 reaction with much SN1 character
because of the positive charge localized on the carbon
atoms. In alkenes with electron-withdrawing substituents
like the model in run 7, the positive charge is on the chlorine
or bromine and ring-opening is primarily SN2.

3.4.2.2. With one vinyl fluorine on carbon-1 or carbon-
2. Halonium ions with a perfluoroalkyl group and a single
fluorine on the number-2 carbon (Table 1, run 9) appear to be
nearly symmetrical (X–C2–C1, ca. 65� and X–C1–C2, ca.
73�) with the X–C2 bond length slightly longer than X–C1

(Tables 2 and 3, run 9). The positive charge is greater on car-
bon-2 where it can be stabilized by the lone-pair of the fluo-
rine (Table 4, run 9). These data indicate that some
Markovnikov product should be formed. Experimentally,
however, only anti-Markovnikov product was found for
chlorination of 1H,1H,7H-perfluoro-heptene-1 in tert-buta-
nol; only a small amount of Markovnikov product resulted
from the reaction of chlorine monofluoride in methylene
chloride.2 The experimental product distribution for Cl2 or
ClF in solution was consistent with structure D.1 We now
believe that a more symmetrical intermediate like C is
indicated and that the ring-opening of the halonium ion
occurs via an SN2 reaction at the less sterically hindered
carbon-1. Bromine did not react with this electron-deficient
alkene2 by a way of an ionic process, but we predict that-
the products would be similar to those we found for
chlorination.

A single fluorine (Table 1, run 8) on the terminal carbon
gives a less symmetrical intermediate (X–C2–C1 angle 73–
80�), and the X–C1 bond length is greater than X–C2 (Tables
2 and 3, run 8), the charge is positive on carbon-1 and
negative on carbon-2 (Table 4, run 8). These data suggest
an unsymmetrical structure D (Table 1, run 8). Experimen-
tally, we did not run a model similar to run 8, but we anti-
cipate substantial amounts of anti-Markovnikov product
based on our past experimental data1–4 and this study. This
prediction is based on the intermediate’s slight asymmetry
and the substantial positive charge on the number-1 carbon,
which make the nucleophilic attack on carbon-1 more like an
SN2-like process with some SN1 character.

3.4.2.3. With two vinyl fluorines: 1,1- or 1,2-difluoro-
terminal alkenes. Our compound modeled in run 10 has
two vinyl fluorines on the terminal carbon. The halogens
are above carbon-2 (X–C2–C1; b>90�), (Table 1, run 10),
and the X–C2 bond is considerably shorter than X–C1

bond (Tables 2 and 3, run 10). Geometrical data and the large
positive charge on carbon-1 (Table 4, run 10) support an
open-ion structure E for 2H-perfluoroalkenes (Table 1, run
10). Our data predict that only anti-Markovnikov products
would be formed by the capture of the open-ions E.

The model in run 11 has a fluorine on carbon-1 and on car-
bon-2. The bond angle (X–C2–C1 ca. 70�, Table 1) and bond
length (X–C1>X–C2) data (Tables 2 and 3, run 11) point to
a structure close to D. The positive charges are also larger on
carbon-1 than on carbon-2 (Table 4, run 11). This is in con-
trast to the halonium ions with one fluorine on each carbon
when the alkyl group is a hydrocarbon (run 5) where the
positive charge is greater on carbon-2. Comparison of these
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two structures indicates that the trifluoromethyl reduces the
amount of positive charge on carbon-2, and it forces the
halonium to become more symmetrical (CH3¼A; CF3¼
more like D). Thus we would predict less M products from
alkenes like the model in run 11 compared to the model in
run 5. Chlorination of (E)-1H-perfluoroheptene-1 in metha-
nol gave a substantial amount of M product2 (Table 1, run
11; M/aM, 1.8/1.0). The amount of M product is greater
than we would predict based on the symmetry and charge
distribution on carbons 1 and 2. Reaction of (E)-1H-per-
fluoroheptene-1 was very slow and only 35% of the alkene
reacted with chlorine after 2 days.2 (E)-1H-Perfluoro-
heptene-1 was too unreactive for bromine electrophiles,
but we anticipate a similar product distribution from
bromine since our calculations show that the halonium
ions are similar.

3.4.2.4. With three vinyl fluorines: perfluoroalkyl ter-
minal alkenes. The trifluoromethyl group (Table 1, run 12)
tightens the bridging in the halonium ion from the perfluoro-
alkene and places the halogen above carbon-2. The X–C2

bond is considerably shorter than the X–C1 bond, and the
positive charge is greatly concentrated on carbon-1 (Tables
2–4, run 12). These data clearly predict the nucleophilic at-
tacks on the terminal carbon to give anti-Markovnikov prod-
ucts via intermediate E (Table 1, run 12). This structure was
confirmed experimentally since only anti-Markovnikov
products were found for ionic reaction of perfluoro-
heptene-1 with chlorine in a protic solvent, and for the ionic
reaction of chlorine monofluoride in aprotic solvent.2 Again
bromine did not react by an ionic pathway.

Experimentally, perfluorovinyl ether was most interesting.
In this case, we experimentally assigned the intermediate
structure D for the iodonium ion, structure C for the bromo-
nium ion, and B for the chloronium ion.1 Our calculations for
the perfluorovinyl ether (Table 1, run 14) are quite similar for
both chloronium and bromonium ions, and indicate a struc-
ture like A (Table 1, run 14). The chloronium ion has slightly
more positive charge on carbon-2 than the bromonium ion,
and the X–C1–C2 bond angle is 2� larger for the chloronium
ion. We suggest that these calculated values are too small to
account for the large change in product regioisomers for this
reaction1,3 (Table 1, run 14). Based on these calculations and
our experimental data, we predict structure A for the chloro-
nium ion and probably structure B for the bromonium ion
since bromine bridges better than chlorine.1,19

4. Conclusion

In conclusion, we have shown that the calculated equilib-
rium geometries best describe the halonium ion intermedi-
ates from ionic halogenation of terminal fluoroalkenes.
These calculated data support experimental product distri-
butions and can predict product regiochemistry from inter-
halogen electrophiles (XF; X¼I, Br, Cl; BrCl; IBr, ICl,
etc.), or by the capture of the halonium ion by solvent. Halo-
nium ion bond angles provide the best correlation with
experimental data and are generally supported by bond
length and charge densities. Electron-withdrawing alkyl
groups tend to decrease the SN1 character of the product
determining the ring-opening transition state and an SN2-
like process occurs, which is more susceptible to steric
effects.
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Abstract—In a multistep reaction, 3,30-(2-aryl-2H-isoindol-1,3-ylene)-di-(1,4-naphthoquinone-2-carbonitriles) 13a–f have been formed in
25–61% yield from a series of N-arylisoindolines 8a–f with (1,3-dioxo-2,3-dihydro-1H-inden-2-ylidene)propanedinitrile (1) in aerated
pyridine. The structure of one of these products (13f) has been unambiguously confirmed by a single crystal X-ray structure analysis. Under
otherwise the same conditions, 2-(3-methoxyphenyl)-isoindoline (8g) and 1 gave 38% of [4-(2,3-dihydro-1H-isoindol-2-yl)-2-methoxy-
phenyl]-1,3-dioxoindan-2-ylidene)acetonitrile (15). Rationales for these conversions involving the known rearrangement of the radical anion
of 1 into the radical anion of 1,4-naphthoquinone-2,3-dicarbonitrile (3) are presented.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

(1,3-Dioxo-2,3-dihydro-1H-inden-2-ylidene)propanedinitrile
(1, also referred to as 2-(dicyanomethylene)-1,3-indane-
dione, see Chart 1) may be considered to be analogous to
ethenetetracarbonitrile (2) in its reactions. Like the latter it
readily adds N-nucleophiles such as secondary aliphatic1

and primary aromatic amines2 at the dicyanomethylene
carbon atom with release of hydrogen cyanide analogously
to the corresponding reactions of 2.3 Tertiary aromatic
amines (like N,N-dimethylaniline) are prone to attack with
their p-carbon atom, followed by release of HCN.2b,4

Like 2, acceptor 1 is also able to generate iminium ions 6
from the tertiary cyclic amines 4a and 4b in ethanol or aceto-
nitrile solution.5 Cyanide ion released from the anion 5 in

O

O
CN

CN CNNC

NC CN

CN
O

O

CN

1 2 3

Chart 1.

Keywords: Donor–acceptor interactions; 2H-Isoindoles; Merocyanines;
Rearrangement; Radical ions; X-ray crystal structure analysis.
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turn intercepts 6 to generate the a-cyanated amines 7
(Scheme 1).5
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a        H
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c        4-Me
d        3-Me
e        2-OMe
f         4-OMe
g        3-OMe

h        2-Cl
i         3-Cl
k        4-COMe

Chart 2.
Recently we have reported an efficient transformation of
2-arylisoindolines (2-aryl-1,3-dihydro-2H-isoindoles) 8a–
e,g–k with 2 into the cis-isoindigo like compounds 106 (Chart
2). Closely analogous compounds 11 had been obtained from
dihydropyrrolo[3,4-b]quinoxalines 9 and 2.7 Also (2,4,7-tri-
nitro-9H-fluoren-9-ylidene)propanedinitrile has acted as an
dicyanomethylenating agent on isoindolines 8.8

This paper is focused on the reactions of the acceptor 1 with
isoindolines 8. The latter compounds and the aforemen-
tioned amines 4a and 4b (Scheme 1) have in common the
methylene groups a to nitrogen that do enjoy benzylic acti-
vation, and 4b may be looked at as a phenylene homologue
of 8.5 We therefore were interested in clarifying how 1,
which needs to be treated in context with its isomeric qui-
none 39 (see chart 1), reacts with isoindolines 8.

2. Results

Solutions of 8a–g (1 mmol each) in 10 mL of dry pyridine
were added dropwise to solutions of 1 (2 mmol) in 20 mL
of the same solvent. The mixtures were gently warmed to
50–60 �C and kept at this temperature for 3 h with stirring
and admission of air and were finally warmed to 100 �C
for 3 min. The residue obtained from concentration at
50 �C consisted of a complex mixture containing a deep
blue main component and numerous coloured byproducts
each in small quantities. From their gross composition and
spectroscopic evidence the main products from 8a–f were
found to be formed from two molecules of 1 and one mole-
cule of 8a–f by loss of 2H and two molecules of HCN. Thus,
both a net didehydrogenation and a twofold reaction analo-
gous to a tricyanovinylation3 were suspected to have taken
place at C-1 and C-3 of 8.

Therefore, structure 12 (Scheme 2) was assigned to the main
products first but later, mainly on the basis of a single crystal
X-ray structure determination of 13f, replaced by 13. Thus
the skeletal rearrangement of reactant 1 to the connectivity
of the quinone 3 had taken place under the reaction condi-
tions, a phenomenon observed earlier in a different context
by Bryce et al.9
N Ar

N
Ar CNCNO

O O

O

N
Ar

O O

O O

CN NC

pyridine, O2
2H,    2 HCN

O

O

CN

CN
2 x
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The visible absorptions in acetonitrile solution are around
650 nm for 13a,c,d and f and somewhat higher for 13b
and 13e bearing o-substituted phenyl groups on the isoindole
nitrogen (Table 1). The IR spectra are characterized by weak
CN-absorptions (2220–2230 cm�1) characteristical for CN
groups in systems heavily substituted with polar electron
attracting groups10 and two carbonyl absorptions (1675–
1665 and 1660–1645 cm�1) as expected.

NMR spectroscopy was hampered by insufficient solubility
in CDCl3, so CD3NO2 and DMF-d7 had to be used. Raising
the temperature to 70 �C (in the cases of 13b and 13f) did im-
prove the solubility but was insufficient to accelerate internal
rotations to a suitable extent to simplify spectra. In general,
partial decomposition and/or precipitation had been ob-
served when long measuring times had to be applied. Still,
both the 1H and 13C NMR spectra (we restrict the presenta-
tion to the two examples 13b and 13f) are in accord with the
proposed structures.

Unambiguous support for these came from the X-ray struc-
ture analysis of 13f (see Fig. 1 and Table 2, note that the crys-
tallographic numbering does not reflect the systematic
numbering). Since the molecule 13f from its connectivity
may be divided in two symmetrical halves, the emphasis
in Table 2 has been laid on grouping corresponding bonds
and angles within or close to the main chromophore. The
sum of the angles around the isoindole N atom (C1–N1–
C9, C8–N1–C9 and C1–N1–C8) is close to 360� suggesting
planarity around N1. Due to steric encumbering there is
a substantial twisting of the anisyl and naphthoquinonyl
groups out of the plane of the isoindolylene moiety. Least
squares planes for these groups have been defined as follows:
Plane 1 (pyrrol ring) by N1–C1–C2–C7–C8, plane 2 (anisyl
group) by C9–C10–C11–C12–C13–C14, plane 3 (C1-naph-
thoquinonyl) by C16–C17–C18–C23–C24–C25 and plane 4
(C8-naphthoquinonyl) by C36–C37–C38–C43–C44–C45.
The twist angles with respect to plane 1 are 53.99(3)� for
the anisyl group (plane 2), 41.07(2)� and 48.84(2)� for the

Table 1. Visible absorptions of compounds 13a–f in acetonitrile

13 a b c d e f

lmax [nm] 648 660 650 648 668 654
log 3 3.9 4.0 4.1 3.9 4.0 4.2

C20

C19
C21

O2
C18

C22

C17

N3

C23

C10

C46

C11
C16

C24

C15

C3

C1

O3

C4

C2

C25

N1

C9

C7

C12

C5

C8

O1

C6

C45

O5

C14

C36

C13

C44

C26
C37

C43

N2

C38
C42

O4 C39

C41

C40

Figure 1. Molecular structure of compound 13f in the crystal. The crystal-
lographic numbering does not reflect the systematic numbering. Anisotropic
displacement parameter ellipsoid is drawn at 50% probability.
C1- and C8-naphthoquinonyl groups (planes 3 and 4),
respectively.

In contrast to the results with 8a–f, a different product (15)
was obtained from 8g (Scheme 2, bottom). The gross
formula C26H18N2O3 is confirmed by its mass spectrum
(M+ at m/z¼406), which also shows fragments for loss of
CN and CO. The 1H NMR clearly demonstrates the isoindo-
line structure by the presence of a 4H singlet at 4.81 ppm (in
CDCl3) for the methylene protons and a negative signal in
the 13C DEPT 135 spectrum at 55.2 ppm. Also, the 13C
carbonyl resonances (in CD3NO2) are found at 188.1 and
189.0 ppm compared to 160 ppm (in DMF-d7) for 13f. It
should be pointed out that from this spectral information
the indanedione moiety had not been rearranged to a qui-
nonyl residue as in 13a–f. In addition, it was corroborated
in a separate test experiment that 8g and the quinone 3 in
pyridine did not form 15, which therefore is the product of
an electrophilic attack of the exocyclic methylene C of 1
on the phenyl p-C of 8g with release of HCN analogous to
a tricyanovinylation.4

3. Discussion

Clearly, the transformation of 8a–f with 1 to 13a–f must
involve a multitude of steps and is necessarily complex.
Moderate yields as found and based throughout on the
amount of starting material 8 used are therefore acceptable,
and it will not be possible—except when unduly large efforts
are made—to identify every byproduct and to clarify all
details. Therefore, we will concentrate on the interplay
between formation of the main products and the necessary
skeletal rearrangement 1/3 in the light of the findings
reported by Bryce et al.9 who had demonstrated that 1 is iso-
merized to 3 when brought in contact with electron donors,
e.g., tetrathiafulvalene.9c

It had been reported earlier11 that isoindolines 8a, 8c and 8f
as well as other p-substituted 2-phenylisoindolines of type 8

Table 2. Selected bond lengths and bond angles of compound 13f

Bond lengths (Å):
C4–C5 1.4166(15) C2–C7 1.4247(13)

Bond lengths listed in pairs of corresponding bonds (Å)
C1–C2 1.4212(13) C7–C8 1.4115(13)
C2–C3 1.4120(14) C6–C7 1.4132(13)
C3–C4 1.3754(14) C5–C6 1.3733(15)
C1–N1 1.3797(12) C8–N1 1.3692(12)
C1–C16 1.4359(13) C8–C36 1.4514(13)
C16–C17 1.5060(13) C36–C37 1.5111(14)
C17–O2 1.2174(12) C37–O4 1.2172(12)
C16–C25 1.3719(25) C36–C45 1.3570(13)
C25–C26 1.4349(14) C45–C46 1.4375(14)
C26–N2 1.1529(14) C46–N3 1.1486(14)
C24–C25 1.4753(13) C44–C45 1.4853(13)
C24–O3 1.2270(12) C44–O5 1.2210(12)

Bond angles (�), listed in pairs of corresponding angles
C1–N1–C8 110.36(8)
C1–N1–C9 127.66(8) C8–N1–C9 121.93(8)
N1–C1–C16 127.09(9) N1–C8–C36 128.29(9)
C2–C1–C16 125.79(9) C7–C8–C36 128.29(9)
C2–C1–N1 107.12(8) C7–C8–N1 108.32(8)
C1–C16–C17 122.19(8) C8–C36–C37 117.72(8)
C1–C16–C25 118.99(9) C8–C36–C45 122.94(9)
C17–C16–C25 118.56(8) C37–C36–C45 118.91(9)
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react with quinone 3 in ethyl acetate under admission of air
to form N,N-diarylisoindigo structures and not compounds
of type 13. On the other hand, it has been known for more
than half a century that quinones tend to abstract hydride
ions from suitable donors giving eventually didehydrogen-
ated products thereof,12 and that this initial hydride abstrac-
tion may in fact be a two-step process involving radicals.13 It
was therefore felt necessary to rule out that a dehydrogena-
tion of 8 to the corresponding 2H-isoindoles (like 16b and
16c) occurred and that these isoindoles react with either 1
or its isomer 3 (if formed under our reaction conditions).
To test this possibility, 2-(4-methylphenyl) (16c) and
2-(4-methoxyphenyl)-2H-isoindole (16f) have been pre-
pared according to the procedures published by Kreher.14

Isoindole 16f was chosen in spite of the low yield to be
expected14 in its preparation. To our surprise, neither 16c
nor 16f gave the corresponding products 13c and 13f,
respectively, upon reaction with doubled molar amounts of
either 1 or 3 in aerated pyridine at 50–60 �C (Scheme 3).
At this occasion, quinone 3 was found to be less stable than
1 in pyridine. These findings rendered the isoindoles 16
unlikely as intermediates.

Another point of concern is the fact that in 13 two quinonyl
residues are attached to the isoindole skeleton with release of
two molecules of HCN and thus these two consecutive intro-
ductions of the quinonyl residues have to be of equal (or
almost equal) probability. It is hard to see how either 1 or
3 could react with isoindoles 16 in this way, since the intro-
duction of the first quinonyl residue by whatever mechanism
would decrease the electron richness of the isoindole unit
due to conjugation with an acceptor and thus hamper the
introduction of the second. Thus, 2H-isoindoles as 16a and
16f had to be ruled out as intermediates.

A rationale in accord with all findings and considerations is
presented in Scheme 4. Charge transfer complexation of
8a–g with 1 in dichloromethane has been observed15 and
may as well be operating in pyridine. Formation of a radical
ion pair [1��/8�+] may be envisaged (analogous to such ion
pair formation from 2 and N,N-diethylaniline16) as the first
chemical event, which is made likely by the observation of
a green colouration attributed to the radical anion 1��.9

Next, the solvent pyridine abstracts a proton from the radical
cation 8�+ to generate the a-amino radical 17. In this way,
back electron transfer with regeneration of the starting mate-
rials 1 and 8 is retarded. The anion radical 1�� undergoes re-
arrangement9 via intermediates 18 and 19 (steps 3–5) to
form the anion radical 3��, which combines with 17 to
form 20, which in turn by release of cyanide ion generates
21 (steps 6 and 7). In the latter compound, 3-CH2 has a
similar reactivity as 1-CH2 had before, so steps 1–7 may
well be repeated using the second molecule of 1. At the
end, the dihydroproduct 22 is didehydrogenated to 13 by
air or any residual 1 or 3.

In this treatment so far the introduction of the quinonyl
groups into the products 13 is linked to the isomerization
of 1 to the quinone structure. It could be argued, though,
that the rearrangement of 1/3 could well take place inde-
pendently and that isoindolines 8 would be attacked later
by the quinone 3. To test this possibility, 8f was reacted
with twofold molar amounts of 1 and 3 at otherwise the
same conditions as in the preparative runs but in parallel
semi-micro experiments. Whereas the preparative reaction
between 8f and 1 (see above) was perfectly matched, no
13f was ever formed in the reactions of 8f with 3.

The question remains why 8g does not follow the reaction
pattern shown by 8a–f. No formation of a product of type
13 is ever observed, also in semi-micro trials to react 8g
with 3. Since 15 cannot be obtained from 8g and the quinone
3, its structure must be that of an indanedione and not that of
a quinone derivative. Indeed, 8g is the most suitable starting
material (among 8a–g) for electrophilic attack by 1 at the
phenyl C-4 since the isoindoline nitrogen and the 3-methoxy
group do combine their +M effects to stabilize intermediate
14 (Scheme 2) and thus the electron transfer process typical
for 8a–f and required for the formation of 13a–f is no longer
competitive.

4. Conclusion

Novel and interesting diquinone structures have been obtained
from the interaction of electron rich 2-arylisoindolines 8 with
the TCNE-analogous acceptor 2-(dicyanomethylene)-indane-
1,3-dione (1). The skeletal rearrangement of 1 into a structure
derived from 39 is connected with the introduction of the
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quinonyl residues at C-1 and C-3 of the starting materials. An
independent isomerization of 1/3 prior to reaction of the
acceptor with either the starting materials 8 or their dehydro-
genation products 16 is not required. While in the work of
Bryce9 the radical anion of 3 functions as the counterion to
a cation derived from an organic donor within a salt, it has in
this work been covalently bonded to an a-amino radical
followed by loss of cyanide. It is also noteworthy that 1 does
not, to a measurable extent, act as a cyanating agent on C-1/
C-3 of 8 analogously as it does in the cyanation of the cyclic
amines 4a and 4b5 (Scheme 1).

The cyanine-like character of compounds 15 has been pointed
out earlier,4a–c thus 15 and as well 13 may be classified as mer-
ocyanines.17 Two isoindole based merocyanines with N-
phenylrhodanine as acceptor moiety have been described.18

5. Experimental

5.1. General

Mp’s were determined with a Reichert Thermovar hot stage
microscope and are uncorrected. The UV–vis spectra were
recorded on a Perkin–Elmer 554 spectrometer and the IR
spectra on Perkin–Elmer 397 and Bruker Vector 22 spec-
trometers using potassium bromide pellets; band intensities,
s strong, w weak. 1H 300 MHz and 13C NMR 75 MHz spec-
tra were recorded on a Bruker WM 300 instrument,
500 MHz 1H and 125 MHz 13C NMR spectra on a Bruker
DRX 500 spectrometer. Chemical shifts are expressed as
d [ppm] with reference to tetramethylsilane as an internal
standard, s¼singlet, d¼doublet, dd¼doublet of doublets
and m¼multiplet. 13C assignments (qC¼sp2 quaternary car-
bon atoms) were made with the aid of DEPT 135/90 spectra.
For EI (70 eV) mass spectra Varian MAT 311 and AMD 605
instruments were used. Elemental analyses were run on
a Carlo Erba 1106 CHNS analyzer. For preparative layer
chromatography (plc) 1.0 mm thick air-dried layers of slurry
applied silica gel Merck PF254 on 48 cm wide and 20 cm
high glass plates were used, zones were detected by their
colour and indicator fluorescence quenching upon exposure
to 254 nm light and extracted with acetone.

5.2. Starting materials

2-Aryl-2,3-dihydro-1H-isoindoles (¼2-arylisoindolines)
8a–g and two 2H-isoindoles (16c and 16f) were prepared
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Table 3. 1H chemical shifts (dH) of compounds 8a,c,d,f and g (300 MHz)

8 Solvent Isoindoline protons N-Phenyl protons Other protons

1-H/3-H 4-,5-,6-,7-H 20-H 30-H 40-H 50-H 60-H

AA0 BB0

a CDCl3 4.63 7.30 6.70 7.30 6.75 7.30 6.70 —
DMSO-d6 4.58 7.39 7.30 6.67 7.23 6.64 7.23 6.67

c CDCl3 4.61 7.30 6.60 7.11 — 7.11 6.60 40-Me 2.28
DMSO-d6 4.54 7.38 7.30 5.75 7.05 — 7.05 5.75 2.20

d CDCl3 4.64 7.31 6.51 — 6.58 7.20 6.49 30-Me 2.36
DMSO-d6 4.56 7.38 7.30 6.48sa — 6.48ma 7.11dd 6.48ma 2.27

f CDCl3 4.61 7.31 6.64 6.78 — 6.78 6.64 40-MeO 3.78
DMSO-d6 4.52 7.38 7.29 6.62 6.87 — 6.87 6.62 3.67

g CDCl3 4.63 7.31 6.22 — 6.32 7.21 6.32 30-MeO 3.83

a Accidentally superimposed.
according to the procedures published by Kreher.14 The 1H
spectral data (CDCl3 as solvent) of 8a–g were in full accord
with the published data,14 in addition, the 1H NMR spectra
of 8a–f have been recorded in DMSO-d6 (Table 3). In this
solvent the AA0BB0 systems of 4-H–7-H appear as base-
line separated AA0 and BB0 parts instead of narrow multi-
plets. 13C NMR 75 MHz spectra have also been recorded
(Table 4).

Compound 8a: 2-phenyl-, mp 170–171 �C (lit.14 172–
173 �C); Compound 8b: 2-(2-methylphenyl)-, bp 118–
120 �C/1.33�10�2 mbar (lit.14 117 �C/1.33�10�2 mbar);
Compound 8c: 2-(4-methylphenyl)-, mp 190–192 �C (lit.14

193 �C); Compound 8d: 2-(3-methylphenyl)-, mp 105–
106 �C (lit.14 111 �C); Compound 8e: 2-(2-methoxy-
phenyl)-, bp 136–138 �C/1.33�10�2 mbar (lit.14 133–
135 �C/1.33�10�2 mbar); Compound 8f: 2-(4-methoxy-
phenyl)-, mp 218–220 �C (lit.14 219 �C); Compound 8g:
2-(3-methoxyphenyl)-, mp 121–122 �C (sublimed, lit.14

120 �C, lit.19 115–117 �C).

2-(4-Methylphenyl)-2H-isoindole (16c) greyish crystals, mp
172–173 �C (lit.14 171 �C); 2-(4-methoxyphenyl)-2H-iso-
indole (16f), cream-coloured crystals, mp 174–176 �C
(lit.14 176 �C) with rapid sublimation. Upon ice/salt cooling,
the mother liquor of 16f gave another precipitate of mp 116–
123 �C (lit.14 114 �C), which is probably 2-(2-acetoxy-
4-methoxyphenyl)-2,3-dihydro-1H-isoindole. Compounds
16c and 16f were stored at �18 �C under nitrogen.

2-(1,3-Dioxo-2,3-dihydro-1H-inden-2-ylidene)propanedi-
nitrile (‘dicyanomethyleneindane-1,3-dione’, 1) was prepared
according to Chatterjee,20 yellow crystals, mp 282–284 �C
(with decomposition, block preheated to 260 �C, lit.20

280–285 �C with decomp.). IR (KBr): ~n ¼ 2220w CNÞð ,
1705s (C]O) cm�1. 1H NMR (CD3NO2) 300 MHz: d¼
8.16 (AA0BB0, aryl H); 13C NMR (CD3NO2) 75 MHz:
d¼91.4 (C-2), 111.8 (CN), 126.1 (C-50, C-60), 139.8 (C-40,
C-70), 143.3 (C-3a0, C-7a0), 153.5 (C-20), 184.3 (C-10, C-30).

1,4-Naphthoquinone-2,3-dicarbonitrile (3) was prepared
according to Chatterjee,21 yellow crystals, mp 278–279 �C
(with rapid sublimation and slight decomp., lit.21 270–
271 �C, from di-chloromethane). IR (KBr): ~n ¼
2235w CNÞð , 1676s (C]O), 1603 and 1584 cm�1 (aryl
and C]C). 1H NMR (CD3NO2) 300 MHz: d¼8.21 (m,
AA0, 5-H, 8-H), 8.04 (m, BB0, 6-H, 7-H). 13C NMR
(CD3NO2) 75 MHz: d¼112.6 (CN), 129.0 (C-5, C-8),
131.4 (C-4a, C-8a), 132.1 (C-2, C-3), 137.6 (C-6, C-7),
178.4 (C-1, C-4).

5.3. Reactions of 2-arylisoindolines 8a–g with 1

5.3.1. General procedure. To a solution of 1 (416 mg,
2.0 mmol) in dry pyridine (15 mL) a solution of 8a–g
(1.0 mmol each) in 5 mL of pyridine was added dropwise
over 5 min at room temperature with stirring and admission
of air. The mixture was warmed gently to 50–60 �C and kept
at this temperature with stirring and admission of air for 3 h,
then warmed to max. 100 �C for few minutes and concen-
trated to dryness at 50 �C. The residue was taken up several
times with cold ethanol (10 mL) and the slurry was concen-
trated again to remove any residual pyridine. The solid was
then taken up in hot methanol, and the solution was filtered.
Table 4. 13C chemical shifts (dC) of compounds 8a,c,d,f and g (75 MHz)

8 Solvent Isoindoline carbon atoms N-Phenyl carbon atoms Other C-signals

1,3 4,7 5,6 3a,7a 10 20 30 40 50 60

a CDCl3 53.7 122.6 127.1 137.9 147.1 111.6 129.4 116.1 129.4 116.1 —
DMSO-d6 53.5 122.8 127.3 137.8 147.2 111.9 129.3 116.1 129.3 111.9 —

c CDCl3 53.7 122.6 127.1 138.0 145.2 111.6 129.9 125.2 129.9 111.6 40-Me 20.3
DMSO-d6 53.5 122.8 127.2 138.0 145.3 111.9 129.8 124.5 129.8 111.9 20.2

d CDCl3 53.8 122.6 127.1 138.0 147.2 112.3 139.1 117.2 129.2 108.8 30-Me 21.9
DMSO-d6 53.5 122.8 127.2 137.9 147.2 112.5 138.3 117.0 129.2 109.2 21.7

f CDCl3 54.3 122.5 127.1 138.3 142.2 112.4a 115.3 151.3 115.3 112.4 40-OMe 56.0
DMSO-d6 54.0 122.8 127.2 138.2 142.1 112.7 115.1 151.1 115.1 112.7 55.6

g CDCl3 53.8 122.6 127.2 137.9 148.5 104.8 160.9 98.0 130.1 101.3 30-OMe 55.1

a Broadened.
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This operation was repeated four times. Filtrates and extracts
were combined and concentrated to dryness and the residue
was dissolved in acetone (5 mL). This solution in each case
was applied to 5 plc-plates and developed with cyclohexane/
ethyl acetate (4:1) for the run with 8a, toluene/ethyl acetate
(5:1) for the run with 8f, and toluene/ethyl acetate (10:1) for
all other runs. Intense blue main zones (from 8a–f) and the
purple main zone from 8g were extracted and the residue
subjected to repeated plc with the same solvents. Crystalliza-
tion from acetonitrile afforded pure samples of 13a–f, all
appearing black (but tinted to some extent) with a metallic
shine in incident light, but giving blue solutions in aceto-
nitrile, ethyl acetate, chloroform or methanol. Numerous
other mostly coloured zones were observed but it always
contained too little material to allow for isolation of signifi-
cant amounts and had to be discarded as well as the tarry
materials remaining at the start line.

5.3.2. 3,30-(2-Phenyl-2H-isoindol-1,3-ylene)-di-(1,4-
naphthoquinone-2-carbonitrile) (13a). Black crystals,
mp 331–332 �C, 139 mg (25%). IR: ~n ¼ 2210w CNÞð , 1670
and 1655 (C]O), 1585 and 1550 (aryl and C]C),
1273 cm�1. 1H NMR (CD3NO2) 300 MHz d¼7.22–7.36
(m, 3H, isoindolylene 6-H, 7-H and phenyl 4-H), 7.44–7.52
(m, 4H, phenyl 2-, 3-, 5-, 6-H), 7.70–7.91 (partially broad-
ened m, 8H, isoindolylene 4-H, 7-H and 6 naphtho H),
8.12–8.19 (m, 2H, naphtho H). MS: m/z (%)¼555 (M+,
100), 528 (37), 502 (20), 373 (6), 347 (9), 104 (23). Anal.
Calcd for C36H17N3O4: C, 77.83; H, 3.08; N, 7.56. Found:
C, 77.84; H, 3.00; N, 7.63.

5.3.3. 3,30-[2-(2-Methylphenyl)-2H-isoindol-1,3-ylene]-
di-(1,4-naphthoquinone-3-carbonitrile) (13b). Black-red
crystals, mp 314–315 �C, 308 mg (54%). IR: ~n ¼
2210 CNÞð , 1675 and 1660 (C]O), 1585 and 1540 (aryl,
C]C), 1270 cm�1. 1H NMR (CD3NO2, 297 K) 300 MHz
d¼2.20 (s, 3H, CH3), 7.05–7.20 (m, 2H, isoindolylene 5-H,
6-H), 7.35–7.65 (m, 4H, phenyl 3-, 4-, 5-, 6-H), 7.70–7.95
(m, 8H, isoindolylene 4-H, 7-H and 6 naphtho-H), 8.00–
8.25 (m, 2H, naphtho H). (DMF-d7, 343 K): d¼2.26 (broad-
ened, 3H, CH3), 7.15 (m, 3H, isoindolylene 5-H, 6-H and 1
phenyl H), 7.45 (m, 2H, phenyl H), 7.51 (m, 1H, phenyl H),
7.74 (broadened, 2H, isoindolylene 4-H, 7-H), 7.79–8.05
(m, 6H, naphtho H) and 8.12 (m, 2H, naphtho H). 13C
NMR (DMF-d7, 343 K) 75 MHz d¼18.02 (CH3); signals
for sp2 CH (for 2C each) at 121.9, 126.0, 127.0, 127.3,
135.4, 135.5 and for 1C each at 126.8, 129.9, 131.0 and
131.9 (all phenyl); signals for qC (all broadened, 2 qC
each) at 132.2 (C-3a, C-7a), 132.7, 136.7, 137.9, weak and
broadened signals at 179 and 181 (C]O), two signals for
2qC each and two signals for 1qC each could not be
determined, also CN resonances were not detected. MS:
m/z (%)¼569 (M+, 100), 554 (8), 543 (16), 517 (4), 399 (7),
387 (55), 361 (7), 284 (7), 104 (23), 76 (31). Anal.: See below.

5.3.4. 3,30-[2-(4-Methylphenyl)-2H-isoindol-1,3-ylene]-
di-(1,4-naphthoquinone-2-carbonitrile) (13c). Black-red
crystals, mp 321–323 �C, 239 mg (42%). IR: ~n ¼
2210w CNÞð , 1670–1650 (C]O), 1590 and 1540 (aryl and
C]C), 1270 cm�1; 1H NMR (CD3NO2) 300 MHz d¼2.20
(s, 3H, CH3), 7.05–7.18 (m, 2H, isoindolylene 5-H, 6-H),
7.28–7.55 (m, 4H, 2-, 3-, 5-, 6-H), 7.70–8.00 (partly broad-
ened m, 8H, isoindolylene 5-H and 6-H and 6 naphtho H),
8.10–8.20 (m, 2H, naphtho H). MS: m/z (%)¼569 (100,
M+), 554 (4), 543 (22), 517 (13), 486 (8), 361 (21), 284
(10), 104 (14), 76 (42). Anal.: See below.

5.3.5. 3,30-[2-(3-Methylphenyl)-2H-isoindol-1,3-ylene]-
di-(1,4-naphthoquinone-2-carbonitrile) (13d). Black
crystals, mp 282–283 �C, 182 mg (32%). IR: ~n ¼
2210w CNÞð , 1680–1665 and 1650 (C]O), 1580 and
1530 (aryl and C]C), 1270 cm�1. 1H NMR (CD3NO2)
300 MHz d¼2.15 (s, 3H, CH3), 7.08–7.55 (series of 5 mostly
broadened m, 8H, isoindolylene 4-, 5-, 6-, 7-H and phenyl 2-,
4-, 5-, 6-H), 7.66–7.92 (partially broadened m, 6H, naphtho
H), 8.16–8.20 (m, 2H, naphtho H). MS: m/z (%)¼569 (100,
M+), 554 (5), 543 (29), 517 (13), 387 (8), 361 (24), 104 (83),
76 (44). Anal. Calcd for C37H19N3O4: C, 78.02; H, 3.36; N,
7.37. Found: 13b: C, 77.94; H, 3.33; N, 7.50. 13c: C, 77.83;
H, 3.22; N, 7.48. 13d: C, 77.88; H, 3.35; N, 7.29.

5.3.6. 3,30-[2-(2-Methoxyphenyl)-2H-isoindol-1,3-ylene]-
di-(1,4-naphthoquinone-2-carbonitrile) (13e). Purple-
black crystals, mp 327–328 �C, 357 mg (61%). IR: ~n ¼
2210w CNÞð , 1665–1650 (C]O), 1585–1545 (aryl and
C]O), 1270 cm�1. 1H NMR (CD3NO2) 300 MHz d¼3.75
(s, 3H, OCH3), series of 4 sharp lined m at 6.75–7.30 (3H,
isoindolylene 5-H, 6-H and 1 phenyl H), 7.31–7.55 (3H,
phenyl H), 7.65–8.00 (8H, isoindolylene 4-H, 7-H and 6
naphtho H), 8.05–8.25 (2H, naphtho H). MS: m/z
(%)¼585 (100, M+), 570 (7), 554(9), 528 (9), 502 (4), 403
(22), 389 (13), 76 (33). Anal.: See below.

5.3.7. 3,30-[2-(4-Methoxyphenyl)-2H-isoindol-1,3-ylene]-
di-(1,4-naphthoquinone-2-carbonitrile) (13f). Black-red
crystals, mp 337–338 �C, 275 mg (47%). IR: ~n ¼
2210w CNÞð , 1670–1660 and 1645 (C]O), 1590, 1530
and 1503 (aryl and C]C), 1272 cm�1. 1H NMR
(CD3NO2) 300 MHz d¼3.68 (s, 3H, OCH3), 6.74–6.95 (m,
2H isoindolylene 5-H, 6-H), 7.30–7.58 (m, 4H, phenyl H),
7.70–8.00 (m, 8H, isoindolylene 4-H, 7-H and 6 naphtho
H), 8.10–8.28 (m, 2H, naphtho H). 1H NMR (DMF-d7,
297 K) 500 MHz d¼3.68 (s, 3H, OCH3), 6.89 (m, 2H, iso-
indolylene 5-H, 6-H), 7.47 (m, 2H, phenyl 3-, 5-H); the
following low-field signals for isoindolylene and naphtho
H were all structureless and broadened: 7.66 (3H), 7.80–
8.10 (7H), 8.17 (2H). 1H NMR (DMF-d7, 343 K) 500 MHz
d¼3.68 (s, 3H, OCH3), 6.88 (m, 2H, isoindolylene 5-H, 6-
H), 7.41 (dd, J¼9.0 and 2.5 Hz, 2H, phenyl 3-H, 5-H), all
other signals were broadened and structureless: 7.51 (2H,
phenyl 2-H, 6-H), 7.70 (2H, isoindolylene 4-H, 7-H); the
naphthoquinonyl H gave multiplets at 7.82 (2H), 7.92 (4H)
and 8.13 (2H). 13C NMR (DMF-d7, 297 K) 125 MHz
d¼55.9 (OCH3); sharp sp2 CH resonances (for 2C each) at
115.5, 121.9, 125.7 and as broadened signals for 2C each:
126.9, 127.2, 129.1, 135.3, 135.6; several unresolved reso-
nances for qC at 132.1–133.5, 160.0 (C]O, only one signal
observed), no CN signals. (DMF-d7, 343 K): d¼55.9
(OCH3), sp2 CH signals (for 2C each) at 115.6, 121.8,
125.8, 127.0, 127.3, 129.5 (broadened), 135.4, 135.5; several
broad unresolved signals for qC at 132.0–133.5, 160.4
(C]O, only one signal observed), no CN signals. MS: m/z
(%)¼585 (100, M+), 570 (5), 543 (20), 528 (13), 502 (3),
403 (8), 104 (38), 76 (35). Anal. Calcd for C37H19N3O5:
C, 75.89; H, 3.27; N, 7.17. Found: 13e: C, 75.70; H, 3.00,
N, 713. 13f: C, 75.91; H, 3.22; N, 7.19.
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5.3.8. [4-(2,3-Dihydro-1H-isoindol-2-yl)-2-methoxy-
phenyl]-(1,3-dioxoindan-2-ylidene)-acetonitrile (15).
This substance is characterized on the solvent moist
plc-plate by a purple zone, which changes to grey-violet
on drying. Black to blue-violet crystals (from ethanol), mp
224–226 �C, 154 mg (38%). Vis (methanol): lmax¼560 nm,
log 3¼4.1. IR: ~n ¼ 2230�2220 CNÞð , 1675s (C]O), 1616,
1590, 1530 and 1505 cm�1 (aryl, C]C). 1H NMR (CDCl3,
ambient temp) 300 MHz d¼3.91 (s, 3H, OCH3), 4.81 (s, 4H,
CH2), 6.14 (d, J¼2.2 Hz, 1H, phenyl 2-H), 6.37 (dd, J¼8.8
and 2.2 Hz, 1H, phenyl 6-H), 7.30 (m, 4H, isoindolinyl
aryl H), 7.54 (d, J¼8.8 Hz, 1H, phenyl 5-H), 7.63–8.08
(m, 4H, dione aryl H). 1H NMR (CD3NO2, 297 K)
500 MHz d¼3.97 (s, 3H, OCH3), 4.88 (s, 4H, CH2), 6.36
(d, J¼2.3 Hz, 1H, phenyl-2H), 6.49 (dd, J¼8.8 and 2.3 Hz,
1H, phenyl 6-H), 7.38 (m, 2H) and 7.46 (m, 2H, isoindoline
aryl H), 7.52 (d, J¼8.9 Hz, 1H, phenyl 5-H), 7.89–8.12
(broadened, several m, 4H, dione aryl H). 13C NMR
(CD3NO2, 297 K) 125 MHz d¼55.2 (2CH2), 56.5 (OCH3),
sp2 CH signals at 95.7 (phenyl C-2), 106.3 (phenyl C-6),
111.6 (CN), 124.1 (isoindolinyl C-5, C-6), 129.0 (isoindo-
linyl C-4, C-7), 137.0 and 137.1; qC at 138.4 (isoindolinyl
C-3a, C-7a), 117.7, 123.3, 133.4, 142.1, 143.0, 154.6,
163.2, 188.1 (C]O), 189.0 (C]O). MS: m/z (%)¼406
(11, M+), 380 (70), 349 (2), 224 (100), 209 (24), 193 (11),
179 (43). Anal. Calcd for C26H18N2O3: C, 76.83; H, 4.46;
N, 6.89. Found: C, 76.68; H, 4.53; N, 7.19.

5.3.9. Semi-micro-scale conversions.
5.3.9.1. With isoindolines 8f and 8g. Samples (11 mg,

0.05 mmol) each of 8f and 8g, respectively, in 0.5 mL of pyr-
idine were added to solutions (1 mL) of 31 mg (0.15 mmol)
of 1 and 3, respectively, in the same solvent (runs A–D). The
mixtures were kept under otherwise the same conditions as
used in the preparative scale runs (gentle warming up to
50 �C, 3 h at this temperature with admission of air). After
concentration to dryness the residues were examined by
tlc. Significant spots were identified by comparison with
and admixing of authentical samples. A (8f+1): First light
green, than deep green colouration, later greyish blue, com-
pound 13f definitively present. B (8f+3): Deep red-brown
colouration, later brown. Compound 13f definitively absent
(3 repetitions). C (8g+1): Dark olive green colouration, spot
of 15 dominating. D (8g+1): Dark brown, compound 15
definitively absent, some minor coloured zones detectable.

5.3.9.2. With 2H-isoindoles 16c and 16f. Samples
0.05 mmol each of 16c and 16f, respectively, in 0.5 mL of
pyridine were treated as described above with solutions of
1 and 3 (0.1 mmol each) in pyridine, and the reaction resi-
dues were examined by tlc. The definite absence of products
13c and 13f, respectively, in the reaction both with 1 and 3
was corroborated by parallel chromatography and addition
of authentic samples.

5.4. Single crystal X-ray structure determination of 13f

Suitable crystals were obtained by recrystallization from
acetonitrile. Data were recorded using an Enraf–Nonius
Kappa CCD diffractometer with graphite-monochromated
Mo Ka-radiation (l¼0.71073 Å). The crystal was mounted
in a stream of cold nitrogen gas. The structure was solved
by direct methods (SHELXS-9722) and refined by full matrix
least squares techniques against F2 (SHELXL-9723). Hydro-
gen atoms were inserted from geometry consideration using
the HFIX option of the program.

Crystal data. C37H19N3O5, Mr¼585.55 g mol�1, dark red,
crystal size 0.43�0.34�0.12 mm3, monoclinic, P21/n,
[no. 14], a¼15.83020(10) Å, b¼10.91510(10) Å, c¼
16.62470(10) Å, b¼103.65(3)�, V¼2791.38(4) Å3, Dcalc¼
1.393 Mg m�3, m¼0.094 mm�1, T¼100 K, l¼0.71073 Å,
q range for data collection 2.25–33.22�, 94943 reflections
collected, 10676 independent reflections, 9362 reflections
with I>2s(I); Gaussian absorption correction, max. 0.99/
min. 0.95, 482 parameters, S¼1.439, R1¼0.0504,
wR2¼0.1803, largest difference max. and min. 0.9/
�0.9 eÅ�3.

Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication number CCDC
615812. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44 1223 336033 or e-mail: deposit@ccdc.
cam.ac.uk).
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Abstract—Bicyclo[3.2.1] type 1,2,4-trioxanes are readily synthesized from precursors that may form intramolecular hemiketals using UHP
(H2O2–urea complex) as the source of the peroxy bond and p-TsOH or CSA as the catalyst. The ring closure through an intramolecular
Michael addition occurred in a highly stereoselective way, giving only one diasteromer as shown by the NMR spectra.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Organic peroxides are currently of great interest because of
the excellent antimalarial activity observed with qinghaosu1

(artemisinin, 1) and closely related organic peroxide. The
peroxy bond in 1 constitutes a part of 1,2,4-trioxane ring sys-
tem. Therefore, the 1,2,4-trioxane class of peroxides are con-
sidered to be particularly interesting among various organic
peroxides over the last decades. Considerable efforts in syn-
thesizing this class of compounds have been documented in
the literature.

H

O

O
HO

O
O

H

1

Organic peroxides are difficult to synthesize partly because
formation of an O–O bond between two alkoxyl-related spe-
cies is practically impossible unless using radical coupling
strategy. As a consequence, the peroxy bonds in organic per-
oxides are all essentially acquired through making a C–O
bond on each end of an inorganic species that contains an
O–O bond. It is therefore not surprising that the existing
methodologies for incorporating/introducing peroxy bonds
into organic molecules are rather few. In fact those of syn-
thetic significance are: (1) photosensitized oxygenation,2

(2) trapping ozonides of enolates or vinylsilanes,3 (3) ring
opening of epoxides with H2O2,4 and (4) transition metal
ion-mediated radical trapping of O2.5

Keywords: Antimalarials; Hemiketals; Peroxides; Cyclization; Hetero-
cycles.
* Corresponding author. E-mail: yikangwu@mail.sioc.ac.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.061
Apart from the extremely limited number of means for intro-
ducing peroxy bonds, another factor also contributes to
the difficulty of synthesizing organic peroxides—the peroxy
bonds themselves are much more fragile than most other
covalent bonds in organic compounds, with an average bond
energy of only 34 kcal/mol1e (less than half of that for a C–C
single bond). Hence, the timing of incorporating the peroxy
bond into the substrate must be carefully planned to avoid in-
volvement of reagents and conditions that would cleave the
peroxy bond after their introduction. This of course adds ad-
ditional difficulties to the synthesis. Consequently, cautious
design of a precursor for incorporating the peroxy bond in
combination of a proper choice of the peroxy bond source
is of critical importance in the synthesis of novel organic
peroxides. Here in this paper we wish to report an experimen-
tally feasible entry to a bridged 1,2,4-trioxane system.

2. Results and discussions

Using Kobayashi’s6 methodology, we previously synthe-
sized7 some spiro 1,2-dioxanes, where the key step of incor-
porating a hydroperoxyl group was realized by exploiting
facile formation of intramolecular hemiketals as illustrated
in Scheme 1 through converting precursor 2 into hydroper-
oxy compound 3. Encouraged by those results, we set out
to explore the possibility of extending this methodology
from the spiro systems to bridged ones.

CO2R'

HO O2

HO CO2R'

O 3 4
O

O
O

CO2R'

H

O
O
O

CO2R'

UHP Base

Scheme 1.
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In the present work we designed (Scheme 2) a new type
of substrates 5, which were expected to form hydroperoxy
intermediates 6 and eventually led to bridged 1,2,4-trioxanes
7. Compared with the previous mono cyclic6 or the
spiro7 systems, such a trioxane system is much closer to
the core structure of qinghaosu 1 and therefore deserves
investigation.

O
R

O

CO2R'
O H

CO2R'

O
R

O
CO2R'O

HO
O

R5 6 7

UHP Base

c R = -(E)-(CH2)3CH=CH(CH2)3Me, R' = Et

a R = n-Hex, R' = Et b R = Me, R' = Bn

H

H

(Relative configuration)

(Cf Figure 1)

Scheme 2.

Synthesis of the first target 7a started from the commercially
available lactone 8 (Scheme 3). Reduction with LiAlH4

gave diol 98 in 95% yield. Both hydroxyl groups were then
oxidized to the intermediate aldehyde–ketone 10 by Swern
oxidation. The resulting 10 when treated with the sulfoxide
reagent 119 in the presence of piperidine afforded the desired
hydroperoxidation precursor 5a.

O O OH OH O
CHO

a b

8 9 10

CO2Et

HO
O

5a 5

c

5 5 5

d
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n-Hex

O CO2EtOH

H

O

n-Hex

O

CO2Et
O H

H

trans-6a

cis-6a

O

n-Hex

O

CO2Et
O

H
H

7a 1

2 4
6

e5

(See Table 1)

Scheme 3. (a) LiAlH4/THF, 95%; (b) Swern oxidation; (c) PhS(O)CH2–
CO2Et (11)/piperidine/rt/15 h, 41% from 10; (d) UHP (ca. 7.5 equiv)/
p-TsOH/DME/rt/overnight, 89% (trans-6a/cis-6a¼1.6:1); and (e) cat.
HNEt2/F3CCH2OH/rt/12 h, 35%.

The hydroperoxyl group was then introduced by treat-
ment with UHP (urea–H2O2 complex, a commercially avail-
able solid reagent) in the presence of p-TsOH in DME
(MeO(CH2)2OMe) in 89% yield. It should be noted that
if MeOH is used as solvent as in Kobayashi’s original recipe,
the yield of the hydroperoxy hemiketals trans-6a and cis-6a
was <50%.

The cis-6a, which was readily separated from trans-6a on
silica gel, was treated with Et2NH/F3CCH2OH, giving the
end product 7a in 35% yield.

When the n-hexyl group was replaced by a methyl group,
which is much smaller in size, the selective reaction of
PhSOCH2CO2Bn (16) with the aldehyde group in the pres-
ence of a ketone functionality was not possible, presumably
due to the interference of the intramolecular aldol reaction.
For this reason, we next turned to a slightly longer route
(Scheme 4), where the ketone carbonyl group could be
masked during the reaction of the aldehyde with the sulf-
oxide reagent 16.

O O OHO
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b
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c

d

14

S S

HO
CO2Bn

OH 15

SS

CO2Bn

OH 5b

O

OO CO2Bn
OH

H

OO

CO2Bn
O H

H
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cis-6b

OO

CO2Et
O

H
H
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2
f e

Scheme 4. (a) MeLi/Et2O/�78 �C, 80%; (b) HS(CH2)3SH/F3B$OEt2/
CH2Cl2, 98%; (c) (i) SO3$Py/DMSO/NEt3, 92%; (ii) PhS(O)CH2CO2Bn
(16)/piperidine/rt/15 h, 60%; (d) I2/NaHCO3/acetone–H2O, 95%; (e) UHP
(ca. 7.5 equiv)/p-TsOH/DME/rt/12 h, 88% (trans-6b/cis-6b¼1.8:1); and
(f) cat. HNEt2/F3CCH2OH/rt/12 h, 29%.

The starting material in this case was, again, a lactone (12).
Addition of methyllithium to 12 under carefully controlled
conditions resulted in the methyl ketone 13. The carbonyl
group was then protected with HS(CH2)2SH in the presence
of borontrifluoride etherate and the alcohol was oxidized
with SO3$Py to afford the intermediate aldehyde, which
on treatment with the sulfoxide reagent 16 gave the a,b-
unsaturated ester 15.

The sulfur protecting group was then removed with I2/
NaHCO3 in 5:1 acetone–H2O to give the hydroperoxidation
precursor 5b in 95% yield. The subsequent introduction of
the hydroperoxyl group was performed under the same con-
ditions as described above for the synthesis of 6a, giving
6b in 88% yield as a 1.8:1 mixture of trans-6b and cis-6b.
The desired isomer cis-6b was separated from trans-6b by
chromatography on silica gel and treated with HNEt2 in
F3CCH2OH to yield the end product 7b.

The long-chain substrate 7c was synthesized from dihydro-
pyran 17 using the sequence outlined in Scheme 5. The
iodide 19 was obtained by reaction of 17 with 2 equiv of
n-BuLi to afford the alcohol 18,10 followed by treatment
with Ph3P/I2/imidazole in MeCN–Et2O. The dithiane moiety
20 was constructed by reaction of HS(CH2)2SH with 17
and subsequent protection of the newly formed terminal
hydroxyl group as a MOM ether.

The coupling of 1911 with 20 (prepared from the correspond-
ing alcohol following the literature12) was then realized un-
der action of n-BuLi. The MOM protecting group was then
cleaved with MeOH and the resulting alcohol was oxidized
with SO3$Py to afford the aldehyde 23. Further treatment of
the aldehyde with sulfoxide reagent 11 led to a,b-unsatu-
rated ester 24, which on deprotection of the thioketal gave
the hydroperoxidation precursor 5c. Conversion of 5c to 7c
was performed in a similar fashion as described above for
7a and 7b.
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The trans-6a–c isomers, which were unable to undergo the
Michael addition, could be partially transformed into the
corresponding cis ones by acid catalyzed equilibration.
The conversion ratio varied depending on the catalyst (ex-
emplified with the re-equilibrium of 6a in Table 1). In
DME with CSA ((�)-camphor-10-sulfonic acid) as the cat-
alyst (entry 1), the trans/cis ratio at the end of the equilibra-
tion was 2.3:1 (calculated from the isolated yields). Using
TFA (trifluoroacetic acid) as the catalyst, however, did not

Table 1. Acid catalyzed re-equilibrium between trans-6a and cis-6aa

Entry Acid Solventb trans/cis Recoveryc (%)

1 CSA DME 2.3:1 100
2 F3CCO2H DME NCd 100
3 BF3$OEt2 DME 5.6:1 96
4 p-TsOH DME 2.1:1 94
5 p-TsOH MeOH 2.1:1 84
6 p-TsOH PEG 400 7.8:1 76
7 p-TsOH 9:1 DME–MeOH 1.8:1 100
8 CSA 9:1 DME–MeOH 1.8:1 100

a The re-equilibrium of the trans-6a was performed by stirring a 0.025 M
solution of trans-6a in the indicated solvent in the presence of 7.5 equiv
of UHP and 1.2 equiv of the indicated acid at ambient temperature over-
night.

b PEG 400¼polyethylene glycol (molecular weight¼400).
c The total yield of trans-6a and cis-6a.
d No changes were observed.
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Scheme 5. (a) n-BuLi (2 equiv)/reflux/3 h, 80%; (b) I2/imidazole/Ph3P/
MeCN–Et2O (1:4)/15 min, 82%; (c) (i) HS(CH2)3SH/BF3$Et2O, 90%; (ii)
MOMCl/i-Pr2NEt/CH2Cl2/rt, 85%; (d) (i) n-BuLi/THF/�78 to �20 �C/
4 h, (ii) HMPA/19/0 �C/12 h, 68% from 20; (e) p-TsOH/MeOH/40–50 �C/
3 h, 90%; (f) SO3$Py/DMSO/NEt3, 86%; (g) PhS(O)CH2CO2Et (11)/piper-
idine/rt/15 h, 63%; (h) I2/NaHCO3/acetone–H2O, 87%; (i) UHP (ca.
7.5 equiv)/p-TsOH/DME/rt/12 h, 86% (trans-6c/cis-6c¼2.3:1); and (j) cat.
HNEt2/F3CCH2OH/rt/12 h, 32%.
result in any conversion at all under the otherwise same con-
ditions (entry 2).

p-TsOH gave more or less the same conversion ratio as CSA.
The recovery rate was usually excellent in DME, but not so
good in MeOH (entry 5). Presence of a small amount of
MeOH apparently facilitated the conversion. Thus, in 9:1
DME–MeOH, the trans/cis ratio could reach 1.8:1.

It is noteworthy that unlike in the monocyclic or spirocyclic
cases encountered in our previous work, where both diaste-
reomers were formed in rather close amounts, in the present
system the Michael addition proceeded in a highly stereo-
selective manner, leading to only one diastereomer.

With assistance of 2D NMR experiments including COSY,
NOESY, and HMQC, the structure of the bridged product
was firmly established. The relative configuration at C-6
was assigned as follows: As the coupling between H-5 and
H-6 was essentially 0 Hz (Fig. 1), the dihedral angle between
these two hydrogens must be near 90�. From molecular
model it can be seen that only the relative configuration as
depicted in Figure 1 could satisfy this requirement.

3. Conclusions

A convenient approach to a 1,2,4-trioxane system has been
developed, which utilized the commercially available and
easy-handling solid UHP as the source of the peroxy bond
and complements the existing protocols that do not involve
excited state chemistry.

4. Experimental

4.1. General

The 1H NMR and 13C NMR spectra were recorded in deutero-
chloroform at ambient temperature using a Varian Mercury
300 or a Bruke Avance 300 instrument (operating at
300 MHz for proton). The FTIR spectra were scanned with
a Nicolet Avatar 360 FT-IR. EIMS and EIHRMS were re-
corded with an HP 5989A and a Finnigan MAT 8430 mass
spectrometer, respectively. The ESIMS and ESIHRMS were
recorded with a PE Mariner API-TOF and a APEX III
(7.0 Tesla) FTMS mass spectrometer, respectively. Elemen-
tal analyses were performed on an Elementar VarioEL III
instrument. The melting point was uncorrected. Dry THF
was distilled from Na/Ph2CO under N2. Dry CH2Cl2 was dis-
tilled over CaH2 and kept over 4 Å molecular sieves. UHP
was purchased from Acros. All other solvents and reagents
were commercially available and used as received without
any further purification.

O
O

O

HH

O

H

CO2Et

H
O 2EtO

J5,6 = 0 HzH-5
H-6O-4

O-1

C

Figure 1. The dihedral angle between H-5 and H-6 is close to 90�.
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4.2. Reduction of lactone 8 (9)

LiAlH4 (1.143 g, 30.08 mmol) was added in portions to a
solution of 8 (3.738 g, 20.30 mmol) in anhydrous THF
(95 mL) stirred in an ice-water bath. After completion of
the addition, the mixture was stirred at ambient temperature
for 40 min before the excess hydride was destroyed by addi-
tion of 2 N HCl with cooling in an ice-water bath. The mix-
ture was extracted with EtOAc (4�100 mL). The combined
organic layers were washed with water, satd aq NaHCO3,
and brine, and dried over anhydrous Na2SO4. The residue af-
ter removal of the solvent and drying agent was chromato-
graphed (3:2 n-hexane/EtOAc) on silica gel to give diol 98

as a colorless wax (3.625 g, 95% yield). 1H NMR d 3.67–
3.63 (m, 3H), 1.97 (s, 2H), 1.60–1.25 (m, 16H), 0.89 (t,
J¼7.2 Hz, 3H).

4.3. Synthesis of 5a

DMSO (5.16 mL, 72.27 mmol) was added dropwise to a
solution of (COCl)2 (2.84 mL, 32.85 mmol) in dry CH2Cl2
(36 mL) stirred at �60 �C under N2. After completion of
the addition, the mixture was stirred at the same temperature
for 30 min. A solution of 9 (1.235 g, 6.57 mmol) in dry
CH2Cl2 (14 mL) was added slowly. After another 30 min
stirring at �60 �C, NEt3 (8.20 mL, 59.13 mmol) was intro-
duced dropwise. The stirring was continued at �60 �C.
When TLC showed completion of the oxidation, HCl
(2.4 N, 11 mL) was added. The mixture was extracted with
Et2O (3�50 mL). The combined ethereal phases were
washed with diluted HCl until pH 7, then with water and
brine before being dried over anhydrous Na2SO4. The resi-
due (10) after removing drying agent and the solvent was
added slowly to a solution of PhSOCH2CO2Et (1.393 g,
6.57 mmol) and piperidine (0.67 mL, 6.57 mmol) in
MeCN (11 mL) stirred at rt. The stirring was continued at
rt until TLC showed completion of the reaction. The mixture
was partitioned between water (25 mL) and Et2O (25 mL).
The phases were separated and the aqueous layer was back
extracted with Et2O (3�50 mL). The combined ethereal
phases were washed with diluted HCl until pH 7, then
with water and brine before being dried over anhydrous
Na2SO4. The residue after removal of solvent was chromato-
graphed (5:1 n-hexane/EtOAc) on silica gel to give 5a as
a yellowish oil (727 mg, 41% from 9). FTIR (film) 3447,
1720, 1661, 1466, 1272, 1040 cm�1; 1H NMR (CDCl3,
300 MHz): d 6.91 (dd, J¼15.7, 4.5 Hz, 1H), 6.06 (d,
J¼15.4 Hz, 1H), 4.37 (s, 1H), 4.20 (q, J¼6.8 Hz, 2H),
3.02 (d, J¼5.2 Hz, 1H), 2.60 (t, J¼5.9 Hz, 2H), 2.43 (t,
J¼7.5 Hz, 2H), 1.96–1.80 (m, 2H), 1.58–1.54 (m, 2H),
1.35–1.28 (m, 9H), 0.88 (t, J¼6.7 Hz, 3H); ESIMS m/z
271.2 ([M+H]+); ESIHRMS calcd for C15H26O4Na
([M+Na]+) 293.1729; found 293.1720.

4.4. Hydroperoxidation of 5a (cis-6a and trans-6a)

A mixture of 5a (285 mg, 1.05 mmol), UHP (748 mg,
8.0 mmol), and p-TsOH$H2O (248 mg, 1.30 mmol) in DME
(42 mL) was stirred at rt overnight. The solvent was removed
by rotary evaporation and the residue was chromatographed
(10:1 n-hexane/EtOAc) on silica gel to afford cis-6a
(103 mg, 0.360 mmol, 34% yield) and trans-6a (165 mg,
0.576 mmol, 55% yield) as colorless oils. Data for compound
cis-6a (the less polar component): FTIR (film): 3386, 1718,
1659, 1463, 1304, 1271, 1179, 1041 cm�1; 1H NMR d 7.99
(s, 1H), 6.78 (dd, J¼6.1, 15.3 Hz, 1H), 6.05 (d, J¼15.4 Hz,
1H), 4.69–4.66 (m, 1H), 4.21 (q, J¼6.9 Hz, 2H), 2.15–2.11
(m, 4H), 1.70–1.25 (m, 13H), 0.86 (t, J¼9.3 Hz, 3H). Data
for compound trans-6a (the more polar component): FTIR
(film) 3390, 1722, 1660, 1465, 1304, 1267, 1041 cm�1; 1H
NMR d 8.07 (s, 1H), 6.91 (dd, J¼5.2, 15.8 Hz, 1H), 6.05
(d, J¼15.8 Hz, 1H), 4.80–4.78 (m, 1H), 4.21 (q, J¼7.0 Hz,
2H), 2.33–1.96 (m, 4H), 1.75–1.22 (m, 13H), 0.87 (t,
J¼10.5 Hz, 3H). Because these hydroperoxides are not
very stable, they should be used as soon as possible.

4.5. Synthesis of 7a

A mixture of cis-6a (83 mg, 0.29 mmol) and HNEt2 (4 mL) in
CF3CH2OH (1.5 mL) was stirred at rt for ca. 14 h, when TLC
showed disappearance of the starting material. The solvent
was removed by rotary evaporation and the residue was chro-
matographed (20:1 n-hexane/EtOAc) on silica gel to yield 7a
as a colorless oil (29 mg, 0.101 mmol, 35% yield). FTIR
(film) 2956, 2925, 2854, 1741, 1426, 1185, 1026 cm�1; 1H
NMR d 4.89 (t, J¼7.2 Hz, 1H), 4.34 (d, J¼4.3 Hz, 1H),
4.16 (q, J¼7.1 Hz, 2H), 2.33–2.27 (m, 3H), 1.99–1.87 (m,
3H), 1.77–1.68 (m, 2H), 1.16–1.09 (m, 2H), 1.04–0.98 (m,
9H), 0.70 (t, J¼7.0 Hz, 3H); MALDIHRMS m/z calcd for
C15H26O5Na ([M+Na]+) 309.16725; found 309.1679.

4.6. Addition of methyllithium to lactone 12 (13)

MeLi (2.2 M in Et2O, 2.35 mL, 5.16 mmol) was added to
a solution of 12 (516 mg, 5.16 mmol) in anhydrous Et2O
(13 mL) stirred at�78 �C under N2. The mixture was stirred
at the same temperature for 15 min and aq satd NH4Cl
(10 mL) was added. The mixture was extracted with Et2O
(3�30 mL) and the combined organic layers were washed
with water and brine and dried over anhydrous Na2SO4.
The residue after removal of the solvent was chromato-
graphed (2:1 n-hexane/EtOAc) on silica gel to give 1313 as
a colorless oil (479 mg, 4.12 mmol, 80% yield). 1H NMR
d 3.62 (t, J¼6.0 Hz, 2H), 2.49 (t, J¼6.9 Hz, 2H), 2.19 (s,
1H), 2.18 (s, 3H), 1.72–1.51 (m, 4H).

4.7. Protection of 13 with propane-1,3-dithiol (14)

A solution of 13 (479 mg, 4.12 mmol), HS(CH2)2SH
(0.42 mL, 4.12 mmol), and BF3$Et2O (0.22 mL) in
CH2Cl2 (20 mL) was stirred at rt for 3 h, when TLC showed
completion of the reaction. Acetone was added (to remove
excess thiol) and the stirring was continued for 1 h and the
mixture was extracted with Et2O (3�25 mL). The combined
organic layers were washed in turn with aq NaHCO3, water,
and brine and dried over anhydrous Na2SO4. The residue
after removal of the solvent was chromatographed (8:1
n-hexane/EtOAc) on silica gel to give 1414 as a colorless
oil (832 mg, 4.04 mmol, 98% yield). 1H NMR d 3.68 (t,
J¼6.0 Hz, 2H), 2.87–2.83 (m, 4H), 1.98–1.92 (m, 4H),
1.63 (s, 3H), 1.60–1.58 (m, 4H).

4.8. Synthesis of 15

A solution of SO3$Py (446 mg, 2.81 mmol) in DMSO
(4 mL) was added slowly to a solution of 14 (165 mg,
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0.80 mmol) and NEt3 (0.55 mL, 4.0 mmol) in dry CH2Cl2
(2 mL) and stirred at 0 �C. After completion of the addition,
the bath was removed and the mixture was stirred at rt until
TLC showed (ca. 3 h) full disappearance of the starting alco-
hol. Water (10 mL) was added to quench the reaction and the
mixture was extracted with Et2O (3�25 mL). The combined
organic layers were washed with aq satd CuSO4 (until no
more floccule formed), water, and brine and dried over anhy-
drous Na2SO4. The residue after removal of the solvent was
chromatographed (40:1 n-hexane/EtOAc) on silica gel to
give the known intermediate aldehyde15 as a colorless oil
(150 mg, 0.74 mmol, 92% yield). 1H NMR d 9.80 (s, 1H),
2.88–2.82 (m, 4H), 2.51 (t, J¼6.7 Hz, 2H), 1.99–1.80 (m,
6H), 1.61 (s, 3H).

A solution of the above prepared aldehyde (3.046 g,
14.93 mmol) in MeCN (25 mL) was added dropwise to a
solution of PhSOCH2CO2Bn (16, 4.091 g, 14.93 mmol)
and piperidine (1.48 mL, 14.93 mmol) in MeCN (50 mL)
and stirred at rt. The stirring was continued at rt until TLC
showed completion of the reaction. Water was added to
quench the reaction and the mixture was extracted with
Et2O (3�25 mL). The combined organic layers were washed
first with diluted HCl until pH 7 and then with water and
brine and dried over anhydrous Na2SO4. The residue after
removal of the solvent was chromatographed (6:1 n-hex-
ane/EtOAc) on silica gel to give 15 as a yellowish oil
(3.144 g, 8.93 mmol, 60% yield). FTIR (film) 3447, 2923,
1717, 1655, 1455, 1274, 1162, 979, 908, 738, 697 cm�1;
1H NMR d 7.39–7.33 (m, 5H), 7.00 (dd, J¼4.7, 15.5 Hz,
1H), 6.12 (d, J¼15.6 Hz, 1H), 5.20 (s, 2H), 4.39–4.35 (m,
1H), 2.86–2.76 (m, 4H), 2.13–1.73 (m, 7H), 1.58 (s, 3H);
ESIMS m/z 370.2 ([M+NH4]+); ESIHRMS calcd. for
C18H24O3S2Na ([M+Na]+) 375.1065; found 375.1060.

4.9. Deprotection of 15 (5b)

Powdered NaHCO3 (300 mg, 3.57 mmol) and I2 (369 mg,
1.44 mmol) were added in turn to a solution of 15
(146 mg, 0.41 mmol) in acetone (4 mL) and water (1 mL)
and stirred in an ice-water bath. The mixture was stirred
for 15 min when TLC showed disappearance of the starting
material. Aq satd Na2S2O3 (2 mL) was added to quench the
reaction. The mixture was extracted with Et2O (3�30 mL).
The combined organic layers were washed in turn with aq
satd NaHCO3, water, and brine and dried over anhydrous
Na2SO4. The residue after removal of the solvent was chro-
matographed (5:1 n-hexane/EtOAc) on silica gel to give 5b
as a yellowish oil (103 mg, 0.39 mmol, 96% yield). FTIR
(film) 3448, 1716, 1658, 1455, 1271, 1164, 1112, 984,
699 cm�1; 1H NMR d 7.38–7.32 (m, 5H), 6.95 (dd,
J¼15.5, 4.3 Hz, 1H), 6.12 (d, J¼15.7 Hz, 1H), 5.19 (s,
2H), 4.38–4.35 (m, 1H), 2.70 (d, J¼4.8 Hz, 1H), 2.61 (t,
J¼6.5 Hz, 2H), 2.17 (s, 3H), 2.02–1.92 (m, 1H), 1.81–1.74
(m, 1H); ESIMS m/z 263 ([M+H]+); ESIHRMS calcd for
C15H18O4Na ([M+Na]+) 285.1103; found 285.1098.

4.10. Synthesis of 7b

A mixture of 5b (43 mg, 0.16 mmol), UHP (100 mg,
1.06 mmol), and p-TsOH$H2O (37 mg, 0.19 mmol) in
DME (4.6 mL) was stirred at rt overnight. The solvent was
removed by rotary evaporation and the residue was
chromatographed (8:1 n-hexane/EtOAc) on silica gel to
afford cis-6b (14 mg, 0.050 mmol, 32%) and trans-
6b (25 mg, 0.090 mmol, 56%) as colorless oils. Data for
compound cis-6b (the less polar component): FTIR
(film) 3389, 1719, 1659, 1456, 1379, 1301, 1227, 1171,
1030 cm�1; 1H NMR d 8.18 (s, 1H), 7.36–7.32 (m, 5H),
7.02 (dd, J¼6.0, 15.6 Hz, 1H), 6.11 (d, J¼15.5 Hz, 1H),
5.19 (s, 2H), 4.74–4.76 (m, 1H), 2.26–1.60 (m, 4H), 1.55
(s, 3H). Data for compound trans-6a (the more polar compo-
nent): FTIR (film): 3394, 1720, 1659, 1456, 1380, 1300,
1270, 1170, 1028 cm�1; 1H NMR d 8.14 (s, 1H), 7.37–
7.35 (m, 5H), 6.96 (dd, J¼4.8, 15.7 Hz, 1H), 6.10 (d,
J¼15.7 Hz, 1H), 5.19 (s, 2H), 4.80–4.78 (m, 1H), 2.33–
2.26 (m, 1H), 2.17–2.08 (m, 1H), 1.98–1.88 (m, 1H), 1.75–
1.71 (m, 1H), 1.57 (s, 3H). Because these hydroperoxides
are not very stable, they should be used as soon as possible.

A mixture of cis-6b (175 mg, 0.63 mmol) and HNEt2 (6 mL)
in CF3CH2OH (37 mL) was stirred at rt until TLC showed
disappearance of the starting material. The solvent was
removed by rotary evaporation and the residue was chroma-
tographed (10:1 n-hexane/EtOAc) on silica gel to yield 7b
as a colorless oil (51 mg, 0.18 mmol, 29% yield). FTIR
(film) 2993, 2956, 1736, 1457, 1170, 1032, 983, 877, 752,
699 cm�1; 1H NMR d 7.38–7.36 (m, 5H), 5.14 (s, 2H),
4.91 (t, J¼7.1 Hz, 1H), 4.91 (br s, 1H), 2.44–2.26 (m, 3H),
2.00–1.82 (m, 3H), 1.46 (s, 3H); EIHRMS m/z calcd for
C15H18O5 (M+) 278.1267; found 278.1142.

4.11. Synthesis of the benzyl ester sulfoxide reagent 16

PhSH (3.46 mL, 33.78 mmol) was added dropwise to EtONa
solution (freshly prepared by dissolving 388 mg of Na metal
in 12.5 mL of anhydrous EtOH). The mixture was stirred
at rt for 1 h before a solution of BrCH2CO2Bn (3.867 g,
16.89 mmol) in anhydrous EtOH (5 mL) was introduced.
The mixture was heated to reflux with stirring for 2 h and
re-cooled to rt. Water (10 mL) was added and the mixture
was extracted with CHCl3 (3�30 mL). The combined or-
ganic layers were washed with water and brine, and dried
over Na2SO4. The solvent was removed by rotary evaporation
and the residue (the sulfide) was used directly in the next step.

NaIO4 (9.037 g, 42.22 mmol) was added to a solution of the
above prepared sulfide (4.358 g, 16.89 mmol) in MeOH
(32 mL) and water (17 mL). The mixture was stirred at rt
overnight before being diluted with Et2O (40 mL). The solids
were filtered off (washed with Et2O) and the filtrate was
washed with water. The aqueous layer was back extracted
with Et2O (3�40 mL). The combined organic layers were
washed with water and brine, and dried over anhydrous
Na2SO4. The residue after removal of solvent was chromato-
graphed (3:1 n-hexane/EtOAc) on silica gel to give 16 as a
colorless oil (4.078 g, 14.88 mmol, 88% yield). FTIR (film)
1732, 1658, 1444, 1270, 1050 cm�1; 1H NMR d 7.65–7.25
(m, 10H), 5.12 (s, 2H), 3.91 (d, J¼13.5 Hz, 1H), 3.71 (d,
J¼13.8 Hz, 1H); ESIMS m/z 275 ([M+H]+); EIHRMS calcd
for C15H14O3S (M+) 274.0664; found 274.0673.

4.12. Synthesis of iodide 19

Solid I2 (2.54 g, 10 mmol) was added in portions to a solution
of alcohol 1810 (1.42 g, 10 mmol), Ph3P (2.62 g, 10 mmol),
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and imidazole (680 mg, 10 mmol) in 4:1 (v/v) Et2O–CH3CN
(50 mL) stirred in an ice-water bath. After completion of the
addition, the stirring was continued for 30 min. n-Hexane
(100 mL) was added. The solids were filtered off and the
filtrate was concentrated on a rotary evaporator. The residue
was chromatographed (n-hexane) on silica gel to give iodide
19 as a colorless oil (2.06 g, 8.17 mmol, 82% yield). FTIR
(film) 2956, 2925, 1459, 1219, 1167 cm�1; 1H NMR
d 5.51–5.29 (m, 2H), 3.18 (t, J¼6.5 Hz, 2H), 2.12–1.84
(m, 6H), 1.32–1.25 (m, 4H), 0.89 (t, J¼6.1 Hz, 3H);
EIMS m/z (%) 252 (M, 15.8), 210 (M�CH3CH]CH2,
0.8); EIHRMS calcd for C9H17I (M+) 252.0375; found
252.0386.

4.13. Synthesis of 20

Dihydropyran 17 (2.42 mL, 26 mmol) was added dropwise
to a solution of HS(CH2)2SH (2.6 mL, 25.8 mmol) and
BF3$Et2O (0.5 mL) in CH2Cl2 (25 mL) and stirred at
�78 �C. After completion of the addition, the cooling bath
was removed and the mixture was stirred at rt for 5 h,
when TLC showed completion of the reaction. Water (5 mL)
was added to quench the reaction. Et2O (50 mL) was added
and the phases were separated. The aqueous layer was
extracted with Et2O (3�20 mL). The combined organic
layers were washed with aq satd NaHCO3, water, and brine,
and dried over anhydrous Na2SO4. The solvent was removed
and the residue was chromatographed (3:1 n-hexane/EtOAc)
on silica gel to give the intermediate alcohol12 as a colorless
oil (4.50 g, 23.4 mmol, 90% yield).

A solution of the above prepared alcohol (480 mg,
2.5 mmol), i-Pr2NEt (0.87 mL, 5 mmol), and MOMCl
(0.38 mL, 5 mmol) in CH2Cl2 (25 mL) was stirred at rt
for 15 h. Water (10 mL) and Et2O (50 mL) were added
and the phases were separated. The aqueous phases were
extracted with Et2O (3�20 mL). The combined organic
layers were washed with water and brine, and dried over
anhydrous Na2SO4. The solvent was removed and the
residue was chromatographed (10:1 n-hexane/EtOAc) on
silica gel to afford 20 as a yellowish oil (502 mg,
2.13 mmol, 85% yield). FTIR (film) 1413, 1269, 1146,
1111, 1043, 916 cm�1; 1H NMR d 4.62 (s, 2H), 4.05 (t,
J¼6.9 Hz, 1H), 3.53 (t, J¼5.5 Hz, 2H), 3.36 (s, 3H), 2.93–
2.80 (m, 4H), 2.16–2.04 (m, 1H), 1.92–1.75 (m, 3H),
1.66–1.59 (m, 4H); ESRMS m/z 236 ([M+Na]+); MAL-
DIHRMS calcd for C10H20O2S2Na ([M+Na]+) 259.0797;
found 259.0802.

4.14. Coupling of 19 with 20 (21)

n-BuLi (1.6 M, 4.0 mL, 6.54 mmol) was added to a solution
of 20 (1.14 g, 5.94 mmol) in dry THF (20 mL) stirred at
�78 �C under N2. After completion of the addition, the stir-
ring was continued at�25 �C for 4 h. Dry HMPA (1.04 mL,
5.94 mmol) was introduced, followed by iodide 19 (1.496 g,
5.94 mmol, dissolved in 5 mL of dry THF). The mixture was
then stirred at 0 �C for 17 h. The reaction was quenched by
addition of aq satd NH4Cl (10 mL). The mixture was diluted
with Et2O (50 mL). The phases were separated and the aque-
ous layer was extracted with Et2O (3�20 mL). The com-
bined organic layers were washed first with 1 N HCl and
then with water and brine, and dried over anhydrous
Na2SO4. After removal of the solvent, the residue was
chromatographed (12:1 n-hexane/EtOAc) on silica gel
to give 21 as a colorless oil (1.454 g, 4.04 mmol, 68%
yield). FTIR (film) 1456, 1274, 1151, 1111, 1044, 968,
919 cm�1; 1H NMR d 5.47–5.35 (m, 2H), 4.63 (s, 2H),
3.54 (t, J¼6.6 Hz, 2H), 3.37 (s, 3H), 2.82–2.78 (m, 4H),
2.04–1.84 (m, 9H), 1.64–1.30 (m, 11H), 0.89 (t, J¼
7.1 Hz, 3H); ESRMS m/z 383 ([M+Na]+); MALDIHRMS
calcd for C19H36O2S2Na ([M+Na]+) 383.2049; found
383.2060.

4.15. Removal of the MOM protecting group in 21 (22)

A solution of 21 (2.02 g, 5.6 mmol) and p-TsOH$H2O
(106 mg, 0.56 mmol) in THF (40 mL) was stirred at 40 �C
for 3 h. Water (10 mL) and Et2O (50 mL) were added and
the phases were separated. The aqueous layer was extracted
with Et2O (3�20 mL). The combined organic layers were
washed first with aq satd NaHCO3 to neutral and then with
water and brine before being dried over anhydrous
Na2SO4. After removal of the solvent, the residue was chro-
matographed (5:1 n-hexane/EtOAc) on silica gel to give 22
as a yellowish oil (1.59 g, 5.03 mmol, 90% yield). FTIR
(film) 3392, 2930, 2860, 1456, 1274, 1070, 967 cm�1; 1H
NMR d 5.47–5.35 (m, 2H), 3.68 (t, J¼6.0 Hz, 2H), 2.83–
2.79 (m, 4H), 2.04–1.85 (m, 9H), 1.65–1.26 (m, 11H),
0.89 (t, J¼6.6 Hz, 3H); ESRMS m/z 355 ([M+K]+); MAL-
DIHRMS calcd for C17H32OS2Na ([M+Na]+) 339.1787;
found 339.1797.

4.16. Oxidation of 22 (23)

A solution of SO3$Py (1.040 g, 6.54 mmol) in DMSO
(9.2 mL) was added dropwise to a solution of 22 (690 mg,
2.18 mmol) in CH2Cl2 (7.3 mL) and stirred in an ice-water
bath. The stirring was continued for 30 min. Water (5 mL)
and Et2O (200 mL) were added and the phases were sepa-
rated. The organic layer was washed in turn with aq satd
CuSO4 (3�5 mL), water (3�5 mL), and brine (10 mL)
before being dried over anhydrous Na2SO4. After removal
of the solvent, the residue was chromatographed (15:1
n-hexane/EtOAc) on silica gel to afford the aldehyde 23 as
a colorless oil (589 mg, 1.87 mmol, 86% yield). FTIR
(film) 1724, 1455, 1238, 1083, 968 cm�1; 1H NMR d 9.79
(s, 1H), 5.49–5.33 (m, 2H), 2.83–2.78 (m, 4H), 2.48 (t,
J¼7.6 Hz, 2H), 2.04–1.75 (m, 12H), 1.52–1.44 (m, 2H),
1.37–1.25 (m, 4H), 0.89 (t, J¼7.3 Hz, 3H); ESRMS m/z
315 ([M+H]+); MALDIHRMS calcd for C17H31OS2

([M+H]+) 315.1811; found 315.1815.

4.17. Synthesis of 24

A solution of aldehyde 23 (288 mg, 0.91 mmol) in CH3CN
(5 mL) was added to a solution of the sulfoxide reagent 11
(193 mg, 0.91 mmol) in CH3CN (5 mL). The stirring was
continued at rt overnight. Water (5 mL) and Et2O (30 mL)
were added and the phases were separated. The aqueous
layer was extracted with Et2O (3�20 mL). The combined
organic layers were washed with water and brine before
being dried over anhydrous Na2SO4. After removal of the
solvent, the residue was chromatographed (6:1 n-hexane/
EtOAc) on silica gel to afford the aldehyde 24 as a colorless
oil (229 mg, 0.57 mmol, 63% yield). FTIR (film) 3465,
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2930, 2860, 1719, 1656, 1454, 1271, 1173, 1039, 970 cm�1;
1H NMR d 6.95 (dd, J¼16.0, 4.1 Hz, 1H), 6.06 (d,
J¼16.0 Hz, 1H), 5.47–5.35 (m, 2H), 4.35 (s, 1H), 4.21
(q, J¼6.8 Hz, 2H), 2.81–2.79 (m, 4H), 2.09–1.27 (m,
22H), 0.89 (t, J¼6.6 Hz, 3H); ESRMS m/z 423 ([M+Na]+);
MALDIHRMS calcd for C21H36O3S2Na ([M+Na]+)
423.1998; found 423.2003.

4.18. Deprotection of 24 (5c)

Powdered NaHCO3 (548 mg, 6.53 mmol) and I2 (666 mg,
2.63 mmol) were added in turn to a solution of 24
(300 mg, 0.75 mmol) in 5:1 (v/v) acetone–water (7.5 mL)
stirred in an ice-water bath. The mixture was stirred for
15 min when TLC showed disappearance of the starting
material. Aq satd Na2S2O3 (10 mL) was added to quench
the reaction. The mixture was extracted with Et2O
(3�30 mL). The combined organic layers were washed in
turn with aq satd NaHCO3, water, and brine and dried
over anhydrous Na2SO4. The residue after removal of
the solvent was chromatographed (5:1 n-hexane/EtOAc)
on silica gel to give 5c as a yellowish oil (285 mg,
0.92 mmol, 87% yield). FTIR (film) 3463, 1716, 1658,
1464, 1368, 1304, 1270, 1176, 1039, 970 cm�1; 1H NMR
d 6.90 (dd, J¼15.8, 4.5 Hz, 1H), 6.06 (d, J¼15.6 Hz, 1H),
5.41–5.33 (m, 2H), 4.38–4.34 (m, 1H), 4.20 (q, J¼7.8 Hz,
2H), 2.66 (d, J¼4.8 Hz, 1H), 2.58 (t, J¼8.1 Hz, 2H),
2.42 (t, J¼7.6 Hz, 2H) 2.01–1.97 (m, 5H), 2.02–1.95 (m,
1H), 1.67–1.26 (m, 2H), 1.39–1.27 (m, 7H), 0.89 (t,
J¼7.1 Hz, 3H); ESRMS m/z 333 ([M+Na]+); MALDIHRMS
calcd for C18H30O4Na ([M+Na]+) 333.2036; found
333.2040.

4.19. Synthesis of 7c

A mixture of 5c (233 mg, 0.75 mmol), UHP (529 mg,
5.63 mmol), and p-TsOH$H2O (171 mg, 0.90 mmol) in
DME (15 mL) was stirred at rt overnight. The solvent was
removed by rotary evaporation and the residue was chroma-
tographed (10:1 n-hexane/EtOAc) on silica gel to afford cis-
6c (63 mg, 0.19 mmol, 26% yield) and trans-6c (146 mg,
0.45 mmol, 60% yield) as colorless oils. Data for compound
cis-6c (the less polar component): FTIR (film) 3387, 1722,
1660, 1447, 1304, 1268, 1177, 1039 cm�1; 1H NMR
d 8.21 (s, 1H), 6.97 (dd, J¼16.0, 6.0 Hz, 1H), 6.04 (d,
J¼16.0 Hz, 1H), 5.47–5.38 (m, 2H), 4.82–4.75 (m, 1H),
4.21 (q, J¼7.1 Hz, 2H), 2.17–1.96 (m, 9H), 1.71–1.23 (m,
10H), 0.88 (t, J¼6.4 Hz, 3H). Data for compound trans-6c
(the more polar component): FTIR (film) 3393, 1722,
1660, 1460, 1370, 1304, 1268, 1178, 1042 cm�1; 1H NMR
d 8.16 (s, 1H), 6.91 (dd J¼15.6, 5.0 Hz, 1H), 6.04 (d,
J¼15.5 Hz, 1H), 5.47–5.32 (m, 2H), 4.70–4.65 (m, 1H),
4.20 (q, J¼7.2 Hz, 2H), 2.32–2.23 (m, 1H), 2.09–2.02 (m,
7H), 1.75–1.26 (m, 11H), 0.89 (t, J¼7.1 Hz, 3H). Because
these hydroperoxides are not very stable, they should be
used as soon as possible.

A mixture of cis-6c (51 mg, 0.156 mmol) and HNEt2 (1 mL,
0.00975 mmoL) in CF3CH2OH (10 mL) was stirred at rt for
one day until TLC showed disappearance of the starting
material. The solvent was removed by rotary evaporation
and the residue was chromatographed (20:1 n-hexane/
EtOAc) on silica gel to yield 7c as a colorless oil (16 mg,
0.0491 mmol, 32% yield). FTIR (film) 2956, 2925, 2850,
1739, 1462, 1377, 1278, 971, 911 cm�1; 1H NMR d 5.46–
5.29 (m, 2H), 4.88 (t, J¼6.6 Hz, 1H), 4.33 (d, J¼4.6 Hz,
1H), 4.16 (q, J¼7.2 Hz, 2H), 2.38–2.21 (m, 3H), 2.02–
1.82 (m, 7H), 1.79–1.64 (m, 2H), 1.53–1.43 (m, 2H),
1.33–1.24 (m, 7H), 0.88 (t, J¼6.5 Hz, 3H); MALDIHRMS
m/z calcd for C18H30O5Na ([M+Na]+) 349.1986; found
349.1985.
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Abstract—In this report, we explore the feasibility of using bicyclic chiral b-amino acids, (1R,2R,4S)- and (1S,2S,4R)-7-azabicyclo[2.2.1]-
heptane-2-carboxylic acid (R-Ah2c and S-Ah2c, respectively), to prepare novel peptides with unique properties. Facile cis–trans isomeriza-
tion of the non-planar amide bonds of these b-amino acids should result in great flexibility of the backbone structure of b-peptides containing
them. Indeed, oligomers of these amino acids showed thermostability and characteristic CD absorptions, which were not concentration-
dependent, suggesting that the oligomers remained monomeric. The results indicated the formation of self-organized monomeric structures
with chain-length-dependent stabilization. Energy calculations suggested that the peptides can take helical structures in which the energy
barriers to cis–trans isomerization are greater for the central amide bonds than for the terminal amides.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, design of b-peptides, i.e., peptides containing
b-amino acids, has been attracting attention because of the
feasibility of derivatization with various side chains at either
or both of the a- and b-positions.1,2 This extends the range of
peptide scaffolds potentially available for the creation of
novel functional molecules and materials. Since b-peptides
are not readily susceptible to proteolysis, they are also prom-
ising platforms for the design of new pharmaceuticals, includ-
ing enzyme inhibitors, receptor agonists, and antagonists.3

b-Peptides, comprised of b-amino acids, have an extra
methylene group along the backbone, compared with natural
proteins. This extra methylene group provides more scope
for the introduction of functional side chains on the peptide
backbone, but simultaneously results in greater flexibility of
the peptide backbone. Therefore, in order to create a spatially
ordered structure, methods to reduce the flexibility of the
peptide backbone, such as introduction of 2-aminocyclohex-
anecarboxylic acid,2c b-prolines2d or bulky substituents,1a

Keywords: Non-planar amide; b-Amino acids; Oligopeptides; Circular
dichroism; Ordered structure.
* Corresponding authors. Tel.: +1 81 3 5841 4730; fax: +1 81 3 5841 4735

(T.O.); fax: +81 22 795 7719 (N.K.); fax: +81 774 32 3038 (S.F.); e-mail
addresses: ohwada@mol.f.u-tokyo.ac.jp; nagaok@mail.tains.tohoku.ac.
jp; futaki@scl.kyoto-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.062
have been employed. Such structures would diminish the
loss of entropy of the protein when an ordered structure is
formed by enthalpy-driven intramolecular interaction.4

Amide bonds in a peptide backbone usually take a planar
structure, and this structural feature can be considered to
compensate, in some respects, for the entropic loss upon
the formation of higher-order structures.1,2 On the other
hand, the planar amide structure also restricts the structural
design of peptides, because if we could employ a non-planar
amide backbone structure, novel high-order structures might
be designable.

Bicyclic 7-azabicyclo[2.2.1]heptane amides (Fig. 1a) take
intrinsically non-planar structures, i.e., they exhibit nitrogen-
pyramidalization and twisting with respect to the N–C(]O)
bond, in the solid,5a solution,5c and gas (computation)
phases.5b,c The tilt angles (a) of N-aroyl-7-azabicyclo[2.2.1]-
heptanes range from 26 to 31� in the X-ray crystal structures.5

Non-planarity of these amides in solution has also been sug-
gested on the basis of the reduction of rotational barriers
to the cis–trans isomerization of the amide bonds (see
Fig. 4a). These dynamic features of this skeleton have been
proposed to stem from: (i) angle strain of the bicyclic ring
structure and (ii) 1,3-allylic type strain induced by the repul-
sion between the bridgehead protons and the amide moiety.
The rigid bicyclic ring structure should also be beneficial to
diminish the entropic loss if oligomers of these amino acids
form higher-order structures. Although employment of

mailto:ohwada@mol.f.u-tokyo.ac.jp
mailto:nagaok@mail.tains.tohoku.ac.jp
mailto:nagaok@mail.tains.tohoku.ac.jp
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such non-planar-amide amino acids is expected to broaden
the scope for design of novel peptide-based scaffolds, few
studies have been reported on the structures of homo-
oligomers with enforced non-planar amides.6 Thus, in order
to obtain basic information about the influence of amide non-
planarity on the formation of high-order structures as a step
toward the design of functional molecules composed of
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Figure 1. (a) 7-Azabicyclo[2.2.1]heptane amide and (b) Ah2c peptides.
n¼1, 2, 3, 4, 5; R1¼H$HCl, R2¼OH; HCl$H-(S-Ah2c)n-OH. n¼4, 5, 8;
R1¼H, R2¼NH2; H-(S-Ah2c)n-NH2. n¼8; R1¼H, R2¼NH2; H-(R-
Ah2c)n-NH2. Side view and top views of (c) cis- and (d) trans-H-(S-
Ah2c)8-NH2 obtained by B3LYP/6-31G* calculations.
such amino acids,7 we have investigated in this study the
properties of oligomers of chiral b-amino acids based on
the 7-azabicyclo[2.2.1]heptane skeleton, i.e., (1R,2R,4S)-7-
azabicyclo[2.2.1]heptane-2-carboxylic acid (R-Ah2c) and
(1S,2S,4R)-7-azabicyclo[2.2.1]heptane-2-carboxylic acid (S-
Ah2c) (Fig. 1b). We show that oligopeptides of our b-amino
acids, having enhanced nitrogen inversion and facile cis–trans
amide isomerization, do form ordered monomeric structures,
suggesting the feasibility of employing peptides composed
of amino acids bearing non-planar amide bonds as novel
peptide scaffolds.

2. Results and discussion

2.1. Synthesis of bicyclic b-amino acids and their
homopeptides

Racemic amino acid 5 was synthesized by modifications of
the method of Zhang and Trudell,8 and the enantiomers 6a
and 6b were each obtained in enantiopure form by repeated
recrystallization after introducing Oppolzer’s camphorsul-
tam on the carboxylic acid moiety as a chiral auxiliary
(Scheme 1).9

For the synthesis of the oligomers of this amino acid, the Boc
derivatives (5-2R and 2S) and the Fmoc derivatives (9-2R
and 2S) were prepared. Since these amino acids have highly
hindered and strained structures, we first examined whether
construction of oligomers was possible by using solution-
and solid-phase methods. Solution-phase synthesis was
employed for the preparation of the dimer to pentamer of
S-Ah2c. The benzyl ester of S-Ah2c was obtained by remov-
ing the Boc group from 7-2S, and this was condensed with
Boc derivatives of S-Ah2c (5-2S) using the hydrochloride
Scheme 1. Synthesis of bicyclic amino acids.
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salt of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI$HCl) in DMF (n¼2, 3, 4, 5, R1¼tert-butoxycar-
bonyl, R2¼OCH2Ph). The repetitive removal of the N-termi-
nus of the oligomer and introduction of the Boc derivative of
S-Ah2c, followed by the final deprotection of the N-terminal
tert-butoxycarbonyl and C-terminal benzyl groups (n¼1, 2,
3, 4, 5, R1¼H$HCl, R2¼OH) with catalytic hydrogenation
and 4 N HCl treatment, yielded the desired oligomers of
S-Ah2c. Alternatively, solid-phase synthesis using the Rink
amide resin and the benzotriazolyloxotris(pyrrolidino)-phos-
phonium hexafluorophosphate (PyBOP)–N-hydroxybenzo-
triazole (HOBt) coupling procedure was employed for the
preparation of the 4-, 5-, and 8-mers of S-Ah2c (n¼4, 5, 8,
R1¼H, R2¼NH2).9 After construction of the peptide chains,
the peptide-resin was treated with trifluoroacetic acid in the
presence of ethanedithiol, followed by HPLC purification to
give highly pure peptides. The octamer of R-Ah2c was simi-
larly prepared by the solid-phase procedure (n¼8, R1¼H,
R2¼NH2). All syntheses proceeded without difficulty. This
suggested that the conventional solution- and solid-phase
methods are applicable to this amino acid, in spite of the steric
hindrance due to the rigid side chain.

2.2. CD and UV spectroscopic studies of oligomers:
chain-length dependence of spectra

In order to study whether the oligomers of R-Ah2c can gen-
erate structure in solution, the circular dichroism (CD) spec-
tra in methanol (100 mM) were recorded. A characteristic and
intense CD spectrum of the octamer H-(R-Ah2c)8-NH2 was
obtained in the far-UV region (190–260 nm) (Fig. 2a). The
mean residue ellipticity of H-(R-Ah2c)8-NH2 shows a maxi-
mum at 198 nm and a minimum at 217 nm. This spectrum
does not coincide with those of typical structures of natural
peptides (composed of a-amino acids), but resembles
those observed for helical b-peptide oligomers based on
b-proline2d and those of helical b-peptide oligomers with
amide protons based on trans-2-aminocyclopentanecarboxy-
lic acid2c or b2,3-peptide (compound 7c in Ref. 1a), reported
previously.
Figure 2. (a) CD spectra of H-(R-Ah2c)8-NH2, HCl$H-(S-Ah2c)1–5-OH, and H-(S-Ah2c)8-NH2 measured at 100 mM in MeOH at 20 �C. (b) Dependence of CD
intensity at 217 nm on the number of oligomers of (S-Ah2c)n, derived from (a). Band deconvolution of the UV and CD spectra of (c) HCl$H-(S-Ah2c)-OH
(monomer) measured at 100 mM in MeOH and (d) HCl$H-(S-Ah2c)4-OH (tetramer) measured at 100 mM in MeOH. Sample cells of 1-mm path length
were used for CD measurement. Black line: experimental spectra of Ah2c monomer or tetramer measured at 100 mM in MeOH at 20 �C (CD) and at rt
(UV), red line: p–p* transition, blue line: n–p* transition, pink circles: simulated spectra.
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The octamer peptide of the enantiomeric configuration,
H-(S-Ah2c)8-NH2, showed a symmetric spectrum with
respect to that of H-(R-Ah2c)8-NH2 in terms of the Cotton
effects. This suggests that, even though these enantiomeric
amino acids have flexibility in the amide structure, their
oligomers converge in terms of higher-order structures;
this suggests the induction of thermodynamically stable con-
formations. Of particular interest is the observation of an
apparent length-dependent trend in the CD spectra of the
S-Ah2c oligomers: in the CD spectra of the trimer, tetramer,
pentamer, and octamer of S-Ah2c, the positions of the
minimum (198 nm) and the maximum (217 nm) are similar,
and the intensity per residue (values normalized for con-
centration and the number of residues) at both the minimum
and the maximum increase as the number of monomer units
increases (Fig. 2b).10 These oligomers also showed an isodi-
chroic point (see below). This observation strongly suggests
that CD-active regular secondary structures are induced and
are increasingly favored as the peptide chain is elongated.
Note that H-(S-Ah2c)n-NH2 and H-(S-Ah2c)n-OH (n¼4
and 5) showed practically identical CD spectra in methanol,
indicating that the difference in C-terminal structure
does not significantly affect the higher-order structure for-
mation. Similar chain-length-dependent increase in CD
intensities has also been observed in other ordered sys-
tems.3,10 In the case of water-soluble amphiphilic peptides,
aggregation stimulated by hydrophobic interaction would
be a cause of such stabilization. However, this is not so in
the present case; essentially identical CD spectra were
obtained at peptide concentrations in the range of 50–
1000 mM for H-(S-Ah2c)5-NH2 and HCl$H-(S-Ah2c)4-OH
with no significant change in molecular ellipticity at
217 nm ([q]217) (Fig. 3). Since methanol is effective to re-
duce hydrophobic interactions, inhibiting possible aggrega-
tion of peptides,11 these results are suggestive of monomeric
structures of the oligomers.

Figure 3. Concentration dependence study. CD spectra of HCl$H-(S-
Ah2c)4-OH at 50, 100, 500, and 1000 mM (1 mM) in MeOH at 20 �C. There
is a normal concentration dependency in the intensity of the CD spectra be-
tween 50 and 1000 mM in methanol; that is, after concentration normaliza-
tion, the CD spectra are consistent.
Therefore, the Ah2c peptides are considered to adopt a self-
organized monomeric structure. The question arises, what is
the major driving force for the structure formation? In a hy-
drophobic environment, intramolecular hydrogen bonding
or ion-pair interaction is effective. However, this is not the
case here, since there is no amide proton or charged group
in these peptides; thus, presumably the increase of the
inter-residue van der Waals attraction3,12 is a factor in this
structural organization. Support for this interpretation comes
from the results of the study of the thermal stability of these
peptides. A gradual decrease in [q]217 in the CD spectra of
the octamer, pentamer, and tetramer peptides was observed
when the temperature was raised to 60 �C: decreases of 11,
20, and 31% compared with the [q]217 values at 20 �C
were obtained, respectively, and no significant thermal tran-
sition of these peptides was observed. The degree of the
reduction of [q]217 is smaller in longer peptides, which
suggests stabilization of the secondary structures in longer
peptides.

2.3. Structure of the oligomers

The above results suggested that, even when a peptide lacks
a planar amide structure and has flexibility in the amide
bonds, it can show a preference for ordered structures, pre-
sumably with the contribution of conformationally strained
side chains to reduce entropic loss upon the thermodynami-
cally driven formation of the high-order structures. NMR
study of the tetramer only gave broad signals for all the pro-
tons (see Supplementary data, Fig. S3), which is consistent
with the presence of a mixture of isomers with respect to
the cis–trans amides in the oligomers. This possible cis–
trans isomerization was confirmed by NMR measurement
of the terminal-protected dimer of Ah2c; in the 1H NMR
spectrum (CDCl3) of the N-Boc-S-dimer-benzyl ester, a
mixture of cis- and trans-amide (cis:trans¼47:53) structures
with respect to the central amide bond was observed (see
Supplementary data, Fig. S2) (the trans-amide crystal
structure was obtained for t-Boc-(R-Ah2c)2-OBn; Fig. 4
(CCDC 621064), see Supplementary data for a summary
of the data). This observed non-biased mixture of the iso-
mers is compatible with the calculated small energy differ-
ence (Fig. 5). Thus, there is an equilibrium mixture of
cis- and trans-amide structures in solution. Since the oligo-
mers have several amide bonds, overlapping of the signals
from various cis–trans isomerization states of the peptide
would give broad and complex signals, making structural
characterization difficult. However, it is plausible that oligo-
merization of Ah2c may increase the preference for the ulti-
mate, thermodynamically stable ordered structures. This
would be consistent with the observed chain-length depen-
dency and thermostability of the peptides.

The possible formation of helical structure was next exam-
ined. Firstly, the UV and CD spectra of the oligopeptides
were compared with those of the corresponding monomeric
amino acid. As shown in Figure 2c, the monomer exhibited
an intense absorption band at ca. 200 nm and a shoulder at
longer wavelength. As is usual for naturally occurring pep-
tides, these bands can be assigned, respectively, to the elec-
tric dipole allowed p–p* transition and the forbidden n–p*
transition of the peptide chromophore.13 The UV absorption
bands of the oligomers broadened systematically toward
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Figure 4. ORTEP diagram of trans-amide structure of dimer, t-Boc-(R-Ah2c)2-OBn (at 150 K).
Figure 5. (a) cis- and trans-Amide dimers, H-(S-Ah2c)2-OH, of 7-azabicy-
clo[2.2.1]heptane amide and their syn- and anti-inversions. (b) Scans of the
potential surface at the B3LYP/6-31G* level for the cis- (yellow) and trans-
conformers (green). The potential surface was scanned with respect to the
j torsion for cis-H-(S-Ah2c)2-OH (yellow) and trans-H-(S-Ah2c)2-OH
(green). Inset: energies (MP2/6-31G* level) are relative to the global mini-
mum, cis (�65�). Two additional minima for cis-(S-Ah2c)2 are located at j
values of �95� and 165�. Three minima for trans-H-(S-Ah2c)2-OH are
located at �90�, �65�, and 160�.
the longer-wavelength region, with increasing number of
monomeric units. While the CD signals of the oligopeptides
appear to be dispersion-type signals, an absorption-
shaped CD signal was observed for the monomeric amino
acid.

In order to estimate the number of transitions in the UV re-
gion, a band deconvolution analysis of the experimental data
was carried out (Fig. 2c and d). This approach rests on the
fact that a single set of Gaussian components can be used
for fitting of both the UV and CD spectra (Table 1).14 In
the case of the monomer, three Gaussian bands were used,
two of which can be associated with the p–p* (red line,
lmax¼200 nm, f¼0.063) (red line) and n–p* (blue line,
lmax¼218 nm, f¼0.022) (blue line) transitions (Fig. 2c). In
contrast, at least four Gaussian bands were required to fit
the spectra of the tetramer. The two higher-energy bands
(lmax¼199 nm, f¼0.374 and lmax¼211 nm, f¼0.182) should
be associated with the splitting of the p–p* transitions (red
line) as a result of the strong exciton interactions, while the
lower-energy band (lmax¼225 nm, f¼0.066) was assigned to
the n–p* band (blue line) (Fig. 2d). As a result, the intense
CD signals observed for the oligomers are considered to
arise from couplings between the n–p* transition and the
p–p* transitions on nearby amides,15 as well as couplings
between the p–p* transitions of the amide units,16 similar
to those of a-helical polypeptides. Since these CD signals
would depend strongly on the transition moment directions,
it can be concluded that the oligomers adopt well-defined
structures, plausibly helical structures, under the experimen-
tal conditions.
Table 1. Results of the Gaussian fit analysis of the monomer and tetramer

Compound Band
no.

Assignment Wavelength
(nm)

Energy
(cm�1)

Intensity
(dm3/mol cm)

Bandwidth
(cm�1)

Oscillator
strength ( f )

m (D)

Monomer 1 262 38,140 274 6666 0.008 0.09
2 n–p* 218 45,970 874 5390 0.022 0.19
3 p–p* 200 50,121 3332 4103 0.063 0.51

Tetramer 1 271 36,908 1373 5258 0.033 0.37
2 n–p* 225 44,529 2721 5282 0.066 0.61
3 p–p* 211 47,454 9475 4169 0.182 1.57
4 p–p* 199 50,157 19,299 4209 0.374 3.05
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2.4. Model study

Assuming that the oligomers prefer helical structures, then
what kind of structure is probable? To address this question,
quantum chemical calculations were carried out first for the
dimer, H-(S-Ah2c)2-OH, at the B3LYP/6-31G* level. In the
case of b-amino acids such as those in this study, there are
three valuable parameters.17 The f, q, and j torsions are de-
fined as [C(i�1)–Ni–Cai–Cbi], [Ni–Cai–Cbi–Ci], and [Cai–
Cbi–Ci–N(i+1)], respectively. In the present case, f¼�91�

(in the case of syn) or �151� (in the case of anti) and
q¼�162� due to the rigid bicyclic 7-azabicyclo[2.2.1]-
heptane structure, so that the most stable structure(s) can
be obtained only by changing j. We have considered two
types of isomerism of amide (cis and trans) and two direc-
tions of inversion (syn and anti) (Fig. 5a). The j value was
changed stepwise every five degrees and the obtained struc-
tures were optimized. For each j, both syn- and anti-
inversion cases were calculated for the cis-amide and
trans-amide structures and the energetically more stable
cases with respect to the inversion were chosen (Fig. 5b).
A calculated inversion barrier was small (2.5 kcal/mol).5c

Three energetically minimum structures were obtained for
both the cis- and trans-amide structures. The results indicate
that the amide bonds are not planar and that they take cis- or
trans-conformation. Further calculations at the MP2/6-31G*
level in the vicinity of the above three minima revealed that
the most stable structure is the cis-amide at j¼�65� attained
via syn-inversion (the most stable trans-amide was obtained
at j¼�90� via syn-inversion, but the energy is higher than
that of the most stable cis-amide by 0.69 kcal/mol). The
same result was obtained when the solvent (water) was taken
into account. The f, q, and j values in the most stable struc-
ture, after full optimization, were �86�, �162�, and �65�,
respectively.

A single crystal structure of the trans-amide of the enantio-
tropic dimer, t-Boc-(R-Ah2c)2-OBn was obtained (Fig. 4).
The central amide bond is pyramidalized (a¼21.5�), and
the nitrogen atom is syn-inverted. The observed torsion
angles, j, f and q were +82.9 (3)�, +98.3 (3)�, and +153.2
(2)�, respectively. The absolute magnitudes of these values
were consistent with the computationally estimated values
(�90�, �91�, and �162�, respectively) of the most stable
trans-amide structure of the S-dimers (that is, syn-inverted).
This supports the validity of the present computational struc-
tural analysis.

In the next step, a Monte-Carlo conformation search was
performed for the all cis- or trans-amide forms of the
octamer (H-(S-Ah2c)8-NH2) by means of MMFF94s force-
field calculations, and the resultant most stable structure
was further optimized at the B3LYP/6-31G* level. It was
found that the cis-amide conformer takes a left-handed heli-
cal structure with four residues per turn (Fig. 1c), while the
trans-amide conformer takes an elongated helical structure
with roughly two residues per turn (Fig. 1d). The average
values of the torsion angle j (Cai–Cbi–Ci–N(i+1)) of the op-
timized structures of the octamer are �68� for the cis-amide
helix, and�90� for the trans-amide helix. These j values are
consistent with those for the energy minimum structures of
the cis- and trans-dimers, respectively (Fig. 5). The cis-
amide helix structure was estimated to be more stable than
the trans-amide helical structure by 7.8 kcal/mol by means
of MP2/6-31G* calculations. This result, together with the
presence of an isodichroic point for oligomers with n¼3–8
(Fig. 2a), allows us to propose a possible ultimate structure
of the oligomers of bicyclic b-amino acids with 7-azabicy-
clo[2.2.1]heptane, i.e., a helical structure with cis-amide
and with four residues per turn, in the presence of the trans
conformer to some extent. It was also shown that the energy
barriers with respect to the cis–trans isomerization increase
in the center of the oligomers as compared with the terminal
amides in the hexamer (H-(S-Ah2c)6-NH2): in the model
cis-helix structure of the hexamer (H-(S-Ah2c)6-NH2) ob-
tained similarly, the cis-to-trans rotational barriers were as
follows: with respect to the first amide bond from the N-ter-
minal: HF/6-31G*, 10.65 kcal/mol (HF/3-21G*, 9.28 kcal/
mol); the second amide bond: HF/6-31G*, 11.32 kcal/mol
(HF/3-21G*, 9.08 kcal/mol); the third amide bond: HF/
6-31G*: 12.29 kcal/mol (HF/3-21G*:11.52 kcal/mol). The
rotational barrier increased toward the center along the helix.
This is consistent with the length-dependent increase of the
robustness of the ordered structures deduced from the CD
spectra.

3. Conclusions

In this study, we have shown that homooligomers of bicyclic
b-amino acids containing 7-azabicyclo[2.2.1]heptane Ah2c,
which lacks amino hydrogen and has a spatially hindered
structure, can be synthesized without difficulty. Although
coexistence of the cis and trans isomers with respect to the
non-planar amide bonds has been suggested, oligomeriza-
tion of Ah2c significantly promoted the formation of
higher-order structures, yielding characteristic CD spectra.
Deconvolution and modeling studies suggest the formation
of unique helical structures without intramolecular hydrogen
bonds. These results support the idea that b-amino acids
bearing non-planar amide bonds can be used to generate
novel protein scaffolds. The ordered structure may be at-
tained owing to the spatially strained structure of the side
chain, which would compensate for the loss of entropy and
simultaneously gain enthalpy to form the ordered structures
in the presence of cis–trans isomerizable amide bonds. On
the other hand, the non-planarity of the amide bond should
endow the resulting scaffolds with unique features, which
may yield properties different from those of scaffolds com-
posed of units with typical planar amide bonds. The results
obtained in this study suggest that it may also be feasible to
construct protein scaffolds comprised of other N-substituted
b-amino acids. Because of the interest in chemical features
of amino acid derivatives based on the 7-azabicyclo[2.2.1]-
heptanes, the possibility of derivatization at amide nitrogen,
in addition to a- and b-carbon atoms, should offer great
scope to design novel functional molecules and materials
showing unique chemical and physical properties. Thus,
we believe our results make feasible a novel approach to pro-
tein scaffold design.

4. Experimental

4.1. General methods

All the melting points were measured with a Yanagimoto
Micro Melting Point Apparatus and are uncorrected. Proton
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(400 MHz) NMR spectra were measured on a JEOL Caliber-
GX400 NMR spectrometer with TMS as an internal refer-
ence in CDCl3 as the solvent, unless otherwise specified.
Chemical shifts d are shown in parts per million. Coupling
constants are given in hertz. Low-resolution EI mass spectra
(MS, EI+) and high-resolution EI mass spectra (HRMS, EI+)
were recorded on a JEOL JMS-O1SG-2 spectrometer.
Low-resolution FAB mass spectra (MS, FAB+) and high-
resolution FAB mass spectra (HRMS, FAB+) were
recorded on a JEOL MStation JMS-700 spectrometer.
Matrix-assisted laser desorption ionization time-of-flight
mass spectra (MALDI-TOF MS) were recorded on an
Applied Biosystems Voyager-DE STR instrument. ESI-TOF
MS (ESI+) were recorded on a Bruker Daltonics, micro-
TOF-LC, and Micromass, micromass-LCT instruments.
Column chromatography was carried out on silica gel (silica
gel 60 N (100–210 mm), Merck). The combustion analyses
were carried out in the microanalytical laboratory of this
faculty.

4.2. Materials

Racemic bicyclic amino acid (5) was synthesized by modi-
fications of the method of Zhang and Trudell and Singh
et al.,8,18–20 and each optically pure enantiomer was obtained
by repeated recrystallization after introducing Oppolzer’s
camphorsultam on the carboxylic acid moiety as a chiral
auxiliary.

4.3. Synthesis of chiral bicyclic amino acids

4.3.1. Methyl 3-bromopropiolate (2). To a magnetically
stirred solution of methyl propionate 1 (25 mL, 281 mmol)
in acetone (300 mL) at rt, silver nitrate (4.71 g, 27.7 mmol)
was added, followed by the addition of N-bromosuccinimide
(58.26 g, 327.3 mmol) in one portion. The homogeneous
solution turned cloudy within 5 min, then a grayish solid
was precipitated and the whole was stirred for 1 h. Acetone
was removed carefully under reduced pressure at rt and the
residue was distilled at rt to afford 2 as a pale yellow oil
(45.2 g as a mixture of acetone, 67% NMR yield).

1H NMR: 3.79 (s, 3H).

4.3.2. Methyl 2-bromo-7-(tert-butoxycarbonyl)-7-azabi-
cyclo[2.2.1]hepta-2,5-diene-2-carboxylate (3). A solution
of 2 (188 mmol) and tert-butyl 1-pyrrolecarboxylate
(100 mL, 598 mmol) in acetone was heated at 90 �C for
30 h with stirring under Ar atmosphere. The resulting mix-
ture was subjected to column chromatography (n-hexane/
AcOEt 9:1). Compound 3 (33.92 g, 37% yield) was obtained
as a yellow oil.

1H NMR: 7.13 (br s, 2H), 5.50 (br s, 1H), 5.15 (br s, 1H),
3.79 (s, 3H), 1.41 (s, 9H).

4.3.3. Methyl 7-(tert-butoxycarbonyl)-7-azabicyclo-
[2.2.1]heptane-2-carboxylate (4). A solution of 3 (367 mg,
1.11 mmol) in MeOH was hydrogenated catalytically (10%
Pd/C) in the presence of triethylamine (218 mg, 2.15 mmol).
The mixture was filtrated, the solvent was evaporated,
and the residue was subjected to column chromatography
(n-hexane/CHCl3¼1/6, then CHCl3 only). Hydrogenated
compound 4 (262 mg, 92% yield) was obtained as a yellow
oil.

1H NMR: 4.39 (br s, 1H), 4.21 (br s, 1H), 3.70 (s, 3H), 3.04
(m, 1H), 2.00–1.50 (m, 6H), 1.47 (s, 9H).

4.3.4. 7-(tert-Butoxycarbonyl)-7-azabicyclo[2.2.1]hep-
tane-2-carboxylic acid (5). To a solution of 4 (7.90 g,
30.95 mmol) in THF (80 mL), a solution of lithium hydrox-
ide monohydrate (1.60 g, 38.13 mmol) in 20 mL of water
was added, and the mixture was stirred at rt for 11 h.
The organic solvent was evaporated and the residue was
acidified to pH¼2. Then the whole was extracted with
AcOEt, the organic phase was washed with brine, and the
solvent was evaporated to afford 5 (7.25 g, quant.) as a
brown oil.

MS (m/z): 241 (M+H+). HRMS (EI+, M+H+) calcd for
C12H19NO4: 241.1313; obsd: 241.1308. 1H NMR: 4.45
(br s, 1H), 4.23 (br s, 1H), 3.13–3.10 (m, 1H), 2.00–1.46
(m, 6H), 1.46 (s, 9H).

4.3.5. 7-(tert-Butoxycarbonyl)-2-endo-bornane-2,10-sul-
tam-7-azabicyclo[2.2.1]heptane (6). To a stirred solution
of 5 (936 mg, 3.79 mmol) in dry CH2Cl2 was added drop-
wise a solution of oxalyl chloride (0.8 mL, 9.1 mmol) in
dry CH2Cl2 at �70 �C. When the addition was finished, a
catalytic amount of dry DMF (two drops) was added, and
the reaction mixture was stirred for 24 h at�40 �C. The sol-
vent and unreacted oxalyl chloride were removed in vacuum
to afford the acid chloride. Under Ar atmosphere, a solution
of 1S-(�)-2,10-camphorsultam (1000 mg, 4.64 mmol) in
THF was added to a solution of NaH (65% in oil, washed
with n-hexane, 383 mg, 10.37 mmol) in THF at 0 �C and
the reaction mixture was stirred for 20 min at 0 �C. Then
to the mixture was added dropwise a solution of the acid
chloride in THF at 0 �C and the whole was stirred for 12 h
at rt. Addition of water, followed by 2 N aqueous HCl,
quenched the reaction, and the whole was extracted with
AcOEt, and the organic layer was washed with brine and
dried over Na2SO4. The solvent was evaporated to give a
pale yellow solid, which was chromatographed (n-hexane/
AcOEt¼4/1) to give a mixture of 6a and 6b (1.13 g, 66%
yield). The mixture was stirred in n-hexane/Et2O/AcOEt to
give a suspension and the precipitate was filtered to afford
6b as a colorless solid. Pure 6a was obtained as colorless
needles by recrystallization of the residue from n-hexane/
CH3CN/iPr2O.

4.3.5.1. 6aD6b. Anal. Calcd for C22H34N2O5S: C, 60.25;
H, 7.81; N, 6.39. Found: C, 59.95; H, 7.58; N, 6.32.

Compound 6a: mp 182.9–183.1 �C (colorless needles). Anal.
Calcd for C22H34N2O5S: C, 60.25; H, 7.81; N, 6.39. Found:
C, 60.55; H, 7.86; N, 6.40. 1H NMR: 4.71–4.69 (1H, m),
4.25–4.21 (1H, m), 3.91–3.87 (1H, m), 3.58–3.53 (1H, m),
3.51 (1H, d, J¼14.0 Hz), 3.46 (1H, d, J¼14.0 Hz), 2.10–
1.63 (13H, m), 1.47 (9H, s), 1.15 (3H, s), 0.98 (3H, s).

Compound 6b: mp 208.0–208.5 �C (colorless solid). Anal.
Calcd for C22H34N2O5S: C, 60.25; H, 7.81; N, 6.39. Found: C,
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60.10; H, 7.76; N, 6.40. 1H NMR: 4.66–4.64 (1H, m), 4.24–
4.22 (1H, m), 3.91–3.89 (1H, m), 3.62–3.55 (1H, m), 3.52
(1H, d, J¼14.0 Hz), 3.44 (1H, d, J¼13.6 Hz), 2.10–1.80
(7H, m), 1.80–1.65 (2H, m), 1.60–1.40 (4H, m), 1.47 (9H,
s), 1.15 (3H, s), 0.99 (3H, s).

4.3.6. (1R,2R,4S)-7-(tert-Butoxycarbonyl)-7-azabicy-
clo[2.2.1]heptane-2-carboxylic acid (5-2R). A solution of
6a (2.29 g, 5.21 mmol) in 40 mL of MeOH/H2O (3:1) mix-
ture containing LiOH$H2O (220 mg, 5.24 mmol) was
warmed to 45 �C with stirring. After 1 h, the mixture was
cooled and the resulting solution was extracted with AcOEt
to remove the chiral auxiliary sultam. The aqueous layer was
acidified to pH¼3 with 1 N aqueous HCl under an ice-cold
condition, and the whole was extracted with CHCl3. The
crude acid 5-2R (641 mg, yield 51%) was obtained as
a pale yellow oil after evaporation of the organic solvent.

4.3.7. (1S,2S,4R)-7-(tert-Butoxycarbonyl)-7-azabicy-
clo[2.2.1]heptane-2-carboxylic acid (5-2S). Compound 5-
2S was obtained in a similar manner to 5-2R, described above.

4.3.8. Determination of the absolute stereochemistry of
5-2R. The absolute configuration of the resolved material
was established by the optical rotation, and crystallo-
graphically.

Carboxylic acid 5-2R (8 mg, 0.033 mmol) was converted to
methyl ester by using TMS–diazomethane in benzene. Then
the reaction mixture was evaporated to give quantitatively
10 mg of white solid (4-2R).

[a]D
23 �20.80 (c 0.50, CHCl3), lit.20 [a]D

23 �22.6 (c 1.01,
CHCl3).

4.3.9. (1R,2R,4S)-7-(tert-Butoxycarbonyl)-7-azabicy-
clo[2.2.1]heptane-2-carboxylic acid 2-benzyl ester (7-2R).
To a solution of 5-2R (713 mg, 2.95 mmol), benzyl alcohol
(0.95 mL, 9.11 mmol), and dimethylaminopyridine (290 mg,
2.37 mmol) in 5 mL of CH2Cl2 was added dicyclohexylcar-
bodiimide (671 mg, 3.25 mmol) at 0 �C. The whole was
warmed to rt and stirred for 3 h. The precipitate was filtered
and washed with ether. The combined organic layer was
washed with 0.5 N aqueous HCl, saturated aqueous NaHCO3,
dried over Na2SO4, and the solvent was evaporated. The
residue was chromatographed (n-hexane/AcOEt¼2/1) to
give 7-2R as a yellow oil (513 mg, 52% yield).

