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CORRIGENDUM Contents


In the paper by F. Diederich et al. published in Chem. Eur. J. 2002, 8, 118, there are some double bonds missing in the structures
depicted in Figures 2 and 9. The correct figures are given below. In addition, the Rebek imide acid 5 was incorrectly denoted as
Kemp×s triacid. We and the authors apologize for these mistakes.


Figure 2.


Figure 9.
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Image inspired from the Latin ™silicus∫ meaning flint and the very reactive fluorine gas.
Image created by Dr. Karl Harrison with the Flint axe blade from the PADMAC Unit,
Pitt Rivers Museum, University of Oxford.







Introduction


With a typical dissociation energy of 700 kJmol�1, the strength
of the silicon�fluorine bond cannot be overemphasized. It is
therefore not surprising that much of organosilicon chemistry
is driven by the formation of a silicon�fluorine bond at the
expense of other weaker bonds.[1] The fluoride catalyzed
cleavage of the Si�C bond followed by in situ C�C bond
formation is a well studied and synthetically very useful
process.[2] This so-called ™nucleophilic fluorodesilylation∫
strategy involves the use of a source of anionic fluoride such
as Bu4NF, TASF, CsF, KF/18[crown]-6. However, more
recently, with the appearance of electrophilic sources of
fluorine[3] including N�F fluorinating agents, the concept of
electrophilic fluorodesilylation has emerged as a means to
synthesise a variety of fluorine containing compounds. A
striking feature of these novel transformations is that, in
contrast to nucleophilic fluorodesilylation, this strategy allows
the generation of a C�F bond instead of the formation of a
strong Si�F bond. This paper highlights some of the synthetic
applications of electrophilic fluorodesilylation reported to
date including its application to arylsilanes, vinylsilanes and
silyl enol ethers.


Electrophilic fluorodesilylation of aryl- and vinylsilanes
(cleavage of Si�C bonds): The carbon�silicon bond is
generally stable to many common reagents used in organic
synthesis. However, the cleavage of activated silanes using an
electrophilic source of fluorine has provided the synthetic
chemist with new opportunities. Elemental fluorine is poten-
tially a source of cationic fluorine (F�) but the difficulties
associated with its use have stimulated the development of
new reagents such as FClO3, CF3OF, CF3CF2OF, CF3COOF,
CH3COOF, XeF2 or CsSO4F. Their reactivity towards elec-
tron-rich systems suggests that these reagents presumably
deliver F� although F� has only been observed spectroscopi-
cally in the gas phase.[4] More recently, the reagents of the NF
class, several of which are now commercially available, have
allowed the safe and practical introduction of fluorine on
electron-rich species. It has been demonstrated that a very
wide range of chemical reactivity can be obtained with these
N�F reagents by fine-tuning of their structure.[5] As with
other electrophile induced desilylation reactions, electro-
philic fluorodesilylation takes advantage of the � effect of
silicon and could thus be applied to compounds that have
adjacent � systems such as aryl-, vinyl-, allyl-, and propargyl-
silanes.[6]


Due to the presence of fluoroaromatics in many pharma-
ceutical and agrochemical compounds, it is not surprising that
the concept of electrophilic fluorodesilylation of silane
derivatives was first applied to arylsilanes. Early reports
described the fluorination of arylsilanes for the purpose of
introducing 18F into radiopharmaceuticals. The fluorination
of 4-substituted phenyltrimethylsilanes with [18F]2 or
CH3COO[18F] afforded products from ipso-fluorodesilylation
with chemical yields ranging between 20 ± 30%.[7±9] The
relative extent of the [18F] substitution processes was found
to depend largely upon the presence of other groups on the
aromatic ring of the substrate (Table 1).


In general, for all these reactions, a large excess of substrate
to fluorine (80 ± 100 fold) was used to minimise unwanted
fluorination on the phenyl rings of both starting materials and
products. A later study carried out by Stuart et al. suggested
that similar results could be obtained using a stoichiometric
amount of F2 if the fluorination process is carried out in the
presence of boron trifluoride (Table 2).[10]


It is believed that boron trifluoride promotes polarization
of the F�F bond. In addition, the heterolytic cleavage of F2


could also be favoured in polar solvents. In the presence of
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BF3 ¥MeOH, the major product in the direct fluorination of
4-fluorophenyltrimethylsilane is 1,4-difluorobenzene pro-
duced by the ipso-electrophilic substitution of the trimethyl-
silyl group. Interestingly, 2,5-difluorophenyltrimethylsilane
was also formed as the result of a 1,2-migration of the
trimethylsilyl group. Similar 1,2-shifts were observed in the
fluorinations of 2-fluoro- and 2,4-difluorophenyl-trimethyl-
silanes. It is believed that the carbocation produced after the
1,2-shift is stabilized both by the �-silicon effect and the
mesomeric effect of the �-fluorine. It should be noted that for
all these reactions, fluorodeprotonation also occurs but only
as a minor process. Finally the same study reveals that the use
of trifluoroacetic acid in combination with F2 also promotes
ipso-electrophilic fluorosubstitution. However, in the pres-
ence of triflic acid, the elemental fluorination of 4-fluorophe-
nyltrimethylsilane proceeds by a protodesilylation process
followed by fluorination of fluorobenzene to give the three
isomeric difluorinated compounds.


Rapid fluorodesilylation of aryltrimethylsilanes has also
been achieved using xenon difluoride (Table 3).[11]


Indeed, when 4-tert-butyl- or 4-chlorophenyltrimethylsilane
were treated with two equivalents of XeF2 in C6F6 at room
temperature, the expected products were isolated in 86% and
82% yield, respectively. Some side products were formed as a
result of ortho-fluorination processes. As previously descri-
bed, when other substituents are present on the aromatic ring,
competing electrophilic addition pathways are observed. The
ultimate outcome of the reaction is dependent on the relative
activation provided by the aryl substituents. If a strongly
activating group, for example a methoxy group, is present on
the aromatic ring, a higher yield of ortho-fluorinated product
was obtained with XeF2, but interestingly, the fluorodesilyla-
tion process remains the major transformation. It should be
noted that the activating effect and ipso-directing effect of a
trimethylsilyl group is relatively weak for electrophilic
aromatic substitution. In terms of mechanism, it has been
suggested that in contrast to the use of F2 or acetyl
hypofluorite, an aryl radical is formed as the key intermediate
for the fluorination of arylsilanes with XeF2.


Finally, we found that the fluorodesilylation of trimethyl-
silylbenzene with 1-chloromethyl-4-fluoro-1,4-diazoniabicy-
clo[2.2.2]octane bis(tetrafluoroborate) so-called Selectfluor is
a very slow process.[12] At room temperature it was found that
no reaction occurred between trimethylsilylbenzene and
1.5 equiv Selectfluor in acetonitrile. However, after 64 hours
at reflux, 19% of fluorobenzene was formed along with 21%
of ortho-fluorotrimethylsilylbenzene. These results suggest
that only strong electrophilic fluorinating reagents are suit-
able for the ipso fluorodesilylation of arylsilanes. This could
be explained by the fact that during the formation of the
intermediate �-silyl cation, the aromaticity of the ring is lost.
In addition, the Si�C � bond and the p orbital to be stabilized
are initially orthogonal and consequently, stabilization from
the �-effect occurs late in the approach to the transition state.


As with arylsilanes, relatively strong electrophiles are
required for the electrophilic fluorination of vinylsilanes.[13]


We have shown that the activated trimethylstyrylsilane 1a
reacts with Selectfluor or the corresponding bis(trifluorome-
thanesulfonate) derivative to give the expected fluoroalke-
ne 2a as a mixture ofZ andE stereoisomers (Table 4, entry 1).


In contrast, 1-fluoropyridinium pyridine heptafluorodibo-
rate and N-fluorobenzenesulfonimide do not react with
trimethylstyrylsilane. The less activated vinylsilane 1b also
undergoes fluorodesilylation with Selectfluor. This transfor-
mation is more stereoselective yielding a mixture of Z and E
stereoisomers 2b in a ratio of 80:20 (Table 4, entry 2). The
formation of a mixture of geometrical isomers and the faster
reaction with more nucleophilic vinylsilanes are consistent
with an addition ± elimination pathway via a carbocationic
intermediate. However, the experimental results could not
rule out the possibility of a single electron transfer mecha-
nism. If two equivalents of Selectfluor are used, the vicinal
difluoroamides are formed in good yields by a Ritter-type
fluoro-functionalisation with acetonitrile. This type of reac-
tion could not be applied to poorly activated vinylsilanes since
the primary product of the reaction, the fluoroalkene failed to
react further (Table 4, entries 3 and 4). The product outcome
is different if these reactions are carried out in the presence of
a nucleophilic solvent. In a mixture of MeOH/CH3CN 1:1, the


Table 1. Fluorodesilylation of aryltrimethylsilanes with CH3CO2
18F and


[18F]F2.


SiMe3
18 F


R R (I)


18 F


R (II)


18 F+


R Conditions Radiochemical yield [%]
(I) (II)


H � 78 �C, [18F]2 24.5 4.0
H 25 �C, CH3CO2[18F] 10.0 5.9
Me � 78 �C, [18F]2 27.9 2.5
OMe � 78 �C, [18F]2 21.3 18.6


Table 2. Elemental fluorination of 4-fluorophenyltrimethylsilane.


F


SiMe3


F


F


F


F


F


F
SiMe3 F


(I) (II) (III)(IV)


10% F2/N2


-78oC
+ +


Fluorination conditions (I) (II) (III) (IV)


CFCl3/MeOH (10%) 31 12 2 3
CFCl3/CH2Cl2/MeOH (10%), 1 equiv BF3 ¥MeOH 43 12 5 6
CFCl3/MeOH (10%), BF3 ¥ 2CH3COOH 50 15 4 5


Table 3. The effect of substitutents on fluorodesilylation with XeF2.


SiMe3


R


F


R


SiMe3


R


F


R


F


F


F F


(II) (III) (IV) (V)


XeF2, C6F6


18oC, 1h
+ + +


R (II) (III) (IV) (V)


tBu 86.3 7.6 6.1 ±
Cl 82.1 11.5 6.4 ±
OMe 61.4 38.6 0 ±
H 65.2 0 0 34.8
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difluorinated methyl ethers are obtained in good yields while
in aqueous acetonitrile (H2O/CH3CN 1:1), acceptable yields
of the expected difluoromethyl alcohols could be isolated
(Table 4, entries 4 and 6). In addition, the same authors have
applied the concept of electrophilic fluorodesilylation of
vinylsilanes to the preparation of bis-fluorinated tetrahydro-
furan 6 and tetrahydropyran 7 derivatives which are difficult
to access by other means (Table 4, entries 6 and 7).


These preliminary studies on the possibility of cleaving a
Si�C bond by a fluorodesilylation process are promising.
Future work could aim to apply the concept of fluorodesily-
lation to other silane derivatives and to better understand the
mechanism of these transformations.


Electrophilic fluorodesilylation of silyl enol ethers (cleavage
of Si�O bonds): The electrophilic fluorodesilylation of silyl
enol ethers as an alternative to the use of metal enolates is a
common methodology for obtaining �-fluoro carbonyl com-
pounds. By themselves, silyl enol ethers are much weaker
nucleophiles than enolates. However, preformed silyl enol
ethers react with a wide range of electrophilic fluorinating
reagents.[14] Early examples involved the use of hypofluorites
and elemental fluorine but only moderate yields of product
were obtained. The electrophilic fluorodesilylation of silyl
enol ethers using XeF2 has been investigated in detail by
Ramsden et al.[15] These studies have revealed that several
products are formed including the desired �-fluoro ketone
and the nonfluorinated ketone. The ratio of these two
products is dependent on the structures of individual silyl


enol ethers and the conditions. The formation of the observed
products is consistent with a mechanism involving single
electron transfer (SET) giving a radical cation as the key
intermediate (Table 5 and Scheme 1).


R1


R2


OTMS


R1


R2


O
Si


H


R1


R2


OTMS


R1


R2


O
Si


H


R1


R2


OTMS
F


F-


F-


R1


R2


O
H


R1


R2


O
FSET


+


.
FXeF -. +


+


.
.+


Scheme 1. Reaction and mechanism of acyclic TMS enol ethers with XeF2.
TMS� trimethylsilyl.


N�F type reagents have also been studied and selected
examples are presented in Table6.[16] These studies have
shown that the chemical yields of the expected fluoro-
carbonyl derivatives are dependent both on the reagent
employed and the substrate. As expected, prolonged reaction
times at room temperature are required for the fluorination of
silyl enol ethers with N�F reagents such as NFSi or NFOBS.
In contrast to these neutral reagents, the higher reactivity of
the N�F ammonium salts, including Selectfluor and its
derivatives orN-fluoropyridinium salts, allows these reactions
to be carried out at lower temperatures. It is therefore not
surprising that recently, new chiral N-fluoroammonium salts
were synthesised and used successfully for the preparation of
enantiomerically enriched fluorinated carbonyl derivatives
from silyl enol ethers.[17] Two groups have independently
reported new N-fluoroammonium salts derived from cincho-
na alkaloids. Takeuchi and co-workers developed a practical
approach to enantioselective fluorination that has been
applied to cyclic silyl enol ethers.[18] The active fluorinating
species generated in situ from Selectfluor and readily
available cinchona alkaloid derivatives, reacts at �20 �C or
�50 �C with a series of substituted silyl enol ethers derived
from indanone and tetralone. Yields ranging between 71%
and 99% and enantiomeric excesses up to 91% are obtained
(Scheme 2).


Simultaneously, Cahard and co-workers reported the syn-
thesis of a series of preformed cinchona alkaloid ammonium
salts (Scheme 2).[19] In contrast to Takeuchi et al. , they have
used their reagents mainly for the fluorination of cyclic metal
enolates but they also successfully fluorinated the trimethyl
silyl enol ether of 2-methyl-1-tetralone at �40 �C with a


Table 4. Fluorodesilylation of vinylsilanes with Selectfluor.


Substrate Product Method[a] Yield [%][b]


(conversion [%])[c]


1 Ph SiMe3
1a


Ph F
2a


A 32 (47)
Z :E 65:35


2 nC6H13 SiMe3


1b


nC6H13 F
2b


A (45)
Z :E 80:20


3 Ph SiMe3
1a Ph F


FMeCONH


3a
B 70 (74)


4 nC6H13 SiMe3


1b
nC6H13 F


MeCONH F


3b


B 0


5 Ph SiMe3
1a Ph F


FMeO


4a


C 75 (82)


6 Ph SiMe3


1a Ph F


FHO


5a


D 45 (46)


7
Ph SiMe3


HO n


n=3 or 4 OPh


F


F
n


B 6 (n� 1) 62


7 (n� 2) 48


[a] Method A: 1 equiv Selectfluor, CH3CN, rt; Method B: 2.5 equiv
Selectfluor, CH3CN, rt; Method C: 2.5 equiv Selectfluor, MeOH/CH3CN,
RT; Method D: 2.5 equiv Selectfluor, H2O/CH3CN, RT. [b] Chemical yield
after column chromatography. [c] Evaluated by GC/MS.


Table 5. Reaction and mechanism of cyclic TMS enol ethers with XeF2.


OSiMe3 O O


F
+ +     other


n n n


(I) (II) (III)


Solvent Yield [%] Yield [%] Yield [%]
(I) (II) (III)


n� 1 CH3CN 100 0 0
n� 2 CH3CN 100 0 0
n� 2 CFCl3 55 8 37
n� 2 C6F6 56 0 44
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H
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H


OH
F


BF4
-


OTMS O


R
F
R


Me


Method A: 9, NaOH, THF, -40oC, 93% yield, 61% ee
Method B: Selectfluor, 8, CH3CN, -20oC, 94% yield, 42% ee


+


R = Bn,  99% yield, 89% ee
R = Me, 93% yield, 54% ee
R = Et, 99% yield, 73% ee


8


9


Selectfluor, 8


CH3CN, -20oC


Method A or B


Scheme 2. Enantioselective fluorination of TMS enol ethers with quater-
nary N-fluoroammonium salts.


chemical yield of 93% and an enantiomeric excess of 61%.
Under similar conditions, the fluorination of the correspond-
ing metal enolate gave the expected product with a higher
chemical yield (96%) but a lower enantiomeric excess (42%).
The authors conclude that the approach involving silyl enol
ethers is more promising and this is confirmed by the work of
Takeuchi. Another isolated example for the preparation of an
enantiomerically pure fluorinated carbonyl from a silyl enol
ether has been reported in 1998 by the group of Armstrong.[20]


He has shown that using Selectfluor, the fluorination of the
silyl enol ether obtained by desymmetrisation of N-ethoxy-
carbonyltropinone with a chiral lithium amide base gave the
expected fluorinated tropinone derivative with an unopti-
mised yield of 36% and an enantiomeric excess of 60%
(Scheme 3). This strategy has not been further developed.


Conclusion


The availability of mild sources of electrophilic fluorine,
including NF reagents allows the introduction of a fluorine


N
COOEt


NH HN


PhPh
PhPh


 BuLi, TMSCl, LiCl,


N
COOEt


O OTMS


N
COOEt


O


F


H


crude
36% yield
60% ee


Selectfluor


Scheme 3. Enantioselective desymmetrisation followed by electrophilic
fluorodesilylation.


atom at a late stage in a synthesis. Despite the current
mechanistic uncertainties for some of these electrophilic
fluorodesilylation processes, it appears that a door has been
opened for exciting and promising further development of this
new type of transformations including the use of allyl- and
propargylsilanes. Particularly, further development in asym-
metric electrophilic fluorodesilylation methodology including
the development of a catalytic strategy could potentially
provide direct access to a very diverse array of compounds
difficult to obtain by other means.
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Abstract: Attempts to prepare hetero-
bimetallic complexes in which 3d and
uranium magnetic ions are associated by
means of the Schiff bases H2Li derived
from 2-hydroxybenzaldehyde or 2-hy-
droxy-3-methoxybenzaldehyde were un-
successful because of ligand transfer
reactions between [MLi] (M�Co, Ni,
Cu) and UCl4 that led to the mononu-
clear Schiff base complexes of uranium
[ULiCl2]. The crystal structure of
[UL3Cl2(py)2] [L3�N,N�-bis(3-methoxy-
salicylidene)-ethylenediamine; py�
pyridine] was determined. The hexaden-
tate Schiff base ligand N,N�-bis(3-hy-
droxysalicylidene)-2,2-dimethyl-1,3-pro-


panediamine (L) was useful for the
synthesis of novel trinuclear complexes
of the general formula [{ML(py)}2U]
(M�Co, Ni, Zn) or [{CuL(py)}M�{CuL}]
(M��U, Th, Zr) by reaction of
[M(H2L)] with [M�(acac)4] (acac�Me-
COCHCOMe). The crystal structures of
the Co2U, Ni2U, Zn2U, Cu2U, and Cu2Th
complexes show that the two ML frag-
ments are orthogonal, being linked to
the central actinide ion by the two pairs


of oxygen atoms of the Schiff base
ligand. In each compound, the UO8 core
exhibits the same dodecahedral geome-
try, and the three metals are linear. The
magnetic study indicated that the two
Cu2� ions are not coupled in the Cu2Zr
and Cu2Th compounds. The magnetic
behavior of the Co2U, Ni2U, and Cu2U
complexes was compared with that of
the Zn2U derivative, in which the para-
magnetic 3d ion was replaced with the
diamagnetic Zn2� ion. A weak antifer-
romagnetic coupling was observed be-
tween the Ni2� and the U4� ions, while a
ferromagnetic interaction was revealed
between the Cu2� and U4� ions.


Keywords: actinides ¥
heteropolynuclear complexes ¥ ions
¥ magnetic properties ¥ N,O ligands


Introduction


The objective of this work was to design and synthesize novel
heterobimetallic compounds, in which 3d and uranium
magnetic ions are in close proximity, and to determine the
nature, antiferro- or ferromagnetic, of the exchange inter-
action between these ions.


Since the discovery, in 1985, of ferromagnetic coupling in
Cu2Gd complexes,[1] many studies have been devoted to such
compounds of the lanthanides (Ln) in order to understand the
basics of the interaction of the 3d and 4f ions and to develop
the molecular approach to magnetic materials with controlled
and tunable properties.[2] In contrast, virtually nothing is
known about the magnetic behavior of molecular compounds
containing simultaneously 3d and 5f ions, even though
interesting magnetic properties should be anticipated, since
the f electrons for the actinide ions are less shielded than they
are for the lanthanide ions. This situation can be explained by
two facts.


Magnetic properties of the most accessible uranium(��)
complexes (Th4� is diamagnetic) are difficult to analyze
because this 5f2 ion possesses a first-order orbital momentum,
which prevents the use of a spin-only Hamiltonian for the
description of the spectrum of the low-lying states;[3] the
temperature dependence of �MT (�M being the molar mag-
netic susceptibility and T the temperature) is due to both the
thermal population of the excited states and the exchange
interaction. It is for the same reason, that is, the lack of a
general theoretical model to describe the magnetic suscept-
ibility �M of a Ln3� ion in its ligand field, that the magnetic
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studies on 3d ± 4f complexes were at first essentially limited to
the case in which the lanthanide(���) ion is the isotropic
gadolinium(���), which has an 8S7/2 single-ion ground state
without first-order orbital momentum; in these complexes,
the 3d ion is usually Cu2�,[1, 4±6] but it can also be Co2�, Ni2�,
Fe3�, and the vanadyl ion VO3�.[7] Magnetic studies on CuLn
complexes other than those of Gd have been rather scarce.[8]


However, the problem of the spin-orbit coupling of the 4f ions
was overcome by the empirical approach, proposed in 1998, in
which one compares the magnetic properties of a 3d ±
4f complex with those of an isostructural derivative in which
the paramagnetic ion, that is, Cu2�, has been replaced with a
diamagnetic ion, that is, low-spin Ni2� or Zn2�.[9, 10] For this
latter compound, that is, the ZnLn compound, the deviation
of �M with respect to the Curie law reflects the sole thermal
population of the f ion Stark levels, and by transferring this
information to the magnetic properties of the former 3d ±
4f complex, that is, the CuLn complex, it is possible to
determine the nature of the exchange interaction. This
method, which was applied to two series of CuLn[10] and
Cu3Ln2


[9] compounds, is clearly transposable to uranium
complexes, as demonstrated in this paper.


The other reason for the lack of magnetic studies on
molecular 3d ± 5f complexes that is obviously related to the
first one, is the scarcity of such compounds, which are
interesting from a magnetic point of view; most of these
complexes are organometallics with the 3d ion diamagnetic.[11]


Very recently, the MnU compound [K2Mn(C2O4)4U] ¥ 9H2O
was synthesized, but no magnetic coupling was detected in
this three-dimensional network of paramagnetic units.[12] A
large number of 3d ± 4f compounds have been synthesized
with the aid of Schiff bases as dinucleating ligands, and we
have considered this approach for the preparation of hetero-
polymetallic complexes containing both 3d and uranium ions,
although U3� and U4� complexes with Schiff base ligands were
quite uncommon.[13±15]


Here we report the synthesis, crystal structures, and
magnetic behavior of trinuclear complexes of the general
formula [{ML(py)}2U] (M�Co, Ni, Zn; py� pyridine) or
[{CuL(py)}M�{CuL}] (M��U, Th, Zr), in which the three
metals are held together in a linear fashion by the hexadentate
Schiff base ligand N,N�-bis(3-hydroxysalicylidene)-2,2-di-
methyl-1,3-propanediamine (L).[16]


Results and Discussion


Synthesis and characterization of the complexes : Difficulties
were encountered in the choice of the Schiff base ligand for
the association of the 3d transition metal and uranium ions.
Our first synthetic approaches relied on the stepwise com-
plexation of Schiff base ligands derived from 2-hydroxybenz-
aldehyde (H2Li in Scheme 1, with i� 1, 2), which have been
largely used as associating ligands for the synthesis of
molecular 3d ± 4f compounds. In particular, L1 (commonly
called salen) is found in the trinuclear complex
[(CuL1)2Gd(H2O)3]3� which was prepared by reaction of
[CuL1] with Gd(ClO4)3; it is this complex, which permitted the
discovery of the ferromagnetic interaction between the Cu2�
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Scheme 1. The Schiff bases H2Li (i� 1 ± 5) and H4Li (i� 6, 7).


and Gd3� ions.[1] Replacement of Gd(ClO4)3 with GdX3 (X�
NO3, CF3COCHCOCF3) in the above reaction led to the
formation of the binuclear compounds [(CuL1)GdX3], which
also exhibit a ferromagnetic coupling.[5] Moreover, treatment
of [NiL1] with UCl4 in dichloromethane was reported to give
an insoluble orange precipitate, the elemental analyses of
which are in agreement with the formula [(NiL1)UCl4].[14] In
contrast to these results, we found that reactions of [ML1]
(M�Co, Ni, Cu) with UX4 (X�Cl, OSO2CF3) in THF did not
afford the complexes [(ML1)UX4], by addition through the
oxygen atoms of the salicylidene groups, but gave invariably
the uranium compound [UL1X2(thf)2][14] with elimination of
MX2 (Scheme 2). Further reaction of [UL1Cl2(thf)2] with
[CoL1] did not give the adduct [(CoL1)UL1Cl2] either, but led
to the formation of [U(L1)2].[14] The same observations were
made when L1 was replaced with the homologue L2.
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Scheme 2. Ligand transfer reactions between [MLi] and UX4 or
[ULiX2(thf)2].


The hexadentate Schiff bases H2Li (i� 3 ± 5, Scheme 1)
were then considered for the synthesis of the binuclear
complexes [(MLi)UCl4] with the idea that the uranium ion
would be stabilized by the two chelating methoxy groups at
the 3-position of the salicylidene fragments. These Schiff bases
possess two distinct cavities, the internal N2O2 cavity, which is
adequate for the complexation of the 3d ion, and the external
O4 cavity, which is well suited for the f ion. Thus, the ligand L5


was used in the preparation of the CuGd complex,
[(CuL5Cl2)Gd(H2O)4]� , by reaction of [CuL5] with GdCl3; in
that case, migration of chloride ligands from Gd to Cu was
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found to occur.[6] However, reactions of [MLi] (i� 3 ± 5) with
UCl4 in THF afforded, here again, the mononuclear com-
pounds [ULiCl2(thf)2] resulting from the displacement of the
3d ion out of the N2O2 cavity of the Li ligand (Scheme 3).
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Scheme 3. Ligand transfer reactions between [MLi] (i� 3 ± 5) and UCl4.


Such ligand transfer reactions between Schiff base com-
plexes of main group or transition metals and metal halides
have already been encountered. For example, treatment of
[Co(acen)] (acen�N,N�-ethylenebis(acetylacetoneiminate))
or [ML1] (M� Sn, Ge) with TiCl4 gave [Ti(acen)Cl2] and
[TiL1Cl]� , respectively.[17, 18] These exchange reactions of
Schiff base complexes [MLi] with M�Xn species very probably
proceed by the initial formation of the adduct [(MLi)M�Xn] (A
in Scheme 4), followed by migration of X fromM� to M to give
the intermediate (B), which is itself transformed into
[(M�LiXn�2] (C) with elimination of MX2.[18] Compound B
would be isolated in certain cases, as illustrated by the
aforementioned complex [(CuL5Cl2)Gd(H2O)4]� .[6] The out-
come of the reaction of [MLi] with M�Xn and the relative
stability of compounds A, B, and C are not always easily
predictable as they are determined by a variety of factors: the
nature and oxidation state of the metals, the coordinating
ability of X and its affinity for M or M�, the polarity, and
coordinating properties of the solvent, and the structure of the
Schiff base, in particular the size of the heteroatom cavities.


The compounds [ULiCl2(thf)2] (i� 1 ± 4) were found to be
identical to those obtained directly by treatment of UCl4 with
H2Li and were characterized by their 1H NMR spectra; the
signals corresponding to the N(CH2)xN fragment (x� 2 or 3)
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Scheme 4. Plausible mechanism for the ligand transfer reactions.


are visible in the low-field region (�70� ��� 60), while the
resonances of the aromatic and imino protons appear in the
high-field region (20� �� 80). The green product resulting
from the reaction of UCl4 with either H2L5 or [ML5] is
insoluble in common organic solvents and was not further
characterized. The pyridine adduct [UL3Cl2(py)2] was ob-
tained by substitution of the THF ligands of [UL3Cl2(thf)2],
and green crystals were suitable for X-ray diffraction analysis.
The crystal structure, shown in Figure 1 together with selected


Figure 1. X-ray crystal structure of [UL3Cl2(py)2] (ellipsoids drawn at the
10% probability level). Selected bond lengths (ä) and angles (�): U1�O1
2.152(10), U1�O2 2.197(11), U1�N1 2.598(13), U1�N2 2.647(12), U1�N3
2.661(11), U1�N4 2.708(11), U1�Cl1 2.755(3), U1�Cl2 2.707(4);
O1�U1�O2 155.6(3), O1�U1�N1 69.8(4), O2�U1�N2 70.1(4), N1�U1�N2
65.2(5), N3�U1�N4 65.5(4), Cl1�U1�Cl2 147.95(12).


bond lengths and angles, resembles that of [UL1Cl2(thf)2],[15]


the only other Schiff base complex of uranium(��) to have
been crystallographically characterized. The uranium atom is
in a dodecahedral environment defined by the two orthogonal
trapezia O1O2N1N2 and Cl1Cl2N3N4. The U�O and U�N
bond lengths in the L3 ligand average 2.17(2) and 2.62(3) ä,
respectively, and compare well with the corresponding values
of 2.15(4) and 2.62(4) in [UL1Cl2(thf)2]; the O�U�O, N�U�N,
and O�U�N angles are also quite similar in both complexes,
with mean values of 155.6(3), 65.2(5), and 69.95(10)� (L3), and
154.8(8), 62.4(15), and 71.8(14)� (L1). As noted in
[UL1Cl2(thf)2], the U�Cl bond lengths of 2.707(4) and
2.755(3) ä are significantly longer, by 0.15 ä, than those
usually found in uranium(��) chloride complexes, and the
Cl1�U�Cl2 angle of 147.95(12)� is close to the value of
155.6(3)� for the O1�U�O2 angle. The U�N(py) bond lengths
are unexceptional, and the N3�U�N4 angle of 65.5(4)� is
identical to the N1�U�N2 angle.


Since addition of the complexes [MLi] (i� 1 ± 5) to UX4 did
not afford the expected compounds [(MLi)UX4] but gave the
mononuclear species [ULiX2] resulting from substitution of M
for U, we pursued our studies by considering the Schiff bases
H4Li (i� 6,7) with the hope that the complexes [(MLi)UX2],
which could be synthesized by reacting [M(H2Li)] with UX4,
would be stable enough towards ligand transfer reactions; in
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this case, the uranium atom is fixed inside the external O4


cavity by two � bonds with the phenoxide oxygen atoms at the
3-position of the salicylidene fragments. The Schiff base H4L6


was used to prepare a series of CuGd complexes of the
general formula [CuX3(H2L6)Gd] ¥ 2H2O (X�Cl, NO3, ClO4,
CH3CO2)[19] and the CuY compound [(CuL6)Y(NO3)(Me2-
SO)]2;[20] only this latter compound has been crystallograph-
ically characterized. Synthesis of CuLn and NiLn complexes
with the hexadentate Schiff base H4L7 was reported without
experimental details.[21] Preliminary NMR experiments were
carried out with the cobalt derivatives [Co(H2L6)] and
[Co(H2L7)]. Reaction of [Co(H2L6)] with UCl4 in THF led,
here again, to the displacement of the cobalt ion and
formation of the uranium complex [U(H2L6)Cl2], the
1H NMR spectrum of which is similar to that of the [ULiCl2]
compounds. Treatment of [Co(H2L6)] with [U(acac)4] in THF
gave a precipitate, which was not identified. Reaction of
[Co(H2L7)] with UCl4 in pyridine afforded a brown powder,
the elemental analyses of which are in agreement with the
formula [(CoL7)UCl2(py)2]; however, the product could not
be further characterized because of its insolubility in organic
solvents. It is possible that this complex possesses a higher
nuclearity due to di- or oligomerization of the initially formed
dinuclear compound. Such dimerization of similar heterodi-
nuclear compounds has already been observed, for example
with the aforementioned CuY complex, [(CuL6)Y(NO3)(Me2-
SO)]2, obtained by treating [Cu(H2L6)] with Y(NO3)3.[20] The
distinct reactions of UCl4 with [Co(H2L6)] and [Co(H2L7)]
clearly revealed that the length of the bridging chain between
the nitrogen atoms of the Schiff base has a great influence on
the nature of the products.


Eventually, reaction of [Co(H2L7)] with [U(acac)4] in THF
afforded a red precipitate, which could be dissolved in
pyridine, and red microcrystals were deposited when the
solution was heated under reflux. Only 0.5 equivalents of
[U(acac)4] were necessary for the total conversion of
[Co(H2L7)], and this indicated that a trinuclear complex
would be formed by chelation of a central uranium atom with
two metalloligands [Co(H2L7)] (Scheme 5). Green (M�Ni,
Cu) or orange (M�Zn) compounds were obtained in the
same way when [Co(H2L7)] was replaced with the nickel, the
copper, and also the diamagnetic zinc analogue. Their
elemental analyses correspond to the formula [(ML7)2U] ¥
2py (M�Co, Cu, Zn) or [(ML7)2U] ¥ 3py (M�Ni). All the
complexes have been characterized by their 1H NMR spectra,
which are similar and exhibit six resonances in a 3:2:1:1:1:1
intensity ratio, corresponding to equivalent L7 ligands; the
most shifted signal at approximately �� 100 and 400 are
attributed to the methylene and imino protons of the
CH2N�CH fragment, which are the closest to the para-
magnetic 3d ion. The paramagnetic U4� ion in these com-
plexes could be changed for the diamagnetic Zr4� or Th4� ion.
Thus, treatment of [Cu(H2L7)] with [Th(acac)4] gave green
crystals of [(CuL7)2Th] ¥ 2py, whereas a red (M�Co) or green
(M�Cu) microcrystalline powder of [(ML7)2Zr] was ob-
tained by reaction of [M(H2L7)] with [Zr(acac)4]. These
compounds were characterized by their elemental analyses;
the 1H NMR spectra could be observed only for the Co2Zr
compound.
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Scheme 5. Synthesis of the M2U complexes.


The Schiff base H4L7 was thus found to be appropriate for
the synthesis of a series of trinuclear MII


2 M�IV complexes (M�
Co, Ni, Cu, Zn and M��U; M�Cu and M��Zr, Th) by
reaction of the metalloligand [M(H2L7)] with [M�(acac)4].
These are unique examples of trinuclear complexes with a
hexadentate Schiff base ligand. It is likely that their formation
proceeded via the binuclear intermediate [(ML7)M�(acac)2],
which rapidly reacted with a second molecule of the metal-
loligand to give the trinuclear product.


X-ray crystal structures of the M2U (M�Co, Ni, Cu, Zn) and
Cu2Th complexes : The crystal structures of [{ML(py)}2U]
(M�Co,[16] Zn), [{NiL(py)}2U] ¥py, and [{CuL(py)}An-
{CuL}] ¥ 2py (An�U, Th) have been determined (hereafter,
the ligand L7 is called L). The Co2U, Ni2U, and Zn2U
compounds are isostructural, as well as the Cu2U and Cu2Th
complexes. The crystal structures of [{NiL(py)}2U] and
[{CuL(py)}U{CuL}] are shown in Figure 2 and Figure 3,
respectively; selected bond lengths and angles are listed in
Table 1. All the complexes are built up by two LM units, which
are linked to the central actinide ion by two pairs of oxygen
atoms: the phenoxide oxygen atoms at the 3-position of the
L ligand (O1, O4, and O5, O8) and the oxygen atoms of the
salicylidene fragment (O2, O3 and O6, O7), which are in
bridging positions between the 3d and An ions. The An atom
is therefore found in a dodecahedral arrangement defined by
the two orthogonal trapezia (O1O2O3O4 and O5O6O7O8).
The equivalent sites A and B of the dodecahedron are
occupied by the bridging and terminal oxygen atoms, respec-
tively. The orthogonal arrangement of the two ML moieties
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Figure 2. X-ray crystal structure of [{NiL(py)}2U] (ellipsoids drawn at the
10% probability level).


Figure 3. X-ray crystal structure of [{CuL(py)}U{CuL}] (ellipsoids drawn
at the 20% probability level).


around the central uranium ion is rather exceptional; it has
been encountered very recently in the compound
[(NiL4)2Na]� , prepared by addition of NiL4 to NaI.[22] The
dodecahedral geometry of the UO8 core, although less
common than the square antiprismatic arrangement of the
tetrakis(�-diketonato) actinide complexes, is classical; it has
been found, for example, in the tetrakis(salicylaldehydato)
compounds of thorium and uranium.[23] In the M2U com-
pounds, the U�O(bridging) bond lengths range from
2.413(11) to 2.455(6) ä with a mean value of 2.43(3) ä,
whereas the U�O(terminal) bond lengths vary from 2.271(9)
to 2.325(7) ä and average 2.30(3) ä. These distances are
slightly longer in the thorium complex, 2.38(1) and 2.48(8) ä,
and this reflects the difference in the ionic radii of Th4�


(1.05 ä) and U4� (1.00 ä).[24] The ratio of the mean
U�O(bridging) and U�O(terminal) bond lengths is equal to
1.06, close to the value of 1.03 in the ideal dodecahedron. The
O(bridging)�An�O(bridging) angles vary from 164.1(4) to
172.9(3)�, with a mean value of 167(6)�, and the O(termi-
nal)�An�O(terminal) angles lie between 57.7(2) and 61.1(3)�
and average 59(2)� ; the corresponding values in the ideal
dodecahedron are 147 and 70�. The 3d ion is found, in all
complexes, inside the cavity formed by the two nitrogen and
two bridging oxygen atoms of the Schiff base ligand. In the
Co2U, Ni2U, and Zn2U complexes, a pyridine molecule is
attached to each 3d ion, which adopts a square pyramidal
coordination mode, and the 3d ion is displaced from the N2O2


base towards the axial pyridine ligand by a distance of 0.38(2),
0.29(1), and 0.45(2) ä, respectively. Only one Cu2� ion
coordinates a pyridine molecule in the Cu2An compounds;
the other ion is in a square planar configuration. In all
complexes, the three metal centers are almost linear with
M�An�M angles lying between 170.9(3) and 177.27(3)�, and
the M�An distances range from 3.640(7) to 3.70(2) ä. Such
molecular compounds, in which an f element is associated
with two d transition metals, are quite rare and, with the
exception of the Cu2U complex, [{(PPh3)Cu(SPh)3}2U],[11h] the
three metal centers in these complexes are not linear. The
compounds [{ML(py)x}2U] are the only trinuclear compounds
which exhibit a linear arrangement of paramagnetic 3d and
5f ions. It is important for the magnetic studies that the
uranium ion adopts, in all these M2U complexes and in
particular the Zn2U derivative, the same dodecahedral con-
figuration. The coordination mode of the 3d ion, square
pyramidal or square planar depending on whether a pyridine
molecule is attached to it or not, has little influence on the
dodecahedral arrangement of the eight oxygen atoms around
the central U4� ion; the corresponding U�O bond lengths and
O�U�O angles in the complexes [{CuL(py)}U{CuL}] and
[{ZnL(py)}2U] vary at the most by a value of 0.05 ä and 5�,
respectively (Table 1). The intermetallic distances between
two distinct molecules are larger than 6.5 ä, so that the
trinuclear entities may be considered to be magnetically
isolated.


Magnetic studies : The magnetic behavior of the Cu2U, Cu2Th,
and Cu2Zr complexes is shown in Figure 4 in the form of �MT
versus T. For the Cu2Th and Cu2Zr compounds, �MT is
essentially constant and equal to 0.77 cm3Kmol�1, a value


Table 1. Selected bond lengths [ä] and angles [�] in the trinuclear complexes.


Co2U Ni2U Zn2U Cu2U Cu2Th


An�O1 2.325(7) 2.324(8) 2.271(9) 2.319(6) 2.395(7)
An�O2 2.450(8) 2.413(11) 2.430(8) 2.434(6) 2.477(7)
An�O3 2.455(6) 2.429(8) 2.433(10) 2.433(6) 2.477(8)
An�O4 2.286(7) 2.316(8) 2.311(10) 2.310(6) 2.361(7)
An�O5 2.333(8) 2.321(8) 2.321(10) 2.312(6) 2.376(7)
An�O6 2.457(7) 2.434(8) 2.439(9) 2.465(6) 2.512(8)
An�O7 2.459(8) 2.432(10) 2.463(12) 2.453(6) 2.484(7)
An�O8 2.316(7) 2.312(7) 2.325(8) 2.274(6) 2.327(8)
M1�O2 2.013(8) 2.004(10) 2.033(9) 1.947(6) 1.951(8)
M1�O3 1.991(7) 1.971(8) 2.040(12) 1.952(6) 1.967(7)
M1�N1 2.050(9) 2.018(11) 2.085(12) 1.983(8) 1.966(9)
M1�N2 2.070(9) 2.002(10) 2.058(12) 1.992(7) 1.994(10)
M1�N5 2.143(9) 1.990(12) 2.114(13) 2.293(8) 2.311(9)
M2�O6 1.988(7) 1.966(9) 2.016(10) 1.925(6) 1.931(7)
M2�O7 1.997(7) 1.987(10) 2.027(11) 1.912(6) 1.929(8)
M2�N3 2.098(9) 2.038(10) 2.122(12) 1.976(7) 1.972(10)
M2�N4 2.036(10) 2.016(10) 2.061(12) 1.970(8) 1.979(9)
M2�N6 2.042(10) 2.032(11) 2.03(2)
O1�An�O4 167.5(3) 164.1(4) 167.0(3) 168.4(2) 171.6(3)
O2�An�O3 60.4(2) 61.1(3) 60.6(3) 59.5(2) 59.0(2)
O5�An�O8 165.3(3) 166.4(3) 165.0(4) 170.2(2) 172.9(3)
O6�An�O7 60.4(2) 60.5(3) 60.8(3) 58.2(2) 57.7(2)
M1�O2�An 111.3(3) 110.4(4) 112.5(4) 111.6(3) 111.8(3)
M1�O3�An 111.9(3) 110.9(3) 112.1(5) 111.4(3) 111.3(3)
M2�O6�An 110.7(3) 111.8(3) 111.1(4) 111.8(3) 111.9(3)
M2�O7�An 110.2(3) 111.1(4) 109.8(5) 112.8(3) 113.1(3)
M1�An�M2 171.84(2) 172.28(3) 170.9(3) 177.27(3) 176.97(3)
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Figure 4. Thermal dependence of �MT for the Cu2U (�), Cu2Th (�), and
Cu2Zr (�) compounds.


close to that expected for two noninteracting Cu2� ions. The
�MT product for the Cu2U complex is equal to 1.7 cm3Kmol�1


between 300 and 100 K and then decreases with the temper-
ature to reach the value of 0.8 cm3Kmol�1 at 2 K. The curves
of �MT versus T for the Zn2U and Cu2U complexes (Figure 5)


Figure 5. Thermal dependence of �MT for the Cu2U (�) and
Zn2U (�) compounds.


are roughly parallel between 300 and 100 K, and the differ-
ence �(�MT)� (�MT)(Cu2U)� (�MT)(Zn2U) is equal to ap-
proximately 0.8 cm3Kmol�1. Below 100 K, this difference,
which is represented in Figure 6, increases as T is lowered to
reach a maximum value of 0.95 cm3Kmol�1 at 10 K, and then
drops to 0.8 cm3Kmol�1 at 2 K. At this temperature, the field
dependence of the difference �M�M(Cu2U)�M(Zn2U), M
being the magnetization, closely follows the Brillouin function
for two noninteracting Cu2� ions with S� 1/2 (Figure 7).


Figure 6. Thermal dependence of �(�MT)� (�MT)(Cu2U)� (�MT)(Zn2U).


Together these experiments indicate that:
1) no Cu�Cu interaction through ZrIV or ThIV is detected,


from which it can be inferred that the same situation holds
for UIV.


2) the 3H4 level of UIV is split by crystal field effects in such a
manner that no Curie law is observed for the Zn2U
compound.


3) the increase of the difference �(�MT)� (�MT)(Cu2U)�
(�MT)(Zn2U) when T decreases proves that a ferromag-
netic interaction exists between the Cu2� and U4� ions.
In our previous communication we suggested that the two


Cu2� ions could be coupled ferromagnetically through the
5f orbitals. This possibility does not seem to us likely now
since the ThIV derivative, that we specially prepared to check
this hypothesis, exhibits no coupling. We thus consider that
the coupling we observed occurs between the 3d unpaired
electron on Cu2� and the U4� 5f electrons. It is interesting to


Figure 7. Field dependence of �M�M(Cu2U)�M(Zn2U) at 2 K.
The solid line corresponds to the Brillouin function for two noninteracting
Cu2� ions.
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note that at low temperature, when U4� becomes diamag-
netic, the two Cu2� ions are magnetically isolated, as now
demonstrated by the magnetization curve of the Cu2U
compound at 2 K (Figure 7).


The dependence of �MT as a function of T for the Ni2U and
Co2U complexes, with the variation of �(�MT)�
(�MT)(M2U)� (�MT)(Zn2U) (M�Ni, Co), is represented in
Figure 8 and Figure 9, respectively. For M�Ni, �MT is equal


Figure 8. Thermal dependence of �MT for the Ni2U complex (�) and the
difference �(�MT)� (�MT)(Ni2U)� (�MT)(Zn2U) (�).


Figure 9. Thermal dependence of �MT for the Co2U complex (�) and the
difference �(�MT)� (�MT)(Co2U)� (�MT)(Zn2U) (�).


to 2.9 cm3Kmol�1 at room temperature and decreases con-
tinuously as T is lowered to reach 0.5 cm3Kmol�1 at 2 K. The
profile of the �MT versus T curve is similar for M�Co, with
values of 6.3 and 3.1 cm3Kmol�1 at 300 and 2 K, respectively.
The difference �(�MT) decreases as T is lowered. For M�Ni,
the value of 2 cm3Kmol�1 at 300 K is close to that expected
for two independent Ni2� ions (S� 1). However, it was not
possible to reproduce the decrease of �(�MT) by a zero-field
effect on Ni2� ; in fact, the data start to decrease from room


temperature, and this is incompatible with a zero-field effect.
This strongly suggests that an antiferromagnetic coupling
exists between the Ni2� and U4� ions. For M�Co, the value of
the difference �(�MT) of 5.3 cm3Kmol�1 at room temperature
is compatible with that for two isolated high-spin Co2� ions
(S� 3/2). High-spin Co2� in an octahedral field has a
degenerate 4T1g ground state for the orbitals, and the Curie
law is then not obeyed.[25] For a tetragonally distorted Co2� ion
as is the case here, �MT is approximately equal to
2.5 cm3Kmol�1 at 300 K and goes to 1.7 cm3 Kmol�1 at low
temperature, with the corresponding values of 5.0 and
3.4 cm3 Kmol�1 determined for two Co2� ions. The low-
temperature value of �(�MT) is in agreement with that last
value but it is very difficult to come to a conclusion about the
absence or presence of coupling between the Co2� and U4�


ions from this crude analysis.
It thus appears that the coupling in the Ni�U pair is


antiferromagnetic and ferromagnetic in the Cu�U pair. It is
too early to rationalize these differences. Other heterobime-
tallic compounds associating 3d and uraniummagnetic ions, in
particular strictly dinuclear complexes, have to be prepared
and studied before reaching an understanding of the inter-
action between 3d and 5f electrons.


Conclusion


The use of an hexadentate bicompartmental Schiff base ligand
permitted the synthesis of the first complexes, in which an
uranium(��) ion is located between two paramagnetic divalent
metallic ions. These are unique molecular compounds exhib-
iting a linear arrangement of an f element and two d transition
metals. The crystal structures of the homologous M2U
compounds (M�Co, Ni, Cu, Zn) showed that the uranium
atom adopts the same dodecahedral configuration. Assuming
that the crystal field effects on uranium are the same in the
different complexes, we could apply the empirical approach
recently designed for determining the nature of the magnetic
interaction. Thus, comparison of the magnetic behavior of the
Cu2U, Cu2Th, Cu2Zr, and Cu2Zn compounds revealed that the
Cu2� and U4� ions are ferromagnetically coupled. On the
other hand, the Co�U pair was found to be weakly
antiferromagnetically coupled. The amazing ferromagnetic
coupling observed for the Cu�U pair, which cannot be
explained with a simple theory, has to be confirmed, in
particular by the study of discrete bimetallic Cu�U com-
plexes.


Experimental Section


General : All reactions were carried out under argon (�5 ppm oxygen or
water) by using standard Schlenk-vessel and vacuum-line techniques or in a
glove box. Solvents were dried by standard methods and distilled
immediately before use.


The 1H NMR spectra were recorded on a BrukerDPX200 instrument and
referenced internally by using the residual protio solvent resonances
relative to tetramethylsilane (�� 0, 20 �C). Magnetic susceptibility data
were collected by using a powdered sample of the compound with a
SQUID-based sample magnetometer Quantum designMPMS5. Elemental
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analyses were performed by Analytische Laboratorien at Lindlar
(Germany).


The Schiff bases H2Li (i� 1, 2,[25] 3,[26] 4,[27] and 5[6]) and H4Li (i� 6 and 7)[27]


were synthesized by published methods. The acac compounds [M(acac)2]
(M�Co, Ni, Cu, Zn) and [Zr(acac)4] ¥H2O (Aldrich) were used without
purification. The complexes [MLi] (i� 1 ± 5) and [M(H2Li)] (i� 6, 7) were
synthesized by reaction of H2Li or H4Li with 1 equiv [M(acac)2] in
THF. UCl4,[28] [U(OSO2CF3)4],[29] [U(acac)4],[30] [Th(acac)4],[30] and
[UL1Cl2(thf)2] and [U(L1)2][14] were prepared as previously reported.


Reactions of [ML1] (M�Co, Ni, Cu) with UCl4 : An NMR tube was
charged with [CoL1] (4.0 mg, 0.012 mmol) and UCl4 (4.6 mg, 0.012 mmol)
in [D2]dichloromethane (0.3 mL). No reaction was observed after refluxing
for 12 h. The solvent was evaporated off and replaced with [D8]THF. The
color of the solution turned immediately from orange to green, and the
spectrum showed the quantitative formation of [UL1Cl2(thf)2]; 1H NMR
([D8]THF): ���62.2 (s, 4H; CH2N), 32.5, 45.4, 46.1, 51.5 and 77.7 (s, 5�
2H; aromatic H and CH�N). Similar reactions of [NiL1] (6.4 mg,
0.020 mmol) or [CuL1] (6.6 mg, 0.020 mmol) with UCl4 (7.6 mg,
0.020 mmol) in [D8]THF (0.3 mL) also readily afforded [UL1Cl2(thf)2] in
quantitative yield.


Reaction of [NiL1] with [U(OSO2CF3)4]: An NMR tube was charged with
[NiL1] (3.3 mg, 0.010 mmol) and [U(OSO2CF3)4] (8.3 mg, 0.010 mmol) in
[D8]THF (0.3 mL). After 15 min at 20 �C, the spectrum of the green
solution showed the quantitative formation of [UL1(OSO2CF3)2(thf)2];
1H NMR ([D8]THF): ���63.3 (s, 4H; CH2N), 29.6, 46.2, 48.7, 54.5 and
72.3 (s, 5� 2H; aromatic H and CH�N).


Reaction of [CoL1] with [UL1Cl2(py)2]: An NMR tube was charged with
[CoL1] (3.2 mg, 0.010 mmol) and [UL1Cl2(py)2] (7.3 mg, 0.010 mmol) in
[D8]THF (0.3 mL). After 15 min at 20 �C, the spectrum of the green
solution showed the quantitative formation of [U(L1)2]; 1H NMR ([D5]pyr-
idine): ���38.3 (s, 4H; CH2N), 10.8, 11.5, 12.1, 14.5 and 15.7 (s, 5� 2H;
aromatic H and CH�N).


Reactions of [ML2] (M�Ni, Cu) with UCl4 : An NMR tube was charged
with [NiL2] (7.5 mg, 0.022 mmol) or [CuL2] (7.6 mg, 0.022 mmol) and UCl4
(8.6 mg, 0.022 mmol) in [D8]THF (0.3 mL). After 15 min at 20 �C, the
spectrum of the green solution showed the quantitative formation of
[UL2Cl2(thf)2]. This latter compound was also obtained from the reaction
of H2L2 and UCl4; 1H NMR ([D8]THF): ���67.6 (s, 4H; CH2N), �43.2 (s,
2H; CH2), 30.5, 43.2, 44.0, 52.5 and 72.5 (s, 5� 2H; aromatic H and CH�N).


Reaction of [CuL3] with UCl4 : An NMR tube was charged with [CuL3]
(7.4 mg, 0.020 mmol) and UCl4 (7.6 mg, 0.020 mmol) in [D8]THF (0.3 mL).
After 15 min at 20 �C, the spectrum of the green solution showed the
quantitative formation of [UL3Cl2(thf)2]. This latter compound was also
obtained from the reaction of H2L3 and UCl4; 1H NMR ([D8]THF): ��
�62.8 (s, 4H; CH2N), 24.2 (s, 6H; Me), 32.9, 45.7, 48.4, 52.9 (s, 4� 2H;
aromatic H and CH�N).


Reactions of [ML4] (M�Co, Ni, Cu) with UCl4 : An NMR tube was
charged with [ML4] (7.7 mg (Co), 7.7 mg (Ni), 7.8 mg (Cu), 0.020 mmol) and
UCl4 (7.6 mg, 0.020 mmol) in [D8]THF (0.3 mL). After 15 min at 20 �C, the
spectrum of the green solution showed the quantitative formation of
[UL4Cl2(thf)2]. This latter compound was also obtained from the reaction
of H2L4 and UCl4; 1H NMR ([D8]THF): ���70.9 (s, 4H; CH2N),�41.8 (s,
2H; CH2), 21.5 (s, 6H; Me), 31.3, 43.5, 44.3 and 55.2 (s, 4� 2H; aromatic H
and CH�N).


Reaction of [Co(H2L6)] with UCl4 : An NMR tube was charged with
[Co(H2L6)] (7.2 mg, 0.020 mmol) and UCl4 (7.6 mg, 0.020 mmol) in
[D8]THF (0.3 mL). After 15 min at 20 �C, the spectrum of the green
solution showed the quantitative formation of [U(H2L6)Cl2(thf)x]; 1H NMR
([D8]THF): ���60.9 (s, 4H; CH2N), 31.4, 43.4, 46.0 and 49.5 (s, 4� 2H;
aromatic H and CH�N).


Reaction of [Co(H2L7)] with UCl4 : A flask was charged with H4L7


(184.8 mg, 0.54 mmol) and [Co(acac)2] (138.8 mg, 0.54 mmol), and THF
(40 mL) was condensed in it. After 2 h at 20 �C, the solvent was evaporated
off, and this left the red powder of [Co(H2L7)]. UCl4 (205 mg, 0.54 mmol)
was introduced into the flask, and pyridine (40 mL) was condensed in it.
The reaction mixture was stirred for 2 h at 20 �C; the brown precipitate was
filtered off, washed with THF (20 mL), and dried under vacuum. The
product was found to be insoluble in organic solvents. Its elemental
analyses corresponded to the formula [(CoL7)UCl2(py)2]; elemental


analysis calcd (%) for C29H28CoCl2N4O4U (864): C 40.30, H 3.20, N 6.48,
Cl 8.20; found: C 40.68, H 3.27, N 6.12, Cl 8.13.


Synthesis of [{CoL7(py)}2U]: A flask was charged with H4L7 (306 mg,
0.9 mmol) and [Co(acac)2] (230 mg, 0.9 mmol), and THF (40 mL) was
condensed in it. The reaction mixture was stirred for 1 h at 20 �C, and the
red solution was evaporated to dryness, and this left the red powder of
[Co(H2L7)]. [U(acac)4] (283 mg, 0.44 mmol) was introduced into the flask,
and pyridine (40 mL) was condensed in it. The reaction mixture was stirred
for 2 h at 20 �C; the red precipitate was filtered off, washed with THF
(20 mL), and dried under vacuum. The precipitate was dissolved in the
minimum quantity of pyridine (ca. 10 mL). Red crystals were deposited
from the red solution upon heating for 12 h at 110 �C; these were filtered off
and dried under vacuum (441 mg, 84%). The 1H NMR spectrum was
recorded with the powder before crystallization from pyridine; 1H NMR
([D5]pyridine): ���11.8 (s, w1/2� 95 Hz, 12H; CH3), �2.4, 9.6 and 48.7 (s,
3� 4H; aromatic CH), 133 (s, w1/2� 200 Hz, 8H; CH2), 402 (s, w1/2�
160 Hz, 4H; CH�N); elemental analysis calcd (%) for C48H46Co2N6O8U
(1191): C 48.30, H 3.81, N 7.05; found: C 45.10, H 3.53, N 7.52.


Synthesis of [{NiL7(py)}2U] ¥ py: The Ni2U compound was synthesized by
using the same procedure as for the Co2U complex, starting from H4L7


(375.2 mg, 1.1 mmol), [Ni(acac)2] (282 mg, 1.1 mmol), and [U(acac)4]
(347.8 mg, 0.55 mmol). Green crystals (475 mg, 68%) were obtained by
crystallization from pyridine; 1H NMR ([D5]pyridine): ���4.6 (s,
w1/2� 135 Hz, 12H; CH3), 9.6, 10.7 and 46.5 (s, 3� 4H; aromatic CH),
102 (s, w1/2� 540 Hz, 8H; CH2), 409 (s, w1/2� 2500 Hz, 4H; CH�N);
elemental analysis calcd (%) for C53H51N7Ni2O8U (1267): C 50.20, H 4.0, N
7.73; found: C 50.28, H 4.11, N 7.95.


Synthesis of [{CuL7(py)}U{CuL7}] ¥ py: The Cu2U compound was synthe-
sized by using the same procedure as for the Co2U complex, starting from
H4L7 (200 mg, 0.58 mmol), [Cu(acac)2] (152 mg, 0.58 mmol), and [U(acac)4]
(185 mg, 0.29 mmol). Green crystals of [{CuL(py)}U{CuL}] ¥ 2py were
obtained by crystallization from pyridine; these were transformed into the
monosolvated Cu2U complex upon drying under vacuum (251 mg, 72%);
1H NMR ([D5]pyridine): ���7.0 (s, w1/2� 135 Hz, 12H; CH3), 4.4, 16.0
and 47.5 (s, 3� 4H; aromatic CH), 96 (s, w1/2� 325 Hz, 8H; CH2), 423 (s,
w1/2� 3000 Hz, 4H; CH�N); elemental analysis calcd (%) for C48H46Cu2-


N6O8U (1199): C 48.0, H 3.83, N 7.0; found: C 47.76, H 3.79, N 6.85.


Synthesis of [{ZnL7(py)}2U]: The Zn2U compound was synthesized by
using the same procedure as for the Co2U complex, starting from H4L7


(245 mg, 0.71 mmol), [Zn(acac)2] (187 mg, 0.71 mmol), and [U(acac)4]
(227 mg, 0.35 mmol). Orange crystals (228 mg, 54%) were obtained by
crystallization from pyridine; 1H NMR ([D5]pyridine): ���7.9 (s, 12H;
CH3),�7.4 (s, 8H; CH2), 0.3, 5.1, 14.2 and 24.0 (s, 4� 4H; aromatic CH and
CH�N); elemental analysis calcd (%) for C48H46N6O8UZn2 (1199): C 47.9,
H 3.8, N 6.98; found: C 48.11, H 3.64, N 7.23.


Synthesis of [(CuL7)2Zr]: The Cu2Zr compound was synthesized by using
the same procedure as for the Co2U complex, starting from H4L7 (219 mg,
0.64 mmol), [Cu(acac)2] (168.2 mg, 0.64 mmol), and [Zr(acac)4] ¥H20
(162 mg, 0.32 mmol). The green powder (240 mg, 84%) was not recrystal-
lized. No signal was visible on the 1H NMR spectrum; elemental analysis
calcd (%) for C38H36Cu2N4O8U (886): C 51.4, H 4.0, N 6.3; found: C 51.05,
H 4.49, N 5.61.


Synthesis of [{CuL7(py)}Th{CuL7}] ¥ py: The Cu2Th compound was synthe-
sized by using the same procedure as for the Co2U complex, starting from
H4L7 (180 mg, 0.52 mmol), [Cu(acac)2] (138 mg, 0.52 mmol), and
[Th(acac)4] (167 mg, 0.26 mmol). Green crystals of [{CuL(py)}U{CuL}] ¥
2py were obtained by crystallization from pyridine; these were trans-
formed into the monosolvated Cu2Th complex upon drying under vacuum
(156 mg, 50%). No signal was visible on the 1H NMR spectrum; elemental
analysis calcd (%) for C48H46Cu2N6O8Th (1196): C 48.2, H 3.8, N 7.0; found:
C 47.67, H 3.51, N 6.99.


Crystal structure determination for [UL3Cl2(py)2] and [{ZnL7(py)}2U]: The
crystals were introduced in Lindemann glass capillaries with a protecting
™Paratone∫ oil (Exxon Chemical Ltd.) coating. The data were recorded on
a Siemens Smart area detector diffractometer by using graphite-mono-
chromated MoK� radiation (�� 0.71073 ä). The unit cell parameters were
determined from the reflections collected on 45 frames and were then
refined on all data. The data were recorded in �-scan mode (180� range,
0.3� steps, exposure time 10 s per frame) and processed with SHELXTL.[26]


The structures were solved by direct methods with SHELXS-97[27] and
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subsequent Fourier-difference synthesis and refined by the full-matrix
least-squares method on F 2 with SHELXL-97.[28] A semiempirical absorp-
tion correction based on symmetry equivalent reflections was applied by
using the program SADABS.[29] All non-hydrogen atoms were refined with
anisotropic displacement parameters, except the carbon atoms of the
pyridine molecules in the Zn2U complex. All hydrogen atoms were
introduced at calculated positions as riding atoms with an isotropic
displacement parameter equal to 1.2 (CH, CH2) or 1.5 (CH3) times that of
the parent atom. The absolute structure of the Zn2U complex was
determined from the value of the Flack parameter,[30] 0.009(9). The crystals
of [UL3Cl2(py)2] were of a rather low quality, and the presence of a
disordered solvent molecule, which cannot be properly resolved, was likely.
The presence of a free pyridine molecule in the structure of the Zn2U and
Co2U complexes, located as in the isomorphous Ni2U complex (vide infra),
but not resolved from data recorded at ambient temperature, was also
possible. Crystal data and structure refinement details for the Zn2U
compound are given in Table 2. Crystal data for [UL3Cl2(py)2]:
C33H38Cl2N4O4U, M� 863.60, monoclinic, space group P21/n, a�
10.0550(1) ä, b� 12.3059(2) ä, c� 30.0314(1) ä, �� 94.641(1)�, V�
3703.78(7) ä3, Z� 4, F(000)� 1688, �calcd� 1.549 gcm�3, �Mo� 4.565 mm�1,
crystal size� 0.28� 0.24� 0.20 mm, Tmin/Tmax� 0.361/0.462, 2� range� 3 ±
59�, T� 296(2) K, 23867 reflections collected, 9375 independent reflec-
tions (Rint� 0.243), 2754 ™observed∫ reflections [I� 2	(I)], 388 parameters
refined, R1� 0.084, wR2� 0.179, S� 0.824, ��min/��max� 5.88/� 4.01 eä�3


(highest residual density peaks located near the uranium atom).


Crystal structure determination for [{NiL7(py)}2U] ¥ py and [{CuL7(py)}-
An{CuL7}] ¥ 2py (An�U, Th): The crystals were introduced into Linde-
mann glass capillaries with a protecting ™Paratone∫ oil (Exxon Chemical
Ltd.) coating. The data were collected on a Nonius Kappa-CCD area
detector diffractometer[31] by using graphite-monochromated MoK� radia-
tion (�� 0.71073 ä). The unit cell parameters were determined from the
reflections collected on ten frames and were then refined on all data. The
data were recorded in �-scan mode (180� range, 2� steps, exposure time 10
to 20 s per frame) and processed with DENZO-SMN.[32] The structures
were solved by direct methods with SHELXS-97[27] and subsequent
Fourier-difference synthesis and refined by the full-matrix least-squares
method on F 2 with SHELXL-97.[28] Absorption effects were corrected
empirically with the program MULABS from PLATON.[33] All non-


hydrogen atoms were refined with anisotropic displacement parameters.
All hydrogen atoms were introduced at calculated positions as riding atoms
with an isotropic displacement parameter equal to 1.2 (CH, CH2) or 1.5
(CH3) times that of the parent atom. The absolute structure of the Ni2U
complex was determined from the value of the Flack parameter,[30]


0.003(10). The molecular plots were drawn with SHELXTL.[26] Crystal
data and structure refinement details for the trinuclear compounds are
given in Table 2.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-169408
([UL3Cl2(py)2]), 169409 (Ni2U), 169410 (Zn2U), 169411 (Cu2U), and
169412 (Cu2Th). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Effects of Structural Factors on the �-Dimerization and/or
Disproportionation of the Cation Radical of Extended TTF
Containing Thiophene-Based �-Conjugated Spacers


Pierre Fre¡re,*[a] Magali Allain,[a] El Hadj Elandaloussi,[a] Eric Levillain,[a]


FranÁois-Xavier Sauvage,[b] Ame¬de¬e Riou,[a] and Jean Roncali[a]


Abstract: The electrochemical and
chemical oxidation of extended TTF 4
and 5 are analysed by cyclic voltamme-
try, Visible/NIR and ESR spectros-
copies, and the X-ray structures of the
new salts 5 ¥ BF4(CH2Cl2) and 4 ¥
ClO4(THF)1/2 are presented. The effects
of structural factors on the �-dimeriza-
tion or the disproportionation reaction
of the cation radical are shown. The
oxidation of compound 4 presents the
successive formation of stable cation
radical and dication species both in
dichloromethane (DCM) and in a
CH3CN/THF mixture. In contrast, for


compound 5, the stability of the oxida-
tion states strongly depends on the
nature of the solvent. In DCM, the
oxidation of 5 proceeds by two close
one-electron transfers while in CH3CN/
THF the dication is directly formed via a
two-electron process. The X-ray struc-
tures of the two salts reveal the forma-
tion of �-dimers of cation radical. While
the dimer (52)2� is due mainly to � ±�


interactions between the conjugating
spacer, the multiplication of the sulfur
atoms in compound 4 contributes to
stabilize the dimer by the combined
effects of S ± S and � ±� interactions.
Visible/NIR and ESR experiments con-
firm the higher tendency of 4� . to
dimerize with the occurrence of dimer
and monomer in solution, while for 5� .


only the monomer is detected in DCM.
On the other hand, by dissolution of 5 ¥
BF4(CH2Cl2) in CH3CN, only the neutral
and the dicationic states of compounds 5
are observed owing to the disproportio-
nation reaction.


Keywords: cyclic voltammetry ¥
� interactions ¥ radical ions ¥
thiafulvalene


Introduction


�-Conjugated polymers and oligomers and the tetrathiaful-
valene derivatives (TTF) lead to two distinct classes of
conductive materials which have been subject to independent
and parallel investigations during the past decades.[1] TTF-
based molecular materials are in general characterised by the
formation of stacks of donors in a mixed-valence allowing a
delocalisation of the electrons and a conductivity along the
overlapping axis.[2] For doped polymer such as polythiophene
or polypyrrole, the electrical conductivity involves both an
intra- and interchain charge transport, respectively, by


delocalization of the charge along the conjugated system
and by hopping of the carriers between neighbouring chains.[3]


The mechanism invoked to explain the interchain transport
suggests the existence of �-stacks and constitutes an analogy
to the conductivity mode in the cation radical salt of TTF
derivatives.[4] This hypothesis is supported by the discovery of
the formation of the �-dimer of cation radical in oligothio-
phene or oligopyrrole.[5] Recently, X-ray structures of oxi-
dised diphenyl-terthiophene 1a[6] and diphenyl-bipyrrole 1b[7]


proved the existence of the �-stacks and �-dimers in the solid
state and confirmed the strong similarity of the structure of
molecular materials derived from oxidised short-chains con-
jugated oligomers and TTF analogues. On the other hand, the
consequences of the dimerization on the optical and elec-
tronic properties of the two classes of materials are subject to
considerable interest.[8]


In order to combine the specific properties of oligomers and
TTF, hybrid molecules built by insertion of a linear �-
conjugated system between two 1,3-dithiole cycles have been
developed.[9] In function of the length of the spacer, these
compounds can be considered either as extended analogues of
TTF or as oligomers end capped by dithiafulvene groups. In
presence of a very long oligothienylenevinylene spacer, the
electronic properties dictated by the conjugated system are


[a] Prof. P. Fre¡re, M. Allain, Dr. El H. Elandaloussi, Dr. E. Levillain,
Prof. A. Riou, Dr. J. Roncali
Inge¬nierie Mole¬culaire et Mate¬riaux Organiques, CNRS
UMR 6501, Universite¬ d×Angers
2 Bd Lavoisier, 49045 Angers (France)
Fax: (� 33)2417354 05
E-mail : pierre.frere@univ-angers.fr


[b] Dr. F.-X. Sauvage,
Laboratoire de Chimie-Physique LASIR-HEI, CNRS UMR 8516
13, rue de Toul, 59046 Lille Cedex (France)


Supporting information for this article is available on the WWWunder
http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0784 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4784







784±792


Chem. Eur. J. 2002, 8, No. 4 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0785 $ 17.50+.50/0 785


S


S


S


S


S


S


S


S


S


SS


S


S
S


S


C4 C4H9


N
H


N
H


MeO OMe


OMeMeO


S


S S S S


O


S S S S


TTF BEDT-TTF


1a 1b


2 3


H9


modulated by the dithiole cycles which increase the intermo-
lecular interactions in the solid state.[10] While with a short
spacer, the hybrid molecules lead to cation radical salts
characterised by a �-stacking of the donors as currently
observed for TTF derivatives.[11±12] We have recently shown
that for compounds 2 and 3, the overlapping strongly
depended on the nature of the central heterocycle.[11] In
particular, the thiophene cycle in 3 favours the formation of
dimers owing to S ¥ ¥ ¥S intermolecular interactions between
the sulfur atoms of the spacer while for 2 only weak S ¥ ¥ ¥O
interactions between the heteroatoms of the spacer and the
dithiafulvene cores were observed. In order to increase the
intermolecular interactions in the materials, structural mod-


ifications of 3 have been designed. Two different approaches,
according to that the substituents or the spacer are modified
(Scheme 1), have been elaborated. In the former, the
compound 4 has been built by addition of ethylenedithio
groups to the dithiafulvene cycles by analogy with the well
known bis-ethylenedithio-TTF (BEDT-TTF, see above). In
fact, the prominent role of the peripheral sulfur atoms in the
formation of bidimensionnal materials by the multiplication
of the intermolecular S ¥¥¥S interactions has been evidenced.[13]


In the second approach, the spacer has been lengthened in
order to increase the � ±� interactions as observed for
conjugated oligomers. To avoid the torsion of the spacer
associated with the presence of dithiafulvene groups grafted
on a short oligothiophene,[14] the more rigid thienyleneviny-
lene system[15] has been chosen in the design of hybrid-TTF 5.
The formation of the �-stacks and �-dimers in solution of
oligothienylenevinylene has recently been described.[16]
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Scheme 1.


We report here on the preparation and the investigations on
the molecular and crystal structures of the new salts namely
4 ¥ ClO4(THF)1/2 and 5 ¥ BF4(CH2Cl2) in which �-dimer of
cation radical are observed. In particular, we show the
influence of the conjugated linear system or the dithiafulvanyl
groups on the formation of the dimers. In solution, we present
a detailed investigation of the stability of the redox states of
the extended TTF 4 and 5. Both the structure of the donor and
the nature of the solvent play an essential role in the tendency
to form a dimer in solution or to favour the disproportionation
reaction of the cation radical.


Results and Discussion


Electrochemistry of compounds 4 and 5 : Compound 4 has
been synthesised as already described.[17] Compound 5 was
obtained in 20% yield by a thermal demethoxycarbonylation
of 6[15] in HMPA in presence of LiBr, H2O (Scheme 2).
The cyclic voltammograms (CV) of 4 and 5 in dichloro-


methane (DCM) and THF/CH3CN (1:2) mixture (the sol-
ubility of 4 and 5 in CH3CN is too low) are shown Figure 1 and
the data are listed in Table 1.
In DCM, the CV of 4 presents two reversible oxidation


waves with peaks at Epa1� 0.41 V and Epa2� 0.58 V


Abstract in French: L×oxydation e¬lectrochimique ou chimique
des analogues e¬tendus du TTF 4 et 5 a e¬te¬ e¬tudie¬e par
voltame¬trie cyclique et par spectroscopies Visible/proche-IR et
RPE. La corre¬lation de la structure des radicaux cations et de
leur aptitude a¡ dime¬riser ou a¡ se dismuter est discute¬e. En
solution dans le dichlorome¬thane (DCM) ou dans un me¬lange
ace¬tonitrile/te¬trahydrofuranne (CH3CN/THF), le compose¬ 4
s×oxyde re¬versiblement en cation radical puis en dication. La
pre¬sence d×un syste¡me conjugue¬ plus e¬tendu pour le compose¬5
facilite l×acce¡s au dication. Ainsi l×oxydation de 5 s×effectue en
deux e¬tapes monoe¬lectroniques tre¡s proches dans le DCM,
tandis qu×une seule e¬tape a¡ deux e¬lectrons est observe¬e dans le
me¬lange CH3CN/THF. Des monocristaux des sels 5 ¥
BF4(CH2Cl2) et 4 ¥ ClO4(THF)1/2 ont e¬te¬ analyse¬s par diffrac-
tion des rayons X. La structure des sels re¬ve¡le la formation de
dime¡res de radicaux cations. Pour le compose¬ 4, enrichi en
atome de soufre, les dime¡res (42)2� sont stabilise¬s a¡ la fois par
des interactions � ±� et des interactions soufre ± soufre. En
solution dans le dichlorome¬thane ou l×ace¬tonitrile, la pre¬sence
de dime¡re est observe¬e. Pour le compose¬ 5 le processus de
dime¬risation est principalement du√ a¡ des interactions � entre les
syste¡mes conjugue¬s. En solution dans le dichlorome¬thane, seule
la pre¬sence de radicaux cations est de¬tecte¬e, tandis que dans
l×ace¬tonitrile, ces derniers se dismutent en dications et donneurs
neutres.
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Figure 1. Cyclic voltammograms of compounds 4 (top) and 5 (bottom);
5� 10�4 molL�1 with Bu4NPF6 (0.1�) in DCM or THF/CH3CN; scan rate
100 mVs�1; reference Ag/AgCl.


corresponding to the successive generation of radical cation
and dication. In THF/CH3CN, the CV shows a strong decrease
of the potential difference �E�Epa2�Epa1 from 170 to
70 mV. Considering the disproportionation reaction of cation


radical into neutral and dica-
tion shown below, the relative
thermodynamic stability of the
cation radical corresponding to
a low value of the equilibrium
constant K [Eq. (1)], can be
calculated from the potential
difference with the Equa-
tion (2).[18]


The decrease of �E, corresponds to a larger value of
KTHF/CH3CN� 6.5� 10�2 (KDCM� 1.3� 10�3) indicating a lower


2D�.�D�D2�


with


K� �D� �D2��
�D�.�2 (1)


and


K� exp
�
F


RT
(��E)


�
(2)


thermodynamic stability of the radical cation in this solvent.
As already described for BEDT-TTF[19] and TTF vinylo-
gues,[20] polar solvent such as CH3CN stabilize the dication to
the detriment of the cation radical by solvation effects. In
other words, these solvents favour the disproportionation
reaction. Electrocrystallization of 4 under galvanostatic con-
ditions performed in DCM only led to a green solution while
in presence of THF (10% volume) single crystals with the
stoechiometry 4 ¥ ClO4(THF)1/2 was obtained.
For 5, the choice of the solvent plays a major role on the


oxidation state reached during the electrocrystallizations. The
CV of 5 in DCM shows a reversible oxidation wave at 0.33 V
corresponding to the formation of the dication. The peak
width at half maximum (PWHM) of 50 mV is larger than the
28.5 mV expected for an ideal two-electron transfer;[21] this
suggests that the oxidation process involves two very close
one-electron steps (�E� 15 mV). As expected, the length-
ening of the spacer allows a stabilization of the dicationic state
by decreasing the intramolecular coulombic repulsion and
favours the disproportionation reaction as indicated by the
value of KDCM� 0.55. However, some electrocrystallizations
performed in DCM under galvanostatic condition led to salts
of stoichiometry 5 ¥ BF4(CH2Cl2) or 5 ¥ ClO4(CH2Cl2) in which
cation radicals are associated in dimers (see below). Thus, the
further stabilization of the cation radical by dimerization in
the solid, allows to isolate the little stable �1 oxidation state
of 5.
In THF/CH3CN, the PWHM reaches 30 mV indicating a


direct oxidation to the dication. The combination of the long
spacer with the strong solvation effect of CH3CN allows an
easy access to the more stable dicationic state and inhibits the
formation of the radical cation. The localization of the
positive charges of the dication at the ends of the molecule
minimizes the coulombic repulsion and enhances the inter-
actions with the solvent thus allowing the potential inver-
sion.[22] Some electrocrystallizations of 5 performed in this
solvent either under galvanostatic conditions at low current or
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Scheme 2.


Table 1. Electrochemical data of compounds 4 and 5.


4 Eox1 [V] Eox2 [V] �E [mV] K


DCM 0.41 0.58 170 1.3� 10�3


THF/CH3CN 0.48 0.55 70 6.5� 10�2


5 Eox [V] Peak[a] �E [mV] K
DCM 0.32 50 mV 15 0.55
THF/CH3CN 0.29 30 mV 0


[a] Peak width at half maximum.







Conjugated Spacers 784±792


Chem. Eur. J. 2002, 8, No. 4 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0787 $ 17.50+.50/0 787


at constant potential (0.35 V) led to powders corresponding to
the dication salts.


Structures of the �1 oxidation state of compounds 4 and 5 in
the solid phase : The stoichiometry and structure of the salts
have been determined by single-crystal X-ray analysis. 4 ¥
ClO4(THF)1/2 crystallizes in the Pbca space group. The
structure consists of two independent molecules namely 4a
and 4b, two ClO4


� anions and a molecule of solvent.
As shown in Figure 2, both 4a and 4b adopt a syn


conformation stabilised by two strong S ¥ ¥ ¥S intramolecular
interactions. The non-bonded length with a distance about
3.05 ä are much shorter than the sum of the van der Waals
radii (rS� 1.85 ä) but larger than a covalent S�S single bond
(2.04 ä). Such 1,5-intramolecular interactions, already ob-
served for 3 in both the radical cation and the neutral
molecule, contribute to the planar conformation of the donors
in these various oxidation states.[11] For 4a and 4b, the
molecules are quite planar except for the carbon atoms of the
ethylenedithio groups. The torsion angle between the dithia-
fulvenyl arms and the central thiophene cycle is smaller than
5�. The THF molecule, located in the interstice of 4a, is
stabilised by two S ¥ ¥ ¥O contacts with distances 3.43 and
3.47 ä between the sulfur atoms of the 1,3-dithiole rings and
the oxygen atom of the solvent.
The structure of 4 ¥ ClO4(THF)1/2 is characterised by the


formation of dimers (42)2� with a face-to-face stacking of
monomers. The intermolecular distances between the sulfur
and the carbon atoms of the monomers are reported in
Table 2. The numerous S ¥ ¥ ¥ S intermolecular contacts close to
the van der Waals distance (3.7 ä) shows that, as for dimers of
BEDT-TTF,[23] the sulfur atoms of the dithiafulvalenyl groups
contribute to the formation of the dimer. On the other hand,
short intermolecular contacts are observed for the carbon


atoms of the spacer (less than 3.5 ä) in particular those for
thiophene carbons, the shortest distances are close to 3.14 ä
and 3.23 ä. Such distances which are characteristic for a �-
dimer are smaller than those observed in the recently
described (1b2)2�dimer.[7]


These results suggest that the formation of the (42)2� dimer
results from the combination of two types of factors namely
the strong S ¥ ¥ ¥S interactions associated with the dithiaful-
venyl groups as for TTF derivatives and the overlap of the �-
orbitals of the carbon atoms of the conjugated spacer as
described for �-dimers of short-chain oligothiophenes or
oligopyrroles. The strong dimerization of the radical cation in
the solid state is confirmed by the absence of ESR signal of 4 ¥
ClO4(THF)1/2 due to the spin pairing in the dimer.
The association of the dimers are presented in Figure 3.