MS (m/z): 331 (M+H+). HRMS (EI+, M+H+) calcd for
C19H25NO4: 331.1782; obsd: 331.1797. 1H NMR: 7.40–
7.33 (5H, m), 5.14 (2H, s), 4.42–4.40 (1H, m), 4.21–4.19
(1H, m), 3.13–3.06 (1H, m), 1.97–1.91 (1H, m), 1.90–1.85
(1H, m), 1.85–1.80 (1H, m), 1.73–1.67 (1H, m), 1.45 (9H,
s), 1.45 (2H, m, overlap).

4.3.10. (1S,2S,4R)-7-(tert-Butoxycarbonyl)-7-azabicyclo-
[2.2.1]heptane-2-carboxylic acid 2-benzyl ester (7-2S).
Compound 7-2S was obtained in a similar manner to 7-2R,
described above.

4.3.11. (1R,2R,4S)-7-(Fluorenylmethyl)-7-azabicyclo-
[2.2.1]heptane-2,7-dicarboxylic acid 2-benzyl ester (8-
2R). To a solution of 7-2R (351 mg, 1.06 mmol) in 2 mL
of dry CH2Cl2 was added 2 mL of trifluoroacetic acid at
0 �C and the mixture was stirred for 1.5 h at 0 �C. Then
the solvent was evaporated to give a crude oil. This residue
was dissolved in 7 mL of water, and to this solution Na2CO3

(320 mg, 3.01 mmol) was added, followed by the addition of
a solution of 9-fluorenylmethyl succinimidyl carbonate
(471 mg, 1.40 mmol) in 7 mL of dry DMF at 0 �C. The re-
sultant viscous solution was stirred vigorously for 12 h at
rt. The aqueous layer was acidified to pH¼3 with 1 N aque-
ous HCl and the whole was extracted with AcOEt. The
organic layer was washed with brine, dried over Na2SO4,
and the solvent was evaporated to give a crude oil, which
was chromatographed (n-hexane/AcOEt¼2/1) to give 8-2R
as a red-brown oil (461 mg, 96% yield). MS (m/z): 453
(M+H+). HRMS (EI+, M+H+) calcd for C29H27NO4:
453.1939; obsd: 453.1931. 1H NMR: 7.71–7.69 (2H, m),
7.58–7.55 (2H, m), 7.38–7.26 (9H, m), 5.13 (2H, s), 4.49–
4.30 (2H, m), 4.38 (1H, br s), 4.19 (2H, t, J¼6.2 Hz),
3.00–2.80 (1H, br s), 1.84–1.82 (2H, m), 1.70–1.67 (1H,
m), 1.63–1.58 (1H, m), 1.46–1.37 (2H, m).

4.3.12. (1S,2S,4R)-7-(Fluorenylmethyl)-7-azabicyclo-
[2.2.1]heptane-2,7-dicarboxylic acid 2-benzyl ester (8-
2S). Compound 8-2S was obtained in a similar manner to
8-2R, described above.

4.3.13. (1R,2R,4S)-7-(Fluorenylmethyl)-7-azabicyclo-
[2.2.1]heptane-2,7-dicarboxylic acid (9-2R). Debenzyla-
tion of 8-2R (400.0 mg, 0.88 mmol) was carried out by
hydrogenation over Pd/C (94.7 mg) in MeOH (10 mL) at rt
for 24 h. The reaction mixture was filtered and the filtrate
was evaporated to give a crude oil, which was chromato-
graphed (n-hexane/CHCl3¼1/6, then a small amount of ace-
tic acid was added to the eluent) to give 9-2R as a pale yellow
oil (190 mg, 60% yield). Pale yellow amorphous solid. MS
(m/z): 363 (M+H+). HRMS (EI+, M+H+) calcd for
C22H21NO4: 363.1471; obsd: 363.1496. 1H NMR: 7.78–
7.76 (2H, m), 7.60–7.57 (2H, m), 7.42–7.38 (2H, m),
7.34–7.30 (2H, m), 4.49 (2H, d, J¼6.2 Hz), 4.45 (1H, br
s), 4.23 (1H, br s, overlap), 4.22 (1H, t, J¼6.2 Hz), 2.93
(1H, br s), 1.95–1.45 (6H, m). [a]D

21 �14.4 (c 0.46, CHCl3).

4.3.14. (1S,2S,4R)-7-(Fluorenylmethyl)-7-azabicyclo-
[2.2.1]heptane-2,7-dicarboxylic acid (9-2S). Compound
9-2S was obtained in a similar manner to 9-2R, described
above. [a]D

21 +14.6 (c 0.48, CHCl3).

4.3.15. Boc-(S-Ah2c)2-OBn. Compound 7-2S (252 mg,
0.76 mmol) was dissolved in 4 N HCl in dioxane (1.7 mL)
and stirred for 1 h. The solvent was then removed in vacuum,
and the residue was dried in vacuum. Compound 5-2S
(171 mg, 0.74 mmol) and DMAP (129.0 mg, 1.06 mmol)
were added to the flask, followed by the addition of DMF
(3 mL). Then EDCI$HCl (284 mg, 1.48 mmol) was added,
and the whole was stirred for 48 h under Ar. DMF was re-
moved in vacuum and the residue was washed with 1 N
aqueous HCl, the whole was extracted with CHCl3, then
the solvent was evaporated to give a white sticky solid,
which was chromatographed (n-hexane/AcOEt¼1/1) to
give a colorless amorphous solid (270 mg, 78% yield). MS
(m/z): 455 (M+H+). HRMS (FAB+, M+H+) calcd for
C26H35N2O5: 455.2541; obsd: 455.2548. 1H NMR: 7.38–
7.35 (5H, m), 5.17–5.15 (2H, a mixture of conformers),
(amide cis–trans mixture) 4.88 (0.5H, m), 4.67 (0.5H, m),
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4.52 (0.5H, m), 4.35 (0.5H, m), 3.10–3.03 (2H, m), 2.08–
1.50 (12H, m), 1.48 (9H, m).

4.3.16. HCl$H-(S-Ah2c)2-OH. Debenzylation of Boc-(S-
Ah2c)2-OBn (77 mg, 0.17 mmol) was carried out by hydro-
genation over Pd/C (60.1 mg) in MeOH (1.5 mL) at rt for
1.5 h. The reaction mixture was filtered and the filtrate was
evaporated to give a crude oil. The residue was dissolved
in 4 N HCl in dioxane (0.4 mL) and the resultant solution
was stirred for 1 h. The solvent was then removed by a stream
of Ar, and the residue was dried in vacuum to afford HCl$H-
(S-Ah2c)2-OH (63 mg, quant.). HRMS (FAB+, M+H+) calcd
for C14H21N2O3: 265.1552; obsd: 265.1587.

4.3.17. HCl$H-(S-Ah2c)3-OH. The preparation of HCl$H-
(S-Ah2c)3-OH was carried out in a similar manner to the
dimer HCl$H-(S-Ah2c)2-OH. HRMS (FAB+, M+H+) calcd
for C21H30N3O4: 388.2236; obsd: 388.2207.

4.3.18. HCl$H-(S-Ah2c)4-OH. The preparation of HCl$H-
(S-Ah2c)4-OH was carried out in a similar manner to the
dimer HCl$H-(S-Ah2c)2-OH. HRMS (FAB+, M+H+) calcd
for C28H39N4O5: 511.2921; obsd: 511.2830.

4.3.19. HCl$H-(S-Ah2c)5-OH. The preparation of HCl$H-
(S-Ah2c)5-OH was carried out in a similar manner to the
dimer HCl$H-(S-Ah2c)2-OH. HRMS (FAB+, M+H+) calcd
for C28H39N4O5: 634.3605; obsd: 634.3559.

4.4. Solid-phase synthesis of Ah2c oligomers

4.4.1. Reversed-phase (RP) HPLC analysis and purifica-
tion. RP-HPLC purification was performed on a Cosmosil
5C18-AR-II column (10�250 mm, Nacalai Tesque) with
a linear gradient of A (0.1% TFA in H2O) and B (0.1%
TFA in MeCN) at a flow rate of 1 mL min�1 (Hitachi
HPLC system); UV detection at 215 nm.

4.4.2. Peptide synthesis.
4.4.2.1. H-(R-Ah2c)8-NH2. The Rink amide resin

(200 mg, 0.04 mmol; loading 0.21 mmol g�1) was swelled
in DMF (5 mL) for 90 min and Fmoc was deprotected using
20% piperidine in DMF (2 mL, 15 min). The resin was fil-
tered and washed with DMF (5�4 mL). A solution of Fmoc-
R-Ah2c-OH (9-2R) (43 mg, 3 equiv), PyBOP (3 equiv) and
HOBt (3 equiv) in DMF (0.9 mL), and N-methylmorpholine
(6 equiv) were added successively to the resin and the sus-
pension was mixed for 1.5 h at rt. The resin was then filtered
and washed with DMF (5�4 mL) prior to the following
Fmoc deprotection step. The Fmoc group was removed
using 20% piperidine in DMF (2 mL, 15 min). The resin
was filtered and washed with DMF (5�4 mL). For each cou-
pling, a solution of the Fmoc-amino acid (3 equiv), PyBOP
(3 equiv) and HOBt (3 equiv) in DMF (0.9 mL), and
N-methylmorpholine (6 equiv) were added successively to
the resin and the suspension was mixed for 1.5 h at rt. The
resin was then filtered and washed with DMF (5�4 mL).
After coupling the last amino acid, the Fmoc group was
cleaved and the resin was washed with DMF (5�4 mL),
MeOH (5�4 mL), Et2O (5�4 mL). Drying overnight under
vacuum afforded the Fmoc-deprotected peptide-resin
(209 mg). The dry Fmoc-deprotected peptide-resin was
treated with a mixture of TFA (10 mL) and ethanedithiol
(0.5 mL) for 2 h at rt. The resin was filtered and the reaction
mixture was evaporated. The precipitate formed upon addi-
tion of cold Et2O (15 mL) to the oily residue was separated
by decanting the solvent. The precipitate was lyophilized
to yield 25 mg of the crude peptide. Purification of the
crude peptide by RP-HPLC (15–40% B in 25 min) afforded
the TFA salt of H-(R-Ah2c)8-NH2, 4.91 mg (4.1%) as
a white fluffy powder. MS (m/z): 1003.75 (M+H+). MS
(m/z) (ESI+, [M+H]+) calcd for C56H76N9O8: 1002.5811;
obsd: 1002.5804.

4.4.2.2. H-(S-Ah2c)4-NH2. The preparation of H-(S-
Ah2c)4-NH2 was carried out in a similar manner to (R-
Ah2c)8-NH2. Colorless oil. MS (m/z): 511 (MALDI-TOF
MS, [M+H]+).

4.4.2.3. H-(S-Ah2c)5-NH2. The preparation of H-(S-
Ah2c)5-NH2 was carried out in a similar manner to H-(R-
Ah2c)8-NH2. Colorless oil. MS (m/z): 633 (MALDI-TOF
MS, [M+H]+).

4.4.2.4. H-(S-Ah2c)8-NH2. The preparation of H-(S-
Ah2c)8-NH2 was carried out in a similar manner to H-(R-
Ah2c)8-NH2. White fluffy powder. MS (m/z) (ESI-TOF,
[M+H]+) calcd for C56H76N9O8: 1002.5811; obsd:
1002.5770.

4.5. CD measurements

Dry peptide samples were weighed and dissolved in an ap-
propriate amount of spectroscopic grade methanol. Sample
cells of 1-mm path length were used. Data were collected
on a JASCO J-820 spectrometer at 20 �C. Data are
represented in terms of mean residue ellipticity, [q]
(deg cm2 decimol�1 residue�1).

The mean residue ellipticities for H-(S-Ah2c)8-NH2 are
ca. �3.5�104 deg cm2 decimol�1 residue�1 at 198 nm (a
minimum) and 4.0�104 at 217 nm (a maximum), while
those for H-(R-Ah2c)8-NH2 are 4.0�104 at 198 nm and
�3.1�104 at 217 nm. The two oligomers have the crossover
point at about 206 nm.

The positions and intensities of the minimum and maximum
peaks of H-(S-Ah2c)4-NH2 and HCl$H-(S-Ah2c)4-OH in
the CD spectra are practically identical, H-(S-Ah2c)4-NH2:
ca. �1.9�104 deg cm2 decimol�1 residue�1 at 197 nm
(minimum) and 2.4�104 at 216 nm (maximum); HCl$H-
(S-Ah2c)4-OH: ca. �2.0�104 deg cm2 decimol�1 residue�1

at 197 nm (minimum) and 2.4�104 at 216 nm (maximum).
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Abstract—The fluorescence sensing of primary amines as their neutral forms has been studied with bis(oxazolinyl)phenols (Me-BOP,
Ph-BOP), which are efficiently synthesized starting from mesitylene in six steps and in overall 12–22% yields. The BOP sensors showed fluo-
rescence enhancement toward butylamine and several arylethylamines, whereas they showed fluorescence quenching toward secondary and
branched amines. The opposite fluorescence behavior is explained by an increased conformational restriction at the excited state, at which
a proton transfer complex between the host and guest forms that is stabilized in a tripodal hydrogen bonding mode. This is the first example
in which fluorescence enhancement is observed in amine sensing with phenolic fluorophores. Enantiomeric a-chiral organoamines were also
sensed with different fluorescent intensity changes by Ph-BOP, complementing the previous tris(oxazolines) that sense enantiomeric a-chiral
organoammonium ions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Among various sensing techniques available for clinical,
biological, and environmental analyses, fluorescence sens-
ing has advantages of high sensitivity and compatibility
for the online and real-time analyses.1 Amines are an impor-
tant class of biologically active compounds among those to
be sensed by fluorescence analysis. Amines as their neutral
forms are generally sensed with fluorescence sensors based
on binol or other phenolic fluorophores, mostly in the fluo-
rescence quenching mode.1f,2 In some cases, amines are
sensed as their ammonium salts, which results in the fluores-
cence enhancement through the photo-induced electron-
transfer mechanism.3 Recently, we have introduced novel
tris(oxazoline) receptors 1, which selectively recognize cer-
tain organoammonium ions and also show unusual chiral
discrimination toward a-, b-, and a,b-chiral organoammo-
nium ions (Fig. 1).4 Interestingly, the receptors also sense
organoammonium ions with fluorescence enhancement.4d

The enhancement was attributed to the conformational
restriction of the tripodal ligands upon guest binding. As
an extension of this novel sensing mechanism, we were
interested in an analogous tripodal system that may recog-
nize organoamines in their neutral forms. Thus, we designed
a phenol-containing bis(oxazoline) system such as 2 (Fig. 1),

Keywords: Amine sensing; Fluorescence sensors; Hydrogen bonding; Chiral
sensing.
* Corresponding author. Tel.: +82 54 2792105; fax: +82 54 2793399;

e-mail: ahn@postech.ac.kr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.060
in which the acidic hydroxyl group is expected to act as a hy-
drogen bond donor toward amine guests. With this hydrogen
bond donor together with the two oxazoline hydrogen bond
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Figure 1. Structures of tripodal oxazolines 1, phenol-containing bis(oxazo-
lines) 2, their amine inclusion complexes I (at the ground state) and II (at the
excited state), and a reference compound 3.
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acceptors, the new receptors may recognize an amine guest
in a tripodal hydrogen bonding mode, which is reminiscent
of the tripodal hydrogen bonding between tris(oxazolines)
1 and organoammonium ions. The recognition of amines
by the phenol-containing receptors 2 in the tripodal fashion
is expected to generate a proton transfer complex such as II
at the excited state, because the phenol at the excited state
becomes much more acidic than its ground state (phenol:
pKa*¼4.1 vs pKa¼9.0).5 Thus, the proton transfer complex
is supposed to be conformationally more rigid compared
to its ground state complex I. Therefore, the receptor’s fluo-
rescence property is expected to change upon guest binding,
hopefully to a fluorescence enhancement mode. Described
herein are an efficient synthesis of bis(oxazolinyl)phenols
(BOPs) 2 and an investigation of their fluorescence behavior
toward various organoamines.

2. Results and discussion

2.1. Synthesis

Our synthetic efforts started from commercially available
mesitylene. A controlled bromomethylation of mesitylene
with paraformaldehyde and HBr in acetic acid6 and subse-
quent nucleophilic substitution of the resulting bis(bromo-
methyl) compound 5 by cyanide afforded the bis(nitrile)
compound 6. Bromination of this compound with
Me3(PhCH2)NBr3/ZnCl2

7 gave the bromo compound 7. It
is worth mentioning that attempts to prepare 7 directly
from 2-bromomesitylene via the above sequence, namely
bromomethylation and substitution, failed as the bromo-
methylation of 2-bromomesitylene stopped at the mono-bro-
momethylated stage even under severe reaction conditions.
This could be probably owing to the deactivating effects of
the bromine and bromomethyl group toward the electro-
philic substitution on the benzene ring. Next, the Suzuki
coupling8 was employed to construct the carbon–carbon
bond of the biphenyl core. Thus, the coupling of 7 with
5,5-dimethyl-2-(2-methoxyphenyl)-1,3,2-dioxaborinane9

yielded methyl ether 8, which on subsequent deprotection
with BBr3 afforded 9. Finally, the oxazoline ring was
constructed by double condensation of amino alcohols
with nitrile group of 9 in the presence of cadmium acetate
as a mild Lewis acid catalyst10 to afford the BOP sensors 2
(Scheme 1).

2.2. Fluorescence studies

The UV–vis spectra of Ph-BOP 2a in acetonitrile showed ab-
sorption maxima at 196 and 276 nm at 0.1 mM concentra-
tion. The fluorescence emission spectra displayed emission
of the biphenyl nucleus at lmax¼300 nm when excited at
276 nm. Similarly, Me-BOP 2b showed absorption maxima
at 276 nm and the fluorescence emission at lmax¼305 nm
when excited at 275 nm in acetonitrile (at 0.1 mM concen-
tration). The emission wavelengths observed were shorter
than that of o-phenylphenol11 because little conjugation is
expected between the two phenyl rings.

When Ph-BOP 2a (0.1 mM in CH3CN) was titrated with in-
creasing amount of 2-(3,4-dimethoxy)phenylethylamine
(Am4) as a guest at 25 �C, about 2-fold increase in the fluo-
rescence intensity of the sensor was observed (Fig. 2a). This
is an interesting result because so far fluorescence sensing
of amines with phenol- or binaphthol-derived sensors re-
sulted in fluorescence quenching rather than enhancement.1f

Also, amines are efficient fluorescence quenchers of most
unsubstituted aromatic hydrocarbon fluorophores such as
anthracene, perylene, and carbazole.1b The fluorescence en-
hancement was further confirmed by titrating Ph-BOP 2a
with a non-fluorescent guest such as butylamine (Fig. 2b).
Similarly, Me-BOP 2b also gave a fluorescence enhance-
ment upon titrating with butylamine (Fig. 2c). Although
the enhancement is not large, as far as we know, this is the
first example of neutral amine sensing with phenol-contain-
ing sensors in the fluorescent enhancement mode. We eval-
uated other amine guests that have different structural
features, which are listed in Figure 3. The guests such as
2-phenylethylamine (Am1), 4-methoxyphenylethylamine
(Am3), and tryptamine (Am5) also exhibited fluorescence
enhancement. It should be noted that in the case of the guests
containing aromatic fluorophores such as Am1 and Am3–
Am5, the fluorescence from the guest itself overlapped
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Scheme 1. Synthesis of compounds 2 and 3. Reagents and conditions: (a) paraformaldehyde, 30% HBr in AcOH, AcOH, 80 �C, 5 h, 95%; (b) NaCN, MeOH/
H2O (5:2), reflux, 5 h, 76%; (c) Me3(PhCH2)NBr3, ZnCl2, AcOH, 70 �C, 6 h, 75%; (d) 5 mol % Pd(PPh3)4, K3PO4, DMF, 100 �C, 24 h, 86%; (e) BBr3, CH2Cl2,
25 �C, 48 h, 76%; (f) Cd(OAc)2, PhCl, reflux, 96 h, 58% (R¼Ph, 2a), 32% (R¼Me, 2b), 55% (R¼Ph, 3).
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with that of the host–guest complex. However, the fluores-
cence enhancement due to the complexation was apparent,
as inferred from a non-linear increase of the fluorescence
intensity in the plot of F/F0 versus [G]0/[H]0 (Fig. 4). The
fluorescence intensity increases rather rapidly up to the
equivalent point and then slows down upon titration of 2a
with Am1, which can be interpreted in this way: at the initial
stage, the fluorescence increase results from both the host–
guest complex and guest, while in the later stage, the in-
crease is mainly due to the guest added.
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Figure 2. Fluorescence changes measured in CH3CN at lex¼276 nm: (a) ti-
tration of Ph-BOP 2a (0.1 mM) with Am4 (0.0–4.0 equiv from the bottom)
(inset: dependence of fluorescence intensity (F/F0) depending on the ratio
[Am4]/[2a]); (b) titration of Ph-BOP 2a (0.1 mM) with Am2 (0.0–6.2 equiv
from the bottom); (c) titration of Me-BOP 2b (0.1 mM) with Am2 (0.0–
10 equiv from the bottom) with lex¼275 nm.
In contrast to the b-arylethylamine or butylamine guests
(Am1–Am5), interestingly, fluorescence quenching was
observed for other types of guests such as Am6–Am11.
For example, titrations of Ph-BOP 2a with Am6 resulted
in fluorescence quenching (Fig. 5), and a similar level of
quenching was observed in the case of other guests. How
can we rationalize such an opposite result depending on
the guests? We suppose that the fluorescence enhancement
or quenching observed is dependent on the guest’s binding
affinity, which is related to the fluorescence enhancement
mechanism. Previously we have shown that the ammonium
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Figure 5. Fluorescence changes upon titration of Ph-BOP 2a (0.1 mM) with
Am6 (0.0–6.0 equiv from the top) in acetonitrile at lex¼276 nm.
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ions of linear primary amines Am1–Am5 are bound more
strongly to the tris(oxazoline) receptors 1 than those of
branched or secondary amines Am6–Am11, because the
former guests experience less steric strain from the host’s
4-oxazolinyl substituents (Ph or Me in the case of Ph-BTO
and Me-BTO, respectively) in the inclusion complexes
than the latter guests.4 Similarly, the steric strain between
BOPs 2 and the guests can be expected under the tripodal hy-
drogen bonding mode (Fig. 6), and under this reasoning, we
can expect that BOPs 2 would experience less steric strain in
binding the linear organoamines than the others such as the
branched guests. In the case of the secondary amines such
as Am6, BOPs 2 cannot form the tripodal hydrogen bonding
suggested. The molecular interactions between Ph-BOP 2a
and amines have been studied by 1H NMR titrations. Al-
though the binding induced chemical shifts were small, cer-
tain proton peaks (particularly, the oxazoline ring protons)
shifted to downfield upon guest binding (Dd¼0.025 ppm
when 2 equiv of Am1 were added).

As noted above, the acidity of the phenolic ligand would in-
crease at the excited state and thus proton transfer complexes
would form when the receptors bind amines. The proton
transfer complexes should be tighter and thus conformation-
ally more rigid than the host–guest complexes at the ground
state. This enhanced conformational restriction is believed
to contribute to the fluorescence enhancement observed.
Such an explanation is based on the tripodal hydrogen bond-
ing mode between the host and guest. When the tripodal

Figure 6. An energy minimized structure of the inclusion complex between
Ph-BOP 2a and Am4.
hydrogen bonding is not strong enough, we may not expect
the enforced conformational restriction and thus little fluo-
rescence enhancement would result. Instead, we may ob-
serve fluorescence quenching because generally amines are
fluorescence quenchers toward the phenol-based fluoro-
phores. In this way, the observed fluorescence behavior of
BOPs toward the amines can be explained.

To get a better understanding for the structural factors that
are responsible for the fluorescence enhancement observed,
we further examined the fluorescence behavior with refer-
ence compounds. We performed the fluorescence titration
of Am1 with the reference compound 3, in which the pheno-
lic hydroxyl group is protected as its methyl ether, under
otherwise identical conditions. As expected, fluorescence
quenching was observed in this case upon increasing the
amount of Am1 (Fig. 7a), which indicates that the hydroxyl
group in BOPs 2 is essential for the fluorescence enhance-
ment. As discussed above, the hydroxyl group of Ph-BOP
2a and an amine guest form a proton transfer complex at
the excited state, which is stabilized through the hydrogen
bonding by the oxazoline ligands. When the hydroxyl group
is blocked, no such proton transfer complex would form, and
thus no fluorescence enhancement is expected, as observed
in the case of 3.

A direct and straightforward consequence of our presump-
tion should be that phenol 9, in which two oxazoline ligands
are replaced by nitrile groups, should show fluorescence
quenching toward amines, as the nitrile groups cannot act
as hydrogen bond acceptors to stabilize the host–guest com-
plex. Indeed, fluorescence quenching was observed when
phenol 9 was titrated with Am1 under otherwise identical
conditions (Fig. 7b).

These observations clearly augment our presumption to be
true and also highlight the key role of the oxazoline ligands
in the fluorescence enhancement observed for amines Am1–
Am5. Moreover, the absorption spectra measured during the
titration of Ph-BOP 2a with Am1 showed no appreciable
change, which indicates that the enhanced fluorescence is
not due to an increased absorption.

The fluorescence enhancement resulting from the conforma-
tional restriction alone, however, seems to be moderate, such
as a few times enhancement as observed previously by us.4d

In this conformational restriction model, the hydrogen bond-
ing interactions are also believed to reduce the charge
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Figure 7. Fluorescence changes measured in CH3CN: (a) titration of reference compound 3 (0.1 mM) with Am1 (0.0–4.2 equiv from the top) at lex¼284 nm;
(b) titration of phenol 9 (1.0 mM) with Am1 (0–10 equiv from the top) at lex¼287 nm.
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separation of the excited state host–guest complex, thereby
suppressing some possible quenching processes.12 At this
point, it is premature to speculate on the nature of the
host–guest complex at the excited state, but it is certain
that the degree of the proton transfer between the phenolic
host and an amine is reduced by the ‘backside’ hydrogen
bonding provided by the two oxazoline ligands, which re-
sults in the fluorescence modulation of the phenolic fluoro-
phore toward amines, from quenching to enhancement, as
observed for the amines Am1–Am5.

The association constants for the complex formation of
Ph-BOP 2a with some amine guests can be obtained from
the observed fluorescence data. On the assumption that
host 2a (H) and a guest amine (G) interact in a 1:1 fashion,
the non-linear least squares fit13 by the following equation14

gives the association constants K11,

F=F0� ðkG=kHÞ½G� ¼ 1þ ðk11=kHÞK11½G�=f1þK11½G�g

where F0 is the fluorescence intensity of free host and F is
the observed fluorescence intensity during titration, which
can be expressed as F¼kG[G]+kH[H]+k11[HG]. The kG/kH

value can be obtained by measuring concentration-depen-
dent fluorescence changes for the guest and host separately
under the same conditions. Association constants thus ob-
tained were in the range of 102–103 M�1 (Table 1), which
are much less than that obtained with tris(oxazoline) recep-
tors 1 (log K11¼6.65 M�1 for n-BuNH3

+, determined by
UV–vis titration).4a This is not an unexpected result because

neutral hydrogen bonding in the case of BOPs 2 should be
much weaker than the charged hydrogen bonding between
an ammonium ion and BTOs 1. The association data indicate
that the fluorescence enhancement is related to the associa-
tion constant: as in the case of the tris(oxazoline) receptor
Ph-BTO 1, the b-aryl-substituted linear amine guests
(Am1 and Am3–Am5), which show larger fluorescence en-
hancement compared to an aliphatic guest Am2, also gave
larger association constants. In the case of amine guests
Am6–Am10, which are believed to have poor binding affin-
ities, we were not able to determine meaningful association
constants due to large errors in the non-linear regression
process. Instead, the Stern–Volmer constants were obtained
for these weakly binding amine guests, which showed linear
relationships for the equation: F0/F¼1+KSV[G].1b

2.3. Enantio-discrimination

We reasoned that Ph-BOP 2a might discriminate a-chiral
amines because the two phenyl-substituted oxazolines could
provide a pseudo-C2-symmetric chiral environment toward

Table 1. Association constants K11 and Stern–Volmer constants KSV deter-
mined from the fluorescence titration of Ph-BOP 2a with the amines in
acetonitrile at 25 �C

Am1 Am2 Am3 Am4 Am5
K11 (M�1) 2100 330 2440 3200 7490

Am6 Am7 Am8 (R)-Am9 (S)-Am9
KSV (M�1) 1290 930 1080 1290 770
a-substituents of a-chiral amines. The steric interactions
between the oxazolinyl phenyl substituents and the guest’s
a-substituents would be different between the enantiomers,
which would lead to different fluorescence properties, as
we pointed out above in the cases of different achiral amines.
Indeed, we were able to observe substantial differences in
the fluorescence behavior between the enantiomeric a-chiral
amines examined. For example, when Ph-BOP 2a was ti-
trated with each of the enantiomeric a-methylbenzylamines
(Am9), fluorescence quenching resulted in both cases but
with different magnitude. Plots of F/F0 depending on
[Am9]/[2a] values for each of the enantiomeric guests
show significant differences in the F/F0 values between the
enantiomers (Fig. 8). Similarly, the other two guests also
showed different fluorescence quenching behaviors depend-
ing on enantiomeric guests.

Therefore, Ph-BOP 2a can be used as a fluorescence sensor
for the monitoring of enantiomeric purity of certain amines
in their neutral forms, which complements the enantiomeric
sensing of a-chiral organoammonium ions by its tris(oxazo-
line) analogue 1a.

3. Conclusion

In conclusion, we have synthesized the phenol-containing
bis(oxazolines) as novel fluorescence sensors toward pri-
mary amines. The sensors showed fluorescence enhance-
ment toward some linear primary amines and fluorescence
quenching toward branched and secondary amines. The
observed fluorescence enhancement is ascribed to the con-
formational restriction and modulation of charge separation
of the excited state host–guest complex through hydrogen
bonding by the well-directed oxazoline ligands. Although
the observed fluorescence enhancement is moderate, it
should be noted that this is the first example of amine sens-
ing by phenolic fluorophores in the fluorescence enhance-
ment mode. We have also shown that Ph-BOP 2a is
capable of enantio-discriminating a-chiral amines and thus
may be useful for the determination of their enantiomeric
purities. A further study on the structure modification of
the present system toward a colorimetric sensor of amines
is underway.
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4. Experimental

4.1. General

2,4-Bis(bromomethyl)-1,3,5-trimethylbenzene,6 5,5-di-
methyl-2-(2-methoxyphenyl)-1,3,2-dioxaborinane,9 and
benzyl(trimethyl)ammonium tribromide7 were prepared ac-
cording to the literature procedures. All other chemicals
were commercially available and used without further purifi-
cation. The solvents for dry reactions were dried with appro-
priate desiccants and distilled prior to use. Unless otherwise
mentioned, all NMR spectra were recorded in CDCl3 solu-
tion containing tetramethylsilane as internal standard. Chem-
ical shifts are reported in d unit. For column chromatography
silica gel of 230–400 mesh was used. Fluorescence spectra
were recorded on Photon Technical International Fluores-
cence system. Fluorescence experiments were carried out
in 10-mm quartz cuvette at room temperature. Fluorescence
titrations were performed at 0.1 mM concentration and the
required guest solutions (10–30 mM) are prepared from ap-
propriate amount of amines in 0.1 mM host solution. Both
excitation and emission slit widths were 2 nm.

4.1.1. [(3-Cyanomethyl-2,4,6-trimethyl)phenyl]aceto-
nitrile (6). A mixture of 2,4-bis-(bromomethyl)-1,3,5-tri-
methylbenzene (5) (3.06 g, 10 mmol), sodium cyanide
(1.47 g, 30 mmol) in water (20 mL) and methanol (50 mL)
was refluxed for 5 h. The solvent was evaporated and diluted
with cold water (100 mL) to give the product as a precipitate,
which was filtered and washed with water (1.5 g, 76%). An
analytically pure sample was obtained by recrystallization
from dichloromethane/hexane: Rf¼0.3 (dichloromethane/
hexane¼4/1); mp 169 �C; 1H NMR (300 MHz, CDCl3,
Me4Si) d 2.3 (s, 6H), 2.4 (s, 3H), 3.7 (s, 4H), 7.0 (s, 1H);
13C NMR (75 MHz, CDCl3, Me4Si) d 16.5, 18.4, 117.3,
126.5, 131.1, 135.6, 136.9; MS (EI) m/z 198.10 (M+);
HRMS calcd for C13H14N2 (M+) required 198.1157, found
198.1155. Anal. Calcd for C13H14N2: C, 78.75; H, 7.12; N,
14.13. Found: C, 78.84; H, 7.20; N, 13.89.

4.1.2. [(3-Bromo-5-cyanomethyl-2,4,6-trimethyl)phenyl]-
acetonitrile (7). To a suspension of bis(nitrile) 6 (0.99 g,
5.0 mmol) in AcOH (1.7 mL) were charged benzyl(tri-
methyl)ammonium tribromide (1.47 g, 5 mmol) and zinc
chloride (0.75 g, 5.5 mmol). The resulting mixture was
stirred at 70 �C for 5 h, and then cooled and poured into
crushed ice containing 5% sodium hydrogen sulfate. The
precipitate was filtered, washed with excess water, and re-
crystallized from ethyl acetate/hexane to yield 7 (1.05 g,
76%) as white needles: Rf¼0.3 (dichloromethane); mp
185 �C; 1H NMR (300 MHz, CDCl3, Me4Si) d 2.4 (s, 6H),
2.6 (s, 3H), 3.8 (s, 4H); 13C NMR (75 MHz, CDCl3, Me4Si)
d 17.5, 20.5, 22.3, 117.3, 128.4, 128.7, 135.0, 138.0; MS
(EI) m/z 276.13 (M+), 278.12 (M++2); HRMS calcd for
C13H13BrN2 (M+) required 276.0262, found 276.0262.
Anal. Calcd for C13H13BrN2: C, 56.34; H, 4.73; N, 10.11.
Found: C, 55.84; H, 4.68; N, 10.05.

4.1.3. [(5-Cyanomethyl-20-methoxy-2,4,6-trimethyl)bi-
phenyl-3-yl]acetonitrile (8). A mixture of bromide 7
(0.28 g, 1.0 mmol), 5,5-dimethyl-2-(2-methoxyphenyl)-
1,3,2-dioxaborinane (0.60 g, 2.75 mmol), Pd(PPh3)4

(0.05 g, 5 mol %), and K3PO4 (1.16 g, 5.5 mmol) in DMF
(5 mL) was stirred at 100 �C for 24 h. The resulting mixture
was filtered through Celite, washed with hot ethyl acetate,
and then the filtrate was concentrated to yield a black residue.
Purification by column chromatography gave 8 (0.26 g,
86%): mp 134 �C; 1H NMR (300 MHz, CDCl3, Me4Si)
d 2.0 (s, 6H), 2.1 (s, 3H), 3.7 (s, 7H), 7.0–7.1 (m, 3H), 7.3–
7.4 (m, 1H); 13C NMR (75 MHz, CDCl3, Me4Si) d 17.5,
18.7, 19.6, 56.1, 111.6, 118.2, 121.6, 126.9, 129.7, 130.0,
131.4, 135.0, 136.6, 139.0, 157.1; MS (EI) m/z 304.21
(M+); HRMS calcd for C20H20N2O (M+) required 304.1576,
found 304.1580. Anal. Calcd for C20H20N2O: C, 78.92; H,
6.62; N, 9.20. Found: C, 78.48; H, 6.61; N, 9.30.

4.1.4. [(5-Cyanomethyl-20-hydroxy-2,4,6-trimethyl)bi-
phenyl-3-yl]acetonitrile (9). To a solution of 8 (0.3 g,
1.0 mmol) in dichloromethane was charged BF3$OEt2
(8.0 mL, 8.0 mmol) (1.0 M in dichloromethane) at 0 �C,
and the mixture was allowed to stir at room temperature for
48 h. An aqueous workup and subsequent purification by col-
umn chromatography gave 9 (0.22 g, 76%); mp 202 �C. 1H
NMR (300 MHz, CDCl3, Me4Si) d 2.1 (s, 6H), 2.5 (s, 3H),
3.8 (s, 4H), 6.9–7.0 (m, 3H), 7.28–7.31 (m, 1H); 13C NMR
(75 MHz, CDCl3, Me4Si) d 17.5, 18.5, 19.7, 116.4, 117.7,
121.9, 127.3, 128.1, 130.2, 130.8, 136.3, 136.4, 137.7; MS
(EI) m/z 290.19 (M+); HRMS calcd for C19H18N2O (M+)
required 290.1419, found 290.1420. Anal. Calcd for
C19H18N2O: C, 78.59; H, 6.25; N, 9.65. Found: C, 76.75;
H, 6.19; N, 9.68.

4.1.5. [20,40,60-Trimethyl-30,50-bis(4-phenyl-4,5-dihydro-
oxazol-2-yl)methyl]biphenyl-2-ol (Ph-BOP, 2a). A mixture
of bis(nitrile) 9 (0.29 g, 1.0 mmol), (S)-(+)-2-phenylglycinol
(0.54 g, 4.0 mmol), and Cd(OAc)2 (0.013 g, 0.25 mmol) in
chlorobenzene was refluxed for 4 days while a mild stream
of nitrogen was bubbled through the reaction mixture.
Evaporation of the solvent gave a black residue, which
was purified by column chromatography (gradient elution:
10%/60% ethyl acetate in hexane) to give 2a (0.3 g,
58%): mp 90 �C; [a]D

25 +87.3 (c 0.01, CHCl3); 1H NMR
(300 MHz, CDCl3, Me4Si) d 2.05 (s, 3H), 2.08 (s, 3H), 2.4
(s, 3H), 3.8 (s, 4H), 4.0–4.1 (m, 2H), 4.6–4.7 (m, 2H), 5.0–
5.1 (m, 2H), 6.9–7.0 (m, 4H), 7.1–7.3 (m, 12H); 13C NMR
(75 MHz, CDCl3, Me4Si) d 17.1, 18.0, 19.0, 29.9, 69.3,
69.4, 75.2, 75.5, 116.2, 120.1, 126.5, 127.6, 127.7, 128.1,
128.8, 128.89, 128.93, 130.2, 131.1, 135.3, 136.5, 142.3,
142.5, 154.1, 167.7; MS (EI) m/z 530.39 (M+); HRMS calcd
for C35H34N2O3 (M+) required 530.2569, found 530.2560.
Anal. Calcd for C35H34N2O3: C, 79.22; H, 6.46; N, 5.28.
Found: C, 77.07; H, 6.69; N, 5.18.

4.1.6. [20,40,60-Trimethyl-30,50-bis(4-methyl-4,5-dihydro-
oxazol-2-yl)methyl]biphenyl-2-ol (Me-BOP, 2b). Pre-
pared from 9 as above in 32% yield: mp 133 �C; [a]D

25

+11.2 (c 0.01, CHCl3); 1H NMR (300 MHz, CDCl3,
Me4Si) d 1.2 (q, 6H), 2.0 (s, 6H), 2.3 (s, 3H), 3.7 (s, 4H),
3.78–3.83 (m, 2H), 4.07–4.12 (m, 2H), 4.3–4.4 (m, 2H),
6.9–7.0 (m, 3H), 7.2–7.4 (m, 1H); 13C NMR (75 MHz,
CDCl3, Me4Si) d 17.2, 18.3, 18.4, 22.17, 22.2, 30.3, 61.7,
61.8, 75.0, 116.7, 120.5, 128.7, 129.4, 130.7, 131.69,
131.73, 136.8, 154.7, 166.6; MS (EI) m/z 406.27 (M+);
HRMS calcd for C25H30N2O3 (M+) required 406.2256,
found 406.2253. Anal. Calcd for C25H30N2O3: C, 73.86;
H, 7.44; N, 6.89. Found: C, 69.94; H, 7.67; N, 6.77.
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4.1.7. {[3,5-Bis(4-phenyl-4,5-dihydrooxazol-2-yl)-
methyl]-20-methoxy-2,4,6-trimethyl}biphenyl (3). Pre-
pared from 8 similarly as above in 55% yield: mp 93 �C;
[a]D

25 +74.37 (c 0.01, CHCl3); 1H NMR (300 MHz, CDCl3,
Me4Si) d 2.06 (s, 3H), 2.07 (s, 3H), 2.6 (s, 3H), 3.7 (s,
3H), 3.9 (s, 4H), 4.0–4.1 (m, 2H), 4.56–4.62 (m, 2H), 5.1–
5.2 (m, 2H), 7.0–7.1 (m, 4H), 7.0–7.3 (m, 12H); 13C NMR
(75 MHz, CDCl3, Me4Si) d 17.4, 18.3, 30.3, 55.6, 69.7,
75.0, 110.9, 120.8, 126.8, 126.9, 127.3, 127.6, 128.1,
128.5, 128.8, 129.1, 130.3, 131.1, 131.3, 135.4, 136.1,
137.1, 142.8, 156.9, 167.4; MS (EI) m/z 545.25 (M++1);
HRMS calcd for C36H36N2O3 (M+) required 544.2726,
found 544.2729. Anal. Calcd for C36H36N2O3: C, 79.38;
H, 6.66; N, 5.14. Found: C, 79.23; H, 6.57; N, 5.13.
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Abstract—A practical access to alkyl- and aryl-substituted (E)-2-(azidomethyl)alkenoates and related azido compounds from the corre-
sponding allylic bromides in aqueous acetone is described. An alternative method to obtain the starting bromides based on heterogeneous
catalysis under mild conditions was also investigated.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

While the enormous interest in the chemistry of azides and
azido-related compounds1 dates from the 19th century, only
recently have the synthesis and reactivity of multifunctional
allylic azides become an area of active research.2 Allylic
azides are versatile building blocks for the synthesis of nat-
ural products and nitrogen-containing heterocycles of phar-
macological relevance.3 However, the propensity of allylic
azides to undergo dynamic [3,3]-sigmatropic rearrange-
ment4 at ambient temperature must be taken into account,
because the thermodynamic ratio of the two equilibrating re-
gioisomeric azides is normally substrate-dependent.5 There-
fore, the development of simple and efficient methods to
selectively access allylic azides of structural complexity is
highly desirable. 3-Aryl-2-(azidomethyl)alkenoates 1 are a
class of stable allylic azides,6 which are not prone to rear-
rangement, making them attractive intermediates for synthe-
sis. Multifunctional allylic azides of structure 1 have been
prepared by a two-step sequence involving acetylation of
a-methylene-b-hydroxy esters 2 (Baylis–Hillman7 adducts)
followed by reaction of acetate 3 with NaN3 in a SN20-type
mechanism (Scheme 1).8 However, nucleophilic displace-
ments of this type involve long reaction times and the use
of a toxic and high-boiling solvent such as DMSO. These
shortcomings could be partially circumvented by the
introduction of 1 equiv of 1,4-diazabicyclo[2.2.2]octane
(DABCO) in aqueous THF to accelerate the substitution re-
action,9 although the required presence of an additive creates
further environmental and economic concerns. Indeed, water

Keywords: Baylis–Hillman reaction; Allylic azides; Allylic bromides; [3,3]-
Sigmatropic rearrangement; Aqueous solvents; Heterogeneous catalysis.
* Corresponding author. Tel.: +55 48 33316844; fax: +55 48 33316850;

e-mail: msa@qmc.ufsc.br
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.059
or aqueous solutions10 can be viewed as very attractive
mediums for these transformations.11
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Scheme 1.

In continuation of our studies on synthetic methodologies
involving allylic azides and Baylis–Hillman adducts,6,12,13

we envisaged that allylic bromides 4, readily obtained13,14

by direct bromination of Baylis–Hillman adducts 2, would
be the useful substrates15 for an easy introduction of azide,
as well as for other nucleophilic groups, onto the allylic
framework. In this paper we describe a practical and efficient
preparation of alkyl- and aryl-substituted (E)-2-(azido-
methyl)alkenoates and related azido compounds from the
corresponding allylic bromides in aqueous medium. We also
investigate an alternative method to obtain the starting
bromides based on heterogeneous catalysis under mild
conditions.

2. Results and discussion

Allylic bromides such as 4 have been routinely prepared by
treatment of Baylis–Hillman adducts 2 with a combination
of HBr and H2SO4 in CH2Cl2 at low temperature.13a,14a In
spite of the good yields commonly associated with this trans-
formation, the utilization of large quantities of strong

mailto:msa@qmc.ufsc.br
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mineral acids is a major drawback due to the safety proce-
dures required for the manipulation of hazardous reagents
and wastes. Also, substrates carrying acid-labile groups
such as electron-rich olefins and aromatics are incompatible
with the strongly acidic conditions, thus limiting the scope
of the method. Heterogeneous catalysis is amongst the
most efficient and environmentally friendly processes in
chemical synthesis, allowing the performance of operation-
ally-simple reactions without the use of toxic or corrosive
reagents.16 Alternative methods to access allylic bromides
4 employing inexpensive solid catalysts include the use of
montmorillonite KSF clay and silica-supported NaHSO4

17

in combination with a bromide source.14b,d In our hands,
however, attempts to react substrates 2a and 2b under these
conditions led to modest conversions to 4a and 4b (up to
40%). Montmorillonite K10, zeolite ZSM-5, and 5 Å molec-
ular sieves were also ineffective catalysts under similar
experimental procedure.

A smooth conversion of Baylis–Hillman adducts 2 to the
corresponding bromides 4 was achieved with Amberlist-
15�/LiBr (or NaBr) in acetonitrile at ambient temperature
(Table 1). High yields were obtained with alcohols bearing
alkyl or electron-rich aryl groups (entries 1–6 and 9).
Accordingly, piperonyl-substituted alcohol 2b reacted al-
most instantaneously under the stated conditions to give
bromide 4b in excellent yield (entries 2 and 3). Even reused
Amberlist-15� (which was readily recovered by filtration of
the reaction mixture and successive washings with 1 M HCl
and H2O) was suitable for another cycle, in spite of the par-
tially decreased catalytic activity (entry 4). Styryl-derived
substrate 2d is also very reactive toward Amberlist-15�/
LiBr, but the formation of the expected (E,E)-diene 4d was
accompanied by small amounts of an unstable by-product,
possibly a geometrical isomer, that could not be isolated.
Gratifyingly, a fractional crystallization of the crude reaction
mixture in ethanol gave bromide 4d in higher purity and
better yield than those obtained with the HBr–H2SO4 method
(entry 6). However, the relative reactivity of alcohols 2 was

Table 1. Synthesis of (E)-allylic bromides 4 from alcohols 2a

2 4

LiBr
Amberlist-15®

Acetonitrile

O

OCH3

OH

R

O

OCH3

Br

R

Entry Product R Yield (%)
with HBr/
H2SO4

b

Yield (%)c

with LiBr/
Amberlist-15�

Time
(h)

1 4a C6H5 85 64 6
2 4b 3,4-(OCH2O)C6H3 60 91 1
3 4b 3,4-(OCH2O)C6H3 90d 1
4 4b 3,4-(OCH2O)C6H3 77e 1
5 4c 2-C10H7 85 85 2
6 4d (E)-C6H5CH]CH 64 75 0.5
7 4e 2-ClC6H4 80 45f 4
8 4f 4-NO2C6H4 65 0 50
9 4g CH3 70 75 6

a Isolated yields.
b Data from Ref. 13a.
c Conditions: 1.0 mmol 2, 1.0 g Amberlist-15�, 2.0 mmol LiBr, acetonitrile

or acetone (3 mL) at 25 �C.
d Amberlist-15� (0.5 g/mmol 2b) was used.
e The reaction was carried out with recycled Amberlist-15�.
f The reaction was carried out at reflux temperature for 4 h.
remarkably dependent upon the substitution pattern. Very
slow conversions were observed for electron-deficient sub-
strates, even after a prolonged time under reflux (entries 7
and 8). The anticipated13,14 Z-stereochemistry assigned to
2-(bromomethyl)-2-alkenoates 4 was based on the character-
istic NMR shift of the b-olefinic hydrogen cis to the carboxyl
group and also on the X-ray crystallography of 4b.18

Next, the preparation of allylic azides 1 from bromides 4 was
investigated. Bromide 4a was selected as a model substrate
for reactions with NaN3 under different reaction parameters
in order to achieve optimal conversions to azide 1a (Table 2).
Reaction rates were strongly influenced by the nature of the
solvent (or solvent combination) used, slow conversions be-
ing a consequence of the low solubility of sodium azide (en-
tries 1–3) or 4a (entry 4) in the medium. DMSO (entry 5) and
DMF (entry 6), typically employed for azide displacement
of bromide,2c,19 enabled quantitative conversion to allylic
azide 1a in 10 min. However, both solvents are toxic, expen-
sive, and difficult to separate from the crude product by sim-
ple aqueous workup. In contrast, a combination of acetone/
water proved to be the best solvent system for the reaction
(entries 7–9). Allylic azide 1a was quantitatively obtained
with either 1.5 equiv of NaN3 in 10 min (entry 8) or
2.0 equiv in 5 min (entry 9). It is also noteworthy that accept-
able conversions to 1a could be performed using a nearly
equimolar amount of NaN3 in 5 min (entry 10).

Encouraged by the excellent results achieved with the NaN3/
acetone/water system, we further extended this procedure to
the azidation of representative allylic bromides 4 (Table 3).
The corresponding aromatic-substituted (E)-allylic azides
1a–f were cleanly obtained in nearly quantitative yields after
purification in a short plug of silica gel. On the other hand,
when aliphatic-substituted allylic bromides 4g–i were sub-
jected to the present protocol, NMR analysis of the crude re-
action indicated the formation of the expected allylic azides
1g–i accompanied by a minor product (5–30%), which was
assigned as the rearranged regioisomers 5g–i (Scheme 2).

Table 2. Conversion of bromide 4a to azide 1a under different reaction
conditionsa

O

OCH3

Br4a

O

OCH3

N3 1a

NaN3

solvent

Solvent system NaN3 (equiv) Conversion to 1a (%)b

1 THF 2.0 5
2 CH3CN 2.0 18
3 Me2CO 2.0 31
4 H2O 2.0 0
5 DMSOc 2.0 100
6 DMF c 2.0 100
7 Me2CO/H2O 3:1 2.0 100
8 Me2CO/H2O 3:1 1.5 100
9 Me2CO/H2O 3:1d 2.0 100
10 Me2CO/H2O 3:1d 1.2 78

a Allylic bromide 4a (1 mmol) and NaN3 (1.2–2.0 mmol) in 4 mL of a given
solvent were stirred at 25 �C for 10 min (unless otherwise stated),
followed by quenching the reaction mixture with CH2Cl2 and H2O.

b Determined by 1H NMR spectrum (400 MHz, CDCl3).
c Solvent residue (10–20%) present in the crude reaction product after

aqueous workup.
d Reaction was quenched (CH2Cl2/H2O) after 5 min.
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Unfortunately, all attempts to isolate any compound by chro-
matography led to extensive decomposition to an intractable
mixture of products.
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R OCH3R
a

4a-i 1a-i
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b
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fast [3,3]

Scheme 2.

In order to monitor these transformations by 1H NMR
(400 MHz), reactions of phenyl- (4a) and methyl- (4g)
substituted bromides were also performed in standard NMR
tubes, using (CD3)2CO/D2O as the solvent system under the
present conditions. For phenyl-substituted allylic bromide
4a, products arising from rearrangement were not detected

Table 3. Synthesis of (E)-allylic azides 1 from bromides 4 in acetone/water
(3:1)

O

OCH3

Br

R

4

O

OCH3

N3

R

1
acetone:H2O (3:1)

25 °C, 10 min

NaN3

Product R Yield (%)a

1a C6H5 97
1b 3,4-(OCH2O)C6H3 93
1c 2-C10H7 95
1d (E)-C6H5CH]CH 96
1e 2-ClC6H4 96
1f 4-NO2C6H4

b 97
1g CH3

c 92
1h CH3CH2CH2

c 95
1i CH3CH2(CH3)CHc 93

a Isolated yields.
b A higher acetone/water ratio (6:1) was used due to the low solubility of

nitro-derivative 4f in aqueous acetone.
c Obtained as inseparable mixture of regioisomers 1 and 5.
and a quantitative conversion to allylic azide 1a reached
completion after 2 min. In the case of methyl-substituted
allylic bromide 4g, however, conversion to both the allylic
azide 1g and the corresponding rearranged isomer 5g (ratio
1g:5g w3:1) was observed in the early stages, with the iso-
meric ratio being unaltered throughout the entire course of
the reaction (conversion higher than 95% was accomplished
after 2 min).

These results indicate that alkyl-substituted azides 1g–i
might co-exist with their rearranged isomers 5g–i in a fast
equilibrium shifted to the thermodynamically more stable
olefins20 1g–i. The absence of rearranged products for the
aryl series 1a–f might have been due to a stronger stabiliza-
tion of the double bond by an extensive conjugation through
the carboxyl and the aromatic ring, precluding isomerization
to the less stable 5a–f. From a mechanistic view, nucleophilic
attack of azide anion on an allylic bromide system would
lead to the formation21 of either SN2- or SN20-type products
1 or 5, respectively (Scheme 2). While the direct SN2 attack
leading to the more stable 1 (path a) seems to be the exclu-
sive (or at least preferential) pathway for aryl-substituted
bromides 4a–f, the SN20 mechanism (path b) or even an ad-
dition-elimination process via intermediate 6 (path c) could
not be excluded at this moment to account for the formation
of alkyl-substituted azides 1g–i. The DABCO salt concept
has been successfully applied for the introduction of nucleo-
philes at the secondary position of Baylis–Hillman adducts
by SN20-type process.22 In order to tentatively obtain the
elusive azide 5a, we treated bromide 4a with DABCO fol-
lowed by the addition of NaN3, but the only product formed
in the reaction was, again, the SN2-type 1a. Whether the
mechanism is a direct SN2 (path a) or SN20 (path b) still re-
mains to be determined, because in both the cases the prod-
uct distribution (1:5) must be regarded as a thermodynamic
rather than a kinetic control due to the fast equilibration be-
tween the regioisomeric allylic azides.

The superior reactivity of allylic bromides 4 over the ace-
tates 3 was demonstrated by control experiments performed
in acetone/water and in DMSO under equivalent conditions.
The results summarized in Table 4 clearly show that allylic
bromides 4 are much more reactive than acetates 3 (and
Table 4. Conversion (%)a of allylic acetates 3 and bromides 4 to allylic azides 1

O

OCH3

Br

O

OCH3

AcO

RR

4 3

O

OCH3

N3

R
1

NaN3

O

OCH3

OAc

R
3'

NaN3

Entry Compound R Solvent system Conversion (%)

10 min 2 h

1 4a C6H5 DMSO 100
3a C6H5 DMSO 65 100

2 4a C6H5 Acetone/H2O (3:1) 100
3a C6H5 Acetone/H2O (3:1) 18 59

3 4g CH3 DMSO 100
3gb CH3 DMSO 47 78

4 4g CH3 Acetone/H2O (3:1) 100
3gb CH3 Acetone/H2O (3:1) 5 58

a Conversions to azide 1 were performed by adding NaN3 (2 mmol) to a stirring solution of acetate 3 or bromide 4 (1 mmol) in 4 mL of acetone/H2O (3:1) or
DMSO, then quenching the reaction with CH2Cl2/H2O after 10 min or 2 h. After aqueous workup the conversion (%) was determined by 1H NMR integration
(400 MHz, CDCl3) of the crude mixture (w95% purity).

b Pure 3 or a mixture of 3:30 (3:1) was employed, leading to similar results.
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30) toward azide anion under any given conditions and this
difference in reactivity is remarkably enhanced in acetone/
water medium (entries 2 and 4).

Finally, simple azido compounds 7–10 (Fig. 1) were also pre-
pared in high yields and short reaction times (10–30 min)
from the corresponding bromides and NaN3 under aqueous
acetone as outlined here.

3. Conclusion

The alternative access to 2-(bromomethyl)-2-alkenoates 4
by Amberlist-15�-mediated bromination of Baylis–Hillman
adducts 2 is a synthetically useful transformation, particu-
larly for substrates bearing electron-rich groups. The simple
protocol for conversion of allylic bromides 4 to the corre-
sponding azides 1 in acetone/H2O is straightforward and
superior to conventional methods, leading to fast reactions,
reproducible conditions, easy workup, and excellent yields,
avoiding the use of potential contaminants such as high-
boiling solvents or organic additives. The mechanistic
aspects involved in these nucleophilic displacements and
the application of this simple methodology to more complex
systems are currently being investigated.

4. Experimental

4.1. General

All chemicals were of reagent grade and were used as
received. Melting points were determined using a Micro-
quı́mica MQPF301 apparatus and are uncorrected. Infrared
spectra were acquired with a Perkin–Elmer FTIR 1600
spectrometer using KBr for solids and film for liquid
samples (range 4000–400 cm�1). 1H NMR (400 MHz) and
13C NMR (100 MHz, fully decoupled) spectra were re-
corded with a Varian AS-400 spectrometer. Samples were
prepared in CDCl3 solution containing 1–2% tetramethyl-
silane (TMS) as internal standard. Chemical shifts are re-
ported in parts per million (d) relative to TMS. Coupling
constants (J) are measured in hertz (Hz). Elemental analyses
were conducted in a Carlo Erba CHN equipment by UFSC-
Central Analı́tica, Departamento de Quı́mica, Florian�opolis,
SC, Brazil. Purifications by column chromatography were
performed with silica gel (Aldrich, 100–200 mesh particle
size). Compounds 1a,b6,8a and 4a–c,e–i13,14 were fully char-
acterized spectroscopically (IR, 1H NMR, CHN) and showed
physical and spectral data in accordance with their expected
structure and by comparison with spectral data in literature.

4.2. Typical procedure for the synthesis of
2-(bromomethyl)-2-alkenoates (4)

To a stirred solution of a Baylis–Hillman adduct 2
(1.0 mmol) in 3.0 mL of acetonitrile at 25 �C were added

N3
O

OEt
N3 O O

N3

N3

7 8 109

Figure 1.
2.0 mmol of LiBr and 1.0 g of Amberlist-15� (Merck) and
stirring was continued for the time presented in Table 1.
The final mixture was filtered, the catalyst was rinsed with
CH2Cl2, and the filtrate was washed with H2O, satd
NaHCO3, and brine, dried over Na2SO4, filtered, and con-
centrated under reduced pressure. The resulting residue
was purified by chromatography on a short plug of silica
gel (hexane/ethyl acetate 9:1) to give the corresponding
methyl 2-(bromomethyl)-2-alkenoates 4 in the yields pre-
sented in Table 1 (not optimized). Solid products were puri-
fied by recrystallization with ethanol.

4.2.1. Methyl (2E,4E)-2-(bromomethyl)-5-phenyl-2,4-
pentadienoate (4d). Yellow solid; mp 86.1–86.6 �C; IR
(KBr): nmax 3017, 2942, 1711, 1604, 1236, 742 cm�1; 1H
NMR: d 3.85 (s, 3H), 4.47 (s, 2H), 7.03 (d, J¼15.5 Hz,
1H), 7.13 (dd, J¼15.5, 11.0 Hz, 1H), 7.36–7.41 (m, 3H),
7.51 (d, J¼11.0 Hz, 1H), 7.53–7.56 (m, 2H); 13C NMR:
d 24.7, 52.2, 122.4, 126.8, 127.5 (2�CAr), 128.9 (2�CAr),
129.6, 135.8, 142.7, 142.8, 166.3. Anal. Calcd for
C13H13BrO2 (%): C, 55.54; H, 4.66. Found: C, 55.93;
H, 5.01.

4.3. Typical procedure for the synthesis of
2-(azidomethyl)-2-alkenoates (1)

To a stirred solution of the allylic bromides 4 (1.0 mmol) in
4.0 mL of acetone/H2O (3:1) at 25 �C was added 2.0 mmol
of NaN3 and stirring was continued for a further 10 min.
The final mixture was diluted with CH2Cl2, washed with
H2O, and brine, dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The resulting residue was
purified by chromatography on a short plug of silica gel
(hexane/ethyl acetate 9:1) to give the corresponding methyl
2-(azidomethyl)-2-alkenoates 1 quantitatively.

4.3.1. Methyl (E)-2-(azidomethyl)-3-(2-naphthyl)-2-pro-
penoate (1c). Clear yellow oil; IR (neat): nmax 3065, 2998,
2951, 2926, 2850, 2109, 1709, 1626 cm�1; 1H NMR:
d 3.90 (s, 3H), 4.24 (s, 2H), 7.46–7.50 (m, 3H), 7.80–7.91
(m, 4H), 8.09 (s, 1H); 13C NMR: d 47.1, 52.4, 126.3, 126.6,
127.3, 127.6, 127.8, 128.4, 128.6, 129.8, 131.5, 133.0,
133.5, 144.5, 167.4. Anal. Calcd for C15H13N3O2 (%): C,
67.40; H, 4.90; N, 15.72. Found: C, 67.11; H, 4.88; N, 15.80.

4.3.2. Methyl (2E,4E)-2-(azidomethyl)-5-phenyl-2,4-pen-
tadienoate (1d). White solid; mp 59.2–59.6 �C; IR (KBr):
nmax 2946, 2105, 1705, 1615, 1283 cm�1; 1H NMR: d 3.84
(s, 3H), 4.24 (s, 2H), 7.00 (d, J¼15.0 Hz, 1H), 7.07 (dd,
J¼15.0, 10.5 Hz, 1H), 7.33–7.39 (m, 3H), 7.49–7.51 (m,
2H), 7.61 (d, J¼10.5 Hz, 1H); 13C NMR: d 46.2, 52.5,
122.4, 124.7, 127.8 (2�CAr), 129.1 (2�CAr), 129.8, 135.9,
143.2, 143.8, 167.5. Anal. Calcd for C13H13N3O2 (%): C,
64.19; H, 5.39; N, 17.27. Found: C, 64.53; H, 5.74; N, 16.91.

4.3.3. Methyl (E)-2-(azidomethyl)-3-(2-chlorophenyl)-2-
propenoate (1e). Clear yellow oil; IR (neat): nmax 3063,
2999, 2952, 2847, 2099, 1716, 1638 cm�1; 1H NMR:
d 3.90 (s, 3H), 4.09 (s, 2H), 7.32–7.45 (m, 4H), 8.04
(s, 1H); 13C NMR: d 46.9, 52.3, 126.7, 128.4, 129.5,
130.2, 130.4, 132.5, 134.1, 140.9, 166.7. Anal. Calcd for
C11H10ClN3O2 (%): C, 52.50; H, 4.01; N, 16.70. Found:
C, 52.34; H, 3.81; N, 16.58.
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4.3.4. Methyl (E)-2-(azidomethyl)-3-(4-nitrophenyl)-2-
propenoate (1f). Yellow solid; mp 102.5–103.5 �C; IR
(KBr): nmax 3107, 3082, 3006, 2955, 2110, 1722, 1633,
1514, 1263 cm�1; 1H NMR: d 3.92 (s, 3H), 4.14 (s, 2H),
7.59 (d, J¼8.0 Hz, 2H), 7.96 (s, 1H), 8.29 (d, J¼8.0 Hz,
2H); 13C NMR: d 46.5, 52.6, 123.7 (2�CAr), 129.8, 130.1
(2�CAr), 140.2, 141.3, 147.8, 166.5. Anal. Calcd for
C11H10N4O4 (%): C, 50.38; H, 3.84; N, 21.36. Found: C,
50.43; H, 4.04; N, 21.31.

4.3.5. Methyl (E)-2-(azidomethyl)-2-butenoate (1g) and
methyl 3-azido-2-methylenebutanoate (5g). Unstable oil,
obtained as a mixture with the corresponding isomer 5g in
90–95% purity (ratio 1g/5g w4:1); IR (neat): nmax 2993,
2954, 2853, 2107, 1717, 1652 cm�1; major isomer (1g)
exhibited the following spectral properties: 1H NMR:
d 1.93 (d, J¼7.0 Hz, 3H), 3.79 (s, 3H), 4.08 (s, 2H), 7.19
(q, J¼7.0 Hz, 1H); 13C NMR: d 14.9, 45.6, 52.0, 127.4,
143.9, 166.6. Data for minor isomer (5g): 1H NMR: d 1.36
(d, J¼6.5 Hz, 3H), 3.74 (s, 3H), 4.44 (q, J¼6.5 Hz, 1H),
5.81 (s, 1H), 6.30 (s, 1H); 13C NMR: d 19.3, 51.7, 56.6,
125.5, 139.8, 165.7.

4.3.6. Methyl (E)-2-(azidomethyl)-4-methyl-2-hexenoate
(1i). Unstable oil, obtained as a mixture with the correspond-
ing isomer 5i in 90–95% purity (ratio 1g/5gw9:1); IR (neat):
nmax 2962, 2930, 2875, 2105, 1719, 1646 cm�1; 1H NMR:
d 0.96 (t, J¼7.5 Hz, 3H), 1.06 (d, J¼3.5 Hz, 3H); 1.35–
1.52 (m, 2H), 2.41–2.51 (m, 1H), 3.83 (s, 3H), 4.05 (s,
2H), 6.85 (d, J¼10.5 Hz, 1H); 13C NMR: d 11.7, 20.0,
29.4, 35.2, 45.9, 52.4, 125.3, 154.0, 167.5.
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Abstract—Gb3 and isoGb3 are both biologically important oligosaccharides. A new efficient synthesis of Gb3 and isoGb3 trisaccharide
analogues has been achieved by one-pot sequential glycosylation strategy starting from simple monosaccharide building blocks promoted
by N-(phenylthio)-3-caprolactam at room temperature.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Glycosphingolipids1 are a class of naturally occurring bio-
active compounds usually embedded in the membrane of all
animal cells and some plant cells. The clinically important
blood group antigens and the immunologically relevant
tumor-associated antigens are examples of glycosphingo-
lipids. Gb3 glycolipid [a-D-Gal-(1/4)-b-D-Gal(1/4)-b-
D-Glc-1/O-ceramide] (Fig. 1) is highly enriched in Burkitt
lymphoma cell-lines, human teratocarcinoma, human
embryonal carcinoma, and other types of tumor cells, and
Gb3 glycolipid is also closely related to Fabry’s disease, a
lysosomal storage disorder caused by a deficiency of human
lysosomal a-galactosidase A.2
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.058
Gb3 also serves as a cell-surface receptor for Shiga-like
toxins (SLTs).3 Shiga-like toxins belong to a small but clini-
cally significant family of AB5 bacterial toxins. They consist
of a cytotoxic enzyme A subunit noncovalently linked to
a homopentameric cell-adhesion carrier, B5. The entry of
the enzymatic A subunit into the host cell relies on adhesion
of the B5 subunit to the cell membrane, a recognition that is
highly specific and mediated by multiple terminal trisaccha-
ride of Gb3, known as Pk-trisaccharide. Inhibition of inter-
actions between toxin B pentamer and its cell-surface
receptors hold a potential treatment for bacterial infections.

Another glycosphingolipid, isoGb3, also plays an important
role in many events.4 It was found to be associated with
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Figure 1. The structures of Gb3, isoGb3, and their methyl glycoside analogues 1a and 1b.
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malignant neoplasms4a,b and shown that the Gal(al-3)Gal
segment of many glycosphingolipids can act as an attach-
ment site for bacteria, bacterial toxins, and viruses.4c,d

Recently, isoGb3 was disclosed as an endogenous ligand
for human NKT cells.4f,g

Because of their biological significance as well as common
structures shared by various globo-series glycosphingo-
lipids, a number of Gb3/isoGb3 tri- and di-saccharide ana-
logues have been synthesized.5 However, in the reported
chemical syntheses of Gb3 and isoGb3, the trisaccharide
donors are normally prepared in 17–19 steps due to the
tedious functional group manipulations and glycosylations,
more efficient synthetic routes to the trisaccharide analogues
are still needed. Herein we wish to report a new synthesis
of the methyl glycosides 1a and 1b (Fig. 1), using one-pot
sequential glycosylation strategy.

2. Results and discussion

Oligosaccharide synthesis by one-pot sequential glycosyla-
tion strategy6 is one of the efficient routes for saccharide
assembly. Recently many important oligosaccharides such as
fucosyl GM1,7 Globo-H,8 Lewis Y,9 antigen N3 minor glyco-
side,10 and a-Gal epitopes11 have been synthesized using
one-pot method. Promoters play an important role in the one-
pot synthesis. There are many promoters available includ-
ing dimethyl-(thiomethyl)sulfonium triflate (DMTST),12

N-iodosuccinimide/triflic acid (NIS/TfOH),13 phenyl-
sulfenyl chloride and silver triflate (PhSCl/AgOTf),14 and
1-benzenesulfinylpiperidine and triflic anhydride (BSP/
Tf2O),15 but all of them have to be employed under low tem-
perature (�78 �C to 0 �C) conditions. Very recently, a new
promoter, N-(phenylthio)-3-caprolactam (Fig. 2), has been
reported by Wong’s group.16 This reagent can be used at room
temperature to promote the glycosyl coupling reactions. We
decided to make the trisaccharides 1a and 1b with this new
promoter by one-pot glycosylation procedure.

For the synthesis of the target trisaccharides, we chose thio-
glycosides as glycosyl donors because they are stable enough
in storage and can be activated by a variety of promoters
including N-(phenylthio)-3-caprolactam. The retrosynthetic
analysis of 1a and 1b is shown in Figure 3. For the synthesis
of 1a, the perbenzylated thiogalactoside 2 and 2,3-O-
benzoylated-6-O-benzylated thiogalactoside 3 are chosen
as the first and second components, and the methyl glucoside
4 is selected as the third component. For the synthesis of 1b,
thiogalactoside 5 is used as the second building block instead
of 3. All the designed building blocks are very simple with
the widely used benzyl/benzylidene and benzoyl functional-
ities as the hydroxyl protecting groups.

The galactosyl donor 26a was prepared from galactose penta-
acetate in a three-step process as shown in Scheme 1.

N

O
S

A

Figure 2. The structure of N-(phenylthio)-3-caprolactam.
Treatment of the peracetylated galactose 6 with thiocresol
in the presence of BF3$Et2O followed by O-deacetylation
with NaOMe afforded compound 7.17 O-Benzylation of 7
provided the desired galactosyl donor 2 in 84% isolated
yield.

The synthesis of galactosyl building block 36a began from
compound 7 in three steps as shown in Scheme 2. Treatment
of 7 with benzaldehyde dimethyl acetal and a catalytic
amount of DL-10-camphorsulfonic acid (CSA) in aceto-
nitrile yielded the 4,6-O-benzylidene derivative 8.18 The
remaining free hydroxyl groups of 8 were benzoylated to
afford fully protected saccharide 9,18 which was subjected
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Figure 3. The retrosynthesis of trisaccharides 1a and 1b.
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Scheme 2. Synthesis of galactosyl donor–acceptors 3 and 5. Reagents and
conditions: (a) benzaldehyde dimethyl acetal, CSA, MeCN, 81%; (b)
BzCl, pyridine, 74%; (c) NaCNBH3, HCl$Et2O, THF, 93%; (d) BzCl,
Ag2O, KI, DCM, 50%.
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NaH, DMF, 84%.
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to regioselective reductive cleavage by treatment with
NaCNBH3 in the presence of etheral hydrochloride, provid-
ing the acceptor–donor 3 with the 4-OH exposed. On the
other hand, diol 8 was regioselectively benzoylated to obtain
the desired building block 519,6a with the 3-OH free in 50%
isolated yield.

The synthesis of acceptor 4 (Scheme 3) started from methyl
glucoside 10. After 4,6-O-benzylidenation of 10, the remain-
ing two OH groups of 1120 were benzylated to provide 12.21

Compound 12 was then transformed into the 4-OH free
derivative 422 with NaCNBH3/HCl$Et2O in 90% isolated
yield.

With all these building blocks in hand, glycosylations be-
tween the donors and acceptors were explored. The coupling
reaction of donor 2 and acceptor 3 at room temperature with
N-(phenylthio)-3-caprolactam/Tf2O as the promoter was
firstly tried. Although it was often thought that the 4-OH
of galactose moiety is not easy to couple with glycosyl do-
nors, we successfully obtained the desired disaccharide 13
in 87% isolated yield (Scheme 4). It is also noteworthy
that only the desired a-anomer was obtained in the glycosyl-
ation of 2 with 3. The configuration of the newly formed
glycosidic linkage was confirmed by the 1H NMR coupling
constant of the anomeric proton H-1 (3.5 Hz). The success-
ful preparation of disaccharide 13 indicated that N-(phenyl-
thio)-3-caprolactam/Tf2O can serve as the promoter for
stereoselective glycosylation. We next focused on applying
this promoter to the one-pot synthesis of trisaccharide 14.
Consecutive coupling of p-tolyl thiogalactosides 2 and 3,
and methyl glucoside 4 in dichloromethane at room temper-
ature produced trisaccharide 14 smoothly in 47% isolated
yield (Scheme 4). Finally, global deprotection of 14 was
performed in two steps: the benzoyl group was removed
with NaOMe in methanol, and the benzyl functionality
was cleaved with Pd/C catalyzed hydrogenolysis. The target
trisaccharide 1a was obtained in 80% yield from 14.

Similarly, for the synthesis of isoGb3 trisaccharide 1b, we
also checked the two-component coupling reaction of 2
and 5, and we obtained disaccharide 15 in 90% isolated yield
(Scheme 5). After successful preparation of disaccharide 15,
the one-pot sequential glycosylations of building blocks 2
and 5, and methyl glucoside 4 were performed at room tem-
perature, leading to trisaccharide 16 in 50% isolated yield
(Scheme 5). Global deprotection of 16 was carried out in
the same way as above-mentioned to provide the target
trisaccharide 1b in 90% yield.

The structures of 1a and 1b, as well as the correct anomeric
configuration of each glycosidic linkage were confirmed by
their 1H NMR, 13C NMR, and HRMS analyses.

3. Conclusion

In conclusion, the trisaccharide analogues of Gb3 and isoGb3

were synthesized in an efficient way with high stereoselec-
tivity by one-pot sequential glycosylation strategy using
very common building blocks. Importantly, all the glycosyl
coupling reactions were carried out at room temperature in
the presence of N-(phenylthio)-3-caprolactam/Tf2O.

4. Experimental

4.1. General methods

All reactions were carried out under an atmosphere of
nitrogen unless noted otherwise. All solvents were dried
and distilled by standard techniques. Analytical thin-layer
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chromatography (TLC) was performed on silica gel 60 F254

(E. Merck Co.). Compounds spots were visualized by UV
light and/or by staining with an ethanol solution of phospho-
molybdic acid and cerium sulfate. Column chromatography
was performed on silica gel (200–300 mesh, Qingdao Chem-
ical Industry). NMR spectra were recorded with Varian
INOVA-500 spectrometer. Chemical shifts were referenced
to the internal TMS. Mass spectra were recorded on a PE
SCLEX QSTAR spectrometer.

Optical rotations were measured with an AA-10R automatic
polarimeter.

4.2. Synthesis

4.2.1. p-Methylphenyl 2,3-di-O-benzoyl-6-O-benzyl-4-O-
(20,30,40,60-tetra-O-benzyl-a-D-galactopyranosyl)-1-thio-
b-D-galactopyranoside (13). To a solution of 2 (100.0 mg,
0.155 mmol), 3 (90.5 mg, 0.155 mmol), and N-(phenyl-
thio)-3-caprolactam (34.0 mg, 0.155 mmol) in CH2Cl2
(45 mL) was added 4 Å molecular sieves (600.0 mg). The
mixture was stirred for 2 h at room temperature, and then
Tf2O (43.7 mg, 0.155 mmol) was added. The resulting mix-
ture was stirred at room temperature for 0.5 h. The course of
the reaction was monitored by TLC. Et3N (0.5 mL) was then
added to the mixture. The precipitate was filtered off and the
filtrate was concentrated. The residue was purified by
column chromatography on silica gel (petroleum ether/ethyl
acetate 5:1) to give 13 (137.1 mg, 87%) as a thick oil.
1H NMR (500 MHz, CDCl3): d 2.19 (s, 3H), 2.92–2.95 (m,
1H), 3.33 (t, 1H, J¼9.0 Hz), 3.71–3.74 (m, 1H), 3.87–3.95
(m, 2H), 3.98–4.09 (m, 6H), 4.25–4.30 (m, 2H), 4.39 (d,
1H, J¼2.5 Hz), 4.46 (d, 1H, J¼11.0 Hz), 4.66 (d, 1H,
J¼12.0 Hz), 4.75 (d, 1H, J¼11.5 Hz), 4.79 (d, 1H, J¼
11.5 Hz), 4.83 (d, 1H, J¼11.0 Hz), 4.88 (d, 1H, J¼3.5 Hz,
H-10), 4.90 (d, 1H, J¼11.5 Hz), 5.23 (dd, 1H, J¼2.5 Hz,
10.0 Hz), 5.69 (t, 1H, J¼10.0 Hz), 6.96 (d, 2H, J¼8.0 Hz),
7.18–7.45 (m, 32H, Ar-H), 7.48–7.51 (m, 1H), 7.88–7.90
(m, 2H), 7.94–7.96 (m, 2H); 13C NMR (125 MHz, CDCl3):
d 21.38, 67.66, 68.18, 69.53, 69.63, 72.64, 73.15, 73.33,
74.28, 74.95, 75.18, 75.70, 76.91, 78.54, 78.96, 86.15,
100.21, 127.31, 127.36, 127.45, 127.54, 127.63, 127.94,
128.07, 128.19, 128.34, 128.08, 129.50, 129.68, 129.91,
130.07, 133.16, 133.67, 133.98, 138.30, 138.69, 138.87,
165.10, 166.28. HRMS (ESI) Anal. Calcd for C68H66NaO12S
[M+Na]+: 1129.4167; found: 1129.4168.

4.2.2. Methyl 2,3,6-tri-O-benzyl-4-O-[20,30-di-O-benzoyl-
60-O-benzyl-40-O-(200,300,400,600-tetra-O-benzyl-a-D-galacto-
pyranosyl)-b-D-galactopyranosyl]-b-D-glucopyranoside
(14). After a mixture of donor 2 (100.0 mg, 0.155 mmol),
acceptor 3 (90.5 mg, 0.155 mmol), N-(phenylthio)-3-capro-
lactam (34.0 mg, 0.155 mmol) and 4 Å molecular sieves
(600.0 mg) in CH2Cl2 (45 mL) was stirred for 2 h at room
temperature, Tf2O (43.7 mg, 0.155 mmol) was added via
a syringe. After 0.5 h, TLC indicated that both the donor
and acceptor were consumed completely, 4 (72.0 mg,
0.155 mmol) and N-(phenylthio)-3-caprolactam (34.0 mg,
0.155 mmol) were then added into the flask. The reaction
mixture was stirred for another 10 min, and Tf2O
(43.7 mg, 0.155 mmol) was added. After stirring for 1 h,
the reaction was quenched with Et3N (0.5 mL) and all insol-
uble materials were removed by filtration. The filtrate was
concentrated and the residue was purified by column chro-
matography on silica gel (petroleum ether/ethyl acetate 5:1
to 2:1) to provide 14 (104.9 mg, 47%) as a thick oil. [a]D

20

8.0 (c 0.0025, CHCl3); 1H NMR (500 MHz, CDCl3):
d 2.93–2.96 (m, 1H), 3.26–3.29 (m, 1H), 3.33–3.37 (m,
2H), 3.48 (s, 3H), 3.52–3.62 (m, 4H), 3.68–3.70 (m, 1H),
3.93–4.01 (m, 3H), 4.05–4.07 (m, 3H), 4.10–4.12 (m, 1H),
4.19 (d, 1H, J¼8.0 Hz, H-1), 4.20–4.43 (m, 7H), 4.51–
4.59 (m, 3H), 4.62–4.65 (m, 2H), 4.73 (d, 1H, J¼11.5 Hz),
4.78–4.85 (m, 3H), 4.91 (d, 1H, J¼3.5 Hz, H-100), 4.94 (d,
1H, J¼8.0 Hz, H-10), 5.03–5.07 (m, 2H), 5.74 (dd, 1H,
J¼7.5 Hz, 10.5 Hz), 7.14–7.38 (m, 46H), 7.46–7.49 (m,
1H), 7.86–7.89 (m, 3H); 13C NMR (125 MHz, CDCl3):
d 56.94, 67.40, 67.80, 68.18, 69.48, 70.68, 72.33, 72.87,
73.00, 73.35, 73.74, 74.09, 74.34, 74.72, 74.88, 75.64,
76.24, 79.10, 81.86, 82.33, 100.66, 100.84, 104.44,
127.22, 127.35, 127.44, 127.50, 127.76, 127.89, 127.96,
128.02, 128.12, 128.19, 128.30, 128.42, 129.30, 129.56,
129.83, 133.06, 133.15, 138.19, 138.40, 138.61, 138.76,
138.92, 139.18, 165.15, 166.44. HRMS (ESI) Anal. Calcd
for C89H90NaO18 [M+Na]+: 1469.6019; found: 1469.6013.
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4.2.3. Methyl 4-O-[40-O-(a-D-galactopyranosyl)-b-D-gal-
actopyranosyl]-b-D-glucopyranoside (1a). To a solution
of compound 14 (45.0 mg, 0.03 mmol) in MeOH (10 mL)
was added NaOMe/MeOH (30 wt %, 0.4 mL), and the reac-
tion mixture was stirred for 8 h at room temperature. The
mixture was neutralized (H+ resin, weak acid). The resin
was filtered off and the filtrate was concentrated. The result-
ing residue was dissolved in THF/AcOH/H2O (v/v 2:2:1,
10 mL) and then Pd/C (10.0 mg) was added. The reaction
mixture was stirred under H2 atmosphere for 24 h. The
Pd/C was filtered off and the filtrate was concentrated. The
product was purified by C-18 reverse-phase column chro-
matography to give 1a (12.9 mg, 80%) as an oil. [a]D

20 17.7
(c 0.00338, H2O/CH3OH 1:2); 1H NMR (500 MHz, D2O):
d 3.27–3.31 (m, 1H), 3.56 (s, 3H), 3.57–3.60 (m, 2H),
3.60–3.64 (m, 2H), 3.67–3.73 (m, 3H), 3.75 (d, 1H,
J¼3.0 Hz), 3.77–3.79 (m, 1H), 3.79–3.87 (m, 4H), 3.87–
3.94 (m, 2H), 4.00 (d, 1H, J¼7.5 Hz), 4.02–4.04 (m, 2H),
4.35 (t, 1H, J¼6.0 Hz), 4.40 (d, 1H, J¼8.0 Hz, H-10), 4.50
(d, 1H, J¼7.5 Hz, H-1), 4.94 (d, 1H, J¼4.0 Hz, H-100);
13C NMR (125 MHz, D2O): d 57.95, 60.76, 61.12, 61.27,
69.31, 69.70, 69.86, 71.57, 71.66, 72.91, 73.62, 75.19,
75.55, 76.17, 78.10, 79.40, 101.05, 103.77, 104.10. HRMS
(ESI) Anal. Calcd for C19H34NaO16 [M+Na]+: 541.1739;
found: 541.1728.

4.2.4. p-Methylphenyl 2-O-benzoyl-4,6-O-benzylidene-3-
O-(20,30,40,60-tetra-O-benzyl-a-D-galactopyranosyl)-1-thio-
b-D-galactopyranoside (15). To a solution of 2 (100.0 mg,
0.155 mmol), 5 (74.1 mg, 0.155 mmol), and N-(phenylthio)-
3-caprolactam (34.0 mg, 0.155 mmol) in CH2Cl2 (45 mL)
was added 4 Å molecular sieves (600.0 mg), and the mixture
was stirred for 2 h at room temperature. Tf2O (43.7 mg,
0.155 mmol) was then added, and the reaction mixture was
stirred at room temperature for 0.5 h. The course of the reac-
tion was monitored by TLC. Et3N (0.5 mL) was then added to
the mixture. The precipitate was filtered off and the filtrate was
concentrated. The residue was purified by column chromato-
graphy on silica gel (petroleum ether/ethyl acetate 5:1) to give
15 (134.9 mg, 90%) as an oil. 1H NMR (500 MHz, CDCl3):
d 2.32 (s, 3H), 3.17–3.25 (m, 2H), 3.41 (s, 2H), 3.63 (dd,
1H, J¼3.0 Hz, 10.0 Hz), 3.82 (t, 1H, J¼6.5 Hz), 3.92–3.96
(m, 2H), 4.00 (dd, 1H, J¼3.0 Hz, 10.0 Hz), 4.25 (d, 1H,
J¼10.5 Hz), 4.31–4.47 (m, 6H), 4.56 (d, 1H, J¼11.5 Hz),
4.62 (d, 1H, J¼12.0 Hz), 4.72 (d, 1H, J¼10.0 Hz, H-1),
4.77 (d, 1H, J¼11.5 Hz), 5.05 (d, 1H, J¼3.5 Hz, H-10), 5.38
(s, 1H), 5.60 (t, 1H, J¼9.5 Hz), 6.96–7.42 (m, 32H, Ar-H),
8.02 (d, 2H, J¼8.0 Hz); 13C NMR (125 MHz, CDCl3):
d 21.25, 68.66, 68.98, 69.34, 69.84, 69.91, 71.80, 72.17,
73.11, 73.23, 74.57, 74.94, 75.53, 75.80, 78.59, 85.44,
94.64, 101.04, 126.55, 127.25, 127.30, 127.38, 127.46,
127.55, 127.66, 127.80, 128.06, 128.10, 128.14, 128.22,
128.29, 128.89, 129.46, 129.81, 130.07, 132.92, 134.16,
137.66, 138.08, 138.28, 138.54, 138.66, 138.80, 164.63. MS
(ESI) Anal. Calcd for C61H64NO11S [M+NH4]+: 1018.4;
found: 1018.7.

4.2.5. Methyl 2,3,6-tri-O-benzyl-4-O-[20-O-benzoyl-40,60-
O-benzylidene-30-O-(200,300,400,600-tetra-O-benzyl-a-D-gal-
actopyranosyl)-b-D-galactopyranosyl]-b-D-glucopyrano-
side (16). After a mixture of donor 2 (100.0 mg, 0.155 mmol),
acceptor 5 (74.1 mg, 0.155 mmol), N-(phenylthio)-3-capro-
lactam (34.0 mg, 0.155 mmol) and 4 Å molecular sieves
(600.0 mg) in CH2Cl2 (45 mL) was stirred for 2 h at room
temperature, Tf2O (43.7 mg, 0.155 mmol) was added via a
syringe. After 0.5 h, TLC indicated that both the donor and
acceptor were consumed completely, 4 (72.0 mg, 0.155 mmol)
and N-(phenylthio)-3-caprolactam (34.0 mg, 0.155 mmol)
were then added. After stirring for another 10 min, Tf2O
(43.7 mg, 0.155 mmol) was added. After stirring for 1 h, the
reaction was quenched with Et3N (0.5 mL) and all insoluble
materials were removed by filtration. The filtrate was concen-
trated and the residue was purified by column chromatography
on silica gel (petroleum ether/ethyl acetate 3:1) to give 16
(103.9 mg, 50%) as a thick oil. [a]D

20 6.2 (c 0.0030, CHCl3);
1H NMR (500 MHz, CDCl3): d 2.97 (s, 1H), 3.16 (dd, 1H,
J¼6.0 Hz, 9.0 Hz), 3.22–3.28 (m, 2H), 3.39 (t, 1H,
J¼7.5 Hz), 3.46–3.48 (m, 5H), 3.60–3.68 (m, 4H), 3.73 (d,
1H, J¼11.0 Hz), 3.79 (dd, 1H, J¼3.5 Hz, 10.0 Hz), 3.84 (t,
1H, J¼6.5 Hz), 3.88–3.91 (m, 1H), 3.94–3.97 (m, 1H),
4.11–4.26 (m, 6H), 4.35 (t, 2H, J¼12.0 Hz), 4.42–4.53 (m,
4H), 4.58–4.63 (m, 2H), 4.69 (d, 1H, J¼6.0 Hz), 4.77–4.86
(m, 4H), 5.04 (d, 1H, J¼3.5 Hz, H-100), 5.10 (d, 1H,
J¼11.0 Hz), 5.32 (s, 1H), 5.61 (dd, 1H, J¼8.5 Hz, 10.0 Hz),
7.06–7.38 (m, 40H), 7.48–7.50 (m, 3H), 7.97–7.99 (m, 2H);
13C NMR (125 MHz, CDCl3): d 56.95, 66.60, 68.36, 68.73,
68.80, 69.84, 71.37, 72.13, 72.26, 73.09, 73.14, 73.22,
74.41, 74.64, 74.68, 74.92, 75.26, 75.48, 75.84, 77.64,
78.58, 81.96, 83.03, 95.55, 100.95, 101.20, 104.48, 126.39,
127.09, 127.29, 127.37, 127.45, 127.49, 127.58, 127.65,
127.81, 127.91, 127.99, 128.09, 128.15, 128.23, 128.34,
128.41, 128.70, 129.76, 129.85, 133.01, 137.77, 138.16,
138.46, 138.60, 138.65, 138.78, 139.07, 164.69. HRMS
(ESI) Anal. Calcd for C82H88NO17 [M+NH4]+: 1358.6047;
found: 1358.6053.

4.2.6. Methyl 4-O-[30-O-(a-D-galactopyranosyl)-b-D-gal-
actopyranosyl]-b-D-glucopyranoside (1b). To a solution
of compound 16 (40.2 mg, 0.03 mmol) in MeOH (10 mL)
was added NaOMe/MeOH (30 wt %, 0.4 mL), and the reac-
tion mixture was stirred for 8 h at room temperature. The
mixture was neutralized (H+ resin, weak acid). The resin
was filtered off and the filtrate was evaporated in vacuum.
The resulting residue was dissolved in THF/AcOH/H2O
(v/v 2:2:1, 10 mL) and then Pd/C (10.0 mg) was added.
The reaction mixture was stirred under H2 atmosphere for
24 h. The Pd/C was filtered off and the filtrate was concen-
trated. The product was purified by C-18 reverse-phase
column chromatography to give 1b (13.9 mg, 90%) as an
oil. [a]D

20 20.1 (c 0.00579, H2O/CH3OH 1:2); 1H NMR
(500 MHz, D2O): d 3.29–3.30 (m, 1H), 3.58 (s, 3H), 3.61–
3.63 (m, 1H), 3.65–3.68 (m, 3H), 3.71–3.87 (m, 8H),
3.94–4.02 (m, 3H), 4.18–4.21 (m, 2H), 4.41 (d, 1H,
J¼8.0 Hz, H-1), 4.52 (d, 1H, J¼7.5 Hz, H-10), 5.14 (d, 1H,
J¼4.0 Hz, H-100); 13C NMR (125 MHz, D2O): d 57.98,
60.88, 61.68, 61.74, 65.56, 68.95, 69.89, 70.03, 70.33,
71.59, 73.52, 75.21, 75.49, 75.80, 77.96, 79.38, 96.19,
103.60, 103.83. HRMS (ESI) Anal. Calcd for
C19H34O16Na [M+Na]+: 541.1739; found: 541.1748.
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Abstract—Various cyclic meso-imides have been desymmetrised via enantioselective reduction using two chiral oxazaborolidine catalysts
derived from (1R,2S)-cis-1-amino-indan-2-ol followed by the reduction of the hydroxylactam product to give the g-lactam. The enantiomeric
excesses were shown to be 27–99% by chiral HPLC and chiral GC of the g-lactam products with the nitrogen substituent playing a pivotal role
in determining yield and selectivity.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Desymmetrisation of meso-compounds is a powerful and
versatile strategy in asymmetric synthesis as the differentia-
tion of two enantiotopic groups facilitates the formation of
multiple stereocentres in a single transformation.1 There
have been several previous reports of the catalytic desym-
metrisation of meso-imides using oxazaborolidines derived
from a,a-diphenylprolinol (CBS catalyst, Scheme 1).2
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O

Ph
Ph

Me

H

1

N

O

O
Ph

H

H

(i) 50 mol% 1
BH3.THF

(ii) EtOH, H+

N

O

OEt
Ph

H

H

73% over 2 steps
75% ee

Scheme 1. Desymmetrisation of meso-imides using a CBS catalyst.

Loadings of catalyst 1 of 50 mol % were required to main-
tain high yields and selectivities although lower loadings
could be used but this was sensitive to the nature of the nitro-
gen substituent, N-phenyl substrates requiring 10 mol %
catalyst to achieve an ee of 68%. The role played by the
nitrogen substituent on the ee was also noted by Kang et al.
who used catalytic thiazazincolidine complexes to reduce

Keywords: Asymmetric reduction; Oxazaborolidine; Catalysis; Imides.
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related systems.3 In this case, N-aryl groups gave better
selectivities than N-benzyl at catalyst loading of 20 mol %,
with N-phenyl providing the better ee over the more steri-
cally demanding N-2,6-dichlorophenyl (86% ee vs 50% ee).

Previous work from this group has described the use of
various B-substituted oxazaborolidines 2 and 3 derived
from (1R,2S)-cis-1-amino-indan-2-ol as catalysts for the
asymmetric reduction of prochiral ketones (Fig. 1).4 Follow-
ing from this work, various N-substituted oxazaborolidines 4
(R¼Me, Et and Bn) were probed as possible catalysts for
the catalytic desymmetrisation of meso-imides. The results
showed that the unsubstituted oxazaborolidine 2 proved to
be the most efficient.5

Although B-OMe oxazaborolidines such as catalyst 3 have
been shown to be successful in the asymmetric reduction
of various prochiral ketones,6 their use in imide reduction
has not yet been explored. Herein we describe their appli-
cation in the desymmetrisation of various cyclic meso-
imides and further investigate the effect that the changing

O
B

H
N Me

O
B

H
N OMe

O
BN Me

R

32 4

R=Me, Et, Bn

Figure 1. cis-1-Amino-indan-2-ol derived oxazaborolidines.
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N-substituent has on the enantioselectivity of this type of
asymmetric reduction.

2. Results and discussion

2.1. Substrate synthesis

Various N-substituted hexahydroisolidine-1,3-diones 5a–f
were prepared via two different methods starting from either
the corresponding dicarboxylic acid or the carboxylic acid
anhydride. This methodology, however, could not be applied
to the N-methyl 5g derivative, which was prepared from the
corresponding N-methylmaleimide by Diels–Alder reaction
with 1,3-butadiene followed by hydrogenation (Scheme 2).

N
Me

OO N Me

O

O

H

H

N Me

O

O

H

H
5g

60% over 2 steps

toluene
rt

5% Pd/C, H2

EtOH

Scheme 2.

The first method involved application of a previously re-
ported procedure for the Lewis acid and hexamethyldisila-
zane (HMDS) promoted condensation between a primary
amine and cyclohexane-1,2-dicarboxylic acid anhydride
(Scheme 3, Table 1).7 This method proved to be useful in
the synthesis of all the required substrates, however, with
bulky and highly electron deficient amines the yield was
reduced considerably. However, this method accessed the
required products in good yields.
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1 eq. RNH2 1.5 eq. HMDS
toluene 1.0 eq. ZnCl2

Δ, 2 h

Scheme 3.

The second method employed for the synthesis of the meso-
imides 5 used a microwave promoted condensation between
various primary amines and cis-cyclohexane-1,2-dicarb-
oxylic acid (Scheme 4).8 For this a mixture of both the amine
and dicarboxylic acid were subjected to microwave radiation
in a domestic microwave oven for various periods of time
(Table 2).

CO2H

CO2H
N R

O

O

H

H
5a-c,e,f

RNH2
μw

Scheme 4.

Table 1. meso-Imide preparation using ZnCl2/HMDS promoted conditions

Entry Amine Product Yield (%)

1 BnNH2 5a 55
2 PhNH2 5b 81
3 (p-OMe)PhNH2 5c 88
4 (p-NO2)PhNH2

a 5d 15
5 CH2]CHCH2NH2 5e 69
6 t-BuNH2 5f 33

a Reflux overnight instead of 2 h.
Imide 5d could not be prepared in this manner, since micro-
wave irradiation caused rapid heating and volatilisation of
the aniline, presumably due to the ability of this dipolar
molecule to efficiently absorb this radiation. Use of the
microwave procedure enabled large amounts of the desired
starting materials to be prepared quickly and efficiently in
comparison to the ZnCl2/HMDS promoted conditions, which
took considerably longer due to prolonged purification pro-
cedures to remove impurities. However, the yield of the
microwave reactions was considerably reduced, providing
a trade-off between yield of product and speed of synthesis.

2.2. Desymmetrisation

Both oxazaborolidine catalysts vary in the method of prepa-
ration prior to their use in the reaction. Catalyst 2 is made
separately prior to use from trimethylboroxine and cis-1-
amino-indan-2-ol but is only stable for approximately 48 h
under a nitrogen atmosphere. Conversely catalyst 3 can be
made in situ from trimethyl borate and cis-1-amino-indan-
2-ol. Hexahydroisolidinediones 5a–g were firstly treated
with 10 mol % of either catalyst 2 or 3 and 1 equiv of
BH3$THF at 25 �C for 18 h to yield a mixture of the optically
active 5-hydroxy-2-pyrrolidinones 6 (Scheme 5). In order to
simplify analysis, the crude mixture was immediately treated
with TFA and Et3SiH to give the g-lactam 7, which was
isolated after silica gel chromatography. The enantiomeric
excess was then established via either chiral HPLC or
chiral GC.
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Scheme 5.

Results indicated that both catalysts were as equally effec-
tive in terms of enantioselectivity of the lactam obtained
(Table 3), but in all cases there was a marked difference in
the yield of the reaction with the B-OMe catalyst 3 in com-
parison to the B-Me catalyst 2. This is probably due to the
reduced Lewis acidity of the boron centre by the additional
oxygen substituent, therefore, retarding the rate of reduction.
As previously observed, no background reaction was
observed with BH3$THF, although this was not the case
with BH3$DMS.5

Several important points were observed in terms of the yield
of product. For alkyl substituents 5a,e–g low yields were
obtained for both allyl 5e and tert-butyl 5f groups, probably
resulting in competitive hydroboration of the alkene for the
former. In the case of the large tert-butyl group 5f, poor

Table 2. meso-Imide synthesis via microwave promoted conditions

Entry Amine Time (min) Product Yield (%)

1 BnNH2 15 5a 50
2 PhNH2 25 5b 60
3 (p-OMe)PhNH2 25 5c 33
4 CH2]CHCH2NH2 10 5e 48
5 t-BuNH2 20 5f 17
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binding to the catalyst due to the steric bulk may be respon-
sible for the low yield, which is also reflected in the poor
enantioselectivity observed for this substrate. Both benzyl
5a and methyl 5g gave comparable yields, which is not sur-
prising since the benzyl group can adopt a conformation
which places the phenyl group away from the catalyst, effec-
tively mimicking a methyl group.

Those substrates with N-Ph and N-p-MeOPh groups gave
slightly reduced yields, while N-p-NO2Ph was very dis-
appointing. With all of these substrates a significant amount
of a doubly reduced product 8 (Fig. 2) was obtained, with
more being isolated from the reaction with N-p-NO2Ph
imide 5d (Table 4). The lower yield for all of these N-aryl
substrates is probably a reflection of the ability of the aro-
matic ring to engage the lone pair of the nitrogen atom,
reducing the amide character of the imide, making these
more ‘ketone-like’ and more prone to reduction. In the case
of the p-NO2Ph substituent, the additional electron with-
drawing group further accentuates this effect. This was
confirmed from the 1H NMR spectrum of the crude hydroxy-
lactam 6d, where approximately 10% of double reduction
product was observed, demonstrating the susceptibility of
this system to reduction.

The identity of the major enantiomer formed in each case
was determined by comparison of the specific rotation
with those in the literature and by conversion of the inter-
mediate hydroxylactam 6 to the lactone 9 via an established
protocol (Scheme 6, Table 5). This additionally allowed the
ee of the asymmetric reduction to be confirmed by a second
independent method. In all these cases the major enantiomer
formed was found to be the (3aS,7aR).

Table 3. Reductions of meso-imides 5a–g using catalysts 2 and 3

Entry Imide Catalyst 2 Catalyst 3

Yield of 7 (%)a ee Yield of 7 (%)a ee

1 5a 57 84b 53 82b

2 5b 49 99b 23 99b

3 5c 41 99b 28 99b

4 5d 24 99b 9 99b

5 5e 24 33c 24 32c

6 5f 19 0c 21 0c

7 5g 52 75c 30 70c

a Refers to yield after two-step procedure.
b ee Determined by HPLC.
c ee Determined by GC.

N

H

H

X

8b-d

Figure 2.

Table 4. Yield of double reduction product with catalysts 2 and 3a

Entry Substrate Product Catalyst 2

1 5b 8b 16
2 5c 8c 18
3 5d 8d 52

a Refers to yield of 8b–d after the two-step procedure depicted in Scheme 5.
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(ii) 2M H2SO4

(i) NaBH4
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Scheme 6.

Although the enantioselectivities observed with either cata-
lyst are nearly identical, a significant variation in ee was ob-
served with different nitrogen substituents. In general, little
variation of ee was observed with alkyl substituents 5a and
5e, since each of these groups appear identical when bound
to the catalyst, the selectivity with the benzyl imide 5a again
resulting from this substrate adopting a conformation that
locates the aromatic ring away from the catalyst.

The lower ee with the allyl group 5e probably results from
hydroboration of the alkene, which can then act as a compet-
itive reagent and/or hydride source for reduction. Somewhat
surprisingly, the more bulky tert-butyl group 5f gave race-
mic material. As previously noted, the large steric bulk of
this substrate probably inhibits tight binding to the catalyst
thus resulting in a looser transition state and hence non-
selective reduction. More pleasingly though, all of the
N-phenyl substrates 5b–d gave a single enantiomer of prod-
uct irrespective of the electronic nature of the phenyl group.

The selectivities at first appear to support the previously pro-
posed model with the prolinol derived catalyst (Fig. 3).2 In
this model, the fused ring system is considered as the small
substituent (Rs) with the nitrogen moiety considered the
large group (RL). The N-phenyl substrates have sufficient
free rotation to allow them to adopt a conformation ortho-
gonal to the carbonyl groups similar to that proposed by
Kang,3 thus allowing optimum binding to the catalyst. It is
important to note that the previously proposed model should
not be blindly adopted, since making the nitrogen substituent
as big as possible should result in excellent selectivity, while

Table 5. Formation of lactone 9 using catalyst 2

Entry Imide Yield of 9 (%)a eeb

1 5a 62 88
2 5b 40 99
3 5e 25 31
4 5f 23 0
5 5g 37 75

a Refers to yield after two-step procedure.
b ee Determined by GC.
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Figure 3. Model for the proposed selectivity.
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in reality the tert-butyl substrate gives by far the worst selec-
tivity and yield.

3. Conclusion

We have shown oxazaborolidines 2 and 3 to be effective cat-
alysts for the enantioselective reduction of a series of meso-
imides, with the B-methyl catalyst 2 providing better yields
of product. More importantly we have also demonstrated
that varying the nitrogen substituent on the imide greatly
affects the level of enantioselectivity observed with N-aryl
groups providing single enantiomers of product, the selectiv-
ities far exceeding those ever previously obtained with
similar catalysts and conditions.

4. Experimental

4.1. General

All solvents were obtained dry from a Grubbs dry solvent
system and glassware was flame dried and cooled under
vacuum before use. All reactions were carried out under
nitrogen. TLC was carried out using Merck aluminium TLC
sheets (silica gel 60 F254), visualisation of TLC plates was
performed using a UV lamp or by dipping in KMnO4 then
exposure to heat. Flash column chromatography was carried
out with Silica Gel 40–63u 60A (Fluorochem Ltd.). 1H and
13C NMR spectra were measured using CDCl3 as a solvent
unless otherwise stated, on a Bruker AC250 machine with an
automated sample changer. Chemical shifts for carbon and
hydrogen are given on the d scale relative to TMS (tetra-
methylsilane, d¼0 ppm). Coupling constants were measured
in hertz. 13C NMR spectra were recorded using the JMOD
method. Specific rotations were performed on an Optical
Activity Ltd. AA-10 automatic polarimeter at 589 nm (Na
D-Line) and measured at 20 �C unless otherwise stated.
[a]D Values are given in 10�1 deg cm2 g�1. Infrared spectra
were recorded on a Perkin–Elmer 1600 FT-IR machine using
0.5 mm NaCl cells and mass spectra were recorded on a Kra-
tos instrument. HPLC was carried out on a Gilson analytical
system using a Chiralcel OD (4.8 mm�250 mm) column
with 8% IPA in heptane as the solvent (unless otherwise
stated). The flow rate was 1.00 cm3 per minute and the detec-
tor was set at 254 nm. GC analysis was carried out using a
Perkin–Elmer Autosystem XL gas chromatograph fitted with
a Supleco fused silica capillary column (ALPHA DEX�
120) (30 m�0.25 mm�0.25 mm film thickness) using
nitrogen as the carrier gas and detection by standard FID.
All chemicals were used as received without further
purification except (1R,2S)-cis-1-amino-2-indanol, which
was recrystallised from hot toluene prior to use.

4.1.1. cis-2-Methyl-hexahydro-isoindole-1,3-dione 5g.9

1,3-Butadiene was bubbled through a solution of N-methyl-
maleimide (1.38 g, 12 mmol) in toluene (30 cm3) and the
reaction stirred for 2 h. The solution was then cooled to
�5 �C and the resulting white precipitate collected. This
was dissolved in ethanol (5 cm3) and 5% Pd/C was added.
The suspension was left to stir for 24 h under a balloon
pressure of H2, the solution filtered through Celite and the
solvent removed under vacuum to give a crude oil. Flash
column chromatography eluting with 30% EtOAc/petroleum
ether (40:60) gave the title compound as colourless crystals
(1.2 g, 60% yield); mp 44–46 �C (lit.9 47–48 �C); 1H NMR
(250 MHz; CDCl3) dH 1.32–1.49 (4H, m, CH2), 1.65–1.83
(4H, m, CH2), 2.76–2.84 (2H, m, CHC]O), 2.91 (3H, s,
CH3); 13C NMR (250 MHz; CDCl3) dC 21.9 (CH2), 24.0
(CH2), 25.0 (CH3), 40.1 (CHC]O), 180.3 (C]O). NMR
data was broadly in accordance with the literature (literature
multiplicities appear to have been misinterpreted).

4.2. General procedure A for the preparation of
N-substituted cis-hexahydro-isoindole-1,3-diones 5a–f

A solution of cyclohexane-1,2-carboxylic acid anhydride
(25 mmol) in toluene (70 cm3) was treated with amine
(25 mmol) and allowed to stir at room temperature for 1 h.
Dry zinc (II) chloride (25 mmol) was added, the reaction
warmed to 80 �C and hexamethyldisilazane (37 mmol)
was added over a 40 min period. The reaction was heated
to reflux for a further 2 h, allowed to cool to room tempera-
ture and added to 1 M HCl (30 cm3). The product was ex-
tracted with EtOAc (3�15 cm3) and the combined organic
extracts were washed with saturated NaHCO3 (3�15 cm3),
brine (3�15 cm3) and dried over MgSO4. The solvent was
removed by rotary evaporation under vacuum and the imide
recrystallised from EtOAc/petroleum ether (60:80).

4.3. General procedure B for the preparation of
N-substituted cis-hexahydro-isoindole-1,3-diones
5a–c, e and f

A mixture of cis-cyclohexane-1,2-dicarboxylic acid
(25 mmol) and amine (25 mmol) were heated in a domestic
microwave oven (750 W 70% of total power) until no start-
ing materials were observed by TLC. The imide was purified
via flash column chromatography eluting with 20% EtOAc/
petroleum ether (40:60).

4.3.1. cis-2-Benzyl-hexahydro-isoindole-1,3-dione 5a.2b

The title compound was obtained as colourless needles
either using general procedure A (55%) or B (50%); mp
58–60 �C (lit.2b 71–72 �C); 1H NMR (250 MHz; CDCl3)
dH 1.31–1.51 (4H, m), 1.60–1.91 (4H, m), 2.77–2.89 (2H,
m, 2�CHC]O), 4.65 (2H, s, NCH2), 7.26–7.39 (5H, m,
ArCH); 13C NMR (63 MHz; CDCl3) dC 22.0 (CH2), 24.1
(CH2), 40.2 (CHC]O), 42.5 (CH2Ph), 128.2 (ArCH),
129.0 (ArCH), 136.5 (ArC), 179.8 (C]O). All NMR data
was in accordance with the literature.

4.3.2. cis-2-Phenyl-hexahydro-isoindole-1,3-dione 5b.2b

The title compound was obtained as white crystals either
using general procedure A (81%) or B (60%); mp 134–
135 �C (lit.2b 70.5–72.5 �C); 1H NMR (250 MHz; CDCl3)
dH 1.48–1.56 (4H, m), 1.82–2.02 (4H, m), 2.98–3.11 (2H,
m, 2�CHC]O), 7.25–7.51 (5H, m, ArCH); 13C NMR
(63 MHz; CDCl3) dC 22.3 (CH2), 24.4 (CH2), 40.5
(CHC]O), 126.7 (ArCH), 128.7 (ArCH), 129.5 (ArCH),
132.5 (ArC), 179.0 (C]O). All NMR data was in accor-
dance with the literature.

4.3.3. cis-2-(p-Methoxyphenyl)-hexahydro-isoindole-1,3-
dione 5c.10 The title compound was obtained as white crys-
tals either using general procedure A (88%) or B (33%);
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mp 154–157 �C (lit.10 161.5–162.5 �C); 1H NMR (250 MHz;
CDCl3) dH 1.46–1.55 (4H, m), 1.79–2.00 (4H, m), 2.97–3.07
(2H, m, 2�CHC]O), 3.81 (3H, s, OCH3), 6.96 (2H,
AA0BB0, ArCH), 7.19 (2H, AA0BB0, ArCH); 13C NMR
(63 MHz; CDCl3) dC 21.9 (CH2), 24.0 (CH2), 40.1
(CHC]O), 55.5 (CH3), 114.6 (ArCH), 124.7 (ArC), 127.5
(ArCH), 159.3 (ArC), 178.9 (C]O). 1H NMR data reported
previously was recorded in DMSO-d6.

4.3.4. cis-2-(p-Nitrophenyl)-hexahydro-isoindole-1,3-
dione 5d. The title compound was obtained as white crystals
using only general procedure A (15%); mp 186–189 �C
(EtOH); (Found: C, 61.46; H, 5.05; N, 9.85. C14H14N2O4 re-
quires C, 61.31; H, 5.14; N, 10.21%); nmax (KBr disc)/cm�1

1781, 1610, 1494; 1H NMR (250 MHz; CDCl3) dH 1.51–
1.54 (4H, m), 1.83–2.03 (4H, m), 3.05–3.13 (2H, m,
2�CHC]O), 7.61 (2H, AA0BB0, ArCH), 8.34 (2H,
AA0BB0, ArCH); 13C NMR (63 MHz; CDCl3) dC 22.3
(CH2), 24.4 (CH2), 40.6 (CHC]O), 124.7 (ArCH), 126.9
(ArCH), 138.1 (ArC), 147.1 (ArC), 178.1 (C]O); m/z (EI)
274.0948 (100% M+ C14H14N2O4 requires 274.0954), 109
(6, C7H9O+), 82 (37), 67 (35), 54 (18).

4.3.5. cis-2-Allyl-hexahydro-isoindole-1,3-dione 5e.11 The
title compound was obtained a colourless oil either using
general procedure A (69%) or B (48%); nmax (film)/cm�1

1785, 1703; 1H NMR (250 MHz; CDCl3) dH 1.33–1.51
(4H, m), 1.65–1.93 (4H, m), 2.79–2.89 (2H, m,
2�CHC]O), 4.05 (2H, dt, J 5.9, 1.4, NCH2), 5.07–5.16
(2H, m, CH]CH2), 5.64 (1H, ddt, J 17.3, 9.8 and 5.9,
CH]CH2); 13C NMR (63 MHz; CDCl3) dC 21.6 (CH2),
23.7 (CH2), 39.7 (CHC]O), 40.4 (NCH2), 118.0
(CH]CH2), 130.9 (CH]CH2), 179.2 (C]O); m/z (EI)
193 (100% M+), 82 (46), 67 (55), 54 (30). No NMR data
were reported in the literature.

4.3.6. cis-2-tert-Butyl-hexahydro-isoindole-1,3-dione
5f.12 The title compound was obtained as a white powder
either using general procedure A (33%) or B (17%); mp
58–61 �C (lit.12 54–55 �C); 1H NMR (250 MHz; CDCl3)
dH 1.41–1.86 (4H, m), 1.55 (9H, s, 3�CH3), 1.62–1.83
(4H, m), 2.65 (2H, m, 2�CHC]O); 13C NMR (63 MHz;
CDCl3) dC 21.9 (CH2), 24.0 (CH2), 27.4 (CH3), 40.2
(CHC]O), 58.2 [NC(CH3)3], 180.7 (C]O). All NMR
data were in accordance with the literature.

4.4. General procedure C for the reduction of imides
using catalyst 3

(1R,2S)-cis-1-Aminoindan-2-ol (0.25 mmol) was suspended
in dry toluene (2 cm3 mmol�1) and treated with trimethyl-
boroxine (0.08 mmol). After stirring at room temperature
for 30 min, toluene (5 cm3) was added and the resulting
solution was concentrated to approximately 2 cm3 by distil-
lation. This process was repeated twice after which the tolu-
ene was removed under reduced pressure to give the catalyst
as a white solid. THF (5 cm3) was added and the active
catalyst 2 was used immediately. Thus no analytical data
was obtained for this species. BH3$THF (1 M, 2.5 mmol)
was added and the solution allowed to stir at rt for 30 min.
A solution of meso-imide 5a–g (2.5 mmol) in THF (5 cm3)
was added and the solution was allowed to stir at rt for
18 h. The crude reaction mixture was extracted with CH2Cl2
(3�15 cm3), the combined organic extracts were washed
with 1 M HCl (3�15 cm3) and dried over MgSO4. The solvent
was removed under vacuum to give the crude hydroxylactam
that was immediately redissolved in CH2Cl2 (30 cm3) and
treated with TFA (1 cm3) and triethylsilane (1 cm3) in
CH2Cl2 (5 cm3). This was allowed to stir at rt for 1 h and
the solution was added to an ice–water mixture (15 cm3) fol-
lowed by extraction with CH2Cl2 (3�15 cm3). The combined
organic extracts were washed with saturated NaHCO3

(3�15 cm3) and dried over MgSO4. The solvent was removed
under vacuum and purified via flash column chromatography
eluting with 20% EtOAc/petroleum ether (40:60).

4.5. General procedure D for the reduction of imides
using catalyst 3

A solution of (1R,2S)-cis-1-aminoindan-2-ol (0.25 mmol) in
dry THF (20 cm3) was treated with trimethyl borate
(0.25 mmol) and the resulting solution allowed to stir at
room temperature for 30 min. BH3$THF (1 M, 2.5 mmol)
was added, followed by a solution of meso-imides 5a–g
(2.5 mmol) in THF (5 cm3) and the solution was allowed
to stir at rt for 18 h. The crude reaction mixture was extracted
with CH2Cl2 (3�15 cm3), the combined organic extracts
were washed with 1 M HCl (3�15 cm3) and dried over
MgSO4. The solvent was removed under vacuum to give
the crude hydroxylactam that was immediately redissolved
in CH2Cl2 (30 cm3) and treated with TFA (1 cm3) and tri-
ethylsilane (1 cm3) in CH2Cl2 (5 cm3). This was allowed
to stir at rt for 1 h and the solution was added to an ice–water
mixture (15 cm3) followed by extraction with CH2Cl2
(3�15 cm3). The combined organic extracts were washed
with saturated NaHCO3 (3�15 cm3) and dried over MgSO4.
The solvent was removed under vacuum and purified via flash
column chromatography eluting with 20% EtOAc/petroleum
ether (40:60).

4.5.1. (3aS,7aR)-2-Benzyl-octahydro-isoindol-1-one 7a.5

The title compound was obtained as a colourless oil with
imide 5a either using general procedure C (57%, ee 84%)
or D (53%, ee 82%); [a]D +15.0 (c 1, CHCl3; ee 84%),
lit.5 +19.6 (c 0.5, CHCl3; ee 91%); 1H NMR (250 MHz;
CDCl3) dH 0.97–1.26 (3H, m), 1.32–1.62 (4H, m), 1.92–
2.05 (1H, m), 2.15–2.27 (1H, m), 2.37–2.46 (1H, m,
CHC]O), 2.66 (1H, dd, J 9.5, 2.5, 1�CH2N), 3.16 (1H,
dd, J 9.5, 6.0, 1�CH2N), 4.29 (1H, d, J 14.5, 1�CH2Ph),
4.45 (1H, d, J 14.5, 1�CH2Ph), 7.12–7.27 (5H, m, ArCH);
13C NMR (63 MHz; CDCl3) dC 23.0 (CH2), 23.5
(2�CH2), 27.9 (CH2), 32.3 (CH), 41.9 (CHC]O), 46.8
(NCH2), 50.7 (NCH2Ph), 127.1 (ArCH), 128.3 (ArCH),
128.6 (ArCH), 136.8 (ArC), 175.9 (C]O); Chiral HPLC:
CHIRALCEL OD, 10% i-PrOH in hexane, tR 8.06 min
and 10.09 min. All NMR data were in accordance with the
literature.

4.5.2. (3aS,7aR)-2-Phenyl-octahydro-isoindol-1-one 7b.10

The title compound was obtained as a white powder with
imide 5b either using general procedure C (49%, ee 99%)
or D (23%, ee 99%); mp 88–90 �C (lit.10 87.5–89 �C);
[a]D +4.0 (c 0.5, CHCl3; ee 99%), lit.10 �4.8 (c 0.5,
CHCl3; (3aR,7aS) ee 93%); 1H NMR (250 MHz; CDCl3)
dH 1.17–1.34 (3H, m), 1.51–1.63 (3H, m), 1.69–1.77 (1H,
m), 2.07–2.25 (1H, m), 2.37–2.45 (1H, m), 2.59–2.65 (1H,
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m, CHC]O), 3.29 (1H, dd, J 9.4, 2.2, 1�CH2N), 3.52 (1H,
dd, J 9.4, 5.8, 1�CH2N), 7.23–7.54 (5H, m, ArCH);
13C NMR (63 MHz; CDCl3) dC 23.1 (CH2), 23.9 (CH2),
24.1 (CH2), 28.4 (CH2), 32.3 (CH), 43.8 (CHC]O), 53.0
(CH2N), 119.9 (ArCH), 124.5 (ArCH), 129.5 (ArCH),
129.2 (ArCH), 140.5 (ArC), 175.5 (C]O); Chiral HPLC:
CHIRALCEL OD, 8% i-PrOH in hexane, tR 10.94 min
and 12.22 min. 1H NMR data were in accordance with the
literature (no 13C NMR data were reported).

4.5.3. (3aS,7aR)-2-(p-Methoxyphenyl)-octahydro-iso-
indol-1-one 7c.10 The title compound was obtained as
a white powder with imide 7c either using general procedure
C (41%, ee 99%) or D (28%, ee 99%); mp 76–77 �C (lit.10

77–78 �C); [a]D +6.6 (c 0.6, CHCl3; ee 99%), lit.10 +4.4
(c 0.5, CHCl3; ee 87%); nmax (film)/cm�1 1705, 1509;
1H NMR (250 MHz; CDCl3) dH 1.23–1.39 (3H, m), 1.50–
1.68 (3H, m), 1.73–1.85 (1H, m), 2.09–2.23 (1H, m),
2.39–2.51 (1H, m), 2.64–2.75 (1H, m, CHC]O), 3.36
(1H, dd, J 9.4, 2.2, 1�CH2N), 3.80–3.84 (4H, m, CH3 and
1�CH2N), 6.93 (2H, d, J 6.9, ArCH), 7.56 (2H, d, J 6.9,
ArCH); 13C NMR (75 MHz; CDCl3) dC 23.1 (CH2), 23.8
(CH2), 23.9 (CH2), 28.2 (CH2), 32.4 (CH), 43.4
(CHC]O), 53.3 (CH2N), 55.7 (OCH3), 114.2 (ArCH),
121.5 (ArCH), 133.7 (ArC), 156.5 (ArC), 175.0 (C]O);
Chiral HPLC: CHIRALCEL OD, 8% i-PrOH in hexane, tR
9.81 min and 10.73 min. 1H NMR data were in accordance
with the literature (no 13C NMR data were reported).

4.5.4. (3aS,7aR)-2-(p-Nitrophenyl)-octahydro-isoindol-1-
one 7d. The title compound was obtained as a yellow powder
with imide 7d either using general procedure C (24%, ee
99%) or D (9%, ee 99%); mp 189–191 �C; [a]D �15.0
(c 0.4, CHCl3; ee 99%), nmax (KBr disc)/cm�1 2935, 1707,
1593, 1500, 1469, 1387, 1291; 1H NMR (250 MHz;
CDCl3) dH 1.14–1.27 (3H, m), 1.45–1.64 (3H, m), 1.78–
1.89 (1H, m), 2.10–2.22 (1H, m), 2.45–2.57 (1H, m),
2.69–2.80 (1H, m, CHC]O), 3.39 (1H, dd, J 9.4, 2.2,
1�CH2N), 3.80 (1H, dd, J 9.4, 5.8, 1�CH2N), 7.80 (2H,
d, J 7.2, ArCH), 8.20 (2H, d, J 7.2, ArCH); 13C NMR
(63 MHz; CDCl3) dC 23.0 (CH2), 23.7 (CH2), 23.9 (CH2),
28.4 (CH2), 32.1 (CH), 44.0 (CHC]O), 52.9 (CH2N),
118.7 (ArCH), 125.1 (ArCH), 143.5 (ArC), 146.1 (ArC),
176.4 (C]O); m/z (EI) 260.1150 (100%, M+ C14H16N2O3

requires 260.1161), 217 (6), 206 (6), 151 (28), 135 (8),
120 (10), 105 (9), 95 (14), 67 (22); Chiral HPLC:
CHIRALCEL OD, 8% i-PrOH in hexane, tR 9.70 min and
12.40 min.