Along the [1,0,0] axis, the dimers stack with a shift of
molecules presenting weak interactions with a interplanar
contact distances about 3.7 ä. On the other hand, as shown in
Figure 3 (bottom) the dimers are connected in the [0,0,1]
direction by short S ¥ ¥ ¥S contacts of 3.50(1) and 3.52(2) ä
between the ethylenedithio groups and the dithiole cycles
forming sheets of dimers. The anions and the molecules of


THF are inserted between the
cation in the direction [0,1,0]
separating the sheets of dimers.
The visible/NIR spectrum of


4 ¥ ClO4(THF)1/2 at room tem-
perature (Figure 4, top) shows
two main bands at 690 and
1110 nm assigned to the absorp-
tion band D1 and D2 of the
dimeric cation radical (42)2�. In
addition, the optical conductiv-
ity band due to the charge-
transfer between the dimers is
observed in the NIR range.
Two-probe conductivity meas-
urements performed on a single
crystal gave a value of
10�3 Scm�1, a value two orders
of magnitude larger than that of
cation radical salt for com-
pound 3.[10] The presence of
the peripheral sulfur atoms in
4 contributes to the multiplica-
tion of the intermolecular con-
tacts increasing the dimension-


Figure 2. Molecular structure of dimer (42)2� showing the S ¥ ¥ ¥ S intramolecular interactions and S ¥ ¥ ¥O contacts
with the solvent.


Table 2. Interatomic distances in the dimer (42)2�.


S ± S [ä] C ±C [ä] Lateral C ±C [ä]


S1A±S1B 3.644(8) C1A±C1B 3.60(3) C2A±C1B 3.28(3)
S2A±S2B 3.869(9) C2A±C2B 3.41(3) C4A±C3B 3.14(3)
S3A±S3B 3.575(9) C3A±C3B 3.42(3) C5A±C6B 3.23(3)
S4A±S4B 4.11(1) C4A±C4B 3.23(3) C7A±C8B 3.41(3)
S5A±S5B 3.80(1) C5A±C5B 3.31(3)
S6A±S6B 3.598(8) C6A±C6B 3.47(3)
S7A±S7B 3.638(9) C7A±C7B 3.50(3)
S8A±S8B 3.63(1) C8A±C8B 3.54(3)
S9A±S9B 3.71(1)
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Figure 3. Sulfur ± Sulfur interactions between the dimers in the salt
4 ¥ ClO4(THF)1/2.


ality of the materials and thus its conductivity as proven by
extended and sulfur-rich analogues of TTF.[24]


Compounds 5 ¥ BF4(CH2Cl2) and 5 ¥ ClO4(CH2Cl2) are iso-
structural and crystallize in the Pbca group. The structures
consist of a donor, an anion and a molecule of CH2Cl2. At
293 K, while the position of the donor is well defined, the
solvent and the anions present a strong thermal disorder
especially for BF4


�. Consequently, for 5 ¥ BF4(CH2Cl2), the
refinement did not allow to reach a low value for R owing to
the position of the anion which could not be determined
without fixing the thermal parameters for the fluorine and
boron atoms. In addition, the chlorine atoms of the solvent
oscillate between two positions. The X-ray structure of 5 ¥
BF4(CH2Cl2) determined at 125 K has allowed to fix the
position of the chlorine and boron atoms improving the
resolution of the structure. Nevertheless, the motion of the
anion corresponding to a rotation around the B�F1 axis was
always observed.
The crystal structure reveals that the donors present the syn


conformation of the dithiafulvalenyl groups stabilised by two
strong S ¥ ¥ ¥S intramolecular interactions as indicated in


Figure 4. Visible/NIR spectra of the salts 4 ¥ ClO4(THF)1/2 (top) and
5 ¥ BF4(CH2Cl2) (bottom) in the solid state.


Figure 5 by the short non-bonded contact with distances
3.039(3) and 3.092(3) ä. These interactions contribute to the
planarity of the molecule for which the torsion angle between
the dithiafulvalenyl arms and the plane of the central
thienylenevinylene system is close to 2�. The structure is
characterised by the formation of dimers (52)2� separated in
the [1,0,0] direction by the anions and the solvent. A similar
structure, where no stacking of the dimer is possible due to the
intercalation of the anions, has recently been described for
oligomer 1b and explains no ESR activity.[7] The various
intermolecular distances observed for the superposition of
cations at T� 125 K are reported in Table 3. The strongest
S ¥ ¥ ¥ S interaction d� 3.400(4) ä involves the sulfur atom of
the 1,3-dithiole cycles while the distance between the sulfur
atoms of the thiophene cycles is only of 3.676(4) ä. Concern-
ing the C ¥ ¥ ¥C intermolecular contacts, the shorter bond
lengths C3�C11, C6�C10 and C7�C8, close to 3.35 ä, involve
the carbons of the thienylenevinylene spacer and correspond
to the overlaps of the �-orbitals. The contribution of the
sulfur ± sulfur interactions of (52)2� to stabilize the dimers is
less important than in (42)2� showing that the dimerization of
TTFanalogues with long conjugated spacer is closer to that of
conjugated oligomers than that of TTF derivatives.
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Comparison with the structures determined at 293 K both
in the presence of BF4


� or ClO4
� anions shows that the


interactions in the dimers weakly depend on the temperature.
Thus, the interplanar distance between the planes formed by
the thiophene cycles in the spacer only decreases from
3.45(5) ä at 293 K to 3.35(1) ä at 125 K.
The visible/NIR spectrum of 5 ¥ BF4(CH2Cl2) (Figure 4


bottom) exhibits an intense and broad band at 730 nm with
a shoulder around 1200 nm assigned to the D1 and D2
absorption of the dimer (52)2�. Contrary to the previous salt,
the optical conduction band is very weak indicating a poor
charge-transfer between the dimers. This behaviour is con-
sistent with the insulating character of the salt and with the
weak contacts among the dimers indicated by the X-ray
structure.


Stability of the oxidation states of compounds 4 and 5 in
solution : The stability of the different species (monomer or
dimer of cation radical and dication) resulting from the
oxidation of compounds 4 and 5 in DCM or CH3CN solutions
were examined by visible/NIR and ESR spectroscopies.
The visible/NIR spectra of a solution of 4 (5� 10�4�) in


DCM at room temperature recorded during the stepwise


addition of a NOBF4 solution
are shown in Figure 6. The
oxidation of 4 into cation radi-
cal is marked by a decreasing of
the the neutral state band at
465 nm and by two new main
bands at 743 and 1310 nm (M1
and M2) with shoulders at 670
and 1120 nm, respectively. By
addition of an excess of oxi-
dant, the bands of the cation
radical are replaced by a band
at 480 nm and a weak broad
band at 750 nm assigned to the
dication.
The 4 ¥ ClO4(THF)1/2 salt is


weakly soluble in DCM leading
to a green solution which gives
the same spectrum obtained by
addition of one equivalent oxi-
dant to a solution of 4. In
CH3CN, the spectrum is very
similar with a blue shift of the
bands but the resulting solution


Figure 6. Chemical oxidation of compound 4 in DCM.


Figure 5. Molecular structure of (52)2� and packing of the dimers.


Table 3. Interatomic distances in the dimer (52)2�.


S ± S [ä] C ±C [ä] Lateral C ±C [ä]


S1 ± S2 3.676(4) C1 ±C14 3.53(1) C1 ±C13 3.48(1)
S6 ± S3 3.662(4) C2 ±C13 3.45(1) C3 ±C11 3.35(1)
S4 ± S5 3.400(4) C3 ±C12 3.50(1) C6 ±C10 3.32(1)


C4 ±C11 3.41(1) C8 ±C8 3.35(1)
C5 ±C10 3.48(1)
C6 ±C9 3.57(1)
C7 ±C8 3.60(1)
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is less stable and the green colour vanishes after a few time
(about 30 min). The use of a saturated solution of 4 (about
10�3�) results in a relative intensification of the bands at
670 nm (D1) and 1120 nm (D2) (Figure 7). This concentration
effect and the comparison with the absorption in the solid
state indicates that D1 and D2 correspond to the dimers of the
cation radical (42)2� in solution while M1 and M2 are due to
the monomeric species 4� . . The relative concentration of the
dimer increases at higher substrate concentration but remains
the minor species in solution. Addition of small amounts of
THF to the solution lead to the precipitation of a salt giving
the same spectrum as 4 ¥ ClO4(THF)1/2 in which only the dimer
is present.


Figure 7. Visible/NIR spectra of cation radical 4� . at 0.05 m� and 1 m� in
DCM.


The dimerization equilibrium in the �1 oxidation state of
compound 4 has been also confirmed by ESR spectroscopy.
The ESR spectra of the 4 ¥ ClO4(THF)1/2 solution in DCM or
CH3CN give a signal characteristic of the radical cation 4� . in
the solution. By cooling the sample from 298 to 263 K, the
ESR signal intensity decreases; the change with the temper-
ature is partially reversible after a fast warming of the
solution. These results are consistent with a decrease of
the spin population at low temperature due to a �-dimeriza-
tion of cation radical rather than a precipitation of the salt
because the monomer± dimer equilibrium is faster than the
solid ± solute equilibrium and is a reversible process. As
expected for the exothermic equilibrium of dimerization, the
formation of the spinless dimer is favoured at low temper-
ature.
Compared with compound 4, solutions of the �1 oxidation


state of 5 presents a dramatically different behaviour of the
ESR and visible/NIR spectra. The ESR spectrum of a DCM
solution of 5 ¥ BF4(CH2Cl2) shows a signal with the intensity
which increases upon cooling. This classic variation of the
signal intensity by a Curie×s law shows that the radical cation
5� . does not dimerize at lower temperatures. In addition, the
electronic spectrum of this solution shows only two bands at
890 and 1560 nm assigned to the monomeric cation radical


5� . , while the presence of the dimeric species for 5 is not
detectable in the solution. By comparison with compound 4,
the strong stabilization of the dimer (42)2� due to both S ¥ ¥ ¥ S
and � ±� interactions allows for the dimers in solution while
the weak interactions observed in (52)2� leads to a less stable
dimer which dissociates into two cation radicals in solution.
Contrary to the previous results, the ESR spectrum of 5 ¥


BF4(CH2Cl2) in CH3CN presents a very weak signal. If this
effect can be interpreted by a dimerization of the cation
radical, it is also possible to consider the disproportionation
reaction of the radical cation which leads to spinless neutral
and dication species of 5. In addition this last hypothesis is
supported by the UV/Vis spectrum of the CH3CN solution of
5 ¥ BF4(CH2Cl2) which has two main absorption bands at 480
and 745 nm corresponding to the superposition of the spectra
of the neutral compound 5 and the dication 52�. In order to
know the relative stability of the cation radical 5� . in DCM or
CH3CN the evolution of the electronic spectra recorded
during the stepwise chemical oxidation of 5 have been
examined and are presented in Figure 8. Addition of up to
one equivalent NOBF4 in a DCM solution of 5 leads to the
formation of theM1 andM2 bands at 890 and 1580 nm related
to the radical cation but also to a strong band at 745 nm. The
latter band increasing to the detriment of M1 and M2 by
further addition of the oxidant can be attributed to the
dication 52�. Hence before the addition of one equivalent of
oxidant, the neutral compound 5 and the two oxidation states
5� . and 52� are simultaneously present which is a clear
indication of the disproportionation equilibrium of 5� . in
DCM.
In CH3CN, the addition of a small amount of oxidant gives


the band of the dication indicating that the oxidation proceeds
by a two-electron transfer. The weak absorption at 880 nm
which disappears after addition of two equivalents of oxidant
can be assigned to a trace of radical cation in the CH3CN
solution. Consistent with the electrochemical results, the �1
oxidation state of 5 is unstable in CH3CN and undergoes the
disproportionation reaction.


Conclusion


The electrochemical and chemical oxidation of extended TTF
4 and 5 and the X-ray structures of salts 5 ¥ BF4(CH2Cl2) and
4 ¥ ClO4(THF)1/2 have been described. The effects of the
structure to orient the cation radical towards a �-dimerization
or a disproportionation reaction have been shown.
The sulfur-rich compound 4 presents numerous S ¥ ¥ ¥S


interactions in addition of the � ±� interactions developed
by the thiophene cycle strongly stabilizing the dimers in the
solid state but also in solution. Moreover, the peripheral
sulfur atoms increase the dimensionality of the materials.
For compounds 5, the dithiafulvenyl groups end-capped to


a longer conjugated spacer allow for an easier access to a
dication state. In DCM the cation radical is trapped by
precipitation and stabilised by the formation of dimers. The
dimerization process is mainly driven by the conjugated
system and only a weak participation of the sulfur atoms is
observed. In CH3CN, a further stabilization of the dication by
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solvation leads to an inversion of the potential inhibiting the
formation of the cation racical.
This work confirms the strong similarity between the


structure of the molecular materials of oligomers and
extended TTFs and reveals the major role of the heteroatoms
as a control the intermolecular contacts propitious to a better
mobility of the charge carriers.


Experimental Section


Synthesis of compound 5 : A solution of 6 (0.310 g, 0.5 mmol) and LiBr
(1.12 g, 13 mmol) in HMPA (15 mL) was heated at 90 �C for 1 h, then
20 min at 120 �C. The reaction mixture was poured into water (60 mL) and
extracted with CH2Cl2 (2� 100 mL). After drying over MgSO4, the solvent
was evaporated under reduce pressure and the residual oil was purified by
column chromatography on silica gel (CH2Cl2 as eluent) to provide a red
solid which was recrystallised from CHCl3 (0.045 g, 20%). M.p. 258 �C
(decomp); MS (EI): m/z : calcd for C18H12S6: 419.92632; found: 419.9279;
1H NMR (CDCl3, TMS): �� 7.19 (d, 3J� 3.5 Hz, 2H), 7.05 (d, 3J� 3.5 Hz,
2H), 7.01 ± 6.98 (m, 4H), 6.95 (s, 2H), 6.91 (s, 2H).


Electrochemical measurements : Cyclic voltammetry was performed in a
three-electrode cell (5 mL) equipped with a platinium millielectrode of
7.85� 10�3 cm2 area and a platinium wire counter electrode. An Ag/AgCl
electrode checked against the ferrocene/ferricinium couple before and


after each experiment was used as
reference. The electrolytic media in-
volved CH2Cl2 (HPLC grade) or a
mixture of tetrahydrofurane/aceto-
nitrile (HPLC grade) and 5�
10�1 molL�1 of tetrabutylamonium-
hexafluorophosphate (TBAHP, Fluka
puriss). All experiments were carried
out in solutions which were deaerated
by argon bubbling at 298 K. Electro-
chemical experiments were carried out
with an EGG PAR 273 A potentiostat
with positive feedback compensation.
Based on repetitive measurements,
absolute errors on potentials were
found to be around �5 mV.


Electrocrystallization : Donors (about
5 mg) were dissolved in degassed sol-
vent (40 mL) containing the electro-
lyte support (10�1 molL�1) and placed
in the anode compartment of H-shap-
ed electrocrystallization cell, separat-
ed from the cathode compartment by a
porous glass frit. A constant current of
1 �A was applied for 10 days at room
temperature between the two plati-
num electrodes (wire: 0.5 mm diame-
ter and 1.5 cm length). Crystals of
cation radical salt grew on the anode
were collected and washed with the
solvent.


Electronic absorption measurements :
UV/Vis/near-IR experiments have
been performed with Perkin ±Elmer
Lambda 19 NIR spectrometer. Sol-
vents (HPLC grade) were dried and
deoxygenated before use. Quartz cells
of 10 mm or 1 mm were used in
function of the concentration of the
donors (5� 10�5 or 10�3�). The oxi-
dation of the neutral donors in solu-
tion was accomplished by adding sol-
utions of nitrosonium tetrafluroborate


(NOBF4) from a micro-syringe.


ESR studies : ESR experiments were carried out on a Bruker ESP 300
spectrometer driven by Bruker ESP 1600 software. Experiments were
performed in the X-band frequency range (�9.4 GHz) in a TE102 cavity.
The cells were made of silica (O.D. 3 mm). Low temperature measurements
involved a standard variable-temperature cryostat using liquid nitrogen
evaporation. The samples were prepared in a glove box containing dry,
oxygen-free (�1 vpm) argon. The experiments were done in the following
way: First a spectrum was recorded at room temperature (298 K). The
temperature was then lowered and subsequently the spectra were recorded.
In order to make sure that the changes observed were not due to a
precipitation of the solute, the temperature was then increased and new
spectra recorded.


X-ray crystallography : Single crystals were mounted on an Enraf-Nonius
MACH3 four circles diffractometer equipped with graphite monochroma-
tor and MoK� radiation (�� 0.71073 ä).


The crystal structures were solved by direct methods (SIR) and refined on
F by full matrix least squares techniques using MolEN package programs.
The positions of hydrogen atoms were calculated from Hydro program.
Crystal data and experimental details are listed in Table 4.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos CCDC-167489
(4 ¥ ClO4(THF)1/2), -167490 (5 ¥ BF4(CH2Cl2)) and -167491 (5 ¥ ClO4-
(CH2Cl2)). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: (�44)1223-336-
033; e-mail deposit@ccdc.cam.ac.uk).


Figure 8. Chemical oxidation of compounds 5 in DCM (top) and CH3CN (bottom).







FULL PAPER P. Fre¡re et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0792 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4792


[1] a) Handbook of Organic Conductive Molecules and Polymers, Vol. 1 ±
4 (Ed.: H. S. Nalwa), Wiley, Chichester, 1997; b) Organic Conductors
(Ed.: J. P. Farges), Marcel Dekker, New York, 1994 ; c) Introduction to
Synthetic Electrical Conductors (Eds.: J. R. Ferraro, J. M. Williams),
Academic, New York, 1987.


[2] Lower Dimensional System and Molecular Electronic, Vol. 1 ± 3 (Eds.:
R. M. Metzger, P. Day, G. C. Papavassiliou), Plenum, New York, 1990.


[3] Handbook of Conducting Polymers (Eds.: T. A. Skotheim, R. L.
Elsenbaumer, J. R. Reynolds), 2nd ed., Marcel Dekker, New York,
1998.


[4] L. Miller, K. R. Mann, Acc. Chem. Res. 1996, 29, 417 ± 423.
[5] a) Y. Yu, E. Gunic, B. Zinger, L. Miller, J. Am. Chem. Soc. 1996, 118,


1013 ± 1018; b) J. A. E. H. van Haare, M. van Boxtel, R. A. J. Janssen,
Chem. Mater. 1998, 10, 1166 ± 1175.


[6] a) D. D. Graf, J. P. Campbell, L. Miller, K. R. Mann, J. Am. Chem. Soc.
1996, 118, 5480 ± 5481; b) D. D. Graf, R. G. Duan, J. P. Campbell, L.
Miller, K. R. Mann, J. Am. Chem. Soc. 1997, 119, 5888 ± 5899.


[7] A. Merz, J. Kronberger, L. Dunsh, A. Neudeck, A. Petr, L. Parkanyi,
Angew. Chem. 1999, 111, 1533 ± 1538; Angew. Chem. Int. Ed. 1999, 38,
1442 ± 1446.


[8] a) J. Cornil, D. Beljonne, J. P. Calbert, J. L. Bre¬das, Adv. Mater. 2001,
13, 1053 ± 1067; b) H. Spanggaard, J. Prehn, M. B. Nielsen, E.
Levillain, M. Allain, J. Becher, J. Am. Chem. Soc. 2000, 122, 9486 ±
9494 and references therein.


[9] J. Roncali, J. Mater. Chem. 1997, 7, 2307 ± 2321.
[10] I. Jestin, P. Fre¡re, E. Levillain, J. Roncali, Adv. Mater. 1999, 11, 134 ±


138.
[11] J. F. Favard, P. Fre¡re, A. Riou, A. Benahmed-Gasmi, A. Gorgues, M.


Jubault, J. Roncali, J. Mater. Chem. 1998, 8, 363 ± 366.
[12] E. H. Elandaloussi, P. Fre¡re, A. Riou, J. Roncali, New J. Chem. 1998,


1051 ± 1054.
[13] C. Rovira, J. J. Novoa, Chem. Eur. J. 1999, 5, 3689 ± 3697.
[14] J. Roncali, L. Rasmussen, C. Thobie-Gautier, P. Fre¡re, H. Brisset, M.


Salle¬, J. Becher, O. Simonsen, T. K. Hansen, A. Benahmed-Gasmi, J.
Orduna, J. Garin, M. Jubault, A. Gorgues, Adv. Mater. 1994, 6, 841 ±
845.


[15] E. H. Elandaloussi, P. Fre¡re, J. Roncali, P. Richomme, M. Jubault, A.
Gorgues, Adv. Mater. 1995, 7, 390 ± 394.


[16] a) E. Levillain, J. Roncali, J. Am. Chem. Soc. 1999, 121, 8760 ± 8765;
b) J. J. Apperloo, J. M. Raimundo, P. Fre¡re, J. Roncali, R. A. J.
Janssen, Chem. Eur. J. 2000, 6, 2 ± 11.


[17] a) T. K. Hansen, M. V. Lakshmikantham, M. P. Cava, R. E. Niziurski-
mann, F. Jensen, J. Becher, J. Am. Chem. Soc. 1992, 114, 5035; b) A.
Benahmed-Gasmi, P. Fre¡re, B. Garrigues, A. Gorgues, M. Jubault, R.
Carlier, F. Texier, Tetrahedron Lett. 1992, 33, 6457 ± 6461.


[18] For reviews of multi-stage redox systems see: a) S. H¸nig, H. Berneth,
Top. Curr. Chem. 1980, 92, 1 ± 144; b) K. Deuchert, S. H¸nig, Angew.
Chem. 1978, 90, 927 ± 938; Angew. Chem. Int. Ed. Engl. 1978, 17, 875 ±
886.


[19] D. L. Lichtenberg, R. J. Johnston, K. Hinkelmann, T. Suzuki, F. Wudl,
J. Am. Chem. Soc. 1990, 112, 3302 ± 3307.


[20] a) N. Bellec, K. Boubekeur, R. Carlier, P. Hapiot, D. Lorcy, A. Tallec,
J. Phys. Chem. A 2000, 104, 9750 ± 9759; b) T. Sugimoto, H. Awaji, I.
Sugimoto, Y. Misaki, T. Kawase, S. Yoneda, Z. Yoshida, Chem. Mater.
1989, 1, 535 ± 547.


[21] R. L. Myers, I. Shain, Anal. Chem. 1969, 41, 980 ± 982.
[22] P. Hapiot, L. D. Kispert, V. V. Konovalov, J. M. Save¬ant, J. Am. Chem.


Soc. 2001, 123, 6669 ± 6677.
[23] a) L.Martin, S. S. Turner, P. Day, P. Guionneau, J. A. K. Howard, D. E.


Hibbs, M. E. Light, M. B. Hursthouse, M. Uruichi, K. Yakushi, Inorg.
Chem. 2001, 40, 1363 ± 1371; b) G. Saito, H. Izukashi, M. Shibata, K.
Yoshida, L. A. Kushch, T. Kondo, H. Yamochi, O. O. Drozdova, K.
Matsumoto, M. Kusunoki, K. I. Sakaguchi, N. Kojima, E. B. Yagub-
skii, J. Mater. Chem. 2000, 10, 893 ± 910.


[24] a) M. Salle¬, M. Jubault, A. Gorgues, K. Boubekeur, M. Fourmigue¬, P.
Batail, E. Canadell, Chem. Mater. 1993, 5, 1196 ± 1198; b) Y. Yama-
shita, K. Ono, S. Tanaka, K. Imadea, H. Inokuchi, Adv. Mater. 1994, 6,
295 ± 298; c) P. Fre¡re, K. Boubekeur, M. Jubault, P. Batail, A. Gorgues,
Eur. J. Org. Chem. 2001, 3741 ± 3747.


Received: July 26, 2001 [F3441]


Table 4. Crystallographic data.


Compound 4 ¥ ClO4(THF)1/2 5 ¥ BF4(CH2Cl2) 5 ¥ ClO4(CH2Cl2)


formula C36H32Cl2O9S18 C19H14B1Cl2F4S6 C19H14Cl3O4S6
Fw 1256.71 592.42 605.05
T [K] 294 125 294
color black black black
crystal system orthorhombic orthorhombic orthorhombic
space group Pbca Pbca Pbca
a [ä] 13.971(4) 36.44(1) 36.83(1)
b [ä] 26.23(1) 12.41(1) 12.613(8)
c [ä] 26.75(1) 10.289(3) 10.493(3)
V [ä3] 9803(1) 4652(6) 4874(5)
Z 8 8 8
crystal size [mm3] 0.61� 0.42� 0.03 0.31� 0.28� 0.14 0.25� 0.19� 0.14
� [g cm�3] 1.70 1.69 1.65
F(000) 5136 2392 2456
� [mm�1] 0.951 0.855 0.915
transmission 0.58/1.00 0.54/1.00 0.15/1.00
min/max
� range [�] 2.5 to 24.97 2.5 to 20.93 2.5 to 21.10
scan mode �/2� � �


index ranges 0� h� 16 0� h� 10 0� h� 10
0� k� 31 0� k� 12 0� k� 12
0� l� 31 � 36� l� 0 � 37� l� 0


data measured 9061 2900 3062
data independent 9061 2872 3062
data observed 1989 1542 514
I� 3�(I)
variables 361 216 129
R 0.073 0.060 0.092
Rw [a] 0.091 0.080 0.112
largest peak in final: 0.961 1.425 0.553
difference [eä�3]


[a] Weighting scheme: w� 4F 2
o /[(�(F 2


o ))2�(0.08F 2
o )2].








How To Synthesize Macrocycles Efficiently by Using Virtual
Combinatorial Libraries


Ole Storm and Ulrich L¸ning*[a]


Abstract: The selection of different diimines 4a ± c by alkaline earth ions from a
virtual combinatorial library (VCL) is described. The products were stabilized by
reduction to the diamines 6a ± c ; this allowed easy analysis. The library can be
directed toward different target molecules 6a ± c upon addition of alkaline earth ions
with different radii. Competition experiments show the possibility of synthesizing the
macrocycles 6a, 6b, and 6c simultaneously when using Mg2�, Ca2�, and Ba2� as
template ions. The scope of this thermodynamically controlled, reversible approach
for macrocycle syntheses is illustrated.


Keywords: macrocycles ¥ Schiff
bases ¥ template synthesis ¥ virtual
combinatorial library


Introduction


The efficiency of the formation of cyclic organic molecules
depends very much on the size of the ring to be synthesized.
While five- and six-membered rings form easily,[1] strain has to
be overcome to synthesize small (three- and four-membered)
and medium sized rings (eight- to approx. twelve-membered
cycles). Larger macrocycles are often strain-free, but entropy
complicates their synthesis, because the ends have to ™find
each other∫. Therefore tricks like the application of the high-
dilution principle[2] or a consequent reduction of rotational
freedom in the nonmacrocyclic precursor[3] have been used.
Comparing different possibilities for the synthesis of macro-
cyclic compounds, the synthetic approaches can be divided
into thermodynamically controlled and kinetically controlled
macrocyclizations. In addition, each approach can be sup-
ported by template molecules or ions.


What are the advantages and disadvantages of these
different approaches that use a reversible (thermodynamic
control) or an irreversible (kinetic control) cyclization reac-
tion? A kinetically controlled ring-closing reaction will yield
macrocycles, and due to this control and the kinetic stability of
each macrocycle, once it is formed, the macrocycle will remain
a macrocycle. By using the high-dilution principle, the
unfavorable statistics for an intramolecular cyclization rela-
tive to an intermolecular oligomerization can be overcome.
But unfortunately undesired oligomers (cyclic or not) and


polymers will remain unchanged, too, due to the kinetic
control and stability.


By contrast, in a thermodynamically controlled macro-
cyclization, all products, the desired macrocycle and the
undesired oligomers and polymers, are in a constant equili-
brium, which is determined by the free enthalpies of
formation �G for all starting materials and all products.


While the enthalpy of formation of a bond will be similar
for unstrained macrocycles and polymers, the entropy will
differ. In a macrocyclization, many macrocycles are formed
while a polymerization gives one long macromolecule. Upon
dilution, the entropic contribution to �G will therefore also
favor the formation of macrocycles in the thermodynamically
controlled approach.


In order to obtain the desired macrocycle in a high yield,
the macrocycle must be the most stable molecule in the
reaction mixtures, that is, its free enthalpy �G must be the
smallest. The equilibrium then will eventually transform all
molecules in the reaction mixture into the most stable one, the
macrocycle. The equilibrium acts as a repair mechanism if, in a
first reaction, oligomers or polymers were formed.


If the desired macrocycle is the most stable product of the
equilibrium, thermodynamic control is the method of choice.
Several macrocycles have been synthesized in such a fashion;
for instance, bis-N,O-acetals,[4] disulfides,[5] calixarenes,[6±8]


alkenes (through ring closing metathesis, RCM),[9, 10] cyclic,
and three-dimensional supermolecules with metal centers
serving as linkage between several molecules[11±14] . The
formation of large macrocyclic assemblies is also controlled
by thermodynamics.[15, 16]


If the desired macrocycle is not the most stable product,
obviously the kinetically controlled approach could be
utilized. In this particular case, no repair mechanism can turn
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oligomers and polymers into the desired macrocycle. It would
therefore be advantageous to force the desired macrocycle to
be the most stable product in order to exploit the repair
mechanisms in an equilibrium of a thermodynamically con-
trolled reaction.


Thus the desired macrocycle has to be stabilized relative to
the oligomers and polymers. Template molecules or template
ions fulfill this job, and such a template effect has already been
exploited for the synthesis of many macrocycles and other
target molecules from a complex reaction mixture (Fig-
ure 1).[17±23]


Figure 1. Representation of some possible members of the virtual combi-
natorial library examined.


The equilibria discussed above form virtual combinatorial
libraries (VCL).[24±27] All members of such a library are
constantly undergoing interconversion into each other. The
use of a feasible template can select the proper macrocycle
from such a library. The application of the metal-ion-template
effect to the formation of macrocyclic pyridine diimines dates
back to the work of Nelson.[28±30] Here, we would like to
demonstrate the selection of a macrocycle from a VCL for the
formation of macrocyclic diimines 4a ± c and macrocyclic
diamines 6a ± c, which can easily be obtained from 4a ± c by
reduction (Scheme 1). The resulting diamines 6 are less potent
ligands for alkaline earth ions than diimines 4, and thus metal
free macrocycles 6 can be isolated. This template reaction has
already been utilized for the synthesis of a single macrocycle
from the dialdehyde 1 and a diamine 3, for instance, in the
reaction sequence for bimacrocyclic concave pyridines,[31±33]


which possess appealing selectivities in the acylation of
alcohols and monosaccharides with ketenes.[34±36] We have
now investigated the possibility of controlling the selection of
different macrocycles from the same reaction mixture by the


Scheme 1. The reaction system examined, which consisted of dialdehydes
1 or 2, diamines 3a ± c and alkaline earth metal ions M2�.


use of different templates. Finally the parallel synthesis of
more than one macrocycle by the simultaneous use of more
than one template has been investigated.


Results and Discussion


The general procedure for the reaction of dialdehyde 1 with
diamines 3a ± c was chosen to be comparable with established
synthetic procedures.[31±33] These former experiments describe
the use of a single template ion to obtain a single macrocycle
(Mg2� for 6a, Ca2� for 6b, and Sr2� for 6c). The reaction times
were now standardized for all experiments and therefore, in
general, were longer than in the original procedure. The
amount of solvent was also standardized at a high level; this
resulted in lower overall concentrations. In all cases, the
reduction of the diimines 4 was achieved by the same large
excess of sodium borohydride (13.5 mmol). In contrast to
former experiments, several alkaline earth salts were used at
the same time. The yields were determined from the crude
reaction mixtures by 1H NMR spectroscopy after addition of a
standard. All results are listed in Tables 1 ± 4, below.


The reaction of dialdehyde 1 with all three diamines 3a ± c
in the absence of any template salt and final reduction yielded
only 9% of 6b and literally no 6a or 6c (Table 1, entry 1).
Presumably all reactants form some imine structures includ-
ing oligo- and polymeric ones. However, none of these is
especially favored, and this results in a large variety of
different products after reduction. On addition of alkaline
earth ions of increasing size to a mixture of dialdehyde 1 and
diamine 3a, the resulting yield of 6a decreases as the ionic
radii increase (entries 2 ± 4). The small Mg2� ion fits well into
the macrocycle 4a, the larger ions are less suitable for forming
a [1�1] diimine complex 4a ¥M2�. Therefore the [2�2] dimer
8a could be found in notable quantities when larger tem-
plate ions were used (entries 3 and 4). The yield of
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4a (or 6a) formed with a Mg2� template is quite good and
proves former results (entry 2).[31]


For the macrocyclic diamine 6b, the maximum yield of 79%
is obtained with Ca2� (entry 6); this is slightly less than that
observed in former experiments under slightly different
reaction conditions (88%).[31] The yield of 6b from the
reaction of 1 and 3b in the presence of Sr2� is very low
(entry 7), but so is the crude yield. The small amount of
isolated substance (about 70% less than with the other ions)
indicates some problems with the workup. This observation
will be discussed below.


The formation of the largest macrocycle 4c (detected as the
reduced product 6c) is accomplished in good yield with every


ion used (entry 8-10), but there were some problems with the
reproducibility when using Sr2� (entry 10).


In experiments 2 ± 10, the influence of template ions on the
product yields has been examined for VCLs containing only
one diamine 3a, 3b, or 3c. However, if all three diamines 3 are
present, an even larger library will result that consists of many
cyclic [1�1] and [2�2] products, cyclic and acyclic oligomers
and polymers. Surprisingly, the simultaneous use of all three
ions and all three diamines 3a ± c also resulted in good yields
of 6a and 6c, but gave a disappointing result of 22% for 6b
(entry 11). A comparison with entry 7 suggests that the
simultaneous use of 3b and Sr2� seems to be responsible for
a low yield of 6b (4b).


To prove the reversibility of the diimine formation, a
smaller virtual library consisting of dialdehyde 1, two dia-
mines 3a and 3b, and the corresponding template ions Mg2�


and Ca2� was investigated. After the formation of the diimine
metal-ion complexes 4 ¥M2� in a first reaction cycle of stirring
and heating as above, a second equilibrating cycle of stirring
and heating was carried out. In this second cycle, additional
ions were added to the reaction mixture. Experiment 17
(Table 2) shows the product distribution when every compo-
nent (both diamines 3 and both template ions) was present


Table 1. Reaction of dialdehyde 1 with diamines 3a ± c in the presence of various alkaline earth template ions. The resulting cyclic diimines 4a ± c were
analyzed as cyclic diamines 6a ± c after reduction. In some cases, crude yields of [2�2] tetraamines 8 are also listed.


dialdehyde 1 3a 3b 3c MgCl2 ¥ 6H2O CaCl2 SrCl2 ¥ 6H2O 6a 6b 6c 8[b] crude yield
[mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [% of max. possible yield][a] [mg]


1 3.02 1.03 1.02 1.01 ± 9[a] ± 1237
2 1.00 1.00 1.00 86 270
3 1.00 1.00 1.00 60 22[c] 272
4 1.01 0.99 1.00 45 34[c] 270
5 1.01 1.01 1.06 34 341
6 1.00 1.00 1.01 79 305
7 1.00 1.00 1.00 6 80
8 1.00 1.00 1.04 61 344
9 0.99 1.00 1.00 70 338


10 1.01 1.03 1.00 24 ± 74 345
11 3.00 1.03 1.00 1.01 1.00 1.00 1.00 60 ± 84[a] 22[a] 27 ± 62[a] 711 ± 825


[a] In most cases, the amount of dialdehyde 1 is yield-limiting. In the specified cases, the amount of diamine 3a ± c is yield-limiting. [b] The yield-limiting
factor is the dialdehyde, but note that for each [2�2] molecule 8 two molecules of the dialdehyde 1 are required. [c] Yield of 8a.


Table 2. Reactions of dialdehyde 1 or 2 with diamines 3a ± b. Experiments to prove the reversibility of the diimine formation (4a, 4b, 5a and 5b).


first reaction cycle[a] second reaction cycle[b]


dialdehyde 1 dialdehyde 2 3a 3b MgCl2 ¥ 6H2O CaCl2 MgCl2 ¥ 6H2O CaCl2 6a or 7a[c] 6b or 7b[c] sum[c]


[mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [% of max. possible product]


12 1.01 0.99 1.03 2.01 ± ± 57 5 62
13 1.00 1.01 1.05 2.01 ± 2.00 19 17 36
14 1.01 0.99 0.99 1.99 ± 2.01[d] 13 25 38
15 1.01 1.03 1.00 2.00 ± ± 6 71 77
16 1.01 1.05 1.04 2.01 2.01 ± 1 35 36
17 0.99 1.00 1.02 2.01 2.01 ± ± 2 29 31
18 1.00 1.05 1.00 2.00 2.02 traces 29 29
19a 1.00 1.03 1.00 [e]


19b 1.02 1.02 1.00 [e]


19 10/5 18/14 28/19
20 1.01 1.02 1.00 ± ± 72
21 1.01 1.01 1.00 ± ± 95


[a] As given in the Experimental Section, immediate workup with no addition of further ions. [b] Instead of the reduction at the end of the first reaction cycle,
additional ions were added, and a second cycle was carried out according to the general procedure. [c] With both aldehydes 1 and 2 present in the reaction,
the results are listed as 6a/7a and 6b/7b. [d] The reaction time had been tripled. [e] These two samples were combined for the second cycle.
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from the very beginning: 2% of 6a and 29% of 6b giving a
total of 31% of the cyclic diamines 6. Just the first cycle with
MgCl2 ¥ 6H2O (entry 12) leads to 57% of 6a and 5% of 6b.
The subsequent addition of CaCl2 (entry 13) changes these
results to 19% and 17%, respectively, whilst expansion of the
second cycle to a reaction time three times as long (entry 14)
gives 13% for 6a and 25% for 6b, this shifts the yield ratio 4a/
4b toward the expected one (entry 17). The interconversion
of 4a ¥Mg2� to 4b ¥Ca2� requires a ring opening of the
template-stabilized macrocycle 4a and a transamination. The
kinetics for this reaction seem to be slower than the rates of
interconversion of the diimines (mostly acyclic) formed in the
standard reactions. The slower kinetics may also explain the
lower yields[37] of 6 when more than one reaction cycle was
carried out. However this slow interconversion proves the
reversibility.


When dialdehyde 1 condenses with diamine 3b or 3a in the
presence of Ca2�, 6b is formed in 71% and 6a in 6% yield
(entry 15). Even when the diamines 3a and 3b and dialdehyde
1 are reacting with one another in a 1:1:1 ratio in the absence
of any template salt (presumably resulting in various [1�2]
diimines), the subsequent equilibration in the presence of
Mg2� and Ca2� (entry 18) results in the same product
distribution as if Mg2� and Ca2� were present from the very
beginning (entry 17).


An interconversion should also occur when different
aldehydes 1 and 2 are used. In the first cycle, the diimine-
template ion complexes 4a ¥Mg2� and 5b ¥Ca2� were formed
(entries 19a and b). The reduction step would only lead to two
different diamines 6a and 7b. But these mixtures were
combined for a second cycle and, after reduction, were
analyzed as diamines 6a (10%), 6b (18%), 7a (5%) and 7b
(14%). The fact that all four diamines could be found showed
the interconversion and reversibility of the imine formation.
For comparison, experiments 20 and 21 were carried out to
obtain 7a and 7b.


In reactions 1 ± 11, the ratio between dialdehyde 1 and
diamines 3a ± c was always chosen to be 1:1. Table 3 explores


the efficacy of the template stabilization of 4a ± c, even in the
presence of excess competing diamines, to give [1�1] macro-
cycles 4 rather than [1�2] acyclic diimines (resulting from one
dialdehyde 1 and two diamines 3), which would be favored
stoichiometrically.


Of the three diimines 4, Ca2� stabilizes diimine 4b best; this
results in a good yield of 6b (73%, entry 23). Entry 22 shows
that Mg2� is capable of selecting 4a, but that 4b is formed in
minor yield, too. Again, Sr2� gives unexpected results
(entry 24).


Higher concentrations of all participating reactants cause
decreases in all observed yields (entry 25 ± 27), probably by
favoring intermolecular reactions: i) the unimolecular ring
closure of the remaining aldehyde and amine functions of a
monoimine gives a [1�1] macrocyclic diimine, ii) the inter-
molecular reaction between the monoimine ±monoaldehyde
intermediate and further diamine 3 gives a [1�2] nonmacro-
cyclic diimine. The competition between these two reactions is
concentration dependent.


When the template ions are used in excess, the formation of
4a, 4b, and 4c seems to be quite resistant to a higher
concentration of the best ™fitting∫ template salt (entries 28 ±
30). When all three diamines 3 were present but the template
ion concentration was chosen to match the total diamine 3
concentration, Mg2� and Ca2� gave even better yields of 4a
(73%, entry 31) and 4b (81%, entry 32). Again the Sr2�


results (entry 33) cannot be
rationalized easily.


In the simultaneous experi-
ment with all three diamines
3a ± c and all three template
ions, the latter in a threefold
excess (entry 34), 4a and 4c
display the same results as
found for the experiment with a single diamine 3a or 3c
(entries 28 and 30, respectively). No 6b could be found, a
result even worse than in the parallel template experiment 11.
Runs 11 and 34 call for a closer investigation of the reaction of


Table 3. Reaction of dialdehyde 1 with diamines 3a ± c in the presence of various alkaline earth metal ions; variations in concentration of all reaction
partners and ion concentrations. The resulting cyclic diimines 4a ± c were analyzed as cyclic diamines 6a ± c after reduction.


dialdehyde 1 3a 3b 3c MgCl2 ¥ 6H2O CaCl2 SrCl2 ¥ 6H2O 6a 6b 6c crude yield
[mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [% of max. possible yield][a] [mg]


22 1.00 1.05 1.01 1.01 1.00 44 7 ± 454
23 1.01 1.01 1.06 1.03 1.00 ± 73 ± 471
24 1.00 1.00 1.03 1.02 1.00 ± 19 2 368
25 3.01 2.95 3.00 3.06 3.01 13 6 ± 1041
26 3.01 3.00 3.02 3.04 3.05 ± 53 ± 1608
27 3.01 3.01 2.99 3.00 3.02 ± 2 ± 909
28 1.01 1.04 3.00 75 271
29 1.01 1.00 3.01 72 277
30 0.99 1.03 3.00 76 334
31 1.01 1.01 1.00 0.99 3.00 73 9 ± 513
32 1.00 1.14 1.00 1.01 3.00 ± 81 ± 499
33 1.00 0.99 1.03 0.97 3.00 traces 2 6 337
34 3.01 1.05 1.01 1.01 2.98 3.01 3.00 53 ± 75[a] 0[a] 76[a] 635
35 1.00 1.00 2.98 3.02 3.00 0[b] 98
36 1.00 1.00 8.99 23 184


[a] In most cases the amount of dialdehyde 1 is yield-limiting. In the specified cases the amount of diamine 3a ± c is yield-limiting. [b] Instead of 6b, 9 could be
isolated in 29% of the maximum possible yield.
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dialdehyde 1 with diamine 3b in the presence of an excess of
all three template ions (entry 35).


WhenMg2�, Ca2�, and Sr2� were each present in a threefold
excess, no 6b, but a nonmacrocyclic hydroxyaminoamine 9
could be isolated in 29% yield (entry 35). The use of a
ninefold excess of Ca2� only resulted in 23% of 6b (entry 36);
this showed i) the incompatibility of 6b (4b) and Sr2�


(entry 35) and ii) that the template-ion concentration chosen
should not be too high (entry 36).


The use of strontium as a template for 4b and all other
experiments with Sr2� and 4b present at the same time led to
unpredicted results and remarkably low crude yields (see
above). Maybe, in the presence of Sr2�, the reactants form
products that are more soluble in water than in dichloro-
methane and therefore disappear during the workup process.
Alternatively, 4b is formed and is reduced to 6b, but in the
workup process Sr2� forms some water-soluble complex with
6b and therefore escapes detection. And indeed, in an
extraction experiment with isolated 6b in CDCl3/D2O the
1HNMR signals of 6b in the CDCl3 layer were diminished to a
third upon addition of SrCl2 ¥ 6H2O to the sample. According
to these results, concentrated alkaline sodium citrate solution
was added to the aqueous phase to decomplex Sr2� from 6b ¥
Sr2�. But analysis of 130 mg of extracted material showed no
additional 6b. Instead IR and MS spectra of the extracted
material point to some diimine structure, which may be
diimine 4b. This would imply that the complex 4b ¥ Sr2� is
stable enough to withstand the reduction by sodium borohy-
dride. The complexes of 5a ¥M2� with Ca2� and Sr2� have been
isolated before.[38]


To circumvent the problem that occurs when using Sr2�, the
next larger alkaline earth ion was considered as a template
ion. The ion radius of Ba2� is 1.34 ä, and therefore there is a
larger difference between it and the Ca2� (0.99 ä) and Mg2�


ions (0.66 ä) than there is for Sr2� (1.12 ä).[39] The larger Ba2�


ion is supposed to have altered interactions with the
intermediates and products on the road to 4b. Nevertheless
the barium ion is able to template the formation of diimine 4c
in a satisfactory manner (Table 4, entry 39). When using
diamine 3a, it favors the formation of the [2�2] macrocycle
8a (48%) over 6a (8%); this is in good agreement with the
increased ion radius compared with Sr2� (entry 37). In
contrast to the use of Sr2� (entry 7), the templating of the
reaction of 1 with 3b by Ba2� results in 24% of 6b (entry 38).
The crude yield is reasonable; this indicates that there is no
workup problem when Ba2� is used. The most important fact
is that the barium ion is sufficiently capable of serving as a
template in the competition of the formation of 4a, 4b, and 4c


at the same time and that it favors 4b and 4c (entry 40). At
higher concentrations of Ba2� the preference is shifted to 4c
over 4b (entry 41).


Finally in a reaction mixture that is able to form all diimines
4 (entry 42), all three are formed in a good manner; this leads
to the resulting diamines 6a ± c in yields between 71 and 84%.


Conclusion


A system consisting of many different diimines (cyclic,
acyclic) of different sizes (monomers, oligomers, polymers)
and from different building blocks (one or more of each kind)
can be directed to a mixture containing only a few well-
defined species. And with a proper fixation (in this case an
irreversible reduction to diamines) the resulting library can be
read. It is possible to obtain different target molecules starting
from the same system or to obtain even several target
molecules at the same time.


Experimental Section


General Remarks : The following chemicals were obtained commercially
and used without further purification:[40] barium chloride dihydrate
(Merck), calcium chloride (Merck), 1,8-diamino-3,6-dioxaoctane (3a)
(Aldrich), magnesium chloride hexahydrate (Merck), sodium borohydride
(Fluka), strontium chloride hexahydrate (Merck), and dimethyl tereph-
thalate (Fluka). The dialdehydes 1 and 2 were prepared according to
literature procedures.[32] The diamines 3b and c were also synthesized by
known procedures.[32, 33] Dry methanol was obtained by distillation from
magnesium. Dichloromethane was distilled from CaH2. The NMR spectra
were recorded on a Bruker AM300 (300 MHz) spectrometer in CDCl3,
with TMS as internal standard. IR spectra were recorded on a Perkin Elmer
1600 Series. MS spectra were recorded on a Finnigan MAT8230.


General procedure for the synthesis of diamines 6a ± c, 7a, and 7b :
Dialdehyde 1 or 2 and template salts (amounts as given in the Tables) were
dissolved in dry methanol (80 mL). Under argon, the diamines 3a ± c,
dissolved in dry methanol (30 mL), were added dropwise over 30 min. The
reaction mixture was stirred for 1 h and then heated for 2 h. After cooling
the mixture to 0 �C, sodium borohydride (13.5 mmol) was added in several
portions. The mixture was stirred at room temperature for another 15 h.
Water (25 mL) was added, and stirring was continued for 4 h. Methanol was
removed in vacuo, and the remaining aqueous phase was extracted four
times with dichloromethane (25 mL). The organic layer was dried with
magnesium sulfate, and the solvents were removed in vacuo. The oily
residue was analyzed without further purification.


Analysis : The experiments were carried out one to three times. The yields
listed in the Tables are averages. If values differed by more than 10% a
range is given. The quantitative yield determination of the macrocyclic
diamines 6a ± c, 7a,and 7b was carried out by 1H NMR. The integrals of the
aromatic hydrogen atoms were compared with the integral of a known
amount of dimethyl terephthalate at �� 8.11 (s). The ratios of this integral


Table 4. Reaction of dialdehyde 1 with diamines 3a ± c as reported in Tables 1 and 3 but with Ba2� instead of Sr2�.


dialdehyde 1 3a 3b 3c MgCl2 ¥ 6H2O CaCl2 BaCl2 ¥ 2H2O 6a 6b 6c 8[a] crude yield
[mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [mmol] [% of max. possible yield] [mg]


37 1.01 0.99 1.00 8 48[b] 265
38 1.01 1.00 1.01 24 230
39 1.00 1.00 1.00 56 284
40 0.99 1.01 1.00 1.01 1.00 ± 34 18 462
41 1.00 1.00 1.07 1.00 3.00 ± 7 25 412
42 3.00 1.04 1.02 1.00 1.01 1.01 1.00 81 74 71 892


[a] The yield-limiting factor is the dialdehyde, but note that, for each [2�2] molecule 8, two molecules of the dialdehyde 1 are required. [b] Yield of 8a.







FULL PAPER U. L¸ning and O. Storm


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0798 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4798


have been determined to be between 0.3 and 1.5 of the most intensive single
integral. The chemical shifts of the aromatic protons are: 6a at �� 6.56 (s),
6b at �� 6.60 (s), 6c at �� 6.67 (s), 7a at �� 7.01 (d, J� 7.5 Hz, 2H) and
7.54 (t, J� 7.5 Hz, 1H), 7b at �� 7.03 (d, J� 7.5 Hz, 2H) and 7.53 (t, J�
7.5 Hz, 1H). For complete spectroscopic data of 6a ± c, 7a, and 7b see refs.
[32], [33].


The signals for the [2�2] tetraamines 8 could only be assigned without
doubt for the noncompetition experiments (entries 2 ± 4 and 37) and for the
[2�2] tetraamine 8a. The pyridine signal is located at �� 6.70 for 8a ; this is
in good agreement with earlier results.[41, 42]


2-[N-(11-Amino-3,6,9-trioxaundecyl)aminomethyl]-6-hydroxymethyl-4-
methoxypyridine (9): The general procedure with 1 (1 mmol), 3b (1 mmol),
MgCl2 (2.98 mmol), CaCl2 (3.02 mmol), and SrCl2 (3 mmol) gives 8. Yield:
98 mg (29%); 1H NMR (300 MHz, CDCl3): �� 2.7 (br, 4H; D2O, NH2,
NH, OH), 2.84 (m, 4H), 3.55 (m, 2H), 3.6 ± 3.7 (m, 6H), 3.8 ± 3.9 (m, 11H),
4.68 (t, 0.63 Hz, 2H), 6.68 (d, 2.3 Hz, 1H), 6.75 (d, 2.3 Hz, 1H); 13C NMR
(75 MHz, CDCl3): 40.15 (t), 47.63 (t), 53.64 (t), 54.24 (q), 63.29 (t), 69.18 (t),
69.35 (t), 69.45 (t), 71.16 (t), 76.35 (t), 103.49 (d), 106.09 (d), 158.93 (s),
160.91 (s), 165.90 (s); EI-MS (70 eV): m/z (%): 343 (15), 181 (100); CI-MS
(iso-butane): m/z (%): 344 (100); HRMS (C16H29N3O5): calcd. 343.21072;
found 343.21070; (C15


13CH29N3O5) calcd. 344.21408; found 344.21390.
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The Trifluoromethoxy Group:
A Long-Range Electron-Withdrawing Substituent


Eva Castagnetti and Manfred Schlosser*[a]


Abstract: Judged by its capacity to
promote a hydrogen/metal permutation
at an ortho position, the trifluorometh-
oxy group is superior to both the
methoxy and trifluoromethyl groups.
Moreover, like CF3 and unlike OCH3,
OCF3 exerts a long-range effect that still
considerably lowers the basicity of ar-
ylmetal compounds when located in a
more remotemeta or even para position.
As a consequence, 4-(trifluoromethoxy)-


anisole is deprotonated by sec-butyllithi-
um mainly, and by tert-butyllithium ex-
clusively, at a position adjacent to the
OCH3 group rather than next to the
strongly electron-withdrawing CF3O


group. 1,3-Benzodioxole undergoes or-
tho lithiation only six times faster than
anisole, whereas 2,2-difluoro-1,3-benzo-
dioxole reacts about 5000 times faster, as
evidenced by competition experiments.
The structure and distance dependence
of substituent effects can be rationalized
by assuming superposing �- and �-polar-
izing interactions.


Keywords: hydrogen/metal ex-
change ¥ intra-/intermolecular com-
petition ¥ isomerization ¥ kinetics ¥
steric hindrance ¥ substituent effects


Introduction


(Trifluoromethoxy)benzene[1] and the three bromo(trifluoro-
methoxy)benzene isomers[2] are readily deprotonated by sec-
butyllithium or lithium diisopropylamide in tetrahydrofuran
at �100 �C or �75 �C. This points to a marked anion-
stabilizing effect. The uncommon OCF3 has previously been
found to acidify benzoic acids,[3±6] its electron-withdrawing
power falling slightly behind that of a trifluoromethyl group,
but exceeding those of both fluorine and chlorine.


Results


We have assessed the relative rates of the hydrogen/metal
interconversion process between selected benzene conge-
ners[7±8] and sec-butyllithium in order to quantify the accel-
eration provided by the trifluoromethoxy group in compar-
ison with other prominent substituents. The relative rates
listed in Table 1 are approximate. The competition kinetic
method[9±10] employed is accurate only if the reactivity of two
juxtaposed substrates does not differ by much more than one
power of ten, whereas, in reality, the gap between benzene and
benzotrifluoride is much bigger.


A more detailed comparison was performed with anisole,
(trifluoromethoxy)benzene, 1-methoxynaphthalene, 1-(tri-
fluoromethoxy)naphthalene, 1,3-benzodioxole and 2,2-di-
fluoro-1,3-benzodioxole as the substrates (Table 2). As with
the preceding series of kinetic studies, not only the disappear-
ance of the starting materials but also the formation of the
corresponding trapping products upon consecutive carboxy-
lation and neutralization was monitored. It proved possible to
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Table 1. Reactivity of benzene and substituted congeners toward sec-
butyllithium in tetrahydrofuran as probed by competition experiments.
Approximate relative rates (krel) and, after statistic correction, ™factorized∫
rates (krel,f).


aromatic substrate krel krel,f


1.4 ¥ 105 0.7 ¥ 105


6.0 ¥ 104 3.0 ¥ 104


2.4 ¥ 104 1.2 ¥ 104


6.0 ¥ 103 3.0 ¥ 103


1.2 ¥ 103 0.6 ¥ 103


6.0 ¥ 100 1.0 ¥ 100
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always combine compounds of similar reactivity to competing
pairs, and thus to compile numerically reliable relative rates
(see Table 4, below).
Although nearly quantitative with superbasic reagents (see


Experimental Section), the metalation of 1-methoxynaphtha-
lene (and of anisole) with sec-butyllithium only proceeds
slowly under standard conditions. This is reflected in the poor
yield (20%) of the corresponding trapping product, the
carboxylic acid 1 (Scheme 1). The relative rates could never-
theless be accurately assessed. 1-(Trifluoromethoxy)naphtha-
lene reacts smoothly with sec-butyllithium affording the acid 2


OH


X3C


Li
H


CH


CH3


C2H5


X3CO


Li
X3CO


COOH


2 :  X = F


1 :  X = H


Scheme 1.


in 63% yield. Both 1-methoxynaphthalene and 1-(trifluoro-
methoxy)naphthalene were found to react with sec-butyllithi-
um more slowly (krel,f� 0.55 and 0.90, respectively) than their
benzene counterparts, anisole and (trifluoromethoxy)ben-
zene. This decrease in rate was an unexpected outcome as the
kinetic acidity of naphthalene considerably exceeds (4.1 ± 9.7-
fold) that of benzene.[11±13] Moreover, 1-fluoronaphthalene is
known to undergo the sec-butyllithium promoted metalation
2.2 times (after statistical correction: 4.3 times) faster than
fluorobenzene itself does.[8] We attribute the different behav-
ior of 1-methoxynaphthalene and 1-(trifluoromethoxy)naph-
thalene to conformational constraints. The peri-hydrogen
atom forces the alkoxy substituent into an almost perpendic-
ular orientation with respect to the ring plane and prevents it
from occupying a coplanar position with the carbon entity
pointing away from the deprotonation site, the only position
in which it could provide maximum coordinative assistance to
the hydrogen/metal permutation process.


The reactivity difference observed between (trifluorometh-
oxy)benzene and 2,2-difluoro-1,3-benzodioxole is striking.
Evidently the fluorine electron-withdrawing effect is much
more efficiently transmitted to the reaction center when it can
spread through two ether bridges rather than a single one. The
metalation of the halogen-free 1,3-benzodioxole turned out to
be slow and to lack uniformity. Large amounts of catechol (3,
MO�HO; 1,2-dihydroxybenzene; 12%) were obtained
along with the expected acid 4 (56%) even at �100 �C
(Scheme 2). Its formation was presumably initiated by the
lithiation of the acetalic methylene group and followed by a
ring opening to set free an aryloxycarbene to which the sec-
butyllithium reagent added nucleophilically before the se-
quence was terminated by hydride migration and olefin
elimination.
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So far only intermolecular rate comparison having been
accomplished, we wondered whether the trifluoromethoxy
substituent would also outperform methoxy in intramolecular
competition reactions. To this end, 3- and 4-(trifluoromethoxy)-
anisole were consecutively treated with an organolithium
reagent and dry ice (Scheme 3). After neutralization, a single
(trifluoromethoxy)anisic acid (7; up to 91%) was isolated
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Table 2. Competitive reactions of anisole, (trifluoromethoxy)benzene,
1-methoxynaphthalene, 1-(trifluoromethoxy)naphthalene, 1,3-benzodiox-
ole and 2,2-difluoro-1,3-benzodioxole with sec-butyllithium in tetrahydro-
furan: relative rates (krel) and ™factorized∫, that is statistically corrected,
relative rates (krel,f).


substrate kX�F/kX�H kX�Frel kX�Frel�f


10 � 1.00 � 1.00


30 0.45 0.90


700 330 330
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from the meta isomer whatever the base employed. The
para isomer afforded the acids 8 and 9 in the ratio 1:9
with sec-butyllithium, and exclusively 9 (88%) with tert-
butyllithium. The acids 5 and 6 were formed in a 1:1 ratio
(79%), 10:1 ratio (78%) or 1:4 ratio (81%) when sec-
butyllithium in the absence or presence of N,N,N�,N��,N��-
pentamethyldiethylenetriamine (PMDTA) or tert-butyllithi-
um were used. These regioratios confirm our rule of thumb,[14]


according to which polar reagents (such as sec-butyllithi-
um complexed by the tridentate donor-ligand PMDTA)
favor proton abstraction from the intrinsically most acidic
position, whereas noncoordinated alkyllithiums (such as sec-
and, even more so, tert-butyllithium) attack preferentially or
exclusively a position adjacent to the most powerful donor
group.
Once more competition kinetic measurements were carried


out to determine the relative rates of these reactions
(Table 3). 3-(Trifluoromethoxy)anisole underwent lithiation
about 3000 times faster than anisole itself, and 4-(trifluoro-
methoxy)anisole some 300 times faster still. Conformational
reasons, as already evoked above, can explain why the
trifluoromethoxy substituent accelerates the metalation of
the ortho isomer by less than one power of ten.


All ether-type substrates, fluorinated or not, involved in the
present investigation have been graphically arranged accord-
ing to their reactivity towards sec-butyllithium, by using
fluorobenzene as an oxygen-free reference compound (Fig-
ure 1). Whereas (trifluoromethoxy)benzene undergoes metal-
ation 11 times more rapidly than anisole, the entire scale
covers four powers of ten, going from 1-methoxynaphthalene
to the 20000 times more reactive 2,2-difluoro-1,3-benzodiox-
ole.


F3CO
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H3CO


O
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F
F
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O
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H3CO
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2.2
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Figure 1. Graphical survey of the reactivity of anisole and congeners
toward sec-butyllithium, the numbers representing experimentally deter-
mined relative rates without statistic correction (for further details, see
Experimental Section, Table 4).


Discussion


The data reported underscore a recent warning[15] not to
assign ™ortho-directing aptitudes∫ to substituents when this is
merely based on regioselectivity criteria. Although trifluoro-
methoxy is far more powerful than methoxy as an ortho-
metalation accelerating neighboring group, 2- and 4-(trifluoro-
methoxy)anisoles are preferentially deprotonated at positions
adjacent to the OCH3 and remote from the OCF3 group. What
seems to be a paradox at first sight can be well understood if
one keeps in mind that the trifluoromethoxy group exerts a
long range effect (see Table 3) whereas the acidity enhance-
ment provided by a methoxy substituent is very noticeable at
the ortho position, gets almost completely lost at themeta, and
becomes reversed at the para position.[16]


Table 3. Metalation of 2-, 3- and 4-(trifluoromethoxy)anisole with sec-
butyllithium in tetrahydrofuran: rates and ™factorized∫ (statistically
corrected) rates relative to anisole.


substrate deprotonation kX�OCF3


kX�H
kfX�OCF3
kfX�Hsite


6-position[a]
1.7


3.3


2-position


1500


3000


2-position[b]


270


270


[a] 2-(Trifluoromethoxy)anisole being concomitantly metalated by sec-
butyllithium at the 3- and 6-position (see Experimental Section), the
relative rates listed in this table refer only to the organometallic attack at
the site adjacent to the methoxy group. [b] 4-(Trifluoromethoxy)anisole
being concomitantly metalated by sec-butyllithium at the 2- and 3-position
(see Experimental Section), the relative rates listed in this table refer only
to the organometallic attack at the site adjacent to the methoxy group.
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When extending the scope of our survey, we identified three
exemplary scenarios of how substituent effects can propagate.
They may vanish abruptly with distance (as is the case with
alkoxy groups), they may prove almost position-invariant (as
distinctive of the trifluoromethyl group[17]), or they may (as
this happens with fluorine and chlorine atoms) progressively
level off by losing roughly half of their charge-stabilizing
potential each time on being moved from the ortho to the
meta and ultimately to the para position of an aryl
anion.[7±8, 18±21] To rationalize this divergent behavior, we
suggest that two kinds of electronic perturbations operate
side by side. The electronegativity of a nitrogen, an oxygen, or
a halogen atom will inevitably pull electrons in all �-bonds
toward the heteroelement. This �-polarization diminishes, of
course, with the distance from the electron-withdrawing
substituent. The same substituent will simultaneously affect
the �-electron cloud by aspiring the whole sextet as one
package toward itself if it is both tetravalent and electron-
deficient, e.g. trifluoromethyl or trimethylammonio. Alterna-
tively, the �-cloud will essentially remain stationary, as in
chlorobenzene, or even be pushed away from lone-pair
carrying substituents (with progressively increasing strength
from fluorine to alkoxy to dialkylamino). In this way, �-
electron density may accumulate at meta and para positions,
where it counterbalances the already attenuated �-polariza-
tion. In other words, the �-polarization may occur in either
direction and does not necessarily fade away with distance
(Figure 2).


Cl


CF3 OCH3


Figure 2. Possible directions of �-polarization according to the nature of
the substituents.


Given this set of three model cases, where must we place
the trifluoromethoxy group? Although smaller in magnitude,
its �-inductive effect is similar to the one caused by a fluorine
or trifluoromethyl substituent. On the other hand, its �-
donating capacity is dwarfed by that of the methoxy group,
and seems to be even inferior to that of a fluorine atom. The
blend of these two components confer its electronic individ-
uality to the trifluoromethoxy group. While acidifying ortho-
positions only moderately, its anion-stabilizing effect is
retained at meta- and para-positions to a quite remarkable
extent (Figure 3).


F OCF3


Figure 3. Direction of �-polarization for fluorobenzene and (trifluoro-
methoxy)benzene.


�-Polarization (or �-cloud deformation) has previously
been put forward to explain a variety of otherwise unintelli-
gible phenomena.[22±27] Evidently, it has nothing in common
with any ™mesomeric∫ or ™resonance∫ effect. Moreover, the
reader will not have failed to notice the incompatibility of
substituent effects as transpiring from the present work with
Hammett or Taft type parameters.[28]


Experimental Section


For working routine and abbreviations, see related publications from this
laboratory.[30±32] 1H and 13C NMR spectra were recorded of samples
dissolved in deuterochloroform at 400 and 101 MHz, respectively, unless
stated otherwise.


Starting materials : 4-(Trifluoromethoxy)anisole, fluorobenzene, and 2,2-
difluoro-1,3-benzodioxole are commercially available. 1-(Trifluorometh-
oxy)naphthalene was prepared as previously described.[2]


2-(Trifluoromethoxy)anisole : Potassium carbonate (14 g, 0.10 mol) and
methyl iodide (14 g, 6.2 mL, 0.10 mol) were added to a solution of
2-(trifluoromethoxy)phenol (18 g, 0.10 mol) in N,N-dimethylformamide
(75 mL). The mixture was heated to 75 �C for 45 min before being distilled
to give a colorless liquid. Yield: 17.4 g (91%); b.p. 69 ± 70 �C/10 mmHg,
n20D � 1.4364; 1H NMR: �� 7.2 (m, 2H), 6.99 (d, J� 8.1 Hz, 1H), 6.80 (td,
J� 7.9, 1.3 Hz, 1H), 3.79 (s, 3H); elemental analysis calcd for C8H7F3O2
(192.10): 50.02, H 3.67; found C 49.91, H 3.94.


3-(Trifluoromethoxy)anisole : Prepared analogously from 3-(trifluoro-
methoxy)phenol (18 g, 0.10 mol), a colorless liquid was obtained upon
distillation. Yield: 18.0 g (94%); b.p. 72 ± 73 �C/10 mmHg, n20D � 1.4329;
1H NMR: �� 7.28 (t, J� 8.3 Hz, 1H), 6.8 (m, 2H), 6.74 (s, 1H), 3.81 (s,
3H); elemental analysis calcd for C8H7F3O2 (192.10): C 50.02, H 3.67; found
C 50.21, H 3.60.


Trapping products (Carboxylic Acids): 2-Methoxybenzoic acid and 2-fluo-
robenzoic acid are commercially available. 2,2-Difluoro-1,3-benzodioxole-
4-carboxylic acid[1] and 2-(trifluoromethoxy)benzoic acid[1] were prepared
according to published procedures.


1-Methoxy-2-naphthoic acid (1): At �75 �C, potassium tert-butoxide (2.8 g,
25 mmol) was added to a solution of 1-methoxynaphthalene (3.9 g,
25 mmol) and -butyllithium (25 mmol) in cyclohexane (16 mL) and
tetrahydrofuran (50 mL). The mixture was stirred until homogeneous.
After 2 h at�75 �C, it was poured onto an excess of freshly crushed dry ice.
When the temperature of the mixture had risen to 25 �C, a 1.0� aqueous
solution (50 mL) of sodium hydroxide was added. The organic layer was
decanted, and the aqueous phase was washed with diethyl ether (15 mL)
before being acidified to pH 1 and extracted with diethyl ether (3� 30 mL).
Evaporation of the solvent and crystallization of the residue from hexanes
gave colorless needles. Yield: 4.1 g (81%); m.p. 126 ± 127 �C (lit: 126 ±
127 �C[33]); 1H NMR: �� 8.18 (d, J� 8.3 Hz, 1H), 8.10 (d, J� 8.5 Hz,
1H), 7.92 (d, J� 8.2 Hz, 1H), 7.74 (d, J� 8.5 Hz, 1H), 7.6 (m, 2H), 4.17 (s,
3H).


1-(Trifluoromethoxy)-2-naphthoic acid (2): A solution of 1-(trifluoro-
methoxy)naphthalene (5.3 g, 25 mmol), sec-butyllithium (25 mmol) and
N,N,N�,N�-tetramethylethylenediamine (TMEDA; 3.7 mL, 2.9 g, 25 mmol)
in cyclohexane (15 mL) and tetrahydrofuran (50 mL) was kept for 2 h at
�75 �C. Carboxylation, extraction (see above), and crystallization from
ethyl acetate (12 mL) gave colorless cubes. Yield: 5.1 g (80%); m.p. 160 ±
161 �C; 1H NMR: �� 8.3 (m, 1H), 8.04 (d, J� 8.6 Hz, 1H), 7.91 (d, J�
8.6 Hz, 1H), 7.9 (m, 1H), 7.7 (m, 2H); elemental analysis calcd for
C12H7F3O3 (256.18): C 56.26, H 2.75; found C 56.27, H 2.99.


1,3-Benzodioxole-4-carboxylic acid (4): A solution containing 1,3-benzo-
dioxole (3.9 g, 25 mmol) and sec-butyllithium (25 mmol) in pentanes
(17 mL) and tetrahydrofuran (50 mL) was kept for 2 h at �100 �C before
being poured onto an excess of freshly crushed dry ice. The organic
materials were extracted and neutralized as described above for acid 1.
Crystallization from hexanes afforded 0.33 g (12%) of catechol 3 (1,2-
dihydroxybenzene). After evaporation of the mother liquor and crystal-
lization of the residue from a 1:10 (v/v) mixture of ethyl acetate and
hexanes, the pure acid 2 was collected as colorless prisms. Yield: 3.2 g
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(63%); m.p. 230 ± 231 �C (lit: 230 ± 233 �C[34]); 1H NMR: �� 7.46 (dd, J�
8.2, 1.1 Hz, 1H), 7.01 (dd, J� 7.9, 1.2 Hz, 1H), 6.89 (t, J� 7.9 Hz, 1H), 6.13
(s, 2H).


3-Methoxy-2-(trifluoromethoxy)benzoic acid (5): 2-(Trifluoromethoxy)-
anisole (4.8 g, 25 mmol), sec-butyllithium (25 mmol) and N,N,N�,N��,N��-
pentamethylethylenetriamine (4.3 g, 5.0 mL, 25 mmol) in hexanes (16 mL)
and tetrahydrofuran (50 mL) were stored for 2 h at �75 �C. The mixture
obtained after carboxylation was worked up as described above to afford a
1:10 mixture of 2-methoxy-3-(trifluoromethoxy)benzoic acid (6) and
3-methoxy-2-(trifluoromethoxy)benzoic acid (5); crude yield: 4.7 g
(79%). Isomer 5 crystallized from hexanes as colorless prisms. Yield:
4.0 g (68%); m.p. 127 ± 128 �C; 1H NMR: �� 7.58 (d, J� 8.1 Hz, 1H), 7.38
(t, J� 8.0 Hz, 1H), 7.23 (d, J� 8.0 Hz, 1H), 3.93 (s, 3H); elemental analysis
calcd for C9H7F3O4 (236.15): C 45.78, H 2.98; found C 45.66, H 3.02.


When the same reaction was performed by employing simply sec-
butyllithium as metalating agent, a 1:1 mixture of acids 5 and 6 was
obtained; crude yield: 4.6 g (78%).


2-Methoxy-3-(trifluoromethoxy)benzoic acid (6): 2-(Trifluoromethoxy)-
anisole (4.8 g, 25 mmol) in tetrahydrofuran (50 mL) was treated with tert-
butyllithium (25 mmol) in pentane (17 mL) for 2 h at �75 �C. Upon
carboxylation, extraction, and neutralization, a 4:1 mixture of 2-methoxy-3-
(trifluoromethoxy)benzoic acid (6) and 3-methoxy-2-(trifluoromethoxy)-
benzoic acid (5) was obtained; crude yield: 4.8 g (81%). The pure isomer 6
was obtained by crystallization from hexanes as colorless prisms. Yield:
2.9 g (49%); m.p. 79 ± 80 �C; 1H NMR: �� 8.10 (dd, J� 7.9, 1.2 Hz, 1H),
7.55 (d, J� 8.1 Hz, 1H), 7.31 (t, J� 7.9 Hz, 1H), 4.12 (s, 3H); elemental
analysis calcd for C9H7F3O4 (236.15): C 45.78, H 2.98; found C 45.66, H
3.02.


2-Methoxy-6-(trifluoromethoxy)benzoic acid (7): In an analogous reaction,
3-(trifluoromethoxy)anisole (4.8 g, 25 mmol) was treated with sec-butyl-
lithium (25 mmol) in hexanes (16 mL) and tetrahydrofuran (50 mL) for 2 h
at �100 �C. Carboxylation gave the pure acid 7 as colorless prisms. Yield:
5.4 g (91%); m.p. 92 ± 93 �C (from hexanes); 1H NMR: �� 7.43 (t, J�
8.5 Hz, 1H), 6.96 (d, J� 8.4 Hz, 1H), 6.91 (d, J� 8.5 Hz, 1H), 3.92 (s,
3H); elemental analysis calcd for C9H7F3O4 (236.15): C 45.78, H 2.98;
found C 45.77, H 2.65.


5-Methoxy-2-(trifluoromethoxy)benzoic acid (8): Carboxylation of a
reaction mixture containing 4-(trifluoromethoxy)anisole (4.8 g, 25 mmol),
sec-butyllithium (25 mmol) and N,N,N�,N��,N��-pentamethylethylenetria-
mine (4.3 g, 5.0 mL, 25 mmol) in hexanes (15 mL) and tetrahydrofuran
(50 mL), which was kept for 2 h at �75 �C, afforded a 1:1 mixture of
5-methoxy-2-(trifluoromethoxy)benzoic acid (8) and 2-methoxy-5-(tri-
fluoromethoxy)benzoic acid (9); yield: 4.6 g (78%). Isomer 9 (see below)
was removed by fractional crystallization from hexanes. After the
evaporation of the mother liquor, the residue was repetitively crystallized


from methanol at �75 �C to give a small amount of the pure acid 8 as
colorless prisms. Yield: 0.5 g (8%); m.p. 49 ± 52 �C; 1H NMR: �� 7.53 (d,
J� 0.9 Hz, 1H), 7.26 (d, J� 8.0 Hz, 1H), 7.09 (dd, J� 7.9, 1.0 Hz, 1H), 3.85
(s, 3H); elemental analysis calcd for C9H7F3O4 (236.15): C 45.78, H 2.98;
found C 45.78, H 3.08.


2-Methoxy-5-(trifluoromethoxy)benzoic acid (9): This product was analo-
gously made from 4-(trifluoromethoxy)anisole (4.8 g, 25 mmol) by its
consecutive reaction with tert-butyllithium (25 mmol) in pentanes (17 mL)
and tetrahydrofuran (50 mL) kept for 2 h at �75 �C and poured onto dry
ice. It was isolated as described above to give colorless prisms. Yield: 5.2 g
(88%); m.p. 63 ± 65 �C (from hexanes); 1H NMR: �� 8.02 (d, J� 2.8 Hz,
1H), 7.45 (dd, J� 8.9, 2.9 Hz, 1H), 7.10 (d, J� 9.0 Hz, 1H), 4.08 (s, 3H);
elemental analysis calcd for C9H7F3O4 (236.15): C 45.78, H 2.98; found C
45.70, H 3.07.


When the same reaction was performed by employing simply sec-
butyllithium as metalating agent, a 1:9 mixture of acids 8 and 9 was
obtained; crude yield: 5.1 g (86%).


Competition kinetics : The competition experiments were performed and
evaluated as recently described.[8] The rate ratios kA/kB were calculated by
inserting the amounts of the two competing substrates A and B before and
after their reaction with sec-butyllithium in the standard formula kA/kB�
ln ([A]0/[A]t)/ln ([B]0/[B]t).[9±10] The initial amounts [A]0 and [B]0 were
found by weighing in. The amounts of unconsumed substrates [A]t and [B]t
were directly determined by gas chromatography after the reaction by
using an internal standard for calibration. As a control, they were also
indirectly determined, again quantified by gas chromatography, by
subtraction of all identified products; in particular, the methyl esters
obtained after quenching the reaction with dry ice, subsequent neutraliza-
tion and exhaustive treatment with diazomethane; in addition some
catechol was formed whenever 1,3-benzodioxole was employed as a
substrate. The details are numerically listed (Table 4), and the reactivity
differences illustrated in scalar form (Figure 1).


Error estimation : We assume the relative rates kA/kB to be afflicted with an
average error of less than 10% (presumably around 5%) as long as the
ratios do not exceed 10. This estimate is based on numerous repetitive
experiments carried out to check the reproducibility of the results obtained.
In addition, the competition reactions also included, where possible,
overlapping reactivity comparisons (see Figure 1).


General competition protocol : Pairs of substrates A and B (approximately
2.5 mmol each) and of the ™internal standard∫ undecane (1.0 mmol), were
dissolved in tetrahydrofuran (10 mL). A few drops of this mixture were
kept aside for later gas chromatographic analysis before the rest was
transferred into a 0.25 L Schlenk vessel and cooled to �75 �C (or �100 �C,
where specified). A commercial solution of sec-butyllithium (2.5 mmol) in
hexanes (1.6 mL) was added. After 45 min at �75 �C (or �100 �C), the


Table 4. Relative reaction rates kA/kB (without statistic correction) calculated with the amounts of two competing substrates A and B before ([A]o and [B]o)
and after ([A]t and [B]t) their simultaneous reaction with sec-butyllithium in tetrahydrofuran at � 75 �C.
Substrate A Substrate B [A]o [B]o [A]dt [A]it [a] [B]dt [B]it [a] kA/kB


F2BDX [b] m-F3COC6H4OCH3 2.50 2.48 1.10 (1.17) 1.88 (1.94) 3.0[d]


m-F3COC6H4OCH3 p-F3COC6H4OCH3 2.30 2.36 0.71 (0.75) 1.89 (1.93) 5.3[d]


p-F3COC6H4OCH3 FC6H5 2.48 2.54 0.80 (0.82) 2.25 (2.32) 9.3
p-F3COC6H4OCH3 F3COC6H5 2.51 2.56 0.39 (0.42) 2.34 (2.35) 20.7
FC6H5 F3COC6H5 2.49 2.57 1.42 (1.45) 2.00 (2.00) 2.2
F3COC6H5 1-F3COC10H7[c] 2.48 2.53 1.48 (1.50) 1.99 (2.02) 2.2
F3COC6H5 o-F3COC6H4OCH3 2.47 2.45 0.99 (1.02) 2.06 (2.05) 5.2
F3COC6H5 H3COC6H5 2.48 2.60 1.17 (1.24) 2.42 (2.45) 10.5
1-F3COC10H7[c] BDX[e] 2.52 2.72 1.79 (1.84) 2.01 (2.08) 1.1[d]


1-F3COC10H7[c] o-F3COC6H4OCH3 2.51 2.57 1.83 (1.85) 2.22 (2.26) 2.2
BDX[e] o-F3COC6H4OCH3 2.60 2.48 1.85 (1.92) 2.11 (2.12) 2.1[d]


BDX[e] H3COC6H5 2.48 2.50 1.12 (1.19) 2.26 (2.27) 7.9[d]


o-F3COC6H4OCH3 H3COC6H5 2.44 2.54 0.99 (1.01) 1.93 (2.00) 3.3
H3COC6H5 1-H3COC10H7[f] 2.58 2.52 1.25 (1.33) 2.06 (2.15) 3.6


[a] [A]dt and [B]dt stand for the amount of substrates A and B present after the reaction as directly determined by gas chromatography whereas [A]it and [B]it
are indirectly determined by subtracting from the initial amounts [A]o and [B]o the amount of the products (the methyl esters obtained after carboxylation,
neutralization, and treatment with diazomethane; in addition catechol when 1,3-benzodioxole served as a substrate) obtained after the reaction and
quantified again by gas chromatography. [b] F2-BDX� 2,2-difluoro-1,3-benzodioxole. [c] 1-F3COC10H7� 1-(trifluoromethoxy)naphthalene. [d] At � 100 �C
rather than at � 75 �C. [e] BDX� 1,3-benzodioxole. [f] 1-H3COC10H7� 1-methoxynaphthalene.
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reaction mixture was poured onto an excess of freshly crushed dry ice. Once
all the carbon dioxide had evaporated, a known amount of a second
™internal standard∫ (benzoic acid) was added. The organic layer was
extracted with an aqueous solution of sodium hydroxide (1.0�, 3� 10 mL),
and washed with brine (2� 10 mL), before being examined by gas
chromatography. The peak areas of substrates A and B relative to those
of the neutral standard, before and after treatment with sec-butyllithium,
were listed and were used to calculate the rate ratios (kA/kB). The combined
aqueous layers were acidified (to �pH 1) and extracted with diethyl ether
(3� 25 mL). The organic phase was treated with ethereal diazomethane
until the yellow color persisted. The concentrations of the AH- and BH-
derived esters (AE and BE) were determined by gas chromatographic
comparison of their peak areas with that of the methyl ester of the alkali-
soluble ™internal standard∫; unequal detector sensitivities for the various
esters were corrected by calibration factors. In each case it was ascertain
that the consumption of substrates A and B was counterbalanced by the
formation of esters AE and BE in corresponding quantities.