4.5.5. (3aS,7aR)-2-Allyl-octahydro-isoindol-1-one 7e. The
title compound was obtained as a colourless oil with imide
7e either using general procedure C (24%, ee 33%) or D
(24%, ee 32%); [a]D �0.14 (c 1, CHCl3; ee 32%), nmax

(film)/cm�1 2929, 2843, 1640; 1H NMR (250 MHz;
CDCl3) dH 1.10–1.20 (3H, m), 1.38–1.68 (4H, m), 1.89–
1.99 (1H, m), 2.22–2.30 (1H, m), 2.37–2.44 (1H, m,
CHC]O), 2.81 (1H, dd, J 9.5, 2.1, 1�NCH2), 3.24 (1H,
dd, J 9.5, 5.8, 1�NCH2), 3.76 (1H, dd, J 15.2, 6.1,
1�CH2CH]CH2), 3.88 (1H, ddt, J 15.2, 6.1, 1.3,
1�CH2CH]CH2), 5.14 (1H, dq, J 10.1, 1.3, 1�CH2CH]
CH2), 5.17 (1H, dq, J 17.3, 1.3, 1�CH2CH]CH2), 5.76
(1H, ddt, J 17.3, 10.2, 5.8, CH2CH]CH2); 13C NMR
(63 MHz; CDCl3) dC 22.8 (CH2), 23.5 (CH2), 23.6 (CH2),
27.9 (CH2), 32.3 (CH), 41.9 (CHC]O), 41.9
(NCH2CH]CH2), 50.8 (NCH2CH), 117.9 (]CH), 132.7
(]CH2), 175.7 (C]O); m/z (EI) 179.1309 (100%, M+

C11H17NO requires 179.1310), 164 (30), 152 (15), 136 (18),
124 (22), 95 (24), 70 (38), 67 (30); Chiral GC: b-DEX,
135 �C, tR 43.52 min and 43.78 min.

4.5.6. cis-tert-Butyl-octahydro-isoindol-1-one 7f. The title
compound was obtained as a colourless oil with imide 7f
either using general procedure C (19%, ee 0%) or D (17%,
ee 0%); nmax (film)/cm�1 2925, 2852, 1638, 1559; 1H
NMR (250 MHz; CDCl3) dH 1.16–1.22 (4H, m), 1.35 (9H,
s, 3�CH3), 1.48–1.53 (2H, m), 1.59–1.67 (1H, m), 1.91–
1.99 (1H, m), 2.14–2.19 (1H, m, CH), 2.33–2.39 (1H, m,
CHC]O), 2.96 (1H, dd, J 9.5, 2.1, 1�NCH2), 3.34 (1H,
dd, J 9.5, 5.8, 1�NCH2); 13C NMR (63 MHz; CDCl3) dC

21.8 (CH2), 23.3 (CH2), 23.6 (CH2), 27.6 (CH3), 27.7
(CH2), 31.7 (CH), 43.2 (CHC]O), 49.6 (NCH2), 53.4
[NC(CH3)3], 175.9 (C]O); m/z (EI) 195.1631 (12%, M+

C12H21NO requires 195.1623), 180 (100), 178 (15), 152
(25), 140 (10), 124 (12), 95 (15); Chiral GC: a-DEX,
105 �C, tR 67.28 min and 68.59 min.

4.5.7. (3aS,7aR)-2-Methyl-octahydro-isoindol-1-one 7g.13

The title compound was obtained as a colourless oil with
imide 7g either using general procedure C (52%, ee 75%)
or D (30%, ee 70%); [a]D �17.0 (c 1, CHCl3; ee 75%); 1H
NMR (250 MHz; CDCl3) dH 1.05–1.25 (3H, m) 1.31–1.55
(3H, m), 1.59–1.70 (1H, m), 1.86–1.99 (1H, m), 2.16–2.28
(1H, m), 2.32–2.40 (1H, m, CHC]O), 2.84 (3H, s, CH3),
2.74 (1H, dd, J 9.4, 2.2, 1�NCH2), 3.30 (1H, dd, J 9.4,
5.8, 1�NCH2); 13C NMR (63 MHz; CDCl3) dC 23.1
(CH2), 23.8 (CH2), 23.9 (CH2), 28.3 (CH2), 30.2 (CH),
32.6 (CH3), 41.9 (CHC]O), 54.0 (CH2N), 176.2 (C]O);
Chiral GC: a-DEX, 100 �C, tR 58.85 min and 59.60 min.
Only racemic material was reported in the literature.
1H NMR data were in accordance with the literature (no
13C NMR data were reported).

4.5.8. cis-2-Phenyl-octahydro-isoindole 8b.14 The title
compound was obtained as a by-product using general pro-
cedure C (30%) or D (29%); 1H NMR (250 MHz; CDCl3)
dH 1.23–1.66 (8H, m) 2.20–2.31 (2H, m), 3.09 (1H, dd,
J 8.9, 5.2, 1�CH2N), 3.21 (1H, dd, J 8.9, 6.7, 1�CH2N),
6.43 (2H, d, J 7.5, ArCH), 6.55 (1H, t, J 7.5, ArCH), 7.10–
7.18 (2H, m, ArCH); 13C NMR (63 MHz; CDCl3) dC 23.2
(CH2), 26.5 (CH2), 37.4 (CH), 51.7 (CH2), 111.1 (ArCH),
114.9 (ArCH), 129.1 (ArCH), 148.2 (ArC). No NMR data
were reported in the literature.

4.5.9. cis-2-(4-Methoxyphenyl)-octahydro-isoindole 8c.
The title compound was obtained as a by-product using
general procedure C (33%) or D (33%); nmax (film)/cm�1

2922, 2851, 1599, 1511, 1482; 1H NMR (250 MHz;
CDCl3) dH 1.34–1.64 (8H, m), 2.18–2.30 (2H, m), 3.06
(1H, dd, J 8.9, 5.2, 1�CH2N), 3.14–3.23 (1H, m,
1�CH2N), 3.68 (3H, s, OCH3), 6.38 (2H, br d, J 8.8,
ArCH), 6.74–6.81 (2H, AA0BB0, ArCH); 13C NMR
(63 MHz; CDCl3) dC 23.2 (CH2), 26.5 (CH2), 37.5 (CH),
52.2 (CH2), 56.1 (CH3O), 111.6 (ArCH), 115.2 (ArCH),
126.2 (ArC), 143.4 (ArC); m/z (EI) 231.1625 (100%, M+

C15H21NO requires 231.1623), 216 (50), 149 (10), 134
(12), 121 (21).
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4.5.10. cis-2-(4-Nitrophenyl)-octahydro-isoindole 8d. The
title compound was obtained as a by-product using general
procedure C (30%) or D (30%); mp 110–111 �C; nmax

(film)/cm�1 2925, 2852, 1603, 1462; 1H NMR (250 MHz;
CDCl3) dH 1.33–1.68 (8H, m), 2.26–2.39 (2H, m), 3.20 (1H,
dd, J 10.1, 5.5, 1�CH2N), 3.34 (1H, dd, J 10.1, 7.0,
1�CH2N), 6.37 (2H, AA0BB0, ArCH), 8.05 (2H, AA0BB0,
ArCH); 13C NMR (63 MHz; CDCl3) dC 22.8 (CH2), 26.0
(CH2), 37.1 (CH), 52.1 (CH2), 110.2 (ArCH), 126.3 (ArCH),
132.2 (ArC), 152.4 (ArC); m/z (EI) 246.1363 (100%, M+

C14H18N2O2 requires 246.1368), 164 (27), 151 (5), 136 (30).

4.5.11. (3aS,7aR)-Hexahydroisobenzofuran-1-one 9.10 A
solution of hydroxylactam (1.25 mmol) in 60% ethanol
(10 cm3) was treated with sodium borohydride (2.5 mmol)
and the resulting solution was stirred at 50 �C for 4 h.
Once cooled EtOAc (10 cm3) was added followed by 5%
HCl (5 cm3), upper organic layer was extracted and solvent
was removed under vacuum to give crude amide. Crude
product was suspended in 2 M H2SO4 and heated at 80 �C
for 2 h. Product was extracted with CH2Cl2 (3�15 cm3).
Combined organic extracts were dried over MgSO4. Solvent
was removed under vacuum and purified via flash column
chromatography eluting with 30% EtOAc/petroleum ether
(40:60). Title compound was obtained as a clear oil (62%);
[a]D �63.0 (c 0.4, CHCl3; ee 99%), lit.10 �43.2 (c 1,
CHCl3; ee 89%); 1H NMR (250 MHz; CDCl3) dH 1.09–
1.27 (3H, m), 1.41–1.63 (3H, m), 1.71–1.80 (1H, m),
1.98–2.10 (1H, m), 2.33–2.46 (1H, m), 2.50–2.61 (1H, m,
CHC]O), 3.88 (1H, dd, J 8.9, 1.2, 1�CH2O), 4.13 (1H,
dd, J 8.9, 4.9, 1�CH2O); Chiral GC: a-DEX, 100 �C, tR
39.893 min and 40.658 min. 1H NMR data were in accor-
dance with the literature.
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Abstract—A new methodology for the functionalization of scaffold molecules on solid support is described, which does not require (partial)
protection of the scaffold or a special functional group arrangement on it, while maintaining scaffold symmetry in the final product. As an
illustration of the versatility of this approach, three scaffold molecules (1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene, tris(2-aminoethyl)-
amine, and triazacyclononane) were functionalized with different functional groups in a moderate to high yield and purity. The developed
protocol is a valuable tool for an easy access to multivalent molecules.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Multivalent molecules, i.e., molecules containing multiple
copies of a chemical function, are of increasing interest,
because of their ability to efficiently interfere in biological
processes.1–4 Most recognition and catalytic processes in
nature are governed by cooperative interactions between
chemical functions present on the surface or in the active
site of proteins. Approaches toward analogous artificial
structures very frequently involve a scaffold molecule con-
taining multiple sites for the introduction of functionalities.5

In this way numerous artificial receptors,6–10 catalysts,11–13

and other biomimetic structures14,15 have been prepared.
Importantly, the activity of this kind of biomimetic structure
depends critically on the scaffold, as it controls the spatial
orientation of the functional groups.16,17 Remarkably how-
ever, in virtually all reported studies the scaffold molecule
is never taken as a variable; structural variations normally
occur in the attached functionalities.18 To our opinion, this
limitation arises from the absence of a synthetic methodol-
ogy that permits an easy variation of the scaffold molecule.
Currently, scaffold functionalization occurs both in solution
and, more frequently, on solid support. Intrinsically, solu-
tion-based strategies are less amendable to combinatorial
chemistry, and, specifically for these kinds of structures,
are often hampered by a difficult purification. The synthesis
on solid phase relies on the use of AB3-type scaffolds, in
which functionality A is used for attachment to the resin

Keywords: Multivalency; Solid-phase synthesis; Oligopeptides; Scaffold
molecules.
* Corresponding authors. Tel.: +39 049 8275256; fax: +39 049 8275239;

e-mail addresses: leonard.prins@unipd.it; paolo.scrimin@unipd.it
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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and functionalities B for chemical diversification.19–24

Although this permits the combinatorial synthesis of large
libraries of biomimetic structures, the low commercial and
synthetic accessibility of scaffold molecules with the re-
quired AB3 functionalization pattern is a general limitation.
Furthermore, the presence of chemical functionality A gen-
erally disrupts the symmetry of the scaffold, with the conse-
quence that the functionalities B are not totally identical.
Here, we describe a new synthetic protocol for the solid-
phase functionalization of A3-type scaffold molecules, main-
taining C3-symmetry in the final products. This approach is
a valuable tool for an easy synthetic access to multivalent
molecules.

2. Results and discussion

The synthetic scheme relies on conventional Fmoc-based
peptide chemistry and uses, as starting material, Fmoc-
Asp(OH)-OAll connected to Wang resin via the aspartic
acid side chain, either commercially available or easily syn-
thesizable following conditions reported in the literature.25

The crucial steps are outlined in Scheme 1. Initially, the
Fmoc-protecting group is replaced by Mmt (4-methoxytri-
tyl), because of its higher stability against the nucleophilic/
basic properties of the amino groups present in scaffold 1
added in the next steps. Subsequently, the allyl-group is re-
moved under reported reductive conditions26 and the result-
ing free acid activated with PyBOP (step i, Scheme 1). At this
point, addition of a scaffold molecule 1 with three amino
groups results in the linkage of the scaffold to the resin via
1, 2 or 3 amino groups.27 For example, addition of 1,3,5-tris-
(aminomethyl)-2,4,6-triethylbenzene 1a, a frequently used
scaffold molecule,28 results in the formation of three products

mailto:leonard.prins@unipd.it
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Scheme 1. Synthetic procedure for the synthesis of C3-symmetrically functionalized scaffold molecules on solid support.
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(step ii, Scheme 1, 1a-(Asp(OWang)-NHMmt), 1a-
(Asp(OWang)-NHMmt)2, and 1a-(Asp(OWang)-NHMmt)3).
This is evidenced by the presence of three peaks in the
HPLC spectrum after cleavage (Fig. 1a) corresponding to
compounds 1a-(Asp-NH2), 1a-(Asp-NH2)2, and 1a-(Asp-
NH2)3, as confirmed by ESI-MS. The mono-, di-, and tri-
adducts are formed in a ratio of 48:35:17 based on integration
of the HPLC signals. In the next step, pseudo-C3-symmetry is
restored by the addition of an excess of Fmoc-Asp(OtBu)-
OH (activated with PyBOP) to the resin, which reacts with
the remaining free amino groups of 1a (step iii, Scheme 1).
At this point, all three amino groups of 1a are substituted
with an Asp-residue, with an Mmt- or Fmoc-protected termi-
nal amino group and with the side chains either connected
to the Wang resin or protected as a tert-butyl ester. Next,
removal of both the Mmt- and Fmoc-protecting groups
renders scaffold molecule, 1a-(Asp-NH2)3, accessible for
further functionalization (steps iv and v, Scheme 1) with
any carboxylic acid-containing moiety (FG). As an example,
Fmoc-Glu(Ot-Bu)-OH was added as the next residue, giving
compound 1a-(Asp-Glu-NH2)3 with a very high purity
(>95%) after cleavage from the resin (Fig. 1b and step vi,
Scheme 1). Upon cleavage from the resin (95% TFA) C3-
symmetry is completely restored since the Asp-side chains
are obtained as the free carboxylic acid, regardless whether
they were connected to the resin or protected as a tert-butyl
ester. The product was fully characterized by 1H NMR, HR
ESI-MS, and HPLC. In a similar way, other functionalities,
i.e., a basic amino acid residue (arginine) and an azacrown
derivative for metal-binding ((1,4,7-triazacyclonon-1-yl)-
acetic acid, AATACN), were connected to the scaffold
molecule giving compounds 1a-(Asp-Arg-NH2)3 and 1a-
(Asp-AATACN)3 with purities of 88 and 83%, respectively
(Table 1).

From the synthetic scheme just described it is evident that
this approach is not restricted to the use of AB3-type scaffold
molecules, neither does it require the (partial) protection of
the scaffold molecule. To illustrate its versatility, the syn-
thetic procedure was repeated using two other scaffold
molecules, 1b and 1c that are very frequently used in the lit-
erature, and which, in addition, have different characteristics
with respect to scaffold 1a. Tris(2-aminoethyl)amine (1b,
Tren) has a much higher conformational freedom compared
to 1a, whereas the macrocycle triazacyclononane (1c, Tacn)
has secondary amines as attachment points. Both scaffolds
1b and 1c were used in the same manner as discussed for
1a and functionalized with the same functional groups
0

20

40

60

80

100
(a) (b)

0 10 20 30 40
time (min)

no
rm

al
iz

ed
 in

te
ns

ity

0

20

40

60

80

100

0 10 20 30 40
time (min)

no
rm

al
iz

ed
 in

te
ns

ity

a

b

c

Figure 1. HPLC chromatograms of (a) the products: compounds 1a-(Asp-NH2) (peak a, 48%), 1a-(Asp-NH2)2 (peak b, 35%), and 1a-(Asp-NH2)3 (peak c, 17%)
obtained after cleavage from resin after the addition of scaffold 1a to the resin (step ii, Scheme 1) and (b) the final product 1a-(Asp-Glu-NH2)3 after cleavage
from resin (step viii, Scheme 1).

Table 1. Summary of the nine compounds synthesized using the described synthetic protocol with puritiesa and yieldsb
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11673C. Guarise et al. / Tetrahedron 62 (2006) 11670–11674
i.e., Glu, Arg, and AATACN, obtaining a total of six additional
products (Table 1). Purities of the crude mixtures were
typically in the order of 50–80%, somewhat lower when
compared to the analogous compounds based on scaffold
1a but still very satisfactory. Especially the use of Tren
as a scaffold causes the formation of one major side-product
(30–40%) with a mass difference of�18 amu with respect to
the desired product. We hypothesize that this side-product
forms via an intramolecular cyclization between a terminal
amine and one of the ester linkages between the scaffold
and the resin. The occurrence of this reaction seems to be
related to the conformational flexibility of the scaffold,
because the formation of this side-product for the more rigid
scaffolds 1a and 1c typically does not exceed 5%. However,
even in cases where this side-product is present, all com-
pounds could be easily purified using preparative RP-HPLC.

3. Conclusion

In conclusion, we have described a new methodology that
permits an easy functionalization of scaffold molecules on
solid support. No special requirements in terms of (partial)
protecting groups on the scaffold molecule or functional
group arrangements (for instance AB3-type) are necessary,
while the symmetry of the scaffold is maintained in the final
products. The versatility of this approach was illustrated by
the functionalization of three diverse scaffolds with a variety
of functions. This methodology offers a valuable tool for an
easy synthetic access to multivalent molecules.

4. Experimental

4.1. General

All starting materials, solvents, and resins were obtained
from commercial sources and used without further purifica-
tion. 1H NMR spectra were recorded on a Bruker AC-300
(300, 13 MHz) spectrometer at 301 K. HPLC spectra were
measured using a Shimadzu LC-10AT dual pump system
and a Shimadzu SPD-10A UV–vis detector. HR ESI-mass
spectra were obtained using a Perspective Biosystem Mari-
ner spectrometer, equipped with a TOF-analyzer.

4.2. General procedure for the synthesis of compounds
1-(Asp-AA-NH2)3

Following a literature procedure,25 Fmoc-Asp(OH)-OAll
(6 equiv) was attached to Wang resin (100 mg, 0.093 mmol
endgroups) using DIC (N,N-diisopropylcarbodiimide,
6 equiv) and DMAP (N,N-dimethylaminopyridine, 0.2 equiv)
activation in DMF with subsequent acetylation of the non-
reacted hydroxyl-moieties. The Fmoc-group was replaced
by Mmt using 20% piperidine in NMP and subsequent capping
with Mmt-Cl (4-methoxytriphenylchloromethane, 6 equiv) in
the presence of DIEA (N,N-diisopropylethylamine, 15 equiv)
in dichloromethane. Next, the allyl-group was removed
under reported reductive conditions26 (0.2 equiv tetrakis(tri-
phenylphosphine)palladium(0) and 10 equiv phenylsilane
in DCM, 1.5 h at rt under an inert N2 atmosphere) and the
resulting free acid activated with PyBOP (6 equiv) in
NMP/DCM in the presence of DIEA (15 equiv). At this point,
the scaffold molecule (3 equiv) was added to NMP/DMF
containing DIEA (15 equiv), after which the resin was treated
with Fmoc-Asp(Ot-Bu)-OH activated prior with PyBOP un-
der basic conditions. Finally, the Fmoc and Mmt functional
groups were removed in two subsequent deprotection steps
(first, 20% piperidine in NMP, and second, a mixture of acetic
acid/TFE/DCM (1:2:6)). At this point, conventional peptide
chemistry (PyBOP activation in the presence of DIPEA) was
used to further functionalize the scaffold molecules. After the
syntheses, the final compounds were cleaved from the resin
with simultaneous side-chain deprotection using 95% TFA
in DCM. After evaporation of volatiles, the crude products
were precipitated from cold ether and purified by RP-
HPLC when necessary. All compounds were characterized
by RP-HPLC, high resolution ESI-MS, and 1H NMR spec-
troscopy.

4.2.1. 1a-(Asp-Glu-NH2)3. Isolated yield: 20 mg, 91% after
precipitation with diethyl ether, colorless solid. HPLC
(Agilent Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 3 to 30% in 30 min, UV-detection
226 nm): 31.4 min (>95%). 1H NMR (CD3OD, 250 MHz)
d 4.71 (t, J¼5.8 Hz, 3H), 4.45 (s, 6H), 3.95 (t, J¼6.4 Hz,
3H), 2.75 (q, J¼7.3 Hz, 6H,), 2.51 (t, J¼8.0 Hz, 6H), 2.2–
2.0 (m, 12H), 1.15 (t, J¼7.3 Hz, 9H); ESI-MS [M+H]+

requires 982.4291; found 982.4308.

4.2.2. 1a-(Asp-Arg-NH2)3. Isolated yield: 19 mg, 80% after
precipitation with diethyl ether, yellowish solid. HPLC
(Agilent Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 3 to 30% in 30 min, UV-detection
226 nm): 19.9 min (88%). 1H NMR (CD3OD, 250 MHz)
d 4.71 (t, J¼5.8 Hz, 3H), 4.43 (s, 6H), 4.00 (t, J¼6.4 Hz,
3H), 3.25 (t, J¼6.4 Hz, 6H), 2.8–2.6 (m, 12H), 2.1–1.9 (m,
6H), 1.8–1.6 (m, 6H), 1.15 (t, J¼7.3 Hz, 9H); ESI-MS
[M+H]+ requires 1063.6047; found 1063.6095.

4.2.3. 1a-(Asp-AATACN)3. Isolated yield: 18 mg, 75% after
precipitation with diethyl ether, pale yellow solid. HPLC
(Agilent Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 3 to 30% in 30 min, UV-detection
226 nm): 19.8 min (83%). 1H NMR (CD3OD, 300 MHz)
d 4.74 (t, J¼6.0 Hz, 3H), 4.47 (m, 6H), 3.66 (br s, 12H),
3.53 (d, J¼3.7 Hz, 6H), 3.34 (br s, 12H), 3.05 (br s, 12H),
2.8–2.6 (m, 12H), 1.14 (t, J¼7.3 Hz, 9H); ESI-MS
[M+H]+ requires 1102.6659; found 1102.6691.

4.2.4. 1b-(Asp-Glu-NH2)3. Isolated yield: 12 mg, 57% after
purification with RP-HPLC, yellowish thick oil. HPLC
(Agilent Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 3 to 30% in 30 min, UV-detection
226 nm): 13.8 min (100%). 1H NMR (CD3OD, 300 MHz)
d 4.72 (t, J¼6.0 Hz, 3H), 4.01 (t, J¼6.3 Hz, 3H), 3.61 (br s,
6H), 3.46 (br s, 6H), 3.0–2.8 (m, 6H), 2.54 (t, J¼6.6 Hz, 6H),
2.2–2.1 (m, 6H); ESI-MS [M+H]+ requires 879.3618; found
879.3598.

4.2.5. 1b-(Asp-Arg-NH2)3. Isolated yield: 10 mg, 45% after
purification with RP-HPLC, colorless thick oil. HPLC
(Agilent Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 8 to 30% in 25 min, UV-detection
226 nm): 24.2 min (100%). 1H NMR (CD3OD, 250 MHz)
d 4.78 (t, J¼5.8 Hz, 3H), 4.00 (t, J¼6.4 Hz, 3H), 3.6–3.4
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(m, 12H), 3.25 (t, J¼6.4 Hz, 6H), 2.9–2.7 (m, 6H), 2.0–1.9
(m, 6H), 1.8–1.7 (m, 6H); ESI-MS [M+H]+ requires
960.5373; found 960.5401.

4.2.6. 1b-(Asp-AATACN)3. Isolated yield: 10 mg, 45% after
purification with RP-HPLC, colorless oil that solidifies on
standing. HPLC (Agilent Eclipse XDB-C18; gradient:
H2O/TFA (0.1%)–CH3CN/TFA (0.1%) from 8 to 30% in
30 min, UV-detection 226 nm): 21.6 min (100%). 1H NMR
(CD3OD, 250 MHz) d 4.81 (t, J¼5.8 Hz, 3H), 3.67 (br s,
12H), 3.6–3.4 (m, 18H), 3.3 (br s, 12H), 3.1 (br s, 12H),
2.9–2.8 (m, 6H); ESI-MS [M+H]+ requires 999.5985; found
999.6009.

4.2.7. 1c-(Asp-Glu-NH2)3. Isolated yield: 13 mg, 66% after
purification with RP-HPLC, colorless solid. HPLC (Agilent
Eclipse XDB-C18; gradient: H2O/TFA (0.1%)–CH3CN/
TFA (0.1%) from 3 to 30% in 30 min, UV-detection
226 nm): 10.9 min (100%). 1H NMR (CD3OD, 250 MHz)
d 4.72 (t, J¼5.8 Hz, 3H), 4.01 (t, J¼6.4 Hz, 3H), 3.8–3.4
(m, 12H), 2.9–2.8 (m, 6H), 2.54 (t, J¼7.0 Hz, 6H), 2.2–2.0
(m, 6H); ESI-MS [M+H]+ requires 862.3352; found
862.3398.

4.2.8. 1c-(Asp-Arg-NH2)3. Isolated yield: 18 mg, 70% after
purification with RP-HPLC, pale yellow solid. HPLC
(Jupiter Proteo 90 Å, 4 m; gradient: H2O/TFA (0.1%)–
CH3CN/TFA (0.1%) from 5 to 25% in 30 min, UV-detection
226 nm): 13.1 min (100%). 1H NMR (CD3OD, 250 MHz)
d 5.01 (t, J¼5.8 Hz, 3H), 3.95 (t, J¼6.4 Hz, 3H), 3.8–3.4
(m, 12H), 3.25 (t, J¼6.4 Hz, 6H), 3.0–2.8 (m, 6H), 2.1–2.0
(m, 6H), 1.8–1.7 (m, 6H); ESI-MS [M+H]+ requires
942.5108; found 942.5196.

4.2.9. 1c-(Asp-AATACN)3. Isolated yield: 16 mg, 72% after
purification with RP-HPLC, colorless solid. HPLC (Jupiter
Proteo 90 Å, 4 m; gradient: H2O/TFA (0.1%)–CH3CN/TFA
(0.1%) from 10 to 30% in 30 min, UV-detection 226 nm):
9.3 min (100%). 1H NMR (CD3OD, 250 MHz) d 5.09 (t,
J¼5.8 Hz, 3H), 3.8–3.5 (m, 30H), 3.3 (br s, 12H), 3.1 (br
s, 12H), 2.7–2.6 (m, 6H); ESI-MS [M+H]+ requires
982.5720, found 982.5801.
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Abstract—Simple catalytic systems for cross-coupling reactions of acyl chlorides with arylboronic acids under microwave conditions were
tested. Microwave irradiation facilitated the reaction course. Mild reaction conditions afford the symmetrical and unsymmetrical aryl ketones
in reasonable to high yields within a short time. A wide range of substrates bearing an electron-donating or an electron-withdrawing substit-
uent on aryl ring of acid chloride as well as on boronic acid were examined and high yields of ketones were produced.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Aromatic ketones are important building blocks for a large
number of natural products and are most frequently prepared
by a Friedel–Crafts type reaction.1 Suzuki cross-coupling
reaction2 is a very attractive method for the formation of car-
bon–carbon single bonds between boronic acids and alkenyl
or arylhalides, which is demonstrated in several review arti-
cles devoted to this field of chemistry.3–5 The cross-coupling
reaction between arylboronic acids, carbon monoxide
(1 atm), and aryl iodides in the presence of palladium cata-
lyst and base also provided biaryl ketones in high yields.6

On the other hand in the recent review7 are just three
papers,8–10 describing Pd-catalyzed reaction of different
acyl chlorides with boronic acids. To get good yields of the
product it is necessary to heat the reaction mixture for sev-
eral hours up to 100 �C, or to prolong the reaction time up
to several days. This was also the case when aliphatic acid
chlorides as well as unsaturated acyl chlorides were used as
the substrates.11,12 Coupling of substituted benzoyl chlorides
with phenylboronic acid proceeded at room temperature in
a short time in the case when equivalent amount of copper(I)
thiophene-2-carboxylate was used as a co-catalyst.13 Several
non-traditional methods have been developed for the Suzuki–
Miyaura synthesis of unsymmetrical biaryls such as high
intensity ultrasound,14,15 which accelerates the reactions of

Keywords: Palladium; Cross-coupling reaction; Boronic acid; Acyl chlo-
rides; Ketones; Microwave irradiation.
* Corresponding author. E-mail: polackova@fns.uniba.sk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.055
aryl iodides and aryl bromides, and especially microwave
irradiation,16–18 which also promotes the reaction of aryl
chlorides.

The main goal of our work was to examine if Suzuki–
Miyaura coupling of arylboronic acids with acyl chlorides
can be promoted by microwave irradiation. The second aim
was also to find out if this reaction can be used also for the
preparation of unusually substituted aryl ketones.

2. Results and discussion

At the beginning of our work we decided to examine the
effect of the catalytic system (Pd source and base) on the
course of Suzuki cross-coupling of phenylboronic acid with
4-nitrobenzoyl chloride (Scheme 1, Table 1). While our work
was in progress an interesting paper appeared, describing a
very rapid reaction of arylboronic acids with different acyl
chlorides by grinding reactants with PdCl2 and Na2CO3.19

We decided to test this catalytic system in toluene under
MWI too. Catalytic systems PdCl2 and Na2CO3 (entry 1)
and Pd(OAc)2 and K2CO3 (entry 2) was not effective under
MWI.

B(OH)2

+

5 mol % [Pd]
3 eq. Base 

Toluene
MWI 10 min

O

NO2

O

Cl

O2N
31 2

Scheme 1.
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On the other hand Pd(PPh3)4 and Cs2CO3 (entry 3) was
found to be the best catalyst system because the cross-
coupling product 3 was isolated in 93% yield. Control exper-
iment, without microwave irradiation gave only 13% yield
of product 3. We decided to test also PdCl2(PPh3)2 and
K3PO4 as catalyst system (entries 4–6), and we found that

Table 1. Effect of catalyst systems on the Suzuki–Miyaura coupling of
phenylboronic acid with 4-nitrobenzoyl chloride in toluene, under MWI,
reaction time 10 min

Entry [Pd] Base Yield 3 (%)

1 PdCl2 Na2CO3 n.d.
2 Pd(OAc)2 K2CO3 n.d.
3 Pd[PPh3]4 Cs2CO3 93 (13)a

4 PdCl2(PPh3)2 K3PO4$1.5H2O 91 (79)a

5 PdCl2(PPh3)2 K3PO4$1H2O 35 (25)a

6 PdCl2(PPh3)2 K3PO4 8

a On oil bath for 10 min.
results are very dependent on the quality of potassium phos-
phate, which is in accord with Ref. 11.

Our next aim was to test the applicability of the catalytic sys-
tem Pd(PPh3)4 and Cs2CO3 for Suzuki coupling of different
arylboronic acids with various acid chlorides. Results are
summarized in Table 2.

The present methodology is important because it provided
the ketones in high yields within a short reaction time
(10 min). The reactions of acid chlorides bearing electron-
withdrawing (entries 2, 3) and electron-donating (entries 8,
9) groups proceed in good to high yields. Heteroaromatic
acid chloride such as 2-furyl (entries 19, 20) afforded the
corresponding ketones in 72 and 74% isolated yields. Alkyl-
and alkenyl-acid chlorides (entries 14, 21) gave no desired
product. The reactions with arylboronic acids bearing elec-
tron-donating groups (entries 5–7, 10–12) gave reasonable
Table 2. Effect of the substituent on acid chlorides and of arylboronic acids on the microwave-promoted Suzuki-type coupling catalyzed by Pd(PPh3)4 in toluene
with Cs2CO3 as the base, rt, 10 min

Entry Arylboronic acid Acid chloride Ketone Product Yield (%)

1

B(OH)2
Cl

O O

4 6821

2

B(OH)2

O

Cl

O2N

O

NO2

3 9320

3

B(OH)2
Cl

O

F3C

O

CF3

5 9022

4

B(OH)2

F3C
Cl

O O

CF3

5 1822

5

B(OH)2

H3C

O

Cl

O2N

O

H3C NO2

6 6023

6

B(OH)2

H3C
Cl

O

F3C

O

CH3F3C
7 5724

7

B(OH)2

CH3O
Cl

O O

OCH3

8 4921

8

B(OH)2

CH3O

Cl

O O

OCH3

8 7321

9

B(OH)2

H3C

Cl

O O

CH3

9 6021

10

B(OH)2

H3C
Cl

O O

CH3

9 8021

11

B(OH)2

CH3

Cl

O O
CH3

10 7422

(continued)
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Table 2. (continued)

Entry Arylboronic acid Acid chloride Ketone Product Yield (%)

12

B(OH)2

CH3

Cl

O O CH3

11 6122

13

B(OH)2
Cl

O O CH3

11 4122

14

B(OH)2

Cl

O
O

12 0

15

B(OH)2

Cl

O O

13 7725

16

B(OH)2

ClO
O

13 7425

17

B(OH)2
Cl

O O

14 8022

18

B(OH)2

H3C
Cl

O O

15 5026

19
B(OH)2 S

Cl

O S
O

16 7427

20

B(OH)2

H3C

S
Cl

O S
O

17 7228

21
B(OH)2

Cl

O O

18 0
to high yield of the cross-coupling products. A sterically
hindered 2-methylphenylboronic acid (entry 12) gave 61%
yield of the product 11. On the other hand, the reaction of
benzoyl chloride with arylboronic acid bearing electron-
withdrawing CF3-group (entry 4) gave only 18% yield of
4-(trifluoromethyl)benzophenone 5, but this product 5 was
obtained in 90% yield when phenylboronic acid with 4-(tri-
fluoromethyl)benzoyl chloride was used (entry 3).

3. Conclusion

In summary we found that microwave irradiation had posi-
tive effect on the Suzuki reaction of acid chlorides with aryl-
boronic acids. Catalytic system (Pd(PPh3)4 and Cs2CO3)
under microwave irradiation gave ketones in good to high
yields in moist toluene (water content in toluene was not
controlled). The present methodology is important because
it provides a new convenient method for the synthesis of
diaryl ketones.
4. Experimental

4.1. General

All microwave experiments were carried out in the Initiator-
Biotage reactor (power setting 260 W, 10 min at 98 �C). The
reactions were performed in an argon atmosphere. All the
products were analyzed by 1H NMR and GC–MS and
compared with the authentic samples of the products. The
1H NMR spectra were measured at 300 MHz on a Varian
Gemini spectrometer in CDCl3 with tetramethylsilane as
an internal standard. GC–MS measurements were performed
on a gas chromatograph Trace GC 2000 Series Thermoquest
CE Instruments with a flame ionization detector and a
Voyager GC–MS Thermoquest Finnigan in SCAN-mode.
Mass spectral data were obtained by cyclic scanning from
15 to 350 mass units with a cyclic time of 0.2 s. Transfer
line temperature was 200 �C. Quadrupole conditions were
as follows: electron energy 70 eV, emission current
150 mA, and ion source temperature 150 �C. Each GC
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peak was inspected for constancy of MS pattern in order to
detect possible overlapping compounds and to measure their
retention time. Melting points were determined on a Kofler
hot stage.

4.2. Reactions under thermal heating

Base Cs2CO3 (1.5 mmol, 0.488 g) and Pd(PPh3)4

(5 mol %, 0.029 g) catalyst were added to the solution of
phenylboronic acid (0.5 mmol, 0.061 g) and 4-nitrobenzoyl
chloride (1 mmol 0.186 g) in 7 mL solvent of toluene. The
reaction mixture was heated on the oil bath at 98 �C for
10 min. The solution was washed with sodium bicarbonate,
water, and brine, and dried over anhydrous sodium sulfate.
After evaporation of the solvent, product 3 was separated
by column chromatography (silica gel, 1:9 ethyl acetate–
hexanes) and identified by spectroscopic analyses. Com-
pound 3: 13%; Mp 137–138 �C; 1H NMR (300 MHz,
CDCl3): d 7.52 (2H, t, J¼8.0 Hz), 7.64 (1H, d, J¼7.6 Hz),
7.81 (2H, d, J¼7.9 Hz), 7.94 (2H, d, J¼8.4 Hz), 8.35 (2H,
d, J¼8.4 Hz). 1H NMR spectroscopy and melting point
were compared with the authentic samples of the product.20

4.3. Reactions under microwave irradiation

Base Cs2CO3 (1.5 mmol, 0.488 g) and Pd(PPh3)4 (5 mol %,
0.029 g) catalyst were added to the solution of phenylboro-
nic acid (0.5 mmol, 0.061 g) and 4-nitrobenzoyl chloride
(1 mmol, 0.186 g) in 7 mL solvent of toluene. The reaction
mixture was microwave-irradiated for 10 min. The solution
was washed with sodium bicarbonate, water, and brine, and
dried over anhydrous sodium sulfate. After evaporation of
the solvent, product 3 was separated by column chromato-
graphy (silica gel, 1:9 ethyl acetate–hexanes) and identified
by spectroscopic analyses. Compound 3: 93%; Mp 137–
138 �C; 1H NMR (300 MHz, CDCl3): d 7.52 (2H, t,
J¼8.0 Hz), 7.64 (1H, d, J¼7.6 Hz), 7.81 (2H, d, J¼7.9 Hz),
7.94 (2H, d, J¼8.4 Hz), 8.35 (2H, d, J¼8.4 Hz). 1H NMR
spectroscopy and melting point were compared with the
authentic samples of the product.20

The same procedure was used for preparation of product
4–18. All products were found to be identical (1H NMR
data) with the data described in literature.20–28
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Abstract—(�)-N-Benzyl cytisine has been stereoselectively substituted in moderate to high yields on its carbon 6 (Csp3 a to the pyridone
nitrogen). The reaction involved the in situ trapping of the carbanion formed by reaction of lithium diisopropyl amide (LDA) and its reaction
with electrophiles (alkyl, allyl, benzyl halides, non-enolizable aldehydes, and Weinreb amide). In the absence of an electrophile or with its
addition after the formation of the carbanion, a dimeric structure was isolated (yield: 42%) resulting from the 1,4-addition of the carbanion on
the pyridone ring of another cytisine molecule. Deprotection of the benzyl group (Olofson’s reagent) allowed the formation of 6-substituted
derivatives of the natural product, cytisine, a potent agonist of nicotinic receptors of subtype a4b2.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cytisine was recognized as a nicotinic agonist as far back as
1912.1 With an affinity for neuronal nicotinic acetyl choline
receptors (AChRs) greater than that of nicotine,2 and a high
specificity for the a4b2 subtype, it is marketed as Tabex, for
use as a smoking cessation aid. Its structure has only been
exploited very recently as a template for the synthesis of
new compounds with pharmaceutical interest,3–7 as medical
imaging agents8–10 or as chiral sources for asymmetric syn-
thesis.11–13

Analogs have been limited to those easily obtained from the
natural material. Substitution of the secondary amine was
easily achieved by alkylation or acylation and has led to
compounds of various biological activities.7,14,15 Particu-
larly, N-methyl cytisine had reduced potency and affinities
for the nAChRs16 and its biodistribution in vivo was not
consistent with that expected for a4b2 nicotinic receptors.8

Introduction of a substituent on the pyridone ring of cytisine
usually started with an electrophilic substitution (nitration,
halogenation). A mixture of C-9 and C-11 regioisomers
was obtained, the affinity toward nAChRs of these C-11-
substituted derivatives being usually lower than cytisine.17

Halogen substitution at C-9 and particularly bromo-substitu-
tion led to increased affinity and functional potency.18,19

Cross coupling reactions from these analogs allowed the
introduction of alkyl or (hetero)aryl groups.9,3a Recently,
functionalization of the C-10 position of cytisine substituted
was described.4 It was not achieved directly from cytisine
but by using a recently described total synthesis,20 introduc-
ing the substituent early in the synthesis.

* Corresponding author. Tel.: +33 2 3145 2893; fax: +33 2 3145 2877;
e-mail: rouden@ensicaen.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.057
A few years ago, we reported a stereoselective functionaliza-
tion of the C-6 position of cytisine.21 This was the result of
an N/C acyl migration. When N-acyl cytisines were
treated with LDA in the presence of an excess of LiCl,
6a-acylcytisines were obtained in 51–79% yield. The effi-
ciency of the N–C acyl transfer was shown to be dependent
on the nature of the N-acyl group. Complete epimerization
6a/6b of the newly created stereocenter was observed
under basic conditions (Scheme 1). We report here the direct
synthesis of new 6b-substituted cytisines. The strategy is
based on the intermolecular reaction of the carbanion
formed on the position adjacent to the pyridone ring with
different electrophiles.

NN

O

NN

O
R1

i) LDA, LiCl
ii) R2X

R2

R1 = Et, i-Pr, t-Bu, OMe
R2 = H, Me, Bn

R1 O

NaOH, reflux

NN

O

R2

R1 O

R1 = Et
R2 = Bn

6β-isomer

6
9

111

H

H

6α-isomer

O

51-79%

85%

Scheme 1. Intramolecular functionalization of cytisine via an N/C trans-
fer of an acyl group.

2. Results and discussion

In order to study the alkylation of the 6-position of cytisine
while avoiding the N/C transfer observed previously with
acyl groups, we protected the secondary amine with a benzyl

mailto:rouden@ensicaen.fr
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group. In our first attempts, N-benzyl cytisine 1 was treated
by LDA (5 equiv) in THF at �78 �C. To the mixture was
added methyl iodide (2.6 equiv). No expected 6-methyl
cytisine 3a was obtained but a complex mixture was formed
from which we could detect, by mass spectrometry, a dimeric
product. To simplify NMR spectra of such a compound,
N-methyl cytisine 2 was submitted to the same reaction
conditions but quenched with NH4Cl to give the adduct 5
(Scheme 2).

NN

O

N

N
O

NRN

O

i) LDA, THF, -78°C
ii) NH4Cl

H

NRN

O

i) LDA,
THF, -78°C

ii) MeI
3a R = Bn
4a R = Me

1  R = Bn
2  R = Me

5

R= Me
65

10'
11'

9'

9

10
11

6'

H

Me

Scheme 2. Reaction of LDA with N-substituted-cytisines.

Several conditions were tried to optimize the reaction
(Table 1). Under the best ones, product 5 was isolated with
a 42% yield along with unreacted starting material. Attempts
to reduce the temperature (entry 2), to use lithium chelating
agent such as TMEDA (entry 3) or to use alkyllithium as
bases (entries 4 and 5) did not improve the yield of the
reaction.

Such a type of dimerization was previously observed
when 1-alkyl-4,6-diphenyl-2-pyridones were treated with
LDA.22 The mechanism postulated was a carbonyl directed
lithiation on carbon adjacent to nitrogen (equivalent to C-6
of cytisine) then a Michael addition on a second molecule
of alkyl pyridone (addition equivalent to C-10 of cytisine),
and finally a migration of the first subunit to the carbon
adjacent of the carbonyl of the second pyridone. This should
lead, in our case to a connection of the cytisine molecules,
C-6 to C-90. However, we did not observe the subsequent
rearrangement described in this paper. Based on this publica-
tion and a series of NMR experiments (1H, 13C, JMOD,
COSY, HMQC, and HMBC) the structure of 5, among the
two possible (Fig. 1), was assigned unambiguously.

Table 1. Optimization of the dimerization of 2a

Entry Base T (�C) Ratio 2/5 (yield, %)c

1 LDA �78 17/83 (42)
2 LDA �120 23/77
3 LDA �78b 13/87d

4 BuLi �78 40/60
5 MeLi �78 32/68

a Reaction conditions: 2 (1 mmol), base (5 equiv), THF, 4 h at�78 �C then
NH4Cl, �78 �C/room temperature, 3 h.

b Addition of TMEDA (5 equiv), quench with MeI.
c Ratio of starting material 2/dimer 5 from 1H NMR of the crude product.

Isolated yield of 5 are in parentheses.
d Complex mixture.
On the 1H NMR spectrum, only one pyridone subunit
remained (protons H9–H11 with characteristic chemical
shifts at 5.95, 6.40, and 7.23 ppm). On signals in the range
3–5 ppm: first, a doublet at 4.61 ppm (JH6–H100¼5.6 Hz)
attributed to H6 (a common chemical shift for this type of
proton) connected to sp3 carbon (HMQC), and a doublet
(JH110–H100¼5.1 Hz) at 4.33 ppm attributed to H110 connected
to sp2 carbon (HMQC), both coupling with the same proton,
H100, at 3.6–3.7 ppm showing as a multiplet (COSY). Also in
the same 1H NMR range at 3.66 and 3.58 ppm, one might
recognize two characteristic signals for the H60 of the second
cytisine subunit showing as a doublet (mixed with H100 mul-
tiplet) and a doublet of doublet. The absolute configuration
of C-6 was clearly assigned based on our previous work.21

Indeed, the observed coupling constant for H6 is due to
H100 and not H5. Therefore, since no coupling is occurring
between H6 and H5, the configuration of C-6 is S (H6 in a po-
sition). We were not able to define the absolute configuration
of C-100. However, based on the known stereochemical
outcome of the pyridone hydrogenation of cytisine,11a we
assumed that the addition has occurred on the less hindered
exo face at the C-100 position. Next we needed to assert the
position of the connection between both cytisine units, i.e.,
between C-6 and C-100, mainly because of the rearrange-
ment described in Katritzky’s paper.22 Beside coupling
with H6 and H110, the COSY experiment revealed for H100

two correlations with signals at 2.53 ppm (dd, J¼7, 16 Hz,
1H) and at 2.66 ppm (part of a multiplet). These two protons
were connected to the same carbon (HMQC), which was
a CH2 type of carbon (JMOD). This carbon was therefore as-
signed to C-90. All attributions (protons and carbons) were
confirmed by an HMBC experiment. In the other hypothesis
connecting C-6 with C-90 (involving a migration following
the Michael addition) the coupling patterns would be nota-
bly different.

We used N-benzyl cytisine 1 for the following part of the
study in order to remove easily the nitrogen protecting
group. Because of the high reactivity of the carbanion gener-
ated at C-6, we attempted to trap it by an electrophile imme-
diately after its formation using the inverse addition
procedure.23 Under these conditions, the treatment of a
mixture of 1 and methyl iodide in THF by LDA (2 equiv)
afforded 6b-methyl cytisine 3a in 75% yield (not optimized).
A quick search of the most appropriate base to carry out this
selective deprotonation using chlorotrimethylsilane as the
electrophile was undertaken (Scheme 3). Some relevant
results are presented in Table 2. Three bases of increas-
ing pKa were tested. Lithium hexamethyldisilylamide
(LHMDS) gave no reaction, while lithium tetramethylpiperi-
dinamide (LTMP) afforded a mixture of products arising
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Figure 1. Possible connections for dimer 5.
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from mono or disilylation (3b, 6, 7). LDA appeared as the
most selective base as previously shown.24

1

NBnN

O

3b

NBnN

O

6

NBnN

O

7

Me3Si

Me3Si Me3Si

SiMe3

SiMe3

i) Me3SiCl, 
THF, -78 °C

ii) base, THF 
-78 °C, 2h

6
9

10

Scheme 3. Selectivity of the deprotonation of N-benzyl cytisine 1.

The reaction with LDA was regio- and diastereoselective at
C-6. Only product 3b resulting from the silylation of 1 in the
position 6b was observed, the absolute configuration of the
product being determined by 1H NMR as described in our
previous report.21 Alkyl, allyl, benzyl, and trimethylstannyl
halides were successfully used as electrophiles (Table 3,
entries 1–6). Weinreb amide26 and non-enolizable aldehydes
can be employed in the inverse addition conditions affording
ketone 3g or alcohols 3h and 3i, respectively (entries 7–9).

Alkylation of N-benzyl cytisine carbanion with aldehydes
generated a second stereogenic center, carbon 13 in 3h or
3i. Only two diastereoisomers were produced showing
a very high asymmetric induction at one carbon and a poor
selectivity for the other (Table 3, entries 8 and 9). The stereo-
chemistry at C-6 of compounds 3h was deduced from that of
the ketone 8 obtained by a mild oxidation of alcohols 3h

Table 2. Choice of base for the deprotonation of 1

Entry Basea pKa
25 Yield (%)b Ratio (%)c

3b 6 7

1 LHMDS 29.5 d 0 0 0
2 LDA 35.7 78 100 0 0
3 LTMP 37.3 56 32 64 4

a Reaction conditions: 1 (1 mmol), Me3SiCl (2.6 equiv), THF,�78 �C then
base (2.6 equiv), 2 h, �78 �C.

b Isolated yields.
c Determined from 1H NMR of the crude product.
d Starting material was recovered quantitatively.

Table 3. Diastereoselective alkylation of N-Bn-cytisine 1a

Entry EX Product Yield (%)b

1 MeI 3a 98
2 Me3SiCl 3b 78
3 EtBr 3c 70
4 BnBr 3d 62
5 Allyl-Br 3e 69
6 Me3SnCl 3f 44
7 EtC(O)N(Me)OMe 3g 42
8 PhCHO 3h 76c

9 t-BuCHO 3i 78d

a Reaction conditions: 1 (1 mmol) and electrophile (2.6 equiv), THF,
�78 �C then LDA (3 equiv),�78 �C, 2 h then room temperature for 16 h.

b Isolated yields.
c As a 61/39 ratio of diastereoisomers.
d As a 54/46 ratio of diastereoisomers.
using IBX27 (Scheme 4). Only one ketone 8 was formed
and the coupling constant JH5–H6¼0 Hz showed unambigu-
ously that H6 proton was in the alpha position. A low
asymmetric induction was occurring at C-13 since alcohols
3h and 3i were isolated as mixture of diastereoisomers, in
61/39 and 54/46 ratios, respectively. The absolute configura-
tion of C13 for each diastereoisomer was assigned by com-
paring the observed vicinal coupling constants between
protons H6 and H13 and those calculated from molecular
modeling simulations (AM1, Spartan�). After minimization
of the structures of both isomers of 3h, a dihedral angle of
50� was measured for the (R) isomer and 96� for the (S) iso-
mer corresponding to coupling constants JH6–H13 of 5 Hz
and 0 Hz (Fig. 2). In the 1H NMR spectrum of compounds
3h, we found JH6–H13¼7.4 Hz for the major diastereo-
isomer (61%), therefore assigned as the (R)-C13 and
JH6–H13¼2.0 Hz for the (S)-C13 minor product. The same
calculations were carried out with diastereoisomers of 3i.
Dihedral angles of the calculated structures were 40� and
92� for (R) and (S) diastereoisomers, respectively, corres-
ponding to JH6–H13 of 6.9 Hz and 0.0 Hz. The (R)-C13 major
isomer (54%) had a coupling constant JH6–H13 of 7.8 Hz and
the (S) minor isomer of 0 Hz.

NBnN

O

i) EX
ii) LDA

E

1

     R
3h Ph
3i  tBu

3a  

3b 

3c

3d 

3e       

3f

3g

E
Me
Me3Si
Et
Bn
Allyl
Me3Sn
EtC(O)

NBnN

O
RHO 13

6 NBnN

O
O

13

6

8

i) RCHO
ii) LDA

IBX, EtOAc
reflux, 16 h

R= Ph

Scheme 4. Regio- and diastereoselective alkylation of N-Bn-cytisine 1.

Next, we tried to introduce a second alkyl group on the
6-position of compound 3a. The reaction was carried out
under the same conditions as for the first alkylation. No
product 9 was obtained and the starting material was
recovered quantitatively. The second deprotonation did not
seem to occur (Scheme 5).

Finally, in order to test the new compounds towards
nAChRs, debenzylation of the tertiary amine was carried
out (Scheme 6). Hydrogenolytic removal of N-benzyl groups
is traditional but is clearly inapplicable to residues such as
allyl groups. Therefore we turned our attention towards
Olofson’s reagent, a-chloroethyl chloroformate (ACE-Cl).28

N
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H

BnN

O
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N

H

H

O H

BnN

O96°

3h major, (R)-C13 3h minor, (S)-C13

Figure 2. Molecular modeling simulations for C-13 epimer 3h.
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Scheme 6. Debenzylation of 3a.

Debenzylation was tried on N-benzyl-6b-methyl-cytisine
3a. Several attempts were needed to determine the optimal
conditions (Table 4). In dichloromethane, reaction was not
reproducible and starting material was mainly recovered
(entries 1–4). Debenzylation took place in refluxing di-
chloroethane for 24 h with an excess of ACE-Cl to afford
6b-methyl-cytisine 10 in 72% isolated yield (Table 4,
entry 8).

3. Conclusion

This work demonstrated the possibility of intermolecular
functionalization of cytisine on carbon 6 via an original
lithiation reaction. The key step was the regiospecific car-
bonyl directed deprotonation of cytisine by LDA followed
by in situ trapping of the anion by various electrophiles
(inverse addition procedure). With alkyl halides the alkyl-
ation was totally stereoselective at C-6 (position 6b) and
opposite to the acyl migration previously observed (position
6a), but poorly diastereoselective on the second stereogenic
center created when using aldehydes. To avoid the described
carbonyl migration following the deprotonation when
cytisine was N-substituted by an acyl residue, a benzyl group
was used to protect cytisine, which allowed for its easy
and selective removal by a-chloroethyl chloroformate. A
dimer of cytisine was isolated while using the normal addi-
tion conditions for the deprotonation–alkylation sequence
or in the absence of electrophile. Finally, the reaction
developed here offers the potential for the synthesis of

Table 4. Debenzylation of N-benzyl-6b-methyl-cytisine 3a

Entry ACE-Cla (equiv) Solvent Temp Time (h) Yieldb (%)

1 1.3 CH2Cl2 rt 1.5 c

2 1.5 CH2Cl2 rt 0.5 (25)d

3 1.5 CH2Cl2 rt 16 c

4 4 CH2Cl2 rt 16 c

5 1.5 ClCH2CH2Cl Reflux 2 (30)d

6 4 ClCH2CH2Cl Reflux 6 49
7 4 ClCH2CH2Cl Reflux 16 53
8 4 ClCH2CH2Cl Reflux 24 72

a a-Chloroethyl chloroformate (number of equivalent).
b Isolated yields.
c Starting material was recovered quantitatively.
d Conversion determined by 1H NMR.

NBnN

OMe

i) MeI, THF, -78 °C

ii) LDA, -78 °C, 2 h
   then to r. t. 16 h

NBnN

OMe Me

3a 9

Scheme 5.
a wide variety of new ligands for receptors of the central
nervous system or of new chiral sources for asymmetric
synthesis.

4. Experimental

4.1. General methods and starting materials

The reactions were carried out under nitrogen or argon in
flasks dried in an oven at 110 �C. THF and CH2Cl2 were
dried with a PURESOLV� apparatus (Innovative Technol-
ogy Inc.). Diisopropylamine was distilled from calcium
hydride. Methyl iodide, ethyl bromide, benzyl bromide, allyl
bromide, trimethylsilyl chloride, benzaldehyde, and pival-
aldehyde were distilled before use. A commercial solution
of trimethyltin chloride (1 M in THF, Aldrich) was used.
Thin layer chromatography (TLC) was performed using
aluminum sheets precoated with silica gel 60 F254 (Merck).
Flash chromatography was carried out on silica gel SI 60
(0.040–0.063 mm, Merck). Melting points were obtained
using a K€ofler bench apparatus (uncorrected). Optical rota-
tions were measured using a Perkin–Elmer 241 polarimeter.
Infrared spectra (IR) were recorded with a FT-IR Perkin–
Elmer 684 spectrometer. Mass and high resolution mass
spectra (HRMS) were obtained on a Waters-Micromass
Q-Tof micro instrument. NMR spectra were recorded on
a Brucker Avance DPX-250 (1H at 250.1 MHz; 13C at
62.9 MHz; TMS as internal standard). Elementary analyses
were performed on a Thermoquest apparatus by the micro-
analytical service of the Laboratory of Molecular and
Thioorganic Chemistry of ENSICaen, Caen. Cytisine
[(�)-(1R,5S)-1,2,3,4,5,6-hexahydro-1,5-methanopyrido[1,2-a]-
[1,5]diazocin-8-one] was extracted from commercially
available seeds of Cytisus laburnum anagyro€ıdes (Vilmorin
Company, France). The procedure was reported in the sup-
porting information (free of charge via the Internet at
http://pubs.acs.org) of a previous publication.9

4.1.1. Synthesis of (L)-(1R,5S)-N-benzyl cytisine 1.29,11d

To a solution of cytisine (1.0 g, 5.26 mmol) in 20 mL of
CH2Cl2 was added Na2CO3 (1.1 g, 10.5 mmol, 2 equiv) in
10 mL of H2O followed by benzyl bromide (6.31 mmol,
1.2 equiv) at room temperature. After stirring 4 h at reflux
temperature, the reaction mixture was extracted three times
with CH2Cl2. The combined organic layers were dried over
Na2SO4 and concentrated under vacuum. Purification of the
crude product by flash chromatography (CH2Cl2/MeOH,
95:5) afforded 1 as a white solid (1.13 g, 77%): mp 142–
144 �C; [a]D

22 �219 (c 1, CHCl3); 1H NMR (CDCl3)
d 1.8–1.9 (m, 2H), 2.3–2.5 (m, 3H), 2.8–3.0 (m, 3H), 3.37
and 3.46 (AB, JAB¼13.6 Hz, 2H, CH2Bn), 3.91 (dd,
J¼15.4, 6.5 Hz, 1H, H-6b), 4.10 (d, J¼15.4 Hz, 1H,
H-6a), 5.90 (dd, J¼6.9, 1.3 Hz, 1H, H-11), 6.48 (dd,
J¼9.0, 1.3 Hz, 1H, H-9), 6.9–7.0 (m, 2H), 7.1–7.3 (m,
4H); 13C NMR (CDCl3) d 26.3, 28.5, 35.9, 50.3, 60.3,
60.4, 62.3, 105.0, 116.8, 127.2, 128.5, 138.4, 138.9, 151.8,
164.0; IR (NaCl, cm�1) 2926, 2794, 1652, 1546, 1140,
800, 736, 698; HRMS (EI) calcd for C18H20N2O2

280.1576, found 280.1578.

4.1.2. Dimerization of N-methyl-cytisine 2. To a solution
of N-methyl-cytisine 2 (250 mg, 1.22 mmol, 1 equiv) in

http://pubs.acs.org


11683N. Houllier et al. / Tetrahedron 62 (2006) 11679–11686
10 mL of THF was added dropwise an LDA solution [pre-
pared in situ from diisopropylamine (0.52 mL, 3.68 mmol,
3 equiv) and n-butyllithium (1.6 M solution in hexanes,
2.30 mL, 3.68 mmol, 3 equiv) in 5 mL of THF at �20 �C]
at �78 �C under nitrogen. After stirring 4 h at �78 �C, the
reaction was quenched with a saturated aqueous ammonium
chloride solution. Ammonia was then added until basic pH.
The aqueous phase was extracted three times with CH2Cl2
and the combined organic layers were dried over magnesium
sulfate, filtered, and concentrated under vacuum. The crude
product was purified by flash chromatography (CH2Cl2/
MeOH, 92:8) to afford dimer 5 as a yellow oil (0.105 g,
42%); [a]D

22 +259 (c 1, CHCl3); 1H NMR (CDCl3) d 1.41
(d, J¼11.0 Hz, 1H), 1.47 (d, J¼13.0 Hz, 1H), 1.65 (d,
J¼13.0 Hz, 1H), 2.02 (s, 3H), 2.0–2.1 (m, 2H), 2.11 (s,
3H), 2.1–2.2 (m, 3H), 2.24 (br s, 1H), 2.3–2.4 (m, 2H),
2.53 (dd, J¼7.0, 16.0 Hz, 1H, H-90), 2.59–2.70 (m, 3H),
2.73 (d, J¼10.0 Hz, 1H), 2.8–2.9 (m, 2H), 3.58 (dd,
J¼7.0, 13.2 Hz, 1H, H-60b), 3.6–3.7 (m, 2H, H-60a and
H-100), 4.33 (d, J¼5.1 Hz, 1H, H-110), 4.61 (d, J¼5.6 Hz,
1H, H-6a), 5.95 (dd, J¼1.4, 6.8 Hz, 1H, H-11), 6.40 (dd,
J¼1.4, 9.0 Hz, 1H, H-9), 7.23 (dd, J¼6.8, 9.0 Hz, 1H,
H-10). 13C NMR (CDCl3) d 23.8, 26.4, 27.6, 29.5, 31.2,
34.5, 35.4, 36.5, 46.1, 46.5, 47.5, 61.6, 62.1, 63.0, 63.6,
101.5, 104.6, 117.8, 138.6, 142.4, 151.6, 163.4, 169.5; IR
(NaCl, cm�1) 3419, 2937, 2780, 1645, 1544, 907, 723;
HRMS (ESI) calcd for C24H33N4O2 409.2604, found
409.2593.

4.2. General procedure for alkylation at C-6 position

To a solution of N-benzyl-cytisine 1 (250 mg, 0.89 mmol,
1 equiv) in 7 mL of THF was added the electrophile
(2.32 mmol, 2.6 equiv) at �78 �C under nitrogen. An LDA
solution [prepared in situ from diisopropylamine (0.37 mL,
2.67 mmol, 3 equiv) and n-butyllithium (1.6 M solution in
hexanes, 1.67 mL, 2.67 mmol, 3 equiv) in 5 mL of THF at
�20 �C] was then added dropwise. After stirring 2 h at
�78 �C, the reaction was stirred overnight at room temper-
ature. The mixture was quenched with a saturated aqueous
ammonium chloride solution and then ammonia was added
until basic pH. The aqueous phase was extracted three times
with CH2Cl2 and the combined organic layers were dried
over magnesium sulfate, filtered, and concentrated under
vacuum.

4.2.1. (L)-(1R,5S,6S)-N-Benzyl-6-methyl-cytisine 3a. The
electrophile added was methyl iodide. The crude product
was purified by flash chromatography (CH2Cl2/MeOH,
98:2) to afford 3a as a white solid (0.257 g, 98%): mp
152 �C; [a]D

22 �51 (c 0.9, CHCl3); 1H NMR (CDCl3)
d 1.40 (d, J¼6.4 Hz, 3H), 1.6–1.8 (m, 2H), 2.02 (s, 1H),
2.22 (d, J¼1.3 Hz, 1H), 2.26 (d, J¼1.3 Hz, 1H), 2.43 (dd,
J¼2.5, 11.0 Hz, 1H), 2.67 (dd, J¼1.6, 10.4 Hz, 1H), 2.91
(br s, 1H), 3.03 (d, J¼11.0 Hz, 1H), 3.27 and 3.45 (AB,
JAB¼13.6 Hz, 2H, CH2Bn), 4.78 (q, J¼6.4 Hz, 1H, H-6a),
5.86 (dd, J¼1.2, 6.7 Hz, 1H, H-11), 6.48 (dd, J¼1.2,
9.0 Hz, 1H, H-9), 6.9–7.1 (m, 5H), 7.2–7.3 (m, 1H); 13C
NMR (CDCl3) d 20.8, 23.5, 34.9, 36.1, 54.7, 59.9, 60.8,
61.8, 104.8, 117.5, 126.8, 128.1, 138.1, 150.9, 163.2; IR
(KBr, cm�1) 3423, 2918, 2809, 1648, 1569, 1542, 801,
735, 698; HRMS (ESI) calcd for C19H23N2O 295.1810,
found 295.1809.
4.2.2. (D)-(1R,5S,6S)-N-Benzyl-6-trimethylsilyl-cytisine
3b. The electrophile added was chlorotrimethylsilane. The
crude product was purified by flash chromatography
(CH2Cl2/MeOH, 99:1) to afford 3b as a yellow oil
(0.245 g, 78%); [a]D

22 +16 (c 0.6, CHCl3); 1H NMR
(CDCl3) d 0.06 (s, 9H, Si(CH3)3), 1.7–1.8 (m, 2H), 1.82
(dd, J¼1.7, 10.5 Hz, 1H), 2.39 (br s, 1H), 2.50 (dd, J¼2.6,
11.0 Hz, 1H), 2.91 (s, 1H), 2.94 (dt, J¼1.8, 8.8 Hz, 1H),
2.98 (d, J¼11.0 Hz, 1H), 3.26 and 3.49 (AB, JAB¼13.7 Hz,
2H, CH2Bn), 4.26 (s, 1H, H-6a), 5.87 (dd, J¼1.3, 6.9 Hz,
1H, H-11), 6.47 (dd, J¼1.4, 9.0 Hz, 1H, H-9), 6.8–6.9 (m,
2H), 7.1–7.2 (m, 4H); 13C NMR (CDCl3) d �0.9, 25.8,
30.7, 35.4, 53.2, 60.2, 61.7, 62.4, 104.4, 115.5, 126.6,
126.7, 127.9, 128.0, 137.4, 138.1, 150.9, 163.3; IR (NaCl,
cm�1) 3421, 2938, 2793, 1647, 1546, 1247, 840, 732, 698;
HRMS (EI) calcd for C21H29N2OSi 353.2049, found
353.2032.

4.2.3. (L)-(1R,5S,6S)-N-Benzyl-6-ethyl-cytisine 3c. The
electrophile added was ethyl bromide. The crude product
was purified by flash chromatography (CH2Cl2/MeOH,
99:1) to afford 3c as a white solid (0.192 g, 70%): mp
161 �C; [a]D

22 �13 (c 0.5, CHCl3); 1H NMR (CDCl3)
d 1.02 (t, J¼7.4 Hz, 3H), 1.3–1.4 (m, 1H), 1.6–1.7 (m,
1H), 1.7–2.0 (m, 1H), 2.1–2.3 (m, 3H), 2.49 (dd, J¼11.0,
2.6 Hz, 1H), 2.65 (d, J¼10.4 Hz, 1H), 2.90 (s, 1H), 2.96
(d, J¼11.0 Hz, 1H), 3.27 and 3.46 (AB, JAB¼13.7 Hz, 2H,
CH2Bn), 4.42 (d, J¼8.3 Hz, 1H, H-6a), 5.82 (d, J¼6.8 Hz,
1H, H-11), 6.48 (d, J¼9.0 Hz, 1H, H-9), 6.8–6.9 (m, 2H),
7.1–7.3 (m, 4H); 13C NMR (CDCl3) d 12.0, 23.9, 27.5,
30.7, 36.4, 60.6, 61.0, 61.1, 62.2, 104.9, 117.8, 127.1,
128.4, 138.4, 138.6, 151.2, 163.5; IR (KBr, cm�1) 3421,
2935, 2801, 1649, 1569, 1544, 735, 699; HRMS (EI) calcd
for C20H24N2O 309.1967, found 309.1962.

4.2.4. (L)-(1R,5S,6S)-N-Benzyl-6-benzyl-cytisine 3d. The
electrophile added was benzyl bromide. The crude product
was purified by flash chromatography (CH2Cl2/MeOH,
98:2) to afford 3d as a yellow oil (0.204 g, 62%); [a]D

22

�101 (c 1.0, CHCl3); 1H NMR (CDCl3) d 1.6–1.7 (m,
2H), 2.0–2.5 (m, 4H), 2.54 (d, J¼10.9 Hz, 1H), 2.66 (d,
J¼10.9 Hz, 1H), 2.66 (br s, 1H), 3.22 and 3.42 (AB,
JAB¼13.7 Hz, 2H, NCH2Bn), 3.45 (d, J¼12.9 Hz, 1H),
4.79 (d, J¼10.3 Hz, 1H, H-6a), 5.89 (d, J¼6.8 Hz, 1H,
H-11), 6.57 (d, J¼9.0 Hz, 1H, H-9), 6.8–6.9 (m, 2H), 7.1–
7.4 (m, 9H); 13C NMR (CDCl3) d 23.6, 29.9, 36.4, 39.9,
53.7, 60.5, 60.9, 61.1, 62.1, 105.2, 117.9, 126.8, 127.1,
128.4, 128.4, 128.8, 129.9, 138.5, 138.8, 138.9, 139.4,
151.3, 163.4; IR (NaCl, cm�1) 3416, 2939, 2794, 1648,
1567, 1546, 910, 800, 733, 699; HRMS (ESI) calcd for
C25H27N2O 371.2123, found 371.2105.

4.2.5. (L)-(1R,5S,6S)-N-Benzyl-6-allyl-cytisine 3e. The
electrophile added was allyl bromide. The crude product
was purified by flash chromatography (CH2Cl2/MeOH,
98:2) to afford 3e as a yellow oil (0.197 g, 69%); [a]D

22

�26 (c 0.5, CHCl3); 1H NMR (CDCl3) d 2.1–2.2 (m, 5H),
2.4–2.5 (m, 1H), 2.6–2.7 (m, 1H), 2.7–3.0 (m, 3H), 3.27
and 3.46 (AB, JAB¼13.6 Hz, 2H, CH2Bn), 4.56 (t,
J¼7.7 Hz, 1H, H-6a), 5.0–5.1 (m, 2H), 5.8–5.9 (m, 2H),
6.50 (d, J¼9.0 Hz, 1H, H-9), 6.8–6.9 (m, 2H), 7.1–7.2 (m,
4H); 13C NMR (CDCl3) d 23.6, 30.7, 36.4, 38.7, 53.8,
58.6, 60.4, 61.0, 62.1, 105.1, 117.8, 117.9, 127.1, 128.4,
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128.5, 135.9, 138.6, 138.6, 151.2, 163.4; IR (NaCl, cm�1)
3397, 2938, 2794, 1648, 1546, 912, 800, 732, 698; HRMS
(EI) calcd for C21H24N2O 321.1967, found 321.1952.

4.2.6. (D)-(1R,5S,6S)-N-Benzyl-6-trimethylstannyl-cyti-
sine 3f. The electrophile added was trimethyltin chloride.
The crude product was purified by flash chromatography
(CH2Cl2/MeOH, 99:1) to afford 3f as a colorless oil
(0.174 g, 44%); [a]D

22 +114 (c 1.2, CHCl3); 1H NMR
(CDCl3) d 0.03 (s, J2

Sn–H¼51.3 Hz, 9H, Sn(CH3)3), 1.7–
1.8 (m, 2H), 2.26 (dd, J¼1.7, 10.5 Hz, 1H), 2.4–2.5 (m,
2H), 2.80 (dt, J¼1.7, 10.5 Hz, 1H), 2.9–3.0 (m, 2H), 3.33
and 3.46 (AB, JAB¼13.6 Hz, 2H, CH2Bn), 4.14 (s, J2

Sn–H¼
51.3 Hz, 1H, H-6a), 5.95 (dd, J¼1.3, 6.9 Hz, 1H, H-11),
6.48 (dd, J¼1.4, 8.9 Hz, 1H, H-9), 6.9–7.0 (m, 2H), 7.1–
7.3 (m, 4H); 13C NMR (CDCl3) d �8.1, 26.3, 32.6, 36.1,
54.0, 56.1, 61.0, 62.5, 63.0, 106.1, 115.3, 127.3, 128.7,
128.7, 137.7, 138.8, 151.1, 162.9; IR (NaCl, cm�1) 2925,
2795, 1638, 1543, 1142, 769, 731, 698; HRMS (EI) calcd
for C21H29N2OSn 445.1302, found 445.1317.

4.2.7. (L)-(1R,5S,6R)-N-Benzyl-6-propionyl-cytisine 3g.21

The electrophile added was N-methoxy-N-methylpropiona-
mide. The crude product was purified by flash chromato-
graphy (CH2Cl2/MeOH, 95:5) to afford 3g as a viscous
colorless oil (0.125 g, 42%).

4.2.8. (L)-(1R,5S,6R)-N-Benzyl-6-[(hydroxy,phenyl)-
methyl]-cytisine 3h. The electrophile added was benz-
aldehyde. The crude product was purified by flash
chromatography (CH2Cl2/MeOH, 99:1) to afford 3h as a
61/39 mixture of diastereoisomers (0.261 g, 76%). Analyti-
cal samples of each diastereoisomer were obtained from
a second tedious chromatography of the mixture using the
same eluting system.

Major diastereoisomer at C-13, (R): [a]D
22 �99 (c 1.0,

CHCl3); 1H NMR (CDCl3) d 1.27 (d, J¼13.1 Hz, 1H),
1.49 (d, J¼13.1 Hz, 1H), 2.0–2.1 (m, 2H), 2.19 (dd, J¼
2.5, 11.1 Hz, 1H), 2.4–2.5 (m, 1H), 2.6–2.7 (m, 2H), 3.09
and 3.29 (AB, JAB¼13.7 Hz, 2H, CH2Bn), 4.89 (d, J¼
7.3 Hz, 1H, H-6a), 5.04 (d, J¼7.4 Hz, 1H), 5.31 (br s,
1H), 5.86 (d, J¼6.9 Hz, 1H, H-11), 6.53 (d, J¼8.9 Hz, 1H,
H-9), 6.7–6.8 (m, 2H), 7.0–7.1 (m, 3H), 7.1–7.2 (m, 6H);
13C NMR (CDCl3) d 23.4, 28.9, 36.1, 60.3, 60.9, 61.6,
63.6, 75.9, 106.6, 117.1, 127.2, 127.8, 128.1, 128.4, 128.5,
138.1, 139.6, 142.4, 151.7, 166.0; IR (NaCl, cm�1) 3279,
2939, 2794, 1642, 1542, 1136, 908, 726, 698; HRMS
(ESI) calcd for C25H27N2O2 387.2073, found 387.2081.

Minor diastereoisomer at C-13, (S): [a]D
22 �139 (c 1.0,

CHCl3); 1H NMR (CDCl3) d 1.48 (d, J¼12.3 Hz, 1H),
2.1–2.2 (m, 3H), 2.5–2.7 (m, 2H), 2.8–2.9 (m, 1H), 2.94
(br s, 1H), 3.20 and 3.40 (AB, JAB¼13.7 Hz, 2H, CH2Bn),
3.6–3.7 (m, 1H), 4.85 (d, J¼2.0 Hz, 1H, H-6a), 5.74 (br s,
1H), 5.96 (d, J¼6.9 Hz, 1H, H-11), 6.45 (d, J¼9.0 Hz, 1H,
H-9), 6.8–6.9 (m, 2H), 7.1–7.2 (m, 3H), 7.2–7.3 (m, 4H),
7.52 (d, J¼7.1 Hz, 2H); 13C NMR (CDCl3) d 24.9, 28.1,
36.5, 60.8, 61.5, 63.9, 73.3, 105.5, 117.2, 126.9, 127.0,
127.1, 128.2, 128.3, 128.7, 138.4, 139.0, 142.5, 152.7,
164.1; IR (NaCl, cm�1) 3282, 2931, 2794, 2758, 1643,
1542, 1134, 908, 803, 734, 699; HRMS (ESI) calcd for
C25H27N2O2 387.2073, found 387.2068.
4.2.9. (L)-(1R,5S,6R)-N-Benzyl-6-[(hydroxy,tert-butyl)-
methyl]-cytisine 3i. The electrophile added was pival-
aldehyde. The crude product was purified by flash
chromatography (CH2Cl2/MeOH, 99:1) to afford 3i as a
54/46 mixture of diastereoisomers (0.254 g, 78%). Analy-
tical samples of each diastereoisomer were obtained from
a second tedious chromatography of the mixture using the
same eluting system.

Major diastereoisomer at C-13, (R): [a]D
22 �24 (c 1.0,

CHCl3); 1H NMR (CDCl3) d 1.17 (s, 9H), 1.6–1.7 (m,
2H), 2.1–2.2 (m, 2H), 2.26 (br s, 1H), 2.45 (dd, J¼2.6,
11.1 Hz, 1H), 2.66 (d, J¼10.3 Hz, 1H), 2.95 (s, 1H), 3.01
(d, J¼11.1 Hz, 1H), 3.2–3.3 (m, 2H), 3.25 and 3.52 (AB,
JAB¼13.7 Hz, 2H, CH2Bn), 4.76 (d, J¼7.8 Hz, 1H, H-6a),
5.94 (d, J¼6.9 Hz, 1H, H-11), 6.51 (d, J¼8.9 Hz, 1H,
H-9), 6.8–6.9 (m, 2H), 7.1–7.2 (m, 3H), 7.2–7.3 (m, 1H);
13C NMR (CDCl3) d 23.0, 27.5, 33.2, 35.8, 37.1, 59.2,
60.4, 60.8, 61.8, 81.6, 106.5, 117.0, 126.9, 128.1, 128.2,
138.1, 139.3, 152.0, 166.4; IR (NaCl, cm�1) 2949, 2794,
1644, 1542, 1134, 912, 800, 731, 698; HRMS (ESI) calcd
for C23H31N2O2 367.2386, found 367.2368.

Minor diastereoisomer at C-13, (S) isolated as an enriched
mixture with its epimer. 1H NMR (CDCl3) d 1.10 (s, 9H),
1.4–1.5 (m, 1H), 2.1–2.2 (m, 1H), 2.2–2.4 (m, 2H), 2.6–
2.7 (m, 2H), 2.7–2.8 (m, 1H), 2.8–2.9 (m, 2H), 3.26 and
3.50 (AB, JAB¼13.4 Hz, 2H, CH2Bn), 3.4–3.5 (m, 1H),
4.08 (s, 1H), 4.88 (s, 1H, H-6a), 5.88 (d, J¼7.5 Hz, 1H,
H-11), 6.46 (d, J¼8.9 Hz, 1H, H-9), 6.8–6.9 (m, 2H), 7.1–
7.2 (m, 4H); 13C NMR (CDCl3) d 25.3, 27.5, 29.5, 36.0,
36.1, 60.2, 60.7, 61.0, 61.8, 78.8, 104.9, 117.1, 126.7,
128.0, 128.1, 138.2, 138.3, 152.9, 163.5; HRMS (ESI) calcd
for C23H31N2O2 367.2386, found 367.2400.

4.2.10. (D)-(1R,5S,6S)-N-Benzyl-6,9-bistrimethylsilyl-
cytisine 6. Same procedure as for compound 3b with
LTMP as base. The crude product was purified by flash chro-
matography (CH2Cl2/MeOH, 98:2) to afford 6 as a yellow
oil (186 mg, 36%); [a]D

22 +46 (c 0.8, CHCl3); 1H NMR
(CDCl3) d 0.03 (s, 9H), 0.29 (s, 9H), 1.7–1.8 (m, 2H), 2.23
(dd, J¼1.6, 10.4 Hz, 1H), 2.34 (br s, 1H), 2.50 (dd, J¼2.4,
10.9 Hz, 1H), 2.72 (dt, J¼1.7, 10.4 Hz, 1H), 2.87 (br s,
1H), 2.99 (d, J¼10.9 Hz, 1H), 2.80 and 3.46 (AB,
JAB¼13.9 Hz, 2H, CH2Bn), 4.33 (s, 1H, H-6a), 5.85 (d,
J¼6.7 Hz, 1H, H-11), 6.8–6.9 (m, 2H), 7.0–7.1 (m, 3H),
7.30 (d, J¼6.7 Hz, 1H); 13C NMR (CDCl3) d �1.5, �0.7,
26.0, 31.2, 35.9, 53.1, 60.7, 61.7, 62.5, 105.1, 125.3,
126.8, 128.1, 128.2, 138.7, 143.5, 151.9, 165.6; IR (NaCl,
cm�1) 2942, 2802, 2760, 1624, 1544, 1242; MS (EI) m/z
(%) 424 (M+, 25), 409 (42), 290 (47), 202 (38), 91 (100),
73 (77), 57 (46).

4.3. Oxidation of epimeric alcohols 3h

4.3.1. (L)-(1R,5S,6R)-N-Benzyl-6-benzoyl-cytisine 8. To
a solution of a mixture of diastereoisomers 3h (70 mg,
0.181 mmol, 1 equiv) in 5 mL of ethyl acetate was added
IBX (301 mg, 1.08 mmol, 6 equiv). The mixture was heated
at 80 �C for 16 h. The reaction was filtered and the filtrate
was concentrated under vacuum. The crude product was pu-
rified by flash chromatography (CH2Cl2/MeOH, 99.5:0.5) to
afford 8 as a colorless oil (0.054 g, 76%); [a]D

22 �123 (c 0.6,
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CHCl3); 1H NMR (CDCl3) d 1.62 (dt, J¼3.0, 13.0 Hz, 1H),
2.13 (d, J¼13.0 Hz, 1H), 2.3–2.4 (m, 2H), 2.46 (dd, J¼3.0,
11.0 Hz, 1H), 2.88 (d, J¼11.0 Hz, 1H), 3.02 (s, 1H), 3.14 (d,
J¼10.0 Hz, 1H), 3.45 and 3.55 (AB, JAB¼14.0 Hz, 2H,
CH2Bn), 5.90 (s, 1H, H-6a), 6.03 (d, J¼8.0 Hz, 1H,
H-11), 6.49 (d, J¼9.0 Hz, 1H, H-9), 7.0–7.1 (m, 2H), 7.2–
7.3 (m, 3H), 7.3–7.4 (m, 1H), 7.4–7.5 (m, 2H), 7.5–7.6 (m,
1H), 8.06 (d, J¼8.0 Hz, 2H); 13C NMR (CDCl3) d 23.0,
30.7, 35.2, 59.7, 59.9, 62.0, 62.6, 104.9, 116.8, 127.2,
128.3, 128.4, 128.6, 128.9, 133.3, 135.0, 137.9, 139.5,
151.7, 162.9; IR (NaCl, cm�1) 2939, 2800, 1691, 1650,
1544, 1219, 1142, 908, 798, 723, 693; HRMS (ESI) calcd
for C25H25N2O2 385.1916, found 385.1923.

4.4. Debenzylation of 3a

4.4.1. (D)-(1R,5S,6S)-6-Methyl-cytisine 10. To a solution of
N-benzyl-6-methyl-cytisine 3a (50 mg, 0.17 mmol, 1 equiv)
in 1 mL of anhydrous dichloroethane was slowly added
a-chloroethyl chloroformate (75 mL, 0.68 mmol, 4 equiv)
under nitrogen. The reaction was heated to 80 �C during
24 h. After evaporation of the solvent, the residue was dis-
solved in 2 mL of methanol and the solution was refluxed
for 2 h. Methanol was evaporated and ammonia was added
until basic pH. After extraction four times with CH2Cl2
and evaporation of the solvent, the crude product was puri-
fied by flash chromatography (CH2Cl2/MeOH, 9:1+1%
NH3 28%) affording 10 as a colorless oil (25 mg, 72%);
[a]D

22 +107 (c 0.96, CHCl3); 1H (CDCl3) d 1.38 (d,
J¼6.3 Hz, 3H), 1.60 (br s, 1H), 1.91 (d, J¼6.1 Hz, 2H),
2.24 (d, J¼12.7 Hz, 1H), 2.8–2.9 (m, 2H), 3.1–3.2 (m,
2H), 4.79 (q, J¼6.1 Hz, 1H, H-6a), 5.99 (dd, J¼1.0,
6.8 Hz, 1H, H-11), 6.4 (dd, J¼1.0, 9.0 Hz, 1H, H-9), 7.26
(dd, J¼6.8, 9.0 Hz, 1H, H-10); 13C NMR (CDCl3) d 20.7,
22.9, 33.6, 35.1, 51.1, 54.3, 58.5, 106.0, 118.2, 138.9,
149.0, 163; IR (NaCl, cm�1) 2944, 2800, 1650, 1548; MS
(EI) m/z (%) 204 (M+, 29), 46 (15), 109 (16), 44 (100).
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Cholic acid-based high sensitivity fluorescent sensor
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emission quenched by complexation
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Abstract—Fluorescent receptors (1 and 2) bearing two binding units on C3 and C24 and two signal display units on C7 and C12 of cholic acid,
respectively, were designed and synthesized. Both 1 and 2 emit a much weaker fluorescence than that of the control compound 3 lacking of the
binding units reflecting that a PET process originated from the C-3 thiourea group to the plural pyrenyl pendant groups is operative. Addition
of terminal dicarboxylate anions to the CH3CN solution of 1 or 2 enhances the PET process, which leads to a significant and highly sensitive
fluorescence response, resulting in an almost complete quenching of the excimer emission of the signal units. To maximize the interaction of
the host and the guest, carboxylates of more than five carbon chains could penetrate through the space between the two pyrenyl pendants of the
host, triggering a considerable conformational change of the fluorophores. As a result, an enhancement of the monomer emission at the ex-
pense of the excimer emission will take place. The binding properties and mechanism of 1 and 2 to dicarboxylates in CH3CN were manifested
by the combined fluorescence, UV–vis, and 1H NMR spectroscopic method.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Anions play an important role in a wide range of chemical,
environmental, and biological processes.1 The quest for che-
mosensors capable of effecting the selective and sensitive
binding and sensing of negatively charged species through
visible, electrochemical, and optical responses has contin-
ued to attract considerable attention in scientific commu-
nity.2 Dicarboxylates are among the most attractive targets
for the study of anion recognition and sensing because of
their biological importance,3 such as their critical roles in
numerous metabolic processes.4 Therefore, their sensitive
detection is of great interest in a variety of areas in bioana-
lytical and biomedical researches.4b,5 The optical methods,
owing to their simplification of manipulation and sensitivity
of transduction of binding behaviors, are extensively adop-
ted in the investigation of molecular/ion recognition.6

Numerous endeavors have been particularly devoted to the
design and synthesis of ditopic anion receptors bearing opti-
cal signal display subunits (i.e., chromophore or fluoro-
phore) as sensing probes for dicarboxylates.7

Keywords: Cholic acid; Fluorescence; UV–vis spectroscopy; Dicarboxylate;
Chemosensor.
* Corresponding author. Tel.: +852 3411 7076; fax: +852 3411 7348;

e-mail: whchan@hkbu.edu.hk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.042
The structural complementary between receptors and termi-
nal dicarboxylates (�OOC(CH2)nCOO�) plays a crucial role
in the selective recognition processes.8 To assemble selec-
tive artificial ditopic receptors for terminal dicarboxylates,
based on cyclopolyammonium,9 sapphyrin,10 and calix[4]-
arene,11 some classical molecular skeletons were rationally
designed and exquisitely synthesized. Charge neutral che-
mosensors, which are immune from cross pH interference are
particularly attractive. Gunnlaugsson and Davis12 reported
a neutral fluorescent PET sensor for glutarate while He’s
group developed two fluorescent sensors for adipate.13 Mei
and Wu reported a sensor containing a naphthalene group
as the signal unit for pimelate.14 However, most of these che-
mosensors exhibit good selectivity only for dicarboxylates
of a relatively short chain length (n�3) and with moderate
binding constants of 105 M�1. It is very difficult to construct
a suitable receptor for a long-chain terminal dicarboxylate
using the classical molecular scaffolds such as polyazama-
crocycles and calixarenes. To our best knowledge, there is
no example of chemosensor, which can bind strongly with a
long-chain terminal dicarboxylate (n>5). In this paper, we
report the design and synthesis of two cholic acid-based fluo-
rescent sensors, which are amenable to the sensitive detec-
tion of long-chain terminal dicarboxylates (n¼6 and 8).

Pioneered by the seminal works of Davis and others, cholic
acid has recently emerged as a promising natural material to

mailto:whchan@hkbu.edu.hk
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construct supramolecular systems for molecular recogni-
tion.15 To achieve high affinity and selectivity to the
‘host’, the three axially oriented functionalities at the C3,
C7, and C12 of cholic acid could be modified and assembled
in such a way to confer cooperative binding interactions to
a specific guest anion. Recently, by incorporation of two
thiourea groups connected to an anthracene moiety at the
C3 and C24 as the signal subunit, we have created a fluores-
cent ditopic receptor possessing binding capability to dicarb-
oxylates even in aqueous media.16 Our findings represent
the first charge neutral chemosensor, which can be exploited
for binding dicarboxylates in aqueous conditions. However,
the fluorescent signal change of the sensor over a wide con-
centration range of the guest is only moderate. To further
improve the sensitivity and selectivity of the sensor, we
envisage that, if two pyrene moieties are introduced onto
the C7 and C12 as signal display units and two thiourea
receptive subunits were appended onto C3 and C24 of cholic
acid, upon association with dicarboxylates, a distinct fluo-
rescent response indicative of binding will be observed.
The two pendent proximate pyrenyl groups can display not
only a well-defined monomer emission at 370w430 nm but
also an efficient excimer emission at around 480 nm.17 To
effectively interact with the host, the terminal dicarboxylates
may penetrate through the space between the plural pyrenyl
pendants reaching the two receptive sites at the two ends of
the host. The binding event can trigger conformational
changes of the pyrene-appended signal display units, which
could upset the equilibrium between the monomer and the
excimer emissions. Besides, the fluorescence of the system
will be quenched by the formation of the complex via
a PET (photo-induced electron transfer) mechanism. In ad-
dition, appending bulky pyrenyl groups to the C7 and C12
of cholic acid can also create a bigger steric hindrance and
sharpen the selectivity of the sensor favoring the binding
between the host and long-chain terminal dicarboxylates.

Herein, we report the synthesis and structural characteriza-
tion of two new charge neutral fluorescent sensors 1 and 2
bearing two signal subunits at C7 and C12 and two binding
subunits at C3 and C24 of cholic acid, respectively. The
binding abilities of 1 and 2 to dicarboxylates were demon-
strated by fluorescence emission spectra, UV–vis spectra,
and 1H NMR method.

2. Results and discussion

2.1. Synthesis

Treatment of 1-pyrenyl acid or 1-pyrenebutyric acid with
sulfuryl dichloride in benzene afforded the corresponding
acid chlorides 5 and 6 in 100% yield, which could be directly
used for the subsequent condensation reaction (Scheme 1).
To overcome the high steric hindrance of introducing the
plural pyrenyl moieties on the C7 and C12 of the cholic
acid scaffold, we adopted the Maitra’s protocol by reacting
excess 5 or 6 with methyl 3-azidocholate (4)15c in a mixed
solvent of dichloromethane and xylene (1:10) using CaH2

as a base with a catalytic amount of benzyltriethylammo-
nium chloride, giving rise to 7 and 8 in ca. 40% yield, respec-
tively.18 Reduction of 7 (or 8) by zinc dust in acetic acid
followed by hydrazidation with hydrazine yielded amine
11 (or 12). Condensation reactions were performed between
11 (or 12) and 4-trifluoromethylphenylisothiocyanate in di-
chloromethane and the target compounds 1 and 2 were
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Scheme 1. Synthetic routes for receptors 1 and 2.
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obtained in ca. 30w50% over two steps. In order to investi-
gate the effect of binding behaviors on the fluorescence of
1 and 2, control compound 3 was synthesized from methyl
3a-acetyl-7a,12a-dihydroxy-5b-cholan-24-oate.19

2.2. Binding properties

As expected, when excited at 352 nm in CH3CN, receptor 1
(1�10�5 M) displayed a monomer emission at 388 nm and
an excimer emission at 488 nm, with an intensity ratio of
monomer to excimer emission (IM/IE) as 2.42. Compared
to sensor 1, 2 (1�10�5 M) was excited in CH3CN at a shorter
wavelength (342 nm) and gave a monomer and an excimer
emission at 375 and 475 nm, respectively, the ratio of
IM/IE was found to be 0.21, which is substantially smaller
than that of 1. This indicated that, in comparison with 1,
the presence of the more flexible three carbon spacer in 2
between the pyrenyl groups and the C-7 and C-12 ester func-
tionalities enables a tighter excimer formation arising from
a stronger p–p stacking in receptor 2. In both 1 and 2, the
intensity of ratio of monomer to excimer is barely changed
in the concentration range of 10�7–10�4 M, implicating
that their excimer emissions result from an intramolecular
excimer but not from an intermolecular excimer (Supple-
mentary data).

To unravel the details of the interaction between the host and
the guest, compound 3 lacking the thiourea groups on the C3
and C24 served as the control was synthesized. Compared
with 1 and 2, 3 can emit relatively stronger emissions and
give a monomer emission at 388 nm and an excimer at
488 nm when excited at 352 nm. On this basis a higher
IM/IE ratio of 0.84 was obtained for 3 compared with the
value of 0.21 for 1, it is quite likely that the quenching effect
by the thiourea group is more pronounced to the excimer
than that to the monomer (Fig. 1). Apparently, the thiourea
groups not only affect the ratio of monomer to excimer emis-
sion but also quench the fluorescence of receptors 1 and 2.
This is conceivably attributable to the fact that the thiourea
groups take part in the PET process in which an electron is
transferred from a lone-pair electron of the sulfur atom to
two excited pyrenyl units of 1 and 2.20 The quantum yield
of 1, 2 and 3 were assessed using pyrene as the standard
and the results are tabulated in Table 1. The quantum yield
of 3 was much higher than that of 1 and 2 with the order
of F3>F2>F1. Due to the more proximal thiourea groups
at the two pyrenyl units in receptor 1 than in receptor 2,
a more effective PET process was effectuated for 1.

To obtain insight into the binding properties of 1 and 2
toward dicarboxylate anions, we first investigated the fluo-
rescence change of the sensors upon addition of dicarboxy-
lates in CH3CN. With a gradual increase in the concentration
of dicarboxylate anions, malonate, succinate, glutarate,
adipate, suberate, and sebacate (all as tetrabutylammonium
salts), the monomer emission of 1 (1�10�5 M) can be
quenched ca. 50% and the excimer can be quenched as much
as >90%. Comparing with our previously reported anthra-
cene based carboxylate sensors,16 the extent of quenching
of the present systems caused by the guests is significantly
enhanced. Potentially, sensors 1 and 2 would be more sensi-
tive optical probes toward dicarboxylates. Typical fluores-
cence change of 1 and 2 modulated with different amounts
of suberate in CH3CN is showed in Figures 2 and 3, respec-
tively. The inset of the graph shows the change of the fluores-
cence intensity of the monomer and excimer upon addition
of suberate. Several interesting features of the plots are note-
worthy. Firstly, both sensors are ratiometric, which are more
superior systems in sensor design due to their ability to elim-
inate the sample matrix effect in the recognition process.
Both sensors operate complementarily to each other. As
the concentration of the guest increases, the IM/IE of 1 and
2 responds differently (i.e., the ratio of 1 decreases while
that of 2 increases, Supplementary data). It is noteworthy
that, when treated with different amounts of dicarboxylate
anions, the excimer of receptor 2 at 475 nm (1�10�5 M in
CH3CN) had shown a more sensitive fluorescence response
than that of receptor 1 and the excimer was almost com-
pletely quenched. The guest induced conformational change
of sensor 2 was implicated at the moderate concentration of
suberate as a slightly increase in the monomer peak was ob-
served. Expansion of Figure 3 in the range of 400–450 nm
allows the manifestation of an iso-emission point at around
421 nm (Supplementary data).

Regarding the nature of the guest–host interaction in the sen-
sor systems, the key question was: how do dicarboxylates
preorganize themselves in reaching the two binding sites of
the host? Could they penetrate through or just move around
the space between the pyrenyl pendent groups in the
OCH3

O

O

O
C O

CO
AcO

3

Figure 1. The fluorescence emission spectra of 1, 2, and 3 in CH3CN (1�10�6 M) (1 and 3 were excited at 352 nm, and 2 at 342 nm).
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Table 1. Absorption and fluorescence spectral data of 1, 2, and 3 in CH3CN

Sample labs (nm) 3 (104 M �1 cm�1)a
F313 nm

Pyrene 231/240/262/272/306/319/334 3.83/6.95/2.15/4.05/1.02/2.53/4.15 0.530b,d

3 282/352/385 7.49/6.95/2.18 0.877c,d

2 235/242/265/276/313/327/343 11.1/14.9/7.09/10.3/3.09/5.49/6.97 0.699c,d

1 280/348/383 7.44/4.96/1.33 0.592c,d

a The concentration is 1�10�5 M.
b Quantum yield was detected in EtOH and used as the standard.
c Quantum yield was detected in CH3CN.
d Quantum yield was determined with lex¼303 nm.
respective complexes? Treated with ca. 60 equiv of malo-
nate and succinate anions (i.e., short chain dicarboxylates),
the fluorescence response of 1 or 2 attained equilibrium,
while with only ca. 15 equiv of other longer chain dicarb-
oxylate anions an equilibrium could be observed. The exci-
mer emission is more sensitive to the dicarboxylates than the
monomer emission both in 1 and 2. With the increase of the
length of the dicarboxylate anion, the sensitivity of both 1
and 2 toward dicarboxylate increases. For long chain dicarb-
oxylates, there is a significant fluorescence response even at
the concentration at around 10�8 M (Supplementary data).
Sensor 2 has a more sensitive response to the same dicarb-
oxylate than 1 because of its two pyrenyl groups linked
with flexible spacers, which lead to a stronger excimer emis-
sion. Introducing dicarboxylates and other anions such as
AcO�, Cl�, Br�, and I� to the CH3CN solution of 3, there
is no change observed in the fluorescence spectra. This indi-
cated that the anions quenched the fluorescence intensity of
pyrenyl groups only by coordinating with thiourea groups
present in 1 and 2.

After binding the dicarboxylate anion, the electron-donating
power of either the aminothiourea or amidothiourea group in
the hosts can be enhanced, which leads to a stronger PET
process from the thiourea to the pyrenyl units (vide supra).
This possibly contributes to the quenching of the monomer
and excimer. At the same time, when the binding events oc-
curred, the dicarboxylate anion would go through the C-7
and C-12 pendent groups of the cholic acid derivatives.
Such type of interaction could destroy the p–p stack of the

Figure 2. The fluorescence emission spectra of 1 (1�10�5 M) with suberate
in CH3CN, lex¼352 nm. Inset: the fluorescence intensity of 1 at 388 nm
(monomer) and 488 nm (excimer) with different amounts of suberate.
two pyrenyl units leading to the enhancement of the mono-
mer emission at the expense of the excimer peak (vide
supra). The observation appears to be consistent with this in-
teraction model. When treated with 100 equiv of AcO�, the
monomer emission of 1 and 2 could be quenched ca. 50% as
the extent of quench caused by dicarboxylates (except malo-
nate and succinate) while both the excimer of 1 and 2 only
could be quenched at about 50% (Supplementary data).
Apparently, acetate due to its small size could not go through
the space of the two pendent groups. This observation
strongly supported that the long-chain dicarboxylates (n¼3,
4, 6, 8) went through rather than passed around the two pyr-
enyl units, which also contributed to a great quenching of the
excimer of 1 and 2 (i.e., from 50 to 90%). In response to the
combined electronic and conformational change effects trig-
gered by complex formation, an enhancing PET process
from thiourea groups to the pyrenyl groups and a decrease
of the p–p stack between the two pyrenyl groups take place.
Accordingly, the excimer emission can be quenched signif-
icantly, which creates a highly sensitive fluorescence respon-
sive system to dicarboxylates. While treated with 100 equiv
of other anions, spherical anions such as Cl�, Br�, and I�,
only less than 10% quenching was observed in the fluores-
cence spectra of 1 and 2.

Job plot21 showed that both 1 and 2 formed 1:2 complexes
with malonate and succinate (Fig. 4) and 1:1 complexes with
other dicarboxylate anions (Supplementary data). This result
is consistent with the phenomena observed in the fluores-
cence spectra (vide supra) and suggest that pyrenyl groups
on C7 and C12 not only act as signal units but also play

Figure 3. The fluorescence emission spectra of 2 (1�10�5 M) with suberate
in CH3CN, lex¼342 nm. Inset: the fluorescence intensity of 1 at 475 nm
with different amounts of suberate.
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important roles in complexing with terminal dicarboxylate
anions. Specifically, non-bonding repulsion between the host
and malonate (or succinate) precludes the formation of a 1:1
complex by passing through the bulky pyrenyl pendants. We
have reported for the first time that the flexible C17 side
chain of cholic acid derivatives can be exploited to provide
a binding unit onto the C2422 and the resulting fluorescent
sensor had demonstrated a fairly selective binding toward
adipate,16 which possesses a carbon chain of suitable length.
With the help of the flexible binding arm on C17 and the
steric constraint of the pendent groups on C7 and C12, 1
and 2 can show a selective recognition to some long-chain
terminal dicarboxylate anions.

On the basis of the change in fluorescent intensity associated
with the stepwise addition of guest dicarboxylates, the com-
plex association constants (Ka) for 1:1 binding model were
calculated using non-linear least-squares curve fitting23 and
are compiled in Table 2. Excellent relative coefficients
(R>0.99) were obtained and demonstrated that 1 and 2
formed 1:1 complexes with long-chain terminal dicarboxy-
late anions (n¼3, 4, 6, 8).24 The association constants of
1 and 2 to sebacate are much larger than those of other di-
carboxylates, suggesting that both 1 and 2 exhibit selective
recognition to sebacate. For all 1:1 binding models, 1 pre-
sumably due to its more rigid structure has a slightly weaker
binding ability to dicarboxylates than 2.

Figure 4. Job plot for the complexation of 2 with succinate and glutarate in
CH3CN (the total concentration is 1�10�5 M).
For short chain dicarboxylates, the complex association con-
stants (log Ka) and the stoichiometry for 1:2 binding model
are calculated using the Benesi–Hildebrand equation25 and
are listed in Table 3. Both 1 and 2 gave the values of stoichio-
metry (n) with malonate and succinate close to 2, which
corroborated well with the results obtained from the Job plot
(vide supra).

To investigate the chiral discriminative power of the sensors,
L-, D-glutamate, and N-acetyl-L-glutamate (used as tetra-
butylammonium salts) were chosen to introduce into the
CH3CN solution of 1 and 2 (1�10�5 M). The corresponding
association constants are determined and are given in
Table 2. Within the experimental errors, the binding strength
of the hosts and glutamate was found to be slightly greater
than that of the hosts and glutarate. The possible H-bonding
between the a-amino group of glutamate and the oxygen of
the C-7/C-12 ester group of the host may contribute to the
additional binding interaction. Interestingly, comparing the
binding constants of the two antipodal forms of glutamate to
the hosts, enantioselective factors exhibited by 1 and 2 to
the guests were found to be 1.53 and 1.79, respectively. The
1H NMR also showed that, under the chiral influence of the
host 1, the splitting of the two b-proton signals of glutamate
centered at d 2.08 and 2.18 was evident. Reciprocally, the C-7
and C-12 protons of 1 at d 5.40 and 5.60 were split by the
racemic glutamate (Supplementary data).

To substantiate the binding interaction between the dicarb-
oxylates and the hosts, all titration experiments were per-
formed in CH3CN with UV–vis spectroscopic method. The
typical spectra of 1 and 2 (1�10�5 M) with different
amounts of suberate in CH3CN are shown in Figures 5 and
6, respectively. Sensor 1 has two characteristic peaks at
280 and 348 nm, with addition of suberate, the intensity of
both peaks was increased with a slight blue shift and a new
absorption band appeared at around 308 nm. At the same
time, in the first derivative of the UV titration curves, an iso-
sbestic peak at 269 nm could be easily identified.

The free 2 gives a similar absorption with pyrene in CH3CN.
Adding suberate anion into the solution of 2, the charac-
teristic peak at 265 nm ascribed to the absorption of tri-
fluoromethylphenyl ring was increased discernibly. A new
absorption band appeared at the range of 283w323 nm and
an isosbestic point at 276 nm could be observed in the
first derivative of the corresponding UV-titration curves
Table 2. The association constants of 1 and 2 with dicarboxylates (1:1 binding model) in CH3CN

Anion 1 2

Ka
a Ka

b Ka
a Ka

b

Glutaratec (8.22�1.51)�105 (1.08�0.09)�106 (1.68�0.17)�106 (1.60�0.11)�105

Adipatec (1.27�0.12)�106 (1.29�0.14)�106 (5.56�0.42)�106 (1.87�0.14)�107

Suberatec (1.64�0.14)�106 (1.03�0.06)�106 (2.10�0.19)�107 (3.19�0.10)�107

Sebacatec (2.27�0.23)�107 (2.30�0.23)�107 >108d >108d

L-Glutamatec (1.18�0.13)�106 (2.21�0.13)�106 (2.35�0.11)�106 (2.03�0.22)�106

D-Glutamatec (1.81�0.11)�106 (1.81�0.19)�106 (4.21�0.23)�106 (5.23�0.11)�106

N-Acetyl-L-glutamatec (1.29�0.19)�106 (1.09�0.10)�106 (1.63�0.21)�106 (8.35�1.30)�105

a The values were calculated from the change of the fluorescence spectra.
b The values were calculated from the change of the UV–vis spectra.
c Anions were used as their tetrabutylammonium salts.
d The value is too large to calculate.
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Table 3. The association constants of 1 and 2 with dicarboxylates (1:2 binding model) in CH3CN

Anion 1 2

na log Ka
a nb log Ka

b na log Ka
a nb log Ka

b

Manolatec 1.84 8.07�0.59 1.75 7.93�0.14 2.02 9.01�0.15 2.2 8.85�0.09
Succinatec 1.96 8.76�0.61 2.13 8.87�0.26 2.11 9.47�0.13 2.09 8.67�0.12

a The values were calculated from the change of the fluorescence spectra.
b The values were calculated from the change of the UV–vis spectra.
c Anions were used as their tetrabutylammonium salts.
(Supplementary data). In contrast, the characteristic peaks
at 326 and 343 nm ascribed to the pyrenyl group seem to
be intact. This strongly suggested that the pyrenyl groups
in the ground state had not been involved in the interaction
with dicarboxylates. According to the change of absorption
during the titrations, the complex association constants are
calculated and are listed in Tables 2 and 3. The values of
the association constants are comparable with those obtained
from the fluorescence titration experiments.

Figure 5. The absorption of 1 with different amounts of suberate in CH3CN.
Inset: the change of the absorption of 1 at 280 nm.

Figure 6. The absorption of 2 with different amounts of suberate in CH3CN.
Inset: the change of the absorption of 2 at 313 nm.
1H NMR spectra also had been used to study the binding
properties of 1 and 2 toward dicarboxylates. When 1 was
treated with 1 equiv of adipate anion in DMSO-d6, the inten-
sity of the proton signals ascribed to the thiourea hydrogens
diminished significantly and at least one of these protons
recorded a downfield shift of 0.07 ppm, which is indicative
of H-bonding interaction between the host and the guest
(Supplementary data). The aromatic protons of the trifluoro-
methylphenyl ring of 1 underwent a clear upfield shift from
7.63 to 7.34 ppm after the thiourea groups were bound with
the anion.

3. Conclusion

Charge neutral fluorescent chemosensors 1 and 2 for dicarb-
oxylates have been rationally designed and synthesized.
Both 1 and 2, functionalized adequately at the C3, C7,
C12, and C24 of cholic acid, showed high affinities to di-
carboxylates resulting from multiple hydrogen bonding
interactions. A significant fluorescence response of the sen-
sors took place through an intramolecular excimer emission
quenched by complexation. The preorganization of 1 and 2
permits two points binding with the guests on C3 and C24
receptive sites under the cooperation of bulky signal groups
on C7 and C12 to produce highly selective affinities to long-
chain terminal dicarboxylates. Sensors 1 and 2 exhibit high
sensitive response to long-chain dicarboxylates (n¼6 and 8)
and the strong binding between the host and the guest ren-
dered the detection of dicarboxylates possible even at the
concentration of 10�8 M. Sensors 1 and 2 are promising
fluorescent sensors for suberate and sebacate. The recogni-
tion characteristics of the novel hosts developed in this work
are established unambiguously by the combined UV, fluores-
cence, and 1H NMR spectroscopic methods. In addition,
the moderate chiral recognition ability of the host was also
demonstrated.

4. Experimental

4.1. General methods

Melting point was determined with a MEL-TEMPII melt-
ing-point apparatus (uncorrected). IR spectra were obtained
on a Nicolet MAGNA-IR 550 spectrophotometer. 1H NMR
spectra were recorded in DMSO-d6 or CDCl3, with Me4Si as
the internal standard, on a JEOL EX270 spectrometer and
13C NMR spectra on a Varian INOVA-400 FT NMR spec-
trometer. High-resolution mass spectra were recorded on a
Bruker Autoflex mass spectrometer (MALDI-TOF) or Elec-
trospray ionization high-resolution mass spectra on an API
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Qstar Pulsari mass spectrometer (ESI-TOF). Infrared spectra
were recorded on MAGNA-IR 550 spectrometer. Absorption
spectra were recorded on a Hewlett Packard 8453 UV–
vis spectrophotometer. Fluorescent emission spectra were
collected on a Photon Technology International (PTI) at
293 K. CH2Cl2 and xylene were dried and distilled from
CaH2, and benzene was dried and distilled from Na
freshly. THF was distilled under nitrogen in the presence
of sodium chips using benzophenone ketyl as the indicator.
All other commercially available reagents were used as
received.

4.2. General procedure for the synthesis of 7 and 8

To a mixture solution of 4 (0.45 g, 1 mmol) in xylene/
CH2Cl2 (10:1, 5 mL) were added calcium hydride (0.63 g,
15 mmol) and benzyltriethylammonium chloride (0.01 g,
0.04 mmol), and the mixture was refluxed for 10 min under a
nitrogen atmosphere. To the refluxing solution was added
a solution of freshly prepared 1-pyrenoyl chloride or 1-
pyrenebutanoyl chloride (3 mmol) in xylene (10 mL) and
refluxed for 24 h. The reaction mixture was filtered under
reduced pressure, diluted with ethyl acetate, and washed
with aq NaHCO3. The organic layer was dried over anhy-
drous Na2SO4, and volatiles were removed.

4.3. Methyl 3a-azide-7a,12a-dipyrenylcarbonyl-5b-
cholan-24-oate (7)

The crude product was chromatographed on silica gel (230–
400 mesh) eluting first with 25% ethyl acetate/petroleum
ether (60–80 �C) and then with pure dichloromethane to give
the pure product (0.33 g, 37%): mp 130 �C; IR (KBr, cm�1):
3438, 2948, 2871, 2089, 1736, 1705, 1596, 1446, 1389,
1255, 1229, 1145, 1133, 849, 710; 1H NMR (270 MHz,
CDCl3): d 0.88 (s, 3H), 0.96 (d, J¼8.91 Hz, 3H), 1.11 (s,
3H), 3.03 (m, 1H), 3.52 (s, 3H), 5.48 (br, 1H), 5.70 (br,
1H), 7.58–8.61 (m, 16H), 9.16–9.57 (m, 2H); 13C NMR
(100 MHz, CDCl3): 174.2, 167.5, 167.0, 134.0, 133.9,
131.1, 131.0, 130.3, 130.2, 129.6, 129.4, 127.6, 127.4,
126.9, 126.1, 124.8, 124.6, 124.4, 124.1, 76.2, 71.5, 60.5,
51.4, 47.8, 45.6, 44.0, 41.5, 40.0, 38.7, 37.3, 35.4, 35.1,
34.8, 34.7, 31.7, 31.0, 30.7, 29.6, 29.0, 28.5, 27.4, 26.9,
25.9, 25.6, 24.5, 23.3, 22.8, 21.6, 17.9, 17.8, 17.2, 12.5;
MALDI TOF HRMS: calcd for C59H57N3O6 (M+H)+,
903.4247; found, 903.4218.

4.4. Methyl 3a-azide-7a,12a-di(1-pyrenebutanoyl)-5b-
cholan-24-oate (8)

The crude product was chromatographed on silica gel (230–
400 mesh) eluting first with 20% ethyl acetate/petroleum
ether (60–80 �C) and then for the second time with pure di-
chloromethane to give the pure product (0.34 g, 35%): mp
90 �C; IR (KBr, cm�1): 3442, 2953, 2865, 2089, 1727,
1638, 1456, 1384, 1251, 1182, 1094, 844, 716; 1H NMR
(270 MHz, CDCl3): d 0.75 (s, 3H), 0.81 (d, 3H), 0.94 (s,
3H), 3.10–3.28 (m, 4H), 3.57 (s, 3H), 5.02 (br, 1H), 5.17
(br, 1H), 7.68–8.19 (m, 18H); 13C NMR (100 MHz, CDCl3):
174.7, 173.1, 173.0, 135.8, 135.7, 131.6, 131.1, 130.2, 130.1,
129.0, 128.9, 128.6, 127.7, 127.6, 127.4, 127.0, 126.1, 125.3,
125.2, 125.1, 125.0, 124.9, 123.5, 123.4, 75.6, 71.0, 60.9,
51.7, 47.8, 45.4, 43.7, 41.5, 38.2, 35.4, 35.0, 34.7, 34.6,
34.5, 33.0, 32.8, 31.6, 31.2, 31.0, 29.0, 27.5, 27.1, 27.0,
26.8, 25.6, 23.3, 22.8, 17.9, 12.5; MALDI TOF HRMS:
calcd for C65H69N3O6, 987.5186; found, 987.5204.

4.5. General procedure for the synthesis of 9 and 10

Activated zinc powder (0.65 mg, 10 mmol) was added to a
solution of 7 or 8 (0.5 mmol) in glacial acetic acid (10 mL).
The mixture was stirred vigorously for 24 h. Acetic acid was
then completely removed under reduced pressure by adding
toluene for several times. The residue, acetate ammonium
salt of 9 or 10, was dissolved by saturated sodium chloride
solution (10 mL). Basification of the solution by excessive
triethylamine and extraction of it by ethyl acetate gave
amine 9 or 10 as the pure product. After drying by sodium
sulfate and removal of organic solvent, compound 9 or 10
was obtained.

4.6. Methyl 3a-amino-7a,12a-dipyrenylcarbonyl-5b-
cholan-24-oate (9)

Compound 9 was obtained as yellow foam (0.44 g, 99%):
mp 122–124 �C; IR (KBr, cm�1): 3437, 2949, 2912, 2876,
1735, 1704, 1632, 1607, 1456, 1446, 1389, 1255, 1231,
1193, 1145, 1133, 1086, 849, 721; 1H NMR (270 MHz,
CDCl3): d 3.54 (s, 3H), 5.47 (br, 1H), 5.68 (br, 1H), 7.26–
8.56 (m, 16H), 9.24–9.30 (m, 2H); MALDI TOF HRMS:
calcd for C59H59NO6 (M+H)+, 878.4420; found, 878.4405.

4.7. Methyl 3a-amino-7a,12a-di(1-pyrenebutanoyl)-5b-
cholan-24-oate (10)

Compound 10 was obtained as yellow foam (0.43 g, 90%):
mp 100–104 �C; IR (KBr, cm�1): 3436, 2948, 2914, 2876,
1735, 1705, 1632, 1607, 1457, 1448, 1389, 1255, 1231,
1197, 1140, 1132, 1086, 846, 725; 1H NMR (270 MHz,
CDCl3): d 3.12–3.30 (m, 4H), 3.48 (s, 3H), 4.86 (br, 1H),
5.05 (br, 1H), 7.61–8.08 (m, 18H); MALDI TOF
HRMS: calcd for C65H71NO6 (M+H)+, 962.5359; found,
962.5392.

4.8. General procedure for the synthesis of 11 and 12

The mixture of 9 or 10 (0.5 mmol) and hydrazine (1.0 mL,
large excess) monohydrate in a mixture solution of metha-
nol/CH2Cl2 (10 mL, 2:1) was stirred under nitrogen at ambi-
ent temperature for 48 h. Then organic solvent and the
excess of hydrazine were removed under reduced pressure.
The residue was poured into 30 mL cold water and stirred
for 10 min. After filtration, the solid was washed with large
amount of cold water and dried in vacuum at 60 �C. The
product was obtained as a yellow solid.

4.9. 1-Hydrazide 3a-amino-7a,12a-dipyrenylcarbonyl-
5b-cholan-24-oate (11)

Compound 11 was obtained as a yellow solid in a 76%
yield (0.33 g) and need no further purification for the next
reaction: mp>166 �C (decomposed); IR (KBr, cm�1):
3430, 2921, 2876, 1702, 1625, 1389, 1250, 1231, 1194,
1145, 1133, 1086, 849, 705; 1H NMR (270 MHz, CDCl3):
d 3.72 (br, 4H), 5.46 (br, 1H), 5.67 (br, 1H), 6.55 (br, 1H),
7.60–8.55 (m, 16H), 9.24–9.30 (m, 2H); MALDI TOF
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HRMS: calcd for C58H59N3O5 (M+H)+, 878.4532; found,
878.4519.

4.10. 1-Hydrazide 3a-amino-7a,12a-di(10-pyrenebuta-
noyl)-5b-cholan-24-oate (12)

Compound 12 was obtained as a yellow solid in a 80% yield
(0.38 g) and need no further purification for the next reaction:
mp>140 �C (decomposed); IR (KBr, cm�1): 3418, 2933,
2864, 1722, 1645, 1622, 1456, 1379, 1249, 1183, 1143,
1016, 844, 705; 1H NMR (270 MHz, CDCl3): d 3.26 (m,
4H), 3.70 (br, 4H), 4.97 (br, 1H), 5.14 (br, 1H), 6.35 (br,
1H), 7.72–8.19 (m, 18H); MALDI TOF HRMS: calcd for
C64H71N3O5 (M+H)+, 962.5471; found, 962.5495.

4.11. 1-[(40-Trifluoromethylphenyl)thioureido]hydra-
zide 3a-[(40-trifluoromethylphenyl)thioureido]-7a,12a-
dipyrenylcarbonyl-5b-cholan-24-oate (1)

To a solution of 11 (0.26 g, 0.3 mmol) in dried CH2Cl2
(10 mL), 4-trifluoromethylphenylisocyanate (0.15 g, 0.7 mmol)
was added and stirred at room temperature for 36 h under ni-
trogen. The reaction mixture was diluted with CH2Cl2. The
organic solution was first washed by saturated brine and then
dried by anhydrous sodium sulfate. Purification of the crude
by preparative TLC plate (SiO2) eluted by the solvent of
ethyl acetate/dichloromethane (20:100) gave the pure
product 1 as a yellow solid (0.20 g, 52%): mp 164–166 �C;
IR (KBr, cm�1): 3394, 2938, 2865, 1706, 1622, 1520,
1324, 1257, 1232, 1166, 1125, 1066, 850, 705; 1H NMR
(270 MHz, DMSO-d6): d 0.81 (d, J¼8.1 Hz, 3H), 3.86 (m,
1H), 5.39 (br, 1H), 5.57 (br, H), 7.33–8.49 (m, 26H), 9.04–
9.25 (m, 4H), 9.70 (br, 1H); 13C NMR (100 MHz, DMSO-
d6): 179.0, 170.1, 170.0, 148.5, 134.1, 133.6, 133.4, 133.2,
130.9, 130.5, 130.1, 130.0, 129.8, 129.7, 129.6, 128.3,
127.6, 127.3, 127.1, 1265.8, 126.7, 126.4, 125.2, 124.6,
124.0, 123.3, 123.0, 121.1, 116.6, 76.3, 72.2, 53.9, 47.9,
45.2, 43.6, 41.1, 40.1, 37.7, 35.4, 34.5, 34.1, 31.3, 30.1,
28.8, 26.8, 26.3, 25.3, 23.6, 22.8, 22.5, 20.3, 17.7, 17.0,
12.1; ESI TOF HRMS: calcd for C74H67F6N5O5S2Na
(M+Na)+, 1306.4385; found, 1306.4436.

4.12. 1-[(40-Trifluoromethylphenyl)thioureido]hydra-
zide 3a-[(40-trifluoromethylphenyl)thioureido]-7a,12a-
di(10-pyrenebutanoyl)-5b-cholan-24-oate (2)

To a solution of 12 (0.29 g, 0.3 mmol) in dried CH2Cl2
(10 mL), 4-trifluoromethylphenylisocyanate (0.15 g, 0.7 mmol)
was added and stirred at room temperature for 36 h under
nitrogen. The reaction mixture was diluted with CH2Cl2.
The organic solution was first washed by saturated brine
and then dried by anhydrous sodium sulfate. Purification
of the crude by preparative TLC plate (SiO2) eluted by the
solvent of ethyl acetate/dichloromethane (10:100) gave the
pure product 2 as a yellow solid (0.20 g, 29%): mp 138–
140 �C; IR (KBr, cm�1): 3430, 3274, 2953, 2865, 1720,
1617, 1549, 1524, 1324, 1249, 1165, 1122, 1067, 850,
724; 1H NMR (400 MHz, CDCl3): d 0.69 (s, 3H), 0.78 (d,
J¼4.1 Hz, 3H), 0.96 (s, 3H), 3.0–3.26 (m, 4H), 4.00 (br,
1H), 5.06 (br, 1H), 5.19 (br, 1H), 6.49 (br, 1H), 6.61 (br,
1H), 7.00 (br, 1H), 7.48–8.24 (m, 18H), 8.87 (br, 1H), 9.82
(br, 1H); 13C NMR (100 MHz, CDCl3): 182.9, 178.9,
172.6, 172.3, 170.5, 140.9, 139.6, 136.5, 135.0, 134.8,
133.0, 131.2, 131.1, 131.0, 129.9, 129.8, 128.5, 127.7,
127.6, 127.3, 127.2, 127.0, 126.8, 126.7, 126.5, 126.1,
126.0, 125.2, 125.0, 124.9, 124.8, 124.7, 124.5, 124.3,
122.8, 116.9, 76.7, 75.4, 55.1, 47.3, 45.2, 43.4, 41.2, 37.9,
35.6, 35.2, 34.6, 34.5, 34.1, 32.3, 31.5, 31.1, 29.7, 29.0,
27.5, 27.2, 26.4, 25.4, 22.9, 22.6, 17.6, 12.2; MALDI TOF
HRMS: calcd for C80H79F6N5O5S2 (M+H)+, 1368.5505;
found, 1368.5400.

4.13. Methyl 3a-acetyl-7a,12a-dipyrenylcarbonyl-5b-
cholan-24-oate (3)

To a mixture solution of methyl 3a-acetyl-7a,12a-di-
hydroxy-5b-cholan-24-oate (0.46 g, 1 mmol) in xylene/
CH2Cl2 (10:1, 5 mL) were added calcium hydride (0.63 g,
15 mmol) and benzyltriethylammonium chloride (0.01 g,
0.04 mmol), and the mixture was refluxed for 10 min under
a nitrogen atmosphere. To the refluxing solution was added a
solution of freshly prepared 1-pyrenoyl chloride (0.79 g,
3 mmol) in xylene (10 mL) and refluxed for 24 h. The reac-
tion mixture was filtered under reduced pressure, diluted with
ethyl acetate, and washed with aq NaHCO3. The organic
layer was dried over anhydrous Na2SO4, and volatiles were
removed. The crude product was chromatographed on silica
gel (230–400 mesh) eluting first with 10% ethyl acetate/
petroleum ether (60–80 �C) and then for the second time with
pure dichloromethane to give the pure product (0.25 g,
26%): mp 114–116 �C; IR (KBr, cm�1): 3446, 3042, 2932,
2873, 1735, 1705, 1559, 1449, 1393, 1254, 1231, 1145,
1133, 1087, 1045, 848, 712; 1H NMR (270 MHz, CDCl3):
d 0.85 (s, 3H), 1.01 (d, J¼6.48 Hz, 3H), 1.11 (s, 3H), 3.54
(s, 3H), 4.55 (m, 1H), 5.47 (br, 1H), 5.72 (br, 1H), 7.26–
8.53 (m, 16H), 9.20–9.30 (m, 2H); 13C NMR (100 MHz,
CDCl3): 174.4, 170.4, 168.2, 168.0, 167.5, 133.9, 133.7,
133.5, 130.9, 130.8, 130.7, 130.2, 130.0, 129.5, 129.4,
129.2, 129.1, 128.9, 128.7, 127.6, 127.4, 127.2, 127.1,
127.0, 126.9, 126.8, 126.4, 126.3, 126.2, 126.0, 125.9,
125.4, 125.0, 124.8, 124.6, 124.4, 124.1, 123.7, 74.8, 74.3,
73.5, 72.0, 71.8, 68.2, 51.4, 47.9, 47.8, 46.7, 45.6, 44.0,
41.2, 41.0, 38.7, 34.8, 34.7, 34.6, 31.6, 31.5, 31.0, 30.7,
29.7, 28.2, 27.2, 26.9, 26.7, 25.9, 25.8, 23.2, 22.5,
22.4, 21.1, 17.8, 12.4; MALDI TOF HRMS: calcd for
C61H60O8Na (M+Na)+, 943.418; found, 943.4147.

4.14. Binding experiments

All dicarboxylate anions were obtained from the respective
dicarboxylic acid treated with 2.0 equiv of tetrabutylammo-
nium hydroxide in CH3OH and dried in vacuum at 60 �C for
over night. The structures of these guest anions were verified
by 1H NMR.

All the host compounds 1, 2, and 3 were prepared as
2w5�10�4 mol/L stock solutions in acetonitrile. All anions
used in this report were in the form of tetrabutylammonium
salt. They were prepared to approximate 0.01 mol/L and
2w5�10�3 mol/L of stock solutions in acetonitrile. The
work solutions were prepared by adding different volumes
of anion stock solution to a series of test tubes followed by
dilution to 5 mL by acetonitrile. Then, the same amount of
stock solution of the host compound was added into each
of the test tube. After shaking for several minutes, the work
solutions could be measured immediately.
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Association constants (1:1) of 1 and 2 with anions are
calculated by non-linear least square curve fitting using the
following equation in origin 7.0:

X ¼ X0þ 0:5D3
n

cHþ cGþ 1=Kass�
�

ðcHþ cG

þ 1=KassÞ2�4cHcG

�1=2
o

Association constants (1:2) of 1 and 2 with anions are calcu-
lated by Benesi–Hildebrand equation and linearly fitted in
origin 7.0:

log½ðX�X0Þ=ðXN �XÞ� ¼ nlog½G� þ log Ka

X0: fluorescent intensity or absorption of host without an-
ions; X: fluorescent intensity or absorption reaching a limita-
tion by adding excessive anions; cH: concentration of host
molecule; cG: concentration of anions added.
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Hydrotalcites as catalysts for the Baeyer–Villiger oxidation
of cyclic ketones with hydrogen peroxide/benzonitrile

Jos�e Rafael Ruiz,* C�esar Jim�enez-Sanchidri�an* and Rafael Llamas

Departamento de Quı́mica Org�anica, Universidad de C�ordoba, Campus de Rabanales, Edificio Marie Curie.
Carretera Nacional IV-A, km. 396, 14014 C�ordoba, Spain

Received 16 August 2006; revised 12 September 2006; accepted 13 September 2006

Abstract—Hydrotalcites (HTs) in variable Mg/Al ratios were used as catalysts for the Baeyer–Villiger (BV) oxidation of cyclic ketones with
hydrogen peroxide. All HTs studied were found to be active in the BVoxidation of cyclohexanone, their activity increases with increasing Mg/
Al ratio. The reaction, which was conducted under very mild conditions (viz. atmospheric pressure and a temperature of 70 �C), provided
conversions above 70% with 100% selectivity only after 6 h. This outcome was found to require the presence of a nitrile in the reaction me-
dium, so a mechanism involving adsorption of the nitrile and cyclohexanone onto the catalyst is proposed that is consistent with the exper-
imental results. Based on the proposed mechanism, the presence of a surfactant should result in improved conversion and catalytic activity, as
was indeed observed with sodium dodecylsulfate in the reaction medium. The best catalyst among those tested was used with other cyclic
ketones and found to provide excellent conversion and selectivity results in most cases.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrotalcite-like compounds, also known as layered double
hydroxides, have aroused much interest by virtue of their
potential uses in various scientific fields such as organic
synthesis.1–3 The structure of these compounds is based
on that of a natural mineral called hydrotalcite,4 which is a
magnesium-aluminum hydroxycarbonate of formula Mg6-
Al2(OH)16CO3$4H2O structurally similar to brucite except
for the fact that some Mg2+ ions have been replaced with
Al3+; this results in the presence of layers bearing positive
charge that is countered by carbonate ions in the interlayer
spacing. Replacing the magnesium, aluminum or both cat-
ions with another metal, or the carbonate with another anion,
allows a large family of compounds known as hydrotalcite-
like compounds (HTs) or layered double hydroxides (LDHs)
of formula [M(II)1�xM(III)x(OH)2]x+(An�)x/n$mH2O to be
obtained. In the formula, M(II) is a divalent cation such as
Mg, Cu, Ni, Co, or Zn;3 M(III) is a trivalent cation such as
Al, Fe, Cr, V, Mn, Ga, or In;3,5,6 An� is the charge-balancing
anion, which can be organic or inorganic and widely variable
in nature; and x¼M(III)/[M(II)+M(III)].

In this work, we synthesized HTs in variable Mg/Al ratios
for use as catalysts in the Baeyer–Villiger oxidation of

Keywords: Hydrotalcite; Baeyer–Villiger oxidation; Cyclic ketones; Hydro-
gen peroxide.
* Corresponding authors. Tel.: +34 957 218638; fax: +34 957 212066;

e-mail: qo1ruarj@uco.es
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.044
cyclohexanone. This reaction was first employed in 1899
by Baeyer and Villiger to convert ketones into esters.7 Since
then, it has become a very important tool for organic synthe-
sis, and been the subject of a number of books and of both
dedicated8–12 and general organic oxidation reviews.13,14

Currently, the Baeyer–Villiger reaction involves the oxida-
tion of ketones with organic peroxyacids or alkyl hydroper-
oxides to obtain esters (or lactones) or, alternatively, alcohol
or acid derivatives. The reaction also includes the oxidation
of aldehydes to the corresponding esters of formic acid or
their hydrolysis products. The accepted mechanism for this
process involves two steps (see Scheme 1), namely: addition
of the peroxyacid to the carbonyl compound to form a Crie-
gee adduct (1) and rearrangement of the adduct to the reac-
tion end-product (2). The migration of group R0 occurs in a
concerted manner with the cleavage of the O–O bond. The
rearrangement step is facilitated by the presence of bases,
which helps to remove the hydroxyl proton from the Criegee
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R´´CO3H

1

H
O

O
R´

R O

O R´´

B-

H+

(1)
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2

R O

O
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Scheme 1. General mechanism for the Baeyer–Villiger oxidation of ketones
with organic peracids.
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intermediate. The Baeyer–Villiger oxidation of ketones pro-
vides a number of advantages such as: (a) a high tolerance to
the presence of a variety of functional groups in the substrate
(thus, peracids usually attack the carbonyl group in an unsat-
urated ketone as long as the double bond is not conjugated),
(b) regiochemical selectivity control via the migration abil-
ity of various groups (with some compounds such as bicyclic
systems, the oxygen insertion regioselectivity can be influ-
enced by specific stereoelectronic factors, however), and
(c) the ability to use a wide variety of oxidants.

Ti-silicalite (TS-1) was one of the catalysts that revolution-
ized the field of organic oxidations. This solid consists of a
zeolite structure (silicalite) into which titanium is incorpo-
rated.15 Its high oxidizing power lies in the ability of titanium
metal sites to form Ti-peroxy species that can activate hydro-
gen peroxide in various oxidation reactions including epoxi-
dations, ammonoxidations, and CH oxidations.16,17 These
catalysts have been further developed by inserting new oxi-
dizing metals into zeolite structures, albeit with poorer
results than those originally obtained with titanium. However,
Corma et al. developed a catalyst consisting of Sn incorpo-
rated into a beta zeolite that has provided results comparable
to those of TS-1 in processes involving the activation of
hydrogen peroxide in some step.18 In subsequent work,19–24

Corma et al. conducted extensive research into Baeyer–
Villiger oxidation reactions using their Sn-beta zeolite
catalysts. Recently, they proposed a mechanism for the under-
lying process from a combination of theoretical and experi-
mental data;25 according to it, tin, which acts as an oxygen
transfer agent, activates the carbonyl group in cyclohexanone.

As noted earlier, in this work we tested various HT-based
heterogeneous catalysts in combination with hydrogen per-
oxide as oxidant in the Baeyer–Villiger oxidation reaction.
In previous work, our group found HTs to be effective cata-
lysts for reactions requiring the presence of a base (e.g., the
epoxidation of limonene with hydrogen peroxide26,27 or the
Meerwein–Ponndorf–Verley reaction).28–32 Other authors
have also previously used HTs as catalysts for the BV
reaction, albeit with a mixture of molecular oxygen and
benzaldehyde33,34 or a peroxyacid35 as oxidant. Also, a
hydrotalcite-supported SnO2 catalyst was found to effect
the BV reaction with hydrogen peroxide as oxidant in the
presence of a nitrile as oxygen transfer agent.36

2. Results and discussion

2.1. Characterization of catalysts

2.1.1. Elemental analysis. Table 1 shows the chemical
composition and empirical formula of each HT used as
determined by ICP-MS. The experimentally determined
values were quite consistent with their theoretical counter-
parts, the differences falling within the experimental error
range.

2.1.2. XRD results. Figure 1 shows the XRD patterns of
the studied HTs. As can be seen, they exhibit the typical
signals for hydrotalcite,37 with tall, sharp, symmetric peaks
for the planes (003), (006), (110), and (113), and broad,
somewhat less symmetric peaks for the planes (009),
(015), and (016), all of which are typical of the layered
clay minerals.

Table 1 gives the lattice parameters a and c as determined
from the XRD patterns [a¼2�d(110) and c¼3�d(003)].
Parameter a can be likened to the distance between two
adjacent ions in a brucite-like layer; based on Table 1, a
increased with decreasing metal ratio x [x¼Al/(Mg+Al)] or
increasing Mg/Al ratio. These results are consistent with an
increase in the proportion of trivalent cation (aluminum)
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Figure 1. XRD patterns for the HTs synthesized.
Table 1. Metal ratios, chemical formulae, and lattice parameters for the HTs

Catalyst xther
a xexp

b Chemical formulaec ad (Å) cd (Å)

HT-2 0.33 0.37 Mg0.631Al0.369(OH)2(CO3)0.185$0.65H2O 3.046 22.860
HT-3 0.25 0.29 Mg0.710Al0.290(OH)2(CO3)0.145$0.61H2O 3.052 22.878
HT-4 0.20 0.22 Mg0.779Al0.211(OH)2(CO3)0.110$0.60H2O 3.068 23.421

a Theoretical metal ratio [x¼Al/(Mg+Al)].
b Experimental metal ratio as determined by ICP-MS.
c Crystallization water was quantified by thermogravimetric analysis.
d Lattice parameters.
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increasing in the distance between cations in the brucite-like
layers.38 In addition, parameter c increased with decreasing
metal ratio x; although its relationship to such a ratio is un-
clear, it usually exhibits the observed trend.38

2.1.3. Textural properties. Table 2 lists the specific
surface area, average pore diameter, and pore volume of the
HTs, all of which fall within the usual ranges for this type of
solid.

The nitrogen adsorption–desorption isotherms were similar
for the three HTs. By way of example, Figure 2 shows that
for solid HT-4. All isotherms were of type II in the IUPAC
classification39 and exhibited a hysteresis cycle closing at
ca. 0.8 (P/P0) of type H3 in the de Boer classification;40

therefore, the samples were mesoporous or macroporous
and contained no micropores. The fact that the adsorption
and desorption branches of the isotherms are nearly parallel
suggests the presence of pores of regular geometry; also, the
high slopes of the desorption branch suggest that the pore
dimensions span a narrow range.41

2.2. Baeyer–Villiger oxidation

2.2.1. Catalytic activity. The Baeyer–Villiger oxidation
under the reaction conditions used is a complex process
as regards both the reactants, the catalysts and the
resulting products. It is thus crucial to determine the role
played by each reactant as a function of its nature and con-
centration. This entails conducting a series of kinetic tests
ensuring a constant behavior in the reactants with time.

Table 2. Specific surface area, pore volume, and average pore diameter of
the synthesized solids and their calcination products

Catalyst SBET (m2/g)a Vp (mL/g)b dp (Å)c

HT-2 65.2 166.9 0.59
HT-3 72.4 169.8 0.62
HT-4 75.8 158.8 0.74

a Specific surface area.
b Pore volume.
c Average pore diameter.
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Figure 2. Nitrogen adsorption–desorption for sample HT-4.
The overall process can be fitted to a general kinetic equation
such as

v¼ k½cyclohexanone�½H2O2�½benzonitrile�

which contains a concentration term for each reactant.
This involves the unsurmountable difficulty of mixing
arising from the low aqueous solubility of the organic
products over some concentration ranges. We thus chose to
conduct our experiments under reaction conditions where
the orders with respect to H2O2 and the benzonitrile used
would be zero, so the overall kinetic equation could
simplify to

v¼ k0½cyclohexanone�

and the results obtained would only be a consequence of
changes in the cyclohexanone conversion. Consequently,
the experiments described below were carried out in excess
H2O2 and benzonitrile relative to the stoichiometric
amounts.

Catalytic activity experiments were preceded by blank tests
intended to ascertain that the reaction developed to no appre-
ciable extent in the absence of the catalyst and that the pres-
ence of a nitrile was essential. As can be seen from Table 3
(entries 7 and 8) the reaction did not develop in the absence
of catalyst or benzonitrile.

Table 3 lists the conversion values obtained at different reac-
tion times and the initial catalytic activity. The latter was
determined from the slope of the temporal variation of the
conversion to 3-caprolactone, which was linear at low con-
version levels. Based on the results, the initial catalytic activ-
ity of the studied solids increased with increasing Mg/Al
ratio.

2.2.2. Catalyst reuse. Calcining a hydrotalcite above 350 �C
destroys the layered structure by conversion into a mixed
oxide Mg(Al)Ox.

5 However, the hydrotalcite structure can be
recovered from solids calcined at 400–800 �C. We thus ex-
ploited this memory effect to reuse the catalyst. For this pur-
pose, the solid was calcined at 450 �C and treated with
a sodium carbonate solution to recover the layered structure

Table 3. Conversion to 3-caprolactone in the Baeyer–Villiger oxidation of
cyclohexanone

Entry Catalyst Conversion (%)a t (h)b ra (mmol/h)c

1 HT-2 71 6 6.6
2 HT-3 74 6 7.1
3 HT-4 88 6 8.0
4 HT-4-reused-1 89 6 7.8
5 HT-4-reused-2 87 6 8.0
6 HT-4-reused-3 88 6 7.9
7 Without catalyst 0 24 0
8 Without benzonitrile 0 24 0

a Conversion to 3-caprolactone.
b Reaction time.
c Initial catalytic activity (mmol of 3-caprolactone/h).
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following filtration of the reaction mixture. Based on the
catalytic activity and conversion results obtained (Table 3),
the catalyst exhibited no appreciable loss of activity after
three reuses.

2.2.3. Mechanism of the process. Scheme 2 shows the pro-
posed mechanism for the Baeyer–Villiger oxidation of
ketones over HT catalysts. The process takes place in two
steps. In the first, hydrogen peroxide attacks a Br€onsted basic
site on the catalyst surface to form a hydroperoxide species
that subsequently attacks benzonitrile to give a peroxycar-
boximidic acid intermediate. This step is similar to that gen-
erally accepted for the epoxidation of alkenes with hydrogen
peroxide over basic catalysts in the presence of nitriles or
amides.28,42 In the second step, the intermediate attacks
the ketone, adsorbed at a Lewis acid site in the catalyst, to
form an intermediate equivalent to the Criegee adduct in ho-
mogeneous catalysis processes that subsequently undergoes
rearrangement to the final lactone. Corma et al.18 reported
a similar mechanism for the Baeyer–Villiger reaction with
hydrogen peroxide over Sn-beta zeolite catalysts, where
the carbonyl compound was adsorbed at Sn acid sites. These
authors confirmed their mechanism via tests involving 18O
isotopic labeling, IR spectroscopy, and GC–MS and theoret-
ical studies.25

If the proposed mechanism is accepted then the Baeyer–
Villiger oxidation occurs at the interface between the
organic and aqueous phases in the reaction medium, cyclo-
hexanone and benzonitrile being in the organic phase, and
hydrogen peroxide and the catalyst in the aqueous phase.
Accordingly, the presence of a surfactant should expedite
the reaction by both increasing the contact surface area
between the two phases, and favoring the transfer of a lipo-
philic ketone from the organic phase to the interface. In order
to confirm these assumptions, we conducted the reaction
under the same conditions except for the presence of an
amount of 0.6 mmol of surfactant in the medium. Both
sodium dodecylsulfate (DS) and dodecylbenzenesulfonate
(DBS) resulted in improved conversion and catalytic activity
while preserving 100% selectivity. Figure 3 illustrates the
favorable effect of the addition of a surfactant on the reac-
tion rate; as can be seen, DS provided better results than
DBS.
2.2.4. Oxidation of other cyclic ketones. The best catalyst
among those studied was tested on other cyclic ketones in
order to assess its efficiency. As can be seen in Table 4, the
conversion after 6 h of reaction was always equal or close to
100%. With substituted methylcyclohexanones, the initial
catalytic activity decreased in the sequence from that with
the methyl group at position 4 to that with the group at
position 2. These results are consistent with the proposed
mechanism. In fact, the presence of a methyl substituent in
cyclohexanone must hinder the adsorption of the catalyst
and hence the formation of the Criegee adduct; because po-
sition 2 was the most sterically hindered, the corresponding
methylcyclohexanone was the one that exhibits the lowest
catalytic activity values among the three. Similar arguments
can be used with adamantanone and norcamphor. Also, the
fact that 2- and 3-methylcyclohexanones exhibited less
than 100% selectivity can be ascribed to their asymmetry
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Figure 3. Reaction profile of the Baeyer–Villiger oxidation of cyclohexa-
none catalyzed with HT-4 with and without surfactants. Reaction condi-
tions: cyclohexanone (12 mmol), benzonitrile (98 mmol), catalyst HT-4
(250 mg), 30% H2O2 (4 mequiv), surfactant (0.6 mmol), T¼70 �C.
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Table 4. Conversion obtained in the Baeyer–Villiger oxidation of various saturated cyclic ketones with hydrogen peroxide over solid HT-4 as catalyst

Entry Substrate Product Conversion (%)a Selectivity (%)b t (h)c ra (mmol/h)d

1

O

O

O

100 100 6 25.1

2 O
O

O
100 100 6 16.1

3

O
O

O

89 100 6 11.8

4

O

O

O

90 89 6 12.8

5

O

O

O

96 55 6 16.7

6

O

O

O

95 100 6 17.8

a Conversion to lactone.
b Selectivity to lactone.
c Reaction time.
d Initial catalytic activity (mmol of 3-caprolactone/h).
allowing the formation of two different lactones. With 2-
methylcyclohexanone, the selectivity for the desired product
(entry 4 in Table 4) was close to 90% by virtue of the migrat-
ing ability being more favorable in a tertiary carbon than in a
secondary one. With 3-methylcyclohexanone (entry 5 in
Table 4), however, the selectivity was close to 50% by effect
of the migrating ability of the two methylene groups in a
with respect to the carbonyl carbon being similar. Scheme 3
is consistent with the previous reasoning.
3-caprolactone. Their catalytic activity was found to in-
crease with increasing magnesium content in the solid.
These results are consistent with a mechanism involving
the adsorption of hydrogen peroxide at a Br€onsted basic
site in the catalyst to form a peroxycarboximidic acid inter-
mediate with benzonitrile that effects the transfer of oxygen
to cyclohexanone adsorbed at a Lewis acid site in the cata-
lyst. The solids were found to retain their catalytic activity
after three reuses. Based on the proposed mechanism, the
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Scheme 3. Criegee adducts proposed as intermediates in the Baeyer–Villiger oxidation of 2- and 3-methylcyclohexanones.
3. Conclusions

We synthesized hydrotalcite-like compounds in variable
Mg/Al ratios and used them in the Baeyer–Villiger oxidation
of cyclohexanone with hydrogen peroxide, where they ex-
hibited good catalytic activity and selectivity toward
presence of a surfactant in the reaction medium should in-
crease the conversion. This was indeed the case with sodium
dodecylbenzenesulfonate and, especially, sodium dodecyl-
sulfate. Finally, the best catalyst among those studied also
proved effective in the oxidation of other cyclic ketones,
with excellent conversion and selectivity results.
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4. Experimental

4.1. General

Mg(NO3)2$6H2O, Al(NO3)3$9H2O, and H2O2 (about 30%)
were purchased from Panreac. Cyclic ketones, nitriles, and
surfactants were purchased from Aldrich and used without
further purification. All of the oxidation products were iden-
tified by mass spectrometry.

4.1.1. General procedure for the preparation of hydrotal-
cite-like compounds. The HTs were prepared from solu-
tions of Mg(NO3)2$6H2O and Al(NO3)3$9H2O in Mg(II)/
Al(III) ratio¼2, 3, and 4 using a coprecipitation method
described elsewhere.5 In a typical synthetic run, a solution
containing 0.3 mol of Mg(NO3)2$6H2O and 0.15 mol of
Al(NO3)3$9H2O in 250 mL of de-ionized water was used.
This solution was slowly dropped over 500 mL of Na2CO3

solution at pH 10 at 60 �C under vigorous stirring. The pH
was kept constant by adding appropriate volumes of 1 M
NaOH during precipitation. The suspension thus obtained
was kept at 80 �C for 24 h, after which the solid was filtered
and washed with 2 L of de-ionized water. The HTs with
Mg(II)/Al(III) ratios¼3 and 4 were obtained by following
the same procedure, using appropriate amounts of the
Mg(II) and Al(III) nitrates.

The HTs thus prepared were ion-exchanged with carbonate
to remove ions intercalated between layers. The procedure
involved suspending the solids in a solution containing
0.345 g of Na2CO3 in 50 mL of bidistilled, de-ionized water
per gram of HT at 100 �C for 2 h. Then, each solid was
filtered off in vacuo and washed with 200 mL of bidistilled,
de-ionized water. The HTs thus obtained were subjected
to a second ion-exchange operation under the same
conditions. The exchanged HT solids were named HT-2,
HT-3, and HT-4, indicating a Mg/Al ratio¼2, 3, and 4,
respectively.

4.1.2. Experimental techniques. The HTs obtained were
characterized by using various instrumental techniques.

The metal contents in the catalysts were determined
by inductively coupled plasma-mass spectrometry on a
Perkin–Elmer ICP-MS instrument under standard condi-
tions.

X-ray diffraction (XRD) analysis was performed in all cata-
lysts in order to check for crystallinity. Powder patterns were
recorded on a Siemens D-5000 diffractometer using Cu Ka
radiation. Scans were performed over the 2q range from 5 to
70�, using a resolution of 0.02� and a count time of 2 s at
each point.

Thermogravimetric analysis was performed on a Setaram
Setsys 12 instrument by heating in an argon atmosphere
from 25 to 800 �C at a 10 �C/min rate.

BET surface areas, pore diameter, and pore volumes were
calculated from nitrogen adsorption–desorption isotherms
that were obtained at �196 �C using a Micromeritics ASAP
2010 instrument. Samples were outgassed in vacuo at 100 �C
for 12 h prior to use.
4.1.3. General procedure for the Baeyer–Villiger oxida-
tion with hydrotalcites. Baeyer–Villiger oxidations runs
were performed at 70 �C in a two-mouthed flask containing
12 mmol of cyclohexanone, 98 mmol of benzonitrile,
4 mequiv of hydrogen peroxide and 250 mg of catalyst.
One of the flasks’ mouth was fitted with a reflux condenser
and the other was used for sampling at regular intervals.
The system was shaken throughout the process. Products
were identified from their retention times as measured by
GC–MS analysis on an HP 5890 GC instrument furnished
with a Supelcowax 30 m�0.32 mm column and an HP
5971 MSD instrument.
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Abstract—Multinuclear magnetic resonance spectroscopy allowed us to characterize four 1(2),5,6,7-tetrahydro-4H-indazol-4-one deriva-
tives (1–4) and establish the most stable tautomer in each case. The crystal structure of 6,6-dimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-
one (2) (orthorhombic space group P2(1)2(1)2(1), a¼10.1243(8), b¼21.526(2), c¼24.992(2) Å, Z¼4, 293 K) presents two different
trimers, bonded through N–H/N hydrogen bonds involving tautomers 1H and 2H. In crystalline 3,6,6-trimethyl-2,5,6,7-tetrahydro-4H-
indazol-4-one (4) (monoclinic space group P2(1)/c, a¼5.9827(7), b¼16.494(2), c¼11.012(1) Å, b¼93.464(2)�, Z¼4, 293 K) only tautomer
2H exists forming a hydrogen-bonded network through the 4-oxo group and a water molecule.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The main difference between pyrazoles I and their benzo
derivatives, indazoles II (Fig. 1) is related to their annular
tautomerism.1 In pyrazoles I, although the tautomeric equi-
librium constant depends on the nature of R3 and R5, it is
always not very different from 1. Substituent R4 (symmetric
with regard to N1 and N2) exerts its effect through inter-
actions with R3 and R5. In the case of indazoles II, the aro-
maticity of the benzene ring strongly favors the N(H)1
tautomer and only in very special cases tautomer N(H)2
becomes stable.2
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Figure 1. Structural relationships between derivatives I–IV.
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If the six-membered ring is saturated, the resulting 4,5,6,7-
tetrahydroindazoles III become again like pyrazoles [3(5),4-
tetramethylenepyrazoles], both tautomers being again of
similar energy.3 The compounds that interest us now are
4-oxo derivatives IV of tetrahydroindazoles and therefore
it is expected that, in what annular tautomerism is con-
cerned, both tautomers would be of comparable stability.

Both pyrazoles4,5 and indazoles6,7 are frequently found in
medicinal chemistry. Compounds IV have a structure inter-
mediate between II and III because, even if the 4-hydroxy
tautomer is energetically disfavored, the sp2 hybridization
at position 4 should modify the conformation of the six-
membered ring.

The purpose of the present paper is twofold: (i) study the
structure and tautomerism of compounds 1–4 belonging
to the IV series; (ii) prepare new compounds related to
indazoles for future studies as NOS inhibitors.8–11 With
these objectives, we have synthesized and characterized four
1(2),5,6,7-tetrahydro-4H-indazol-4-one derivatives shown
in Figure 2, where the two main tautomeric forms are
represented.

To approach the study of the interaction between new inhib-
itors and the heme catalytic domain of the endothelial
isoform of NOS (eNOS),12 it is crucial to elucidate in
which tautomeric form the entitled compounds will exist.
Thus, we have performed a structural study of compounds
1–4 to know the predominant, or the unique tautomer, by

mailto:rclaramunt@ccia.uned.es
mailto:clopez@ccia.uned.es
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multinuclear NMR spectroscopy in solution and in solid
state. Besides, in the cases of tetrahydroindazolones 2 and
4 the X-ray crystal structure was determined.

2. Results and discussion

2.1. Chemistry

4,5,6,7-Tetrahydroindazoles [3(5),4-tetramethylenepyrazoles]
are usually prepared from cyclohexanone and its deriva-
tives.13,14 If instead of cyclohexanones, 1,3-cyclohexane-
diones are used, 1(2),5,6,7-tetrahydro-4H-indazol-4-ones
are obtained.15,16 These compounds (Fig. 3) have a rich reac-
tivity with not less than four reactive positions that make
them interesting scaffolds in medicinal chemistry.17

Known from a long time,17–22 their chemistry was exten-
sively studied by Sucrow et al. in 1970s and 1980s (see
Ref. 24 for their reactivity)23–29 with other significant con-
tributions by Strakova and Gudriniece,30 Akhrem (or
Achrem),31,32 Nunn and Rowell,33 Schenone et al.,34 Dalla
Croce and La Rosa,35 Le Tourneau and Peet,36 Anderson-
McKay et al.,37 and Molteni et al.38
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Figure 2. The four tetrahydroindazolones.
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Figure 3. Reactivity of 6,6-disubstituted tetrahydroindazolones.
1(2),5,6,7-Tetrahydro-4H-indazol-4-one (1) and 6,6-dimethyl-
1(2),5,6,7-tetrahydro-4H-indazol-4-one (2) (Scheme 1) were
prepared according to the literature38 starting from 1,3-cy-
clohexanedione (5) and 5,5-dimethyl-1,3-cyclohexanedione
(dimedone) (6), respectively, through the corresponding
dimethylaminomethylene derivatives 7 and 8.34 Yields
were moderate and their purification was achieved by column
chromatography.

Similarly, 3-methyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one
(3) and 3,6,6-trimethyl-1(2),5,6,7-tetrahydro-4H-indazol-
4-one (4) (Scheme 2) were synthesized37 from 2-acetyl-
1,3-cyclohexanedione (9) and 2-acetyldimedone (10) with
satisfactory yields and their purification was straightforward
(see Section 4).
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Scheme 2. Synthesis of compounds 3 and 4.

Of the four compounds, only 2 was not previously reported.
Since there are some discrepancies amongst the melting
points (ours being measured by DSC) it is worth to recapit-
ulate them here: compound 1 163.8 �C (DSC), lit. 164–
165 �C;38 compound 2 132.1 �C (DSC, new); compound
3 160.3 �C (DSC), lit. 155 �C,32 152–154 �C;35 compound
4 101.4 �C (DSC), lit. 101–103 �C,30 101–102 �C,31

100.3–102.4 �C.37

2.2. Computational studies

On excluding OH-tautomers that are much less stable than
the oxo forms,39 the tautomerism of tetrahydroindazolones
reduces, as in pyrazoles, to 1H- and 2H-tautomers. We
already carried out computational studies (ab initio HF/
6-31G*, HF/6-31G**, and DFT B3LYP/6-31G**)39 estab-
lishing that in the gas phase tautomer 2H is the most stable
one in all the four cases (B3LYP/6-31G**). On the other
hand, according to HF/6-31G* and HF/6-31G** calcula-
tions, for derivatives 1 and 2, tautomer 1H is more stable
than 2H by about 0.65 kJ mol�1, but for compounds 3 and
4 (with a methyl group at the 3-position) the 2H tautomer
will be stabilized with respect to 1H by about 2 kJ mol�1.
The calculated dipole moments, by all methods, show that
1H tautomers have dipole moments nearly 2.5 times higher
than 2H tautomers. Thus polar solvents will favor the 1H
tautomer. In Table 1 we have summarized the results of
O
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the calculations at the ab initio HF/6-31G** and density
functional B3LYP/6-31G** levels for tautomers 1H and 2H.

2.3. NMR spectroscopy

In the following tables we report the NMR results concern-
ing compounds 1–4: Table 2 (1H NMR), Table 3 (13C NMR),
and Table 4 (15N NMR). Figure 4 illustrates the observation
of the NH signals in 1H NMR for compound 4. Such clear
observation of pyrazole tautomers is not at all usual,40–42

in the present case it allows to determine the tautomeric
equilibrium constants by simple integration of the 1H NMR
signals. The Keq defined as [1H]/[2H] of 1.04 obtained for
compound 3, can be compared with that of 1.44 determined
in 3-methyl-1(2),5,6,7-tetrahydroindazole,43 allowing us to
point out that a carbonyl group in position 4 favors the 2H
tautomer.

The assignment of the signals has been achieved taking
into account the chemical shift values, their multiplicity
and, when necessary, 2D homonuclear and heteronuclear

Table 1. Energy differences in kJ mol�1 and dipole moments in brackets
[Debye]

Compound Methods 1H 2H

1 HF/6-31G** 0.0 [5.66] 0.45 [2.13]
B3LYP/6-31G** (+ZPE) 1.18 [5.27] 0.0 [2.18]

2 HF/6-31G** 0.0 [5.65] 0.68 [2.12]
B3LYP/6-31G** (+ZPE) 0.91 [5.26] 0.0 [2.17]

3 HF/6-31G** 2.03 [5.25] 0.0 [1.94]
B3LYP/6-31G** (+ZPE) 3.64 [4.80] 0.0 [2.0]

4 HF/6-31G** 1.89 [5.24] 0.0 [1.94]
B3LYP/6-31G** (+ZPE) 3.14 [4.79] 0.0 [2.0]

Table 2. Solution 1H NMR chemical shifts (d in ppm) of 1H and 2H
tautomers with the indication of the equilibrium constants Keq defined as
[1H]/[2H]

Compound % Keq NH H-3 H-5 H-6 H-7 CH3(3) CH3(6)

1 (1H)a 65 13.15 7.74 2.35 2.01 2.82 — —
1 (2H)a 35 13.24 8.19 2.35 2.01 2.74 — —
1a 1.86

1 (1H)b 63 12.61 7.73 2.37 2.06 2.87 — —
1 (2H)b 37 12.69 8.16 2.37 2.06 2.77 — —
1b 1.70

2 (1H)a 57 13.14 7.75 2.27 — 2.68 — 1.00
2 (2H)a 43 13.14 8.19 2.27 — 2.68 — 1.00
2a 1.33

2 (1H)b 55 12.75 7.76 2.28 — 2.77 — 1.06
2 (2H)b 45 12.83 8.21 2.28 — 2.67 — 1.06
2b 1.22

3 (1H)c 51 14.32 — 2.40 2.05 2.87 2.45 —
3 (2H)c 49 14.34 — 2.40 2.05 2.82 2.53 —
3c 1.04

4 (1H)a 44 12.72 — 2.22 — 2.65 2.28 1.00
4 (2H)a 56 12.86 — 2.22 — 2.56 2.39 0.98
4a 0.79

4 (1H)b 42 12.56 — 2.24 — 2.71 2.32 1.03
4 (2H)b 58 12.75 — 2.24 — 2.60 2.45 1.03
4b 0.72

a DMSO-d6 at 300 K.
b THF-d8 at 207 K.
c CD2Cl2 at 175 K.
correlations were undertaken. Literature data concerning the
13C NMR and 15N NMR of pyrazoles have been of much
use to assign the signals to each tautomer 1H and 2H.44,45

In what concerns the 13C NMR chemical shifts for each pair
of tautomers the main conclusions from Table 4 are that in
1H tautomers dC-3 is downfield by about 7 ppm with respect
to dC-3 of 2H tautomers, but on the contrary the dC-7a values
for the 1H forms are upfield in approximately 5.5 ppm com-
paratively to those of tautomers 2H. The remaining signals
have similar d values and are not of use to distinguish
between them.

In Table 4 are reported the chemical shifts of 15N NMR of
both tautomers for each compound, obtained by 1H–15N
2D inverse proton detection heteronuclear shift correlation
experiments. The pyrrole NH was detected in all cases, but
not so in the pyridine nitrogen, as no correlations could be
observed in the experimental conditions tested.

The equilibrium constants in Table 2 should depend on the
substituent at position 3 (0 if H and 1 if CH3), the substituents
at position 6 (0 if H and 1 if (CH3)2) and the solvent. For the
solvent we have selected the SPPN parameter.46,47 A multire-
gression on the seven values leads to the following equation:

Ln Keq ¼ ð0:109� 0:018Þ � ð0:519� 0:003Þ Pos 3

� ð0:338� 0:003Þ Pos 6þ ð0:510� 0:020Þ SPPN

r2 ¼ 0:99994 ð1Þ

The coefficients of Eq. 1 mean: the intercept corresponds to
the unsubstituted compound 1 in the gas phase (SPPN¼0.00),
i.e., in the gas phase there should be a slight excess of
1H-tautomer (53%). A methyl group at position 3 decreases

Table 3. Solution 13C NMR chemical shifts (d in ppm) of 1H and 2H tauto-
mers

Compound C-3 C-3a C-4 C-5 C-6 C-7 C-7a CH3(3) CH3(6)

1 (1H)a 136.7 117.9 192.4 37.8 23.2 20.4 150.3 — —
1 (2H)a 128.7 117.9 193.8 38.6 23.5 22.4 155.8 — —
2 (1H)b 137.7 118.1 193.5 52.8 36.5 34.8 149.9 — 28.5
2 (2H)b 129.4 118.1 191.9 53.3 36.0 37.2 156.0 — 28.5
3 (1H)c 148.0 114.9 194.8 37.9 22.5 20.9 151.2 13.4 —
3 (2H)c 141.9 114.5 196.0 38.5 23.1 23.3 156.7 11.1 —
4 (1H)a 146.8 113.9 192.4 52.3 35.4 34.2 150.0 13.2 27.9
4 (2H)a 140.8 113.5 193.8 52.7 34.9 36.5 155.3 10.5 27.9

a DMSO-d6 at 300 K.
b THF-d8 at 207 K.
c CD2Cl2 at 175 K.

Table 4. Solution 15N NMR chemical shifts (d in ppm) of 1H and 2H
tautomers

Compound Solvent N-1 N-2

1 (1H) THF-d8 at 207 K �178.8 a

1 (2H) THF-d8 at 207 K a �175.1
2 (1H) THF-d8 at 207 K �177.6 �79.2
2 (2H) THF-d8 at 207 K a �174.1
3 (1H) CD2Cl2 at 175 K �180.7 �102.6
3 (2H) CD2Cl2 at 175 K �110.1 �172.0
4 (1H) THF-d8 at 207 K �183.2 a

4 (2H) THF-d8 at 207 K a �173.5

a No correlations were detected using gs-HMQC and gs-HMBC with
various delays.
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Figure 4. 1H NMR spectrum of 3,6,6-trimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one (4) in DMSO-d6 at 300 K.
the population of the 1H-tautomer probably due to a destabi-
lizing interaction with the carbonyl oxygen (this will have
consequences on the crystal structures of 2 and 4). Although
weaker, the same happens with a gem-dimethyl substitution
at position 6 probably mediated by a conformational change
of the six-membered ring. An increase of the solvent polarity
favors the 1H-tautomer in agreement with the calculated
dipole moments of Table 1.
Table 5 presents the NMR data, 13C and 15N chemical shifts,
obtained for all compounds 1–4 in solid state. As the X-ray
structures of derivatives 2 and 4 described in the next section
of the present paper clearly show that 6,6-dimethyl-
1(2),5,6,7-tetrahydro-4H-indazol-4-one (2) exists as a mix-
ture of 2/3 of 1H and 1/3 of 2H tautomers (see Figs. 5
and 6 for the corresponding 13C and 15N CPMAS spectra)
and 3,6,6-trimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one
Table 5. 13C NMR and 15N NMR chemical shifts (d in ppm) in solid state of compounds 1–4

Compound N-1 N-2 C-3 C-3a C-4 C-5 C-6 C-7 C-7a Others

1 �172.1 �75.6 138.1 118.8 195.6 36.9 23.5 21.2 151.5 —

2 �111.7a 132.2 117.8 191.0 50.7 35.1 30.6 150.1 Me (6)
�123.0a 133.3 118.6 192.0 51.8 36.0 32.2 151.3 25.6
�139.7a 135.0 119.2 193.2 151.9 26.3
�151.1a 137.2 152.7 27.7
�165.0a 28.5

3 �178.5 �79.7 146.2 114.9 196.1 38.9 23.1 20.9 152.3 Me (3)
40.1 14.8

4 �100.1 �163.2 141.3 113.3 196.9 53.2 36.0 36.0 155.9 Me (3)
11.6
Me (6)
25.8, 30.9

a No assignment of the signals was made.

(ppm)
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Figure 5. 13C CPMAS NMR spectrum of 6,6-dimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one (2) from dichloromethane/petroleum ether.
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Figure 6. 15N CPMAS NMR spectrum of 6,6-dimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one (2) from dichloromethane/petroleum ether.
(4) only in the 2H form, in view of the CPMAS NMR data
analysis we can conclude that derivatives 1 and 3 are 1H
tautomers in solid state, confirming again that the predomi-
nating tautomer in solution is in most of the cases the one
existing in solid state.48

2.4. X-ray crystal and molecular structures

Crystals of enough quality to be analyzed by X-ray dif-
fraction were obtained only for compound 2 from di-
chloromethane/petroleum ether and for compound 4 from
water.

Six crystallographic independent molecules bonded by
strong hydrogen bonds were identified in the structural
determination of 6,6-dimethyl-1(2),5,6,7-tetrahydro-4H-
indazol-4-one (2). All pyrazole rings are planar with dis-
tances and angles within the normal ranges.49 Hydrogen
bonds lead to trimers as shown in Figure 7 (Table 6).50
Additionally, weak hydrogen bonds (C33–H33/O110 (�x+2,
y�1/2,�z+1/2), d(C33/O110)¼3.234(7) Å<C33H33O110¼
142�) and (C34–H34/O1600 (�x+1, y�1/2, �z+1/2),
d(C34/O1600)¼3.250(7) Å, <C34H34O1600¼163.5�) form
chains along the b axis. These chains exhibit weak

Table 6. Hydrogen bonds for compounds 2 and 4, distances in Å, angles in �

Compound D–H/A d(D–H) d(H/A) d(D/A) <(DHA)

2 N(11)–H(11)/N(12) 1.05 1.94 2.877(6) 147.3
N(22)–H(22)/N(23) 1.06 1.76 2.802(6) 169.0
N(13)–H(13)/N(21) 1.00 2.01 2.826(6) 137.5
N(14)–H(14)/N(26) 0.99 1.92 2.891(7) 166.2
N(16)–H(16)/N(15) 1.04 2.00 2.976(5) 154.5
N(25)–H(25)/N(24) 0.94 1.83 2.765(7) 179.7

4 O(2)–H(2B)/O(1) 0.93 1.90 2.830(2) 172.5
N(2)–H(2)/O(2)a 0.92 1.86 2.772(2) 170.4
O(2)–H(2A)/N(1)b 0.94 1.89 2.822(2) 172.1

Symmetry transformations used to generate equivalent atoms.
a �x+1, y�1/2, �z+1/2.
b x�1, �y+3/2, z�1/2.
Figure 7. ORTEP view (35% probability) of the two trimers of 2.
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interactions (C96–H96/O13000(�x+1, y, z), d(C96/
O13000)¼3.306(7) Å, <C96H96AO1600¼130�) piling up
along the a axis (Fig. 8).

Figure 9 shows the asymmetric unit of 3,6,6-trimethyl-
2,5,6,7-tetrahydro-4H-indazol-4-one (4), the crystal consists
of molecules held together by water molecules involving
three hydrogen bonds (Table 6 and Fig. 10). These features
lead to a layer parallel to [10�2] plane and these layers
are within van der Waals distances. As in previous com-
pound 2, distances and angles lie in the normal ranges.

Compound 2 crystallizes forming trimers, one of the second-
ary structures that pyrazoles and indazoles can adopt in the
crystal.50,51 Which is not common at all is that the trimer
is formed by two different tautomers, two of them being
2H and the third one being 1H. The only precedent is the
recently described example of a tetramer formed by two

Figure 8. 2D network along the b axis in 2.

Figure 9. ORTEP view (40% probability) of the molecular structure of 4
plus one water molecule.
tautomers in a 3:1 ratio (older examples were known but for
balanced 2:2 tetramers).42 This corresponds to two tauto-
mers of almost the same energy (Table 2, compound 2).
The other unexpected result is that the hydrogen-acceptor
(HBA) ability of the carbonyl oxygen is not used and thus
Desiraju’s principle of maximum saturation of HBs is not
followed.52–54

On the other hand, compound 4 has a 2H-tautomer clearly
more stable than the 1H (Table 2 and Eq. 1) and only this
tautomer is present in the crystal forming chains, catemers,
but using water molecules to saturate the HBA properties
of the carbonyl group.

3. Conclusions

Computational calculations of 1(2),5,6,7-tetrahydro-4H-
indazol-4-ones (1–4) conclude that the two main tautomeric
forms 1H and 2H are very close in energy in the gas phase.
Moreover, as tautomers 1H have dipole moments nearly 2.5
times higher than the 2H ones, polar solvents will favor the
1H forms.

In solution, tetrahydroindazolones 1–4 exist as mixtures of
both tautomers with equilibrium constants Keq defined as
[1H]/[2H] varying in the following order 1 (1.70, THF-d8

at 207 K)>2 (1.22, THF-d8 at 207 K)>3 (1.04, CD2Cl2 at
175 K)>4 (0.72, THF-d8 at 207 K).

In the solid state 6,6,-dimethyl-1(2),5,6,7-tetrahydro-4H-
indazol-4-one (2) forms trimers composed by 2/3 of 1H
and 1/3 of 2H tautomers and 3,6,6-trimethyl-1(2),5,6,7-
tetrahydro-4H-indazol-4-one (4) gives rise to chains
containing only 2H forms and water molecules, as X-ray dif-
fraction analysis demonstrates. The CPMAS NMR data of
1(2),5,6,7-tetrahydro-4H-indazol-4-one (1) and 3-methyl-
1(2),5,6,7-tetrahydro-4H-indazol-4-one (3) are in agreement
with the presence of 1H tautomers.

Figure 10. 2D network along the b axis in 4.
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The four compounds will be tested as NOS inhibitors within
the framework of a collaborative project with Professor
C. S. Raman, Dr. Pierre Nioche (University of Texas Hous-
ton) and Professor Dario Acuña-Castroviejo (Universidad de
Granada).

4. Experimental

4.1. Chemistry

The starting materials 1,3-cyclohexanedione 97% (5), di-
medone 95% (6), and 2-acetyl-1,3-cyclohexanedione 98%
(9) were commercially available from Aldrich and 2-acetyl-
dimedone 98% (10) from Fluka and were used without fur-
ther purification. Melting points for tetrahydroindazolones
were determined by DSC on a Seiko DSC 220C connected
to a Model SSC5200H Disk Station and for the other com-
pounds a ThermoGalen hot stage microscope was used.
Thermograms (sample size 0.003–0.0010 g) were recorded
at a scanning rate of 2.0 �C min�1. Column chromatography
was performed on silica gel (Merck 60, 70–230 mesh) and
the Rf values were measured on aluminum baked TLC plates
of silica gel 60 F254 (Merck, 0.2 mm) with the indicated
eluent. Elemental analyses for carbon, hydrogen, and nitro-
gen were carried out by the Microanalytical Service of the
Universidad Complutense of Madrid on a Perkin–Elmer
240 analyzer.

4.1.1. 2-(Dimethylaminomethylene)-1,3-cyclohexane-
dione (7). A solution of 1,3-cyclohexanedione (5) (0.50 g,
4.5 mmol) in N,N-dimethylformamide dimethyl acetal
(2 mL) was refluxed for 1 h. The excess acetal was distilled
off under reduced pressure to obtain the pure product 7 as
a dark solid (0.76 g, 100%). Mp: 117–119 �C (lit. mp:34

118 �C). 1H NMR (400 MHz, CDCl3): d (ppm) 1.93 (2H,
dt, 3J¼6.4 Hz, CH2CH2CH2), 2.45 (4H, t, 3J¼6.4 Hz,
CH2CO), 3.16 (3H, s, NCH3), 3.38 (3H, s, NCH3), 8.04
(1H, s, ]CHN).

4.1.2. 2-(Dimethylaminomethylene)-5,5-dimethyl-1,3-
cyclohexanedione (8). A solution of 5,5-dimethyl-1,3-
cyclohexanedione (6) (0.50 g, 3.6 mmol) in N,N-dimethyl-
formamide dimethyl acetal (2 mL) was refluxed for 1 h.
The excess acetal was distilled off under reduced pressure
to obtain the pure product 8 as a yellowish solid (0.70 g,
100%). Mp: 92–94 �C (lit. mp:34 93 �C). 1H NMR
(400 MHz, CDCl3): d (ppm) 1.05 (3H, s, (CH3)2), 2.35
(4H, s, CH2), 3.18 (3H, s, NCH3), 3.37 (3H, s, NCH3),
7.99 (1H, s, ]CHN).

4.1.3. 1(2),5,6,7-Tetrahydro-4H-indazol-4-one (1). A solu-
tion of 1 g of 2-(dimethylaminomethylene)-1,3-cyclohexa-
nedione (7, 6.0 mmol), 0.35 g of 55% hydrazine hydrate
(6.0 mmol), and 0.6 mL of acetic acid, in 15 mL of 1-butanol
was heated under reflux in a round bottom flask for 4 h. The
mixture is allowed to cool to room temperature and the sol-
vent evaporated under reduced pressure to leave a dark solid.
After column chromatography on silica using ethyl acetate/
hexane 2:1 as eluent, pure product 1 was obtained as a white
solid (0.24 g, 30%). Mp: 163.8 �C (DSC) (lit. mp:38 164–
165 �C). 13C NMR (100 MHz, CDCl3): d (ppm) 194.4 (br
s, C4), 153.2 (br s, C7a), 134.5 (vbr s, C3), 118.8 (s, C3a),
38.4 (t, 1J¼128.0 Hz, C5), 23.5 (t, 1J¼130.3 Hz, C6), 21.8
(t, 1J¼129.4 Hz, C7).

4.1.4. 6,6-Dimethyl-1(2),5,6,7-tetrahydro-4H-indazol-4-
one (2). One gram of 55% hydrazine hydrate (16.5 mmol)
was added dropwise under stirring to a solution of 2-(di-
methylamino-methylene)dimedone (8) (3 g, 15 mmol) and
acetic acid (0.5 mL) in 45 mL of 1-butanol in a three necked
round bottom flask. The resulting mixture was heated under
reflux for 4 h and then allowed to cool to room temperature.
After evaporation of the solvent, the residue was redissolved
in dichloromethane and filtered (a yellowish solid was dis-
carded). Evaporation of dichloromethane gave a yellowish
solid that was purified by column chromatography (silica
gel) with ethyl acetate/hexane 1:1 as eluent. Product 2 thus
obtained, was crystallized from water (1 g, 41%). Mp:
132.1 �C (DSC). Anal. Calcd for C9H12N2O: C, 65.83;
H, 7.37; N, 17.06. Found: C, 65.61; H, 7.29; N, 16.79.
13C NMR (100 MHz, CDCl3): d (ppm) 193.8 (t,
2J¼6.3 Hz, C4), 152.4 (m, C7a), 133.9 (d, 1J¼190.4 Hz,
C3), 117.6 (s, C3a), 52.6 (tt, 1J¼127.3 Hz, 3J¼4.1 Hz,
C5), 35.7 (m, 2J¼3.8 Hz, C6), 35.7 (tt, 1J¼129.6 Hz,
3J¼4.5 Hz, C7), 28.4 [q, 1J¼125.8 Hz, Me (6)].

4.1.5. 3-Methyl-1(2),5,6,7-tetrahydro-4H-indazol-4-one
(3). To a solution of 0.5 g (3.2 mmol) of 2-acetyl-1,3-cyclo-
hexanedione (9) in 20 mL of tetrahydrofuran, in a three
necked round bottom flask, were added dropwise under
stirring 0.21 g of 55% hydrazine hydrate (3.6 mmol). The
mixture was refluxed for 2 h, allowed to cool to room tem-
perature and filtered through Celite. The solution was evap-
orated under reduced pressure to leave a yellowish solid that
was purified by column chromatography (silica gel) with
diethyl ether/hexane 2:1 as eluent. This way pure product
3 was obtained (0.41 g, 85%). Mp: 160.3 �C (DSC) (lit.
mp: 155 �C,32 152–154 �C.35 Anal. Calcd for C8H10N2O:
C, 63.98; H, 6.71; N, 18.65. Found: C, 63.90; H, 6.58; N,
18.26. 13C NMR (100 MHz, CDCl3): d (ppm) 195.2 (t,
2J¼6.1 Hz, C4), 154.7 (br s, C7a), 145.3 (br s, C3), 115.7
(s, C3a), 38.9 (tt, 1J¼127.6 Hz, 2J¼4.1 Hz, C5), 23.7 (tt,
1J¼130.3 Hz, H, 2J¼4.1 Hz, C6), 22.4 (t, 1J¼130.4 Hz,
C7), 12.1 [q, 1J¼129.7 Hz, Me (3)].

4.1.6. 3,6,6-Trimethyl-1(2),5,6,7-tetrahydro-4H-indazol-
4-one (4). In a three necked round bottom flask a solution
of 0.72 g of 2-acetyldimedone (10) (4.0 mmol) in 20 mL
of tetrahydrofuran was prepared to which 0.26 g of 55%
hydrazine hydrate (4.5 mmol) were added dropwise and
under stirring. The mixture was heated under reflux for 2 h
and allowed to cool to room temperature. After evaporation
of the solvent a yellowish solid was obtained, which was
crystallized from ether and recrystallized from water to give
product 4 (0.45 g, 63%). Mp: 101.4 �C (DSC) (lit. mp:37

100.3–102.4 �C). 13C NMR (100 MHz, CDCl3): d (ppm)
194.5 (t, 2J¼6.1 Hz, C4), 154.0 (t, 2J¼7.0 Hz, C7a), 145.0
(q, 3J¼6.8 Hz, C3), 114.6 (s, C3a), 53.0 (t, 1J¼127.3 Hz,
C5), 36.2 (t, 1J¼129.8 Hz, C7), 35.5 (m, C6), 28.4 [q,
1J¼123.7 Hz, Me (6)], 11.9 [q, 1J¼129.8 Hz, Me (3)].

4.2. NMR parameters

Solution spectra were recorded on a Bruker DRX 400
(9.4 Tesla, 400.13 MHz for 1H, 100.62 MHz for 13C and
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40.56 MHz for 15N) spectrometer with a 5-mm inverse-
detection H–X probe equipped with a z-gradient coil for
1H, 13C, and 15N. Chemical shifts (d in ppm) are given from
internal solvents, CDCl3 (7.26), CD2Cl2 (5.32), THF-d8

(3.58), DMSO-d6 (2.49) for 1H and CDCl3 (77.0), THF-d8

(67.4), CD2Cl2 (54.0), DMSO-d6 (39.5) for 13C and nitro-
methane (0.00) for 15N NMR was used as external reference.
Typical parameters for 1H NMR spectra were spectral width
6400 Hz, pulse width 7.5 ms at an attenuation level of 0 dB
and resolution 0.39 Hz per point. Typical parameters for
13C NMR spectra were spectral width 20,500 Hz, pulse
width 10.6 ms at an attenuation level of�6 dB and resolution
0.63 Hz per point; WALTZ-16 was used for broadband pro-
ton decoupling; the FIDs were multiplied by an exponential
weighting (lb¼1 Hz) before Fourier transformation. 2D
(1H–1H) gs-COSYand inverse proton detected heteronuclear
shift correlation spectra, (1H–13C) gs-HMQC, (1H–13C)
gs-HMBC, (1H–15N) gs-HMQC, and (1H–15N) gs-HMBC,
were acquired and processed using standard Bruker NMR
software and in non-phase-sensitive mode.55 Gradient selec-
tion was achieved through a 5% sine truncated shaped pulse
gradient of 1 ms. Variable temperature experiments were re-
corded on the same spectrometer. A Bruker BVT3000 tem-
perature unit was used to control the temperature of the
cooling gas stream and an exchanger to achieve low temper-
atures. Solid state 13C (100.73 MHz) and 15N (40.60 MHz)
CPMAS NMR spectra were obtained on a Bruker WB 400
spectrometer at 300 K using a 4 mm DVT probe head.
Samples were carefully packed in a 4-mm diameter cylindri-
cal zirconia rotor with Kel-F end-caps. Operating conditions
involved 3.2 ms 90� 1H pulses and decoupling field strength
of 78.1 kHz by TPPM sequence. The NQS (non-quaternary
suppression) technique55 to observe only the quaternary
C-atoms was employed. 13C spectra were originally refer-
enced to a glycine sample and then the chemical shifts
were recalculated to the Me4Si (for the carbonyl atom
d (glycine)¼176.1 ppm) and 15N spectra to 15NH4Cl and
then converted to nitromethane scale using the relation-
ship: d 15N(nitromethane)¼d 15N(ammonium chloride)
�338.1 ppm. The typical acquisition parameters for 13C
CPMAS were spectral width 40 kHz, recycle delay 5 s,
acquisition time 30 ms, contact time 2 ms, and spin rate
12 kHz. And for 15N CPMAS spectral width 40 kHz, recycle
delay 5 s, acquisition time 35 ms, contact time 6 ms, and
spin rate 6 kHz.

4.3. X-ray data collection and structure refinement

Suitable crystals for X-ray diffraction experiments were ob-
tained by crystallization from dichloromethane/petroleum
ether (2) or water (4). Data collection were carried out
at room temperature on a Bruker Smart CCD diffractometer
using graphite-monochromated Mo Ka radiation (l¼
0.71073 Å) operating at 50 kV and 30 mA. In both cases,
data were collected over a hemisphere of the reciprocal
space by combination of three exposure sets, each exposure
was of 20 s covering 0.3� in u. The first 50 frames were re-
collected at the end of the data collection to monitor crystal
decay. A summary of the fundamental crystal and refinement
data are given in Table 7. The structures were solved by
direct methods and refined by full-matrix least-square proce-
dures on F2 (SHELXL-97).56 All non-hydrogen atoms were
refined anisotropically. In both cases, all hydrogen atoms
were included in their calculated positions and refined riding
on the respective carbon atoms with the exceptions listed
below. In the structure of 4 the hydrogen atoms bonded to
N2 atom and the hydrogen atoms bonded to O2 (water)
were located in a Fourier synthesis and refined riding on
the respective bonded atoms. The same treatment was fol-
lowed with the hydrogen atoms bonded to N11, N13, N14,
N16, N22 and N25 in the structure of 2. Largest peaks and
holes in the final difference map were 0.194 and
�0.204 e Å�3 for 2 and 0.196 and�0.147 e Å�3 for 4. Final
R (Rw) values were 4.83 (13.91) for 2 and 4.97 (15.26) for 4.
The flack parameter is 0.00, an indication of the correct de-
termination of the crystalline absolute structure. Further
crystallographic details for the structures reported in this
paper may be obtained from the Cambridge Crystallographic
Data Center, on quoting the depository numbers CCDC-
608789 and CCDC-608790.
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la Sociedad Española de Quı́mica Terape�utica; Sociedad
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Abstract—A concise, scaleable synthesis of building block 10 for p38 kinase inhibitor B is described. The key step is the one-pot construction
of 5-aryl-3-methyl-2-methylsulfanyl-6-pyridin-4-yl-3H-pyrimidin-4-one 4 from arylacetic acid ethyl ester 1. Subsequent hydrolysis of
the thiomethyl group to the hydroxy group and chlorination provided the key intermediate, 2-chloro-3-methyl-6-pyridin-4-yl-5-aryl-3H-
pyrimidin-4-one 10. This class of reactive building blocks enabled the rapid evaluation of a variety of side chains at the 2-position of the
pyrimidinone in SAR studies of inhibitors of p38 MAP kinase.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Inhibition of p38 MAP kinase (p38a) has been proposed
as a disease-modifying approach toward the treatment of
inflammatory disorders.1–8 The vicinal aryl/pyridinyl hetero-
cycles A are the most widely studied early p38 inhibitors.2,3

Drug discovery efforts at Amgen have identified a variety of
aryl/pyridyl pyrimidinones B (Fig. 1) as potent and selective
inhibitors of p38a kinase. They can be generated via nucleo-
philic displacement of a leaving group at the 2-position by
amines (Scheme 1). In order to facilitate the exploration of
a broad array of substituents at the 2-position of this hetero-
cycle, a concise, scaleable process leading to a suitably
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Ar
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Figure 1.

Keywords: Pyrimidinone; Methylisothiocyanate cyclization; Chlorination;
Nucleophilic displacement; Inhibitors of p38 MAP kinase.
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reactive intermediate was desired. The resulting process
was ultimately used to prepare large quantities of particular
leads for preclinical studies.
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+     NHRR'

B
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Scheme 1.

Early exploratory efforts involving ring formation of 5,6-
disubstituted-2-thiomethyl-pyrimidin-4-one 4 via conden-
sation of a b-keto-ester and thiourea are summarized in
Scheme 2. In this process, commercially available ethyl
2-(3-methylphenyl) acetate 1 was reacted with ethyl isonico-
tinate using NaH as a base to yield ethyl a-phenyl-b-oxo-
4-pyridinepropanoate 2 after column chromatography.9

When the b-ketoester 2 was treated with thiourea at 140 �C
(melt) in the presence of a catalytic amount of pyridinium
p-toluenesulfonate, thiouracil 3 was isolated, but only in
low yield (<20%). The crude product also required repeated
recrystallization. Subsequent bis-methylation resulted in
2-thiomethyl-pyrimidin-4-one 4 along with a variety of by-
products, including S-monomethyl and O,S-dimethyl deriva-
tives, which were removed by column chromatography. Due

mailto:yueliel@amgen.com
mailto:yueliel@amgen.com
mailto:kevin.koch@arraybiopharma.com
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+ NHH2N
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NaH, THF

1

NaH, MeI, DMF

+    by-products

Scheme 2. Early route to 2-thiomethyl-pyrimidin-4-one.
to these issues, an alternative approach for construction of the
pyrimidinethione ring was investigated.

The preparation of 4-pyrimidinethiones and related com-
pounds from enamines and acryl/aryl isothiocyanates has
been extensively investigated.10–14 Of particular relevance
to our target is the report of Hassan and co-workers14 describ-
ing the synthesis of a 2-thiouracil from 2-amino-nicotinate
and phenyl isothiocyanate. This encouraged us to utilize
the reactivity of 3-amino-2-alkenoates toward methyl iso-
thiocyanate (Scheme 3).

N

N

Py

O

SMe

4

Ar ArPy

H2N COOEt
+    X=C=NCH3

(X=O or S)

Scheme 3. Alternative approach to 2-thiomethyl-pyrimidin-4-one.

2. Results and discussion

2.1. Addition of alkanoate potassium enolates to nitriles

It has been reported that magnesium ester enolates can react
with nitriles to provide (Z)-3-amino-2-alkenolates in moder-
ate to good yields.15 Although nitriles are usually considered
to be inert to enolates, some pyridyl-derived analogs were
found to be reactive. Our first attempt to generate the magne-
sium enolate of ethyl 2-(3-methylphenyl) acetate 1 with mag-
nesium amide, as reported by Hiyama,15 in the presence of
4-cyanopyridine was unsuccessful. Presumably, Mg(NH2)2

is not of sufficient basicity to deprotonate the a-position of
1. In accordance with Hiyama’s results,15 the use of a lithium
or sodium counterion also failed to provide any carbon–car-
bon bond formation. We envisaged that the use of a potassium
counterion might render the enolate more reactive.16 Indeed,
it was found that the potassium enolate of m-tolyl-acetic acid
ethyl ester 1, prepared with potassium tert-butoxide, reacted
with 4-cyanopyridine in DMF at room temperature to pro-
vide the corresponding 3-amino-2-alkenolate 5 along with
a by-product, characterized as bis-pyridyl pyrimidinone 6
(Scheme 4). Although 6 was isolated in only 10% yield,
this served to demonstrate the potential of this reaction
sequence to construct the desired heterocyclic ring system
in a stepwise, one-pot fashion.

Subsequent experiments produced some interesting observa-
tions: (i) the nitrile addition appeared to be faster and cleaner
when t-BuOK in t-BuOH was used as opposed to t-BuOK in
THF and (ii) use of KH in DMF or THF did not result in any
of the desired alkenoate 5, even though the dark purple color
of the KH–ester mixture was indicative of enolate anion
formation. It is likely that t-BuOH serves to either directly
protonate the incipient, nitrogen-centered anion generated
during attack of enolate 1 upon the nitrile substrate, or to
facilitate subsequent tautomerization to the more stable 5b.
B3LYP/6-31G* calculations fail to locate a non-tautomer-
ized minimum corresponding to 5a in the gas phase; its ex-
istence in solution is likely to be disfavored as well. In the
presence of protic solvents, formation of 5b is facilitated,
whereas in non-protic media, addition of 1 to the nitrile is
disfavored (Scheme 5).

A loose correlation is observed between nitrile electrophilic-
ity (as gauged by LUMO energy at the RHF/6-31G* level)
and both the calculated exothermicity of the model enolate
addition, as well as final yield of ‘one pot’ cyclization/
quenching product 4 (Table 1).
NH2

OEt

N

O

OEt

O

N

NH

N

O

N

5 (20%) 6 (10%)

tBuOK/tBuOH, DMF, rt

1

+

OEt

OK
N CN

Scheme 4. Formation of 3-amino-2-alkenoate.
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OEt

O 1) tBuOK/solvent, DMF, rt

1

2) 4-cyanopyridine/DMF

OEt

N

O

5a

OEt

N
NHN

5b

O

disfavored stable tautomer

facilitated by

polar solvents

Scheme 5. Addition of potassium ester enolates to nitriles.

Table 1. Computed electrophilicities and relative reactivities of aryl nitrile substrates

OCH3

OCH3O
+ Ar C N

Ar NH

O

1 2

N

N

Ar

O

SCH3

5 4

MeNCS

MeI

2 Erxn (1+2/5)a,b E(LUMO), 2c % Yield, 4d

C
N

�9.9 (0.0) +0.08353 0

N C
N

�11.8 (L1.9) +0.06960 0

N
C

N
�14.6 (L4.7) +0.07126 30

N

C
N

�16.6 (L6.7) +0.05903 50�60

N

C
N

O

�19.1 (L9.2) +0.03844 40

a Absolute (relative in bold) energies of reaction (kcal/mol) at the B3LYP/6-31G*+ZPE level.
b All calculations performed with the Gaussian 9817 program system.
c a.u., RHF/6-31G*//B3LYP/6-31G*.
d From Table 2.
2.2. Quenching of the amino alkenoate anion by
electrophiles

With the chemistry leading to amino alkenoate anion 5
established, efforts were undertaken to trap and cyclize this
intermediate into the uracil- or thiouracil-like pyrimidinone
in a single step. Early attempts to quench 5 with methyl iso-
cyanate resulted in the formation of uracil 7 and bis-pyridyl
pyrimidinone 6 as 1:1 mixture based on HPLC area ratio
(Scheme 6).

In contrast, quenching 5 with methyl isothiocyanate in DMF
at room temperature afforded the corresponding thiouracil
8 in good conversion (w95%) (Scheme 6). Furthermore,
sequential addition of methyl isothiocyanate to 5, followed
by iodomethane, provided the desired 2-thiomethyl-pyrimi-
din-4-one 4 in 50% overall yield. Conveniently, the product
4 could be precipitated as an off-white solid by simple addi-
tion of an equal volume of water to the DMF and stirring at
�5 to 0 �C for 48 h (Scheme 7).
This one-pot process, consisting of enolate/nitrile addition,
isothiocyanate addition/cyclization, and S-methylation, pro-
duced the desired 2-thiomethyl-pyrimidin-4-one 4, for which
an early medicinal chemistry route had required in three steps
(Scheme 2). In addition to the simplification of the procedure,
the overall yield increased by more than 10-fold. These
conditions require only 1 equiv each of t-BuOK, the nitrile,
methyl isothiocyanate, and iodomethane in relation to the
starting ester. The convenient temperature range of this
reaction (�5 to 25 �C) is another attractive feature, enabling
successful scale-up to a multi-kilogram quantity.

2.3. The scope and limitation of the one-pot construction

When ethyl 2-(4-fluorophenyl) acetate was used as starting
material, a complex mixture along with 4-cyanopyridine
was obtained instead of the corresponding sulfide, possibly
arising from defluorination of the aryl ring upon generation
of the enolate. Therefore, the one-pot process was modified
to avoid potential decomposition or self-condensation of the
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Scheme 6. Quenching of 3-amino-2-alkenoate.
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SMe
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N
NH

O

Scheme 7. The one-pot reaction.
alkenoate anion. In the improved procedure, t-BuOK/
t-BuOH was added to the premixed DMF solution of the
ester and 4-cyanopyridine, allowing for immediate addition
with the nitrile substrate upon enolate generation. The rest of
reaction sequence remains same (Scheme 8).

This one-pot reaction has been used to generate the 2-thio-
methyl-pyrimidin-4-ones 4 as reported in Table 2.

Contrary to when generated in situ, aminoalkenoate 5,
isolated after work-up, reacted poorly with alkyl nitriles in
the presence of base or acid over a wide temperature range
(rt–120 �C).18 Neutral enamine 5 could potentially exist as
either (E) or (Z)-isomers; B3LYP/6-31G* calculations pre-
dict (Z)-5 (Fig. 2) to be 6.1 kcal/mol lower in energy than
(E)-5 due in part to intramolecular hydrogen bonding and
p-stacking of the aromatic rings and 7.5 kcal/mol lower in
energy than its imine tautomer. The prediction of (Z)-5 as
the exclusive neutral species present upon protonation of
the anion of 5 was subsequently confirmed on the basis of
NOE experiments (see Section 3.6).

2.4. Conversion of the sulfide-pyrimidinones to the more
reactive chloro-pyrimidinones

The thiomethyl moiety could, in principle, be used as a
leaving group to introduce amines at the 2-position. How-
ever, we found that this displacement required harsh con-
ditions (neat, high temperature, and sealed vessel), which
were not practical for scale-up. As the displacement of
O

O
N

CN
+

N

N

N

O

S
3) 1.0 eq. CH3I, 0°C

4) H2O, 0°C to rt, 16h

1) DMF, 1.0 eq. tBuOK/tBuOH, rt

2) 1.0 eq. MeNCS/DMF, rt

4

R
R

Scheme 8. The modified one-pot process.



11718 Y. Lu et al. / Tetrahedron 62 (2006) 11714–11723
Table 2. Syntheses of 2-thiomethyl-pyrimidin-4-ones 4 via Scheme 8

Entry Ester Nitrile Product Yield (%)

1 O

OEt
N CN

N

N

O

SCH3
N

4a

51

2

OEt

O
Cl

N CN
N

N

O

SCH3
N

Cl

4b

51

3
OEt

OF
N CN

N

N

O

SCH3
N

F

4c

50

4

OEt

O

CF3
N CN

Cl
N

N

O

SCH3
N

CF3

Cl
4d

50

5 O

OEt

N CN

Cl
SCH3N

N

O

N

CH3

Cl
4e

50

6

OEt

O
Cl

Cl

N CN

SCH3N

N

O

N

Cl
Cl

4f

65

7
OEt

O
N CN

SCH3N

N

O

N
4g

63

8
OEt

O
N CNO

SCH3N

N

O

NO
4h

40

9

OEt

O

Cl

N CN
SCH3N

N

O

N

Cl

4i

60

(continued)
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Table 2. (continued)

Entry Ester Nitrile Product Yield (%)

10
OEt

O
Cl

N CN
N

N

O

SCH3
N

Cl

4j

60

11

OEt

O
F

Cl

N CN

SCH3N

N

O

N

Cl
F

4k

66

12

OEt

O

CF3
N CN

SCH3N

N

O

N

CF3

4l

25

13 O

OEt
N

CN

SCH3N

N

O

N
4m

30

14 O

OEt
N

CN

SCH3N

N

O

N
4n

0

15 O

OEt

CN
N

N

O

SCH3

4o

0

chloro-pyrimidines with amino nucleophiles has been re-
ported to proceed under mild conditions,19 the 2-thiomethyl
moiety was converted to the more reactive corresponding 2-
chloro derivative. First, hydrolysis of the sulfide was readily
accomplished with aqueous sodium hydroxide in an organic
solvent system (e.g., dioxane or THF/MeOH). Adjustment

1
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5
6

7 8

9

10

O
11

O
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13

14

NH2 H N21516

17
18

N19
20

21
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7 8
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10

O
11

O
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14

15

16

17
18

N19

20
21

(Z)-5 (exclusive species) (E)-5 (not observed)

Figure 2.
of the pH of the reaction solution to 6–7 precipitated the
desired hydroxypyrimidinones 9 (Scheme 9).

Standard procedures were applied for the conversion of ura-
cil 9 into the chloropyrimidinone 10, utilizing either PCl5,
SOCl2, or POCl3.20 The use of neat POCl3 as solvent under
reflux conditions afforded the best results (Scheme 9). After
chromatographic purification, the chloride 10 was used as
a reactive intermediate to introduce a variety of amines via
nucleophilic displacement under mild conditions. An exam-
ple is shown in Scheme 10.

In summary, a concise, scaleable synthesis of 10, a building
block for p38 kinase inhibitors, has been realized. This new
route represents a significant improvement over the initial
medicinal chemistry route. The key step is the one-pot con-
struction of 5-aryl-3-methyl-2-methylsulfanyl-6-pyridin-4-
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Scheme 9. Conversion of the sulfide-pyrimidinone 4 to chloro-pyrimidinone 10.
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Scheme 10. Nucleophilic displacement of chloro-pyrimidinone 10 with amine.
yl-3H-pyrimidin-4-one 4 from aryl acetic acid ethyl ester 1
and 4-cyanopyridine via enolate/nitrile nucleophilic conden-
sation, isothiocyanate additon/cyclization, and subsequent
S-methylation using equimolar amounts of all reactants.
The convenient temperature range of this process (�5 �C to
rt) and ease of isolation offer additional advantages. Subse-
quent hydrolysis of the thiomethyl group to the hydroxyl
group, followed by chlorination provided the key intermedi-
ate, 2-chloro-3-methyl-6-pyridin-4-yl-5-aryl-3H-pyrimidin-
4-one 10. This class of reactive building blocks enabled
the exploration of a variety of side chains at the 2-position
of the pyrimidinone in an effort to optimize potency and
in vivo efficacy.

3. Experimental

3.1. General

Solvents and reagents were obtained from commercial sour-
ces and used as received. Proton and carbon NMR spectra
were obtained using a Bruker Avance II 400 MHz spectro-
meter. The signals are reported in parts per million relative to
TMS using CDCl3 as a solvent (unless otherwise indicated).
The chemical shifts are reported in parts per million (ppm, d).
The coupling constants are reported in Hertz (Hz) using the
following abbreviations: s¼singlet, d¼doublet, t¼triplet,
q¼quartet, and m¼multiplet. High-resolution mass spectra
(HRMS) were acquired on a 7 Tesla Bruker Apex IV Four-
ier-Transform Mass Spectrometer (FTMS) using ESI ioniza-
tion modes. FTIR spectra were obtained using a Nicolet 410
FT-IR spectrophotometer. Mercaptan safety studies were
performed by the Wisconsin Occupational Health Lab of
Madison, Wisconsin. Column chromatography was per-
formed using silica gel 60-200 from EM Science. High-
pressure liquid chromatography (HPLC) was performed
with an Agilent 1100 series.

3.2. General procedure for the preparation of 5-aryl-3-
methyl-2-methylsulfanyl-6-pyridin-4-yl-3H-pyrimidin-
4-one (4)

To a solution of the ester (6.9 mol) and 4-cyanopyridine
(7.0 mol) in DMF (15 L) was slowly added t-BuOK
(1.0 M in t-BuOH, 7 L, 7.0 mol). The resultant dark-red
solution was stirred at room temperature for 1.5 h. A DMF
solution of methyl isothiocyanate (8.4 mol dissolved in
614 mL DMF) was added to the dark-red solution at such
a rate that the internal temperature was maintained below
25 �C. After the addition was complete, the mixture was
stirred at room temperature for 1 h. The solution was cooled
to 0 �C, and methyl iodide (7.0 mol) was added at such a rate
that temperature remained below 5 �C. The reaction mixture
was stirred for 1 h at room temperature, and then cooled to
0 �C. Deionized water (21.5 L) was added at such a rate
that internal temperature was maintained below 10 �C. The
resulting suspension was stirred at room temperature for
16 h. The solid was filtered off via an Aurora filter. The
wet cake was washed with water (3�3 L) and dried in an
oven under vacuum at 70 �C to provide the desired pyrimi-
dinones.

4a: 1H NMR (400 MHz, CDCl3) d 2.28 (s, 3H), 2.66 (s, 3H),
3.61 (s, 3H), 6.9 (d, J¼7.5 Hz, 1H), 7.03 (s, 1H), 7.08 (d,
J¼7.5 Hz, 1H), 7.15 (t, J¼7.5 Hz, 1H), 7.23 (d, J¼6 Hz,
2H), 8.46 (d, J¼6 Hz, 2H); 13C NMR (100 MHz, CDCl3)
d 15.0, 21.3, 30.8, 120.8, 123.8, 127.7, 128.2, 128.7, 131.1,
133.1, 137.8, 145.9, 149.4, 154.0, 161.0, 162.3. FTIR
(KBr) nmax 1659, 1596, 1571, 1540, 1525, 1409, 1367,
1347, 1310, 1188, 1165, 1099, 1088, and 1068 cm�1.
HRMS (ESI) m/e (M+H) calcd for C18H17N3OS 323.1092,
found 323.1079.

4b: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.61 (s, 3H),
7.12 (d, J¼5.33 Hz, 2H), 7.22 (d, J¼3.82 Hz, 2H), 7.26 (d,
J¼5.33 Hz, 2H), 8.50 (d, J¼3.82 Hz, 2H); 13C NMR
(100 MHz, CDCl3) d 15.1, 30.9, 119.4, 123.9, 128.6,
131.8, 132.2, 134.0, 145.7, 149.7, 154.6, 161.8, 162.1.
HRMS (ESI) m/e (M+H) calcd for C17H14ClN3OS
344.0624, found 344.0618.

4c: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.61 (s, 3H),
6.98 (d, J¼8.61 Hz, 2H), 7.15 (d, J¼8.61 Hz, 2H), 7.22 (d,
J¼5.87 Hz, 2H), 8.49 (d, J¼5.87 Hz, 2H); 13C NMR
(100 MHz, CDCl3) d 15.0, 30.9, 115.6, 119.6, 123.9, 129.2,
132.6, 145.8, 149.6, 154.5, 161.2, 162.3, 163.6. HRMS
(ESI) m/e (M+H) calcd for C17H14FN3OS 328.09144, found
328.09166.
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4d: 1H NMR (400 MHz, CDCl3) d 2.67 (s, 3H), 3.63 (s, 3H),
6.96 (dd, J¼5.28, 1.37 Hz, 1H), 7.33 (d, J¼8.22 Hz, 1H),
7.35 (s, 1H), 7.43 (t, J¼8.22 Hz, 1H), 7.49 (s, 1H), 7.57 (d,
J¼7.63 Hz, 1H), 8.21 (d, J¼5.28 Hz, 1H); 13C NMR
(100 MHz, CDCl3) d 15.2, 31.0, 119.5, 122.5, 124.5, 125.2,
127.7, 129.0, 130.8, 131.1, 133.8, 134.2, 148.5, 149.3,
151.7, 153.7, 161.7, 162.7. HRMS (ESI) m/e (M+H) calcd
for C18H13ClF3N3OS 412.01927, found 412.04932.

4e: 1H NMR (400 MHz, CDCl3) d 2.30 (s, 3H), 2.66 (s, 3H),
3.61 (s, 3H), 6.90 (d, J¼7.43 Hz, 1H), 7.01 (m, 2H), 7.12 (d,
J¼7.63 Hz, 1H), 7.19 (t, J¼7.63 Hz, 1H), 7.41 (s, 1H), 8.18
(d, J¼5.09 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 14.1,
20.4, 29.9, 120.3, 121.8, 123.5, 126.7, 127.5, 128.1, 130.1,
131.7, 137.2, 148.0, 148.1, 150.4, 151.7, 160.5, 161.2.
HRMS (ESI) m/e (M+H) calcd for C18H16ClN3OS
358.0781, found 358.0785.

4f: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.61 (s, 3H),
6.95 (dd, J¼5.2, 1.24 Hz, 1H), 7.23 (dd, J¼6.06, 1.57 Hz,
2H), 7.33 (d, J¼8.41 Hz, 1H), 7.37 (d, J¼1.76 Hz, 1H),
8.54 (dd, J¼6.26, 1.57 Hz, 2H); 13C NMR (100 MHz,
CDCl3) d 15.1, 31.0, 118.2, 123.8, 130.2, 130.3, 132.2,
132.5, 132.7, 133.4, 145.3, 149.8, 155.0, 161.8, 162.4.
HRMS (ESI) m/e (M+H) calcd for C17H13Cl2N3OS
378.02291, found 378.02324.

4g: 1H NMR (400 MHz, CDCl3) d 2.69 (s, 3H), 3.67 (s, 3H),
7.25 (m, 3H), 7.48 (m, 2H), 7.77 (m, 4H), 8.45 (d, J¼7.24 Hz,
2H); 13C NMR (100 MHz, CDCl3) d 15.5, 31.4, 120.9, 124.4,
126.5, 126.8, 127.9, 128.1, 128.2, 128.3, 128.6, 128.8, 130.6,
131.2, 133.2, 133.6, 146.4, 149.9, 154.9, 161.8, 162.8.
HRMS (ESI) m/e (M+H) calcd for C21H17N3OS
360.11651, found 360.11635.

4h: 1H NMR (400 MHz, CDCl3) d 2.69 (s, 3H), 3.64 (s, 3H),
7.25 (m, 5H), 7.48 (m, 2H), 7.75 (m, 2H), 7.83 (m, 2H), 7.93
(d, J¼7.24 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 15.2,
31.0, 120.1, 126.4, 126.7, 126.8, 127.7, 128.0, 128.2,
128.5, 130.1, 130.6, 132.9, 133.3, 135.7, 138.6, 152.1,
161.6, 162.3. HRMS (ESI) m/e (M+H) calcd for
C21H17N3O2S 376.1119, found 376.1116.

4i: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.61 (s, 3H),
7.00 (d, J¼8.02 Hz, 1H), 7.17–7.19 (m, 1H), 7.22 (dd,
J¼6.26, 1.57 Hz, 2H), 7.25–7.27 (m, 2H), 8.50 (d,
J¼6.06 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 15.1,
30.9, 119.3, 123.8, 129.1, 130.8, 134.2, 135.2, 145.5,
149.7, 154.8, 161.9, 162.0. HRMS (ESI) m/e (M+H) calcd
for C17H14ClN3OS 344.0624, found 344.0622.

4j: 1H NMR (400 MHz, CDCl3) d 2.68 (s, 3H), 3.63 (s, 3H),
7.08 (dd, J¼7.63, 1.57 Hz, 1H), 7.17–7.29 (m, 4H), 7.41 (d,
J¼7.24 Hz, 1H), 8.48 (d, J¼5.87 Hz, 2H); 13C NMR
(100 MHz, CDCl3) d 15.1, 30.9, 118.8, 123.1, 127.1,
129.7, 129.8, 132.2, 133.0, 134.7, 145.5, 149.6, 155.3,
161.4, 162.4. HRMS (ESI) m/e (M+H) calcd for
C17H14ClN3OS 344.0624, found 344.0615.

4k: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.62 (s, 3H),
6.95 (m, 1H), 7.03 (t, J¼8.60 Hz, 1H), 7.23 (dd, J¼6.06,
1.57 Hz, 2H), 7.32 (dd, J¼7.04, 2.15 Hz, 1H), 8.53 (d,
J¼6.06 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 15.1,
31.0, 116.7, 118.4, 121.2, 123.8, 130.4, 130.8, 133.0,
145.5, 149.8, 154.9, 156.5, 159.0, 162.2. HRMS (ESI) m/e
(M+H) calcd for C17H13ClFN3OS 362.0530, found
362.0522.

4l: 1H NMR (400 MHz, CDCl3) d 2.66 (s, 3H), 3.62 (s, 3H),
6.95 (dd, J¼5.2, 1.24 Hz, 1H), 7.23 (dd, J¼3.8, 1.88 Hz,
2H), 7.33 (d, J¼5.17 Hz, 1H), 7.37 (d, J¼1.22 Hz, 1H),
8.53 (d, J¼3.7 Hz, 2H); 13C NMR (100 MHz, CDCl3)
d 15.1, 31.0, 120.7, 121.4, 122.4, 124.4, 125.4, 126.9,
127.3, 128.3, 130.0, 130.4, 133.4, 133.9, 144.2, 148.4,
149.6, 154.9, 156.5, 161.7, 162.2. HRMS (ESI) m/e
(M+H) calcd for C22H16F3N3OS 428.1044, found 428.1047.

4m: 1H NMR (400 MHz, CDCl3) d 2.27 (s, 3H), 2.66 (s, 3H),
3.61 (s, 3H), 6.9 (d, J¼7.5 Hz, 2H), 6.92 (d, J¼4.70 Hz, 1H),
7.06–7.15 (m, 4H), 7.55 (t, J¼4.70 Hz, 1H), 8.45 (d, J¼3 Hz,
1H), 8.70 (s, 1H); 13C NMR (100 MHz, CDCl3) d 15.0, 21.4,
30.8, 120.4, 122.4, 127.9, 128.3, 128.7, 131.4, 133.5, 134.1,
137.0, 138.0, 149.4, 150.8, 154.0, 161.0, 162.4. HRMS (ESI)
m/e (M+H) calcd for C18H17N3OS 324.1170, found
324.1171.

3.3. General procedure for the preparation of 5-aryl-2-
hydroxy-3-methyl-6-pyridin-4-yl-3H-pyrimidin-4-one
(9)

To a solution of the sulfide (1.32 mol) in 1,4-dioxane
(1.05 L) was added 2 N NaOH (6.6 mol, 5 equiv). The solu-
tion was heated to 80 �C and allowed to stir overnight under
N2. Upon complete conversion, the reaction mixture was
cooled to 0 �C. HCl 1 N (6.1 L) was added slowly until the
pH reached 7. The product was then collected on a fritted
glass funnel, and washed three times with copious amount
of water. The solid was then dried at 80 �C in vacuo to pro-
vide the product as a white solid (94%). This product is of
suitable purity to be taken directly to the next step; however,
a cleaner reaction profile was obtained if the crude product
was further dried via azeotropic distillation with toluene.

9a (R¼m-CH3): 1H NMR (400 MHz, CDCl3) d 2.16 (s, 3H),
3.23 (s, 3H), 6.76 (d, J¼7.5 Hz, 1H), 6.9 (s, 1H), 6.98 (d,
J¼7.5 Hz, 1H), 7.04 (t, J¼7.5 Hz, 1H), 7.2 (d, J¼6.0 Hz,
2H), 8.48 (d, J¼6.0 Hz, 2H), 11.5 (s, 1H); 13C NMR
(100 MHz, CDCl3) d 20.9, 27.2, 111.8, 120.7, 123.7, 127.6,
128.5, 132.0, 132.7, 136.6, 140.3, 146.0, 149.5, 150.8,
162.8. FTIR (KBr) nmax 3056, 3041, 2917, 2776, 1720,
1652, 1602, 1450, 1420, 1297, 1228, 1072, and 1004 cm�1.
Anal. Calcd for C17H15N3O2: C, 69.61; H, 5.15; N, 14.33.
Found: C, 69.50; H, 5.18; N, 14.45.

3.4. General procedure for the preparation of 5-aryl-2-
chloro-3-methyl-6-pyridin-4-yl-3H-pyrimidin-4-one
(10)

A three-necked, 2-L round-bottomed flask equipped with
a mechanical stirrer, a reflux condenser, temperature probe,
and gas inlet/exit was charged with the hydroxide (2 mol)
and then POCl3 (70 mol, 35 equiv). The suspension was
heated to reflux and a solution was obtained within
10 min. The reaction was allowed to proceed for 16 h at re-
flux, and the excess POCl3 was distilled under low pressure.
The resulting dark residue was allowed to cool to�5 to 0 �C
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and a mixture of dichloromethane/ice water was added.
Saturated aqueous NaHCO3 was added dropwise into the
cooled DCM/water solution with aggressive agitation. The
basic quenching was completed once the pH reached 6–7.
The phases were separated and the organic layer was
washed with a 10% aq solution of NaHCO3 followed by
water, and allowed to dry over Na2SO4. The crude chloride
was isolated after removal of solvent and purified by chro-
matography with ethyl acetate/hexanes to give the pure chlo-
ride (85%).

10a (R¼m-CH3): 1H NMR (400 MHz, CDCl3) d 3.74 (s, 3H),
3.76 (s, 3H), 6.91 (d, J¼7.5 Hz, 1H), 7.02 (s, 1H), 7.16 (m,
4H), 8.48 (d, J¼6.0 Hz, 2H); 13C NMR (100 MHz, CDCl3)
d 21.3, 33.9, 123.5, 124.4, 127.4, 128.4, 129.2, 129.3,
130.8, 132.1, 138.1, 144.4, 147.8, 149.6, 154.6, 162.3.
FTIR (KBr) nmax 1662, 1582, 1551, 1532, 1414, 1350,
1167, and 1094 cm�1. Anal. Calcd for C17H14Cl N3O2:
C, 65.49; H, 4.53; N, 13.45. Found: C, 65.41; H, 4.54; N,
13.26.

3.5. General procedure for the preparation of 2-alkyl-
amino-5-aryl-3-methyl-6-pyridin-4-yl-3H-pyrimidin-4-
one (11)

A three-necked, 2-L round-bottomed flask equipped with
a mechanical stirrer, reflux condenser, temperature probe,
and gas inlet/exit were charged with 5-aryl-2-chloro-3-
methyl-6-pyridin-4-yl-3H-pyrimidin-4-one (0.15 mol), the
alkylamine (0.165 mol), dichloromethane (1 L, 0.15 M),
and potassium carbonate (0.165 mol). The reaction mixture
was stirred for 16 h at ambient temperature under nitrogen.
Water was then added into the reaction solution. The phases
were separated, and the organic layer was washed with a
10% aq solution of NaHCO3, followed by water, and
allowed to dry over Na2SO4. The crude product was isolated
after removal of solvent and purified by chromatography
with ethyl acetate/hexanes to give the pure product (90%).

11 (R¼o-F): 1H NMR (400 MHz, CDCl3) d 1.08 (s, 6H),
2.67 (s, 2H), 3.11 (s, 3H), 3.56 (d, J¼5.7 Hz, 2H), 5.30 (s,
1H), 6.90–6.94 (m, 2H), 7.05–7.09 (m, 2H), 7.12–7.14 (m,
2H), 7.23–7.25 (m, 2H), 7.29–7.36 (m, 3H), 8.40 (d,
J¼6.0 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 25.9, 26.8,
36.1, 47.8, 51.4, 113.5, 115.1, 115.3, 124.0, 126.8, 128.6,
130.3, 132.8, 138.7, 146.9, 149.4, 152.5, 156.5, 162.6,
163.6. HRMS (ESI) m/e (M+H) calcd for C27H27FN4O
443.2242, found 443.2246.

3.6. Structural elucidation of 5

1H and 13C NMR spectra were recorded in 0.15 mL DMSO-
d6 at 30 �C (303 K) in 3 mm NMR tube (3 mm Bruker DCH
Dual CryoProbe) and run at 600.13 and 150.92 MHz on
a Bruker Avance 600 MHz spectrometer. Chemical shifts
are reported in parts per million by assigning the residual
solvent peak to 2.50 and 39.51 ppm for DMSO for 1H and
13C, respectively. The nuclear overhauser effect (NOE) ex-
periments were determined with an 800 ms mixing time
for the one-dimensional (1D) selective NOE and the two-
dimensional (2D) nuclear overhauser effect spectroscopy
(NOESY). Both the 1H–13C heteronuclear single quantum
correlation (HSQC) and the 1H–13C heteronuclear multiple
bond correlation (HMBC) spectra were determined using
gradient pulses for coherence selection. The HSQC spec-
trum was determined with decoupling during acquisition.
Delays corresponding to one bond 13C–1H coupling (ca.
145 Hz) for the low-pass filter and the 2–3 bond 13C–1H
long-range coupling (7.7 Hz) were used for the HMBC.

3.6.1. (Z)-3-Amino-3-pyridin-4-yl-2-m-tolyl-acrylic acid
ethyl ester ((Z)-5). 1H NMR (600 MHz, DMSO-d6) d 1.09
(t, J¼7.1 Hz, 3H, H-14), 2.09 (s, 3H, H-9), 4.04
(q, J¼7.1 Hz, 2H, H-13), 6.71 (d, J¼7.6 Hz, 1H, H-3), 6.74
(s, 1H, H-5), 6.79 (d, J¼7.6 Hz, 1H, H-1), 6.91 (t,
J¼7.6 Hz, 1H, H-2), 7.07 (d, J¼6.1 Hz, 2H, H-17, 21),
7.77 (d, J¼6.1 Hz, 1H, H-15), 8.38 (d, J¼6.1 Hz, 2H, H-
18, 20), 8.71 (d, J¼6.1 Hz, 1H, H-15); 13C NMR
(150 MHz, DMSO-d6) d 14.5 (C-14), 20.9 (C-9), 58.7 (C-
13), 97.1 (C-7), 123.5 (C-17, 21), 126.2 (C-1), 127.0 (C-2),
129.8 (C-3), 133.4 (C-5), 135.9 (C-4), 137.0 (C-6), 145.5
(C-16), 149.1 (C-18, 20), 150.3 (C-10), 169.0 (C-8).

1D 1H NOE experiments using selective excitation with
a shaped pulse (gradient version) were used to determine
the stereochemistry of 5 (Fig. 2). Irradiation of the aromatic
protons at C-17, 21 elicited NOE signals from H-3 (weak),
H-5 (weak), and H-18, 20 (strong), confirming further that
the disposition of tolyl and the pyridine rings are such as
those for the (Z) isomer and suggestive of a stacking interac-
tion. Irradiation of the methyl protons at C-9 elicited NOE
signals from H-1 (weak), H-3 (strong), H-5 (strong), H-13
(weak), H-14 (weak), H-17, 21 (weak), and H-18, 20
(weak), indicating once again that compound 5 exists as
the (Z) isomer, with evidence of stacking of the aromatic
rings and a disposition of the ethyl group syn to the tolyl
ring. The distinct proton chemical shifts corresponding to
the primary amino group (d, 7.77 and 8.71 ppm) suggest
restricted rotation about the C–N bond.
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Abstract—On the basis of a molecular variation on an isosteric replacement (F/H) from the prototype (RS)-1-(2,3-dihydro-5H-1,4-benzo-
dioxepin-3-yl)-5-fluorouracil, the derivative (RS)-1-(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)uracil 4 was prepared. Later on, the pyrimidine
base was substituted by the purine moiety with the objective of increasing both the lipophilicity and the structural diversity of the target
molecules. The 60-halogen substituent of the (RS)-9- or 7-(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)-9H- or 7H-purines shows an interesting
reactivity, which is presented and discussed. The anticarcinogenic potential of the target molecules is reported against the MCF-7 cancer
cell line.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The development of new drugs against cancer remains
among the priorities of the development of science and fun-
damental research. The importance of 5-fluorouracil (5-FU)
as first choice drug in carcinomas of the gastrointestinal tract
is well known, but its toxicity limits its use as a practical anti-
tumour agent for human beings. With the aim of diminishing
the toxicity and obtaining biologically active derivatives of
5-FU suitable for oral administration great effort has been
made in the preparation of 5-FU prodrug derivatives. Pro-
drugs have been described as the chemical modification of
a biologically active compound to form a new compound,
which by either in vivo enzymatic or non-enzymatic attack
will liberate the parent drug.1 A review of the literature on
the various prodrugs of 5-FU has been recently published.2

1-(2,3-Dihydro-5H-1,4-benzodioxepin-3-yl)-5-fluorouracils
(1–3) have proved to be good antiproliferative agents against
the MCF-7 human breast cancer cell line (Fig. 1).3 Such com-
pounds accumulate the cancerous cells in the G0/G1 phase. It

Keywords: Amination; Antitumour compounds; Benzodioxepins; Suzuki
reaction; Trifluoromethylation reaction.
* Corresponding author. Tel.: +34 958 243848; fax: +34 958 243845;

e-mail: jmcampos@ugr.es
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.039
is important to emphasize that in recent years, the agents
targeting the cell cycle are being increasingly appreciated
as being ideal for the management of cancer.4,5 Compound
56 acts similar to Ftorafur, a known prodrug of 5-FU
(Fig. 1), because both gather together the cancerous cells in
the synthesis phase (S). In contrast to 5-FU,7 the benzanne-
lated 5-FU derivatives3 and corresponding open analogues6

have proved to be non-toxic.

With all this background it seems that compounds 1–3 are
drugs per se, whilst 5 is a prodrug of 5-FU. In the first phase,
we decided to substitute the synthetic pyrimidine base 5-FU
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in derivatives 1–3 for the naturally occurring one, uracil, to
produce 4 and to assay its biological properties. Later on, we
substituted the pyrimidine base for the purine one, with the
objective of increasing both the lipophilicity and the struc-
tural diversity of the target molecules. In this case, two
isomers were obtained: the N-90-purines 6–12,8 and the
N-70-purines 13–20 (Fig. 2). Should these compounds show
antiproliferative activities, new avenues in anticancer re-
search would be opened based on the non-toxic natural base
uracil and purines and with a mechanism of action different
from that of 5-FU.

2. Results and discussion

2.1. Synthesis

The preparation of 4 was first achieved by the one-pot
condensation of the cyclic acetal 213 and uracil, using tri-
methylchlorosilane (TCS), 1,1,1,3,3,3-hexamethyldisilazane
(HMDS) and tin(IV) chloride as the Lewis acid in anhydrous
acetonitrile at room temperature (Table 1): apart from the
desired product 4 (3%), the acyclic hemiaminal 23 (5%)
was obtained (Table 1, entry 1). As the reaction proceeded
with a very low yield, we repeated the process, but varying
the reaction time and the Lewis acid. No further improvement
in the yield of the target molecule 4 was obtained when the
reaction temperature was increased up to 50 �C and with
the same Lewis acid. In this case, the disappearance of 21
and the appearance of the N-30 uracil hemiaminal9 22 were
observed (Table 1, entry 2).

Since TMSOTf is a weaker Lewis acid than SnCl4, less s
complex between uracil and the Lewis acid is formed in
the equilibrium,10 and more free base is present and

Table 1. Reaction between 21 and uracil

O

O
OMe

O

O
N

NH
O

O

4 +
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+

OH

O
OMe

N

HN

O

O

22 23

Entry Lewis
acid

Reaction
time (h)

Temperature
(�C)

4 (%)a 22 (%)a 23 (%)a

1 SnCl4 24 rt 3 — 5
2 SnCl4 20 50 4 9 —
3 TMSOTf 20 50 4 — 29
4 Sc(OTf)3 21 50 23 2 19

All reactions were carried out with HMDS, TCS, Lewis acid in anhydrous
acetonitrile under argon.
a Isolated yields.
consequently more N-10 derivatives should have been ob-
tained. Compound 22 was not formed, and the N-10 acyclic
derivative 23 was formed in a 29% yield. Trivalent rare earth
compounds such as Sc(OTf)3 exhibit characteristic Lewis
acid properties, and they activate oxygen and nitrogen
functionalities to promote synthetically useful organic
transformations.11 For this reason, certain rare earth(III)
compounds, such as Sc(OTf)3 are frequently employed as
highly efficient reagents or catalysts in modern organic syn-
thesis. However, the origin of the characteristic chemical
properties of rare earth(III) compounds is not yet well under-
stood, although they are generally explained in terms of
moderate to strong oxophilicity, long ionic radius and high
coordination ability. In addition, when Sc(OTf)3 is used no
rigorous anhydrous conditions are required, the workup is
simpler and the Lewis acid can be recovered and reused. In
this case, the total yield of the alkylated uracils was 44%
[23% (4), 2% (22) and 19% (23), Table 1, entry 4].

In order to obtain the (RS)-(2,3-dihydro-5H-benzo-1,4-di-
oxepin-3-yl)adenine derivatives 9 (N-90) and 16 (N-70) (see
Fig. 2) the direct condensation reaction between 213 and
adenine was tried under our simple standard one-step/one-
pot conditions.3,6 However, an inseparable mixture of
compounds was obtained and this inconvenience compelled
us to change the synthetic strategy, i.e., starting from
6-chloropurine derivatives 6 and 13, we decided to change
the chlorine atom for the amino group. The condensation
reaction between 21 and 6-chloropurine was accomplished
using tin(IV) chloride as a 1.0 M solution in dichloro-
methane, TCS and HMDS in dry acetonitrile for 18 h at
45 �C (Scheme 1). The N-90 (6, 60%) and N-70 (13, 24%)
regioisomers produced were separated by flash chromato-
graphy. Nucleophilic displacement of halogen atoms in
halopurines, especially the readily available chloropurines,
has provided the major route to a wide variety of substituted
purines including nucleosides.12 The purine 6-position is the
most reactive towards nucleophilic substitution, and moder-
ately elevated temperatures (25–80 �C) are usually applied
in order to introduce aliphatic or aromatic amines.13 Several
conditions were used, such as treating 6 and 13 with a satu-
rated solution of ammonia in ethanol at 80 �C during 4 and
27 h in a sealed tube. As the starting materials were

a)

O

O

N

N

N

N

X

O

O
N

NN

N

X

+21

6  X = Cl (60%) 13  X = Cl (22%)
7  X = I (30%) 14  X = I (28%)

b) b)

Scheme 1. Reagents and conditions: (a) 6-chloropurine, HMDS, TCS,
SnCl4/CH2Cl2, MeCN, 18 h, 45 �C; (b) NaI/TFA/butanone at �50 to
�40 �C.
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recovered unaltered we decided to force the experimental
conditions, changing the solvent (ethanol by DMF) thus
allowing us to increase the heating temperature in a sealed
tube (120 �C). Under such conditions, 6 yielded the N-90

adenine derivative 9 and the N-70 adenine one 16, which
were separated by flash chromatography (Table 2, entry 1).
Reversibility of such a process is the more plausible interpre-
tation for the course of this reaction. The N-90-tetrahydro-
pyranyl-2,6-dichloropurine fragment, which is a similar
compound to 6, loaded in the Merrifield resin, has been re-
ported in combinatorial chemistry.14,15 The ligand contained
two differentially reactive Cl substituents at C-60 and C-20

that could be sequentially reacted with a variety of amines.
In the first relatively mild reaction, the chlorine atom at
C-60 was replaced (5 equiv of amine, 80 �C, 3 h). The N-
90-tetrahydropyranyl-2,6-dichloropurine moiety and com-
pounds 6 and 13 are very similar but the latter are more
stable and consequently, their chlorine atoms at C-60 were
displaced under harsher conditions.

When the N-70-alkylated-60-chloropurine 13 was treated un-
der the conditions used for 6, the N-70-(dimethylamino)pur-
ine 17 was obtained, together with the N-7-adenine 16.
Trying to extend the scope of the unreported reversibility
from the N-90-(6-halopurine) we used two cross-coupling re-
actions. To undertake these reactions we previously changed
the N-90-(6-chloropurine) 6 to the 6-iodo analogue 7 (Finkel-
stein reaction, Scheme 1), under conditions successfully
used to perform the same process in nucleosides.16 Such
a process carried out on the N-70-(6-chloropurine) 13 gave
the N-70-(6-iodopurine) 14 (Scheme 1). Compounds 7 and
14 were also obtained by the direct condensation between
213 and 6-iodopurine17 but were produced with poorer yields
(9% of 7 and 15% of 14).

The copper(I) iodide/potassium fluoride-mediated trifluoro-
methylation reaction on 7 was tried next under conditions
previously used for a 9-(THP-protected) 6-iodopurine.18 In
this way 6-trifluoromethyl isomers 11 and 19 were isolated
(Table 2, entry 2), proving the reversibility of the process,
in contrast to what was reported by Hocek and Holyd.18 The
same reaction carried out on the N-70-protected 6-iodopurine
14 produced only the N-70 isomer 19 (Table 3, entry 2).
Finally the Suzuki cross-coupling reaction was carried out
on 7 using the conditions described by Mederski et al.,19
and the two 6-phenyl isomers 12 and 20 (Table 2, entry 3)
were produced. When the same reaction was carried out
on 14, compound 20 was the only product obtained (Table
3, entry 3).

2.2. Mechanistic aspects on the synthesis of the N-90

and N-70 alkylated purine

Little attention has been paid to the fact that preformed
purine N-70- or N-90-nucleosides can isomerize at elevated
temperatures. It was observed that N-90-ribosylated 6-oxo-
purines or their corresponding acyclic derivatives, which
are fully acylated, undergo thermal isomerization to N-70/
N-90-mixtures.20,21 The reaction takes place even in the
absence of a catalyst when the starting material is melted
for 5–10 min at a temperature exceeding 190 �C. Golankie-
wicz et al.22 have reported the isomerization of protected 20-
deoxyguanosine derivatives, melted and in solution. It has
been postulated in relation to the mechanism of the N-
90/N-70 isomerization reactions of 6-oxopurine ribonucleo-
sides23 and acyclonucleosides,24 that a bis-riboside is the
intermediate of such transformations. We used this back-
ground and a tentative explanation is depicted in Scheme 2,
through the intermediate (RS)-60-halo-7,9-bis(2,3-dihydro-
5H-benzo-1,4-dioxepin-3-yl)purine 24.

Table 3. Amination, copper(I) iodide/potassium fluoride-mediated trifluoro-
methylation and Suzuki cross-coupling reactions carried out on the N-70-
alkylated-60-halopurines 13 and 14

O

O
N

NN

N

Z

O

O
N

NN

N

X

Entry Starting
material

Conditions N-7-(6-Substituted)purine,
yield (%)

1 13 (X¼Cl) DMF, saturated
solution of NH3,
120 �C, sealed tube

17 (Z¼NMe2), 70
+
16 (Z¼NH2), 12

2 14 (X¼I) CF3SiMe3, KF and
CuI in a mixture
of DMF and NMP,
60 �C, sealed tube

19 (Z¼CF3), 14

3 14 (X¼I) PhB(OH)2, PdCl2(dppf),a

85 �C, Na2CO3 in
dimethoxyethane

20 (Z¼Ph), 13

a [1,10-Bis(diphenylphosphino)ferrocene]dichloropalladium(II).
Table 2. Amination, copper(I) iodide/potassium fluoride-mediated trifluoromethylation and Suzuki cross-coupling reactions carried out on the N-90-alkylated-
60-halopurines 6 and 7

O

O

N

N

N

N

Z

O

O
N

NN

N

Z

+O

O

N

N

N

N

X

4'

5' 4'

5'7'9'

Entry Starting
material

Conditions N-90-Alkylated-(60-substituted)purine,
yield (%)

N-70-Alkylated-(60-substituted)purine,
yield (%)

1 6 (X¼Cl) DMF, saturated
solution of NH3,
120 �C, sealed tube

9 (Z¼NH2), 60 16 (Z¼NH2), 22

2 7 (X¼I) CF3SiMe3, KF and CuI (DMF and NMP),
60 �C, sealed tube

11 (Z¼CF3), 49 19 (Z¼CF3), 20

3 7 (X¼I) PhB(OH)2, PdCl2(dppf),a 85 �C,
Na2CO3 in dimethoxyethane

12 (Z¼Ph), 52 20 (Z¼Ph), 26

a [1,10-Bis(diphenylphosphino)ferrocene]dichloropalladium(II).
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N

N
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24

25a 25b

6, 7

X = Cl, I

6 or 7

13 or 14

N-9'-(6'-Substituted)purines
9, 11, 12

N-7'-(6'-Substituted)purines
16, 19, 20

+
+

+

Scheme 2. Mechanism of the transformation of the N-90-alkylated-60-halopurines 6, 7 into the N-90-(60-substituted)purines 9, 11 and 12, and the N-70-(60-substi-
tuted)purines 16, 19 and 20.
The electronic pair of N-90 assisted the nucleophilic attack of
the N70]C80 double bond of compounds 6 and 7 to the hemi-
aminalic carbon atom (C-3) of the benzo-1,4-dioxepin-3-yl
moiety of other molecules 6 and 7, consequently producing
the leaving 6-halopurine in its anionic forms 25a and 25b.
Nevertheless, it has to be pointed out that the resonance hy-
brid 25a is favoured over 25b due to the stabilization of its
negative charge on N-70 by the �I effect caused by the hal-
ogen atom at position 60. Anion derived from the 7H-purine
25a is responsible for the formation of compounds 13 and
14, the electron deficient character of N-90 atom of the inter-
mediate 24 being the driving force of such a process. The
whole transformation is reversible, the major products being
the N-90-purines 9, 11 and 12, over their corresponding
regioisomers 16, 19 and 20. Compounds 9, 11 and 12 are
more stable than their regioisomers 16, 19 and 20. The
most stable conformation of 9 is thermodynamically fav-
oured over the most stable one of its N-70 isomer 16, the
difference in the heats of formation being z5 kcal/mol.
Conformational analysis of 9 and 16 was performed as
previously reported.6 Therefore, it can be concluded that
the isomerization N-90/N-70 is thermodynamically con-
trolled (the N-90/N-70 ratios are always >1:9/16¼60/
22¼2.7; 11/19¼49/20¼2.4; 12/20¼52/26¼2, Table 2).
Once the isomerization N-90/N-70 had taken place, the sub-
sequent irreversible process occurred (SNAr by the amino
group, and cross-coupling reactions) to produce the target
compounds 16, 19 and 20. In order to cast some light on
the mechanism, we heated compound 9 at 130 �C for 27 h
in a sealed tube that contained a saturated solution of NH3

gas in DMF and no transformation was observed. This
experimental feature may be accounted for if we assume
that the N-90-alkylated-60-halopurine/N-70-alkylated-60-
halopurine isomerizations (6/13 and 7/14) took place
before the substitution process (Scheme 2).

When we tried to systematize the transformation shown in
Table 3, entry 1 there was one distinctive fact: the chlorine
atom at position 60 of the purine base was substituted by
the NMe2 group when, in the case of 6 (N-90), the only nucleo-
phile was ammonia. The irreversible interchange reaction
between the chlorine atom of 13 and the two nucleophilic
species (NH3 and HNMe2) produced 17 and 16 (Table 3,
entry 1). It has been reported that the synthesis of 4-(di-
methylamino)quinoline is accomplished by the treatment of
4-chloroquinoline with DMF and KOH at reflux for 20 h.25
Moreover, a convenient dimethylamination of various
heterocyclic, including 6-chloropurine, and aromatic com-
pounds having the activated chlorine atom has recently
been published.26 By means of this procedure the dimethyl-
amino compound 17 is obtained, together with the amino
one 16.

It can be hypothesized that a reversible process took place
when the N-70-alkylated-60-halopurines 13 or 14 was the
starting reactants through the intermediate 26 (Fig. 4). In
this case, the target molecules 16, 17, 19 and 20 could be
formed directly from the starting materials 13 or 14, or
from the resonance hybrid 25a. It is worth pointing out that
the nucleophilic attack of 25a over C-3 of the intermediate
26 (similar to the attack of 25a on 24, depicted in Scheme
2) would give rise to two molecules of 13 or 14. Moreover,
the N-90-alkylated-60-halopurines 6 or 7, or the substitution
products at their 60-positions were not detected, in accor-
dance with the experimental results. On comparing both in-
termediates (24 and 26), it seems that 26 is less stable than
24, owing to the �I effect of the 60-halogen. Accordingly,

O O

H
H

H

H

H

N NH

O

OH
H

HH

H

H
3.81 ppm

7.40 ppm

6.03 ppm
7.11 ppm
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Figure 3. Conformation of 4, showing the NOE effects by the double
arrows, found in the NOESY experiment.

O

O
N N
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O
O

X

26

X = Cl, I

Figure 4. Intermediate 26 is hypothesized when the N-70-alkylated-60-
halopurines 13, 14 are the starting materials for their transformations into
the N-70-(60-substituted)purines 16, 19 and 20.
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the yields of compounds 16, 19 and 20 obtained from the N-
90-alkylated-60-halopurines 6 and 7 were higher than those of
the same compounds prepared from the N-70-alkylated-60-
halopurines 13 and 14 (compare entries 1, 2 and 3 of Tables
2 and 3). Entries 2 and 3 of Table 3 show the yields of the
60-trifluoromethyl-N0-7-alkylated purine (19, 14%) and the
60-phenyl-N0-7-alkylated purine (20, 13%) derivatives.

2.3. Spectroscopic analysis of 4, and of the N-90 and the
N-70 alkylated purines

Hydrogens of the seven-membered framework of 4 appear
between dz6 ppm and 3.80 ppm. The chemical shift found
for the hemiaminalic hydrogen H-3 is d 6.03 ppm with a dd
multiplicity, and the respective couplings to the vicinal hy-
drogens (H-2) are 2.2 and 6.5 Hz. In fact, the two H-2 atoms
appear as two dd’s with a Jgem¼12.9 Hz and the two coupling
constants observed at d 6.03 ppm (2.2 and 6.5 Hz). Finally,
each of the two benzylic H-5 atoms resonates as two doublets
at d 4.95 and 4.71 ppm with a Jgem¼14.1 Hz, showing a dia-
stereotopic character. At d 5.65 ppm one hydrogen resonates
as a dd (J¼1.6 and 8.1 Hz), the latter coupling constant being
typical of an aromatic hydrogen atom, and this resonance
could be assigned to H-50 of the uracil base. If this is so, H-
60 should also appear as a doublet downfield in relation to
H-50 (d 7.40 ppm, d, J¼8.2 Hz). Should that really be the
case, the chemical shift of H-50 would be confirmed through
the connectivity to H-60 by a 1H–1H-COSY experiment, and
the experimental data support these assignments. Similarly,
H-3 is related with the more deshielded H-5 atom (d
4.95 ppm) and this fact strongly supports a chair conforma-
tion of the seven-membered moiety in which the hemiami-
nalic hydrogen atom adopts an axial disposition and hence,
the uracil moiety occupies an equatorial position (Fig. 3)

The unequivocal assignment of the benzene hydrogens is the
following step. The coupling pattern for H-6 and H-9 is the
same (doublets), whilst the same holds true for H-7 and H-8
(double doublets). Nevertheless, the cross-peak in the 1H–1H
NMR experiment between the doublet at d 4.71 ppm (one
H-5) and the doublet at d 7.11 ppm (J¼6.3 Hz), allows us
to assign the latter to H-6, and the doublet at d 7.00 ppm
(J¼7.7 Hz) is indirectly assigned to H-9. The chemical shifts
attributed to C-20, C-9a and C-40 were distinguished on the
basis of their HMBC connectivities. Cross correlations are
observed between H-60 (d 7.40 ppm), C-20 (d 149.91 ppm)
and C-40 (d 162.90 ppm), between H-8 (d 7.22 ppm) and
C-9a (d 158.46 ppm), between H-6 (d 7.11 ppm) and C-9a
(d 158.46 ppm). Additionally, H-9 (d 7.00 ppm) exhibits
a two-bond correlation to C-9a (d 158.46 ppm), whilst
both H-5 and H-2 atoms exhibit a three-bond connectivity
to C-9a.

The most important consequence of the 1H NMR study is
that it unequivocally proves that the linkage between the
seven-membered moiety and uracil is through N-10: (a) on
the one hand, the coupling pattern is a double doublet (dd)
for H-50 due to its coupling with H-60 and a small one
(JH50–H03) through a 1–3 bond relationship, and a doublet
for H-60. Nevertheless, had the hemiaminalic bond been
established with N-30 the coupling pattern would have been
more complicated due to the simultaneous coupling of H-60

with H-50 and H-30; (b) on the other, the NOESY experiment
(correlation through space) between H-60 and H-2b justifies
the conformational preference of the uracil moiety in which
H-60 is near in space to H-2b and accordingly, the carbonyl
group C-20 is far from the referred hydrogen atom and this
obviously implies the linkage through N-10.

1H–13C HMBC experiments enabled the complete regio-
chemical assignment of 6 and 13. The discrimination
between N-90-substituted derivatives on one hand and
N-70-substituted derivatives on the other relies on the corre-
lation between H-3 of the seven-membered moiety and C-40

and C-50. Very important is the correlation between H-3 (d
6.32 ppm) and the quaternary carbon at d 151.58 ppm of 6,
which has the following two consequences: (a) this signal
can be assigned to C-40 and (b) this correlation proves un-
equivocally that the linkage between the seven-membered
moiety and the purine base takes place through N-90 in com-
pound 6. On the other hand, a cross-peak was found in the
HMBC spectrum between H-3 (d 6.55 ppm) and C-50 (d
143.26) of 13; this experimental fact is unequivocal evidence
that the 2,3-dihydro-5H-1,4-benzodioxepin-3-yl fragment
and the 6-chloropurine system are linked through N-70 in 13.

Assignments of N-90 versus N-70 isomers can be readily made
from the 13C NMR signal of the C-40 peaks (CDCl3); for the
N-90 isomers: d 151.58 ppm (6), d 152.28 ppm (8),
d 150.00 ppm (9) and d 153.07 ppm (10); for the N-70

isomers: d 162.07 ppm (13), d 163.78 ppm (15),
d 162.84 ppm (16), d 160.85 ppm (17), d 161.00 ppm (18)
and d 161.40 ppm (20). These values agree with previous
findings on acyclic adenine derivatives.27

The most pronounced differences in N-90 (6) and N-70 (13)
regioisomers were found for the proton signals H-20 and
H-80 of the purine skeleton. Thus, the protons H-20 and
H-80 in the N-70 isomer (13) were shifted downfield (d 8.90
and 8.70 ppm, respectively) relative to the corresponding
ones (d 8.78 and 8.44 ppm) in the N-90-substituted molecule
(6). This principle applies for the remaining of the N-90 and
N-70 purine isomers, except in two cases: (a) the CF3-6-
substituted purine compounds (11 and 19) in which the 1H
chemical shifts of both H-20 and H-80 atoms are identical
and (b) the adenine-containing compounds (9 and 16) in
which chemical shifts of H-20 are almost identical (d
8.35 ppm for 9 and d 8.36 ppm for 16).

2.4. Antiproliferative activity against the MCF-7 human
breast cancer cell line

Table 4 shows the antiproliferative activities against the
MCF-7 human breast cancer cell line for the target com-
pounds, including 5-FU. As a rule the following could be
stated: (a) compound 4 shows a similar antiproliferative ac-
tivity as the 5-FU-containing derivatives 1 and 2 and a better
one than 3; (b) in general, the N-70 purine derivatives present
a better activity than the their N-90 regioisomers, except in the
case of the CF3-60-substituted compounds (11 and 19); (c) the
adenine-containing derivatives (9 and 16) and the N,N-di-
methyladenine structure (17) do not show any interesting
antiproliferative activities, in contrast to the natural base-
containing (uracil) derivative 4; (d) the presence of at least
one halogen atom on the purine skeleton (or in a 60-methyl
group, such as 11) is necessary to improve the
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Table 4. Antiproliferative activities against the MCF-7 cell line for uracil (5-FU and 1–4), N-90 (6–12) and N-70 (13–20) purine compounds

Compound IC50 (mM) Compound IC50 (mM) Compound IC50 (mM)

5-FU 4.32�0.02 8 4.40�0.88 15 1.28�0.61
1 7.00�0.61a 9 18.4�3.16 16 27.1�4.93
2 4.50�0.33a 10 44.9�9.83 17 22.2�3.80
3 22.0�0.93a 11 3.21�0.40 18 40.4�7.85
4 5.00�0.05 12 16.4�0.26 19 24.9�1.83
6 4.63�0.01 13 2.74�0.31 20 22.8�0.19
7 6.75�0.23 14 4.01�0.33

a Data taken from Ref. 3.
antiproliferative activity; (e) the most active compound is the
N-70-20,60-dichlorosubstituted purine (15), which is 3.4-fold
more potent than 5-FU; its N-90 isomer is equipotent to
5-FU; (f) to the best of our knowledge, the hemiaminals 4,
13, 14 and 15 represent a new kind of compounds with a novel
structure and a significant anticancer activity against the
MCF-7 cell line.

3. Conclusion

In summary, we have synthesized 16 compounds and tested
their in vitro anticancer activities against the MCF-7 cancer
cell line.28 These results provide promising information for
further development of potent antiproliferative agents. At
present, studies are being carried out to determine the mech-
anism of action at the molecular level of the most active
compounds. From a chemical point of view the following
aspects have to be pointed out: (a) the NOEDIFF data for
4 are compatible with a chair conformation for the seven-
membered ring and an equatorial orientation of the uracil
moiety on the C-3 position; (b) the course of the formation
of the target molecules 9, 11 and 12 is the first example of
SNAr and cross-coupling reactions of 6-halopurine through
a reversible process, when starting from N-90-alkylated 60-
halopurine isomers. The process is also reversible when
the starting materials are the N-70-alkylated 60-halopurine
derivatives (13 and 14), but produced only the N-70 products
(16, 19 and 20). In both cases, (RS)-60-halo-7,9-bis(2,3-di-
hydro-5H-benzo-1,4-dioxepin-3-yl)purines (24 and 26)
have been hypothesized as intermediates; (c) in the amina-
tion that occurs from the N-70-alkylated 60-chloropurine
13, together with ammonia, a second nucleophile arises (di-
methylamine) as a consequence of the decomposition of
DMF under the high temperature and basic conditions in
the sealed tube; (d) in relation to the 13C NMR data, the
most pronounced differences affect the C-40 and C-50 atoms
of both compounds. The signal at ca. d 162 ppm, correspond-
ing to C-40 of the purine base, is unequivocal proof of an N-70

isomer against the one at ca. d 151 ppm, corresponding to the
same carbon atom of the other regioisomer (N-90).

4. Experimental

4.1. Chemistry

The general methods were the same as those previously
described.3,6 One-dimensional NOE-difference experiments
were performed by irradiation for 4 s in series of eight scans
with altering on- and off-resonance. The irradiating power
was set low to achieve selectivity. The HMBC spectra29

were measured using a pulse sequence optimized for 10 Hz
(inter-pulse delay for the evolution of long-range couplings:
50 ms) and a 5:3:4 gradient combination. In this way, direct
responses (1J couplings) were not completely removed.

4.2. General procedure for the reaction between (RS)-3-
methoxy-2,3-dihydro-5H-1,4-benzodioxepine 21 and
uracil

4.2.1. Method A. Synthesis of (RS)-1-(2,3-dihydro-5H-
1,4-benzodioxepin-3-yl)uracil (4) and (RS)-1-[2-(2-
hydroxymethylphenoxy)-1-methoxyethyl]uracil (23). A
1.0 M solution of SnCl4/CH2Cl2 (1.2 equiv) was added drop-
wise with stirring under argon at room temperature to a sus-
pension of 213 (1 equiv), uracil (1 equiv), which contains
trimethylchlorosilane (TCS, 0.8 equiv) and 1,1,1,3,3,3-hexa-
methyldisilazane (HMDS, 0.8 equiv) in dry acetonitrile
(4 mL/mmol of 21). After 24 h of stirring, the reaction was
quenched by the addition of a concentrated aqueous solution
of Na2CO3 and extracted with CH2Cl2 (3�20 mL). The
organic layers were pooled, dried (Na2SO4), filtered and
the solvent removed under vacuum. The residue was purified
by flash chromatography under gradient elution conditions
using mixtures of CH2Cl2/MeOH (100/1/100/5), and 4
(3%) and 23 (5%) were obtained.

Compound 4: mp 153–154 �C (decomp.). Rf (EtOAc): 0.69;
Rf (EtOAc/hexane, 2/1): 0.42. 1H–1H-COSY and NOESY
experiments were carried out on 4. 1H NMR (300 MHz,
CDCl3): d 8.83 (s, 1H, NH); 7.40 (d, 1H, H-60, J¼8.2 Hz);
7.22 (dd, 1H, H-8, J¼1.7, 6.3 Hz); 7.11 (d, 1H, H-6,
J¼6.3 Hz); 7.02 (dd, 1H, H-7, J¼6.4 Hz and indet.); 7.00
(d, 1H, H-9, J¼7.7 Hz); 6.03 (dd, 1H, H-3a, J¼2.2,
6.5 Hz); 5.65 (d, 1H, H-50, J¼8.2 Hz); 4.95 (d, 1H, H-5a,
Jgem¼14.1 Hz); 4.71 (d, 1H, H-5b, Jgem¼14.1 Hz); 4.45
(dd, 1H, H-2a, J¼2.2, 12.9 Hz); 3.81 (dd, 1H, H-2b,
J¼6.5, 12.9 Hz). 13C NMR (75 MHz, CDCl3): d 162.90
(C-40); 158.46 (C-9a); 149.91 (C-20); 140.51 (C-60); 129.91
(C-8); 129.83 (C-5a); 129.05 (C-6); 123.97 (C-7); 120.70
(C-9); 102.69 (C-50); 84.30 (C-3); 73.43 (C-2); 69.86
(C-5). HR (EI) calcd for C13H12N2O4 260.0797, found
260.0797. Anal. for C13H12N2O4: calcd: C 60.00; H 4.65;
N 10.76. Found: C 59.88; H 4.35; N 10.38.