Conditions of gas chromatographic analysis : As a rule, two columns of
different polarity were used to probe the concentrations of substrates and
products. Different conditions had to be employed for the substrates [30 m,
DB-wax, 30 �C (5 min)� 100 �C (10 min), heating rate 25 �Cmin�1; 30 m,
DB-23, 30 �C (5 min)� 100 �C (10 min), heating rate 25 �Cmin�1] and the
methyl esters products (30 m, DB-wax, 150 �C; 30 m, DB-23, 150 �C).
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Transfer Hydrogenation Processes to �3-Alkylidyne Groups
on the Organotitanium Oxide [Ti3Cp*3 O3]


Roma¬n Andre¬s,[a] Mikhail V. Galakhov,[b] MarÌa Pilar Go¬mez-Sal,[a] Avelino MartÌn,[a]
Miguel Mena,*[a] MarÌa del Carmen Morales-Varela,[a] and Cristina SantamarÌa[a]


Abstract: The photochemical treatment
of �3-alkylidyne complexes [{TiCp*(�-
O)}3(�3-CR)] (R�H (1), Me (2), Cp*�
�5-C5Me5) with the amines (2,6-
Me2C6H3)NH2, Et2NH, and Ph2NH and
the imine Ph2C�NH leads to the partial
hydrogenation of the alkylidyne moiety
that is supported on the organometallic
oxide, [Ti3Cp*3 O3], and the formation of
new oxoderivatives [{TiCp*(�-O)}3-
(�-CHR)(R�NR��)] (R��� 2,6-Me2C6H3,
R��H, R�H (3), Me (4); R��R���
Et, R�H (5), Me (6); R��R���Ph,
R�H (7), Me (8)) and [{TiCp*(�-
O)}3(�-CHR)(N�CPh2)] (R�H (9),
R�Me (10)), respectively. A sequential
transfer hydrogenation process occurs


when complex 1 is treated with tBuNH2,
which initially gives the �-methylene
[{TiCp*(�-O)}3(�-CH2)(HNtBu)] (11)
complex and finally, the alkyl derivative
[{TiCp*(�-O)}3(�-NtBu)Me] (12). Fur-
thermore, irradiation of solutions of
the �3-alkylidyne complexes 1 or 2 in
the presence of diamines o-C6H4(NH2)2
and H2NCH2CH2NH2 (en) affords
[{TiCp*(�-O)}3(�3-�2-NC6H4NH)] (13)
and [{TiCp*(�-O)}3(�3-�2-NC2H4NH)]
(14) by either methane or ethane
elimination, respectively. In the reac-


tion of 1 with en, an intermediate
complex [{TiCp*(�-O)}3(�-CH2)(NH-
CH2CH2NH2)] (15) is detected by
1H NMR spectroscopy. Thermal treat-
ment of the complexes 4 ± 10 quantita-
tively regenerates the starting �3-alkyli-
dyne compounds and the amine R�2NH
or the imine Ph2C�NH; however, heat-
ing of solutions of 3 or 4 in [D6]benzene
or a equimolecular mixture of both at
170 �C produces methane, ethane, or
both, and the complex [{TiCp*-
(�-O)}3{�3-�2-NC6H3(Me)CH2}] (16).
The molecular structure of 8 has been
established by single-crystal X-ray anal-
ysis.Keywords: hydrogenation ¥ N ligands


¥ oxo ligands ¥ titanium


Introduction


Anchoring of alkylidyne groups on the organometallic oxide
[Ti3Cp*3 O3] in the complexes [{TiCp*(�-O)}3(�3-CR)] (R�H
(1), Me (2))[1] constitutes a molecular approach to hydro-
carbon ±metal(oxo) surface interactions.[2, 3] �3-Alkylidyne
groups, which are supported on the Ti3O3 core, show surpris-
ing chemical reactivity with organic substrates (see Scheme 1)
similar to that proposed for metal ± oxide surfaces.


Scheme 1. Chemical reactivity of the �3-alkylidyne groups at the Ti3O3
core with ketones, N-benzilidene(phenyl)amine and isocyanides.
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The reactions with unsaturated molecules such as carbon
monoxide and isocyanides proceed by their insertion into the
�3-alkylidyne unit.[4] However, the reactivity with ketones
follows a different pathway that involves the insertion of the
R2C�O carbonyl group into the Ti�H bond of the intermedi-
ate [{TiCp*(�-O)}3(�-C�CH2)(H)], which is formed in situ, to
form the alkoxide-vinylidine derivatives [{TiCp*(�-O)}3(�-
C�CH2)(OCHR2)].[5] The behavior toward the N-benzylidi-
ne(phenyl)amine can be described as an alkylidyne/imine
metathesis-like process.[6] All these results reveal the impor-
tant role of the oxygen atoms in these systems, which bridge
the titanium atoms and enhance the cooperative effect
between them.[7]


Here we report the reactions of the �3-alkylidyne com-
plexes 1 and 2with different organic amines, diamines, and the
imine Ph2C�NH as hydrogen ± donor reagents. These proc-
esses provide insight into transfer hydrogenation reactions on
surfaces.[2]


Results and Discussion


The photochemical treatment at room temperature of so-
lutions of the �3-alkylidyne oxo complexes [{TiCp*(�-O)}3-
(�3-CR)] (R�H (1), Me (2)) in hexane with the amines (2,6-
Me2C6H3)NH2, Et2NH, Ph2NH, and the imine Ph2C�NH
affords the �-alkylidene amido complexes 3 ± 10 (Scheme 2).


Scheme 2. Reactivity of �3-alkylidyne complexes 1 and 2 with amines and
the imine Ph2C�NH.


The NMR spectra of these complexes display two types of
Cp* ligand in a 2:1 ratio, which are consistent with Cs
symmetry and contrast with the C3v symmetry of the starting
materials 1 and 2. In their 1H NMR spectra, the compounds 3,
5, 7, and 9 exhibit an AB spin system, which is assigned to a �-
methylene moiety between two titanium atoms, and those of
the complexes 4, 6, 8, and 10 show a doublet and a quartet,
which correspond to an �-ethylidene bridge between two
metal centers (Table 1). Also, narrow signals at �� 6.58 and
6.69, which are attributed to the amido fragment Ti�HN(2,6-
Me2C6H3), are observed in the spectra of the complexes 3 and
4, respectively.
The 13C NMR spectra reveal a very strong shielding (���


190 ppm) for the resonances of the �-alkylidene carbons
atoms (�-CH2 and �-CHMe) with respect to those of the
starting �3-alkylidyne groups. The chemical shift of the signal
due to the �-alkylidene carbon atom in these species (3 ± 10)
follows a similar trend to that observed for homo-[1b, 8] and
heterodinuclear[9] �-methylidene titanium systems reported in
the literature.
If we consider the mechanism of formation of these species,


we would expect the coordination of the nitrogen atom
(Scheme 3) to establish a four-centered transition state. This
first step is decisive for the stereoselectivity of the reaction
and forces the hydrogen atom to occupy an endo position.
Therefore the R�CH3 substituent in complexes 4, 6, and 8
should occupy the exo position.
To corroborate this proposal, we have attempted to


establish a relationship between the chemical shifts of the
ethylidene groups from complexes 4, 6, and 8 and the different
amido fragments. Thus, it is observed that the electronic
properties of the NR�R�� groups have a significant influence on
both chemical shifts (13C and 1H) of the �-CH fragment (�
(8)� 215.4 (6.21) � � (4)� 212.3 (6.09) � � (6)� 208.7
(6.05)). These results correlate with a lower chemical shift for
a higher donor capacity of the amido groups. However, if the
methyl group is considered there is little difference between
the 13C NMR data (�-CHMe, �� 28.8� 0.3) but a significant
variation in the proton chemical shifts (�-CHMe, �� 1.63 (4),
1.96 (6), 1.74 (8)) when the amido group is changed. The


Abstract in Spanish: El tratamiento fotoquÌmico de los
complejos alquilidino [{TiCp*(�-O)}3(�3-CR)] (R�H (1),
Me (2)) en presencia de aminas [(2,6-Me2C6H3)NH2, Et2NH y
Ph2NH] y de la imina Ph2C�NH conduce a la hidrogenacio¬n
parcial de la especie alquilidino soportada sobre el o¬xido
organometa¬lico [Ti3Cp*3O3] y la formacio¬n de los oxocom-
plejos [{TiCp*(�-O)}3(�-CHR)(R�NR��)] (R��� 2,6-Me2C6H3,
R��H, R�H (3), Me (4); R��R���Et, R�H (5), Me (6);
R��R���Ph, R�H (7), Me (8)) y [{TiCp*(�-O)}3-
(�-CHR)(N�CPh2)] (R�H (9), R�Me (10)), respectiva-
mente. La reaccio¬n ana¬loga con tercbutil amina y el derivado
metilidino 1 transcurre inicialmente mediante la formacio¬n de
la especie �-metileno [{TiCp*(�-O)}3(�-CH2)(HNtBu)] (11), y
evoluciona para dar el alquil derivado [{TiCp*(�-O)}3-
(�-NtBu)Me] (12). Cuando la irradiacio¬n de 1 o 2 se
lleva a cabo en presencia de las diaminas o-C6H4(NH2)2 y
H2NCH2CH2NH2 (en) se obtienen [{TiCp*(�-O)}3(�3-�2-
NC6H4NH)] (13) y [{TiCp*(�-O)}3(�3-�2-NC2H4NH)] (14),
junto con metano o etano. En el caso de la reaccio¬n de 1 con en
se ha detectado mediante RMN-1H el intermedio [{TiCp*-
(�-O)}3(�-CH2)(NHCH2CH2NH2)] (15). Por otra parte, el
tratamiento te¬rmico de los complejos 4 ± 10 conduce a la
regeneracio¬n pra¬cticamente cuantitativa de los alquilidinos de
partida y de la amina R�2NHO imina Ph2C�NH. Sin
embargo, cuando se calienta por encima de 170 �C los
complejos 3 y 4 o una mezcla equimolecular de los dos en
benceno-d6, tiene lugar la aparicio¬n de metano, etano o una
mezcla de ambos, y el nuevo oxocomplejo [{TiCp*(�-O)}3-
{�3-�2-NC6H3(Me)CH2}] (16). La estructura molecular de 8 ha
sido determinada por difraccio¬n de rayos-X.
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Scheme 3. Proposal for a concerted mechanism. [Ti]�Ti(�5-C5Me5).


magnetic anisotropy of the amido-nitrogen lone pair, which
affects nearby atoms, must be taken into account to explain
these results. This places the methyl group in the endo position
and does not support the proposed mechanism.
In complexes 3, 5, 7, and 9, the more shielded protons of the


�-CH2 ligands exhibit a ��� 1.2 ppm, while the less shielded
show a ��� 0.34 ppm. This difference allows us to assign the
resonances between �� 6.20 ± 6.54 to the exo protons.
Furthermore, single crystals of [{TiCp*(�-O)}3(�-CHMe)-


NPh2] (8) obtained from a dilute hexane solution at 4 �C
allowed us confirm the position of the methyl group in the �-
CHR fragment by X-ray structure analysis.


Molecular structure of complex 8 : The molecular structure
and atom-labeling scheme of 8 are shown in Figure 1 and the
most relevant geometrical parameters are summarized in
Table 2. The structure of 8 reveals a trinuclear species, in
which an ethylidene group bridges two titanium atoms and a
diphenylamido ligand is located on the third metal center. The
atom O23 is located 1.11 ä below the plane formed by Ti3,
O13, Ti1, O12, and Ti2.[10] Also, a bridging ethylidene group,
an amido ligand, and two Cp* groups are situated above this
plane, while the third Cp* ligand lies below it.
The environment of each titanium atom can be considered


as pseudotetrahedral. The average Ti�Cp* (2.07 ä) and Ti�O


Figure 1. View of molecular structure of 8.


(1.84 ä) bond lengths are very similar to those found in 2[1a]


and other trinuclear oxo complexes.[11, 12, 7a] The Ti2 ¥¥¥ Ti3
bond length is approximately 0.5 ä smaller than the distances
Ti1 ¥¥ ¥ Ti3 and Ti1 ¥¥¥ Ti2 in the same molecule, and this
difference can be attributed to the bridging ethylidene group
as was the difference of 0.2 ä in the analogous bond lengths in
[{TiCp*(�-O)}3(�-SO4)Cl][12] and [{TiCp*(�-O)}3{�3-�2-CC-
(Me)N(2,6-Me2C6H3)}];[4] these were also assigned to the
bridging ligands. The Ti3-O23-Ti2 angle (99.4(1)�) is smaller
than the other Ti-O-Ti angles (128.0(19), 126.7(1)), which are
comparable to those reported for other trinuclear titanium
species, in which the metal centers are not bridged by
chelating ligands.[11]


The bridging ethylidene group shows that the C41 atom is in
a tetrahedral environment and almost equidistant between
the two titanium centers. The Ti�C41 (av 2.11(4) ä) bond
length is in the expected range observed for TiIV�C(sp3) bond
lengths, not only in trinuclear species[1a, 11a,d] but also in
mononuclear [TiCp*Me3] (2.11 ä),[13] dinuclear [{TiCp*-
Me(�2-MeNNCPh2)}(�-O)(TiCp*Me2)] (2.11 ä),[14] and te-
tranuclear [Ti4Cp*4O5Me2] (2.11 ä)[15] systems. The C41�C42


Table 1. Selected NMR data for complexes 3 ± 16 in [D6]benzene at 25 �C.[a]


Com-
pound


�(1H) �(13C)


3 2.06, 1.94 (C5Me5); 6.37, 4.96 (2J� 9.4, �-CH2); 6.58 (2,6-Me2C6H3NH-) 122.1, 120.0, 12.0, 11.8 (C5Me5); 197.8 (J� 127.4, �-CH2)
4 1.97, 1.94 (C5Me5); 6.09, 1.63 (3J� 7.9, �-CHMe); 6.69 (2,6-Me2C6H3NH-) 122.5, 119.8, 12.1, 11.5 (C5Me5); 212.8 (J� 116.5, 2J� 7.3), 28.5 (�-CHMe)
5 2.08, 2.03 (C5Me5); 6.42, 5.97 (2J� 8.5, �-CH2) 119.5, 118.9, 11.2, 11.1 (C5Me5); 192.6 (J� 125.6, �-CH2)
6 2.03, 2.00 (C5Me5); 6.05, 1.96 (3J� 9.5, �-CHMe) 120.2, 119.3, 11.5, 12.0 (C5Me5); 208.7 (J� 116.5), 28.8 (�-CHMe)
7 2.02, 1.93 (C5Me5); 6.54, 6.16 (2J� 9.0, �-CH2) 123.4, 120.8, 12.0, 11.8 (C5Me5); 197.6 (J� 126.6, 129.7, �-CH2)
8 1.95, 1.92 (C5Me5); 6.21, 1.74 (3J� 7.5, �-CHMe) 123.2, 120.4, 12.1, 11.5 (C5Me5); 215.4 (J� 117.4), 29.2 (�-CHMe)
9 1.98, 2.07 (C5Me5); 6.20, 5.68 (2J� 9, �-CH2) 119.5, 122.5, 11.7, 12.0 (C5Me5); 186.4 (J� 126.1, �-CH2); 170.9 (-C�N)


10 1.99, 2.03 (C5Me5); 6.20, 1.75 (3J� 7.8, �-CHMe) 119.0, 122.3, 11.5, 12.1 (C5Me5); 208.2 (J� 117.2), 30.6 (�-CHMe); 171.1 (-C�N)
11 2.04, 2.01 (C5Me5); 6.53, 6.02 (2J� 9.2, �-CH2); 6.10 (CMe3NH-) 121.1, 119.7, 12.2, 11.8 (C5Me5); 192.0 (J� 125.6, �-CH2)
12 2.05, 2.03 (C5Me5); 0.56 (Ti-Me) 121.7, 119.7, 12.0, 11.7 (C5Me5); 42.9 (J� 121.7, Ti-Me)
13 2.00, 1.90 (C5Me5); 7.04 (�NC6H4NH-) 121.8, 121.0, 11.6, 11.3 (C5Me5)
14 2.04, 1.99 (C5Me5); 5.22, 3.62, 2.97 (�NCHACHA�CHBHB�NHK) 120.4, 11.5 (C5Me5); 65.0 (J� 132.9), 59.1 (J� 131.2) (�NCH2CH2NH-)
15 2.01, 2.03 (C5Me5); 6.52, 5.99 (2J� 9.3, �-CH2), 6.08 (HNCH2CH2NH2);


3.70, 2.55 (-CH2CH2NH2)
16 2.02, 1.89 (C5Me5); 2.48, 1.83 (�NC6H3(Me)CH2-) 122.4, 120.6, 11.7, 11.3 (C5Me5); 65.7 (�NC6H3(Me)CH2-);


21.7 (�NC6H3(Me)CH2-)


[a] Spin-spin coupling constants in Hz







FULL PAPER M. Mena et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0808 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4808


bond length of 1.520(7) ä is comparable to a single C�C
(1.54 ä) bond.[16]


The diphenylamido ligand, which is located in the other
extreme of the molecule, exhibits a Ti1�N1 bond length
of 2.007(4) ä, which is similar to those found in other
titanium complexes in which a single bond Ti�N is
proposed, [TiIIICp*2 (NMePh)] (2.054(2) ä)[17] and [(CO)5W-
{C(NMe2)O}TiCp*(NMe2)2] (av 2.056 ä).[18] . This nitrogen
atom (N1) has a planar environment (sum of angles 360�) with
bond lengths (N1�C51 1.417(6), N1�C61 1.407(6) ä) that are
slightly longer than that for C(sp2)�N(sp2) bonds (1.36 ä).[16]
The two rings of the amido ligand form an angle of 113.1(2)�.
Complex 8, which is obtained by a transfer hydrogenation


reaction in a 1,2-addition of the amine unit onto one of the
three Ti-�3-C bonds, constitutes the first d0 organometallic
oxide supporting an alkylidene fragment to be characterized
by X-ray diffraction studies.
The reaction of the �3-methylidyne complex 1 with tert-


butylamine (Scheme 4) was monitored by 1H NMR spectro-
scopy. Signals attributed to [{TiCp*(�-O)}3(�-CH2)(HNtBu)]
(11) were observed after 30 min of irradiation with an
ultraviolet lamp. The spectrum contained an AB spin system
at �� 6.53 and 6.02 (2J� 9.3 Hz), attributed to a methylene
group bridging two titanium atoms, and a narrow signal at ��
6.10, which arises from the HNtBu amido group.
After one hour, a resonance at �� 0.56, which was assigned


to a methyl group bound to a titanium atom, was detected.
After several hours, complete transformation of complex 11
into [{TiCp*(�-O)}3(�-NtBu)Me] (12) had occurred. The IR
spectrum of compound 12 contains a band at 1186 cm�1 that,
in agreement with the literature, can be assigned to
the stretching mode of C�Nimido: [{TiCpCl}2(�-NtBu)2]
(1160 cm�1, nujol),[19] [{TiCp�F(�-NtBu)}2] (1180 cm�1,


Scheme 4. Reactivity of 1 and 2 with tertbutylamine and diamines.


CsI),[20] [Ti2{MeC(NC6H11)2}2(�-NtBu)2Cl2] (1195, 1185 cm�1,
nujol).[21]


The transformation of 11 into 12, which may be considered
as the second step of a sequential transfer hydrogenation
process, suggests that the migration of a hydrogen atom from
the amido ligand to the �-methylidene group occurs by a
hydride (A) or a concerted (B) transition state mechanism
(Scheme 5).
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Scheme 5. Possible ways of transformation of 11 into 12. [Ti]�Ti(�5-C5Me5).


With the results of the reactions of 1 or 2with simple amines
in hand, we decided to study their reaction with diamines.
Solutions of complexes 1 and 2 with o-C6H4(NH2)2 and
H2NCH2CH2NH2 (en) in hexane were exposed to light from a
solar lamp or, as in the case of 1 with en, heated at 120 �C. The
reactions were monitored by 1H NMR spectroscopy. Both �3-
alkylidyne complexes are driven to the final products,


Table 2. Selected distances [ä] and angles [�] for complex 8.[a]


Ti1�O13 1.812(2) Ti3�O23 1.842(3)
Ti1�O12 1.835(2) Ti3�O13 1.848(3)
Ti1�N1 2.008(3) Ti3�C41 2.123(4)
Ti1 ¥¥ ¥ Ti3 3.271(1) N1�C61 1.410(5)
Ti1 ¥¥ ¥ Ti2 3.305(1) N1�C51 1.420(5)
Ti2�O23 1.836(3) C41�C42 1.504(6)
Ti2�O12 1.842(3) Ti1�Cp*1 2.094
Ti2�C41 2.114(4) Ti2�Cp*2 2.068
Ti2 ¥¥ ¥ Ti3 2.803(1) Ti3�Cp*3 2.063
C41�H41 0.89(5)
O13-Ti1-O12 103.4(1) Ti2-O23-Ti3 99.3(1)
O13-Ti1-N1 102.1(1) Ti2-C41-Ti3 82.8(1)
O12-Ti1-N1 104.0(1) N1-C61-C66 121.3(4)
O23-Ti2-O12 104.1(1) Cp*1-Ti1-N1 119.1
O12-Ti2-C41 98.5(1) Cp*1-Ti1-O12 112.4
O23-Ti3-O13 104.4(1) Cp*1-Ti1-O13 114.2
O23-Ti3-C41 84.2(1) Cp*2-Ti2-O12 120.8
Ti2-Ti3-Ti1 65.4(1) Cp*2-Ti2-O23 124.7
C61-N1-C51 116.1(3) Cp*2-Ti2-C41 116.0
C51-N1-Ti1 119.6(2) Cp*3-Ti3-O13 120.7
C61-N1-Ti1 124.3(3) Cp*3-Ti3-O23 123.4
Ti1-O12-Ti2 128.0(1) Cp*3-Ti3-C41 115.7
C42-C41-Ti3 126.4(3) C42-C41-Ti2 120.8(3)
H41-C41-Ti2 108.9(30) C52-C51-N1 122.0(4)
Ti1-O13-Ti3 126.7(1) H41-C41-Ti3 105.3(30)
Cp*3-Ti3-C41 115.6 H41-C41-C42 109.4(32)


[a] Cp* are the centroids of the C5Me5 rings.
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[{TiCp*(�-O)}3(�-�2-NC6H4NH)] (13) and [{TiCp*(�-O)}3-
(�-�2-NC2H4NH)] (14), by methane or ethane elimination,
respectively (see Scheme 4). These reactions, in which the �3-
alkylidyne group is completely hydrogenated, can be consid-
ered as the final step in the sequential transfer hydrogenation
processes mentioned above.
The IR spectra of these compounds confirm the presence of


an amido group (�� st N�H: 3380 (13), 3394 (14) cm�1), and the
EI-MS (70 eV) the corresponding molecular ions (m/z 702
(13), 654 (14)). The 1H NMR spectra reveal two signals for
Cp* in a 1:2 ratio, an ABCD spin system from the aromatic
protons in 13, and an AA�BB�K spin system attributable to the
-NCHAHA�CHBHB�NHK- moiety in 14 in accordance with Cs
symmetry (see Table 1).
No intermediates were detected in the syntheses of com-


plex 13. However in the reaction of 1with en, the intermediate
complex [{TiCp*(�-O)}3(�-CH2)(HNC2H4NH2)] (15) was de-
tected (Scheme 4). Its 1H NMR spectrum shows the presence
of an AB spin system for the �-CH2 fragment, which is
analogous to those found in the complexes 3, 5, 7, 9, and 11; a
broad signal at �� 6.08 which is assigned to the proton of the
amido-nitrogen in TiHN(CH2CH2NH2); and two multiplets at
�� 3.70 and 2.55 which are assigned to the methylene groups
of the amido ligand. The terminal NH2 was not detected in the
spectrum.
The thermal behavior between 170 and 220 �C of the


compounds 3 ± 11 and 14 in [D6]benzene was inspected by
NMR spectroscopy. The thermolysis of complexes 5 ± 10 gives
rise to the quantitative regeneration of the starting �3-
alkylidyne compounds 1 and 2 and the corresponding amine
(Scheme 6) or imine. This establishes the thermal reversibility of


Scheme 6. Thermal treatment of complexes 5 ± 8. [Ti]�Ti(�5-C5Me5).


the transfer hydrogenation process for these compounds.
Under similar condition reactions, the oxo derivatives 11 ± 14
decompose to give a mixture of products from which only the
tetranuclear species [{TiCp*}4(�-O)6][1a] could be identified.
Solutions of 3 and 4 in [D6]benzene, or an equimolecular


mixture of both, which are heated to over 170 �C, produce the
oxo complex [{TiCp*(�-O)}3{�3-�2-NC6H3(Me)CH2}] (16) by
either methane or ethane elimination (Scheme 7). The path-
way is similar in the first step to that described for the
transformation of 11 into 12. This is followed by the activation
of a C�H bond from an aryl-imido methyl group and the
elimination of the corresponding alkane.
The new derivative displays a triplet at �� 65.7 (J�


118.3 Hz) in the 13C NMR spectrum that lies in a region
typical for Ti�CH2 resonances as those found for the trinuclear
complex [{TiCp*(�-O)(CH2Ph)}3] have been observed.[1a] The
molecular ion was observed in the EI mass spectrum at m/z
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Scheme 7. Thermolysis of compounds 3 and 4. [Ti]�Ti(�5-C5Me5).


715. The IR spectrum of the isolated complex 16 contains an
absorption at 1222 cm�1 which is consistent with a C�N imido
bond; a similar value has been reported for [(TiCpX)2-
(�-NPh)2] (1230 ± 1250 cm�1, nujol).[19]


In summary, the photochemical reactions of �3-alkylidyne
titanium(��) complexes with amines, diamines, and the imine
Ph2C�NH can be considered as sequential transfer hydro-
genation processes that occur under mild conditions on an
organometallic oxide. The different steps of this process
(alkylidene, alkyl, and alkane) have been identified. Also,
thermal dehydrogenation of the �-alkylidene groups to give
the starting �3-alkilidyne compounds has been observed in
some cases.


Experimental Section


General procedures : All syntheses and subsequent manipulation were
carried out under argon by conventional Schlenk techniques or using a
MBraun glovebox filled with argon.[22] All solvents were dried by usual
methods and distilled under argon before use.[23] Compounds 1 and 2 were
prepared according to previously reported procedures.[1] (2,6-
Me2C6H3)NH2, Et2NH, Ph2NH, tBuNH2, Ph2CNH, o-C6H4(NH2)2, and
H2NCH2CH2NH2 (en) were purchased from Aldrich and used after
distillation or freshly sublimed.
Elemental analyses (C, H, N) were performed with a Heraeus CHN-O-
RAPID and/or Perkin Elmer 240 ±C. Mass spectrometric analyses
(Electron Impact, EI) were conducted at 70 eVon a Hewlett Packard 5988
spectrometer. IR spectra were obtained in KBr pellets by using a Perkin
Elmer 883 and/or FT-IR Perkin Elmer SPECTRUM 2000 spectrophotom-
eter. NMR spectra were recorded on Unity 300 or Unity Plus 500
spectrometers. Trace amounts of protonated solvents were used as
references, and chemical shifts are reported relative to TMS. Thermal
reactions were carried out in a Roth autoclave model III (300 mL), with
heater model 30S (20� 300 �C) and temperature regulator model DR 500.
[{TiCp*(�-O)}3(�-CHR)(R�NR��)] (R��� 2,6-Me2C6H3, R��H, R�H (3),
Me (4); R��R���Et, R�H (5), Me (6); R��R���Ph, R�H (7), Me (8))
and [{TiCp*(�-O)}3(�-CHR)(N�CPh2)] (R�H (9), R�Me (10)): These
derivatives were prepared by the addition of the corresponding amine or
imine in hexane to a solution of [{TiCp*(�-O)}3(�3-CR)] (R�H (1), Me
(2)) in hexane at room temperature. The reaction mixture was irradiated
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with an ultraviolet lamp for 4 h (3), 3 h (4, 5), or 7 h (6), concentrated and
cooled to 4 �C. The products were obtained in high purity (� 95% by
1H NMR spectroscopy). The preparation of 3 is reported as an example.


[{TiCp*(�-O)}3(�-CH2){HN(2,6-Me2C6H3)}] (3): A solution of 1 (0.60 g,
0.98 mmol) and (2,6-Me2C6H3)NH2 (0.12 mL, 1.05 mmol) in hexane
(70 mL) was placed in a 100 mL Carious tube. The pressure of argon was
reduced slightly and the reaction mixture irradiated with an ultraviolet
lamp for 4 h. The red solution was concentrated (40 mL) and cooled to 4 �C.
This gave 3 as a reddish orange microcrystalline solid. Yield: 0.26 g, 36%;
IR (KBr): �� � 3335 (w), 2909 (s), 1431 (m), 1374 (s), 1029 (m), 753
(vs) cm�1; MS (70 eV, EI): m/z (%): 612 (15) [M� (2,6-Me2C6H3)N]� , 598
(5) [M� (2,6-Me2C6H3)� (CH)]� , 611 (17) [M� (2,6-Me2C6H3)]� ; ele-
mental analysis calcd (%) for Ti3O3NC39H57 (MT� 731.49): C 64.03, H 7.85,
N 1.91; found: C 64.36, H 8.22, N 1.91.


[{TiCp*(�-O)}3(�-CHMe){HN(2,6-Me2C6H3)}] (4): The reaction of 2
(0.60 g, 0.96 mmol) and (2,6-Me2C6H3)NH2 (0.12 mL, 1.00 mmol) in hexane
gave 4 as a reddish orange microcrystalline solid. Yield: 0.34 g (46%). IR
(KBr): �� � 3342 (w), 2910 (s), 1436 (s), 1376 (s), 1024 (m), 748 (vs) cm�1; MS
(70 eV, EI): m/z (%): 624 (1) [M� (2,6-Me2C6H3)NH2]� , 597 (1) [M� (2,6-
Me2C6H3)� (C2H4)]� ; elemental analysis calcd (%) for Ti3O3NC40H59
(MT� 745.51): C 64.43, H 7.97, N 1.87; found: C 63.99, H 7.85, N 1.62.
[{TiCp*(�-O)}3(�-CH2)(NEt2)] (5): The reaction of 1 (0.60 g, 0.98 mmol)
with Et2NH (0.10 mL, 0.98 mmol) in hexane gave 5 as a dark orange
microcrystalline solid. Yield: 0.47 g (70%). IR (KBr): �� � 2911 (s), 1480
(w), 1440 (w), 1373 (s), 1023 (m), 746 (vs) cm�1; MS (70 eV, EI): m/z (%):
613 (5) [M�C3H5]� , 612 (14) [M� (EtN) � (C2H4)]� , 597 (1) [M�
(Et2N)� (CH2)]� ; elemental analysis calcd (%) for Ti3O3NC35H57 (MT�
683.45): C 61.50, H 8.41, N 2.05; found: C 61.85, H 8.42, N 1.51.


[{TiCp*(�-O)}3(�-CHMe)(NEt2)] (6): The reaction of [{TiCp*(�-O)}3-
(�3-CMe)] (2) (0.80 g, 1.28 mmol) and Et2NH (0.20 mL, 1.93 mmol) in
hexane gave 6 as a dark red microcrystalline solid. Yield: 0.72 g (80%). IR
(KBr): �� � 2923 (s), 1497 (w), 1440 (s), 1370 (s), 740 (vs) cm�1; MS (70 eV,
EI): m/z (%): 613 (77) [M� (2Et) � (C2H2)]� , 612 (30) [M� (Et2N)
� (CH)]� , 611 (26) [M� (2Et)� (C2H4)]� ; elemental analysis calcd (%) for
Ti3O3NC36H59 (MT� 697.47): C 61.98, H 8.52, N 2.01; found: C 61.57, H 8.34,
N 1.67.


[{TiCp*(�-O)}3(�-CH2)(NPh2)] (7): A solution of 1 (0.80 g, 1.31 mmol) and
Ph2NH (0.25 g, 1.49 mmol) in hexane (100 mL) was placed in a 150 mL
Carious tube. The argon pressure was reduced and the reaction mixture
irradiated with a sun lamp for 72 h. The solution was concentrated and
cooled to 4 �C to give 7 as a red microcrystalline solid. Yield 0.78 g (76%).
IR (KBr): �� � 2909 (s), 1432 (m), 1374 (s), 1027 (m), 756 (vs) cm�1; MS
(70 eV, EI):m/z (%): 779 (2) [M]� , 611 (100) [M� (Ph2N)]� , 610 (45) [M�
(Ph2NH)]� ; elemental analysis calcd (%) for Ti3O3NC43H57 (MT� 779.53):
C 66.25, H 7.37, N 1.79; found: C 66.18, H 7.48, N 1.96.


[{TiCp*(�-O)}3(�-CHMe)(NPh2)] (8): The compound 8 was prepared
similarly to 7 from 0.40 g (0.64 mmol) of [{TiCp*(�-O)}3(�3-CMe)] (2) and
Ph2NH (0.12 g, 0.71 mmol) in hexane (60 mL) irradiating with a sun lamp
during four days to give red crystals suitable for X-ray diffraction analysis.
Yield: 0.42 g (83%). IR (KBr): �� � 2905 (s), 1482 (s), 1432 (m), 1375 (m),
1028 (m), 755 (vs) cm�1; MS (70 eV, EI): m/z (%): 793 (1) [M]� , 625 (35)
[M� (Ph2N)]� , 624 (17) [M� (Ph2NH)]� , 613 (13) [M� (2Ph) � (C2H2)]� ,
597 (46) [M� (Ph2N) � (C2H4)]� ; elemental analysis calcd (%) for
Ti3O3NC44H59 (MT� 793.55): C 66.59, H 7.49, N 1.76; found: C 65.95, H
7.58, N 2.02.


[{TiCp*(�-O)}3(�-CH2)(N�CPh2)] (9): Compound 1 (0.6 g, 0.98 mmol) was
dissolved in hexane in a Carious tube, and the imine Ph2C�NH (165 �L,
0.98 mmol) was added. The pressure of argon was reduced and the solution
was stirred and irradiated with an ultraviolet lamp for 8 h. The resulting
reddish solution was filtered, concentrated and cooled to 4 �C. After 72 h,
red crystals were obtained and identified as complex 9. Yield: 0.50 g (60%).
IR (KBr): �� � 2907 (s), 1639 (vs), 1374 (m), 1027 (m), 759 (vs), 674 (s), 627
(s) cm�1; MS (70 eV, EI):m/z (%); 792 (17) [M]� , 612 (35) [M�Ph2C�N]� ;
elemental analysis calcd (%) for Ti3O3NC44H57 (MT� 791.54): C 66.76, H
7.26, N 1.77; found: C 66.59, H 7.29, N 1.77.


[{TiCp*(�-O)}3(�-CHMe)(N�CPh2)] (10): Ph2C�NH (161 �L, 0.96 mmol)
was added to a red solution of 2 in hexane (60 mL) in a Carious tube. The
solution was stirred under irradiation by a sun lamp for 96 h. The resulting
solution was filtered, concentrated, and cooled to 4 �C. The solvent was
removed to leave 10 as a red solid. Yield: 0.65 g (73%). IR (KBr): �� � 2908


(s), 1374 (m), 1027 (w), 753 (vs), 666 (s), 625 (s) cm�1; MS (70 eV, EI): m/z
(%); 806 (6) [M]� , 624 (38) [M�Ph2C�N]� ; attempts to obtain a
satisfactory elemental analysis were unsuccessful.


[{TiCp*(�-O)}3(�-CH2)(HNtBu)] (11): tBuNH2 (6 �L, 0.06 mmol) was
added to a solution of 1 (30 mg, 0.05 mmol) in [D6]benzene (0.6 mL). The
NMR tube was flame-sealed and irradiated with an ultraviolet lamp for
30 mins. The solution was studied by 1H and 13C NMR spectroscopy to
detect and characterize the red compound 11 (See Table 1).


[{TiCp*(�-O)}3(�-NtBu)Me] (12): tBuNH2 (0.12 mL, 1.18 mmol) was
added to a solution of 1 (0.60 g, 0.98 mmol) in hexane (70 mL) in a Carious
tube. The pressure of the argon was reduced and the green reaction mixture
was irradiated with a sun lamp for 20 h. The color of solution became
reddish, due to the formation of compound 11, before it finally became
dark green. Solvent was removed to give complex 12. Yield: 0.57 g (85%).
IR (KBr): �� � 2912 (m), 1492 (w), 1438 (s), 1374 (s), 1186 (s), 1024
(m) cm�1; MS (70 eV, EI):m/z (%): 477 (7) [M� (tBuN)� (Cp*)]� , 475 (7)
[M� (tBuNH2)� (Cp*)]� ; attempts to obtain a satisfactory elemental
analysis were unsuccessful.


[{TiCp*(�-O)}3(�3-�2-NC6H4NH)] (13): In a Carious tube, o-C6H4(NH2)2
(0.18 g, 1.66 mmol) was added to a solution of 1 (1.00 g, 1.64 mmol) in
hexane (150 mL). The argon pressure was reduced and the reaction
mixture irradiated with a sun lamp for 12h. The solution was concentrated
and cooled to 4 �C to give a reddish brown solid, 13. Yield: 0.68 g, 59%; IR
(KBr): �� � 3380 (w), 2910 (s), 1490 (m), 1438 (s), 1374 (s), 1035 (w), 685
(vs) cm�1; MS (70 eV, EI): m/z (%): 702 (6) [M]� ; elemental analysis calcd
(%) for Ti3O3N2C36H50 (MT� 702.40): C 61.55, H 7.17, N 3.99; found: C
61.00, H 7.22, N 3.35.


[{TiCp*(�-O)}3(�3-�2-NC2H4NH)] (14): H2NCH2CH2NH2 (en) (0.11 mL,
1.64 mmol) in hexane (5 mL) was added to a solution of 2 (1.00 g,
1.60 mmol) in hexane (100 mL) in a 150 mL Carious tube. The argon
pressure was reduced and the reaction mixture heated overnight at 120 �C
in a silicon oil bath. The solution was concentrated and cooled to 4 �C to
give a reddish brown microcrystalline solid, 14. Yield: 0.95 g (90%). IR
(KBr): �� � 3394 (w), 2910 (s), 1493 (m), 1436 (s), 1375 (s), 1024 (w), 707
(vs) cm�1; MS (70 eV, EI): m/z (%): 654 (1) [M]� ; elemental analysis calcd
(%) for Ti3O3N2C32H50 (MT� 654.36): C 58.73, H 7.70, N 4.28; found: C
58.94, H 7.94, N 3.67.


[{TiCp*(�-O)}3(�-CH2)(HNCH2CH2NH2)] (15): [{TiCp*(�-O)}3(�3-CH)]
(1) (30 mg, 0.05 mmol) and H2NCH2CH2NH2 (en) (6 �L, 0.06 mmol) in
[D6]benzene (0.60 mL) were transferred to a NMR tube (5 mm). The tube
was sealed in vacuum and irradiated with an ultraviolet lamp for several
minutes. Compound 15 was detected by NMR spectroscopy.


Thermal treatment of complexes 3 and 4 : Thermal treatment of complexes
3 and 4 led to the formation of the compound [{TiCp*(�-O)}3{(�3-�2-
NC6H3(Me)CH2}] (16) in both cases. A solution of [{TiCp*(�-O)}3(�-
CH2){HN(2,6-Me2C6H3)}] (3) in hexane (50 mL) was transferred by
cannula into a 100 mL Carious tube and then flame-sealed under vacuum.
The solution was heated in an autoclave at 195 �C for 12 h. The Carious
tube was opened in a glovebox and the solution inside concentrated and
cooled to 4 �C to yield a dark red microcrystalline solid, 16. Yield: 0.59 g
(86%). IR (KBr): �� � 2911 (s), 1490 (w), 1434 (m), 1374 (s), 1222 (s), 1025
(m), 716 (vs) cm�1; MS (70 eV, EI): m/z (%): 715 (1) [M]� , 701 (2) [M�
(CH2)]� , 700 (1) [M� (CH3)]� , 612 (1) [M� (NC6H3CH2)]� , 611 (1) [M�
(MeC6H3CH2)]� , 610 (1) [M� (HNC6H3)]� ; elemental analysis calcd (%)
for Ti3O3NC38H53 (MT� 715.44): C 63.79, H 7.47, N 1.96; found: C 63.54, H
7.70, N 1.62.


X-ray structure determination of 8 : The single crystals used, red cubes,
were obtained from a diluted hexane solution at 4 �C. Table 3 provides a
summary of the crystal data, data collection, and refinement parameters for
complex 8. Data were collected on an Enraf Nonius CAD4 diffractometer
at room temperature. Intensity measurements were performed by � ± 2�
scans in the range 6�� 2�� 50� for 8. Of the 7694 measured reflections for
8, 7341 were independent;R1� 0.053 andwR2� 0.148 (for 5023 reflections
with F� 4�(F)). The values of R1 and wR2 are defined as R1�� � �F0 ��
�Fc � � /[� �F0 � ]; wR2� {[�w(F 2


0 � F2
� �2]/[�w(F 2


0 �2]}1/2. The structure was
solved, using the WINGX package,[24] by direct methods (SHELXS-97)
and refined by least-squares against F 2 (SHELXL-97).[25] All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were positioned
geometrically and refined by a riding model in the last cycles of refinement
(except for H41 which was directly located and refined isotropically).
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Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC± 164854.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44)1223-336-033;
deposit@ccdc.cam.ac.uk).
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Table 3. Crystal data and structure refinement for complex 8.


empirical formula C44H59NO3Ti3
formula weight 793.62
temperature [K] 293(2)
wavelength (MoK�) 0.71073 ä (graphite monochromator)
crystal system; space group monoclinic; P21/n
a [ä] 12.585(4)
b [ä]; 	[�] 19.829(3); 92.29(2)�
c [ä] 16.813(4)
V [ä3]; Z 4192(2); 4

calcd [gcm�3] 1.257
absorption coefficient [mm�1] 0.595
F(000) 1680
crystal size [mm] 0.30� 0.28� 0.25 mm
diffractometer Enraf Nonius CAD-4
scan mode; � range � ± 2� ; 3 ± 25�
index ranges 0� h� 14, 0� k� 23, �19� l� 19
collected reflections 7694
independent reflections 7341
observed reflections [F� 4�(F)] 5023
goodness-of-fit on F 2 0.919
final R indices [F� 4�(F)] R1� 0.053; wR2� 0.148
R indices (all data) R1� 0.097; wR2� 0.179
weighting scheme (calcd) w� 1/[�2(F 2


o�� (0.119P)2� 3.808P],
where P� (F 2


o � 2F 2
c �/3


largest diff. peak and hole [eä�3] 0.694 and �0.475








Dendritic Galactosides Based on a �-Cyclodextrin Core for the Construction
of Site-Specific Molecular Delivery Systems: Synthesis and Molecular
Recognition Studies


Antonio Vargas-Berenguel,*[a] Fernando Ortega-Caballero,[a]


Francisco Santoyo-Gonza¬ lez,[c] Juan J. GarcÌa-Lo¬ pez,[a] Juan J. Gime¬nez-MartÌnez,[a]


Luis GarcÌa-Fuentes,[b] and Emilia Ortiz-Salmero¬ n[b]


Abstract: In order to evaluate the abil-
ity of multivalent glycosides based on a
�-cyclodextrin core as site-specific mo-
lecular carriers, a study on both the
inclusion complexation behaviour and
lectin binding affinity of branched and
hyperbranched �-cyclodextrins is pre-
sented. A series of cluster galactosides
constructed on �-cyclodextrin scaffolds
containing seven 1-thio-�-lactose or �-
lactosylamine bound to the macrocyclic
core through different spacer arms were
synthesised. In addition, the first syn-
thesis of three first-order dendrimers
based on a �-cyclodextrin core contain-
ing fourteen 1-thio-�-�-galactose,
1-thio-�-lactose and 1-thio-�-melibiose
residues was performed. Calorimetric
titrations performed at 25 �C in buffered
aqueous solution (pH 7.4) gave the af-
finity constants and the thermodynamic
parameters for the complex formation
of these �-cyclodextrin derivatives with
guests sodium 8-anilino-1-naphthalene-


sulfonate (ANS) and 2-naphthalenesul-
fonate, and lectin from peanut (Arachis
hypogaea) (PNA). The persubstitution
of the primary face of the �-cyclodextrin
with saccharides led to a slight increase
of the binding constant values for the
inclusion complexation with ANS rela-
tive to the native �-cyclodextrin. How-
ever, the increase of the steric conges-
tion due to the presence of the saccha-
ride residues on the narrow rim of the �-
cyclodextrin may cause a decrease of the
binding ability as shown for sodium
2-naphthalenesulfonate. The spacer
arms are not passive elements and
influence the host binding ability ac-
cording to their chemical nature. PNA
forms soluble cross-linked complexes


with cluster galactosides and lactosides
scaffolded on �-cyclodextrin but not
with cluster galactopyranosylamines or
melibiose. Both, perbranched and hy-
perbranched �-cyclodextrins, form
stronger complexes with PNA than the
monomeric analogues. However, the use
of hyperbranched CDs does not contrib-
ute to the improvement of the complex
stability relative to heptakis-glycocyclo-
dextrin derivatives. Finally, a titration
experiment with PNA and a complex
formed by a heptakis lactose �-cyclo-
dextrin derivative with sodium 2-naph-
thalenesulfonate showed the formation
of a soluble cross-linked complex with
stronger affinity constant and higher
stoichiometry than those observed for
the complex formation of PNAwith the
same heptakis-lactose �-cyclodextrin
derivative, suggesting the formation of
a three component complex.


Keywords: calorimetry ¥ cluster
compounds ¥ cyclodextrins ¥ host ±
guest systems ¥ molecular
recognition


Introduction


Cyclodextrin (CD) derivatives bearing saccharides may be
useful as carriers for transporting drugs to membrane-
containing specific sugar receptors.[1] In addition, the well-
defined torus-shaped structures of CDs provide a versatile
scaffold for the construction of branched structures of
bioactive molecules such as glycosides. This latter feature
would allow the use of the so-called cluster effect[2] as a means
to increase the protein ± saccharide binding[3] and therefore
could improve the effectiveness of the drug delivery system.
In this context, we have reported[4] the synthesis of a variety of
persubstituted �-CD derivatives branched with O-, S-glyco-
sides and glycopyranosylamines with, in some cases, enhanced
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lectin binding affinity. Other groups have recently reported
alternative strategies for the synthesis of glyco-�-CDs per-
substituted onto the primary face,[5] secondary face and both
primary and secondary faces simultaneously.[6] Working on
the same concept, other research groups have reported the
synthesis of cluster glycosides based on different cores such as
calixarenes[7] and calix[4]resorcarenes.[8] In particular, Aoya-
ma and co-workers[8] have demonstrated that the latter type of


compounds can deliver guest molecules to polar solid surfaces
such as quartz, but also to biological targets such as lectins.
The use of CDs as a scaffold of cluster glycosides offers


several advantages over other macrocyclic compounds: It is
more readily available and affordable, more biocompatible,
and has the ability to form inclusion compounds with a large
variety of guests in aqueous solution.[9]


In this paper, we describe the synthesis of cluster galacto-
sides constructed on �-CD scaffolds containing seven �-
lactoses through different spacer arms, as well as three first-
order dendrimers, also based on a �-CD core, containing
fourteen �-�-galactoses, �-lactoses and �-melibioses. In order
to evaluate the potential of these multivalent macrocyclic
structures as site-specific molecular carriers we studied both
their affinities for a biological target and the inclusion
complexation behaviour with some representative guest
molecules by using microcalorimetric titrations. To our
knowledge, this is the first time that a calorimetric study has
been carried out on this kind of glycosyl �-CDs. As a
biological target the plant lectin from peanut (Arachis
hypogaea) was chosen. Peanut lectin (PNA) is a homotetra-
meric protein with a molecular weight of 110 kDa that has one
saccharide-binding site per subunit and binds with high
affinity �-galactosyl residues through specific binding inter-
actions.[10]


Results and Discussion


Synthesis : We first carried out the synthesis of perlactosylated
�-CDs in which the anomeric position of the �-glucose unit of
the lactosyl moiety is scaffolded onto the primary face of the
CD core through a direct bond as well as through different
spacer arms. Nucleophilic displacement of per-6-halo-6-de-
oxy-�-CDs by sugar-containing thiol derivatives has been
shown to be a very useful strategy for the attachment of sugar
units onto CDs.[1b, 4] Thus, compounds 1[11a] and 4 were used as
nucleophile precursors which in combination with CD elec-
trophiles 5 and 6 will allow an easy access to the series of
heptavalent lactosyl CDs 11 ± 14 (Scheme 1). First, the
lactosyl azide derivative 2[11b] was sequentially treated with
1,3-propanedithiol and triethylamine in anhydrous methanol,
followed by treatment with chloroacetic anhydride; this
affords glycosyl amide 3 in 58% yield in a one-pot reaction.
Alternatively, compound 2 was transformed into 3, also in
one-pot reaction, in a Staudinger reaction by sequential
treatment with nBu3P at room temperature and chloroacetic
anhydride at �80 �C in dry CH2Cl2, isolating the amide 3 in
88% yield, after chromatographic purification.[4b, 12] The N-
chloroacetyl lactosylamine 3 was then treated with thiourea in
dry acetone followed by addition of aqueous Na2SO3 to give
the thiol 4 in 80% yield. Coupling of the lactosyl thiols 1 and 4
with �-CD derivatives 5[13] and 6[4a] in the presence of Cs2CO3


for seven days, followed by addition of acetic anhydride,
pyridine and N,N�-dimethylaminopyridine (DMAP) afforded
the branched �-CDs 7 ± 10 in 76 ± 86% yields. Zemple¬n de-O-
acetylation of compounds 7 ± 10 furnished the �-CD deriva-
tives branched with seven �-lactosyl residues through sulphur


Abstract in Spanish: Con el objetivo de evaluar la capacidad
de glico¬sidos multivalentes, basados sobre nu¬cleos de �-
ciclodextrinas, como transportadores moleculares con especi-
ficidad por el sitio de unio¬n, se presenta un estudio del
comportamiento complejante y de la afinidad por lectinas de �-
ciclodextrinas ramificadas e hiperramificadas. AsÌ, se han
sintetizado una serie de clusters de galacto¬sidos construidos
sobre una base de �-ciclodextrina conteniendo siete residuos de
1-tio-�-lactosa o �-lactosilamina unidos al nu¬cleo macrocÌclico
a trave¬s de diferentes brazos espaciadores. Asimismo, se han
realizado las primeras sÌntesis de tres dendrÌmeros de primer
orden basados en nu¬cleos de �-ciclodextrinas con catorce
residuos de 1-tio-�-�-galactosa, 1-tio-�-lactosa y 1-tio-�-meli-
biosa. Se han realizado valoraciones calorime¬tricas a 25 �C en
disolucio¬n acuosa tamponada (pH 7.4) para obtener las
constantes de afinidad y los para¬metros termodina¬micos de
los complejos formados por los derivados de �-ciclodextrinas
con los hue¬spedes 8-anilino-1-naftalensulfonato (ANS) y
2-naftalensulfonato so¬dico y la lectina del cacahuete (Arachis
hypogaea) (PNA). La persubstitucio¬n de la cara primaria de la
�-ciclodextrina con saca¬ridos, produjo un ligero incremento de
los valores de las constantes de afinidad de los complejos de
inclusio¬n formados con ANS con respecto a la �-ciclodextrina
nativa. Sin embargo, el incremento de la congestio¬n este¬rica
debida a la presencia de los residuos sacarÌdicos en el lado
estrecho de la �-ciclodextrina puede causar una disminucio¬n de
la capacidad de unio¬n con la mole¬cula hue¬sped, como se
observo¬ en el caso del 2-naftalenosulfonato so¬dico. Los brazos
espaciadores no son elementos pasivos e influyen en la
capacidad de unio¬n del anfitrio¬n en funcio¬n de su naturaleza
quÌmica. La PNA forma complejos entrecruzados solubles con
los clusters de galacto¬sidos y lacto¬sidos sobre anillos de �-
ciclodextrina pero no con los clusters de galactopiranosilami-
nas o melibiosa. Tanto las �-ciclodextrinas ramificadas como
las hiperramificadas forman complejos ma¬s fuertes con PNA
que los ana¬logos monome¬ricos. No obstante, el uso de �-
ciclodextrinas hiperramificadas no mejora la estabilidad de los
complejos con relacio¬n al uso de los derivados de heptakis-
glicociclodextrinas. Finalmente, un experimento de valoracio¬n
realizado con PNA y un complejo formado por un derivado de
heptakis-lactosa-�-ciclodextrina con el 2-naftalenosulfonato
so¬dico permitio¬ observar la formacio¬n de un complejo soluble
entrecruzado con una constante de afinidad y estequiometrÌa
mayores que las observadas en la formacio¬n del complejo de
PNA con el mismo derivado de heptakis-lactosa-�-ciclodex-
trina, sugiriendo la formacio¬n de un complejo con tres
componentes.
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Scheme 1. Synthesis of heptakis-lactose �-cyclodextrin derivatives 11 ± 14 and structure for heptakis-galactose �-cyclodextrin derivatives 35 ± 38. i) Bu3P/
CH2Cl2, 1 h, RT, then (ClCH2CO)2O/CH2Cl2, �80 �C�RT: 3 (88%); or Et3N/1,3-propanedithiol/MeOH, 3 h, then (ClCH2CO)2O, 6 h, RT: 3 (58%);
ii) a) (NH2)2CS/(CH3)2CO, 12 h, RT; b) Na2SO3/H2O, 30 min, RT: 4 (80%); iii) a) Cs2CO3/DMF, 7 d, 60 �C; b) Ac2O/py, 48 h, 40 �C: 7 (79%), 8 (81%), 9
(86%), 10 (76%); iv) NaOMe/MeOH, 12 h, RT: 11 (95%), 12 (96%), 13 (98%), 14 (98%).
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and through the spacer chains SCH2CONH, NHCOCH2S and
NHCOCH2SCH2CONH 11 ± 14 in 79 ± 98% yields.
The synthesis of the hyperbranched �-CDs started with the


treatment of 3,3�-bis(N,N�-benzyloxycarbonyl)-3,3�-bis(propy-
lamine)imine (15)[3a] with di-tert-butyl dicarbonate to provide
the N-Boc derivative 16 in 99% yield (Scheme 2). Hydro-
genolysis of the benzyloxycarbonyl groups of 16, followed by
treatment with chloroacetic anhydride and triethylamine,
yielded the N-chloroacetylated derivative 17. Coupling of the
galactopyranoside, lactose and melibiose residues was per-
formed by reaction of 17 with the isothiouronium salt 18,[11c]


and thiols 1[1a] and 19, respectively. The divalent saccharides
20 ± 22 were obtained in 83%, 91% and 67% yield, respec-
tively, when Cs2CO3 was employed in dimethylformamide
(DMF) at room temperature. Trifluoroacetolysis of 20 ± 22,
followed by N-chloroacetylation afforded 23 ± 25 in 92 ± 94%
yield. Subsequent treatment of the N-chloroacetyl derivatives
23 ± 25 with thiourea and aqueous Na2SO3 gave the thiols 26 ±
28 (56%, 55% and 75% yield, respectively).
Reaction of compounds 26 ± 28 with per-6-deoxy-6-iodo-�-


CD (5) was carried out at 60 �C in dry DMF under Ar
atmosphere using Cs2CO3 in order to generate in situ the
cesium thiolate derivatives (Schemes 3 and 4). After seven
days, acetic anhydride, pyridine and DMAP were added.
Peracetylation reaction was kept at 40 �C for 48 h and then the
per-O-acetylated hyperbranched glyco-CDs 29 ± 31 were iso-
lated in high yields (79%, 80% and 92% yield, respectively).
Removal of the acetyl groups of 29 ± 31 under Zemple¬n
conditions furnished the tetradecavalent glycodendrimers
32 ± 34 based on a �-CD core in 84 ± 98% yields.
Branched and hyperbranched �-CDs 7 ± 14 and 29 ± 34 were


characterised by NMR spectroscopic techniques with COSY,
HMQC and selective TOCSYexperiments and MALDI-TOF


mass spectrometry. Measurements of the NMR data were
performed at 80 ± 100 �C to avoid broadening of the signals
and to improve the resolution of the spectra. The NMR
spectra show a single signal pattern for all saccharide residues.
The 13C NMR spectra show two anomeric carbon signals at
�� 96.3 and 102.5 (C-1), and 82.0 and 85.4 (C-1�) for
compounds 29 and 32, respectively, and three anomeric
signals at �� 96.1 ± 102.1 (C-1), 76.9 ± 79.4 (C-1�) and 99.3 ±
102.8 (C-1��) for compounds 9, 10, 13 and 14 and at �� 95.9 ±
102.5 (C-1), 81.3 ± 85.7 (C-1�) and 95.4 ± 103.8 (C-1��) for
compounds 7, 8, 11, 12, 30, 31, 33 and 34. The ratios of the
integrals for the signals of the saccharide residue protons and
for the signals of those belonging to the CD core are in
accordance with the structures of the products. A useful fact
for the assignment of the 13C NMR signals is the expected
lower intensity of the signals corresponding to the CD moiety
probably due in part to the lack of flexibility of the cyclo-
dextrin torus.[14]


Guest binding ability : The inclusion complexation behaviour
of these branched and hyperbranched CDs 11 ± 14 and 32 ± 34
as well as the reported[4] branched CDs 35 ± 38 (Scheme 1)
with the guests sodium 8-anilino-1-naphthalenesulfonate
(ANS) (39) and sodium 2-naphthalenesulfonate (40) was
studied by using isothermal titration calorimetry (ITC)
(Table 1). The thermodynamic parameters for the complex-
ation of compounds 39 and 40 with �-CD are reported[15] and
were used as reference for comparison purpose with those
ones obtained from the branched and hyperbranched CDs.
ITC measurements provide direct determination of n, the
stoichiometry, �H o, the enthalpy change of binding, and K,
the affinity constant. From measurements of K, the free
energy of binding, �G o, can be calculated and hence the


Scheme 2. Synthesis of divalent glycoside building blocks 26 ± 28 : i) Et3N/[(CH3)3OCO]2O/CH3CN, 12 h, RT: 16 (99%); ii) a) Pd/C/MeOH, H2 (2.5 atm),
1 h; b) Et3N/(ClCH2CO)2O/CH3CN, 24 h, RT: 17 (81%); iii) Cs2CO3/DMF, 24 h, RT: 20 (83%), 21 (91%), 22 (67%); iv) a) TFA/CH2Cl2, 3 ± 6 h, 0 �C;
DIPEA/(ClCH2CO)2O/CH3CN, 7 ± 8 h, RT: 23 (92%), 24 (99%), 25 (92%); v) a) (NH2)2CS/(CH3)2CO, 12 h, RT; b) Na2SO3/H2O, 30 min, RT: 26 (56%),
27 (55%), 28 (75%).
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entropy of binding, �S o, determined from �G o��H o�
T�S o��RT lnK (standard state� 1 molL�1). The calcula-
tion of thermodynamic functions implies the usual approx-
imation of setting standard enthalpies equal to the observed
values. Stepwise addition of aliquots of guest-containing


solution to a solution of branched CDs led to a decrease in
the extent of released heat as shown by a typical illustration of
the thermogram and isotherm (Figure 1).
In all cases, the best fit for the three variables, n, �H o andK


was found for 1:1 stoichiometry in accordance with the most


Scheme 3. Synthesis of hyperbranched �-cyclodextrin derivatives 32 and 33 : i) a) Cs2CO3/DMF, 7 d, 60 �C; b) Ac2O/Py, 48 h, 40 �C: 29 (79%), 30 (80%);
ii) NaOMe/MeOH, 12 h, RT: 32 (84%), 33 (86%).
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commonly claimed stoichiometry ratio for CD complexes.[16]


The forces responsible for the formation of the CD complexes
involve a number of different contributions such as steric fit,
release of high-energy water, hydrophobic effects, dispersive
forces, hydrogen bonds, and van der Waals, dipole ± dipole,
charge-transfer and electrostatic interactions, the importance
of which is still a matter of some debate.[16] Previous
thermodynamic studies of molecular recognition by mono-
modified CDs have shown the influence of the relative size


between the cavity of the CD and the guest molecule, as well
as the shape, dipole, charge and functional group of the
branch attached to the primary face edge of the CD in
determing how the guest molecule fits into the host cavity.[15]


In our case, the structure of the CD derivatives 11 ± 14 and
32 ± 38 is the result of the substitution the OH-6 of every single
glucose unit by bulky groups separated from the CD cavity
edge by spacer arms of variable length. Most likely, this �-CD
persubstitution may affect the conformation of the oligosac-


Scheme 4. Synthesis of melibiose �-cyclodextrin derivative 34 : i) a) Cs2CO3/DMF, 7 d, 60 �C; b) Ac2O/Py, 48 h, 40 �C: 31 (92%); ii) NaOMe/MeOH, 12 h,
RT: 34 (98%).
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Figure 1. Titration of 0.105 m� of branched CD 13 with 25 aliquots (5 �L
each) of sodium 2-naphthalenesulfonate (40) (stock concentration of
43.78 m�) in 10 m� phosphate buffer at pH 7.4 and 25 �C. The top panel
shows the raw data, denoting the amount of generated heat (negative
exothermic peaks) following each injection of guest. The area under each
peak represents the amount of heat released upon the binding of sodium
2-naphthalenesulfonate to CD 13. Note that, as the titration progresses, the
area under the peaks progressively becomes smaller due to an increased
occupancy of the CD by guest. The area under each peak was integrated
and plotted against the molar ratio of guest to CD 13. The smooth solid line
represents the best fit of the experimental data to a model with 1:1
stoichiometry.


charide ring and therefore modify the overall shape of the CD
cavity. In addition, the spacer arms can modify the CD
primary face microenviromental hydrophobicity depending
on their lipophilic pattern. Thus, it is expected that the
presence of the amide group located just above the cavity may
increase the host hydration when compared with presence of
the sulfide function directly attached at C-6. As can be seen
from Table 1 and Figure 2, when 39 was used as a guest, CDs
13 and 37 gave strongest inclusion complexes (K� 408.5 and


Figure 2. Free energy (��G o), enthalpy (��H o), and entropy changes
(T�S o) for the inclusion complexation of sodium 8-anilino-1-naphthale-
nesulfonate (39) with �-cyclodextrins and derivatives 13, 33, 34 and 37 in a
buffered aqueous solution (pH 7.4) at 25 �C.


1321.0��1, respectively) than the �-CD (K �115��1), al-
though the complexation with the former is enthalpy-driven
and the complexation of the latter is entropy-driven. The only
apparent differences between both host Lac-NHCOCH2S-CD
13 and Gal-NHCOCH2S-CD 37 are due to the respective
lactosyl and galactosyl substituents which could contribute to
differentiate both cavity shapes either because conforma-


Table 1. Thermodynamics of binding of guests 39 and 40 to CDs 11 ± 14 and 34, 36 ± 38 in H2O at 25 �C.[a]


Host Guest K [��1] ��G o [kcalmol�1] ��H o [kcalmol�1] T�S o [kcalmol�1]


�-CD 39[b] 114.81 2.70 1.79 0.93
11 39 N.B.[c] ± ± ±
12 39 N.B. ± ± ±
13 39 408.50� 46.98 3.56� 0.07 2.94� 0.22 0.62� 0.23
14 39 N.B. ± ± ±
32 39 N.B. ± ± ±
33 39 66.69� 14.93 2.49� 0.13 4.53� 0.85 � 2.04� 0.86
34 39 122.50� 97.24 2.85� 0.47 3.06� 1.91 � 0.21� 1.97
37 39 1321.00� 166.10 4.31� 0.08 1.29� 0.09 3.02� 0.12
38 39 N.B. ± ± ±
�-CD 40[d] 2.3x105 7.33 7.00 0.31
11 40 652.50� 18.99 3.85� 0.02 2.20� 0.04 1.65� 0.04
12 40 700.00� 33.00 3.88� 0.03 3.02� 0.08 0.84� 0.09
13 40 3274.00� 97.43 4.80� 0.02 2.78� 0.04 2.02� 0.04
14 40 380.70� 16.18 3.52� 0.03 2.63� 0.07 0.89� 0.07
32 40 N.B. ± ± ±
33 40 N.B. ± ± ±
34 40 N.B. ± ± ±
35 40 N.B. ± ± ±
36 40 534.30� 65.17 3.72� 0.07 3.73� 0.27 � 0.01� 0.28
37 40 3116.00� 135.2 4.77� 0.03 3.17� 0.05 1.60� 0.05
38 40 401.90� 20.75 3.55� 0.03 3.42� 0.11 0.13� 0.11


[a] Determined in buffered aqueous solution at pH 7.4 (10m� sodium phosphate). [b] Ref. [15a]. [c] N.B.� no binding. [d] Ref. [15b].
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tional or ring flexibility changes or both. The enthalpic gain
for Gal-NHCOCH2S-CD 37 is of the same magnitude than for
�-CD but smaller than for Lac-NHCOCH2S-CD 13. However,
the entropic gain for 37 is higher than for 13 which is slightly
smaller than for �-CD. The small negative value for �H o and
the positive value for T�S o in the case of Gal-NHCOCH2S-
CD 37 could be caused by a weak inclusion interaction and an
extensive host and guest desolvation. By contrast, host Lac-
NHCOCH2S-CD 13 affords more negative �H o but much
smaller value for T�S o, suggesting a stronger inclusion
interaction but resulting in a less flexible structure as a result
of a more rigid oligosaccharide ring of the host 13 as the
observation of its 13C NMR spectra suggests. In this respect,
the steric congestion on the primary face of CD due to the
attachment of fourteen branches at the CD lower rim led to
almost negligible binding constants for 33 and 34. Similarly,
we did not detect the formation of inclusion complexes
between compound 40 and CDs 32 ± 34. These steric factors
could lead to a conformational distortion of the CD ring due
to the rotation of one or more glucose units around the
glycosidic linkages[17] and might reduce the secondary face
average diameter of the cavity, thus preventing guest pene-
tration. In addition, despite the lack of accuracy of the
thermodynamic data for inclusion complex 33 and 34 with
guest 39, the negative values �H o and T�S o jointly with what
is observed from the 13C NMR spectra for those compounds
supports that the reduced flexibility of the macrocycle could
contribute against the complex formation. Previous re-
ports[15c±e] have shown that mono-modified �-CDs with func-
tional groups attached to the edge of the cavity can undergo
self-inclusion processes preventing the guest inclusion. In our
case, NMR NOESY experiments gave spectra with not
enough resolution for a reliable evaluation of a possible
self-inclusion complex. However, one-dimensional 1H NMR
spectra of these compounds showed in all cases the seven-fold
symmetry of the compounds and it did not show the expected
peak splitting arising from symmetry breakdown due to self-
inclusion.
The inclusion complexation of 2-naphthalenesulfonate (40)


with �-CD is very strong. It is an enthalpy-driven complex
with minimal entropic gain.[15b] As previously reported for
mono modified CDs,[15c] Lac-CDs 11 ± 14 and Gal-CDs 36 ± 38
afforded substantially less stable complexes with the guest 40
than the native �-CD. As can be seen from Table 1 and
Figure 3, all the complexes formed by host 11 ± 14, and 36 ± 38
and guest 40 are exothermic and enthalpy-driven. When
compared with the complexation of 40 and native �-CD, the
persubstitution on the primary face of the CD with the
galactosyl residues led to the reduction of the enthalpic gain
up to 3.3 ± 4.8 kcalmol�1 for 11 ± 14, and 36 ± 38, suggesting a
less penetration of the naphthalene part of 40 into the CD
cavity. However, the chemical nature of the spacer arm of the
branched CDs seems to influence the binding inducing
different variations of the T�S o value. Thus, for Lac-S-CD
11, Lac-NHCOCH2S-CD 13 and Gal-NHCOCH2S-CD 37,
having sulfur bound at C-6, the T�S o value increases up to
1.3 ± 1.7 kcalmol�1, while for Lac-SCH2CONH-CD 12, Lac-
NHCOCH2SCH2CONH-CD 14, Gal-SCH2NH-CD 36 and
Gal-NHCOCH2SCH2CONH-CD 38, having and amide nitro-


Figure 3. Free energy (��G o), enthalpy (��H o), and entropy changes
(T�S o) for the inclusion complexation of sodium 2-naphthalenesulfonate
(40) with �-cyclodextrins and derivatives 11 ± 14, 36 ± 38 in a buffered
aqueous solution (pH 7.4) at 25 �C.


gen bound at C-6, the variation of the T�S o is almost
negligible (from �0.3 to 0.6 kcalmol�1). This different
entropic gain may be attributable to the more extensive
desolvation of the host when with a more lipophilic environ-
ment just on the lower rim of the CD. The different length of
the spacer arms also influences the binding affinity between
host and guest. The heptakis-Lac-NHCOCH2S-CD 13 forms a
more stable inclusion complex with 40 than the heptakis-Lac-
S-CD 11, in which the glycosidic moiety is directly attached
onto the CD core through sulfur. We did not detect inclusion
complexation between CD Gal-S-CD 35, the galactosyl
analogue of 11 and 40. However, by increasing the spacer
arm length in compounds Lac-SCH2CONH-CD 12 and Gal-
SCH2CONH-CD 36, to give rise to branched Lac-
NHCOCH2SCH2CONH-CD 14 and Gal-NHCOCH2SCH2-
CONH-CD 38, resulted in a lower binding with the guest 40.
The inclusion complex formation between host 13 and guest
40 was also confirmed by NMR experiments. Thus, upfield
shifts of the host inner protons H-5 and H-3 from �� 3.90 and
3.80, respectively, to the spectral overlapping region of ��
3.64 ± 3.32 are observed, when the 1H NMR spectrum of 13 is
compared with that for 13 in the presence of a equimolar
amount of 40. A two-dimensional T-ROESY experiment
showed cross peaks between the aromatic protons of 40 and
CD protons from the above-mentioned spectral region of ��
3.64 ± 3.32, presumably due to dipolar contacts with protons
H-3,5 of the cavity.


PNA binding affinity : The binding affinity of branched and
hyperbranched CDs 11 ± 14 and 32 ± 38 with PNA was also
studied by using ITC. In these experiments soluble CD
derivative is titrated into a solution containing binding lectin
and the heat released or absorbed during binding is measured
as a function of the [CD]/[PNA] molar ratio (Figure 4). ITC
experiments showed that the binding interaction between
PNA and CDs 11 ± 14, with seven 4-O-�-�-galactopyranosyl
(or lactosyl) ligands, 36, with seven S-�-galactopyranosyl
ligands, 32, with fourteen S-�-�-galactopyranosyl ligands, and
33, with fourteen 4-O-�-�-galactopyranosyl (or lactosyl)
ligands, was exothermic (Figure 4, Table 2). By contrast,
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Figure 4. Titration of 2.5 �� of peanut lectin (PNA) with 25 aliquots
(10 �L each) of 13 (7.83 m�) in 10 m� phosphate buffer at pH 7.4 and 25 �C.
The top panel shows the raw calorimetric data, denoting the amount of heat
released (negative exothermic peaks) following each injection of guest. The
area under each peak represents the amount of heat released upon the
binding of CD 13 to PNA. Note that, as the titration progresses, the area
under the peaks progressively becomes smaller due to an increase in
saturation fraction. The bottom panel shows the plot of amount of heat
generated per injection in kcalmol�1 of guest injected as a function of the
molar ratio of CD 13 to PNA.


binding interaction was not detected between the lectin and
CDs 34 and 37, bearing seven �-galacopyranosylamine
residues, and 38, with 6-O-�-�-galactopyranosyl (or melibio-
syl) residues. ITC data can be fit using a nonlinear least-
square algorithm with three independent variables (such as n,
�H o, and K) for the simplest model based on equal and
independent binding sites. When we tried to fit our results


using that model we obtained n values of 61 ± 276 for the
heptavalent CDs 11 ± 14 and 36 and 95 for the tetradecavalent
CD 36. Previous ITC experiments[10d] have shown that lactose
and methyl �-�-galactopyranoside bind to native PNA with
affinity constants of 1990 and 1870.6��1, respectively, and
with a stoichiometry (n) close to 1. These n values are in
concordance with the four saccharide-binding sites, one per
monomer, revealed by X-ray diffraction data of the crystal
structure of the complex of the tetrameric PNA with lactose
and methyl �-�-galactopyranoside.[10b, c] The n values give the
[ligand]/[receptor] ratio when the lectin binding sites are fully
saturated. In previous ITC studies on interaction between
multivalent carbohydrates and lectins the n values have been
related with the multivalent or glycoside cluster effect.[18, 19]


Thus, n values below one are associated with binding of a
multivalent carbohydrate to a lectin due to the formation of a
soluble one-dimensional cross-linked complex between the
monovalent lectin and the multivalent carbohydrate.[19] In our
case, it is expected to obtain high n values, since the cross-
linked complexes would be formed by combination of a C7-
symmetry multiligand system with a tetravalent receptor.
Thus, occupation of all lectin binding sites would give rise to a
complex surrounded by saccharide residues not involved in
binding.
As can be seen from Table 2, all the CD/PNA complexes


formation are enthalpy-driven with a substantial increase in
affinity when compared with the binding of lactose and
methyl �-�-galactopyranoside to native PNA. Thus, heptava-
lent lacto-CDs 11 ± 14 and the tetradecavalent lacto-CD 33
have 90 ± 141 and 35-fold, respectively, higher K values for
native PNA relative to lactose, and the heptavalent Gal-
SCH2NH-CD 36 has 48-fold higher K value for native PNA
relative to methyl �-�-galactopyranoside. Consequently, al-
though the increase in valency from a heptavalent to a
tetradecavalent CD, as occurs for 33, improved the binding
affinity of the CD to the PNA relative to lactose, it did not
yield an improvement of the affinity of the CD to the lectin
relative to the heptavalent analogues 11 ± 14. A similar
phenomenon has been previously observed with other
reported glycodendrimers.[3a] Both, Gal-SCH2CONH-CD 36
and Lac-SCH2CONH-CD 12, with the same spacer-arm but
with galactosyl and lactosyl residues, respectively, improved
substantially the CD/PNA cross-linked complex stability with
respect to methyl �-�-galactopyranoside and lactose, respec-
tively. However, the latter one 12 afforded a two-fold more
stable complex with PNA (K� 1.8� 105��1) than 36 (K�
0.9� 105��1), in spite of the close K values for lactose and
methyl �-�-galactopyranoside (Table 2). This indicates that
the affinity enhancement relative to the monovalent analog
by using heptavalent CDs is more efficient when the
saccharide residue grafted on the CD ring is lactose.
When compared, the heptavalent CDs 11 ± 14, in which the


lactosyl residues are bound to the CD core through different
spacer-arms, the typical energetics of protein ± carbohydrate
association is observed,[2b] that is, �H o more negative or equal
to the �G o and a strong linear enthalpy ± entropy compensa-
tion (slope of 1.00, with a correlation coefficient of 1,
Figure 5). Lac-S-CD 11 and Lac-NHCOCH2S-CD 13, with
sulfur at C-6 of the CD afforded the most stable complexes


Table 2. Thermodynamics of the binding of CDs 11 ± 14, 32 ± 38 and 13 14 to
PNA in H2O at 25 �C.[a]


n K ¥ 10�5 ��G o ��H o T�S o


[��1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


lactose[b] 0.0199
11 61.4� 0.6 2.8� 0.5 7.3� 0.1 10.8� 0.2 � 3.5� 0.2
12 164.1� 2.8 1.8� 0.7 7.2� 2.3 6.9� 0.2 0.2� 2.3
13 79.8� 2.6 2.3� 1.3 7.3� 0.3 39.3� 1.9 � 31.9� 1.9
14 138.3� 0.6 1.9� 0.1 7.2� 0.1 8.2� 0.1 � 1.0� 0.1
33 98.8� 0.7 0.7� 0.0 6.6� 0.1 5.5� 0.1 1.1� 0.1
34 ± N.B.[c] ± ± ±
Me-�-Gal[d] 0.0187
35 ± N.B. ± ± ±
36 275.8� 2.4 0.9� 0.1 6.8� 0.1 3.7� 0.1 3.1� 0.1
37 ± N.B. ± ± ±
38 ± N.B. ± ± ±
13 ¥ 40 190.4� 1.5 5.5� 1.1 7.9� 0.1 15.9� 0.2 � 8.1� 0.2


[a] Determined in a buffered aqueous solution at pH 7.4 (10m� sodium
phosphate). [b] Ref. [10d]. [c] N.B.�no binding. [d] Methyl-�-�-galactopyrano-
side, ref. [10d].
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Figure 5. Enthalpy ± entropy compensation for the binding of CDs 11 ± 14
to PNA at 25 �C. The linear correlation coefficient for the fit was 1.


with PNA, independently on the length of the spacer-arm. In
this respect, it is noteworthy that the least flexible heptavalent
analogue 11 yields a similar K value to that for 13 and
higher than that for Lac-SCH2CONH-CD 12 and Lac-
NHCOCH2SCH2CONH-CD 14, with longer spacer arms.
Within the best two PNA ligands 11 and 13, the first does


not form an inclusion complex with 2-naphthalenesulfonate
(40); however, the latter 13 is the best host for guest 40 of the
series. When an aqueous solution containing a mixture of
branched Lac-NHCOCH2S-CD 13 ([13]� 4 m�) and an
excess of guest 40 ([40]� 140 m�), such that only complex
13 ¥ 40 and compound 40 is present in the solution, is titrated
into a solution containing PNA, a release of heat is observed
(Figure 6, Table 2). Previous experiments did not show bind-
ing interaction between 2-naphthalenesulfonate (40) and
PNA. The obtained K value was the best of the series
(5.5� 105��1) with n� 190. The thermodynamic profile
corresponds to that of a protein ± carbohydrate interaction.
Remarkably, the obtained enthalpy ± entropy compensation
fits perfectly with the lineal correlation obtained for the
lactosyl CDs 11 ± 13 (Figure 5). These results seems to suggest
that a binding interaction takes place between the complex
13 ¥ 40 and the protein PNA giving rise to a three components
cross-linked complex and therefore, the cluster lactoside host
13 could be used as a molecular carrier for guest 40 towards
the biological target PNA.


Conclusion


We report the synthesis of heptavalent and tetradecavalent
cluster galactosides based on a �-CD core. The heptavalent
structures consist in a perbranched �-CD with lactose residues
bound to C-6 through several spacer arms. The tetradecava-
lent structures are constructed by coupling of glycodendrons
to the �-CD by nucleophilic displacement of the iodide in per-
6-iodo-�-CD by the thiolate anion located at the focal point of
the glycodendrimer. The persubstitution of the primary face
of the CD with saccharides does not necessarily diminish the
binding constant value for the inclusion complexation with a
guest compared with the native �-CD (for example for guest
39, the K value increases). However, the increase of the steric
congestion on the narrow rim of the CD can cause a


Figure 6. Titration of 1.25 �� of peanut lectin (PNA) with 25 aliquots
(10 �L each) of complex 13 ¥ 40 (4.13 m�, 140 m�, respectively) in 10 m�
phosphate buffer at pH 7.4 and 25 �C. The top panel shows the raw
calorimetric data, denoting the amount of heat released (negative
exothermic peaks) following each injection of guest. The area under each
peak represents the amount of heat produced upon the binding of complex
13 ¥ 40 to PNA. Note that, as the titration progresses, the area under the
peaks progressively becomes smaller due to an increase in saturation
fraction. The bottom panel shows the plot of amount of heat generated per
injection as a function of the molar ratio of complex 13 ¥ 40 to PNA.


substantial decrease of the binding ability as shown for guest
2-naphthalenesulfonate (40). The synthesised hyperbranched
CDs lose the host ability or do not bind well the guests ANS
39 and 2-naphthalenesulfonate (40). The spacer arms are not
passive elements and influence the CD binding ability
according to their chemical nature. PNA forms soluble
cross-linked complexes with cluster galactosides and lacto-
sides scaffolded on �-CD but not with cluster galactopyrano-
sylamines or melibiose. Both, perbranched and hyper-
branched CDs, form stronger complexes with PNA than the
monomeric analogues. However, the use of hyperbranched
CDs does not contribute to the improvement of the complex
stability relative to heptakis-CDs. PNA lectin recognises a
cluster lactoside host with a guest molecule inside its cavity.
These results allow us to conclude that a cluster lactoside
based on a �-CD core could play the role of a molecular
carrier for transporting a guest towards a specific biological
lactoside receptor such as PNA.


Experimental Section


General methods : TLC was performed on Merck silica gel 60 F254


aluminium sheets with detection by charring with sulfuric acid, and by
UV light when applicable. Flash column chromatography was performed
on silica gel Scharlau (230 ± 400 mesh, ASTM). Melting points were
measured on a B¸chi melting point apparatus and are uncorrected. Optical
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rotations were recorded on a Perkin ±Elmer 141 polarimeter at room
temperature. IR spectra were recorded on a Mattson Genesis II FTIR. 1H
and 13C NMR spectra were recorded on a Bruker Advance DPX 300
(300 MHz) and AM 400 (400 MHz) spectrometers. Chemical shifts are
given in ppm and referenced to internal SiMe4 (�H, �C 0.00). J values are
given in Hz. Mass spectra were recorded on a Micromass Autospec-Q
spectometer. MALDI-TOF Mass spectra were recorded on a Voyager-
DE-RP Perspective Biosystems using 2,5-dihydroxybenzoic acid matrix.
Sodium 8-anilino-1-naphthalenesulfonate (ANS) (39) and 2-naphthalene-
sulfonate (40) were purchased from Aldrich and Fluka, respectively. The
lectin from Arachis hypogaea (PNA) was purchased from Sigma. The lectin
solutions were prepared in 0.1� sodium phosphate buffer (pH 7.4), dialysed
against a large volume of the same buffer, and centrifugated to remove any
insoluble material. The protein concentrations were determined using the
lectin specific absorbance A 1%


280nm � 7.7.[10a]


Isothermal titration calorimetry experiments were performed using an
MCS isothermal titration calorimeter (ITC) from Microcal, Inc. (North-
ampton, MA). A complete description of its predecessor, OMEGA-ITC,
experimental strategies, and data analyses are given Wiseman et al.[20] The
calorimeter was calibrated by known heat pulses as recommended by the
manufacturer. During titration, the reference cell was filled with Milli Q
water. Prior to the titration experiments, guest, CD derivatives and lectin
were degassed for 10 min with gentle stirring under vacuum. The sample
cell was filled either with 1.8 mL (effective volume: 1.38 mL) of buffer (for
control experiment) or with an appropriately receptor solution (glycosyl �-
CD or PNA). During the titration, the reaction mixture was continuously
stirred at 400 rpm. The background titration profiles, under identical
experimental conditions, were obtained by injecting the guest or glycosyl �-
CD (when used glycosyl �-CD or PNA as receptors, respectively) into
appropriate buffer solutions. The observed heat effects were concentration-
independent and were identical to the heat signals detected after the
saturation is reached. The raw experimental data were presented as the
amount of heat produced per second following each injection of guest or
ligand into the CD derivative or PNA solution (corrected for the ligand
heats of dilution) as a function of time. The amount of heat produced per
injection was calculated by integration of the area under individual peaks
by the Origin software provided with the instrument. The errors are
provided by software from the best fit of the experimental data to the
model of equal and independent sites, and correspond to the standard
deviation in the fitting of the curves.


2,3,6-Tri-O-acetyl-4-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyranosyl)-N-
chloroacetyl-�-�-glucopyranosylamine (3)


With nBu3P (procedure A): nBu3P (1.75 mL, 7.02 mmol) was added
dropwise to a solution of the glycosyl azide 2[11b] (2.33 g, 3.51 mmol) in
anhydrous CH2Cl2 (30 mL) at room temperature under Ar. Gas evolution
was observed to have ceased after 1 h; thereupon, the reaction mixture was
cooled to �80 �C, and a solution of chloroacetic anhydride (1.20 g,
7.02 mmol) in anhydrous CH2Cl2 (15 mL) was added. The reaction mixture
was allowed to warm to room temperature and kept overnight. CH2Cl2
(150 mL) was added and the organic solution was washed with saturated
aqueous NaHCO3 (2� 100 mL) and H2O (150 mL). The organic layer was
dried (Na2SO4), filtered, evaporated, and the crude product purified by
chromatography on silica gel (EtOAc/hexane 1:1), to give 3 (2.21 g, 88%)
as a solid.


With 1,3-propanedithiol (procedure B): 1,3-Propanedithiol (0.40 mL,
4.0 mmol) and triethylamine (0.42 mL, 3.0 mmol) were added to a solution
of compound 2 (0.66 g, 1.0 mmol) in anhydrous MeOH (15 mL) under Ar.
The solution was stirred at room temperature for 3 h and then, chloroacetic
anhydride (1.37 g, 8.0 mmol) was added. After 6 h at room temperature, the
solvent was evaporated and the crude product purified by chromatography
on silica gel (EtOAc/hexane 1:1� 2:1) to give 3 (0.42 g, 58%) as a solid.
M.p. 96 ± 98 �C; [�]25D ��14 (c� 1 in chloroform); 1H NMR (300 MHz,
CDCl3): �� 7.23 (d, 3J(NH,H1)� 9.2 Hz, 1H; NH), 5.36 (brd,
3J(H3�,H4�)� 2.8 Hz, 1H; H-4�), 5.32 (t, 3J� 9.2 Hz, 1H; H-3), 5.16 (t,
3J� 9.2 Hz, 1H; H-1), 5.11 (dd, 3J(H2�,H3�)� 10.2, 3J(H1�,H2�)� 7.8 Hz,
1H; H-2�), 4.95 (dd, 3J(H2�,H3�)� 10.2, 3J(H3�,H4�)� 3.5 Hz, 1H; H-3�),
4.92 (t, 3J� 9.2 Hz, 1H; H-2), 4.47 (d, 3J(H1�,H2�)� 7.8 Hz, 1H; H-1�), 4.45
(m, 1H; H-6), 4.13 (m, 3H; H-6,6�,6�), 4.06 (d, 2J� 15.5 Hz, 1H; CHCl),
4.00 (d, 2J� 15.5 Hz, 1H; CHCl), 3.88 (m, 1H; H-5�), 3.78 (m, 2H; H-4,5),
2.16, 2.13, 2.07, 2.06, 2.05, 2.04, 1.97 (7 s, 21H; 7Ac); 13C NMR (75.5 MHz,
CDCl3): �� 171.0 ± 166.0 (CO), 100.9 (C-1�), 78.4 (C-1), 75.9 (C-4), 74.7 (C-


5), 72.2 (C-3), 71.0, 70.8, 70.6 (C-3�,5�,2), 69.0 (C-2�), 66.7 (C-4�), 61.9 (C-6),
60.9 (C-6�), 42.3 (CH2Cl), 20.9 ± 20.5 (CH3CO); IR (KBr): �� � 3350, 1749,
1705, 1532, 1369, 1229 cm�1; elemental analysis calcd (%) for C28H38ClNO18


(712): C 47.23, H 5.38, N 1.96; found: C 47.50, H 5.50, N 1.86.


2,3,6-Tri-O-acetyl-4-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyranosyl)-N-
mercaptoacetyl-�-�-glucopyranosylamine (4): Thiourea (2.14 g, 28.1 mmol)
was added to a solution of 3 (2.00 g, 2.81 mmol) in anhydrous acetone
(30 mL). The reaction mixture was stirred at room temperature for 12 h.
The solution was concentrated approximately 10 mL under reduced
pressure without heating. Then a solution of Na2SO3 (1.06 g, 8.43 mmol)
in H2O was added and the reaction mixture was stirred for 30 min. Aqueous
HCl (5%, 8 mL), H2O (100 mL) was added and the aqueous layer was
extracted with CH2Cl2 (2� 150 mL). The combined organic phases were
washed with H2O (100 mL). The organic layer was dried (Na2SO4), filtered,
evaporated, and the crude product purified by chromatography on silica gel
(EtOAc/hexane 1:1) to give 4 (1.59 g, 80%) as a solid. M.p. 90 ± 91 �C;
[�]25D ��10 (c� 1 in chloroform); 1H NMR (300 MHz, CDCl3): �� 7.25 (d,
3J(NH,H1)� 9.4 Hz, 1H; NH), 5.32 (brd, 3J(H3�,H4�)� 3.4 Hz, 1H; H-4�),
5.28 (t, 3J� 9.4 Hz, 1H; H-3), 5.15 (t, 3J� 9.4 Hz, 1H; H-1), 5.08 (dd,
3J(H2�,H3�)� 10.3, 3J(H1�,H2�)� 7.9 Hz, 1H; H-2�), 4.92 (dd, 3J(H2�,H3�)�
10.3, 3J(H3�,H4�)� 3.4 Hz, 1H; H-3�), 4.87 (t, 3J� 9.4 Hz, 1H; H-2), 4.44 (d,
3J(H1�,H2�)� 7.9 Hz, 1H; H-1�), 4.41 (brd, 2J� 11.5 Hz, 1H; H-6), 4.08 (m,
3H; H-6,6�,6�), 3.85 (br t, 3J� 6.8 Hz, 1H; H-5�), 3.76 (t, 3J� 9.4 Hz, 1H;
H-4), 3.74 (m, 1H; H-5), 3.21 (dd, 2J� 16.2, 3J(CH,SH)� 8.8 Hz, 1H;
CHS), 3.15 (dd, 2J� 16.2, 3J(CH,SH)� 9.2 Hz, 1H; CHS), 2.13, 2.09, 2.04,
2.03, 2.02, 2.01, 1.93 (7s, 21H; 7Ac), 1.87 (dd, 3J(CH,SH)� 9.2,
3J(CH,SH)� 8.8 Hz, 1H; SH); 13C NMR (75.5 MHz, CDCl3): �� 171.1 ±
168.9 (CO), 100.8 (C-1�), 78.2 (C-1), 75.8 (C-4), 74.5(C-5), 72.1 (C-3), 70.8
(C-2), 70.6 (C-5�,3�), 68.8 (C-2�), 66.5 (C-4�), 61.8 (C-6), 60.8 (C-6�), 28.8
(CH2SH), 20.8 ± 20.4 (CH3CO); IR (KBr): �� � 3505, 2961, 1748, 1694, 1537,
1369, 1229, 1044 cm�1; HRMS (FAB): m/z : calcd for C28H39NO18SNa:
732.1785; found: 732.1784 [M�Na]� .
General procedure for the synthesis of lactose-CD 7 ± 10 : A mixture of 5[13]


(0.12 mmol for reaction with 1,[11a] 0.70 mmol for reaction with 4) or 6[4a]


(0.13 mmol for reaction with 1, 0.70 mmol for reaction with 4), Cs2CO3


(2.5 equiv) and compound 1 (2.5 equiv) and 4 (2 equiv) in anhydrous DMF
(8 mL) was kept under Ar for 7 d at 60 �C. After this time, Ac2O (14 mL),
pyridine (8 mL), and DMAP (cat.) were added and the reaction mixture
was stirred for 48 h at 40 �C. Then the precipitated material was filtered and
the filtrate was poured over ice/H2O. Aqueous HCl (5%, 100 mL) was
added and the aqueous layer extracted with CH2Cl2 (2� 100 mL). The
combined organic phases were washed successively with aqueous HCl (5%,
2� 100 mL), H2O (100 mL), saturated NaHCO3 (2� 100 mL) and H2O
(100 mL). The organic solution was dried (Na2SO4), filtered, evaporated
and gave a residue that was subjected to column chromatography.


Heptakis{2,3-di-O-acetyl-6-S-[2�,3�,6�-tri-O-acetyl-4�-O-(2��,3��,4��,6��-tetra-
O-acetyl-�-�-galactopyranosyl)-�-�-glucopyranosyl]-6-thio}cyclomalto-
heptaose (7): Column chromatography (EtOAc/MeOH 1:0� 40:1) gave 7
(606 mg, 82%) as a solid. The isolated solid was dissolved in CH2Cl2 and
diethyl ether was added. The resulting precipitate was filtered and
compound 7 was obtained (586 mg, 79%). M.p. 171 �C (decomp); [�]25D �
�25 (c� 0.5 in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): ��
5.37 (d, 3J� 3.7 Hz, 7H; H-4��), 5.30 (t, 3J� 7.8 Hz, 7H; H-3), 5.24 (m, 21H;
H-1,3�,3��), 4.99 (dd, 3J(H2��,H3��)� 9.9 Hz, 3J(H1��,H2��)� 10.1 Hz, 7H;
H-2��), 4.85 (m, 28H; H-1�,1��,2,2�), 4.55 (brd, 2J� 10.8 Hz, 7H; H-6a�), 4.28
(br t, 3J� 5.8 Hz, 7H; H-5��), 4.18 (m, 28H; H-5,6b�,6a��,6b��), 4.08 (t, 3J�
7.8 Hz, 7H; H-4), 3.95 (t, 3J� 9.3 Hz, 7H; H-4�), 3.82 (m, 7H; H-5�), 3.28
(brd, 2J� 12.5 Hz, 7H; H-6a), 3.18 (dd, 2J(H6a,H6b)� 14.4 Hz,
3J(H5,H6b)� 4.3 Hz, 7H; H-6b), 2.19, 2.14, 2.13, 2.11, 2.10, 2.00 (6s,
189H; 63Ac); 13C NMR (75.5 MHz, [D6]DMSO, 80 �C): �� 169.2 ± 168.2
(CO), 99.4 (C-1��), 96.7 (C-1), 82.5 (C-1�), 77.9 (C-4), 75.7, 74.9 (C-4�,5�), 73.2
(C-3� or C-3��), 70.6, 70.1, 69.6, 69.4 (C-2,3,5,2�,3� or 3��,5��), 68.9 (C-2��), 66.8
(C-4��), 61.6 (C-6�), 60.3 (C-6��), 31.5 (C-6), 19.8 ± 19.4 (CH3CO); IR (KBr):
�� � 2957, 2923, 1750, 1371, 1232, 1046 cm�1; MS (MALDI-TOF): m/z : calcd
for C252H336O161S7: 6165.73; found: 6188.20 [M�Na]� .
Heptakis{2,3-di-O-acetyl-6-amino-6-deoxy-6-N-[2�,3�,6�-tri-O-acetyl-4-O-
(2��,3��,4��,6��-tetra-O-acetyl-�-�-galactopyranosyl)-�-�-glucopyranosyl-1�-
thiomethylcarbonyl]}cyclomaltoheptaose (8): Column chromatography
(EtOAc/MeOH 1:0� 40:1) gave 7 (689 mg, 84%) as a solid. The isolated
solid was dissolved in CH2Cl2 and diethyl ether was added. The resulting
precipitate was filtered and compound 8 was obtained (662 mg, 81%). M.p.







Dendritic Galactosides 812±827


Chem. Eur. J. 2002, 8, No. 4 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0823 $ 17.50+.50/0 823


163 �C (decomp); [�]25D ��31 (c� 0.5 in chloroform); 1H NMR (300 MHz,
[D6]DMSO, 80 �C): �� 7.56 (br s, 7H; NH), 5.37 (d, 3J� 3.2 Hz, 7H; H-4��),
5.30 (t, 3J� 8.7 Hz, 7H; H-3), 5.17 (m, 21H; H-1,3��,3�), 4.98 (dd,
3J(H2��,H3��)� 10.0, 3J(H1��,H2��)� 7.8 Hz, 7H; H-2��), 4.97 (d,
3J(H1�,H2�)� 9.7 Hz, 7H; H-1�), 4.89 (dd, 3J(H2,H3)� 8.7, 3J(H1,H2)�
2.7 Hz, 7H; H-2), 4.88 (t, 3J� 9.8 Hz, 7H; H-2�), 4.87 (d, 3J(H1��,H2��)�
7.8 Hz, 7H; H-1��), 4.49 (brd, 2J� 11.1 Hz, 7H; H-6a�), 4.28 (br t, 3J� 6.5 Hz,
7H; H-5��), 4.21 (m, 7H; H-5�), 4.15 (m, 21H; H-5,6a��,6b��), 3.94 (t, 3J�
9.7 Hz, 7H; H-4�), 3.87 (m, 14H; H-6�,6), 3.80 (t, 3J� 8.7 Hz, 7H; H-4), 3.58
(br s, 7H; H-6), 3.52 (d, 2J� 15.4 Hz, 7H; CHS), 3.47 (d, 2J� 15.4 Hz, 7H;
CHS), 2.28, 2.18, 2.13, 2.11, 2.10, 2.09, 2.00 (7s, 189H; 63Ac); 13C NMR
(75.5 MHz, [D6]DMSO, 80 �C): �� 169.4 ± 168.2 (CO), 99.4 (C-1��), 95.9 (C-
1), 81.3 (C-1�), 76.6 (C-4), 75.7, 75.3, 73.1, 70.1, 69.6, 68.9 (C-
2,3,5,2�,3�,4�,5�,2��,3��,5��), 66.9 (C-4��), 61.7 (C-6�), 60.5 (C-6��), 39.0 (C-6),
32.4 (CH2S), 19.9 ± 19.5 (CH3CO); IR (KBr): �� � 3502, 2940, 1751, 1661,
1539, 1435, 1371, 1230, 1050 cm�1; MS (MALDI-TOF): m/z : calcd for
C266H357N7O168S7: 6565.09; found: 6588.35 for [M�Na]� .
Heptakis{2,3-di-O-acetyl-6-S-[N-((2�,3�,6�-tri-O-acetyl-4�-O-(2��,3��,4��,6��-
tetra-O-acetyl-�-�-galactopyranosyl)-�-�-glucopyranosyl)aminocarbonyl-
methyl]-6-thio}cyclomaltoheptaose (9): Column chromatography (EtOAc/
MeOH 1:0� 40:1) gave 9 (604 mg, 92%) as a solid. The isolated solid was
dissolved in CH2Cl2 (2 mL) and diethyl ether (30 mL) was added. The
resulting precipitate was filtered and compound 9 was obtained (570 mg,
86%). M.p. 162 �C (decomp); [�]25D ��28 (c� 0.5 in chloroform); 1H NMR
(300 MHz, [D6]DMSO, 80 �C): �� 8.42 (d, 3J(NH,H1�)� 9.3 Hz, 7H; NHC-
1�), 5.36 (brd, 3J(H3��,H4��)� 3.7 Hz, 7H; H-4��), 5.34 (t, 3J(H1�,H2�)�
9.3 Hz, 7H; H-1�), 5.32 (dd, 3J(H2,H3)� 10.0, 3J(H3,H4)� 8.9 Hz, 7H;
H-3), 5.28 (t, 3J� 9.3 Hz, 7H; H-3�), 5.24 (dd, 3J(H2��,H3��)� 10.0,
3J(H3��,H4��)� 3.7 Hz, 7H; H-3��), 5.15 (d, 3J(H1,H2)� 3.3 Hz, 7H; H-1),
4.98 (dd, 3J(H2��,H3��)� 10.0, 3J(H1��,H2��)� 7.9 Hz, 7H; H-2��), 4.91 (t, 3J�
7.9 Hz, 7H; H-2�), 4.86 (dd, 3J(H2,H3)� 10.0, 3J(H1,H2)� 3.3 Hz, 7H;
H-2), 4.84 (d, 3J(H1��,H2��)� 7.9 Hz, 7H; H-1��), 4.44 (brd, 2J� 11.7 Hz, 7H;
H-6�), 4.30 (br t, 3J� 6.7 Hz, 7H; H-5��), 4.19 (m, 7H; H-5), 4.15 (m, 21H;
H-6��,6��,6�), 4.02 (br t, 3J� 8.9 Hz, 7H; H-4), 3.93 (m, 7H; H-5�), 3.91 (t,
3J� 9.3 Hz, 7H; H-4�), 3.47 (d, 2J� 14.4 Hz, 7H; CHS), 3.32 (d, 2J�
14.4 Hz, 7H; CHS), 3.22 (brd, 2J� 13.5 Hz, 7H; H-6), 3.12 (m, 7H; H-6),
2.20, 2.17, 2.13, 2.11, 2.10, 2.08, 2.06, 2.00 (8s, 189H; 63Ac); 13C NMR
(75.5 MHz, [D6]DMSO, 80 �C): �� 169.5 ± 168.3 (CO), 99.4 (C-1��), 96.2 (C-
1), 77.9 (C-4), 77.0 (C-1�), 75.3 (C-4�), 73.5 (C-5�), 72.8 (C-3�), 71.3 (C-5), 70.6
(C-2�), 70.2 (C-3��), 70.0, (C-3), 69.8 (C-2), 69.6 (C-5��), 68.9 (C-2��), 66.9 (C-
4��), 61.9 (C-6�), 60.5 (C-6��), 36.2 (CH2S), 33.6 (C-6), 20.0 ± 19.6 (CH3CO);
IR (KBr): �� � 3617, 3643, 2940, 1751, 1531, 1434, 1232, 1047 cm�1; MS
(MALDI-TOF): m/z : calcd for C266H357N7O168S7: 6565.09; found: 6588.30
[M�Na]� .
Heptakis{2,3-di-O-acetyl-6-amino-N-[S-(N-(2�,3�,6�-tri-O-acetyl-4�-O-
(2��,3��,4��,6��-tetra-O-acetyl-�-�-galactopyranosyl)-�-�-glucopyranosyl)ami-
nocarbonylmethyl)-mercaptoacetyl]-6-deoxy}cyclomaltoheptaose (10):
Column chromatography (EtOAc/MeOH 1:0� 40:1) gave 10 (558 mg,
80%) as a solid. The isolated solid was dissolved in CH2Cl2 (2 mL) and
diethyl ether (30 mL) was added. The resulting precipitate was filtered and
compound 10 was obtained (530 mg, 76%). M.p. 165 �C (decomp); [�]25D �
�14 (c� 0.25 in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): ��
8.55 (d, 3J(NH,H1�)� 8.8 Hz, 7H; NHC-1�), 7.76 (br s, 7H; NHC-6), 5.36 (d,
3J(H3��,H4��)� 3.6 Hz, 7H; H-4��), 5.28 (m, 21H; H-1�,3,3�), 5.25 (d,
3J(H1,H2)� 4.1 Hz, 7H; H-1), 5.24 (dd, 3J(H2��,H3��)� 10.1,
3J(H3��,H4��)� 3.6 Hz, 7H; H-3��), 4.98 (dd, 3J(H2��,H3��)� 10.1,
3J(H1��,H2��)� 8.0 Hz, 7H; H-2��), 4.90 (t, 3J� 9.3 Hz, 7H; H-2�), 4.90 (m,
7H; H-2), 4.85 (d, 3J(H1��,H2��)� 8.0 Hz, 7H; H-1��), 4.42 (brd, 2J�
11.4 Hz, 7H; H-6�), 4.30 (br t, 3J� 6.5 Hz, 7H; H-5��), 4.14 (m, 28H;
H-5,6�,6��,6��), 3.90 (m, 28H; H-4,4�,5�,6), 3.58 (brd, 2J� 11.7 Hz, 7H; H-6),
3.45 (d, 2J� 14.2 Hz, 7H; CHS), 3.37 (d, 2J� 14.2 Hz, 7H; CHS), 3.35 (d,
2J� 14.2 Hz, 7H; CHS), 3.31 (d, 2J� 14.2 Hz, 7H; CHS), 2.19, 2.15, 2.11,
2.09, 2.08, 2.04, 2.00 (7 s, 189H; 63Ac); 13C NMR (75.5 MHz, [D6]DMSO,
80 �C): �� 169.6 ± 168.3 (CO), 99.3 (C-1��), 96.1 (C-1), 76.9 (C-1�), 76.6 (C-
4), 75.4 (C-4�), 73.5 (C-5�), 72.9 (C-3�), 70.7 (C-2�), 70.2 (C-3��,3), 69.8 (C-5),
69.6, (C-2,5��), 68.9 (C-2��), 66.9 (C-4��), 61.9 (C-6�), 60.6 (C-6��), 39.1 (C-6),
34.8, 34.6 (CH2S), 20.0 ± 19.6 (CH3CO); IR (KBr): �� � 3471, 2941, 1750,
1654, 1540, 1434, 1371, 1232, 1049 cm�1; MS (MALDI-TOF): m/z : calcd for
C280H378N14O175S7: 6964.41; found: 6987.20 [M�Na]� .
General procedure for the Zemple¬n de-O-acetylation of lacto-CD 7 ± 10 : A
solution of compound 7 (460 mg, 0.08 mmol), 8 (230 mg, 0.04 mmol), 9


(300 mg, 0.05 mmol) or 10 (200 mg, 0.03 mmol) in dry MeOH (5 ± 8 mL)
was made alkaline to pH 9 (indicator paper) with a methanolic solution of
NaOMe (1�). The reaction mixture was stirred overnight at room
temperature and the precipitated material was filtered, washed with
MeOH and dissolved in H2O (6 ± 8 mL). The solution was concentrated by
lyophilization and gave a solid.


Heptakis{6-S-[4�-O-(�-�-galactopyranosyl)-�-�-glucopyranosyl]-6-thio}-
cyclomaltoheptaose (11): Yield: 251 mg, 95%; m.p. 213 �C (decomp);
[�]25D ��42 (c� 0.25 in H2O); 1H NMR (300 MHz, D2O): �� 5.06 (br s,
7H; H-1), 4.59 (d, 3J(H1�,H2�)� 9.3 Hz, 7H; H-1�), 4.40 (d, 3J(H1��,H2��)�
7.4 Hz, 7H; H-1��), 4.07 (br s, 7H; H-5), 3.96 ± 3.43 (m, 98H;
H-2,3,2�,3�,5�,6�,6�,2��,3��,4��,5��,6��,6��,4 or 4�), 3.33 (m, 14H; H-4 or 4�,6), 3.11
(brd, 2J� 10.4 Hz, 7H; H-6); 13C NMR (75.5 MHz, D2O): �� 102.8 (C-1��),
101.9 (C-1), 85.7 (C-1�), 83.0 (C-4), 78.5, 78.1, 75.7, 75.2, 72.7, 72.4, 72.2, 70.8,
70.3, 68.4 (C-2,3,5,2�,3�,4�,5�,2��,3��,4��,5��), 60.9, 60.3 (C-6�,6��), 31.4 (C-6); IR
(KBr): �� � 3397, 2914, 1651, 1435, 1374, 1155, 1068, 1040 cm�1; MS
(MALDI-TOF): m/z : calcd for C126H210O98S7 3517.41; found: 3540.54
[M�Na]� .
Heptakis{6-amino-6-deoxy-6-N-[4�-O-(�-�-galactopyranosyl)-�-�-gluco-
pyranosyl-1�-thiomethylcarbonil]}cyclomaltoheptaose (12): Yield: 132 mg,
96%; m.p. 204 �C (decomp); [�]25D ��14 (c� 0.25 in H2O); 1H NMR
(300 MHz, D2O): �� 4.87 (br s, 7H; H-1), 4.45 (d, 3J(H1�,H2�)� 9.3 Hz,
7H; H-1�), 4.29 (d, 3J(H1��,H2��)� 7.1 Hz, 7H; H-1��), 3.89 ± 3.18 (m, 140H;
H-2,2�,2��,3,3�,3��,4,4�,4��,5,5�,5��,6,6,6�,6�,6��,6��,CH2S); 13C NMR (75.5 MHz,
D2O): �� 172.3 (CO), 102.7 (C-1��), 102.0 (C-1), 85.1 (C-1�), 82.8 (C-4),
78.5, 77.8, 75.6, 75.2, 72.8, 72.4, 71.9, 70.7, 69.9, 68.4 (C-
2,3,5,2�,3�,4�,5�,2��,3��,4��,5��), 60.8, 60.0 (C-6�,6��), 40.0 (C-6), 32.7 (CH2); IR
(KBr): �� � 3395, 2918, 1652, 1557, 1539, 1417, 1159, 1042 cm�1; MS
(MALDI-TOF): m/z : calcd for C140H231N7O105S7 3916.77; found: 3940.47
[M�Na]� .
Heptakis{6-S-[N-((4�-O-(�-�-galactopyranosyl)-�-�-glucopyranosyl)ami-
no-carbonylmethyl]-6-thio}cyclomaltoheptaose (13): Yield: 175 mg, 98%;
m.p. 201 �C (decomp); [�]25D ��30 (c� 0.25 in H2O); 1H NMR (400 MHz,
D2O): �� 4.98 (br s, 7H; H-1), 4.91 (d, 3J(H1�,H2�)� 9.0 Hz, 7H; H-1�), 4.40
(d, 3J(H1��,H2��)� 8.0 Hz, 7H; H-1��), 3.90 ± 3.35 (m, 84H;
H-2,2�,3�,4�,5�,5��,6�,6�,6��,6��,CH2S), 3.90 (m, 7H; H-5), 3.81 (d,
3J(H3��,H4��)� 3.1 Hz, 7H; H-4��), 3.80 (m, 7H; H-3), 3.74 (m, 7H; H-4),
3.58 (dd, 3J(H2��,H3��)� 9.0 Hz, 3J(H3��,H4��)� 3.1 Hz, 7H; H-3��), 3.45 (t,
3J� 9.0 Hz, 7H; H-2��), 3.19 (brd, 2J� 13.3 Hz, 7H; H-6), 2.92 (br s, 7H;
H-6); 13C NMR (75.5 MHz, D2O): �� 173.6 (CO), 102.8 (C-1��), 102.1 (C-
1), 84.2 (C-4), 79.6 (C-1�), 77.6, 76.3, 75.3, 73.1, 72.5, 71.6, 70.8, 68.5 (C-
2,2�,2��,3,3�,3��,4,4�,4��,5,5�,5��), 60.9, 59.8 (C-6�,6��), 36.2 (CH2S), 33.7 (C-6); IR
(KBr): �� � 3411, 2918, 1662, 1543, 1411, 1375, 1156, 1041 cm�1; MS
(MALDI-TOF): m/z : calcd for C140H231N7O105S7: 3916.77; found: 3939.00
[M�Na]� .
Heptakis{6-amino-N-[S-(N-(4�-O-(�-�-galactopyranosyl)-�-�-glucopyra-
nosyl)aminocarbonylmethyl]-mercaptoacetyl]-6-deoxy}cyclomaltohep-
taose (14): Yield: 122 mg, 98%); m.p. 195 �C (decomp); [�]25D ��46 (c�
0.25 in H2O); 1H NMR (300 MHz, D2O): �� 4.99 (br s, 7H; H-1), 4.94 (d,
3J(H1�,H2�)� 9.2 Hz, 7H; H-1�), 4.40 (d, 3J(H1��,H2��)� 7.7 Hz, 7H; H-1��),
4.05 ± 3.25 (m, 140H; H-2,2�,2��,3,3�,3��,4,4�,4��,5,5�,5��,6,6�,6��,6,6�,6��,CH2S);
13C NMR (75.5 MHz, D2O): �� 172.6, 171.5 (CO), 102.8 (C-1��), 102.0 (C-
1), 82.4 (C-4), 79.4 (C-1�), 72.8, 72.2, 69.9 (C-2,3,5), 77.7, 76.3, 75.0, 71.4 (C-
2�,3�,4�,5�), 75.2, 72.4, 70.8, 68.4 (C-2��,3��,4��,5��), 60.9, 59.8 (C-6�,6��), 40.1 (C-
6), 34.6 (CH2S); IR (KBr): �� � 3415, 2912, 1651, 1555, 1416, 1375, 1159,
1081, 1041 cm�1; MS (MALDI-TOF): m/z : calcd for C154H252N14O112S7:
4316.13; found: 4340.03 [M�Na]� .
Bis(3-benzyloxycarbonylaminopropyl)-N-tert-butoxycarbonylamine (16):
Boc2O (1.24 g, 5.67 mmol) and triethylamine (498 mg, 4.93 mmol) were
added to a solution of compound 15 (1.97 g, 4.93 mmol) in CH3CN (20 mL).
The reaction mixture was stirred overnight, then the solvent was
evaporated and the crude product was purified by chromatography on
silica gel (EtOAc/hexane 1:1� 2:1) to give 16 (2.45 g, 99%) as a syrup.
1H NMR (300 MHz, CDCl3): �� 7.40 ± 7.30 (m, 10H; Ph), 5.80 (br s, 2H;
NH), 5.10 (s, 4H; CH2O), 3.18 (br s, 8H; CH2NH, CH2N), 1.66 (br s, 4H;
CH2CH2CH2), 1.45 (s, 9H; CH3); 13C NMR (75.5 MHz, CDCl3): �� 156.4 ±
155.9 (CO), 136.6 ± 127.9 (Ph), 80.0 (CH3C), 66.4 (CH2CO), 44.0 ± 43.2
(CH2N), 38.2 ± 37.6 (CH2NH), 28.7 ± 27.8 (CH2CH2CH2), 28.2 (CH3); IR
(KBr): �� � 3333, 2983, 1694, 1524, 1250, 1149, 1026 cm�1; HRMS (FAB):
m/z : calcd for C27H37N3O6Na: 522.2580; found: 522.2589 [M�Na]� .
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Bis(3-chloroacetamidopropyl)-N-tert-butoxycarbonylamine (17): A sus-
pension of compound 16 (8.05 g, 16.11 mmol) and Pd/C (822 mg) in MeOH
(100 mL) was stirred under H2 atmosphere (2.5 atm) for 1 h at room
temperature. The mixture was filtered and the Pd/C washed twice with
MeOH. The combined filtrates were dried and the solvent evaporated. The
obtained crude product was dissolved in CH3CN (50 mL) and chloroacetic
anhydride (6.61 g, 38.67 mmol) and triethylamine (3.26 g, 32.22 mmol)
were added to the solution. The reaction mixture was stirred for 24 h at
room temperature. Then the solvent was evaporated, and the crude product
purified by chromatography on silica gel (EtOAc/hexane 5:1) to give 17
(5.03 g, 81%) as a solid. M.p 96.6 ± 98.8 �C; 1H NMR (300 MHz, (CDCl3):
�� 7.61 (br s, 1H; NH), 6.71 (br s, 1H; NH), 4.04 (s, 4H; CH2Cl), 3.28 (br s,
8H; CH2NH,CH2N), 1.71 (br s, 4H; CH2CH2CH2), 1.46 (s, 9H; CH3);
13C NMR (75.5 MHz, CDCl3): �� 166.2 ± 156.2 (CO), 80.3 (CH3C), 44.5 ±
43.3 (CH2N), 42.6 (CH2Cl), 37.5 ± 36.2 (CH2NH), 28.6 ± 27.5 (CH2CH2CH2),
28.4 (CH3); IR (KBr): �� � 3327, 3260, 2970, 2948, 1690, 1664, 1419, 1173,
1142 cm�1; HRMS (FAB): m/z : calcd for C15H27N3O4Cl2Na: 406.1276;
found: 406.1279 [M�Na]� .
2,3,4-Tri-O-acetyl-6-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyranosyl)-1-
thio-�-�-glucopyranose (19): Thiourea (1.23 g, 16.15 mmol) was added to a
solution of 2,3,4-tri-O-acetyl-6-O-(2�,3�,4�,6�-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl bromide (2.26 g, 3.23 mmol) in anhydrous acetone
(30 mL). The reaction mixture was stirred under reflux for 4 h. The solution
was concentrated approximately 15 mL. Then a solution of Na2SO3 (1.22 g,
9.69 mmol) in H2O (25 mL) was added and the reaction mixture was stirred
for 30 min. Aqueous HCl (5%, 8 mL), H2O (100 mL) was added and the
aqueous layer was extracted with CH2Cl2 (2� 150 mL). The combined
organic phases were washed with H2O (100 mL). The organic layer was
dried (Na2SO4), filtered, evaporated, and the crude product purified by
chromatography on silica gel (EtOAc/hexane 1:3� 1:2) to give 19 (1.54 g,
73%) as a solid. M.p. 202.5 ± 204.8 �C; [�]25D ��100 (c� 0.25 in chloro-
form); 1H NMR (300 MHz, CDCl3): �� 5.45 (brd, 3J(H3�,H4�)� 3.2 Hz,
1H; H-4�), 5.35 (dd, 3J(H2�,H3�)� 10.8, 3J(H3�,H4�)� 3.2 Hz, 1H; H-3�),
5.21 (d, 3J(H1�,H2�)� 4.0 Hz, 1H; H-1�), 5.17 (t, 3J� 9.4 Hz, 1H; H-3), 5.07
(dd, 3J� 9.4 Hz, 1H; H-4), 5.07 (dd, 3J(H2�,H3�)� 10.8, 3J(H1�,H2�)�
4.0 Hz, 1H; H-2�), 4.89 (t, 3J� 9.4 Hz, 1H; H-2), 4.50 (t, 3J� 9.4 Hz, 1H;
H-1), 4.25 (br t, 3J� 6.5 Hz, 1H; H-5�), 4.14 ± 4.05 (m, 2H; H-6�,6�), 3.72 ±
3.60 (m, 3H; H-5,6,6), 2.27 (d, 3J� 9.4 Hz, 1H; SH), 2.14 ± 1.98 (6 s, 21H;
Ac); 13C NMR (75.5 MHz, CDCl3): �� 170.6 ± 169.3 (CO), 96.0 (C-1�), 78.4
(C-1), 77.0 (C-5), 73.5 (C-2,3), 68.6, 68.1 (C-2�,4), 67.4 (C-4�), 66.2 (C-3�),
66.0 (C-6), 61.5 (C-6�), 20.7 ± 20.6 (CH3CO); IR (KBr): �� � 2954, 1754, 1375,
1224, 1049 cm�1; HRMS (FAB): m/z : calcd for C26H36O17S: 652.1674;
found: 652.1672 [M]� .


General procedure for the synthesis of thioglycoside 20 ± 22 : A mixture of
17 (2.72 mmol for reaction with 18,[11c] 0.42 mmol for reaction with 1,[11a]


1.32 mmol for reaction with 19), Cs2CO3 (5 equiv) and the compound 1, 18
or 19 (3 equiv) in anhydrous DMF (10 ± 15 mL) was kept under Ar for 24 h
at room temperature. After this time, the precipitated material was filtered.
Aqueous HCl (5%, 100 mL) was added and the aqueous layer extracted
with CH2Cl2 (2� 150 mL). The combined organic phases were washed
successively with aqueous HCl (5%, 100 mL), H2O (100 mL), saturated
aqueous NaHCO3 (2� 100 mL), and H2O (2� 100 mL). The organic
solution was dried (Na2SO4), filtered and evaporated, giving a residue that
was subjected to column chromatography.


Bis[3-(2,3,4,6-tetra-O-acetyl-�-�-galactopyranosyl-1-thiomethylcarbonyl-
amino)propyl]-N-tert-butoxycarbonylamine (20): Column chromatogra-
phy (EtOAc/MeOH 1:0� 30:1) gave 20 (2.33 g, 83%) as a solid. M.p.
63.6 ± 65.2 �C; [�]25D ��12 (c� 0.5 in chloroform); 1H NMR (300 MHz,
[D6]DMSO, 80 �C): �� 7.73 (br t, 3J� 5.2 Hz, 2H; NH), 5.43 (dd,
3J(H3,H4)� 3.6, 3J(H4,H5)� 1.1 Hz, 2H; H-4), 5.29 (dd, 3J(H2,H3)� 9.8,
3J(H3,H4)� 3.5 Hz, 2H; H-3), 5.10 (t, 3J� 9.8 Hz, 2H; H-2), 5.00 (d,
3J(H1,H2)� 9.8 Hz, 2H; H-1), 4.29 (ddd, 3J(H5,H6)� 6.4, 3J(H5,H6�)�
6.1, 3J(H4,H5)� 1.1 Hz, 2H; H-5), 4.17 (dd, 2J(H6,H6�)� 11.2,
3J(H5,H6)� 6.0 Hz, 2H; H-6), 4.13 (dd, 2J(H6,H6�)� 11.3, 3J(H5,H6�)�
6.5 Hz, 2H; H-6�), 3.44 (d, 2J� 14.3 Hz, 2H; CHS), 3.37 (d, 2J� 14.3 Hz,
2H; CHS), 3.26 (t, 3J� 7.2 Hz, 4H; CH2N), 3.16 (dd, 2J� 12.9, 3J� 7.0 Hz,
4H; CH2NH), 2.21 ± 2.02 (4s, 24H; 8Ac), 1.75 (m, 4H, CH2CH2CH2), 1.51
(s, 9H; (CH3)3C); 13C NMR (75 MHz, [D6]DMSO, 80 �C): �� 169.6, 168.6,
167.4, 154.3 (CO), 82.0 (C-1), 78.0 ((CH3)3C), 73.4 (C-5), 70.8 (C-3), 67.3(C-
2,4), 60.9 (C-6), 44.2 (CH2NH), 36.5 (CH2N), 32.7 (CH2S), 27.8
(CH2CH2CH2), 27.7 ((CH3)3C), 19.9, 19.8, 19.7, 19.6 (CH3CO); IR (KBr):


�� � 3470, 2938, 1752, 1668, 1541, 1478, 1423, 1370, 1224, 1149, 1082, 1053,
950, 919, 775, 713, 648 cm�1; HRMS (FAB): m/z : calcd for C43H65N3O22S2-
Na: 1062.3399; found: 1062.3408 [M�Na]� .
Bis{3-[2,3,6-tri-O-acetyl-4-O-(2,�3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-tert-bu-
toxycarbonylamine (21): Column chromatography (EtOAc/MeOH 1:0�
30:1) gave 21 (621 mg, 91%) as a solid. M.p. 99.5 ± 101.3 �C; [�]25D ��15
(c� 0.5 in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.71 (t,
3J� 5.6 Hz, 2H; NH), 5.36 (dd, 3J(H3�,H4�)� 3.6 Hz, 3J(H4�,H5�)� 1.1 Hz,
2H; H-4�), 5.25 (dd, 3J(H2�,H3�)� 10.2, 3J(H3�,H4�)� 3.7 Hz, 2H; H-3�),
5.24 (t, 3J� 9.0 Hz, 2H; H-3), 4.99 (d, 3J(H1,H2)� 10.0 Hz, 2H; H-1), 4.97
(dd, 3J(H2�,H3�)� 10.1, 3J(H1�,H2�)� 8.0 Hz, 2H; H-2�), 4.88 (dd, 3J� 10.0,
3J� 9.0 Hz, 2H; H-2), 4.85 (d, 3J(H1�,H2�)� 7.9 Hz, 2H; H-1�), 4.45 (brd,
2H, 2J� 12.8 Hz, 2H; H-6), 4.30 (br t, 3J� 6.9 Hz, 2H; H-5�), 4.15 (m, 6H;
H-6,6�,6�), 3.93 (t, 3J� 9.7 Hz, 2H; H-4), 3.91 (m, 2H; H-5), 3.40 (d, 2J�
14.2 Hz, 2H; CHS), 3.32 (d, 2J� 14.2 Hz, 2H; CHS), 3.25 (t, 3J� 7.1 Hz,
4H; CH2N), 3.15 (dd, 2J� 13.7, 3J� 6.0 Hz, 4H; CH2NH), 2.19 ± 2.00 (6s,
42H; 14Ac), 1.83 (m, 4H; CH2CH2CH2), 1.51 (s, 9H; (CH3)3C); 13C NMR
(75 MHz, [D6]DMSO, 80 �C): �� 169.5, 169.2, 168.8, 168.6, 168.4, 167.4,
161.1 (CO), 99.4 (C-1�), 81.2 (C-1), 78.1 ((CH3)3C), 75.6, 75.5 (C-4,5), 73.1
(C-3), 70.1 (C-2,3�), 69.1 (C-5�), 68.9 (C-2�), 66.9 (C-4�), 62.0 (C-6), 60.6 (C-
6�), 44.2 (CH2NH), 36.5 (CH2N), 32.6 (CH2S), 27.8 (CH2CH2CH2), 27.7
((CH3)3C), 20.0, 19.8, 19.7 (CH3CO); IR (KBr): �� 3449, 2940, 1752, 1540,
1455, 1371, 1231, 1169, 1048, 953, 912, 771, 647, 604 cm�1; HRMS (FAB):
m/z : calcd for C67H97N3O38S2Na: 1638.5091; found: 1638.5092 [M�Na]� .
Bis{3-[2,3,4-tri-O-acetyl-6-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-tert-bu-
toxycarbonylamine (22): Column chromatography (EtOAc/MeOH 1:0�
30:1) gave 22 (1.43 g, 67%), as a solid. M.p. 98.0 ± 101.2 �C; [�]25D ��43 (c�
0.5 in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.70 (br s,
2H; NH), 5.47 (dd, 3J(H3�,H4�)� 3.1, 3J(H4�,H5�)� 1.0 Hz, 2H; H-4�), 5.35
(t, 3J� 9.4 Hz, 2H; H-3), 5.33 (dd, 3J(H2�,H3�)� 10.6, 3J(H3�,H4�)� 3.1 Hz,
2H; H-3�), 5.25 (d, 3J(H1�,H2�)� 3.6 Hz, 2H; H-1�), 5.12 (t, 3J� 9.4 Hz, 2H;
H-4), 5.10 (dd, 3J(H2�,H3�)� 10.6, 3J(H1�,H2�)� 3.6 Hz, 2H; H-2�), 5.05 (d,
3J(H1,H2)� 10.0 Hz, 2H; H-1), 4.92 (t, 3J� 10.0 Hz, 2H; H-2), 4.30 (br t,
3J� 5.9 Hz, 2H; H-5�), 4.13 (m, 4H; H-6�,6�), 4.02 (m, 2H; H-5), 3.80 (dd,
2J(H6,H6)� 12.0, 3J(H5,H6)� 4.3 Hz, 2H; H-6), 3.74 (dd, 2J(H6,H6)�
12.0, 3J(H5,H6)� 2.7 Hz, 2H; H-6), 3.43 (d, 2J� 13.9 Hz, 2H; CHS), 3.36
(d, 2J� 14.2 Hz, 2H; CHS), 3.26 (t, 3J� 7.2 Hz, 4H; CH2N), 3.18 (dd, 2J�
13.5, 3J� 6.2 Hz, 4H; CH2NH), 2.21 ± 2.04 (5s, 42H; 14Ac), 1.75 (m, 4H;
CH2CH2CH2), 1.52 (s, 9H; (CH3)3C); 13C NMR (75 MHz, [D6]DMSO,
80 �C): �� 169.3, 169.2, 168.8, 168.5, 168.4, 167.3 (CO), 95.3 (C-1�), 81.3 (C-
1), 78.1 ((CH3)3C), 75.3 (C-5), 73.1 (C-3), 69.8 (C-2), 68.1 (C-4), 67.6 (C-4�),
67.2 (C-2�), 66.8 (C-3�), 65.9 (C-5�), 65.4 (C-6), 61.0 (C-6�), 44.2 (CH2NH),
36.5 (CH2N), 32.4 (CH2S), 27.9 (CH2CH2CH2), 27.7 ((CH3)3C), 19.9, 19.8,
19.7, 19.6, 19.5 (CH3CO); IR (KBr): �� � 3459, 2943, 1753, 1664, 1374, 1226,
1039 cm�1; HRMS (FAB): m/z : calcd for C67H97N3O38S2: 1615.5193; found:
1615.5124 [M]� .


General procedure for the synthesis of N-chloroacetyl compounds 23 ± 25 :
A solution of 20 (2.11 mmol), 21 (1.15 mmol) or 22 (0.29 mmol) in 22%
trifluoroacetic acid in CH2Cl2 (40 mL) was stirred for 3 ± 6 h at 0 �C (ice
bath). The solution was concentrated and dried under vacuum. The
obtained residue was suspended in CH3CN (30 mL). Diisopropylethyl-
amine was added until basic moist pH, and then was added chloroacetic
anhydride (2 equiv). The reaction mixture was stirred at room temperature
for 7 ± 8 h. The solution was concentrated at 30 �C, aqueous HCl (5%,
100 mL) was added and the aqueous layer extract with CH2Cl2 (2�
150 mL). The combined organic phases were washed successively with
aqueous HCl (5%, 100 mL), H2O (100 mL), saturated aqueous NaHCO3


(2� 100 mL), and H2O (2� 100 mL). The organic solution was dried
(Na2SO4), filtered and evaporated, and the crude product purified by
chromatography on silica gel.


Bis[3-(2,3,4,6-tetra-O-acetyl-�-�-galactopyranosyl-1-thiomethylcarbonyl-
amino)-propyl]-N-chloroacetylamine (23): Column chromatography
(EtOAc/MeOH 30:1) to give 23 (1.99 g, 92%) as a solid. M.p. 57.5 ±
59.3 �C; [�]25D ��10 (c� 0.5 in chloroform); 1H NMR (300 MHz,
[D6]DMSO, 80 �C): �� 7.68 (br s, 2H; NH), 5.44 (dd, 3J(H3,H4)� 3.4,
3J(H4,H5)� 1.2 Hz, 2H; H-4), 5.29 (dd, 3J(H2,H3)� 9.7, 3J(H3,H4)�
3.5 Hz, 2H; H-3), 5.12 (t, 3J� 9.7 Hz, 2H; H-2), 5.01 (d, 3J(H1,H2)�
9.9 Hz, 2H; H-1), 4.35 (s, 2H; CH2Cl), 4.29 (ddd, 3J(H5,H6�)� 6.4,
3J(H5,H6)� 6.1, 3J(H4,H5)� 1.0 Hz, 2H; H-5), 4.17 (dd, 2J� 11.2, 3J�
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5.9 Hz, 2H; H-6), 4.13 (dd, 2J� 11.3, 3J� 6.6 Hz, 2H; H-6�), 3.47 (d, 2J�
14.3 Hz, 2H; CHS), 3.44 (t, 3J� 3.6 Hz, 4H; CH2N), 3.38 (d, 2J� 14.1 Hz,
2H; CHS), 3.22 (dd, 2J� 12.6, 3J� 6.6 Hz, 4H; CH2NH), 2.21 ± 2.02 (4s,
24H; 8Ac), 1.83 (m, 4H; CH2CH2CH2); 13C NMR (75 MHz, [D6]DMSO,
80 �C): �� 169.0, 168.5, 167.4, 165.3 (CO), 82.0 (C-1), 73.4 (C-5), 70.8 (C-3),
67.4, 67.3 (C-2,4), 60.8 (C-6), 41.0 (CH2Cl), 36.2 (CH2N), 32.7 (CH2S), 27.4
(CH2CH2CH2), 19.7, 19.6, 19.5, 19.4 (CH3CO); IR (KBr): �� � 3419, 2937,
1749, 1650, 1541, 1435, 1371, 1225, 1149, 1082, 1053, 950, 919, 599 cm�1;
HRMS (FAB): m/z : calcd for C40H58N3O21S2ClNa: 1038.2590; found:
1038.2588 [M�Na]� .
Bis{3-[2,3,6-tri-O-acetyl-4-O-(2,�3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-chloroace-
tylamine (24): Column chromatography (CHCl3/MeOH 40:1) to give 24
(1.83 g, 99%) as a solid. M.p. 78.3 ± 80.2 �C; [�]25D ��14 (c� 0.5 in
chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.61 (br s, 2H,
NH), 5.37 (dd, 3J(H3�,H4�)� 3.6, 3J(H4�,H5�)� 1.0 Hz, 2H; H-4�), 5.25 (dd,
3J(H2�,H3�)� 10.1, 3J(H3�,H4�)� 3.6 Hz, 2H; H-3�), 5.24 (t, 3J� 8.7 Hz, 2H;
H-3), 4.99 (d, 3J(H1,H2)� 10.0 Hz, 2H; H-1), 4.98 (dd, 3J� 7.8 Hz, 2H;
H-2�), 4.89 (dd, 3J� 9.0 Hz, 2H; H-2), 4.85 (d, 3J(H1�,H2�)� 8.0 Hz, 2H;
H-1�), 4.48 (dd, 2J� 12.0, 3J� 1.7 Hz, 2H; H-6), 4.34 (s, 2H; CH2Cl), 4.28
(m, 2H; H-5�), 4.16 (m, 6H; H-6,6�,6�), 3.95 (t, 3J� 9.8 Hz, 2H; H-4), 3.89
(m, 2H; H-5), 3.42 (d, 2J� 14.3 Hz, 2H; CHS), 3.41 (t, 3J� 7.6 Hz, 4H;
CH2N), 3.34 (d, 2J� 14.3 Hz, 2H; CHS), 3.21 (dd, 2J� 12.6, 3J� 6.7 Hz,
4H; CH2NH), 2.19 ± 2.00 (6s, 42H; 14Ac), 1.82 (m, 4H; CH2CH2CH2);
13C NMR (75 MHz, [D6]DMSO, 80 �C): �� 169.8, 169.4, 168.8, 168.6, 167.8
(CO), 99.6 (C-1�), 81.5 (C-1), 75.8, 75.6 (C-4,5), 73.3 (C-3), 70.3 (C-2,3�),
69.8 (C-5�), 69.1 (C-2�), 67.1 (C-4�), 62.1 (C-6), 60.8 (C-6�), 41.5 (CH2Cl), 36.5
(CH2N), 32.8 (CH2S), 20.2, 20.0, 19.9, 19.8 (CH3CO); IR (KBr): �� � 3457,
2982, 1752, 1653, 1541, 1435, 1372, 1230, 1170, 1137, 1049, 911, 604 cm�1;
HRMS (FAB): m/z : calcd for C64H90N3O37S2ClNa: 1614.4281; found:
1614.4277 [M�Na]� .
Bis{3-[2,3,4-tri-O-acetyl-6-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-chloror-
acetylamine (25): Column chromatography (EtOAc/MeOH 1:0� 9:1) to
give 25 (432 mg, 92%) as a solid. M.p. 103.0 ± 105.2 �C; [�]25D ��58 (c� 0.5
in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.76 (br s, 2H;
NH), 5.47 (brd, 3J(H3�,H4�)� 3.1 Hz, 2H; H-4�), 5.35 (t, 3J� 9.5 Hz, 2H;
H-3), 5.33 (dd, J(H2�,H3�)� 10.7, 3J(H3�,H4�)� 3.2 Hz, 2H; H-3�), 5.25 (d,
3J(H1�,H2�)� 3.6 Hz, 2H; H-1�), 5.12 (t, 3J� 9.5 Hz, 2H; H-4), 5.10 (dd,
3J(H2�,H3�)� 10.8, 3J(H1�,H2�)� 3.4 Hz, 2H; H-2�), 5.05 (d, 3J(H1,H2)�
9.5 Hz, 2H; H-1), 4.92 (t, 3J� 9.5 Hz, 2H; H-2), 4.36 (s, 2H; CH2Cl), 4.30
(br t, 3J� 6.4 Hz, 2H; H-5�), 4.16 (m, 4H; H-6�,6�), 4.02 (m, 2H; H-5), 3.80
(dd, 2J(H6,H6)� 11.9, 3J(H5,H6)� 4.4 Hz, 2H; H-6), 3.74 (dd,
2J(H6,H6)� 11.9, 3J(H5,H6)� 2.3 Hz, 2H; H-6), 3.44 (d, 2J� 14.2 Hz,
2H; CHS), 3.41 (t, 3J� 6.7 Hz, 4H; CH2N), 3.37 (d, 2J� 13.9 Hz, 2H;
CHS), 3.20 (dd, 2J� 12.6, 3J� 6.5 Hz, 4H; CH2NH), 2.21 ± 2.04 (5s, 42H;
14Ac), 1.81 (m, 4H; CH2CH2CH2); 13C NMR (75 MHz, [D6]DMSO, 80 �C):
�� 168.8, 168.5, 168.4, 167.5, 165.4 (CO), 95.3 (C-1�), 81.4 (C-1), 75.3 (C-5),
73.1 (C-3), 69.9 (C-2), 68.1 (C-4), 67.6 (C-4�), 67.2 (C-2�), 66.8 (C-3�), 65.9 (C-
5�), 65.4 (C-6), 61.0 (C-6�), 41.2 (CH2Cl), 36.3 (CH2N), 32.4 (CH2S), 29.1
(CH2CH2CH2), 19.9, 19.8, 19.7, 19.6 (CH3CO); IR (KBr): �� � 3475, 2943,
1753, 1375, 1226, 1039 cm�1; HRMS (FAB): m/z : calcd for
C64H90N3O37S2Cl: 1591.4385; found: 1591.4392 [M]� .


General procedure for synthesis of thiol 26 ± 28 : A solution of 23
(1.83 mmol), 24 (0.75 mmol) or 25 (0.27 mmol) in anhydrous acetone
(15 ± 30 mL) was added thiourea (10 equiv). The reaction mixture was
stirred at room temperature for 24 h. The solution was concentrated
approximately up to half volume without heating. Then a solution of
Na2SO3 (3 equiv) in H2O (10 ± 30 mL) was added and the reaction was
stirred for 30 min. Aqueous HCl (5%, 5 mL), H2O (100 mL) was added
and the aqueous layer was extracted with CH2Cl2 (2� 150 mL). The
combined organic phases was washed with H2O (100 mL). The organic
layer was dried (Na2SO4), filtered, evaporated, and the crude product
purified by chromatography on silica gel.


Bis[3-(2,3,4,6-tetra-O-acetyl-�-�-galactopyranosyl-1-thiomethylcarbonyl-
amino)propyl]-N-mercaptoacetylamine (26): Column chromatography
(EtOAc/MeOH 30:1) to give 26 (1.05 g, 56%) as a solid. M.p. 61.6 ±
63.0 �C; [�]25D ��12 (c� 0.5 in chloroform); 1H NMR (300 MHz,
[D6]DMSO, 80 �C): �� 7.80 (br s, 2H; NH), 5.43 (brd, 3J� 3.2 Hz, 2H;
H-4), 5.29 (dd, 3J(H2,H3)� 9.5, 3J(H3,H4)� 3.6 Hz, 2H; H-3), 5.09 (t, 3J�
9.8 Hz, 2H; H-2), 5.01 (d, 3J(H1,H2)� 10.1 Hz, 2H; H-1), 4.29 (br t, 3J�


6.1 Hz, 2H; H-5), 4.15 (m, 4H; H-6,6�), 3.47 (d, 3J� 6.8 Hz, 2H; CH2SH),
3.43 ± 3.35 (m, 8H; CH2S, CH2N), 3.20 (br s, 4H; CH2NH), 2.66(t, 3J�
7.1 Hz, 1H; SH), 2.21 ± 2.02 (4 s, 24H; 8Ac), 1.80 (br s, 4H; CH2CH2CH2);
13C NMR (75 MHz, [D6]DMSO, 80 �C): �� 169.3, 168.9, 168.8, 167.6 (CO),
82.1 (C-1), 73.4 (C-5), 70.9 (C-3), 67.4 (C-2,4), 61.0 (C-6), 36.3 (CH2N), 32.8
(CH2S), 25.1 (CH2SH), 20.0, 19.9, 19.8, 19.7 (CH3CO); IR (KBr): �� � 3457,
2939, 1750, 1646, 1372, 1227, 1053 cm�1; HRMS (FAB): m/z : calcd for
C40H59N3O21S3Na: 1036.2701; found: 1036.2698 [M�Na]� .
Bis{3-[2,3,6-tri-O-acetyl-4-O-(2,�3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-mercap-
toacetylamine (27): Column chromatography (CHCl3/MeOH 30:1) to give
27 (660 mg, 55%) as a solid. M.p. 98.8 ± 100.7 �C; [�]25D ��24 (c� 0.5 in
chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.70 (br s, 2H;
NH), 5.36 (brd, 3J� 3.5 Hz, 2H; H-4�), 5.25 (dd, 3J(H2�,H3�)� 10.2 Hz,
3J(H3�,H4�)� 3.7 Hz, 2H; H-3�), 5.25 (t, 3J� 8.7 Hz, 2H; H-3), 5.00 (d,
3J(H1,H2)� 10.0 Hz, 2H; H-1), 4.97 (dd, 3J(H2�,H3�)� 10.0, 3J(H1�,H2�)�
7.9 Hz, 2H; H-2�), 4.88 (t, 3J� 9.2 Hz, 2H; H-2), 4.85 (d, 3J(H1�,H2�)�
7.9 Hz, 2H; H-1�), 4.47 (brd, 2J� 12.2 Hz, 2H; H-6), 4.29 (br t, 3J� 6.5 Hz,
2H; H-5�), 4.15 (m, 6H; H-6,6�,6�), 3.94 (t, 3J� 9.9 Hz, 2H; H-4), 3.91 (m,
2H; H-5), 3.47 (d, 3J� 7.0 Hz, 2H; CH2SH), 3.42 (d, 2J� 14.5 Hz, 2H;
CHS), 3.39 (t, 3J� 7.5 Hz, 4H; CH2N), 3.33 (d, 2J� 14.5 Hz, 2H; CHS), 3.19
(dd, 2J� 12.4, 3J� 6.2 Hz, 4H; CH2NH), 2.64 (t, 3J� 6.8 Hz, 1H; SH),
2.19 ± 2.00 (7s, 42H; 14Ac), 1.79 (br s, 4H; CH2CH2CH2); 13C NMR
(75 MHz, [D6]DMSO, 80 �C): �� 169.3, 169.2, 168.8, 168.7, 168.6, 168.3,
167.6 (CO), 99.4 (C-1�), 81.3 (C-1), 75.7, 75.4 (C-4,5), 73.1 (C-3), 70.2 (C-
2,3�), 69.7 (C-5�), 68.9 (C-2�), 67.0 (C-4�), 61.9 (C-6), 60.6 (C-6�), 36.3
(CH2N), 32.6 (CH2S), 29.9 (CH2CH2CH2), 25.1 (CH2SH), 19.9, 19.8, 19.7,
19.6, 19.5 (CH3CO); IR (KBr): �� � 3482, 2939, 1753, 1374, 1225, 1038 cm�1;
HRMS (FAB): m/z : calcd for C64H91N3O37S3Na: 1612.4391; found:
1612.4385 [M�Na]� .
Bis{3-[2,3,4-tri-O-acetyl-6-O-(2�,3�,4�,6�-tetra-O-acetyl-�-�-galactopyrano-
syl)-�-�-glucopyranosyl-1-thiomethylcarbonylamino]propyl}-N-mercap-
toacetylamine (28): Column chromatography (EtOAc/MeOH 30:1) to give
28 (325 mg, 75%) as a solid. M.p. 98.0 ± 100.8 �C; [�]25D ��62 (c� 0.5 in
chloroform); 1H NMR (300 MHz, [D6]DMSO, 80 �C): �� 7.75 (br s, 2H;
NH), 5.47 (brd, 3J(H3�,H4�)� 2.7 Hz, 2H; H-4�), 5.36 (t, 3J� 9.6 Hz, 2H;
H-3), 5.33 (dd, 3J(H2�,H3�)� 10.3, 3J(H3�,H4�)� 3.6 Hz, 2H; H-3�), 5.25 (d,
3J(H1�,H2�)� 3.6 Hz, 2H; H-1�), 5.12 (t, 3J� 9.6 Hz, 2H; H-4), 5.10 (dd,
3J(H2�,H3�)� 10.3, 3J(H1�,H2�)� 3.6 Hz, 2H; H-2�), 5.05 (d, 3J(H1,H2)�
9.6 Hz, 2H; H-1), 4.92 (t, 3J� 9.6 Hz, 2H; H-2), 4.30 (br t, 3J� 5.9 Hz, 2H;
H-5�), 4.16 (m, 4H; H-6�,6�), 4.02 (m, 2H; H-5), 3.80 (dd, 2J(H6,H6)� 12.0,
3J(H5,H6)� 4.5 Hz, 2H; H-6), 3.74 (dd, 2J(H6,H6)� 12.1, 3J(H5,H6)�
3.2 Hz, 2H; H-6), 3.47 (d, 3J� 7.0 Hz, 2H; CH2SH), 3.44 (d, 2J� 14.1 Hz,
2H; CHS), 3.40 (t, 3J� 7.3 Hz, 4H; CH2N), 3.37 (d, 2J� 14.3 Hz, 2H;
CHS), 3.20 (m, dd, 2J� 12.4, 3J� 6.3 Hz, 4H; CH2NH), 2.66 (t, 3J� 6.9 Hz,
1H; SH), 2.21 ± 2.04 (5s, 42H; 14Ac), 1.80 (m, 4H; CH2CH2CH2);
13C NMR (75 MHz, [D6]DMSO, 80 �C): �� 169.3, 169.2, 168.9, 168.5,
168.4 (CO), 95.3 (C-1�), 81.4 (C-1), 75.3 (C-5), 73.1 (C-3), 69.9 (C-2), 68.1
(C-4), 67.6 (C-4�), 67.2 (C-2�), 66.8 (C-3�), 65.9 (C-5�), 65.4 (C-6), 61.0 (C-6�),
36.3 (CH2N), 32.4 (CH2S), 25.0 (CH2SH), 19.9, 19.8, 19.6, 19.5, 19.4
(CH3CO); IR (KBr): �� � 3494, 2942, 1753, 1374, 1225, 1038 cm�1; HRMS
(FAB): m/z : calcd for C64H91N3O37S3: 1589.4493; found: 1589.4514 [M]� .


General procedure for the synthesis of CDs 29 ± 31: A mixture of 5[13]


(0.02 mmol for reaction with 26, 0.03 mmol for reaction with 27 and
0.03 mmol for reaction with 28), Cs2CO3 (2.5 equiv) and the thiol 26, 27 or
28 (2 equiv) in anhydrous DMF (8 ± 20 mL) was kept under Ar for 7 d at
60 �C. After this time, Ac2O (4 mL), pyridine (2 mL), and DMAP (cat.)
were added and the reaction mixture was stirred for 48 h at 40 �C. Then the
precipitated material was filtered and the filtrate was poured over ice/H2O.
Aqueous HCl (5%, 100 mL) was added and the aqueous layer extracted
with CH2Cl2 (2� 100 mL). The combined organic phases were washed
successively with aqueous HCl (5%, 100 mL), H2O (100 mL), saturated
NaHCO3 (2� 150 mL) and H2O (2� 100 mL). The organic solution was
dried (Na2SO4), filtered, evaporated to obtain a residue that was subjected
to column chromatography.


Glyco-CD (29): The product was purified by column chromatography
(EtOAc/MeOH 1:0� 10:1). The isolated solid was dissolved in CH2Cl2 and
diethyl ether was added until precipitation. The resulting precipitated was
filtered, and gave 29 (120 mg, 79%) as a solid. M.p. 93.4 �C (decomp);
[�]25D ��2 (c� 0.5 in chloroform); 1H NMR (300 MHz, [D6]DMSO, 80�C):
�� 7.69 (br s, 14H; NH), 5.44 (brd, 3J(H3�,H4�)� 3.5 Hz, 14H; H-4�), 5.35
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(br t, 7H; H-3), 5.29 (dd, 3J(H2�,H3�)� 9.7, 3J(H3�,H4�)� 3.6 Hz, 14H;
H-3�), 5.20 (brd, 3J(H1,H2)� 3.2 Hz, 7H; H-1), 5.11 (t, 3J(H1�,H2�)�
9.8 Hz, 14H; H-2�), 5.00 (d, 3J(H1�,H2�)� 9.8 Hz, 14H; H-1�), 4.84 (brdd,
3J(H2,H3)� 9.8, 3J(H1,H2)� 3.4 Hz, 7H; H-2), 4.28 (br t, 3J(H5�,H6�)�
6.2 Hz, 14H; H-5�), 4.20 (m, 7H; H-4), 4.19 ± 4.15 (m, 3J(H5�,H6�)�
6.5 Hz, 35H; H-5,6�,6�), 3.76 (brd, 2J� 14.4 Hz, 7H; H-6), 3.58 (brd, 2J�
14.4 Hz, 7H; H-6), 3.50 ± 3.38 (m, 28H; CH2N), 3.47 (d, 2J� 14.1 Hz, 21H;
CHS), 3.40 (d, 2J� 14.1 Hz, 21H; CHS), 3.23 (m, 28H; CH2NH), 2.22, 2.14,
2.12, 2.11, 2.02 (5 s, 210H; 70Ac), 1.82 (br s, 28H; CH2CH2CH2); 13C NMR
(75 MHz, [D6]DMSO, 80 �C): �� 167.6 ± 169.4 (CO), 96.3 (C-1), 82.0 (C-1�),
77.6 (C-4), 73.4 (C-5�), 71.3 (C-5), 70.8 (C-3�), 69.9, 69.8 (C-2,3), 67.4, 67.3 (C-
2�,4�), 60.8 (C-6�), 45.3, 43.2 (CH2N), 36.5, 36.2 (CH2NH), 35.1 (C-6), 32.7
(CH2S), 28.0, 27.1 (CH2CH2CH2), 19.5 ± 19.9 (CH3CO); IR (KBr): �� � 3471,
2939, 1750, 1650, 1371, 1227, 1054 cm�1; MS (MALDI-TOF): m/z : calcd for
C350H497N21O189S21: 8696.12; found: 8718.60 [M�Na]� .
Glyco-CD (30): The product was purified by column chromatography
(EtOAc/MeOH 1:0� 20:1). The isolated solid was dissolved in CH2Cl2 and
diethyl ether was added until precipitation. The resulting precipitated was
filtered, and gave 30 (329 mg, 80%) as a solid. M.p. 117.9 �C (decomp);
[�]25D ��3 (c� 0.5 in chloroform); 1H NMR (400 MHz, [D6]DMSO,
100 �C): �� 7.51 (br s, 14H; NH), 5.25 (brd, 3J(H3��,H4��)� 3.6 Hz, 14H;
H-4��), 5.25 (brd, 3J� 8.7 Hz, 7H; H-3), 5.13 (dd, 3J(H2��,H3��)� 10.3,
3J(H3��,H4��)� 3.7 Hz, 14H; H-3��), 5.12 (t, 3J� 8.4 Hz, 14H; H-3�), 5.07
(brd, 3J(H1,H2)� 2.6 Hz, 7H; H-1), 4.86 (dd, 3J(H2��,H3��)� 10.2,
3J(H1��,H2��)� 7.9 Hz, 14H; H-2��), 4.86 (d, 3J(H1�,H2�)� 10.0 Hz, 14H;
H-1�), 4.76 (t, 3J� 9.5 Hz, 14H; H-2�), 4.73 (d, 3J(H1��,H2��)� 7.9 Hz, 14H;
H-1��), 4.36 (brd, 2J� 12.0 Hz, 14H; H-6�), 4.17 ± 3.97 (m, 56H;
H-4,5,6�,6��,6��), 4.17 (br t, 3J� 6.9 Hz, 14H; H-5��), 3.82 (t, 3J� 8.6 Hz,
14H; H-4�), 3.79 ± 3.74 (m, 14H; H-5�), 3.62 (brd, 2J� 14.0 Hz, 7H; H-6),
3.44 (brd, 2J� 13.7 Hz, 7H; H-6), 3.31 (d, 2J� 14.2 Hz, 21H; CHS), 3.25 (d,
2J� 14.0 Hz, 21H; CHS), 3.32 ± 3.24 (m, 28H; CH2N), 3.09 (m, 28H;
CH2NH), 2.08, 2.06, 1.99, 1.98, 1.97, 1.88 (6s, 336H; 112Ac), 1.68 (br s, 28H;
CH2CH2CH2); 13C NMR (75 MHz, [D6]DMSO, 80 �C): �� 169.6 ± 161.8
(CO), 99.5 (C-1��), 96.3 (C-1), 81.3 (C-1�), 77.6 (C-4), 75.6, 75.4 (C-4�,5�), 73.1
(C-3�,3��), 71.3 (C-5), 70.1 (C-2�,3�,3��), 69.9 (C-2,3), 69.6 (C-5��), 68.9 (C-2��),
66.9 (C-4��), 61.9 (C-6�), 60.5 (C-6��), 45.3, 43.2 (CH2N), 36.5 (CH2NH), 35.2
(C-6), 32.6 (CH2S), 28.3, 27.1 (CH2CH2CH2), 19.7 ± 20.0 (CH3CO); IR
(KBr): �� � 3511, 2940, 1751, 1434, 1232, 1049 cm�1; MS (MALDI-TOF):
m/z : calcd for C518H721N21O301S21: 12731.63; found: 12756.70 [M�Na]� .
Glyco-CD (31): The product was purified by column chromatography
(EtOAc/MeOH 1:0� 20:1.) The isolated solid was dissolved in CH2Cl2 and
diethyl ether was added until precipitation. The resulting precipitated was
filtered, and gave 30 (345 mg, 92%) as a solid. M.p. 131.6 �C (decomp);
[�]25D ��39 (c� 0.5 in chloroform); 1H NMR (300 MHz, [D6]DMSO,
80�C): �� 7.63 (br s, 14H; NH), 5.47 (brd, 3J(H3��,H4��)� 2.3 Hz, 14H;
H-4��), 5.37 (m, 7H; H-3), 5.34 (t, 3J� 8.4 Hz, 14H; H-3�), 5.32 (dd,
3J(H2��,H3��)� 10.8, 3J(H3��,H4��)� 2.6 Hz, 14H; H-3��), 5.25 (d,
3J(H1��,H2��)� 3.6 Hz, 14H; H-1��), 5.21 (br s, 7H; H-1), 5.16 (t, 3J�
9.2 Hz, 14H; H-4�), 5.10 (dd, 3J(H2��,H3��)� 10.8, 3J(H1��,H2��)� 3.6 Hz,
14H; H-2��), 5.03 (d, 3J(H1�,H2�)� 9.9 Hz, 14H; H-1�), 4.92 (t,
3J(H1�,H2�)� 9.5 Hz, 14H; H-2�), 4.84 (brd, 3J� 9.6 Hz, 7H; H-2), 4.29 ±
4.17 (m, 42H; H-4,5,6�,6�), 4.29 (br t, 3J� 6.0 Hz, 14H; H-5��), 4.00 (m, 14H;
H-5�), 3.85 ± 3.73 (m, 35H; H-6,6�,6�), 3.57 (brd, 2J� 13.0 Hz, 7H; H-6), 3.42
(br s, 70H; CH2S, CH2N), 3.22 (br s, 28H; CH2NH), 2.21, 2.18, 2.14, 2.11,
2.05, 2.04 (6 s, 336H; 112Ac),1.82 (br s, 28H; CH2CH2CH2); 13C NMR
(75 MHz, [D6]DMSO, 80 �C): �� 169.3 ± 167.4 (CO), 96.3 (C-1), 95.4 (C-
1��), 81.5 (C-1�), 77.5 (C-4), 75.3 (C-5�), 73.2 (C-3�,3��), 71.3 (C-5), 69.9 (C-2�),
68.3 (C-2,3), 68.1 (C-4�), 67.6 (C-4��), 67.2 (C-2��), 66.8 (C-3�,3��), 65.9 (C-5��),
65.4 (C-6�), 61.0 (C-6��), 45.1, 43.3 (CH2N), 36.5 (CH2NH), 35.1 (C-6), 32.4
(CH2S), 28.1, 27.3 (CH2CH2CH2), 19.5 ± 19.9 (CH3CO); IR (KBr): �� � 3447,
2940, 1751, 1654, 1374, 1229, 1040 cm�1; MS (MALDI-TOF): m/z : calcd for
C518H721N21O301S21: 12731.63; found: 12757.90 [M�Na]� .
General procedure for the Zemple¬n de-O-acetylation of S-CDs 29 ± 31: A
solution of compound 29 (250 mg, 0.03 mmol), 30 (380 mg, 0.03 mmol) and
31 (307 mg, 0.02 mmol) in dry MeOH (6 ± 8 mL) was made alkaline to pH 9
(indicator paper) with a methanolic solution of NaOMe (1�). The reaction
mixture was stirred overnight at room temperature and the precipitated
material was filtered, washed with MeOH and dissolved in H2O (6 mL).
The solution was concentrated by lyophilization and gave a solid.


Glyco-CD (32): Yield: 138 mg, 84%; m.p. 156.3 �C (decomp); [�]25D ��22
(c� 0.25 in H2O); 13C NMR (75 MHz, D2O): �� 172.2 ± 177.1 (CO), 102.5


(C-1), 85.4 (C-1�), 79.0, 73.1, 72.4, 72.3, 69.4, 68.6 (C-2,2�,3,3�,4,4�,5,5�), 61.0
(C-6�), 46.1, 43.9, 37.2, 32.7, 27.9, 26.5 (CH2); IR (KBr): �� � 3421, 2924, 1636,
1043 cm�1; MS (MALDI-TOF): m/z : calcd for C210H357N21O119S21: 5753.54;
found: 5778.90 [M�Na]� .
Glyco-CD (33): Yield: 206 mg, 86%; m.p. 182.8 �C (decomp); [�]25D ��6
(c� 0.25 in H2O); 13C NMR (75 MHz, D2O, 80 �C): �� 172.5 ± 171.7 (CO),
103.8 (C-1��), 102.9 (C-1), 85.7 (C-1�), 85.4 (C-4), 79.7, 79.6, 76.6, 76.1, 73.7,
69.5 (C-3�,3��,4�,4��,5�,5��), 73.1 (C-2�), 76.5, 73.0 (C-2,3,5), 71.9 (C-2��), 61.6
(C-6�,6��), 47.1, 44.9, 38.2, 34.0, 29.0, 27.7, (CH2); IR (KBr): �� � 3405,
2935, 1637, 1071, 1042 cm�1; MS (MALDI-TOF): m/z : calcd for
C294H497N21O189S21: 8023.50; found: 8044.60 [M�Na]� .
Glyco-CD (33): Yield: 189 mg, 98%; m.p. 152 �C (decomp); [�]25D ��186
(c� 0.25 in H2O); 13C NMR (75 MHz, D2O): �� 171.9 ± 168.2 (CO), 102.6
(C-1), 98.0 (C-1��), 85.4 (C-1�), 78.3, 77.4, 75.1, 72.7, 72.3, 70.9, 69.5, 69.1, 69.0,
68.4 (C-2,2�,2��,3,3�,3��,4,4�,4��,5,5�,5��), 65.3, 61.0 (C-6�,6��), 46.2, 44.0, 37.3,
32.7, 27.9, 26.6 (CH2); IR (KBr): �� � 3412, 2928, 1646, 1030 cm�1; MS
(MALDI-TOF): m/z : calcd for C294H497N21O189S21: 8023.50; found: 8043.40
[M�Na]� .
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Abstract: (M)-(�)- and (P)-(�)-Trispiro-
[2.0.0.2.1.1]nonanes [(M)- and (P)-3] as
well as (M)-(�)- and (P)-(�)-tetraspiro-
[2.0.0.0.2.1.1.1]undecanes [(M)- and (P)-
4]-enantiomerically pure unbranched
[4]- and [5]triangulanes ± have been pre-
pared starting from racemic bicyclopro-
pylidenecarboxylic [(1RS)-12] and
exo-dispiro[2.0.2.1]heptane-1-carboxylic
[(1RS,3SR)-13] acids. The optical reso-
lutions of rac-12 and rac-13 furnished
enantiomerically pure acids (S)-(�)-
12, (R)-(�)-12, (1R,3S)-(�)-13, and
(1S,3R)-(�)-13. The ethyl ester (R)-25
of the acid (R)-(�)-12 was cyclopropa-
nated to give carboxylates (1R,3R)-26
and (1R,3S)-26. The ester (1R,3S)-26
and acids (1R,3S)-13 and (1S,3R)-13
were converted into enantiomerically
pure methylene[3]triangulanes (S)-(�)-
and (R)-(�)-28. An alternative ap-
proach consisted of an enzymatic de-
racemization of endo-[(1SR,3SR)-di-
spiro[2.0.2.1]heptyl]methanol (rac-20)


or anti-[(1SR,3RS)-4-methylenespiro-
pentyl]methanol (rac-18). This afforded
(S)-(�)- and (R)-(�)-28 (starting from
rac-20), as well as enantiomerically pure
(M)-(�)- and (P)-(�)-1,4-dimethylene-
spiropentanes [(M)- and (P)-23] starting
from rac-18. The methylenetriangulanes
(S)-(�)- and (R)-(�)-28 were cyclopro-
panated furnishing (M)- and (P)-3. The
rhodium-catalyzed cycloaddition of eth-
yl diazoacetate onto (S)-(�)- and (R)-
(�)-28 yielded four diastereomeric ethyl
trispiro[2.0.0.2.1.1]nonane-1-carboxyla-
tes in approximately equal proportions.
The enantiomerically pure esters
(1R,3S,4S)- and (1S,3R,4R)-30 were iso-
lated by careful distillation and then
transformed into [5]triangulanes (M)-
and (P)-4 using the same sequence of


reactions as applied for (M)- and (P)-3.
The structures of the key intermediates
(R)-12 and rac-31 were confirmed by
X-ray analyses. Although [4]- and [5]tri-
angulanes have no chromophore which
would lead to any significant absorption
above 200 nm, they have remarkably
high specific rotations even at 589 nm
with [�]20D ��192.7 [(M)-3, c� 1.18,
CHCl3)] or �373.0 [(P)-4, c� 1.18,
CHCl3)]. This remarkable optical rota-
tation is in line with their helical ar-
rangement of � bonds, as confirmed by a
full valence space single excitation con-
figuration interaction treatment (SCI) in
conjunction with DFT computations at
the B3LYP/TZVP//B3LYP/6-31�G(d,p)
level of theory which reproduce the
ORD very well. Thus, it is appropriate
to call the helically shaped unbranched
[n]triangulanes the ™�-[n]helicenes∫,
representing the �-bond analogues of
the aromatic [n]helicenes.


Keywords: ab initio calculations ¥
chiral resolution ¥ cycloaddition ¥
small ring systems ¥ triangulanes
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Introduction


Enantiomerically pure chiral compounds, which in the
ordinarily accessible UV/Vis spectral range (200 ± 800 nm)
do not show any optical activity, may be termed crypto-
optically active.[1] As has been demonstrated by Wynberg
et al. some 35 years ago,[2] chiral hydrocarbons with four
different alkyl substituents at their centers of chirality, even in
neat form, do not exhibit any optical rotation and are thus
crypto-optically active. This essentially must have to do with
the conformational mobility in such acyclic hydrocarbons. In
contrast, unbranched [n]triangulanes 1 ([n]UT),[3] that is,
hydrocarbons which consist of spiro-annelated and thereby
mutually orthogonal cyclopropane rings only, are completely
rigid, and many of the higher [n]triangulanes 1 (n �4) are
chiral.[4]


Achiral dispiro[2.0.2.1]heptane ([3]UT) 2 has two enantio-
topic positions: spiroannelation of a fourth cyclopropane ring
in either position a or b of 2 will lead to two enantiomeric
[4]UTs (M)- and (P)-3. They should not be crypto-optically
active due to their rigidity, although they are saturated
hydrocarbons and their spiro-carbon atoms, which are stereo-
genic centers, formally also contain four different alkyl
substituents only. To test this hypothesis, it ought to be
interesting to prepare and study enantiomerically pure (M)-
and (P)-[4]triangulanes [(M)-3 and (P)-3] ± the smallest chiral
[n]triangulanes,[4] and their higher analogues (M)- and (P)-
[5]triangulanes [(M)-4 and (P)-4] for comparison. Essentially,
the C2-symmetric molecules of (M)- and (P)-3 ± 5 are sections
of a helix, and therefore the stereochemical descriptors for
helicenes[5] should best be applied for 3 and certain extended
unbranched triangulanes 1.[6] Racemic [4]triangulane rac-3
was first synthesized 28 years ago, yet in the meantime
improved syntheses as well as spectral, structural, and
thermochemical properties of rac-3 have been sufficiently
well documented.[3a,b] Racemic [5]triangulane rac-4 had
previously been prepared only as a mixture with meso-4.[4]


Among the most interesting features of these �-helicenes,


however, are their potential rotatory powers in view of their
molecular helicity. We have therefore developed syntheses of
enantiomerically pure [4]- and [5]triangulanes as well as their
precursors, methylene- and dimethylene[n]triangulanes. Their
experimentally determined specific rotations are compared
with the best currently available computational results.