Compound 23: mp 153–155 �C. Rf (EtOAc): 0.38; Rf

(EtOAc/hexane, 2/1): 0.10. 1H NMR (400 MHz, CDCl3):
d 9.52 (s, 1H, NH); 7.47 (d, 1H, J¼8.1 Hz); 7.28 (dd, 1H,
J¼1.4, 7.5 Hz); 7.26 (dt, 1H, J¼1.4, 8.0 Hz); 6.97 (t,
1H, J¼7.5 Hz); 6.81 (d, 1H, J¼8.0 Hz); 5.99 (t, 1H,
J¼4.9 Hz); 5.83 (d, 1H, J¼8.0 Hz); 4.60 (s, 2H); 4.24 (dd,



11730 M. C. N�u~nez et al. / Tetrahedron 62 (2006) 11724–11733
1H, J¼4.3, 10.1 Hz); 4.12 (dd, 1H, J¼5.6, 10.1 Hz); 3.46
(s, 3H). 13C NMR (100 MHz, CDCl3): d 163.11; 155.78;
151.60; 138.86; 129.71; 129.38; 129.06; 121.89; 111.33;
103.50; 84.50 (C-3); 68.00; 61.57; 57.41; one carbon miss-
ing. HR LSIMS calcd for C14H16N2O5Na (M+Na)+

315.0956, found 315.0956. Anal. for C14H16N2O5: calcd:
C 57.53; H 5.52; N 9.58. Found: C 57.34; H 5.45; N 9.71.

4.2.2. Method B. Synthesis of 4 and (RS)-3-(2,3-dihydro-
5H-1,4-benzodioxepin-3-yl)uracil (22). The differences in
relation to Method A are the following: temperature of addi-
tion of the reagents was 0 �C, the reaction temperature was
50 �C and the reaction time 20 h. After the usual workup, 4
(4%) and 22 (9%) were obtained. Compound 22: mp 226–
228 �C. Rf (EtOAc): 0.49; Rf (EtOAc/hexane, 2/1): 0.21. 1H
NMR (DMSO-d6; 300 MHz): d 11.20 (s, 1H, NH); 7.45 (d,
J¼7.6 Hz, 1H); 7.25 (m, 2H); 7.05 (m, 2H); 6.15 (dd,
J¼1.7, 8.9 Hz, 1H); 5.55 (d, J¼7.6 Hz, 1H); 4.90 (d,
Jgem¼13.9 Hz, 1H); 4.75 (dd, Jgem¼8.9, 12.5 Hz, 1H); 4.65
(d, Jgem¼13.9 Hz, 1H); 4.35 (dd, Jgem¼1.6, 12.5 Hz, 1H).
13C NMR (DMSO-d6, 75 MHz): d 163.35; 159.54; 151.54;
142.28; 131.82; 130.00; 123.87; 120.85; 100.51; 84.44
(C-3); 74.05 (C-2); 70.63 (C-5); one carbon missing. Anal.
for C13H12N2O4: calcd: C 60.00; H 4.65; N 10.76. Found:
C 59.77; H 4.58; N 10.42.

4.2.3. Method C. The difference in relation to Method B is
the following: the Lewis acid is trimethylsilyl triflate
(TMSOTf), and after the usual workup, 4 (4%), and 23
(29%) were obtained.

4.2.4. Method D. The differences in relation to Method B
are the following: The reaction time is 21 h, and the Lewis
acid is scandium triflate. After the usual workup, 4 (23%),
22 (2%) and 23 (19%) were obtained.

4.2.5. Synthesis of (RS)-6-chloro-9-(2,3-dihydro-5H-1,4-
benzodioxepin-3-yl)-9H-purine (6) and (RS)-6-chloro-7-
(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)-7H-purine
(13). Starting from 213 and 6-chloropurine, and following
Method B the residue obtained was purified by flash chroma-
tography using a mixture of EtOAc/hexane: 6/4 as eluent to
give the first fraction as an amorphous white powder identi-
fied as 6 (60%); mp 133–134 �C. Rf (EtOAc): 0.42. HMBC
experiments were carried out on 6. 1H NMR (400 MHz,
CDCl3): d 8.78 (s, 1H, H-20); 8.44 (s, 1H, H-80); 7.31 (dt,
1H, J¼1.4, 7.5 Hz, H-8); 7.22 (d, 1H, J¼7.5 Hz, H-6);
7.12 (d, 1H, J¼8.6 Hz, H-9); 7.11 (t, 1H, J¼7.5 Hz, H-7);
6.32 (dt, 1H, J¼2.2, 6.2 Hz, H-3); 4.89 (s, 2H, H-5); 4.62
(dd, 1H, J¼2.2, 13.0 Hz, H-2); 4.43 (dd, 1H, J¼6.2,
13.0 Hz, H-2). 13C NMR (100 MHz, CDCl3): d 158.79
(C-9a); 152.44 (C-20); 151.58 (C-40); 143.88 (C-80); 137.41
(C-50); 132.75 (C-5a); 129.36 (C-6); 130.13 (C-8); 124.38
(C-7); 115.12 (C-9); 84.17 (C-3); 73.57 (C-2); 69.10
(C-5); one quaternary carbon missing. HR LSIMS (NOBA
matrix) calcd for C14H11ClN4O2Na (M+Na)+: 325.0468;
found: 325.0468. Anal. for C14H11ClN4O2: calcd: C 55.55;
H 3.66; N 18.51. Found: C 55.63; H 3.80; N 18.46.

The second fraction, as an amorphous white powder was
identified as 13 (22%); mp 138–139 �C. Rf (EtOAc): 0.17.
HMBC experiments were carried out on 13. 1H NMR
(400 MHz, CDCl3): d 8.90 (s, 1H, H-20); 8.70 (s, 1H, H-80);
7.31 (dt, 1H, J¼1.6, 7.7 Hz, H-8); 7.22 (d, 1H, J¼7.2 Hz,
H-6); 7.13 (d, 1H, J¼8.1 Hz, H-9); 7.10 (t, 1H, J¼7.5 Hz,
H-7); 6.55 (dd, 1H, J¼2.2, 5.2 Hz, H-3); 4.80 (dd, 2H,
J¼9.0, 14.0 Hz, H-5); 4.66 (dd, 1H, J¼2.2, 13.1 Hz, H-2);
4.40 (dd, 1H, J¼5.3, 13.0 Hz, H-2). 13C NMR (100 MHz,
CDCl3): d 162.07 (C-40); 158.72 (C-9a); 152.98 (C-20);
147.61 (C-80); 143.26 (C-50); 130.32 (C-5a); 130.26 (C-8);
129.45 (C-6); 124.66 (C-7); 120.80 (C-9); 85.08 (C-3);
74.09 (C-2); 68.42 (C-5); C-60 missing. HR LSIMS (NOBA
matrix) calcd for C14H11ClN4O2Na (M+Na)+: 325.0468;
found: 325.0468. Anal. for C14H11ClN4O2: calcd: C 55.55;
H 3.66; N 18.51. Found: C 55.43; H 3.90; N 18.86.

4.2.6. Synthesis of (RS)-6-iodo-9-(2,3-dihydro-5H-1,4-
benzodioxepin-3-yl)-9H-purine (7) and (RS)-6-iodo-7-
(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)-7H-purine
(14). Starting from 213 and 6-iodopurine,17 and following
Method B the residue obtained was purified by flash chroma-
tography using a gradient mixture of EtOAc/hexane (2/8/
4/6/6/4) as eluent to give the first fraction as an amorphous
white powder identified as 7 (9%); mp 137–138 �C. Rf

(EtOAc/hexane, 6/4): 0.41. 1H NMR (300 MHz, CDCl3):
d 8.65 (s, 1H, H-20); 8.44 (s, 1H, H-80); 7.30 (dt, 1H,
J¼1.8, 7.0 Hz, Hbenzene); 7.21 (d, 1H, J¼7.0 Hz, Hbenzene);
7.12 (d, 1H, J¼7.5 Hz, Hbenzene); 7.10 (dt, 1H, J¼1.1,
8.3 Hz, Hbenzene); 6.28 (dd, 1H, J¼2.3, 6.3 Hz, H-3); 4.88
(s, 2H, H-5); 4.61 (dd, 1H, J¼2.3, 13.0 Hz, H-2); 4.41 (dd,
1H, J¼6.3, 13.0 Hz, H-2). 13C NMR (75 MHz, CDCl3):
d 158.72; 152.33; 147.39; 143.14; 138.56; 130.11; 130.06;
129.31; 124.30; 122.47; 120.72; 84.11 (C-3); 73.49 (C-2);
69.06 (C-5). Anal. for C14H11IN4O2: calcd: C 42.66; H
2.81; N 14.21. Found: C 42.63; H 2.80; N 14.48.

The second fraction, as an amorphous white powder was
identified as 14 (15%); mp 133–134 �C. Rf (EtOAc/hexane,
6/4): 0.17. 1H NMR (400 MHz, CDCl3): d 8.90 (s, 1H, H-20);
8.70 (s, 1H, H-80); 7.30 (m, 1H, Hbenzene); 7.20 (d, 1H,
J¼7.2 Hz, Hbenzene); 7.10 (m, 2H, Hbenzene); 6.54 (dd, 1H,
J¼2.3, 5.3 Hz, H-3); 4.82 (d, J¼14.0 Hz, 1H, H-5); 4.77
(d, J¼14.0 Hz, 1H, H-5); 4.66 (dd, 1H, J¼2.2, 13.2 Hz,
H-2); 4.42 (dd, 1H, J¼5.3, 13.2 Hz, H-2). Anal. for
C14H11IN4O2: calcd: C 42.66; H 2.81; N 14.21. Found: C
42.55; H 2.69; N 14.03.

4.2.7. Method E. Synthesis of 7. Compound 6 (0.25 g,
0.88 mmol), trifluoroacetic acid (TFA, 0.34 mL, 4.4 mmol)
and NaI (2.64 g, 17.6 mmol) in butanone (20 mL) were
stirred at �40 to �50 �C for 5 h. The reaction mixture was
poured into saturated NaHCO3/H2O solution and extracted
(CH2Cl2, 50 mL). The organic layer was washed
(NaHSO3/H2O, brine) and dried (Na2SO4). Volatiles were
evaporated, and the residue was purified by flash chromato-
graphy (gradient elution with EtOAc/hexane, 1/9/2/8/
3/7//7/3). Finally, 7 was recrystallized from EtOH
(0.104 g, 30% yield).

4.2.8. Synthesis of 14. Following Method E compound 14
(0.117 g, 28% yield) was obtained.

4.2.9. Synthesis of (RS)-2,6-dichloro-9-(2,3-dihydro-5H-
1,4-benzodioxepin-3-yl)-9H-purine (8) and (RS)-2,6-di-
chloro-7-(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)-7H-
purine (15). Starting from 213 and 2,6-dichloropurine, and
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following Method B the residue obtained was purified by
flash chromatography using a mixture of CH2Cl2/MeOH:
9.8/0.2 as eluent to give the first fraction as an amorphous
white powder identified as 8 (14%); mp 154–156 �C. Rf

(CH2Cl2/MeOH, 9.8/0.2): 0.42. 1H NMR (300 MHz,
CDCl3): d 8.43 (s, 1H, H-80); 7.31 (m, 1H, Hbenzene); 7.23
(m, 1H, Hbenzene); 7.12 (m, 2H, Hbenzene); 6.29 (dd, 1H,
J¼2.3, 6.1 Hz, H-3); 4.95 (d, 1H, J¼14.1 Hz, H-5); 4.95
(d, 1H, J¼14.1 Hz, H-5); 4.86 (d, 1H, J¼14.1 Hz, H-5);
4.63 (dd, 1H, J¼2.3, 13.1 Hz, H-2); 4.34 (dd, 1H, J¼6.1,
13.1 Hz, H-2). 13C NMR (75 MHz, CDCl3): d 158.67;
153.51; 152.28 (C-40); 144.42; 130.78; 130.15; 129.87;
129.32; 124.39; 120.76; 84.11 (C-3); 73.46 (C-2); 69.21
(C-5); one carbon missing. Anal. for C14H10Cl2N4O2: calcd:
C 49.87; H 2.99; N 16.62. Found: C 49.93; H 3.11; N 16.67.

The second fraction, as an amorphous white powder was
identified as 15 (7%); mp 178–180 �C. Rf (CH2Cl2/MeOH,
9.8/0.2): 0.27. 1H NMR (300 MHz, CDCl3): d 8.74 (s, 1H,
H-80); 7.33 (m, 1H, Hbenzene); 7.23 (m, 1H, Hbenzene); 7.13
(m, 2H, Hbenzene); 6.50 (dd, 1H, J¼2.2, 5.0 Hz, H-3); 4.81
(d, 1H, J¼14.1 Hz, H-5); 4.76 (d, 1H, J¼14.1 Hz, H-5);
4.65 (dd, 1H, J¼2.2, 13.2 Hz, H-2); 4.44 (dd, 1H, J¼5.0,
13.2 Hz, H-2). 13C NMR (75 MHz, CDCl3): d 163.78
(C-40); 158.68; 153.83; 149.09; 144.04; 130.34; 130.12;
129.48; 124.75; 120.79; 84.98 (C-3); 73.85 (C-2); 68.26
(C-5); one carbon missing. Anal. for C14H10Cl2N4O2: calcd:
C 49.87; H 2.99; N 16.62. Found: C 50.03; H 2.89; N 16.72.

4.2.10. Method F. Synthesis of (RS)-9-(2,3-dihydro-5H-
1,4-benzodioxepin-3-yl)-9H-adenine (9) and (RS)-7-(2,3-
dihydro-5H-1,4-benzodioxepin-3-yl)-7H-adenine (16).
Compound 63 (0.142 mg, 0.470 mmol) was dissolved in
a saturated solution of NH3 in dry DMF (20 mL) and the cor-
responding solution was heated at 120 �C in a sealed tube for
27 h. After cooling, the solvent was removed under vacuum
and the residue was dissolved in CHCl3 (20 mL), washed
with H2O (2�10 mL) and the organic layer dried
(Na2SO4). After filtration, the solvent was removed and
the residue was purified by flash chromatography using
a mixture of CHCl3/MeOH: 9.5/0.5 as eluent to give the first
fraction as an amorphous white powder identified as 9
(78 mg, 60%); mp: 136–137 �C. Rf (EtOAc): 0.36. HMBC
experiments were carried out on 9. 1H NMR (400 MHz,
CDCl3): d 8.35 (s, 1H, H-20); 7.98 (s, 1H, H-80); 7.28 (dt,
1H, J¼1.6, 7.7 Hz, H-8); 7.20 (dd, 1H, J¼1.2, 7.4 Hz,
H-6); 7.10 (d, 1H, J¼7.5 Hz, H-9); 7.08 (t, 1H, J¼7.4 Hz,
H-7); 6.22 (dd, 1H, J¼2.3, 6.7 Hz, H-3); 4.86 (s, 2H, H-5);
4.53 (dd, 1H, J¼2.3, 12.9 Hz, H-2); 4.35 (dd, 1H, J¼6.7,
12.9 Hz, H-2); 3.50 (br s, 2H, NH2). 13C NMR (100 MHz,
CDCl3): d 158.93 (C-9a); 155.02 (C-60); 152.82 (C-20);
150.00 (C-40); 136.64 (C-80); 130.86 (C-5a); 129.85 (C-8);
129.32 (C-6); 124.11 (C-7); 120.77 (C-9); 119.30 (C-50);
83.50 (C-3); 74.01 (C-2); 69.03 (C-5). HR LSIMS (NOBA
matrix) calcd for C14H13N5O2Na (M+Na)+: 306.0967;
found: 306.0968. Anal. for C14H13N5O2: calcd: C 59.36;
H 4.63; N 24.72. Found: C 59.45; H 4.30; N 24.96.

The second fraction, as an amorphous white powder was
identified as 16 (32 mg, 22%); mp: 190–191 �C. Rf (EtOAc):
0.19. HMBC experiments were carried out on 16. 1H NMR
(400 MHz, CDCl3): d 8.36 (s, 1H, H-20); 8.10 (s, 1H, H-80);
7.29 (dt, 1H, J¼1.6, 7.7 Hz, H-8); 7.19 (dd, 1H, J¼1.2,
7.4 Hz, H-6); 7.10 (d, 1H, J¼6.0 Hz, H-9); 7.08 (t, 1H,
J¼7.4 Hz, H-7); 6.23 (dd, 1H, J¼2.3, 6.4 Hz, H-3); 5.98
(br s, 2H, NH2); 4.86 (s, 2H, H-5); 4.56 (dd, 1H, J¼2.4,
13.0 Hz, H-2); 4.41 (dd, 1H, J¼6.4, 13.0 Hz, H-2). 13C
NMR (100 MHz, CDCl3): d 162.84 (C-40); 158.84 (C-9a);
155.70 (C-60); 153.47 (C-20); 139.15 (C-80); 130.56 (C-5a);
129.90 (C-8); 129.32 (C-6); 124.16 (C-7); 120.72 (C-9);
111.00 (C-50); 83.60 (C-3); 73.79 (C-2); 68.90 (C-5). HR
LSIMS (NOBA matrix) calcd for C14H13N5O2Na
(M+Na)+: 306.0969; found: 306.0967. Anal. for
C14H13N5O2: calcd: C 59.36; H 4.63; N 24.72. Found: C
59.15; H 4.78; N 24.46.

4.2.11. Synthesis of (RS)-7-(2,3-dihydro-5H-1,4-benzo-
dioxepin-3-yl)-7H-N,N-dimethyladenine (17) and 16.
According to Method F and starting with 13 the residue
was purified by flash chromatography using a mixture of
CHCl3/MeOH: 9/1 as eluent to give an amorphous white
powder identified as 17 (70%); mp: 160–161 �C. Rf

(EtOAc): 0.10. 1H NMR (400 MHz, CDCl3): d 8.66 (s, 1H,
H-20); 8.28 (s, 1H, H-80); 7.30 (dt, 1H, J¼1.6, 7.7 Hz,
H-8); 7.23 (d, 1H, J¼6.7 Hz, H-6); 7.13 (d, 1H, J¼6.7 Hz,
H-9); 7.12 (t, 1H, J¼7.7 Hz, H-7); 6.21 (dd, 1H, J¼2.2,
7.1 Hz, H-3); 4.92 (d, J¼13.8 Hz, 1H, H-5); 4.85 (d,
J¼13.8 Hz, 1H, H-5); 4.38 (dd, 1H, J¼2.2, 12.7 Hz, H-2);
4.14 (dd, 1H, J¼7.1, 12.7 Hz, H-2); 3.09 (s, 6H, NMe2).
13C NMR (100 MHz, CDCl3): d 160.85 (C-40); 158.66
(C-9a); 155.93 (C-60); 152.68 (C-20); 144.54 (C-80); 130.48
(C-5a); 130.21 (C-8); 129.36 (C-6); 124.53 (C-7); 120.84
(C-9); 113.81 (C-50); 85.09 (C-3); 74.79 (C-2); 69.17
(C-5); 41.28 (NMe2). HR LSIMS (NOBA matrix) calcd for
C16H17N5O2Na (M+Na)+: 334.1283; found: 334.1282.
Anal. for C16H17N5O2: calcd: C 61.72; H 5.50; N 22.49.
Found: C 62.00; H 5.20; N 22.71.

The second fraction, as an amorphous white powder was
identified as 16 (12%).

4.2.12. Synthesis of (RS)-9-(2,3-dihydro-5H-1,4-benzo-
dioxepin-3-yl)-9H-purine (10) and (RS)-7-(2,3-dihydro-
5H-1,4-benzodioxepin-3-yl)-7H-purine (18). Starting
from 213 and purine, and following Method B the residue ob-
tained was purified by flash chromatography using a mixture
of CH2Cl2/MeOH: 9.8/0.2 as eluent to give the first fraction
as a syrup identified as 10 (11%). Rf (CH2Cl2/MeOH, 9.5/
0.5): 0.29. 1H NMR (400 MHz, CDCl3): d 9.18 (s, 1H,
H-60); 9.01 (s, 1H, H-20); 8.41 (s, 1H, H-80); 7.31 (m, 1H,
Hbenzene); 7.21 (m, 1H, Hbenzene); 7.11 (m, 2H, Hbenzene);
6.35 (dd, 1H, J¼2.4, 6.3 Hz, H-3); 4.90 (s, 2H, H-5); 4.65
(dd, 1H, J¼2.4, 13 Hz, H-2); 4.47 (dd, 1H, J¼6.3, 13 Hz,
H-2). 13C NMR (100 MHz, CDCl3): d 158.83; 153.07 (C-
40); 150.88; 149.06; 143.88; 134.01; 130.29; 130.03;
129.32; 124.26; 120.74; 83.71 (C-3); 73.63 (C-2); 69.06
(C-5). Anal. for C14H12N4O2: calcd: C 62.68; H 4.51; N
20.88. Found: C 62.60; H 4.17; N 20.99.

The second fraction, as a syrup was identified as 18 (5%). Rf

(CH2Cl2/MeOH, 9.5/0.5): 0.20. 1H NMR (400 MHz,
CDCl3): d 9.20 (s, 1H, H-60); 9.10 (s, 1H, H-20); 8.60 (s,
1H, H-80); 7.34 (m, 1H, Hbenzene); 7.24 (m, 1H, Hbenzene);
7.14 (m, 2H, Hbenzene); 5.98 (dd, 1H, J¼2.4, 4.4 Hz, H-3);
4.72 (d, 2H, H-5); 4.64 (dd, 1H, J¼4.55, 13.4 Hz, H-2);
4.54 (dd, 1H, J¼2.4, 13.4 Hz, H-2). 13C NMR (100 MHz,
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CDCl3): d 161.00 (C-20); 158.93; 154.06; 146.95; 141.49;
130.38; 130.33; 129.56; 124.78; 120.81; 85.19 (C-3);
73.39 (C-2); 67.72 (C-5); one carbon missing. Anal. for
C14H12N4O2: calcd: C 62.68; H 4.51; N 20.88. Found: C
63.01; H 4.34; N 20.89.

4.2.13. Method G. Synthesis of (RS)-6-trifluoromethyl-9-
(2,3-dihydro-5H-1,4-benzodioxepin-3-yl)-9H-purine 11
and (RS)-6-trifluoromethyl-7-(2,3-dihydro-5H-1,4-ben-
zodioxepin-3-yl)-7H-purine 19, obtained from 7. A mix-
ture of the iodopurine derivative 7 (0.188 g, 0.5 mmol),
CF3SiMe3 (0.1 mL, 0.7 mmol), KF (0.041 g, 0.7 mmol),
CuI (0.152 g, 0.8 mmol), DMF (0.5 mL) and N-methylpyr-
rolidone (NMP, 0.5 mL) was stirred in a 5 mL glass vial at
60 �C for 24 h. After cooling to room temperature the sol-
vents were evaporated under low pressure (ca. 100 Pa, bath
temperature ca. 40 �C) and the residue was purified by flash
chromatography (gradient elution with a mixture of EtOAc/
hexane: 2/8/3/7) to give the first fraction as an amorphous
white solid identified as 11 (80 mg, 49%); mp 70–71 �C. Rf

(EtOAc/hexane, 6/4): 0.43. 1H NMR (300 MHz, CDCl3):
d 9.10 (s, 1H, H-20); 8.60 (s, 1H, H-80); 7.31 (m, 1H,
Hbenzene); 7.23 (m, 1H, Hbenzene); 7.12 (m, 2H, Hbenzene);
6.39 (dd, 1H, J¼2.3, 6.2 Hz, H-3); 4.90 (s, 2H, H-5); 4.66
(dd, 1H, J¼2.4, 13.0 Hz, H-2); 4.44 (dd, 1H, J¼6.2,
13.0 Hz, H-2). 13C NMR (75 MHz, CDCl3): d 158.74;
153.20; 152.36; 145.97; 145.50; 130.14; 130.02; 129.34;
124.39; 122.53; 120.75; 84.09; 73.48; 69.17. Anal. for
C15H11F3N4O2: calcd: C 53.58; H 3.30; N 16.66. Found: C
53.42; H 3.59; N 16.42.

The second fraction, as an amorphous white powder was
identified as 19 (33 mg, 20%); mp 126–127 �C. Rf

(EtOAc/hexane, 6/4): 0.34. 1H NMR (300 MHz, CDCl3):
d 9.10 (s, 1H, H-20); 8.60 (s, 1H, H-80); 7.33 (m, 1H,
Hbenzene); 7.23 (m, 1H, Hbenzene); 7.13 (m, 2H, Hbenzene);
6.40 (dd, 1H, J¼2.3, 6.2 Hz, H-3); 4.91 (dd, 1H, J¼3.7,
14.1 Hz, H-5); 4.66 (dd, 1H, J¼2.3, 13.0 Hz, H-2); 4.44
(dd, 1H, J¼6.2, 13.0 Hz, H-2). 13C NMR (75 MHz,
CDCl3): d 158.78; 153.22; 152.39; 145.95; 145.46; 130.18;
130.06; 129.37; 124.43; 122.55; 120.79; 84.12; 73.54;
69.22; one carbon missing. Anal. for C15H11F3N4O2: calcd:
C 53.58; H 3.30; N 16.66. Found: C 53.31; H 3.71; N 16.68.

4.2.14. Synthesis of 11 and 19, obtained from 14. Follow-
ing Method G, with the same amount of reactants and start-
ing from 14 a fraction identified as 19 (24 mg, 14%) was
obtained.

4.2.15. Method H. Synthesis of (RS)-6-phenyl-9-(2,3-di-
hydro-5H-1,4-benzodioxepin-3-yl)-9H-purine 12 and
(RS)-6-phenyl-7-(2,3-dihydro-5H-1,4-benzodioxepin-3-
yl)-7H-purine 20, obtained from 7. To a 2 N solution of
Na2CO3 (1.7 mL), phenylboronic acid (0.1 g, 0.83 mmol)
and [1,10-bis(diphenylphosphino)ferrocene]dichloropalla-
dium(II) [Pd(II)Cl2dppf, 4.15 mg] was added the solution
of 7 (0.311 g, 0.83 mmol) in dimethoxyethane (8.3 mL) un-
der argon. The resulting solution was stirred at 85 �C for
24 h. After adding H2O, the product was extracted (EtOAc),
the organic layer dried (Na2SO4), filtered and concentrated
in vacuo to give a residue, which was purified by flash chro-
matography (gradient elution with a mixture of EtOAc/
hexane: 2/8/3/7) to give the first fraction as a syrup
identified as 12 (149 mg, 52%). Rf (EtOAc/hexane, 6/4):
0.59. 1H NMR (400 MHz, CDCl3): d 9.05 (s, 1H, H-20);
8.78 (m, 2H, Hphenyl); 8.42 (s, 1H, H-80); 7.56 (m, 3H,
Hphenyl); 7.31 (dt, 1H, J¼1.8, 7.6 Hz, Hbenzene); 7.22 (dd,
1H, J¼1.7 Hz, indet., Hbenzene); 7.13 (dd, 1H, Jz1 Hz,
indet., Hbenzene); 7.11 (dt, 1H, J¼1.2, 7.3 Hz, Hbenzene);
6.37 (dd, 1H, J¼2.4, 6.5 Hz, H-3); 4.92 (s, 2H, H-5); 4.64
(dd, 1H, J¼2.4, 12.9 Hz, H-2); 4.46 (dd, 1H, J¼6.5,
12.9 Hz, H-2). 13C NMR (100 MHz, CDCl3): d 158.88;
155.18; 152.67; 151.96; 142.89; 135.38; 131.38; 130.93;
130.45; 129.96; 129.33; 128.78; 124.23; 120.76; 83.86
(C-3); 73.76 (C-2); 69.13 (C-5); one carbon missing. Anal.
for C20H16N4O2: calcd: C 69.76; H 4.68; N 16.27. Found:
C 69.93; H 4.39; N 15.99.

The second fraction was identified as 20 (74.4 mg, 26%). 1H
NMR (400 MHz, CDCl3): d 9.20 (s, 1H, H-20); 8.55 (s, 1H,
H-80); 7.72 (m, 2H, Hphenyl); 7.58 (m, 3H, Hphenyl); 7.27 (dt,
1H, J¼1.8, 7.7 Hz, Hbenzene); 7.15 (dd, 1H, J¼1.8, 7.4 Hz,
Hbenzene); 7.06 (dt, 1H, J¼1.8 Hz, indet., Hbenzene); 7.05
(dd, 1H, J¼1.8, 7.9 Hz, Hbenzene); 5.70 (m, 1H, H-3); 4.61
(d, 1H, J¼14 Hz, H-5); 4.39 (d, 1H, J¼14 Hz, H-5); 4.36
(m, 1H, H-2); 4.21 (dd, 1H, J¼6.1, 12.7 Hz, H-2). 13C
NMR (100 MHz, CDCl3): d 161.40 (C-40); 158.50; 153.39;
152.49; 146.97; 136.03; 130.49; 130.10; 129.25; 128.95;
128.79; 124.52; 120.77; 84.51 (C-3); 73.86 (C-2); 68.72
(C-5); one carbon missing. Anal. for C20H16N4O2: calcd:
C 69.76; H 4.68; N 16.27. Found: C 69.99; H 4.55; N 16.03.

4.2.16. Synthesis of 20, obtained from 14. Following
Method H, with the same amount of reactants and starting
from 14 a fraction identified as 20 (37 mg, 13%) was obtained.

4.3. Biological activity

The biological methods were the same as those previously
described.30
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Abstract—This paper sets forth the synthesis of novel oxybispyridylboronic acids, which are prepared from the corresponding halo-oxybis-
pyridines via halogen–metal exchange using n-butyllithium and treatment with triisopropylborate. A range of efficient cross-coupling reac-
tions of these novel boronic acids with selected aryl halides is described. This strategy produces novel pyridylethers of interest in cholinergic
medicinal chemistry.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Ligands of neuronal nicotinic cholinergic receptors
(nAChRs) have been widely investigated1 and several strat-
egies applied in nAChR ligand design have been considered.
But, the vast majority of nAChR ligands published to date
suffer from a lack of selectivity for neuronal nAChR sub-
types and design of novel nAChR ligands still remains to
be studied.

We were particularly interested in 3-pyridylethers since
these compounds have been previously identified to be
potent ligands of the a4b2 nAChR subtype.2

In this study, we chose to develop the synthesis of novel pyr-
idylethers taking RWJ-3143132 and ABT-5943 as examples
(Fig. 1). RWJ-314313 is a neuronal nAChR ligand with nano-
molar affinity for the a4b2 subtype ([3H]cytisine binding, rat

NH

N Cl

O

CN

N
H

N

O

Cl

RWJ-314313 ABT-594

Figure 1. Nicotinic cholinergic agonists (a4b2).

* Corresponding author. E-mail: sylvain.rault@unicaen.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.036
brain (a4b2), IC50¼22 nM), and ABT-594 is a potent agonist
of a4b2 nAChRs ([3H]cytisine binding, rat brain (a4b2),
Ki¼0.03 nM).

These two ligands were prepared using a Mitsunobu cou-
pling between 2-chloro-5-hydroxypyridine derivatives and
appropriate N-protected azacycles. In the case of RWJ-
314313, a Suzuki cross-coupling between pyridylether and
4-cyanophenylboronic acid provided the desired compound
(Scheme 1). This synthetic strategy is limited by the avail-
ability of aryl boronic acids.

NH

N Cl

O

CN

N
OH

R

N

Br

Cl

OH
RN

O

N

Br

Cl

RN

N Cl

O

CN

O

O

RWJ-314313

+
a

c

bR = 

Scheme 1. Synthesis of RWJ-314313. Reagents and conditions: (a) PPh3,
DEAD, THF; (b) 4-cyanophenylboronic acid, LiCl, Pd(PPh3)4, Na2CO3,
toluene, EtOH; (c) 95% TFA/H2O.
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In this work, we suggested to develop an opposite strategy
and to prepare boronic acid of pyridylethers in order to pro-
duce new potent pyridylethers. Moreover, this methodology
seems to be more attractive insofar as numerous aryl halides
are easily available.

2. Results and discussion

On the one hand, we recently prepared novel halo-oxybis-
pyridines4 from hydroxypyridines we previously published5

(Scheme 2).

N
X''

X'OH

N
X

N
X

O

N
X''+

X = H, Cl X' = Br, I
X'' = Br, I

Scheme 2. Synthesis of halo-oxybispyridines. Reagents and conditions:
NaH 60% (1.25 equiv), DMF, reflux, 48 h.

On the other hand, we described the synthesis and the isola-
tion of halopyridylboronic acids and esters prepared taking
into account a regioselective halogen–metal exchange using
n-BuLi or a directed ortho-metalation using LDA.6–9

We report in this study the synthesis and the isolation of
novel oxybispyridylboronic acids prepared via a regioselec-
tive halogen–metal exchange from the corresponding halo-
oxybispyridines (Scheme 3). Bromine–lithium exchange
was carried out in ether at �78 �C with n-BuLi, followed
by the reaction with triisopropylborate B(Oi-Pr)3, then by
a controlled hydrolysis.

N
Br

N

O
X

N
B

OH

OHN

O
X

N
Li

N

O
X

N
B

OiPr
OiPr

OiPrN

O
X

Li+

a

b

c

Scheme 3. Synthesis of novel oxybispyridylboronic acids. Reagents and
conditions: (a) n-BuLi 1.25 equiv, ether, �78 �C; (b) B(Oi-Pr)3 1.25 equiv,
�78 �C; (c) hydrolysis.

Our first attempts used 3-bromo-5-(pyridin-3-yloxy)pyridine
as starting material with 1.25 equiv of n-BuLi. Bromine–
lithium exchange was characterized by a yellow precipitate
corresponding to the lithiopyridine, which then reacted
with 1.25 equiv of B(Oi-Pr)3. The mixture was quenched by
slow addition of 1 M aqueous NaOH solution at room tem-
perature and the resulting aqueous layer neutralized by care-
ful addition of HCl 6 N to prevent protodeboronation. These
first conditions allowed us to obtain 5-(pyridin-3-yloxy)pyr-
idin-3-yl boronic acid 1 with 57% yield (Scheme 4).

NN

O Br

NN

O

NN

OCl Br

NN

O B(OH)2

B(OH)2

Cl

57%
a, b, c

35%
a, b, c

1

2

Scheme 4. Synthesis of novel oxybispyridylboronic acids 1 and 2. Reagents
and conditions: (a) n-BuLi 1.25 equiv, ether, �78 �C; (b) B(Oi-Pr)3

1.25 equiv, �78 �C; (c) hydrolysis.

The same conditions applied to 3-bromo-5-(5-chloropyri-
din-3-yloxy)pyridine afforded 5-(5-chloropyridin-3-yloxy)-
pyridin-3-yl boronic acid 2 (35%) (Scheme 4).

In order to generalize these conditions, we decided to
prepare boronic acids of the other halo-oxybispyridines we
previously synthesized, which contain pyridylether pattern
in 2-position of the pyridine (Fig. 2).

However, when using the same conditions, we did not
manage to obtain the expected products. Indeed, 1 equiv of
n-BuLi could be involved in an internal cooperating lithium
complexation by both the pyridine nitrogen and pyridyloxy
group as shown in Figure 3. This kind of chelation effect was
already described in pyridino-directed lithiation of 2-(2-
methoxyphenyl)pyridines,10 where the cooperative internal
chelation occurs with the pyridine nitrogen and methoxy
group. Then, a second equivalent of n-BuLi could afford the
corresponding boronic acids.

Therefore, we used 2.2 equiv of n-BuLi and 2.2 equiv
of B(Oi-Pr)3. These conditions allowed us to prepare
6-(pyridin-3-yloxy)pyridin-3-yl boronic acid 3, 6-(5-chloro-
pyridin-3-yloxy)pyridin-3-yl boronic acid 4 and 6-(6-chloro-
pyridin-3-yloxy)pyridin-3-yl boronic acid 5 from the
corresponding halo-oxybispyridines in 8%, 86% and 20%
yields, respectively (Scheme 5).

Such heterogeneous yields were surprising. Indeed, in the
case of compounds 3 and 5, boronic acids were obtained

N

N

O

Br
X 2

X = H, 5-Cl, 6-Cl

5

6

Figure 2. Halo-oxybispyridines containing pyridylether pattern in 2-posi-
tion of the pyridine.

N

O

Li

N

Br
X

Figure 3. Proposed model for cooperative internal chelation.
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N

N

O

Br

N

N

O

B(OH)2N

O

Li

N

Li
X X Xa

X = H
X = 5-Cl
X = 6-Cl

3 X = H
4 X = 5-Cl
5 X = 6-Cl

b, c

8%
86%
20%

Scheme 5. Synthesis of novel oxybispyridylboronic acids 3–5. Reagents and conditions: (a) n-BuLi 2.2 equiv, ether,�78 �C; (b) B(Oi-Pr)3 2.2 equiv,�78 �C;
(c) hydrolysis.
with degradation products and without starting materials.
So, these results could be explained not by a lack of reactiv-
ity of halo-oxybispyridines but by a lack of stability of the
resulting boronic acids.

A range of efficient cross-coupling reactions of alkoxypyr-
idyl boronic acids with selected aryl/heteroaryl halides
have been described.11 As illustrated in Scheme 6, the
boronic acids 1–5 were efficiently coupled with aryl halides
under standard Suzuki-type conditions,12 furnishing a range
of unknown pyridylethers 6–13 (Fig. 4) fully characterized
and isolated.

N
B(OH)2

N

O
X

N
Ar

N

O
X

ArX', Pd(PPh3)4,
Na2CO3

1,4-dioxane,
80°C       reflux

X = H, Cl
1-5 6-13

Scheme 6. Suzuki cross-coupling of oxybispyridylboronic acids 1–5.

These pyridylethers were obtained with good yields except
for compound 10. This could be related to the relative insta-
bility of the corresponding boronic acid.

Pyridylethers 8, 9 and 13, which involve p-aryl halides, look
like our model, RWJ-314313, so we have considered these
compounds as potential ligands bound to the a4b2 nAChR
subtype. Therefore, pharmacological studies are currently
under investigation.
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OCl
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O

CHO

Cl

NN

O

CN

NN

O
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10, 31% 11, 90%

6, 2-CHO, 87%
7, 3-CHO, 86%
8, 4-CHO, 65%

9, 66%

12, 2-CN, 45%
13, 4-CN, 78% 

Figure 4. Pyridylethers 6–13.
In conclusion, novel oxybispyridylboronic acids, which
afford many potentialities particularly in metal-catalyzed
cross-coupling reactions like Suzuki cross-coupling have
been synthesized. Further experiments concerning the reac-
tivity of these new compounds are currently under investiga-
tion. These new starting materials are used in the production
of original libraries of oligopyridines. A detailed study of the
Suzuki cross-coupling reaction will be published as soon as
possible.

3. Experimental

3.1. General

Commercial reagents were used as received without addi-
tional purification. Melting points were determined on a
Kofler heating bench and are uncorrected. IR spectra were re-
corded on a Perkin–Elmer BX FT-IR spectrophotometer. 1H
NMR (400 MHz) and 13C NMR (100 MHz) were recorded
on a JEOL Lambda 400 spectrometer. Chemical shifts are
expressed in parts per million downfield from tetramethyl-
silane as an internal standard and coupling constants in Hertz.
Chromatography was carried out on a column using flash
silica gel 60 Merck (0.063–0.200 mm) as the stationary
phase. Thin-layer chromatography (TLC) was performed on
0.2 mm precoated plates of silica gel 60F-264 (Merck) and
spots were visualized using an ultraviolet-light lamp. Ele-
mental analyses for new compounds were performed at the
‘Institut de Recherche en Chimie Organique Fine’ (Rouen).

Starting materials were purchased from Aldrich, Acros
Organics and Alfa Aesar and used without purification.

3.2. General procedure 1 for the synthesis of
oxybispyridylboronic acids 1–5

To a slurry of 2.5 M solution of n-BuLi (1.25 equiv) in anhy-
drous ether cooled to�78 �C was added dropwise a solution
of halo-oxybispyridine (1 equiv) in anhydrous ether. The
resulting mixture was allowed to react at this temperature
for over 1.5 h. A solution of triisopropylborate (1.25 equiv)
in anhydrous ether was then added dropwise, keeping the
internal temperature at �78 �C. The mixture was allowed to
warm to room temperature and left to react for an additional
hour. The resulting mixture was quenched by slow addition
of 1 M aqueous NaOH solution. The resulting aqueous layer
was collected and acidified to pH 4 by dropwise addition of
6 N HCl, keeping the internal temperature below 5 �C. Ex-
traction with ethyl acetate, evaporation of the organic layer
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and crystallization from diethylether afford oxybispyridyl-
boronic acids 1–5.

3.2.1. 5-(Pyridin-3-yloxy)pyridin-3-yl boronic acid (1).
5-(Pyridin-3-yloxy)pyridin-3-yl boronic acid was prepared
as a white solid (57%) using 3-bromo-5-(pyridin-3-yloxy)-
pyridine according to general procedure 1. Mp 180 �C. IR
(KBr): 3391, 1571, 1476, 1422, 1353, 1220, 1148, 1100,
1023, 947, 854, 706 cm�1. 1H NMR (400 MHz, CD3OD):
d¼8.56 (s, 1H), 8.41–8.38 (m, 3H), 7.82–7.81 (m, 1H),
7.58–7.55 (m, 1H), 7.51–7.48 (m, 1H). 13C NMR
(100 MHz, CD3OD): d¼154.4, 142.7, 142.5, 140.4, 139.3,
127.8, 127.1, 126.7, 103.3, C-3 not observed. Anal. Calcd
for C10H9BN2O3: C, 55.61; H, 4.20; N, 12.97. Found: C,
55.28; H, 4.04; N, 12.59.

3.2.2. 5-(5-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid (2). 5-(5-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid was prepared as a yellow solid (35%) using 3-bromo-
5-(5-chloropyridin-3-yloxy)pyridine according to general
procedure 1. Mp 210 �C. IR (KBr): 3313, 1568, 1425,
1421, 1267, 1139, 1091, 956, 866, 720, 687 cm�1. 1H
NMR (400 MHz, CD3OD): d¼8.58 (d, J¼2.0, 1H), 8.42
(d, J¼1.8, 1H), 8.40 (d, J¼1.8, 1H), 8.37 (d, J¼2.0, 1H),
7.86 (t, J¼2.0, 1H), 7.59 (t, J¼1.8, 1H). 13C NMR
(100 MHz, CD3OD): d¼151.6, 144.7, 142.5, 140.9, 140.1,
137.8, 127.1, 126.7, 103.9, C-3 not observed. Anal. Calcd
for C10H8BCIN2O3: C, 47.96; H, 3.22; N, 11.19. Found:
C, 47.73; H, 3.09; N, 11.24.

3.2.3. 6-(Pyridin-3-yloxy)pyridin-3-yl boronic acid (3).
6-(Pyridin-3-yloxy)pyridin-3-yl boronic acid was prepared
as a white solid (8%) using 3-bromo-6-(pyridin-3-yloxy)-
pyridine according to general procedure 1 with 2.2 equiv
of n-BuLi and 2.2 equiv of triisopropylborate. Mp 186 �C.
IR (KBr): 3300, 1699, 1576, 1474, 1425, 1262, 1117,
1042, 887, 778 cm�1. 1H NMR (400 MHz, DMSO-d6):
d¼8.92 (d, J¼2.4, 1H), 8.71 (dd, J¼4.6, 1.4, 1H), 8.70 (s,
2H), 8.66 (d, J¼2.4, 1H), 8.37 (dd, J¼8.5, 2.4, 1H), 8.29
(part A of systAB, 3JAB¼8.3, J¼2.4, 1.4, 1H), 7.98 (part B
of systAB, 3JAB¼8.3, J¼4.6, 1H), 7.32 (d, J¼8.5, 1H).
13C NMR (100 MHz, DMSO-d6): d¼153.1, 150.1, 149.2,
146.1, 145.6, 143.3, 129.1, 124.4, 110.5, C-3 not observed.
Anal. Calcd for C10H9BN2O3: C, 55.31; H, 4.20; N, 12.97.
Found: C, 55.08; H, 4.06; N, 12.83.

3.2.4. 6-(5-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid (4). 6-(5-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid was prepared as a white solid (86%) using 3-bromo-6-
(5-chloropyridin-3-yloxy)pyridine with 2.2 equiv of n-BuLi
and 2.2 equiv of triisopropylborate. Mp 164 �C. IR (KBr):
3366, 3079, 1598, 1579, 1430, 1364, 1269, 1136, 1095,
938, 885, 660 cm�1. 1H NMR (400 MHz, DMSO-d6):
d¼8.51 (d, J¼1.9, 1H), 8.45–8.44 (m, 2H), 8.28 (s, 2H),
8.19 (dd, J¼8.3, 1.9, 1H), 7.93 (t, J¼2.2, 1H), 7.12 (d,
J¼8.3, 1H). 13C NMR (100 MHz, DMSO-d6): d¼163.4,
153.1, 150.2, 146.0, 144.2, 141.8, 130.8, 129.3, 110.5, C-3
not observed. Anal. Calcd for C10H8BCIN2O3: C, 47.96; H,
3.22; N, 11.19. Found: C, 47.71; H, 2.99; N, 10.84.

3.2.5. 6-(6-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid (5). 6-(6-Chloropyridin-3-yloxy)pyridin-3-yl boronic
acid was prepared as an orange solid (20%) using
3-bromo-6-(6-chloropyridin-3-yloxy)pyridine with 2.2 equiv
of n-BuLi and 2.2 equiv of triisopropylborate according
to general procedure 1. Mp 192 �C. IR (KBr): 3360, 3079,
1598, 1576, 1430, 1389, 1364, 1269, 1226, 1101, 938, 885,
757 cm�1. 1H NMR (400 MHz, DMSO-d6): d¼8.50 (d,
J¼1.9, 1H), 8.32 (d, J¼2.4, 1H), 8.29 (s, 2H), 8.18 (d,
J¼8.2, 1H), 7.75 (dd, J¼8.6, 2.4, 1H), 7.58 (d, J¼8.6, 1H),
7.11 (d, J¼8.2, 1H). 13C NMR (100 MHz, DMSO-d6):
d¼163.5, 153.1, 149.5, 145.9, 145.3, 143.3, 133.2, 124.9,
110.6, C-3 not observed. Anal. Calcd for C10H8BCIN2O3:
C, 47.96; H, 3.22; N, 11.19. Found: C, 47.29; H, 3.19;
N, 10.98.

3.3. General procedure 2 for the synthesis of pyridyl-
ethers 6–13

A mixture of oxybispyridylboronic acid (1.1 equiv), aryl
halide (1 equiv), tetrakis-(triphenylphosphine) palladium(0)
(5 mol %) and aqueous Na2CO3 (2.5 equiv) in 1,4-dioxane
was heated at 80 �C for 1 h then refluxed for 14 h (total con-
sumption of aryl halide seen on TLC). Ethyl acetate and
water were then added to the mixture. The organic layer was
separated, dried over MgSO4 and concentrated to dryness.
The residue was chromatographed on silica gel (cyclohex-
ane/ethyl acetate: 80/20) to afford pyridylethers 6–13.

3.3.1. 2-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde
(6). 2-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde was
prepared as an orange solid (87%) using 5-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 1 and 2-bromobenzaldehyde ac-
cording to general procedure 2. Mp 88 �C. IR (KBr): 3042,
2762, 1686, 1591, 1572, 1474, 1436, 1416, 1305, 1227,
1194, 1019, 886, 800, 705, 643 cm�1. 1H NMR (400 MHz,
DMSO-d6): d¼9.93 (s, 1H), 8.51–8.47 (m, 3H), 8.40 (d,
J¼2.0, 1H), 7.96 (d, J¼7.6, 1H), 7.77 (t, J¼7.0, 1H),
7.68–7.59 (m, 3H), 7.54 (d, J¼7.6, 1H), 7.46–7.43 (m,
1H). 13C NMR (100 MHz, DMSO-d6): d¼191.6, 152.8,
152.2, 145.3, 145.1, 140.9, 140.4, 139.8, 134.9, 133.9,
133.5, 131.4, 128.9, 128.7, 127.1, 125.8, 124.8. Anal. Calcd
for C17H12N2O2: C, 73.90; H, 4.38; N, 10.14. Found: C,
73.69; H, 4.24; N, 10.25.

3.3.2. 3-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde
(7). 3-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde was
prepared as an orange oil (86%) using 5-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 1 and 3-bromobenzaldehyde
according to general procedure 2. IR (KBr): 3055, 2730,
1698, 1578, 1475, 1423, 1377, 1303, 1238, 1188, 1022,
886, 800, 705, 649 cm�1. 1H NMR (400 MHz, CDCl3):
d¼9.98 (s, 1H), 8.59 (m, 1H), 8.40–8.33 (m, 3H), 7.97 (d,
J¼1.2, 1H), 7.83 (dd, J¼7.8, 1.2, 1H), 7.74 (dd, J¼7.8, 1.2,
1H), 7.54 (t, J¼7.8, 1H), 7.47–7.31 (m, 3H). 13C NMR
(100 MHz, CDCl3): d¼191.6, 153.2, 152.6, 145.3, 143.3,
141.3, 140.2, 137.5, 136.9, 136.4, 132.8, 131.3, 129.8, 128.4,
127.7, 125.7, 123.7. Anal. Calcd for C17H12N2O2: C, 73.90;
H, 4.38; N, 10.14. Found: C, 73.83; H, 4.02; N, 10.10.

3.3.3. 4-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde
(8). 4-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde was
prepared as an orange solid (65%) using 5-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 1 and 4-bromobenzaldehyde ac-
cording to general procedure 2. Mp 80 �C. IR (KBr): 3051,
2733, 1702, 1604, 1567, 1474, 1443, 1423, 1298, 1229, 1184,
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1019, 898, 803, 698, 647 cm�1. 1H NMR (400 MHz, CDCl3):
d¼9.98 (s, 1H), 8.61 (d, J¼2.3, 1H), 8.41 (d, J¼2.3, 1H),
8.38–8.33 (m, 2H), 7.90 (part A of systAB, 3JAB¼8.3,
2H), 7.64 (part B of systAB, 3JAB¼8.3, 2H), 7.48 (t, J¼2.3,
1H), 7.33 (part A of systAB, 3JAB¼8.3, J¼2.7, 1.4, 1H),
7.27 (part B of systAB, 3JAB¼8.3, J¼4.6, 1H). 13C NMR
(100 MHz, CDCl3): d¼191.4, 153.2, 152.6, 145.4, 143.5,
142.4, 141.4, 140.6, 136.4, 134.5, 130.3 (2C), 127.7 (2C),
125.9, 124.3, 123.8. Anal. Calcd for C17H12N2O2: C,
73.90; H, 4.38; N, 10.14. Found: C, 73.66; H, 4.35; N, 10.07.

3.3.4. 4-[5-(5-Chloropyridin-3-yloxy)pyridin-3-yl]benz-
aldehyde (9). 4-[5-(5-Chloropyridin-3-yloxy)pyridin-3-yl]-
benzaldehyde was prepared as an orange solid (66%) using
5-(5-chloropyridin-3-yloxy)pyridin-3-yl boronic acid 2 and
4-bromobenzaldehyde according to general procedure 2.
Mp 110 �C. IR (KBr): 1694, 1606, 1572, 1440, 1421, 1296,
1246, 1219, 1094, 935, 823, 698, 684 cm�1. 1H NMR
(400 MHz, CDCl3): d¼9.98 (s, 1H), 8.66 (d, J¼1.8, 1H),
8.39 (d, J¼1.8, 1H), 8.31 (d, J¼2.4, 1H), 8.28 (d, J¼2.4,
1H), 7.91 (part A of systAB, 3JAB¼8.1, 2H), 7.66 (part B
of systAB, 3JAB¼8.1, 2H), 7.52 (t, J¼1.8, 1H), 7.31 (t,
J¼2.4, 1H). 13C NMR (100 MHz, CDCl3): d¼191.3, 153.0,
152.4, 144.1, 143.9, 142.0, 140.8, 138.7, 136.6, 135.9,
131.9, 130.3 (2C), 127.7 (2C), 125.3, 124.5. Anal. Calcd
for C17H11ClN2O2: C, 65.71; H, 3.57; N, 9.01. Found: C,
65.56; H, 3.35; N, 8.92.

3.3.5. 2-[6-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde
(10). 2-[6-(Pyridin-3-yloxy)pyridin-3-yl]benzaldehyde was
prepared as an orange solid (31%) using 6-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 3 and 2-bromobenzaldehyde ac-
cording to general procedure 2. Mp 82 �C. IR (KBr): 1692,
1591, 1571, 1447, 1426, 1418, 1306, 1221, 1154, 1029,
926, 849, 725, 683 cm�1. 1H NMR (400 MHz, CDCl3):
d¼9.94 (s, 1H), 8.50 (d, J¼2.4, 1H), 8.42 (d, J¼4.6, 1H),
8.08 (d, J¼2.7, 1H), 7.97 (dd, J¼8.3, 2.4, 1H), 7.70 (dd,
J¼8.3, 2.7, 1H), 7.67 (part A of systAB, 3JAB¼7.5, J¼7.8,
1.5, 1H), 7.54 (part A of systAB, 3JAB¼8.3, J¼2.7, 1.2,
1H), 7.47–7.50 (m, 2H), 7.35 (dd, J¼7.8, 2.1, 1H), 7.05 (d,
J¼8.3, 1H). 13C NMR (100 MHz, CDCl3): d¼191.3, 162.8,
150.3, 147.6, 145.2, 143.6, 141.1, 138.2, 134.3, 133.8,
131.0, 129.3, 129.0, 128.8, 128.6, 124.1, 111.3. Anal. Calcd
for C17H12N2O2: C, 73.90; H, 4.38; N, 10.14. Found: C,
73.73; H, 4.10; N, 10.07.

3.3.6. 2-[6-(5-Chloropyridin-3-yloxy)pyridin-3-yl]benz-
aldehyde (11). 2-[6-(5-Chloropyridin-3-yloxy)pyridin-3-yl]-
benzaldehyde was prepared as a yellow solid (90%) using
6-(5-chloropyridin-3-yloxy)pyridin-3-yl boronic acid 4 and
2-bromobenzaldehyde according to general procedure 2.
Mp 130 �C. IR (KBr): 1695, 1599, 1573, 1469, 1427, 1304,
1272, 1249, 1020, 921, 848, 762, 685 cm�1. 1H NMR
(400 MHz, CDCl3): d¼10.02 (s, 1H), 8.47 (d, J¼2.2, 1H),
8.46 (d, J¼2.2, 1H), 8.18 (d, J¼2.2, 1H), 8.06 (dd, J¼7.8,
2.2, 1H), 7.79 (dd, J¼7.8, 1.9, 1H), 7.66 (t, J¼2.2, 1H),
7.62 (part B of systAB, 3JAB¼7.3, J¼7.8, 1.0, 1H), 7.64
(part A of systAB, 3JAB¼7.3, J¼7.9, 1.9, 1H), 7.41 (dd,
J¼7.9, 1.0, 1H), 7.14 (d, J¼7.8, 1H). 13C NMR (100 MHz,
CDCl3): d¼191.2, 162.1, 147.4, 144.8, 144.6, 141.4, 141.3,
140.8, 138.4, 134.0, 133.7, 131.8, 129.8, 129.1, 128.9,
128.6, 111.4. Anal. Calcd for C17H11ClN2O2: C, 65.71; H,
3.57; N, 9.01. Found: C, 65.49; H, 3.35; N, 8.89.
3.3.7. 2-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzonitrile
(12). 2-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzonitrile was
prepared as a white solid (45%) using 5-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 1 and 2-bromobenzonitrile accord-
ing to general procedure 2. Mp 124 �C. IR (KBr): 3026,
2218, 1591, 1574, 1476, 1416, 1229, 1096, 1021, 893,
790, 703 cm�1. 1H NMR (400 MHz, DMSO-d6): d¼8.69
(s, 1H), 8.64 (d, J¼1.9, 1H), 8.58 (d, J¼1.9, 1H), 8.50 (d,
J¼4.4, 1H), 8.06 (d, J¼7.8, 1H), 7.91–7.87 (m, 2H), 7.79
(d, J¼7.8, 1H), 7.73–7.66 (m, 2H), 7.55–7.51 (m, 1H). 13C
NMR (100 MHz, DMSO-d6): d¼152.5, 152.4, 145.4, 144.5,
141.1, 140.1, 139.2, 134.7, 133.8, 133.7, 130.4, 129.2, 126.0,
125.9, 124.8, 118.1, 110.7. Anal. Calcd for C17H11N3O: C,
74.71; H, 4.06; N, 15.38. Found: C, 74.66; H, 4.09; N, 15.13.

3.3.8. 4-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzonitrile
(13). 4-[5-(Pyridin-3-yloxy)pyridin-3-yl]benzonitrile was
prepared as an orange solid (78%) using 5-(pyridin-3-yloxy)-
pyridin-3-yl boronic acid 1 and 4-bromobenzonitrile
according to general procedure 2. Mp 128 �C. IR (KBr):
3052, 2222, 1604, 1569, 1473, 1425, 1217, 1105, 1016, 893,
802, 702 cm�1. 1H NMR (400 MHz, CDCl3): d¼8.51 (d,
J¼1.7, 1H), 8.34–8.29 (m, 3H), 7.62 (part A of systAB,
3JAB¼6.6, J¼1.7, 1.7, 2H), 7.53 (part B of systAB,
3JAB¼6.6, J¼1.7, 1.7, 2H), 7.48 (d, J¼1.7, 1H), 7.28 (part
A of systAB, 3JAB¼8.4, J¼2.7, 1.4, 1H), 7.22 (part B of
systAB, 3JAB¼8.4, J¼4.6, 1H). 13C NMR (100 MHz,
CDCl3): d¼153.2, 152.5, 145.3, 143.1, 141.2, 140.9, 140.6,
135.8, 132.7 (2C), 127.7 (2C), 125.9, 124.3, 123.6, 118.1,
112.1. Anal. Calcd for C17H11N3O: C, 74.71; H, 4.06; N,
15.18. Found: C, 74.55; H, 3.99; N, 14.89.
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Abstract—The rhodium catalysed 1,4-carbonylative addition of arylboronic acids to methyl vinyl ketone under carbon monoxide pressure
was studied. High yields of 1,4-diketones were obtained using a catalytic system formed from Rh(COD)2BF4 (COD¼1,5-cyclooctadiene) and
triphenylphosphine even at very low catalyst loading (0.02 mol %). A short synthetic procedure combining this carbonylation reaction with
a subsequent cyclisation step affords pyrroles or furans.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Five membered heterocyclic compounds such as pyrroles,
furans or thiophenes and their derivatives are important
products in organic chemistry since their structures can be
found in many natural or therapeutic compounds.1 Classical
methods to access this class of compounds involve cyclisa-
tion reactions of 1,4-dicarbonyl reagents.2 In this context
a straightforward synthesis of 1,4-diketones is a significant
objective in synthetic chemistry.

The Stetter reaction of substituted benzaldehydes with
enones catalysed by thiazolium salts leads to 1,4-diketones
and has already been applied for synthetic purposes but
has the disadvantage of requiring high catalytic loadings.3

Alternatively, several stoichiometric acyl–metal reagents
such as acyl cobaltate,4 ferrate,5 cuprate,6 nickelate,7 molyb-
date8 or chromate9 were also used efficiently. The acyl
moiety stabilised by the metal formally acts as a nucleophile
with the enones playing the role of Michael acceptors.
Unfortunately, the toxicity of the metal salt as well as the
cost of their stoichiometric use is a strong limitation to their
further development. Further improvements in the use of
acyl–transition metal intermediates were dedicated to their
production in the course of a catalytic cycle. Oxidative addi-
tion of aldehydes at a rhodium centre usually at high reaction
temperatures,10 or transmetallation of the acyl moiety from
a acylzirconocene11 or acylstannyl12 derivative to a palla-
dium metal centre allowed the use of catalytic amounts of
noble metal but needed again the stoichiometric amounts

* Corresponding author. Tel.: +33 320 434 927; fax: +33 320 436 585;
e-mail: yves.castanet@ensc-lille.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.035
of acyl reagent. In view of the wide availability and low
cost of carbon monoxide, another interesting approach
would be the development of a catalysed acylating reaction
through in situ generation of the metal–acyl reagent via an
environmentally clean carbonylation step and using simple
reagents. Despite important developments of carbonylation
reactions, acylation reactions of enones involving carbon
monoxide source are rare.13

In this context, the reaction of 1,4-addition of arylboronic
acids to a,b-enones attracted our attention.14 Actually this re-
action is catalysed by rhodium salts and involves a rhodium–
carbon bond containing intermediate.15 Since rhodium
complexes are suitable for carbonylation reactions, it was
anticipated that a molecule of CO would readily insert into
the metal–carbon bond to afford a metal–acyl derivative
suitable for a subsequent acylation reaction (see Scheme 1).
This hypothesis was confirmed experimentally and we
recently reported the rhodium catalysed carbonylative
1,4-addition of arylboronic acids to methyl vinyl ketone.16

Ar B(OH)2

O
R1% RhH(CO)(PPh3)3

CO, 15 h+

O
R

O
Ar

+

O
R

Ar
+ Ar

Ar

O

3 4 51 2

Scheme 1. Rhodium catalysed aroylation of enones with arylboronic acids
and carbon monoxide.

Under CO pressure, the reaction allows the conversion of an
arylboronic acid 1 and an unsubstituted enone 2 to a 1,4-
diketone 3 (Scheme 1). The product 4, which is selectively
obtained when the reaction was carried out in the absence

mailto:yves.castanet@ensc-lille.fr
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of CO and diarylketone 5 are usually obtained as side prod-
ucts in low quantities depending on the reaction conditions.
We now wish to report complementary catalytic data to our
preliminary communication as well as the direct application
of this new reaction in a carbonylation–cyclisation short syn-
thetic procedure for furan or pyrrole heterocycle synthesis.

2. Results and discussion

2.1. Catalytic carbonylation reactions

Reactions performed with phenylboronic acid 1a and
2 equiv of methyl vinyl ketone 2a at 80 �C under 20 bar
CO showed strongly differing results depending on the
nature of the solvent (Table 1). The reaction is completely
ineffective in dioxane (entry 3) and only partially occurring
in dry THF or in THF/water solvents (entries 1 and 2). Best
results were indeed obtained with MeOH as a polar and
protic solvent. Dried methanol led to very similar results
to those obtained if methanol is combined with 10% H2O
(entries 4 and 8). This observation is rather unexpected since
in the parent reaction of rhodium catalysed 1,4-addition of
arylboronic acids to enones without CO, it is commonly
observed that organic solvent/water solutions are preferred
to water free solvents. Water is thought to be involved in
a protonolysis step of a rhodium–carbon bond containing
intermediate leading to ketone liberation (see Scheme 2).
In the case of the carbonylation reaction, water is not
necessary for high conversion and it is likely that the proton
comes from the boronic acid itself. Actually, the reaction
worked in dry THF in which the only source of proton was
the boronic acid. The possible role of MeOH as a proton
donor cannot be completely discarded. However, the high
efficiency observed with this solvent could also arise from
its high polarity. Less polar alcoholic solvents gave lower
yield of 3 without noticeable changes in the selectivity of
the reaction. Moreover, the reaction was completely ineffec-
tive in isopropanol.

As expected with carbonylation reactions, the CO pressure
has a strong effect on the selectivity of the process.17 For ex-
ample, when the CO pressure dropped from 20 bar to 1 bar,
the yield of by-product 4 increased from 9 to 21% and in the
mean time, the yield of carbonylated derivative 3 decreased

Table 1. Rhodium catalysed aroylation reaction of methyl vinyl ketone 2
with phenylboronic acid 1 under CO pressurea

Entry Solvent P (CO) (atm) T (�C) 3 (%)b 4 (%)b 5 (%)b

1 THF 20 80 42 <2 7
2 THF/H2O (9/1) 20 80 46 3 9
3 1,4-Dioxane 20 80 0 0 0
4 MeOH 20 80 78 9 7
5 n-PrOH 20 80 60 8 6
6 n-BuOH 20 80 59 8 6
7 i-PrOH 20 80 0 0 0
8 MeOH/H2O (9/1) 20 80 75 8 6
9 MeOH 1 80 52 21 7
10 MeOH 40 80 76 5 4
11 MeOH 20 100 44 7 18

a The reaction was carried out using phenylboronic acid (1.5 mmol), methyl
vinyl ketone (3.2 mmol), 1% RhH(CO)(PPh3)3 and 10 mL solvent for
18 h.

b Yields determined by GC based on the arylboronic acid.
from 78 to 52%. On the other hand, above 20 bar, the effect
of the pressure on the selectivity of the reaction was rather
limited (compare entries 4 and 10).

The selectivity in benzophenone 5 was strongly dependent
on the temperature of the reaction. If reaction temperatures
higher than 80 �C were used, the quantities of 5 increased
at the cost of the yields of ketones 3 and 4. At 100 �C, the
yield of 5 reached 18% and the yield of diketone 3 dropped
from 78% at 80 �C to 44% at 100 �C.

In order to get better insight into the reaction, the evolution
over time of the quantities of products 3–5 was checked. The
reaction was carried out with a methyl vinyl ketone to phe-
nylboronic acid ratio of 2, using RhH(CO)(PPh3)3 (0.5% vs
phenylboronic acid) as a well defined catalyst precursor, at
80 �C and under 20 bar CO. Aliquot samples were taken at
regular time intervals and analysed by GC with the help of
an internal standard. In order to allow the analysis of enough
samples the reaction medium was five times diluted com-
pared to a typical run.

First of all, it should be noticed that the reaction performed
under diluted conditions (50 mL MeOH) did not reach such
high yields as in a normal catalytic run (10 mL MeOH). The
yield of 3 is only 63% compared to the 78% obtained with
the more concentrated catalytic run. The yields of 4 and 5
remained, on the other hand, practically unchanged. Never-
theless, Figure 1 shows that after a short activation period of
approximately 30 min, the three products 3, 4 and 5 are
simultaneously formed with a diketone to ketone ratio or a
diketone to diphenylketone ratio that remains unchanged
during the course of the reaction. This strongly supports
the hypothesis of closely related catalytic cycles explaining
the formation of these three products. Based on the catalytic
cycle proposed by Hayashi15 for the direct 1,4-addition of
arylboronic acids to a,b-enones, we suggested a related
catalytic cycle combining the non-carbonylative and the
carbonylative processes and using common catalytic inter-
mediates (Scheme 2).

[Rh] OH [Rh] Ar

R
O

H2O

R
O

Ar

ArB(OH)2

CO

[Rh]
O

Ar

R
O

H2O

R
O

O
Ar
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Scheme 2. Mechanism proposed for the 1,4-addition of arylboronic acids to
a,b-unsaturated ketones.
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The arylrhodium catalytic species is obtained in both cases
by a transmetallation step of the phenyl from the boron to
the rhodium centre. This intermediate can readily insert
the olefin leading to the ketone formation. Alternatively,
arylrhodium complexes are known to easily insert a CO
molecule to give an aroylrhodium intermediate.18 Insertion
of the olefin into the aroylrhodium bond followed by a hydro-
lysis step gives the 1,4-diketone. It is noteworthy that
under CO pressure, very low amounts of benzene are ob-
tained by hydrololytic B–C bond cleavage of phenylboronic
acid. Catalytic experiments with p-tolylboronic acid and
m-chlorophenylboronic acid showed similar results. This is
in marked contrast to the usually large excesses of organo-
boronic acids required for the direct 1,4-addition of arylbor-
onic acids to a,b-enones. Such starting material degradation
can be explained by a competitive Rh–C bond protonolysis.
Low protonolysis of the arylboronic acid under our condi-
tions can be explained by a fast insertion of the olefin into
the arylrhodium or aroylrhodium bond compared to the
hydrolysis step. Another explanation can arise from the
higher stability of the aroylrhodium complex compared to
the arylrhodium complex towards protonolysis. This is
supported by the fact that proton NMR and GC analysis of
the crude reaction mixture did not show the presence of
significant amounts of benzoic acid or methylbenzoic ester
as the respective products of hydrolysis and methanolysis
of an aroylrhodium intermediate.

As a high loading of expensive rhodium is usually used in the
corresponding non-carbonylative reaction, it was important
to determine the extent to which it was possible to decrease
the amount of catalyst without a dramatic loss of the yields
of 3.

Table 2 shows that as little as 0.01% of the rhodium precur-
sor is enough to complete the reaction within one night at
80 �C using Rh(COD)Cl as the catalyst precursor combined
with triphenylphosphine. Phosphine free catalytic systems
showed much lower reactivity although they remained effi-
cient if used with a higher amount of rhodium (0.5%). Using
the same reaction conditions, experiments carried out with
0.005% of rhodium afforded much lower yields of 1,4-di-
ketone 3. The combination of different phosphorous based
ligands with Rh(COD)2BF4 did not further improve the
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Figure 1. Formation profiles of the products 3–5 in the catalytic reaction
(Scheme 1) versus time. The reaction was run at 70 �C with methyl vinyl
ketone (3 mmol), PhB(OH)2 (1.5 mmol), RhH(CO)(PPh3)3 (0.015 mmol)
and CO (20 bar) in MeOH (50 mL).
 yields of 3 and the selectivity of the reaction for 3 versus

the non-carbonylated derivative 4 remained rather un-
changed. On the other hand, it is noteworthy that the use
of low catalyst amounts afforded a better selectivity into
the 1,4-diketone product 3. Experiments carried out with
less than 0.02% of rhodium showed the formation of much
lower quantities of diphenylketone compared to the standard
experiments made with 0.5% catalyst. Actually the use of
higher reaction temperatures with high catalyst concen-
tration induced the formation of much higher quantities of
the undesired diphenylketone. This drawback can be par-
tially avoided with a lower amount of Rh.

Using optimised reactions conditions, high yields of dike-
tones that can be easily isolated by column chromatography
and fully characterised before further use, are obtained from
variously substituted arylboronic acids (Table 3, entries 1
and 5–9).

Additional experiments made with some other well-known
transmetalling reagents using the same reaction conditions
showed low efficiencies. No reaction was observed
with ArSi(OEt)3

19 or another boron derivative such as
NaB(Ar)4

20 and only moderate yields was obtained with
ArSn(Bu)3 (Table 3, entries 2–4). Boronic acids are thus
the best reactant for this carbonylation reaction. Unfortu-
nately, attempts to change the Michael acceptor, using the
same reaction conditions and catalyst, have been up until

Table 2. Influence of the catalyst precursor on the aroylation reaction of
methyl vinyl ketone 2 with phenylboronic acid 1a

Entry Rhodium catalyst Catalyst (%) 3 (%) 4 (%) 5 (%)

1 Rh(COD)2BF4+3PPh3 0.5 74 9 5
2 Rh(COD)2BF4+3PPh3 0.02 80 7 1
3 Rh(COD)2BF4 0.01 35 3 <1
4 Rh(COD)Cl 0.01 60 5 <1
5 Rh(COD)2BF4+3PPh3 0.01 74 7 1
6 Rh(COD)Cl+3PPh3 0.01 70 8 <1
7 Rh(COD)2BF4+3PPh3 0.005 42 5 <1
8 Rh(COD)2BF4+6PPh3 0.005 39 5 <1
9 Rh(COD)2BF4+1dppb 0.005 33 4 <1
10 Rh(COD)2BF4+2dppb 0.005 45 5 <1

a Reactions were carried out using phenylboronic acid (1.5 mmol) and
methyl vinyl ketone (3.2 mmol) in 10 mL MeOH under 20 bar CO at
80 �C for 18 h.

Table 3. Rhodium catalysed aroylation reaction of methyl vinyl ketone un-
der CO pressure with various boronic acids and transmetallation reagentsa

Entry Transmetallation reagent Ar 3 (%)b

1 ArB(OH)2 C6H5 76
2 ArSn(Bu)3 C6H5 53
3 NaB(Ar)4 C6H5 0c

4 ArSi(OEt)3 C6H5 0
5 ArB(OH)2 4-MeC6H4 78
6 ArB(OH)2 4-MeOC6H4 72
7 ArB(OH)2 3-ClC6H4 65
8 ArB(OH)2 4-ClC6H4 68
9 ArB(OH)2 4-FC6H4 65

a Reactions were carried out using the corresponding transmetallation
reagent (1.5 mmol), methyl vinyl ketone (3.2 mmol) and 0.5%
RhH(CO)(PPh3)3 in 10 mL MeOH with 40 bar CO pressure at 80 �C for
18 h.

b Isolated yields.
c PhCOPh is the only formed product.
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now unsuccessful. In particular, substituted enones such
as cyclohexenone failed to react even at higher reaction
temperatures. The reaction does not proceed with non-
activated olefins either, for example, no product was
detected with 1-hexene except the diphenylketone.

2.2. Procedure for pyrroles and furans synthesis

For economical and environmental reasons, it is of interest to
use the diketones without any previous purification for a fur-
ther organic transformation. We thus evaluated the possibil-
ity to combine, in a short procedure, the diketone formation
through carbonylation with a cyclisation step giving pyrrole
or furan derivatives (Scheme 3). This procedure would allow
simple and fast access to the pyrrole and furan heterocycles
in a short catalytic multicomponent synthetic procedure.21

The Paal–Knorr cyclisation with an amine is a common
synthetic pathway to access pyrroles.22 The procedure com-
monly requires high temperature reactions and an acidic
media. In our case, starting from our crude catalytic mixtures
the reaction remained only partially successful. Indeed, pyr-
roles formation proceeded more efficiently via the iodine
catalysed Paal–Knorr cyclisation even though the yield for
this step was not quantitative. Better results were obtained
when the amount of iodine used was increased compared
to the literature procedure from 3 to 40% and the reaction
time at 40 �C (instead of room temperature) from 4 h to
16 h.23

Under these conditions, GC analysis at the end of the reac-
tion indicated the complete disappearance of the starting
diketone along with pyrrole formation. The side products,
i.e., ketones 4 and 5 remained unaffected. The analytically
pure pyrroles were finally isolated by alumina gel column
chromatography with overall 45–60% yields from the start-
ing boronic acid.

The 1,4-diketones can also be reacted without previous pu-
rification to form furans. After a carbonylation reaction,
the solvent was evaporated. The cyclisation was promoted
by p-toluenesulfonic acid monohydrate in refluxing toluene
for one night.24 The complete conversion of the reaction
product was then confirmed by GC analysis. The furans
were finally purified by alumina gel column chromatography
and isolated with similar yields to the corresponding pyr-
roles. Following those procedures, it was possible to synthe-
sise a series of furan and pyrrole heterocycles with good
overall yields (Table 4).

To avoid any change of solvent between the catalytic and
cyclisation step for furan synthesis, it is noteworthy that
the carbonylation reaction could be directly performed in
a toluene/water (1/1) mixture with similar yields. The water
layer was then extracted and the organic layer dried with
magnesium sulfate. After filtration, the toluene solution
was refluxed in the presence of p-toluenesulfonic acid to
generate the furan. This procedure performed with p-tolyl-
boronic acid allowed the isolation of the corresponding furan
in a similar yield. It has the main advantage of shortening the
procedure by avoiding the tedious methanol evaporation
step.

3. Conclusion

We have shown that the carbonylative 1,4-addition of aryl-
boronic acids to enones affords the corresponding diketones
with high selectivity even at low catalyst loadings. The reac-
tion allows an efficient access to 1,4-diketones. Interestingly,
this reaction can be coupled with a cyclisation without
previous purification giving pyrrole or furan derivatives.
Thus, the whole process constitutes an efficient way to
access these last classes of compounds.

4. Experimental

4.1. General

All experiments were carried out with solvents, rhodium
complexes, phosphines, arylboronic acids, amines, APTS
and methyl vinyl ketone purchased from Aldrich or Acros
and used as received.

Table 4. Carbonylation–cyclisation sequences for pyrroles and furans
synthesisa

Entry Ar X¼NPhb (%) X¼Oc (%)

1 C6H5 56 49
2 4-MeC6H4 51 50 (54)d

3 4-MeOC6H4 45 66
4 4-ClC6H4 53 49
5 3-ClC6H4 59 44
6 4-FC6H4 44 42

a The carbonylation reactions were carried out using the corresponding
arylboronic reagent (1.5 mmol) and 0.5% RhH(CO)(PPh3)3 in 10 mL
MeOH for 18 h, 20 bar CO and 80 �C.

b The crude mixture obtained after carbonylation was stirred overnight with
aniline and iodine in dichloromethane.

c The crude mixture obtained after carbonylation was refluxed overnight in
toluene with 1 equiv p-toluenesulfonic acid.

d The carbonylation reaction was run in a biphasic toluene (5 mL)/water
(5 mL) system and the cyclisation step was run with the organic phase
dried with MgSO4.
Ar B(OH)2

O
R

+

1 2

2) PhNH2; I2

O

NAr

Ar

CO; MeOH
1) 0.5 % RhH(CO)(PPh3)3

toluene

toluene

2) p-TsOH

6

7

Scheme 3. Pyrrole and furan synthesis via a rhodium catalysed aroylation of enones with arylboronic acids and carbon monoxide followed by a cyclisation step.
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GLC analyses were performed on a Chrompack CP 9001 ap-
paratus equipped with a flame ionisation detector and a CPSil
5CB (25 m�0.32 mm, Chrompack) column. 1H, 19F and 13C
NMR spectra were recorded on a AC-300 Bruker spectro-
meter at 23 �C; chemical shifts are reported in parts per
million downfield from TMS.

4.1.1. General procedure for carbonylation reactions and
enones isolation. A 100 mL stainless steel autoclave equip-
ped with a magnetic stirrer was charged with arylboronic
acid (1.5 mmol) and the required amount of rhodium cata-
lyst. MeOH (10 mL) was thus added followed by methyl
vinyl ketone (0.25 mL, 3 mmol). The autoclave was pressur-
ised to 20 bar and the mixture was warmed at 80 �C for 18 h.
After cooling to room temperature, the reactor was vented
and the orange-yellow methanol solution was evaporated
to dryness. The diketones were finally purified by silica
gel column chromatography using petroleum/ether (9/1) as
eluent.

1-p-Tolylpentane-1,4-dione: white solid, 78% yield. 1H
NMR: (300 MHz, CDCl3) d¼7.85 (d, 2H, 3JH–H¼8 Hz,
CH aromatic); 7.21 (d, 2H, 3JH–H¼8 Hz, CH aromatic);
3.21 (t, 2H, 3JH–H¼6.3 Hz, CH2); 2.83 (t, 2H, 3JH–H¼6.3 Hz,
CH2); 2.36 (s, 3H, ArCH3); 2.21 (s, 3H, COCH3). 13C NMR:
(CDCl3, 75 MHz) d¼207.41 (s, 1C, CH3CO); 198.10 (s, 1C,
ArCO); 143.90 (s, 1C, CH3C); 134.13 (s, 1C, CCO); 129.22
(s, 2C, CH aromatic); 128.13 (s, 2C, CH aromatic); 37.05 (s,
1C, CH2); 32.29 (s, 1C, CH2); 30.09 (s, 1C, CH3); 21.61 (s,
1C, ArCH3).

1-(4-Methoxyphenyl)pentane-1,4-dione: white solid, 72%
yield. 1H NMR: (300 MHz, CDCl3) d¼7.92 (d, 2H,
3JH–H¼9 Hz, CH aromatic); 6.89 (d, 2H, 3JH–H¼9 Hz, CH
aromatic); 3.83 (s, 3H, OCH3); 3.19 (t, 2H, 3JH–H¼6.5 Hz,
CH2); 2.85 (t, 2H, 3JH–H¼6.5 Hz, CH2); 2.23 (s, 3H,
COCH3). 13C NMR: (CDCl3, 75 MHz) d¼207.54 (s, 1C,
CH3CO); 197.01 (s, 1C, ArCO); 163.51 (s, 1C, CH3OC);
130.29 (s, 2C, CH aromatic); 129.12 (s, 1C, CCO); 113.69
(s, 2C, CH aromatic); 55.45 (s, 1C, OCH3); 37.13 (s, 1C,
CH2); 32.05 (s, 1C, CH2); 30.12 (s, 1C, CH3).

1-(4-Chlorophenyl)pentane-1,4-dione: white solid, 68%
yield. 1H NMR: (200 MHz, CDCl3) d¼7.83 (d, 2H,
3JH–H¼8 Hz, CH aromatic); 7.36 (d, 2H, 3JH–H¼8 Hz, CH
aromatic); 3.20 (t, 2H, 3JH–H¼6.3 Hz, CH2); 2.80 (t, 2H,
3JH–H¼6.3 Hz, CH2); 2.20 (s, 3H, COCH3). 13C NMR:
(CDCl3, 50 MHz) d¼206.65 (s, 1C, CH3CO); 196.78 (s,
1C, ArCO); 138.94 (s, 1C, ClC or CCO); 134.13 (s, 1C,
ClC or CCO); 128.94 (s, 2C, CH aromatic); 128.33 (s, 2C,
CH aromatic); 36.44 (s, 1C, CH2); 31.81 (s, 1C, CH2);
29.46 (s, 1C, CH3).

1-(3-Chlorophenyl)pentane-1,4-dione: yellow liquid, 65%
yield. 1H NMR: (300 MHz, CDCl3) d¼7.89 (s, 1H, CH aro-
matic); 7.80 (d, 1H, 3JH–H¼7.7 Hz, CH aromatic); 7.47 (d,
1H, 3JH–H¼7.7 Hz, CH aromatic); 7.36 (t, 1H, 3JH–H¼
7.7 Hz, CH aromatic); 3.19 (t, 2H, 3JH–H¼5.8 Hz, CH2);
2.85 (t, 2H, 3JH–H¼5.8 Hz, CH2); 2.21 (s, 3H, COCH3).
13C NMR: (CDCl3, 75 MHz) d¼207.01 (s, 1C, CH3CO);
197.24 (s, 1C, ArCO); 138.12 (s, 1C, ClC or CCO);
134.85 (s, 1C, ClC or CCO); 133.03 (s, 1C, CH aromatic);
129.93 (s, 1C, CH aromatic); 128.12 (s, 1C, CH aromatic);
126.71 (s, 1C, CH aromatic); 36.93 (s, 1C, CH2); 32.44 (s,
1C, CH2); 29.99 (s, 1C, CH3).

1-(4-Fluorophenyl)pentane-1,4-dione: yellow liquid, 62%
yield. 1H NMR: (200 MHz, CDCl3) d¼7.94 (m, 2H, CH
aromatic); 7.36 (m, 2H, CH aromatic); 3.21 (t, 2H,
3JH–H¼5.9 Hz, CH2); 2.84 (t, 2H, 3JH–H¼5.9 Hz, CH2);
2.20 (s, 3H, COCH3). 13C NMR: (CDCl3, 75 MHz)
d¼206.65 (s, 1C, CH3CO); 196.38 (s, 1C, ArCO); 165.24
(d, 1C, 1JF–C¼254.4 Hz, FC); 132.62 (s, 1C, CCO); 131.42
(d, 2C, 2JF–C¼117.1 Hz, CH aromatic); 115.1 (s, 2C,
3JF–C¼21.6 Hz, CH aromatic); 36.48 (s, 1C, CH2); 31.75
(s, 1C, CH2); 29.48 (s, 1C, CH3).

4.1.2. General procedure for pyrroles synthesis. In the
first part of the synthesis, the carbonylation reaction was
run according to the procedure used for the enones synthesis
(vide supra). The mixture obtained was evaporated and
the residue dissolved in a solution of iodine (0.183 g,
0.72 mmol) and aniline (0.194 mL, 2.1 mmol) in THF
(10 mL). The resulting solution was then heated at 40 �C
for one night. The reaction was monitored by GC and ended
once the GC peak corresponding to the starting enone has
disappeared. The solvent was evaporated and the pyrrole
purified by alumina gel column chromatography using
petroleum/ether (9/1) as eluent.

2-p-Tolyl-5-methyl-1-phenyl-1H-pyrrole: yellow-orange
solid, 51% yield. 1H NMR: (300 MHz, CDCl3) d¼7.2–7.3
(m, 3H, CH aromatic); 7.06 (m, 2H, CH aromatic); 6.86
(m, 4H, CH aromatic); 6.45 (d, 1H, 3JH–H¼1.9 Hz, CHPyrr);
6.21 (d, 1H, 3JH–H¼1.9 Hz, CHPyrr); 2.35 (s, 3H, CH3); 2.25
(s, 3H, CH3). 13C NMR: (CDCl3, 50 MHz) d¼139.15 (s, 1C,
NCipso); 134.83 (s, 1C, Cq); 133.84 (s, 1C, Cq); 130.88 (s,
1C, Cq); 130.36 (s, 1C, Cq); 128.54 (s, 2C, CH aromatic);
128.31 (s, 2C, CH aromatic); 128.12 (s, 2C, CH aromatic);
127.32 (s, 2C, CH aromatic); 126.92 (s, 1C, CH aromatic);
107.87 (s, 1C, CHPyrr); 107.09 (s, 1C, CHPyrr); 20.65 (s,
1C, CH3); 12.95 (s, 1C, CH3).

2-(4-Methoxyphenyl)-5-methyl-1-phenyl-1H-pyrrole: red-
orange solid, 45% yield. 1H NMR: (300 MHz, CDCl3)
d¼7.42 (m, 3H, CH aromatic); 7.22 (d, 2H, 3JH–H¼6.4 Hz,
CH aromatic); 7.06 (d, 2H, 3JH–H¼8.8 Hz, CH aromatic);
6.75 (d, 2H, 3JH–H¼8.8 Hz, CH aromatic); 6.36 (d, 1H,
3JH–H¼2.9 Hz, CHPyrr); 6.15 (d, 1H, 3JH–H¼2.9 Hz, CHPyrr);
3.77 (s, 3H, OCH3); 2.21 (s, 3H, CH3). 13C NMR: (CDCl3,
75 MHz) d¼157.84 (s, 1C, OCq); 139.53 (s, 1C, NCipso);
134.05 (s, 1C, Cq); 130.99 (s, 1C, Cq); 129.18 (s, 2C, CH
aromatic); 128.99 (s, 2C, CH aromatic); 128.60 (s, 2C, CH
aromatic); 127.37 (s, 1C, CH aromatic); 126.42 (s, 1C,
Cq); 113.52 (s, 2C, CH aromatic); 107.81 (s, 1C, CHPyrr);
107.38 (s, 1C, CHPyrr); 55.15 (s, 1C, OCH3); 13.42 (s, 1C,
CH3).

2-(4-Chlorophenyl)-5-methyl-1-phenyl-1H-pyrrole: orange
solid, 53% yield. 1H NMR: (300 MHz, CDCl3) d¼7.8–6.8
(m, 9H, CH aromatic); 6.41 (br s, 1H, CHPyrr); 6.15 (br s,
1H, CHPyrr); 2.18 (s, 3H, CH3). 13C NMR: (CDCl3,
75 MHz) d¼138.71 (s, 1C, NCipso); 132.45 (s, 1C, Cq);
131.69 (s, 1C, Cq); 131.57 (s, 1C, Cq); 130.95 (s, 1C, Cq);
128.65 (s, 2C, CH aromatic); 128.34 (s, 2C, CH aromatic);
127.96 (s, 2C, CH aromatic); 127.69 (s, 2C, CH aromatic);
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127.16 (s, 1C, CH aromatic); 108.61 (s, 1C, CHPyrr); 107.29
(s, 1C, CHPyrr); 13.91 (s, 1C, CH3).

2-(3-Chlorophenyl)-5-methyl-1-phenyl-1H-pyrrole: orange
solid, 59% yield. 1H NMR: (300 MHz, CDCl3) d¼7.40–
7.30 (m, 3H, CH aromatic); 7.00–7.23 (m, 5H, CH aro-
matic); 6.88 (m, 1H, CH aromatic); 6.41 (d, 1H,
3JH–H¼2.9 Hz, CHPyrr); 6.13 (d, 1H, 3JH–H¼2.9 Hz, CHPyrr);
2.16 (s, 3H, CH3). 13C NMR: (CDCl3, 75 MHz) d¼139.07
(s, 1C, NCipso); 135.27 (s, 1C, Cq); 133.81 (s, 1C, Cq);
132.63 (s, 1C, Cq); 132.49 (s, 1C, Cq); 129.16 (s, 2C, CH
aromatic); 129.12 (s, 1C, CH aromatic); 128.41 (s, 2C,
CH aromatic); 127.73 (s, 1C, CH aromatic); 127.50 (s, 1C,
CH aromatic); 125.57 (s, 2C, CH aromatic); 109.51 (s,
1C, CHPyrr); 107.81 (s, 1C, CHPyrr); 13.32 (s, 1C, CH3).

2-(4-Fluorophenyl)-5-methyl-1-phenyl-1H-pyrrole: red-
orange solid, 44% yield. 1H NMR: (300 MHz, CDCl3)
d¼7.37 (m, 3H, CH aromatic); 7.16 (m, 2H, CH aromatic);
7.02 (m, 2H, CH aromatic); 6.84 (m, 2H, CH aromatic); 6.31
(d, 1H, 3JH–H¼3.42 Hz, CHPyrr); 6.10 (d, 1H, 3JH–H¼
3.42 Hz, CHPyrr); 2.16 (s, 3H, CH3). 13C NMR: (CDCl3,
75 MHz) d¼161.92 (d, 1C, 1JF–C¼245.1 Hz, FC); 139.20
(s, 1C, NCipso); 138.15 (s, 1C, Cq); 132.77 (s, 1C, Cq);
131.13 (s, 1C, Cq); 128.90 (d, 2C, 3JF–C¼7.9 Hz, CH aro-
matic); 128.59 (s, 2C, CH aromatic); 128.09 (s, 2C, CH
aromatic); 127.08 (s, 1C, CH aromatic); 114.31 (d, 2C,
2JF–C¼21.6 Hz, CH aromatic); 108.22 (s, 1C, CHPyrr);
107.17 (s, 1C, CHPyrr); 13.13 (s, 1C, CH3).

4.1.3. General procedure for furans synthesis. In the first
part of the synthesis, the carbonylation reaction is run ac-
cording to the procedure used for the enones synthesis
(vide supra). The mixture obtained is evaporated and the
residue dissolved in a solution of p-toluenesulfonic acid
monohydrate (60 mg, 1.5 mmol) in toluene (10 mL). The re-
sulting solution is then refluxed overnight. After evaporation
of the solvent, the furan is purified by alumina gel column
chromatography using petroleum/ether (9/1) as eluent. Al-
ternatively, the carbonylation reaction can be run in a tolu-
ene/H2O biphasic system. After one night of reaction with
20 bar of CO at 80 �C, the organic layer is then separated
from the aqueous phase, dried over MgSO4 and filtered.
Addition of p-toluenesulfonic acid monohydrate to the tolu-
ene solution followed by overnight refluxing allows the com-
plete transformation of the diketone in the corresponding
furan heterocycle.

2-p-Tolyl-5-methylfuran: orange oil, 50% yield. 1H NMR:
(300 MHz, CDCl3) d¼7.48 (m, 2H, CH aromatic); 7.09
(m, 2H, CH aromatic); 6.41 (d, 1H, 3JH–H¼3.3 Hz, CHFur);
5.97 (dq, 1H, 4JH–H¼1.1 Hz, 3JH–H¼3.3 Hz, CHFur); 2.29
(s, 3H, OCH3); 2.28 (s, 3H, CH3). 13C NMR: (CDCl3,
75 MHz) d¼152.73 (s, 1C, Cq); 151.62 (s, 1C, Cq);
136.58 (s, 1C, Cq); 129.51 (s, 2C, CH aromatic); 128.81
(s, 1C, Cq); 107.78 (s, 2C, CH aromatic); 105.28 (s, 1C,
CHFur); 21.33 (s, 1C, OCH3); 13.79 (s, 1C, CH3).

2-(4-Methoxyphenyl)-5-methylfuran: orange oil, 66% yield.
1H NMR: (300 MHz, CDCl3) d¼7.60 (d, 2H, 3JH–H¼6.8 Hz,
CH aromatic); 6.94 (d, 2H, 3JH–H¼6.8 Hz, CH aromatic);
6.45 (d, 1H, 3JH–H¼2.9 Hz, CHFur); 6.08 (br s, 1H, CHFur);
3.83 (s, 3H, OCH3); 2.40 (s, 3H, CH3). 13C NMR: (CDCl3,
75 MHz) d¼158.69 (s, 1C, Cq); 152.40 (s, 1C, Cq);
151.18 (s, 1C, Cq); 124.78 (s, 2C, CH aromatic); 124.70
(s, 1C, Cq); 114.11 (s, 2C, CH aromatic); 107.60 (s, 1C,
CHFur); 104.28 (s, 1C, CHFur); 55.23 (s, 1C, OCH3); 13.68
(s, 1C, CH3).

2-(4-Chlorophenyl)-5-methylfuran: orange solid, 53% yield.
1H NMR: (300 MHz, CDCl3) d¼7.55 (d, 2H, 3JH–H¼8.6 Hz,
CH aromatic); 7.32 (d, 2H, 3JH–H¼8.6 Hz, CH aromatic);
6.53 (br s, 1H, CHFur); 6.07 (br s, 1H, CHFur); 2.38 (s, 3H,
CH3). 13C NMR: (CDCl3, 75 MHz) d¼151.80 (s, 1C, Cq);
150.76 (s, 1C, Cq); 131.78 (s, 1C, Cq); 129.21 (s, 1C, Cq);
128.51 (s, 2C, CH aromatic); 124.01 (s, 2C, CH aromatic);
107.41 (s, 1C, CHFur); 105.90 (s, 1C, CHFur); 13.19 (s, 1C,
CH3).

2-(3-Chlorophenyl)-5-methylfuran: orange solid, 44% yield.
1H NMR: (300 MHz, CDCl3) d¼7.64 (s, 1H, CH aromatic);
7.50 (d, 1H, 3JH–H¼7.8 Hz, CH aromatic); 7.28 (dd, 1H,
3JH–H¼7.8 Hz, CH aromatic); 7.18 (d, 1H, 3JH–H¼7.8 Hz,
CH aromatic); 6.57 (d, 1H, 3JH–H¼3.0 Hz, CH aromatic);
6.08 (d, 1H, 3JH–H¼2.8 Hz, CH aromatic); 2.38 (s, 3H,
CH3). 13C NMR: (CDCl3, 75 MHz) d¼152.63 (s, 1C, Cq);
150.84 (s, 1C, Cq); 134.66 (s, 1C, Cq); 132.85 (s, 1C, Cq);
129.89 (s, 1C, CH aromatic); 126.59 (s, 1C, CH aromatic);
123.26 (s, 1C, CH aromatic); 121.13 (s, 1C, CH aromatic);
107.98 (s, 1C, CHFur); 107.09 (s, 1C, CHFur); 13.70 (s, 1C,
CH3).

2-(4-Fluorophenyl)-5-methylfuran: orange solid, 42% yield.
1H NMR: (300 MHz, CDCl3) d¼7.55 (dd, 2H,
3JH–H¼8.6 Hz, CH aromatic); 7.32 (d, 2H, 3JH–H¼8.6 Hz,
CH aromatic); 6.53 (br s, 1H, CHFur); 6.07 (br s, 1H, CHFur);
2.38 (s, 3H, CH3). 13C NMR: (CDCl3, 75 MHz) d¼151.80
(s, 1C, Cq); 150.76 (s, 1C, Cq); 131.78 (s, 1C, Cq); 129.21
(s, 1C, Cq); 128.51 (s, 2C, CH aromatic); 124.01 (s, 2C,
CH aromatic); 107.41 (s, 1C, CHFur); 105.90 (s, 1C, CHFur);
13.19 (s, 1C, CH3).
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Abstract—Three new diterpene cembranes (1–3) along with eunilode (4) were isolated from the organic extracts of Eunicea mammosa. Bio-
genetic studies using a cell-free extract demonstrated that hydroxy cembrane 3 is the precursor to the ether-bridged 1. In order to deduce further
structure–activity relationships a series of analogues were synthesized and their cytotoxicity against several cancer cell lines was evaluated.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Specimens belonging to the genus Eunicea have been sub-
jected to numerous chemical investigations yielding a wide
variety of diterpenoids, most of them belonging to the oxy-
genated 14-membered ring cembranoid family.1

In our continuing investigations on the study of cytotoxic
metabolites from gorgonians2 and the biosynthetic origin
of marine terpenes,3 particularly on cembranes, we have
focused our attention on the Caribbean gorgonian octocoral
Eunicea mammosa, collected in Bahamas, as it is one of
the richest sources of marine cembranoid diterpenoids.
Both naturally occurring Eunicea cembranoids and some of
their synthetic analogues have showed remarkable biological
activity as cytotoxic agents.4 In this paper, we wish to report
the structural elucidation of three new cembranoid-diterpenes
from E. mammosa, some biogenetic studies using its cell-free
extract, and chemical transformations to obtain some ana-
logues. Furthermore, the cytotoxic evaluation of both natural
and synthetic cembranoids allowed us to enlarge the struc-
ture–activity relationships of this type of compounds.

2. Results and discussion

2.1. Isolation

Specimens of E. mammosa were collected by hand using
SCUBA on Sweetings Cay in the Bahamas during the 1999

* Corresponding author. Tel.: +34 981167000; fax: +34 98167065; e-mail:
carlosjg@udc.es
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.033
FAU expedition. Freshly collected animals were frozen on
site and transported back to Florida. Cold specimens were
thawed and exhaustively extracted with MeOH to obtain an
extract that was fractionated using our standard partitioning
procedure. The richest cembrane portion was chromato-
graphed on a silica gel flash column using hexanes/acetone
mixtures to yield an enriched diterpene fraction, which was
then submitted repeatedly to reverse-phase HPLC (H2O/
MeOH mixtures) to give pure compounds 1–3 (Fig. 1).

The molecular formula of C20H30O4 for 1 was obtained from
the combination of the 13C NMR data and the HRFABMS
of the pseudomolecular ion [M+Na]+ at m/z 357.2044, thus
indicating six degrees of unsaturation in the molecule. Char-
acteristic features of this new diterpene were defined by 1H
NMR, 13C NMR, DEPT, gradient edited HSQC, HMBC, and
DQCOSY experiments. Structural elucidation of 1 begun
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Figure 1. Structures of the cembranoid-diterpenes isolated from E. mammosa.
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with the identification of an a-methylene-g-lactone group in
1, which was suggested by the proton resonances at dH 6.38
(1H, d, J¼3.4 Hz) and 5.60 (1H, d, J¼3.4 Hz) due,
respectively, to H-17a and H-17b, an allylic methine proton
at dH 3.37 (1H, m), a lactone methine proton at dH 4.38 (1H,
dd, J¼8.0, 8.9 Hz), and a carbon resonance at dC 169.9 for
a carbonyl lactone. Two 13C NMR sp2 signals at dC 130.9
(s, C-8) and 128.3 (d, C-7) and the methyl group at dC

15.9 (q, C-19) suggested the presence of a trisubstituted
double bond, which was confirmed by the presence of an
olefinic proton at dH 5.10 (1H, dd, J¼5.9, 9.3 Hz) and an
additional vinyl methyl group at dH 1.58 (3H, s, H-19). These
functionalities accounted for four degrees of unsaturation.

Three additional oxygenated carbons were deduced from the
quaternary carbon signal at dC 73.4 (s) and the methine
carbon signals at dC 76.7 (d) and 79.6 (d), which correlated
the gradient edited HSQC responses to the oxygenated
methines at dH 3.20 (1H, dd, J¼3.7, 10.0 Hz) and 2.79
(1H, t, J¼8.9 Hz). More direct proton–carbon correlations
also showed the existence of two other methyl groups
from the two quartet signals at dc 24.6 and 14.8 attached
to the corresponding proton signals at dH 1.15 (s) and at
dH 0.99 (d, J¼6.8 Hz). The remaining unsaturations were
assigned to a 14-membered ring, which bears an ether bridge
between C-3 and C-13 positions. This connectivity was de-
duced by key HMBC correlations observed between the pairs
H3–C13 and/or H13–C3. In this way the isolated H1–H2–
H3/H1–H14–H13 spin-systems deduced by the DQCOSY
experiment were assigned in a six-membered ring.

The comparison of these data to those of other cembranoids
reported in the literature, indicated that 1 has the same planar
structure as eunicin,5 also isolated from E. mammosa,
cueunicin isolated from Eunicea succinea,6 and 12-epicueu-
nicin, a synthetic compound obtained from eupalmerin.4

To find out the relative stereochemistry of 1 proton–proton
coupling constants, NOE differences, NOESY, GMMX cal-
culations, and comparison with the above mentioned cem-
branes (see Fig. 2) were used. The presence of an observed
NOE (8%) between H-1 and H-14 protons, and the coupling
constant of 8.0 Hz, which was similar to that found in
eunicin (J1,14¼7.8 Hz) and 12-epicueunicin (J1,14¼8.7 Hz),
clearly suggested a cis configuration for these protons.
Also the presence of a NOE difference of 8% between
H-13 and H-3 indicated that these protons are on the same
face of the molecule assigned arbitrarily as b. This disposi-
tion ruled out the relative stereochemistry present in cueuni-
cin and 12-epicueunicin, where those protons are on the
opposite faces of the molecule. Further comparison of the
NMR data of compound 1 to those of eunicin suggested
the same stereostructure, but epimeric at C-12. The proposed
stereochemical assignment at this carbon was based on the
observation of the different multiplicity of H-13. Thus, while
the chemical shift of H-13 in 1 appears as a triplet
(J¼8.9 Hz), the same proton was observed in the 1H NMR
spectrum of eunicin as doublet with coupling constants of
9.5 Hz (J13–14) and 0 Hz (J12–13). This fact suggests an
anti relative configuration between H-13 with H-12 in 1
instead of syn in eunicin. Besides, GMMX energy search
minimization showed a low-energy conformer with similar
values for the involved proton–proton coupling constants
corresponding to the six-membered ring and H-12, and
therefore confirmed the relative stereochemistry for all chi-
ral centers (see Fig. 2). As a result of all these data, we have
deduced the three dimensional arrangement of this com-
pound, which has been named as 12-epieunicin.

For the new cembranolide 2, the molecular formula
C20H30O4 was obtained from its HRFABMS, which showed
the pseudomolecular ion [M+Na]+ at m/z 357.2040. The 1H
and 13C NMR spectra of 2 had many features in common
with those of 1. Indeed, 1H NMR, DQCOSY, edited
HSQC, and HMBC experiments confirmed the presence of
the a-methylene-g-butyrolactone ring and the E-trisubsti-
tuted double bond D7.

However, 2D NMR experiments suggested that the oxa-
bridge was located between C-4 and C-13 instead of C-3
and C-13 as in 1, forming now a seven-membered ring. Con-
sequently, the hydroxyl group in 2 was located at C-3 rather
than at C-4 as in 1. This was also shown from an HSQC–
TOCSY experiments where correlations from H-13 to H-3
can be found clearly from the TOCSY responses of every
proton–carbon pair of this spin system. Also, comparison of
the NMR data of compound 2 with those of other cembranes,
showed the same planar structure but different relative ste-
reochemistry to jeunicin,7 its isomers 13aH,14bH-jeunicin8

and 12,13-bisepijeunicin.4 The E geometry of the D7 double
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bond was confirmed by the high field position found for the
13C NMR C-19 signal at dC 16.3.

In order to deduce the relative stereochemistry at C-1/C-3
and C-12/C-14 fragments, proton–proton coupling constant
analysis revealed the same stereochemistry as in jeunicin.
This was confirmed from the NOESY correlation between
Me-20 and H-14. However, overlapping of the signals corre-
sponding to the H-1 and H-3 protons in the 1H NMR spectrum
of 2 preclude us from determining the relative stereochemis-
try at C-3 and C-4 by NOE correlations on this compound.
For that reason, compound 2 was acetylated to give 5, whose
1H NMR spectrum showed clearly H-1 and H-3 protons at
different chemical shifts, allowing us to elucidate the relative
stereochemistry by an NOESY experiment (Fig. 3).

Indeed, the NOE correlations between H-13 at 3.42 ppm and
H-3 at 4.83 ppm and this in turn to Me-18 at 1.14 ppm,
proved that those protons are on the same face of the mole-
cule. On the other hand, NOE correlations between H-1 at
3.39 ppm and H-14 at 4.63 ppm and this in turn to Me-20
at 1.01 ppm in the NOESY of 5, confirmed the relative con-
figurations of these positions. With those last assignments
and with the final structure in hand, we have named com-
pound 2 as 4-epijeunicin.

The molecular formula C20H30O4 was established for com-
pound 3 from its HRFABMS corresponding to the pseudo-
molecular ion [M+Na]+ at m/z 357.2030. The 1H and
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Figure 3. Acetylation of 2 and selected NOESY correlations in compound 5.
13C NMR spectra of 3 confirmed the presence of an a-methyl-
ene-g-lactone group and a trisubstitued double bond as in 1.
The 13C NMR signals at dc 58.4 (s) and 59.7 (d) suggested
the presence of an epoxide group, which also was confirmed
by the proton chemical shift at dH 3.07. Comparison of
the NMR data of compound 3 with those of other epoxy-
containing cembranes, showed a similar planar structure to
eupalmerin,9 its isomers 12-epieupalmerin acetate10 and
12,13-bisepieupalmerin.11 The high field resonance of the
Me-19 signal in the 13C NMR spectra of 3 (d 15.1 ppm) in-
dicated the E geometry of the double bond D7. The relative
stereochemistries of the epoxide group at C-3 and C-4 and
the cis ring fusion at C-1 and C-14 in compound 3 were
deduced by comparison of its spectroscopic data to those
of cembranoid analogues. Nevertheless, the major differ-
ences between these compounds in the 1H and 13C NMR
spectra were observed at the C-12 and C-13 positions and
Me-20. The coupling constant of 6.8 Hz between H-13 and
H-14 was indicative of an anti configuration between these
protons as that occurring in 12,13-bisepieupalmerin, which
shows a J value of 10.0 Hz. However, eupalmerin and
12-epieupalmerin acetate having a syn configuration be-
tween these protons showed very small coupling constants
(J<1 Hz). Finally, the relative configuration of the remain-
ing chiral center at C-12 was deduced by comparison of
the NMR data of compound 3 to those of 12,13-bisepieupal-
merin showing that they have the same relative stereochem-
istry at all centers except at C-12 (Table 1).

This was confirmed when compound 3 was transformed to
compound 1 under acidic conditions (TsOH, benzene) via
transannular back-side attack of the C-13 hydroxyl group
at C-3 of the epoxide. Thus, we named this as 13-epieupal-
merin with the structure as shown in 3.

2.2. Biogenetic studies

To elucidate the metabolic origin of the terpenes isolated in
this study, several incubations with 3H-labeled metabolites
Table 1. 13C NMR and DEPT data for 1–3 and 5–9 (CDCl3)

Position 1 2 3 5 6 7 8 9

1 38.3 d 38.3 d 40.3 d 38.2 d 37.9 d 38.9 d 38.9 d 39.4 d
2 25.3 t 36.5 t 29.2 t — 25.6 t 27.4 t 27.1 t 31.0 t
3 76.7 d 74.2 d 59.7 d 78.8 d 79.0 d 80.3 d 77.5 d 60.4 d
4 73.4 s 80.0 s 58.4 s 75.2 s 73.8 s 84.1 s 86.6 s 57.4 s
5 39.0 t 32.1 t 38.7 t 28.9 t 37.5 t 29.7 t 28.9 t 35.7 t
6 20.1 t 23.7 t 23.3 d 23.5 d 35.9 t 26.0 ta 36.3 t 24.7 t
7 128.3 d 126.4 d 124.2 d 126.6 d 65.2 d 85.3 d 91.5 s 62.3 d
8 130.9 s 134.7 s 135.7 s 138.6 s 61.1 s 35.2 d 213.2 s 62.6 s
9 36.7 t 40.3 t 36.7 t 40.4 t 36.7 t 25.9 ta 32.8 t 36.0 t
10 29.4 t 33.6 t 29.6 t 29.7 t 20.2 t 32.0 t 19.4 t 23.6 t
11 21.6 d 21.5 d 23.3 t 21.4 t 29.8 t 38.9 t 35.4 t 31.2 t
12 36.1 d 35.5 d 36.7 d 36.8 d 36.1 d 33.9 d 34.7 d 36.5 d
13 79.6 d 75.0 d 79.4 d 74.7 d 81.7 d 84.6 d 82.1 d 67.1 d
14 76.7 d 79.2 d 79.4 d 79.2 d 76.7 d 75.6 d 76.2 d 77.9 d
15 169.9 s 169.9 s 170.4 s 169.8 s 170.3 s 170.0 s 169.9 s 170.3 s
16 137.0 s 139.6 s 137.6 s 134.8 s 136.9 s 137.0 s 136.6 s 137.3 s
17 121.2 t 121.9 t 122.3 t 122.6 t 121.8 t 120.9 t 121.1 t 124.7 t
18 24.6 q 21.5 q 16.4 q 21.1 q 16.1 q 25.9 qa 24.2 q 15.7 qa

19 15.9 q 16.3 q 15.1 q 16.3 q 23.0 q 20.1 q 26.1 q 15.6 qa

20 14.8 q 14.2 q 14.6 q 14.2 q 14.7 q 17.1 q 16.6 q 14.0 q
OCOCH3 170.4 s
OCOCH3 23.3 q

a Interchangeable signals.
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were performed using a cell-free extract of the gorgonian
E. mammosa. We postulated that compound 3 would be the
precursor of the ether-bridged terpene 1. To test this hypo-
thesis, the cell-free extract was incubated with 3H-GGPP
and the specific activity of the recovered terpenes (1–3)
was measured. Biosynthetic intermediates early in a pathway
have higher specific activity than those produced in sub-
sequent steps. Thus, following an incubation of the cell-
free extract for 24 h the quenched mixture was lyophilized
and extracted with methanol. Partitioning of the methanol
extract by our standard procedure gave a methylene chloride
fraction. Purification of this fraction by RP-HPLC using
20% H2O/MeOH yielded three radioactive compounds,
which were identified as cembranes 1–3 by comparison of
HPLC retention times with those of authentic samples. In
order to assure that the observed radioactivity was due to
these cembranes rather than unknown contaminants, com-
pounds 1–3 were re-injected on HPLC, and a 25% aliquot
of each of these cembranes was analyzed by a scintillation
counter. Fractions collected prior to and following each of
the cembrane peaks were at approximately background
levels, indicating that the observed radioactivity was due
to the cembranes. The recovered radioactivities and specific
activities are summarized in Table 2.

Cembrane 3 has a significantly higher specific activity than 1
providing support for the proposed role of 3 as a precursor to
the ether-bridged 1 as described in Figure 4. In addition to
compounds 1–3, euniolide (4) was also isolated from our
extract of E. mammosa suggesting that cembrane 3 is derived
from euniolide. The ether bridge of 1 is then derived from
3 by the attack of the hydroxyl substituent at the tertiary
epoxide carbon. This biosynthetic proposal is further

Table 2. Radioactivity recovered from incubation with 1 mCi [C1–3H]-
GGPP

Compound Recovered radioactivity (dpm) Specific activity (dpm/mg)

1 11,280 9400
2 14,880 14,880
3 12,400 68,900
supported by the biomimetic transformation of 3 to 1.
Specifically, as it was mentioned before, compound 1 was
generated from 3 by treatment with p-toluenesulfonic acid.

2.3. Chemical transformations

With the aim of identifying structure–cytotoxicity activity
relationships of this class of terpene, we synthesized new
analogues of cembranolides 1–3 using simple functional
group interconversions in a concise fashion. The complete
structural assignment of all the synthetic cembranoid ana-
logues was accomplished on the basis of comprehensive
1D and 2D NMR and MS experiments.

2.3.1. Transformations of 12-epieunicin (1). Several at-
tempts of structural modification on the major compound
isolated from this gorgonian, 12-epieunicin (1), were per-
formed (Fig. 5). Epoxidation of the D7 double bond of 1
was achieved with m-CPBA in benzene at room temperature
to afford, after reversed-phase HPLC separation, the new ep-
oxide cembrane 6. The (+)-HRESIMS data of the [M+Na]+

pseudomolecular ion at m/z 373.1991 of 6 allowed us to
determine its molecular formula as C20H30O5. The differ-
ence of its atom composition in relation to that of 1 by one
oxygen along with the carbon signals at 65.2 ppm (C-7)
and 61.1 ppm (C-8) in the 13C NMR spectrum, established
the presence of an additional epoxide group in compound
6 instead of the D7 double bond of 1. Furthermore, the occur-
rence of a proton signal at 2.94 ppm in the 1H NMR spec-
trum confirmed the trisubstituted epoxide function. The
C-7S*, C-8S* (a) relative stereochemistry of this epoxide
group was recognized by comparison of the 13C NMR chem-
ical shift values for C-7 and C-8 in 6 to those of a-(7S,8S)-
epoxyeunicin (66.8 and 61.2 ppm, respectively) versus
b-(7R,8R)-epoxyeunicin (60.5 and 59.8 ppm, respectively),
obtained from epoxidation of euinicin.12

Treatment of compound 1 with iodine in CH2Cl2 at room
temperature for 3 h, led to a complex product mixture
from which could be isolated compounds 7 and 8 using
a HPLC reversed-phase column. The (+)-HRESIMS data
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of the [M+Na]+ pseudomolecular ion at 377.2045 of com-
pound 7 suggested the molecular formula of C20H30O4 and
six degrees of unsaturation. The structure of 7 presented
an oxa-bridge function at the C-4/C-7 position, which was
deduced from a standard gHMBC experiment. This new
furanether 7 showed the same planar structure as inolides-
A and B, obtained by others from the reaction of 12,13-bis-
epieupalmerin with iodine.12 A combination of NOESY
spectra and comparison of the NMR data of 7 to those of
the synthetic analogues inolides-A and B, allowed us to
establish the relative configuration of compound 7. Thus,
the NOE correlation between the Me-18 and H-7 indicated
that they are on the same face of the molecule, assigned
arbitrarily as b. Comparison of the 13C and 1H NMR spectral
data of the C-3 to C-10 fragment of compound 7 to those of
inolides-A and B allowed us to established the a disposition
of the Me-20, which was very close to those of inolide-B.12

Consequently, compound 7 was named as 12-epiinolide-B.

The structure of compound 8 was deduced from its 1D/2D
NMR spectra and MS. Comparison of the 13C NMR data of
compound 8 to those of 1 indicated the major differences in
the C-4/C-11 fragment. The carbon signal in the 13C NMR
of 8 at 213.2 ppm indicated the presence of a ketone function-
ality, which showed HMBC correlations to the H-6 proton at
1.96 ppm, to the H-9 protons at 1.83 ppm, and to the Me-19 at
2.20 ppm. On the other hand, HMBC correlations were
observed from the H-5 proton at 1.52 ppm, the H2-6 protons
at 1.96/1.85 ppm, and H-9 protons at 1.83 ppm to the quater-
nary carbon at 91.5 ppm (C-7). Furthermore, the H2-5
protons at 2.37 and 1.52 ppm also showed correlations to
C-4 at 86.6 ppm and to Me-18 carbon at 24.2 ppm whose
protons at 1.26 ppm were in turn HMBC correlated to C-3
carbon at 77.5 ppm. Finally, the H-6 proton at 1.85 ppm dis-
played a HMBC correlation to the C-9 carbon at 32.8 ppm
(see Fig. 5). All of these correlations were in agreement
with the presence of a five-membered cyclic ether bearing a
methyl ketone group linked to the quaternary carbon at
91.5 ppm. The (+)-HRESIMS data for 8, which showed the
[M+H]+ pseudomolecular ion at 349.2011 corresponding to
the molecular formula C20H28O5, confirmed the seven de-
grees of unsaturation present in the molecule. The lack of
NOE correlations for the Me-19 precluded the determination
of the relative stereochemistry of the chiral center at C-7.

2.3.2. Transformations of 13-epieupalmerin (3). Conver-
sion of 3 to diepoxide 9 was performed with m-CPBA in
benzene at room temperature in 36% yield after separation
by HPLC. The molecular formula C20H30O5 of 9 was ob-
tained by the (+)-HRESIMS data of the [M+Na]+ pseudo-
molecular ion at 373.1994. In a similar way as that occurs
with the epoxidation of 12,13-bisepieupalmerin,4 only one
diastereoisomer was detected. The relative configuration of
the additional epoxide group at C-7/C-8 position was deter-
mined by comparison of the NMR data of compound 9 with
those reported for 12,13-bisepieupalmerin epoxide, isolated
from E. succinea,13 which is epimeric at C-12. Finally, 3 was
also transformed to compound 1 by treatment with p-tolu-
enesulfonic acid in benzene (Fig. 6).

2.4. Biological studies

All these novel cembranes were studied in vitro with A549
(human lung carcinoma), H116 (human colon carcinoma),
PSN1 (human pancreatic adrenocarcinoma), and T98G
(human caucasian glioblastoma) tumor cells. The results, ex-
pressed as IC50 values in mg/mL, are displayed in Table 3.
Most of the compounds showed moderate to strong cyto-
toxicity with the diepoxide 9 the most active and selective

O O

OH

O

O

3

9

TsOH
Benzene

m-CPBA

1

Figure 6. Chemical transformations of 3.

Table 3. In vitro antitumor activities (IC50 in mg/mL) of the natural cem-
branes and their synthetic analogues

Compound A-549 H116 PSN1 T98G

1 10 10 10 10 
2 10 10 10 >10 
3 1 5 5 0.5 
5 5 5 5 >10 
6 >10 10 >10 >10 
7 5 1 1 5 
8 10 5 5 >10 
9 0.5 0.5 0.5 5 
O

O O
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Figure 5. Chemical transformations of 1 and key HMBC correlations found in 8.
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against A-549, H116, and PSN1. It is noteworthy that the
synthetic analogues (e.g., 7 and 9) displayed greater potency
than the parent natural products. The introduction of cyclic
ether linkages across the cembrane skeleton results in an
enhancement of cytotoxic activity. Thus, compound 7 is 10
times more active against H116 and PSN1 tumor cells than
1 (IC50¼10 mg/mL in 1 to IC50¼1 mg/mL in 7). Further-
more, the cytotoxic activity present in compound 3 was sig-
nificantly enhanced by the introduction of an extra epoxide
functionality in compound 9 against H116 and PSN1
(IC50¼5 mg/mL in 3 to IC50¼0.5 mg/mL in 9). These results
corroborated the assessment that analogues of this series
appear to be attractive targets for the development of anti-
tumor agents.

3. Experimental

3.1. General methods

NMR spectra were recorded at 500/125 MHz (1H/13C),
Bruker AVANCE 500; 200/50 MHz (1H/13C), Bruker AC-
200 NMR spectrometer in CDCl3. Carbon multiplicities
were determined using DEPT-135 and DEPT-90 sequences.
Atom connectivities were determined using gradient edited
HSQC, HMBC, and DQCOSY experiments. Gradient
NOESY experiments were carried out using a mixing time
of 0.8 s and HSQC–TOCSY was run using a mixing time of
60 ms. (+)-LRAPCIMS and (+)-LRESIMS were measured on
ThermoQuest Navigator spectrometer while (+)-HRESIMS
were measured on VG Autospec and Bruker spectrometers.
Optical rotations were determined on a JASCO DIP-1000
with an Hg lamp at 590 nm. Semipreparative HPLC was per-
formed using Sharlau Nucleosil C18 column (300�8 mm)
with RI detection.

3.2. Biological material

Specimens of E. mammosa were collected using SCUBA on
Sweetings Cay in the Bahamas during the 1999 and 2000
FAU expeditions. Voucher samples are deposited at the
Departamento de Quı́mica Fundamental, Universidade de
A Coru~na, under reference UDC 9951 and UDC 00EM.

3.3. Extraction and isolation

Specimens of the gorgonian collected in 1999 (337 g) were
homogenized in MeOH (3�2.5 L), and the solvent was
evaporated under reduced pressure. The crude extract was
partitioned between CH2Cl2 and H2O (1/1). The fraction
soluble in CH2Cl2 was evaporated under pressure and parti-
tioned between 10% aqueous MeOH (400 mL) and hexane
(2�400 mL). Water was added to the polar fraction until
the mixture became 50% in aqueous MeOH and then was
extracted with CH2Cl2 (3�400 mL). The viscous oil
(8.3 g) obtained from the CH2Cl2 fraction was submitted
repeatedly to flash column chromatography (eluting with
hexane/acetone mixtures of increasing polarity) to give
several fractions. Fraction eluted with 15% acetone/hexane
gave 505 mg of compound 1. A second fraction eluted with
15–20% acetone/hexane (3 g) was separated by reversed-
phase HPLC eluting with MeOH/H2O (8/2) to obtain
22.4 mg of compound 3, 11.3 mg of 2, and 26.2 mg of 1.
Specimens of the gorgonian collected in 2000 (350 g) were
homogenized in MeOH (3�2.5 L), and the solvent was
evaporated under reduced pressure. The crude extract was
partitioned between 10% aqueous MeOH (400 mL) and
hexane (2�400 mL) to give, after evaporation under pres-
sure, 12.2 g of the hexane fraction. A portion of this fraction
(500 mg) was submitted to flash column chromatography
(eluting with hexane/acetone mixtures of increasing polar-
ity) to give 2.8 mg of eunolide (4).

3.3.1. 12-epiEunicin (1). Amorphous white solid. [a]D

�11.5 (c 1.20, CHCl3). 1H NMR (200 MHz, CDCl3, dH

ppm): 6.38 (1H, d, J¼3.4 Hz, H-17a); 5.60 (1H, d,
J¼3.4 Hz, H-17b); 5.10 (1H, dd, J¼5.9 and 9.3 Hz, H-7);
4.38 (1H, dd, J¼8.0 and 8.9 Hz, H-14); 3.37 (1H, m, H-1);
3.20 (1H, dd, J¼3.7 and 10.0 Hz, H-3); 2.79 (1H, t,
J¼8.9 Hz, H-13); 2.11 (2H, m, H-2); 1.58 (3H, s, H-19);
1.15 (3H, s, H-18); 0.99 (3H, d, J¼6.8 Hz, H-20). 13C
NMR see Table 1. (+)-HR-ESIMS: m/z 357.2044 [M+Na]+

(calcd for C20H30O4Na, 357.2036). (+)-LR-APCIMS m/z:
335 [M+H]+, 357 [M+Na]+.

3.3.2. 4-epiJeunicin (2). Amorphous colorless oil. [a]D

�50.3 (c 0.53, CHCl3). 1H NMR (200 MHz, CDCl3, dH

ppm): 6.30 (1H, d, J¼2.9 Hz, H-17); 5.61 (1H, d,
J¼2.9 Hz, H-170); 5.23 (1H, dd, J¼5.6 and 7.5 Hz, H-7);
4.59 (1H, dd, J¼8.8 and 10.0 Hz, H-14); 3.57 (2H, m, H-1
and H-3); 3.38 (1H, dd, J¼1.2 and 10.0 Hz, H-13); 1.68
(1H, m, H-12); 1.64 (3H, br s, H-19); 1.21 (3H, s, H-18);
0.97 (3H, d, J¼7.3 Hz, H-20). 13C NMR see Table 1. (+)-HR-
ESIMS: m/z 357.2040 [M+Na]+ (calcd for C20H30O4Na,
357.2036). (+)-LR-APCIMS m/z: 335 [M+H]+, 357
[M+Na]+, 317 [M+H�H2O]+.