Results


A feasible synthetic approach to a whole series of enantio-
merically pure [n]triangulanes appeared to be starting from
appropriately syn-1,3-disubstituted spiropentane derivatives.
However, it is difficult to prepare such compounds stereo-
selectively on a large scale.[7] Since intramolecular cyclo-
propanations of a remote double bond in alkenyl diazoacetate
catalyzed by a dirhodium tetrakis(carboxamidate) with chiral
ligands have been demonstrated to proceed with high
diastereoselectivities,[8] we examined this type of reaction
for (2-methylenecyclopropyl)methyl diazoacetate (10), pre-
pared from (2-methylenecyclopropyl)methanol (6) and N-
Boc-glycine (7) (Scheme 1), utilizing the [Rh2(5R-MEPY)4]
catalyst.[8] Unfortunately, this approach to the tricyclic lactone
11 turned out to be not more efficient than the previously
reported one:[9] the yield in the cyclization step was only 7%
of almost racemic 11 (ee� 10%), the structure of which was
confirmed by X-ray crystallography (Figure 1).[10]


Other appropriate enantiomerically pure starting materials
for the preparation of (M)- or (P)-3 and 4 were obtained from
racemic bicyclopropylidenecarboxylic acid (rac-12), which is
easily available from the multifunctional C6-building block
bicyclopropylidene[11] by deprotonation and carboxylation,[12]


Figure 1. Structure of the tricyclic lactone 11 in the crystal.


Scheme 1. Attempted preparation of the tricyclic lactone 11 in enantio-
merically pure form by intramolecular cyclopropanation. a) DCC, DMAP,
CH2Cl2, 0� 25 �C, 3 h; b) 4� HCl in Et2O, 0� 25 �C, 15 h; c) NaNO2, 5%
H2SO4, CH2Cl2/H2O, �5 �C, 0.5 h; d) Rh2(5R-MEPY)4 (0.3 mol%),
CH2Cl2, 40 �C, 13 h. DCC�dicyclohexylcarbodiimde, DMAP� 4-dimeth-
ylaminopyridine, MEPY�methyl 2-pyrrolidone-5(R)-carboxylate.
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and from racemic exo-dispiro[2.0.2.1]heptane-1-carboxylic
acid (rac-13).[13] These two acids were optically resolved by
crystallization of suitable mixtures of diastereomeric salts.[14]


Among several tested enantiomerically pure bases such as
(�)-2-amino-1-phenyl-1,3-propanediol, brucine, cinchoni-
dine, quinine, strychnine, and dehydroabietylamine, only the
latter gave readily crystallizing N and P[15] salts 14a, b and
15a, b with the acids rac-12 and rac-13, respectively. Two
crystallizations each from ethanol (for the purification of the
P salt 15b see Experimental Section), subsequent cleavage by
treatment with aqueous sodium hydroxide and then acidi-
fication with concentrated hydrochloric acid furnished enan-
tiomerically pure bicyclopropylidenecarboxylic acids (R)-(�)-
12 ([�]20D ��183.7, c� 1.0 in CHCl3, ee �98%), (S)-(�)-12
([�]20D ��183.2, c� 1.0 in CHCl3, ee �98%), (1R,3S)-(�)-13
([�]20D ��391.4, c� 1.0 in CHCl3, ee �98%), and (1S,3R)-
(�)-13 ([�]20D ��361.9, c� 1.0 in CHCl3, ee�98%) (Scheme 2).


The absolute configuration of the acid (R)-12 was assigned
on the basis of the relative configuration of its (R)-�-
phenylethylamide (R,R)-17a as determined by an X-ray
crystal structure analysis (Scheme 2 and Figure 2). The amides
(R,R)-17a and (R,S)-17b were prepared from the racemic
acid rac-12 and (R)-(1-phenylethyl)amine (16) according to a
standard procedure,[16] separated by column chromatography
and assigned by comparison with authentic samples prepared
from the enantiomerically pure acids (R)-(�)-12 and (S)-(�)-
12. This established the absolute configuration of (R,R)-17a.


As an indirect evidence for the relative configuration of the
diastereomeric amides 17a, b, their order of elution from
silica gel may be used. According to the rule established by
Helmchen et al.,[17] the first eluting amide 17b prepared from
the acid (�)-12 and (R)-1-(phenylethyl)amine (16) should
have (S)-configuration and its antipode (�)-12 should have
(R)-configuration, in complete agreement with the assign-


Scheme 2. Optical resolution of racemic bicyclopropylidenecarboxylic
(rac-12) and exo-dispiro[2.0.2.1]heptane-1-carboxylic (rac-13) acids and
preparation of diastereomeric (R)-�-phenylethylamides (17a,b) of the
former. a) 1) aq. NaOH; 2) conc. HCl; 3) crystallization; b) Ph2P(O)Cl,
Et3N, EtOAc, �10 �C, 1 h.-


Figure 2. X-ray structure of (R)-bicyclopropylidenecarboxylic acid (R)-N-
(1-phenylethyl)amide [(R,R)-17a].


ment from the crystal structure analysis. The absolute config-
urations of the acids (1R,3S)-13 and (1S,3R)-13 were estab-
lished by comparing the optical rotations of identical products
obtained after further transformations of the two acids 12 and
13 (see below).


In spite of its being successful for the preparation of (M)-
and (P)-3, the methodology starting from rac-12 and rac-13
appeared to be too elaborate for higher analogues in
enantiomerically pure form. Therefore, our recently devel-
oped access to enantiomerically pure (1S,3R)- and [(1R,3S)-4-
methylenespiropentyl]methanol [(1S,3R)-18 and (1R,3S)-18]
as well as racemic endo-(1S,3S)- and [(1R,3R)-dispiro[2.0.2.1]-
heptyl]methanol [(1S,3S)-20 and (1R,3R)-20] by means of an
enantioselective enzymatic acylation of the racemic alcohols
rac-18 and rac-20 catalyzed by Lipase PS (Pseudomonas sp.)
was considered (Scheme 3).[18] The acetates (1S,3R)-19 and
(1S,3S)-21 can be cleaved in a clean reaction by reduction with
LiAlH4 to give the corresponding alcohols (1S,3R)-18 and
(1S,3S)-20 in 95 and 99% yield, respectively,[18] and the
enantiomeric excess values of compounds prepared by this
route all exceeded 95%. The enantiomerically pure alcohols
(1R,3S)-18 and (1S,3R)-18 could be transformed to the
enantiomerically pure (M)-(�)- and (P)-(�)-1,4-dimethylene-
spiropentanes (M)-23 and (P)-23 applying a sequence of
routine transformations already established in the prepara-
tion of racemic triangulanes.[3] First, (1R,3S)-18 and (1S,3R)-
18 were converted to the (bromomethyl)methylenespiropen-
tanes (1R,3S)-22 and (1S,3R)-22 by treatment with the
triphenylphosphane/bromine reagent in 78 and 79% yield,
respectively. Dehydrobromination of the latter with potassi-
um tert-butoxide gave the enantiomerically pure (M)-(�)- and
(P)-(�)-1,4-dimethylenespiropentanes (M)-23 and (P)-23 in
48 and 50% yield, respectively, after gas chromatographic
separation in the last step, corresponding to 32 and 37%
overall yield from the racemic alcohol rac-18, with ee values of
96% for both, as determined by gas chromatography on a
chiral phase capillary column (see Experimental Section for
determinations of ee values and preparation of rac-23)
(Scheme 3).


Assuming that a successful diastereoselective cyclopropa-
nation of the central double bond in a suitable derivative of 12
would play a key role in any enantioselective synthesis of the
[4]- and [5]triangulanes 3 and 4, the acid (R)-12 was reduced
to the alcohol (R)-24,[19] since allyl and homoallyl alcohols are
known to be cyclopropanated diastereoselectively.[20] Un-
fortunately, however, the cyclopropanation of (R)-24 with the
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Scheme 3. Enzymatic deracemization (kinetic resolution) of anti-
[(1SR,3RS)-4-methylenespiropentyl]methanol (rac-18) and endo-
[(1SR,3SR)-dispiro[2.0.2.1]heptyl]methanol (rac-20) and preparation of
enantiomerically pure (M)-(�)- and (P)-(�)-1,4-dimethylenespiropentanes
(M)-23 and (P)-23. a) Vinyl acetate, Lipase PS, Et2O, 20 �C, 12 h; b) Ph3P ¥
Br2, Py, CH2Cl2, �10 �C, 1.5 h, then 20 �C, 7 h; c) tBuOK, DMSO, 20 �C,
0.75 h, inverse addition of a solution of tBuOK in DMSO.


CH2I2/Me3Al reagent[21] (Scheme 4) proceeded in low yield
(45%) and with poor stereoselectivity to give the alcohols
(1R,3R)-20 and (1R,3S)-20 in a ratio of 1.7:1, and even worse,
they could not be separated by chromatography. In a second
approach, the acid (R)-12 was first transformed into its ethyl
ester (R)-25,[12, 19a] following a standard procedure,[22] and then
(R)-25 was cyclopropanated with the Simmons ± Smith re-
agent (CH2I2/Zn).[20] The reaction was accelerated by ultra-
sonication[23] to give a mixture of ethyl endo-(1R,3R)- and exo-
(1R,3S)-[3]triangulane-1-carboxylates (1R,3R)-26 and
(1R,3S)-26. These diastereomers were easily separated by
column chromatography and isolated in 28 and 41% yield,
respectively (Scheme 4). Thus, enantiomerically pure (1R,3S)-
26 was obtained in 19% yield from the racemic acid rac-12.
The enantiomerically pure ester (1R,3S)-26 was reduced to
the alcohol (1R,3S)-20awhich was also prepared in 70% yield
by cyclopropanation of the alcohol (1R,3S)-18 with diazo-
methane under Pd(OAc)2 catalysis[24] (20b, the letters a, b, c
are used to distinguish identical compounds prepared from
different sources of enantiomerically pure materials). Reduc-
tion of the enantiomerically pure acids (1R,3S)- and (1S,3R)-
13 furnished (1R,3S)-20c and (1S,3R)-20a quantitatively. The
enantiomer (1S,3R)-20b was also synthesized in two steps
from the acetate (1S,3R)-19 in 95% overall yield (Scheme 4).


The enantiomerically pure alcohols 20 were transformed to
the enantiomerically pure (S)- or (R)-methylenedispiro-
[2.0.2.1]heptanes [(S)-(�)-28 or (R)-(�)-28] in two steps.
First, treatment with the triphenylphosphane/bromine re-
agent furnished 1-(bromomethyl)-[3]triangulanes (1R,3S)-,
(1R,3R)-, (1S,3S)-, and (1S,3R)-27 in 77 ± 99% yield
(Scheme 5). Dehydrobromination of the latter with potassium
tert-butoxide gave (S)-(�)-28 or (R)-(�)-28 in 44 ± 87% yield.
The dehydrobromination was complicated by a direct nucle-
ophilic substitution of bromine with tert-butoxide anion in
different proportions; in one preparation the corresponding


Scheme 4. Preparation of enantiomerically pure (1-dispiro[2.0.2.1]hep-
tyl)methanols 20 along different routes. a) LiAlH4, Et2O, 34 �C, 2 h;
b) CH2I2, Me3Al, CH2Cl2, 20 �C, 19 h; c) BF3 ¥Et2O, EtOH, 78 �C, 2 h;
d) CH2I2, Zn, 1,2-dimethoxyethane, ultrasonication, 80 �C, 2 h; e) CH2N2,
Pd(OAc)2, Et2O, �5 �C.


(1R,3S)-(�)-1-(tert-butoxymethyl)dispiro[2.0.2.1]heptane
[(1R,3S)-29] was isolated and characterized (see Experimen-
tal Section). Although the methylene[3]triangulane 28 and
the tert-butyl ether 29 can easily be separated by an
appropriate choice of conditions for the ™bulb-to-bulb∫
distillation, probably, a sterically more demanding base
should be applied in this reaction to increase the yield of 28.
Better ee values were obtained in preparations of the
methylene[3]triangulanes 28 starting from the acid (R)-12,
while the ee values of alkenes prepared from the acid rac-13 or
alcohol rac-20 were similar in most cases.


Cyclopropanation of (S)-(�)-28a or (R)-(�)-28b under the
conditions mentioned above furnished the enantiomerically
pure (M)-(�)- and (P)-(�)-[4]triangulane (M)-(�)-3a and
(P)-(�)-3b in 51 and 53% yield, respectively, after gas
chromatographic separation in the last step (Scheme 5),
corresponding to 7 and 19% overall yield from the racemic
acid rac-12 or the alcohol rac-20, respectively, with an ee of
�99% and �96%, respectively, as determined by gas
chromatography on a chiral phase capillary column.[25]


Attempted twofold cyclopropanation of the dimethylenespiro-
pentane (M)-(�)-23 furnished (M)-(�)-[4]triangulane (M)-
(�)-3b in only 14% yield, most probably because (M)-(�)-23
is unstable towards the palladium acetate catalyst.


It should, in principle, be possible to prepare enantiomeri-
cally enriched or pure [5]- and [6]triangulanes [(M)-4 or (P)-4
and (M)-5 or (P)-5] from the same synthetic precursor as the
one used for (M)-3 and (P)-3, that is, methylene[3]triangulane
(S)-28 and (R)-28, since the position of the methylene group
predetermines any further extension of the helix. As the
meso-[5]triangulane (meso-4) is not optically active, the
alkene (S)-28d was transformed into a mixture of meso-4
and (M)-4 (ratio 1:5.2 according to the 1H NMR spectrum)
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Scheme 5. Preparation of enantiomerically pure (S)- and (R)-methylene-
dispiro[2.0.2.1]heptanes [(S)-(�)-28 and (R)-(�)-28] as well as (M)- and
(P)-[4]triangulanes [(M)-(�)-3 and (P)-(�)-3]. a) Ph3P ¥Br2, Py, CH2Cl2,
�10 �C, 1.5 h, then 20 �C, 7 h; b) tBuOK, DMSO, 50 �C, 2 h; c) CH2N2,
Pd(OAc)2, Et2O, �5 �C.


using the established three-step procedure[4] in 29% overall
yield after gas chromatographic separation (Scheme 6). While
all attempts to isolate pure (M)-4 from this mixture were
unsuccessful, the mixture had a specific rotation of [�]20D �
�334.2 (c� 1.5 in CHCl3), from which by correction for the
concentration of (M)-4 in the mixture, the value of [�]20D �
�381.2 (c� 1.3 in CHCl3) for enantiomerically pure (M)-4 can
be derived.


Scheme 6. Elaboration of synthetic approaches to enantiomerically pure
(P)- and (M)-[5]triangulanes 4. a) CH3CHCl2, nBuLi, Et2O, �35 �C, 1 h;
b) tBuOK, DMSO, 50 �C, 2 h; c) CH2N2, Pd(OAc)2, Et2O, �5 �C;
d) N2CHCO2Et, [Rh(C7H15COO)2]2 (0.6 ± 0.8 mol%), CH2Cl2, 0 �C, 24 h;
e) KOH, EtOH/H2O, 78 �C, 4 h.


The addition of ethoxycarbonylcarbene, generated by
decomposition of ethyl diazoacetate in the presence of
dirhodium tetraoctanoate, to rac-28 was tested and found to
afford a mixture of four diastereomeric esters 30 (78% overall
yield) in a ratio of 26:15:26:33. The major diastereomer was
isolated in 25% yield by simply distilling off the other three
through a concentric tube column, and it turned out to possess


the appropriate (1RS,3SR,4SR) relative configuration, as
confirmed by X-ray crystal structure analysis of the corre-
sponding acid (1RS,3SR,4SR)-31 (Scheme 6 and Figure 3).


Figure 3. Structure of the racemic (1RS,3SR,4SR)-trispiro[2.0.0.2.1.1]no-
nane-1-carboxylic acid [(1RS,3SR,4SR)-31] in the crystal.


With these results in hand, the synthesis of enantiomerically
pure esters (1R,3S,4S)-(�)-30 and (1S,3R,4R)-(�)-30 could be
performed analogously starting from the enantiomerically
pure methylene[3]triangulanes (S)-(�)-28 and (R)-(�)-28 in
27 and 19% isolated yield, respectively (Scheme 6). From
these esters the enantiomerically pure triangulanes (M)-4 and
(P)-4 could be prepared by a set of routine synthetic
transformations (Scheme 7) which were previously applied
for the [4]triangulanes (M)-3 and (P)-3. As in the analogous
sequence (Scheme 5), nucleophilic substitution of bromine
with tert-butoxide anion in the bromides (1R,3S,4S)- and
(1S,3R,4R)-33 essentially decreased the yield in the dehydro-
bromination step, leading to the formation of the tert-butyl
ethers (1R,3S,4S)- and (1S,3R,4R)-34 (19% yield in both
cases) (Scheme 7). Along this route, the enantiomerically
pure (M)-(�)- and (P)-(�)-[5]triangulane (M)-(�)-4 and (P)-
(�)-4 were prepared in 52 and 55% yield, respectively, after
gas chromatographic separation after the last step
(Scheme 7), corresponding to a 34 and 26% overall yield
from the esters 30, or 9 and 5% from (S)-28 and (R)-28,
respectively. The enantiomeric excess was �94% for both, as
determined by gas chromatography on a chiral phase capillary
column.[25] The racemic (PM)-4 for these determinations was
prepared similarly from the acid (1RS,3SR,4SR)-31 in 39%
overall yield (see Experimental Section).


The structures of (P)-(�)-[5]triangulane (P)-(�)-4 and rac-
4 were both examined by X-ray crystal structure analysis
(Figure 4). Naturally, the geometrical parameters of the
molecules (P)-4 and rac-4 are identical. The bond lengths
and angles in (P)-(�)-4 and rac-4 are very close to those in [3]-
and [4]triangulanes[26] and correspond relatively well to the
general bond increment scheme which was previously devel-
oped for [n]triangulanes.[26] As it would be expected, there are
no strong intermolecular interactions in the crystals of (P)-4
and rac-4, and thus the terms ™columns∫ and ™layers∫ are used
for convenience only. The packing of the molecules in the two
crystals is almost identical in two directions (Figure 4). The
columns of the head-to-tail arranged molecules form layers
marked AA in Figure 4. However, whereas all the layers are
equivalent in the crystal of (P)-4, the ™left∫ and ™right∫ layers
alternate in the crystal of rac-4. The shortest intermolecular
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contacts in the crystals of (P)-4 and
rac-4 are very similar. The shortest H ¥
¥ ¥C contacts are H1 ¥ ¥ ¥C6� contacts
between molecules in the columns
[2.92 and 2.98 ä for (P)-4 and rac-4,
respectively] and the shortest H ¥ ¥ ¥H
contacts of 2.40 and 2.42 ä are be-
tween molecules in the ™A∫ layers.


The difference in the crystal pack-
ing of the molecules (P)-(�)-4 and
rac-4 is reflected in an unusual behav-
ior of the two in the differential
scanning calorimetry (DSC). Thus,
upon cooling from room temperature
to� 100 �C rac-[5]triangulane (rac-4)
does not show any transition, namely
no crystallization peak. However,
upon subsequent heating from �100
to 30 �C rac-4 displayed a broad crys-
tallization peak around �32 �C with
�G��1.82 kcalmol�1 and then melt-
ed at �14 �C (�G� 1.84 kcalmol�1).
Even more interesting is the behavior
of the enantiomerically pure [5]trian-


gulane (P)-(�)-4 : Upon cooling from room temperature to
�100 �C this sample showed a sharp crystallization peak with
�G��3.01 kcalmol�1. The exact crystallization temperature
varied from sample to sample from �39 to �53 �C. Upon
heating the melting point was represented by a peak at 7.2 �C
with the same �G. This behavior with more than 45 degrees
difference of crystallization andmelting temperature has been
reproduced in several cooling-heating cycles. However, after
having been heated to higher temperatures (100 �C), (P)-(�)-
4 changed its behavior although beside the melting peak
around 7 �C no more peaks were observed in the heating
curve. After having been heated to 100 �C, the sample did not
show any crystallization peak upon cooling, but upon
subsequent heating from �100 to 30 �C it displayed the first
negative peak at �59.6 �C (�G� 2.73 kcalmol�1) and then
melted at 8.8 �C with the same �G. So after having been
heated to 100 �C, (P)-(�)-4 does not show a crystallisation
upon cooling but only in the subsequent heating sequence. In
this respect the thermal behavior of (P)-(�)-4 after having
been heated to 100 �C is similiar to that of the racemate. In
spite of this, neither the NMR spectra nor the enantiomeric
purity of the sample (as determined by gas chromatography
on a chiral phase column) showed any change after having
been heated to 100 �C.


The enantiomeric purities of all methylenetriangulanes and
triangulanes prepared were determined by gas chromatog-


Figure 4. Structure of (P)-(�)-[5]triangulane (P)-(�)-4 in the crystal (bond lengths in ä, computed
values at B3LYP/6-31�G** in parentheses), as well as packing of the molecules (P)-(�)-4 and rac-4 in the
crystals (view along b axis), and arrangement of the layers in the crystals of (P)-4 (left) and rac-4 (right).


Scheme 7. Preparation of enantiomerically pure (M)- and (P)-[5]triangu-
lanes (M)-(�)-4 and (P)-(�)-4. a) LiAlH4, Et2O, 34 �C, 2 h; b) Ph3P ¥Br2,
Py, CH2Cl2, �10 �C, 1.5 h, then 20 �C, 7 h; c) tBuOK, DMSO, 50 �C, 2 h;
d) CH2N2, Pd(OAc)2, Et2O, �5 �C.
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raphy using a chiral phase capillary column, and found to be
between 91% in one case and 94 ± 99% in most cases
(Table 1). As different sources of enantiomerically pure
starting materials were used in the preparations, only the
results for the purest samples are summarized. The specific
rotations were determined in CHCl3 for all compounds.


Discussion


Although [4]- (3) and [5]triangulane (4) do not have a
chromophore which would lead to any significant absorption
above 200 nm, they have remarkably high specific rotations
even at 589 nm with [�]20D ��187.5 (c� 1.0 in CHCl3) [(P)-
(�)-3],�192.7 (c� 1.2 in CHCl3) [(M)-(�)-3],�373.0 (c� 1.0
in CHCl3) [(P)-(�)-4], and �334.2 (c� 1.2 in CHCl3) [(M)-
(�)-4]. Moreover, these specific rotations increase drastically
on going to shorter wavelengths; this indicates that these
compounds must have Cotton effects with large amplitudes in
the ORD below 200 nm. The same holds true for (P)-(�)-
dimethylenespiropentane [(P)-(�)-23] and (S)-(�)-1-methyl-
enedispiro[2.0.2.1]heptane [(S)-(�)-28c] (Table 2). The un-
usually large difference between the experimentally deter-
mined specific rotations for the [5]triangulanes (P)-(�)-4 and
(M)-(�)-4must be due to the lower purity of the latter (99 and
95%, respectively, see Table 1). The larger specific rotation of
(P)-(�)-4 appears to be the more reliable value, since the
specific rotation for (M)-(�)-4 of [�]20D ��381.2, which was
extrapolated from the value for the mixture of (M)-(�)-4 and
meso-4, matches that of (P)-(�)-4 more closely.


For a better understanding of these remarkably high
rotatory strengths, density functional theory (DFT) compu-
tations were carried out at a reasonably high level of theory
[B3LYP/6-31�G(d,p)][27±31] applying a full valence space
single excitation configuration interaction treatment[32]


(DFT-SCI at B3LYP/TZVP). Indeed, the computed specific
rotations over the whole range of wavelengths are in very
good agreement with the experimental values and thus
confirm the strong Cotton effects in the ORD going along
with large ellipticities in the circular dichroism below 200 nm
(Table 2).


This good agreement between experiment and theory for
the [4]- (3) and [5]triangulanes (4) as well as dimethylene-
spiropentane (23) and 1-methylenedispiro[2.0.2.1]-heptane
(28) not only provides confidence in the general applicability
of this computational approach to the simulation of ORD and
CD spectra,[33] but also confirms that the rotatory powers of 3
and 4 are an outflow of their helical arrangements of � bonds.
Thus [4]- and [5]triangulanes are true ™�-[n]helicenes∫, the
first �-bond analogues of the aromatic [n]helicenes which
have a helical arrangement of � skeletons and should
therefore better be termed �-[n]helicenes to distinguish them
from these newly established �-[n]helicenes. One important
difference has to be noted, though: While the �-[n]helicenes
have fully conjugated electronic systems, adjacent three-
membered rings in [n]triangulanes are orthogonal with
respect to each other. There is conjugative electronic inter-
action only between every other spirocyclopropane ring.[34]


On the other hand, the inherent helicity of the [n]triangulanes
is probably an essential contributor to the overall rotatory
power of the methylene[n-1]triangulanes, which are the
synthetic precursors of the [n]triangulanes. Thus, when
comparing the specific rotations of dimethylenespiropentane
(23), methylene[3]triangulane (28), [4]triangulane (3), meth-
ylene[4]triangulane (35), and [5]triangulane (4) (125.6, 219.2,
192.7, 385.8, and 373.0�, respectively), it is noted that the big
increases occur on going from dimethylenespiropentane 23 to
methylene[3]triangulane 28 and [4]triangulane 3 as well as
from 3 to methylene[4]triangulane (35) and [5]triangulane (4),


Table 1. Purities, enantiomeric excess values (ee) and specific rotations of
all methylenetriangulanes and triangulanes prepared.


Entry Compound Purity (GC) ee (GC)[a] [�]20D /
[%] [%] c in CHCl3


1 (P)-(�)-23 � 95 � 96 � 125.6/1.1
2 (M)-(�)-23 � 99 � 96 � 123.6/1.2
3 (S)-(�)-28 � 99 � 94 � 219.2/1.1
4 (R)-(�)-28 � 99 � 91 � 213.2/1.1
5 (3S,4S)-(�)-35 � 90 � 94 � 385.8/1.1
6 (P)-(�)-3 � 95 � 96 � 187.5/1.0
7 (M)-(�)-3 � 95 � 99 � 192.7/1.2
8 (P)-(�)-4 � 99 � 94 � 373.0/1.0
9 (M)-(�)-4 � 95 � 94 � 334.2/1.2


10 (M)-(�)-4 84[b] � 95 � 381.2/1.3[c]


[a] Chiral column with octakis(6-O-methyl-2,3-di-O-pentyl)-�-cyclodextrin
(50% in OV 1701 w/w) phase (Prof. W. A. Kˆnig, Universit‰t Hamburg).
[b] Containing 16% meso-4. [c] Extrapolated by correcting for the content
of achiral meso-4.


Table 2. A comparison of the measured (in CHCl3) and DFT/SCI-
computed specific rotations of enantiomerically pure methylenetriangu-
lanes and triangulanes.


Compound � [nm] [�]20D
measured computed[a]


(P)-(�)-23 589 � 125.6 � 120.9
546 � 154.2 � 181.5
436 � 289.3 � 303.8
365 � 525.7 � 419.5


(M)-(�)-3 589 � 192.7 � 217.9
546 � 229.7 � 264.0
436 � 400.2 � 407.8
365 � 648.2 � 576.7


(S)-(�)-28 589 � 219.2 � 261.6
546 � 266.3 � 313.7
436 � 487.0 � 500.8
365 � 840.1 � 749.0


(3S,4S)-(�)-35 589 � 385.8 � 318.6
546 � 451.6 � 461.8
436 � 824.9 � 934.3
365 � 1428.9 � 1364.6


(P)-(�)-4 589 � 373.0 � 394.9
546 � 445.2 � 508.1
436 � 777.4 � 791.9
365 � 1264.0 � 1080.3


(M)-(�)-4 589 � 334.2 � 394.9
546 � 398.7 � 508.1
436 � 696.3 � 791.9
365 � 1033.1 � 1080.3


[a] All computed values were shifted by a constant value to account for
effects of solvent/solute interactions, which currently cannot be taken into
account computationally (see Computational studies).
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while the specific rotations of methylene[n-1]triangulanes and
[n]triangulanes are all very close to each other.


As predicted by these computations,[35] the rotatory
strengths of the [5]triangulanes (M)-4 and (P)-4 turned out
to be about twice as large as those of the [4]triangulanes (M)-3
and (P)-3. It remains to be checked experimentally whether
this good agreement will also hold for the next higher
analogues, the [6]triangulanes (M)-5 and (P)-5 for which the
computed specific rotations at 589 nm ([�]20D � 509.7) are only
29% larger than those of (M)-4 and (P)-4. Whether this is due
to the fact that the sum of all interplanar angles (��) between
adjacent pairs of spiro-fused cyclopropane rings reaches 360�
in the [5]triangulanes (M)-4 and (P)-4, while it is 450� in
[6]triangulanes (M)-5 and (P)-5, may only be speculated
about. The continuous change of interplanar angles can be
visualized by a ribbon connecting one methylene group each
of the two terminal cyclopropane rings in any [n]triangulane
with each of the methylene groups in the rings between them
(Figure 5). In (M)-4 and (P)-4, such a ribbon would complete
exactly one turn of a helix, while in the [6]triangulanes (M)-5
and (P)-5 it would simply go 90� beyond a full turn. The
original computational prediction that the rotatory power of
[5]triangulanes (M)-4 and (P)-4 should be about twice as large
as that of [4]triangulanes (M)-3 and (P)-3, has now actually
been proved (see Table 2). Apparently, it will be well worth to
prepare at least the next higher member in this series of �-
[n]helicenes, the [6]triangulanes (M)- and (P)-5 in enantio-
merically pure form. It will also be quite interesting to
investigate the Raman optical activities (ROA) of the whole
series of enantiomerically pure methylene[n-1]triangulanes
and [n]triangulanes, since the ROA of (M)-(�)-[4]triangulane
(M)-(�)-3 has been shown to disclose spectacular effects with
� values close to 0.5% in the 900 cm�1 region.[36]


Experimental Section


General aspects : Racemic bicyclopropylidenecarboxylic acid rac-12,[12]


racemic exo-dispiro[2.0.2.1]heptane-1-carboxylic acid rac-13,[13] racemic


anti-rac-1-(tetrahydropyranyloxymethyl)-4-methylenespiropentane,[37] rac-
emic 1-methylenedispiro[2.0.2.1]heptane (rac-28),[38] racemic [4]triangu-
lane (rac-trispiro[2.0.0.2.1.1]nonane rac-3),[38] enantiomerically pure anti-
(4-methylenespiropentyl)methanols (1R,3S)- and (1S,3R)-18,[18] enantio-
merically pure endo-(dispiro[2.0.2.1]heptyl)methanols (1R,3R)- and
(1S,3S)-20,[18] (2-methylenecyclopropyl)methanol (6),[39] and (N-tert-butoxy-
carbonyl)glycine (7)[40] were prepared according to the previously pub-
lished procedures. The acid rac-12 was purified by column chromatography
on silica gel (eluent hexane/Et2O 3:2) followed by recrystallization from
hexane (rac-12 : m.p. 109 ± 110 �C). All operations in anhydrous solvents
were performed under argon in flame-dried glassware. Diethyl ether and
1,2-dimethoxyethane were dried by distillation from sodium/benzophe-
none, pyridine and DMSO from calcium hydride, CH2Cl2 from P2O5,
MeOH from magnesium dimethoxide. All other chemicals were used as
commercially available; Lipase PS (Pseudomonas sp.) was purchased from
Amano Pharmaceutical Co., Ltd. Organic extracts were dried over MgSO4.
NMR spectra were recorded on a Bruker AM 250 instrument (250 MHz for
1H and 62.9 MHz for 13C NMR). Multiplicities were determined by DEPT
(distortionless enhancement by polarization transfer) measurements.
Chemical shifts refer to �TMS� 0.00 according to the chemical shifts of
residual CHCl3 signals. IR spectra were recorded on a Bruker IFS 66 FT-IR
as KBr pellets or oils between NaCl plates. Mass spectra were measured
with Finnigan MAT 95 (EI and HR-EI, at 70 eV, preselected ion peak
matching at R� 10000 to be within �2 ppm of the exact masses) and
Varian CH 5 (CI, at 70 eV) spectrometers. GC analyses were performed on
Siemens Sichromat 1-4. Preparative GC separations were performed on
Intersmat 130 and Varian Aerograph 920 instruments (20% SE 30 on
Chromosorb W-AW-DMCS, 1200 mm� 8.2 mm column). Enantiomeric
excess values were determined using a 25 m capillary column with
octakis(6-O-methyl-2,3-di-O-pentyl)-�-cyclodextrin (50% in OV 1701
w/w) phase (Prof. W. A. Kˆnig, Universit‰t Hamburg). Optical rotations
were measured on a Perkin ±Elmer 241 digital polarimeter in a 1 dm cell.
Melting points were determined on a B¸chi 510 capillary melting point
apparatus, values are uncorrected. TLC analyses were performed on
precoated sheets, 0.25 mm Sil G/UV254 (Macherey ±Nagel). Silica gel grade
60 (230 ± 400 mesh) (Merck) was used for column chromatography.


DSC measurements : Differential scanning calorimetry of (P)-(�)-4 and
rac-4 was performed on a Netzsch DSC 204/1/F instrument. The samples
were cooled down from room temperature to �100 �C and then heated up
to 30 or 100 �C, respectively, with a rate of 10 degrees per min. The
transition temperatures were determined as the peak maxima and the
transition enthalpy from the peak areas.


Crystal structure determinations : Suitable crystals of the compounds
(3SR,7SR)-11, (R,R)-17a, and (1RS,3SR,4SR)-31 were grown by slowly
concentrating their diluted solutions in hexane/Et2O mixtures. Crystals of
(P)-4 and rac-4 were grown in situ on the diffractometer in the capillary of
0.2 mm diameter. During cooling down the crystals of (R,R)-17a, peak-


Figure 5. The helicities of (M)-[4]triangulane (M)-3 and its higher analogues (M)-[5]- 4 and (M)-[6]triangulane 5.
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shape broadening occurred. The process was reversible and began at about
250 K. Therefore the X-ray experiment for (R,R)-17a was performed at
room temperature. The data were collected on an automated 4-circle
diffractometer Nonius CAD-4 [(R,R)-17a] and a Bruker SMARTCCD 1 K
(other compounds) diffractometer (graphite monochromator, MoK� radi-
ation, �/2� scan for 17a, � scan for others). The structures were solved by
direct methods and refined by full-matrix least squares on F 2. All non-
hydrogen atoms were refined anisotropically, all H atoms were located on
the difference Fourier maps and refined isotropically. H atoms of (R,R)-17a
were placed in calculated positions and refined as ™riding∫ atoms; the
absolute configuration was assigned on the basis of the known (R)-
configuration of 16, the Flack parameter for the reported configuration is
0(5) and for the inverted model 1(5). In all other structures H atoms were
located in the difference Fourier maps and refined isotropically. The
parameters of crystal data collections and structure refinements are
presented in Table 3.[10] Absolute configurations of all molecules could
not be determined reliably and were assigned on the basis of additional
chemical information. The lactone 11 forms so-called intergrowth crystals
which are highly unusual for molecular compounds. A detailed discussion
of the structural study of 11will be published elsewhere.[41] Molecules in the
crystal of (R,R)-17a are connected by hydrogen bonds N-H ¥ ¥ ¥O(1) [N ¥ ¥ ¥O
2.807(8) ä] in the chains along the crystallographic b axis. Molecules of 31
in the crystal form centrosymmetrical dimers which is common for
carboxylic acids; molecules (P)-4 and rac-4 occupy special positions on
the twofold axis passing through the C1 atom and the center of the C2�C2a
bond.


(2-Methylenecyclopropyl)methyl (N-tert-butoxycarbonyl)glycinate (8): A
solution of (N-tert-butoxycarbonyl)glycine (7) (27.142 g, 155 mmol) in
CH2Cl2 (50 mL) was added at 0 �C over a period of 20 min to a solution of
(2-methylenecyclopropyl)methanol (6) (13.795 g, 164 mmol), DMAP
(1.894 g, 15.5 mmol) and DCC (35.18 g, 170.5 mmol) in anhydrous CH2Cl2
(250 mL). After the reaction mixture was stirred for an additional 3 h at
ambient temperature, the precipitate was filtered off. The organic phase
was washed with aq. sat. NaHCO3 and brine (100 mL each), dried and
concentrated under reduced pressure. The residue was purified by column
chromatography (300 g silica gel, 6� 20 cm column, hexane/Et2O 1:1) to
give the carbamate 8 (30.693 g, 82%) as a colorless solid. Rf� 0.42; m.p.
42 ± 44 �C (hexane); 1H NMR: �� 5.37 (br s, 1H; �CH2), 5.32 (br s, 1H;
�CH2), 5.14 (t, J� 5.3 Hz, 1H; NH), 4.01 (dd, J� 6.5, 11.2 Hz, 1H; CH2O),
3.93 (dd, J� 8.3, 11.2 Hz, 1H; CH2O), 3.88 (d, J� 5.3 Hz, 2H; CH2N),
1.85 ± 1.70 (m, 1H; CH), 1.37 (s, 9H; 3CH3), 1.35 ± 1.15 (m, 1H; CH2),
1.00 ± 0.96 (m, 1H; CH2); 13C NMR (D2O): �� 28.3 (3CH3); 105.0, 67.7,
42.3, 8.7 (CH2); 14.0 (CH); 170.3, 155.6, 131.6, 79.7 (C); elemental analysis


calcd (%) for C12H19NO4 (241.3): C 59.73, H 7.94, N 5.81; found C 59.68, H
7.77, N 5.74.


(2-Methylenecyclopropyl)methyl glycinate hydrochloride (9): The carba-
mate 8 (30.05 g, 124.5 mmol) was stirred with 4.5� HCl/Et2O solution
(100 mL) at 0 �C for 3 h. After additional stirring at ambient temperature
for 12 h, the precipitate was filtered off and dried in vacuo to give 9 (17.71 g,
80%) as a colorless powder. An analytical sample was recrystallized from
MeOH/Et2O 1:10. M.p. 90 ± 92 �C; 1H NMR (D2O): �� 5.44 (d, J� 1.8 Hz,
1H;�CH2), 5.40 (d, J� 1.8 Hz, 1H;�CH2), 4.09 (dd, J� 7.3, 11.0 Hz, 1H;
CH2O), 3.94 (dd, J� 8.3, 11.0 Hz, 1H; CH2O), 3.71 (s, 2H; CH2N), 1.80 ±
1.70 (m, 1H; CH), 1.27 (t, J� 8.8 Hz, 1H; CH2), 1.03 ± 0.84 (m, 1H; CH2);
13C NMR (D2O): �� 107.2, 71.9, 42.5, 10.6 (CH2); 15.8 (CH); 170.6, 134.7
(C); elemental analysis calcd (%) for C7H12ClNO2 (177.6): C 47.33, H 6.82,
N 7.89; found C 47.11, H 6.76, N 7.95.


(3SR,7SR)-5-Oxatricyclo[5.1.0.01,3]octan-4-one [(3SR,7SR)-11]: CH2Cl2
(6.5 mL) was added to a solution of hydrochloride 9 (1.57 g, 8.85 mmol)
in H2O (2.2 mL). Under vigorous stirring, a solution of NaNO2 (0.74 g) in
H2O (2.2 mL) at �5 �C and then a solution of H2SO4 (43 mg) in H2O
(0.8 mL) at �8 �C were added dropwise. The organic phase was thoroughly
washed with NaHCO3 sat. solution (3� 5 mL), dried, and concentrated
under reduced pressure at 0 �C to give crude (2-methylenecyclopropyl)-
methyl diazoacetate (10) (1.18 g, 88%). 1H NMR: �� 5.43 (d, J� 1.8 Hz,
1H;�CH2), 5.40 (d, J� 1.8 Hz, 1H;�CH2), 4.75 (br s, 1H; CH), 4.09 (dd,
J� 6.5, 11.4 Hz, 1H; CH2O), 3.94 (dd, J� 8.0, 11.4 Hz, 1H; CH2O), 1.85 ±
1.70 (m, 1H; CH), 1.32 (tt, J� 2.1, 9.0 Hz, 1H; CH2), 1.00 ± 0.96 (m, 1H;
CH2); 13C NMR: �� 105.0, 67.9, 8.6 (CH2); 46.0, 14.3 (CH); 166.7, 131.8 (C).
This compound was dissolved in CH2Cl2 (25 mL), and the resulting solution
was added to a solution of Rh2(5R-MEPY)4 (20 mg, 0.3 mol%) in CH2Cl2
(25 mL) at 40 �C during 8 h. After additional stirring at the same
temperature for 5 h, the mixture was concentrated at ambient pressure,
and the residue was distilled ™bulb-to-bulb∫ in vacuo (0.1 Torr) into a cold
trap (�78 �C). The content of the trap was purified by column chromatog-
raphy (20 g silica gel, 1� 20 cm column, pentane/Et2O 1:3) to give
(3SR,7SR)-11 (75 mg, 7%) as colorless crystals. Rf� 0.30; m.p. 42 ± 43 �C;
[�]20D ��11.0 (c� 3.22 in CHCl3); ee� 10%; 1HNMR: �� 4.68 (dd, J� 6.5,
12.0 Hz, 1H; CH2O), 3.77 (dd, J� 9.0, 12.0 Hz, 1H; CH2O), 1.83 (dd, J�
2.8, 8.5 Hz, 1H; CH2), 1.75 (dd, J� 4.0, 8.5 Hz, 1H; CH2), 1.67 (t, J�
5.9 Hz, 1H; CH2), 1.56 ± 1.47 (m, 2H; CH, CH2), 1.33 (tt, J� 1.0, 4.8 Hz,
1H; CH); 13C NMR: �� 65.8, 16.6, 15.3 (CH2); 12.7, 11.6 (CH); 171.9, 18.1
(C).


Optical resolution of the acids rac-12 and rac-exo-13 with dehydroabietyl-
amine (General procedure GP 1): a) The pure racemic acid (20 mmol) was


Table 3. Crystal and data collection parameters for compounds (3SR,7SR)-11, (R,R)-17a, (1RS,3SR,4SR)-31, (P)-4, and rac-4.


(3SR,7SR)-11 (R,R)-17a (1RS,3SR,4SR)-31 (P)-4 rac-4


formula C7H8O2 C15H17NO C10H12O2 C11H14 C11H14


Mw 124.13 227.30 164.20 146.22 146.22
crystals orthorhombic monoclinic monoclinic monoclinic monoclinic
space group P212121 P21 P21/c C2 C2/c
a [ä] 7.4346(8) 10.623(2) 6.7097(4) 12.024(2) 12.0052(8)
b [ä] 8.1758(9) 4.803(1) 9.5859(5) 5.3056(8) 5.3146(3)
c [ä] 9.963(1) 13.283(3) 14.0695(8) 7.609(1) 14.9813(9)
� [�] ± 96.00(3) 95.51(1) 114.08(1) 112.68(2)
V [ä3] 605.6(1) 674.0(2) 900.75(9) 443.2(1) 882.0(3)
Z 4 2 4 2 4
F(000) 264 244 352 160 320
� [g cm�3] 1.361 1.120 1.211 1.096 1.101
	 [mm�1] 0.099 0.070 0.083 0.061 0.061
T [K] 110.0(2) 298 100.0(2) 110.0(2) 110.0(2)

max [�] 50 25 60.5 59.4 29.9
refl. collected 4101 1904 10554 2557 4811
refl. independent 1066 1631 2501 1139 1200
Rint 0.121 0.073 0.055 0.022 0.020
wR2(F 2) 0.0852 0.141 0.1003 0.1775 0.1167
R(F) 0.0486 0.0524 0.0375 0.0695 0.0392
no. parameters
refined 115 153 157 79 79
GOF 0.961 1.033 1.061 1.076 1.082
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added with heating and stirring to a solution of pure dehydroabietylamine
(DAA, 1 equiv) in ethanol (20 mL). The solution was cooled to room
temperature and, after 24 h of resting, the crystalline N salt was separated
by filtration, washed with a minimal amount of ethanol and recrystallized
twice from EtOH (for 14a) or 75% aq. EtOH (for 15a, dissolved in hot
EtOH (6 mL), then water (2 mL) was added). The P salt was isolated as
indicated below.


b) A suspension of the N or P salt (6 mmol) in a water/Et2Omixture (30 mL
of each) was cooled in an ice bath, and a solution of NaOH (0.3 g, 7.5 mmol)
in water (10 mL) was added dropwise with stirring. The mixture was stirred
until the salt had completely dissolved. The inorganic layer was washed
with diethyl ether (3� 30 mL) and acidified by addition of conc. HCl
solution (ca. 1 mL) to ca. pH 3 to give a colorless precipitate. The mixture
was extracted with diethyl ether (4� 30 mL), the combined ethereal
solutions were dried, concentrated under reduced pressure, and the residue
recrystallized from hexane (for 12) or from pentane at �26 �C (for 13)
yielding the enantiomerically pure free acid.


N Salt 14a and P salt 14b : From the racemic acid rac-12 (2.49 g, 20 mmol)
and DAA (5.72 g, 20 mmol) the N salt 14a (2.47 g, 60%) was obtained
according to GP 1a. The filtrate was concentrated under reduced pressure,
the solid residue was washed with a minimal amount of Et2O and dissolved
in EtOH (20 mL). This solution was diluted with water to a volume of ca.
100 mL under stirring and heating, and then carefully concentrated by
evaporation under reflux. The transparent solution was cooled to RT, and
after 24 h the crystalline P salt 14b was separated by filtration and
recrystallized from EtOH (14b : 3.09 g, 75%). 14a : m.p. 156 ± 157 �C;
[�]20D ��10.5 (c� 1.0 in CHCl3). 14b : m.p. 158 ± 160 �C; [�]20D ��69.5 (c�
1.0 in CHCl3).


N Salt 15a and P salt 15b : From the racemic exo-acid rac-13 (11.08 g,
80.2 mmol) and DAA (38.17 g of 60% purity, 80.2 mmol), the N salt 15a
(8.04 g, 47%) was obtained according to GP 1a; m.p. 158 ± 159 �C; [�]20D �
�75.6 (c� 0.8 in CHCl3). The combined mother liquors were concentrated,
and the residue was distributed between Et2O (200 mL) and aq. NaOH (6 g
NaOH in 200 mL of H2O). The water layer was extracted with diethyl ether
(3� 100 mL), acidified with conc. HCl (ca. 4 mL) to pH 3, and then
extracted with Et2O (4� 100 mL) and pentane (100 mL). The combined
organic solutions were dried, filtered and concentrated under reduced
pressure to give the crude acid (1S,3R)-13 (9.0 g, ca. 65.1 mmol), which was
treated with DAA (18.6 g, 65.1 mmol, pure) in hot ethanol (40 mL). Et2O
(20 mL) was added to the resulting solution, and the mixture was kept at
�2 �C for 12 h. The precipitate was separated, washed with Et2O and dried
in vacuo to give the P salt (9.73 g, 23 mmol) with m.p. 138 ± 141 �C. This salt
was dissolved in boiling CH2Cl2 (60 mL), and then methylene chloride was
replaced with Et2O (ca. 120 mL). After cooling, the precipitate was filtered
off and dried in vacuo affording the pure P salt 15b (8.00 g, 47%) with m.p.
145 ± 147 �C; [�]20D ��139.6 (c� 1.0 in CHCl3).


(R)-(�)-Bicylopropylidenecarboxylic acid [(R)-12]: From the salt 14a
(2.47 g, 6.04 mmol), the acid (R)-(�)-12 (0.584 g, 78%) was obtained
according to GP 1b; m.p. 110 �C; [�]20D ��183.7 (c� 1.0 in CHCl3); ee
�98%; IR (KBr): �� � 1724 cm�1; MS (EI): m/z (%): 124 (2) [M]� , 123 (22)
[M�H]� , 96 (16) [M�C2H4]� , 95 (44) [M�H�C2H4]� , 84 (32), 79 (100)
[M�CO2H]� , 77 (65), 67 (25), 51 (43); MS (HR-EI): calcd for C7H8O2:
124.0524; found 124.0524).


(S)-(�)-Bicylopropylidenecarboxylic acid [(S)-12]: From the salt 14b
(3.09 g, 7.55 mmol), the acid (S)-(�)-12 (0.79 g, 84%) was obtained
according to GP 1b; m.p. 110 �C; [�]20D ��183.2 (c� 1.0 in CHCl3); ee
�98%. The 1H and 13C NMR spectra of (R)- and (S)-12 were identical to
those reported for rac-12.[12]


(1R,3S)-(�)- and (1S,3R)-(�)-Dispiro[2.0.2.1]heptane-1-carboxylic acids
[(1R,3S)- and (1S,3R)-13]: (1R,3S)-13 : From the N salt 15a (41.0 g,
96.8 mmol), the acid (1R,3S-)13 (9.50 g, 71%) was obtained according to
GP 1b after two recrystallizations; m.p. 57 �C; [�]20D ��391.4 (c� 1.0 in
CHCl3); 1H NMR: �� 11.2 (br s, 1H; OH), 1.79 (dd, J� 4.3, 7.6 Hz, 1H;
CH), 1.63 (t, J� 4.2 Hz, 1H; CH2), 1.38 (d, J� 4.6 Hz, 1H; CH2), 1.34 (d,
J� 4.6 Hz, 1H; CH2), 1.29 (dd, J� 4.1, 7.6 Hz, 1H; CH2), 0.92 ± 0.84 (m,
2H; CH2), 0.70 ± 0.64 (m, 2H; CH2); 13C NMR: �� 15.3, 12.2, 5.8, 5.7
(CH2); 19.9 (CH); 180.9, 25.3, 15.0 (C).


(1S,3R)-13 : From the P salt 15b (8.00 g, 18.9 mmol), the acid (1S,3R-)13
(2.20 g, 84%) was obtained according to GP 1b after two recrystallizations.


M.p. 54 ± 55 �C; [�]20D ��361.9 (c� 1.0 in CHCl3). Its 1H and 13C NMR
spectra were identical to those of (1R,3S)-13.


N-[(R)-1-Phenylethyl]-(R)-bicyclopropylidenecarboxamide (17a) and N-
[(R)-1-phenylethyl]-(S)-bicyclopropylidenecarboxamide (17b): A solution
of Et3N (0.303 g, 0.42 mL, 3.0 mmol) was added dropwise to a stirred
solution of the acid (1RS)-12 (0.373 g, 3.01 mmol) and diphenylphosphinic
chloride (0.712 g, 3.01 mmol) in anhydrous ethyl acetate (5 mL) at �10 �C.
After stirring for an additional 1 h at �10 �C, a solution of (R)-1-
phenylethylamine (16) (0.364 g, 3.01 mmol) in EtOAc (0.5 mL) was added
dropwise. The mixture was stirred at room temperature for 14 h and then
filtered. The filtrate was washed with 1� HCl (3 mL), 10% K2CO3 solution
(7 mL), and H2O (5 mL). The organic layer was dried and concentrated
under reduced pressure to give a mixture of 17a and 17b (0.682 g, ca.
100%). Their chromatographic separation (80 g silica gel, 20� 2 cm
column, hexane/Et2O 7:3) afforded 17b (1st eluted, 0.226 g, 66%) and
17a (2nd eluted, 0.226 g, 66%).


Compound 17a : M.p. 126 ± 127 �C (from hexane/Et2O); [�]20D ��6.5 (c�
1.0 in CHCl3); IR (KBr): �� � 3268, 1639 cm�1; 1H NMR: �� 7.36 ± 7.22 (m,
5H; Ph), 5.84 (brd, J� 6.9 Hz, 1H; NH), 5.20 ± 5.08 (m, 1H; CHN), 2.26 ±
2.21 (m, 1H; CH), 1.84 ± 1.79 (m, 1H; CH2), 1.76 ± 1.64 (m, 1H; CH2), 1.48
(d, J� 6.8 Hz, 3H; CH3), 1.28 ± 1.15 (m, 4H; CH2); 13C NMR: �� 20.3
(CH3); 10.9, 3.5, 3.2 (CH2); 128.5, 126.0 (2CH); 127.1, 48.6, 21.8 (CH);
170.4, 143.4, 112.8, 111.2 (C); MS (EI):m/z (%): 227 (4) [M]� , 226 (2) [M�
H]� , 212 (1) [M�CH3]� , 184 (1), 123 (22), 105 (100) [C8H9]� , 77 (19)
[C6H5]� ; MS (HR-EI): calcd for C15H17NO: 227.1310; found 227.1310).


Compound 17b : M.p. 155 ± 156 �C (from hexane/Et2O); [�]20D ��128.5
(c� 1.0 in CHCl3); IR (KBr): �� � 3268, 1636 cm�1; 1H NMR: �� 7.38 ± 7.23
(m, 5H; Ph), 5.83 (brd, J� 6.9 Hz, 1H; NH), 5.19 ± 5.07 (m, 1H; CHN),
2.25 ± 2.18 (m, 1H; CH), 1.84 ± 1.70 (m, 1H; CH2), 1.70 ± 1.64 (m, 1H; CH2),
1.46 (d, J� 6.9 Hz, 3H; CH3), 1.43 ± 1.16 (m, 4H; CH2); 13C NMR: �� 20.4
(CH3); 11.5, 3.5, 3.3 (CH2); 128.6, 126.1 (2CH); 127.2, 48.6, 21.7 (CH);
170.5, 143.3, 112.8, 111.1 (C); MS (EI):m/z (%): 227 (1) [M]� , 226 (1) [M�
H]� , 212 (1) [M�CH3]� , 198 (1), 184 (2), 123 (19), 105 (100) [C8H9]� , 77
(15) [C6H5]� ; MS (HR-EI): calcd for C15H17NO: 227.1310; found 227.1310).


Ethyl (R)-bicyclopropylidenecarboxylate [(R)-25]: The acid (R)-12 (4.00 g,
32.2 mmol) was treated with BF3 ¥Et2O (3.2 mL) in anhydrous EtOH
(40 mL) (78 �C, 2 h) to give ester (R)-25 (4.73 g, 97%) according to the
protocol of Kadaba;[22] b.p. 52 ± 54 �C (3 Torr); [�]20D ��142.5 (c� 1.9 in
CHCl3). The 1H and 13C NMR spectra of (R)-25 were identical with those
reported for rac-25.[19a]


Ethyl exo-(1R,3R)- and endo-(1R,3S)-dispiro[2.0.2.1]heptane-1-carboxy-
late [(1R,3R)-26 and (1R,3S)-26]: A mixture of ester (R)-25 (4.56 g,
30 mmol), Zn (mossy) (17.6 g, 269 mmol), and anhydrous 1,2-dimethoxy-
ethane (40 mL) in a round-bottomed flask was immersed in an ultrasonic
cleaning bath, and the mixture was irradiated with ultrasound while being
heated to 60 �C, and diiodomethane (64.3 g, 19.4 mL, 240 mmol) was added
dropwise. After having been irradiated at 80 �C for another 2 h, the mixture
was cooled to RT, diluted with pentane (100 mL), poured into sat. aqueous
NH4Cl solution, and extracted with pentane (4� 50 mL). The combined
organic layers were washed with water, dried, and concentrated under
reduced pressure. The residual oil was distilled under reduced pressure to
give a 2:3 mixture (3.70 g, 74%) of (1R,3R)- and (1R,3S)-26. B.p. 64 ± 67 �C
(3 Torr). The pure isomers were obtained by column chromatography
[300 g silica gel, 5� 30 cm column, hexane/Et2O 100:1, the (1R,3R)-isomer
was eluted first] and then distilled ™bulb-to-bulb∫ in vacuo.


(1R,3R)-26 : Yield: 1.38 g (28%); [�]20D ��63.8 (c� 1.3 in CHCl3).


(1R,3S)-26 : Yield: 2.03 g (41%); [�]20D ��266.0 (c� 1.15 in CHCl3). The
1H and 13C NMR spectra of (1R,3R)- and (1R,3S)-26were identical to those
reported for rac-endo- and rac-exo-26.[13a,b]


Preparation of triangulanylmethanols


General procedure GP 2 : A solution of the respective ester or acid
(40 mmol) in anhydrous diethyl ether (30 mL) was added dropwise to a
suspension of the specified amount of LiAlH4 in Et2O (100 mL) at a rate
maintaining a gentle reflux. After 2 h of heating under reflux, quenching
the reaction with Na2SO4 sat. solution and filtration, the precipitate was
additionally extracted overnight with Et2O in a Soxhlet apparatus. The
combined organic solutions were dried and concentrated under reduced
pressure. The residue was pure enough to be used without further
purification.







FULL PAPER A. de Meijere et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0838 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4838


(R)-(�)-Bicyclopropylidenylmethanol [(R)-24]: From LiAlH4 (0.95 g,
25 mmol) and acid (R)-12 (2.72 g, 21.9 mmol), alcohol (R)-24 (1.84 g,
76%) was obtained according to GP 2; [�]20D ��13.3 (c� 0.95 in CHCl3).
The 1H and 13C NMR spectra of the alcohol (R)-24 were identical to those
reported for the racemic compound.[19a]


(1R,3S)-(�)-(Dispiro[2.0.2.1]hept-1-yl)methanol [(1R,3S)-20]: a) From
LiAlH4 (0.5 g, 13.2 mmol) and ester (1R,3S)-26 (1.95 g, 11.7 mmol), alcohol
(1R,3S)-20a (1.24 g, 85%) was obtained according to GP 2 as an oil. [�]20D �
�104.3 (c� 1.2 in CHCl3); 1H NMR: �� 3.61 (dd, J� 6.4, 11.1 Hz, 1H;
CH2O), 3.47 (dd, J� 7.3, 11.1 Hz, 1H; CH2O), 2.73 (s, 1H; OH), 1.26 ± 1.18
(m, 1H; CH), 1.15 (d, J� 4.1 Hz, 1H; CH2), 1.05 (d, J� 4.1 Hz, 1H; CH2),
0.80 ± 0.75 (m, 3H; CH2), 0.66 (t, J� 4.4 Hz, 1H; CH2), 0.58 ± 0.49 (m, 2H;
CH2); 13C NMR: �� 65.94, 10.41, 9.99, 5.34, 5.24 (CH2); 18.77 (CH); 13.59
(2C); MS (EI): m/z (%): 124 (0.8) [M]� , 123 (2) [M�H]� , 109 (12), 105
(18), 95 (38), 91 (100), 79 (86), 77 (47), 67 (50), 53 (42).


b) From LiAlH4 (13.70 g, 361 mmol) and the acid (1R,3S)-13 [18.40 g,
133.2 mmol; with [�]20D ��380.1 (c� 1.0 in CHCl3) and m.p. 56 �C], alcohol
(1R,3S)-20c (16.50 g, 100%) was obtained according to GP 2. [�]20D �
�112.5 (c� 1.2 in CHCl3).


(1S,3R)-(�)-(Dispiro[2.0.2.1]hept-1-yl)methanol [(1S,3R)-20]: a) From
LiAlH4 (16.0 g, 421.6 mmol) and acid (1S,3R)-13 [21.60 g, 156.3 mmol;
with [�]20D ��357.0 (c� 1.3 in CHCl3) and m.p. 54 ± 56 �C], alcohol (1S,3R)-
20a (19.1 g, 98%) was obtained according to GP 2 as an oil. [�]20D ��106.5
(c� 1.3 in CHCl3). The 1H and 13C NMR spectra of the product were
identical to those of the (1R,3S)-20.


b) From LiAlH4 (0.83 g, 21.9 mmol) and the acetate (1S,3R)-21 (2.94 g,
17.7 mmol), alcohol (1S,3R)-20b (2.09 g, 95%) was obtained according to
GP 1. [�]20D ��108.3 (c� 1.2 in CHCl3); MS (CI): m/z (%): 159 (20)
[M�NH3�NH4]� , 142 (71) [M�NH4]� , 124 (39) [M�H2O�NH4]� , 107
(100) [M�OH]� .


(1RS,3SR,4SR)-(Trispiro[2.0.0.2.1.1]non-1-yl)methanol (rac-32): From
LiAlH4 (504 mg, 13.28 mmol) and the acid rac-31 (1.45 g, 8.83 mmol),
alcohol rac-32 (1.32 g, 	100%) was obtained according to GP 2 as an oil.
1H NMR: �� 3.68 (dd, J� 6.4, 11.0 Hz, 1H; CH2O), 3.56 (dd, J� 7.2,
11.0 Hz, 1H; CH2O), 2.06 (s, 1H; OH), 1.35 ± 1.25 (m, 1H; CH), 1.21 (d, J�
3.4 Hz, 2H; CH2), 0.97 (d, J� 3.7 Hz, 1H; CH2), 0.95 ± 0.89 (m, 2H; CH2),
0.84 ± 0.78 (m, 1H; CH2), 0.71 ± 0.64 (m, 3H; CH2), 0.58 (t, J� 4.4 Hz, 1H;
CH2); 13C NMR: �� 66.2, 12.2, 9.6, 8.8, 4.7, 4.0 (CH2); 18.4 (CH); 18.8, 18.0,
14.1 (C); MS (CI): m/z (%): 185 (29) [M�NH3�NH4]� , 168 (100)
[M�NH4]� , 150 (18) [M]� , 133 (69) [M�OH]� , 125 (35), 108 (30), 105
(25).


(1S,3R,4R)-(�)-(Trispiro[2.0.0.2.1.1]non-1-yl)methanol [(1S,3R,4R)-32]:
From LiAlH4 (2.0 g, 52.7 mmol) and ester (1S,3R,4R)-30 (4.40 g,
22.9 mmol), alcohol (1S,3R,4R)-32 (3.07 g, 89%) was obtained according
to GP 2. [�]20D ��226.6 (c� 1.0 in CHCl3). The 1H and 13C NMR spectra of
the product were identical to those of rac-32.


(1R,3S,4S)-(�)-(Trispiro[2.0.0.2.1.1]non-1-yl)methanol [(1R,3S,4S)-32]:
From LiAlH4 (2.0 g, 52.7 mmol) and ester (1R,3S,4S)-30 (4.40 g,
22.9 mmol), the alcohol (1R,3S,4S)-32 (3.16 g, 92%) was obtained accord-
ing to GP 2. [�]20D ��211.16 (c� 1.1 in CHCl3). The 1H and 13C NMR
spectra of the product were identical to those of rac-32.


rac-1-(Bromomethyl)-4-methylenespiropentane (rac-22): Bromine
(7.497 g, 2.42 mL, 46.91 mmol) was added at �30 to �15 �C over a period
of 10 min to a solution of triphenylphosphane (12.304 g, 46.91 mmol) in
anhydrous dichloromethane (100 mL). After an additional 15 min of
stirring, a solution of racemic anti-(1RS,3SR)-1-(tetrahydropyranyloxy-
methyl)-4-methylenespiropentane[37] (9.21 g, 47.4 mmol) in CH2Cl2 (25 mL)
was added dropwise at 0 �C over a period of 0.5 h. The mixture was stirred
for an additional 2 h at ambient temperature, washed with brine (4�
100 mL), dried, and concentrated under reduced pressure at 0 �C. Pentane
(100 mL) was added, the mixture was stirred for an additional 2 h, and then
filtered. The precipitate was thoroughly washed with pentane (3� 50 mL),
and the combined pentane extracts were concentrated under reduced
pressure (ca. 200 Torr). The residue was purified by column chromatog-
raphy (50 g silica gel, 3� 20 cm column, pentane) to give rac-22 (7.42 g,
91%) as a slightly yellow oil. Rf� 0.58; 1H NMR: �� 5.30 (br s, 1H;�CH2),
5.18 (t, J� 2.1 Hz, 1H; �CH2), 3.50 (dd, J� 7.1, 10 Hz, 1H; CH2Br), 3.44
(dd, J� 7.8, 10 Hz, 1H; CH2Br), 1.92 ± 1.79 (m, 1H; CH), 1.54 (dd, J� 0.5,
7.0 Hz, 1H; CH2), 1.41 (dd, J� 4.8, 7.8 Hz, 1H; CH2), 1.34 (dd, J� 2.1,
7.0 Hz, 1H; CH2), 1.10 (t, J� 4.8 Hz, 1H; CH2); 13C NMR: �� 99.5, 36.9,


18.1, 7.3 (CH2); 23.3 (CH); 134.4, 19.1 (C); MS (CI): m/z (%): 209/207 (40/
41) [M�NH3�NH4]� , 192/190 (100/98) [M�NH4]� , 175/173 (26/24)
[M�H]� , 127 (31), 125 (75), 110 (79) [M�HBr�NH4]� , 108 (100).


Preparation of the bromides


General procedure GP 3 : Bromine (1.05 equiv) was added at �30 to
�15 �C over a period of 10 min to a solution of triphenylphosphane
(1.05 equiv) in anhydrous dichloromethane (50 mL). After an additional
15 min of stirring, a mixture of the respective alcohol (35 mmol) and
anhydrous pyridine (1 equiv) in CH2Cl2 (15 mL) was added dropwise at
�30 �C. The mixture was stirred for 1.5 h at �10 �C, and then at ambient
temperature for an additional 7 h. After evaporation of the solvent,
pentane (100 mL) was added, the mixture was stirred for 7 h, and then
filtered. The precipitate was thoroughly washed with pentane (3� 50 mL),
and the combined pentane extracts were filtered through silica gel (0.5 cm
layer). The filtrate was concentrated under reduced pressure (ca. 200 Torr),
and the residue was distilled ™bulb-to-bulb∫ in vacuo (0.1 Torr) into a cold
trap (�78 �C).


(1R,3S)-(�)-1-(Bromomethyl)-4-methylenespiropentane [(1R,3S)-22]:
From the alcohol (1R,3S)-18 (2.40 g, 21.8 mmol), Ph3P (5.99 g, 22.8 mmol),
Br2 (3.65 g, 1.18 mL, 22.8 mmol), and pyridine (1.72 g, 1.76 mL, 21.7 mmol),
bromide (1R,3S)-22 (2.93 g, 78%) was obtained according to GP 3 after
additional purification by column chromatography (20 g silica gel, 2.2�
15 cm column, pentane) followed by distillation under reduced pressure.
Rf� 0.58; b.p. 58 ± 61 �C (23 mbar); [�]20D ��305.6 (c� 1.0 in CHCl3). The
1H and 13C NMR spectra of the product were identical to those of rac-22.


(1S,3R)-(�)-1-(Bromomethyl)-4-methylenespiropentane [(1S,3R)-22]:
From the alcohol (1S,3R)-18 (1.42 g, 12.89 mmol), Ph3P (3.55 g,
13.53 mmol), Br2 (2.16 g, 0.70 mL, 13.53 mmol), and pyridine (1.02 g,
1.04 mL, 12.89 mmol), bromide (1S,3R)-22 (1.77 g, 79%) was obtained
according to GP 3. [�]20D ��305.2 (c� 1.6 in CHCl3). The 1H and 13C NMR
spectra of the product were identical to those of rac-22.


(1S,3S)-(�)-1-(Bromomethyl)dispiro[2.0.2.1]heptane [(1S,3S-27]: From
the alcohol (1S,3S)-20 (8.68 g, 69.91 mmol), Ph3P (19.25 g, 73.4 mmol),
Br2 (11.73 g, 3.78 mL, 73.4 mmol), and pyridine (5.53 g, 5.65 mL,
69.91 mmol), bromide (1S,3S)-27 (10.05 g, 77%) was obtained according
to GP 3 as an oil. [�]20D ��20.0 (c� 1.0 in CHCl3); 1H NMR: �� 3.39 (dd,
J� 6.8, 10 Hz, 1H; CH2Br), 3.16 (dd, J� 8.3, 10 Hz, 1H; CH2Br), 1.82
(dddd, J� 4.5, 6.8, 7.8, 8.3 Hz, 1H; CH), 1.27 ± 1.19 (m, 2H; CH2), 1.13 (d,
J� 3.8 Hz, 1H; CH2), 0.96 ± 0.79 (m, 3H; CH2), 0.67 ± 0.57 (m, 2H; CH2);
13C NMR: �� 37.4, 13.8, 13.4, 5.3, 5.1 (CH2); 22.1 (CH); 13.8, 12.8 (C); MS
(EI):m/z (%): 188/186 (1/1) [M]� , 187/185 (10/10) [M�H]� , 105 (39) [M�
Br� 2H]� , 91 (100), 79 (100), 77 (42), 67 (20), 65 (22), 53 (20); MS (HR-
EI): calcd for C8H11Br: 188.0024; found: 188.00309.


(1R,3R)-(�)-1-(Bromomethyl)dispiro[2.0.2.1]heptane [(1R,3R)-27]: From
the alcohol (1R,3R)-20 (11.89 g, 95.76 mmol), Ph3P (26.37 g, 100.55 mmol),
Br2 (16.07 g, 5.18 mL, 100.55 mmol), and pyridine (7.58 g, 7.75 mL,
95.76 mmol), bromide (1R,3R)-27 (15.44 g, 86%) was obtained according
to GP 3. [�]20D ��18.0 (c� 1.0 in CHCl3). The 1H and 13C NMR spectra of
the product were identical to those of (1S,3S)-27.


(1R,3S)-(�)-1-(Bromomethyl)dispiro[2.0.2.1]heptane [(1R,3S)-27]: a) From
the alcohol (1R,3S)-20a (1.14 g, 9.18 mmol, prepared from ester (1R,3S)-
26), Ph3P (2.53 g, 9.65 mmol), Br2 (1.56 g, 0.5 mL, 9.76 mmol), and pyridine
(0.78 mL), bromide (1R,3S)-27a (1.35 g, 79%) was obtained according to
GP 3. [�]20D ��110.6 (c� 1.5 in CHCl3); 1H NMR: �� 3.47 (d, J� 7.6 Hz,
2H; CH2Br), 1.46 (dq, J� 4.4, 7.5 Hz, 1H; CH), 1.33 (d, J� 3.8 Hz, 1H;
CH2), 1.12 (d, J� 3.8 Hz, 1H; CH2), 1.03 (dd, J� 4.7, 7.6 Hz, 1H; CH2),
0.89 ± 0.76 (m, 3H; CH2), 0.68 ± 0.62 (m, 2H; CH2); 13C NMR: �� 5.4
(2CH2); 38.4, 14.2, 10.1 (CH2); 19.5 (CH); 23.3, 14.4 (C).


b) From alcohol (1R,3S)-20b (1.08 g, 8.7 mmol), Ph3P (2.40 g, 9.16 mmol),
Br2 (1.46 g, 0.27 mL, 9.14 mmol), and pyridine (712 mg, 0.73 mL,
9.0 mmol), bromide (1R,3S)-27b (1.32 g, 81%) was obtained according to
GP 3. [�]20D ��105.1 (c� 1.2 in CHCl3).


c) From alcohol (1R,3S)-20c (16.30 g, 131.3 mmol), Ph3P (34.40 g,
131.1 mmol), Br2 (21.25 g, 6.85 mL, 133 mmol), and pyridine (10.39 g,
10.62 mL, 131.3 mmol), bromide (1R,3S)-27c (24.30 g, 99%) was obtained
according to GP 3. [�]20D ��106.8 (c� 1.1 in CHCl3).


(1S,3R)-(�)-1-(Bromomethyl)dispiro[2.0.2.1]heptane [(1S,3R)-27]:
a) From alcohol (1S,3R)-20a (19.0 g, 153 mmol), Ph3P (40.20 g,
153.3 mmol), Br2 (24.82 g, 8.0 mL, 155.3 mmol), and pyridine (12.1 g,
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12.4 mL, 153 mmol), bromide (1S,3R)-27a (28.0 g, 98%) was obtained
according to GP 3. [�]20D ��108.5 (c� 1.2 in CHCl3). The 1H and 13C NMR
spectra of the product were identical to those of (1R,3S)-27.


b) From alcohol (1S,3R)-20b (2.761 g, 22.23 mmol), Ph3P (6.12 g,
23.34 mmol), Br2 (3.73 g, 1.20 mL, 23.34 mmol), and pyridine (1.76 g,
1.8 mL, 22.23 mmol), bromide (1S,3R)-27b (2.58 g, 62%) was obtained
according to GP 3. [�]20D ��106.4 (c� 1.8 in CHCl3).


(1RS,3SR,4SR)-1-(Bromomethyl)trispiro[2.0.0.2.1.1]nonane (rac-33):
From alcohol rac-32 (1.33 g, 8.85 mmol), Ph3P (2.44 g, 9.30 mmol), Br2
(1.49 g, 0.48 mL, 9.34 mmol), and pyridine (699 mg, 0.72 mL, 8.84 mmol),
bromide rac-33 (1.64 g, 87%) was obtained according to GP 3. 1H NMR:
�� 3.47 (d, J� 7.5 Hz, 2H; CH2Br), 1.51 (tdd, J� 4.3, 7.5, 7.8 Hz, 1H; CH),
1.37 (d, J� 4.0 Hz, 1H; CH2), 1.26 (d, J� 4.0 Hz, 1H; CH2), 1.12 (dd, J�
4.5, 7.6 Hz, 1H; CH2), 1.04 (d, J� 4.0 Hz, 1H; CH2), 0.97 (d, J� 4.0 Hz, 1H;
CH2), 0.87 ± 0.80 (m, 1H; CH2), 0.73 (dd, J� 2.9, 5.4 Hz, 1H; CH2), 0.70 ±
0.62 (m, 3H; CH2); 13C NMR: �� 38.3, 13.1, 12.2, 9.1, 4.8, 4.2 (CH2); 19.1
(CH); 23.1, 18.8, 14.2 (C); MS (CI): m/z (%): 232/230 (8/10) [M�NH4]� ,
215/213 (14/16) [M�H]� , 150 (18) [M�HBr�NH4]� , 135 (38), 133 (100)
[M�Br]� .


(1R,3S,4S)-(�)-1-(Bromomethyl)trispiro[2.0.0.2.1.1]nonane [(1R,3S,4S)-
33]: From alcohol (1R,3S,4S)-32 (3.05 g, 20.3 mmol), Ph3P (5.34 g,
20.4 mmol), Br2 (3.29 g, 1.06 mL, 20.6 mmol), and pyridine (1.61 g,
1.64 mL, 20.3 mmol), bromide (1R,3S,4S)-33 (3.93 g, 91%) was obtained
according to GP 3. [�]20D ��193.2 (c� 1.1 in CHCl3). The 1H and 13C NMR
spectra of the product were identical to those of rac-33.


(1S,3R,4R)-(�)-1-(Bromomethyl)trispiro[2.0.0.2.1.1]nonane [(1S,3R,4R)-
33]: From alcohol (1S,3R,4R)-32 (2.90 g, 19.3 mmol), Ph3P (5.08 g,
19.4 mmol), Br2 (3.13 g, 1.01 mL, 19.6 mmol), and pyridine (1.53 g,
1.56 mL, 19.3 mmol), bromide (1S,3R,4R)-33 (3.88 g, 94%) was obtained
according to GP 3. [�]20D ��208.2 (c� 1.5 in CHCl3). The 1H and 13C NMR
spectra of the product were identical to those of rac-33.


Preparation of the methylenetriangulanes


General procedure GP 4 : A solution of potassium tert-butoxide (tBuOK)
(1.12 g, 10 mmol) in anhydrous DMSO (25 mL) was added over a period of
30 min to a solution of the respective bromide (9 mmol) in anhydrous
DMSO (10 mL) kept at 20 �C, and the reaction mixture was stirred at 20 �C
for 15 min (GP 4a) or a solution of the bromide (7 mmol) in anhydrous
DMSO (10 mL) was added over a period of 1 h dropwise to a solution of
tBuOK (1.12 g, 10 mmol) in anhydrous DMSO (15 mL) kept at 50 �C, and
the reaction mixture was stirred at 50 �C for 1 h (GP 4b). The volatile
materials were distilled ™bulb-to-bulb∫ under reduced pressure (0.01 Torr)
into a cold (�78 �C) trap at a temperature of 35 to 40 �C inside the
distillation flask, then the product was washed thoroughly with ice-cold
water and dried (workup 1) or the mixture was poured into ice-cold water
and extracted with pentane (3� 5 mL) (workup 2). The combined pentane
solutions were dried and carefully concentrated under ambient pressure.
The residue was distilled ™bulb-to-bulb∫ under reduced pressure (0.2 Torr)
at the bath temperatures indicated below into a cold (�78 �C) trap.


rac-1,4-Dimethylenespiropentane [(MP)-23]: From bromide rac-22 (3.47 g,
20 mmol) and tBuOK (2.50 g, 22.3 mmol), diene (MP)-23 (940 mg, 51%)
was obtained according to GP 4a after workup 2 (bath temperature 30 �C)
and purification by preparative GC. The 1H and 13C NMR spectra of the
product were identical to the reported ones.[37]


(M)-(�)-1,4-Dimethylenespiropentane [(M)-23]: From bromide (1R,3S)-
22 (2.85 g, 16.47 mmol) and tBuOK (2.05 g, 18.27 mmol), diene (M)-23
(726 mg, 48%) was obtained according to GP 4a after workup 2 (bath
temperature 30 �C) and purification by preparative GC. [�]20D ��123.6
(c� 1.2 in CHCl3); ee �96%. The 1H and 13C NMR spectra of the product
were identical to those of rac-23.


(P)-(�)-1,4-Dimethylenespiropentane [(P)-23]: From bromide (1S,3R)-22
(1.73 g, 10.0 mmol) and tBuOK (1.36 g, 12.12 mmol), diene (P)-23 (462 mg,
50%) was obtained according to GP 4a after workup 2 (bath temperature
30 �C) and purification by preparative GC. [�]20D ��117.3 (c� 1.0 in
CHCl3); ee �96%. The 1H and 13C NMR spectra of the product were
identical to those of rac-23.


(3S)-(�)-1-Methylenedispiro[2.0.2.1]heptane [(S)-28]: a) From bromide
(1R,3S)-27a (1.25 g, 6.7 mmol) and tBuOK (1.12 g, 10 mmol), methylene-
triangulane (S)-28a (618 mg, 87%) was obtained according to GP 4b after
workup 1; [�]20D ��191.2 (c� 1.0 in CHCl3). This alkene contained ca. 10%


impurities (according to the 1H NMR spectrum), but was used in the next
step without further purification.


b) Bromide (1R,3S)-27c (24.30 g, 129.9 mmol) was treated with tBuOK
(18.50 g, 164.9 mmol) according to GP 4a. After workup 2, ™bulb-to-bulb∫
distillation furnished the alkene (S)-28c (a solution in pentane, ca. 6.0 g
according to the 1H NMR spectrum, 44%) (bath temperature 20 ± 40 �C)
and (1R,3S)-(�)-1-(tert-butoxymethyl)dispiro[2.0.2.1]heptane [(1R,3S)-29]
(3.70 g, 16%) (bath temperature 50 ± 80 �C). Analytical samples were
purified by preparative GC. (S)-28c : [�]20D ��219.2 (c� 1.1 in CHCl3); ee
�94%; 1H NMR: �� 5.28 (br s, 1H;�CH2), 5.20 (t, J� 2.4 Hz, 1H;�CH2),
1.59 (d, J� 3.5 Hz, 1H; CH2), 1.47 (d, J� 3.5 Hz, 1H; CH2), 1.42 (t, J�
1.7 Hz, 1H; CH2), 1.24 (d, J� 7.7 Hz, 1H; CH2), 0.93 ± 0.68 (m, 4H; CH2);
the 13C NMR spectrum of the product was identical to that reported for the
racemic compound.[34] (1R,3S)-29 : [�]20D ��124.3 (c� 1.3 in CHCl3);
1H NMR: �� 3.47 (dd, J� 5.7, 9.4 Hz, 1H; CH2O), 3.13 (dd, J� 8.0,
9.4 Hz, 1H; CH2O), 1.21 ± 1.18 (m, 1H; CH), 1.16 (s, 9H; 3CH3), 1.13 (d,
J� 4.9 Hz, 1H; CH2), 1.03 (d, J� 3.4 Hz, 1H; CH2), 0.84 (d, J� 4.4 Hz, 1H;
CH2), 0.83 ± 0.76 (m, 2H; CH2), 0.64 (t, J� 4.4 Hz, 1H; CH2), 0.59 (dd, J�
4.6, 6.1 Hz, 2H; CH2); 13C NMR: �� 27.6 (3CH3); 65.3, 10.9, 10.4, 5.4, 5.3
(CH2); 16.9 (CH); 72.3, 18.7, 13.7 (C); elemental analysis calcd (%) for
C12H20O (180.28): C 79.94, H 11.18; found C 80.01, H 11.30.


c) From bromide (1S,3S)-27 (9.92 g, 53 mmol) and tBuOK (8.88 g,
79.1 mmol), the alkene (S)-28d (3.55 g, 63%) was obtained according
to GP 4b after workup 2 (bath temperature 40 �C). An analytical sample
was purified by preparative GC; [�]20D ��218.5 (c� 1.2 in CHCl3);
ee �94%.


(3R)-(�)-1-Methylenedispiro[2.0.2.1]heptane [(R)-28]: a) From bromide
(1S,3R)-27a (28.0 g, 150 mmol) and tBuOK (25.0 g, 223 mmol), the
methylenetriangulane (R)-28a (13.60 g, 85%) was obtained according to
GP 4b after workup 1. An analytical sample was purified by preparative
GC. [�]20D ��213.2 (c� 1.1 in CHCl3); ee �91%. 1H and 13C NMR spectra
of the product were identical to those of (S)-28.


b) From bromide (1S,3R)-27b (700 mg, 3.74 mmol) and tBuOK (600 mg,
5.35 mmol), the methylenetriangulane (R)-28b (a solution in pentane, ca.
320 mg according to the 1H NMR spectrum, 81%) was obtained according
to GP 4b.


c) From bromide (1R,3R)-27 (15.44 g, 82.5 mmol) and tBuOK (13.82 g,
123.1 mmol), the methylenetriangulane (R)-28c (a solution in pentane, ca.
6.82 g according to the 1HNMR spectrum, 78%) was obtained according to
GP 4b after workup 2 (bath temperature 40 �C). An analytical sample was
purified by preparative GC. [�]20D ��166.3 (c� 1.0 in CHCl3); ee �79%.


(3RS,4RS)-1-Methylenetrispiro[2.0.0.2.1.1]nonane [(3RS,4RS)-35]: Bro-
mide (1RS,3SR,4SR)-33 (1.64 g, 7.70 mmol) was treated with tBuOK
(1.13 g, 10 mmol) according to GP 4b. After workup 2, ™bulb-to-bulb∫
distillation furnished the alkene (3RS,4RS)-35 (a solution in pentane, ca.
670 mg according to the 1H NMR spectrum, 67%) (bath temperature 20 ±
60 �C) and (1RS,3SR,4SR)-1-(tert-butoxymethyl)trispiro[2.0.0.2.1.1]nonane
[(1RS,3SR,4SR)-34] (318 mg, 20%) (bath temperature 60 ± 100 �C). The
analytical samples were purified by preparative GC [(3SR,4SR)-35] or
column chromatography [(1RS,3SR,4SR)-34, 20 g silica gel, 20� 2 cm
column, hexane/Et2O 10:1].


(3SR,4SR)-35 : 1H NMR: �� 5.30 (br s, 1H; �CH2), 5.23 (m, 1H; �CH2),
1.50 (d, J� 3.7 Hz, 1H; CH2), 1.43 (d, J� 3.7 Hz, 1H; CH2), 1.33 ± 1.32 (m,
2H; CH2), 1.26 (d, J� 3.9 Hz, 1H; CH2), 1.10 (d, J� 3.9 Hz, 1H; CH2),
0.88 ± 0.69 (m, 4H; 2CH2); 13C NMR: �� 99.0, 15.9, 12.5, 8.3, 4.7, 4.0 (CH2);
135.8, 22.5, 16.5, 14.3 (C).


[(1RS,3SR,4SR)-34 : Rf� 0.45; 1H NMR: �� 3.49 (dd, J� 5.8, 9.5 Hz, 1H;
CH2O), 3.15 (t, J� 9.5 Hz, 1H; CH2O), 1.21 ± 1.15 (m, 3H; CH�CH2), 1.18
(s, 9H; 3CH3), 1.01 (d, J� 3.7 Hz, 1H; CH2), 0.93 (dd, J� 4.4, 7.7 Hz, 1H;
CH2), 0.88 (d, J� 3.7 Hz, 1H; CH2), 0.81 ± 0.76 (m, 1H; CH2), 0.68 (t, J�
6.2 Hz, 2H; CH2), 0.62 (dd, J� 7.7, 10 Hz, 1H; CH2), 0.53 (t, J� 4.4 Hz, 1H;
CH2); 13C NMR: �� 27.6 (3CH3); 65.4, 12.3, 9.7, 9.5, 4.7, 4.1 (CH2); 16.5
(CH); 72.4, 18.7, 18.1, 14.1 (C); elemental analysis calcd (%) for C14H22O
(206.32): C 81.49, H 10.75; found C 81.41, H 10.90.


(3R,4R)-(�)-1-Methylenetrispiro[2.0.0.2.1.1]nonane [(3R,4R)-35]: From
bromide (1S,3R,4R)-33 (3.80 g, 17.8 mmol) and tBuOK (3.50 g, 31.2 mmol),
alkene (3R,4R)-35 (a solution in pentane, ca. 1.35 g according to the
1H NMR spectrum, 57%) and (1S,3R,4R)-(�)-1-(tert-butoxymethyl)tri-
spiro[2.0.0.2.1.1]nonane [(1S,3R,4R)-34] (680 mg, 19%) were obtained
according to GP 4b. (3R,4R)-35 : [�]20D ��506.2 (c� 1.0 in CHCl3).
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(1S,3R,4R)-34 : [�]20D ��214.3 (c� 1.2 in CHCl3). Their 1H and 13C NMR
spectra were identical to those of the racemic compounds.


(3S,4S)-(�)-1-Methylenetrispiro[2.0.0.2.1.1]nonane [(3S,4S)-35]: From
bromide (1R,3S,4S)-33 (3.80 g, 17.8 mmol) and tBuOK (3.50 g, 31.2 mmol),
alkene (3S,4S)-35 (a solution in pentane, ca. 1.81 g according to the
1H NMR spectrum, 77%) and (1R,3S,4S)-(�)-1-(tert-butoxymethyl)trispi-
ro[2.0.0.2.1.1]nonane [(1R,3S,4S)-34] (680 mg, 19%) were obtained accord-
ing to GP 4b. (3S,4S)-35 : [�]20D ��385.8 (c� 1.1 in CHCl3). (1S,3S,4R)-34 :
[�]20D ��205.0 (c� 1.1 in CHCl3). Their 1H and 13C NMR spectra were
identical to those of the racemic compounds.


Preparation of diastereomers and enantiomers of ethyl trispiro[2.0.0.2.1.1]-
nonane-1-carboxylates 30


General procedure GP 5 : Ethyl diazoacetate (125 mmol) was added
dropwise to a stirred solution of the corresponding methylenedispirohep-
tane (85 mmol) and dirhodium tetraoctanoate (0.6 ± 0.8 mol%) in anhy-
drous methylene chloride (120 mL) at 0 �C. The first half was added at a
rate of 1 mL per h, the second half at 0.5 mL per h. After 30 min of
additional stirring at ambient temperature, the mixture was filtered
through a short pad of silica gel, and the solvent was removed. The residue
was ™bulb-to-bulb∫ distilled in vacuo (0.01 Torr, bath temperature
�110 �C) into a cooled trap (�78 �C). The content of the trap, consisting
of a mixture of four cycloadducts (ratio ca. 26:15:26:33) and diethyl
butenedioates, was very carefully distilled using a concentric tube (Fischer
Spaltrohr HMS 500) column at 1 Torr during one week, slowly increasing
the bath temperature from 71 to 101 �C and the mantle temperature from
20 to 45 �C. The collected fractions had boiling points ranging from 41.1 to
65.1 �C; their compositions were monitored by 1H NMR spectroscopy. The
residue consisted of the practically pure (1RS,3SR,4SR)-diastereomer
which was additionally purified by ™bulb-to-bulb∫ distillation.


Ethyl (1RS,3SR,4SR)-trispiro[2.0.0.2.1.1]nonane-1-carboxylate [(1RS,3SR,
4SR)-30]: From alkene (3RS)-28 (11.10 g, 104.6 mmol), ethyl diazoacetate
(18.0 g, 16.6 mL, 157.8 mmol), and dirhodium tetraoctanoate (0.5 g,
0.6 mol%), ester (1RS,3SR,4SR)-30 (5.11 g, 25%) was obtained according
to GP 5. 1H NMR: �� 4.12 (m, 2H; CH2O), 1.81 (dd, J� 4.4, 7.6 Hz, 1H;
CH), 1.44 (d, J� 4.1 Hz, 1H; CH2), 1.29 ± 1.18 (m, 4H; CH2), 1.24 (t, J�
1.1 Hz, 3H; CH3), 1.05 (d, J� 4.0 Hz, 1H; CH2), 0.85 ± 0.80 (m, 1H, CH2),
0.75 ± 0.62 (m, 3H, CH2); 13C NMR: �� 14.3 (CH3), 60.2, 13.3, 12.5, 11.1,
4.9, 4.3 (CH2), 19.3 (CH), 173.6, 23.9, 19.3, 14.4 (C).


Ethyl (1R,3S,4S)-(�)-trispiro[2.0.0.2.1.1]nonane-1-carboxylate [(1R,3S,
4S)-30]: From alkene (3S)-28 [9.00 g, a mixture of (3S)-28c (6.00 g) and
(3S)-28d (3.00 g), 84.79 mmol], ethyl diazoacetate (14.11 g, 13.0 mL,
123.6 mmol), and dirhodium tetraoctanoate (0.50 g, 0.80 mol%), ester
(1R,3S,4S)-30 (4.40 g, 27%) was obtained according to GP 5. [�]20D �
�288.4 (c� 1.2 in CHCl3). The 1H and 13C NMR spectra of the product
were identical to those of (1RS,3SR,4SR)-30.


Ethyl (1S,3R,4R)-(�)-trispiro[2.0.0.2.1.1]nonane-1-carboxylate [(1S,3R,
4R)-30]: From the alkene (3R)-28a (13.20 g, 124.3 mmol), ethyl diazoace-
tate (21.70 g, 20.0 mL, 190 mmol), and dirhodium tetraoctanoate (0.60 g,
0.60 mol%), ester (1S,3R,4R)-30 (4.53 g, 19%) was obtained according to
GP 5; [�]20D ��226.6 (c� 1.0 in CHCl3).


(1RS,3SR,4SR)-Trispiro[2.0.0.2.1.1]nonane-1-carboxylic acid [(1RS,3SR,
4SR)-31]: A mixture of ester (1RS,3SR,4SR)-30 (2.80 g, 14.6 mmol) and a
solution of KOH (1.32 g, 23.5 mmol) in water (2 mL) and ethanol (20 mL)
was heated under reflux for 4 h and then concentrated on a rotatory
evaporator. The residue was diluted with water (20 mL), extracted with
Et2O (2� 25 mL), acidified with 10% HCl to pH 3 under ice-cooling, then
extracted with Et2O (3� 40 mL) and pentane (2� 40 mL). The combined
extracts were dried (MgSO4) and concentrated under reduced pressure to
give the acid (1RS,3SR,4SR)-31 (2.39 g, 100%). M.p. 89 ± 91 �C (aq. EtOH);
1H NMR: �� 10.05 (s, 1H; OH), 1.85 (dd, J� 4.1, 7.4 Hz, 1H; CH), 1.54 (t,
J� 4.1 Hz, 1H; CH2), 1.39 (d, J� 4.7 Hz, 1H; CH2), 1.37 (dd, J� 4.1, 7.4 Hz,
1H; CH2), 1.31 (d, J� 4.1 Hz, 1H; CH2), 1.23 (d, J� 4.7 Hz, 1H; CH2), 1.08
(d, J� 4.1 Hz, 1H; CH2), 0.89 ± 0.83 (m, 1H; CH2), 0.78 ± 0.75 (m, 1H;
CH2), 0.73 ± 0.68 (m, 2H, CH2); 13C NMR: �� 14.3, 12.5, 11.3, 4.9, 4.4
(CH2); 19.4 (CH); 180.5, 25.0, 19.5, 14.5 (C). Attempted optical resolution
of this acid with DAAwas unsuccessful.


Preparation of triangulanes and substituted triangulanes


General procedure GP 6 : A solution of diazomethane [prepared from
6.00 g (58 mmol) of N-methyl-N-nitrosourea] in Et2O (60 mL) was added
dropwise at �5 to �3 �C to a solution of the respective methylenetriangu-


lane (4.71 mmol) and Pd(OAc)2 (60 mg) in diethyl ether (15 mL). The
reaction mixture was filtered through a 3 cm pad of Celite and carefully
concentrated at ambient pressure. The residue was distilled ™bulb-to-bulb∫
under reduced pressure (0.01 Torr) into a cold (�78 �C) trap, if not
otherwise specified. The content of the trap was purified by preparative
GC.


(1R,3S)-(�)-(Dispiro[2.0.2.1]hept-1-yl)methanol [(1R,3S)-20a]: From the
(methylenespiropentyl)methanol (1R,3S)-18 (1.37 g, 12.43 mmol), alcohol
(1R,3S)-20b (1.08 g, 70%) was obtained according to GP 6 after purifica-
tion of the crude product by column chromatography (25 g silica gel, 1.5�
20 cm column, hexane/Et2O 1:1); Rf� 0.42; [�]20D ��110.4 (c� 1.2 in
CHCl3).


(1S,3R)-(Dispiro[2.0.2.1]hept-1-yl)methyl acetate [(1S,3R)-21]: From ace-
tate (1S,3R)-19 (2.69 g, 17.7 mmol), crude acetate (1S,3R)-21 (2.94 g) was
obtained in quantitative yield according to GP 6 after ™bulb-to-bulb∫
distillation. 1H NMR: �� 4.09 (dd, J� 6.4, 11.1 Hz, 1H; CH2O), 3.95 (dd,
J� 7.3, 11.1 Hz, 1H; CH2O), 2.05 (s, 3H; CH3), 1.31 ± 1.18 (m, 1H; CH),
1.15 (d, J� 4.1 Hz, 1H; CH2), 1.05 (d, J� 4.1 Hz, 1H; CH2), 0.80 ± 0.75 (m,
3H; CH2), 0.66 (t, J� 4.4 Hz, 1H; CH2), 0.58 ± 0.49 (m, 2H; CH2);
13C NMR: �� 15.2 (CH3); 68.2, 10.6, 10.5, 5.4, 5.3 (CH2); 21.0 (CH); 171.2,
19.0, 13.7 (C).


(M)-(�)-Trispiro[2.0.0.2.1.1]nonane [(M)-3]: a) From alkene (S)-28a
(0.50 g, 4.71 mmol), [4]triangulane (M)-3a (0.287 g, 51%) was obtained
according to GP 6. [�]20D ��192.7 (c� 1.2 in CHCl3); ee�99%. The 1H and
13C NMR spectra of (M)-3a were identical to those reported for the
racemic compound.[38]


b) From the diene (M)-23 (200 mg, 2.17 mmol), the [4]triangulane (M)-3b
(38 mg, 14%) was obtained after purification by preparative GC; [�]20D �
�190.1 (c� 1.3 in CHCl3).


(P)-(�)-Trispiro[2.0.0.2.1.1]nonane [(P)-3]: a) From the alkene (R)-28b
(280 mg, 2.64 mmol), [4]triangulane (P)-3b (167 mg, 53%) was obtained
according to GP 6. [�]20D ��187.5 (c� 1.0 in CHCl3); ee�96%. The 1H and
13C NMR spectra of (P)-3 were identical to those reported for the racemic
compound.[38]


b) From the alkene (R)-28c (590 mg, 5.56 mmol), [4]triangulane (P)-3c
(351 mg, 53%) was obtained according to GP 6. [�]20D ��148.5 (c� 1.7 in
CHCl3); ee �79%.


rac-Tetraspiro[2.0.0.0.2.1.1.1]undecane (rac-4): From the racemic alkene
rac-35 (335 mg, 2.54 mmol), racemic [5]triangulane rac-4 (249 mg, 67%)
was obtained according to GP 6. 1H NMR: �� 1.12 [d, J� 3.7 Hz, 2H;
9(11)-CH2], 1.09 [d, J� 3.7 Hz, 2H; 9(11)-CH2], 1.06 (s, 2H; 10-CH2),
0.88 ± 0.65 (m, 8H; 4CH2); 13C NMR: �� 10.9, 4.7, 4.3 (2CH2); 11.2 (CH2);
18.6, 13.6 (2C).[4]


(P)-(�)-Tetraspiro[2.0.0.0.2.1.1.1]undecane [(P)-4]: From the alkene
(3R,4R)-35 (900 mg, 6.8 mmol), [5]triangulane (P)-4 (543 mg, 55%) was
obtained according to GP 6. [�]20D ��373.0 (c� 1.0 in CHCl3), ee �94%.
The 1H and 13C NMR spectra of (P)-4were identical to those of the racemic
compound.


(M)-(�)-Tetraspiro[2.0.0.0.2.1.1.1]undecane [(M)-4]: a) From alkene
(3S,4S)-35 (480 mg, 3.63 mmol), [5]triangulane (M)-4 (274 mg, 52%) was
obtained according to GP 6. [�]20D ��334.2 (c� 1.2 in CHCl3); ee �94%.
The 1H and 13C NMR spectra of (M)-4 were identical to those of the
racemic compound.


b) nBuLi (10 mmol, 3.92 mL of a 2.55� solution in hexane) was added at
�35 �C over 1 h to a stirred solution of the alkene (S)-28d (261 mg,
2.46 mmol) and 1,1-dichloroethane (987 mg, 0.83 mL, 10 mmol) in anhy-
drous Et2O. The reaction mixture was allowed to warm to ambient
temperature and then poured onto ice. The organic phase was separated,
dried, filtered through a 3 cm pad of silica gel and concentrated under
reduced pressure. The residue (657 mg) was treated with tBuOK (873 mg,
7.78 mmol) according to GP 4a, workup 2 (40 �C bath temperature). The
obtained pentane solution, after careful concentration, was subjected to
cyclopropanation according to GP 6 with a diazomethane solution
prepared from 6.0 g N-methyl-N-nitroso urea. Purification by preparative
GC furnished a non-separable mixture (103 mg, 29% over three steps) of
(M)-4 and meso-4 and in a ratio of 5.2:1 (according to the 1H NMR
spectrum[4]) with an optical rotation of [�]20D ��319.8 (c� 1.5 in CHCl3).
Correction for the content of achiral meso-4 led to the derived value of
[�]20D ��381.2 (c� 1.3 in CHCl3); ee �95%.







�-[n]Helicenes 828±842


Chem. Eur. J. 2002, 8, No. 4 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0841 $ 17.50+.50/0 841


Computational studies : Geometries were optimized utilizing the GAUS-
SIAN 98[27] program package within the framework of density functional
theory (DFT) employing the non-local gradient-corrected exchange-
correlation functional of Becke, Lee, Yang, and Parr (B3LYP)[28±30] in
conjunction with the 6-31�G(d,p) basis set.[31] The singlet ± singlet excita-
tion energies and rotatory strengths of the lowest lying states were obtained
from a full valence space single excitation configuration interaction
treatment (SCI).[32] The CI calculations were carried out with the
TURBOMOLE[42] program system at the B3LYP level utilizing a TZVP
basis set.[43, 44] The resulting circular dichroism after a Kronig ±Kramers
transformation[45] gave the specific rotations in the ORD at the recorded
wavelengths (Table 2). As the calculated data are for the gas phase,
whereas the experimental ones are obtained for solutions, significant
deviations are to be expected. Any correction for this, of course, requires
that the solvent does not interact specifically, e.g., through hydrogen
bonding, with the solute, and that the latter only experiences an averaged
solvent field effect which currently cannot be accounted for in the
computations. As the computed compounds are pure hydrocarbons, the
optical rotations of which were measured in chloroform, a correction by
shifting the calculated plane dispersion curve by a constant value of 100 nm
appears to be justified. Regardless, curvatures of the computed and
experimental ORD traces agree remarkably well which emphasizes the
quality of the theoretical approach used here.[32]
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Synthesis of a New Class of Chiral 1,5-Diphosphanylferrocene Ligands and
Their Use in Enantioselective Hydrogenation


Tania Ireland,[b] Katja Tappe,[a] Gabi Grossheimann,[c] and Paul Knochel*[a]


Abstract: A new family of ferrocenylphosphane ligands has been prepared. Their
flexible synthesis allows many structural modifications. The asymmetric induction of
these ligands was examined in the hydrogenation of functionalized C�C, C�O, and
C�N bonds. The enantioselectivity of the reaction was strongly dependent on the
substituent R at the position � to the ferrocene moiety. In many cases, both
enantiomeric �-hydroxyesters of the reduction product can be obtained by simply
replacing a dimethylamino group in the ligand with a methyl group.


Keywords: asymmetric catalysis ¥
ferrocene ¥ hydrogenation ¥ iron ¥
metallocenes ¥ ligands


Introduction


Asymmetric catalysis is a powerful tool for producing
enantiomerically enriched compounds. In particular, asym-
metric hydrogenations can be conducted on large scale
without producing intrinsic by-products by using hydrogen
as a cheap reducing agent.[1] Many chiral phosphanes proved
to give excellent activities and enantioselectivities in several
metal-catalyzed hydrogenations.[1, 2] However, since careful
matching of the chiral ligand, the reaction type, the catalyst,
and the substrate is usually necessary, there is still a demand
for easily accessible, air-stable chiral diphosphanes whose
structure allows convenient modification of steric and elec-
tronic properties. Their synthesis must be highly flexible to


allow simple fine-tuning and
rapid optimization of ligand ±
substrate matches. We recently
described a new class of chiral
1,5-diphosphanylferrocene li-
gands of type 1 that have these
characteristics.[3]


Although few examples of efficient chiral 1,5-diphosphanes
are known,[4] we envisioned that the partial rigidity of the
diphosphane backbone of 1 should allow good transfer of
chiral information. Furthermore, the ligand structure should
be easily optimizable by introducing various R groups at the
�-position of the ferrocene unit or by modifying the electronic
properties of the phosphane moieties. Here we report on the
synthesis of phosphanes 1 and their application in enantiose-
lective hydrogenation.


Results and Discussion


Ligand design : The phosphanes 1 are readily prepared in five
steps starting from ferrocene (Scheme 1). Friedel ±Crafts
acylation of ferrocene with 2-bromobenzoyl chloride furnish-
ed the ketone 2 in 80% yield. Corey ±Bakshi ± Shibata (CBS)


Scheme 1. Synthesis of the phosphanes 1. a) CBS catalyst (0.3 equiv),
BH3 ¥Me2S, 0 �C, 2 h; b) Ac2O, pyridine, 12 h; c) HNR1R2, CH3CN or THF,
H2O, 12 h; d) tBuLi (3.5 equiv), �78 �C to room temperature, 1 h; then
ClPR3


2 (2.5 equiv).


reduction of the ketone 2 afforded the corresponding alcohol
3 in 95% yield and 96% ee.[5] The alcohol 3 was obtained in
almost enantiomerically pure form (99.5% ee) after recrys-
tallization from heptane. Acylation of 3 gave quantitatively
the intermediate acetate, which was converted to the corre-
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sponding ferrocenylamine 4 with retention of configuration
by treatment with an amine.[6] Finally, diastereoselective
dilithiation[7] of the amine 4 followed by reaction with a
chlorophosphane gave the corresponding diphosphane 1. This
flexible synthetic pathway allowed us to easily introduce
various substituents R1, R2, and R3. Variations of the
phosphorus and nitrogen substituents of the ligands 1 are
summarized in Table 1.


Variation of the phosphorus sub-
stituents : Different PR3


2 were in-
troduced by dilithiation of the
ferrocenylamine 4a followed by
treatment with ClPPh2 or ClP(3,5-
xylyl)2 to give 1a and 1b in about
80 and 30% yield, respectively, for
two steps. The moderate yield of
1b is probably due to the steric
hindrance of the xylyl substituents
on the phosphorus atoms.


Variation of the nitrogen substitu-
ents : Different substituents R1


and R2 on the nitrogen atom were
introduced by straightforward
substitution of the intermediate
acetate with various amines. Thus,
the diphosphanes 1c ± j bearing
alkyl, cyclic, functionalized, and
chiral amino groups at the posi-
tion � to the ferrocene moiety
were prepared in moderate to good yields depending on the
steric bulk of the amine (see Table 1).


Introduction of hydrogen and alkyl substituents at the
position � to ferrocene : To investigate further the influence
of the stereocenter at the position � to ferrocene on the ligand
properties, the diphosphane 1k bearing no substituent and
1 l,m bearing alkyl substituents were prepared. The amine 4a
was dilithiated in situ with tBuLi and treated with Cl4Br2C2 to
give the dibrominated product 5 as a single diastereomer in
80% yield. Reduction of the benzylic amino group of 5 with
triethylsilane in trifluoroacetic acid gave the deaminated
product 6 in 57% yield and 97% ee. Starting from the amine
5, alkyl substituents were readily introduced at the position �


to ferrocene by substituting the amino group with organozinc
reagents. This substitution is known to proceed with retention
of the configuration.[8] Thus, reaction of the ferrocenylamine 5
with Me2Zn or iPr2Zn in the presence of acetyl chloride as a
promoter led to the products 7a,b in 70 ± 83% yield with high
retention of configuration (d.r.� 94:6). Finally, double bro-
mine ± lithium exchange by reaction of 6, 7a, and 7b with
nBuLi followed by quenching with ClPPh2 afforded the
phosphanes 1k, 1 l, and 1m in 75, 92, and 31% yield,
respectively (Scheme 2). Steric hindrance due to the isopropyl
substituent might explain the low yield of 1m, and mixtures of
monophosphanes were identified as side products.


The highly flexible synthesis of the ferrocenylphosphanes 1
allowed us to rapidly modify the ligand structure. The
influence of substituents on the phosphorus atom and in the
position � to ferrocene on the ligand properties, as well as the
efficiency and selectivity of these ligands were examined in
asymmetric catalysis.


Enantioselective hydrogenation of C�C bonds : Rhodium-
catalyzed asymmetric hydrogenation of �-(acylamino)acrylic


acids and esters to produce the corresponding amino acid
derivatives has been extensively studied[9] and affords a good
starting point for comparing the effectiveness of a new chiral
ligand.[10] Asymmetric hydrogenation of �-acetamidocinnam-
ic acid (8a) and its methyl ester 8b (Scheme 3) was performed


Scheme 3. Rhodium-catalyzed asymmetric hydrogenation of �-acetamido-
cinnamic acid (8a) and its methyl ester 8b with the 1,5-diphosphane ligands
1a ±m. nbd� norbornadiene.


Table 1. Variations of the phosphorus and the nitrogen substituents of the
ligands of type 1.


R1R2N- R3
2P- Product 4 [%] Product 1 Yield [%]


Me2N- Ph2P- 4a 90 1a 88
Me2N- (3,5-xylyl)2P- 4a 90 1b 33
(CH2CH2)2N- Ph2P- 4b 94 1c 64
(R)-PhCH(Me)MeN- Ph2P- 4c 99 1d 41
(S)-PhCH(Me)MeN- Ph2P- 4d 77 1e 58
Me2NCH2CH2MeN- Ph2P- 4e 98 1 f 41
Et2N- Ph2P- 4 f 93 1g 62
nPr2N- Ph2P- 4g 90 1 h 53
nBu2N- Ph2P- 4 h 90 1 i 46
iBu2N- Ph2P- 4 i 88 1 j 36


Scheme 2. Synthesis of the diphosphanes 1k ±m. a) tBuLi (3.5 equiv), �78 �C to room temperature, 1 h; then
Cl4Br2C2 (2.2 equiv), 1 h; b) Et3SiH (10 equiv), TFA, room temperature, 72 h; c) CH3COCl (2 equiv), R2Zn
(4 equiv), THF, �78 �C to room temperature, 12 h; d) nBuLi 2.2 equiv), �78 �C, 15 min; then ClPPh2


(2.3 equiv), �78 �C to room temperature, 1 H. TFA� trifluoroacetic acid.
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in MeOH or MeOH/toluene (1/1) with 1 mol% of the catalyst
prepared in situ from [Rh(nbd)2]BF4 (1 mol%) and the ligand
(1 mol%). The results are summarized in Table 2.


Although poor activities and moderate enantioselectivities
were observed for the hydrogenation of the free acid 8a
(Table 2, entries 1 ± 3), hydrogenation of (Z)-methyl �-
acetamidocinnamate (8b) proceeded smoothly to give reduc-
tion product 9b with enantioselectivities of up to 96.6% with
the isopropyl-substituted ligand 1m (Table 2, entry 11). The
substituent in the position � to the ferrocene moiety appeared
to play an essential role in the efficiency of the ligand and the
enantioselectivity of the reaction. Using the phosphane 1k
without a substituent in the � position gave 9b with only
77% ee, and a hydrogen pressure of 5 bar was necessary
(Table 2, entry 9), whereas 9b was obtained in 95% ee with
the dimethylamino-substituted ligand 1a (Table 2, entry 4).
Surprisingly, 9b with the opposite configuration was obtained
with the methyl-substituted ligand 1 l (Table 2, entry 10).
Replacing the dimethylamino group (1a) by a pyrrolidyl
substituent (1c) led to a slight decrease in the activity and
enantioselectivity of the reaction (Table 2, entry 5). Of special
interest is the marked difference in the enantioselectivity and
reactivity for 1d and 1e (Table 2, entries 6 and 7), which bear
chiral amino substituents with opposite configurations. An
internal cooperativity exists between the stereocenter at the
position � to the ferrocene moiety and that of the N-methyl-
N-phenylethyl substituent, analogous to the principle of
matched and mismatched (external cooperativity) introduced
by Masamune et al.[11] No hydrogenation occurred with the
ligand 1 f bearing a second coordination site (Table 2,
entry 8). The enantioselectivities obtained for the hydro-
genation of 8b are quite encouraging since they are com-
parable with those described in the literature with known
ligands.[12]


Ligands 1 proved to be also very efficient for the rhodium-
catalyzed hydrogenation of dimethyl itaconate (10). Hydro-
genation of 10 was performed in MeOH or MeOH/toluene (1/
1) under 1 bar of hydrogen pressure with 1 mol% of the
catalyst prepared in situ from [Rh(nbd)2]BF4 (1 mol%) and
the ligand (1 mol%). The results are summarized in Table 3.


Enantioselectivities of up to 98.2% (Table 3, entry 5) were
obtained with 1e. The same trend as described above was
observed for the influence of the ligand structure on the
enantioselectivity of the reaction.


Enol esters and enamides are interesting substrates for
asymmetric hydrogenation since the reduction products can
be easily converted to optically active alcohols or amines.
Hydrogenation of the enol ester 12 with ligand 1a afforded
the acetate 13 with 72% ee (Scheme 4). Hydrogenation of the
enamide 14 afforded the amide 15 in 68% ee with ligand 1a
and 76% ee with ligand 1c (Scheme 5). Unlike the preceeding
examples, use of the pyrrolidyl-substituted ligand 1c led to
better enantioselectivities than with 1a, and this confirms the
importance of ligand ± substrate matching.


Scheme 4. Hydrogenation of the enol ester 12 with the ligand 1a.


Scheme 5. Hydrogenation of the enamide 14 with ligands 1a and 1c.


Enantioselective hydrogenation of C�O bonds : The ferroce-
nylphosphanes of type 1 are also highly efficient for the
ruthenium-catalyzed asymmetric hydrogenation of various
1,3-ketoesters (Scheme 6).[1, 10] All the ruthenium-catalyzed
hydrogenation reactions were performed with 0.5 mol% of
the catalyst formed in situ from [Ru(cod)(C4H7)2]/HBr (™Ru∫,
cod� 1,5-cyclooctadiene; 0.5 mol%) and the ligand
(0.5 mol%).[13] The results obtained for the hydrogenation
of various 1,3-ketoesters 16 are summarized in Table 4.
Whereas the reduction product 17a was obtained with the
same configuration with 1a, 1k, or 1m, the �-hydroxyester
17a with the opposite configuration was obtained with 1 l


Table 2. Hydrogenation of �-acetamidocinnamic acid derivatives 8a,b.


Entry Ligand Substrate Solvent Pressure Reaction Conversion ee
[bar] time [h] [%][a] [%][a]


1 1a 8a[b] MeOH 1 14 17 83 (R)
2 1c 8a[b] MeOH 1 21 traces rac.
3 1k 8a[b] MeOH 5 1 quant. 76 (R)
4 1a 8b MeOH/Tol. 1 0.5 quant. 95 (R)
5 1c 8b MeOH/Tol. 5 3 quant. 92 (R)
6 1d 8b MeOH/Tol. 1 16 90 70 (R)
7 1e 8b MeOH/Tol. 1 1.5 quant. 95 (R)
8 1 f 8b MeOH/Tol. 1 20 traces ±
9 1k 8b MeOH 5 2.5 90 77 (R)


10 1 l 8b MeOH 1 0.6 quant. 52 (S)
11 1m 8b MeOH/Tol. 1 4 quant. 96.6 (R)


[a] Determined by GC analysis (Chirasil �-Val). [b] The hydrogenation
product 9a was esterified with trimethylsilyldiazomethane before the GC
measurements.


Table 3. Hydrogenation of dimethyl itaconate 10.


Entry Ligand Solvent Pressure Reaction Conversion ee
[bar] time [h] [%][a] [%][a]


1 1a MeOH 1 14 quant. 91 (S)
2 1b EtOH 1 17 0 ±
3 1c MeOH/Tol 1 14 quant. 81 (S)
4 1d MeOH 1 16 91 74 (S)
5 1e MeOH 1 1.5 quant. 98.2 (S)
6 1 f MeOH 1 20 0 ±
7 1k MeOH 10[c] 3 quant. 75 (S)
8 1 l MeOH/Tol 1 1 quant. 19 (R)
9 1m MeOH 1 4 quant. 97.9 (S)


[a] Determined by 1H NMR spectroscopy. [b] Determined by HPLC
analysis (Daicel Chiracel OD). [c] No conversion was observed using
1 bar of hydrogen pressure.
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Scheme 6. Ruthenium-catalyzed asymmetric hydrogenation of the 1,3-
ketoesters 16a ± f.


(Table 4, entry 3). Similarly, both enantiomers of 17b ± f could
be obtained by using either 1a or 1 l. These results are
consistent with those obtained previously for the hydro-
genation of C�C bonds. Remarkably, whereas changing the
substituents on the nitrogen atom from methyl to propyl led to
a decrease in enantioselectivity for the reduction of 16b
(Table 4, entries 5, 9 ± 11), ligand 1 j bearing a diisobutylamino
group in the position � to ferrocene gave the reduction
product 17b with the opposite configuration and 98.6% ee
(Table 4, entry 12). Reduction of the chloromethyl-substitut-
ed �-ketoester 16 f led to the corresponding �-hydroxyester
17 f with moderate enantioselectivities (Table 4, entries 23 ±
26). Lower enantioselectivities for the reduction of 16 f were
also observed by Burk et al. (76% ee) with the DuPHOS
ligand.[14] Higher reaction rates and better enantioselectivities
for the hydrogenation of 16a with ligand 1a were obtained by
increasing the hydrogen pressure from 10 to 100 bar (10 bar:
16 h, 95.6% ee ; 100 bar: 1 h, 96.9% ee). It is noteworthy that
the reduction of 16b could be
performed with a substrate/cat-
alyst ratio of 5000 to give
the �-hydroxyester 17b with
93.2% ee in 62 h.


Hydrogenation was also suc-
cessful for cyclic ketoesters
such as ethyl 2-oxocyclopenta-
necarboxylate (18 ; Scheme 7
and Table 5) and ethyl 2-oxo-
cyclohexanecarboxylate (20 ;
Scheme 8 and Table 6). De-
pending on the ligand 1
and the reaction conditions,
high diastereoselectivities and
enantioselectivities were ob-
served for the hydrogenation
of 18 (Table 5, entries 1 and 4).
Although poor diastereoselec-
tivities were observed for the


Table 4. Hydrogenation of various 1,3-ketoesters.


Entry Substrate[a] Ligand Temp Time Conversion ee
[�C] [h] [%][b] [%][c]


1 16a 1a 50 14 quant. 96.3 (R)
2 16a 1k room temperature 10 quant. 78 (R)
3 16a 1 l 50 8 quant. 86 (S)
4 16a 1m 50 9 quant. 93.3 (R)
5 16b 1a 50 8 quant. 95.5 (R)
6 16b 1b[d] 50 17 quant. 93.4 (R)
7 16b 1d 50 9 90 84 (R)
8 16b 1e[d] 50 16 quant. 59 (R)
9 16b 1g[d] 50 15 quant. 84.6 (R)
10 16b 1 h[d] 50 19 quant. 76.9 (R)
11 16b 1 i[d] 50 16 quant. 70.4 (R)
12 16b 1 j[d] 50 19 quant. 98.6 (S)
13 16b 1 l 50 6 75 69 (S)
14 16b 1m 50 9 quant. 95.9 (R)
15 16c 1a 50 12 quant. 95.0 (S)
16 16c 1d 50 9 quant. 86.0 (S)
17 16c 1 l 50 8 quant. 93.7 (R)
18 16c 1m 50 8 quant. 96.0 (S)
19 16d 1a 50 9 quant. 96.5 (R)
20 16d 1 l 50 10 quant. 92.7 (S)
21 16e 1a 50 12 quant. 95.9 (R)
22 16e 1 l 50 10 quant. 96.5 (S)
23 16 f 1a 50 23[e] 82 75 (S)
24 16 f 1d 50 22 quant. 74 (S)[d]


25 16 f 1e 50 17 quant. 79 (S)[d]


26 16 f 1 l 50 8 quant. 46 (R)


[a] MeOH was used as a solvent for methylesters and EtOH for ethylester.
[b] Determined by 1H NMR spectroscopy. [c] Determined by HPLC
analysis (Daicel Chiracel OD). [d] ™Ru™: 0.8 mol%, ligand 0.9 mol%.
[e] Reaction performed at 90 �C in CH2Cl2.


Scheme 7. Ruthenium-catalyzed hydrogenation of ethyl 2-oxocyclopentanecarboxylate (18) with the 1,5-
diphosphane ligands 1a, 1b, and 1 l.


Table 5. Hydrogenation of ethyl 2-oxocyclopentanecarboxylate 18.


Entry[a] Ligand Solvent Temp. Time de ee
[�C] [h] [%][b,c] [%][d]


1 1a EtOH/CH2Cl2 (1/10) 50 63 98.2 90.9 (1R,2R)
2 1a EtOH 50 22 67 81 (1R,2R)[c]


3 1b EtOH 50 16 38.3 51.7 (1R,2R)[c]


4 1 l EtOH room temperature 21 90.5 91.6 (1S,2S)


[a] Results determined after complete conversion. [b] The major diastereomer is the anti product. [c] Determined by HPLC analysis (Daicel Chiracel OD).
[d] 0.8 mol% ™Ru∫, 0.9 mol% ligand.


Scheme 8. Ruthenium-catalyzed hydrogenation of ethyl 2-oxocyclohexanecarboxylate (20).
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reduction of 20 with 1a and 1 l, the anti product 21 was
obtained with up to 84.6% de and greater than 99% ee with
the bulkier ligands 1b and 1d (Table 6, entries 2 and 3).


Hydrogenation of the �-ketoester 22 with ligand 1a (in
CH2Cl2 for 65 h) or with ligand 1 l (in EtOH/CH2Cl2 10/1 for
31 h) led after complete conversion to the �-hydroxyester 23
not only with the opposite topicity but also with the opposite
diastereoselectivity (Scheme 9).


Hydrogenation of symmetrical 1,3-diketones
RC�OCH2C�OR 24 (a : R�Me; b : R� Ph) under the same
reaction conditions led to the corresponding diols
RC(OH)CH2C(OH)R 25 (a : R�Me; b : R� Ph) with high
diastereoselectivities in favor of the anti products and with
high enantioselectivities (up to 98.9% de and 98.8% ee ;
Table 7, entry 5).


High diastereoselectivities and enantioselectivities were
also obtained in the hydrogenation of the unsymmetrical 1,3-


diketone 26 (Scheme 10). Once again, both enantiomers of
the anti-diol 27 could be obtained by using ligands 1a or 1 l.


Enantioselective hydrogenation of C�N bonds : Preparation
of optically pure amines by catalytic asymmetric hydrogena-
tion of imines is still a challenging task, although promising
methodologies have been developed.[15] The efficiency of the
ligands 1 was first examined for the hydrogenation of


Scheme 10. Hydrogenation of unsymmetrical 1,3-diketone 26.


hydrazones.[16] These substrates have the advantage of pos-
sessing a second coordination site. Hydrogenation of various
N-benzoylhydrazones 28a ± c (Scheme 11) was performed in


Scheme 11. Hydrogenation of the N-benzoylhydrazones 30a ± c.


MeOH in the presence of 1 mol% of the catalyst prepared in
situ from [Rh(nbd)2]BF4 (1 mol%) and 1 (1 mol%). The
results are summarized in Table 8.


Moderate enantioselectivities
were generally observed with all
ligands 1. Surprisingly, the best
enantioselectivity was obtained with
the unsubstituted ligand 1k (Table 8,
entry 9). Furthermore, the methyl-
substituted ligand 1 l gave 29a,b with
the same configuration that was
obtained with the other ligands,
and 29c with the opposite configu-


Table 6. Hydrogenation of ethyl 2-oxocyclohexanecarboxylate 20.


Entry[a] Ligand Time de ee [%][c] ee [%][c]


[h] [%][b,c] of syn-21 of anti-21


1 1a 63 11 96.5 (1S,2R) 89.6 (1R,2R)
2 1b 19 84.6 � 99 (1S,2R) � 99 (1R,2R)[c]


3 1d 24 79.7 � 99 (1S,2R) � 99 (1R,2R)[c]


4 1e 24 41.1 99.5 (1S,2R) � 99 (1R,2R)[c]


5 1 l 31 6 82.7 (1R,2S) 50.8 (1R,2R)


[a] Results determined after complete conversion. [b] In both cases the anti
diastereomer was the major product. [c] Determined by HPLC analysis
(Daicel Chiracel OD). [d] 0.8 mol% ™Ru∫, 0.9 mol% ligand.


Scheme 9. Hydrogenation of ethyl 2-methyl-3-oxobutyrate (22).


Table 7. Hydrogenation of symmetrical 1,3-diketones of type 24.


Entry Substrate Ligand Time de ee
[h] [%][a,b] [%][b]


1 24a: R�Me 1a 8 95.9 96.7 (R,R)
2 24a 1 l 8 84.0 78.0 (S,S)
3 24a 1m 9 94.4 98.6 (R,R)
4 24b: R�Ph 1a 8 98.0 98.2 (S,S)
5 24b 1 l 12 98.9 98.8 (R,R)


[a] The major diastereomer is the anti product. [b] Determined by GC
(Chirasil-DexCB) or HPLC analysis (Daicel Chiracel OD).


Table 8. Hydrogenation of the N-benzoylhydrazones 28a ± c.


Entry Substrate Ligand Pressure Conversion ee
[bar] [%] [%][a]


1 28a 1a 30 71 41 (S)
2 28a 1bb 30 quant. 21.7 (S)
3 28a 1c 10 53 36 (S)
4 28a 1k 30 quant. 53 (S)
5 28a 1 l 30 quant. 43 (S)
6 28b 1a 30 90 57 (S)
7 28b 1b [b,c] 50 quant. 28.7 (S)
8 28b 1c 10 32 56 (S)
9 28b 1k[d] 30 � 95 65 (S)


10 28b 1 l 30 quant. 45 (S)
11 28c 1a 50 53 65 (�)[e]


12 28c 1b[b] 50 quant. 15,2 (�)[e]


13 28c 1c 50 59 67 (�)[e]


14 28c 1k 30 86 8 (�)[e]


15 28c 1 l 30 � 95 17 (�)[e]


[a] Determined by HPLC analysis (Daicel Chiracel OJ). [b] [Rh(cod)2]BF4


0.8 mol%, ligand 0.8 mol%. [c] 40 �C, 14 h. [d] EtOH was used as solvent.
[e] The absolute configuration of 29c has not been determined yet.
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ration. The results obtained for the hydrogenation of 28c are
somewhat different. Ligand 1c led to the hydrazine 29c with
the best enantioselectivity (Table 8, entry 13), and 1 l gave
hydrazine 29c with the opposite configuration (Table 8,
entry 15). Ligand ± substrate matching appears to be even
more important for the hydrogenation of C�N bonds than for
C�O or C�C bonds.


Conclusion


In summary, we have developed a new family of ferrocenyl
phosphanes 1 whose synthesis is highly flexible and offers
many possibilities for variation. This allowed us to rapidly
modify the structure of phosphanes 1 to optimize ligand ±
substrate matching. Ligands 1 proved to be very efficient
ligands and led to excellent enantioselectivities in the hydro-
genation of various functionalized double bonds and 1,3-
dicarbonyl compounds. Furthermore, the two opposite con-
figurations of the reduced products could be obtained by
merely modifying the substituent in the position � to the
ferrocene moiety.


Experimental Section


General : Melting points are uncorrected. NMR spectra were recorded at
room temperature in CDCl3 on Bruker ARX 200, AC 300, AM 400 or
AMX 500 instruments. Chemical shifts are given relative to the residual
solvent peak. Signals of the minor diastereomer that differ from those of
the major isomer are given for sake of comparison. Optical rotations were
measured on a Perkin Elmer 241 polarimeter. IR spectra were recorded on
a Nicolet 510 FT-IR spectrometer. Electron impact (EI) mass spectra were
recorded on a Varian CH 7A. Enantiomeric excesses were determined by
HPLC analysis (Chiralcel OD and OJ columns, Daicel Chemical Industries
with n-heptane/2-propanol as mobile phase and detection by a diode array
UV/Vis detector) or by GC analysis (Chirasil-DEX CB or Chiralsil-�-Val
columns, Chrompak, with hydrogen as carrier gas). Racemic compounds
were used to choose the operating conditions for the resolution of the
enantiomer and diastereomer peaks. Organic layers were dried over
anhydrous MgSO4. Column chromatography was carried out on silica gel
60 (70 ± 230 mesh, ASTM). Hydrogenations were performed in 100 or
200 mL stainless steel autoclaves or in a Schlenk tube with a hydrogen-
filled balloon for the reactions under 1 bar pressure.


Materials : Tetrahydrofuran (THF), diethyl ether, methyl tert-butyl ether
(MTBE), and toluene were distilled from sodium/benzophenone; CH2Cl2
was distilled from CaH2; acetone from CaCl2; and MeOH and iPrOH were
distilled from Mg turnings. Pyridine was dried over KOH. Commercial
reagents were used without further purification. The following starting
materials were prepared according to literature procedures:
[{Rh(nbd)Cl}2],[17] [Rh(nbd)2]BF4,[2a] (S,S)-diphenylprolinolmethyloxaza-
borolidine (CBS catalyst).[18]


Synthesis of o-bromobenzoylferrocene (2): A solution of aluminum(���)
chloride (7.88 g, 59.10 mmol) and o-bromobenzoyl chloride (12.40 g,
7.40 mL, 56.51 mmol) in CH2Cl2 (50 mL) was added dropwise to a solution
of ferrocene (10.00 g, 53.75 mmol) in CH2Cl2 (50 mL) at 0 �C. The mixture
was warmed to room temperature and stirred for 2 h. Hydrolysis was then
performed at 0 �C by addition of ice-cold water. The reaction mixture was
diluted with CH2Cl2 and washed twice with saturated aqueous K2CO3.
After conventional workup, the crude product was purified by chromatog-
raphy (pentane/MTBE 4/1) to give the ketone 2 (16.09 g, 43.60 mmol, 81%
yield) as a dark red solid. M.p. 102 �C; 1H NMR (300 MHz, CDCl3, 25 �C,
TMS): �� 7.64 ± 7.61 (m, 1H), 7.52 ± 7.45 (m, 1H), 7.42 ± 7.26 (m, 2H), 4.73 ±
4.71 (m, 2H), 4.59 ± 4.58 (m, 2H), 4.29 (s, 5H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 199.4, 141.3, 133.4, 130.8, 128.7, 126.7, 119.5, 78.2, 72.9, 71.1, 70.1;
MS: m/z (%): 370 (100) [M�1]� , 369 (56) [M]� , 368 (98) [M� 1]� ;


elemental analysis (%) calcd for C17H13BrFeO (369.0): C 55.33, H 3.55;
found: C 55.12, H 3.77.


Synthesis of (R)-(�-hydroxy-o-bromophenylmethyl)ferrocene (3): Ketone
2 (4.00 g, 10.80 mmol) was dissolved in THF (20 mL) and treated with
BH3 ¥ SMe2 (1� in THF, 11 mL, 11 mmol) and CBS catalyst (0.90 g,
3.25 mmol, 0.3 equiv) in THF (10 mL) according to the procedure
described in the literature (addition time: 2 h, reaction time: 30 min).[5a]


Chromatography (pentane/MTBE 4/1) of the crude product afforded the
alcohol 2 (3.80 g, 10.26 mmol, 95% yield, 96 ± 97% ee) as an orange solid:
m.p. 71 �C. Recrystallization from heptane gave the alcohol in enantiomeri-
cally pure form. [�]20�kap�d��kap� ��159.7 (c� 0.41 in CHCl3); HPLC (OD,
heptane/iPrOH 92/8, 0.6 mL/min): tr/min� 15.9 (R), 18.4 (S); 1H NMR
(200 MHz, CDCl3, 25 �C, TMS): �� 7.65 ± 7.07 (m, 4H), 5.81 (s, 1H), 4.41
(m, 1H), 4.26 (s, 5H), 4.20 (m, 1H), 4.16 (m, 2H), 2.74 (s, 1H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 142.4, 132.5, 128.8, 127.8, 127.4, 122.3, 93.6,
70.2, 68.4, 68.1, 67.7, 67.5, 66.2; MS: m/z (%): 372 (21) [M�1]� , 371 (4) [M]� ,
370 (22) [M� 1]� ; elemental analysis (%) calcd for C17H15BrFeO (371.1): C
55.03, H 4.07; found: C 54.86, H 3.95.


Synthesis of (R)-[�-(N�N-dimethylamino)-o-bromophenylmethyl]ferro-
cene (4a): Alcohol 3 (3.50 g, 9.43 mmol) was treated with acetic anhydride
(2 mL) and pyridine (5 mL), and the solution was stirred for 12 h at room
temperature. Volatile matter was removed in vacuo. The crude acetate was
dissolved in acetonitrile (50 mL) and treated with dimethylamine (40% in
H2O, 16 mL) at room temperature overnight. The reaction mixture was
then concentrated and poured into saturated aqueous NH4Cl and extracted
with diethyl ether. After conventional workup, the crude product was
purified by chromatography (pentane/Et2O 4/1 to pure Et2O) to give the
amine 4a (3.56 g, 8.96 mmol, 95% yield) as an orange solid. M.p. 73 �C;
[�]20�kap�d��kap� ��72.8 (c� 1.02 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.73 ± 7.70 (m, 1H), 7.64 ± 7.61 (m, 1H), 7.39 ± 7.31 (m, 1H),
7.16 ± 7.06 (m, 1H), 4.47 (s, 1H), 4.25 ± 4.24 (m, 1H), 4.20 ± 4.19 (m, 1H),
4.16 ± 4.14 (m, 1H), 4.11 ± 4.09 (m, 1H), 3.76 (s, 5H), 2.07 (s, 6H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 142.9, 132.3, 129.5, 128.1, 127.1, 124.8, 89.7,
70.6, 68.5, 68.3, 66.1, 44.0; MS: m/z (%): 399 (62) [M�1]� , 398 (15) [M]� ,
397 (64) [M� 1]� ; elemental analysis (%) calcd for C19H20BrFeN (398.1): C
57.32, H 5.06, N 3.52; found: C 57.03, H 5.37, N 3.43.


Synthesis of (R)-[�-(1-pyrrolidyl)-o-bromophenylmethyl]ferrocene (4b):
After acetylation of the alcohol 3 (1.20 mmol), the resulting acetate was
treated with pyrrolidine (0.5 mL, 6.0 mmol, 5 equiv) in acetonitrile (15 mL)
and H2O (2.5 mL) as described above. After chromatography (pentane/
Et2O 3/1 to pure Et2O) of the crude product, the amine 4b (0.48 g,
1.13 mmol, 94% yield) was obtained as an orange solid. M.p. 83 �C;
[�]20�kap�d��kap� ��59.7 (c� 1.03 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.81 ± 7.78 (m, 1H), 7.64 ± 7.61 (m, 1H), 7.38 ± 7.31 (m, 1H),
7.15 ± 7.12 (m, 1H), 4.49 (s, 1H), 4.25 ± 4.23 (m, 2H), 4.16 ± 4.13 (m, 1H),
4.10 ± 4.08 (m,1H), 3.84 (s, 5H), 2.37 ± 2.27 (m, 4H), 1.69 ± 1.65 (m, 4H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 143.8, 132.4, 130.0, 128.1, 127.3,
124.1, 90.8, 70.2, 68.6, 68.3, 67.3, 66.08, 66.1, 53.3, 23.2; MS: m/z (%): 425
(42) [M�1]� , 424 (13) [M]� , 423 (45) [M� 1]� ; elemental analysis (%)
calcd for C21H22BrFeN (424.2): C 59.47, H 5.23, N 3.30; found: C 59.22, H
5.21, N 3.58.


Synthesis of (R)-[�-{(R)-N-methyl-1-phenylethylamino}-o-bromophenyl-
methyl]ferrocene (4c): After acetylation of the alcohol 3 (1.35 mmol), the
resulting acetate was treated with (R)-N-methyl-1-phenylethylamine
(0.6 mL, 4.1 mmol, 3.0 equiv) in acetonitrile (18 mL) and H2O (2.5 mL)
as described above. After conventional workup and removal of the solvent
and the excess reagents in vacuo, the pure amine 4c (657 mg, 1.35 mmol,
99.8% yield) was obtained as an orange oil. Purification of the crude
product by column chromatography on silica gel led to decomposition.
[�]20�kap�d��kap� ��227 (c� 0.48 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C,
TMS): �� 8.21 ± 8.13 (m, 1H), 7.82 ± 7.79 (m, 1H), 7.66 ± 7.26 (m, 7H), 5.13
(s, 1H), 4.45 ± 4.43 (m, 2H), 4.35 ± 4.33 (m, 1H), 4.29 ± 4.28 (m, 1H), 4.02 ±
3.94 (m, 6H), 1.94 (s, 3H), 1.51 (d, J� 6.8 Hz, 3H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 144.2, 143.9, 132.5, 129.9, 128.3, 127.7, 127.5, 126.2, 124.9,
90.5, 71.1, 68.7, 68.7, 68.5, 66.4, 66.1, 64.1, 56.4, 32.8, 10.2; MS: m/z (%): 489
(29) [M�1]� , 488 (10) [M]� , 487 (30) [M� 1]� .


Synthesis of (R)-[�-{(S)-N-methyl-1-phenylethylamino}-o-bromophenyl-
methyl]ferrocene (4d): After acetylation of the alcohol 3 (1.48 mmol), the
resulting acetate was treated with (S)-N-methyl-1-phenylethylamine
(0.65 mL, 4.50 mmol, 3 equiv) in acetonitrile (20 mL) and H2O (2.7 mL)
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as described above. Filtration of the reaction mixture and drying of the
precipitate afforded the amine 4d (558 mg, 1.43 mmol, 77% yield) as an
orange solid. Purification of the crude product by column chromatography
on silica gel led to decomposition. M.p. 135 �C; [�]20�kap�d��kap� ��39.8 (c�
0.47 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.78 (dd, J�
7.8, 1.7 Hz, 1H), 7.56 (dd, J� 8.0, 1.0 Hz, 1H), 7.37 ± 7.03 (m, 7H), 4.84 (s,
1H), 4.19 ± 4.17 (m, 2H), 4.07 ± 4.06 (m, 1H), 4.02 ± 4.01 (m, 1H), 3.80 (q,
J� 6.8 Hz, 1H), 3.68 (s, 5H), 1.70 (s, 3H), 1.12 (d, J� 6.8 Hz, 3H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 144.0, 143.9, 132.6, 130.0, 128.2, 127.9, 127.7,
127.4, 126.2, 125.1, 90.5, 70.6, 68.7, 68.5, 66.5, 66.2, 64.4, 55.7, 33.2, 11.8; MS:
m/z (%): 489 (43) [M�1]� , 488 (30) [M]� , 487 (45) [M� 1]� ; elemental
analysis (%) calcd for C26H26BrFeN (488.2): C 64.06, H 5.38, N 2.88; found:
C 63.90, H 5.46, N 2.83.


Synthesis of (R)-[�-{N-methyl(2-N��N�-dimethylamino)ethylamino}-o-bro-
mophenylmethyl]ferrocene (4e): After acetylation of the alcohol 3
(1.35 mmol), the resulting acetate was treated with N�N�N�-trimethylethy-
lenediamine (0.77 mL, 6.73 mmol, 5 equiv) in acetonitrile (18 mL) and
H2O (2.5 mL) as described above. After chromatography (pentane/Et2O 3/
1 to Et2O with 2% NEt3) of the crude product, the amine 4e (601 mg,
1.32 mmol, 98% yield) was obtained as an orange oil. [�]20�kap�d��kap� ��33.4
(c� 1.07 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.62 ±
7.53 (m, 2H), 7.32 ± 7.23 (m, 1H), 7.10 ± 7.00 (m, 1H), 4.70 (s, 1H), 4.21 ± 4.20
(m, 1H), 4.07 ± 4.02 (m, 3H), 3.74 (s, 5H), 2.37 ± 2.16 (m, 4H), 2.02 (s, 6H),
1.98 (s, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 142.6, 132.5, 129.9,
128.2, 127.1, 125.2, 89.6, 70.7, 68.6, 68.2, 67.3, 66.8, 66.5, 57.3, 52.5, 45.7, 40.1;
MS: m/z (%): 456 (10) [M�1]� , 455 (10) [M]� , 454 (9) [M� 1]� ; elemental
analysis (%) calcd for C22H27BrFeN2 (455.2): C 58.05, H 5.98, N 6.15; found:
C 57.81, H 5.88, N 6.27.


Synthesis of (R)-[�-(N�N-diethylamino)-o-bromophenylmethyl]ferrocene
(4 f): After acetylation of the alcohol 3 (2.60 mmol), the resulting acetate
was dissolved in THF (10 mL) and H2O (8 mL) and treated with N�N-
diethylamine (1.4 mL, 13.2 mmol, 5 equiv) as described above. After
chromatography (pentane/Et2O 4/1) of the crude product, the amine 4 f
(1.00 g, 2.50 mmol, 93% yield) was obtained as an orange oil.
[�]20�kap�d��kap� ��24.9 (c� 1.51 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.63 (d, J� 7.5 Hz, 1H), 7.54 (dd, J� 8.0, 1.2 Hz, 1H), 7.28
(t, J� 7.3 Hz, 1H), 7.05 (td, J� 7.6, 1.5 Hz, 1H), 4.92 (s, 1H), 4.21 ± 4.20 (m,
1H), 4.07 ± 4.02 (m, 3H), 3.71 (s, 5H), 2.35 (q, J� 7.0 Hz, 4H), 0.80 (t, J�
7.1 Hz, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 144.2, 132.9, 130.6,
128.5, 127.6, 125.6, 91.0, 71.0, 69.1, 68.5, 67.3, 66.6, 63.7, 43.2, 11.7; MS: m/z
(%): 427 (31) [M�1]� , 425 (34) [M� 1]� ; elemental analysis (%) calcd for
C21H24BrFeN (426.2): C 59.18, H 5.68, N 3.29; found: C 59.00, H 5.69, N
3.13.


Synthesis of (R)-[�-(N�N-di-n-propylamino)-o-bromophenylmethyl]ferro-
cene (4g): After acetylation of the alcohol 3 (3.20 mmol), the resulting
acetate was dissolved in THF (11 mL) and H2O (9 mL) and treated with di-
n-propylamine (2.2 mL, 16.04 mmol, 5 equiv) as described above. After
chromatography (pentane/Et2O 4/1) of the crude product, the amine 4g
(1.29 g, 2.84 mmol, 90% yield) was obtained as an orange oil.
[�]20�kap�d��kap� ��6.9 (c� 1.54 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.55 ± 7.51 (m, 2H), 7.25 (t, J� 7.4 Hz, 1H), 7.08 ± 7.02
(m, 1H), 5.11 (s, 1H), 4.27 (s, 1H), 4.03 (s, 2H), 3.97 (s, 1H), 3.80 (s, 5H),
2.36 ± 2.19 (m, 4H), 0.66 (t, J� 7.4 Hz, 6H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 143.2, 132.9, 131.0, 128.5, 127.2, 125.9, 90.7, 70.9, 69.1, 68.2, 67.9,
66.9, 64.1, 52.1, 20.6, 12.2; MS: m/z (%): 455 (71) [M�1]� , 453 (78) [M�
1]� ; elemental analysis (%) calcd for C23H28BrFeN (454.2): C 60.82, H 6.21,
N 3.08, Br 17.59; found: C 60.91, H 6.25, N 3.02, Br 17.28.


Synthesis of (R)-[�-(N�N-di-n-butylamino)-o-bromophenylmethyl]ferro-
cene (4h): After acetylation of the alcohol 3 (4.06 mmol), the resulting
acetate was dissolved in THF (14 mL) and H2O (11 mL) and treated with
di-n-butylamine (3.4 mL, 20.3 mmol, 5 equiv) as described above. After
chromatography (pentane/Et2O 4/1) of the crude product, the amine 4h
(1.76 g, 3.65 mmol, 90% yield) was obtained as an orange oil.
[�]20�kap�d��kap� ��14.2 (c� 1.47 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.53 (d, J� 8.0 Hz, 2H), 7.25 (t, J� 7.6 Hz, 1H), 7.07 ± 7.01
(m, 1H), 5.06 (s, 1H), 4.25 ± 4.24 (m, 1H), 4.03 ± 4.02 (m, 2H), 3.99 (s, 1H),
3.78 (s, 5H), 2.28 ± 2.21 (m, 4H), 1.27 ± 1.20 (m, 4H), 1.14 ± 1.03 (m, 4H),
0.73 (t, J� 7.2 Hz, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 143.4, 132.9,
130.9, 128.5, 127.3, 125.8, 111.2, 90.8, 71.0, 69.1, 68.3, 67.8, 66.8, 64.1, 50.1,
29.4, 20.9, 17.9, 14.5; MS: m/z (%): 483 (52) [M�1]� , 481 (56) [M� 1]� ;


elemental analysis (%) calcd for C25H32BrFeN (482.3): C 62.26, H 6.69, N
2.90, Br 16.57; found: C 62.34, H 6.69, N 2.87, Br 16.46.


Synthesis of (R)-[�-(N�N-diisobutylamino)-o-bromophenylmethyl]ferro-
cene (4 i): After acetylation of the alcohol 3 (2.70 mmol), the resulting
acetate was dissolved in THF (10 mL) and H2O (10 mL) and treated with
diisobutylamine (2.36 mL, 13.52 mmol, 5 equiv) as described above. After
chromatography (pentane/Et2O 4/1) of the crude product, the amine 4 i
(1.15 g, 2.38 mmol, 88% yield) was obtained as an orange solid. M.p. 77 ±
78 �C; [�]20�kap�d��kap� ��10.1 (c� 1.11 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 7.56 (dd, J� 8.0, 1.2 Hz, 1H), 7.38 (dd, J� 7.7,
1.7 Hz, 1H), 7.22 (td, J� 7.5, 1.0 Hz, 1H), 7.04 (td, J� 7.6, 1.5 Hz, 1H), 5.41
(s, 1H), 4.45 ± 4.44 (m, 1H), 4.06 ± 4.05 (m, 1H), 3.98 ± 3.97 (m, 1H), 3.94 (s,
5H), 3.84 ± 3.83 (m, 1H), 2.01 ± 1.98 (m, 4H), 1.65 (sept, J� 6.7 Hz, 2H),
0.79 (d, J� 6.5 Hz, 6H), 0.69 (d, J� 6.6 Hz, 6H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 140.5, 133.1, 131.7, 128.7, 126.7, 89.8, 71.1, 69.1, 69.0, 67.6,
64.2, 60.2, 27.5, 21.4, 21.1; MS: m/z (%): 483 (14) [M�1]� , 481 (16) [M� 1]� ;
elemental analysis (%) calcd for C25H32BrFeN (482.3): C 62.26, H 6.69, N
2.90, Br 16.57; found: C 62.26, H 6.65, N 2.84, Br 16.18.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(N�N-dimethylamino)-o-
diphenylphosphanylphenylmethyl]ferrocene (1a): The amine 4a (502 mg,
1.26 mmol) was dissolved in Et2O (5 mL) under argon and cooled to
�78 �C. Then tBuLi (1.45� in pentane, 3.05 mL, 4.41 mmol, 3.5 equiv) was
added dropwise. The mixture was warmed to room temperature and stirred
for 1 h at room temperature. ClPPh2 (0.58 mL, 3.15 mmol, 2.5 equiv) was
then added dropwise at �78 �C, and the mixture was stirred for 1 h at room
temperature. After hydrolysis and conventional workup, the crude product
was purified by flash chromatography (pentane/Et2O 5/1) to give the
phosphane 4a (763 mg, 1.11 mmol, 88% yield) as an orange solid. M.p.
84 �C; [�]20�kap�d��kap� ��297 (c� 1.06 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.52 ± 7.42 (m, 2H), 7.32 ± 6.66 (m, 22H), 6.00 (d, J�
10.1 Hz, 1H), 4.54 (s, 1H), 4.28 ± 4.26 (m, 1H), 3.87 (s, 1H), 3.82 (s, 5H),
2.02 (s, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 146.93 (d, J� 24.3 Hz),
139.46 ± 126.42 (m), 98.47 (d, J� 24.7 Hz), 73.21 (d, J� 14 Hz), 71.46 (d, J�
4.5 Hz), 71.17 (d, J� 5.4 Hz), 70.14, 68.63, 64.55 ± 64.07 (m), 43.17; 31P
NMR (81 MHz, CDCl3, 25 �C): ���16.7 (d, J� 19.1 Hz), �23.2 (d, J�
19.1 Hz); MS: m/z (%): 687 (37) [M]� ; elemental analysis (%) calcd for
C43H39FeNP2 (687.6): C 75.11, H 5.72, N 2.04; found: C 74.87, H 5.64, N 1.97.


Synthesis of 1-(�Fc)-bis(3,5-xylyl)phosphanyl-2-[(R���-(N�N-dimethylami-
no)-o-bis(3,5-xylyl)phosphanylphenylmethyl]ferrocene (1b): The amine
4a (1.00 g, 2.50 mmol) in Et2O (12 mL) was treated with tBuLi (1.5� in
pentane, 7.4 mL, 12.6 mmol, 3.5 equiv) and ClP(3,5-xylyl)2 (2.42 g,
8.73 mmol, 2.5 equiv) according to the procedure described for 1a. After
flash chromatography (pentane/Et2O 4/1), the diphosphane 1b (0.65 g,
0.82 mmol, 33% yield) was obtained as an orange solid. M.p. 84 ± 85 �C;
[�]20�kap�d��kap� ��208.8 (c� 1.09 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C, TMS): �� 7.35 ± 6.45 (m, 12H), 6.38 (s, 1H), 6.18 ± 6.16 (m, 2H),
5.81 ± 5.78 (m, 1H), 4.30 (s, 1H), 4.08 (s, 1H), 3.72 (s, 1H), 3.65 (s, 5H), 2.06
(s, 7H), 1.99 (s, 12H), 1.86 (s, 5H), 1.79 (s, 6H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 137.7 (d, J� 7.3 Hz), 137.4 (d, J� 8.7 Hz), 136.8 (d, J� 12.7 Hz),
136.7 (d, J� 7.3 Hz), 135.2, 133.4 (d, J� 24.6 Hz), 132.3 (d, J� 3.7 Hz),
132.1 (d, J� 3.7 Hz), 131.9 (d, J� 20.9 Hz), 130.9 ± 130.1 (m), 129.2, 74.7 (d,
J� 15.1 Hz), 72.1, 71.4, 70.5, 43.6, 21.8, 21.5; 31P NMR (81 MHz, CDCl3,
25 �C): ���16.9 (d, J� 16.6 Hz),�23.7 (d, J� 16.6 Hz); MS: m/z (%): 799
(34) [M]� ; elemental analysis (%) calcd for C51H54FeNP2 (798.8): C 76.98,
H 6.84, N 1.80; found: C 77.17, H 7.16, N 1.62.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(1-pyrrolidyl)-o-diphe-
nylphosphanylphenyl)methyl]ferrocene (1c): The amine 4b (335 mg,
0.81 mmol) in Et2O (15 mL) was treated with tBuLi (1.45� in pentane,
1.96 mL, 2.84 mmol, 3.5 equiv) and ClPPh2 (0.37 mL, 2.02 mmol, 2.5 equiv)
according to the procedure described for 1a. After flash chromatography
(pentane/Et2O 5/1), the diphosphane 1c (370 mg, 0.52 mmol, 64% yield)
was obtained as an orange solid. M.p. 94 �C; [�]20�kap�d��kap� ��232 (c� 1.14 in
CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.72 ± 7.64 (m, 1H),
7.59 ± 7.52 (m, 2H), 7.37 ± 6.76 (m, 21H), 6.10 ± 5.84 (m, 1H), 4.62 ± 4.52 (m,
1H), 4.30 (s, 1H), 3.92 (s, 1H), 3.78 (s, 5H), 2.50 ± 2.32 (m, 4H), 1.38 ± 1.10
(m, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 148.6 (d, J� 25 Hz),
139.4 ± 126.1 (m), 99.3 (d, J� 23 Hz), 76.4, 72.4 (d, J� 14.9 Hz), 71.1 (d, J�
4.5 Hz), 69.7, 68.1, 62.5 (m), 51.5, 22.9; 31P NMR (81 MHz, CDCl3, 25 �C):
���17.1 (d, J� 20.3 Hz), �22.4 (d, J� 20.3 Hz); MS: m/z (%): 713 (62)
[M]� ; elemental analysis (%) calcd for C45H41FeNP2 (713.6): C 75.74, H
5.79, N 1.96; found: C 75.61, H 5.97, N 1.68.
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Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R)-�-{N��R)-methyl-1-phe-
nylethylamino}-o-diphenylphosphanylphenylmethyl]ferrocene (1d): The
amine 4c (500 mg, 1.02 mmol) in Et2O (10 mL) was treated with tBuLi
(1.35� in pentane, 2.60 mL, 3.57 mmol, 3.5 equiv) and ClPPh2 (0.47 mL,
2.55 mmol, 2.5 equiv) according to the procedure described for 1a. After
flash chromatography (pentane/Et2O 25/1 with 2% Et3N), the diphosphane
1d (325 mg, 0.48 mmol, 41% yield) was obtained as an orange solid. M.p.
105 �C; [�]20�kap�d��kap� ��227 (c� 0.48 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 8.09 ± 7.91 (m, 1H), 7.60 ± 7.45 (m, 2H), 7.40 ± 6.75
(m, 26H), 6.19 (d, J� 10.6 Hz, 1H), 4.48 ± 4.47 (m, 1H), 4.24 ± 4.22 (m, 1H),
4.03 ± 3.93 (m, 2H), 3.56 (s, 5H), 1.75 (s, 3H), 0.80 (d, J� 6.6 Hz, 3H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 150.2 (d, J� 27.1 Hz), 144.3, 135.5 ±
126.0 (m), 101.5 (d, J� 26.1 Hz), 72.6 (d, J� 15.9 Hz), 71.9 ± 71.7 (m), 69.9,
68.6, 63.1 (d, J� 23.8 Hz), 56.4, 35.7 (d, J� 1.5 Hz), 16.1 (d, J� 5.4 Hz); 31P
NMR (81 MHz, CDCl3, 25 �C): ���18.0 (d, J� 17.8 Hz), �23.4 (d, J�
17.8 Hz); elemental analysis (%) calcd for C50H45FeNP2 (777.7): C 77.22, H
5.83, N 1.80; found: C 76.87, H 5.74, N 1.60.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R)-�-{N��S)-methyl-1-phenyl-
ethylamino}-o-diphenylphosphanylphenylmethyl]ferrocene (1e): The
amine 4d (1.20 g, 2.46 mmol) in Et2O (15 mL) was treated with tBuLi
(1.57� in pentane, 5.0 mL, 7.8 mmol, 3.2 equiv) and ClPPh2 (1.0 mL,
5.4 mmol, 2.2 equiv) according to the procedure described for 1a. After
flash chromatography (pentane/Et2O 25/1 with 2% Et3N), the diphosphane
1e (1.11 g, 1.43 mmol, 58% yield) was obtained as an orange solid. M.p.
104 ± 108 �C; [�]20�kap�d��kap� ��261 (c� 0.5 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 7.46 ± 7.45 (m, 2H), 7.32 ± 6.92 (m, 20H), 6.90 ± 6.61
(m, 6H), 6.58 ± 6.49 (m, 2H), 5.27 ± 5.06 (m, 1H), 4.82 (br s, 1H), 4.39 ± 4.38
(m, 1H), 4.00 (s, 1H), 3.74 (s, 5H), 1.59 (s, 3H), 1.41 (d, J� 6.6 Hz, 3H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 148.6 (d, J� 26.1 Hz), 145.9, 139.9 ±
125.9 (m), 97.9 (d, J� 26.4 Hz), 72.7 (d, J� 16.0 Hz), 71.4 (d, J� 4.0 Hz),
71.0 (br), 70.1, 69.1, 60.7 (br), 59.6, 33.5, 19.9; 31P NMR (81 MHz, CDCl3,
25 �C): ���18.3 (d, J� 31.2 Hz), �23.3 (d, J� 31.2 Hz); elemental
analysis (%) calcd for C50H45FeNP2 (777.7): C 77.22, H 5.83, N 1.80; found:
C 76.91, H 6.29, N 1.97.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-{N-methyl(2-N��N�-dime-
thylamino)ethylamino}-o-diphenylphosphanylphenylmethyl]ferrocene
(1 f): The amine 4e (170 mg, 0.37 mmol) in Et2O (2 mL) was treated with
tBuLi (1.56� in pentane, 0.8 mL, 1.3 mmol, 3.5 equiv) and ClPPh2 (0.2 mL,
0.9 mmol, 2.5 equiv) according to the procedure described for 1a. After
flash chromatography (Et2O with 3% Et3N), the diphosphane 1 f (132 mg,
0.18 mmol, 48% yield) was isolated as an orange solid. [�]20�kap�d��kap� �
�232.4 (c� 0.45 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS):
�� 7.55 ± 7.44 (m, 2H), 7.35 ± 7.18 (m, 12H), 7.00 ± 6.58 (m, 10H), 6.29 (d,
J� 10.6 Hz, 1H), 4.51 (br s, 1H), 4.32 (br s, 1H), 3.95 (br s, 1H), 3.86 (s, 5H),
2.62 ± 2.57, (m, 2H), 2.27 (s, 3H), 2.09 ± 1.93 (m, 7H), 1.74 ± 1.62 (m, 1H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 147.5 (d, J� 26.5 Hz), 139.9 ± 126.3
(m), 98.6 (d, J� 25.2 Hz), 73.2 (d, J� 14.2 Hz), 71.5 (d, J� 4.8 Hz), 71.2
(m), 70.1, 68.6, 64.7 (dd, J� 24.5 and 6.8 Hz), 58.2, 52.9, 45.7, 39.9; 31P NMR
(81 MHz, CDCl3, 25 �C): ���16.8 (d, J� 14.0 Hz),�24.0 (d, J� 14.0 Hz);
elemental analysis (%) calcd for C46H46FeN2P2 (744.7): C 74.19, H 6.23, N
3.76; found: C 73.84, H 6.10, N 3.56, HRMS: calcd 744.2485; found
744.2496.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(N�N-diethylamino)-o-
diphenylphosphanylphenylmethyl]ferrocene (1g): The amine 4 f (685 mg,
1.61 mmol) in Et2O (10 mL) was treated with tBuLi (1.5� in pentane,
3.8 mL, 5.6 mmol, 3.5 equiv) and ClPPh2 (0.63 mL, 3.5 mmol, 2.2 equiv)
according to the procedure described for 1a. After flash chromatography
(pentane/Et2O 4/1), the diphosphane 1g (0.71 g, 0.99 mmol, 62% yield) was
obtained as an orange solid. M.p. 206 ± 207 �C; [�]20�kap�d��kap� ��296.3 (c�
1.21 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.50 ± 7.47 (m,
2H), 7.35 ± 7.18 (m, 13H), 6.95 ± 6.86 (m, 5H), 6.81 ± 6.75 (m, 2H), 6.66 (td,
J� 7.4, 1.4 Hz, 1H), 6.59 ± 6.54 (m, 1H), 6.45 (d, J� 10.6 Hz, 1H), 4.56 (s,
1H), 4.31 ± 4.29 (m, 1H), 3.95 (s, 1H), 3.80 (s, 5H), 2.65 ± 2.54 (m, 2H),
2.41 ± 2.29 (m, 2H), 0.68 (t, J� 7.0 Hz, 6H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 148.7 (d, J� 27.1 Hz), 140.4 ± 139.6 (m), 138.0 (d, J� 12.1 Hz),
136.2 ± 135.7 (m), 134.4 (d, J� 19.5 Hz), 134.1 (d, J� 4.2 Hz), 133.9 (d, J�
3.9 Hz), 132.8 (d, J� 18.9 Hz), 131.2, 129.1 128.6 ± 127.4 (m), 126.6, 100.0 (d,
J� 25.8 Hz), 73.2 (d, J� 14.5 Hz), 72.1 ± 71.8 (m), 70.4, 68.9, 45.3, 14.9; 31P
NMR (81 MHz, CDCl3, 25 �C): ���17.04 (d, J� 17.3 Hz), �24.61 (d, J�
17.3 Hz); MS: m/z (%): 715 (11) [M�1]� ; elemental analysis (%) calcd for
C45H43FeNP2 (715.6): C 75.53, H 6.06, N 1.96; found: C 75.29, H 6.10, N 1.87.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(N�N-di-n-propylami-
no)-o-diphenylphosphanylphenylmethyl]ferrocene (1h): The amine 4g
(706 mg, 1.55 mmol) in Et2O (10 mL) was treated with tBuLi (1.5� in
pentane, 3.6 mL, 5.4 mmol, 3.4 equiv) and ClPPh2 (0.61 mL, 3.42 mmol,
2.2 equiv) according to the procedure described for 1a. After flash
chromatography (pentane/Et2O 4/1 and pentane/Et2O� 20/1), the diphos-
phane 1h (375 mg, 0.83 mmol, 53% yield) was obtained as a bright orange
solid. M.p. 159 ± 160 �C; [�]20�kap�d��kap� ��315.3 (c� 1.15 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 7.45 ± 7.41 (m, 2H), 7.30 ± 7.17 (m,
13H), 6.95 ± 6.85 (m, 4H), 6.74 (t, J� 6.9 Hz, 3H), 6.62 (td, J� 7.4, 1.0 Hz,
1H), 6.52 (d, J� 11.0 Hz, 1H), 6.44 (t, J� 7.0 Hz, 1H), 4.66 (s, 1H), 4.31 ±
4.29 (m, 1H), 3.95 (s, 1H), 3.84 (s, 5H), 2.46 ± 2.39 (m, 2H), 2.34 ± 2.25 (m,
2H), 1.23 ± 1.19 (m, 2H), 1.07 ± 1.00 (m, 2H), 0.59 (t, J� 7.3 Hz, 6H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 148.2 (d, J� 28.9 Hz), 140.4 (d, J�
12.9 Hz), 139.7 (d, J� 11.7 Hz), 138.2 (d, J� 11.1 Hz), 136.0 ± 132.7 (m),
129.1, 128.5 ± 126.6 (m), 99.8 (d, J� 24.7 Hz), 73.0 (d, J� 14.5 Hz), 72.2 ±
72.0 (m), 70.4, 68.8, 54.4, 22.8, 12.1; 31P NMR (81 MHz, CDCl3, 25 �C): ��
�17.0 (d, J� 17.4 Hz), �25.1 (d, J� 17.4 Hz); MS: m/z (%): 743 (10) [M]� ;
elemental analysis (%) calcd for C47H47FeNP2 (743.7): C 75.91, H 6.37, N
1.88; found: C 75.63, H 6.40, N 1.82.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(N�N-di-n-butylamino)-
o-diphenylphosphanylphenyl)methyl]ferrocene (1 i): The amine 4h
(687 mg, 1.42 mmol) in Et2O (10 mL) was treated with tBuLi (1.5� in
pentane, 3.3 mL, 5.0 mmol, 3.6 equiv) and ClPPh2 (0.56 mL, 3.13 mmol,
2.2 equiv) according to the procedure described for 1a. After flash
chromatography (pentane/Et2O 20/1), the diphosphane 1 i (509 mg,
0.66 mmol, 46% yield) was obtained as a bright orange solid. M.p. 68 ±
69 �C; [�]20�kap�d��kap� ��300.1 (c� 1.23 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C, TMS): �� 7.48 ± 7.39 (m, 4H), 7.30 ± 7.17 (m, 11H), 6.95 ± 6.85
(m, 4H), 6.79 ± 6.74 (m, 3H), 6.62 (td, J� 7.4, 1.2 Hz, 1H), 6.51 ± 6.44 (m,
2H), 4.63 (s, 1H), 4.30 ± 4.29 (m, 1H), 3.95 (s, 1H), 3.82 (s, 5H), 2.53 ± 2.43
(m, 2H), 2.36 ± 2.28 (m, 2H), 1.18 ± 0.9 (m, 8H), 0.69 (t, J� 7.0 Hz, 6H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 148.4 (d, J� 28.8 Hz), 140.4 (d, J�
12.9 Hz), 139.7 (d, J� 10.3 Hz), 138.0 ± 133.9 (m), 132.8 (d, J� 19.4 Hz),
131.1, 129.0 ± 126.6 (m), 73.0 (d, J� 14.4 Hz), 72.1 (d, J� 4.7 Hz), 70.4,
63.2 ± 62.8 (m), 52.3, 32.0, 20.9, 14.6; 31P NMR (81 MHz, CDCl3, 25 �C): ��
�17.0 (d, J� 16.8 Hz), �25.0 (d, J� 16.8 Hz); MS: m/z (%): 771 (11) [M]� ;
elemental analysis (%) calcd for C49H51FeNP2 (771.7): C 76.26, H 6.66, N
1.81; found: C 75.68, H 6.60, N 1.63.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[(R���-(N�N-diisobutylamino)-
o-diphenylphosphanylphenylmethyl]ferrocene (1 j): The amine 4 i (603 mg,
1.25 mmol) in Et2O (10 mL) was treated with tBuLi (1.5� in pentane,
2.9 mL, 4.4 mmol, 3.5 equiv) and ClPPh2 (0.49 mL, 2.75 mmol, 2.2 equiv)
according to the procedure described for 1a. After flash chromatography
(pentane/Et2O 20/1), the diphosphane 1 j (346 mg, 0.45 mmol, 36% yield)
was obtained as a bright orange solid. M.p. 84 ± 85 �C; [�]20�kap�d��kap� ��366.3
(c� 1.05 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.69 ±
7.63 (m, 2H), 7.33 ± 7.17 (m, 13H), 7.02 ± 6.87 (m, 4H), 6.72 ± 6.50 (m, 5H),
6.23 (t, J� 7.0 Hz, 1H), 5.03 (s, 1H), 4.30 (s, 1H), 3.93 ± 3.92 (m, 1H), 3.82
(s, 5H), 2.25 ± 2.09 (m, 4H), 1.75 ± 1.70 (m, 2H), 0.88 (d, J� 6.5 Hz, 6H),
0.55 (d, J� 6.5 Hz, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 46.7 (d, J�
27.1 Hz), 140.2 ± 138.9 (m), 136.0 ± 134.7 (m), 134.0 (d, J� 17.9 Hz), 132.8 (d,
J� 18.9 Hz), 132.1, 128.6 ± 126.7 (m), 99.1 (d, J� 25.8 Hz), 72.9 ± 72.4 (m),
70.5, 68.7, 62.9 (d, J� 30.2 Hz), 60.6, 27.7, 21.5 (d, J� 15.1 Hz); 31P NMR
(81 MHz, CDCl3, 25 �C): ���16.6 (d, J� 14.1 Hz),�26.6 (d, J� 14.2 Hz);
MS: m/z (%): 771 (10) [M]� ; elemental analysis (%) calcd for C49H51FeNP2


(771.7): C 76.26, H 6.66, N 1.81; found: C 75.77, H 6.76, N 1.72.