3.3.3. 13-epiEupalmerin (3). Amorphous colorless oil. [a]D

+15.8 (c 0.12, CHCl3). 1H NMR (200 MHz, CDCl3, dH

ppm): 6.33 (1H, d, J¼2.4 Hz, H-17a); 5.82 (1H, d,
J¼2.4 Hz, H-17b); 5.18 (1H, dd, J¼5.9 and 8.3 Hz, H-7);
4.56 (1H, t, J¼6.8 Hz, H-14); 3.80 (1H, br t, J¼5.2 Hz,
H-13); 3.46 (1H, m, H-1); 3.07 (1H, br d, J¼7.8 Hz, H-3);
1.58 (3H, s, H-19); 1.31 (3H, s, H-18); 1.02 (3H, d,
J¼6.8 Hz, H-20). 13C NMR see Table 1. (+)-HR-ESIMS:
m/z 357.2030 [M+Na]+ (calcd for C20H30O4Na, 357.2036).
(+)-LR-APCIMS m/z: 335 [M+H]+, 357 [M+Na]+.

3.4. Biogenetic studies

A cell-free extract was prepared from flash frozen E. mam-
mosa (stored at �80 �C) by homogenizing in a phosphate
buffer (pH 7.7 with EDTA and b-mercaptoethanol) with
liquid nitrogen in a Waring blender. To remove cellular
debris, the homogenate was centrifuged for 15 min at
9000�g. The supernatant was centrifuged at 18,000�g for
3 h and then passed through 0.45 mm nylon membrane
filters. The cell-free extract (37 mL) was incubated with
1 mCi of 3H-GGPP and MgCl2 (7.3 mg, 1 mM) at room tem-
perature for 24 h at 200 rpm. The incubation was lyophilized
and extracted with methanol. The methanol extract was par-
titioned as before and the methylene chloride fraction was
purified by reversed-phase HPLC eluting with 20% H2O/
MeOH. Compounds 1–3 were identified in the HPLC by
comparison of retention times with those of an authentics
samples. The radioactivity of these compounds was
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determined using a scintillation counter. Compounds 1–3
were reinjected, and a small portion of each of these cem-
branes was analyzed by a scintillation counter. Fractions col-
lected prior to and following each of the cembrane peaks
were at approximately background levels, indicating that
the observed radioactivity was due to the cembranes.

3.5. Acetylation of 4-epijeunicin (2)

A solution of 4-epijeunicin (2) (5 mg, 0.015 mmol) in Ac2O
(1 mL) and Py (1 mL) was stirred vigorously at room
temperature overnight and concentrated to leave a residue
identified as compound 5 (6 mg, quantitative yield).

3.5.1. Compound 5. Amorphous colorless oil. [a]D +34.0 (c
0.09, CHCl3). 1H NMR (500 MHz, CDCl3, dH ppm): 6.36
(1H, d, J¼2.5, H-17a); 5.68 (1H, d, J¼2.5 Hz, H-17b);
5.24 (1H, dd, J¼5.7 and 7.1 Hz, H-7); 4.83 (1H, d,
J¼7.4 Hz, H-3); 4.63 (1H, dd, J¼8.6 and 10.1 Hz, H-14);
3.42 (1H, d, J¼10.1 Hz, H-13); 3.39 (1H, m, H-1); 2.17
(3H, s, OAc); 1.65 (3H, br s, H-19); 1.14 (3H, s, H-18);
1.01 (3H, d, J¼7.1 Hz, H-20). 13C NMR see Table 1. (+)-LR-
ESIMS m/z (rel int.): 415 [M+K]+ (35), 399 [M+Na]+ (100).

3.6. Reaction of 12-epieunicin (1) with m-chloroper-
benzoic acid

A solution of 12-epieunicin (1) (100 mg, 0.299 mmol) in dry
benzene (15 mL) was stirred vigorously with m-CPBA
(67 mg, 0.39 mmol) at room temperature for 4 h and concen-
trated to afford a residue (112 mg) that was purified by
reverse-phase HPLC (Sharlau C18, elution with MeOH/
H2O 65/35) to give compound 6 (11 mg, 11%).

3.6.1. Compound 6. Amorphous colorless oil. [a]D +141
(c 0.08, MeOH). 1H NMR (500 MHz, CDCl3, dH ppm):
6.40 (1H, d, J¼2.9 Hz, H-17); 5.64 (1H, d, J¼2.9 Hz,
H-170); 4.41 (1H, t, J¼8.3 Hz, H-14); 3.38 (1H, m, H-1);
3.30 (1H, dd, J¼4.5 and 9.1 Hz, H-3); 2.94 (1H, dd, J¼1.2
and 9.3 Hz, H-7); 2.83 (1H, t, J¼9.2 Hz, H-13); 2.05
(2H, m, H-2); 1.26 (3H, s, H-18); 1.26 (3H, s, H-19); 1.02
(3H, d, J¼7.0 Hz, H-20). 13C NMR see Table 1. (+)-HR-
ESIMS m/z 373.1991 [M+Na]+ (calcd for C20H30O5Na,
373.1990).

3.7. Reaction of 12-epieunicin (1) with iodine

A solution of iodine (49.2 mg, 0.196 mmol, 1.07 equiv) in
Cl2CH2 (4 mL) was added drop wise over 3 min to a magnet-
ically stirred solution of 1 (60 mg, 0.18 mmol) in Cl2CH2

(10 mL) and was stirred at room temperature for 3 h, con-
centrated and the resulting oil (108 mg) was purified by
means of reverse-phase HPLC (Sharlau C18, elution with
MeOH/H2O 75/25) to give 7 (8 mg, 13%) and 8 (4 mg, 6%).

3.7.1. Compound 7. Amorphous colorless oil. [a]D +91
(c 0.11, MeOH). 1H NMR (500 MHz, CDCl3, dH ppm):
6.39 (1H, d, J¼3.5 Hz, H-17a); 5.54 (1H, d, J¼3.5 Hz,
H-17b); 4.52 (1H, dd, J¼7.9 and 9.6 Hz, H-14); 4.17 (1H,
m, H-7); 3.41 (1H, m, H-1); 3.22 (1H, dd, J¼2.4 and
11.8 Hz, H-3); 2.68 (1H, dd, J¼8.3 and 9.5 Hz, H-13);
1.18 (3H, s, H-18); 1.00 (3H, d, J¼7.2 Hz, H-20); 0.78
(3H, d, J¼7.3 Hz, H-19). 13C NMR see Table 1. (+)-HR-
ESIMS m/z 357.2045 [M+Na]+ (calcd for C20H30O4Na,
357.2036).

3.7.2. Compound 8. Amorphous colorless oil. [a]D +34
(c 0.13, MeOH). 1H NMR (500 MHz, CDCl3, dH ppm):
6.43 (1H, d, J¼3.6 Hz, H-17a); 5.58 (1H, d, J¼3.6 Hz,
H-17b); 4.46 (1H, t, J¼8.5 Hz, H-14); 3.43 (1H, m, H-1);
3.29 (1H, dd, J¼2.0 and 12.3 Hz, H-3); 2.88 (1H, t,
J¼9.1 Hz, H-13); 2.37 (1H, ddd, J¼8.4, 11.9 and 11.9 Hz,
H-5); 2.20 (3H, s, H-19); 2.00 (1H, m, H-2); 1.96 (1H, m,
H-6); 1.89 (1H, m, H-12); 1.85 (1H, m, H-60); 1.83 (2H,
m, H-9); 1.80 (1H, m, H-20); 1.60 (2H, m, H-10 and
H-11); 1.52 (1H, dd, J¼8.4 and 11.9 Hz, H-50); 1.26
(3H, s, H-18); 1.22 (1H, m, H-100); 0.99 (3H, d, J¼7.0 Hz,
H-20). 13C NMR see Table 1. (+)-HR-ESIMS: 349.2011
[M+H]+ (calcd for C20H29O5, 349.2010).

3.8. Reaction of 13-epieupalmerin (3) with m-chloro-
perbenzoic acid

A solution of 3 (20 mg, 0.05 mmol) in dry benzene (3 mL)
was stirred vigorously with m-CPBA (17 mg, 0.099 mmol,
1.3 mequiv) at room temperature for 4.5 h. Following it
was concentrated to leave a residue that was purified by
means of reverse-phase HPLC (Sharlau C18, elution
MeOH/H2O 65/35) to give 9 (6.3 mg, 36%).

3.8.1. Compound 9. Amorphous colorless oil. [a]D +21
(c 0.03, MeOH). 1H NMR (500 MHz, CDCl3, dH ppm):
6.47 (1H, d, J¼1.4 Hz, H-17a); 5.84 (1H, d, J¼1.4 Hz,
H-17b); 4.41 (1H, m, H-14); 3.98 (1H, d, J¼9.3 Hz,
H-13); 3.45 (1H, ddd, J¼1.9, 12.2 and 12.2 Hz, H-1); 2.76
(1H, dd, J¼3.3 and 10.9 Hz, H-7); 2.73 (1H, m, H-2); 2.71
(1H, br s, H-3); 1.99 (1H, m, H-12); 1.67 (1H, m, H-20);
1.33 (1H, s, H-18); 1.27 (1H, s, H-19); 1.09 (1H, d,
J¼6.8 Hz, H-20). 13C see Tables 1 and 2. (+)-HR-ESIMS
m/z 373.1994 [M+H]+ (calcd for C20H30O5Na, 373.1985).

3.9. Reaction of 13-epieupalmerin (3) with p-toluene-
sulfonic acid hydrate

A solution of compound 3 (1.3 mg, 0.003 mmol) in dry
benzene (0.3 mL) was stirred vigorously with p-toluenesul-
fonic acid hydrate (0.022 mg, 0.0001 mmol, 0.03 mequiv) at
room temperature for 24 h. Then, the reaction product was
concentrated. The identification of compound 1 in the reac-
tion products was carried out with analytical Hypersil� Elite
C18, 150�4.6 mm 5m, reverse-phase HPLC using MeOH/
H2O 75/25 as the mobile phase with a flow of 0.7 mL/min
by comparison of the retention time (10.5 min) and co-injec-
tion with compound 1.
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Abstract—The domino, Michael–retro-Michael–aldol, reaction of 2,4-bis(trimethylsilyloxy)penta-1,3-diene with 3-formylchromones
afforded 4-(2-hydroxybenzoyl)-2-acetylphenols, which were transformed into 6-(2-hydroxybenzoyl)chromones. The Me3SiOTf-mediated
condensation of the latter with 1,3-bis(silyl enol ethers) and subsequent domino ‘retro-Michael–aldol–lactonization’ reaction afforded
7-hydroxy-2-(2-hydroxybenzoyl)benzo[c]chromen-6-ones.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Functionalized 6H-benzo[c]chromen-6-ones (dibenzo[b,d]-
pyran-6-ones) occur in a number of pharmacologically
active natural products, such as autumnariol,1a autumnari-
niol,1b alternariol1c or altenuisol,1d and are specific inhibi-
tors of the growth of endothelic cells2a and oestrogen
receptors.2b Dibenzo[c,d]chromen-6-ones are present in
various natural antibiotics and antitumour agents, such as
the gilvocarcins, chrysomycins and ravidomycins.3 The re-
lated ellagic and coruleoellagic acids are found in plants.4

Functionalized benzophenones also occur in a variety of
natural products and represent important core structures
for the development of pharmaceuticals.5 For example, the
benzophenone phenstatin was discovered as an antitubulin
agent (microtubules represent an important target for anti-
cancer therapy).6 Recently, Hsieh and co-workers reported
that cytotoxic 2-hydroxy- and 2-aminobenzophenones
represent potent antitubulin agents.7

1,3-Bis(silyl enol ethers) represent d4 synthons and can be
regarded as electroneutral equivalents of 1,3-dicarbonyl
dianions.8 In recent years, we have developed a number of
domino reactions of 1,3-bis(silyl enol ethers) with pyrylium
salts. For example, the Me3SiOTf-mediated reaction of
3-formylchromones with 1,3-bis(silyl enol ethers) allows

Keywords: Chromones; Cyclizations; Domino reactions; Oxygen hetero-
cycles; Silyl enol ethers.
* Corresponding author. Tel.: +49 381 4986410; fax: +49 381 4986412;

e-mail: peter.langer@uni-rostock.de
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.029
the synthesis of 4-(2-hydroxybenzoyl)phenols.9 The
Me3SiOTf-mediated reaction of 1,3-bis(silyl enol ethers)
with chromones provides a facile access to 6H-benzo[c]-
chromen-6-ones.10 Herein, we report the combination of
these two domino reactions based on sequential use of
1,3-bis(silyl enol ethers) at two stages of the synthesis.
This strategy allows a convenient synthesis of 7-hydroxy-
2-(2-hydroxybenzoyl)benzo[c]chromen-6-ones, which com-
bine the structural features of 6H-benzo[c]chromen-6-ones
and 4-(2-hydroxybenzoyl)phenols.

2. Results and discussion

The reaction of 1,3-bis(silyl enol ether) 2 with 3-formyl-
chromones 1a–c afforded the 4-(2-hydroxybenzoyl)phenols
3a–c (Scheme 1, Table 1). The syntheses of 3a9b and
3b,c11 have been previously reported. The formation of
the products can be explained by a domino ‘Michael–
retro-Michael–Aldol’ reaction. Compounds 3a–c were trans-
formed into the novel chromones 4a–c by treatment with
triethyl orthoformate and perchloric acid.12 The Me3SiOTf-
mediated condensation of 4a–c with 1,3-bis(silyl enol
ethers) 5a–d gave the 2,3-dihydrobenzopyrans 6a–e, which
were transformed—by treatment with NEt3—into the novel
7-hydroxy-2-(2-hydroxybenzoyl)benzo[c]chromen-6-ones
7a–e. The formation of these products proceeds by a domino
‘retro-Michael–aldol–lactonization’ reaction.10 Notably,
the reaction of 4 with 5 generally afforded the 2,3-dihydro-
pyrans 6 together with a small amount of 7. Therefore, a
mixture of these two compounds was separated from polar

mailto:peter.langer@uni-rostock.de
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side-products by chromatography and subsequently treated
with NEt3. Notably, the use of hydroxyl protective groups
was not required for the transformation of 4a–c into 7a–e.
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Scheme 1. Synthesis of 7-hydroxy-2-(2-hydroxybenzoyl)benzo[c]chro-
men-6-ones 7a–e: (i) (1) Me3SiOTf (0.3 equiv), 0 �C; (2) CH2Cl2, then 2,
0/20 �C, 12 h; (ii) HC(OEt)3, HClO4 (70%), 0/20 �C, 12–20 h; (iii)
(1) Me3SiOTf (1.3 equiv), 0 �C, 1 h; (2) CH2Cl2, then 5a–d (1.3 equiv),
12 h; (3) HCl (10%); (iv) NEt3, EtOH, 12 h, 20 �C.

The core structure of the products 7 contains 20 carbon
atoms out of which 9 carbons are derived from the two
1,3-bis(silyl enol ethers), 10 carbons from the 3-formyl-
chromone and 1 carbon from the orthoformate.

Table 1. Products and yields

R1 R2 R3 3 (%)a 4 (%)a 7 (%)a

a H H Et 43 52 48
b Cl H Me 25 65 70
c Me H Me 29 58 51
d H Me Et 43 52 41
e H Et Me 43 52 23

a Yields of isolated products.
In conclusion, the combination of the Me3SiOTf-mediated
domino Michael–retro-Michael–aldol reaction of 1,3-bis-
(silyl enol ethers) with 3-formylchromones with the domino
‘retro-Michael–aldol–lactonization’ reaction of 1,3-bis(silyl
enol ethers) with chromones allowed an efficient synthesis
of 7-hydroxy-2-(2-hydroxybenzoyl)benzo[c]chromen-6-ones.
These products combine the structural features of 6H-
benzo[c]chromen-6-ones and 4-(2-hydroxybenzoyl)phenols.

3. Experimental

3.1. General comments

All solvents were dried by standard methods and all reac-
tions were carried out under an inert atmosphere. For 1H
and 13C NMR spectra the deuterated solvents indicated
were used. Mass spectrometric data (MS) were obtained
by electron ionization (EI, 70 eV), chemical ionization
(CI, H2O) or electrospray ionization (ESI). For preparative
scale chromatography, silica gel (60–200 mesh) was used.
The melting points are corrected.

3.2. General procedure for the synthesis of
4-(2-hydroxybenzoyl)phenols 3a–c

To the 3-formylchromone 1 (1.0 equiv) was added
Me3SiOTf (0.3 equiv) at 20 �C. After stirring for 10 min
CH2Cl2 (8 mL) was added, the solution was cooled to 0 �C
and the 1,3-bis(silyl enol ether) (1.3 equiv) was added. The
mixture was stirred for 12 h at 20 �C and was subsequently
poured into an aqueous solution of hydrochloric acid
(10%). The organic and the aqueous layers were separated
and the latter was extracted with diethyl ether (3�80 mL).
The combined organic layers were washed with water, dried
(Na2SO4), filtered and the filtrate was concentrated in vacuo.
The residue was purified by column chromatography (silica
gel, hexane/EtOAc¼10:1/3:1).

3.2.1. 1-[2-Hydroxy-5-(2-hydroxybenzoyl)phenyl]etha-
none (3a). The synthesis of 3a has been previously
reported.9a Starting with 1a (200 mg, 1.15 mmol),
Me3SiOTf (77 mg, 0.34 mmol) and 1,3-bis(silyl enol ether)
2a (365 mg, 1.49 mmol), 3a was isolated as a colourless
solid (127 mg, 43%), mp 129 �C.

3.2.2. 1-[5-Chloro-2-hydroxybenzoyl)-2-hydroxyphenyl]-
ethanone (3b). The synthesis of 3b has been previously re-
ported.11 Starting with 1b (202 mg, 1.10 mmol), Me3SiOTf
(75 mg, 0.33 mmol) and 1,3-bis(silyl enol ether) 2a
(350 mg, 1.43 mmol), 3b was isolated as a colourless solid
(80 mg, 25%), mp 145–146 �C. 1H NMR (250 MHz,
CDCl3): d¼12.71 (s, 1H, OH), 11.64 (s, 1H, OH), 8.19 (d,
4J¼2.1 Hz, 1H, Ar), 7.85 (dd, 3J¼8.9 Hz, 4J¼2.1 Hz, 1H,
Ar), 7.54 (d, 4J¼2.4 Hz, 1H, Ar), 7.47 (dd, 3J¼8.9 Hz, 4J¼
2.4 Hz, 1H, Ar), 7.11 (d, 3J¼8.9 Hz, 1H, Ar), 7.05 (d, 3J¼
8.9 Hz, 1H, Ar), 7.05 (d, 3J¼8.9 Hz, 1H, Ar), 2.70 (s, 3H,
CH3). 13C NMR (75 MHz, CDCl3): d¼204.3 (C]O), 197.7,
165.8 (C–OH), 161.4 (CAr), 137.2, 136.1, 133.3, 131.6
(CH), 128.0, 123.5 (C), 120.3 (CH), 119.6, 119.3 (CAr),
118.8 (CH), 26.7 (CH3).
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3.2.3. 1-[(2-Hydroxy-5-methylbenzoyl)-2-hydroxyphe-
nyl]ethanone (3c). The synthesis of 3c has been previously
reported.11 Starting with 1c (433 mg, 2.64 mmol),
Me3SiOTf (179 mg, 0.79 mmol) and 1,3-bis(silyl enol ether)
2a (840 mg, 3.43 mmol), 3c was isolated as a colourless
solid (207 mg, 29%), mp 140–141 �C. 1H NMR
(300 MHz, CDCl3): d¼12.66 (s, 1H, OH), 11.58 (s, 1H,
OH), 8.19 (d, 4J¼2.1 Hz, 1H, Ar), 2.28 (s, 3H, CH3), 7.84
(dd, 3J¼8.9 Hz, 4J¼2.1 Hz, 1H, Ar), 7.31–7.37 (m, 2H,
Ar), 7.08 (d, 3J¼8.9 Hz, 1H, Ar), 6.99 (d, 3J¼8.9 Hz, 1H,
Ar), 2.68 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3):
d¼204.4 (C]O), 198.7, 165.4 (C–OH), 160.9, 137.3,
133.1, 132.4 (CH), 128.9, 127.9, 119.2 (C), 118.6, 118.4,
118.3 (CH), 26.7, 20.5 (CH3).

3.3. General procedure for the synthesis of chromones
4a–c

To a solution of 4-(2-hydroxybenzoyl)-2-acetylphenols 3
(1.0 equiv) in triethyl orthoformate (10.0 equiv) was added
perchloric acid (60%, 1.3 equiv) at 0 �C. The temperature
was allowed to rise slowly to 20 �C and the solution was
stirred for additional 12 h. The product was separated from
the solution by filtration and purified by column chromato-
graphy (silica gel, n-heptane/EtOAc¼9:1).

3.3.1. 6-(2-Hydroxybenzoyl)chromone (4a). Starting with
3a (292 mg, 1.14 mmol), triethyl orthoformate (1.35 g,
1.49 mL, 9.08 mmol) and perchloric acid (60%, 240 mg,
0.24 mL, 1.47 mmol), 4a was isolated (158 mg, 52%)
by chromatography (silica gel, hexanes/EtOAc¼5:1) as a
yellow solid, mp 172 �C. 1H NMR (DMSO-d6, 300 MHz):
d¼10.27 (s, 1H, OH), 8.36 (d, 3J¼6.2 Hz, 1H, CH), 8.27
(d, 4J¼2.2 Hz, 1H, Ar), 8.16 (dd, 3J¼8.8 Hz, 4J¼2.3 Hz,
1H, Ar), 7.78 (d, 3J¼8.6 Hz, 1H, Ar), 7.47 (m, 1H, Ar),
7.38 (dd, 3J¼7.6 Hz, 4J¼1.6 Hz, 1H, Ar), 6.98 (m, 2H,
Ar), 6.42 (d, 3J¼6.2 Hz, 1H, CH). 13C NMR (DMSO-d6,
75.5 MHz): d¼195.3, 176.1 (C]O), 158.3 (CAr), 157.4
(CHAr), 156.4, 134.3 (CAr), 133.9, 133.3, 130.2, 127.3
(CHAr), 124.8, 123.7 (CAr), 119.3, 119.2, 116.7, 112.6
(CHAr). IR (KBr, cm�1): ~n ¼ 3426 (m), 3258 (w), 3175
(w), 3086 (m), 2928 (m), 1656 (s), 1616 (s), 1481 (s),
1443 (s), 1340 (s), 1300 (s), 1247 (s), 1175 (m), 1137 (m),
1027 (w), 959 (w), 846 (m), 800 (w), 762 (m), 724 (w),
624 (w), 545 (m). UV–vis (CH3CN, nm): lmax (log 3): 338
(3.73), 305 (3.88), 242 (4.35), 216 (4.38). MS (EI, 70 eV):
m/z (%)¼266 (M+, 100), 237 (56), 221 (10), 173 (17), 145
(14), 121 (40), 93 (11), 90 (16), 66 (18). Anal. C16H10O4

(266.3) calcd: C, 72.18; H, 3.79; found: C, 71.92; H, 3.65.

3.3.2. 6-(5-Chloro-2-hydroxybenzoyl)chromone (4b).
Starting with 3b (80 mg, 0.28 mmol), triethyl orthoformate
(332 mg, 2.24 mmol) and perchloric acid (70%, 0.05 mL),
4b was isolated (54 mg, 65%) as a yellow solid; Rf 0.33
(n-heptane/EtOAc¼1:1). 1H NMR (CDCl3, 250 MHz):
d¼11.69 (s, 1H, OH), 8.50 (d, 4J¼2.4 Hz, 1H, Ar), 8.00
(dd, 3J¼8.5 Hz, 4J¼2.4 Hz, 1H, Ar), 7.92 (d, 3J¼6.1 Hz,
1H, ]CH), 7.63 (d, 3J¼8.5 Hz, 1H, Ar), 7.51–7.46 (m,
2H, Ar), 7.06 (d, 3J¼8.5 Hz, 1H, Ar), 6.42 (d, 3J¼6.1 Hz,
1H, ]CH). 13C NMR (CDCl3, 63 MHz): d¼198.6, 176.6
(C]O), 161.7, 158.4 (CAr–O), 155.5, 136.7 (CHAr), 134.1
(CAr), 133.8, 131.9, 127.6 (CHAr), 124.4 (CAr), 123.7 (CAr),
120.3 (CHAr), 119.5 (CAr), 119.3 (CHAr), 113.6 (CHAr).
MS (EI, 70 eV): m/z (%)¼302 (M+, 37Cl, 32), 300 (M+,
35Cl, 100), 271 (71), 222 (10), 173 (28), 154 (23). HRMS
(EI, 70 eV): calcd for C16H9ClO4 (M+): 300.01705; found:
300.01839.

3.3.3. 6-(2-Hydroxy-5-methylbenzoyl)chromone (4c).
Starting with 3c (207 mg, 0.81 mmol), triethyl orthoformate
(960 mg, 6.48 mmol) and perchloric acid (70%, 0.15 mL),
4c was isolated (132 mg, 58%) by chromatography (silica
gel, n-heptane/EtOAc) as a colourless solid; Rf 0.38 (n-hep-
tane/EtOAc¼1:1). 1H NMR (CDCl3, 250 MHz): d¼11.64 (s,
1H, OH), 8.50 (d, 4J¼2.1 Hz, 1H, Ar), 8.02 (dd, 3J¼8.5 Hz,
4J¼2.1 Hz, 1H, Ar), 7.91 (d, 3J¼6.1 Hz, 1H, ]CH), 7.61 (d,
3J¼8.5 Hz, 1H, Ar), 7.38–7.29 (m, 2H, Ar), 7.00 (d,
3J¼8.5 Hz, 1H, Ar), 6.42 (d, 3J¼6.1 Hz, 1H, ]CH), 2.25
(s, 3H, CH3). 13C NMR (CDCl3, 63 MHz): d¼199.4, 176.8
(C]O), 161.2, 158.1 (CAr–O), 155.5, 137.9 (CHAr), 134.9
(CAr), 134.0, 132.7 (CHAr), 128.2 (CAr), 127.5 (CHAr),
124.2 (CAr), 119.0 (CHAr), 118.5 (CAr), 118.4, 113.5
(CHAr), 20.5 (CH3). MS (EI, 70 eV): m/z (%)¼280.0 (M+,
100), 279.0 (83), 251.0 (45), 235.1 (12), 173.0 (14), 135.0
(28). HRMS (EI, 70 eV): calcd for C17H12O4 (M+):
280.07301; found: 280.07231.

3.4. General procedure for the synthesis of 7-hydroxy-2-
(2-hydroxybenzoyl)benzo[c]chromen-6-ones 7a–e

To chromone 4 (1.0 equiv) was added Me3SiOTf (1.3 equiv)
at 20 �C and the mixture was stirred for 1 h at 20 �C. Subse-
quently, dichloromethane (8 mL/mmol) was added and the
solution was cooled to 0 �C. The 1,3-bis(silyl enol ether) 3
(1.3 equiv) was added, the temperature was allowed to
warm slowly to 20 �C and the solution was stirred for
12 h. To the mixture was added hydrochloric acid (10%),
the organic and the aqueous layers were separated and the
latter was extracted with dichloromethane (3�50 mL). The
combined organic layers were dried (Na2SO4), filtered and
the filtrate was concentrated in vacuo. The residue was
purified by a rapid flash chromatography (silica gel, n-hep-
tane/EtOAc¼5:1) to remove polar side-products. The 2,3-
dihydrobenzopyran 6 (together with some amount of 7)
was dissolved in dry ethanol (10 mL/mmol), triethylamine
(3.0 equiv) was added and the solution was stirred for 12 h
at 20 �C. To the solution was added hydrochloric acid
(10%) and diethyl ether. After stirring for 30 min, the
organic and the aqueous layers were separated and the latter
was extracted with diethyl ether (3�80 mL). The combined
organic layers were dried (Na2SO4), filtered and the filtrate
was concentrated in vacuo. The residue was purified by chro-
matography (silica gel, n-heptane/EtOAc¼20:1) to give the
product 7.

3.4.1. 7-Hydroxy-2-(2-hydroxybenzoyl)benzo[c]chro-
men-6-one (7a). Starting with 4a (252 mg, 0.95 mmol),
Me3SiOTf (274 mg, 0.22 mL, 1.24 mmol) and 5a (340 mg,
1.24 mmol) (first step), and triethylamine (435 mg,
4.3 mmol) and ethanol (10 mL) (second step), 7a was iso-
lated (151 mg, 48%) as a colourless solid, mp 220 �C. 1H
NMR (CDCl3, 300 MHz): d¼11.85 (s, 1H, OH), 11.24 (s,
1H, OH), 8.41 (d, 4J¼1.9 Hz, 1H, Ar), 7.83 (dd, 3J¼
8.5 Hz, 4J¼2.0 Hz, 1H, Ar), 7.77 (t, 3J¼8.1 Hz, 1H, Ar),
7.59 (m, 3H, Ar), 7.51 (d, 3J¼8.5 Hz, 1H, Ar), 7.15 (m,
2H, Ar), 6.93 (m, 1H, Ar). 13C NMR (CDCl3, 75.5 MHz):
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d¼199.7 (C]O), 164.8, 163.3, 162.6, 152.7 (CAr–O), 137.7,
136.8 (CHAr), 134.9, 134.3 (CAr), 133.1, 131.4, 125.1, 119.0
(CHAr), 118.9 (CAr), 118.8 (CHAr), 118.6 (CAr), 117.9,
117.5, 112.6 (CHAr), 106.1 (CAr). IR (KBr, cm�1):
~n ¼ 3122 (m), 3052 (m), 1683 (s), 1626 (s), 1593 (s), 1484
(m), 1447 (s), 1347 (m), 1302 (m), 1276 (s), 1243 (s),
1206 (s), 1139 (m), 1072 (m), 994 (w), 840 (w), 760 (m),
710 (m). UV–vis (CH3CN, nm): lmax (log 3): 349 (4.09),
338 (4.10), 261 (4.37), 231 (4.42), 217 (4.39). Fluorescence
(CH3CN, nm): Flmax (lEx): 485 (340). MS (EI, 70 eV): m/z
(%)¼332 (M+, 8), 256 (71), 241 (10), 212 (18), 163 (24), 148
(21), 121 (100), 105 (22), 66 (31).

3.4.2. 7-Hydroxy-2-(5-chloro-2-hydroxybenzoyl)-
[c]chromen-6-one (7b). Starting with 4b (54 mg,
0.18 mmol), Me3SiOTf (51 mg, 0.23 mmol) and 5b
(60 mg, 0.23 mmol) in CH2Cl2 (1.8 mL) (first step), and trie-
thylamine (85 mg, 0.85 mmol) in ethanol (1.5 mL) (second
step), 7b was isolated (46 mg, 70%) as a slightly yellow
solid; Rf 0.66 (n-heptane/EtOAc¼1:1). 1H NMR (CDCl3,
250 MHz): d¼11.72 (s, 1H, OH), 11.22 (s, 1H, OH), 8.40
(d, 4J¼2.1 Hz, 1H, Ar), 7.84–7.75 (m, 2H, Ar), 7.64 (d, 3J¼
8.2 Hz, 1H, Ar), 7.57–7.49 (m, 3H, Ar), 7.17 (d, 3J¼8.2 Hz,
1H, Ar), 7.09 (d, 3J¼8.2 Hz, 1H, Ar). 13C NMR (DMSO,
63 MHz): d¼193.7 (C]O) 163.6, 161.1, 154.7, 152.9
(CAr–O), 137.8 (CHAr), 134.2, 133.9, 133.7 (CAr), 132.4,
131.8, 129.1 (CHAr), 126.8 (CAr), 125.0 (CHAr), 122.8
(CAr), 118.4 (CHAr), 118.0 (CAr), 117.6, 116.8, 113.1
(CHAr). MS (EI, 70 eV): m/z (%)¼368 (M+, 37Cl, 15), 366
(M+, 35Cl, 46), 239 (13), 212 (100), 155 (17). HRMS (EI,
70 eV): calcd for C20H11CO5 (M+): 366.02895; found:
366.02788.

3.4.3. 7-Hydroxy-2-(2-hydroxy-5-methylbenzoyl)benzo-
[c]chromen-6-one (7c). Starting with 4c (130 mg,
0.46 mmol), Me3SiOTf (133 mg, 0.60 mmol), 5b (156 mg,
0.60 mmol) in CH2Cl2 (8 mL) (first step), and triethylamine
(218 mg, 2.15 mmol) in ethanol (5 mL) (second step), 7c
was isolated (80 mg, 51%) as a colourless solid, mp
213–214 �C; Rf 0.70 (n-heptane/EtOAc¼1:1). 1H NMR
(CDCl3, 250 MHz): d¼11.67 (s, 1H, OH), 11.25 (s, 1H,
OH), 8.39 (d, 4J¼2.1 Hz, 1H, Ar), 7.83–7.79 (m, 1H, Ar),
7.75 (d, 3J¼8.5 Hz, 1H, Ar), 7.63 (d, 3J¼8.9 Hz, 1H, Ar),
7.51 (d, 3J¼8.9 Hz, 1H, Ar), 7.40–7.34 (m, 2H, Ar), 7.15
(dd, 4J¼2.1 Hz, 3J¼8.5 Hz, 1H, Ar), 7.03 (d, 3J¼8.5 Hz,
1H, Ar), 2.27 (s, 3H, CH3). 13C NMR (CDCl3, 75 MHz): d¼
199.6 (C]O), 164.8, 162.6, 161.2, 152.5 (CAr–O), 137.8,
137.7 (CHAr), 135.0, 134.3, 133.2 (CAr), 132.7, 131.3
(CHAr), 128.2 (CAr), 124.9, 118.6, 118.5, 117.7 (CHAr),
117.4 (CAr), 112.5 (CHAr), 106.1 (CAr), 20.5 (CH3). IR
(KBr, cm�1): ~n ¼ 3441 (s, br), 3079 (w), 3058 (w), 2925
(m), 2855 (m), 1691 (s), 1629 (s), 1592 (s). MS (EI,
70 eV): m/z (%)¼346.0 (M+, 15), 311.0 (10), 265.0 (37),
251.0 (24), 221.0 (27), 178.0 (25), 134.0 (21). HRMS (EI,
70 eV): calcd for C21H14O5 (M+): 346.0836; found:
346.0842.

3.4.4. 7-Hydroxy-2-(2-hydroxybenzoyl)-8-(methyl)benzo-
[c]chromen-6-one (7d). Starting with 4a (360 mg,
1.35 mmol), Me3SiOTf (391 mg, 1.76 mmol) and 5c
(385 mg, 1.76 mmol) in CH2Cl2 (7 mL) (first step), and tri-
ethylamine (545 mg, 5.4 mmol) in ethanol (20 mL) (second
step), 7d was isolated (192 mg, 41%) as a slightly yellow
solid, mp 190–191 �C; Rf 0.51 (n-heptane/EtOAc¼1:1). 1H
NMR (CDCl3, 250 MHz): d¼11.87 (s, 1H, OH), 11.47 (s,
1H, OH), 8.38 (d, 4J¼2.1 Hz, 1H, Ar), 7.79 (dd,
3J¼8.5 Hz, 4J¼2.1 Hz, 1H, Ar), 7.65–7.46 (m, 5H, Ar),
7.13 (d, 3J¼8.5 Hz, 1H, Ar), 6.93 (t, 3J¼8.5 Hz, 1H, Ar),
2.38 (s, 3H, CH3). 13C NMR (CDCl3, 75 MHz): d¼199.8
(C]O), 165.2, 163.3, 160.6, 152.4 (CAr–O), 138.6, 136.7
(CHAr), 134.7, 134.1 (CAr), 133.1 (CHAr), 131.7 (CAr),
130.7 (CHAr), 127.2 (CAr), 124.7 (CHAr), 118.9 (CAr),
118.9 (CHAr), 118.7, 117.7, 111.9 (CHAr), 105.3 (CAr),
15.8 (CH3). IR (Nujol, cm�1): ~n ¼ 1685 (s), 1623 (s),
1603 (s). MS (EI, 70 eV): m/z (%)¼346 (M+, 100), 345
(35), 266 (27), 265 (25), 226 (82), 121 (44). HRMS (EI,
70 eV): calcd for C21H14O5 (M+): 346.08358; found:
346.08421.

3.4.5. 8-Ethyl-7-hydroxy-2-(2-hydroxybenzoyl)benzo[c]-
chromen-6-one (7e). Starting with 4a (267 mg, 0.5 mmol),
Me3SiOTf (145 mg, 0.65 mmol) and 5d (144 mg,
0.5 mmol) in CH2Cl2 (2.5 mL) (first step), and triethylamine
(202 mg, 2.0 mmol) and ethanol (5 mL) (second step), 7e
was isolated (40 mg, 23%) as a colourless solid, mp 160–
161 �C; Rf 0.28 (n-heptane/EtOAc¼9:1). 1H NMR
(CDCl3, 250 MHz): d¼11.86 (s, 1H, OH), 11.47 (s, 1H,
OH), 8.34 (s, 1H, Ar), 8.36 (d, 4J¼2.1 Hz, 1H, Ar), 7.78
(dd, 3J¼8.5 Hz, 4J¼2.1 Hz, 1H, Ar), 7.65–7.48 (m, 4H,
Ar), 7.12 (d, 3J¼8.5 Hz, 1H, Ar), 6.92 (m, 1H, Ar), 2.78
(q, 3J¼7.3 Hz, 2H, CH2CH3), 1.28 (t, 3J¼7.3 Hz, 3H,
CH2CH3). 13C NMR (CDCl3, 75 MHz): d¼199.8 (C]O),
165.2, 163.3, 160.3, 152.4 (CAr–O), 137.0, 136.7 (CHAr),
134.7 (CAr), 133.1 (CHAr), 133.0 (CAr), 131.6 (CAr), 130.8,
124.7 (CHAr), 118.9 (CAr), 118.9, 118.7, 117.7, 112.1
(CHAr), 105.4 (CAr), 2.9 (CH2CH3), 13.5 (CH2CH3). MS
(EI, 70 eV): m/z (%)¼360 (M+, 100), 345 (98), 240 (49),
225 (56), 121 (38). HRMS (EI, 70 eV): calcd for
C22H16O5 (M+): 360.0980; found: 360.0992.
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Abstract—A new transition metal-catalyzed formation of CF3-substituted a,b-unsaturated alkenes through the ylide intermediate from the
reaction between methyl 3,3,3-trifluoro-2-diazopropionate 1 and aryl aldehydes has been developed. Further transformation of the alkene
affords the a-trifluoromethyl substituted b-amino ester, a valuable intermediate in the synthesis of fluorine-containing amino acids with
potential biological application.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

It is well documented that the replacement of hydrogen with
fluorine in organic molecules can make a profound and un-
expected influence on the physical and biological properties
of organic compounds.1 Much attention has been directed to-
ward the fluoro substitution during the last decade.2 What is
more, due to the unique physical and biological properties
impacted by the CF3 group, trifluoromethylation is an ongo-
ing area of research. Thus, the preparation of trifluoromethyl
containing molecules has been of great interest not only to
biochemists and medicinal chemists, but also to the synthetic
organic fluorine chemists.3

Amino acids are the basic units of proteins. More than 200
different amino acids are found in living organisms.4 Hence,
synthesis of novel amino acids has always been one of the
research focuses of organic chemists. Among them, fluo-
rine-containing amino acids have attracted considerable at-
tention and enjoyed widespread bioorganic applications.5

The strong carbon–fluorine bond is particularly resistant to
metabolic transformations, and the electronegativity of fluo-
rine can have a significant effect on the basicity or acidity of
neighboring groups and on the electron distribution, and can
change the overall reactivity and stability of the molecules.6

Keywords: Catalysis; CF3-substituted; Ylide; a,b-Unsaturated alkenes;
b-Amino ester.
* Corresponding authors. Tel.: +86 21 54925184; fax: +86 21 64166128;

e-mail: zhusz@mail.sioc.ac.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.041
Fluorinated amino acids also play an important role in the
field of biological tracers, mechanistic probes, enzyme in-
hibitors, and medical applications including control of blood
pressure, treatment of allergies, and inhibition of tumor
growth.7 Additionally, fluorinated b-amino acids are now
recognized as potentially exciting building blocks for the
synthesis of b-peptides, antibiotics, and enzyme inhibitors.8

Usually, b-amino acid can be synthesized from the a,b-unsat-
urated carboxylic ester. Michael addition of hydrazoic acid
(HN3) produces the azide compound, which can be easily
converted to the corresponding b-amino ester using well
established chemistry (Scheme 1).9 In this paper, in order to
avoid the explosive hydrazoic acid, we chose the readily
available and relatively stable sodium azide as the direct azide
source. Advantages of the protocol include high-yielding
reaction and mild reaction condition.

R2 CO2R1
R2 CO2R1

R3

H

H
N3

R2 CO2R1

R3

H

H
NH2

ReductionHN3

R3

Scheme 1.

In our previous work, we have developed several methods to
synthesize fluorinated alkene from fluorinated diazo com-
pounds and aldehydes through the ylide intermediate.10a

Therefore, we wondered whether methyl 3,3,3-trifluoro-
2-diazopropionate 1 could react with aldehydes to give the

mailto:zhusz@mail.sioc.ac.cn
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aza-Michael addition Reduction
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1 2 3 4

Scheme 2.
corresponding CF3-containing a,b-unsaturated alkenes 2
through the ylide intermediate, which could be easily trans-
formed into the corresponding trifluoromethyl containing
b-amino esters (Scheme 2).

Herein, we wish to report a successful synthesis of trifluoro-
methylated b-amino esters from diazo compound 1.

2. Results and discussion

Initially, arsonium ylide intermediate was used to prepare
alkene 2. 4-Nitrobenzaldehyde was used as the substrate,
1 mol % Rh2(OAc)4 was used as the catalyst, and refluxing
THF as the solvent. The expected alkene 2b was isolated
in only 9% yield. In the meantime, trace amount of 1,3-
dioxolane 5 (3%) was isolated (Table 1, entry1). It should
come from the 1,3-dipolar addition of the carbonyl ylide
intermediate and the aldehyde (Scheme 3).3a

The proposed reaction mechanism is depicted in Scheme 4.
Due to the electron-withdrawing properties of the flanking
trifluoromethyl and methoxyl carbonyl groups, the ylide in-
termediate could be too stable to react with the aldehyde to
give alkene 2. To improve the yield, more severe reaction
conditions were employed. Increasing the reaction tempera-
ture to 80 �C (refluxing in benzene), improved the yields of
alkene 2b and 1,3-dioxolane 5 to 19 and 14%, respectively
(Table 1, entry 2). Further increasing the reaction tempera-
ture to 110 �C (refluxing in toluene), improved the yield of
2b to 36%. But the yield of 5 fell to 7% (Table 1, entry 3).
As indicated in Table 1, the reaction yields, through arso-
nium ylide intermediate, are unsatisfied even using refluxing
toluene. It is known that antimony ylide is more reactive than
the arsonium ylide. We envisioned that antimony ylide could
give better reaction results. When SbBu3 was used instead
of Ph3As, under the same reaction conditions, however, no
alkene product was detected (Table 1, entries 4 and 5). It
may be explained that the rhodium catalyst was poisoned
by the strong reductive SbBu3. When cuprous bromide
(CuBr) was used as the catalyst, alkene 2c was isolated in
moderate yield in refluxing benzene (Table 1, entry 6). The
yield of product 2c was not improved at higher temperature
(refluxing in toluene) (Table 1, entry 7). Inorganic or organic
copper catalyst such as CuBr, Cu(acac)2, and Cu(hfacac)2
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F3C CO2Me
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N2 CF3

CO2Me
LnM

Ph3As or SbBu3

CF3

CO2Me
Ph3As

ArCHO
CF3 CO2Me

Ar

Ph3As=O
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F3C CO2Me
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H
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Scheme 4.
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+
O
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C6H4O2N-p

C6H4O2N-p

CF3
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9% 3%
1 2b 5
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Scheme 3.

Table 1. The optimization of reaction condition

Entry ArCHO (Ar¼) Lewis base Catalyst Solvent Product yield (%)a

2 5

1 p-NO2C6H4- Ph3As Rh2(OAc)4 THF 9 (2b) 3
2 p-NO2C6H4- Ph3As Rh2(OAc)4 Benzene 19 (2b) 14
3 p-NO2C6H4- Ph3As Rh2(OAc)4 Toluene 36 (2b) 7
4 p-BrC6H4- SbBu3 Rh2(OAc)4 Benzene — —
5 p-BrC6H4- SbBu3 Rh2(OAc)4 Toluene — —
6 p-BrC6H4- SbBu3 CuBr Benzene 55 (2c) —
7 p-BrC6H4- SbBu3 CuBr Toluene 59 (2c) —
8 p-BrC6H4- SbBu3 Cu(acac)2 Benzene 57 (2c) —
9 p-BrC6H4- SbBu3 Cu(hfacac)2 Toluene 54 (2c) —

a Isolated yields based on aldehyde.
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gave the corresponding alkenes in similar yields (Table 1,
entries 6–9).

Then under the optimized reaction conditions (Table 1, entry
8), (Scheme 5), a series of aromatic aldehydes were used
to prepare various alkene 2. The results are summarized in
Table 2.

CF3 CO2Me

N2
+ + SbBu3

Cu(acac)2

toluene
reflux

CF3 CO2Me

R

1 2

1.2 1.0 1.1

R H

O

Scheme 5.

It shows that all of the aromatic aldehydes employed afford
the corresponding alkene 2 in satisfying yields.

With the a,b-unsaturated alkenes in hand, we then explored
its reaction with the hydrazoic acid (HN3) to produce the
azide compound. It is necessary to generate the HN3 in
situ, because it is explosive and poisonous. Based on the lit-
erature,12 methyl 3-(4-bromophenyl)-2-(trifluoromethyl)-
acrylate 2c was chosen as the substrate. In aqueous THF,
2c reacted with the hydrazoic acid, which was generated in
situ from NaN3 and HOAc, for 48 h at room temperature
to give the corresponding azide 3 in quantitative yield. The
product was essentially pure after general work-up and could
be used directly in the next step (Scheme 6).

CF3 CO2Me NaN3, HOAc CF3 CO2Me

p-BrC6H4 N3

H

H
H2O, THF

rt, 48h
100%2c

p-BrC6H4

3

Scheme 6.

It is well known that azide can be easily reduced to give the
corresponding amine product.11 Initially, SnCl2$2H2O was
used to reduce the azide 3 to give only 32% of the desired
a-trifluoromethyl substituted b-amino ester 4 (Scheme 7).

Pd–C/H2 is the most popular catalytic system for the reduc-
tion of the azide. Furthermore, it is an atom economical and
environmental benign reaction. The reaction results showed
that the azide can be easily transformed into the desired
amino ester 4 in 74% yield using Pd–C/H2 (1 atm) (Scheme 8).

Table 2. Reaction results of 1 with aryl aldehydes and SbBu3
a

Entry ArCHO (Ar¼) Product Yield (%)b

1 Ph- 2a 46
2 p-NO2C6H4- 2bc 36
3 p-BrC6H4- 2c 57
4 o-ClC6H4- 2d 69
5 p-CH3OC6H4- 2e 62

6
Br OMe

MeO
2f 62

7 trans-PhCH]CH- 2g 85

8
O

2h 77

a Cu(acac)2 (10 mol %), diazo compound:aldehyde:SbBu3¼1.2:1.0:1.1 are
used for all reactions.

b Isolated yields based on aldehyde.
c Rh2(OAc)4 and Ph3As system was used.
CF3 CO2Me

p-BrC6H4 N2

CF3 CO2Me

p-BrC6H4
N3

H

H

H

NH2H
MeOH

74%

PdC/H(1atm)

43

Scheme 8.

The structure of 4 was further confirmed by the X-ray crystal
diffraction (Fig. 1).

3. Conclusion

In summary, we successfully synthesize a series of CF3-
substituted a,b-unsaturated alkenes from the transition
metal-catalyzed reaction between methyl 3,3,3-trifluoro-2-
diazopropionate 1 and aryl aldehydes. CF3-Substituted a,b-
unsaturated alkenes can be further transferred into b-amino
ester through a two-step procedure. This paper provides a
good choice for the synthesis of CF3-substituted b-amino
acid.

4. Experimental

4.1. General

Melting points were measured in a SGW� X-4 micro-melt-
ing point apparatus and were uncorrected. 1H and 19F NMR
spectra were recorded on a Bruker AM-300 spectrometer
with Me4Si and CFCl3 (with upfield negative) as the internal
and external standards, respectively. IR spectra were ob-
tained with a Nicolet AV-360 spectrophotometer. Low-reso-
lution mass spectra or high-resolution mass spectra (HRMS)
were obtained on a Finnigan GC–MS 4021 or a Finnigan
MAR-8430 instrument using the electron impact ionization
technique (70 eV), respectively. The X-ray structural analy-
sis was performed with a Rigaku/AFC 7R Diffractometer.
Elemental analyses were performed by this institute.

Figure 1. Crystal structure of 4.

CF3 CO2Me

p-BrC6H4 N2

CF3 CO2Me

p-BrC6H4N3

H

H

H

NH2H

SnCl2.2H2O
MeOH

32%3 4

Scheme 7.
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4.2. General method for the reaction of methyl 3,3,3-
trifluoro-2-diazopropionate 1 with aldehydes

A mixture of 2 (1 mmol), AsPh3 or SbBu3 (1.5 mmol),
and Rh2(OAc)4 (5 mg, 1 mol %) or Cu(acac)2 (78.6 mg,
20 mmol %) in anhydrous toluene (1.5 ml) in a schrock tube
was heated to reflux and a solution of 1a (252 mg, 1.5 mmol)
in toluene (2 ml) was added dropwise. The resulting mixture
was stirred for 15 h under N2 atmosphere. Upon completion
of the reaction (monitored by TLC), the reaction mixture
was cooled to room temperature and the crude product
was filtered. The residue was purified by column chromato-
graphy on silica gel using ethyl ester–hexane as eluent to
give 3a (106 mg, 46%).

4.2.1. Methyl 3-phenyl-2-(trifluoromethyl)acrylate (3a).

CF3 CO2Me

Ph

Colorless liquid, Z/E¼1:3.6. IR (KBr), cm�1: 2956, 2929,
1958, 1736, 1638, 1578, 1496, 1450, 1438, 1391, 1280, 1167,
1136, 1043. 1H NMR (CDCl3, 300 MHz): d 8.10 (1H, s),
7.42–7.37 (5H, m, Ar), 3.90 (3H, s, Z), 3.78 (3H, s, E) ppm.
19F NMR (CDCl3, 282 MHz): d �58.0 (CF3, s, Z), �63.8
(CF3, s, E) ppm. 13C NMR (CDCl3, 75.44 MHz): d 163.8,
140.4 (t, JCF¼5.8 Hz), 132.2, 130.4, 130.2, 129.3, 128.8,
128.3, 52.3 ppm. MS (70 eV, EI): 230 (M+, 54), 229
(M+�1, 52), 211 (M+�F, 1.6), 199 (57), 151 (40), 109
(100), 77 (25), 69 (8.0). HRMS for C11H9O2F3 calcd:
230.0555. Found: 230.0556.

4.2.2. Methyl 3-(4-nitrophenyl)-2-(trifluoromethyl)acry-
late (3b).

CF3 CO2Me

NO2

Colorless solid with mp: 54–56 �C. IR (KBr), cm�1: 2998,
2964, 1941, 1733, 1655, 1602, 1523, 1443, 1384, 1354, 1312,
1237, 1217, 1164, 1143, 1019. 1H NMR (CDCl3, 300 MHz):
d 8.26 (d, 2H, J¼9.0 Hz), 7.54 (d, 2H, J¼9.0 Hz), 3.79
(s, 3H) ppm. 19F NMR (CDCl3, 282 MHz): d �64.7
(s, E) ppm. MS (70 eV, EI): 275 (M+, 90), 274 (70), 258
(58), 244 (100), 243 (52), 228 (27), 206 (M+�F, 13), 198
(67), 169 (55). Anal. Calcd for C11H8F3O4N: C, 48.01; H,
2.93; N, 5.09%. Found: C, 48.26; H, 3.06; N, 5.00%.

4.2.3. Methyl 2,5-bis(4-nitrophenyl)-4-(trifluoromethyl)-
1,3-dioxolane-4-carboxylate (5).

Colorless solid with mp: 171–173 �C. IR (KBr), cm�1: 3089,
2958, 1752, 1608, 1521, 1351, 1302, 1200, 1117. 1H NMR

CF3 CO2Me

N O

O

O
O

N
O

O

(CDCl3, 300 MHz): d 8.33 (2H, d, J¼9.0 Hz), 8.28 (2H, d,
J¼9.0 Hz), 7.78 (2H, d, J¼9.0 Hz), 7.60 (2H, d,
J¼9.0 Hz), 6.87 (1H, s), 5.65 (1H, s), 3.43 (3H, s) ppm.
19F NMR (CDCl3, 282 MHz): d �73.8 (CF3, s) ppm. MS
(70 eV, EI): 443 ([M+1]+, 1), 291 (13), 275 (42), 258 (16),
166 (100), 150 (19), 89 (30), 59 (30). Anal. Calcd for
C18H13F3O8N2: C, 48.88; H, 2.96; N, 6.33%. Found: C,
49.01; H, 3.01; N, 6.23%.

4.2.4. Methyl 3-(4-bromophenyl)-2-(trifluoromethyl)-
acrylate (3c).

CF3 CO2Me

Br

Colorless solid with mp: 43–45 �C, Z/E¼1:3.3. IR (KBr),
cm�1: 2996, 2959, 1917, 1724, 1649, 1490, 1440, 1384,
1312, 1278, 1133, 1021. 1H NMR (CDCl3, 300 MHz):
d 7.56–7.51 (2H, m), 7.27–7.24 (2H, m), 379 (3H, s) ppm.
19F NMR (CDCl3, 282 MHz): d �58.5 (CF3, s, Z), �64.4
(CF3, s, E) ppm. MS (70 eV, EI): 310 (M+, 100), 308 (95),
291 (M+�F, 2.7), 279 (63), 277 (67), 250 (40), 248 (40),
198 (48), 189 (25), 187 (23), 170 (50), 169 (49), 151 (37),
101 (29), 75 (47), 69 (39). Anal. Calcd for C11H8BrF3O2:
C, 42.75; H, 2.61%. Found: C, 42.86; H, 2.65%.

4.2.5. Methyl 3-(2-chlorophenyl)-2-(trifluoromethyl)-
acrylate (3d).

CF3 CO2Me

Cl

Colorless liquid, Z/E¼1:5.3. IR (KBr), cm�1: 2957, 1739,
1647, 1471, 1439, 1387, 1290, 1269, 1171, 1141, 1045. 1H
NMR (CDCl3, 300 MHz): d 8.18 (1H, s), 7.44–7.25 (4H,
m, Ar), 3.91 (3H, s, Z), 3.70 (3H, s, E) ppm. 19F NMR
(CDCl3, 282 MHz): d �58.5 (CF3, s, Z), �64.1 (CF3, s,
E) ppm. 13C NMR (CDCl3, 75.44 MHz): d 163.0, 145.5 (t,
JCF¼3.0 Hz), 133.3, 131.8, 131.0, 130.9, 129.3, 129.2,
126.5, 126.4, 53.0 ppm. MS (70 eV, EI): 264 (M+, 1.4),
245 (M+�F, 1.0), 233 (12), 230 (13), 229 (100), 195 (14),
161 (17), 101 (12), 75 (20), 69 (6.6). HRMS for
C11H8O2F2Cl calcd: 245.0181. Found 245.0182 (M+�F).

4.2.6. Methyl 3-(2-methyloxyphenyl)-2-(trifluoromethyl)-
acrylate (3e).

CF3 CO2Me

MeO

Colorless liquid, Z/E¼1:1.4. IR (KBr), cm�1: 2957, 2843,
1732, 1634, 1514, 1463, 1439, 1393, 1264, 1175, 1129,
1032. 1H NMR (CDCl3, 300 MHz): d 8.00 (1H, s, Z), 7.40
(2H, m, Ar), 6.93–6.88 (2H, m, Ar), 3.87 (3H, s, Z), 3.84
(3H, s) 3.82 (3H, s, E) ppm. 19F NMR (CDCl3, 282 MHz):
d �58.0 (CF3, s, Z), �63.3 (CF3, s, E) ppm. 13C NMR
(CDCl3, 75.44 MHz): d 164.2, 148.3 (t, JCF¼2.8 Hz, Z),
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140.1 (t, JCF¼5.6 Hz, E), 132.3, 131.6, 124.6, 124.5, 114.1,
113.9, 55.3, 52.3 ppm. MS (70 eV, EI): 260 (M+, 100), 241
(M+�F, 3.9), 229 (55), 200 (52), 139 (83), 75 (8.5), 69
(7.9). HRMS for C12H11O3F3 calcd: 260.0660. Found:
260.0660.

4.2.7. Methyl 3-(2,5-dimethyloxy-4-bromophenyl)-2-(tri-
fluoromethyl)acrylate (3f).

OF
F

F O

H3CO Br

OCH3

Colorless solid with mp: 127–129 �C, Z/E¼3.2:1. IR (KBr),
cm�1: 2969, 2857, 1732, 1632, 1603, 1488, 1465, 1441,
1432, 1394, 1296, 1258, 1214, 1179, 1127, 1054, 1040,
1025. 1H NMR (CDCl3, 300 MHz): d 8.12 (1H, s), 7.12
(1H, s, Ar), 6086 (1H, s, Ar), 3.90 (3H, s, Z), 3.85 (3H, s),
3.83 (3H, s, E) ppm. 19F NMR (CDCl3, 282 MHz):
d �58.6 (CF3, s, Z), �63.7 (CF3, s, E) ppm. MS (70 eV,
EI): 370 (M++1, 56), 369 (M+, 9.3), 368 (55), 339 (54),
337 (61), 246 (23), 231 (44), 69 (14), 59 (100). Anal. Calcd
for C13H12BrF3O4: C, 42.30; H, 3.28%. Found: C, 42.41; H,
3.36%.

4.2.8. Methyl 3-phenylvinyl-2-(trifluoromethyl)acrylate
(3g).

CF3

CO2Me

Colorless liquid, Z/E¼1:1.8. IR (KBr), cm�1: 3027, 2956,
1724, 1624, 1595, 1438, 1384, 1293, 1245, 1129. 1H NMR
(CDCl3, 300 MHz): d 7.96 (1H, dd, J¼15, 11 Hz), 7.57–
7.54 (2H, m, Ar), 7.40–7.37 (3H, m, Ar), 7.31 (1H, d,
J¼11 Hz), 7.08 (1H, d, J¼15 Hz), 3.86 (3H, s, Z), 3.89
(3H, s, E) ppm. 19F NMR (CDCl3, 282 MHz): d �57.9
(CF3, s, Z), �63.0 (CF3, s, E) ppm. 13C NMR (CDCl3,
75.44 MHz): d 163.1, 146.0 (t, JCF¼5.3 Hz), 147.2, 135.5,
130.4, 129.0, 128.1, 124.6, 123.0, 121.0, 52.1 ppm. MS
(70 eV, EI): 256 (M+, 38), 237 (M+�F, 2.9), 177 (100),
128 (52), 102 (32), 77 (47), 69 (23), 51 (49). HRMS for
C13H11O2F3 calcd: 256.0711. Found: 256.0711.

4.2.9. Methyl 3-furan-2-(trifluoromethyl)acrylate (3h).

CF3 CO2Me

O

Colorless liquid, Z/E¼1:4.5. IR (KBr), cm�1: 2959, 2928,
2856, 1731, 1633, 1468, 1438, 1377, 1285, 1224, 1134,
1044, 1025. 1H NMR (CDCl3, 300 MHz): d 7.81 (1H, s,
Z), 7.58 (1H, s, E), 7.67 (1H, d, J¼1 Hz, Z), 7.30 (1H, d,
J¼3 Hz, E), 7.08 (1H, d, J¼3 Hz, Z), 7.24 (1H, d, J¼1 Hz,
E), 6.59 (1H, dd, J¼1, 3 Hz, Z), 6.56 (1H, dd, J¼1, 3 Hz,
E), 3.92 (3H, s, Z), 3.88 (3H, s, E) ppm. 19F NMR (CDCl3,
282 MHz): d �59.5 (CF3, s, Z), �63.0 (CF3, s, E) ppm.
13C NMR (CDCl3, 75.44 MHz): d 163.3, 152.2, 146.3,
128.0 (t, JCF¼3.0 Hz), 119.6, 119.5, 113.0, 112.9,
52.4 ppm. MS (70 eV, EI): 220 (M+, 34), 201 (M+�F, 3.9),
189 (48), 160 (18), 113 (32), 99 (100), 83 (23), 69 (9.1),
68 (2.9), 63 (52), 59 (43). HRMS for C9H7O3F3 calcd:
220.0347. Found: 220.0351.

4.3. General method for the synthesis of a-trifluoro-
methyl substituted b-amino ester (4)

In a 25 ml flask containing alkene 2c (352 mg, 1 mmol) was
added 5 ml of THF and cooled in an ice-water bath, then a so-
lution of NaN3 (260 mg, 4 mmol) in H2O (1 ml) was added.
The temperature of the mixture is adjusted to 0 �C, and a so-
lution of HOAc (240 mg, 4 mmol) was added dropwise with
vigorous stirring over 20–30 min. The yellow reaction mix-
ture was allowed to stir for 48 h at room temperature. After
the reaction was completed (monitored by TLC), the reac-
tion mixture was diluted with CH2Cl2, which was washed
with saturated NaHCO3 and water, dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure
using a rotary evaporator. The yield was almost quantitative.
The product was essentially pure after general work-up and
could be used directly in the next step. A mixture of the
crude azide and 10% palladium-on-carbon (20 mg) in abso-
lute ethanol (6 ml) was stirred at 25 �C under 1 atm of hydro-
gen for 24 h. The catalyst was filtered and washed with
CH2Cl2. The filtrates were concentrated under reduced pres-
sure using a rotary evaporator, and the crude reaction prod-
uct was purified by column chromatography on silica gel
using ethyl acetate–hexane as eluent to give 4 (243 mg,
74%).

4.3.1. Methyl 2-(amino(4-bromophenyl)methyl)-3,3,3-
trifluoropropanoate (4).

CF3 CO2Me

Br

H

H2N
H

Colorless solid with mp: 72–74 �C. IR (KBr), cm�1: 2957,
2930, 1908, 1751, 1641, 1489, 1438, 1409, 1354, 1163,
1119, 1074, 1012. 1H NMR (300 MHz, CDCl3): d 7.48–
7.43 (2H, m), 7.23–7.19 (2H, m), 4.51–4.47 (1H, m),
3.76 (3H, s), 3.44 (1H, s), 1.73 (2H, s) ppm. 19F NMR
(CDCl3, 282 MHz): d �65.1 (d, J¼7.9 Hz), �64.32 (d,
J¼8.4 Hz) ppm. EIMS (m/z, %): 327/325 (M+2/M+, 3/3),
186 (98), 184 (100), 159 (9), 157 (9), 77 (27), 59 (16).
Anal. Calcd for C11H11F3BrO2N: C, 40.51; H, 3.40; N,
4.30%. Found: C, 40.69; H, 3.52; N, 4.19%.

4.3.1.1. X-ray data of 4. C11H11BrF3NO2: MW¼326.12,
CCDC no. 614315, monoclinic, space group: C2/c, a¼
21.606(3) Å, b¼5.4235(7) Å, c¼24.378(3) Å; a¼90.00�,
b¼2599.4(6)�, g¼90.00�; V¼2599.4(6) Å3, Z¼8,
Dc¼1.667 g/cm3, F(000)¼1296. Radiation, Mo Ka (l¼
0.71073 Å). Crystal dimension, 0.467�0.89�0.329 mm.

Intensity data were collected at 293(2) K with a Bruker P4
four-circle diffractometer with graphite monochromator
and Mo Ka radiation (l¼0.71073 Å). A total of 2815 inde-
pendent reflection was measured in the range 1.84<q<27.00�.
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The structure was solved by directed methods and expanded
using Fourier techniques. The nonhydrogen atoms were
refined anisotropically; hydrogen atoms were included but
not refined. The final cycle of full matrix least-square refine-
ment was based on F2. The final R and wR value were 0.0457
and 0.0889, respectively. All calculations were performed
using the SHELX-97 program.
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Abstract—The parallel solution-phase synthesis of two libraries of product-like compounds derived from a 1-aryltetralin privileged structure
is described. The N-aryl picropodophyllone g-lactams were synthesized from methyl ester thuriferic acid via InCl3-tandem aza-Michael
addition–cyclization reaction of anilines. Bromo-aryl compounds from this library were subjected to a ligandless palladium Suzuki cross-
coupling to give the expected N-biaryl picropodophyllin g-lactams.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

There is growing current interest in using specific structures,
generally found within a class of natural products, as starting
points for library design.1 The core scaffold of a natural
product can provide a biologically validated framework
with diverse functional groups. The resulting libraries can
then be used to address a variety of biological targets.2

Within this context, we initiated the synthesis of g-lactam
lignans based on the 1-aryltetralin skeleton 1 as a privileged
structure3–9 (Fig. 1). Lignans of 1-aryltetralin type possess
a diverse range of biological activities10–13 including inhibi-
tion of the tubulin polymerization, inhibition of DNA
topoisomerase II, and immunosuppressive, anti-HIV, and
antidepressant activities. Recently, cyclolignans as inhibi-
tors of the phosphorylation of the insuline-like growth factor
receptor (IGF-1R) have been reported.14–20 g-Lactam motif
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.026
as well as the biaryl subunit21 are also valuable pharmaco-
phoric groups found in a variety of molecules presenting bio-
logical properties. The combination of such fragments may
qualitatively enrich the compounds collection. In the field
of podophyllotoxin chemistry, it is worth noting that only
two syntheses exemplifying the combination of 1 with g-lac-
tam rings have been reported so far, i.e., the semi-synthesis
of etoposide-lactam derivatives22 and the total synthesis of
(�)-demethoxy epiisopicropodophyllin N-benzyl lactam.23

Our first approach involved a synthesis of N-aryl picropodo-
phyllone g-lactams24 via aza-Michael addition from thuri-
feric acid methyl ester 2 under basic conditions. In this
paper, we describe the extension of our work with the paral-
lel solution-phase synthesis of N-aryl g-lactam lignans 3 via
a tandem aza-Michael addition–cyclization from 225–31

using a catalytic amount of InCl3, and then the parallel
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solution-phase synthesis of N-biaryl g-lactam lignans 4 from
the corresponding bromo adducts via a ligandless palladium
Suzuki cross-coupling (Fig. 1).

2. Results and discussion

2.1. Parallel solution-phase synthesis of N-aryl g-lactam
lignans

Michael addition of amines to a,b-unsaturated ketones usu-
ally require basic conditions or acid catalysis. In the past few
years, a number of alternative procedures have been devel-
oped and in particular, various Lewis acid-induced and tran-
sition metal salts catalyzed reactions have been reported.32–42

Recently, indium salts have emerged as powerful catalysts
in many chemical processes both in aqueous and organic
media.43–50 Loh and co-workers have reported indium
trichloride as an excellent catalyst in the Mukaiyama aldol
reactions,51–53 Diels–Alder reactions,54 aldol-type Mannich
reactions,55 and Michael reaction56,57 under mild conditions.
As indium trichloride has these unique properties compared
to other Lewis acids—which include stability and recover-
ability from water56—and since indium salts allowed tan-
dem reactions49,50 and one-pot multistep transformation,47

we decided to exploit this catalyst to construct our small
g-lactam lignans libraries from methyl ester thuriferic acid
2 with the aim to develop a one-pot protocol, which would
be an improvement over our previous synthesis.24

Methyl ester thuriferic acid 2 was obtained in a three-step se-
quence24 from podophyllotoxin 5, as outlined in Scheme 1.
To our delight, the N-aryl picropodophyllone g-lactams 3
were synthesized from 2 via InCl3-catalyzed tandem aza-
Michael addition–cyclization reaction of substituted ani-
lines. g-Lactams 3 were obtained as a single isomer and their
stereochemistry were determined to be cis by NOESYexper-
iment.24 The parallel solution-phase synthesis of N-aryl
picropodophyllone lactams was conducted on the Quest
210� (Argonaut Technologies) using 10 mL Teflon reaction
vessels (Table 1). We used sulfonyl chloride resin as a poly-
mer-supported scavenger58 for anilines in order to facilitate
the purification of products.

For monohalogenated anilines (Table 1, entries 1–6) and ac-
tivated anilines (Table 1, entries 7–13), the tandem reaction
with 2 catalyzed by InCl3 (0.5 equiv) afforded exclusively
cis-g-lactams 3a–f and 3g–m after 48 h at 80 �C in DCE
in 61–94% yields. Surprisingly, one activated aniline (entry
14) required addition of a base for the synthesis of 3n under
these catalytic conditions. Indeed, for 2-aminofluorene,
a mixture of the cis-g-lactam 3n as a major product together
with the cis- and trans-b-amino ketones 6n was obtained
under InCl3 catalysis59 (1H NMR analysis). Addition of
DBU to the reaction mixture favored the cyclization step
providing the cis-g-lactam 3n in 66% yield. The scope of
this tandem reaction found to be limited. Deactivated ani-
lines 4-nitroaniline and 4-trifluoroaniline behave differently
during the necessary one-pot process since no cyclization
products were obtained by using only InCl3: following addi-
tion of DBU, while the formation of the desired cis-g-lactam
3o was observed (50%), demonstrating the reactivity of
the aza-Michael adduct 6o obtained from 4-nitro-aniline
(Fig. 2), no cyclization occurred from the cis- and trans-b-
amino ketones 6p.59 Furthermore, reaction of deactivated
5-aminoanthraquinone resulted only in recovered starting
material 2. Reaction of ortho-substituted anilines such as
2-bromoaniline, 2,4-dibromoaniline, 5-chloro-2-methylani-
line, 1-amino-5,6,7,8-tetrahydronaphthalene, and 2,3-di-
methylaniline furnished the corresponding aza-Michael
adduct 6 in the presence of the starting material 2 (1H NMR
analysis of the crude product). For example, for 1-amino-
5,6,7,8-tetrahydronaphthalene and 2,3-dimethylaniline we
obtained a mixture of starting material 2 and aza-Michael
adduct 6 in 33 and 66% yields, respectively. Finally, in the
case of 4-iodoaniline, the expected products (6 and/or 3)
could not be observed in the NMR spectra, only an unidenti-
fied mixture of products being obtained.

2.2. Parallel solution-phase synthesis of N-biaryl
g-lactam lignans

The synthesis of libraries of biaryl small molecules is vitally
important to the pharmaceutical industry in the search for
biologically active compounds. Consequently, we turned
out our attention to the parallel solution-phase synthesis of
N-biaryl g-lactam lignans 4 from the bromo adducts 3a
and 3b. We used ‘ligandless’ palladium catalytic conditions,
which have demonstrated many advantages over classical
coupling methodologies.60–68

We therefore decided to apply this methodology from com-
pounds 3a and 3b for the parallel solution-phase synthesis of
N-biaryl g-lactam lignans on the Quest 210�. The Suzuki–
Miyaura coupling of 3a with substituted phenylboronic
acids (i.e., phenylboronic acid, 4-chlorophenylboronic
acid, and 4-methoxyphenylboronic acid) was examinated
under a variety of conditions. Unfortunately, the reaction
afforded partial conversion of 3a into the desired biaryl de-
rivative and/or degradation products. In the latter case, 1H
NMR analysis of the crude product revealed the disappear-
ance of the signals of the H1, H2, and H3 protons and appear-
ance of other aromatic protons. Given the acidity of the H3

proton, this result is likely due to aromatization reaction
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Scheme 1. (a) PCC, DCM, rt; (b) t-BuOK, t-BuOH, reflux; (c) MeI, NaHCO3, DMF, rt; (d) ArNH2, InCl3, DCE, 80 �C; (e) ArSO2Cl, Et3N.
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Table 1

Entry Aniline Producta (%) Yieldb (%) Purityc (%) Entry Aniline Producta (%) Yieldb (%) Purityc (%)

1d

Br

H2N
3a 94 87 9d

H2N

OMe
3i 90 91

2d

H2 rN B
3b 91 89 10d

H2N

OMe
OMe

OMe

3j 90 77

3d

Me

H2N Br
3c 85 92 11d

H2N

Me
3k 92 79

4d

H2N

Cl
3d 91 94 12d

H2N

3l 81 81

5d

H2N Cl
3e 76 79 13d

H2N

O
O

3m 61 87

6d

H2N

F
3f 85 92 14e

H2N
3n 6659 86

7d

SMe

H2N
3g 82 88 15e

H2N

NO2

3o 5059 80

8d

O

H2N
3h 71 79 16f

H2N

CF3

3p 059

a All products were characterized by 1H NMR, 13C NMR, IR, and mass spectroscopy.
b Isolated yields.
c 1H NMR estimation after scavenging with sulfonyl chloride resin and filtration on silica pad.
d InCl3 (0.5 equiv), 48 h.
e InCl3 (0.5 equiv), 48 h, then DBU (5 equiv), 24 h.
f Obtention of b-aminoketone 6p and recovered starting material 2.
occurring during cross-coupling. To circumvent this prob-
lem, we opted for a reduction of the carbonyl function at
C-4 on the picropodophyllone derivatives 3a and 3b.

Accordingly, we examined the reduction of the carbonyl
function at C-4 of the picropodophyllone N-4-bromophenyl
g-lactam 3a and the picropodophyllone N-3-bromophenyl
g-lactam 3b under different reducing conditions (i.e.,
NaBH4, NaBH4/CeCl3, NaHB(OAc)3, L-Selectride, cate-
cholboranehydride). It was found that NaBH4 at �78 �C

O

O

O

OMe
OMe

MeO

CO2Me

NHAr

6n (aniline = 2-aminofluorene)
6o (aniline = 4-nitroaniline)
6p (aniline = 4-trifluoroaniline)

Figure 2.
gave the best results to obtain the 4-OH group in the a-con-
figuration, thereby leading to 7a (75%, dr¼87%) and 8a
(67%, dr¼87%) from 3a and 3b, respectively (Scheme 2).
In contrast, the use of L-Selectride at�78 �C allowed the op-
posite selectivity, 7b (86%) and 8b (80%) were thus prepared
with an excellent diastereoisomeric excess (dr>95%). The
relative stereochemistry of these compounds was deduced
from the J3,4 coupling constants (8.2 Hz for 7a, 5.0 Hz for
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3a: R = 4-Br
3b: R = 3-Br

7a: R1 = H, R2 = OH, R3 = 4-Br
7b: R1 = OH, R2 = H, R3 = 4-Br
8a: R1 = H, R2 = OH, R3 = 3-Br
8b: R1 = OH, R2 = H, R3 = 3-Br

a or b

Scheme 2. (a) NaBH4, THF, MeOH, �78 �C; (b) L-Selectride, THF,
�78 �C.
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ArB(OH)2, Pd(OAc)2

7a: R1 = H, R2 = OH, R3 = 4-Br
7b: R1 = OH, R2 = H, R3 = 4-Br
8a: R1 = H, R2 = OH, R3 = 3-Br
8b: R1 = OH, R2 = H, R3 = 3-Br

CsF, DMF, 85 °C

4aa-ai: R1 = H, R2 = OH, R3 = 4-aryl
4ba-bd: R1 = OH, R2 = H, R3 = 4-aryl
4ca,cb: R1 = H, R2 = OH, R3 = 3-aryl
4da,db: R1 = OH, R2 = H, R3 = 3-aryl

N
O

O

MeO
OMe

OMe

O

R1 R2

R3
N

O

O

MeO
OMe

OMe

O

R1 R2

R3

Scheme 3. Suzuki–Miyaura cross-coupling reaction.
7b, 7.5 Hz for 8a, and 4.5 Hz for 8b) and was confirmed from
NOESY correlations (H3/H2, H1/H4, H20–H60/H2 for 7a).

Since the Suzuki–Miyaura reaction is tolerant of a broad
range of functional groups including hydroxyl group,68–71

the biphenyl synthesis from 7 or 8 was realized without
the protection of the benzyl alcohol.

The optimized reaction conditions have been determined by
coupling 7a with 2-chlorophenylboronic acid, 4-fluorophe-
nylboronic acid, and the sterically hindered 2,3,4-trimethoxy-
phenylboronic acid. The best results were obtained with
2.5 equiv of boronic acid in the presence of CsF (7.5 equiv)
and Pd(OAc)2 (10%) in DMF at 85 �C for 20 h (Scheme 3).
DMF was chosen since the substrates 7 and 8 exhibit poor
solubility in other solvent systems. The results of the parallel
Suzuki–Miyaura coupling (Quest 210�) from 7a with a vari-
ety of phenylboronic acids are summarized in Table 2.

Table 2

Entrya Substrate ArB(OH)2 Time
(h)

Product Yieldb

(%)

1 7a

B(OH)2

Cl
20 4aa 59c

2 7a

B(OH)2

Cl
20 4ab 67d

3 7a

B(OH)2

Cl
20 4ac 67e

4 7a

B(OH)2

F
20 4ad 82

5 7a

B(OH)2

F
20 4ae 81

6 7a

B(OH)2

F3C
20 4af 85

7 7a
Me2N

B(OH)2

20 4ag 18

(continued)
Table 2. (continued)

Entrya Substrate ArB(OH)2 Time
(h)

Product Yieldb

(%)

8 7a

B(OH)2

MeO
20 4ah 95

9 7a
B(OH)2

MeO

MeO
OMe

20 4ai 66

10 8a

B(OH)2

MeO
20 4ca 72

11 8a
B(OH)2

MeO

MeO
OMe

20 4cb 63

12 7b

B(OH)2

Cl
5 4ba 70f

13 7b

B(OH)2

F
5 4bb 79

14 7b

B(OH)2

MeO
5 4bc 81

15 7b
B(OH)2

MeO

MeO
OMe

5 4bd 67

16 8b

B(OH)2

MeO
5 4da 75

17 8b
B(OH)2

MeO

MeO
OMe

5 4db 59

a ArB(OH)2 (2.5 equiv), Pd(OAc)2 (10%), CsF (10 equiv), DMF, 85 �C.
b Isolated yields with purity>95% after workup (i.e., extraction and silica

pad filtration).
c Triphenyl (11%), starting material (15%) (HPLC/LC–MS analysis).
d Triphenyl (15%), tetraphenyl (2%), starting material (11%) (HPLC/LC–

MS analysis).
e Triphenyl (25%), tetraphenyl (4%) (HPLC/LC–MS analysis).
f Polyphenyls (e), starting material (10%).
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Cross-coupling of 7a with halogenated phenylboronic acids
provided biaryls 4aa–ae in 59–82% yields (entries 1–5). In
addition, triphenyl and tetraphenyl derivatives resulting
from successive Suzuki coupling of 4aa and 4ab with the
corresponding chlorophenylboronic acid were formed in low
yields. The electron-deficient 4-(trifluoromethyl)phenyl-
boronic acid afforded biaryl 4af in 85% yield (entry 6).
Surprisingly, the reaction of the electron-rich 4-(dimethyl-
amino)phenylboronic acid gave low conversion of 7a (entry
7). In contrast, 4-methoxyphenylboronic acid furnished the
biaryl 4ah in 95% yield (entry 8). Sterically hindered
2,3,4-trimethoxyphenylboronic acid was also reactive and
the desired product 4ai was isolated in 66% (entry 9). An at-
tempt to couple this boronic acid with 7a failed using K2CO3

as base and a shorter reaction time, this is likely due to the
formation of the deprotoboranation product under these con-
ditions.72 Suzuki reaction of 8a with 4-methoxyphenyl-
boronic and 2,3,4-trimethoxyphenylboronic acids gave the
corresponding biaryls 4ca (72%) and 4cb (63%). The Suzuki
coupling proceeds faster from the substrates 7b and 8b with
some representative boronic acids. Indeed, the biaryls 4ba–
bd (67–81%) and 4da and 4db (59 and 75%) were obtained
in good yields after 5 h. This observation suggests that the
stereochemistry of the alcohol at C-4 may exert an influence
on the kinetic of the coupling reaction.

3. Conclusion

We have synthesized two small libraries of N-aryl g-lactam
lignans and N-biaryl g-lactam lignans based on the 1-aryl-
tetralin privileged structure with parallel solution-phase
methodologies. In particular, the above-descripted proce-
dure catalyzed by indium(III) chloride represents an efficient
synthesis of N-aryl picropodophyllone g-lactams from the
methyl ester of thuriferic acid via tandem aza-Michael addi-
tion–cyclization reaction of anilines. We are currently exam-
ining the biological activity of these compounds as well as
the preparation of larger and more diverse 1-aryltetralin-
based libraries.

4. Experimental

4.1. General

Reactions were carried out in dried glassware under an argon
atmosphere and parallel synthesis with the Quest 210�

(Argonaut Technologies) in dried Teflon reactors. All com-
mercial reagents were used without purification, and all sol-
vents were reaction grade and dried over molecular sieves.
THF was freshly distilled from sodium/benzophenone under
argon and dichloromethane from phosphorus pentoxide. All
reaction mixtures were stirred magnetically and monitored
by thin-layer chromatography using Merck silica gel 60
F256, visualized with UV light, and then developed by using
Merck silica gel 60 (230–400 mesh). 1H NMR and 13C NMR
spectra (1D and 2D) were recorded on a Bruker AM 300
spectrometer. Deuteriated chloroform was used as the
solvent, and chemical shift values (d) are reported in parts
per million relative to the residual signals of this solvent (d
7.26 for 1H, d 77.0 for 13C). Melting points were determined
with Electrothermal (Digital Melting Point Apparatus).
Infrared spectra were recorded on a Perkin–Elmer 1710
spectrometer. Optical rotations were measured with Per-
kin–Elmer 241 polarimeter. Mass spectra were recorded on
a Nermag R10-10C.

4.2. Preparation of the methyl ester of thuriferic acid 3

4.2.1. Podophyllotoxone. To a solution of podophyllotoxin
(5, 8.05 g, 19.4 mmol) in anhydrous dichloromethane was
added pyridinium chlorochromate (6.55 g, 30.4 mmol).
The mixture was stirred at room temperature for 2 h, then fil-
tered on Celite and washed with distilled water. The organic
layer was dried with MgSO4, filtered, and concentrated
under reduced pressure. The residue was purified by silica
gel column (cyclohexane/ethyl acetate 3/2) to give podo-
phyllotoxone (80%) as a white solid. Spectral and physical
properties were identical to those described in Ref. 29.

4.2.2. Methyl ester of thuriferic acid 2. To a solution of
podophyllotoxone (7.74 g, 18.8 mmol) in t-BuOH (280 mL)
was added t-BuOK (19 mmol). The mixture was stirred at re-
flux for 2.5 h under nitrogen atmosphere. The solvent was
then removed in vacuo and the residue was dissolved in
DMF. Iodomethane (6.60 mL, 0.1 mol) and NaHCO3 were
added to the mixture, which was stirred at room temperature
for 24 h. The reaction mixture was quenched with water
(250 mL). The aqueous layer was extracted with ethyl ace-
tate (3�300 mL) and the combined organic layers were
washed with water and brine (300 mL), dried with MgSO4,
filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column (cyclohexane/ethyl
acetate 1/1) to yield 2 (95%) as a off-white solid. Spectral
and physical properties of 2 were identical to those described
in Refs. 25 and 73.

4.3. Representative experimental procedure for tandem
addition–cyclization catalyzed by InCl3

To a 10 mL Quest 210 Teflon reaction vessel was added a
solution of the methyl ester of thuriferic acid 2 (50 mg,
0.117 mmol) in DCE (3 mL) followed by InCl3 (13 mg,
0.058 mmol) and 4-bromoaniline (101 mg, 0.585 mmol,
5 equiv). The solution was stirred for 48 h at 80 �C. Chloro-
sulfonyl resin (560 mg, 12 equiv) and Et3N (0.25 mL,
15 equiv) were added and the reaction mixture was stirred
for 24 h at 60 �C in order to scavenge excess of aniline. Fil-
tration and evaporation of the solvent under reduced pressure
afforded a residue, which was purified by filtration on silica
pad (H 3.5 cm, Ø 1.7 cm) with cyclohexane then cyclohexane/
EtOAc gradient [9/1 to 2/8] to give 62 mg (94%) of 3a.

4.3.1. (1R,2S,3R)-N-(4-Bromophenyl)-picropodophyl-
lone-cis-g-lactam 3a.

N
O

O

MeO
OMe

OMe

O

O

Br

White solid; 62 mg; yield: 94%; mp: 143–145 �C; [a]D
20

�252 (c 0.25, CHCl3); IR 3014, 2980–2900, 1702, 1668,
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1591, 1505, 1481 cm�1; 1H NMR (300 MHz, CDCl3): d 7.43
(m, 5H, H5, H200, H300, H500, H600), 6.72 (s, 1H, H8), 6.27 (s, 2H,
H20, H60), 6.03 (m, 2H, OCH2O), 4.79 (d, J¼1.6 Hz, 1H, H1),
4.24 (d, J¼9.7 Hz, 1H, H11a), 3.95 (dd, J¼9.7, 6.3 Hz, 1H,
H11b), 3.81 (s, 3H, OMe(40)), 3.76 (s, 6H, OMe(30,50)), 3.34
(dd, J¼7.5, 1.6 Hz, 1H, H2), 3.23 (m, 1H, H3); 13C NMR
(75 MHz, CDCl3): d 194.7 (C4), 171.7 (C13), 153.7 (C30,
C50), 153.6 (C7), 148.2 (C6), 139.9 (C9), 138.6 (C10), 137.9
(C100), 137.1 (C40), 131.8 (C300, C500), 127.2 (C10), 121.0
(C200, C600), 117.8 (C400), 109.5 (C8), 105.9 (C5), 104.8 (C20,
C60), 102.1 (OCH2O), 60.8 (OMe(40)), 56.2 (OMe(30,50)),
50.9 (C11), 50.5 (C2), 43.1 (C1), 39.9 (C3); HRMS (DCI/
NH3): calcd for C28H25BrNO7 566.0814 and 568.0799,
found 566.0809 and 568.0798.

4.3.2. (1R,2S,3R)-N-(3-Bromophenyl)-picropodophyl-
lone-cis-g-lactam 3b.

N
O

O

MeO
OMe

OMe

O

O Br

White solid; 60 mg; yield: 91%; mp: 128–130 �C; [a]D
20

�187 (c 0.17, CHCl3); IR (CHCl3) 3028, 3012, 2970–
2900, 1704, 1669, 1592, 1506, 1480 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.79 (d, J¼1.7 Hz, 1H, H200), 7.46
(dd, J¼8.0, 1.7 Hz, 1H, H600), 7.45 (s, 1H, H5), 7.24 (m,
1H, H400), 7.16 (t, J¼8 Hz, 1H, H500), 6.70 (s, 1H, H8), 6.26
(s, 2H, H20, H60), 6.01 (m, 2H, OCH2O), 4.79 (d, J¼1.6 Hz,
1H, H1), 4.26 (d, J¼9.7 Hz, 1H, H11a), 3.96 (dd, J¼9.7,
6.3 Hz, 1H, H11b), 3.81 (s, 3H, OMe(40)), 3.76 (s, 6H,
OMe(30,50)), 3.35 (dd, J¼7.5, 1.6 Hz, 1H, H2), 3.23 (m, 1H,
H3); 13C NMR (75 MHz, CDCl3): d 194.6 (C4), 171.8
(C13), 153.7 (C7), 153.6 (C30, C50), 148.2 (C6), 140.1 (C100),
139.9 (C9), 138.5 (C10), 137.1 (C40), 130.1 (C500), 127.8
(C400), 127.2 (C10), 122.6 (C300), 122.5 (C200), 117.8 (C600),
109.5 (C8), 105.9 (C5), 104.8 (C20, C50), 102.1 (OCH2O),
60.8 (OMe(40)), 56.2 (OMe(30,50)), 50.9 (C11), 50.5 (C2), 43.1
(C1), 39.9 (C3); HRMS (DCI/NH3): calcd for C28H25BrNO7

566.0814 and 568.0799, found 566.0803 and 568.0794.

4.3.3. (1R,2S,3R)-N-(3-Bromo-4-methyl-phenyl)-picro-
podophyllone-cis-g-lactam 3c.

N
O

O

MeO
OMe

OMe

O

O Me

Br

White solid; 58 mg; yield: 85%; mp: 121–123 �C; [a]D
20

�230 (c 0.18, CHCl3); IR (CHCl3) 2940, 1699, 1669,
1592, 1506, 1481 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.46 (m, 1H, H5), 7.44 (m, 2H, H200, H500), 7.24 (dd,
J¼8.3, 2.5 Hz, 1H, H600), 6.72 (s, 1H, H8), 6.27 (s, 2H, H20,
H60), 6.03 (m, 2H, OCH2O), 4.79 (d, J¼1.7 Hz, 1H, H1),
4.24 (d, J¼9.7 Hz, 1H, H11a), 3.96 (m, J¼9.8, 6.3 Hz, 1H,
H11b), 3.81 (s, 3H, OMe(40)), 3.76 (s, 6H, OMe(30,50)), 3.33
(dd, J¼7.5, 1.7 Hz, 1H, H2), 3.21 (m, 1H, H3), 2.36 (s, 3H,
Ph-Me); 13C NMR (75 MHz, CDCl3): d 194.8 (C4), 171.7
(C13), 153.7 (C7), 153.6 (C30, C50), 148.2 (C6), 139.9 (C9),
138.6 (C10), 138.5 (C100), 138.0 (C300), 137.0 (C40), 132.5
(C500), 127.2 (C10), 121.8 (C200), 120.4 (C400), 118.4 (C600),
109.5 (C8), 105.9 (C5), 104.8 (C20, C60), 102.1 (OCH2O),
60.8 (OMe(40)), 56.2 (OMe(30,50)), 51.0 (C11), 50.5 (C2),
43.1 (C1), 40.0 (C3), 23.1 (Ph-Me); HRMS (DCI/NH3): calcd
for C29H27NO7Br 580.0971 and 582.0956, found 580.0970
and 582.0954.

4.3.4. (1R,2S,3R)-N-(4-Chlorophenyl)-picropodophyl-
lone-cis-g-lactam 3d.

N
O

O

MeO
OMe

OMe

O

O

Cl

White solid; 56 mg; yield: 91%; mp: 138–140 �C; [a]D
20

�211 (c 0.22, CHCl3); IR 3012, 2960–2900, 1702, 1671,
1592, 1495, 1481 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.50 (d, J¼9 Hz, 2H, H200, H600), 7.45 (s, 1H, H5), 7.27 (d,
J¼9 Hz, 2H, H300, H500), 6.70 (s, 1H, H8), 6.26 (s, 2H, H20,
H60), 6.00 (m, 2H, OCH2O), 4.79 (d, J¼1.7 Hz, 1H, H1),
4.23 (d, J¼9.7 Hz, 1H, H11a), 3.95 (dd, J¼9.7, 6.3 Hz, 1H,
H11b), 3.79 (s, 3H, OMe(40)), 3.74 (s, 6H, OMe(30,50)), 3.34
(dd, J¼7.5, 1.7 Hz, 1H, H2), 3.21 (m, 1H, H3); 13C NMR
(75 MHz, CDCl3): d 194.8 (C4), 171.7 (C13), 153.7 (C7),
153.6 (C30, C50), 148.2 (C6), 139.9 (C9), 138.6 (C10), 137.4
(C100), 137.0 (C40), 130.0 (C400), 128.9 (C300, C500), 127.2
(C10), 120.7 (C200, C600), 109.5 (C8), 105.9 (C5), 104.8 (C20,
C60), 102.1 (OCH2O), 60.8 (OMe(40)), 56.2 (OMe(30,50)),
50.9 (C11), 50.5 (C2), 43.1 (C1), 39.9 (C3); HRMS (DCI/
NH3): calcd for C28H25ClNO7 522.1320 and 524.1305,
found 522.1318 and 524.1311.

4.3.5. (1R,2S,3R)-N-(3-Chlorophenyl)-picropodophyl-
lone-cis-g-lactam 3e.

N
O

O

MeO
OMe

OMe

O

O Cl

White solid; 46 mg; yield: 76%; mp: 124–126 �C; [a]D
20

�124 (c 0.32, CHCl3); IR (CHCl3) 3036, 2978–2900,
1706, 1671, 1594, 1505, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.68 (t, J¼1.8 Hz, 1H, H200), 7.47 (s, 1H, H5),
7.43 (dd, J¼8.2, 1.0 Hz, 1H, H600), 7.25 (t, J¼8.2 Hz, 1H,
H500), 7.11 (dd, J¼8.2, 1.0 Hz, 1H, H400), 6.72 (s, 1H, H8),
6.30 (s, 2H, H20, H60), 6.02 (m, 2H, OCH2O), 4.80 (d,
J¼1.7 Hz, 1H, H1), 4.27 (d, J¼9.7 Hz, 1H, H11a), 3.97
(dd, J¼9.7, 6.4 Hz, 1H, H11b), 3.81 (s, 3H, OMe(40)), 3.76
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(s, 6H, OMe(30,50)), 3.35 (dd, J¼7.5, 1.7 Hz, 1H, H2), 3.23 (m,
1H, H3); 13C NMR (75 MHz, CDCl3): d 194.7 (C4), 171.9
(C13), 153.7 (C7), 153.6 (C30, C50), 148.2 (C6), 139.9 (C9),
139.8 (C100), 138.5 (C10), 137.0 (C40), 134.6 (C300), 129.8
(C500), 127.2 (C10), 124.9 (C400), 119.7 (C200), 117.3 (C600),
109.5 (C8), 105.9 (C5), 104.7 (C20, C60), 102.1 (OCH2O),
60.8 (OMe(40)), 56.2 (OMe(30,50)), 50.9 (C11), 50.5 (C2),
43.1 (C1), 39.9 (C3); HRMS (DCI/NH3): calcd for
C28H25ClNO7 522.1320 and 524.1305, found 522.1312
and 524.1312.

4.3.6. (1R,2S,3R)-N-(4-Fluorophenyl)-picropodophyl-
lone-cis-g-lactam 3f.

N
O

O

MeO
OMe

OMe

O

O

F

White solid; 50 mg; yield: 85%; mp: 127–129 �C; [a]D
20

�202 (c 0.23, CHCl3); IR 3022, 3011, 2970–2900, 1699,
1668, 1592, 1510, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.49 (m, 2H, H200, H600), 7.46 (s, 1H, H5), 7.00 (t,
J¼8.6 Hz, 2H, H300, H500), 6.71 (s, 1H, H8), 6.27 (s, 2H, H20,
H60), 6.01 (m, 2H, OCH2O), 4.79 (d, 1.6 Hz, 1H, H1), 4.23
(d, J¼9.7 Hz, 1H, H11a), 3.96 (dd, J¼9.7, 6.3 Hz, 1H,
H11b), 3.80 (s, 3H, OMe(40)), 3.75 (s, 6H, OMe(30,50)), 3.34
(dd, J¼7.5, 1.6 Hz, 1H, H2), 3.21 (m, 1H, H3); 13C NMR
(75 MHz, CDCl3): d 194.9 (C4), 171.6 (C13), 161.4 (d,
J¼249 Hz, C400), 153.7 (C7), 153.6 (C30, C50), 148.2 (C6),
139.9 (C9), 138.7 (C10), 137.0 (C40), 135.0 (C100), 127.3
(C10), 121.5 (d, J¼7.5 Hz, C200, C600), 115.6 (d, J¼22.5 Hz,
C300, C500), 109.6 (C8), 105.9 (C5), 104.8 (C20, C60), 102.1
(OCH2O), 60.8 (OMe(40)), 56.2 (OMe(30,50)), 51.3 (C11),
50.4 (C2), 43.2 (C1), 40.1 (C3); MS (DCI/NH3): 506
[M+H]+, 523 [M+NH4]+.

4.3.7. (1R,2S,3R)-N-(4-Thiomethylphenyl)-picropodo-
phyllone-cis-g-lactam 3g.

N
O

O

MeO
OMe

OMe

O

O

SMe

Off-white solid; 51 mg; yield: 82%; mp: 120–122 �C; [a]D
20

�306 (c 0.16, CHCl3); IR (CHCl3) 3021, 3012, 2971–2900,
1697, 1669, 1592, 1498, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.47 (d, J¼8.8 Hz, 2H, H300, H500), 7.46 (s, 1H,
H5), 7.21 (d, J¼8.8 Hz, 2H, H200, H600), 6.71 (s, 1H, H8),
6.28 (s, 2H, H20, H60), 6.01 (m, 2H, OCH2O), 4.79 (d,
J¼1.6 Hz, 1H, H1), 4.23 (d, J¼9.8 Hz, 1H, H11a), 3.96 (dd,
J¼9.8, 6.4 Hz, 1H, H11b), 3.80 (s, 3H, OMe(40)), 3.75 (s,
6H, OMe(30,50)), 3.34 (dd, J¼7.5, 1.6 Hz, 1H, H2), 3.20 (m,
1H, H3), 2.43 (s, 3H, S-Me); 13C NMR (75 MHz, CDCl3):
d 195.0 (C4), 171.6 (C13), 153.6 (C30, C50, C7), 148.2 (C6),
139.9 (C9), 138.7 (C10), 137.1 (C40), 136.4 (C100), 134.6
(C400), 127.5 (C300, C500), 127.3 (C10), 120.1 (C200, C600),
109.6 (C8), 105.9 (C5), 104.8 (C20, C60), 102.1 (OCH2O),
60.8 (OMe(40)), 56.2(OMe(30,50)), 51.0 (C11), 50.5 (C2), 43.2
(C1), 40.1 (C3), 16.4 (S-Me); HRMS (DCI/NH3): calcd for
C29H28NO7S 534.1586, found 534.1591.

4.3.8. (1R,2S,3R)-N-(4-Phenoxyphenyl)-picropodophyl-
lone-cis-g-lactam 3h.

N
O

O

MeO
OMe

OMe

O

O

O

Off-white solid; 48 mg; yield: 71%; mp: 218–220 �C; [a]D
20

�113 (c 0.22, CHCl3); IR (CHCl3) 3025, 2970–2900, 1696,
1670, 1591, 1507, 1481 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.50 (d, J¼9 Hz, 2H, H200, H600), 7.48 (s, 1H, H5), 7.29 (m,
2H, H300, H500), 7.07 (t, J¼7.5 Hz, 1H, H4000), 6.97 (m, 4H, H300,
H500, H2000, H6000), 6.72 (s, 1H, H8), 6.28 (s, 2H, H20, H60), 6.01
(m, 2H, OCH2O), 4.81 (d, J ¼1.6 Hz, 1H, H1), 4.25 (d,
J¼9.7 Hz, 1H, H11a), 3.97 (dd, J¼9.7, 6.3 Hz, 1H, H11b),
3.81 (s, 3H, OMe(40)), 3.76 (s, 6H, OMe(30,50)), 3.35 (dd,
J¼7.4, 1.6 Hz, 1H, H2), 3.23 (m, 1H, H3); 13C NMR
(75 MHz, CDCl3): d 195.0 (C4), 171.5 (C13), 157.3 (C1000),
154.0 (C400), 153.6 (C30, C50, C7), 148.2 (C6), 139.9 (C9),
138.7 (C10), 136.9 (C40), 134.3 (C100), 129.7 (C3000, C5000),
127.3 (C10), 123.2 (C4000), 121.3 (C200, C600), 119.3 (C2000,
C6000), 118.5 (C300, C500), 109.5 (C8), 105.9 (C5), 104.8 (C20,
C60), 102.0 (OCH2O), 60.8 (OMe(40)), 56.1 (OMe(30,50)),
51.3 (C11), 50.4 (C2), 43.2 (C1), 40.1 (C3); HRMS (DCI/
NH3): calcd for C34H30NO8 580.1971, found 580.1968.

4.3.9. (1R,2S,3R)-N-(4-Methoxyphenyl)-picropodophyl-
lone-cis-g-lactam 3i.

N
O

O

MeO
OMe

OMe

O

O

OMe

Off-white solid; 54 mg; yield: 90%; mp: 124–126 �C; [a]D
20

�246 (c 0.18, CHCl3); IR (CHCl3) 3022, 3016, 2965–2900,
1694, 1670, 1592, 1512, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.46 (s, 1H, H5), 7.42 (d, J¼9 Hz, 2H, H200,
H600), 6.84 (d, J¼9 Hz, 2H, H300, H500), 6.71 (s, 1H, H8),
6.27 (s, 2H, H20, H60), 6.01 (m, 2H, OCH2O), 4.80 (d,
J¼1.7 Hz, 1H, H1), 4.21 (d, J¼9.8 Hz, 1H, H11a), 3.96 (dd,
J¼9.8, 6.4 Hz, 1H, H11b), 3.80 (s, 3H, OMe(40)), 3.76 (s,
6H, OMe(30,50)), 3.75 (s, 3H, OMe(400)), 3.33 (dd, J¼7.4,
1.7 Hz, 1H, H2), 3.20 (m, 1H, H3); 13C NMR (75 MHz,
CDCl3): d 195.2 (C4), 171.3 (C13), 156.8 (C400), 153.6 (C30,
C50, C7), 148.1 (C6), 139.9 (C9), 138.8 (C10), 136.9 (C40),
132.1 (C100), 127.3 (C10), 121.4 (C200, C600), 114.0 (C300,
C500), 109.5 (C8), 105.8 (C5), 104.8 (C20, C60), 102.0
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(OCH2O), 60.8 (OMe(40)), 56.1 (OMe(30,50)), 55.4 (OMe(400)),
51.5 (C11), 50.3 (C2), 43.2 (C1), 40.2 (C3); HRMS (DCI/
NH3): calcd for C29H28NO8 518.1815, found 518.1807.

4.3.10. (1R,2S,3R)-N-(3,4,5-Trimethoxyphenyl)-picro-
podophyllone-cis-g-lactam 3j.

N
O

O

MeO
OMe

OMe

O

O

OMe

OMe

OMe

Pale yellow solid; 61 mg; yield: 90%; mp: 125–127 �C; [a]D
20

�244 (c 0.16, CHCl3); IR 3023, 3010, 2970–2900, 1698,
1668, 1593, 1508, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.47 (s, 1H, H5), 6.87 (s, 2H, H200, H600), 6.71 (s,
1H, H8), 6.26 (s, 2H, H20, H60), 6.01 (m, 2H, OCH2O), 4.78
(d, J¼1.3 Hz, 1H, H1), 4.28 (d, J¼9.7 Hz, 1H, H11a), 3.95
(dd, J¼9.7, 6.4 Hz, 1H, H11b), 3.84 (s, 6H, OMe(300,500)),
3.81 (s, 3H, OMe(40)), 3.76 (s, 6H, OMe(400)), 3.74 (s, 6H,
OMe(30,50)), 3.35 (dd, J¼7.4, 1.3 Hz, 1H, H2), 3.20 (m, 1H,
H3); 13C NMR (75 MHz, CDCl3): d 194.8 (C4), 171.7
(C13), 153.7 (C30, C50, C7), 153.2 (C300, C500), 148.2 (C6),
139.9 (C9), 138.7 (C10), 137.1 (C40), 135.6 (C400), 135.0
(C100), 127.2 (C10), 109.6 (C8), 105.9 (C5), 104.9 (C20, C60),
102.1 (OCH2O), 97.6 (C200, C600), 60.9 (OMe), 60.8 (OMe),
56.2 (OMe(30,50,300,500)), 51.3 (C11), 50.7 (C2), 43.2 (C1), 39.8
(C3); HRMS (DCI/NH3): calcd for C31H32NO10 578.2026,
found 578.2021.

4.3.11. (1R,2S,3R)-N-(4-Methylphenyl)-picropodophyl-
lone-cis-g-lactam 3k.

N
O

O

MeO
OMe

OMe

O

O

Me

White solid; 54 mg; yield: 92%; mp: 129–130 �C; [a]D
20

�259 (c 0.60, CHCl3); IR (CHCl3) 3012, 2975–2900,
1693, 1669, 1592, 1506, 1482 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.47 (s, 1H, H5), 7.41 (d, J¼8.4 Hz, 2H, H200,
H600), 7.13 (d, J¼8.4 Hz, 2H, H300, H500), 6.72 (s, 1H, H8),
6.28 (s, 2H, H20, H60), 6.02 (m, 2H, OCH2O), 4.81 (d,
J¼1.8 Hz, 1H, H1), 4.24 (d, J¼9.9 Hz, 1H, H11a), 3.95 (dd,
J¼9.9, 6.2 Hz, 1H, H11b), 3.81 (s, 3H, OMe(40)), 3.76 (s,
6H, OMe(30,50)), 3.34 (dd, J¼7.5, 1.8 Hz, 1H, H2), 3.21 (m,
1H, H3), 2.30 (s, 3H, Ph-Me); 13C NMR (75 MHz,
CDCl3): d 195.2 (C4), 171.5 (C13), 153.7 (C7, C30, C50),
148.1 (C6), 139.9 (C9), 138.8 (C10), 136.9 (C40), 136.4
(C100), 134.6 (C400), 129.4 (C300, C500), 127.3 (C10), 119.7
(C200, C600), 109.5 (C8), 105.9 (C5), 104.7 (C20, C60), 102.0
(OCH2O), 60.8 (OMe(40)), 56.1 (OMe(30,50)), 51.2 (C11),
50.4 (C2), 43.2 (C1), 40.1 (C3), 20.8 (Ph-Me); HRMS
(DCI/NH3): calcd for C29H28NO7 502.1866, found
502.1865.
4.3.12. (1R,2S,3R)-N-Indan-5-yl-picropodophyllone-cis-
g-lactam 3l.

N
O

O

MeO
OMe

OMe

O

O

Off-white solid; 50 mg; yield: 81%; mp: 114–116 �C; [a]D
20

�258 (c 0.20, CHCl3); IR (CHCl3) 3029, 3012, 2973–2900,
1695, 1669, 1592, 1505, 1481 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.46 (s, 1H, H5), 7.40 (d, J¼1.5 Hz, 1H, H400),
7.21 (dd, J¼8.2, 1.5 Hz, 1H, H600), 7.15 (d, J¼8.2 Hz, 1H,
H700), 6.72 (s, 1H, H8), 6.28 (s, 2H, H20, H60), 6.01 (m, 2H,
OCH2O), 4.81 (d, J¼1.6 Hz, 1H, H1), 4.22 (d, J¼9.8 Hz,
1H, H11a), 3.97 (dd, J¼9.8, 6.4 Hz, 1H, H11b), 3.80 (s, 3H,
OMe(40)), 3.75 (s, 6H, OMe(30,50)), 3.33 (dd, J¼7.4, 1.6 Hz,
1H, H2), 3.19 (m, 1H, H3), 2.84 (m, 4H, H100, H300), 2.04
(m, 2H, H200);

13C NMR (75 MHz, CDCl3): d 195.2 (C4),
171.4 (C13), 153.6 (C30, C50, C7), 148.1 (C6), 145.1 (C3a00),
141.1 (C7a00), 140.0 (C9), 138.8 (C10), 137.1 (C500), 137.0
(C40), 127.4 (C10), 124.4 (C700), 118.0 (C600), 116.5 (C400),
109.5 (C8), 105.8 (C5), 104.8 (C20, C60), 102.0 (OCH2O),
60.8 (OMe(40)), 56.1 (OMe(30,50)), 51.7 (C11), 50.4 (C2),
43.2 (C1), 40.2 (C3), 33.0 (C300), 32.3 (C100), 25.6 (C200);
HRMS (DCI/NH3): calcd for C31H30NO7 528.2022, found
528.2028.

4.3.13. (1R,2S,3R)-N-(3,4-Methylenedioxyphenyl)-picro-
podophyllone-cis-g-lactam 3m.

N
O

O

MeO
OMe

OMe

O

O

O

O

Off-white solid; 38 mg; yield: 61%; yellow powder; mp
187–190 �C; [a]D

20 �91 (c 0.15, CHCl3); IR 3023, 2970–
2900, 1714, 1672, 1597, 1505, 1480 cm�1; 1H NMR
(400 MHz, CDCl3): d 7.47 (s, 1H, H5), 7.22 (d, J¼1.8 Hz,
1H, H200), 6.78 (dd, J¼10.4, 1.8 Hz, 1H, H600), 6.73 (d,
J¼10.4 Hz, 1H, H500), 6.71 (s, 1H, H8), 6.27 (s, 2H, H20,
H60), 6.02 (m, 2H, OCH2O(6,7)), 5.92 (d, J¼1.0 Hz, 2H,
OCH2O(300,400)), 4.79 (d, J¼1.7 Hz, 1H, H1), 4.18 (d,
J¼9.7 Hz, 1H, H11a), 3.93 (dd, J¼9.7, 6.3 Hz, 1H, H11b),
3.80 (s, 3H, OMe(40)), 3.75 (s, 6H, OMe(30,50)), 3.32 (dd,
J¼7.4, 1.7 Hz, 1H, H2), 3.19 (dd, J¼7.4, 6.3 Hz, 1H, H3);
13C NMR (75 MHz, CDCl3): d 195.1 (C4), 171.4 (C13),
153.6 (C7), 153.5 (C30, C50), 148.2 (C6), 147.8 (C300), 144.8
(C400), 139.2 (C10), 138.8 (C100), 136.9 (C40), 133.2 (C9),
127.3 (C10), 112.9 (C600), 109.5 (C8), 107.9 (C500), 105.8
(C5), 104.7 (C20, C60), 102.6 (C200), 102.1 (OCH2O(6,7)),
101.3 (OCH2O(300,400)), 60.8 (OMe(40)), 56.1 (OMe(30,50)),
51.8 (C11), 50.3 (C2), 43.2 (C1), 40.1 (C3); MS (ES+): 532
[M+H]+, 554 [M+Na]+.
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4.4. Representative experimental procedure for
sequential one-pot addition–cyclization catalyzed
by InCl3

To a 10 mL Quest 210 Teflon reaction vessel was added a
solution of the methyl ester of thuriferic acid 2 (50 mg,
0.117 mmol) in DCE (3 mL) followed by InCl3 (13 mg,
0.058 mmol) and 2-aminofluorene (106 mg, 0.585 mmol,
5 equiv). The solution was stirred for 48 h at 80 �C and
then DBU (88 mL, 0.585 mmol) was added and the solution
was stirred for 24 h at 80 �C. Chlorosulfonyl resin (560 mg,
12 equiv) and Et3N (0.25 mL, 15 equiv) were added and the
reaction mixture was stirred for 24 h at 60 �C in order to
scavenge excess of aniline. Filtration and evaporation of
the solvent under reduced pressure gave a residue, which
was purified by filtration on silica pad with cyclohexane
then cyclohexane/EtOAc gradient [9/1 to 2/8] to furnish
44 mg (66%) of 3n.

4.4.1. (1R,2S,3R)-N-Fluoren-2-yl-picropodophyllone-cis-
g-lactam 3n.

N
O

O

MeO
OMe

OMe

O

O

Yellow solid; 44 mg; yield: 66%; mp: 139–141 �C; [a]D
20

�227 (c 0.19, CHCl3); IR (CHCl3) 3026, 3014, 2974–
2900, 1696, 1668, 1592, 1505, 1481 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.82 (d, J¼2.0 Hz, 1H, H100), 7.72
(m, 2H, H400, H500), 7.51 (m, 1H, H800), 7.49 (s, 1H, H5),
7.48 (m, 1H, H300), 7.35 (t, J¼7.2 Hz, 1H, H600), 7.27 (dt,
J¼7.2, 1.2 Hz, 1H, H700), 6.74 (s, 1H, H8), 6.30 (s, 2H, H20,
H60), 6.03 (m, 2H, OCH2O), 4.84 (d, J¼1.8 Hz, 1H, H1),
4.34 (d, J¼9.8 Hz, 1H, H11a), 4.06 (dd, J¼9.8, 6.3 Hz, 1H,
H11b), 3.87 (s, 2H, H900), 3.82 (s, 3H, OMe(40)), 3.77 (s, 6H,
OMe(30,50)), 3.39 (dd, J¼7.5, 1.8 Hz, 1H, H2), 3.25 (dd,
J¼7.5, 6.3 Hz, 1H, H3); 13C NMR (75 MHz, CDCl3):
d 195.1 (C4), 171.7 (C13), 153.6 (C7, C30, C50), 148.2 (C6),
144.0 (C9a0), 143.2 (C8a0), 141.2 (C4b00), 139.9 (C10), 138.8
(C9), 138.6 (C200), 137.7 (C4a00), 136.9 (C40), 127.3 (C10),
126.8 (C700), 126.6 (C600), 125.0 (C800), 120.0 (C400), 119.7
(C500), 118.4 (C300), 116.9 (C100), 109.6 (C8), 105.9 (C5),
104.7 (C20, C60), 102.1 (OCH2O), 60.8 (OMe(40)), 56.2
(OMe(30,50)), 51.5 (C11), 50.6 (C2), 43.2 (C1), 40.2 (C3),
37.0 (C900); HRMS (DCI/NH3): calcd for C35H29NO7S
576.2056, found 576.2013.

4.4.2. (1R,2S,3R)-N-(4-Nitrophenyl)-picropodophyllone-
cis-g-lactam 3o.

N
O

O

MeO
OMe

OMe

O

O

NO2
Yellow solid; 31 mg; yield: 50%; yellow powder; mp 235–
240 �C; [a]D

20 �110 (c 0.34, CHCl3); IR 3020, 2970–2900,
1713, 1670, 1596, 1504, 1481 cm�1; 1H NMR (400 MHz,
CDCl3): d 8.22 (d, J¼9.3 Hz, 2H, H300, H500), 7.79 (d,
J¼9.3 Hz, 2H, H200, H600), 7.48 (s, 1H, H5), 6.73 (s, 1H,
H8), 6.27 (s, 2H, H20, H60), 6.04 (m, 2H, OCH2O), 4.81 (d,
J¼1.7 Hz, 1H, H1), 4.38 (d, J¼9.7 Hz, 1H, H11a), 4.01 (m,
1H, H11b), 3.81 (s, 3H, OMe(40)), 3.76 (s, 6H, OMe(30,50)),
3.40 (dd, J¼7.6, 1.7 Hz, 1H, H2), 3.29 (m, 1H, H3); 13C
NMR (75 MHz, CDCl3): d 193.9 (C4), 172.3 (C13), 153.7
(C7), 153.5 (C30, C50), 148.2 (C6), 144.1 (C100), 143.6 (C400),
139.6 (C9), 138.1 (C10), 137.0 (C40), 126.9 (C10), 124.5
(C200, C600), 118.6 (C300, C500), 109.3 (C8), 105.8 (C5), 104.6
(C20, C60), 102.0 (OCH2O), 60.6 (OMe(40)), 56.0 (OMe(30,50)),
50.5 (C2), 43.3 (C11), 42.9 (C1), 39.5 (C3); MS (DCI/NH3):
533 [M+H]+, 550 [M+NH4]+.

4.5. Reduction procedures of bromo N-aryl lactam
lignans

4.5.1. (1R,2S,3R,4R)-N-(4-Bromophenyl)-picropodo-
phyllin-cis-g-lactam 7a.

N
O

O

MeO
OMe

OMe

O

Br

OH

To a mixture of 3a (247 mg, 0.436 mmol) in THF (4 mL)
was added MeOH (4 mL). The solution was cooled to
�78 �C and NaBH4 (25 mg, 0.654 mmol) was added. The
reaction mixture was removed from the cold bath and was
stirred for 3 h, water was added and the mixture was
extracted with EtOAc. The organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated under re-
duced pressure. The crude product was purified by silica gel
chromatography (cyclohexane/EtOAc 3/2) and recrystal-
lized from cyclohexane and EtOAc to yield 186 mg (75%)
of 7a as a white solid.

Compound 7a: 186 mg; yield: 75%; mp: 228–230 �C; [a]D
20

�69 (c 0.25, CHCl3); IR (CHCl3) 3500–3300, 3008, 2960–
2900, 1695, 1592, 1504, 1483 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.56 (d, J¼8.6 Hz, 2H, H200, H600), 7.45 (d,
J¼8.6 Hz, 2H, H300, H500), 7.03 (s, 1H, H5), 6.47 (s, 2H, H20,
H60), 6.37 (s, 1H, H8), 5.92 (m, 2H, OCH2O), 4.51 (t,
J¼8.0 Hz, 1H, H4), 4.20 (d, J¼4.9 Hz, 1H, H1), 3.95 (m,
2H, H11), 3.85 (s, 3H, OMe(40)), 3.82 (s, 6H, OMe(30,50)),
3.35 (dd, J¼9.2, 4.9 Hz, 1H, H2), 2.69 (m, 1H, H3), 2.15
(d, J¼8.0 Hz, 1H, OH); 13C NMR (75 MHz, CDCl3):
d 174.0 (C13), 153.5 (C30, C50), 147.2 (C7), 146.8 (C6),
140.1 (C10), 138.2 (C100), 136.7 (C40), 132.2 (C9), 131.8
(C200, C600), 131.1 (C10), 121.0 (C300, C500), 117.5 (C400),
109.3 (C8), 105.5 (C20, C60), 105.3 (C5), 101.1 (OCH2O),
70.2 (C4), 60.9 (OMe(40)), 56.1 (OMe(30,50)), 50.2 (C11),
48.9 (C2), 44.2 (C1), 38.7 (C3); HRMS (FAB+): calcd for
C28H26NO7Br 567.0893 and 569.0877, found 567.0886
and 569.0887; HRMS (DIC/NH3): calcd for C28H27NO7Br
568.0971 and 570.0955, found 568.0956 and 570.0966.
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4.5.2. (1R,2S,3R,4S)-N-(4-Bromophenyl)-epipicropodo-
phyllin-cis-g-lactam 7b.

N
O

O

MeO
OMe

OMe

O

Br

OH

To a mixture of 3a (199 mg, 0.351 mmol) in anhydrous THF
(5 mL) at �78 �C was added 1 M L-Selectride solution in
THF (422 mL, 0.422 mmol) dropwise. The reaction mixture
was removed from the cold bath and was stirred for 2 h. A
saturated solution of NH4Cl was added and the mixture
was extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO4, filtered and concentrated
under reduced pressure. The crude product was purified by
silica gel chromatography (cyclohexane/EtOAc 3/2) to yield
172 mg (86%) of 7b as a white solid.

Compound 7b: 172 mg; yield: 86%; mp: 149–152 �C; [a]D
20

+51 (c 0.23, CHCl3); IR (CHCl3) 3500–3300, 3020, 3013,
2970–2900, 1692, 1591, 1505, 1491 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.47 (d, J¼10.4 Hz, 2H, H200, H600),
7.41 (d, J¼10.4 Hz, 2H, H300, H500), 7.07 (s, 1H, H5), 6.66
(s, 1H, H8), 6.34 (s, 2H, H20, H60), 5.95 (m, 2H, OCH2O),
4.89 (t, J¼4.7 Hz, 1H, H4), 4.55 (d, J¼2.2 Hz, 1H, H1),
3.82 (s, 3H, OMe(40)), 3.80 (m, 1H, H11a), 3.77 (s, 6H,
OMe(30,50)), 3.67 (m, 1H, H11b), 3.61 (dd, J¼10.6, 2.2 Hz,
1H, H2), 3.20 (m, 1H, H3), 2.08 (d, J¼4.7 Hz, 1H, OH);
13C NMR (75 MHz, CDCl3): d 174.6 (C13), 153.2 (C30,
C50), 147.1 (C6, C7), 138.2 (C10 or C100), 138.0 (C100 or C10),
136.6 (C40), 131.7 (C300, C500), 131.6 (C9), 129.7 (C10),
121.4 (C200, C600), 117.5 (C400), 109.9 (C8), 105.7 (C5), 104.7
(C20, C60), 101.1 (OCH2O), 67.6 (C4), 60.9 (OMe(40)), 56.2
(OMe(30,50)), 48.7 (C2), 48.2 (C11), 45.7 (C1), 35.4 (C3);
HRMS (FAB+): calcd for C28H27NO7Br 568.0971 and
570.0955, found 568.0980 and 570.0940.

4.5.3. (1R,2S,3R,4R)-N-(3-Bromophenyl)-picropodo-
phyllin-cis-g-lactam 8a.

N
O

O

MeO
OMe

OMe

O

OH Br

To a mixture of 3b (218 mg, 0.385 mmol) in THF (4 mL)
was added MeOH (4 mL). The solution was cooled to
�78 �C and NaBH4 (29 mg, 0.770 mmol) was added. The
reaction mixture was removed from the cold bath and was
stirred for 3 h, water was added and the mixture was ex-
tracted with EtOAc. The organic layer was washed with
brine, dried over MgSO4, filtered, and concentrated under
reduced pressure. The crude product was purified by silica
gel chromatography (cyclohexane/EtOAc 3/2) and then
recrystallized from hexane and benzene to yield 147 mg
(67%) of 8a as a white solid.

Compound 8a: 147 mg; yield: 67%; mp: 216–218 �C; [a]D
20

�59 (c 0.20, CHCl3); IR (CHCl3) 3500–3300, 3020, 3012,
2970–2900, 1702, 1592, 1504, 1480 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.88 (d, J¼1.8 Hz, 1H, H200), 7.59
(m, 1H, H600), 7.27 (m, 1H, H400), 7.22 (m, 1H, H500), 7.04
(s, 1H, H5), 6.48 (s, 2H, H20, H60), 6.35 (s, 1H, H8), 5.92
(m, 2H, OCH2O), 4.48 (t, J¼7.5 Hz, 1H, H4), 4.19 (d,
J¼5.1 Hz, 1H, H1), 3.97 (m, 2H, H11), 3.85 (s, 3H,
OMe(40)), 3.82 (s, 6H, OMe(30,50)), 3.36 (dd, J¼9.3, 5.1 Hz,
1H, H2), 2.69 (m, 1H, H3), 2.31 (d, J¼7.5 Hz, 1H, OH);
13C NMR (75 MHz, CDCl3): d 174.2 (C13), 153.4 (C30,
C50), 147.2 (C7), 146.8 (C6), 140.4 (C100), 140.1 (C10), 136.7
(C40), 132.2 (C9), 131.1 (C10), 130.1 (C500), 127.6 (C400),
122.6 (C300), 122.5 (C200), 117.9 (C600), 109.3 (C8), 105.5
(C20, C60), 105.3 (C5), 101.1 (OCH2O), 70.1 (C4), 60.9
(OMe(40)), 56.1 (OMe(30,50)), 50.2 (C11), 48.9 (C2), 44.2
(C1), 38.8 (C3); MS (ES+): m/z¼568, 570 [M+H]+, 590,
592 [M+Na]+.

4.5.4. (1R,2S,3R,4S)-N-(3-Bromophenyl)-epipicropodo-
phyllin-cis-g-lactam 8b.

N
O

O

MeO
OMe

OMe

O

BrOH

To a mixture of 3b (196 mg, 0.346 mmol) in anhydrous THF
(5 mL) at �78 �C was added 1 M L-Selectride solution in
THF (415 mL, 0.415 mmol) dropwise. The reaction mixture
was removed from the cold bath and was stirred for 2 h. A
saturated solution of NH4Cl was added and the mixture
was extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO4, filtered, and concentrated
under reduced pressure. The crude product was purified by
silica gel chromatography (cyclohexane/EtOAc 3/2) to yield
157 mg (80%) of 8b as a white solid.