Synthesis of 1-(�Fc)-bromo-2-[(R���-(N�N-dimethylamino)-o-bromophe-
nylmethyl]ferrocene (5): The amine 4a (270 mg, 0.68 mmol) in Et2O
(3 mL) was treated with tBuLi (1.45� in pentane, 1.65 mL, 2.39 mmol,
3.5 equiv) and C2Br2Cl4 (487 mg, 1.49 mmol, 2.2 equiv) in Et2O (2 mL)
according to the procedure described for 1a. After flash chromatography
(pentane/Et2O 5/1), the amine 4a (260 mg, 0.54 mmol, 80% yield, 97.5%
ee) was obtained as an orange solid. M.p. 84 �C; [�]20�kap�d��kap� ��125.5 (c�
0.71 in CHCl3); HPLC (OJ, heptane/iPrOH 95/5, 0.6 mL/min): tr/min� 7.11
(1SFc, �R), 10.65 (1RFc, �S); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): ��
7.56 ± 7.54 (m, 1H), 7.20 ± 7.18 (m, 2H), 7.07 ± 7.00 (m, 1H), 5.06 (s, 1H),
4.47 ± 4.46 (m, 1H), 4.37 ± 4.36 (m, 1H), 4.18 ± 4.13 (m, 1H), 4.12 (s, 5H),
2.43 (s, 6H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 141.0, 132.4, 131.0,
128.2, 127.1, 126.2, 90.2, 77.3, 71.7, 70.0, 67.5, 67.2, 65.3, 44.4; MS: m/z (%):
479 (30) [M�2]� , 477 (61) [M]� , 475 (33) [M� 2]� ; elemental analysis (%)
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calcd for C19H19Br2FeN (477.0): C 47.84, H 4.01, N 2.94; found: C 47.72, H
3.94, N 2.79.


Synthesis of 1-(�Fc)-bromo-2-(o-bromophenylmethyl)ferrocene (6): The
amine 5 (295 mg, 0.62 mmol) was dissolved in trifluoroacetic acid (2 mL),
and Et3SiH (1 mL, 6.20 mmol, 10 equiv) was added. The mixture was
stirred for 72 h at room temperature and then extracted with Et2O. The
organic layer was washed with saturated K2CO3 solution and brine and
dried over MgSO4. After removal of the solvent, the crude product was
purified by flash chromatography (pentane/Et2O 20/1) to give 6 (152 mg,
0.35 mmol, 57% yield, 97% ee) as an orange oil. [�]20�kap�d��kap� ��28.5 (c�
1.04 in CHCl3); HPLC (OJ, heptane/iPrOH 98/2, 0.6 mL/min): tr/min�
12.78 (SFc), 15.66 (RFc); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.56 ±
7.53 (m, 1H), 7.21 ± 7.16 (m, 1H), 7.11 ± 7.04 (m, 2H), 4.45 (m, 1H), 4.20 (s,
5H), 4.15 (m, 1H), 4.09 (m, 1H), 3.93 (m, 2H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 14.0, 132.5, 130.1, 127.8, 127.3, 124.2, 85.2, 80.3, 71.3, 69.8, 67.7,
66.0, 34.5; MS: m/z (%): 436 (24) [M�2]� , 434 (44) [M]� , 432 (25) [M� 2]� ;
elemental analysis (%) calcd for C17H14Br2Fe (434.0): C 47.05, H 3.25;
found: C 47.31, H 3.45.


Synthesis of 1-(�Fc)-bromo-2-[1�-(R)-o-bromophenylethyl]ferrocene (7a):
Me2Zn (2� in THF, 1.7 mL, 4.2 mmol) was added to a solution of the amine
5 (400 mg, 1.05 mmol) in dry THF (6 mL) under argon at �78 �C, followed
by CH3COCl (0.12 mL, 1.68 mmol). The reaction mixture was allowed to
warm to room temperature overnight. After hydrolysis and conventional
workup, the crude product was purified by flash chromatography (pentane/
Et2O 50/1) to give 7a (330 mg, 0.73 mmol, 70% yield, d.r.� 95/5, 98.5% ee)
as a sticky orange solid. [�]20�kap�d��kap� ��78.9 (c� 0.45 in CHCl3); HPLC
(OD, 99.7% heptane/0.3% iPrOH, 0.6 mL/min): tr/min� 12.97 (1	Fc, 1�S),
16.88 (1SFc, 1�R); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.57 ± 7.54
(m, 1H), 7.41 ± 7.48 (m, 1H), 7.35 ± 7.31 (m, 1H), 7.05 ± 7.00 (m, 1H), 4.52 (q,
J� 7.1 Hz, 1H), 4.33 ± 4.32 (m, 1H), 4.14 (s, minor diastereomer), 3.97 ±
3.96 (m, 1H), 3.94 ± 3.83 (m, 6H), 1.50 (d, J� 7.1 Hz, minor diastereomer),
1.39 (d, J� 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 144.9,
132.90, 129.0, 127.9, 127.4, 124.2, 91.4, 79.2, 71.0, 69.8, 66.0, 64.7, 23.8; minor
diastereomer, separate signals: 132.4, 128.1, 127.5, 71.3, 70.3, 65.5, 65.4, 38.2,
20.6; MS: m/z (%): 450 (59) [M�2]� , 448 (100) [M]� , 446 (70) [M� 2]� ;
elemental analysis (%) calcd for C18H16Br2Fe (448.0): C 48.26, H 3.60;
found: C 48.01, H 3.62.


Synthesis of 1-(�Fc)-bromo-2-[1�-(R)-o-bromphenyl-2�-methylpropyl]ferro-
cene (7b): The amine 5 (230 mg, 0.48 mmol) in dry THF (3 mL) was treated
with iPr2Zn (2� in THF, 1.0 mL, 2.00 mmol) and CH3COCl (0.07 mL,
1.00 mmol) according to the procedure described for 7a. The crude product
was purified by flash chromatography (pentane/Et2O 50/1) to give 7b
(190 mg, 0.40 mmol, 83% yield, d.r.� 95/5, 98.5% ee) as an orange oil.
[�]20�kap�d��kap� ��119 (c� 0.51 in CHCl3); HPLC (OD, 99.5% heptane/0.5%
iPrOH, 0.6 mL/min): tr/min� 8.61 (1SFc, 1�R), 9.66 (1RFc, 1�S); 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 7.70 ± 7.66 (m, minor diastereomer),
7.54 ± 7.51 (m, 1H), 7.16 ± 7.10 (m, 1H), 7.01 ± 6.95 (m, 2H), 4.39 ± 4.35 (m,
1H), 4.33 ± 4.30 (m, 1H), 4.13 ± 4.09 (m, 6H), 3.71 (s, minor diastereomer),
2.52 ± 2.41 (m, 1H), 2.04 ± 1.90 (m, minor diastereomer), 1.25 (d, 3H, J�
7.5 Hz), 0.83 (d, 3H, J� 6.8 Hz), 0.79 (d, J� 6.6 Hz, minor diastereomer),
0.75 (d, J� 6.6 Hz, minor diastereomer); 13C NMR (75 MHz, CDCl3,
25 �C): �� 143.6, 132.3, 130.4, 127.2, 127.0, 91.6, 78.9, 71.5, 70.2, 67.1, 65.2,
48.9, 32.5, 23.1, 20.8; minor diastereomer, separate signals: 128.5, 127.5,
126.5, 71.0, 55.8, 21.5; MS: m/z (%): 478 (64) [M�2]� , 476 (100) [M]� , 474
(64) [M� 2]� , 433 (40), 215 (80), 152 (82); elemental analysis (%) calcd for
C20H20Br2Fe (476.0): C 50.46, H 4.23; found: C 50.26, H 4.23.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-(o-diphenylphosphanylphenyl-
methyl)ferrocene (1k): nBuLi (1.6� in hexane, 0.37 mL, 0.59 mmol,
2.2 equiv) was added dropwise to a solution of the ferrocenyl compound
6 (120 mg, 0.27 mmol) in dry THF (2 mL), at �78 �C. The mixture was
stirred for 15 min and then ClPPh2 (0.12 mL, 0.66 mmol, 2.4 equiv) was
added. The solution was then warmed to room temperature and stirred for
1 h. After hydrolysis and conventional workup, the crude product was
purified by flash chromatography (pentane/Et2O 20/1) to give 1k (130 mg,
0.20 mmol, 75% yield) as an orange solid. M.p. 82 �C; [�]20�kap�d��kap� ��46.4
(c� 0.59 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �?� 7.66 ±
7.56 (m, 2H), 7.45 ± 7.15 (m, 18H), 7.02 ± 6.91 (m, 3H), 6.84 ± 6.74 (m, 1H),
4.35 ± 4.31 (m, 1H), 4.27 ± 4.17 (m, 3H), 3.94 (s, 5H), 3.79 ± 3.78 (m, 1H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 145.5 (d, J� 25.1 Hz), 139.4 (d, J�
10.0 Hz), 137.8 ± 127.6 (m), 126.0, 93.2 (d, J� 27.6 Hz), 75.7 (d, J� 1.9 Hz),
72.7 ± 72.5 (m), 70.7 (d, J� 4.1 Hz), 69.8, 68.9, 33.0 (dd, J� 23.1, 9.9 Hz); 31P


NMR (81 MHz, CDCl3, 25 �C): ���13.6 (d, J� 5.7 Hz), �21.9 (d, J�
5.7 Hz); MS: m/z (%): 644 (56) [M]� ; HRMS calcd for C41H34FeP2:
644.1485; found: 644.1478.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[1�-(R)-(o-diphenylphosphanyl-
phenyl)ethyl]ferrocene (1 l): Compound 7a (285 mg, 0.63 mmol) in dry
THF (4 mL) was treated with nBuLi (1.6� in hexane, 0.87 mL, 1.40 mmol,
2.2 equiv) and ClPPh2 (0.30 mL, 1.52 mmol, 2.4 equiv) according to the
procedure described for 1k. After flash chromatography (pentane/Et2O 20/
1), the diphosphane 1 l (384 mg, 0.58 mmol, 92.6% yield, d.r.� 96/4) was
obtained as an orange solid. [�]20�kap�d��kap� ��354.5 (c� 0.55 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.58 ± 7.50 (m, 2H), 7.38 ± 6.96
(m, 21H), 6.84 ± 6.81 (m, 1H), 4.95 ± 4.88 (m, 1H), 4.24 ± 4.22 (m, 1H),
4.13 ± 4.12 (m, 1H), 3.95 (s, minor diastereomer), 3.69 ± 3.68 (m, 6H), 1.24
(d, J� 7.1 Hz, minor diastereomer), 0.85 (d, J� 7.1 Hz, 3H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 151.1 (d, J� 23.5 Hz), 140.7 ± 127.6 (m), 126.2,
99.7 (d, J� 25.4 Hz), 75.9 (d, J� 12.1 Hz), 70.8 (d, J� 4.3 Hz), 69.7, 69.7,
69.5, 69.4 (m), 36.3 (dd, J� 25.0, 9.7 Hz), 25.2 (d, J� 5.4 Hz); 31P NMR
(81 MHz, CDCl3, 25 �C): ���12.9 (d, J� 18.4 Hz),�22.4 (d, J� 18.4 Hz);
minor diastereomer, separate signals: �18.3 (d, J� 33.0 Hz), �21.7 (d, J�
33.0 Hz); MS: m/z (%): 658 (43) [M]� ; HRMS calcd: 658.1642; found:
658.1636; elemental analysis (%) calcd for C42H36FeP2 (658.5): C 76.60, H
5.51; found: C 76.41, H 5.42.


Synthesis of 1-(�Fc)-diphenylphosphanyl-2-[1�-(R)-(o-diphenylphosphanyl-
phenyl)-2�-methylpropyl]ferrocene (1m): Compound 7b (190 mg,
0.40 mmol) in dry THF (2 mL) was treated with nBuLi (1.6� in hexane,
0.55 mL, 0.88 mmol, 2.2 equiv) and ClPPh2 (0.18 mL, 0.96 mmol, 2.4 equiv)
according to the procedure described for 1k. After flash chromatography
(pentane), the diphosphane 1m (85 mg, 0.12 mmol, 31% yield, d.r.� 95/5)
was obtained as an orange solid. M.p. 98 �C; [�]20�kap�d��kap� ��315.5 (c� 0.45
in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.57 ± 7.46 (m,
2H), 7.38 ± 7.11 (m, 17H), 6.96 ± 6.82 (m, 3H), 6.75 ± 6.62 (m, 2H), 5.24 ±
5.19 (m, 1H), 4.55 (br s, 1H), 4.84 ± 3.69 (m, minor diastereomer), 4.28 ±
4.26 (m, 1H), 3.68 (s, 5H), 3.14 (s, minor diastereomer), 2.49 ± 2.48 (m, 1H),
0.75 (d, J� 6.7 Hz, 3H), 0.51 (d, J� 6.7 Hz, 3H), 0.26 (d, J� 6.6 Hz, minor
diastereomer); 13C NMR (75 MHz, CDCl3, 25 �C): �� 150.9 (d, J�
27.5 Hz), 139.8 ± 126. 8 (m), 125.4, 101.4 (d, J� 27.1 Hz), 74.0 (d, J�
16.6 Hz), 71.6 (d, J� 4.4 Hz), 69.8, 69.6, 68.8, 47.6 (d, J� 20.4 Hz), 33.4,
23.5, 21.5; 31P NMR (81 MHz, CDCl3, 25 �C): ���17.8 (d, J� 26.7 Hz),
�22.8 (d, J� 26.7 Hz); minor diastereomer, separate signals: �17.6 (d),
�25.8 (d, J� 44.5 Hz); MS: m/z (%): 686 (11) [M]� ; HRMS calcd for
C44H40FeP2: 686.1950; found: 686.1955.


Asymmetric hydrogenation : general procedure : In situ preparation of
rhodium catalyst : The rhodium complex (0.01 mmol) and the ligand 1
(1.05 ± 1.1 equiv) were placed in a dried Schlenk tube under an argon
atmosphere and the indicated solvent (4 mL) was added. The mixture was
then stirred for 10 ± 20 min at room temperature.


In situ preparation of ruthenium catalyst :[12] [Ru(cod)(2-methallyl)2]
(0.01 mmol) and the ligand 1 (1.05 ± 1.1 equiv) were placed in a dried
Schlenk tube under an argon atmosphere and acetone (2 mL) was added. A
solution of HBr in MeOH (0.1 mL, 0.3�) was added dropwise to this
solution. An orange precipitate formed. After 10 ± 20 min of stirring, the
solvent was removed under vacuum, and the indicated solvent (4 mL) was
added.


Hydrogenation in Schlenk tubes : The catalyst solution was added to the
substrate under an argon atmosphere. The Schlenk tube was then briefly
connected to vacuo and purged with hydrogen from a balloon.


Hydrogenation in an autoclave : The substrate was placed in a glass tube
equipped with a stirring bar in the autoclave. After three cycles of
vacuum± argon, the catalyst solution was added to the substrate by syringe
under an argon stream. Volatile substrates were added directly to the
catalyst solution before introduction to the autoclave under argon. The
autoclave was then purged three times with hydrogen, heated to the desired
temperature, and placed under the indicated H2 pressure.


Hydrogenation products : determination of enantiomeric excess : The
substrates used for hydrogenation are commercially available or were
prepared according to literature procedures. Most of the hydrogenation
products have been previously described. N-acetylphenylalanine methyl
ester (9b):[2d] GC (Chiralsil L-Val) 140 �C isotherm: tr/min� 10.1 (R), 11.7
(S); dimethyl 2-methylsuccinate (11):[2e] HPLC (OJ, 20 �C, 5% iPrOH in
heptane, 0.6 mL/min): tr/min� 9.9 (R), 15.2 (S); methyl 2-acetoxypropa-
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noate (13):[19] HPLC (OD, 20 �C, 1% iPrOH in heptane, 0.6 mL/min): tr/
min� 13.4 (S), 15.6 (R); acetyl 1-phenylbutylamide (15):[20] GC (Chiralsil
L-Val) 115 �C isotherm: 23.5 (R), 24.9 (S); methyl 3-hydroxybutanoate
(17a):[21] HPLC (OD, 20 �C, 5% iPrOH in heptane, 0.9 mL/min): tr/min�
9.2 (R), 13.3 (S); ethyl 3-hydroxybutanoate (17b):[21] HPLC (OD, 20 �C, 5%
iPrOH in heptane, 0.9 mL/min): tr/min� 7.3 (R), 10.2 (S); ethyl 3-hydroxy-
3-phenylpropanoate (17c):[21] HPLC (OD, 30 �C, 5% iPrOH in heptane,
0.9 mL/min): tr/min� 11.3 (S), 15.9 (R); ethyl 3-hydroxyhexanoate (17d):[21]


HPLC (OD, 20 �C, 5% iPrOH in heptane, 0.5 mL/min): tr/min� 12.0 (R),
16.4 (S); ethyl 3-hydroxy-4-methylpentanoate (17e):[21] HPLC (OD, 20 �C,
5% iPrOH in heptane, 0.5 mL/min): tr/min� 10.8 (R), 15.9 (S); ethyl
3-hydroxy-4-chlorobutanoate (17 f):[21] HPLC (OD, 30 �C, 2% iPrOH in
heptane, 0.6 mL/min): tr/min� 10.6 (S), 15.6 (R); ethyl 2-hydroxycyclopen-
tane carboxylate (19):[21] HPLC (OD, 40 �C, 2% iPrOH in heptane,
0.32 mL/min): tr/min� 19.7 (1R,2S), 25.7 (1S,2R), 27.4 (1R,2R), 31.1
(1S,2S); ethyl 2-hydroxycyclohexane carboxylate (21):[21] HPLC (OD,
35 �C, 2% iPrOH in heptane, 0.3 mL/min): tr/min� 18.0 (1R,2S), 19.3
(1S,2R), 23.0 (1S,2S), 23.8 (1R,2R); ethyl 2-methyl-3-hydroxybutanoate
(23):[21] GC (Chiralsil L-Val) 74 �C isotherm: 14.4 (2S,3S), 15.2 (2R,3S), 15.7
(2S,3R), 16.4 (2R,3R); 2,4-pentanediol (24a):[21] GC (Chiralsil L-Val) 88 �C
isotherm: 5.3 (S,S), 6.2 (R,R), 8.6 (R,S); 1,3-diphenyl-1,3-propanediol
(24b):[21] HPLC (OD, 30 �C, 10% iPrOH in heptane, 0.6 mL/min): tr/min�
16.5 (S,S), 19.2 (R,R), 23.3 (S,R) ; 1-phenyl-1,3-butanediol (27): HPLC (OD,
30 �C, 5% iPrOH in heptane, 0.7 mL/min): tr/min� 22.0 (1S,3R), 25.2
(1S,3S), 32.8 (1R,3R) ; 1-phenyl-1-(2-benzoylhydrazino)ethane (29a):[16b]


HPLC (OJ, 30 �C, 10% iPrOH in heptane, 0,6 mL/min): tr/min� 14.3 (R),
19.9 (S); 1-(2-naphthyl)-1-(2-benzoylhydrazino)ethane (29b):[16b] HPLC
(OJ, 40 �C, 10% iPrOH in heptane, 0.8 mL/min): tr/min� 20.6 (R), 23.0 (S);
1-(2-benzoylhydrazino)tetralone (29c): HPLC (OD, 40 �C, 10% iPrOH in
heptane, 0.6 mL/min): tr/min� 16.9 (�), 22.5 (�).
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Synthesis of (�)-Vulcanolide by Enantioselective Protonation


Charles Fehr,* Nathalie Chaptal-Gradoz, and Jose¬ Galindo[a]


Abstract: Two efficient enantioselective syntheses of the more active (S,S)-
enantiomer of the powerful musk odorant Vulcanolide are described. In both
syntheses, the key step is an enantioselective protonation of a ketone enolate. A third
enantioselective protonation, of a thiol ester enolate, was applied for the
determination of the absolute configuration of Vulcanolide by comparison with a
known compound.


Keywords: asymmetric synthesis ¥
enantioselectivity ¥ lithium enolate
¥ natural products ¥ protonation


Introduction


The outstanding place of musk odorants in perfumery derives
from their characteristic odor which is referred to as warm,
sensual, animal, natural, and to the fact that they are long-
lasting and tenacious. Interestingly, the musk odor is found in
a large variety of structural classes, among which the
benzenoid musks Tonalid (Polak×s Frutal Works) (or Fixolide
(Givaudan)) (1) and Galaxolide (2) (International Flavors
and Fragrances Inc.), although showing some bioaccumula-
tion problems, still represent the highest tonnage products
(several thousands of tons per year), due to an excellent price/
performance ratio.[1, 2]


In 1989, we reported that incorporation of supplementary
methyl groups into the basic skeleton of benzenoid musks
gave excellent new musk odorants, possessing highly crowded
structures of enhanced lipophilicity but of similar global
shape.[3] This allowed the discovery of Vulcanolide (3) which
turned out to be 10 to 20 times stronger than Tonalid,
previously considered as the strongest musk odorant among
hundreds of structurally related analogues (Figure 1).


O


H


O


O


Galaxolide 2Tonalid 1
(= Fixolide)


Vulcanolide 3 (rac.)
(S,S)-(-)-Vulcanolide (-)-3


Figure 1.


Subsequently, the two enantiomers of 3were synthesized by
a multi-step sequence including a classical resolution step,
thus allowing the evaluation of the fragrances of (R,R)-(�)-
and (S,S)-(�)-3.[4] In view of its superiority, it was decided to
elaborate an enantioselective synthesis of (S,S)-(�)-Vulcan-
olide. This would allow the use of even smaller amounts of
Vulcanolide without change in perception, and a diminished
environmental problem.


Results and Discussion


Upon investigating the known enantioselective reactions, it
becomes evident that only few are suited to the construction
of sterically crowded chiral centers, and enantioselective
protonation is often the method of choice.[5] Our plan was to
prepare ketone (R)-4 by enantioselective protonation of
either the (Z)- or (E)-enolate [(Z)-5 or (E)-5)] (Scheme 1),
and to follow the efficient synthetic route described previ-
ously for the synthesis of racemic Vulcanolide (Scheme 2).


O OLi OLi O


(±)-4 (Z)-5 (E)-5 (R)-4


LDA
and/or


chiral
proton
donor


Scheme 1. Enantioselective protonation to yield (Z)-5 and (E)-5.


In spite of the risk of racemization via carbocationic species,
both in the Friedel ±Crafts alkylation with (R)-4 and, even
more importantly, during acid-catalyzed cyclization of 7, this
approach[6] was considered the most interesting in view of its
simplicity and similarity to the established route.
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O OHO


(±)-4


o-xylene
AlCl3


88%


(±)-6


LiAlH4


97%


(±)-7


H


58%


(±)-8


Ce IV


80%


(±)-3


Scheme 2. Synthesis of racemic Vulcanolide previously described.


Deprotonation of 4 was best effected with 3 equiv LDA in
THFat�45 �C. Silylation with excess TMSCl showed that the
deprotonation exhibited a 9:1 selectivity in favor of (Z)-9
(Scheme 3). Lower temperatures or the use of less LDA gave
incomplete conversion. Another indication for the successful
deprotonation is the appearance of conjugated enone 10 upon
quenching the enolate with 5% HCl. The ratio 4 :10 is
approximately 1:1, and, although strongly dependent on the
reaction conditions, is helpful for following the course of
deprotonation.


We next examined the deprotonation of enone 10, which is
readily available by acid-catalyzed isomerization of 4. A
deprotonation/enantioselective protonation sequence starting
from 10 has the advantage that incomplete deprotonation of
the ketone has no effect on the observed ee of 4. Two
equivalents of LDA and a temperature of �45 �C (or 1.05
equivalents of LDA and a final temperature of 20 �C),
guarantee full conversion and the exclusive formation of the
Z-enolate as verified by trapping the enolate as TMS-ether
(Z)-9 ; its configuration was determined by NMR (NOESY).
The excellent selectivity in favor of enolate (Z)-5 is probably
due to chelation control and creates the most favorable
conditions for an efficient enantioselective protonation,
keeping in mind that E- and Z-isomeric enolates generally
exhibit different (but not necessarily opposite) enantioselec-
tivites with a given chiral proton donor. Quenching the
enolate with 5% HCl gave 10 and 4 in a ratio of �1:1.


O OSiMe3 OSiMe3


O OLi O


NHO


Ph


NLiO


Ph


b)


c)
+


(±)-4 (Z)-9 (E)-9


10 (Z)-5 (R)-(-)-4
88-90% ee


+ 10
b) d)


86%


57:43


(-)-11 (-)-11(Li)


a)


Scheme 3. a) pTsOH ¥H2O (cat.), toluene, reflux; b) LDA, THF/hexane;
c) TMSCl; d) see Table 1, entry 3.


All protonation experiments were performed with (�)-N-
isopropylephedrine [(�)-11], because 11 had already been
used with success in various other enolate protonations.[5] In
addition, both enantiomeric forms are readily available and
readily recovered by an acid/base workup.


In a first experiment, the 9:1-enolate mixture (Z)-9/(E)-9,
obtained by deprotonation of (�)-4 using 3 equivalents of
LDA, was protonated with 3.5 equivalents of (�)-11. After
stirring at �100 �C for 30 min, chiral GC analysis of a
hydrolyzed sample indicated a 20% ee in favor of (S)-(�)-4
(for the assignment of the (S)-configuration, see below). The
temperature was then allowed to reach �10 �C over a period
of 1 h. This gave rise to an ee of 55%, which remained
unchanged after prolonged reaction time. This result shows
that protonation does not go to completion at �100 �C; the
ratio 4 :10 was 50:50 (Table 1, entry 1).


Application of the protonation conditions mentioned above
to protonation of the pure (Z)-enolate (Z)-5, obtained by
deprotonation of 10, afforded an excellent enantioselectivity
of 91% ee and a 4 :10 ratio of 55:45 (Table 1, entry 2).
Lowering the amount of reagents by one third has little effect
(88 ± 90% ee ; entry 3). Using only 1.05 equivalents LDA,
followed by 1.15 equivalents (�)-11 gave (R)-4 with 84% ee,
but as the minor product (4 :10� 25:75) (entry 4).


In these experiments, excess LDA deprotonates (�)-11; the
generated lithium alkoxide (�)-11(Li) most probably forms a
mixed aggregate with the enolate, which then displays a
modified reactivity. Moreover, diisopropylamine and excess
LDA also alter the structure of the enolate. We have also
observed that the 4 :10 ratio generally increases during
protonation with progressive formation of the lithium alk-
oxide (�)-11(Li); its beneficial participation was also recog-
nized when the protonating reaction mixture consisted of a
2:1 mixture of (�)-11(Li) and (�)-11 (4 :10� 62:38; (R)-4 :
86% ee) (entry 5), or when the enolate was treated with (�)-
11(Li) prior to protonation with (�)-11.


We have also briefly studied solvent effects and noticed that
apolar solvents at a higher temperature favor the desired �-
protonation. Repeating the conditions of entry 3 (2 equiv


Table 1. Protonation conditions.


Entry Substrate Reaction conditions 4 :10 (R)-4 Yield
( equiv, T �C (t [min]))[a] [% ee] [%]


1 (�)-4 LDA (3.0, �45 (180)) 50:50 55
(�)-11 (3.5, �100 � �10 (90))


2 10 LDA (3.0, �45 (120)) 55:45 91
(�)-11 (3.9, �100 � �10 (90))


3 LDA (2.0, �45 (60)) 57:43 88 ± 90 49%
(�)-11 (2.6, �45 (60) � �10 (25))[b]


4 LDA (1.05, �45 � 25 (60)) 25:75 84
(�)-11 (1.15, �45 (60)


5 LDA (1.05, �45 � 25 (60)) added to 62:38 86
(�)-11(Li)(3.0)/(�)-11(1.5)(-45 (60))


6 LDA (2.0, �20(20))[c] 73:27 83
(�)-11(2.6, �20(30))


[a] THF, hexane (from BuLi), except where stated otherwise. [b] 100 mmol scale
(see Experimental Section). [c] 13 mmol scale: THF (25 mL), toluene (60 mL),
BuLi/hexane (17 mL).
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LDA and 2.6 equiv (�)-11) in toluene (containing some THF
and hexane) at �20 �C afforded predominantly (R)-4 (83%
ee) (4 :10� 73:27) (entry 6).


Of course, TMS-ether (Z)-9 can also be transformed into
the lithium enolate (Z)-5 and protonated enantioselectively
after appropriate complexation, but these conditions offered
no real advantage and are therefore not described in this
work.[7]


For the synthesis of (�)-Vulcanolide, it was not necessary to
separate 4 from 10, as enone 10 proved to be inert to the
subsequent Friedel ±Crafts reaction conditions. Thus, treat-
ment of the 4/10 mixture with o-xylene and AlCl3, gave the
aromatic ketone (R)-6 and unreacted 10, which was recovered
by distillation (Scheme 4). As shown by Eu shift NMR and by
chiral GC, the enantiomeric purity of of the alkylation
product was 88%. Alcohol 7, obtained by LiAlH4 reduction
(see Scheme 2), was cyclized almost without affecting the
previously built chiral center, and afforded trans-hydrocarbon
(S,S)-(�)-8 with 83% ee. After crystallization (to remove the
minor cis diastereomer), one of the two homotopic methyl
groups of (�)-8 was oxidized with CAN to furnish (�)-
Vulcanolide (83% ee) (Scheme 4). An organoleptic evalua-
tion clearly confirmed the superiority of this quality over that
of the racemate.


OO


H


O


a)


93%


d)


76%


(R)-(-)-4 (R)-(-)-6


(S,S)-(-)-3 (S,S)-(-)-8


b) c)   47%


Scheme 4. a) AlCl3, o-xylene, �5� 12 �C; LiAlH4, Et2O, rt; c) H2SO4,
cyclohexane, �10� 10 �C; d) [Ce(NH4)2(NO3)6], MeOH, 50 �C.


As an alternative, we also considered the enantioselective
protonation of enolate 12, derived from ketone 6 (Scheme 5).
The advantage of enolate 12 over enolate (Z)-5 is that only �-
protonation can take place. Unfortunately, this sterically
hindered ketone could not be deprotonated under a variety of
reaction conditions. We therefore devised a new route to
enolate 12, based on the addition of tBuLi to ketene 13, which
was expected to take place from the less hindered side
(Scheme 5). Indeed, sterically hindered ketenes are relatively
stable; they dimerize only very slowly, and are thus ideal
precursors for enolates of defined configuration.[5] This direct
access to enolates, followed by enantioselective protonations,
has already been successfully applied in our laboratory[8] and
by another group.[9] Accordingly, Friedel ±Crafts alkylation of
o-xylene with the readily accessible acid (�)-14[10] gave acid
(�)-15 in 92% yield (Scheme 6). This was converted into the
acid chloride, which, after prolonged heating in refluxing
toluene and triethylamine, afforded ketene 13 in 75% yield.


O


LiO O


O


(±)-6


12 (S)-6


13


Scheme 5. Possible generation and enantioselective protonation of 12.


COOH COOH


Me3SiO
O


+


(±)-14


a)


90%


(±)-15


c)


88%


16


b)   75%


13


Scheme 6. a) AlCl3, 18� 23 �C; b) (COCl)2, DMF (cat.), CH2Cl2, then
NEt3, reflux; c) tBuLi, �78� 25 �C, then TMSCl.


Addition of tBuLi at low temperature, followed by silylation,
confirmed the formation of 16 as a single isomer.


After the enolate 12 which formed in situ was treated with
(�)-N-isopropylephedrine [(�)-11] at �70 �C, GC injections
indicated the presence of a transient species which, upon
warming the mixture to �20 �C, slowly vanished in favor of
ketone 6. This species most probably represents enol 17, which
is formed reversibly, and which slowly undergoes tautomer-
ization to ketone 6 via deprotonation and irreversible C-pro-
tonation. After disappearance of the enol, (R)-(�)-6 was
isolated with 35% ee (Scheme 7). This low enantioselectivity
is ascribed to the temporary accumulation of enol 17, which
can act as achiral proton source for the C-protonation of the
surrounding enolate. A more rapid and more enantioselective
tautomerization of enol 17 could be realized by adding one


LiO O


HO


O
13 12 (R)-(-)-6


tBuLi


-60°C


(-)-11
(-)-11(Li)


80%


17


protonation:
(-)-11 (1.7 equiv), -70 → -20°C                                                     35% ee
(-)-11(Li) (1.1 equiv), -25°C, then (-)-11 (1.7 equiv)                    70% ee
12 added to (-)-11 (1.2 equiv), (-)-11(Li) (2.4 equiv), -45°C         80% ee


Scheme 7. Optimizing reaction conditions for the enantioselective proto-
nation by minimizing the temporary accumulation of achiral 17.
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equivalent of lithium ephedrate (�)-11(Li) to the enolate, and
by slowly adding (�)-11 at the higher temperature of �25 �C
(70% ee). Next, to minimize the amount of enolate in the
reaction medium, the enolate was added to a 2:1 mixture of
(�)-11(Li) and (�)-11 at�45 �C. Under these conditions, only
trace amounts of enol were detected by GC, and protonation
took place with an improved enantiomeric excess of 80%.
Ketone (R)-12 was finally transformed into (�)-Vulcanolide
[(�)-3] of 75% ee as shown above (Scheme 4).


As the absolute configurations of the enantiomers of acid
14 are known,[10b, 11] we prepared the corresponding enantio-
merically enriched thiol ester 19 by enantioselective proto-
nation and compared it with 14 (Scheme 8). In the presence of
tBuLi, (R)-(�)-19 (59% ee) afforded ketone (�)-4 with an
unchanged ee (after short reaction times), as proven by chiral
GC. Thus, the levorotatory enantiomer (peak 2 on chiral GC;
see Experimental Section) is (R)-4.


COSPh COSPh


COOH


O


(±)-14
a) 62%


b) 74%


c)


22%
(+18)


d)


67%
(R)-(-)-14


(ca. 55% ee)


(R)-(-)-4
(59% ee) after 3 min
(53% ee) after 15 min


e)
(R)-(-)-19
(59% ee)


18


Scheme 8. a) pTsOH ¥H2O (cat.), toluene, reflux; b) (COCl)2, CH2Cl2,
5� 20 �C, then PhSLi, 0� 20 �C; c) LDA, THF, hexane, then (�)-11;
d) 35% H2O2, LiOH ¥H2O, EtOH, H2O, 45 �C; e) tBuLi, THF, 0 �C.


Based on results from our earlier work, in which ee values of
96 to over 99% were obtained, thiol ester 19 of high ee was
expected to be a promising target for enantioselective
protonation.[12] The lower ee of 59% observed herein is
probably due to the ease of elimination of phenylthiolate,
giving rise to the ketene (deep yellow color of the reaction
solution and distinctive smell of thiophenol). Re-addition of
thiolate to this hypothetical ketene species then would
account for the formation of a mixture of E- and Z-enolates
and thus for the modest ee. Another possibility is partial
racemization of 19 under the protonation conditions contain-
ing amine and in situ generated (�)-11(Li). Indeed, a
deterioration of the ee could be observed in the subsequent
reaction of 19 with tBuLi, where addition and deprotonation
are in competition. Racemization was also observed during
saponification of 19. For example, KOH in MeOH (15 min at
0 �C)[11] gave rise to almost complete racemization. However,
the use of LiOOH in EtOH/H2O[12] proved to be an efficient
solution to this problem (�5% racemization).


Conclusion


The work presented herein describes two efficient syntheses
of (S,S)-(�)-Vulcanolide (�)-3, both of which are based on
enantioselective protonations. A third enantioselective pro-


tonation was applied for the assignment of the absolute
configuration. These examples largely extend the scope of
enantioselective protonation, using (�)- or (�)-isopropyl-
ephedrine (11) as the chiral proton donor.


Experimental Section


General : TLC: silica gel F-254 glass plates (Merck); detection with EtOH/
anisaldehyde/H2SO4 18:1:1. Column chromatography: silica gel 60 (Merck,
0.063 ± 0.2 mm, 70 ± 230 mesh, ASTM). GC: Varian instrument, model
3500; cap. columns: DB130W (15 m� 0.319 mm), DB-WAX15W (15 m�
0.32 mm); chiral cap. column: Megadex 5 (16 m� 0.25 mm) (Megadex
Capillary Columns Laboratory, Via Plinio 29, 20025 Legnano, Italy) or CP-
Chirasil-DEX CB (25 m� 0.25 mm) (Chrompack), carrier gas He at
0.63 bar. Optical rotations: 1 mL cell, Perkin ±Elmer 241 polarimeter. 1H
and 13C NMR: Bruker WH 360. MS: Finnigan 1020 automated GC/MS
instrument, electron energy 70 eV.


2,2,4,5-Tetramethylhex-4-en-3-one (10): Racemic 4[3] (30.8 g, 200 mmol)
and pTsOH ¥H2O (3.08 g) were heated in toluene (100 mL) at 100 �C. After
24 h, the mixture containing 75% of 10 and 25% of 4 was cooled and
extracted with Et2O. The organic phase was washed successively with
saturated NaHCO3, H2O, saturated NaCl, dried (Na2SO4), evaporated and
fractionally distilled. The first distillation fractions contained recovered 4
(4.2 g, 14%; b.p. 50 �C/10 Torr), followed by mixed fractions (5.6 g, 18%).
Pure ketone 10 (19.8 g, 64%) was finally obtained by distillation at 60 �C/
8 Torr. 1H NMR: �� 1.18 (s, 9H), 1.57 (s, 3H), 1.66 (s, 3H), 1.77 (s, 3H);
13C NMR: �� 218.3 (s); 131.6 (s); 128.4 (s); 44.0 (s); 27.5 (q); 22.5 (q); 19.1
(q); 16.4 (q); MS: m/z : 154 (3) [M]� , 97 (100), 69 (62), 41 (65), 39 (20).


(�)-(R)-2,2,4,5-Tetramethylhex-5-en-3-one [(R)-(�)-4]: A solution of 10
(15.40 g, 100 mmol) in THF (80 mL) was added dropwise at �45 �C to a
mechanically stirred solution of LDA (200 mmol; prepared from BuLi
(1.51� in hexane; 133 mL) and diisopropylamine (22.22 g, 220 mmol)) in
THF (200 mL). After 45 min a solution of freshly distilled (�)-11 (53.80 g,
260 mmol) in THF (250 mL) was added at �45 �C to the enolate (Z)-5.
After addition (60 min) the cooling bath was removed and the temperature
was allowed to reach �10 �C (25 min). The reaction mixture was poured
into a well-stirred solution of 15% aqueous HCl and extracted twice with
Et2O. The organic layers were washed (H2O, saturated NaHCO3 and
saturated NaCl), dried (Na2SO4) and evaporated. Bulb-to-bulb distillation
(70 ± 100 �C (bath temperature)/4 Torr) afforded a mixture of (�)-4 and 10
(13.24 g, (�)-4 :10� 57:43 (86%); yield (�)-4 (in mixture): 49%; 88% ee
(in another experiment 90% ee), as determined by chiral GC (Megadex 5;
major enantiomer: peak 2)). [�]20D (purified (�)-4)��235 (c� 2.2 in
CHCl3).


(�)-(R)-5-(3,4-Dimethylphenyl-2,2,4,5-tetramethylhexan-3-one
[(R)-(�)-6]: A solution of (�)-4 and 10 [(�)-4 :10 57:43, 12.95 g, 84.1 mmol;
(�)-4 : 47.9 mmol] in o-xylene (18 mL) was added dropwise (15 min.) at
�5 �C to a mechanically stirred suspension of AlCl3 (12.91 g, 96.7 mmol) in
o-xylene (150 mL). At the end of the addition the cooling bath was
removed and the temperature was allowed to reach 12 �C. The reaction
mixture was then cooled at �15 �C, and hydrolyzed with H2O (125 mL) at
such a rate that the temperature did not exceed 30 �C. The reaction mixture
was extracted (Et2O) and the organic phase washed (5% aqueous NaOH,
H2O and saturated NaCl), dried (Na2SO4) and evaporated. The mixture of
10 and o-xylene was distilled (60 ± 100 �C/25 ± 4 Torr; on a larger scale, the
distillative separation of 10 from the o-xylene is facile) and the residue
bulb-to-bulb distilled (80 �C (bath temperature)/0.01 Torr) to afford pure
(�)-6 (11.63 g, 93%, 88% ee). The ee was determined by chiral GC (CP-
Chirasil-DEX CB; (�)-6 : peak 1). [�]20D ��115 (c� 1.14 in CHCl3). The
spectroscopic data are identical with those reported for racemic 6.[3]


(�)-(2S,3S)-1,2,3,4-Tetrahydro-1,1,2,3,4,4,6,7-octamethylnaphthalene
[(�)-8]: A solution of (�)-6 (88% ee, 8.64 g, 33.2 mmol) in Et2O (30 mL)
was added (1 h) at 20 �C (cooling bath) to a mechanically stirred solution of
LiAlH4 (0.728 g, 19.2 mmol) in Et2O (100 mL). After 1 h, the cooled (0 �C)
reaction mixture was carefully hydrolyzed with H2O (0.728 mL), then 5%
aqueous NaOH solution (0.728 mL) and H2O (2.2 mL), filtered on Celite
and evaporated. Bulb-to-bulb distillation (100 �C/0.01 Torr) afforded 7
(8.65 g, 100% yield, 85% de, 88% ee). The ee was determined by chiral GC
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(CP-Chirasil-DEX CB; major enantiomer (of either diastereomer):
peak 1). A solution of 7 (4.00 g, 15.3 mmol) in cyclohexane (30 mL) was
slowly added under stirring at �10 �C to H2SO4 (4.00 g, 40.8 mmol). At the
end of the addition, the cooling bath was removed and the temperature was
allowed to reach 10 �C.The brown reaction mixture was poured into cold
water and extracted three times with Et2O. The organic layers were washed
(5% aqueous NaOH, H2O and saturated. NaCl), dried (Na2SO4) and
evaporated. Bulb-to-bulb distillation (100 ± 150 �C (bath temperature)/
2 Torr) afforded 3.36 g of a mixture of (�)-8 (53% by GC) and its
diastereomer (12% by GC). Crystallization furnished pure (�)-8 (1.51 g,
40%). [�]20D ��39 (c� 0.22 in CHCl3), 83% ee (CP-Chirasil-DEX CB;
(�)-8 : peak 2)) and an oil (1.80 g, 14% pure). Yield of (�)-8 from (�)-6 :
47%. The spectroscopic data are identical with those reported for racemic
8.[3]


(�)-(6S,7S)-5,6,7,8-Tetrahydro-3,5,5,6,7,8,8-heptamethyl 2-naphthalene
carbaldehyde [(�)-(S,S)-Vulcanolide (�)-(3)]: Following the procedure
for the racemic sequence,[3] (�)-8 (1.41 g, 5.78 mmol) afforded (�)-(3)
(1.13 g, 76%). The ee (83%) was determined by conversion into two
diastereomeric non-racemic aminals (using (S,S)-(�)-DMPEDA) and
measurement of the 1H NMR NMe signals[13] as done before.[4] [�]20D �
�42 (c� 1.08 in CHCl3). All other analytical data were identical with those
reported for (�)-7.[3]


(�)-2,3-Dimethyl-3-butenoic acid [(�)-14]:[10] A 250 mL three neck
Schlenk flask fitted with a sintered glass introduction pipe was treated
with Et2O (20 mL), cooled at �30 �C and saturated with CO2. Then an
Et2O solution of 2-methyl-2-butenyl magnesium bromide (1.5�, 56.0 mL,
84.0 mmol; prepared from isoprene[3, 10]) was added (30 min) so that the
temperature did not exceed �22 �C. At the end of the introduction, more
CO2 was bubbled through for 5 min. The thick reaction mixture was then
poured into a cold 10% HCl solution and the neutral parts extracted twice
with Et2O. The acid 14 was isolated by standard acid/base extraction,
followed by bulb-to-bulb distillation (50 ± 70 �C (bath temperature)/
0.01 Torr). Yield of (�)-14 : 8.27 g, 86%.


(�)-2,3-Dimethyl-3-(3,4-dimethylphenyl)-butanoic acid [(�)-15]: A solu-
tion of (�)-14 (5.56 g, 48.8 mmol) in o-xylene (12 mL) was added dropwise
(40 min) between 18 and 23 �C to a mechanically stirred suspension of
AlCl3 (16.90 g, 0.127 mol) in o-xylene (30 mL). After stirring for 15 min,
the reaction mixture was poured into cold H2O and extracted twice with
Et2O. The title compound was isolated as a white solid by standard acid/
base extraction (9.91 g, 97% pure, 90%). 1H NMR: �� 0.96 (d, J� 7 Hz,
3H), 1.38 (s, 3H), 1.41 (s, 3H), 2.22 (s, 3H), 2.26 (s, 3H), 2.79 (q, J� 7 Hz,
1H), 7.04 ± 7.14 (m, 3H), 10.5 ± 11.5 (m, 1H); 13C NMR: �� 182.0 (s), 145.2
(s), 136.0 (s), 134.2 (s), 129.4 (d), 127.4 (d), 123.5 (d), 50.2 (d), 39.4 (s), 28.1
(q), 22.9 (q), 20.1 (q), 19.2 (q), 13.0 (q); MS: m/z : 220 (5) [M]� , 147 (100),
119 (20), 107 (10), 91 (8).


3-(3,4-Dimethylphenyl)-2,3-dimethyl-1-buten-1-one (13): In a 250 mL
three necked flask fitted with an efficient stirrer, a solution of (�)-15
(9.00 g, 40.9 mmol) and DMF (0.8 mL) in CH2Cl2 (40 mL) was heated at
reflux and treated dropwise with oxalyl chloride (8.30 g, 5.61 mL,
65.4 mmol). After stirring for 15 min, the solvent was distilled under N2


at atmospheric pressure. Bulb-to-bulb distillation (100 ± 130 �C (bath
temperature)/0.01 Torr) of the residue gave pure acid chloride (9.46 g,
97%). A solution of this chloride (7.00 g, 29.4 mmol), triethylamine (8.90 g,
88.2 mmol) and toluene (120 mL) was heated at reflux for 22 h. Then the
cooled (25 �C) reaction mixture was filtered under N2 on Celite. The filtrate
was concentrated at reduced pressure (under N2) and the residue bulb-to-
bulb distilled (100 ± 140 �C (bath temperature)/0.01 Torr) to afford 13
(4.68 g, 95% pure, 75%). The ketene was diluted in pentane and stored
under argon in the freezer. 1H NMR: �� 1.42 (s, 3H), 1.45 (s, 6H), 2.23 (s,
3H), 2.26 (s, 3H), 7.05 ± 7.15 (m, 3H); 13C NMR: �� 204.4 (s), 145.0 (s),
136.3 (s), 134.4 (s), 129.5 (d), 127.5 (d), 123.6 (d), 37.2 (s), 36.7 (s), 29.0 (2q),
20.0 (q), 19.3 (q), 8.0 (q); MS: m/z : 202 (15) [M]� , 187 (100), 159 (68), 148
(25), 144 (28), 129 (20), 128 (20), 119 (20), 115 (14), 105 (10), 91 (13).


(Z)-{[1-tert-Butyl-3-(3,4-dimethylphenyl)-2,3-dimethyl-1-butenyl]oxy}-tri-
methylsilane (16): A pentane solution of tBuLi (1.50�, 3.06 mL,
4.59 mmol) was added to a solution of 13 (0.808 g, 4.00 mmol) in THF
(15 mL) between �78 and �55 �C. After addition, the cooling bath was
removed, and the temperature allowed to warm up to 25 �C. The reaction
mixture containing the enolate was cooled at �45 �C and treated at once
with TMSCl (0.564 g, 5.19 mmol). After 1 h at 25 �C, the reaction mixture


was poured into a cold well-stirred mixture of saturated NaHCO3 and
pentane. The organic phase was washed (H2O and saturated NaCl), dried
(Na2SO4), filtered and evaporated. Bulb-to-bulb distillation (100 ± 150 �C
(bath temperature)/0.01 Torr) afforded 16 (1.20 g, 97% pure, 88%).
1H NMR: �� 0.01 (s, 9H), 1.25 (s, 9H), 1.44 (s, 6H), 1.66 (s, 3H), 2.23 (s,
3H), 2.25 (s, 3H), 7.02 (2s, 2H), 7.04 (br s, 1H); 13C NMR: �� 153.3 (s),
149.2 (s), 135.4 (s), 132.8 (s), 129.2 (d), 127.6 (d), 123.6 (d), 119.3 (s), 43.6 (s),
37.7 (s), 30.8 (3q), 30.3 (2q), 20.1 (q), 19.3 (q), 18.3 (q), 2.4 (3q); MS: m/z :
232 (19) [M]� , 317 (9), 275 (26), 261 (18), 227 (15), 212 (16), 185 (19), 147
(33), 119 (14), 101 (17), 73 (100), 57 (25).


(�)-(R)-5-(3,4-Dimethylphenyl-2,2,4,5-tetramethylhexan-3-one [(R)-(�)-
6]: In a first setup, BuLi (1.44� in hexane, 1.34 mL, 1.93 mmol) was added
between 25 and 40 �C to a stirred solution of (�)-11 (0.600 g, 2.90 mmol) in
THF (5 mL). In a second setup, tBuLi (1.50� in pentane, 0.613 mL,
0.92 mmol) was added at �78 �C to a solution of 13 (161.6 mg, 0.80 mmol)
in THF (7 mL). After addition, the cooling bath was removed, and the
temperature was allowed to warm up to 25�. The reaction mixture
containing the enolate was then cooled again at �45 �C and added in
45 min to the reaction mixture of setup 1 (containing a 2:1 mixture of (�)-
11(Li)/(�)-11). At the end of the addition, the temperature was slowly
allowed to reach �20 �C. Then TMSCl (0.378 g, 3.5 mmol) was added to
trap possible non-protonated enolate (a sample quenched on saturated
NaHCO3/pentane did not show any trace of 16). Once the reaction mixture
had attained rt, it was poured into cold 5% HCl and extracted with Et2O.
The organic phase was washed (H2O, saturated NaHCO3 and saturated
NaCl), dried (Na2SO4) and evaporated. Bulb-to-bulb distillation (100 ±
150 �C (bath temperature)/0.01 Torr) gave (�)-6 (0.182 g, 91% pure,
80%, 80% ee). A pure sample was obtained by chromatography (silica
gel, cyclohexane/AcOEt 95:5). [�]20D ��97 (c� 0.16 in CHCl3). The ee was
determined by chiral GC (CP-Chirasil-DEX CB; (�)-6 : peak 1) and by
Eu(hfbc)3 1H NMR.


S-Phenyl 2,3-dimethyl 2-butenethioate (18): Oxalyl chloride (4.50 g,
3.04 mL, 35.4 mmol) was added at 5 �C to a solution of 2,3-dimethyl-2-
butenoic acid[14] (2.53 g, 22.2 mmol) in CH2Cl2 (25 mL). The temperature
was allowed to attain 20 �C and the mixture was then concentrated in vacuo.
In another flask, a solution of thiophenol (2.32 g, 2.15 mL, 21.1 mmol) in
THF (20 mL) was deprotonated at 0 �C by addition of of nBuLi (1.5� in
hexanes, 14.0 mL, 21 mmol). After 10 min at 20 �C, the thiophenate
solution was added dropwise at 0 ± 5 �C to the solution of crude acid
chloride dissolved in THF (20 mL). After 15 min at 0 �C, the solution was
poured into cold 5% NaOH and extracted twice with Et2O. The organic
layer was washed (H2O, saturated NaCl), dried (Na2SO4) and concentrated.
The residue was bulb-to-bulb distilled (115 �C (bath temperature)/
0.01 Torr) to give thiol ester 18 (3.20 g, 74% based on thiophenol) as a
pale yellow liquid. 1H NMR: �� 1.80 (s, 3H), 1.96 (s, 3H), 2.00 (s, 3H),
7.30 ± 7.53 (m, 5H); 13C NMR: �� 194.3 (s), 140.0 (s), 134.8 (d), 129.2 (d�
s), 129.1 (d), 128.5 (s), 22.8 (q), 22.0 (q), 16.0 (q); MS: m/z : 206 (1) [M]� ,
109 (10), 97 (100), 69 (26), 41 (16).


(�)-(R)-S-Phenyl 2,3-dimethyl-3-butenethioate [(�)-19]: A solution of
thiol ester 18 (948 mg, 4.60 mmol) in THF (5 mL) was added at �100 �C to
a solution of LDA (9.20 mmol) in THF (15 mL). After 45 min at�100 �C, a
solution of (�)-isopropylephedrine ((�)-11) (2.48 g, 12.0 mmol) in THF
(10 mL) was added dropwise over 20 min. Stirring was continued at
�100 �C for 1 h and at �78 �C for 90 min. The mixture was then allowed to
reach �10 �C, poured into 5% NaOH (removal of thiophenol) and
extracted (Et2O). The organic layer was washed (H2O, 5% HCl, H2O,
saturated NaCl), dried (Na2SO4) and concentrated (19 :18� 35:65[15]). Pure
(�)-19 (210 mg, 22%, 59% ee) and recovered 18 (436 mg, 46%),were
obtained by chromatography (silica gel, pentane/ether 99:1). Almost
quantitative recovery of (�)-11 was achieved by basification of the acidic
aqueous phase and extraction (Et2O). [�]20D ��113 (c� 1.48 in CHCl3).
The ee was determined by Eu(hfbc)3 1H NMR spectra. 1H NMR: �� 1.35
(d, J� 7 Hz, 3H), 1.81 (s, 3H), 3.47 (q, J� 7 Hz, 1H), 5.00 (split s, 1H), 5.03
(s, 1H), 7.39 (™s∫, 5H); 13C NMR: �� 198.9 (s), 143.4 (s), 134.5 (d), 129.2
(d), 129.1 (d), 128.0 (s), 114.6 (t), 55.7 (d), 20.1 (q), 15.9 (q); MS: m/z : 206
(6) [M]� , 178 (24), 110 (46), 109 (34), 97 (27), 69 (100), 41 (28).


(�)-(R)-2,3-Dimethyl-3-butenoic acid [(R)-(�)-14]:[11] A mixture of (�)-19
(244 mg, 1.18 mmol, 59% ee) in EtOH (7 mL) and LiOH ¥H2O (150 mg,
3.57 mmol) in H2O (3 mL) was treated in four portions at 45 �C with 35%
H2O2 (0.4 mL, 3.9 mmol). After complete introduction (20 min), stirring
was continued for 30 min. The mixture was cooled to 20 �C, poured into a
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5% NaOH solution and shaken with Et2O. The aqueous layer was acidified
with 5% HCl and extracted (Et2O). The organic extracts were washed
(H2O, 5% NaHSO3, saturated NaCl), dried (Na2SO4) and concentrated to
give crude (�)-14 (95 mg, 94% pure by GC, 67%, ca. 55% ee). [�]20D �
�19.4 (c� 1.12 in CHCl3). The ee and absolute configuration were
determined by comparison with the literature value ((�)-14 (71% ee)
[�]20D ��27).[11]


(�)-(R)-2,2,4,5-Tetramethylhex-5-en-3-one [(R)-(�)-4]: A solution of (�)-
19 (100 mg, 0.48 mmol) in THF (5 mL) was treated at 0 �C with tBuLi
(1.40� in pentane, 208 �L, 0.29 mmol, 0.6 equiv (to minimize racemiza-
tion). After 3 min, an aliquot was analyzed by chiral GC (Megadex 5) and
shown to possess an ee of 59%. After a reaction time of 15 min, a test
sample showed 53% ee. The major enantiomer was peak 2 on GC; thus
(�)-4 obtained in the protonation experiments possesses the (R)-config-
uration (see above). This clean, but incomplete reaction, was not purified.
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Water-Assisted Alkaline Hydrolysis of Monobactams: A Theoretical Study


Natalia DÌaz,[a] Dimas Sua¬rez,[a] Toma¬s L. Sordo,*[a] Inƒ aki Tunƒo¬n,[b] and Estanislao Silla[b]


Abstract: A theoretical study of the water-assisted alkaline hydrolysis of 2-azetidi-
none, 3-formylamino-2-azetidinone and 3-formylamino-2-azetidine-1-sulfonate ion
is carried out at the B3LYP/6-31�G* level. The effect of bulk solvent is taken into
account using the PCM solvation model while specific solvent effects are represented
by the inclusion of an ancillary water molecule along the reaction profile. The
calculated free energy barriers in solution are in reasonable agreement with
experimental values. The observed substituent effects due to the presence of the
3-formylamino and the SO3 groups attached to the �-lactam ring are crucial factors
determining the hydrolysis of monobactam antibiotics.


Keywords: alkaline hydrolysis ¥
density functional calculations ¥
monobactams ¥ solvent effects ¥
substituent effects


Introduction


It is generally accepted that �-lactam antibiotics kill bacteria
by preventing the complete synthesis of the bacterial cell wall,
thus leading to a defective bacterial cell wall which will
rupture given the high internal cell pressure. This is accom-
plished by the acylation reaction between the antibiotic and
the active site serine residue of transpeptidase enzymes
(PBPs) which catalyze the cross-linking of the peptidoglycan
chains as the main component of the bacterial cell wall.[1] The
resultant acyl-enzyme intermediates are relatively stable, thus
inhibiting the bacterial enzyme. However, �-lactamase en-
zymes, which are the primary means of resistance of
pathogenic bacteria against �-lactam antibiotics, catalyze the
hydrolysis of the antibiotic yielding biologically inactive
products.[2±4]


Monobactams are monocyclic bacterially produced �-
lactam antibiotics.[5, 6] They are characterized by the 3-for-


mylamino-2-azetidine-1-sulfonic acid moiety. It has been
suggested that the SO3 group plays two essential roles.[7]


Firstly, electron withdrawal which could activate the �-lactam
amidic bond as does geometrical constraint in bicyclic �-
lactams. Secondly, the positioning of the negative charge in
monobactams, which is crucial for the biochemical activity of
these drugs, is thought to be similar to that in penicillins and
cephalosporins, in which it is located on the carboxylate
group. Nevertheless, monobactams present particular charac-
teristics in their mode of action and activity compared with
that of bicyclic antibiotics. Thus, the antibacterial spectrum of
monobactams is limited to aerobic Gram-negative bacteria,
thus lacking affinity for the essential penicillin-binding
proteins of Gram-positive bacteria and anaerobic organ-
isms.[9] An important advant-
age of monobactams is that
these compounds in general
show a high degree of stability
to the hydrolytic action of �-
lactamases although some �-
lactamases from Klebsiella and
Pseudomonas aureginosa or-
ganisms have resulted in resist-
ance against aztreonam, the first synthetic monobactam
antibiotic drug.[9] Most interestingly, metallo-�-lactamases, in
which the nucleophile is an hydroxyl group bound to a zinc
ion, manifest a relatively low activity against these monocyclic
antibiotics.[10] On the other hand, bridged monobactams
across the C3�C4 bond have been reported as potent
mechanism-based inhibitors of class C �-lactamases.[10]


To further understand the biochemical activity of the �-
lactam antibiotics, the alkaline hydrolysis of numerous �-
lactam compounds has been studied extensively.[11] In an
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experimental study of the alkaline hydrolysis of a series of
monocyclic and bicyclic �-lactams,[12] it has been found that
the rate-determining step for those processes corresponds to
the addition of the hydroxide ion with �G� values ranging
from 18.2 to 25.4 kcalmol�1. In the case of aztreonam, its
reactivity towards alkaline hydrolysis is similar (within a
factor of two) to that of benzylpenicillin.[14] It has been also
found that the Arrhenius activation energy for its degradation
in alkaline aqueous solution is 22.4 kcalmol�1 at pH 8.6.[13] On
the other hand, it has been also reported that �-lactams of the
more basic amines (e.g., nocardicin) present a positive
deviation from the Br˘nsted plot of the second-order rate
constants for the alkaline hydrolysis against the pKa of the
amine leaving group that may signify a change in rate-
determining step to a breakdown of the tetrahedral inter-
mediate.[14, 15]


Various factors have been proposed to explain the remark-
able susceptibility of �-lactam antibiotics towards nucleophil-
ic reagents,[16] namely, the relief of the �-lactam ring strain, the
reduced amide resonance due to the lack of planarity of the �-
lactam ring, the additional strain resulting from fusion with
thiazolidine or dihydrothiazine rings, the influence of the
acylamino side chain. For the alkaline hydrolysis reaction, �-
lactams of basic amines show very similar reactivity to that of
analogous non-cyclic amides whereas �-lactams of weakly
basic amines, such as penicillin and cephalosporin antibiotics,
show enhanced reactivity.[11] A comparative analysis of the
reactivity of benzylpenicillin and related model compounds,
has revealed that the increased reactivity of the penicillin �-
lactam ring with respect to that of unsubstituted �-lactams,
arises solely from the direct action of the fused ring structure
and the acylamino side chain. The effect of the 3-acylamino
group has been estimated as 2.1 kcalmol�1 at 30 �C.[12] In the
case of monobactam antibiotics a similar effect of the
3-acylamino group is reasonably expected to determine
together with the sulfonate functionality their inherent
reactivity.
Theoretical work has been previously devoted to the


investigation of the hydrolysis of �-lactams since the knowl-
edge of the molecular mechanism of this process could be of
great importance in the development of new antibacterial
drugs and �-lactamase inhibitors.[16±23] In a theoretical study of
the water-assisted alkaline hydrolysis ofN-methylazetidinone,
two different mechanisms were investigated.[22b] In both
reaction paths, the first step corresponds to the nucleophilic
attack of the hydroxyl anion solvated with a water molecule to
the �-lactam carbonyl group to form a tetrahedral intermedi-
ate. An activation energy exists for this first step owing to the
hydroxyl desolvation process modeled in a first approxima-
tion by the transfer of OH� from the initial OH� ¥ ¥ ¥ (H2O)
complex to the �-lactam molecule. The two mechanisms
evolve from different conformers of the tetrahedral complex
through asynchronous ring opening and proton transfer to the
negatively charged nitrogen atom to give the final product.
In this paper we report a quantum chemical study of the


alkaline hydrolysis of the following model compounds:
2-azetidinone (AZ), 3-formylamino-2-azetidinone (FAZ),
and 3-formylamino-2-azetidine-1-sulfonate ion (FAZS). For
FAZ and FAZS we investigated both possibilities for the
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nucleophilic attack, syn or anti with respect to the formyl-
amino side chain. The conformation of this formylamino side
chain has been chosen in agreement with the available X-ray
structure for aztreonam.[24] The comparative study of these
model compounds will allow us to obtain a deeper under-
standing of the mechanism of action of monobactams and the
role played by the formylamino side chain and the character-
istic SO3 group. The effect of bulk solvent is taken into
account using a continuum model while specific solvent
effects are represented by including an ancillary water
molecule which can act as both proton donor and proton
acceptor participating in the definition of the reaction
coordinate. By directly addressing the theoretical results with
the experimental data on the alkaline hydrolysis of mono-
bactams, we discuss how this reaction is controlled through a
balance between substituent and solvent effects.


Computational Methods


Calculations were carried out with the Gaussian 98 system of programs.[25]


Stable structures were fully optimized and transition structures (TS)
located at the B3LYP/6-31�G* level. All the critical points were further
characterized by analytic computation of harmonic frequencies at the same
theory level. Thermodynamic data (298 K, 1 bar) were computed using the
B3LYP/6-31�G* frequencies within the ideal gas, rigid rotor, and harmonic
oscillator approximations.[26] �Ggas phase energies were obtained for all of the
optimized species by combining the B3LYP/6-31�G* electronic energies
with the zero-point vibrational energy (ZPVE) values and thermal
corrections.


Quantum chemical computations in solution were carried out on gas phase
optimized geometries using a general self consistent reaction field (SCRF)
model.[27] In this model, the solvent is represented by a dielectric continuum
characterized by its relative static dielectric permittivity, �. The solute is
placed in a cavity created in the continuum, the shape of which is chosen to
fit as best as possible the solute molecular shape according to the solvent
excluding surface.[28] The solute charge distribution polarizes the dielectric
which in turn creates an electric field that modifies the charge distribution
of the solute. One may take into account this interaction by minimizing the
energy of the solute plus the electrostatic free energy change corresponding
to the solvation process that is given by


�Gsolvation�� 1³2Eint


where Eint is the interaction energy:


Eint�
�


�


Vel (r�)Z��
�
Vel (r)�(r)dr


In this equation, Vel is the electrostatic potential created by the polarized
continuum in the cavity, r� and Z� are the position vector and the charge of
nucleus �, respectively, and �(r) is the electronic density at point r. The
factor 1³2 in the free energy arises from the fact that the positive work
required to polarize the medium is exactly one-half the value of the
interaction energy. Vel may be computed following different approaches.
The recently derived UAHF (united atom Hartree ± Fock) parametriza-
tion[29] of the polarizable continuum model (PCM)[27c] was used, including
both electrostatic and non-electrostatic solute ± solvent interactions.[30] The
topology of the system was controlled so that the hybridization of all the
atoms was the same in analogous structures. A relative permittivity of 78.39
was used to simulate water as solvent.
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Addition of �Ggas phase to the corresponding relative solvation Gibbs
energies, ��Gsolvation , evaluated neglecting the change in the relative value
of the thermal corrections when going from a vacuum to the solution, gives
�Gsolution for the structures studied in this work.


Atomic charges were computed in the gas phase carrying out a natural
population analysis (NPA) using the corresponding B3LYP/6-31�G*
density matrices.[31]


Results and Discussion


In the present work, we investigated the mechanism for the
alkaline hydrolysis of 2-azetidinone (AZ), 3-formylamino-2-
azetidinone (FAZ) and 3-formylamino-2-azetidine-1-sulfo-
nate ion (FAZS) in which the hydrogen transfer is mediated
by a water molecule. This route has been previously seen to be
the most favored one for the alkaline hydrolysis of azetidi-
nones.[22b] As previously mentioned, both syn and anti
mechanisms were studied for FAZ and FAZS. First we
present the results obtained for the hydrolysis of 2-azetidi-
none and 3-formylamino-2-azetidinone which have the same
mechanism, and then those for the hydrolysis of 3-formyl-
amino-2-azetidine-1-sulfonate ion. Unless otherwise stated
the electronic energy including the ZPVE correction will be
given in the text.


Hydrolysis of 2-azetidinone and 3-formylamino-2-azetidi-
none : Figures 1 and 2 present the stationary structures located
for the alkaline hydrolysis of 2-azetidinone and the syn and
anti routes of 3-formylamino-2-azetidinone, respectively.
Tables 1 and 2 display the corresponding relative energies
with respect to the OH� ¥ ¥ ¥ (H2O) complex and the �-lactam
compound.


Min1(AZ) andMin1(FAZ)-syn in Figure 1 and 2 are critical
structures corresponding to reactant complexes formed
through interaction of the hydroxyl anion solvated by one
water molecule with 2-azetidinone and 3-formylamino-2-
azetidinone, respectively. In Min1(AZ) the hydroxyl oxygen
atom is situated at 1.417 ä from the hydrogen atom of the
solvating water molecule and at 2.022 ä from the hydrogen
atom of the C3 methylene group while the oxygen atom of the
water molecule is interacting with the hydrogen atom of the
C4 methylene group at a distance of 2.266 ä, leading to a
stabilization of 14.3 kcalmol�1 relative to separate reactants.
In the Min1(FAZ)-syn structure, the oxygen atom of the
hydroxyl anion is strongly interacting with the NH of the �-
lactam side chain at a distance of 1.477 ä. This short hydrogen
bond between the 3-formylamino group and the attacking
hydroxyl moiety greatly stabilizes Min1(FAZ)-syn which is
35 kcalmol�1 below separate reactants. For the anti attack of
the OH� ¥ ¥ ¥ (H2O) dimer towards the �-lactam carbonyl of
FAZ, geometry optimizations in the gas phase as well as IRC
calculations started from the TS1(FAZ)-anti structure, gave
an initial complex for the anti process in which the hydroxyl
anion abstracts a proton from the formylamino group of FAZ.
This structure is not reported since it is not relevant for the
actual reaction in aqueous solution.
According to our calculations, TS1(AZ), TS1(FAZ)-syn,


and TS1(FAZ)-anti are transition states corresponding to the


nucleophilic attack of the hydroxyl anion on the carbonylic C
atom of the �-lactam. This nucleophilic attack involves the
partial desolvation of the hydroxyl anion, a slight breaking of
the C�N amide bond, and the partial formation of the C�O
bond with a distance of 2.281, 2.023, and 2.339 ä at TS1(AZ),
TS1(FAZ)-syn, and TS1(FAZ)-anti, respectively (see Fig-
ures 1 and 2). In the gas phase, the energies of these TSs with
respect to the �-lactam compound and the OH� ¥ ¥ ¥ (H2O)
dimer are �0.7, �19.8, and �14.8 kcalmol�1 for TS1(AZ),
TS1(FAZ)-syn, and TS1(FAZ)-anti, respectively. TS1(AZ),
TS1(FAZ)-syn are 15.0 and 15.2 kcalmol�1 less stable than
their precursors on the PES, Min1(AZ) and Min1(FAZ)-syn,
respectively. Among these TSs,TS1(FAZ)-syn results the most
stable and the most advanced transition state for nucleophilic
attack due to the presence of a hydrogen-bond interaction
between the formylamino side chain and the attacking
hydroxyl anion with a short N-H ¥ ¥ ¥O distance of 1.777 ä.
Note that the small size of the hydroxyl anion makes the syn
pathway sterically feasible. On the other hand, with respect to
the non-substituted TS1(AZ) structure, the anti pathway for
FAZ proceeds through an earlier transition state given that
the electron-withdrawing effect of the formylamino side chain
makes the �-lactam carbonyl group a better electrophile. The
position of the ancillary water depends on the ™reactant-like∫
character of the TSs. Thus, the water molecule bridges the
nucleophile and the endocyclic N atom of �-lactam in the
advanced TSs (TS1(AZ) and TS1(FAZ)-syn) where it merely
solvates the nucleophile in the less advanced one (TS1(FAZ)-
anti).
The addition products, Min2(AZ), Min2(FAZ)-syn, and


Min2(FAZ)-anti, correspond to tetrahedral intermediates
interacting with the ancillary water molecule by means of
one (Min2(FAZ)-anti) or two (Min2(AZ) and Min2(FAZ)-
syn) hydrogen bonds. These tetrahedral intermediates can
achieve different conformations depending on the syn/anti
relationship between the nitrogen lone pair and the hydroxyl
group as well as on the orientation of the hydroxyl hydrogen.
Several pathways, not detailed here, would be feasible for
connecting the Min2(AZ), Min2(FAZ)-syn, and Min2(FAZ)-
anti structures with the Min3(AZ), Min3(FAZ)-syn, and
Min3(FAZ)-anti intermediates passing through low barrier
steps (i.e., internal rotations, pyramidal inversion of the N
atom, relocation of the ancillary water molecule, etc.). The
Min3(AZ), Min3(FAZ)-syn, and Min3(FAZ)-anti structures
are more stable than reactants by 5.2, 14.9, and
22.4 kcalmol�1, respectively. The greater stability of Min3-
(FAZ)-anti results most likely from the N-H ¥ ¥ ¥O hydrogen
bond formed between the 3-formylamino side chain and the
negatively charged carbonylic O atom.
In Min3(AZ), Min3(FAZ)-syn, and Min3(FAZ)-anti, the


relative orientation of the water molecule and the hydroxyl
moiety is suitable for double proton exchange.[22b] We found
that these structures evolve readily through a single transition
structure to give the ring opening and proton transfer from the
hydroxyl group to water and from that to the nitrogen atom.
The corresponding TSs, TS2(AZ), TS2(FAZ)-syn, and
TS2(FAZ)-anti, present very low electronic energy barriers
of 1.1, 0.3, and 4.3 kcalmol�1 with respect to Min3(AZ),
Min3(FAZ)-syn, andMin3(FAZ)-anti, respectively (0.4, �0.6,
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and 3.6 kcalmol�1 when the ZPVE is taken into account). In
the final product conformers P(AZ), P(FAZ)-syn, and
P(FAZ)-anti, the formed carboxylate and the leaving amino
group are interacting through the ancillary water molecule
(see Figures 1 and 2). The cleavage of the tetrahedral
intermediate is strongly exergonic, the calculated reaction
energy being �47.7 and �62.5 and �65.9 kcalmol�1 for the
P(AZ), P(FAZ)-syn, and P(FAZ)-anti conformers, respec-
tively.


Figure 1. B3LYP/6-31�G* optimized structures for the water-assisted
alkaline hydrolysis of 2-azetidinone (AZ). Distances in ä. B3LYP/6-
31�G* NPA atomic charges in bold characters (H atoms summed into
heavy atoms to which they are bonded).


When comparing these processes, we see that the presence
of the 3-formylamino side chain causes an important stabili-
zation all along the reaction coordinate (see Tables 1 ± 2)
owing to its electron-withdrawing ability, clearly manifested
when comparing the NPA charges of C3 in the structures in
Figures 1 and 2. As mentioned above, this stabilization also
stems from the ability of the amino group of this side chain to
interact via a hydrogen bond with the hydroxyl moiety along
the syn attack or with the �-lactam carbonyl oxygen atom
along the anti attack (see Figure 2). Overall, the 3-formyla-
mino side chain considerably facilitates both the attack of the
hydroxyl ion and the electron density rearrangement neces-
sary for the �-lactam C�N bond cleavage in the gas phase. In


addition, the 3-formylamino group has an important thermo-
dynamic effect by stabilizing around 14 ± 19 kcalmol�1 the
negatively charged carboxylate group at the product complex
P(FAZ).


Hydrolysis of the 3-formylamino-2-azetidine-1-sulfonate ion :
Our calculations rendered a new mechanism for the hydrol-
ysis of the 3-formylamino-2-azetidine-1-sulfonate ion in which
the SO3 group plays an active role by assisting the proton
transfer events along the reaction coordinate. Figure 3 shows
the critical structures located on the B3LYP/6-31�G* PES
and Table 3 gives the corresponding relative energies. In the
gas phase, this process proceeds through substantially higher
barriers than in the two previous cases because both reactants
have now a negative charge.
In the reactant complexMin1(FAZS)-syn, the hydroxyl ion


strongly interacts with the 3-formylamino side chain through a
NH ¥ ¥ ¥Ohydrogen bond of�1.5 ä. This complex results quite
similar to that found in the syn route for the hydrolysis of FAZ
(Min1(FAZ)-syn). For the anti approach of the OH� ¥ ¥ ¥ (H2O)
dimer towards the carbonyl group of FAZS, a representative
precursor complex could not be located on the B3LYP/6-
31�G* PES.


TS1(FAZS)-syn and TS1(FAZS)-anti are the transition
structures corresponding to the addition of OH� to the
monobactam and present energy barriers of 43.2 and
51.3 kcalmol�1, respectively. The energy difference between
both TSs (8.1 kcalmol�1) can be ascribed to the short hydro-
gen-bond interaction between the hydroxyl anion and the
hydrogen atom bonded to the formylamino side chain in the
syn approach (N-H ¥ ¥ ¥O 1.891 ä, see Figure 3). This inter-
action allows a closer approach of the nucleophile rendering a
more advanced TS for the syn attack. The addition products
obtained from these TSs are Min2(FAZS)-syn and Min2-
(FAZS)-anti which are 42.6 and 40.6 kcalmol�1, respectively
above separate reactants and correspond to tetrahedral
intermediates. In these structures, the ancillary water mole-
cule bridges the hydroxyl and the SO3 groups by means of two
hydrogen bonds with equilibrium distances of �1.9 ä.
We found that the most favorable route for the evolution of


the addition tetrahedral species takes place through the
conformers Min3(FAZS)-syn and Min3(FAZS)-anti in which
the ancillary water molecule bridges the forming carboxylate
group with the SO3 group.Min3(FAZS)-syn andMin3(FAZS)-
anti are 2.0 and 3.2 kcalmol�1, respectively, more stable than
the addition intermediates Min2(FAZS)-syn and Min2-
(FAZS)-anti. According to our calculations, Min3(FAZS)-
syn and Min3(FAZS)-anti are connected along the reaction
coordinate with TS2(FAZS)-syn and TS2(FAZS)-anti, respec-
tively, which are transition states for the ring opening and
double proton transfer from the OH group to water and from
water to the SO3 moiety. Energetically, TS2(FAZS)-syn is
4.1 kcalmol�1 above Min3(FAZS)-syn, while TS2(FAZS)-anti
is 5.1 kcalmol�1 aboveMin3(FAZS)-anti. These TS structures
lead toMin4(FAZS)-syn andMin4(FAZS)-anti in which the �-
lactam ring is already open. Thus, owing to the release of the
�-lactam strain energy, Min4(FAZS)-syn and Min4(FAZS)-
anti are about 20 kcalmol�1 more stable than their precursors.
In the intermediates Min4(FAZS)-syn and Min4(FAZS)-anti,
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Figure 2. B3LYP/6-31�G* optimized structures for the water-assisted alkaline hydrolysis of 3-formylamino-2-azetidinone (FAZ). Critical structures are
shown for both the syn and anti approaches of the nucleophile with respect to the formylamino side chain of the �-lactam. Distances in ä. B3LYP/6-31�G*
NPA atomic charges in bold characters (H atoms summed into heavy atoms to which they are bonded).
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the location of the catalytic water molecule, which is
interacting with the SO3H moiety, the nitrogen atom, and
one of the oxygen atoms of the carboxylate group (see
Figure 3), is clearly adequate for assisting the N�SO3H�
NH�SO3 proton transfer. We found that this process takes
place with the assistance of the water molecule through
TS3(FAZS)-syn and TS3(FAZS)-anti to yield the product
conformers of the hydrolysis reaction, P(FAZS)-syn and


P(FAZS)-anti. The energy barrier for this step amounts to
3-7 kcalmol�1 with respect to the Min4(FAZS) structures.
As this is a dianionic system we have investigated whether


the wave function is bound with respect to vertical loss of one
electron for all structures along the reaction pathways. In all
the cases this condition was satisfied.