Compound 8b: 157 mg; yield: 80%; mp: 149–153 �C; [a]D
20

+46 (c 2.30, CHCl3); IR (CHCl3) 3500–3300, 3011, 2980–
2900, 1694, 1591, 1505, 1482 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.76 (d, J¼1.7 Hz, 1H, H200), 7.53 (m, 1H, H600),
7.23 (m, 1H, H400), 7.13 (m, 1H, H500), 7.08 (s, 1H, H5),
6.65 (s, 1H, H8), 6.34 (s, 2H, H20, H60), 5.95 (m, 2H,
OCH2O), 4.89 (t, J¼4.5 Hz, 1H, H4), 4.55 (d, J¼2.0 Hz,
1H, H1), 3.82 (s, 3H, OMe(40)), 3.80 (m, 1H, H11a), 3.77 (s,
6H, OMe(30,50)), 3.67 (m, 1H, H11b), 3.61 (dd, J¼10.7,
2.0 Hz, 1H, H2), 3.20 (m, 1H, H3), 2.16 (d, J¼4.5 Hz, 1H,
OH); 13C NMR (75 MHz, CDCl3): d 174.6 (C13), 153.3
(C30, C50), 147.2 (C6, C7), 140.3 (C10), 138.1 (C100), 136.7
(C40), 131.4 (C9), 130.0 (C500), 129.8 (C10), 127.5 (C400),
122.6 (C200), 122.5 (C300), 118.1 (C600), 109.9 (C8), 105.7
(C5), 104.7 (C20, C60), 101.1 (OCH2O), 67.7 (C4), 60.9
(OMe(40)), 56.1 (OMe(30,50)), 48.7 (C2), 48.1 (C11), 45.7
(C1), 35.4 (C3); MS (ES+): m/z¼568, 570 [M+H]+, 590,
592 [M+Na]+.
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4.6. Representative experimental procedure for Suzuki
cross-coupling

To a 10 mL Quest 210 Teflon reaction vessel was added a
solution of N-4-bromophenyl g-lactam lignan 7b (30 mg,
0.053 mM) and Pd(OAc)2 (1.2 mg, 10 mol %) in DMF
(3 mL) followed by substituted phenylboronic acid
(0.132 mM, 2.5 equiv) and CsF (Table 2). The reaction
mixture was stirred at 85 �C, filtered, and poured into water.
After extraction with EtOAc (3�7 mL), the combined or-
ganic phases were washed with brine and evaporated under
reduced pressure. The residue was purified on silica pad
with cyclohexane then cyclohexane/EtOAc gradient [9/1 to
2/8] to give the desired biaryl product.

4.6.1. (1R,2S,3R,4R)-N-(20-Chlorobiphenyl)-picropodo-
phyllin-cis-g-lactam 4aa.

N
O

O

MeO
OMe

OMe

O

ClOH

White solid; 18.8 mg; yield: 59%; mp: 151–155 �C; [a]D
20�72

(c 0.29, CHCl3); IR (CHCl3) 3500–3300, 3019, 2960–2900,
1696, 1593, 1505, 1483 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.71 (d, J¼8.7 Hz, 2H, H200, H600), 7.45 (m, 3H, H300, H500,
H6000), 7.24 (m, 3H, H3000, H4000, H5000), 7.04 (s, 1H, H5), 6.50 (s,
2H, H20, H60), 6.40 (s, 1H, H8), 5.93 (m, 2H, OCH2O), 4.51
(dd, J¼8.0, 7.1 Hz, 1H, H4), 4.25 (d, J¼4.7 Hz, 1H, H1),
4.02 (m, 2H, H11), 3.85 (s, 3H, OMe(40)), 3.83 (s, 6H,
OMe(30,50)), 3.38 (dd, J¼9.2, 4.7 Hz, 1H, H2), 2.73 (m, 1H,
H3), 2.08 (d, J¼7.1 Hz, 1H, OH); 13C NMR (75 MHz,
CDCl3): d 174.0 (C13), 153.5 (C30, C50), 147.4 (C7), 146.8
(C6), 139.7 (C10), 138.5 (C400), 137.6 (C1000), 136.6 (C40),
135.8 (C100), 132.5 (C2000), 132.1 (C9), 131.3 (C10, C3000), 130.0
(C300, C500, C6000), 128.6 (C4000), 126.9 (C5000), 119.1 (C200, C600),
109.5 (C8), 105.5 (C5, C20, C60), 101.1 (OCH2O), 70.5 (C4),
60.9 (OMe), 56.1 (OMe(30,50)), 50.4 (C11), 49.0 (C2), 44.3
(C1), 38.8 (C3); HRMS (DCI/NH3): calcd for C34H31NO7Cl
600.1789 and 602.1779, found 600.1774 and 602.1768.

4.6.2. (1R,2S,3R,4R)-N-(30-Chlorobiphenyl)-picropodo-
phyllin-cis-g-lactam 4ab.

N
O

O

MeO
OMe

OMe

O

OH Cl

White solid; 21.3 mg; yield: 67%; [a]D
20 �90 (c 0.83,

CHCl3); IR (CHCl3) 3600–3300, 3020, 2970–2900, 1697,
1593, 1505, 1481 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.72 (d, J¼8.6 Hz, 2H, H200, H600), 7.53 (m, 3H, H300, H500,
H2000), 7.36 (m, 3H, H4000, H5000, H6000), 7.05 (s, 1H, H5), 6.49
(s, 2H, H20, H60), 6.37 (s, 1H, H8), 5.92 (m, 2H, OCH2O),
4.49 (t, J¼7.0 Hz, 1H, H4), 4.22 (d, J¼4.8 Hz, 1H, H1),
4.01 (m, 2H, H11), 3.85 (s, 3H, OMe (40)), 3.82 (s, 6H,
OMe(30,50)), 3.37 (dd, J¼9.2, 4.8 Hz, 1H, H2), 2.69 (m, 1H,
H3), 2.42 (d, J¼7.0 Hz, 1H, OH); 13C NMR (75 MHz,
CDCl3): d 174.1 (C13), 153.5 (C30, C50), 147.2 (C7), 146.8
(C6), 142.1 (C3000), 140.3 (C10), 138.9 (C100), 136.7 (C40),
135.9 (C1000), 134.7 (C400), 132.3 (C9), 131.1 (C10), 130.0
(C5000), 127.4 (C300, C500), 127.2 (C4000), 126.9 (C2000), 125.0
(C6000), 119.9 (C200, C600), 109.3 (C8), 105.6 (C20, C60), 105.3
(C5), 101.1 (OCH2O), 70.1 (C4), 60.9 (OMe(40)), 56.2
(OMe(30,50)), 50.3 (C11), 49.0 (C2), 44.2 (C1), 38.8 (C3);
HRMS (DCI/NH3): calcd for C34H31NO7Cl 600.1789 and
602.1779, found 600.1787 and 602.1752.

4.6.3. (1R,2S,3R,4R)-N-(40-Chlorobiphenyl)-picropodo-
phyllin-cis-g-lactam 4ac.

N
O

O

MeO
OMe

OMe

O

OH

Cl

White solid; 21.3 mg; yield: 67%; mp: 125–130 �C; [a]D
20

�29 (c 0.11, CHCl3); IR (CHCl3) 3500–3200, 3022, 3014,
2975–2900, 1702, 1592, 1505, 1481 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.75 (d, J¼8.7 Hz, 2H, H200, H600),
7.55 (d, J¼8.7 Hz, 2H, H300, H500), 7.49 (d, J¼8.6 Hz, 2H,
H3000, H5000), 7.39 (d, 2H, J¼8.6 Hz, H2000, H6000), 7.04 (s, 1H,
H5), 6.49 (s, 2H, H20, H60), 6.40 (s, 1H, H8), 5.94 (m, 2H,
OCH2O), 4.56 (t, J¼7.4 Hz, 1H, H4), 4.26 (d, J¼4.6 Hz,
1H, H1), 4.03 (m, 2H, H11), 3.86 (s, 3H, OMe(40)), 3.83 (s,
6H, OMe(30,50)), 3.40 (dd, J¼9.4, 4.6 Hz, 1H, H2), 2.74 (m,
1H, H3), 2.06 (d, J¼7.4 Hz, 1H, OH); 13C NMR (75 MHz,
CDCl3): d 174.4 (C13), 153.7 (C30, C50), 147.1 (C7), 146.7
(C6), 140.2 (C10), 138.9 (C1000), 138.7 (C400), 136.8 (C40,
C100), 134.6 (C4000), 132.3 (C9), 131.2 (C10), 128.8 (C3000,
C5000), 127.7 (C300, C500, C2000, C6000), 120.0 (C200, C600), 109.5
(C8), 105.5 (C5, C20, C60), 101.1 (OCH2O), 70.4 (C4), 60.9
(OMe(40)), 56.2 (OMe(30,50)), 50.4 (C11), 49.0 (C2), 44.3
(C1), 38.9 (C3); HRMS (DCI/NH3): calcd for C34H31NO7Cl
600.1789 and 602.1779, found 600.1774 and 602.1768.

4.6.4. (1R,2S,3R,4R)-N-(20-Fluorobiphenyl)-picropodo-
phyllin-cis-g-lactam 4ad.

N
O

O

MeO
OMe

OMe

O

OH

F

White solid; 25.4 mg; yield: 82%; mp: 82 �C; [a]D
20 �44 (c

0.13, CHCl3); IR (CHCl3) 3550–3300, 3031, 3011, 2974–
2900, 1693, 1591, 1504, 1484 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.73 (d, J¼8.7 Hz, 2H, H200, H600), 7.53 (d,
J¼8.7 Hz, 2H, H300, H500), 7.40 (dt, J¼7.8, 1.6 Hz, 1H, H6000),
7.29 (m, 1H, H4000), 7.20 (m, 1H, H5000), 7.13 (m, 1H, H3000),
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7.05 (s, 1H, H5), 6.49 (s, 2H, H20, H60), 6.38 (s, 1H, H8), 5.92
(m, 2H, OCH2O), 4.50 (dd, J¼7.0, 4.1 Hz, 1H, H4), 4.24 (d,
J¼4.8 Hz, 1H, H1), 4.01 (m, 2H, H11), 3.85 (s, 3H, OMe(40)),
3.82 (s, 6H, OMe(30,50)), 3.37 (dd, J¼9.2, 4.8 Hz, 1H, H2),
2.71 (m, 1H, H3), 2.35 (br s, 1H, OH); 13C NMR (75 MHz,
CDCl3): d 174.8 (C13), 158.3 (d, J¼247.4 Hz, C2000), 153.2
(C30, C50), 147.1 (C6, C7), 140.3 (C10), 138.5 (C100), 136.6
(C40), 132.3 (C9), 131.0 (C10), 130.5 (C400, C6000), 129.3 (C300,
C500), 129.1 (d, J¼8.1 Hz, C4000), 128.5 (d, J¼13.3 Hz, C1000),
124.4 (C5000), 119.7 (C200, C600), 116.3 (d, J¼22.6 Hz, C3000),
109.3 (C8), 105.6 (C20, C60, C5), 101.1 (OCH2O), 70.1 (C4),
60.9 (OMe(40)), 56.2 (OMe(30,50)), 50.3 (C11), 49.0 (C2), 44.2
(C1), 38.8 (C3); MS (ES+): m/z¼584 [M+H]+.

4.6.5. (1R,2S,3R,4R)-N-(40-Fluorobiphenyl)-picropodo-
phyllin-cis-g-lactam 4ae.

N
O

O

MeO
OMe

OMe

O

OH

F

White solid; 28.4 mg; yield: 92%; mp: 209–212 �C; [a]D
20

�77 (c 0.35, CHCl3); IR (CHCl3) 3500–3300, 3005, 2960–
2900, 1695, 1593, 1500, 1482 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.72 (d, J¼8.7 Hz, 2H, H200, H600), 7.52 (d,
J¼8.7 Hz, 2H, H2000, H6000), 7.50 (d, J¼8.7 Hz, 2H, H300, H500),
7.11 (t, 2H, J¼8.7 Hz, H3000, H5000), 7.05 (s, 1H, H5), 6.49 (s,
2H, H20, H60), 6.40 (s, 1H, H8), 5.93 (m, 2H, OCH2O), 4.53
(t, J¼7.7 Hz, 1H, H4), 4.25 (d, J¼4.8 Hz, 1H, H1), 4.04 (m,
2H, H11), 3.85 (s, 3H, OMe(40)), 3.83 (s, 6H, OMe(30,50)),
3.38 (dd, J¼9.2, 4.8 Hz, 1H, H2), 2.72 (m, 1H, H3), 2.17 (d, J¼
7.7 Hz, 1H, OH); 13C NMR (75 MHz, CDCl3): d 174.0 (C13),
162.5 (d, J¼226.4 Hz, C4000), 153.5 (C30, C50), 147.2 (C7),
146.8 (C6), 140.3 (C10), 138.4 (C100), 136.7 (C40), 136.5 (C400,
C1000), 132.2 (C9), 131.2 (C10), 128.4 (d, J¼7.9 Hz, C2000,
C6000), 127.3 (C300, C500), 120.0 (C200, C600), 115.6 (d, J¼
21.3 Hz, C3000, C5000), 109.4 (C8), 105.5 (C20, C60), 105.4 (C5),
101.1 (OCH2O), 70.4 (C4), 60.9 (OMe), 56.1 (OMe(30,50)),
50.4 (C11), 49.0 (C2), 44.2 (C1), 38.8 (C3); HRMS (DCI/
NH3): calcd for C34H31FNO7 584.2085, found 584.2075.

4.6.6. (1R,2S,3R,4R)-N-(40-Trifluoromethylbiphenyl)-
picropodophyllin-cis-g-lactam 4af.

N
O

O

MeO
OMe

OMe

O

OH

CF3

White gum; 28.5 mg; yield: 85%; [a]D
20 �26 (c 0.13,

CHCl3); IR (CHCl3) 3500–3300, 3029, 3012, 2975–2900,
1697, 1592, 1504, 1482 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.78 (d, J¼8.7 Hz, 2H, H200, H600), 7.67 (m, 4H,
H2000, H3000, H5000, H6000), 7.60 (d, J¼8.7 Hz, 2H, H300, H500),
7.05 (s, 1H, H5), 6.50 (s, 2H, H20, H60), 6.40 (s, 1H, H8),
5.93 (m, 2H, OCH2O), 4.55 (d, J¼8.0 Hz, 1H, H4), 4.27
(d, J¼4.8 Hz, 1H, H1), 4.05 (m, 2H, H11), 3.86 (s, 3H,
OMe(40)), 3.83 (s, 6H, OMe(30,50)), 3.41 (dd, J¼9.2, 4.8 Hz,
1H, H2), 2.75 (m, 1H, H3); 13C NMR (75 MHz, CDCl3):
d 174.1 (C13), 153.5 (C30, C50), 147.3 (C7), 146.8 (C6),
143.5 (C1000), 140.2 (C10), 139.4 (C100), 136.6 (C40), 135.9
(C400), 132.1 (C9), 131.1 (C10), 130.1 (m, C4000), 127.7 (C300,
C500), 127.1 (C2000, C6000), 125.7 (m, C3000, C5000), 122.4 (q,
J¼251 Hz, CF3), 120.0 (C200, C600), 109.4 (C8), 105.5 (C20,
C60, C5), 101.1 (OCH2O), 70.4 (C4), 60.9 (OMe(40)), 56.1
(OMe(30,50)), 50.3 (C11), 49.0 (C2), 44.3 (C1), 38.9 (C3);
MS (ES+): m/z¼558 [M+H]+.

4.6.7. (1R,2S,3R,4R)-N-(40-Methoxybiphenyl)-picro-
podophyllin-cis-g-lactam 4ah.

N
O

O

MeO
OMe

OMe

O

OH

OMe

White solid; 30.0 mg, yield: 95%; mp: 227 �C; [a]D
20 �91 (c

0.42, CHCl3); IR (CHCl3) 3500–3300, 3021, 3008, 2960,
1697, 1592, 1502, 1482 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.68 (d, J¼8.6 Hz, 2H, H200, H600), 7.51 (d,
J¼8.6 Hz, 2H, H300, H500), 7.49 (d, J¼8.6 Hz, 2H, H2000, H6000),
7.06 (s, 1H, H5), 6.95 (d, J¼8.6 Hz, 2H, H3000, H5000), 6.49 (s,
2H, H20, H60), 6.36 (s, 1H, H8), 5.92 (m, 2H, OCH2O), 4.48
(t, J¼7.1 Hz, 1H, H4), 4.21 (d, J¼4.9 Hz, 1H, H1), 4.00 (m,
2H, H11), 3.85 (s, 3H, OMe), 3.84 (s, 3H, OMe), 3.82 (s,
6H, OMe(30,50)), 3.36 (dd, J¼9.0, 4.9 Hz, 1H, H2), 2.68 (m,
1H, H3), 2.54 (br s, 1H, OH); 13C NMR (75 MHz, CDCl3):
d 174.0 (C13), 159.1 (C4000), 153.5 (C30, C50), 147.2 (C7),
146.8 (C6), 140.4 (C10), 137.8 (C100), 137.2 (C400), 136.7
(C40), 132.8 (C1000), 132.3 (C9), 131.2 (C10), 129.9 (C2000,
C6000), 127.0 (C300, C500), 120.0 (C200, C600), 114.2 (C3000, C5000),
109.4 (C8), 105.6 (C20, C60), 105.4 (C5), 101.1 (OCH2O),
70.2 (C4), 60.9 (OMe), 56.1 (OMe(30,50)), 55.3 (OMe), 50.4
(C11), 49.0 (C2), 44.2 (C1), 38.8 (C3); HRMS (DCI/NH3):
calcd for C35H34NO8 596.2284, found 596.2272.

4.6.8. (1R,2S,3R,4R)-N-(20,30,40-Trimethoxybiphenyl)-
picropodophyllin-cis-g-lactam 4ai.

N
O

O

MeO
OMe

OMe

O

OH

OMe

OMeMeO

Off-white solid; 22.9 mg; yield: 66%; mp: 148–153 �C; [a]D
20

�56 (c 0.17, CHCl3); IR (CHCl3) 3500–3300, 2970–2900,
1693, 1594, 1504, 1488 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.68 (d, J¼8.7 Hz, 2H, H200, H600), 7.51 (d, J¼
8.7 Hz, 2H, H300, H500), 7.04 (s, 1H, H5), 7.00 (d, J¼8.6 Hz,
1H, H6000), 6.72 (d, J¼8.6 Hz, 1H, H5000), 6.50 (s, 2H, H20,
H60), 6.41 (s, 1H, H8), 5.93 (m, 2H, OCH2O), 4.54 (t,
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J¼8.5 Hz, 1H, H4), 4.27 (d, J¼4.7 Hz, 1H, H1), 4.03 (m, 2H,
H11), 3.92 (s, 3H, OMe), 3.89 (s, 3H, OMe), 3.85 (s, 3H, OMe),
3.83 (s, 6H, OMe), 3.65 (s, 3H, OMe), 3.38 (dd, J¼9.2, 4.7 Hz,
1H, H2), 2.73 (m, 1H, H3), 2.17 (br s, 1H, OH); 13C NMR
(75 MHz, CDCl3): d 173.9 (C13), 153.5 (C30, C50), 153.2
(C4000), 151.5 (C2000), 147.2 (C7), 146.8 (C6), 142.1 (C3000),
140.4 (C10), 137.8 (C100), 136.8 (C40), 134.8 (C400), 132.2 (C9),
131.2 (C10), 129.5 (C300, C500), 128.0 (C1000), 124.6 (C6000),
119.4 (C200, C600), 109.5 (C8), 107.5 (C5000), 105.5 (C5, C20,
C60), 101.1 (O–CH2–O), 70.4 (C4), 60.9 (OMe), 56.2 (OMe),
50.4 (C11), 49.0 (C2), 44.2 (C1), 38.8 (C3); HRMS (DCI/
NH3): calcd for C37H38NO10 656.2496, found 656.2493.

4.6.9. (1R,2S,3R,4S)-N-(30-Chlorobiphenyl)-epipicro-
podophyllin-cis-g-lactam 4ba.

N
O

O

MeO
OMe

OMe

O

OH Cl

White solid; 22.3 mg; yield: 70%; mp: 168–173 �C; [a]D
20 +35

(c 0.48, CHCl3); IR (CHCl3) 3500–3300, 3010, 2970–2900,
1690, 1591, 1505, 1483 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.63 (d, J¼8.7 Hz, 2H, H200, H600), 7.49 (m, 3H, H300, H500,
H2000), 7.33 (m, 3H, H4000, H5000, H6000), 7.10 (s, 1H, H5), 6.67
(s, 1H, H8), 6.35 (s, 2H, H20, H60), 5.94 (m, 2H, OCH2O),
4.91 (t, J¼4.1 Hz, 1H, H4), 4.59 (d, 1H, J¼2.4 Hz, H1),
3.84 (m, 1H, H11a), 3.82 (s, 3H, OMe(40)), 3.76 (s, 6H,
OMe(30,50)), 3.72 (m, 1H, H11b), 3.63 (dd, J¼10.7, 2.4 Hz,
1H, H2), 3.22 (m, 1H, H3), 2.44 (d, J¼4.1 Hz, 1H, OH);
13C NMR (75 MHz, CDCl3): d 174.6 (C13), 153.2 (C30,
C50), 147.1 (C7, C6), 142.2 (C3000), 138.8 (C100), 138.2 (C10),
136.6 (C40), 135.9 (C1000), 134.7 (C400), 131.7 (C9), 130.0
(C5000), 129.8 (C10), 127.4 (C300, C500), 127.3 (C4000), 127.2
(C2000), 125.4 (C6000), 121.4 (C200, C600), 109.9 (C8), 105.7 (C5),
104.7 (C20, C60), 101.1 (OCH2O), 67.6 (C4), 60.9 (OMe(40)),
56.2 (OMe(30,50)), 48.8 (C2), 48.2 (C11), 45.8 (C1), 35.5
(C3); MS (ES+): m/z¼600, 602 [M+H]+, 622, 624 [M+Na]+.

4.6.10. (1R,2S,3R,4S)-N-(20-Fluorobiphenyl)-epipicro-
podophyllin-cis-g-lactam 4bb.

N
O

O

MeO
OMe

OMe

O

OH

F

White solid; 24.2 mg; yield: 79%; mp: 146–148 �C; [a]D
20

+49 (c 0.61, CHCl3); IR (CHCl3) 3500–3300, 3025, 3018,
2960–2900, 1686, 1590, 1506, 1485 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.64 (d, J¼8.8 Hz, 2H, H200, H600),
7.49 (dd, J¼8.8, 1.3 Hz, 2H, H300, H500), 7.37 (dt, J¼7.7,
1.8 Hz, 1H, H6000), 7.28 (m, 1H, H4000), 7.17 (dt, J¼7.7,
1.2 Hz, 1H, H5000), 7.10 (m, 2H, H5, H3000), 6.68 (s, 1H, H8),
6.36 (s, 2H, H20, H60), 5.94 (m, 2H, OCH2O), 4.91 (t,
J¼4.5 Hz, 1H, H4), 4.59 (d, J¼2.3 Hz, 1H, H1), 3.84 (m,
1H, H11a), 3.82 (s, 3H, OMe(40)), 3.77 (s, 6H, OMe(30,50)),
3.72 (m, 1H, H11b), 3.64 (dd, J¼10.7, 2.3 Hz, 1H, H2),
3.22 (m, 1H, H3), 2.36 (d, J¼4.5 Hz, 1H, OH); 13C NMR
(75 MHz, CDCl3): d 174.5 (C13), 159.7 (d, J¼246.1 Hz,
C2000), 153.2 (C30, C50), 147.2 (C6, C7), 138.5 (C100), 138.2
(C10), 136.6 (C40), 131.9 (C9), 131.6 (C6000), 130.5 (C400),
129.7 (C10), 129.3 (C300, C500), 128.9 (d, J¼8.2 Hz, C4000),
128.3 (d, J¼13.3 Hz, C1000), 124.4 (d, J¼3.5 Hz, C5000),
119.7 (C200, C600), 116.1 (d, J¼22.6 Hz, C300), 109.9 (C8),
105.7 (C5), 104.7 (C20, C60), 101.1 (OCH2O), 67.7 (C4),
60.9 (OMe(40)), 56.2 (OMe(30,50)), 48.8 (C2), 48.2 (C11), 45.8
(C1), 35.5 (C3); MS (ES+): m/z¼584 [M+H]+, 606 [M+Na]+.

4.6.11. (1R,2S,3R,4S)-N-(40-Methoxybiphenyl)-epipicro-
podophyllin-cis-g-lactam 4bc.

N
O

O

MeO
OMe

OMe

O

OH

OMe

White solid; 25.6 mg; yield: 81%; mp: 148–150 �C; [a]D
20 +43

(c 0.48, CHCl3); IR (CHCl3) 3500–3300, 3020, 3008, 2960–
2900, 1688, 1590, 1502, 1484 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.59 (d, J¼8.7 Hz, 2H, H200, H600), 7.48 (d,
J¼8.7 Hz, 2H, H300, H500), 7.43 (d, J¼8.8 Hz, 2H, H2000, H6000),
7.10 (s, 1H, H5), 6.94 (d, J¼8.8 Hz, 2H, H3000, H5000), 6.69 (s,
1H, H8), 6.36 (s, 2H, H20, H60), 5.94 (m, 2H, OCH2O), 4.91
(t, J¼4.3 Hz, 1H, H4), 4.59 (d, J¼2.2 Hz, 1H, H1), 3.84 (m,
1H, H11a), 3.83 (s, 3H, OMe), 3.82 (s, 3H, OMe), 3.77 (s,
6H, OMe(30,50)), 3.72 (m, 1H, H11b), 3.63 (dd, J¼10.7,
2.2 Hz, 1H, H2), 3.22 (m, 1H, H3), 2.29 (d, J¼4.3 Hz, 1H,
OH); 13C NMR (75 MHz, CDCl3): d 174.3 (C13), 159.1
(C4000), 153.2 (C30, C50), 147.1 (C6, C7), 138.2 (C10), 137.7
(C100), 137.1 (C400), 136.7 (C40), 132.9 (C1000), 131.6 (C9),
129.8 (C10), 127.9 (C2000, C6000), 126.9 (C300, C500), 120.2 (C200,
C600), 114.2 (C3000, C5000), 110.0 (C8), 105.6 (C5), 104.7 (C20,
C60), 101.0 (OCH2O), 67.6 (C4), 60.9 (OMe(40)), 56.2
(OMe(30,50)), 55.3 (OMe (4000)), 48.8 (C2), 48.2 (C11), 45.8
(C1), 35.5 (C3); MS (ES+): m/z¼596 [M+H]+, 618 [M+Na]+.

4.6.12. (1R,2S,3R,4S)-N-(20,30,40-Trimethoxybiphenyl)-
epipicropodophyllin-cis-g-lactam 4bd.

Off-white solid; 23.3 mg; yield: 67%; mp: 136–139 �C;
[a]D

20 +42 (c 0.59, CHCl3); IR (CHCl3) 3500–3300, 3018,
2980–2900, 1690, 1591, 1504, 1485 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.59 (d, J¼8.8 Hz, 2H, H200, H600),
7.43 (d, J¼8.8 Hz, 2H, H300, H500), 7.12 (s, 1H, H5), 6.97 (d,
J¼8.6 Hz, 2H, H6000), 6.70 (d, J¼8.6 Hz, 2H, H5000), 6.69 (s,
1H, H8), 6.35 (s, 2H, H20, H60), 5.94 (m, 2H, OCH2O), 4.91

N
O

O

MeO
OMe

OMe

O

OH

OMe

OMeMeO
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(t, J¼4.5 Hz, 1H, H4), 4.59 (d, J¼2.1 Hz, 1H, H1), 3.90 (s,
3H, OMe), 3.87 (s, 3H, OMe), 3.86 (m, 1H, H11a), 3.81 (s,
3H, OMe), 3.76 (s, 6H, OMe(30,50)), 3.75 (m, 1H, H11b),
3.65 (s, 3H, OMe), 3.62 (m, 1H, H2), 3.22 (m, 1H, H3),
2.55 (br s, 1H, OH); 13C NMR (75 MHz, CDCl3): d 174.4
(C13), 153.2 (C30, C50), 153.1 (C4000), 151.3 (C2000), 147.2
(C7), 147.0 (C6), 142.5 (C3000), 138.3 (C10), 137.7 (C100),
136.6 (C40), 134.5 (C400), 131.8 (C9), 129.7 (C10), 129.4
(C300, C500), 127.8 (C1000), 124.6 (C6000), 119.6 (C200, C600),
109.9 (C8), 107.5 (C5000), 105.7 (C5), 104.8 (C20, C60), 101.0
(OCH2O), 67.5 (C4), 61.0 (OMe), 60.9 (OMe), 56.2
(OMe), 56.0 (OMe), 48.9 (C2), 48.2 (C11), 45.9 (C1), 35.5
(C3); MS (ES+): m/z¼656 [M+H]+, 678 [M+Na]+.

4.6.13. (1R,2S,3R,4R)-N-(40-Methoxybiphen-2-yl)-picro-
podophyllin-cis-g-lactam 4ca.

N
O

O

MeO
OMe

OMe

O

OH

OMe

White solid; 22.7 mg; yield: 72%; mp: 220–223 �C; [a]D
20

�73 (c 0.34, CHCl3); IR (CHCl3) 3500–3200, 2980–2900,
1697, 1591, 1482 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.85 (s, 1H, H200), 7.49 (m, 3H, H600, H2000, H6000),7.35 (m,
2H, H400, H500), 7.04 (s, 1H, H5), 6.94 (d, J¼8.4 Hz, 2H, H3000,
H5000), 6.49 (s, 2H, H20, H60), 6.37 (s, 1H, H8), 5.91 (m, 2H,
OCH2O), 4.50 (t, J¼7.7 Hz, 1H, H4), 4.23 (d, J¼5.0 Hz,
1H, H1), 4.03 (m, 2H, H11), 3.85 (s, 3H, OMe), 3.84 (s, 3H,
OMe), 3.82 (s, 6H, OMe(30,50)), 3.35 (dd, J¼9.2, 5.0 Hz, 1H,
H2), 2.68 (m, 1H, H3), 2.26 (d, J¼7.7 Hz, 1H, OH); 13C
NMR (75 MHz, CDCl3): d 174.0 (C13), 159.3 (C4000), 153.5
(C30, C50), 147.2 (C7), 146.7 (C6), 141.7 (C300), 140.5 (C10),
139.6 (C100), 136.7 (C40), 133.2 (C1000), 132.3 (C9), 131.1
(C10), 129.2 (C500), 128.3 (C2000, C6000), 123.1 (C400), 118.3
(C200), 118.0 (C600), 114.2 (C3000, C5000), 109.4 (C8), 105.6 (C20,
C60), 105.4 (C5), 101.1 (OCH2O), 70.2 (C4), 60.8 (OMe),
56.2 (OMe(30,50)), 55.3 (OMe), 50.5 (C11), 49.1 (C2), 44.2
(C1), 38.8 (C3); MS (ES+): m/z¼618 [M+Na]+.

4.6.14. (1R,2S,3R,4R)-N-(20,30,40-Trimethoxybiphen-2-
yl)-picropodophyllin-cis-g-lactam 4cb.

White solid; 10 mg; yield: 29%; mp: 203–208 �C; [a]D
20�69

(c 0.33, CHCl3); IR (CHCl3) 3500–3300, 3009, 2980–2900,
1695, 1592, 1504, 1483 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.71 (s, 1H, H200), 7.66 (d, J¼7.8 Hz, 1H, H600), 7.37 (t,

N
O

O

MeO
OMe

OMe

O

OH

OMe

OMe

OMe
J¼7.8 Hz, 1H, H500), 7.28 (m, 1H, H400), 7.03 (s, 1H, H5),
7.02 (d, J¼9.4 Hz, 1H, H6000), 6.71 (d, J¼9.4 Hz, 1H, H5000),
6.49 (s, 2H, H20, H60), 6.39 (s, 1H, H8), 5.92 (m, 2H,
OCH2O), 4.52 (d, J¼8.0 Hz, 1H, H4), 4.26 (d, J¼4.8 Hz,
1H, H1), 4.01 (m, 2H, H11), 3.92 (s, 3H, OMe), 3.89 (s, 3H,
OMe), 3.84 (s, 3H, OMe(40)), 3.82 (s, 6H, OMe(30,50)), 3.67
(s, 3H, OMe), 3.36 (dd, J¼9.0, 4.8 Hz, 1H, H2), 2.71 (m,
1H, H3); 13C NMR (75 MHz, CDCl3): d 173.9 (C13), 153.4
(C30, C50), 153.3 (C4000), 151.3 (C2000), 147.2 (C7), 146.8 (C6),
142.5 (C3000), 140.5 (C10), 139.0 (C100, C300), 136.7 (C40),
132.2 (C9), 131.2 (C10), 128.5 (C500), 128.1 (C1000), 125.6
(C400), 124.9 (C6000), 120.5 (C200), 118.4 (C600), 109.4 (C8),
107.5 (C5000), 105.7 (C5, C20, C60), 101.1 (OCH2O), 70.3
(C4), 61.1 (OMe), 61.0 (OMe), 60.9 (OMe), 56.2 (OMe(30,50)),
56.1 (OMe), 50.6 (C11), 49.0 (C2), 44.2 (C1), 38.8 (C3); MS
(ES+): m/z¼656 [M+H]+, 678 [M+Na]+.

4.6.15. (1R,2S,3R,4S)-N-(40-Methoxybiphen-2-yl)-epi-
picropodophyllin-cis-g-lactam 4da.

N
O

O

MeO
OMe

OMe

O

OH

OMe

White solid; 23.7 mg; yield: 75%; mp: 147–152 �C; [a]D
20

+28 (c 0.49, CHCl3); IR (CHCl3) 3500–3300, 3020, 3010,
2960–2900, 1689, 1590, 1504, 1484 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.74 (s, 1H, H200), 7.46 (m, 3H, H600,
H2000, H6000),7.31 (m, 2H, H400, H500), 7.11 (s, 1H, H5), 6.93
(d, 2H, J¼8.4 Hz, H3000, H5000), 6.68 (s, 1H, H8), 6.34 (s, 2H,
H20, H60), 5.93 (m, 2H, OCH2O), 4.90 (m, 1H, H4), 4.59 (d,
J¼2.1 Hz, 1H, H1), 3.85 (m, 1H, H11a), 3.83 (s, 3H, OMe),
3.82 (s, 3H, OMe), 3.75 (s, 6H, OMe(30,50)), 3.74 (m, 1H,
H11b), 3.62 (dd, 1H, J¼10.7, 2.1 Hz, H2), 3.21 (m, 1H,
H3), 2.54 (br s, 1H, OH); 13C NMR (75 MHz, CDCl3):
d 174.6 (C13), 159.3 (C4000), 153.2 (C30, C50), 147.2 (C7),
147.0 (C6), 141.5 (C3000), 139.4 (C10), 138.3 (C100), 136.5
(C40), 133.2 (C1000), 131.7 (C9), 129.7 (C10), 129.1 (C500),
128.3 (C2000, C6000), 123.1 (C400), 118.5 (C200), 118.2 (C600),
114.1 (C3000, C5000), 109.9 (C8), 105.7 (C5), 104.6 (C20, C60),
101.0 (OCH2O), 67.5 (C4), 60.9 (OMe(40)), 56.2 (OMe(30,50)),
55.3 (OMe(4000)), 49.0 (C2), 48.4 (C11), 45.9 (C1), 35.5 (C3);
MS (ES+): m/z¼596 [M+H]+, 618 [M+Na]+.

4.6.16. (1R,2S,3R,4S)-N-(20,30,40-Trimethoxybiphen-2-
yl)-epipicropodophyllin-cis-g-lactam 4db.

N
O

O

MeO
OMe

OMe

O

OH

OMe

OMe

OMe
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Off-white solid; 20.5 mg; yield: 59%; mp: 147–150 �C;
[a]D

20 +24 (c 0.57, CHCl3); IR (CHCl3) 3500–3300, 3023,
3007, 2974–2900, 1689, 1590, 1504, 1483 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.61 (s, 1H, H200), 7.54 (d, J¼8.0 Hz,
1H, H600), 7.32 (t, J¼8.0 Hz, 1H, H500), 7.24 (m, 1H, H400),
7.01 (s, 1H, H5), 6.99 (d, J¼8.6 Hz, 1H, H6000), 6.70 (d,
J¼8.6 Hz, 1H, H5000), 6.67 (s, 1H, H8), 6.34 (s, 2H, H20,
H60), 5.93 (m, 2H, OCH2O), 4.90 (t, J¼4.1 Hz, 1H, H4),
4.58 (d, J¼2.0 Hz, 1H, H1), 3.90 (s, 3H, OMe), 3.87 (s,
3H, OMe), 3.84 (m, 1H, H11a), 3.81 (s, 3H, OMe(40)), 3.75
(s, 6H, OMe(30,50)), 3.72 (m, 1H, H11b), 3.67 (s, 3H, OMe),
3.62 (dd, J¼10.5, 2.0 Hz, 1H, H2), 3.22 (m, 1H, H3), 2.57
(br s, 1H, OH); 13C NMR (75 MHz, CDCl3): d 174.4
(C13), 153.2 (C30, C50, C4000), 151.3 (C2000), 147.2 (C7), 147.0
(C6), 142.4 (C3000), 138.9 (C10), 138.8 (C100), 138.3 (C300),
136.6 (C40), 131.8 (C9), 129.7 (C10), 128.4 (C500), 128.1
(C1000), 125.6 (C400), 124.9 (C6000), 120.8 (C200), 118.6 (C600),
110.0 (C8), 107.4 (C5000), 105.6 (C5), 104.6 (C20, C60), 101.0
(OCH2O), 67.5 (C4), 61.1 (OMe), 61.0 (OMe), 60.9
(OMe), 56.2 (OMe(30,50)), 56.0 (OMe), 48.9 (C2), 48.4
(C11), 45.8 (C1), 35.5 (C3); MS (ES+): m/z¼656 [M+H]+,
678 [M+Na]+.
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Abstract—Tricyclic skeletons have been generated from acyclic enyne precursors by using an intramolecular Pauson–Khand reaction in
combination with aldol, Michael and alkylation reactions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The Pauson–Khand reaction (PKR) is widely regarded as
one of the most efficient and versatile methods for cyclopen-
tenone synthesis.1 The reaction is a cobalt mediated [2+2+1]
cycloaddition and has been shown to be a powerful method
for the generation of the bicyclo[3.3.0]oct-1-ene-3-one sys-
tem 1 (Fig. 1).2 It has been used as a key step in the synthesis
of a number of natural products including hirsutene,3 kainic
acid,4 pentalenene,5 brefeldin-A,6 asteriscanolide,7 and
epoxydictymene.8 Pauson–Khand reactions have been used
in tandem9 with other processes to make tricycles, for exam-
ple, Clive’s synthesis of angularly fused triquinanes via the
PKR, leaving a chain in the allylic position, followed by
a radical cyclization.10 Triquinanes continue to be a focus
of interest, in part due to their inherently interesting struc-
tures but also since some possess biological activity.11,12

The goal of this study was a one-pot synthesis of tricycles us-
ing Pauson–Khand reactions followed by aldol or alkylation
processes.9 Unexpectedly, the enone moiety of the bicy-
clooctenones formed in the PKR was quite reactive and

O
H

OH
HH

1 2 3 4

6 5

H

Figure 1.

* Corresponding author. Tel.: +1 850 644 2297; fax: +1 850 644 7409;
e-mail: mek@chem.fsu.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.022
became the unanticipated focal point of subsequent cycliza-
tions. Incorporation of a side chain bearing reactive func-
tionality at either C-5 or C-6 of bicyclooctenone 1 was
found to be useful in key transformations providing access
to the ring systems found in tricyclic natural products such
as pentalenene (2),5,13 modhephene (3),14,15,16 and presilphi-
perfolanol (4).17 Intramolecular Pauson–Khand reactions
with enynes such as 5 and 8 (Scheme 1) should provide bi-
cyclooctenones 6 and 9, which after a second appropriate
carbon–carbon bond forming reaction, would be expected
to generate tricycles 7 and 10, respectively.

X X

O

5 6 7

O

O O

X X

8 9 10

Scheme 1.

2. Results and discussion

Our first goal was synthesis of the tricyclo[6.3.0.0]undecane
ring system. Toward this end, bromide 1118 was transformed
into the corresponding Grignard reagent and then treated
with aldehyde 1819 generating alcohol 12 in 58% yield

mailto:mek@chem.fsu.edu
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O
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TMS
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TMS OH

OH

i ii-iv

O

OTBS OTBS

O O

v

vi vi i vi ii

11 12

13

14

15 16 17

vii or  ix starting material
decomposition

Scheme 2. Reagents and conditions: (i) a, Mg, Et2O, rt; b, TBSOCH2CH2CH2CHO 1819 Et2O, rt 58%; (ii) (COCl)2, DMSO, NEt3, THF, �78 �C, 94%; (iii)
Tebbe reagent, THF, �40 �C, 78%; (iv) TBAF, THF, rt, 49%; (v) PCC, CH2Cl2, rt, 73%; (vi) TBSCI, imidazole, CH2Cl2, rt, 88%; (vii) CO2(CO)8, toluene,
110 �C, 32%; (viii) TBAF, THF, rt, 44%; and (ix) a, Co2(CO)8, CH2Cl2, rt; b, NMO$H2O, CH2Cl2, rt.
(Scheme 2). Swern oxidation of alcohol 12, followed by
Tebbe olefination and deprotection (TBAF) of both the silyl
ether and acetylene moieties gave enyne 13 in 36% overall
yield. PCC oxidation of alcohol 13 gave aldehyde 14, which
when subjected to either thermal or trialkylamine N-oxide
promoted Pauson–Khand reaction conditions, resulted
in only decomposition of the starting material. Alcohol 13
was subsequently protected as the TBS ether 15. Subjection
of enyne 15 to N-methylmorpholine N-oxide (NMO)-
promoted Pauson–Khand reaction conditions led only to
alkyne decomplexation, whereas, thermal conditions gave
a modest yield of bicyclooctenone 16. No other identifiable
compounds were isolable. Interestingly and unexpectedly,
attempted desilylation of enone 16 under a variety of condi-
tions gave [4.3.3]propellane 17 resulting from conjugate
addition of the alcohol to the cyclopentenone moiety.

Due to the low yield in the Pauson–Khand reaction of enyne
16, a diester moiety was incorporated into the enyne to pro-
vide Thorpe–Ingold assistance20 in the Pauson–Khand reac-
tion. Thus, our attention was next turned to the synthesis and
reactions of enynal 21 (Scheme 3). The synthesis of 21 was
achieved via palladium-catalyzed alkylation21 of allylic bro-
mide 1922 using the sodium salt of propargyl diethyl malo-
nate, which gave enyne 20 in 82% yield. Deprotection of
the silyl protected alcohol using TBAF followed by Swern
oxidation gave aldehyde 21 in 69% overall yield. Pauson–
Khand reaction of enynal 21, under thermal conditions, led
to decomposition of the starting material. In contrast, the
NMO-promoted Pauson–Khand reaction gave bicycloocte-
none 22 in 65% yield, however, when anhydrous Me3NO
(TMANO) was used,23 bicyclooctenone 22 was obtained
in 85% yield. Aldol cyclization of 22 was investigated
next. Use of potassium carbonate, cesium carbonate, zir-
conium(IV)tert-butoxide, and potassium methoxide all led to
decomposition of the starting material. However, when DBU
was used in the aldol cyclization of 22, tricyclo[6.3.0.0]-
undecane 23 was obtained in 56% yield. Having established
that the stepwise Pauson–Khand sequence from enynal 21
to triquinane 23, was successful, we then considered the pos-
sibility of performing a one-pot transformation. Use of the
optimal Me3NO-promoted conditions for the Pauson–Khand
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Scheme 3. Reagents and conditions: (i) Na-propargyl diethyl malonate, Pd(OAc)2, PPh3, THF, D; (ii) TBAF, THF, rt; (iii) (COCl)2, DMSO, NEt3, THF, -78 �C;
(iv) Co2(CO)8, CH2Cl2, rt; (v) NMO$H2O, CH2Cl2, rt; (vi) Me3NO, CH2Cl2, rt; (vii) DBU, CH2Cl2, rt; (viii) DBN, CH2Cl2, rt; and (ix) 1,3,4,6,7,8-hexahydro-1-
methyl-2H-pyrimido[1,2-a]pyrimidine, CH2Cl2, rt.
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CH2Cl2, rt, 90%.
reaction with DBU as base gave triquinane 23 in 43% yield
as a single diastereomer. Changing the base to DBN or
1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[1,2-a]pyrim-
idine resulted in the formation of triquinane 23 in 49% yield
for both of the one-pot processes. It was therefore possible to
prepare tricycle 23 in four synthetic operations from allylic
bromide 19. As anticipated, geminal substitution on the
tether between the alkene and alkyne greatly facilitated the
PKR with the substituted alkene.

Having gained access to the tricyclo[6.3.0.0]undecane ring
system found in pentalenene 2, the length of the side chain at
the ring fusion of PK bicyclooctenone 22 was increased by
one carbon in an attempt to prepare a homolog of 23. The
synthesis of enynal 29 started from the known diol 2424

(Scheme 4), which was selectively acetylated25 to give alco-
hol 25. Jones oxidation to the corresponding ketone followed
by Wittig olefination using methyltriphenylphosphonium
bromide gave allylic acetate 26 in 55% overall yield. Palla-
dium-catalyzed alkylation21 using the sodium salt of diethyl
malonate provided malonate 27 in 68% yield. Alkylation of
malonate 27 using propargyl bromide followed by deprotec-
tion of the silyl ether gave alcohol 28 in 72% overall yield.
Oxidation of alcohol 28 using PCC provided enyne aldehyde
29 in 90% yield.

Pauson–Khand reaction of enynal 29 under thermal condi-
tions again led to decomposition of the starting material.
However, the NMO-promoted Pauson–Khand reaction
gave enone 30 in 63% yield and the Me3NO-promoted23 re-
action cleanly provided enone 30 in 82% yield (Scheme 5).
Unfortunately, treatment of enone 30 with DBU or piperi-
dine did not generate the desired tricyclic alcohols 31 or 32.

Another ring system examined was the tricyclo[6.2.1.04,11]-
undecane motif found in presilphiperfolanol 4. In order to
follow a PKR with an enolate alkylation to generate the
bridging ring (Scheme 1), endo selectivity in the PKR is re-
quired. Carretero has reported that incorporation of an a,b-
unsaturated phenylsulfone moiety as the alkene component
in intramolecular Pauson–Khand reactions results in high
levels of endo selectivity with certain enynes.26 When enyne
33 was subjected to Me3NO-promoted Pauson–Khand23 re-
action conditions bicyclooctenones 34 and 35 were obtained
in 76% yields (>98:<2, endo:exo, Scheme 6).26 Pauson–
Khand reaction of enyne 36 might be expected to give
exo-bicyclooctenone 37, which would place the side chain
bearing reactive functionality at C-6 of the bicyclooctenone
ring on the exo face. The subsequent base promoted cycli-
zation to triquinane 38 would therefore not occur due to
steric constraints. In contrast, based on Carretero’s results,
incorporation of an a,b-unsaturated phenylsulfone moiety
into enyne 39 should give endo-bicyclooctenone 40, allow-
ing for a facile six-membered ring closure to tricyclo-
[6.2.1.04,11]undecane 41.

Enyne 47 was identified as a potential target to test the
PKR/alkylation sequence. Treatment of aldehyde 4227 with
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vinylmagnesium bromide followed by quenching of the re-
sultant alkoxide with ethyl chloroformate gave allylic car-
bonate 43 in 66% yield (Scheme 7). Ozonolysis of 43 gave
aldehyde 44 in 86% yield, which upon treatment with
(EtO)2P(O)CHLiSO2Ph 48,28 provided a,b-unsaturated sul-
fone 45 in 73% yield (E/Z, 2.5:1). Palladium-catalyzed al-
kylation29 of carbonate 45 using the sodium salt of diethyl
malonate gave exclusively the thermodynamically preferred
(E)-a,b-unsaturated sulfone 46 in 81% yield, presumably via
a p–s–p isomerization with a corresponding bond rota-
tion.30 Alkylation of 46 using sodium hydride followed by
propargyl bromide gave enyne 47 in 99% yield.

When enyne 47 was subjected to Me3NO-promoted Pauson–
Khand reaction conditions exo-bicyclooctenone 49 was
formed exclusively in 82% yield (Scheme 8). The stereo-
selectivity was confirmed by the presence of a NOE
enhancement between H4 and H6 and X-ray crystallography
(Fig. 2). The observed exo selectivity can be explained by
considering the precyclization conformation of enyne 47
(Scheme 8). Carretero’s study showed that there was a qual-
itative correlation between the value of Jb,g and the endo/exo
ratios of the bicyclooctenone products. Enynes with the low-
est Jb,g values gave rise to predominantly endo selective
Pauson–Khand reactions, whereas higher Jb,g values gave
exo selectivity. For enyne 47, Jb,g¼10.3 Hz, which was
higher than any of the Jb,g values found in substrates was
examined in Carretero’s study. A high Jb,g value places Hb

and Hg in an anti configuration, with the substituent at Cg

in a sterically more favored pseudoequatorial position in
the precyclization conformation.

Despite the fact that the side chain bearing reactive function-
ality of bicyclooctenone 49 was on the exo face, it seemed
47

EtO2C

EtO2C
O

SO2Ph

OTBS

EtO2C

EtO2C
O

SO2Ph

O

EtO2C

EtO2C
O

SO2Ph

Br

EtO2C

EtO2C
O

SO2PhH

exo-49 50

51exo-52 endo-53

i ii, iii

ivii, v

vi

H H

exo-49 54 suberosenone

O

H

CO2Et

SO2Ph
EtO2C

TBSO

EtO2C

EtO2C
O

SO2Ph

OH

nOe = 11%

SO2Ph

H6 H4

HEtO2C

EtO2C
O

TBSO

CO2EtEtO2C

OH
O

PhO2S

ent-51

αβγ

Scheme 8. Reagents and conditions: (i) a, Co2(CO)8, hexane, rt; (b) Me3NO, CH2Cl2, rt, 82%; (ii) B10H14, MeOH, 94%; (iii) PCC, CH2Cl2, 81%; (iv) DBU,
CH2Cl2, 47%; (v) Br2, PPh3, imidazole, CH2Cl2, 0 �C, 86%; and (vi) DBU, CH2Cl2, D, 70%.



11786 M. E. Krafft et al. / Tetrahedron 62 (2006) 11782–11792
49 5351

S

EtO2C

EtO2C EtO2C

EtO2C
EtO2C

EtO2C
H

H

H

O O

H
SH

OO

OO
O

O H

H S O
O

OTBS

Figure 2. X-ray crystal structures of 49, 51, and 53.
likely that a set of conditions for the formation of the tricy-
clo[6.2.1.04,11]undecane ring system could be found. The
acidic H-5 proton might be expected to epimerize with the
correct choice of base. Deprotection of silyl ether 49 using
decaborane31 followed by PCC oxidation gave aldehyde 50
in 76% overall yield. Surprisingly, reaction of aldehyde 50
with DBU gave rise to the unexpected tricyclo[4.3.2.01,5]un-
decane 51 in 47% yield as a 3:2 mixture of carbinol isomers
via an isomerization and aldol cyclization (X-ray structure of
one isomer, Fig. 2). The tricyclo[4.3.2.01,5]undecane motif is
present in the cytotoxic sesquiterpene suberosenone 54.32

This result is particularly surprising in light of the failure
of a related Michael addition to generate an analogous tricy-
clic ring system.33 Our attention next turned to bromide 52,
which was prepared by silyl ether deprotection followed by
bromination using bromine and triphenylphosphine. Treat-
ment of bromide 52 with DBU in CH2Cl2 gave no reaction
at rt however, after refluxing it overnight endo-tricyclo-
[6.2.1.04,11]undecane 53 was obtained in 70% yield. The
structure was again confirmed by X-ray crystallography
(Fig. 2). Formation of the six-membered ring in endo-53
was presumably made possible by epimerization of the
ring fusion proton of exo-52 to endo-52, via the dienolate,
under the basic reaction conditions.

In conclusion, we have used an intramolecular Pauson–
Khand reaction in combination with, aldol, Michael, and
alkylation reactions to gain rapid access to tricyclo[6.3.0.0]-
undecane, tricyclo[6.2.1.04,11]undecane, and tricyclo[4.3.2.
01,5]undecane ring systems. We are currently using the meth-
odology developed herein in the total synthesis of tricyclic
natural products.

3. Experimental

3.1. General

Solvents for reactions were reagent grade and distilled from
the indicated drying agents: tetrahydrofuran (THF) was
distilled from lithium aluminum hydride and diethyl ether
(Et2O) was distilled from potassium. Methylene chloride
(CH2Cl2), triethylamine (NEt3), and pyridine were distilled
from calcium hydride. Hexane, chloroform, methanol, and
ethyl acetate (EtOAc) were distilled prior to use. All reac-
tions were performed under an atmosphere of nitrogen un-
less otherwise specified. Melting points were obtained in
an open capillary and are uncorrected. 1H NMR spectra
were obtained at 500 MHz on a Varian Gemini spectrometer
and 13C NMR spectra were obtained at 75 MHz on a Bruker
AC 300 spectrometer in CDCl3 solutions unless otherwise
stated. Infrared spectra (IR) were obtained on a Perkin–
Elmer Paragon 1000 FT-IR neat as thin films. Low-resolu-
tion mass spectra were obtained on a Finnigan 4510 GC/
MS instrument and high-resolution mass spectra were
obtained on a AEI MS 902 instrument. Elemental analyses
were performed by Atlantic Microlabs, Norcross, GA. Flash
column chromatography was performed with silica gel 60
particle size 40–63 mm.

3.1.1. Malonate (20). Propargyl diethyl malonate (1.23 g,
5.80 mmol) in THF (10 mL) was added dropwise to an ice
cold suspension of hexane washed 60% sodium hydride
(0.28 g, 6.96 mmol) in THF (20 mL). After stirring for
15 min the mixture was allowed to warm to rt. This solution
was added to a mixture of bromide 1922 (2.42 g, 5.80 mmol)
in THF (20 mL) followed by Pd(OAc)2 (26 mg, 0.12 mmol)
and triphenylphosphine (122 mg, 0.46 mmol) and the result-
ing mixture was refluxed overnight. After allowing the solu-
tion to cool to rt the reaction mixture was washed with water,
and extracted with EtOAc. The combined organic extracts
were dried over MgSO4, filtered, and evaporated, and the re-
sultant oil was passed through a plug of silica (EtOAc). After
evaporation of solvent the resultant yellow oil was further
purified by flash column chromatography (hexane/EtOAc,
9:1) to give malonate 20 (2.53 g, 82%) as a clear oil:
IR 2932, 2360, 1729, 1428 cm�1; 1H NMR d 7.65 (4H,
dd, J¼7.5, 1.5 Hz, ArH), 7.43–7.36 (6H, m, ArH), 4.90
(1H, d, J¼1.5 Hz, (CH2)2CCHH), 4.87 (1H, br s,
CCH2CCH2CCH, CCH2CCH), 4.21 (2H, ABq, JAB¼10.8,
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J¼7.3 Hz, CH3CH2), 4.14 (2H, ABq, JAB¼10.8, J¼7.3 Hz,
CH3CH2), 3.64 (2H, t, J¼6.4 Hz, TBDPSOCH2), 2.83
(4H, br s, (CH2)2CCH2), 2.03 (2H, t, J¼7.8 Hz,
TBSPSOCH2CH2CH2), 2.00 (1H, t, J¼2.4 Hz, CH2CCH),
1.72–1.67 (2H, m, TBDPSOCH2CH2), 1.24 (6H, t,
J¼7.3 Hz, CH2CH3), 1.04 (9H, s, C(CH3)3); 13C NMR
d 170.1, 143.6, 135.5, 133.9, 129.5, 127.6, 114.9, 79.3,
71.7, 63.3, 61.6, 56.5, 37.2, 32.8, 30.8, 26.8, 22.5, 19.2,
14.0; Anal. Calcd for C32H42O5Si: C, 71.87; H, 7.92. Found:
C, 72.01; H 7.99.

3.1.2. 2-[2-(3-Oxo-propyl)-allyl]-2-prop-2-ynyl-malonic
acid diethylester (21). Tetrabutylammonium fluoride
1.0 M (7.1 mL, 7.1 mmol) was added to silyl ether 20
(2.53 g, 4.73 mmol) in THF (15 mL). After stirring for 3 h,
water (200 mL) was added and the mixture extracted with
EtOAc. The combined organic extracts were dried over
MgSO4, filtered, and evaporated, and the resultant oil was
purified by flash column chromatography (hexane/EtOAc,
4:1) to give the corresponding alcohol (1.09 g, 78%) as a
colorless oil: IR 3282, 2942, 2360, 1716 cm�1; 1H NMR
d 4.95 (1H, d, J¼1.5 Hz, (CH2)2CCHH), 4.92 (1H, br s,
(CH2)2CCHH), 4.23 (2H, ABq, JAB¼10.8, J¼7.3 Hz,
CH3CH2), 4.18 (2H, ABq, JAB¼10.8, J¼7.3 Hz, CH3CH2),
3.63 (2H, dt, J¼6.0, 6.0 Hz, HOCH2), 2.85 (2H, br s,
(CO2Et)2CCH2CCH2), 2.84 (2H, d, J¼2.9 Hz, HCCCH2),
2.03 (1H, t, J¼2.4 Hz, CH2CCH), 2.02 (2H, t, J¼7.8 Hz,
HOCH2CH2CH2), 1.71 (2H, tt, J¼6.9, 6.9 Hz, HOCH2CH2),
1.29 (1H, t, J¼5.8 Hz, OH), 1.26 (6H, t, J¼7.3 Hz,
CH2CH3); 13C NMR d 170.1, 143.3, 115.2, 79.1, 71.7,
62.1, 61.7, 56.4, 37.0, 32.5, 30.7, 22.5, 13.9; HRESIMS
calcd for C16H24O5Na ([M+Na]+): 319.1521; found:
319.1517.

Pyridinium chlorochromate (457 mg, 2.12 mmol) was added
to the alcohol (315 mg, 1.06 mmol) in CH2Cl2 (10 mL).
After stirring for 2 h the mixture was filtered through
a plug of silica gel and the solvent was evaporated. The
resultant oil was purified by flash column chromatography
(hexane/EtOAc, 9:1) to give aldehyde 21 (254 mg, 81%)
as a colorless oil: IR 2285, 2984, 2726, 2360, 1758 cm�1;
1H NMR d 9.75 (1H, t, J¼1.5 Hz, CHO), 4.95 (1H,
br s, (EtO2C)2CCH2CCHH), 4.92 (1H, d, J¼1.0 Hz,
(EtO2C)2CCH2CCHH), 4.23 (2H, ABq, JAB¼10.8, J¼
7.2 Hz, CH3CH2), 4.18 (2H, ABq, JAB¼10.8, J¼7.2 Hz,
CH3CH2), 2.86 (2H, br s, (EtO2C)2CCH2CCHH), 2.84
(2H, d, J¼2.7 Hz, (EtO2C)2CCH2CCH), 2.58 (2H, td,
J¼7.3, 1.5 Hz, CHOCH2), 2.27 (2H, t, J¼7.3 Hz,
CHOCH2CH2), 2.04 (1H, t, J¼2.9 Hz, CH2CCH), 1.26
(6H, t, J¼7.3 Hz, CH2CH3); 13C NMR d 201.5, 169.8,
142.1, 115.6, 79.0, 71.9, 61.7, 56.3, 41.9, 37.4, 28.5, 22.5,
13.9; HRESIMS calcd for C16H22O5Na ([M+Na]+):
317.1365; found: 317.1376.

3.1.3. Enone (22). Dicobaltoctacarbonyl (309 mg,
0.93 mmol) was added to aldehyde 21 (254 mg,
0.86 mmol) in hexane (3 mL). After the enyne was con-
sumed according to TLC, the solvent was evaporated and
CH2Cl2 (17 mL) was added. Anhydrous trimethylamine
N-oxide (59 mg, 0.86 mmol) was added every 30 min (four
times) and the mixture was stirred for an additional 1 h under
an oxygen atmosphere. The mixture was passed through
a plug of silica gel (hexane/EtOAc, 1:1). After evaporation
of solvent the resultant oil was further purified by flash col-
umn chromatography (hexane/EtOAc, 3:1) to give bicy-
clooctenone 22 (236 mg, 85%) as a colorless oil: IR 3460,
2982, 2728, 1724, 1636 cm�1; 1H NMR d 9.73 (1H, br s,
CHO), 5.93 (1H, d, J¼1.5 Hz, (CH2)2CCH), 4.27 (2H, q,
J¼7.3 Hz, CH3CH2), 4.19 (2H, q, J¼7.3 Hz, CH3CH2),
3.39 (1H, dd, J¼17.6, 1.5 Hz, CHOCH2CH2CCH2CCHH),
3.28 (1H, d, J¼17.6 Hz, CHOCH2CH2CCH2CCHH), 2.71
(1H, d, J¼13.9 Hz, (EtO2C)2CCHHCCH2), 2.44 (1H, ddd,
J¼15.1, 10.3, 5.9 Hz, CHOCHH), 2.38 (1H, d, J¼17.6 Hz,
HCCOCHHC), 2.32 (1H, dddd, J¼15.1, 10.3, 5.9, 1.0 Hz,
CHOCHH), 2.29 (1H, d, J¼17.6 Hz, HCCOCHHC), 2.15
(1H, d, J¼13.9 Hz, (EtO2C)2CCHHCCH2), 1.82 (1H, ddd,
J¼14.7, 9.8, 5.4 Hz, CHOCH2CHH), 1.68 (1H, ddd,
J¼14.7, 9.8, 5.4 Hz, CHOCH2CHH), 1.29 (3H, t, J¼
7.3 Hz, CH2CH3), 1.24 (3H, t, J¼7.3 Hz, CH2CH3); 13C
NMR (C6D6) d 207.3, 200.2, 186.0, 171.9, 171.5, 126.2,
62.5, 62.3, 53.1, 49.2, 43.2, 39.8, 34.7, 29.7, 14.3, 14.2;
HRESIMS calcd for C17H23O6 ([M+H]+): 323.1495; found:
323.1492.

3.1.4. Tricyclic enone (23). 1,3,4,6,7,8-Hexahydro-1-methyl-
2H-pyrimido[1,2-a]pyrimidine (96 mL, 0.67 mmol) was
added to aldehyde 22 (216 mg, 0.67 mmol) in CH2Cl2
(6.7 mL) containing 4 Å powdered molecular sieves (5 g)
and the reaction mixture was stirred overnight. The solution
was filtered then washed with saturated aqueous ammonium
chloride. The organic layer was dried over MgSO4, filtered,
and evaporated, and the resultant oil filtered through a plug
of silica gel (EtOAc). After evaporation of the solvent the
resultant oil was purified by flash column chromatography
(hexane/EtOAc, 3:2) to give tricycle 23 (106 mg, 49%)
as a colorless oil (stereochemistry determined by 1H
NOE NMR spectroscopy): 1H NMR d 5.98 (1H, s,
(EtO2C)2CCH2CCH), 4.29 (1H, partly obscured ABq,
JAB¼10.8, J¼7.3 Hz, CH3CH2), 4.24 (1H, partly obscured
ABq, JAB¼10.8, J¼7.3 Hz, CH3CH2), 4.17 (1H, ABq,
JAB¼10.8, J¼7.3 Hz, CH3CH2), 4.10 (1H, ABq, JAB¼10.8,
J¼7.3 Hz, CH3CH2), 4.24 (1H, obscured m, HOCH),
3.87 (1H, d, J¼3.9 Hz, CH2CCHCO), 2.95 (1H, d, J¼
14.7 Hz, HOCHCH2CH2CCHH), 2.35 (1H, AB, JAB¼
18.1 Hz, HOCHCHCOCHCCHH), 2.30 (1H, AB, JAB¼
18.1 Hz, HOCHCHCOCHCCHH), 1.98 (1H, dd, J¼5.8,
5.8 Hz, HOCHCH2CHHC), 1.92 (1H, dd, J¼14.7, 1.0 Hz,
HOCHCH2CH2CCHH), 1.87 (1H, m, HOCHCHHCH2C),
1.71 (1H, ddd, J¼12.7, 12.7, 5.4 Hz, HOCHCH2CHHC),
1.62 (1H, dd, J¼12.7, 5.4 Hz, HOCHCHHCH2C), 1.29
(3H, t, J¼7.3 Hz, CH2CH3), 1.20 (3H, t, J¼7.3 Hz,
CH2CH3); 13C NMR (C6D6) d 208.5, 187.4, 171.1, 169.3,
124.6, 70.4, 62.2, 51.8, 49.4, 49.2, 39.8, 37.4, 27.1, 14.3,
14.1; HRESIMS calcd for C17H22O6Na ([M+Na]+):
345.1303; found: 345.1314.

3.1.4.1. Procedure for the one-pot synthesis of tricyclic
enone (23). Dicobaltoctacarbonyl (60 mg, 0.18 mmol) was
added to a solution of aldehyde 21 (47 mg, 0.16 mmol) in
CH2Cl2 (7 mL). After the enyne was consumed according
to TLC, trimethylamine N-oxide (60 mg, 0.80 mmol) was
added to the solution. The mixture was stirred for 12 h at
rt then 4 Å powdered molecular sieves (1 g) were added. Af-
ter 1 h, DBN (20 mL, 0.16 mmol) was added and the reaction
mixture was stirred overnight. The solution was filtered then
washed with saturated aqueous ammonium chloride. The
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organic layer was dried over MgSO4, filtered, and evapo-
rated, and the resultant oil filtered through a plug of silica
gel (EtOAc). After evaporation of the solvent the resultant
oil was purified by flash column chromatography (hexane/
EtOAc, 3:2) to give tricycle 23 (27 mg, 49%) as a colorless
oil.

3.1.5. Acetic acid 6-(tert-butyldiphenylsilanyloxy)-2-
hydroxy-hexylester (25). 2,4,6-Collidine (10.6 mL,
80.5 mmol) was added dropwise to a solution of diol 2424

(10.0 mL, 40.3 mmol) in CH2Cl2 (200 mL) at�78 �C. After
stirring for 30 min acetyl chloride (3.43 mL, 48.3 mmol) in
CH2Cl2 (25 mL) was added dropwise and the mixture was
stirred for an additional 3 h. The reaction mixture was
allowed to warm to rt and the organic layer was washed
with 2 M HCl (200 mL), water (200 mL), dried over
MgSO4, filtered, and evaporated, and the resultant oil puri-
fied by flash column chromatography (hexane/EtOAc, 9:1)
to give alcohol 25 (11.3 g, 100%) as a colorless oil: IR
3458, 2930, 1736, 1589 cm�1; 1H NMR d 7.66 (4H, d,
J¼6.8 Hz, ArH), 7.44–7.36 (6H, m, ArH), 4.12 (1H, dd,
J¼11.2, 3.0 Hz, AcOCHHCH), 3.92 (1H, dd, J¼11.2,
7.3 Hz, AcOCHHCH), 3.79–3.84 (1H, m, CHOH), 3.66
(2H, t, J¼5.9 Hz, CH2OTBDPS), 2.10 (3H, s, COCH3),
1.97 (1H, d, J¼4.4 Hz, OH), 1.61–1.42 (6H, m,
TBDPSOCH2CH2CH2CH2), 1.04 (9H, s, C(CH3)3); 13C
NMR d 171.2, 135.5, 134.0, 129.5, 127.6, 69.8, 68.7, 63.6,
33.0, 32.3, 26.8, 21.7, 20.9, 19.2; MS (ESI+) m/z 437
(M+Na); Anal. Calcd for C24H34O4Si: C, 69.53; H, 8.27.
Found: C, 69.24; H, 8.24.

3.1.6. Acetic acid 2-[4-(tert-butyldiphenylsilanyloxy)-
butyl]-allylester (26). Jones reagent (2.67 M) was added
to a solution of alcohol 25 (44.0 g, 0.106 mol) in benzene
(200 mL) until there was a persistent orange color. The ex-
cess Jones reagent was quenched by addition of isopropyl al-
cohol and the solution was washed with water. The organic
layer was dried over MgSO4, filtered, and evaporated, and
the resultant oil purified by flash column chromatography
(hexane/EtOAc, 99:1) to give the requisite ketone (35.0 g,
80%) as a colorless oil: IR 3070, 2931, 2858, 1753,
1736, 1589 cm�1; 1H NMR d 7.65 (4H, dd, J¼7.8, 1.5 Hz,
ArH), 7.43–7.36 (6H, m, ArH), 4.61 (2H, s, AcOCH2),
3.66 (2H, t, J¼5.9 Hz, TBDPSOCH2), 2.40 (2H, t,
J¼7.3 Hz, CH2COCH2OAc), 2.16 (3H, s, COCH3), 1.71
(2H, tt, J¼7.3, 7.3 Hz, CH2CH2COCH2OAc), 1.59–1.54
(2H, m, TBDPSOCH2CH2), 1.05 (9H, s, C(CH3)3); 13C
NMR d 203.7, 170.2, 135.5, 133.8, 129.6, 127.6, 67.9,
63.3, 38.4, 31.7, 26.8, 20.5, 19.7, 19.2; MS (ESI+) m/z 435
(M+Na); Anal. Calcd for C24H32O4Si: C, 69.86; H, 7.82.
Found: C, 69.88; H, 7.86.

Butyllithium (9.6 mL, 1.44 M, 13.8 mmol) was added drop-
wise to a solution of methyltriphenylphosphonium bromide
(5.28 g, 14.8 mmol) in THF (100 mL) at �78 �C. After stir-
ring for 30 min the reaction mixture was warmed to 0 �C and
above ketone (4.07 g, 9.9 mmol) in THF (20 mL) was added
dropwise. The reaction mixture was allowed to warm to rt
and was stirred for 1 h. Water (100 mL) was added and the
mixture was extracted with CH2Cl2. The combined organic
extracts were dried over MgSO4, filtered, and evaporated,
and the resultant oil was purified by flash column chromato-
graphy (hexane/EtOAc, 98:2) to give alkene 26 (2.65 g,
65%) as a colorless oil: IR 3071, 3050, 2932, 2858, 1744,
1654, 1589 cm�1; 1H NMR d 7.66 (4H, m, ArH), 7.43–
7.36 (6H, m, ArH), 5.02 (1H, br s, (CH2)2CCHH), 4.92
(1H, br s, (CH2)2CCHH), 4.50 (2H, s, AcOCH2), 3.67 (2H,
t, J¼5.9 Hz, TBDPSOCH2), 2.08 (3H, s, COCH3), 2.05
(2H, t, J¼7.8 Hz, CH2CH2CCH2OAc), 1.59–1.51 (4H, m,
TBDPSOCH2CH2CH2), 1.05 (9H, s, C(CH3)3); 13C NMR
d 170.7, 143.8, 135.6, 134.0, 129.5, 127.6, 112.2, 66.9,
63.6, 33.9, 32.1, 26.9, 23.7, 20.9, 19.2; Anal. Calcd for
C24H34O3Si: C, 73.13; H, 8.35. Found: C, 73.08; H, 8.28.

3.1.7. Malonate (27). Diethyl malonate (3.3 mL,
21.9 mmol) was added dropwise to an ice cold suspension of
hexane washed 60% sodium hydride (0.90 g, 22.5 mmol) in
THF (30 mL). After stirring for 15 min the mixture was al-
lowed to warm to rt. This solution was added to a mixture
of allyl acetate 26 (5.00 g, 12.2 mmol) in THF (60 mL)
followed by Pd(allyl)PPh3Cl (0.55 g, 1.22 mmol) and the
resulting mixture was refluxed for 48 h. After cooling to rt
the reaction mixture was washed with water, and then ex-
tracted with EtOAc. The combined organic extracts were
dried over MgSO4, filtered, and evaporated, and the resultant
oil was passed through a plug of silica (EtOAc). After evapo-
ration of solvent the resultant yellow oil was further purified
by flash column chromatography (hexane/EtOAc, 99:1)
to give malonate 27 (4.20 g, 68%) as a colorless oil: IR
3071, 2933, 2858, 1735, 1648, 1589 cm�1; 1H NMR
d 7.66 (4H, dd, J¼7.8, 1.5 Hz, ArH), 7.43–7.36 (6H,
m, ArH), 4.77 (1H, s, (CH2)2CCHH), 4.75 (1H, s,
(CH2)2CCHH), 4.18 (4H, q, J¼7.2 Hz, CH3CH2), 3.66
(2H, t, J¼5.9 Hz, TBDPSOCH2), 3.56 (1H, t, J¼7.8 Hz,
(EtO2C)2CH), 2.60 (2H, d, J¼7.8 Hz, (EtO2C)2CHCH2),
2.01 (2H, t, J¼7.3 Hz, TBDPSO(CH2)3CH2), 1.58–1.48
(4H, m, TBDPSOCH2CH2CH2), 1.25 (6H, t, J¼7.3 Hz,
CH2CH3), 1.04 (9H, s, C(CH3)3); 13C NMR d 169.1,
145.5, 135.5, 134.0, 129.5, 127.6, 111.0, 63.7, 61.4, 50.6,
35.6, 34.7, 32.1, 26.8, 23.7, 19.2, 14.1; Anal. Calcd for
C30H42O5Si: C, 70.55; H, 8.29. Found: C, 70.68; H, 8.24.

3.1.8. 2-[2-(4-Hydroxy-butyl)-allyl]-2-prop-2-ynyl-
malonic acid diethylester (28). Malonate 27 (9.15 g,
17.9 mmol) in THF (70 mL) was added to a suspension of
hexane washed 60% sodium hydride (1.43 g, 35.8 mmol)
in THF (70 mL) at 0 �C. After stirring for 15 min the mixture
was allowed to warm to rt and was stirred for 30 min. A so-
lution of 80% propargyl bromide in toluene (39.9 mL,
0.358 mol) was added and the mixture was stirred overnight.
Water (100 mL) was added and the mixture extracted with
EtOAc. The combined organic extracts were dried over
MgSO4, filtered, and evaporated, and the resultant oil was
purified by flash column chromatography (hexane/EtOAc,
98:2) to give the enyne (8.10 g, 82%) as a colorless oil: IR
3290, 3071, 2934, 2859, 1736, 1641, 1589 cm�1; 1H NMR
d 7.65 (4H, dd, J¼7.8, 1.5 Hz, ArH), 7.43–7.36 (6H,
m, ArH), 4.88 (1H, s, (CH2)2CCHH), 4.87 (1H, s,
(CH2)2CCHH), 4.21 (2H, ABq, JAB¼10.8, J¼7.3 Hz,
CH3CH2), 4.14 (2H, ABq, JAB¼10.8, J¼7.3 Hz, CH3CH2),
3.63 (2H, t, J¼6.4 Hz, TBDPSOCH2), 2.81 (4H, br s,
CCH2CCHH, CCH2CCH), 2.00 (1H, t, J¼2.4 Hz,
CH2CCH), 1.89 (2H, t, J¼7.8 Hz, TBDPSO(CH2)3CH2),
1.53–1.46 (4H, m, TBDPSOCH2CH2CH2), 1.24 (6H, t,
J¼6.8 Hz, CH2CH3), 1.04 (9H, s, C(CH3)3); 13C NMR
d 170.0, 143.7, 135.4, 133.9, 129.4, 127.5, 114.9, 79.2,
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71.6, 63.6, 61.5, 56.4, 36.9, 36.1, 32.0, 23.9, 22.4, 19.1, 13.9;
MS (ESI+) m/z 571 (M+Na); Anal. Calcd for C33H44O5Si: C,
72.22; H, 8.08. Found: C, 72.02; H, 8.07.

Tetrabutylammonium fluoride (120 mL, 1.0 M, 120 mmol)
was added to the silyl ether enyne (6.70 g, 12.2 mmol) in
THF (20 mL). After stirring for 3 h, water (200 mL) was
added and the mixture was extracted with EtOAc. The com-
bined organic extracts were dried over MgSO4, filtered, and
evaporated, and the resultant oil was purified by flash col-
umn chromatography (hexane/EtOAc, 4:1) to give alcohol
28 (3.32 g, 88%) as a colorless oil: IR 3289, 2938, 2122,
1732, 1642 cm�1; 1H NMR d 4.92 (1H, d, J¼1.5 Hz,
(EtO2C)2CCH2CHH), 4.89 (1H, br s, (EtO2C)2CCH2CHH),
4.23 (2H, ABq, JAB¼11.0, J¼7.3 Hz, CH3CH2), 4.17 (2H,
ABq, JAB¼11.0, J¼7.3 Hz, CH3CH2), 3.64 (2H, t,
J¼5.9 Hz, HOCH2), 2.84 (2H, s, (EtO2C)2CCH2CCHH),
2.83 (2H, d, J¼2.9 Hz, (EtO2C)2CCH2CCH), 2.03 (1H,
t, J¼2.9 Hz, CH2CCH), 1.95 (2H, t, J¼7.3 Hz,
HO(CH2)3CH2), 1.57–1.47 (4H, m, HOCH2CH2CH2), 1.26
(6H, t, J¼6.8 Hz, CH2CH3); 13C NMR d 170.0, 143.6,
115.0, 79.2, 71.7, 62.5, 61.6, 56.4, 36.9, 36.1, 32.1, 23.9,
22.5, 13.9; HRESIMS calcd for C17H26O5Na ([M+Na]+):
333.1678; found: 333.1677.

3.1.9. Aldehyde (29). Pyridinium chlorochromate (420 mg,
1.94 mmol) was added to alcohol 28 (300 mg, 0.97 mmol) in
CH2Cl2 (10 mL). After stirring for 2 h the mixture was
filtered through a plug of silica gel and the solvent was
evaporated. The resultant oil was purified by flash col-
umn chromatography (hexane/EtOAc, 9:1) to give aldehyde
29 (270 mg, 90%) as a colorless oil: IR 3279, 2982,
2939, 2723, 1733, 1642 cm�1; 1H NMR d 9.76 (1H, t,
J¼1.5 Hz, CHO), 4.93 (2H, s, (EtO2C)2CCH2CCH2),
4.23 (2H, ABq, JAB¼10.6, J¼7.2 Hz, CH3CH2), 4.17
(2H, ABq, JAB¼10.6, J¼7.2 Hz, CH3CH2), 2.83 (4H,
br s, (EtO2C)2CCH2CCH and (EtO2C)2CCH2CCH2),
2.41 (2H, td, J¼7.3, 1.5 Hz, CHOCH2), 2.03 (1H,
t, J¼2.4 Hz, CH2CCH), 1.98 (2H, t, J¼7.3 Hz,
(EtO2C)2CCH2CCH2(CH2)2), 1.78 (2H, tt, J¼7.3, 7.3 Hz,
CHOCH2CH2), 1.25 (6H, t, J¼7.3 Hz, CH2CH3); 13C
NMR (C6D6) d 201.1, 170.3, 144.1, 116.0, 79.9, 72.8,
62.0, 57.1, 43.4, 37.8, 36.3, 23.4, 20.7, 14.3; HRESIMS
calcd for C17H24O5Na ([M+Na]+): 331.1521; found:
331.1533.

3.1.10. Bicyclooctenone (30). Dicobaltoctacarbonyl
(200 mg, 0.58 mmol) was added to aldehyde 29 (180 mg,
0.58 mmol) in hexane (12 mL). After the enyne was con-
sumed according to TLC, the solvent was evaporated and
CH2Cl2 (12 mL) was added. Anhydrous trimethylamine N-
oxide (40 mg, 0.58 mmol) was added every 30 min (four
times) and the mixture was stirred for an additional 1 h under
an oxygen atmosphere. The mixture was passed through
a plug of silica gel (hexane/EtOAc, 1:1). After evaporation
of solvent the resultant oil was further purified by flash col-
umn chromatography (hexane/EtOAc, 3:1) to give bicy-
clooctenone 30 (160 mg, 82%) as a colorless oil: IR 3459,
2982, 1728, 1636 cm�1; 1H NMR d 9.72 (1H, br s, CHO),
5.90 (1H, d, J¼1.5 Hz, (EtO2C)2CCH2CCH), 4.26 (2H, q,
J¼7.3 Hz, CH3CH2), 4.18 (2H, q, J¼7.3 Hz, CH3CH2),
3.37 (1H, dd, J¼17.6, 2.4 Hz, CHO(CH2)3CCCHH), 3.24
(1H, d, J¼17.6 Hz, CHO(CH2)3CCCHH), 2.71 (1H, d,
J¼14.0 Hz, CHO(CH2)3CCHHC(CO2Et)2), 2.49 (1H, d,
J¼17.6 Hz, CCHHCO), 2.41 (2H, t, J¼6.8 Hz, CHOCH2),
2.27 (1H, d, J¼17.6 Hz, CCHHCO), 2.13 (1H, d,
J¼14.0 Hz, CHO(CH2)3CCHHC(CO2Et)2), 1.64–1.40 (4H,
m, CHOCH2(CH2)2), 1.28 (3H, t, J¼7.3 Hz, CH2CH3),
1.24 (3H, t, J¼7.3 Hz, CH2CH3); 13C NMR (C6D6)
d 208.0, 207.8, 200.7, 186.3, 186.1, 172.0, 171.6, 125.9,
62.4, 62.3, 60.4, 53.9, 49.4, 43.7, 42.9, 37.3, 34.7, 18.9,
18.0, 14.3, 14.2; HRESIMS calcd for C18H24O6Na
([M+Na]+): 359.1471; found: 359.1472.

3.1.11. Carbonate (43). Vinylmagnesium bromide
(28.6 mL, 28.6 mmol) was added to a solution of 4-(tert-
butyl-dimethylsilanyloxy)-butyraldehyde 4227 (5.73 g,
28.3 mmol) in THF (280 mL) and the mixture was stirred
for 10 min. Ethyl chloroformate (5.4 mL, 56.6 mmol) fol-
lowed by triethylamine (11.8 mL, 84.9 mmol) were added
and the mixture was stirred for 30 min. Ether (200 mL)
was added and the reaction mixture was washed with 2 M
HCl (300 mL) then brine (200 mL). The organic layer was
dried over MgSO4, filtered, and evaporated, and the resultant
oil was purified by flash column chromatography (hexane/
EtOAc, 97:3) to give carbonate 43 (5.7 g, 66%) as a colorless
oil: IR 2955, 2858, 1747, 1648 cm�1; 1H NMR d 5.79
(1H, ddd, J¼17.1, 10.3, 6.8 Hz, CH(OCO2Et)CHCH2),
5.30 (1H, d, J¼17.1 Hz, CH(OCO2Et)CHCHH), 5.21
(1H, d, J¼10.3 Hz, CH(OCO2Et)CHCHH), 5.07 (1H,
td, J¼6.8, 6.8 Hz, CH2CH(OCO2Et)), 4.18 (2H, q,
J¼7.3 Hz, CH3CH2), 3.63 (1H, ABt, JAB¼10.1, J¼6.8 Hz,
TBSOCHH), 3.61 (1H, ABt, JAB¼10.1, J¼6.8 Hz,
TBSOCHH), 1.76–1.66 (2H, m, TBSOCH2CH2CH2),
1.63–1.51 (2H, m, TBSOCH2CH2), 1.30 (3H, t, J¼7.3 Hz,
CH2CH3), 0.88 (9H, s, C(CH3)3), 0.04 (6H, s,
(H3C)3CSi(CH3)2); 13C NMR d 154.6, 136.0, 117.4, 78.6,
63.8, 62.6, 30.6, 28.2, 25.9, 18.3, 14.2, �5.4; Anal.
Calcd for C15H30O4Si: C, 59.56; H, 10.00. Found: C,
59.77; H, 9.96.

3.1.12. Aldehyde (44). Ozone was bubbled through a solu-
tion of alkene 43 (7.34 g, 24.3 mmol) at �78 �C in
CH2Cl2 (240 mL) until there was a persistent blue color.
The excess ozone was removed by bubbling nitrogen
through the reaction mixture until the solution was clear.
Triethylamine (3.4 mL, 24.3 mmol) was added dropwise at
�78 �C and a stream of nitrogen was bubbled through the re-
action mixture for 30 min. After warming to rt the solvent
was evaporated and the resultant oily residue was purified
by passing through a plug of silica gel (hexane/EtOAc,
85:15) to give aldehyde 44 (6.34 g, 86%) as a colorless oil:
IR 3479, 2929, 1746, 1470 cm�1; 1H NMR d 9.58 (1H, d,
J¼1.0 Hz, CHO), 4.92 (1H, dd, J¼8.3, 4.9 Hz, CHOCH),
4.26 (1H, ABq, J¼10.3, 7.3 Hz, CHHCH3), 4.24 (1H,
ABq, J¼10.3, 7.3 Hz, CHHCH3), 3.65 (1H, ABt, JAB¼
10.2, J¼5.7 Hz, TBSOCH2), 3.63 (1H, ABt, JAB¼10.2,
J¼5.7 Hz, TBSOCH2), 1.98 (1H, ABddd, JAB¼14.3,
J¼8.8, 7.3, 4.8 Hz, CHOCHCHH), 1.82 (1H, ABtd,
JAB¼14.3, J¼8.2, 5.9 Hz, CHOCHCHH), 1.69–1.63 (2H,
m, TBSOCH2CH2), 1.35 (3H, t, J¼7.3 Hz, CH3CH2), 0.89
(9H, s, C(CH3)3), 0.04 (6H, s, (H3C)3CSi(CH3)2); 13C
NMR d 198.0, 154.7, 80.9, 64.7, 62.1, 27.8, 25.9, 25.5,
18.3, 14.1, �5.4; HRESIMS calcd for C14H28O5SiNa
([M+Na]+): 327.1604; found: 327.1606.
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3.1.13. Vinyl sulfone (45). Butyllithium (32.3 mL, 1.42 M,
45.8 mmol) was added dropwise to methylphenylsulfone
(3.60 g, 22.9 mmol) in THF (150 mL) at 0 �C and the solu-
tion was stirred for 30 min. Diethylchlorophosphate
(3.6 mL, 22.9 mmol) in THF (30 mL) was added dropwise
and the mixture was stirred for 30 min. After cooling to
�78 �C, aldehyde 44 (6.34 g, 20.8 mmol) in THF (30 mL)
was added and the mixture was stirred for 3 h. Upon warm-
ing to rt the mixture was stirred for an additional 2 h. Brine
(200 mL) was added and the mixture extracted with EtOAc.
The combined organic extracts were dried over MgSO4, fil-
tered, and evaporated, and the resultant oil passed through
a plug of silica gel (hexane/EtOAc, 1:1). After evaporation
of the solvent the resultant oil was further purified by flash
column chromatography (hexane/EtOAc, 95:5) to give
vinylsulfone 45 as a 2.5:1 mixture of E/Z isomers (6.76 g,
73%) as a colorless oil: IR 3063, 2953, 1748, 1634,
1585 cm�1; MS (ESI+) m/z 465 (M+Na); Anal. Calcd for
C21H34O6SSi: C, 56.98; H, 7.74. Found: C, 57.07; H, 7.80.

3.1.14. Malonate (46). A solution of diethyl malonate
(1.6 mL, 10.6 mmol) and allylcarbonate 45 (1.18 g,
2.66 mmol) in degassed THF (26 mL) was added to a
suspension of tris(dibenzylideneacetone)dipalladium(0)-
chloroform (140 mg, 0.13 mmol), 1,2-bis(diphenylphos-
phino)ethane (210 mg, 0.53 mmol), and 4 Å powdered
molecular sieves (0.6 g, half by weight of allylcarbonate
(45) in degassed THF (10 mL). After heating to reflux for
12 h the mixture was cooled to rt, passed through Celite
and the solvent was evaporated. The resultant oil was puri-
fied by flash column chromatography (hexane/EtOAc,
95:5) to give malonate 46 (1.1 g, 81%) as a white solid,
mp 62–64 �C: IR 3059, 2931, 2857, 1733, 1625 cm�1; 1H
NMR d 7.87–7.85 (2H, m ArH), 7.60 (1H, tt, J¼7.3,
1.0 Hz, ArH), 7.52 (2H, t, J¼7.3 Hz, ArH), 6.88 (1H, dd,
J¼15.1, 9.3 Hz, PhO2SCHCH), 6.39 (1H, d, J¼15.1 Hz,
PhO2SCHCH), 4.12 (2H, q, J¼6.8 Hz, CH3CH2), 4.06 (1H,
ABq, JAB¼10.0, J¼6.8 Hz, CH3CHH), 4.03 (1H, ABq,
JAB¼10.0, J¼6.8 Hz, CH3CHH), 3.55 (2H, t, J¼5.9 Hz,
TBSOCH2), 3.43 (1H, d, J¼8.3 Hz, (EtO2C)2CH), 2.99
(1H, ddt, J¼9.3, 8.3, 5.0 Hz, (EtO2C)2CHCH), 1.65
(1H, m, TBSOCH2CH2CHH), 1.55–1.37 (3H, m,
TBSOCH2CH2CHH), 1.21 (3H, t, J¼6.8 Hz, CH2CH3),
1.18 (3H, t, J¼6.8 Hz, CH2CH3), 0.86 (9H, s, C(CH3)3),
0.01 (6H, s, (H3C)3CSi(CH3)2); 13C NMR d 167.3, 167.1,
145.7, 140.3, 133.3, 132.7, 129.1, 127.5, 62.3, 61.6, 61.5,
55.7, 41.2, 30.0, 28.3, 25.8, 18.2, 13.9, �5.5; Anal. Calcd
for C25H40O7SSi: C, 58.56; H, 7.86. Found: C, 58.87;
H, 7.87.

3.1.15. Enyne (47). Malonate 46 (0.81 g, 1.57 mmol) was
added to an ice cold suspension of hexane washed 60%
sodium hydride (69 mg, 1.73 mmol) in THF (16 mL) and
the mixture was stirred for 3 h. Propargyl bromide
(3.5 mL, 31.4 mmol) was added and the mixture was stirred
overnight. Water (30 mL) was added and the mixture was ex-
tracted with EtOAc. The combined organic extracts were
dried over MgSO4, filtered, and evaporated and the resultant
oil purified by flash column chromatography (hexane/
EtOAc, 9:1) to give enyne 47 (0.86 g, 99%) as a colorless
oil: IR 3276, 2930, 2857, 1732 cm�1; 1H NMR d 7.89–
7.87 (2H, m, ArH), 7.60 (1H, tt, J¼7.8, 1.5 Hz, ArH), 7.53
(2H, br t, J¼7.8 Hz, ArH), 6.87 (1H, dd, J¼15.1, 10.3 Hz,
PhSO2CHCH), 6.47 (1H, d, J¼15.1 Hz, PhSO2CH), 4.22–
4.11 (4H, m, CH3CH2), 3.55 (2H, t, J¼5.9 Hz, TBSOCH2),
3.09 (1H, ddd, J¼10.3, 10.3, 2.4 Hz, PhSO2CHCHCH), 2.84
(1H, dd, J¼17.1, 2.4 Hz, HCCCHH), 2.70 (1H, dd, J¼17.1,
2.4 Hz, HCCCHH), 1.98 (1H, t, J¼2.4 Hz, CH2CCH), 1.87–
1.81 (1H, m, TBSOCH2CH2CHH), 1.49–1.40 (1H, m,
TBSOCH2CHH), 1.4–1.3 (2H, m, TBSOCH2CHHCHH),
1.24 (3H, t, J¼7.3 Hz, CH2CH3), 1.22 (3H, t, J¼7.3 Hz,
CH2CH3), 0.87 (9H, s, C(CH3)3), 0.01 (6H, s,
(H3C)3CSi(CH3)2); 13C NMR d 168.6, 168.5, 145.0, 140.6,
133.6, 133.3, 129.2, 127.5, 78.4, 72.2, 62.4, 61.9, 59.7,
44.3, 30.9, 25.9, 23.6, 18.2, 13.9, �5.4; HRESIMS calcd
for C28H42O7SiSNa ([M+Na]+): 573.2318; found: 573.2320.

3.1.16. Bicyclooctenone (49). Dicobaltoctacarbonyl
(1.31 g, 3.83 mmol) was added to enyne 47 (2.01 g,
3.65 mmol) in hexane (18 mL). After the enyne was con-
sumed according to TLC the solvent was evaporated and
CH2Cl2 (73 mL) was added. Anhydrous trimethylamine
N-oxide (250 mg, 3.65 mmol) was added every 30 min
four times under an oxygen atmosphere and the mixture
was stirred until the alkyne cobalt complex was consumed
according to TLC. The mixture was passed through a plug
of silica gel (EtOAc). After evaporation of solvent the resul-
tant oil was further purified by flash column chromato-
graphy (hexane/EtOAc, 4:1) to give bicyclooctenone 49
(1.73 g, 82%) as a white solid: mp 109–111 �C; IR 3066,
2929, 1713, 1644, 1586 cm�1; 1H NMR d 7.94–7.92 (2H,
m, ArH), 7.67 (1H, t, J¼7.3 Hz, ArH), 7.57 (2 H, br t, J¼
7.3 Hz, ArH), 5.86 (1H, d, J¼1.0 Hz, (EtO2C)2CCH2CCH),
4.32 (1H, ABq, JAB¼10.5, J¼7.3 Hz, CH3CHH), 4.26 (1H,
ABq, JAB¼10.5, J¼7.3 Hz, CH3CHH), 4.22 (1H, ABq,
JAB¼10.5, J¼7.3 Hz, CH3CHH), 4.19 (1H, ABq, JAB¼
10.5, J¼7.3 Hz, CH3CHH), 3.97 (1H, d, J¼2.9 Hz, PhO2-
SCH), 3.73–3.61 (3H, m, TBSOCH2 and PhSO2CHCH),
3.60 (1H, partly obscured d, J¼18.4 Hz, (EtO2C)2CCHH),
3.03 (1H, d, J¼18.4 Hz, (EtO2C)2CCHH), 2.40 (1H, ddd,
J¼12.2, 7.3, 6.3 Hz, TBSO(CH2)3CH), 1.88–1.68 (4H, m,
TBSOCH2CH2CH2), 1.32 (3H, t, J¼7.3 Hz, CH2CH3), 1.27
(3H, t, J¼7.3 Hz, CH2CH3), 0.88 (9H, s, C(CH3)3), 0.05
(3H, s, (H3C)3CSi(CH3)2), 0.04 (3H, s, (H3C)3CSi(CH3)2);
13C NMR d 196.8, 183.3, 170.5, 138.1, 134.1, 129.3,
128.9, 124.9, 72.5, 63.2, 63.0, 62.1, 61.8, 50.8, 49.1, 36.6,
31.1, 27.3, 25.9, 18.2, 14.0, 13.9, �5.4; Anal. Calcd for
C29H42O8SSi: C, 60.18; H, 7.31. Found: C, 59.93; H, 7.40.

3.1.17. Aldehyde (50). Decaborane (15 mg, 0.12 mmol) was
added to a solution of enone 49 (1.34 g, 2.32 mmol) in meth-
anol (18 mL) and THF (5 mL). After stirring at rt for 2 h the
solvent was evaporated. The resultant oily residue was puri-
fied by flash column chromatography (hexane/EtOAc, 3.2)
to give alcohol (1.01 g, 94%) as a colorless oil: IR 3548,
2937, 1720, 1639 cm�1; 1H NMR d 7.93 (2H, d,
J¼7.3 Hz, ArH), 7.68 (1H, t, J¼7.3 Hz, ArH), 7.58 (2H, t,
J¼7.3 Hz, ArH), 5.87 (1H, s, (EtO2C)2CCH2CCH), 4.33
(1H, ABq, JAB¼10.8, J¼6.9 Hz, CH3CHH), 4.28 (1H, ABq,
JAB¼11.2, J¼7.3 Hz, CH3CHH), 4.27 (1H, ABq, JAB¼11.2,
J¼7.3 Hz, CH3CHH), 4.18 (1H, ABq, JAB¼10.8, J¼7.3 Hz,
CH3CHH), 3.92 (1H, d, J¼3.4 Hz, PhO2SCH), 3.73–3.64
(3H, m, HOCH2 and PhSO2CHCH), 3.59 (1H, d,
J¼18.6 Hz, (EtO2C)2CCHH), 3.01 (1H, d, J¼18.6 Hz,
(EtO2C)2CCHH), 2.40 (1H, ddd, J¼12.2, 7.3, 4.9 Hz,
HO(CH2)3CH), 1.92–1.73 (4H, m, HOCH2CH2CH2), 1.33
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(3H, t, J¼7.3 Hz, CH2CH3), 1.27 (3H, t, J¼7.3 Hz,
CH2CH3); 13C NMR d 196.6, 183.1, 170.6, 170.3, 137.7,
134.1, 129.3, 128.9, 124.8, 72.5, 62.8, 62.2, 62.1, 61.9,
51.0, 48.5, 36.4, 30.7, 26.5, 14.0, 13.8; HRESIMS calcd
for C23H28O8SNa ([M+Na]+): 487.1402; found: 487.1406.
PCC (370 mg, 1.71 mmol) was added to a solution of alco-
hol (400 mg, 0.86 mmol) in CH2Cl2 (9 mL) and the mixture
was stirred for 1 h at rt. The reaction mixture was then
passed through a plug of silica gel (hexane/EtOAc, 1:1). Af-
ter evaporation of the solvent the resultant oil was further pu-
rified by flash column chromatography (hexane/EtOAc, 3:2)
to give aldehyde 50 (320 mg, 81%) as a colorless oil: IR
2982, 1721, 1641 cm�1; 1H NMR d 9.81 (1H, s, CHO),
7.96–7.94 (2H, m, ArH), 7.69 (1H, t, J¼7.3 Hz, ArH), 7.59
(2H, br t, J¼7.3 Hz, ArH), 5.87 (1H, d, J¼1.0 Hz,
(EtO2C)2CCH2CCH), 4.34 (1H, ABq, JAB¼10.7, J¼
6.8 Hz, CH3CHH), 4.30 (1H, ABq, JAB¼10.7, J¼6.8 Hz,
CH3CHH), 4.25 (1H, ABq, JAB¼10.7, J¼6.8 Hz, CH3CHH),
4.18 (1H, ABq, JAB¼10.7, J¼6.8 Hz, CH3CHH), 3.97 (1H,
d, J¼3.4 Hz, PhSO2CH), 3.66 (1H, br d, J¼19.0, (EtO2C)2-
CCHH), 3.64 (1H, partly obscured dm, J¼12.0 Hz,
PhSO2CHCH), 3.01 (1H, d, J¼19.0 Hz, (EtO2C)2CCHH),
2.92 (1H, br dt, J¼18.1, 7.3 Hz, CHOCHH), 2.61 (1H, ddt,
J¼18.1, 1.0, 7.3 Hz, CHOCHH), 2.42 (1H, ddd, J¼12.7,
6.8, 6.8 Hz, CHO(CH2)2CH), 2.28 (1H, ABdt, JAB¼14.8,
J¼7.2, 6.8 Hz, CHOCH2CHH), 1.80 (1H, ABdt, JAB¼
14.8, J¼6.8, 6.8 Hz, CHOCH2CHH), 1.34 (3H, t, J¼
7.3 Hz, CH2CH3), 1.27 (3H, t, J¼7.3 Hz, CH2CH3); 13C
NMR (C6D6) d 201.1, 196.5, 181.6, 170.9, 170.6, 139.4,
133.9, 130.0, 129.1, 125.5, 73.3, 63.6, 62.4, 62.0, 51.3,
48.5, 42.2, 36.6, 23.3, 14.4, 14.1; HRESIMS calcd for
C23H26O8SNa ([M+Na]+): 485.1246; found: 485.1236.

3.1.18. Tricycle (51). Diazabicycloundecane (54 mL,
0.60 mmol) was added to aldehyde 50 (280 mg,
0.60 mmol) in CH2Cl2 (12 mmol) and the mixture was
stirred for 4 h at rt. The reaction mixture was washed with
1 M HCl (10 mL) and water (10 mL). The organic layer
was dried over MgSO4, filtered, and evaporated, and the
resultant oil purified by flash column chromatography
(hexane/EtOAc, 3:2) to give tricycle 51 as a 3:2 mixture
of carbinol isomers (130 mg, 47%, white solid: mp 134–
138 �C); HRESIMS calcd for C23H26O8SNa ([M+Na]+):
485.1246; found: 485.1250; Anal. Calcd for C23H26O8SSi:
C, 59.73; H, 5.67. Found: C, 59.84; H, 5.60.

3.1.19. Keto-bromide (52). Triphenylphosphine (120 mg,
0.46 mmol) was added to a solution of bromine (23 mL,
0.46 mmol) in CH2Cl2 (4 mL) followed by imidazole
(31 mg, 0.46 mmol) then alcohol (190 mg, 0.42 mmol). Af-
ter stirring at rt for 15 min, 1 M HCl (5 mL) was added and
the mixture was extracted with CH2Cl2. The combined or-
ganic extracts were washed with water (5 mL), dried over
MgSO4, filtered, and evaporated, and the resultant oil was pu-
rified by flash column chromatography (hexane/EtOAc, 4:1)
to give bromide 52 (190 mg, 86%) as a colorless oil: IR 3036,
2982, 2937, 1714, 1644, 1585 cm�1; 1H NMR d 7.96–7.94
(2H, m, ArH), 7.69 (1H, t, J¼7.3 Hz, ArH), 7.59 (2H, t, J¼
7.3 Hz, ArH), 5.89 (1H, d, J¼1.0 Hz, (EtO2C)2CCH2CCH),
4.37–4.16 (4H, m, CH3CH2), 3.83 (1H, d, J¼2.9 Hz,
PhO2SCH), 3.64 (1H, br dd, J¼19.0, 1.9 Hz, (EtO2C)2-
CCHH), 3.63 (1H, obscured m, PhSO2CHCH), 3.51 (1H,
ABt, JAB¼10.0, J¼5.8 Hz, BrCH2), 3.44 (1H, ABdd,
JAB¼10.0, J¼8.3, 6.3 Hz, BrCH2), 3.02 (1H, d, J¼19.0 Hz,
(EtO2C)2CCHH), 2.34 (1H, dt, J¼12.7, 6.8 Hz,
Br(CH2)3CH), 2.24–2.16 (1H, m, BrCH2CHH), 2.03 (1H,
m, BrCH2CHH), 1.90–1.79 (2H, m, BrCH2CH2CH2), 1.34
(3H, t, J¼7.3 Hz, CH2CH3), 1.28 (3H, t, J¼7.3 Hz,
CH2CH3); 13C NMR d 196.3, 182.6, 170.4, 170.2, 137.8,
134.1, 129.2, 129.0, 124.9, 72.5, 62.8, 62.2, 61.9, 50.9,
48.2, 36.6, 33.5, 30.8, 28.8, 14.0, 13.8; HRESIMS calcd for
C23H27O7BrSNa ([M+Na]+): 549.0558; found: 549.0558.

3.1.20. Tricycle (53). Diazabicycloundecane (37 mL,
0.25 mmol) was added to bromide 52 (132 mg, 0.25 mmol)
in CH2Cl2 (5 mL) and the mixture was refluxed overnight.
Cooling to rt the reaction mixture was washed with 1 M
HCl (5 mL) and water (5 mL). The organic layer was dried
over MgSO4, filtered, and evaporated, and the resultant oil
was purified by flash column chromatography (hexane/
EtOAc, 3:1) to give tricycle 53 (78 mg, 70%) as a white solid:
mp 163–165 �C; IR 2940, 2360, 1729, 1638, 1584 cm�1;
1H NMR d 8.00–7.99 (2H, m, ArH), 7.66 (1H, t,
J¼7.3 Hz, ArH), 7.57 (2H, t, J¼7.3 Hz, ArH), 5.83 (1H,
d, J¼2.0 Hz, (EtO2C)2CCH2CCH), 4.32–4.13 (4H, m,
CH3CH2), 4.03 (1H, d, J¼6.8 Hz, PhSO2CCHCH), 3.59
(1H, d, J¼21.0 Hz, (EtO2C)2CCHH), 3.11 (1H, d,
J¼21.0 Hz, (EtO2C)2CCHH), 3.03 (1H, td, J¼6.8,
6.8 Hz, PhSO2CCHCH), 2.59 (1H, br d, J¼15.6 Hz,
PhSO2CCHHCH2), 1.60–1.59 (1H, m, PhSO2CCHHCH2),
1.53–1.36 (3H, m, PhSO2CCH2CH2 and
PhSO2CCH2CH2CHH), 1.29 (3H, t, J¼6.8 Hz, CH2CH3),
1.26 (3H, t, J¼6.8 Hz, CH2CH3), 0.68 (1H, dtd, J¼13.2,
13.2, 2.5 Hz, PhSO2CCH2CH2CHH); 13C NMR, d 182.3,
170.6, 168.4, 159.1, 136.4, 134.1, 130.6, 128.9, 122.4,
73.1, 65.0, 62.1, 61.9, 60.3, 50.8, 40.5, 33.7, 26.3, 22.0,
21.0, 14.0; MS (ESI+) m/z 469.2 (M+Na); Anal. Calcd for
C23H26O7S: C, 61.87; H, 5.87. Found: C, 61.92; H, 5.90.

3.2. Crystallographic information

X-ray crystal data tables for compounds 49, 51, and 53.
Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary pub-
lication numbers CCDC 229389–229391. Copies of the data
can be obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK [fax: +44 1223
336033 or e-mail: deposit@ccdc.cam.ac.uk].
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Abstract—A methodology for the synthesis of novel spiro-cyclohexene bicyclo[2.2.2]octane derivatives, including Claisen rearrangement
and ring-closing metathesis (RCM) as key synthetic steps, is described.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Spiro-cyclohexane bicyclo[2.2.2]octanes are rarely occur-
ring molecular frameworks, and only a few examples of
the synthesis of such systems have been reported so far.1

The base catalyzed dimerization of substituted cyclohexe-
nones, leading to structurally simple spiro-bicyclics, is one
of the earliest reported procedures.2–4 The Diels–Alder
reaction between spirodi-o-xylylene and maleic anhydride
resulted in a spiro-bicycle, as reported by Errede.5 More
structurally advanced spiro-cyclohexane bicyclo[2.2.2]-
octanes were synthesized by Holton et al.6 In the late 1990s
Kuwajima et al. reported, in a number of papers, their studies
towards the synthesis of taxane diterpenoidic skeletons.7–9

These were based on a general cyclization procedure for
the construction of the eight-membered B-ring of the tri-
cyclic taxane skeleton. As reported, under certain conditions
the cyclization-reaction resulted in the formation of spiro-
bicyclic by-products, and in one particular study, they
were able to optimize the formation of these spiro-
bicycles.10 Notably, compound 1 (Fig. 1) was found to
exhibit multi-drug resistance (MDR) reversing activity
with the same potency as verapamil. As far as we know there
are only two reports concerning natural products containing
the substructure of a spiro-bicyclo[2.2.2]octane unit (isola-
tion from Daphniphyllum species).11,12

Since the early 1990s our group has been involved in the
synthesis of bicyclo[2.2.2]octane compounds, mostly in
connection with ligand design and also for other synthetic
purposes.13,14 Recently, we reported the synthesis of spiro-
bicycle 3 as a mimetic of paclitaxel.15 Since this compound
was inactive it motivated the incorporation of additional
pharmacophores. Thus, we decided to develop a method

* Corresponding author. Tel.: +46 46 222 8125; fax: +46 46 222 8209;
e-mail: torbjorn.frejd@organic.lu.se
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.015
for the synthesis of bridgehead oxy-functionalized spiro-
bicyclo[2.2.2]octanes. As a first step in this direction we
developed a synthesis of compound 4.16 The initial plan
for the spiro-annulation of compound 4 at position 3, was
to utilize the same route as employed for the synthesis of
compound 3.15 However, in the case of the bridgehead silyl-
oxy-functionalized derivatives this route was unproductive,
and therefore a different methodology had to be developed.
Herein, we wish to report our synthetic strategy towards
novel bridgehead methoxy substituted spiro-cyclohexene
bicyclo[2.2.2]octane derivatives, which includes Claisen
rearrangement and ring-closing metathesis (RCM) as key
synthetic transformations.

2. Results and discussion

As a first step we decided to protect the 6-OH in 4 as its
benzyl ether. For practical reasons we used an 85:15 mixture
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of 4 and 5, respectively, as starting materials since 4 and 5
were equilibrating under various conditions (Scheme 1).

O

OTBDMS

HO

BnO

O

OTBDMS

O

OTBDMS

BnO
4

5 6 7

73% 13%

a

85 15:

85 : 15

Scheme 1. Benzyl protection of diastereomers 4 and 5. Reaction conditions:
(a) NaH (2.5 equiv), BnBr (2.7 equiv), TBAI (0.5 equiv), THF, 0 �C–rt, 1.5 h.

Endo-alcohol 4 and exo-alcohol 5, were obtained via a ring-
closing aldolization reaction as a diastereomeric mixture in
a ratio of 85:15, respectively.16 Compounds 4 and 5 could
easily be separated by column chromatography. However,
when treated with NaH, a fast ring-opening and -closing
occurred, yielding the same ratio of 85:15 diastereomers 6
and 7, respectively, after the addition of BnBr/TBAI. Dia-
stereomers 6 and 7, obtained in 86% combined yields,
were then separated by column chromatography.

Initial attempts to formylate 6 with ethyl formate, in the pres-
ence of NaH, to produce 8, were unproductive (Scheme 2).
This is probably due to the steric hindrance imposed by the
large TBDMS protective group positioned at the bridgehead
oxygen. We therefore decided to replace the bulky TBDMS
group with the much smaller methyl group despite the bad
prospect of removing it later. Thus, the TBDMS–ether was
cleaved by use of BF3$OEt2 in MeCN at 0 �C,17 which
gave bridgehead hydroxyl compound 9 in 99% yield. Methyl-
ation of compound 9 was performed by the use of Ag2O and
methyl iodide, which gave methyl ether 10 (89%). Sub-
sequent condensation of compound 10 with ethyl formate
produced hydroxymethylenated product 11 in 79% yield.

For the attachment of an allyl group at the a-carbon, we
planned to employ the Tsuji–Trost reaction,18 which was
reported to give C-allylation exclusively.19 However, when
subjecting compound 11 to Pd(dba)2/PPh3/allyl acetate
with NaH as the base, it led to complex reaction mixtures,
from which only a small amount of the O-allylated deriva-
tive 12 was obtained after column chromatography (Scheme
2). This observation made us change strategy, and instead of
optimizing the Tsuji–Trost reaction, we decided to perform
a Claisen rearrangement20 of the O-allylated product, which
ultimately would lead to the same product as expected from
the Tsuji–Trost reaction. Thus, compound 11 was subjected
to NaH and allyl bromide in THF, which yielded the O-ally-
lated products 12 and 13 (75:25) in 87% combined yields
(Scheme 2). The mixture of 12 and 13 was then heated at
165 �C in toluene for 12 h and the Claisen rearrangement
products 14 and 15 (70:30 as determined by 1H NMR anal-
ysis) were obtained as an inseparable mixture in 50% yield
together with 47% combined yield of recovered starting ma-
terials 12 and 13. Even though products 14 and 15 were im-
possible to be separated by column chromatography, we
decided to continue with this mixture of isomers, with the
hope to be able to achieve separation at a later stage. Reac-
tion of the aldehyde functionalities of compounds 14 and 15
with allyl Grignard reagent apparently gave the desired allyl-
addition products. However, the intermediate homo allylic
alcoholates 16 and 17 (shown in brackets in Scheme 2)
were unstable. The compounds obtained from this reaction
were the mono-allylic derivatives 18 and 19 (67% combined
yields, 18/19 75:25, respectively). Thus, elimination of the
homoallylic part had occurred. Attempts were made to try
and capture the intermediate alkoxide in situ by addition
of TMS–Cl to the allyl Grignard reaction mixture. However,
the elimination was too fast at 0 �C, and at lower tempera-
tures (�78 �C) no reaction took place at all. Apparently,
the elimination of the homoallylic part of intermediates 16
and 17 involves assistance from the ketone functionality
by enolate formation. Accordingly, reduction of the keto-
carbonyl group of compound 12 would render the elimina-
tion impossible in the following allyl-addition reaction.
The same reasoning would, of course, also apply for ketone
13. However, since this isomer was obtained in minor
amounts, we decided to continue the synthesis using only
compound 12. Thus, the ketone functionality of compound
12 was reduced by employing a modified Luche reagent
(NaBH4/CeCl3/2,6-lutidine), which had been applied before
by Banwell et al.21 in a similar situation. The reduction
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Scheme 2. Reaction conditions: (a) BF3$OEt2 (1 equiv), MeCN, �10 �C,
2 h; (b) MeI (35 equiv), Ag2O (3.8 equiv), MeCN, 40 �C, 48 h; (c) NaH
(3.0 equiv), ethyl formate (10 equiv), THF, 0 �C–rt, 48 h; (d) NaH
(2.5 equiv), allyl bromide (2.0 equiv), THF, 50 �C, 4 h; (e) toluene,
165 �C, 12 h (sealed tube); (f) allyl magnesium bromide (1 equiv), THF,
�78 �C to rt.
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exclusively afforded endo-alcohol 20 (Scheme 3), but when
this compound was tested in the Claisen rearrangement reac-
tion, it resulted in the isolation of a,b-unsaturated aldehyde
21, which was formed together with minor amounts of an
unidentified product.

OBn

MeO

O OH

OBn

MeO

OHC

12

20 21

a b

Scheme 3. Reaction conditions: (a) NaBH4 (2.0 equiv), CeCl3 (2.0 equiv),
2,6-lutidine, EtOH (95%), 0 �C, 1 h and (b) toluene, 165 �C, 12 h (sealed
tube).

Apparently, formation of 21 from 20 (Scheme 3) involved
some kind of elimination of allylic alcohol, which may occur
via proton induced removal of water followed by hydrolysis.
To circumvent the formation of unwanted product 21, crude
alcohol 20 was TMS protected to give compound 22 (73%
yield, starting from 12) (Scheme 4), which in turn was
subjected to Claisen rearrangement conditions (165 �C in
toluene). This resulted in the formation of the desired
allyl-aldehydes 23 and 24 (56% combined yields). In this
case, the starting material, compound 22, was fully
consumed after 20 h, in contrast to the reaction when per-
formed with ketones 12 and 13, as mentioned. The modest
yield obtained of compounds 23 and 24 (56%) can be as-
cribed to the formation of several unidentified by-products.
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Scheme 4. Synthesis of spiro-bicycles 27 and 28. Reaction conditions: (a)
TMSCl (2.5 equiv), Et3N (2.5 equiv), DMAP (cat.), CH2Cl2, 0 �C, 0.5 h;
(b) toluene, 165 �C, 20 h (sealed tube); (c) allyl magnesium bromide
(2 equiv), THF, 0 �C, 1.5 h and (d) [RuCl2(]CHPh)(PCy3)2] (10 mol %),
CH2Cl2, 40 �C, 10 h.
After separation by column chromatography, compounds 23
and 24 (ratio: 70:30, respectively) were reacted separately in
subsequent transformations. Thus, by subjecting 23 and 24
to allyl Grignard reagent in THF at 0 �C, homoallylic alco-
hols 25 and 26 were obtained in 77% and 67% yields, respec-
tively. The diastereoselectivity of this reaction turned out to
be high, as only one diastereomer was isolated in each case,
as indicated by 1H NMR analysis. The last step in the
reaction sequence consisted of a ring-closing metathesis
reaction,22,23 which progressed nicely, affording spiro-
cyclohexene bicyclo[2.2.2]octanes 27 and 28 in 85% and
84% yields, respectively.

The structure of target molecule 27 was confirmed by single-
crystal X-ray analysis (Fig. 2 and Supplementary data),
which revealed the hydroxyl group, positioned at the
spiro-ring, to have an endo-configuration (in relation to the
bicyclic framework).

The structure of product 27 could also be established on
the basis of 2D-NMR experiments (COSY and NOESY).
Specifically, the absence of a W-coupling between protons
Ha-60 and H-20 in the COSY spectrum of compound 27
(Fig. 3a) again established the spiro-hydroxyl to have an
endo-configuration.

Unfortunately, we were unable to find a suitable solvent-
system for the crystallization of compound 28, and therefore
single-crystal X-ray diffraction could not be carried out in
order to confirm its structure. Instead, COSY and NOESY
spectroscopies were used for this purpose. Thus, in the
case of compound 28, the characteristic correlation between
protons Ha-60 and H-20 in the COSY spectrum (W-coupling
shown in red in Fig. 3b), indicated the spiro-hydroxyl to have
an exo-configuration.

It should be pointed out that compound 4 can be obtained in
an optically pure state, but that method must be optimized in
order to be adaptable to a larger scale.25 Thus, it is in princi-
ple possible to install two adjacent quarternary stereogenic
carbon centres in 27 and 28, although at present not in

Figure 2. DIAMOND24 drawing of compound 27, shown in stereo view. For
clarity, all hydrogen atoms, except for the one on C-20 (see Fig. 3), have been
omitted. Thermal ellipsoids are shown at the 30% probability level.
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a highly diastereoselective manner. This demands further
investigations and optimizations.

3. Conclusions

We have shown that spirocyclization starting from 4 is a non-
selective but yet viable route to spiro-bicyclic compounds 27
and 28. These compounds contain four hydroxyl groups of
which three are protected with orthogonal protective groups,
which make them attractive for further transformations. Fur-
thermore, another quarternary carbon centre was installed
next to the one already present in 4.

4. Experimental

4.1. (±)-6-endo-Benzyloxy-4-(tert-butyl-dimethyl-
silyloxy)-bicyclo[2.2.2]octan-2-one (6) and (±)-6-
exo-benzyloxy-4-(tert-butyl-dimethyl-silyloxy)-
bicyclo[2.2.2]octan-2-one (7)

NaH (60% in mineral oil, 1.74 g, 43.5 mmol) was added to
a solution of 4 and 5 (85:15, respectively)16 (4.70 g,
17.4 mmol) in dry THF (30 mL) at 0 �C. After 20 min of stir-
ring, TBAI (3.20 g, 8.70 mmol) and BnBr (2.70 mL,
47.0 mmol) were added. Stirring was continued at 0 �C for
5 min and then at rt for 1.5 h. The reaction mixture was again
cooled to 0 �C, and water (5 mL) was added dropwise. Thewa-
ter phase was then extracted with EtOAc (3�10 mL), and the
combined organic phases were washed with brine and dried.
After concentration at reduced pressure, the residue was puri-
fied by column chromatography (SiO2, pentane/ether 9:1) to
give 6 (4.60 g, 12.7 mmol, 73%) and 7 (810 mg, 2.25 mmol,
13%) as colourless oils. Compound 6 crystallized upon stand-
ing at 4 �C. For compound 6: mp: 45.7–48.2 �C; IR (KBr)
2938, 2872, 1720 cm�1; 1H NMR (400 MHz, benzene-d6)
d 7.36–7.26 (m, 2H) 7.13–7.06 (m, 3H) 4.40 (dAB, JAB¼
11.9 Hz, 1H) 4.16 (dAB, JAB¼11.9 Hz, 1H) 3.40–3.36 (m,
1H) 2.60–2.53 (m, 2H) 2.29–2.24 (m, 1H) 1.88–1.79 (m,
2H) 1.31–1.24 (m, 3H) 0.98–0.92 (m, 1H) 0.91 (s, 9H) –0.03
(s, 6H); 13C NMR (100 MHz, benzene-d6) d 208.4, 128.6,
128.1, 127.9, 127.5, 74.4, 72.2, 70.0, 52.5, 46.2, 43.01, 33.0,
25.9, 18.3, 18.0, �2.0; HRMS (FAB+) calcd for C21H33O3Si
(M+H): 361.2199. Found: 361.2195. Anal. calcd for
C21H32O3Si: C, 69.95; H, 8.95. Found: C, 70.11; H, 8.87.
For compound 7: IR (NaCl) 2955, 2855, 1722 cm�1; 1H
NMR (400 MHz, benzene-d6) d 7.21–7.18 (m, 2H) 7.15–
7.06 (m, 3H) 4.12 (dAB, JAB¼11.9 Hz, 1H) 4.02 (dAB, JAB¼
11.9 Hz, 1H) 3.51–3.47 (m, 1H) 2.57–2.54 (m, 1H) 2.23 (br
dAB, JAB¼18.1 Hz, 1H) 2.09 (ddAB, J¼3.1 Hz, JAB¼18.2 Hz,
1H) 2.04–2.01 (m, 1H) 1.77–1.75 (m, 2H) 1.73–1.70 (m, 1H)
1.41–1.35 (m, 1H) 1.27–1.19 (m, 1H) 0.92 (s, 9H) –0.03 (s,
6H); 13C NMR (100 MHz, benzene-d6) d 209.1, 138.7,
128.6, 127.9, 127.7, 72.5, 72.1, 70.3, 52.1, 47.0, 43.8, 33.2,
25.8, 18.0, 16.9, �2.0; HRMS (FAB+) calcd for C21H33O3Si
(M+H): 361.2199. Found: 361.2207. Anal. calcd for
C21H32O3Si: C, 69.95; H, 8.95. Found: C, 70.05; H, 8.92.

4.2. (±)-6-endo-Benzyloxy-4-hydroxy-bicyclo[2.2.2]-
octan-2-one (9)

BF3$OEt2 (1.60 mL, 12.7 mmol) was added to a solution
of 6 (4.60 g, 12.7 mmol) in MeCN (200 mL) at �10 �C.
Stirring was continued at �10 �C for approximately 2 h;
where after 0.4 M aq NaHCO3 solution (20 mL) was added.
The water phase was extracted with EtOAc (3�100 mL) and
the combined organic phases were dried. After concentra-
tion at reduced pressure, the residue was purified by column
chromatography (SiO2, heptane/EtOAc 1:1) to give 9
(3.10 g, 12.6 mmol, 99%) as a colourless oil. IR (NaCl)
3408, 2953, 2874, 1720 cm�1; 1H NMR (400 MHz,
benzene-d6) d 7.24–7.17 (m, 2H) 7.14–7.06 (m, 3H) 4.35
(dAB, JAB¼11.9 Hz, 1H) 4.12 (dAB, JAB¼11.9 Hz, 1H)
3.35–3.31 (m, 1H) 2.50–2.47 (m, 1H) 2.36 (br dAB, JAB¼
17.9 Hz, 1H) 2.07 (ddAB, J¼3.3 Hz, JAB¼17.9 Hz, 1H)
1.74–1.70 (m, 1H) 1.59–1.56 (m, 1H) 1.28–1.20 (m, 1H)
1.17–1.12 (m, 2H) 0.93–0.90 (m, 1H) 0.87 (s, 1H); 13C
NMR (100 MHz, benzene-d6) d 208.6, 138.6, 128.6, 128.1,
127.9, 127.5, 74.3, 69.8, 69.3, 51.9, 46.3, 42.2, 32.2, 18.2;
HRMS (FAB+) calcd for C15H19O3 (M+H): 247.1334.
Found: 247.1328. Anal. calcd for C15H18O3: C, 73.15; H,
7.37. Found: C, 73.21; H, 7.34.

4.3. (±)-6-endo-Benzyloxy-4-methoxy-bicyclo[2.2.2]-
octan-2-one (10)

For the methyl protection, it was important to use commer-
cial Ag2O, since the yield was low (40%) when we used
a home-made quality. MeI (28.0 mL, 445 mmol) and
Ag2O (11.0 g, 47.3 mmol) were added to a solution of 9
(3.10 g, 12.6 mmol) in MeCN (60 mL). The resulting mix-
ture was stirred at 40 �C for 48 h. The reaction mixture
was then allowed to cool to rt, and filtered through a pad
of Celite, which was rinsed with EtOAc. After concentration
at reduced pressure, the resulting residue was purified by
column chromatography (SiO2, heptane/EtOAc 75:25) to
give 10 (2.91 g, 11.2 mmol, 89%) as a slightly yellow oil.
IR (NaCl) 2953, 2876, 1732 cm�1; 1H NMR (400 MHz,
benzene-d6) d 7.25–7.24 (m, 2H) 7.14–7.06 (m, 3H) 4.38
(dAB, JAB¼11.9 Hz, 1H) 4.14 (dAB, JAB¼11.9 Hz, 1H)
3.39–3.35 (m, 1H) 2.83 (s, 3H) 2.52–2.47 (m, 2H) 2.21–
2.15 (m, 1H) 1.82–1.79 (m, 1H) 1.75–1.68 (m, 1H) 1.29–
1.22 (m, 3H) 0.97–0.91 (m, 1H); 13C NMR (100 MHz,
benzene-d6) d 208.3, 138.6, 128.6, 128.1, 127.9, 127.5,
74.2, 74.0, 69.9, 49.2, 47.5, 46.3, 38.1, 28.7, 18.0; HRMS
(FAB+) calcd for C16H21O3 (M+H): 261.1491. Found:
261.1490. Anal. calcd for C16H20O3: C, 73.82; H, 7.74.
Found: C, 73.74; H, 7.67.

4.4. (±)-6-endo-Benzyloxy-3-hydroxymethylene-4-
methoxy-bicyclo[2.2.2]octan-2-one (11)

Compound 10 (2.31 g, 8.89 mmol), dissolved in THF
(15 mL), was added drop wise to a solution of NaH (60%
in mineral oil, 1.10 g, 26.7 mmol) in dry THF (70 mL) at
0 �C. Stirring was continued for 20 min at 0 �C and then
ethyl formate (7.20 mL, 88.9 mmol) was added drop wise.
Stirring was continued for 5 min at 0 �C and then at rt for
48 h. After cooling to 0 �C, the reaction mixture was
quenched by slow addition of 2 M aq H2SO4 (80 mL). The
organic phase was separated and the water phase extracted
with EtOAc (3�80 mL). The combined organic phases
were then washed with brine and dried. After concentration
at reduced pressure, the residue was purified by column
chromatography (SiO2, heptane/EtOAc 85:15) to give 11
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(2.03 g, 7.04 mmol, 79 %) as a colourless oil. IR (NaCl)
2955, 2874, 1666, 1597 cm�1; 1H NMR (400 MHz,
benzene-d6) d 7.37 (s, 1H) 7.25–7.23 (m, 2H) 7.13–7.06
(m, 3H) 4.39 (dAB, JAB¼12.1 Hz, 1H) 4.17 (dAB, JAB¼
12.1 Hz, 1H) 3.37 (dt, J¼9.3, 3.1 Hz, 1H) 2.87 (s, 3H)
2.65–2.63 (m, 1H) 1.80 (ddAB, J¼9.1 Hz, JAB¼12.8 Hz,
1H) 1.64 (tdAB, J¼2.9 Hz, JAB¼12.8 Hz, 1H) 1.30–1.22
(m, 2H) 1.19–1.14 (m, 1H) 0.97–0.88 (m, 1H); 13C NMR
(100 MHz, benzene-d6) d 203.3, 158.9, 138.6, 128.6,
128.1, 127.9, 127.8, 127.5, 117.1, 74.7, 74.5, 69.8, 50.2,
45.1, 39.2, 28.9, 18.6; HRMS (FAB+) calcd for C17H21O4

(M+H): 289.1440. Found: 289.1452. Anal. calcd for
C17H20O4: C, 70.81; H, 6.99. Found: C, 70.94; H, 6.91.

4.5. (±)-(Z)-3-Allyloxymethylene-6-endo-benzyloxy-
4-methoxy-bicyclo[2.2.2]octan-2-one (12) and
(±)-(E)-3-allyloxymethylene-6-endo-benzyloxy-
4-methoxy-bicyclo[2.2.2]octan-2-one (13)

Compound 11 (1.74 g, 6.04 mmol), dissolved in THF
(10 mL), was added drop wise to a solution of NaH (60%
in mineral oil, 605 mg, 15.1 mmol) in THF (10 mL) at
0 �C. Stirring was continued for 20 min at 0 �C before ally
bromide (1.10 mL, 12.1 mmol) was added. The reaction
mixture was then kept at 50 �C for 4 h, after which the reac-
tion mixture was allowed to cool to rt, before being
quenched with water (10 mL) at 0 �C. The organic phase
was separated, and the water phase saturated with NaCl be-
fore being extracted with EtOAc (5�10 mL). The combined
organic phases were then washed with brine and dried. After
concentration at reduced pressure, the residue was purified
by column chromatography (SiO2, heptane/EtOAc 7:3) to
give compound 12 (1.26 g, 3.84 mmol, 64%) as a yellow
solid and compound 13 (456 mg, 1.39 mmol, 23%) as a yel-
low oil. For compound 12: mp 61.1–65.2 �C; IR (KBr) 2941,
2876, 1693, 1618 cm�1; 1H NMR (400 MHz, benzene-d6)
d 7.35 (s, 1H) 7.31–7.29 (m, 2H) 7.13–7.05 (m, 3H) 5.47–
5.40 (m, 1H) 5.01–4.95 (m, 1H) 4.87–4.84 (m, 1H) 4.51
(dAB, JAB¼12.0 Hz, 1H) 4.24 (dAB, JAB¼12.0 Hz, 1H)
3.74–3.71 (m, 2H) 3.53–3.49 (m, 1H) 3.27 (s, 3H) 2.76–
2.75 (m, 1H) 2.24 (tdAB, J¼2.9 Hz, JAB¼13.1 Hz, 1H)
1.95 (ddAB, J¼9.4 Hz, JAB¼13.1 Hz, 1H) 1.85–1.77 (m,
1H) 1.53–1.44 (m, 1H) 1.40–1.33 (m, 1H) 1.14–1.06 (m,
1H); 13C NMR (100 MHz, benzene-d6) d 199.1, 151.6,
138.9, 132.8, 128.5, 128.1, 127.9, 119.1, 118.0, 77.2, 75.1,
74.6, 69.9, 52.5, 46.3, 41.0, 30.6, 18.5; HRMS (FAB+) calcd
for C20H24NaO4 (M+Na): 351.1572. Found: 351.1573.
Anal. calcd for C20H24O4: C, 73.15; H, 7.37. Found: C,
73.06; H, 7.32. For compound 13: IR (NaCl) 2951, 2870,
1701, 1616 cm�1; 1H NMR (400 MHz, benzene-d6)
d 7.30–7.28 (m, 2H) 7.15–7.06 (m, 3H) 6.63 (s, 1H) 5.58–
5.50 (m, 1H) 5.17–5.12 (m, 1H) 4.90–4.87 (m, 1H) 4.53
(dAB, JAB¼12.0 Hz, 1H) 4.24 (dAB, JAB¼12.0 Hz, 1H)
3.90–3.88 (m, 2H) 3.47 (dt, J¼9.4, 3.1 Hz, 1H) 3.00 (s,
3H) 2.76–2.74 (m, 1H) 2.00 (ddAB, J¼9.3 Hz, JAB¼12.8 Hz,
1H) 1.80 (tdAB, J¼2.8 Hz, JAB¼12.9 Hz, 1H) 1.51–1.34 (m,
3H) 1.07–0.99 (m, 1H); 13C NMR (100 MHz, benzene-d6)
d 194.6, 150.9, 139.0, 133.3, 128.5, 128.1, 127.9, 118.6,
117.7, 75.7, 75.1, 74.4, 69.8, 50.0, 47.0, 39.5, 29.0, 18.4;
HRMS (FAB+) calcd for C20H24NaO4 (M+Na): 351.1572.
Found: 351.1574. Anal. calcd for C20H24O4: C, 73.15; H,
7.37. Found: C, 73.08; H, 7.26.
4.6. (±)-2-endo-Allyl-5-endo-benzyloxy-1-methoxy-3-
oxo-bicyclo[2.2.2]octane-2-carbaldehyde (14) and
(±)-2-exo-allyl-5-endo-benzyloxy-1-methoxy-3-
oxo-bicyclo[2.2.2]octane-2-carbaldehyde (15)

Compounds 12 and 13 (276 mg, 0.84 mmol, 12/13 75:25,
respectively) dissolved in toluene (5 mL) were placed in
a sealed pressurized vessel and heated at 165 �C for 12 h.
After concentration at reduced pressure, the residue was
purified by column chromatography (SiO2, heptane/EtOAc
7:3) to give an inseparable diastereomeric mixture of com-
pounds 14 and 15 (138 mg, 0.42 mmol, 50%) as a colourless
oil, together with starting materials 12 and 13 (130 mg,
0.40 mmol, 47%). Analysis for the mixture of 14 and 15:
IR (NaCl) 2957, 2878, 2833, 1738, 1705 cm�1; HRMS
(FAB+) calcd for C20H24NaO4 (M+Na): 351.1572. Found:
351.1575. Anal. calcd for C20H24O4: C, 73.15; H, 7.37.
Found: C, 73.21; H, 7.32. Selected 1H NMR signals for
compound 14 (400 MHz, benzene-d6): d 6.43–6.33 (m,
1H) 4.33 (dAB, JAB¼12.0 Hz, 1H) 4.07 (dAB, JAB¼12.0 Hz,
1H) 3.26–3.22 (m, 1H) 3.14–3.08 (m, 1H) 3.00–2.94 (m, 1H)
2.74 (s, 3H). Selected 1H NMR signals for compound 15
(400 MHz, benzene-d6): d 6.23–6.12 (m, 1H) 4.25 (dAB,
JAB¼12.1 Hz, 1H) 4.13 (dAB, JAB¼12.1 Hz, 1H) 3.35–3.31
(m, 1H).

4.7. Attempted allyl Grignard addition to aldehydes 14
and 15, leading to (±)-3-endo-allyl-6-endo-benzyloxy-
4-methoxy-bicyclo[2.2.2]octan-2-one (18) and
(±)-3-exo-allyl-6-endo-benzyloxy-4-methoxy-
bicyclo[2.2.2]octan-2-one (19)

Allyl magnesium bromide (150 mL, 1.0 M in Et2O) was
added to a solution of 14 and 15 (70:30, respectively,
50.0 mg, 150 mmol) in THF (1 mL) at �78 �C. The temper-
ature was then slowly allowed to reach rt, where after H2O
(1 mL) was added the organic phase was separated; the water
phase extracted with CH2Cl2 (3�2 mL), and the combined
organic phases were dried. After concentration at reduced
pressure the residue was purified by column chromatography
(SiO2, pentane/ether 8:2) to yield compound 18 (23.0 mg,
76.6 mmol, 51%) and compound 19 (7.0 mg, 23.3 mmol,
16%) as colourless oils. For compound 18: 1H NMR
(400 MHz, benzene-d6) d 7.24–7.22 (m, 2H) 7.14–7.05 (m,
3H) 6.46–6.35 (m, 1H) 5.18–5.13 (m, 1H) 5.08–5.05 (m,
1H) 4.35 (dAB, JAB¼11.9 Hz, 1H) 4.12 (dAB, JAB¼11.9 Hz,
1H) 3.34–3.31 (m, 1H) 2.84 (s, 3H) 2.76–2.69 (m, 1H) 2.63–
2.56 (m, 1H) 2.52–2.46 (m, 1H) 2.28–2.24 (m, 1H) 1.91 (br
dAB, JAB¼14.2 Hz, 1H) 1.74 (br dddAB, J¼2.1, 9.4 Hz,
JAB¼14.2 Hz, 1H) 1.31–1.10 (m, 3H) 0.97–0.89 (m, 1H);
13C NMR (100 MHz, benzene-d6) d 211.2, 138.8, 138.6,
128.6, 127.9, 127.8, 115.1, 75.6, 74.5, 69.8, 55.0, 48.9,
46.6, 35.4, 30.9, 28.0, 17.5; HRMS (FAB+) calcd for
C19H25O3 (M+H): 301.1804. Found: 301.1803. For com-
pound 19: 1H NMR (400 MHz, benzene-d6) d 7.26–7.24
(m, 2H) 7.14–7.06 (m, 3H) 6.34–6.27 (m, 1H) 5.17–5.13
(m, 1H) 5.04–5.01 (m, 1H) 4.38 (dAB, JAB¼11.9 Hz, 1H)
4.14 (dAB, JAB¼11.9 Hz, 1H) 3.38 (dt, J¼9.3, 3.1 Hz, 1H)
2.83 (s, 3H) 2.56–2.38 (m, 4H) 1.78 (tdAB, J¼2.9 Hz,
JAB¼13.4 Hz, 1H) 1.71 (ddAB, J¼9.2 Hz, JAB¼13.3 Hz,
1H) 1.55–1.47 (m, 1H) 1.32–1.13 (m, 2H) 1.01–0.93 (m,
1H); 13C NMR (100 MHz, benzene-d6) d 211.5, 138.6,
138.5, 128.6, 128.1, 127.9, 115.4, 76.0, 73.9, 70.0, 54.2,
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49.2, 46.6, 38.3, 30.1, 25.6, 18.5; HRMS (FAB+) calcd for
C19H25O3 (M+H): 301.1804. Found: 301.1818.

4.8. (±)-(3-Allyloxymethylene-6-endo-benzyloxy-4-
methoxy-bicyclo[2.2.2]oct-2-endo-yloxy)-trimethyl-
silane (22)

NaBH4 (220 mg, 5.78 mmol) was added to a solution of dry-
CeCl3 (1.42 g, 5.78 mmol) in EtOH (99.5%, 60 mL) at 0 �C.
After 0.5 h a solution of compound 12 (950 mg, 2.89 mmol)
in EtOH (99.5%, 30 mL) and 2,6-lutidine (5.72 mL,
49.1 mmol) was added drop wise, and after 1 h of additional
stirring at 0 �C, H2O (260 mL) was added. The reaction
mixture was then directly filtered through a pad of SiO2 and
Celite, and the product was eluted (heptane/EtOAc 1:1). After
concentration at reduced pressure, crude alcohol 20 was col-
lected as a slightly yellow oil, and was used directly in the
following step. A small sample was purified for analyt-
ical purposes (SiO2, heptane/EtOAc 85:15+10% Et3N).
IR (NaCl) 3512, 2947, 2872 cm-1; 1H NMR (400 MHz,
benzene-d6) d 7.20–7.18 (m, 2H) 7.14–7.04 (m, 3H) 6.43 (s,
1H) 5.75–5.65 (m, 1H) 5.24–5.18 (m, 1H) 5.00–4.96 (m,
1H) 4.37–4.33 (m, 1H) 4.23 (dAB, JAB¼11.9 Hz, 1H) 4.14
(dAB, JAB¼11.9 Hz, 1H) 3.94–3.90 (m, 2H) 3.89 (s, 1H)
3.59–3.56 (m, 1H) 3.40 (s, 3H) 2.29 (tdAB, J¼3.1 Hz, JAB¼
13.0 Hz, 1H) 2.12–2.09 (m, 1H) 1.87 (ddAB, J¼9.2 Hz, JAB¼
13.0 Hz, 1H) 1.80–1.72 (m, 1H) 1.25–1.18 (m, 2H) 1.06–0.97
(m, 1H); 13C NMR (100 MHz, benzene-d6) d 142.8, 134.5,
128.7, 128.1, 128.0, 127.9, 120.4, 116.6, 78.8, 76.6, 73.6,
73.4, 70.3, 52.0, 40.9, 36.9, 29.3, 20.1; HRMS (FAB+) calcd
for C20H26O4 (M): 330.1831. Found: 330.1821. Et3N
(1.0 mL, 7.23 mmol), DMAP (cat.) and TMSCl (925 mL,
7.23 mmol) were added to a solution of crude alcohol 20 in
CH2Cl2 (23 mL) at 0 �C. Stirring was continued for 0.5 h,
and then the solvent was removed at reduced pressure and re-
placed with cold pentane. The resulting mixture was filtered
through Hyflo-Supercel. After concentration at reduced pres-
sure the residue was purified by column chromatography
(SiO2, heptane/EtOAc 9:1) to give TMS/ether 22 (849 mg,
2.11 mmol, 73% starting from compound 12) as a colourless
oil. IR (NaCl) 2949, 2868 cm�1; 1H NMR (400 MHz, benz-
ene-d6) d 7.45–7.43 (m, 2H) 7.26–7.22 (m, 2H) 7.12–7.11
(m, 1H) 6.09 (d, J¼1.2 Hz, 1H) 5.76–5.66 (m, 1H) 5.27–
5.21 (m, 1H) 5.03–4.99 (m, 1H) 4.46 (dAB, JAB¼11.9 Hz,
1H) 4.34 (dAB, JAB¼11.9 Hz, 1H) 4.29–4.28 (m, 1H) 3.94
(dt, J¼5.1, 1.6 Hz, 2H) 3.69–3.64 (m, 1H) 3.42 (s, 3H) 2.53
(dddAB, Jd¼2.9, 5.7 Hz, JAB¼12.0 Hz, 1H) 2.06–2.04 (m,
1H) 2.02 (ddAB, J¼9.4 Hz, JAB¼11.9 Hz, 1H) 1.86–1.78
(m, 1H) 1.50–1.41 (m, 1H) 1.27–1.12 (m, 2H) 0.18 (s, 9H);
13C NMR (100 MHz, benzene-d6) d 142.9, 140.1, 134.5,
127.9, 127.6, 127.3, 119.2, 116.8, 77.8, 77.1, 73.7, 73.3,
70.1, 51.9, 39.8, 37.0, 30.8, 21.3, 0.6; HRMS (FAB+) calcd
for C23H34O4Si (M): 402.2226. Found: 402.2223. Anal. calcd
for C23H34O4Si: C, 68.62; H, 8.51. Found: C, 68.56; H, 8.49.

4.9. (±)-2-endo-Allyl-5-endo-benzyloxy-1-methoxy-3-
endo-trimethylsilanyloxy-bicyclo[2.2.2]octane-2-carb-
aldehyde (23) and (±)-2-exo-allyl-5-endo-benzyloxy-
1-methoxy-3-endo-trimethylsilanyloxy-bicyclo[2.2.2]-
octane-2-carbaldehyde (24)

Compound 22 (849 mg, 2.11 mmol) dissolved in toluene
(14 mL) was placed in a sealed pressurized vessel and was
heated at 165 �C for 20 h, where the reaction mixture was
allowed to cool to rt. After concentration at reduced pres-
sure, the residue was purified by column chromatography
(SiO2, heptane/EtOAc 95:5) to give compound 23
(325 mg, 808 mmol, 38%) and 24 (149 mg, 370 mmol,
18%) as colourless oils. For compound 23: IR (NaCl)
2953, 2876, 1717 cm�1; 1H NMR (400 MHz, benzene-d6)
d 10.07 (s, 1H) 7.42 (br d, J¼7.6 Hz, 2H) 7.23 (br t, J¼
7.6 Hz, 2H) 7.13–7.09 (m, 1H) 6.14–6.04 (m, 1H) 5.18–
5.14 (m, 1H) 5.05–5.02 (m, 1H) 4.92 (br t, J¼1.9 Hz, 1H)
4.60 (dAB, JAB¼11.7 Hz, 1H) 4.20 (dAB, JAB¼11.7 Hz,
1H) 3.60–3.54 (m, 1H) 3.43–3.38 (m, 1H) 3.27–3.21 (m,
1H) 2.77 (s, 3H) 1.98 (br s, 1H) 1.88 (tdAB, J¼2.9 Hz, JAB¼
13.6 Hz, 1H) 1.66 (ddAB, J¼9.9 Hz, JAB¼13.6 Hz, 1H)
1.44–1.36 (m, 1H) 1.20–1.06 (m, 2H) 0.83–0.75 (m, 1H)
0.16 (s, 9H); 13C NMR (100 MHz, benzene-d6) d 206.4,
139.7, 137.3, 128.5, 127.9, 127.5, 117.3, 78.7, 76.5, 70.0,
69.1, 59.0, 49.1, 35.5, 32.6, 31.5, 23.1, 20.2, 0.2; HRMS
(FAB+) calcd for C23H35O4Si (M+H): 403.2305. Found:
403.2296. Anal. calcd for C23H34O4Si: C, 68.62; H, 8.51.
Found: C, 68.73; H, 8.46. For compound 24: IR (NaCl)
2955, 2882, 1717 cm�1; 1H NMR (400 MHz, benzene-d6)
d 10.60 (br d, J¼1.1 Hz, 1H) 7.37–7.35 (m, 2H) 7.25–7.22
(m, 2H) 7.13–7.11 (m, 1H) 6.37–6.27 (m, 1H) 5.09–5.04
(m, 2H) 4.37 (dAB, JAB¼12.1 Hz, 1H) 4.29 (dAB, JAB¼
12.1 Hz, 1H) 3.88–3.86 (m, 1H) 3.56–3.52 (m, 1H) 3.11–
3.06 (m, 1H) 2.81 (s, 3H) 2.29–2.21 (m, 2H) 1.92–1.90
(m, 1H) 1.87–1.81 (m, 1H) 1.38–1.26 (m, 1H) 1.17–0.92
(m, 3H) 0.08 (s, 9H); 13C NMR (100 MHz, benzene-d6)
d 203.9, 139.7, 137.8, 127.9, 127.6, 127.4, 116.6, 77.7,
77.6, 77.2, 70.2, 57.7, 49.2, 36.7, 36.4, 34.0, 23.9, 20.7,
0.5; HRMS (FAB+) calcd for C23H35O4Si (M+H):
403.2305. Found: 403.2301. Anal. calcd for C23H34O4Si:
C, 68.62; H, 8.51. Found: C, 68.43; H, 8.44.

4.10. General procedure for the allyl Grignard addition
reaction, leading to compounds (±)-1-(2-endo-allyl-5-
endo-benzyloxy-1-methoxy-3-endo-trimethylsilanyloxy-
bicyclo[2.2.2]oct-2-yl)-but-3-en-1-ol (25) and
(±)-1-(2-exo-allyl-5-endo-benzyloxy-1-methoxy-3-
endo-trimethylsilanyloxy-bicyclo[2.2.2]oct-2-yl)-
but-3-en-1-ol (26)

Allyl magnesium bromide (2 equiv, 1.0 M in Et2O) was
added to a solution of 23 (325 mg, 808 mmol) or 24
(149 mg, 370 mmol) in THF (0.5 mL/0.1 mmol) at 0 �C.
The temperature was then slowly allowed to reach rt, where
after satd aq NH4Cl was added. The organic phase was sep-
arated, the water phase extracted with EtOAc (�3), and the
combined organic phases were dried. After concentration at
reduced pressure the residue was purified by column chro-
matography (SiO2, heptane/EtOAc 95:5) to yield compound
25 (275 mg, 619 mmol, 77%) or 26 (110 mg, 247 mmol,
67%) as colourless oil. For compound 25: IR (NaCl) 3566,
2949, 2878 cm�1; 1H NMR (400 MHz, benzene-d6) d 7.43
(br d, J¼7.6 Hz, 2H) 7.23 (br t, J¼7.6 Hz, 2H) 7.14–7.10
(m, 1H) 6.63–6.53 (m, 1H) 6.06–5.96 (m, 1H) 5.19–5.13
(m, 2H) 5.10–5.03 (m, 2H) 4.48 (dAB, JAB¼12.1 Hz, 1H)
4.46 (s, 1H) 4.33 (dAB, JAB¼12.1 Hz, 1H) 4.06–4.01 (m,
1H) 3.51–3.48 (m, 1H) 3.30–3.24 (m, 1H) 3.01–2.94
(m, 2H) 2.84 (s, 3H) 2.51–2.43 (m, 1H) 2.07 (tdAB, J¼
3.7 Hz, JAB¼13.4 Hz, 1H) 1.98–1.95 (m, 1H) 1.92 (d,
J¼6.4 Hz, 1H) 1.88–1.79 (m, 1H) 1.73 (ddAB, J¼10.1 Hz,
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JAB¼13.4 Hz, 1H) 1.48–1.38 (m, 1H) 1.21–1.14 (m, 1H)
1.06–0.96 (m, 1H) 0.21 (s, 9H); 13C NMR (100 MHz, benz-
ene-d6) d 141.0, 137.9, 128.5, 128.1, 127.9, 127.4, 116.8,
115.1, 78.8, 77.3, 75.0, 74.4, 70.1, 52.1, 48.4, 39.2, 37.1,
34.1, 33.2, 24.1, 21.3, 0.8; HRMS (FAB+) calcd for
C26H41O4Si (M+H): 445.2775. Found: 445.2786. Anal.
calcd for C26H40O4Si: C, 70.23; H, 9.07. Found: C, 70.29;
H, 9.02. For compound 26: 1H NMR (400 MHz, benzene-
d6) d 7.39 (br d, J¼7.4 Hz, 2H) 7.21 (br t, J¼7.5 Hz, 2H)
7.13–7.09 (m, 1H) 6.59–6.48 (m, 1H) 6.15–6.05 (m, 1H)
5.35–5.30 (m, 1H) 5.18–5.15 (m, 1H) 5.11–5.07 (m, 2H)
4.53–4.52 (m, 1H) 4.48 (dAB, JAB¼11.6 Hz, 1H) 4.46 (s,
1H) 4.22 (dAB, JAB¼11.6 Hz, 1H) 3.92–3.91 (m, 1H)
3.57–3.54 (m, 1H) 3.37–3.32 (m, 1H) 3.04–2.96 (m, 1H)
2.89 (s, 3H) 2.86–2.82 (m, 1H) 2.80–2.74 (m, 1H) 2.03–
1.98 (m, 1H) 1.84–1.83 (m, 1H) 1.78–1.72 (m, 1H) 1.34–
1.28 (m, 1H) 1.18–1.00 (m, 3H) 0.07 (s, 9H); 13C NMR
(100 MHz, benzene-d6) d 140.3, 139.4, 135.9, 128.5,
127.8, 127.5, 117.5, 114.5, 80.3, 78.8, 77.4, 75.6, 70.1,
50.4, 48.3, 40.4, 39.0, 37.6, 32.6, 24.7, 20.7, 0.6; HRMS
(FAB+) calcd for C26H41O4Si (M+H): 445.2775. Found:
445.2769.

4.11. General procedure for the ring-closing metathesis
reaction, leading to compounds
(1R*,2,10R*,3S*,5S*,20R*)-(±)-spiro[5-endo-benzyloxy-
1-methoxy-3-endo-trimethylsilyloxybicyclo[2.2.2]-
octane-2,10-cyclohex-40-en]-20-ol (27) and
(1R*,2,10S*,3S*,5S*,20R*)-(±)-spiro[5-endo-benzyloxy-
1-methoxy-3-endo-trimethylsilyloxybicyclo[2.2.2]-
octane-2,10-cyclohex-40-en]-20-ol (28)

Grubb’s phosphorylidine catalyst [RuCl2(]CHPh)(PCy3)2]
(10 mol %) was added to a solution of 25 (275 mg,
619 mmol) or 26 (103 mg, 232 mmol) in degassed CH2Cl2
(1.6 mL/100 mmol). The reaction mixture was heated in
a sealed pressurized vessel at 40 �C for 10 h. After con-
centration at reduced pressure the residue was purified by
column chromatography to give compound 27 (219 mg,
526 mmol, 85%) or 28 (81.5 mg, 196 mmol, 84%) as off-
white solids. Compound 27 was crystallized from pentane,
which resulted in off-white needles. For compound 27
(SiO2, heptane/EtOAc 9:1): mp: 79.8–82.8 �C; IR (KBr)
3439, 3022, 2936 cm�1; 1H NMR (400 MHz, benzene-d6)
d 7.44 (br d, J¼7.6 Hz, 2H) 7.25 (br t, J¼7.6 Hz, 2H)
7.12–7.11 (m, 1H) 5.82–5.78 (m, 1H) 5.44–5.39 (m, 1H)
4.47 (dAB, JAB¼12.3 Hz, 1H) 4.36 (dAB, JAB¼12.3 Hz,
1H) 4.37–4.31 (m, 2H) 3.58–3.53 (m, 1H) 3.19–3.14 (m,
1H) 3.02 (s, 3H) 2.52–2.47 (m, 1H) 2.33–2.26 (m, 1H)
2.18–2.10 (m, 1H) 2.03–1.93 (m, 3H) 1.75–1.63 (m, 2H)
1.31–1.23 (m, 1H) 1.18–1.11 (m, 1H) 0.78 (br d, J¼
3.7 Hz, 1H) 0.18 (s, 9H); 13C NMR (100 MHz, benzene-
d6) d 140.1, 130.2, 128.4, 127.9, 127.3, 121.2, 77.4, 77.3,
72.2, 70.0, 69.0, 49.5, 49.1, 37.4, 34.6, 33.7, 28.2, 25.2,
21.3, 0.9; HRMS (FAB+) calcd for C24H37O4Si (M+H):
417.2462. Found: 417.2466. Anal. calcd for C24H36O4Si:
C, 69.19; H, 8.71. Found: C, 69.26; H, 8.65. For compound
28 (SiO2, heptane/EtOAc 85:15): mp: 110.4–113.0 �C;
IR (KBr) 3422, 3018, 2959 cm�1; 1H NMR (400 MHz,
benzene-d6) d 7.38 (br d, J¼7.6 Hz, 2H) 7.24 (br t,
J¼7.6 Hz, 2H) 7.13–7.11 (m, 1H) 5.86–5.84 (m, 1H)
5.73–5.69 (m, 1H) 5.11 (br s, 1H) 4.97 (br s, 1H) 4.35
(dAB, JAB¼11.9 Hz, 1H) 4.28 (dAB, JAB¼11.9 Hz, 1H)
3.72–3.71 (m, 1H) 3.43–3.38 (m, 1H) 3.01–2.96 (m, 1H)
2.91–2.87 (m, 1H) 2.63 (s, 3H) 2.61–2.56 (m, 1H) 2.20–
2.15 (m, 1H) 1.97–1.91 (m, 1H) 1.89 (br s, 1H) 1.52–1.46
(m, 1H) 1.16–0.91 (m, 4H) 0.13 (s, 9H); 13C NMR
(100 MHz, benzene-d6) d 139.7, 128.5, 127.9, 127.6,
127.2, 122.9, 81.2, 78.8, 77.9, 70.5, 66.6, 48.4, 46.5, 38.0,
35.3, 31.1, 28.9, 22.6, 20.4, 0.7; HRMS (FAB+) calcd for
C24H37O4Si (M+H): 417.2462. Found: 417.2465. Anal.
calcd for C24H36O4Si: C, 69.19; H, 8.71. Found: C, 68.80;
H, 8.54.

4.12. (±)-5-endo-Benzyloxy-1-methoxy-bicyclo-
[2.2.2]oct-2-ene-2-carbaldehyde (21)

Compound 20 (17 mg, 51.5 mmol) dissolved in toluene
(1 mL) was placed in a sealed pressurized vessel and heated
at 165 �C for 12 h. After concentration at reduced pressure,
the residue was purified by column chromatography (SiO2,
heptane/EtOAc 85:15) to give 21 (8.0 mg, 24.2 mmol,
47%) as a yellow oil. 1H NMR (400 MHz, benzene-d6)
d 9.73 (s, 1H) 7.22–7.18 (m, 4H) 7.11–7.08 (m, 1H) 6.75
(d, J¼6.4 Hz, 1H) 4.16 (s, 2H) 3.40–3.36 (m, 1H) 3.20 (s,
3H) 2.60–2.56 (m, 1H) 1.73 (ddAB, J¼8.4 Hz, JAB¼12.6 Hz,
1H) 1.62 (tdAB, J¼3.1 Hz, JAB¼12.6 Hz, 1H) 1.25–1.13 (m,
2H) 0.98–0.90 (m, 1H) 0.88–0.79 (m, 1H); 13C NMR
(100 MHz, benzene-d6) d 187.5, 146.4, 146.2, 139.0,
128.6, 127.9, 127.6, 78.2, 77.3, 69.9, 52.3, 39.8, 35.6,
28.7, 20.9; HRMS (FAB+) calcd for C17H21O3 (M+H):
273.1491. Found: 273.1496.

4.13. X-ray crystallographic analysis of compound 27

Crystallization from pentane gave needles of compound 27
suitable for X-ray diffraction. Intensity data were collected
at 150 K with an Oxford Diffraction Xcalibur 3 system using
u-scans and Mo Ka (l¼0.71073 Å).26 CCD data were
extracted and integrated using Crysalis RED.27 The structure
was solved by direct methods and refined by full-matrix
least-squares calculations on F2 using SHELXTL 5.1.28

Non-H atoms were refined with anisotropic displacement
parameters. All hydrogen atoms, except for those on the
hydroxy group, were constrained to parent sites, using a rid-
ing model. The high residuals in the final difference map are
situated around 2.9 Å from Si20. Attempts to refine them as
partially occupied solvent molecules failed. Full crystallo-
graphic data in CIF-format has been deposited (CCDC
617804). Crystal data: C24H35O4Si, M¼415.61, triclinic,
a¼6.608(4), b¼8.91(2), c¼19.75(2) Å, a¼84.39(14), b¼
81.38(7), g¼77.90(13)�, V¼1521.1(4) Å3, space group P1,
Z¼2, Dcalcd¼1.231 g cm�3, m¼0.132 mm�1 q range¼
2.34–28.98�, 12957 reflections measured, 5017 unique
(Rint¼0.0948), which were used in all calculations. The final
wR(F2) was 0.3086 (all data) and the R(F) was 0.1222
(I>2s(I)) using 264 parameters. S¼1.493.
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Abstract—Amines and phosphines are widely utilized as bases and basic organocatalysts in organic chemistry. Thus it is highly valuable to
develop a coherent theoretical method that can accurately predict the basicity of structurally unrelated amines and phosphines in organic sol-
vents from the first principles. Herein we developed the first ab initio protocol that could predict the pKa value of any protonated amine or
phosphine in acetonitrile through systematic benchmarking. By comparing to a variety of available experimental data (total number¼98),
it was determined that the precision of the optimized method in basicity prediction was as low as 1.1 pKa unit. With the powerful new method
in hand, we subsequently conducted some systematic studies about the basicity of organic amines and in particular phosphines, for which very
few experimental data were available. It was found that the solvent exerted profound effects on the basicity of amines and phosphines. Ac-
cordingly we concluded that it was not valid to use gas-phase data to interpret the solution-phase basicity of amines and phosphines. Next we
reported the basicity of a number of synthetically important aliphatic and aromatic amines and phosphines in acetonitrile. We also compared,
for the first time, the a-substituent effects on the basicity of aliphatic amines and phosphines and the remote substituent effects on the basicity
of aromatic amines and phosphines. Finally, we studied for the first time the basicity of cyclic amines and phosphines. It was found that the
ring strain exerted some interesting effects on the basicity of amines and phosphines.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Proton transfer is one of the most important processes in the
transformations of organic molecules.1 Consequently a pre-
cise knowledge about the acidity and basicity of organic
compounds in various solvents is fundamental for the study
of mechanistic organic chemistry. In this connection, consid-
erable efforts have been made in the past several decades to
develop experimental methods for the determination of acid-
ity and basicity of diverse types of organic compounds.2

However, not all organic molecules (such as reaction inter-
mediates, very strong acids/bases, and very weak acids/
bases) are readily amenable to experimental characteriza-
tion. Besides, there is often a need to estimate the acidity
or basicity of a particular compound before it is synthesized.
To solve these problems, there has been widespread interest
in developing theoretical approaches to calculate acidity or
basicity in an ab initio fashion.

Thanks to the remarkable development of computational
chemistry, the acidity and basicity of organic molecules in
the gas phase can now be calculated with equivalent or greater
accuracy than that obtained experimentally.3 In spite of this
accomplishment, there remains a significant challenge that

* Corresponding authors. Tel.: +865513607466; fax: +865513606689;
e-mail: leiliu@ustc.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.018
has to be overcome before one can successfully predict acidity
and basicity in the solution phase. This challenge is how to
accurately describe the solvation effect that has been known
to exert profound influence on the proton transfer thermody-
namics. To meet this challenge, a few different theoretical
approaches have been investigated recently to deal with the
solvation effects. These include molecular simulations,4 inte-
gral equation techniques,5 and dielectric continuum methods.6

Among them, the dielectric continuum methods are the
most popular because they are easier to handle and more
broadly applicable.7

Using the dielectric continuum methods, a number of groups
have recently developed theoretical protocols to calculate
the acidity and basicity of various organic compounds in
water.8 The root-of-mean square (rms) errors in these calcu-
lations were usually found to be as low as about 0.5–2.0 pKa

units as compared to the experimental data. This appears to
indicate that it is no longer a problem to calculate pKa’s in
aqueous solution. Nonetheless, it must be stressed that the
success of a protocol in predicting pKa’s in water does not
automatically validate its use to predict pKa’s in organic
solvents. The reason is that the parameters utilized by a di-
electric continuum method to describe the solvation cavity
may change considerably from water to organic solvents.7

As a result, a careful calibration against available experi-
mental pKa’s has to be done before one can calculate the
pKa’s in a particular organic solvent.

mailto:leiliu@ustc.edu
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Up to now dimethyl sulfoxide (DMSO) is the only organic
solvent for which clear-cut calibrations have been performed
in the pKa calculations. In the calibration by Pliego et al., the
pKa values of 41 organic acids in DMSO were calculated and
the rms error was determined to be 2.2 pKa units.9 At almost
the same time, we also developed a first-principle procedure
to calculate the pKa’s of organic acids in DMSO.10 Over 250
structurally unrelated organic compounds were examined in
our calibration and the rms error was determined to be
1.4 pKa units. On the basis of these results we concluded
that the problem of predicting pKa’s in DMSO has been
largely solved. Consequently we have turned our attention
to the acidity/basicity of organic acids in other commonly
used organic solvents such as acetonitrile. Compared to
DMSO, acetonitrile has a lower dielectric constant
(3¼37.5 as opposed to 46.7 for DMSO). As a result, in ace-
tonitrile all the pKa values are significantly higher than the
DMSO values. Since acetonitrile is widely used as a polar,
aprotic solvent in organic reactions,11 there has been a strong
need to accurately determine the pKa values of various or-
ganic acids in acetonitrile even if the corresponding
DMSO values have been measured.

In the present study we attempt to develop a first-principle
theoretical method that can reliably predict the basicity of
diverse organic amines and phosphines in acetonitrile (or,
the pKa values of the corresponding protonated amines and
phosphines in acetonitrile). We consider this study to be
important because amines and phosphines are widely used
as bases to mediate or catalyze organic transformations.
Evidently basicity is one of the important factors to tune
the reactivity of such transformations. As a result, consider-
able experimental studies have been done in the past to
measure the basicity of organic amines and phosphines in
polar solvents, in particular in acetonitrile.12 Meanwhile,
some theoretical studies have also been performed to inter-
pret certain experimental observations.13 However, in most
of these theoretical studies only the gas-phase calculations
were conducted. Thus, before the present study there was
not any ab initio method that could reliably predict the basic-
ity of diverse amines and phosphines in acetonitrile.

2. Gas-phase calculations

Before we try to calculate the solution-phase pKa value of
a protonated amine or phosphine A-H+, it is important to
ascertain that we can reliably calculate its gas-phase acidity
defined as the free energy change of the following reaction in
the gas phase at 298 K, 1 atm.

A-HþðgÞ/AðgÞ þHþðgÞ ð1Þ

Thus, we selected 20 representative protonated amines (see
Table 1), and we utilized a variety of popular ab initio and
density functional theory (DFT) methods to calculate their
gas-phase acidities (see Table 2).14 The standard 6-31G(d)
basis set was used in the geometry optimization, and the
6-311++G(2df,2p) basis set was used to calculate the single-
point electronic energy.15 After this was completed, the zero-
point vibrational energy, thermal corrections (0–298 K), and
the entropy term were added to the single-point electronic
energy to provide the free energy. It is worth noting that
we did not try more demanding methods such as MP2 or
MP4 for the energy calculation, because we needed to
develop a method that could be used for relatively large
amines and phosphines that may contain more than 10 non-
hydrogen atoms.

Table 1. Experimental and theoretical (PBEPBE/6-311++G(2df,2p)//
PBEPBE/6-31G(d)) gas-phase acidities for 20 protonated amines and phos-
phines (kcal/mol)

Compound DG (exp) DG (theor)

CH3NH3 206.0 206.6

CH3NH2CH3 212.5 214.3

NH
Et

Et Et
216.2 219.4

PhNH3 225.1 227.0

PhCH2NH3 201.9 203.3

NH2 213.2 210.2

NH2 218.4 218.8

N
H

N
219.7 220.0

N
H

N

N
H

243.5 242.7

NH 244.9 244.3

NH

Cl

214.9 214.7

NH

Cl

209.9 208.3

NH 208.6 208.0

CH3PH3 219.3 219.2

CH3PH2CH3 195.0 195.4

PH
Me

Me Me
209.0 209.8

PH
Et

Et Et
219.8 221.4

PH
Me

PhPh
225.9 227.5

PH
Ph

PhPh
225.0 224.6

PH 189.9 187.7
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As shown in Table 2, it was found that the HF method could
not reliably predict the gas-phase acidities because the cor-
responding mean error and root-of-mean-square (rms) error
were as large as 6.5 and 6.8 kcal/mol. In comparison, all the
DFT methods provided much better predictions than the
HF method. Among all the density functionals, it was found
that the BH&HLYP method gave the worst predictions
(mean error¼3.3 kcal/mol, rms error¼3.6 kcal/mol). The
more popular B3LYP and B3P86 methods showed slightly
improved performances (rms error¼2.3 and 2.7 kcal/mol).
More encouraging results were then obtained with the
MPWPW91 method where the rms error was lower than
2.0 kcal/mol. Finally, it was found that the PBEPBE func-
tional recently developed by Perdew et al. exhibited the best
performance, where the mean error and rms error were 0.0
and 1.3 kcal/mol, respectively (see Fig. 1). It is worth noting
that the experimental errors of the gas-phase acidities are
about 1.0–2.0 kcal/mol. As a result we concluded that the
theoretical predictions at the PBEPBE/6-311++G(2df,2p)//
PBEPBE/6-31G(d) level were sufficiently accurate for the
gas-phase acidities of protonated amines and phosphines.

3. Solution-phase calculations

With a reliable method to calculate the gas-phase acidities in
hand, we next needed to derive the equations for the pKa

calculation. Thus, we considered the following proton-
exchange reaction between a protonated amine or phos-
phine, A-H+, and a reference compound whose pKa has
been well characterized experimentally, i.e., pyridine

190 200 210 220 230 240 250

190

200

210

220

230

240

250

y = x

ΔGexp = ΔGtheor + 0.0

r = 0.9954, RMSE = 1.3, N = 20

ΔG
ex

p (
kc

al
/m

ol
)

ΔGtheor (kcal/mol)

Figure 1. The correlation between the experimental and theoretical gas-
phase acidities for protonated amines and phosphines.

Table 2. The performances of different theoretical methods in the gas-phase
calculations

Method r Mean error rms error

HF//HF 0.995 6.5 6.8
BH&HLYP//BH&HLYP 0.995 3.3 3.6
B3LYP//B3LYP 0.996 1.7 2.3
B3P86//B3P86 0.995 2.4 2.7
MPWPW91//MPWPW91 0.994 1.2 1.9
PBEPBE//PBEPBE 0.994 0.0 1.3
A-Hþ þC5H4N/AþC5H4NHþ ð2Þ

If the free energy change of the above reaction in the aceto-
nitrile solution was defined as DGexchange, the pKa of the
protonated amine or phosphine, A-H+, could be calculated
by Eq. 3.

pKa

�

A-Hþ
�

¼ pKa

�

C5H4NHþ
�

þDGexchange

2:303RT
ð3Þ

The experimental pKa value for pyridine is 12.53 in aceto-
nitrile. It is also known from the Section 2 that the gas-phase
free energy change can be reliably calculated. Thus, whether
Eq. 3 can successfully predict pKa’s mainly relies on the
quality of the solvation energy calculations. Herein we
decided to utilize the polarized continuum model (PCM) to
calculate the solvation free energies. The central idea of this
solvation model is the construction of a solvent-inaccessible
cavity in which the solute molecule resides.7 In practice, this
solvent-inaccessible cavity is built as a union of overlapping
spheres centered on the nuclei of atoms or chemical groups.
The sphere radii are usually proportional to the atomic radii
with a scale factor (f). It is worth noting that currently there
are a few versions of PCM methods such as IEFPCM
(integral equation formalism model), CPCM (polarizable
conductor calculation model), and IPCM (static isodensity
surface polarized continuum model). There are also a few
scales of atomic radii that can be used in the PCM methods
including Bondi, Pauling, UAHF, UAKS, and UA0. Further-
more, for each combination of solvation model and atomic
radius scale, the f value has to be specifically optimized.
Although considerable optimization work has been done
previously for the aqueous solution, very little has been
known about the optimal parameters for the acetonitrile
solution.

In order to identify the optimal method to calculate the
solvation energies in acetonitrile, herein we systematically
examined a variety of combinations of the solvation model,
radius scale, and f value (see Table 4). After comparing the
correlation coefficients (r), mean errors, and rms errors for
calculating the pKa values listed in Table 3, we were able
to make the following conclusions: (1) the HF method per-
formed equally well as, if not better than, the DFT methods
in the solvation energy calculations; (2) increase of the basis
set from 6-31G(d) to 6-311++G(2df,2p) did not improve the
solvation energy calculations; (3) Bondi radii provided bet-
ter results than other scales of radii including Pauling, UA0,
UAHF, and UAKS; (4) the IEFPCM model performed
equally well as, if not better than, the CPCM and IPCM
models; and (5) for the IEFPCM/Bondi method, the optimal
f value was determined to be 1.10. On the basis of the above
findings, we concluded that the optimal compromise be-
tween the accuracy and cost for calculating the solvation
energies in acetonitrile was HF/6-31G(d)-IEFPCM method,
in which radii¼Bondi and f¼1.10.

Using the above solvation model and Eq. 3, we found that the
pKa’s of the 20 protonated amines and phosphines listed in
Table 3 could be calculated with fairly high accuracy (see
Fig. 2). The correlation coefficient between the theoretical
and experimental pKa values was as high as 0.9800. The
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Table 3. Experimental and theoretical pKa’s for 20 protonated amines and
phosphines (kcal/mol)

Compound pKa (exp) pKa (theor)

NH2 19.616a 18.0

NH2 18.916b 18.2

N
H

N
24.116c 24.5

N
H

N

N
H

26.016a 24.8

NH 13.316a 13.5

NH 14.116a 14.4

NH

H2N

14.216a 12.2

NH

NH2

14.516a 13.6

NH 15.016a 15.8

NH 12.516a 12.5

NH

Cl

10.016a 10.8

NH

Cl

6.816a 7.1

NH

Br

7.016d 7.1

NH

Br

9.516d 10.6

NH

OH

8.316d 9.3

NH

HO

12.616d 12.8

PH
n-Bu

n-Bu n-Bu
15.116e 16.2

PH
t-Bu

t-Bu t-Bu
17.016e 17.8

PH
Cy

Cy Cy
17.216e 16.9

(continued)
mean error was �0.2 pKa unit and the rms error was 1.0 pKa

unit.

4. Comparing more theoretical and experimental data

As described in the previous sections, by using 20 represen-
tative amines and phosphines we optimized a first-principle
method for calculating the pKa’s of protonated amines and
phosphines in acetonitrile. Next we wished to know whether
the same method could successfully predict the basicity of
more diverse amines and phosphines in acetonitrile. Thus
we collected the experimental pKa values for a huge variety
of protonated amines and phosphines (see Table 5). Using
the methods described in the previous sections, we calcu-
lated the gas-phase acidities and solution-phase pKa values.
It was found that the rms error for the gas-phase acidity
calculation was 1.6 kcal/mol for a sample containing 63
species (see Fig. 3). The rms error for the solution-phase
pKa calculations were 1.1 pKa units for a sample containing
98 species (see Fig. 4). These results confirmed that the
method we developed could be used to predict the basicity
of structurally unrelated amines and phosphines in aceto-
nitrile.

5. Discussion

In the above sections we developed a first-principle method
that could predict the pKa’s of a variety of structurally unre-
lated protonated amines and phosphines in acetonitrile. The
error bar of the prediction was determined to be around
1.1 pKa units through comparison with a large number of
experimental data. Thus the new method would enable us,
for the first time, to estimate the pKa of any protonated amine
or phosphine in acetonitrile with a relatively small error bar.
It is worth pointing out that the basicity of many important
amines and phosphines (in particular) still remain unknown
due to many complicated reasons (such as: (1) phosphines
are highly unstable in air; (2) reliable measurement requires
special expertise).17 Therefore, the method developed here
should be practically valuable for organic chemists studying
the use of amines or phosphines in organic synthesis (for
example, in the cases of base catalysis and organocatalysis).
Furthermore, the method developed here also allowed us to
generate some systematic data about the basicity of amines
and phosphines in acetonitrile. On the basis of these data
we could discuss, for the first time, some important yet

Table 3. (continued)

Compound pKa (exp) pKa (theor)

PH
Me

PhPh
10.016a 10.7

PH
Ph

Et Et
12.716e 13.9

PH
Et

Ph Ph 11.516e 10.2

The solvation energies were calculated by the HF/6-31G(d)-IEFPCM
method, radii¼Bondi, f¼1.10.
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Table 4. The performances of different theoretical methods in the solution-phase calculations

Method Solvation model Cavity f r Mean error rms error

HF/6-31G(d) IEFPCM UA0 1.00 0.973 0.5 1.2
B3LYP/6-31G(d) IEFPCM UA0 1.00 0.970 0.8 1.4
B3P86/6-31G(d) IEFPCM UA0 1.00 0.969 0.8 1.4
PBEPBE/6-31G(d) IEFPCM UA0 1.00 0.960 1.1 1.7
BHANDHLYP/6-31G(d) IEFPCM UA0 1.00 0.971 0.6 1.3
MPWPW91/6-31G(d) IEFPCM UA0 1.00 0.963 1.0 1.6
HF/6-31+G(d) IEFPCM UA0 1.00 0.972 0.4 1.3
HF/6-31G(d,p) IEFPCM UA0 1.00 0.973 0.5 1.3
HF/6-31++G(d,p) IEFPCM UA0 1.00 0.972 0.5 1.3
HF/6-311G(2df,2p) IEFPCM UA0 1.00 0.972 0.6 1.3
HF/6-311++G(2df,2p) IEFPCM UA0 1.00 0.972 0.6 1.3
HF/6-31G(d) IEFPCM Bondi 1.00 0.981 0.2 1.1
HF/6-31G(d) IEFPCM Pauling 1.00 0.972 0.8 1.7
HF/6-31G(d) IEFPCM UAHF 1.00 0.966 �1.7 2.4
HF/6-31G(d) IEFPCM UAKS 1.00 0.968 �1.5 2.1
HF/6-31G(d) CPCM UA0 1.00 0.974 0.5 1.2
HF/6-31G(d) CPCM Bondi 1.00 0.980 0.2 1.1
HF/6-31G(d) CPCM Pauling 1.00 0.970 0.7 1.7
HF/6-31G(d) CPCM UAHF 1.00 0.964 �1.7 2.4
HF/6-31G(d) CPCM UAKS 1.00 0.968 �1.5 2.2
HF/6-31G(d) COSMOS-RS KLAMT 1.00 0.973 �0.8 1.4
HF/6-31G(d) IPCM — 1.00 0.971 �0.2 1.2
HF/6-31G(d) IEFPCM Bondi 0.90 0.964 0.7 1.8
HF/6-31G(d) IEFPCM Bondi 0.95 0.974 0.4 1.4
HF/6-31G(d) IEFPCM Bondi 1.05 0.978 0.2 1.0
HF/6-31G(d) IEFPCM Bondi 1.10 0.980 �0.2 1.0
HF/6-31G(d) IEFPCM Bondi 1.15 0.979 �0.3 1.0
HF/6-31G(d) IEFPCM Bondi 1.20 0.975 �0.3 1.0
HF/6-31G(d) IEFPCM Bondi 1.25 0.974 �0.3 1.0
HF/6-31G(d) IEFPCM Bondi 1.30 0.971 �0.4 1.1
unanswered questions concerning the similarity and differ-
ence between the basicity of amines and phosphines.

5.1. Solvent effects on basicity

The first question concerning the basicity of amines and
phosphines in organic solvents is whether or not the solvent
can produce strong effects on basicity. If this is not the
case, the basicity of amines and phosphines in solvents can
be easily predicted from their gas-phase protonation free
energies. Unfortunately this important question has not
been answered previously, presumably because of the lack
of systematic data. Herein we plotted the theoretical

5 10 15 20 25
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25

y = x 

pKa (exp) = pKa (theor) - 0.2

r = 0.9800, RMSE = 1.0, N = 20

pK
a 

(e
xp

)

pKa (theor)

Figure 2. The correlation between the experimental and theoretical pKa

values for 20 protonated amines and phosphines.
gas-phase acidities (error bar¼1.6 kcal/mol) against the
theoretical pKa values (error bar¼1.1 pKa units) for 98 pro-
tonated amines and phosphines in Figure 5. It was obvious
from Figure 5 that the gas-phase acidities had a very loose
correlation with the solution-phase pKa values. Accordingly,
we concluded that the solvent (¼acetonitrile) exerted fairly
strong effects on the basicity of amines and phosphines. It is
not valid to use gas-phase acidities to interpret the solution-
phase behaviors of amine and phosphine bases.

5.2. Basicity of aliphatic and aromatic amines and
phosphines

The relative basicity of primary, secondary, and tertiary
amines has been discussed previously by several authors.18

What remains unknown is the relative basicity of these
amines compared to that of the phosphines. Since we now
can reliably predict these data (see Table 6), we should fulfill
the gap in our existing knowledge.

As shown in Figure 6, comparing the pKa’s of protonated
aliphatic amines and phosphines in acetonitrile we found
that common aliphatic amines were always more basic
than the corresponding phosphines. NH3 was more basic
than PH3 by about 10 pKa units. Primary aliphatic amines
were more basic than primary aliphatic phosphines by about
8 pKa units. Secondary aliphatic amines were more basic
than secondary aliphatic phosphines by about 4 pKa units.
Tertiary aliphatic amines were more basic than tertiary
aliphatic phosphines by about 2 pKa units. Furthermore, con-
sidering the error bar of the pKa prediction (w1.1 pKa units),
we concluded that the basicities of primary, secondary, and
tertiary aliphatic amines were very close to each other
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Table 5. Collection of gas-phase acidities (DG, kcal/mol) and solution-phase pKa’s in acetonitrile for protonated amines and phosphines

Compound DG (exp) DG (theor) pKa (exp) pKa (theor) Compound DG (exp) DG (theor) pKa (exp) pKa (theor)

NH4
195.7 194.7 16.516b 14.4 NH 221.6 223.0 14.816d 14.9

NH3H3C
206.0 206.6 18.416b 17.0 NH 221.2 223.1 14.716d 15.0

NHH3C CH3
212.4 214.3 18.716b 17.3

NH
222.5 224.5 15.016d 15.4

NH
CH3

H3C CH3
216.2 219.4 17.616b 16.5

NH

MeOC
211.4 215.3 10.816d 11.8

NH3Et
210.0 209.8 18.416b 17.3

NH

COMe
— 212.4 9.616d 11.4

NH2Et Et
219.7 219.0 18.816b 17.9

N
H2

H
N

NO2

— 209.0 10.416a 10.8

NH
Et

Et Et
225.2 227.0 18.516b 18.5

NH2O
213.0 212.5 16.616b 16.0

HOCH2CH2NH3
214.3 211.3 17.516b 16.2 NH 227.7 225.5 19.516g 18.6

NH3n-Pr
211.3 211.1 18.216b 17.1 NH

N
223.4 221.6 18.316g 16.6

NH
n-Pr

n-Prn-Pr
229.5 227.6 18.116b 18.1

PH
CH3

H3C CH3 221.4 219.9 16.612d 17.0

NH3n-Bu
211.9 212.0 18.316f 17.3

PH
Et

Et Et
227.5 225.9 16.612d 16.2

NH2n-Bu n-Bu
223.5 222.9 18.316b 18.1

PH
Et

H3C CH3 — 222.0 16.512d 16.7

NH
n-Bu

n-Bun-Bu
231.3 229.4 18.116b 18.2

PH
CH3

Et Et
— 224.1 16.512d 16.5

NH3i-Bu
212.9 212.3 17.916b 17.0

PH
n-Pr

n-Prn-Pr
— 228.7 16.512d 16.4

NH2 i-Bui-Bu 221.1 223.4 17.916b 18.0
PH2n-Bu n-Bu

— 217.7 11.112d 14.2

NHi-Bu i-Bu

i-Bu
231.3 228.4 18.016b 16.2

PH
n-Bu

n-Bu n-Bu
— 229.7 16.312d 16.2

NH3t-Bu 215.1 215.7 18.116f 17.2
PH3i-Bu

— 201.0 5.212d 9.6

H
Nt-Bu t-Bu
t-Bu

— 238.0 18.116b 22.2
PH2 i-Bui-Bu

— 217.7 10.612d 12.2

Ph NH3
203.3 201.9 10.616b 7.8

PH i-Bu

i-Bu

i-Bu
— 228.9 15.712d 13.7

(continued)
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Table 5. (continued)

Compound DG (exp) DG (theor) pKa (exp) pKa (theor) Compound DG (exp) DG (theor) pKa (exp) pKa (theor)

PhCH2NH3
210.2 213.2 16.716b 16.2

PH
t-Bu

t-Bu t-Bu
— 237.0 17.016e 17.8

NH3H3C
206.7 205.6 11.316b 9.5

PH
CH2CH2CN

H3C CH3 — 210.8 13.512d 13.9

NH3Cl

NO2

— 194.5 3.816a 5.4
PH
CH2CH2CN

n-Bu n-Bu
— 217.9 13.712d 13.1

NH3

NO2

— 193.9 4.816a 3.2
PH
CH2CH2CN

Cy Cy
— 225.1 14.612e 14.5

NH3

Cl

Cl

— 196.7 5.116a 3.1
P
H2

CNNC
— 190.9 5.712d 7.6

NH3

Cl

— 199.3 7.916a 5.5
PH
CH3

CNNC
— 202.3 9.912d 10.7

NH3

O2N

— 190.9 7.716a 6.4
PH

CNNC

Et
— 204.6 10.212e 10.2

NH3F

F

— 195.9 8.416a 5.7
PH
CH2CH2CN

CNNC
— 194.3 7.012d 7.1

NH3Br
— 198.8 9.416a 7.8

PH
CNNC

Ph
— 206.6 9.412e 7.5

NH3

CH3

205.3 203.7 10.516a 7.8
PH2Cy Cy

— 223.1 11.212d 13.2

NH3H3CO
207.6 207.8 11.916a 10.6

PH
Cy

Cy Cy
— 237.5 16.116e 16.9

N HN CH3
CH3

H3C
CH3

— 236.6 19.616a 18.7
PH2Ph Ph

— 215.2 5.212d 6.7

N
H

CN

202.0 201.9 8.016d 8.6
Ph PH CH3

CH3

223.9 223.4 13.712e 14.2

NHNC
202.9 203.8 8.516d 9.5

Ph PH Ph

CH3

224.6 225.0 10.016a 10.7

NHMeO
222.2 223.5 14.216a 15.2

PH
Ph

Et Et
— 226.9 13.416e 13.9

N
H

OMeMeO — 217.8 7.616a 8.7
PH
Et

Ph Ph
— 226.4 11.516e 10.2

NHH2N
226.5 228.6 17.016a 17.5

PH
Ph

PhPh
224.8 225.6 8.812d 6.5

(continued)
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Table 5. (continued)

Compound DG (exp) DG (theor) pKa (exp) pKa (theor) Compound DG (exp) DG (theor) pKa (exp) pKa (theor)

N
H

NH2H2N — 223.8 14.616d 14.5

H
PCl

Cl

Cl

— 220.7 6.616h 7.5

NHN
232.1 233.0 18.216d 18.4

H
PF

F

F

— 221.5 7.816h 7.9

NH
218.8 219.8 14.516d 14.0

H
P

OMe OMe

OMe

— 229.5 9.216h 8.0

NH 217.9 218.5 13.716d 13.4

H
P

— 232.4 10.216h 9.7

NH
220.7 222.2 13.916d 14.5

H
P

OMe

OMeMeO

— 237.8 11.216h 13.2
(within 1 pKa unit). On the other hand, as to aliphatic phos-
phines the order of basicity evidently followed the rule:
primary<secondary<tertiary.

Compared to aliphatic amines and phosphines, aromatic
amines and phosphines showed very different trends in
basicity. As shown in Figure 7, incremental substitution of
the phenyl group to ammonia dramatically decreased the
basicity by about 8 (PhNH2), 12 (Ph2NH), and 17 (Ph3N) pKa

units. On the other hand, PhPH2, Ph2PH, and Ph3P exhibited

y = x 

180 190 200 210 220 230 240 250

190

200

210

220

230

240

250
ΔGexp = Gtheor - 0.2

r = 0.9888, RMSE = 1.6, N = 63

ΔG
ex

p 
(k

ca
l/m

ol
)

ΔGtheor (kcal/mol)

Figure 3. The correlation between the experimental and theoretical gas-
phase acidities for 63 protonated amines and phosphines.
similar basicity and they were more basic than PH3 by about
2 pKa units.

5.3. a-Substituent effects on the basicity of aliphatic
amines and phosphines

As previously studied, a substituent at the a-position often
exerts strong effects on the acidity of a carbon-centered
acid.19 Herein, we were interested in whether similar effects
could be observed for the basicity of aliphatic amines and

pK
a
 (e

xp
)

pK
a
 (theor)
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25

30

pK
a
 (exp) = pK

a
 (theor) + 0.2

r = 0.9710, RMSE = 1.1, N = 98

Figure 4. The correlation between the experimental and theoretical pKa

values for 98 protonated amines and phosphines.
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phosphines. As a result, we calculated the basicity for a num-
ber of representative a-substituted amines and phosphines as
shown in Table 7. It was found that an a-methyl group did
not exhibit any significant effect on the basicity of an amine
(pKa change¼0.3 pKa unit). On the other hand an a-phenyl
group decreased the basicity by about 1 pKa unit. Being
a s-acceptor, an a-methoxyl group decreased the basicity
by about 4 pKa units. Finally, strong electron-withdrawing
groups at the a-position such as CN and CF3 dramatically
decreased the basicity of an amine by about 7 pKa units.

Compared to amines, phosphines showed slightly different
a-substituent effects. Here the a-Ph, a-OMe, a-CN, and
a-CF3 groups decreased the basicity of a phosphine by about
2, 3, 7, and 4 pKa units, respectively.

5.4. Remote substituent effects on the basicity of
aromatic amines and phosphines

Other important effects on basicity were exerted by the re-
mote substituents in the aromatic systems. Although some
studies have been performed in the past about the remote
substituent effects on the gas-phase basicity of amines,20

no work has been done about the solution-phase basicity
of aromatic amines. Herein we calculated the basicity of
a number of aromatic amines and phosphines containing
some representative para-substituents (see Table 8). Plotting
the basicity against the Hammett substituent constants we
obtained a straight line for aromatic amines (Fig. 8a). The
slope of the regression (i.e., the reaction constant) was
�7.9. In comparison, the Hammett plot for aromatic phos-
phines showed significant deviations from a straight line
(Fig. 8b). The reaction constant (�2.8) for aromatic phos-
phines was also much lower than that for aromatic amines
(�7.9). From these results we concluded that the remote
substituents exerted much stronger effects on the basicity
of amines than phosphines.

5.5. Basicity of cyclic amines and phosphines

Besides the a-substituent effects and the remote substituent
effects, an additional structural factor that can affect the

190 200 210 220 230 240
0

5

10

15

20

25

pK
a
 (t

he
or

)

Gtheor (kcal/mol)

amine
phosphine

Figure 5. Comparing the theoretical gas-phase acidities with the theoretical
pKa values.
activity is the ring strain. Previously it was shown that car-
bon acidities could be dramatically changed due to the
ring strain.21 Herein we tried to find out whether a similar
strain effect could be observed for the basicity of amines
and phosphines. Accordingly we calculated the basicity of
cyclic amines and phosphines of different ring sizes (see
Table 9). For amines, it was found that the three-membered
cyclic amine exhibited significantly lower basicity than all
the other cyclic amines by about 3 pKa units, whereas the
basicity of the four-, five-, six-, and seven-membered cyclic
amines showed similar basicity.

In comparison, the phosphines showed more pronounced
ring strain effect. Thus from the three-membered cyclic
phosphine to the seven-membered cyclic phosphine the
basicity increased dramatically by 13 pKa units. It appeared
that the difference between the cyclic amines and phos-
phines stemmed from the size of the phosphorus atom versus
the nitrogen atom. Because the phosphorus atom is much
larger than nitrogen, phosphines should exhibit stronger
strain effects.

6. Summary

Amines and phosphines are widely utilized as bases and
basic catalysts in organic chemistry. Thus it is highly
valuable to develop a coherent theoretical method that can
accurately predict the basicity of structurally unrelated
amines and phosphines in organic solvents from the first
principles. Herein we developed the first ab initio protocol
that could predict the pKa value of any protonated amine
or phosphine in acetonitrile through systematic benchmark-
ing. By comparing to a variety of available experimental data
(total number¼98), it was determined that the precision of
the optimized method in basicity prediction was as low as
1.1 pKa unit.

With the powerful new method in hand, we subsequently
conducted some systematic studies about the basicity of
organic amines and in particular phosphines, for which
very few experimental data have been available. It was found
that the solvent exerted profound effects on the basicity of
amines and phosphines. Accordingly we concluded that it
was not valid to use gas-phase data to interpret the solu-
tion-phase basicity of amines and phosphines. Next we
reported the basicity of a number of synthetically important
aliphatic and aromatic amines and phosphines in acetoni-
trile. We also compared, for the first time, the a-substituent
effects on the basicity of aliphatic amines and phosphines
and the remote substituent effects on the basicity of aromatic
amines and phosphines. Finally, we studied for the first time
the basicity of cyclic amines and phosphines. It was found
that the ring strain exerted some interesting effects on the
basicity of amines and phosphines.

Thus, by developing practical theoretical methods and utiliz-
ing them to solve realistic problems that remain difficult to
settle by experiments, we hope to demonstrate that ab initio
methods can now be developed to make not only reliable,
but also useful, predictions for solution-phase organic
chemistry.
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Table 6. Gas-phase acidities (DG, kcal/mol) and solution-phase pKa’s in acetonitrile for protonated aliphatic and aromatic amines and phosphines

Compound DG (exp) DG (theor) pKa (exp) pKa (theor) Compound DG (exp) DG (theor) pKa (exp) pKa (theor)

NH4 195.7 194.7 16.516b 14.4 PH4 179.5 176.4 4.2

NH3n-Bu 211.9 212.0 18.316f 17.3 PH3n-Bu 200.2 9.6

NH3i-Bu 212.9 212.3 17.916b 17.0 PH3i-Bu 201.0 5.216g 9.6

NH3s-Bu 214.1 214.4 17.1 PH3s-Bu 202.4 8.6

NH3t-Bu 215.1 215.7 18.116f 17.2 PH3t-Bu 202.9 8.0

NH2n-Bu n-Bu 223.5 222.9 18.316b 18.1 PH2n-Bu n-Bu 218.3 14.3

NH2 i-Bui-Bu 221.1 223.4 17.916b 18.0 PH2 i-Bui-Bu 217.3 12.0

NH2s-Bu s-Bu 226.5 226.4 18.4 PH2s-Bu s-Bu 219.3 11.4

NH2t-Bu t-Bu 228.2 227.8 18.9 PH2t-Bu t-Bu 222.5 12.1

NH
n-Bu

n-Bun-Bu
231.3 229.4 18.116b 18.2 PH

n-Bu
n-Bu n-Bu 229.7 16.316g 16.2

NHi-Bu i-Bu

i-Bu
231.3 229.3 18.016b 16.4 PH i-Bu

i-Bu

i-Bu 228.5 15.716g 13.8

NH
s-Bu

s-Bus-Bu
231.7 18.6 PH

s-Bu
s-Bus-Bu 233.4 15.9

NH
t-Bu

t-But-Bu
229.3 19.0 PH

t-Bu
t-Bu t-Bu 237.0 17.016e 17.8

NH3Ph 203.3 201.9 7.8 PH3Ph 199.8 6.2

NH2Ph
CH3

207.8 7.9 PH2Ph
CH3

212.5 10.2

Ph NH CH3

CH3
217.3 213.0 8.6 Ph PH CH3

CH3

223.9 223.4 13.712e 14.2

NH2Ph Ph 206.5 2.4 PH2Ph Ph 215.2 5.212d 6.7

Ph NH Ph

CH3
211.6 3.7 Ph PH Ph

CH3

224.6 225.0 10.016a 10.7

NH
Ph

Ph Ph
209.5 208.7 �2.4 PH

Ph
PhPh 224.8 225.6 8.812d 6.5
7. Computational methodology

All the theoretical calculations were conducted using the
Macromodel programs22 and Gaussian 03 programs.15 The
conformation search for each compound was performed
using the Macromodel (version 9.1) and its graphical user
interface (GUI) Maestro (version 7.5), which used torsional
sampling MCMM (Monte Carlo Multiple Minimum)
method to generate multiple conformations under the
OPLS_2005 force field. These conformations were then
used as initial structures for the quantum mechanics geome-
try optimization. The conformation with the lowest energy
was used for all the following calculations. A number of
theoretical methods including HF, B3LYP, B3P86,
BH&LYP, PBEPBE, MPWPW91 with varying basis sets
(i.e., 6-31G(d), 6-31+G(d), 6-31G(d,p), 6-31++G(d,p),
6-311G(2df,2p), 6-31++G(2df,2p)), varying solvation
models (i.e., IEFPCM, CPCM, IPCM, COSMOS-RS), and
varying cavity models (i.e., UA0, BONDI, PAULING,
UAHF, UAKS) and electrostatic scaling factors (0.90–1.30)
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Figure 6. Comparing the pKa’s of protonated aliphatic amines and
phosphines in acetonitrile.
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Figure 7. Comparing the pKa’s of protonated aromatic amines and
phosphines in acetonitrile.

Table 7. a-Substituent effects on the basicity of aliphatic amines and
phosphinesa

DG (theor) kcal/mol pKa (theor)

NMe
H

Me

X

X¼H 219.4 (216.2) 16.5 (17.616b)
X¼CH3 219.2 (222.1) 16.8
X¼Ph 221.5 15.6
X¼OCH3 215.7 12.9
X¼CN 201.4 (204.0) 9.3
X¼CF3 204.0 9.7

PMe
H

Me

X

X¼H 219.9 (221.4) 17.0 (16.616g)
X¼CH3 221.8 16.7
X¼Ph 223.0 14.5
X¼OCH3 219.1 13.9
X¼CN 204.7 9.5
X¼CF3 210.6 11.5

a Values in the parentheses are the available experimental data.

J.-N. Li et al. / Tetrahedro
Table 8. Remote substituent effects on the basicity of aromatic amines and
phosphinesa

sp DG (theor) kcal/mol pKa (theor)

NMe
H

Me
X

X¼H 0.00 213.0 8.6
X¼CH3 �0.17 216.2 9.5
X¼F 0.06 211.1 8.5
X¼OCH3 �0.27 218.2 11.4
X¼CN 0.66 200.4 3.5
X¼COCH3 0.50 206.2 4.7
X¼NO2 0.78 198.5 2.7

PMe
H

Me
X

X¼H 0.00 223.4 (223.9) 14.2 (13.7)
X¼CH3 �0.17 227.2 15.9
X¼F 0.06 221.2 14.3
X¼OCH3 �0.27 227.8 15.8
X¼CN 0.66 214.7 12.7
X¼COCH3 0.50 220.2 13.5
X¼NO2 0.78 213.8 13.0

a Values in the parentheses are the available experimental data.
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Figure 8. Hammett plots for the basicity of aromatic amines (a) and phos-
phines (b).
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were systematically utilized and compared. It is worth
noting that geometry optimizations were re-performed in
the acetonitrile solution in order to calculate the solvation
free energies.
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Abstract—Phosphorodithioate-type short oligonucleotides were efficiently synthesized using bis(2,6-dimethylphenyl) phosphorochloridate
as a coupling agent on a solid support by application of the H-phosphonothioate method, where oxidation was facilitated using elemental
sulfur following completion of H-phosphonothioate oligomer assembly, as with the standard H-phosphonate method.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Oligonucleotide analogues bearing modified phosphodiester
linkages are generating increasing interest as potential thera-
peutic or diagnostic reagent1 and as novel tools for studying
various biochemical processes.2 Phosphorothioate DNA is
the most extensively studied variation to date. Substitution
of a single nonbridging oxygen atom with a sulfur atom
renders the internucleotide linkage nuclease resistant2b and
the modified phosphorus center, which is chiral, results
in a mixture of unresolvable diastereomeric oligomers pos-
sessing variable properties. One especially attractive ana-
logue is the phosphorodithioate internucleotide linkage
since, like natural DNA, it is achiral at phosphorous. This
linkage has been found to be highly stable toward enzymatic
hydrolysis and oligonucleotides have proven useful as anti-
sense probes.3 Several synthetic approaches for these ana-
logues involving the use of phosphorodithioate,3a,b,d,4,5

thiophosphoroamidite,3d,g,i,5–7 H-phosphonothioate,3d,5,8–13

H-phosphonodithioate,3j,14 phosphorodithioate,3h,15 or di-
thiophospholane16 monomers have been developed. The
H-phosphonothioate method has advantages in that the
H-phosphonothioate monomers are stable to hydrolysis
and oxidation, the cycle time is short, and there is the possi-
bility of oxidation without using elemental sulfur in every
cycle but only at the end of the synthesis, just as in the stan-
dard H-phosphonate method (Scheme 1). The central issue
for phosphorodithioate oligomer synthesis by the H-phos-
phonothioate method involves selective O-activation (4) of
the H-phosphonothioate 3 by a coupling agent. In a study

Keywords: Antisense oligonucleotide; Oligonucleoside phosphorodi-
thioates; H-Phosphonothioate method.
* Corresponding author. Fax: +81 426 76 3073; e-mail: kamaikek@ps.

toyaku.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.024
pertaining to the synthesis of dinucleoside H-phosphono-
thioates Stawinski et al. reported 31P NMR studies on the
coupling reactions using deoxynucleoside H-phosphono-
thioates 3 (R¼DMTr) with a variety of activators.8,9,17

When diphenyl phosphorochloridate (DPCP) or diethyl
phosphorochloridate (DECP) was used as a coupling agent,
the H-phosphonothioate monomers could be selectively ac-
tivated at the oxygen and coupled in less than 5 min without
side products that may have been generated from the subse-
quent reaction of dinucleoside H-phosphonothioate with the
coupling agent (phosphite triester or hypophosphates). In re-
actions when more than an equimolar amount of a hydroxylic
component was used, some 50-phosphorylation of the
nucleoside by DPCP was observed. Caruthers et al. devel-
oped a synthetic cycle for the solid-phase synthesis of oligo-
nucleoside phosphonothioates using H-phosphonothioates 3
(R¼DMTr).12,13 They reported that oxidation with elemen-
tal sulfur following completion of H-phosphonothioate oligo-
mer assembly, as with the standard H-phosphonate method,
gave rise to the formation of significant amounts of desul-
furized products. The synthesis of oligodeoxynucleoside
phosphorodithioates was accomplished using DPCP as
a coupling agent and incorporating an oxidation step using
2,4-dichlorobenzyl thiosuccinimide in each coupling cycle.

On the other hand, we reported the synthesis of oligonucleo-
side phosphorodithioates using nucleoside 30-H-phosphono-
thioates 3 (R¼LMNBz) by the standard H-phosphonate
method, where oxidation was achieved using elemental sul-
fur following completion of H-phosphonothioate oligomer
assembly.18–20 The phosphorodithioate trimer (TPS2TPS2T)
was efficiently synthesized using DECP as a coupling
agent.20 The successful synthesis of TPS2TPS2T prompted
us to further investigate the utility of this method. We
performed further investigations on the synthesis of

mailto:kamaikek@ps.toyaku.ac.jp
mailto:kamaikek@ps.toyaku.ac.jp
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oligonucleoside phosphorodithioates by the H-phosphono-
thioate method through oxidation using elemental sulfur at
the end of the synthesis.

We recently reported21 that the phosphorodithioate-type
short thymidine oligomers were efficiently synthesized using
bis(2,6-dimethylphenyl) phosphorochloridate [(DMP)2CP]
as a coupling agent using the H-phosphonothioate method,
where the oxidation was facilitated using elemental sulfur
following completion of H-phosphonothioate oligomer
assembly. In order to further assess the potential of this
synthetic approach, we performed a study involving the syn-
thesis of heterosequences containing all four nucleotides.
The results of these studies will be described in full herein.

2. Results and discussion

2.1. Comparative study of various coupling agents in the
synthesis of oligonucleoside phosphorodithioates

Based on the aforementioned reports,8,9,12,13,17,20,22 the reac-
tion of H-phosphonothioate 3 with hydroxylic component 2
using the bulky phosphorochloridate derivative as a coupling
agent could be expected to be selectively activated at oxygen
and coupled without side reactions, i.e., the generation of
phosphorothioate oligomers and the 50-phosphorylation of
nucleotide by a coupling agent. Additionally, using diphenyl
phosphorochloridate derivatives having substituents on the
phenyl groups as a bulky coupling agent, it was expected
that the selectivity relating to O-activation (4) of the phos-
phonothioate 3 by a coupling agent could be improved
by changing the reactivity of the coupling agent through
electronic effects of the substituents. The commercially
available bis(2,4-dichlorophenyl) phosphorochloridate
[(DCP)2CP] and (DMP)2CP were considered as candidates
for effective coupling. We performed a comparative study
of various coupling agents, which included pivaloyl chloride
(PivCl), DPCP, DECP, (DCP)2CP, and (DMP)2CP.21 These
were employed in the synthesis of oligonucleoside phos-
phorodithioates as exemplified by the synthesis of the dimer
TPS2T using 50-O-DMTr-thymidine 30-H-phosphonothioate
3a17 on T-CPG support 1a (R¼DMTr) through oxidation
using elemental sulfur as shown in Scheme 1 by manual syn-
thesis.23 The effectiveness of (DMP)2CP can clearly be seen
from the HPLC profiles shown in Figure 1 (I–V). The
decrease in reactivity of the diphenyl phosphorochloridate
derivative resulting from the effect of the electron-donating
substituents on the phenyl groups is likely to have enhanced
the selectivity of O-activation (4) of H-phosphonothioate 3.
DECP, which possesses electron-donating substituents in the
ester moiety, also showed highly selective O-activation (4).

Based on these results, the phosphorodithioate dimers
dCPS2T, dAPS2T, and dGPS2T were synthesized using
(DMP)2CP as a coupling agent. Following deprotection of
the DMTr group of 50-O-DMTr-thymidine linked to CPG
support 1a, H-phosphonothioate 3(b, c or d) (R¼DMTr)
was coupled to thymidine (2a) in the presence of (DMP)2CP.
Following H-phosphonothioate dimer 5 (B1¼T, B2¼CBz,
ABz, or GiBu, R¼DMTr) assembly and subsequent removal
of the DMTr group, oxidation was performed using a 0.3 M
solution of elemental sulfur in 1:9 2,6-lutidine/dichloro-
methane for 1 h to yield the desired phosphonodithioate
dimer. The phosphorodithioate dimer was cleaved from the
support24 and then analyzed by reversed-phase HPLC.
(DMP)2CP also showed highly selective O-activation (4) of
the H-phosphonothioates (3b, 3c, and 3d) [Fig. 1 (VI–VIII)].

2.2. Synthesis of oligonucleoside phosphorodithioates

In the synthesis of oligonucleoside phosphonodithioates us-
ing H-phosphonothioates 3 (R¼DMTr), significant amounts
of desulfurized products were formed during oxidation using
elemental sulfur following completion of H-phosphono-
thioate oligomer assembly as reported by Caruthers and
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Figure 1. Reversed-phase HPLC profiles of crude products of phosphorodithioate dimer [NPS2T(N¼T, dC, dA, and dG)] preparations using the 50-O-DMTr-20-
deoxynucleoside H-phosphonothioate 3 (B¼T, CBz, ABz, and GiBu) on T-CPG 1a (R¼DMTr) in the presence of PivCl (I), (DCP)2CP (II), DPCP (III), DECP (IV),
and (DMP)2CP (V–VIII) as a coupling agent.
Seeberger, although detailed data were not shown.13 We in-
vestigated the stability of TPS2T as a model oligomer under
oxidation conditions prior to long-chain oligomer synthe-
sis.24 Following H-phosphonothioate dimer 5 (B1¼B2¼T,
R¼DMTr) assembly using (DMP)2CP as a coupling agent
and subsequent removal of the DMTr group, oxidation
with elemental sulfur was performed for either 15 min,
1 h, 4 h or 8 h. TPS2T was cleaved from the support and
subjected to analysis by reversed-phase HPLC. It was
determined that sulfurization was complete within 15 min
and that the amount of desulfurized products ([Rp]- and
[Sp]-phosphorothioate thymidine dimers¼[Rp, Sp]�TPST)
increased slightly with increased time (Fig. 2).
Based on the studies described above, we extended our stud-
ies to the synthesis of long-chain oligonucleoside phospho-
nodithioates. Using the same procedure employed with
(DMP)2CP as a coupling agent through oxidation using ele-
mental sulfur for 1 h at the end of the synthesis, oligomers
[(TPS2)nT: trimer, tetramer, hexamer, and octamer] were as-
sembled and HPLC tracings of each of the resulting mixtures
are shown in Figure 3 (I–IV). The desired oligomers were
obtained as a main peak.21

Finally, in order to further assess the potential of this
synthetic approach, investigations involving the synthesis
of heterosequences containing all four nucleotides were
(I)
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carried out. Using the same procedure, oligomers [tetramer
d(APS2CPS2TPS2T), pentamer d(GPS2APS2CPS2TPS2T),
hexamer d(TPS2GPS2APS2CPS2TPS2T), and heptamer
d(CPS2TPS2GPS2APS2CPS2TPS2T)] were assembled and
HPLC tracings of each of the resulting mixtures are shown
in Figure 3 (V–VIII). The desired oligomers were easily
purified by reversed-phase HPLC, and the electrophoretic
profiles gave clear single bands (Fig. 4 for the heptamer).
The structure of the products was consistent with the data
derived from 31P NMR (Fig. 5 for the heptamer) and ESI-
TOF MS analyses.

In conclusion, the synthesis of phosphorodithioate-type
oligomers was accomplished by employing (DMP)2CP as
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the synthesis. Conditions of reversed-phase HPLCs: column mBONDA-
SPHERE 5 m C18 (3.9 mm ID � 150 mm L); elution buffer 7.25–50%
CH3CN/0.1 M TEAA (pH 7); flow rate 1 mL/min; detection UV at 260 nm.

XC

BPB

Figure 4. Electrophoresis of the heptamer [d(CPS2TPS2CPS2APS2CPS2TPS2T)]
on a 20% polyacrylamide gel containing 7 M urea, visualized by UV-
shadowing.
a coupling agent in the synthetic cycles using the H-phos-
phonothioate method, and oxidation using elemental sulfur
was achieved following completion of H-phosphonothioate
oligomer assembly. Application of the approach detailed in
this investigation will be useful in the synthesis of phosphoro-
dithioate-type short oligonucleotides.

3. Experimental

3.1. General

HPLC was performed on a Waters liquid chromatograph
(600E system) equipped with UV–vis detector (2487
Dual l), data module (741 type), and fraction collector. A
mBONDASPHARE 5m C18 (3.9 mm ID�150 mm L) col-
umn with gradients of CH3CN in water (0.01 M TEAA,
pH 7) was used. 31P NMR spectra were recorded on a Bruker
DRX 400 apparatus with D2O as an internal standard. Mass
spectra were recorded on a Micromass Q-Tof Ultima API
apparatus. Compounds 3a, 3b, 3c, and 3d (R¼DMTr)
were prepared according to the procedure described by
Stawinski et al.17

3.2. Comparative study of the synthesis of phosphoro-
dithioate dimer TPS2T using PivCl, DPCP, DECP,
(DCP)2CP, and (DMP)2CP as coupling agents

The dimer TPS2T was synthesized on a 1 mmol scale on
a CPG support with a syringe-based system.23 The T-CPG
1a (R¼DMTr, purchased from Applied Biosystems Pty
Ltd) was treated with 3% w/v Cl3CCOOH in CH2Cl2 solu-
tion (1 mL�2) for 1 min, followed by washing with CH3CN
(2 mL�2). A 0.1 M solution of 3a (R¼DMTr, 22 mg,
0.03 mmol) in CH3CN (0.3 mL) and a solution of the cou-
pling agent, 0.5 M PivCl (19 mL, 0.15 mmol), 0.3 M DPCP
(19 mL, 0.09 mmol), 0.3 M DECP (13 mL, 0.09 mmol),
0.3 M (DCP)2CP (37 mg, 0.09 mmol), or 0.3 M (DMP)2CP
(29 mg, 0.09 mmol) in 3:2 CH3CN/pyridine (0.3 mL) were
delivered to the synthesis column. Following 10 min, the
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Figure 5. 31P NMR of the heptamer [d(CPS2TPS2CPS2APS2CPS2TPS2T)] in
D2O.
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coupling agents were ejected from the synthesis column, and
the CPG support was washed with CH3CN (2 mL�2) to give
H-phosphonothioate dimer 5 (B1¼B2¼T, R¼DMTr). The
terminal DMTr protecting group was removed following
treatment with 3% w/v Cl3CCOOH in CH2Cl2 solution
(1 mL�2) for 1 min. The CPG support was washed with
CH3CN (2 mL�2). The internucleotidic H-phosphonate
linkages were sulfurized using a mixture of 0.3 M solution
of S8 (19 mg) in 1:9 2,6-lutidine/CH2Cl2 (2 mL) for 1 h.
Washings were performed using CH3CN (2 mL�2). The re-
sulting dimer TPS2T was then cleaved from the CPG support
by treatment with 1:1 concd NH4OH/ethanol24 (2 mL�2)
for 3 h at room temperature. Following evaporation of the re-
sulting solution, the dimer TPS2T was purified by reversed-
phase HPLC [Fig. 1 (I–V)].

The TPS2T dimers isolated yielded 8.8 (PivCl), 8.3
[(DCP)2CP], 10.1 (DPCP), 11.9 (DECP), and 12.2
[(DMP)2CP] A260 units: HPLC tR 23.36 min; 31P NMR
(D2O) d 114.55 (s, PS2, 1P); ESI-TOF MS calcd for
C20H27N4O10PS2Na (M+Na)+ 601.0804, found 601.1043.

3.3. Synthesis of phosphorodithioate dimers (dCPS2T,
dAPS2T, and dGPS2T) using (DMP)2CP as a coupling
agent

Following chain elongation with a syringe-based reaction
system using a column of T-CPG 1a (R¼DMTr, 1 mmol
scale), H-phosphonothioate monomer [3b (R¼DMTr,
24 mg, 0.03 mmol), 3c (R¼DMTr, 25 mg, 0.03 mmol), or
3d (R¼DMTr, 25 mg, 0.03 mmol)], and (DMP)2CP
(29 mg, 0.09 mmol) as a coupling agent as described above,
the terminal DMTr protecting group of H-phosphonothioate
dimer 5 was removed following treatment with 3% w/v
Cl3CCOOH in CH2Cl2 solution (1 mL�2) for 1 min. The
CPG support was washed with CH3CN (2 mL�2). The inter-
nucleotidic H-phosphonate linkages were sulfurized using
a mixture of 0.3 M solution of S8 (19 mg) in 1:9 2,6-luti-
dine/CH2Cl2 (2 mL) for 1 h. Washings were performed
using CH3CN (2 mL�2). The resulting oligomer was then
cleaved from the CPG support following treatment with
1:1 concd NH4OH/ethanol (2 mL�2) for 3 h at room tem-
perature. The resulting solution was heated in a sealed vial
at 55 �C for 5 h. Following evaporation, the residue was dis-
solved in water (5 mL), washed with ethyl acetate (5 mL�3),
and then the aqueous layer was evaporated. The phosphoro-
dithioate dimer was purified by reversed-phase HPLC [Fig. 1
(VI–VIII)].

The dimer dCPS2T isolated yielded 11.4 A260 units: HPLC tR
21.31 min [Fig. 1 (VI)]; 31P NMR (D2O) d 114.67 (s, PS2,
1P); ESI-TOF MS calcd for C19H26N5O9PS2 (M+H)+

564.0988, found 564.0963.

The dimer dAPS2T isolated yielded 10.5 A260 units: HPLC tR
26.18 min [Fig. 1 (VII)]; 31P NMR (D2O) d 114.43 (s, PS2,
1P); ESI-TOF MS calcd for C20H26N7O9PS2 (M+H)+

588.1100, found 588.1116.

The dimer dGPS2T isolated yielded 10.4 A260 units: HPLC tR
26.23 min [Fig. 1 (VIII)]; 31P NMR (D2O) d 114.33 (s, PS2,
1P); ESI-TOF MS calcd for C20H26N7O9PS2 (M+H)+

604.1049, found 604.1068.
3.4. Phosphorothioate dimers (TPST, dCPST, dAPST, and
dGPST)

The phosphorothioate dimer byproducts [Fig. 1 (I–VIII) and
Fig. 2 (I–IV)] were identified and compared with authentic
samples, which were synthesized by the phosphoramidite
method.25

The phosphorothioate dimer was synthesized by assembling
the phosphite dimer on the CPG support using T-CPG 2a and
50-O-DMTr-20-deoxyribonucleoside 30-(2-cyanoethyl) N,N-
diisopropylphosphite (20-deoxyribonucleoside¼thymidine,
N4-benzoylcytidine, N6-benzoyladenosine, or N2-isobutyryl-
guanosine, purchased from Applied Biosystems Pty Ltd),
subsequent removal of the DMTr group, oxidation with S8,
and treatment with concd NH4OH as described for the syn-
thesis of phosphorodithioate dimers.

[Rp,Sp]-TPST: HPLC tR 19.84 and 20.96 min; 31P NMR
(D2O) d 56.61 (s, PS) and 56.21 (s, PS).26

[Rp,Sp]-dCPST: HPLC tR 17.56 and 18.99 min; 31P NMR
(D2O) d 57.17 (s, PS) and 56.92 (s, PS).

[Rp,Sp]-dAPST: HPLC tR 22.39 and 23.53 min; 31P NMR
(D2O) d 56.88 (s, PS) and 56.03 (s, PS).

[Rp,Sp]-dGPST: HPLC tR 22.19 and 23.54 min; 31P NMR
(D2O) d 56.68 (s, PS) and 56.05 (s, PS).

3.5. Synthesis of oligonucleoside phosphorodithioates

3.5.1. Stability of phosphorodithioate dimer TPS2T under
oxidation conditions. Following H-phosphonothioate dimer
5 (B1¼B2¼T, R¼DMTr, 1 mmol scale) assembly using
(DMP)2CP as a coupling agent and subsequent removal
of the DMTr group as described above, oxidation was per-
formed using 0.3 M solution of S8 (19 mg) in 1:9 2,6-luti-
dine/CH2Cl2 (2 mL) for either 15 min, 1 h, 4 h or 8 h.
TPS2T was cleaved from the support and subjected to analy-
sis by reversed-phase HPLC (Fig. 2).

3.5.2. Synthesis of phosphorodithioate thymidine oligo-
mers [(TPS2)nT]. Following chain elongation with a
syringe-based reaction system using a column of T-CPG
1a (R¼DMTr, 1 mmol scale), 3a (R¼DMTr, 22 mg,
0.03 mmol), and (DMP)2CP (29 mg, 0.09 mmol) as a cou-
pling agent as described above (average coupling yield of
greater than 99% as measured by trityl cation release27)
(Scheme 1), the terminal DMTr protecting group of the
H-phosphonothioate oligomer was removed following treat-
ment with 3% w/v Cl3CCOOH in CH2Cl2 solution (1 mL�
2) for 1 min. The CPG support was washed with CH3CN
(2 mL�2). The internucleotidic H-phosphonate linkages
were sulfurized using a mixture of 0.3 M solution of S8

(19 mg) in 1:9 2,6-lutidine/CH2Cl2 (2 mL) for 1 h. Washings
were performed using CH3CN (2 mL�2). The resulting
oligomer was then cleaved from the CPG support following
treatment with 1:1 concd NH4OH/ethanol (2 mL�2) for 3 h
at room temperature. Following evaporation of the resulting
solution, the oligomer was purified by reversed-phase HPLC
[Fig. 3 (I–IV)].
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The trimer (TPS2)2T isolated yielded 13.7 A260 units [Fig. 3
(I)]: 31P NMR (D2O) d 114.39 and 114.77 (2s, PS2, 2P); ESI-
TOF MS calcd for C30H40N6O15P2S4Na (M+Na)+ 937.0807,
found 937.1310.

The tetramer (TPS2)3T isolated yielded 13.4 A260 units [Fig. 3
(II)]: 31P NMR (D2O) d 114.38 (s, PS2, 1P) and 114.59 (s,
PS2, 2P); ESI-TOF MS calcd for C40H53N8O20P3S6Na
(M+Na)+ 1273.0811, found 1273.0354.

The hexamer (TPS2)5T isolated yielded 11.6 A260 units
[Fig. 3 (III)]: 31P NMR (D2O) d 114.29, 114.32, 114.38,
114.40, and 114.46 (5s, PS2, 5P); ESI-TOF MS calcd for
C60H79N12O30P5S10Na (M+Na)+ 1945.0818, found
1944.8640.

The octamer (TPS2)7T isolated yielded 17.5 A260 units [Fig. 3
(IV)]: 31P NMR (D2O) d 114.26–114.44 (m, PS2, 7P); ESI-
TOF MS calcd for C80H105N16O40P7S14Na (M+Na)+

2617.0825, found 2617.0222.

3.5.3. Synthesis of phosphorodithioate oligomers (hetero-
sequences). Following chain elongation with a syringe-based
reaction system using a column of T-CPG 1a (R¼DMTr,
1 mmol scale), 3a (R¼DMTr, 22 mg, 0.03 mmol), 3b
(R¼DMTr, 24 mg, 0.03 mmol), 3c (R¼DMTr, 25 mg,
0.03 mmol), 3d (R¼DMTr, 25 mg, 0.03 mmol), and
(DMP)2CP (29 mg, 0.09 mmol) as a coupling agent as de-
scribed above (average coupling yield of greater than 94%
as measured by trityl cation release27) (Scheme 1), the termi-
nal DMTr protecting group was removed following treatment
with 3% w/v Cl3CCOOH in CH2Cl2 solution (1 mL�2) for
1 min. The CPG support was washed with CH3CN (2 mL�
2). The internucleotidic H-phosphonate linkages were sulfu-
rized using a mixture of 0.3 M solution of S8 (19 mg) in 1:9
2,6-lutidine/CH2Cl2 (2 mL) for 1 h. Washings were per-
formed using CH3CN (2 mL�2). The resulting oligomer
was then cleaved from the CPG support following treatment
with 1:1 concd NH4OH/ethanol (2 mL�2) for 3 h at room
temperature. The resulting solution was heated in a sealed
vial at 55 �C for 5 h. Following evaporation, the residue
was dissolved in water (5 mL), washed with ethyl acetate
(5 mL�3), and the aqueous layer was evaporated. The oligo-
mer was purified by reversed-phase HPLC [Fig. 3 (V–VIII)].

The tetramer d(APS2CPS2TPS2T) isolated yielded 6.7 A260

units from [Fig. 3 (V)]: 31P NMR (D2O) d 114.24, 114.31,
and 114.34 (3s, PS2, 3P); ESI-TOF MS calcd for
C39H51N12O17P3S6 (M+H)+ 1245.1110, found 1245.0988.

The pentamer d(GPS2APS2CPS2TPS2T) isolated yielded 6.6
A260 units [Fig. 3 (VI)]: 31P NMR (D2O) d 113.80, 114.29,
114.37, and 114.46 (4s, PS2, 4P); ESI-TOF MS calcd for
C49H63N17O21P4S8 (M+H)+ 1606.1179, found 1606.1173.

The hexamer d(TPS2GPS2APS2CPS2TPS2T) isolated yielded
5.4 A260 units [Fig. 3 (VII)]: 31P NMR (D2O) d 113.79,
113.90, 114.27, 114.37, and 114.47 (5s, PS2, 5P); ESI-
TOF MS calcd for C59H76N19O26P5S10 (M+H)+

1942.0082, found 1942.1296.

The heptamer d(CPS2TPS2GPS2APS2CPS2TPS2T) isolated
yielded 4.2 A260 units [Fig. 3 (VIII)]: 31P NMR (D2O)
d 113.88, 114.06, 114.24, 114.34, 114.43, and 114.46
(6s, PS2, 6P) (Fig. 5); ESI-TOF MS calcd for
C68H88N22O30P6S12 (M+H)+ 2263.1189, found 2263.1184.
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Abstract—Starting from a single suitable functionalised epoxide, a highly efficient stereoselective synthesis of D-erythro-sphingosine and
D-lyxo-phytosphingosine is described. The approach allows the formal preparation of all stereoisomers of these sphingoid structures.
� 2006 Published by Elsevier Ltd.
1. Introduction

Sphingolipids such as ceramides, cerebrosides and ganglio-
sides are ubiquitous components of cell membranes, where
they are involved in various processes based on recognition
phenomena.1 Common to this diverse group of natural prod-
ucts is a sphingoid base scaffold with a polar 2-amino alco-
hol head and a long aliphatic chain with a 4,5-trans double
bond as in sphingosines (Fig. 1) or an 2-amino-1,3,4 triol
head group without unsaturation as in phytosphingosines
(Fig. 2).2 The hydrophilic moiety, located on the external
surface of the membrane, determines the specificity of inter-
actions, whereas the lipophilic portion, anchored on the
outer-leaflet, contributes primarily to the structural rigidity
of the membrane.3
0040–4020/$ - see front matter � 2006 Published by Elsevier Ltd.
doi:10.1016/j.tet.2006.08.049
The wide spectrum of the biological activity of these mole-
cules justifies the efforts towards the synthesis of them as
well as of their stereoisomers and various analogues. Al-
though the most commonly employed strategies are those
which make use of carbohydrates4 and serine5 as source of
chirality, many approaches are also based on asymmetric
reactions, such as aldol condensation6 as well as Sharpless
asymmetric dihydroxylation7 and asymmetric epoxidation
(using Shi’s catalyst8 or Sharpless protocol9).

However, using the above-mentioned asymmetric reactions,
the required introduction of the amino group often suffered
from low regio- and stereoselectivity and therefore these ap-
proaches were scarcely utilised compared to those of natural
products from the chiral pool. Furthermore, rarely a single
A
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strategic approach has been designed to both sphingosines
and phytosphingosines classes, due to the differences in their
structure.

2. Results and discussion

In this regard, our approach to both classes of sphingoid
structures is based on a stereoselective route from an easily
prepared chiral epoxide 1, obtained by the Sharpless AE of
commercial allylic alcohol 2 (Scheme 1).

The introduction of the amino group to the common key
oxazolidine 11 could be easily achieved based on the results
obtained in the regio- and stereoselective opening of bifunc-
tionalised epoxides with metal halides,10 a route which can
be considered very attractive for its generality.

Our synthesis started with known a,b-epoxy ester 1, derived
from the commercially available Z-4-benzyloxy-2-buten-1-
ol 2. Treatment with the NaBr/Amberlyst 15 system, already
utilised for the regioselective opening of differently sub-
stituted a,b-epoxy esters,11 furnished, with excellent
stereoselectivity and chemical yield, the bromohydrin 3
(Scheme 2).

COOCH3
BnO BnO COOCH3

OH

Br
NaBr, Amb15
acetone, -20 °C
        >98%1

3

O

Scheme 2.

The polar 2-amino alcohol head was then easily obtained by
subsequent transformation of the halide into an amino group:
thus stereoselective azide nucleophilic substitution fur-
nished the corresponding azido alcohol 4 in nearly quantita-
tive yield (Scheme 3). The subsequent hydrogenation of 4
afforded the vicinal anti amino alcohol 5, which was easily
transformed into 6. Worthy of note is that the key
oxazolidine 6 was obtained from 1 with an overall yield of
82% without any purification of the previous intermediates.

Successively, 6 was converted into 11, a suitable common
precursor for the synthesis of sphingosine and phytosphingo-
sine, through a few high-yielding steps. As shown in Scheme
3, the transformation of 6 into the alcohol 8 was performed
by first reducing 6 with DIBAL to the aldehyde 7 and then
with NaBH4 to 8.12 After protection of the hydroxyl function
of 8 as silyl ether, 9 was debenzylated and then the free
alcohol group of 10 was oxidised to the aldehyde with the
Py/SO3 complex in a high-yielding sequence.

Multifunctional aldehyde 11 represents the key intermediate
for the final transformation into different sphingoid struc-
tures, such as the D-erythro-sphingosine A and D-lyxo-phytos-
phingosine B. Although its preparation was already known
starting from isoascorbic acid, our route is shorter (11 steps)
and with higher overall yield. Furthermore, starting from ent-
epoxy ester 2 the opposite enantiomer of 11 can be prepared.

Finally, aldehyde 11 was transformed into the D-erythro-
sphingosine A following the already reported synthetic
sequence13 (Scheme 4). On the other hand, the D-lyxo-phy-
tosphingosine B was finally prepared through the stereo-
selective addition of the required lithium cuprate, obtained
from tetradecyl bromide, as clearly demonstrated by the
value of the coupling constant of the diol system of 12
(Jw4 Hz), which confirms its syn stereochemistry.14 Subse-
quent deprotection afforded the phytosphingosine B, with
its tetraacetate derivative resulting identical to the data
reported in literature.5a,c,7b

In summary, through stereocontrolled, facile and high-yield
reactions, we have developed a general highly efficient
route, starting from the easily accessible Z-4-benzyloxy-2-
buten-1-ol, to the preparation of both enantiomers D- and
L-erythro-sphingosines. Starting from the known E-4-benz-
yloxy-2-buten-1-ol and following the same synthetic
scheme it would be possible to have access to the D- and
O
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L-threo-diastereoisomers of sphingosine. Preliminary stud-
ies have shown in fact for this substrate the same aptitude
for the formation of the corresponding oxazolidine
(Scheme 5).

On the other hand, we have also prepared the D-lyxo phytos-
phingosine as well as, formally, the L-lyxo-phytosphingo-
sine, throughout the syn diastereoselective addition of
tetradecyl lithium cuprate to the aldehyde 11.14 Starting
from the E-4-benzyloxy-2-buten-1-ol, the same diastereo-
selective reaction would give access to the D- or L-xylo-phy-
tosphingosine. Moreover, the use of a diastereoselective
organometallic anti addition to the aldehyde 1114 could be,
in principle, adaptable even for the synthesis of D-ribo-phy-
tosphingosine starting from the Z-4-benzyloxy-2-buten-1-ol
and of D-arabino-phytosphingosine starting from the E-4-
benzyloxy-2-buten-1-ol (Scheme 6).

3. Experimental

3.1. General

1H and 13C NMR spectra were recorded at 200 and
50.3 MHz, respectively. Reactions were monitored by TLC
using Merck silica gel 60 F254 plates with UV indicator or/
and visualised with phosphomolybdic acid (10% solution
in EtOH). Flash column chromatography on silica gel was
normally used for purification of the reaction mixtures.
All solvents were purified before use with standard drying
procedures, unless otherwise specified. Elemental analyses
for C and H were performed by the Servizio Micro-
analisi of the Dip. Chimica of the Universit�a of Roma
‘La Sapienza’.

Compounds A and B and its tetraacetyl derivative are
known.5a,c,13

3.1.1. (2R,3R)-Z-4-Benzyloxy-2,3-epoxybutanoic acid
methyl ester 1. To 2 mL of a 0.5 M solution of the (2R,3R)-
Z-4-benzyloxy-2,3-epoxybutanal15(192 mg, 1 mmol) in alco-
hol/water (9:1) buffered with NaHCO3 (1682 mg, 20 mmol)
was added 2 M solution of bromine (3 mmol) in MeOH/water
(9:1 by volume). After stirring for 5 h, solid sodium thiosulfate
was added to quench excess bromine and dilution with water
(2 mL) was followed by extraction with 8 mL of diethylether
(three times). Combined organic layers were dried (Na2SO4),
filtered and the solvent was evaporated in vacuo, giving 1 as
yellow pale oil (210 mg, 95%). No chromatographic purifica-
tion was necessary. Rf (20% EtOAc/petroleum ether) 0.82.
[a]D

20 �12.7 (c 5.0, CHCl3); nmax (liquid film) 3010, 1735,
1060, 830 cm�1; dH (200 MHz, CDCl3) 7.39–7.27 (5H, m,
Ph), 4.85 (1H, d, J 11.5 Hz, CHaPh), 4.74 (1H, d, J 11.5 Hz,
CHbPh), 3.73 (3H, s, OMe), 3.82–3.65 (2H, m, OCH2), 3.56
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(1H, d, J 4.4 Hz, OCH), 3.43 (1H, dd, J 4.4, 9.9 Hz, OCH);
dC (50 MHz, CDCl3) 167.9, 137.5, 128.3, 127.6, 73.2, 66.9,
55.5, 52.2, 51.2. Anal. Calcd for C12H14O4 (222.09): C
64.85; H 6.35. Found: C 65.1; H 6.5.

3.1.2. (2S,3R)-4-Benzyloxy-2-bromo-3-hydroxybutanoic
acid methyl ester 3. To a solution of 1 (222 mg, 1 mmol)
in acetone (10 mL) was added NaBr (416 mg, 4 mmol)
and Amberlyst 15 (240 mg). The solution was stirred at
�20 �C for 6 h (TLC monitoring), then was filtered through
a Celite pad and the solvent evaporated in vacuo affording 3
as yellow oil in almost quantitative yield (300 mg, >98%).
Rf (20% EtOAc/petroleum ether) 0.23. [a]D

20 �23.7 (c 3.5,
CHCl3); nmax (liquid film) 3200, 3010, 1740, 1260, 1060,
550 cm�1; dH (200 MHz, CDCl3) 7.43–7.27 (5H, m, Ph),
4.59 (1H, d, J 3.7 Hz, CHBr), 4.55 (2H, s, CH2Bn), 4.21–
4.09 (1H, m, CHOH), 3.71 (3H, s, OMe), 3.70–3.49 (2H,
m, CH2OBn), 2.89 (1H, br s, OH); dC (50 MHz, CDCl3)
169.1, 137.2, 128.2, 127.6, 73.3, 70.2, 69.7, 53.2, 48.8.
Anal. Calcd for C12H15BrO4 (303.02): C 47.54; H 4.99.
Found: C 47.8; H 5.1.

3.1.3. (2R,3S)-2-Azido-4-benzyloxy-3-hydroxybutanoic
acid methyl ester 4. To a solution of 3 (303 mg, 1 mmol)
in 4 mL of DMF (or DMSO, 4 mL), NaN3 (260 mg,
4 mmol) was added and the mixture was stirred at room tem-
perature for 24 h. Then the reaction was diluted with EtOAc
(8 mL) and washed several times with water and brine. The
combined organic extracts were dried over Na2SO4 and con-
centrated in vacuo affording quantitatively 4 as yellow pale
oil (265 mg, >98%). Rf (20% EtOAc/petroleum ether)
0.20. [a]D

20 +10.7 (c 3.5, CHCl3); nmax (liquid film) 3200,
3010, 2235, 1740, 1250, 1050 cm�1; dH (200 MHz, CDCl3)
7.41–7.26 (5H, m, Ph), 4.53 (2H, s, CH2Ph), 4.20–4.02
(1H, m, CHOH), 3.85–3.65 (2H, m, CH2OBn), 3.74 (3H, s,
OMe), 3.61 (1H, d, J 4.4 Hz, CHN3), 3.13 (1H, br s, OH);
dC (50 MHz, CDCl3) 168.9, 137.3, 128.2, 127.6, 73.3, 70.6,
69.8, 63.2, 52.4. Anal. Calcd for C12H15N3O4 (265.11): C
54.33; H 5.70; N 15.84. Found: C 54.7; H 5.3; N 16.1.

3.1.4. (2R,3S)-4-Benzyloxy-2-tert-butoxycarbonylamino-
3-hydroxybutanoic acid methyl ester 5. A solution of 4
(281 mg, 1 mmol) in EtOAc (2 mL) was hydrogenated at
atmospheric pressure over 10% Pd/C (51 mg) in the presence
of Boc2O (231 mg, 1.2 mmol) for 1.5 h at room temperature.
The solution was then filtered on a Celite pad and concen-
trated in vacuo affording 5 in almost quantitative yield as
yellow pale oil (335 mg, >98%). Rf (30% EtOAc/petroleum
ether) 0.25. [a]D

20 �14.3 (c 2.5, CHCl3); nmax (liquid film)
3250, 3010, 2950, 1740, 1630, 1200, 1060 cm�1; dH

(200 MHz, CDCl3) 7.44–7.27 (5H, m, Ph), 5.5 (1H, br d,
J 7.3 Hz, CHNH), 4.69–4.41 (1H, m, CHOH), 4.50 (2H,
s, CH2Ph), 4.17 (1H, dd, J 7.3, 4.5 Hz, CHNH), 3.67 (3H,
s, OMe), 3.55 (1H, d, J 5.9 Hz, CH2OBn), 3.24 (1H, br s,
OH), 1.44 (s, 9H, C(CH3)3); dC (50 MHz, CDCl3) 170.5,
146.6, 137.5, 128.2, 127.6, 80.2, 73.4, 71.0, 70.5, 56.5,
52.2, 24.2. Anal. Calcd for C17H25NO6 (339.17): C 60.16;
H 7.42; N 4.13. Found: C 60.5; H 7.6; N 4.3.

3.1.5. (4R,5S)-5-Benzyloxymethyl-3-N-tert-butoxycar-
bonyl-2,2-dimethyl-1,3-oxazolidine-4-carboxylic acid
methyl ester 6. A solution of 5 (338 mg, 1 mmol), DMP
(1.3 mL, 10 mmol) and p-TsOH (cat.) in CH2Cl2 (1 mL)
was stirred at room temperature; after 3 h (TLC monitoring)
the mixture was diluted with CH2Cl2 (10 mL) and washed
with NaHCO3 (15 mL, satd aq). The organic extract was
dried over Na2SO4 and concentrated in vacuo. The residue
was chromatographed on silica gel (hexane/Et2OAc, 8:2)
affording 6 (348 mg, 0.91 mmol) (yield 82% from 1). nmax

(liquid film) 3010, 2950, 1730, 1310 (br), 1200,
1060 cm�1; dH [(CD3)2SO, 80 �C] 7.39–7.23 (5H, m, Ph),
4.58–4.34 (3H, m, CHOH+CH2Ph), 3.75–3.47 (3H, m,
CHN+CH2OBn), 3.65 (3H, s, OMe), 1.72 (3H, s, CH3),
1.55 (3H, s, CH3), 1.43 (9H, s, C(CH3)3); dC [(CD3)2SO,
80 �C] 169.3, 150.9, 137.4, 127.5, 126.9, 126.8, 93.4, 78.9,
74.3, 72.3, 67.5, 60.1, 51.1, 27.5, 25.0, 23.8. Anal. Calcd
for C20H29NO6 (379.20): C 63.31; H 7.70; N 3.69. Found:
C 63.7; H 7.9; N 3.9.

3.1.6. (4R,5S)-5-Benzyloxymethyl-3-N-tert-butoxycar-
bonyl-4-formyl-2,2-dimethyl-1,3-oxazolidine 7. To a
stirred solution of 6 (379 mg, 1 mmol) in toluene (2 mL)
at �78 �C was added DIBAL (0.8 mL of a solution of
1.5 M in toluene, 1.2 mmol) dropwise. The reaction mixture
was stirred for 2 h (TLC monitoring) and then was quenched
by slowly adding, at �78 �C, cold MeOH (0.38 mL). The
resulting white emulsion was slowly poured into 6.5 mL of
HCl 1 N with stirring over 15 min and the aqueous mixture
was then extracted with EtOAc (3�15 mL). The combined
organic layers were washed with brine, dried over Na2SO4,
filtered and concentrated in vacuo without further purifica-
tion, affording 7 (340 mg, 97%) as colourless oil. nmax

(liquid film) 3010, 2950, 1720, 1390, 1200, 1060 cm�1; dH

[(CD3)2SO, 80 �C] 9.60 (1H, d, J 2.9 Hz, CHO), 7.51–7.29
(5H, m, Ph), 4.73–4.49 (1H, m, CHOCH2OBn), 4.59 (2H,
s, CH2Ph), 4.46 (1H, dd, J 7.3, 2.9 Hz, CHN), 3.78 (1H,
dd, J 10.9, 4.4 Hz, CHaOBn), 3.66 (1H, dd, J 10.9, 3.6 Hz,
CHbOBn), 1.8 (3H, s, CH3), 1.6 (3H, s, CH3), 1.5 (9H, s,
C(CH3)3); dC [(CD3)2SO, 80 �C] 198.7, 151.3, 137.3,
128.4, 128.3, 127.7, 94.9, 80.8, 75.7, 73.5, 67.0, 66.2,
28.1, 26.3, 23.8. Anal. Calcd for C19H27NO5 (349.19): C
65.31; H 7.79; N 4.01. Found: C 65.7; H 7.9; N 4.3.

3.1.7. (4S,5S)-5-Benzyloxymethyl-3-N-tert-butoxycar-
bonyl-2,2-dimethyl-4-hydroxymethyl-1,3-oxazolidine 8.
To an ice-cold solution of 7 (336 mg, 1 mmol) in 12 mL of
isopropyl alcohol/THF (1:1) was added NaBH4 (110 mg,
3 mmol). After the mixture was stirred for 2 h (TLC moni-
toring) and then was portioned between HCl 1 N and EtOAc
until neutrality. The combined organic layers were washed
with brine, dried over Na2SO4, filtered and concentrated
in vacuo without further purification, affording 8 (446 mg,
96%) as colourless oil. nmax (liquid film) 3200, 3010,
2950, 1260, 1200, 1060 cm�1; dH [(CD3)2SO, 80 �C]
7.49–7.28 (5H, m, Ph), 4.59 (2H, s, CH2Ph), 4.34 (1H, ddd,
J 5.8, 5.1 Hz, CHOCH2OBn), 4.15–4.02 (1H, m, CHN),
3.89–3.05 (5H, m, CH2OBn+CH2OH+OH), 1.59 (3H, s,
CH3), 1.53 (3H, s, CH3), 1.47 (9H, s, C(CH3)3); dC

[(CD3)2SO, 80 �C] 151.5, 137.3, 128.4, 127.9, 127.6, 93.2,
80.8, 74.4, 73.8, 67.4, 61.6, 60.4, 28.3, 27.4, 24.6. Anal.
Calcd for C19H29NO5 (351.2): C 64.93; H 8.32; N 3.99.
Found: C 65.2; H 8.5; N 3.6.

3.1.8. (4S,5S)-5-Benzyloxymethyl-3-N-tert-butoxycar-
bonyl-4-(tert-butyl-diphenyl-silyloxyl-methyl)-2,2-di-
methyl-1,3-oxazolidine 9. To a solution of 8 (338 mg,
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1 mmol) dissolved in 5 mL of CH2Cl2 at 0 �C, Et3N (0.27 mL,
1.1 mmol) and cat. DMAP were added. After 5 min
TBDPSCl (180 mg, 1.5 mmol) was added; the mixture was
stirred at room temperature for 24 h. After TLC monitoring,
the mixture was quenched with NaHCO3 (10 mL, satd aq).
Aqueous layer was extracted with CH2Cl2 and organic layer
was dried over Na2SO4 and concentrated in vacuo. The crude
mixture was purified by flash chromatography (petroleum
ether/EtOAc, 9:1) affording 9 (547 mg, yield 93%). nmax

(liquid film) 3010, 2950, 1200, 1090, 1060, 970 cm�1; dH

[(CD3)2SO, 80 �C] 7.85–7.55 (5H, m, Ph), 7.51–7.24 (10H,
m, 2Ph), 4.71–4.33 (3H, m, CHOCH2OBn+CH2Ph), 4.11–
3.49 (5H, m, CHN+CH2OBn+CH2OTBDPS), 1.52 (6H, s,
C(CH3)2), 1.11 (9H, s, OC(CH3)3), 1.03 (9H, s, SiC(CH3)3);
dC [(CD3)2SO, 80 �C] 150.8, 137.4, 135.0, 134.9, 134.7,
134.1, 129.1, 128.9, 127.7, 92.8, 79.1, 75.2, 72.8, 68.2,
60.8, 58.8, 26.0, 24.5, 22.8, 18.4. Anal. Calcd for
C35H47NO5Si (589.32): C 71.27; H 8.03; N 2.37. Found: C
71.4; H 8.2; N 2.4.

3.1.9. (4S,5S)-3-N-tert-Butoxycarbonyl-4-(tert-butyl-di-
phenyl-silyloxyl-methyl)-2,2-dimethyl-5-hydroxy-
methyl-1,3-oxazolidine 10. A solution of 9 (589 mg,
1 mmol) in MeOH (2 mL) was hydrogenated at atmospheric
pressure over 10% Pd/C (51 mg) for 3 h at room tempera-
ture; then the solution was filtered on a Celite pad and con-
centrated in vacuo affording 10 (474 mg, 95%) as colourless
oil. nmax (liquid film) 3200, 3010, 2950, 1260, 1090, 1060,
970 cm�1; dH [(CD3)2SO, 80 �C] 7.81–7.61 (5H, m, Ph),
7.55–7.31 (5H, m, Ph), 4.42–4.21 (1H, m, CHOCH2OH),
4.19–3.82 (3H, m, CHN+CH2OH), 3.80–3.51 (2H, m,
CH2OTBDPS), 2.97 (1H, br t, OH), 1.53 (3H, s, CH3), 1.47
(3H, s, CH3), 1.25 (9H, s, OC(CH3)3), 1.07 (9H, s,
SiC(CH3)3); dC [(CD3)2SO, 80 �C] 151.4, 135.6, 135.3,
134.8, 127.8, 127.6, 93.4, 80.0, 75.8, 61.5, 60.8, 59.4, 26.9,
24.6, 23.3, 19.1. Anal. Calcd for C28H41NO5Si (499.28): C
67.30; H 8.27; N 2.80. Found: C 67.7; H 8.4; N 3.0.

3.1.10. (4S,5S)-3-N-tert-Butoxycarbonyl-4-(tert-butyl-di-
phenyl-silyloxyl-methyl)-5-formyl-2,2-dimethyl-1,3-oxa-
zolidine 11. To a solution of 10 (499 mg, 1 mmol) in 7.5 mL
of CH2Cl2, Et3N (0.56 mL, 4 mmol) was added and then the
mixture was stirred at 0 �C. After 10 min, a solution of pyr-
idine/SO3 (477 mg, 3 mmol) in 3 mL of DMSO was poured
into the reaction mixture. After 2 h TLC monitoring, the
mixture was diluted with 20 mL of Et2O and 41 mL of hex-
ane and washed with 19 mL of aq NaHCO3. The combined
organic layers were washed with 39 mL of NaH2PO4 1 M
and then with brine, dried over Na2SO4, filtered and concen-
trated in vacuo. Flash chromatography (petroleum ether/
Et2O, 8:2) afforded 11 as colourless oil (462 mg, yield
93%). nmax (liquid film) 3010, 2950, 1720, 1090, 1060,
980 cm�1; dH [(CD3)2SO, 80 �C] 9.93 (1H, d, J 2.1 Hz,
CHO), 7.79–7.54 (5H, m, Ph), 7.52–7.30 (5H, m, Ph),
4.64–4.51 (1H, m, CHO), 4.49–4.25 (1H, m, CHN), 3.76
(1H, dd, J 10.4, 7.4 Hz, CHaOTBDPS), 3.64 (1H, dd,
J 10.4, 3.7 Hz, CHbOTBDPS), 1.81 (3H, s, CH3), 1.72
(3H, s, CH3), 1.32 (9H, s, OC(CH3)3), 1.12 (9H, s,
SiC(CH3)3); dC [(CD3)2SO, 80 �C] 197.1, 149.3, 136.2,
134.8, 129.4, 127.7, 127.6, 94.8, 79.7, 79.1, 60.8, 60.3,
28.2, 26.5, 24.7, 23.5, 19.0. Anal. Calcd for C28H39NO5Si
(497.26): C 67.57; H 7.90; N 2.81. Found: C 67.8; H 8.1;
N 3.1.
3.1.11. (4S,5S,10S)-3-N-tert-Butoxycarbonyl-4-(tert-
butyl-diphenyl-silyloxyl-methyl)-5-(10-hydroxypenta-
decyl)-2,2-dimethyl-1,3-oxazolidine 12. To a solution of
(nC14H29)2CuLi freshly prepared in Et2O (10 mL) at
�20 �C, 11 (497 mg, 1 mmol) was added. The resulting
solution was stirred for 5 h and after TLC monitoring, the
reaction was quenched with saturated NH4Cl solution and
extracted with Et2O; the combined organic extracts were
dried over Na2SO4 and then evaporated to dryness in vacuo.
The crude mixture was purified by flash chromatography
(hexane/EtOAc, 6:4) affording 12 (323 mg, yield 63%).
nmax (liquid film) 3200, 3010, 2950, 1260, 1090, 1060,
990 cm�1; dH [(CD3)2SO, 80 �C] 7.84–7.58 (5H, m, Ph),
7.53–7.32 (5H, m, Ph), 4.26–4.07 (1H, m, CHOH), 3.83
(1H, dd, J 4.8, 4 Hz, CHO), 3.87–3.41 (3H, m,
CHN+CH2OTBDPS), 2.73 (1H, br d, J 7.3 Hz, OH), 1.52
(3H, s, CH3), 1.45 (3H, s, CH3), 1.48–1.19 (m, 26H), 1.25
(9H, s, OC(CH3)3), 1.06 (9H, s, SiC(CH3)3), 0.88 (3H, t, J
6.0 Hz); dC (50 MHz, CDCl3) 147.3, 135.2, 134.6, 129.2,
127.7, 126.7, 93.7, 79.5, 76.3, 72.4, 61.3, 60.9, 32.5, 32.0,
30.6, 30.3, 30.1, 28.5, 26.5, 24.7, 24.2, 23.5, 22.5, 19.0,
13.5. Anal. Calcd for C42H69NO5Si (695.49): C 72.47; H
9.99; N 2.01. Found: C 72.7; H 10.1; N 3.3.
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