Gibbs energy profiles in the gas phase and in solution : The
relative B3LYP/6-31�G* Gibbs energy values with respect to
the OH� ¥ ¥ ¥ (H2O) complex and the corresponding �-lactam
compound are given in Tables 1 ± 3 for the hydrolysis of
2-azetidinone, 3-formylamino-2-azetidinone, and 3-formyla-
mino-2-azetidine-1-sulfonate ion, respectively, both in the gas
phase and in solution. Figures 4 and 5 display the Gibbs
energy profiles for the three processes in solution.
When thermal corrections to the B3LYP/6-31�G* gas


phase 0 K energies are included, a destabilization of the
energy profiles with respect to the separate reactants takes
place in the three cases owing to the entropy factor. For
2-azetidinone and 3-formylamino-2-azetidinone, this destabi-
lization amounts to about 10 ± 13 kcalmol�1 and for the
3-formylamino-2-azetidine-1-sulfonate ion to about 12 ±
14 kcalmol�1. All the prereactive complexes can be only
transient species when the thermal corrections and solvation
energies are included (see Tables 1 ± 3).
Owing to the strong polarization of the continuum by the


OH� ¥ ¥ ¥ (H2O) complex, the electrostatic effect of solvent
stabilizes preferentially the separate reactants over the
remaining critical structures along the reaction coordinate
by around 10 ± 20 kcalmol�1 for 2-azetidinone and 23 ±
34 kcalmol�1 for 3-formylamino-2-azetidinone. The greater
effect in the latter case originates from the previously
discussed electron withdrawing effect of the 3-formylamino
side chain which avoids the concentration of negative charge
thus weakening the electrostatic solute ± solvent interaction.
On the contrary, for the 3-formylamino-2-azetidine-1-


sulfonate ion, the whole energy profile becomes more
stabilized in solution than separate reactants by around 28 ±
41 kcalmol�1 because solute ± solvent interactions largely
overcome the electrostatic repulsion between the negatively
charged reactants. Most interestingly, the sulfonate group
plays an important role by accumulating a large negative
charge (�1.4 e�) that is developed at the critical structures
involved in the breakdown of the tetrahedral intermediates
and strongly polarizing the solvent. In this way, the energy
barrier in solution relative to reactants corresponding to the
C�N bond cleavage considerably diminishes with respect to
those of the AZ and FAZ systems, and therefore the ring of
the monobactam is readily and irreversibly opened after the
initial addition of the hydroxyl anion. The influence of the SO3
group to facilitate the rupture of the endocylic C�N bond is
also in agreement with the poor basic character of the leaving
amino group.
As a result of both entropic and solvent effects, for


2-azetidinone the rate determining step corresponds to the
opening of the �-lactam ring with a Gibbs energy barrier in
solution of 26.5 kcalmol�1. In the case of 3-formylamino-2-
azetidinone, the most favorable route is the syn one, in which
a rate determining step is the �-lactam ring cleavage with a


Table 2. Relative energies [kcalmol�1] for the H2O-assisted alkaline hydrolysis of
the 3-formylamino-2-azetidinone.


B3LYP/6-31�G*[a] �Ggas phase ��Gsolvation �Gsolution


3-formylamino-2-azetidinone 0.0 0.0 0.0 0.0
�OH� ¥ ¥ ¥ (H2O)
Min1(FAZ)-syn � 35.0 � 25.8 36.5 10.7
TS1(FAZ)-syn � 19.8 � 7.5 31.6 24.1
Min2(FAZ)-syn � 23.4 � 11.8 27.8 16.0
Min3(FAZ)-syn � 14.9 � 2.5 22.6 20.2
TS2(FAZ)-syn � 15.5 � 2.6 27.2 24.6
P(FAZ)-syn � 62.5 � 51.0 30.4 � 20.6
Min1(FAZ)-anti � 10.6 � 0.7 22.0 21.3
TS1(FAZ)-anti � 14.8 � 4.8 23.0 18.1
Min2(FAZ)-anti � 20.9 � 10.9 25.4 14.5
Min3(FAZ)-anti � 22.4 � 10.9 26.8 16.0
TS2(FAZ)-anti � 18.8 � 6.2 31.6 25.4
P(FAZ)-anti � 65.9 � 56.1 34.0 � 22.0
[a] Including B3LYP/6-31�G* ZPVE.


Table 1. Relative energies [kcalmol�1] for the H2O-assisted alkaline hydrolysis of
2-azetidinone.


B3LYP/6-31�G*[a] �Ggas phase ��Gsolvation �Gsolution


2-azetidinone 0.0 0.0 0.0 0.0
�OH� ¥ ¥ ¥ (H2O)
Min1(AZ) � 14.3 � 4.9 25.7 20.8
TS1(AZ) � 0.7 10.5 10.6 21.1
Min2(AZ) � 10.4 1.4 18.4 19.7
Min3(AZ) � 5.2 6.0 14.7 20.7
TS2(AZ) � 4.8 7.2 19.3 26.5
P(AZ) � 47.7 � 36.9 19.6 � 17.3
[a] Including B3LYP/6-31�G* ZPVE.


Table 3. Relative energies [kcalmol�1] for the H2O-assisted alkaline hydrolysis of
the 3-formylamino-2-azetidine-1-sulfonate ion.


B3LYP/6-31�G*[a] �Ggas phase ��Gsolvation �Gsolution


3-formylamino-2-azetidine- 0.0 0.0 0.0 0.0
1-sulfonate�OH� ¥ ¥ ¥ (H2O)
Min1(FAZS)-syn 17.2 26.5 � 19.6 6.9
TS1(FAZS)-syn 43.2 56.6 � 34.9 21.8
Min2(FAZS)-syn 42.6 56.1 � 37.4 18.6
Min3(FAZS)-syn 40.6 54.6 � 37.4 17.2
TS2(FAZS)-syn 44.7 58.8 � 40.7 18.1
Min4(FAZS)-syn 20.6 33.6 � 32.5 1.1
TS3(FAZS)-syn 24.0 37.4 � 27.7 9.7
P(FAZS)-syn � 7.0 5.1 � 27.6 � 22.4
Min1(FAZS)-anti 40.9 45.7 � 29.7 16.0
TS1(FAZS)-anti 51.3 64.9 � 33.0 32.0
Min2(FAZS)-anti 40.6 54.2 � 37.1 17.1
Min3(FAZS)-anti 37.4 50.8 � 34.6 16.2
TS2(FAZS)-anti 42.5 56.7 � 39.2 17.6
Min4(FAZS)-anti 17.1 30.1 � 30.5 � 0.4
TS3(FAZS)-anti 24.0 37.1 � 29.9 7.2
P(FAZS)-anti � 8.6 3.4 � 29.2 � 25.7
[a] Including B3LYP/6-31�G* ZPVE.
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Figure 3. B3LYP/6-31�G* optimized structures for the water-assisted alkaline hydrolysis of the 3-formylamino-2-azetidine-1-sulfonate ion (FAZS). Critical
structures are shown for both the syn and anti approaches of the nucleophile with respect to the formylamino side chain of the �-lactam. Distances in ä.
B3LYP/6-31�G* NPA atomic charges in bold characters (H atoms summed into heavy atoms to which they are bonded).
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Gibbs energy barrier of 24.6 kcalmol�1 (only 0.8 kcalmol�1


more stable in solution than the corresponding anti structure).
For 3-formylamino-2-azetidine-1-sulfonate ion, the syn proc-
ess is 10.2 kcalmol�1 more favorable than the anti process and
the rate determining step now corresponds to the nucleophilic
attack of the hydroxyl anion with a Gibbs energy barrier of
21.8 kcalmol�1.


Comparison with experiment : Let us now compare our results
in solution with experiment. The theoretical �G� values
obtained in solution, 26.5 and 24.6 kcalmol�1 for 2-azetidi-
none and 3-formylamino-2-azetidinone (syn), respectively,
agree reasonable well with the range of experimental values


(18.2 ± 25.4 kcalmol�1) previously report-
ed[12b] for N-methyl-, N-phenyl-�-lac-
tams, and penicillins.
The �Gsolution calculations on the 2-aze-


tidinone and 3-formylamino-2-azetidi-
none systems, yield for the kinetic effect
of the 3-formylamino side chain
1.9 kcalmol�1 at the TS for the opening
of the �-lactam ring in agreement with
the experimental estimation reported
(2.1 kcalmol�1).[12b] As mentioned previ-
ously, this effect originates from the
electron-withdrawing and hydrogen-
bonding ability of the formylamino group
which allows for less repulsive electro-
static interactions when the �-lactam is
approached by the hydroxide anion and
an easier electron rearrangement when
the �-lactam ring opens.
For the hydrolysis of the 3-formylami-


no-2-azetidine-1-sulfonate ion, the calcu-
lated rate-determining barrier �Gsolution


for the syn profile (21.8 kcalmol�1) which
corresponds to a kinetic constant[32] of
k� 47.9� 10�1mol�1dm3h�1, is in agree-
ment with the experimental data report-
ed for the alkaline hydrolysis of aztreo-
nam at 35 �C (experimental activation
energy� 22.4 kcalmol�1; k� 2.12�
10�1mol�1dm3h�1).[13] On the other hand,
it is an experimental fact that monobac-
tam antibiotics have a similar reactivity
than benzylpenicillin toward alkaline
hydrolysis.[14] To further address this
point, we also investigated the nucleo-
philic attack of the hydroxyl anion to
6-formylamino-3�-carboxypenam (a
model of penicillin compounds, see also
the Supporting Information). The calcu-
lated �Gsolution value for the penicllin
model amounts to 19.9 kcalmol�1 which,
in effect, turns out to be close to that of
the monobactam model.
The 3-formylamino-2-azetidine-1-sul-


fonate ion has a good leaving group
because of the effect of the SO3 substitu-


ent. For this system our calculations clearly render as the
rate determining step the first one corresponding to the
addition of the hydroxide ion.[32] This result is in agree-
ment with the experimental Br˘nsted � values which are
indicative of rate-limiting nucleophilic attack for the hydrol-
ysis of �-lactam antibiotics including monobactams.[11, 15]


Comparison between the energy profiles shown in Figures 4
and 5 supports clearly the proposal[14, 15] that �-lactams of the
more basic amines (i.e., 2-azetidinone and 3-formylamino-2-
azetidinone) present a larger energy barrier for the break-
down of the �-lactam C�N bond with respect to �-lactams
with good leaving groups (i.e., 3-formylamino-2-azetidine-1-
sulfonate).
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Figure 4. Gibbs energy profiles [kcalmol�1] in solution for the hydrolysis reaction of 2-azetidinone
(AZ) and 3-formylamino-2-azetidinone (FAZ).
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Figure 5. Gibbs energy profiles [kcalmol�1] in solution for the hydrolysis reaction of the
3-formylamino-2-azetidine-1-sulfonate ion (FAZS).
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Conclusion


The theoretical results obtained in the present work repro-
duce quite reasonably the basic experimental facts and give
insight into the molecular details of the reaction mechanism
for the alkaline hydrolysis of �-lactams. According to our
calculations, the rate determining step for the alkaline
hydrolysis of the 3-formylamino-2-azetidine-1-sulfonate ion
is the nucleophilic attack on the carbonyl carbon atom. The
most favored pathway for the hydroxyl addition takes place in
a syn orientation with respect to the 3-formylamino side
chain. The kinetic effect of the formylamino side chain stems
from both its electron-withdrawing and hydrogen-bonding
abilities. The SO3 group facilitates the opening of the �-lactam
ring by making the nitrogen atom less basic and by enhancing
the solute ± solvent interactions. Our calculations also indicate
that the SO3 group plays an active role by favoring the proton
transfer to the leaving amino group through a N�SO3H�
NH�SO3 isomerization assisted by the ancillary water mole-
cule. Globally, the Gibbs energy profiles and the molecular
knowledge gained in this work may be helpful to further
understand the similarities and differences in the biochemical
activity of monobactams and bicyclic �-lactam antibiotics.
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The Nature of the Indenyl Effect


Maria Jose¬ Calhorda,[b, c] Carlos C. Romaƒo,[b] and Luis F. Veiros*[a]


Abstract: The �5-to-�3 coordination
shift of cyclopentadienyl (Cp�C5H5


�)
and indenyl (Ind�C9H7


�) ligands in
molybdenocene complexes, [(�5-Cp�)-
(�5-Cp)Mo(CO)2]2� (Cp��Cp or Ind),
driven by a two-electron reduction of
those species, was studied and compared
by means of molecular orbital calcula-
tions (B3LYP HF/DFT hybrid function-
al, DZP basis sets). The results obtained,
in terms of optimized geometries, rela-
tive energies, and bond analysis param-
eters, compare well with the experimen-
tal data, and verify the well-known
indenyl effect, that is, a significantly
more facile �5-to-�3 rearrangement for


the indenyl ligand when compared to
cyclopentadienyl. However, the study of
the folding of free Cp and Ind, combined
with the (�5/3-Cp�)�M bond analysis,
shows that the observed difference is
not the result of an intrinsic character-
istic of the indenyl ligand, such as the
traditionally accepted aromaticity gain
in the benzene ring formed in �3-Ind
complexes. Instead, it is directly related


to the Cp��M bond strength. While the
difference in the energy required to fold
the two free ligands is negligible
(�1 kcalmol�1 for folding angles up to
20�), the (�5-Cp)�M bond is stronger
than that of (�5-Ind)�M; however, the
opposite situation is found for the �3


coordination mode. The net result, for
Cp�� Ind, is a destabilization of the �5


complexes and a stabilization of the �3


intermediates or transition states yield-
ing smaller activation energies and
faster reaction rates for processes in
which that is the rate-determining step.


Keywords: ab initio calculations ¥
coordination modes ¥ cyclopenta-
dienyl ligands ¥ indenyl effect ¥
molybdenum


Introduction


The coordination mode of a � ligand in an organometallic
complex depends on the metal-electron count. The number of
atoms directly bonded to the metal, that is, the hapticity of the
hydrocarbon � ligands, often varies in order to compensate
changes of the total electron number in the metal coordina-
tion sphere. The resulting rearrangements of the complex
geometry and ligand coordination mode have been known for
a long time for ligands such as cyclopentadienyl (Cp�C5H5


�)
or indenyl (Ind�C9H7


�) and have been described as ™ring
slippage∫ or ™ring folding∫ processes,[1] or by the more general
designation of ™haptotropic shifts∫.[2]


The most widely studied of those processes is certainly the
�5-to-�3 shift observed in some complexes when a reduction,
or the addition of a donor ligand, L�, increases the formal
number of metal electrons by two. In this case, the excess
electron density at the metal center is released by the cleavage
of two out of the five M�C bonds to change the � ligand
coordination from pentahapto (�5) to trihapto (�3). The
importance of those processes was first noticed in studies of
associative substitution reactions of electronically saturated
complexes. A substantial increase in the reaction rates was
observed for indenyl complexes, when compared to their
cyclopentadienyl analogues.[3±9] This gave rise to the term
indenyl effect[7] and its explanation, proposed then and still
accepted today, is based in an enhanced stability of the �3-Cp�
intermediates, for Cp�� Ind, as a consequence of the aroma-
ticity gain of the benzene ring formed by the six uncoordi-
nated carbon atoms (Scheme 1).


Given the fundamental role played by haptotropic shifts in
many important reactions in organometallic chemistry, such
as catalytic processes,[10±16] a considerable effort has been
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undertaken in the study of low-hapticity �-ligand complexes,
with slipped or folded coordination modes. These generally
correspond to unstable intermediates that are very difficult to
isolate and characterize. However, the understanding of their
bonding and reactivity is crucial for a more complete knowl-
edge of the reaction mechanisms. A large number of ligands
has been tested, as a survey of the Cambridge Structural
Database (CSD)[17] shows. There are structurally character-
ized complexes with �3-coordinated Cp, in solution[18] and in
the solid state,[19, 20] as well as ligands with larger � systems,
such as fluorenyl (C13H9


�), cyclopentha[def]phenantrenyl
(C15H9


�),[21±28] and 1-hydronaphthalene (C10H9
�);[29, 30] how-


ever, the most studied ligand is certainly indenyl.[21, 31±56]


Since the early papers by the Hoffmann group[2, 57, 58] a large
amount of work has been devoted to the theoretical under-
standing of haptotropic shifts. Although most addressed the
bonding and coordination geometries of cyclopentadienyl and
indenyl,[59±67] or specifically the indenyl effect,[33±35, 38, 68, 69] the
larger ligands, such as fluorenyl and cyclopentha[def]phenan-
trenyl, were also studied.[24, 25, 28, 70] The theoretical studies on
haptotropic shifts have been recently reviewed for indenyl[71]


and other ligands.[72]


In all the theoretical work, the nature of the indenyl effect
was always assumed to be based on the increased stability of
�3-Ind complexes owing to the benzene aromaticity, as
initially proposed by Mawby and Hart-Davies in 1969.[3]


However, experimental data based on calorimetric studies
of Mo and W complexes with Cp and Ind,[73] as well as
theoretical studies focused on the indenyl effect,[33, 69] hinted
that the more facile �5-to-�3 ring slippage showed by indenyl,
when compared to cyclopentadienyl, might be related to the
Cp��M bond strength, specially in the �5-coordination mode.


In this work, ab initio[74] and density functional theory
(DFT)[75] calculations, complemented by an extended H¸ck-
el[76, 77] orbital analysis, are used to investigate the electronic
factors behind the indenyl effect. The system chosen, the
Group 6 bent metallocenes, such as [(�5-Cp�)(�5-Cp)Mo-
(CO)2]2� (Cp��Cp or Ind), presents �5-to-�3 shifts of both Cp
and Ind upon a two-electron reduction, and some X-ray
structures of the corresponding �3-Cp� complexes have been
determined.[19, 20, 32]


Results and Discussion


The comparative study of two related compounds, namely the
bis(cyclopentadienyl) complex [(�5-Cp)2Mo(CO)2]2� and the
mixed-ring species [(�5-Ind)(�5-Cp)Mo(CO)2]2�, both of
which are electronically saturated 18-electron complexes,
has already been reported in an earlier attempt to understand
the �5-to-�3 shift of cyclopentadienyl and indenyl, from an
experimental and a theoretical point of view.[33, 34] A two-
electron reduction of those complexes yields the correspond-
ing neutral molecules with a slipped coordination of one ring
(�3-Cp�), therefore keeping the 18-electron count by the
cleavage of two M�C(Cp�) bonds.


The DFT/B3LYP-optimized structures of the different
(Ind)(Cp) and bis(Cp) complexes are represented in Figures 1
and 2, respectively, along with the more relevant structural


Figure 1. Optimized structures (B3LYP/DZP) of [(�3-Ind)(�5-Cp)Mo-
(CO)2] (top), [(�5-Ind)(�5-Cp)Mo(CO)2]2� (centre), and [(�3-Cp)(�-In-
d)Mo(CO)2] (bottom), with the more relevant structural parameters
[distances in ä], the calculated and experimental �(CO) stretching
frequencies [cm�1] and the relative energies between the two neutral
complexes [kcalmol�1].


parameters and the �(CO) stretching frequencies. Of all the
structural parameters defined to characterize the Cp� haptic-
ity,[49] the five M�Cx (x� 1 ± 5) bond lengths and the folding
angle, � (defined as the angle between the plane of C1, C2,
and C3, and mean plane of C1, C3, C4, and C5, see Scheme 1)
will be used in the following discussion.


The quality of the calculated structures can only be
unequivocally tested for [(�3-Ind)(�5-Cp)Mo(CO)2], since
this is the only complex with a full structural characterization
obtained by X-ray diffraction.[32] This reduction product [(�3-
Ind)(�5-Cp)Mo(CO)2] (Figure 1, top) exhibits a clear �3


coordination of the indenyl ligand, with a significant folding
angle (�� 20�), two carbons atoms beyond bonding distances
(dM�C4/5� 2.9 ä) and the other three well within the normal
range for M�C bonds (2.3 ± 2.4 ä). A much smaller distortion
is found in the coordination of the second � ligand, �5-Cp, in
[(�3-Ind)(�5-Cp)Mo(CO)2], when compared to its bis(Cp)
analogue (Figure 2, bottom), as shown by the folding angle
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Figure 2. Optimized structures (B3LYP/DZP) of [(�5-Cp)2Mo(CO)2]2�


(top) and [(�3-Cp)(�5-Cp)Mo(CO)2] (bottom), with the more relevant
structural parameters [distances in ä], and the calculated and experimental
�(CO) stretching frequencies [cm�1].


(�� 3�) and the M± C4/5 distances (2.5 ä). The optimized
structure is in very good agreement with the experimental
one, with mean and maximum absolute deviations of 0.035
and 0.067 ä, respectively, for the bond lengths around the
metal coordination sphere (M�C and C�O). The calculated
bond angles are also very similar to the experimental values:
CO-Mo-CO� 81� (calcd) and 82� (exptl), Ind-Mo-Cp� 127�
(calcd and exptl), the same happening with the ligand folding
angles (�), 20� (calcd) and 21� (exptl) for Ind, and 3� (calcd)
and 2� (exptl) for Cp. The calculated �(CO) stretching
frequencies also agree with the experimental values,[32] with
2% and 4% deviations, as well as for the next complexes (the
mean and maximum absolute deviations are 4% and 5% for
the complexes in Figures 1 and 2). Therefore, the description
provided by the theoretical approach used is adequate for the
discussions intended here. The optimized geometry for [(�3-
Ind)(�5-Cp)Mo(CO)2] has Cs symmetry, based on a plane
defined by the metal and the two C5 ring centroids. Indeed,
this is a general feature of all the reduced complexes.


The mixed-ring dicationic complex [(�5-Ind)(�5-Cp)-
Mo(CO)2]2� (Figure 1, center) presents a typical �5-Cp ring,
which is practically planar (�� 1�), with five similar
M�C(Cp) bond lengths (2.3 ± 2.4 ä). The coordination geom-
etry of the indenyl ligand is also the common one in ™�5-Ind∫
complexes, and should, perhaps, be more accurately called
�3��2, as recently suggested.[71, 72] In fact, a small distortion of
this ligand is found (�� 7�) and the two hinge carbon atoms
(C4 and C5) have M�C(Cp) bond lengths slightly longer
(�2.5 ä) than those of the three allylic carbon atoms


(dM�C1/2/3� 2.3 ± 2.4 ä). The relative conformation of the two
� ligands minimizes the steric repulsion between the benzene
portion of indenyl and the cyclopentadienyl opposite, this
being a common feature of the (Cp)(Ind) mixed-ring metal-
locenes.[72]


An alternative product from the two-electron reduction of
the mixed-ring dication was also optimized: [(�3-Cp)(�-Ind)-
Mo(CO)2] (Figure 1, bottom). In this case, the geometrical
rearrangement associated with the haptotropic shift was
forced to occur in the Cp ligand (see Computational
Methods), and the resulting coordination mode of this ligand
is equivalent to what is found for the shifted �3-Cp ligand in
the corresponding bis(Cp) complex (Figure 2, bottom), with
similar folding angle (�� 13�) and M�C(�3-Cp) distances
(2.3 ± 2.5 ä for C1, C2 and C3; and 3.0 ä for C4 and C5).
However, the indenyl coordination deserves some attention.
In fact, a quite distorted Ind is present in [(�3-Cp)(�-Ind)-
Mo(CO)2], with a folding angle (�� 14�) which lies between
the values commonly found for the �3��2 and the �3 modes
(�� 10� and 20��� 30�, respectively[71]) and two very long
M�C distances (2.7 ä). This is an intermediate coordination
geometry of indenyl and can be found in [Ind2Ni],[78] formally
a 20-electron species, with an extra electron, on average, for
each indenyl ligand. This indenyl coordination geometry,
which lies between the fully coordinated �3��2 and the
slipped �3, is also present in [(�-Ind)(�5-Cp)Mo{P(OMe)3}2]� ,
the ™half-way∫ product of a two-electron reduction of the
corresponding dication,[72, 79] a species closely related to the
those studied here. In the case of [(�3-Cp)(�-Ind)Mo(CO)2], a
sharing of the geometrical rearrangements between the two �


ligands (Cp and Ind), as a consequence of the reduction, is
observed, in a way that has no parallel to what is found in the
�3-Ind complex (Figure 1, top; see above).


A C2v symmetrical structure was obtained for [(�5-Cp)(�5-
Cp)Mo(CO)2]2� (Figure 2, top), despite the absence of any
constraints in the calculations (see Computational Methods).
Consequently, the optimized structure has equivalent coordi-
nation geometries for the two carbonyls, as well as for the two
Cp ligands. An almost perfect �5 coordination is found for
these ligands, with negligible folding angles (�� 2�), and a
short range of the M�C(Cp) bonding lengths: 2.3 ± 2.4 ä. The
geometry of this dication (�5 complex) is similar to those
found[17] in the well-studied family of bent metallocenes. A
two-electron reduction of that species results in the neutral
[(�3-Cp)(�5-Cp)Mo(CO)2] complex (Figure 2, bottom). Here,
one of the Cp rings coordinates in a �3 mode, with three
carbon atoms within bonding distances (2.3� dM�C� 2.4 ä), a
significant folding angle �� 12�, and two very long M± C(Cp)
distances (dM�C� 2.8 ä). The second Cp ligand presents also
some distortion, although to a much lesser extent, with �� 7�
and two M�C(Cp) distances slightly longer than the normal
bond values (2.6 ä for C4 and C5, see Scheme 1 for the
carbon numbering). The changes of the complex electronic
structure upon the reduction are, thus, reflected in the
coordination geometry of the two Cp rings.


The geometry calculated for [(�3-Cp)(�5-Cp)Mo(CO)2]
compares well with the experimental structure determined
for its tungsten analogue,[19] with equivalent overall geo-
metrical features. The larger folding of the �3-Cp ligand found
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for the W complex (�� 20�), relative to that calculated for
the Mo species (�� 12�) is expected for a 5d metal[67] and
compares well with the value optimized for the same complex
by a different approach (�� 14�).[33]


Some points emerge from the structural analysis of the
optimized complexes, discussed above. The complexes are
forced to undergo geometrical rearrangements to accommo-
date the increase of electronic density on the metal, resulting
from the reduction. Although the �5-to-�3 shift of the Cp�
ligand is the most visible effect of the reduction, it is by no
means the only one. Indeed, the increased metal-to-carbonyl
backdonation leads to shorter M�C(CO) distances, going
from dM�C� 2.03 ä in the dications, to dM�C� 1.97 ä in the
reduced complexes, as well as to an increase in the C ±O bond
lengths, from 1.15 to 1.18 ä, in the same order. This is also
reflected by the calculated �(CO) frequencies that drop from
1989 ± 2024 cm�1 in the �5 reactants to 1834 ± 1898 cm�1 in the
reduced products. The experimental frequencies show the
same trend.


Figure 3 shows the frontier orbitals of three model com-
plexes (see Computational Methods), namely the LUMO of
[(�5-Ind)(�5-Cp)Mo(CO)2]2� (Figure 3, center), and the HO-
MO of the reduced species. Two products are compared,


Figure 3. Three-dimensional representations (EHMO) of the �s* orbital of
model complexes [(�-Cp�)(�-Cp)Mo(CO)2]2�/0 : the LUMO of [(�5-Ind)(�5-
Cp)Mo(CO)2]2� (center), and the HOMO of [(�3-Ind)(�5-Cp)Mo(CO)2]
(top) and [(�5-Ind)(�3-Cp)Mo(CO)2] (bottom).


corresponding to haptotropic shifts on the two Cp� ligands, the
�3-Ind complex (Figure 3, top) and the �3-Cp species (Fig-
ure 3, bottom).


In fact, the LUMO of the reactant ([(�5-Ind)(�5-
Cp)Mo(CO)2]2�, in Figure 3 example) is the orbital that
receives the two electrons corresponding to the reduction
process, giving rise to the HOMO of the reduced species.
Therefore, the geometrical transformations discussed above
are a direct consequence of the occupation of that orbital.
There is a M�CO �-bonding interaction, between metal xz
orbital and the carbonyl � orbital. On the other hand, the
same orbital presents a �-antibonding character for the
M�Cp� interaction, it is a �s* orbital, where ™s∫ stands for
symmetrical with respect to the Cs plane found in all the
reduced species. The stabilization of the reduced species is
achieved by three separate processes: 1) the shortening of the
M�C(CO) distances, 2) the elongation of the C�O distances
on the carbonyls, and 3) the elongation of the M�C4/5 bond
lengths in the Cp� ligand (that is, the haptotropic shift). The
first corresponds to an enhanced bonding interaction, and the
last two result in the release of antibonding character.


The increased tendency of indenyl to undergo �5-to-�3


shifts, when compared with the cyclopentadienyl ligand,
namely, the indenyl effect, is also apparent in the optimized
structures (Figures 1 and 2). On the one hand, the �3-
coordination mode is much more clearly achieved for Cp��
Ind, with a significantly larger folding angle (�� 20�) than
those found the �3-Cp species (�� 12� and 13�), which
suggests that this geometry should be more favorable for Ind.
On the other hand, the geometrical changes of the ™unslip-
ped∫ �5-Cp� ligand in the reduced complexes are clearly more
important for the �3-Cp products than for the �3-Ind one, [(�3-
Ind)(�5-Cp)Mo(CO)2] (see discussion above), which indicates
that the costs associated with the geometrical rearrangements
are taken essentially by Ind in the last molecule, and must be
shared, to some extent, between the two Cp� ligands in the �3-
Cp complexes. This is clearly seen in the relative energies of
the two different reduced complexes with mixed rings (Fig-
ure 1, top and bottom); the �3-Ind species is 9 kcalmol�1 more
stable than the �3-Cp complex.


The traditional explanation for the indenyl effect[3] (see
Introduction) is based on an intrinsic characteristic of the
indenyl ligand. If this is so, then the folding of a metal-free
indenyl anion should be more favourable than the same
process with a cyclopentadienyl anion. To check this hypoth-
esis, calculations were performed on the free ligands, Cp and
Ind. Thus, starting from the fully optimized planar ligands,
each was progressively folded around the C1 ± C3 axis up to a
20� folding angle, and the energy required to achieve this
distortion (the difference between the energies of the folded
and the planar geometries) is represented in Figure 4, for both
ligands.


These results show that a folded geometry is, in fact, more
favorable for indenyl than for cyclopentadienyl, or more
simply, it takes more energy to fold Cp than to fold Ind to the
same extent. However, the energy difference of this process
between the two ligands is practically negligible
(�1 kcalmol�1). Thus, there is no intrinsic characteristic of a
folded indenyl (such as the benzene aromaticity gain) clearly
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Figure 4. Energetic cost (B3LYP/DZP) for the folding of free Cp and Ind.


distinguishing this ligand from a cyclopentadienyl in the same
situation, which might either be interpreted as the key factor
for an enhanced stability of the �3 complexes of the former
ligand, or explain the indenyl effect, particularly taking into
account that factors as large as 108 have been found for the
reaction rates of analogous complexes of the two ligands.[7] In
fact, the energy difference between a free planar Cp and the
bent Cp ligand with the geometry shown in the [(�3-Cp)(�5-
Cp)Mo(CO)2] complex is 4 kcalmol�1, while for Ind the
difference between a planar geometry and the bent indenyl
ligand with the geometry observed in [(�3-Ind)(�5-Cp)Mo-
(CO)2] is 8 kcalmol�1. This reflects the different degrees of
distortion of those ligands in the reduced complexes (�� 12�
and 20�, respectively). Thus, although the small energy
difference stated in Figure 4 points towards the right direc-
tion, the main factor behind the indenyl effect has to be
sought elsewhere.


If the relatively more facile �5-to-�3 shift observed for Cp��
Ind complexes, when compared with the Cp analogues, is not
the result of an intrinsic characteristic of the indenyl ligand,
then it should be related to differences in the M�Cp� bond.
The comparison between the M�Cp� bonding for the two
ligands may start with the analysis of M�C(Cp�) mean
distances obtained from the optimized structures of the five
complexes presented in Figures 1 and 2. For the �5 complexes,
the M�C(Cp�) mean distance is shorter for Cp (1.38 ä) than
for Ind (1.40 ä). The opposite is found for the �3 species, with
the M�C(Cp�) mean distance to the three allylic carbons (C1,
C2 and C3) being 2.37 ä for the �3-Ind complex, and 2.41 and
2.43 ä for the �3-Cp species. This seems to indicate that a (�5-
Cp�)�M bond is stronger for Cp than for Ind, the opposite
being found for the �3-coordination mode.


The electronic factors behind the differences found for the
bonding of the Cp� ligands were studied by means of a natural
population analysis (NPA), a method that gives reliable
charges,[80] and the evaluation of the M�Cp� Wiberg indexes
(WI) on the optimized complexes, as well as by the
corresponding extended H¸ckel overlap population (OP) on
model complexes (see Computational Methods), two sets of
values which scale as bond strengths. The results are shown in
Figure 5.


Figure 5. M�Cp� bond parameters for [(�-Cp�)(�-Cp)Mo(CO)2]2�/0 :
molybdenum NPA charges (C) and Wiberg indexes, for the optimized
molecules (WI), and extended H¸ckel overlap populations, for model
complexes (OP).


The �5 coordination of the Cp� ligands can be compared in
the two dicationic species. In the bis(Cp) complex, equal
parameters are obtained for the two Cp ligands, given the C2v


symmetry of the molecule (WI� 1.67, OP� 0.54). Similar
values are found for the (�5-Cp)�M bond in [(�5-Ind)(�5-
Cp)Mo(CO)2]2� (WI� 1.64, OP� 0.47). However, the (�5-
Ind)�M bond is significantly weaker (WI� 1.54, OP� 0.40).
On the other hand, in the reduced complexes, the (�3-Ind)�M
bond (WI� 1.19, OP� 0.30) is considerably stronger than (�3-
Cp)�M (WI� 1.15 and 1.13, OP� 0.25 and 0.28 for the
bis(Cp) and the mixed-ring complexes, respectively). This
reflects the trend shown by the M�C distances, confirming the
electronic nature of the differences found. Thus, for a �5


coordination, the cyclopentadienyl bond is stronger than the
indenyl one, and �3-Ind forms a stronger bond to the metal
than �3-Cp. This is further shown by the metal NPA charges.
In fact, as the M�Cp� bond is formally based on three two-
electron donations from the ligand to the metal,[67] a stronger
bond corresponds to an increased donation and, thus, to an
electronically richer metal. In this way, a less positive Mo is
found in the bis(Cp) dicationic complex (CMo� 0.02) than in
the corresponding mixed-ring species (CMo� 0.05), showing
that a more effective donation is achieved by means of a
second Cp than by a Ind. The opposite is observed in the [(�3-
Cp�)(�5-Cp)Mo(CO)2] reduced complexes, where the metal
charges (CMo��0.01 and �0.07 for Cp��Cp and Ind,
respectively) reveal a stronger donation from Cp�� Ind. The
weakening of the ™unslipped∫ cyclopentadienyl (�5-Cp)�M
coordination and its degree of distortion (see structural
discussion above) are also reflected in the results of Figure 5.
The decrease observed in the (�5-Cp)�M bond parameters
with the reduction is higher for the bis(Cp) complex (30% for
WI and 26% for OP) than for the mixed-ring species (26%
for WI and 4% for OP).
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The nature of the M�Cp� interaction and the nodal
characteristics of the Cp� � orbitals for Cp and Ind, explain
the differences observed in the bonding of those ligands to a
metal in the two coordination modes. In fact, Cp coordinates
through five carbon atoms, the entire � system, while for Ind
only a fraction of that system is used and, consequently, only a
fraction of the electronic density of the � orbitals is actually
involved in the interaction to the metal. This was shown to be
the cause of a weakening of the (�5-X)�M bond strength with
the increase of the ligands X �-system.[69, 70] On the other
hand, the symmetry breaking introduced by the Ind benzene
ring produces changes on the nodal characteristics of the
ligand×s � orbitals with respect to those of a Cp ligand. While
the D5h symmetry of cyclopentadienyl forces equal contribu-
tions for the five carbon atoms, for Ind the two hinge carbons
(C4 and C5) have small contributions to this ligand 4�s


orbital.[38] This is the orbital that interacts with metal xz
orbital to give rise to the M�Cp� �s interaction and to the
frontier molecular orbitals shown in Figure 3. The conse-
quence is a smaller overlap between the indenyl and the
metallic fragment orbitals, resulting in a weaker Ind�M
interaction, as shown by the overlap population for that
interaction in each case: OP(�s)� 0.23 for (�5-Ind)�� [(�5-
Cp)Mo(CO)2]3�, and OP(�s)� 0.29 for (�5-Cp)�� [(�5-Cp)-
Mo(CO)2]3�. For a typical 18-electron complex, such as the
dications [(�5-Cp�)(�5-Cp)Mo(CO)2]2�, in which all the Cp��M
antibonding orbitals are empty (�s* is the LUMO of those
species, see Figure 3), the result is a stronger Cp��M bond for
Cp��Cp, as shown by the bond parameters in Figure 5.
However, in the reduced �3-Cp� complexes, �s* becomes
occupied (in fact, it becomes the HOMO of these complexes,
see Figure 3) and, in this case, a weaker Cp��M �s interaction
for indenyl means that for this ligand, a less antibonding
orbital is occupied which thus yields a stronger Ind�M bond
and a more stable molecule. This is entirely reflected in the
HOMO of the reduced complexes represented in Figure 3.
The �s* orbital is more stable by 2.5 kcalmol�1 for the �3-Ind
species (Figure 3, top) than for the �3-Cp complex (Figure 3,
bottom), as a consequence of a reduced Cp��M antibonding
character for Ind: the (�3-Cp�)�� [(�5-Cp)Mo(CO)2]� overlap
population resulting from the occupation of that orbital is
�0.18 for Cp�� Ind and �0.21 for Cp��Cp. The reasons for
these differences can be traced to a poorer participation of the
Cp� ligand in the �s* orbital for Cp�� Ind. In fact, the fraction
of this electronic density of the orbital in the five coordinating
carbons of Cp� is 10% in the Ind species and 21% in the Cp
complex.


Once the differences of the Cp��M bonding for indenyl and
cyclopentadienyl in the �5- and the �3-coordination modes are
well established, we are able to rationalize the indenyl effect.
Stronger (�5-Cp�)�M bonds for Cp��Cp than for Cp�� Ind
should mean that �5-coordinated cyclopentadienyl ligands
form more stable complexes than their indenyl analogues.
Besides, stronger M ±C(Cp�) bonds will lead to a more
difficult �5-to-�3 shift, since this rearrangement is based on the
breaking of two of those bonds. On the other hand, the
enhanced interaction with the metal achieved by indenyl in
the �3-coordination mode, should indicate that �3-Ind com-
plexes are more stable than the equivalent �3-Cp species. If


this is true, then the indenyl effect results directly from those
differences in stability. A smaller energy difference between
the �5 reactants and the �3 intermediates (or transition states)
for Ind means smaller activation energies and faster reactions
in those cases in which this is the limiting step (see Figure 6).


Figure 6. New interpretation of the indenyl effect.


However, the relationship between the Cp��M bond
strength and the stability of the corresponding molecule
may not necessarily be straightforward, and some additional
effort is needed to determine fully the relative stability of the
Cp� complexes in the two coordination geometries. For the
reduced �3 species this is simply done by comparing the two
reduction products derived from the mixed-ring complex,
[(�5-Ind)(�5-Cp)Mo(CO)2]2�. The increased stability of the �3-
Ind complex (9 kcalmol�1), when compared to the �3-Cp
species, is directly given by their relative energies (Figure 1).
For the �5 reactants, a direct comparison is not possible, since
different molecules are involved: [(�5-Cp)(�5-Cp)Mo(CO)2]2�


and [(�5-Ind)(�5-Cp)Mo(CO)2]2�. Nevertheless, a thermody-
namic preference of the bis(Cp) species over the mixed-ring
complex is clearly suggested by the calculated energy
variation associated with the Cp� substitution reaction
[Eq. (1)].


[(�5-Cp)2Mo(CO)2]2�� Ind ��
[(�5-Ind)(�5-Cp)Mo(CO)2]2� � Cp; �E� 36 kcalmol�1


(1)


These results, although different in nature, essentially
support the findings of Hoff and Kubas,[73] who proposed that
the most significant contribution to the indenyl effect might
be thermodynamic differences in the ground state. We add a
second aspect, namely, that the intermediates derived from
indenyl have lower energies, which suggests that kinetic
effects also play a role.


Conclusion


A two-electron reduction of the electronically saturated
complexes [(�5-Cp�)(�5-Cp)Mo(CO)2]2� (Cp��Cp or Ind)
yields the corresponding neutral species with a �3-coordinated
Cp� ligand. Although the �5-to-�3 haptotropic shift of the �


ligand, Cp�, is the more visible effect of the reduction, other
structural changes also occur, namely weakening of the M�Cp
bond to the second � ligand, strengthening of the M�C(CO)
bond and weakening of the C�O bond. These changes can be
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traced to the HOMO of the reduced complexes, which is the
orbital that becomes occupied on reduction. This orbital
exhibits an antibonding (�s*) character between the metal and
the polyenic ligands (Cp and Cp�) and a bonding character
between metal and carbonyl.


The detailed comparative analysis of the bonding of indenyl
and cyclopentadienyl ligands in [(�5-Cp�)(�5-Cp)Mo(CO)2]2�


(Cp��Cp or Ind) and their reduction products led us to
propose a new interpretation of the indenyl effect, that is, the
increased ability of indenyl to undertake �5-to-�3 shifts, when
compared to cyclopentadienyl. Indeed, the study of the
electronic factors behind that effect showed that it does not
rely on an intrinsic characteristic of the indenyl ligand, such as
the traditionally assumed gain of aromaticity in the benzene
ring formed by the six uncoordinated carbon atoms. On the
contrary, it is a direct consequence of the different bonding of
the � ligands to the metal in the two coordination modes (�5


and �3):
1) The (�5-Cp)�M bond is stronger than the (�5-Ind)�M bond.
2) The (�3-Cp)�M bond is weaker than the (�3-Ind)�M bond.


This is reflected in the relative stability of the correspond-
ing complexes: �5-Cp complexes are more stable than their
Ind analogues, and �3-Cp species are less stable than their Ind
analogues. The energy difference between the �5 reactants
and the �3 intermediates, or transition states, is, therefore,
smaller for indenyl, yielding smaller activation energies and
faster reactions for the complexes of this ligand, when the
haptotropic shift occurs in the rate-determining step. There-
fore, the indenyl effect is based on the stability of both the �5


reactants and the �3 intermediates, and displays both a
thermodynamic and a kinetic origin.


Computational Details


The geometry optimizations were accomplished by means of ab initio and
DFT calculations performed with the Gaussian98 program.[81] The B3LYP
hybrid functional was used in all optimizations. That functional includes a
mixture of Hartree ± Fock[74] exchange with DFT[75] exchange-correlation,
given by Becke×s three-parameter functional[82] with the Lee, Yang and Parr
correlation functional, which includes both local and non-local terms.[83, 84]


DZP quality basis sets were used in all the calculations: standard 3-21G*
for C, H and O[85] and LanL2DZ[86, 87] with an added f-polarization
function[88] for Mo. This B3LYP/DZP approach has produced reliable
results for the study of haptotropic shifts on a variety of systems.[67, 69, 70] All
the optimized geometries are the result of full optimizations without any
symmetry constraints, with the exception of the [(�3-Cp)(�-Ind)Mo(CO)2]
complex. In this case, a model complex with �5-Ind and �3-Cp coordination
(based on the [(�3-Ind)(�5-Cp)Mo(CO)2] crystal structure[32]) was opti-
mized, keeping the five Mo ± C(Ind) bond lengths fixed; the cyclopenta-
dienyl coordination geometry thus obtained was then fixed, and the indenyl
position allowed to relax, yielding the final geometry. All the stationary
points were confirmed by frequency calculations and the energies were
zero-point corrected. The frequencies presented were scaled by a factor of
0.9613.[89] A natural population analysis (NPA)[90] was performed in order
to evaluate the charge distribution on the optimized complexes, and the
Wiberg indexes[91] obtained were used as a measure of the Cp��M bond
strength. The Cp��M Wiberg index in each species was taken as the sum of
the five M�C(Cp�) indexes.
The extended H¸ckel calculations[76, 77] were performed with the CACAO
program[92] and modifiedHij values were used.[93] The basis set for the metal
atoms consisted of n s, np and (n� 1)d orbitals. The s and p orbitals were
described by single Slater-type wave functions, and the d orbitals were
taken as contracted linear combinations of two Slater-type wave functions.


The parameters used for Mo were the following (Hii [eV], �): 5s �8.77,
1.960; 5p �5.60, 1.900; 4d �11.06, 4.542, 1.901 (�2), 0.5899 (C1), 0.5899
(C2). Standard parameters were used for other atoms. Calculations were
performed on models based on the optimized geometries with idealised
maximum symmetry, and the following distances [ä]: M�(C5 ring centroid)
2.00, M�C(CO) 2.00, C�O 1.15, C�C 1.40, C�H 1.08; and angles [�]: Cp-
Mo-Cp� (Cp��Cp, Ind) 140, CO-Mo-CO 80, � 30.
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Self-Assembly of Molecular Dumbbells into Organized Bundles
with Tunable Size


Myongsoo Lee,*[a] Yang-Seung Jeong,[a] Byoung-Ki Cho,[a] Nam-Keun Oh,[b] and
Wang-Cheol Zin[b]


Abstract: Dumbbell-shaped molecules
consisting of three biphenyls connected
through vinyl linkages as a conjugated
rod segment and aliphatic polyether
dendritic wedges with different cross-
sections (i.e., dibranch (1), tetrabranch
(2) and hexabranch (3)) were synthe-
sized and characterized. The molecular
dumbbells self-assemble into discrete
bundles that organize into three-dimen-
sional superlattices. Molecule 1, based
on a dibranched dendritic wedge, organ-
izes into primitive monoclinic-crystal-


line and body-centered, tetragonal liq-
uid crystalline structures, while mole-
cules 2 and 3, based on tetra- and
hexabranched dendritic wedges, respec-
tively, form only body-centered, tetrag-
onal liquid crystalline structures. X-ray
diffraction experiments and density
measurements showed that the rod-bun-


dle cross-sectional area decreases with
increasing cross-section of the dendritic
wedges. The influences of supramolecu-
lar structure on the bulk-state optical
properties were investigated by measur-
ing the UV/Vis absorption and steady
state fluorescence spectroscopies. As the
cross-section of the dendritic wedge of
the molecule increases, the absorption
and emission maxima shift to higher
energy. This can be attributed to a
quantum size effect of the three-dimen-
sionally confined nanostructure.


Keywords: dendrimers ¥ molecular
dumbbells ¥ nanostructures ¥
quantum size effect ¥ self-assembly


Introduction


The design and construction of molecular materials assembled
in organized structures with desirable functions and proper-
ties is an area of great interest. The development of such
molecular materials requires the rational design of molecular
components that are programmed to assemble through non-
covalent intermolecular forces, such as dipolar interactions,
hydrogen bonding, shape-conforming dispersive interactions,
and repulsive forces between dissimilar parts of the mole-
cule.[1, 2] These interactions lead to molecular aggregates that
are regular in shape and size, and have some properties that
are unlike either their molecular components or the bulk
properties of similar materials. For example, rod building
blocks can generate organized objects of nanoscale dimen-
sions through the combination of shape complementarity and
the repulsive interactions of rigid and flexible parts.[3]


Previous experiments from our laboratory have demonstrated
that the self-assembled structure based on rod building blocks


can be manipulated through the attachment of flexible parts
of different lengths to their ends.[4] Depending on the relative
length of the flexible segments, these blocks self-assemble into
infinitely long cylinders or dissimilar cylinders that organize
into two-dimensional, hexagonal or three-dimensional, te-
tragonal superlattices.[5] Honeycomb supramolecular struc-
tures assembled from elongated rods and able to self-organize
into a three-dimensional hexagonal superlattice, have also
been reported.[6]


Supramolecular structure has a strong impact on the
photophysical properties of optically active materials. As a
result, a number of self-assembling materials have been
developed from conjugated rod building blocks in order to
establish the supramolecular structure ± property relation-
ship.[7] A recent publication from our laboratory described
how a strategy to manipulate the optically active supra-
molecular structure from one-dimensional to three-dimen-
sional superlattices could be accessible by incorporation of
the conjugated rod into a rod ± coil architecture.[5b] This
experiment confirmed that the shape of the supramolecular
structure assembled from optically active rod building blocks
has a strong influence on the photophysical properties of
supramolecular materials. However, despite the accepted fact
that the size of discrete nanostructures significantly alters the
photophysical properties of optically active materials, no
reports of a general method for controlling the size of
conjugated rod aggregate have appeared.
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A strategy to manipulate the size of the discrete nano-
structures assembled from conjugated rod building blocks
may be accessible by attaching chemically dissimilar, flexible
dendritic wedges to their ends. As the cross-sectional area of
the dendritic wedge of the molecule increases (while main-
taining the anisotropic order of the rod building blocks)
greater steric repulsion between adjacent dendritic wedges
could possibly cause a reduction in the number of assembled
rod building blocks per aggregate in order to relieve the
repulsive forces. This implies that the cross-section of the
dendritic building blocks in a molecule has an impact on the
size of aggregate assembled from the rod blocks. With this in
mind, we have synthesized dumbbell-shaped molecules that
are based on a conjugated rod block and chemically dissim-
ilar, flexible dendritic wedges of different cross-sectional area.
In this paper, we report the synthesis of molecular dumb-


bells consisting of three biphenyls, connected through vinyl
linkages as a conjugated rod segment, and aliphatic polyether
dendritic wedges with different cross-sections, that is, di-
branch (1), tetrabranch (2), and hexabranch (3) (Scheme 1).
Since the dendritic building blocks are all based on nearly
identical molecular weights, the shape and size of the
aggregate may mainly be attributed to the variation in the
cross-sectional area of the dendritic wedge.


Scheme 1. Chemical structure of dumbbell-shaped molecules 1 ± 3.


Results and Discussion


The synthesis of these molecules was performed in a stepwise
fashion starting with a convergent route to the polyether
dendron by using etherification chemistry[8] and continuing
with a Wittig ±Horner reaction[9] to generate the rod building
block (Schemes 2 and 3). All of the final products were
characterized by 1H and 13C NMR spectroscopy, elemental
analysis, and gel-permeation chromatography (GPC), and
shown to be in full agreement with the structures presented.
It should be noted that the trans selectivity of the


Wittig ±Horner reaction in its final step is sufficiently high
to generate all-trans isomers 1 ± 3 within the limits of NMR
detection.
The thermotropic phase behavior of 1 ± 3 was investigated


by a combination of techniques consisting of differential
scanning calorimetry (DSC), thermal, optical, polarized
microscopy, and X-ray scattering experiments. Figure 1 pre-
sents the DSC heating and cooling traces of 1 ± 3. All of the
molecules show an ordered bulk-state structure. The transi-
tion temperatures and corresponding enthalpy changes de-
termined from the DSC scans are summarized in Table 1. As
can be observed from Figure 1 and Table 1, molecule 1, based
on a dibranched dendritic wedge, has a crystalline melting
transition at 138 �C, followed by a liquid crystalline phase that
transforms into an isotropic liquid at 233 �C. On slow cooing
from the isotropic liquid, the formation of unique domains,
which grow in four directions and coalesce into a mosaic
texture, could easily be observed under a polarized optical
microscope. This suggests the presence of a tetragonal liquid
crystalline phase at a higher temperature (Figure 2).[5a] Small-
angle X-ray scattering (SAXS) in the solid state revealed a
number of well-resolved reflections; this indicated the exis-
tence of a highly ordered nanoscopic structure (Figure 3a).
These reflections can be indexed as a three-dimensional
primitive monoclinic structure with a characteristic angle of
69� and lattice parameters a� 5.8 nm, b� 4.9 nm, and c�
6.2 nm (Table 3).[10] As shown in Figure 4a, the wide-angle
X-ray scattering revealed a reflection at a q-spacing of about
4.42 ä, which is due to crystal packing of the rod segments
within the aromatic domains. To better understand the
packing arrangement of the rod building blocks within the
supramolecular unit, it is desirable to calculate the number of
molecules in each aggregate. The lattice constants determined
from SAXS patterns and measured densities suggest that the
average number (n) of molecules in each supramolecular
aggregate is approximately 73 (Table 2). The tendency of the
rod building blocks to be arranged into anisotropic crystalline
order along their axes seems to generate nonspherical
aggregates, which are responsible for the formation of the
unusual three-dimensional monoclinic superlattice. In addi-
tion, this monoclinic nature with three characteristic dimen-
sions suggests that the aggregation of 73 rod segments in each
aggregate generates the rod-bundles with cross-sections that
are more rectangular than circular in shape.
In the melt state, the SAXS pattern shows a sharp, high


intensity reflection at a low angle together with a number of
sharp reflections of low intensity at higher angles (Figure 3b).
Similarly to the result from our laboratory described pre-
viously,[6] these reflections can be indexed as a three-dimen-
sional, body-centered, tetragonal lattice with c/a� 0.92. At a
wide-angle, only a diffuse halo remains as evidence of the lack
of any positional long-range order other than the three-
dimensional tetragonal packing of supramolecular units (Fig-
ure 4b). These results, together with optical microscopic
observations, indicate that 1 has a three-dimensional, body-
centered, tetragonal liquid crystalline phase with lattice
constants of a� 6.5 nm and c� 6.0 nm.
Molecules 2 and 3, based on tetra- and hexabranched


dendritic wedges, respectively, have birefringent waxy states
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that are retained up to the
isotropization temperature
(201 �C and 173 �C for 2 and
3, respectively; Table 1). The
SAXS patterns of these mole-
cules, recorded at 30 �C, are
shown in Figure 3c and d, and
correspond to the three-di-
mensional, body-centered, tet-
ragonal superlattices with
c/a� 0.93 and 0.92 for 2 and
3, respectively. The observed
d-spacings and the lattice con-
stants are summarized in Ta-
ble 2. While the WAXS pat-
terns of these molecules show
a broad halo centered at ap-
proximately 4.6 ä, which is
similar to that of the liquid
crystalline phase of 1 and in-
dicates a liquid crystalline or-
der (Figure 4c and d); the lack
of crystallinity in the rod build-
ing blocks of these molecules is
most likely due to confinement
between dendritic wedges with
larger cross-sectional area.
Considering that the three-di-
mensional tetragonal structure
consists of discrete supramo-
lecular structures, the inner
core consists of a rod-bundle
that is encapsulated by flexible
dendritic wedges; this gives
rise to the formation of non-
spherical oblate aggregates.
These aggregates self-organize
into a three-dimensional,
body-centered, tetragonal su-
perlattice. The lattice constants
and measured densities suggest
that the average number (n) of
molecules in each supramolec-
ular aggregate is approximate-
ly 47 for 2 and 39 for 3
(Table 2). The aggregation of
the rod segments into a micelle
can be estimated to generate a
rod-bundle with a relatively
flat cylindrical shape. The
shape of the aromatic domain
seems to be responsible for the
formation of oblate aggregates,
which organize into a three-
dimensional, tetragonal super-
lattice.
Figure 5 illustrates the


mechanism for self-assembly
of the molecular dumbbellsScheme 3. Synthesis of molecular dumbbells 1 ± 3.


Scheme 2. Synthesis of dendritic building blocks [Di]-OH, [Tetra]-OH and [Hexa]-OH.







Molecular Dumbbells 876±883


Chem. Eur. J. 2002, 8, No. 4 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0879 $ 17.50+.50/0 879


Figure 1. DSC traces (10 �Cmin�1) recorded during a) the heating and
b) the cooling scan of 1; c) the heating and d) the cooling scan of 2 ; e) the
heating and f) the cooling scan of 3.


Figure 2. Representative optical polarized micrograph (100� ) of texture
exhibited by a body-centered tetragonal micellar mesophase of 1 at the
transition from the isotropic liquid state at 220 �C.


responsible for the generation of the three-dimensional
superlattices, the lattice dimensions, the number (n) of
molecules forming the rod-bundle, and their sizes (A) in
cross-sectional area. The results from Table 2 and Figure 5
indicate that the number of molecules per bundle decreases
systematically with increasing cross-section of the dendritic
wedge. Consequently, the size of the rod-bundle in cross-


Figure 3. Small-angle X-ray diffraction patterns of a) 1 at 60 �C, b) 1 at
150 �C, c) 2 at 30 �C, and d) 3 at 30 �C.-


Table 1. Thermal transitions of molecular dumbbells 1 ± 3 (data from second heating and first cooling scans).[a]


phase transition temperatures [�C] with corresponding enthalpy changes in brackets [kJmol�1]
molecules


Mw


Mn


�b�
heating cooling


1 1.04 k 138.2 (0.34) Mtet 233.2(0.70) i i 224.9 (0.77) Mtet 121.5 (0.27) k
2 1.05 Mtet 201.4 (0.68) i i 189.1 (0.70) Mtet


3 1.04 Mtet 172.5 (1.64) i i 163.5 (1.61) Mtet


[a] k� crystalline, Mtet�body-centered tetragonal mesophase, i� isotropic. [b] Determined from GPC data.
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Figure 4. Wide-angle X-ray diffraction patterns of a) 1 at 30 �C, b) 1 at
150 �C, c) 2 at 30 �C and d) 3 at 30 �C.


sectional area decreases in nanoscale dimension from 17.0 to
11.5 to 9.6 nm2 for 1, 2, and 3, respectively. This result
demonstrates the capability of manipulating the size of the
bundles based on the same rod building block by attaching
flexible dendritic wedges of different cross-sectional area, but
similar molecular weight, to their ends. The variation of rod-
bundle size in cross-section can be rationalized by considering
both the steric repulsion between the bulky dendritic wedges
and the nanophase separation between the dissimilar parts of
the molecule.[4, 10] Anisotropic ordering of the rod building
blocks in the molecule should exclude chemically dissimilar
dendritic segments. Because dendritic wedges have a large
cross-section, they will encounter strong repulsive forces
when trying to accommodate the density of the ordered rod
building blocks. These repulsive forces could balance the
favorable aggregation of rod building blocks and generate the
finite aggregation of dumbbell-shaped molecules. As the
cross-sectional area of the dendritic wedges increases, so do
the repulsive forces between them. Consequently, this in-


crease in steric repulsion could give rise to smaller aggregates
that allow more space for the dendritic building blocks to
adopt a less strained conformation.
The effects of supramolecular structure on the bulk-state


optical properties were investigated by measuring the UV/Vis
absorption and steady state fluorescence spectroscopies.
Figure 6 shows the absorption and fluorescence spectra of 1,
2, and 3. The bulk state absorption spectra of the molecules
exhibit an intense transition with a maximum at 378, 374, or
368 nm for 1 ± 3, respectively, resulting from the conjugated
rod block. The bulk-state fluorescence spectra show a strong
maximum between 460 and 480 nm, which does not appear in
the solution spectra; this suggests that the band comes from
�-stacking of the rod building blocks. Interestingly, the absorp-
tion maxima and absorption edges in the spectra of 1 ± 3
progressively shift to higher energy, as the cross-section of the
dendritic wedge of the molecule increases. In addition, the
emission maxima appear to be 479, 469, and 462 nm for 1 ± 3,
respectively; this indicates that an increased cross-section of
the dendritic wedge also causes a blue shift of the emission
maximum. These results could be attributed to quantum size
effect of the three-dimensionally confined nanostructures as
evidenced by the results shown in Table 2 and Figure 5. The
absorption and emission maxima and the absorption edge in
semi-conducting nanoparticles have been reported to be blue
shifted with decreasing particle size, especially in the range of
1 to 10 nm in diameter.[11] This trend may also arise from the
slightly different intermolecular interactions between adja-
cent conjugated rods that occur with the variation in the cross-
section of the dendritic wedge.[12] However, the size effects
and intermolecular interactions seem to be cooperative, and
their contribution could be equally important in the photo-
physical properties of the supramolecular materials. The


Table 2. Characterization of molecular dumbbells by small angle X-ray scattering.


molecule T density (gcm�3) n d110 d100 d010 d001 lattice constant A
[�C] r[a] rrod[b] [nm] [nm] [nm] [nm] a [nm] b [nm] c [nm] g [�] [nm2][e]


1 25 1.083 1.287 73[C] 5.4 4.6 6.2 5.8 4.9 6.2 69 17.0
150 4.6 6.5 6.5 6.0


2 25 1.062 1.223 47[d] 4.4 6.2 6.2 5.8 11.5
3 25 1.020 1.201 39[d] 4.2 5.9 5.9 5.5 9.6


[a] Molecular density. [b] Density of rod segment. [c] Number of molecules in a monoclinic unit cell n� abc ¥ sin(�)NA�/M (NA�Avogadro×s number, ��
molecular density, M�molecular weight). [d] Number of molecules in a micelle n� a2cNA�/2M (��molecular density). [e] Cross-sectional area of a rod
bundle A� nMrod/NA�rodhrod (Mrod�molecular weight of rod segment, hrod� length of rod segment).


Table 3. Small angle X-ray diffraction data for the primitive monoclinic
structure of 1 measured at 60 �C.[a]


h k l qcalcd [nm�1] qobsd [nm�1]


0 0 1 1.018 1.018
1 0 0 1.153 1.153
0 1 0 1.381 1.381
0 1 1 1.716 1.737
0 0 2 2.036 2.050
2 1 0 2.221 2.228
2 0 0 2.307 2.285
2 0 1 2.520 2.529
2 2 0 2.897 2.858


[a] qcalcd and qobsd are the scattering vectors of the calculated and observed
reflections for the primitive monoclinic structure with lattice parameters
a� 5.8 nm, b 4.9 nm, c 6.2 nm (�� 69�).
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Figure 6. UV/Vis absorption (left) and fluorescence (right) spectra of 1 ± 3
in the bulk state.


definitive feature of the driving forces responsible for the
variation in optical properties depending on the bundle size is
the subject of ongoing investigations.


Conclusion


Molecular dumbbells consisting of a conjugated rod and
dendritic wedges have been synthesized and characterized,
and their self-assembling behavior has been investigated.


The molecular dumbbells, which
have different dendritic wedges,
self-assemble into discrete bundles
of tunable size that organize into
three-dimensional superlattices.
With increasing cross-section of
the dendritic wedge, the number
of molecules per aggregate de-
creases, and, as a consequence,
the rod-bundle cross-section de-
creases. Therefore, the size control
of the bundles assembled from the
rod building blocks is determined
by the cross-section of the flexible
segment attached to the rod ends.
Spectroscopic studies of these mol-
ecules demonstrate that the size of
the optically active rod bundle has
an influence on the photophysical
properties of the conjugated rods,
and consequently our approach to
controlling the size of the nano-
structure by synthesis provides a
strategy for controlling supramo-
lecular material characteristics.


Experimental Section


Materials : 4-(Hydroxymethyl)biphenyl-
4�-ol (99%), toluene-p-sulfonyl chloride
(98%), NaH (60%), and ethyl iodide
(99%) from Tokyo Kasei were used as
received. Ethylene glycol momomethyl


ether (98%), pentaerythritol (99%), and tetrabutylammonium hydrogen
sulfate (TBAH, 97%) from Aldrich and other conventional reagents were
used as received.


Techniques : 1H and 13C NMR spectra were recorded as solutions in CDCl3
on a Bruker AM250 spectrometer. The purity of the products was checked
by thin layer chromatography (TLC; Merck, silica gel 60). A Perkin Elmer
DSC-7 differential scanning calorimeter, equipped with 1020 thermal
analysis controller, was used to determine the thermal transitions, which
were reported as the maxima and minima of their endothermic or
exothermic peaks. In all cases, the heating and cooling rates were
10 �Cmin� 1. A Nikon Optiphot 2-pol optical polarized microscope
(magnification: 100� ), equipped with a Mettler FP82 hot-stage and a
Mettler FP90 central processor, was used to observe the thermal transitions
and to analyze the anisotropic texture. Microanalyses were performed with
a Perkin Elmer 240 elemental analyzer at the Organic Chemistry Research
Center. X-ray scattering measurements were performed in transmission
mode with synchrotron radiation at the 3C2 X-ray beam line at the Pohang
Accelerator Laboratory, Korea. Molecular weight distributions (Mw/Mn)
were determined by gel permeation chromatography (GPC) with a
Waters R401 instrument equipped with Stragel HR3, 4, and 4E columns,
M7725i manual injector, column heating chamber, and 2010 Millennium
data station. Measurements were made by using a UV detector and CHCl3
as solvent (1.0 mLmin� 1). The molecular density (�) measurements were
performed in aqueous sodium chloride solution at 25 �C. Optical absorption
spectra were obtained from a Shimadzu 1601 UV spectrophotometer. The
fluorescence spectra were obtained from a Hitachi F-4500 fluorescence
spectrophotometer.


Synthesis : A general outline of the synthetic procedure is shown in
Schemes 2 and 3. The synthesis of the polyether dendritic building blocks
was performed according to the similar procedures reported previously.[8]


Figure 5. Structural analysis of the supramolecular bundles assembled from molecular dumbbells 1 ± 3 ; n is
the number of molecules per aggregate and A is the cross sectional area of the rod-bundle.
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Synthesis of 4a, 4b and 6c : These compounds were synthesized according
to the same procedure; a representative example is described for 4a. Dry
NaH (3.2 g, 80 mmol), methallyl dichloride (3.8 g, 30 mmol), and freshly
distilled dry THF (50 mL) were placed in a dry round bottomed flask under
N2. Ethylene glycol monomethyl ether (5.5 g, 72 mmol) was added
dropwise to this mixture at room temperature, and the mixture was stirred
at�65 �C for 12 h. After cooling to room temperature, the reaction mixture
was quenched with water and extracted with diethyl ether. The organic
layer was dried over anhydrous MgSO4, the solvent was removed in a
rotary evaporator, and the crude product was purified by column
chromatography (silica gel) with ethyl acetate as eluent to give a colorless
liquid. 4a : yield: 5.1 g (83.9%); 1H NMR (250 MHz, CDCl3): �� 5.18 (s,
2H; CH2C), 4.02 (s, 4H; CH2C(CH2O)2), 3.53 (t, J� 3.5 Hz, 8H; OCH2),
3.36 (s, 6H; OCH3). 4b : yield: 86.7%; 1H NMR (250 MHz, CDCl3): ��
5.18 (s, 2H; CH2C), 4.01 (s, 4H; CH2C(CH2O)2), 3.70 ± 3.58 (m, J� 3.5 Hz,
32H; OCH2), 3.37 (s, 6H; OCH3). 6c : yield: 83.9%; 1H NMR (250 MHz,
CDCl3): �� 5.18 (s, 2H; CH2C), 4.02 (s, 4H; CH2C(CH2O)2) 3.62 ± 3.41 (m,
28H; OCH2), 3.37 (s, 12H; OCH3), 2.22 ± 2.04 (m, 2H; CH(OCH2)2).


Synthesis of 8 : Dry NaH (3.2 g, 80 mmol), methallyl dichloride (3.2 g,
25.6 mmol), and freshly distilled dry THF (50 mL) were placed in a dry
round bottomed flask under N2. Compound 7 (7.5 g, 51.2 mmol) was added
dropwise to this mixture at room temperature. The mixture was stirred at
room temperature for 15 min and at 65 �C for 12 h. After cooling to room
temperature, the reaction mixture was quenched with water (5 mL), and
the THF was removed in a rotary evaporator. The crude mixture was
washed with water (2� 20 mL) and filtered to afford a yellow solid. Dried
crude product could be separated by column chromatography (silica gel)
with CH2Cl2 as eluent. Yield: 8.2 g (93.2%); 1H NMR (250 MHz, CDCl3):
�� 5.50 (s, 2H; CH(CH3)3), 5.18 (s, 2H; CH2C), 4.02 (s, 4H;
CH2C(CH2O)2), 3.45 ± 3.37 (m, 16H; OCH2).


Synthesis of 9 : Compound 8 (5.7 g, 16.6 mmol) was mixed with of methanol
(50 mL), containing HCl (1 mL, 12�). MeOH was distilled off very slowly
over 3 h. After cooling the mixture to room temperature, methanol was
removed by rotary evaporation, and yellow crude product was obtained.
This mixture was used directly for next step with aqueous NaOH (50%
w/w, 20 mL), tetrabutylammonium hydrogen sulfate (0.56 g, 1.7 mmol), and
ethyl iodide (24.3 g, 156 mL). The reaction mixture was stirred at 75 �C for
72 h. After cooling to room temperature, the reaction mixture was poured
into ice water and extracted with diethyl ether. The organic layer was dried
over anhydrous MgSO4, the solvent was removed in a rotary evaporator,
and the crude product was purified by column chromatography (silica gel)
with diethyl ether as eluent to give a colorless liquid. Yield: 7.51 g (70.3%);
1H NMR (250 MHz, CDCl3): �� 5.18 (s, 2H; CH2C), 4.02 (s, 4H;
CH2C(CH2O)2), 3.37 (m, 28H; OCH2), 1.15 ± 1.10 (m, 18H; OCH2CH3).


Synthesis of 5, [Di]-OH, [Tetra]-OH and [Hexa]-OH : Compounds were
synthesized by the same procedure. A representative example is described
for [Tetra]-OH. Freshly distilled dry THF (5 mL) and 6 (4.9 g, 9.9 mmol)
were placed in a dry round bottomed flask under N2 and cooled to 0 �C in a
ice bath. A solution of BH3 (1�) in THF (11 mL) was added slowly to this
mixture, which was then stirred at 0 �C for 2 h. The reaction mixture was
quenched with a solution of NaOH in water (3�, 4 mL) and allowed to stir
for 15 min. This was followed by addition of an H2O2 aqueous solution of
(30%, 4 mL), and the mixture was stirred at room temperature for 30 min.
The reaction mixture was saturated with K2CO3 and extracted with diethyl
ether. The organic layer was dried over anhydrous MgSO4, the solvent was
removed in a rotary evaporator, and the crude product was purified by
column chromatography (silica gel) with ethyl acetate as eluent to afford a
colorless liquid. 5 : yield: 90.1%; 1H NMR (250 MHz, CDCl3): �� 3.76 ±
3.50 (m, 14H; OCH2), 3.37 (s, 6H; OCH3), 2.03 (m, J� 12.5Hz, 1H;
CH(OCH2)2). [Di]-OH: yield: 75.5%; 1H NMR (250 MHz, CDCl3): ��
3.62 ± 3.41 (m, 38; OCH2), 3.37 (s, 6H; OCH3), 2.04 (m, 1H; CH(OCH2)2).
[Tetra]-OH: yield: 4.7 g (90.3%); 1H NMR (250 MHz, CDCl3): �� 3.62 ±
3.41 (m, 34H; OCH2), 3.37 (s, 12H; OCH3), 2.22 ± 2.04 (m, 3H;
CH(OCH2)2). [Hexa]-OH: yield: 72.1%; 1H NMR (250 MHz, CDCl3):
�� 3.62 ± 3.41 (t, 34H; OCH2), 2.22 ± 2.04 (m, 1H; CH(OCH2)2), 1.15 (t,
J� 6.2 Hz, 18; OCH2CH3).


Synthesis of 10, 11, and 12 : Compounds were synthesized by using the same
procedure. A representative example is described for 11. [Tetra]-OH
(10.6 g, 20.6 mmol) and TsCl (8.1 g, 41.1 mmol) were dissolved of dry
dichloromethane (80 mL), and pyridine (4.4 g, 61.8 mmol) was then added
under nitrogen. The reaction mixture was stirred at 25�C under nitrogen for


5 h. The resulting solution was washed with water, and the dichloromethane
solution was dried over anhydrous magnesium sulfate and filtered. The
solvent was removed in a rotary evaporator, and the crude product was
purified by column chromatography (silica gel) with methylene chloride as
eluent to give a colorless liquid. 10 : yield: 75.3%; 1H NMR (250 MHz,
CDCl3): �� 7.79 (d, J� 8.3 Hz, 2Ar-H; o to SO3), 7.36 (d, J� 8.3 Hz, 2Ar-
H; m to SO3), 4.08 (d, J� 5.5 Hz, 2H; SO3CH2), 3.56 ± 3.43 (m, 36H;
OCH2), 3.37 (s, 12H, OCH3), 2.44 (s, 3H; phenyl CH3), 2.27 ± 2.18 (m, 1H;
OCH(OCH2)2). 11: yield: 12.5g (91.2%); 1H NMR (250 MHz, CDCl3): ��
7.79 (d, J� 8.3 Hz, 2Ar-H; o to SO3), 7.36 (d, J� 8.3 Hz, 2Ar-H; m to SO3),
4.08 (d, J� 5.5 Hz, 2H; SO3CH2), 3.56 ± 3.43 (m, 32H; OCH2), 3.37 (s, 12H,
OCH3), 2.44 (s, 3H; phenyl CH3), 2.27 ± 2.18 (m, 3H; OCH(OCH2)2). 12 :
yield: 80.2%; 1H NMR (250 MHz, CDCl3): �� 7.79 (d, J� 8.3 Hz, 2Ar-H;
o to SO3), 7.36 (d, J� 8.3 Hz, 2Ar-H; m to SO3), 4.07 (d, J� 5.5 Hz, 2H;
SO3CH2), 3.63 ± 3.35 (m, 32H; OCH2), 2.45 (s, 3H; phenyl CH3), 2.30 ± 2.03
(m, 1H; OCH(OCH2)2) 1.20 (t, J� 7.0 Hz, 18H; OCH2CH3).


Synthesis of 13, 14, and 15 : Compounds were synthesized by using the same
procedure. A representative example is described for 14. Compound 11
(2.5 g, 3.6 mmol), 4-(hydroxymethyl)biphenyl-4�-ol (1.4 g, 6.9 mmol), and
excess K2CO3 (�5 equiv.) were dissolved in ethanol (50 mL). The mixture
was heated at reflux for 24 h and then cooled to room temperature. The
resulting solution was poured into water and extracted with methylene
chloride. The solvent was removed in a rotary evaporator, and the crude
mixture was purified with column chromatography (silica gel) with ethyl
acetate as eluent. 13 : yield: 70.3%; 1H NMR (250 MHz, CDCl3): �� 7.79 ±
7.65 (m, 6Ar-H; m to OCH2, o to CH2OH, and m to CH2OH), 6.98 (d, J�
8.5 Hz, 2Ar-H; o to OCH2), 4.73(s, 2H; phenyl CH2OH), 4.11 (d, J�
5.8 Hz, 2H; CH2O phenyl), 3.65 ± 3.51 (m, 36H; OCH2), 3.37 (s, 12H;
OCH3), 2.43 (m, 1H; CH(OCH2)2). 14 : yield: 2.0 g (81.7%); 1H NMR
(250 MHz, CDCl3): �� 7.79 ± 7.65 (m, 6Ar-H; m to OCH2, o to CH2OH,
and m to CH2OH), 7.00 (d, J� 8.5 Hz, 2Ar-H; o to OCH2), 4.71(s, 2H;
phenyl CH2OH), 4.07 (d, J� 5.8 Hz, 2H; CH2O phenyl), 3.64 ± 3.43 (m,
32H; OCH2), 3.36 (s, 12H; OCH3), 2.32 ± 2.03 (m, 3H; CH(OCH2)2). 15 :
yield: 77.4%; 1H NMR (250 MHz, CDCl3): �� 7.79 ± 7.65 (m, 6Ar-H; m to
OCH2, o to CH2OH, and m to CH2OH), 7.02 (d, J� 8.5 Hz, 2Ar-H; o to
OCH2), 4.71(s, 2H; phenyl CH2OH), 4.07 (d, J� 5.3 Hz, 2H; CH2O
phenyl), 3.64 ± 3.45 (m, 32H; OCH2), 2.25 ± 2.10 (m, 1H, CH(OCH2)2), 1.19
(t, J� 6.8Hz, 18H; OCH2CH3).


Synthesis of 16, 17, and 18 : Compounds were synthesized by using the same
procedure. A representative example is described for 17. Compound 14
(1.5 g, 2.2 mmol) and pyridinium chlorochromate (1.9 g, 8.6 mmol) were
dissolved in CH2Cl2 (50 mL) under nitrogen. The reaction mixture was
stirred at room temperature for 6 h. The CH2Cl2 was removed in a rotary
evaporator, and the crude product was purified by column chromatography
(silica gel) with diethyl ether as eluent to afford a colorless liquid. 16 : yield:
80.3%; 1H NMR (250 MHz, CDCl3): �� 10.04 (s, 1H; phenyl CHO), 7.94
(d, J� 8.0 Hz, 2Ar-H; o to CHO), 7.73 (d, J� 8.0 Hz, 2Ar-H; m to CHO),
7.58 (d, J� 8.5 Hz, 2Ar-H; o to phenyl CHO), 7.04 (d, J� 8.5 Hz, 2Ar-H;m
to phenyl CHO), 4.11 (d, J� 5.8 Hz, 2H; CH2O phenyl), 3.65 ± 3.51 (m,
36H; OCH2), 3.37 (s, 12H; OCH3), 2.43 (m, 1H; CH(OCH2)2). 17: yield:
1.4 g (91.6%); 1H NMR (250 MHz, CDCl3): �� 10.03 (s, 1H; phenyl
CHO), 7.94 (d, J� 8.0 Hz, 2Ar-H; o to CHO), 7.72 (d, J� 8.0 Hz, 2Ar-H;m
to CHO), 7.59 (d, J� 8.5 Hz, 2Ar-H; o to phenyl CHO), 7.02 (d, J� 8.5 Hz,
2Ar-H; m to phenyl CHO), 4.07 (d, J� 5.8 Hz, 2H; CH2O phenyl), 3.64 ±
3.43 (m, 32H; OCH2), 3.36 (s, 12H; OCH3), 2.32 ± 2.03 (m, 3H;
CH(OCH2)2). 18 : yield: 85.4%; 1H NMR (250 MHz, CDCl3): �� 10.06
(s, 1H; phenyl CHO), 7.97 (d, J� 8.3 Hz, 2Ar-H; o to CHO), 7.76 (d, J�
8.3 Hz, 6Ar-H; m to CHO), 7.62 (d, J� 8.3 Hz, 2Ar-H; o to phenyl CHO),
7.04 (d, J� 8.3 Hz, 2Ar-H; m to phenyl CHO), 4.07 (d, J� 5.3 Hz, 2H;
CH2O phenyl), 3.64 ± 3.45 (m, 32H; OCH2), 2.25 ± 2.10 (m, 1H,
CH(OCH2)2), 1.19 (t, J� 6.8 Hz, 18H; OCH2CH3).


Synthesis of molecular dumbbells 1, 2, and 3 : These compounds were
synthesized by using the same procedure reported previously.[9] A
representative example is described for 2. Compound 17 (1.5 g, 2.1 mmol)
was dissolved in dry THF (50 mL). A solution of phosphonium salt (0.15 g,
0.4 mmol) and KOC(CH3)3 (0.25 g, 2.2 mmol) in dry THF (30 mL) was
added under nitrogen. The reaction mixture was stirred at room temper-
ature under nitrogen for 24 h. The resulting solution was removed in a
rotary evaporator, and the crude product was extracted with dichloro-
methane and water. The dichloromethane solution was washed with water,
dried over anhydrous magnesium sulfate, and then filtered. The solvent was
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removed in a rotary evaporator, and the crude product was purified by
column chromatography (silica gel) with a ethyl acetate/THF (8:1, v/v) as
eluent to give a yellow green solid. 1: yield: 56.6%; 1H NMR (250 MHz,
CDCl3): �� 7.85 ± 7.53 (m, 20Ar-H; o to phenyl CH,m to phenyl CH, andm
to OCH2), 7.19 (s, 4H; phenyl CH), 7.00 (d, J� 8.8 Hz, 4Ar-H; o to OCH2),
4.07 (d, J� 5.5 Hz, 4H; CH2O phenyl), 3.66 ± 3.45 (m, 72H; OCH2), 3.37 (s,
24H; OCH3), 2.25 ± 2.10 (m, 2H; CH(OCH2)2); 13C NMR (62.5 MHz,
CDCl3): �� 159.2, 140.3, 140.1, 136.9, 136.1, 133.8, 128.7, 128.3, 127.5, 127.4,
127.2, 115.3, 72.3, 71.0, 70.9, 59.4;Mw/Mn� 1.04 (GPC); elemental analysis
calcd for C84H118O22: C 68.18, H 8.04; found C 68.01, H 8.34.


2 : yield: 0.8 g (48.3%); 1H NMR (250 MHz, CDCl3): �� 7.85 ± 7.53 (m,
20Ar-H; o to phenyl CH, m to phenyl CH, and m to OCH2), 7.18 (s, 4H;
phenyl CH), 6.99 (d, J� 8.8 Hz, 4Ar-H; o to OCH2), 4.08 (d, J� 5.5 Hz,
4H; CH2O phenyl), 3.66 ± 3.45 (m, 64H; OCH2), 3.37 (s, 24H; OCH3),
2.25 ± 2.10 (m, 6H; CH(OCH2)2); 13C NMR (62.5 MHz, CDCl3) �� 159.2,
140.3, 140.1, 136.9, 136.1, 133.8, 128.7, 128.2, 127.5, 127.3, 127.2, 115.3, 72.3,
71.0, 70.9, 69.8, 66.6, 59.4; Mw/Mn� 1.05 (GPC); elemental analysis calcd
for C88H126O22: C 68.81, H 8.27; found C 68.82, H, 8.16.


3 : yield: 50.2%; 1H NMR (250 MHz, CDCl3): �� 7.83 ± 7.52 (m, 20Ar-H; o
to phenyl CH, m to phenyl CH, and m to OCH2), 7.19 (s, 4H; phenyl CH),
7.01 (d, J� 8.3 Hz, 4Ar-H; o to OCH2), 4.10 (d, J� 5.3 Hz, 4H; CH2O
phenyl), 3.64 ± 3.45 (m, 64H; OCH2), 2.24 (m, 2H, CH(OCH2)2), 1.14 (t,
J� 7.8 Hz, 36H; OCH2CH3); 13C NMR (62.5 MHz, CDCl3) �� 159.3,
140.5, 140.1, 136.9, 136.1, 133.8, 128.8, 128.2, 127.5, 127.3, 127.2, 115.2, 70.6,
69.9, 67.1, 69.6, 45.6, 40.2, 15.5; Mw/Mn� 1.04 (GPC); elemental analysis
calcd for C91H131O18: C 72.24, H 8.73; found C 72.15, H 8.43.
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A Practical Route to Enantiopure, Highly Functionalized Seven-Membered
Carbocycles and Tetrahydrofurans: Concise Synthesis of (�)-Nemorensic Acid
Fernando Lo¬pez, Luis Castedo, and Jose¬ L. Mascarenƒ as*[a]


Abstract: Highly diastereoselective
thermal [5C�2C] intramolecular py-
rone ± alkene cycloadditions can be ach-
ieved by introducing a homochiral p-
tolylsulfinyl group at a suitable position
of the alkene. The resulting adducts can
be readily desulfinylated to give optical-
ly active 8-oxabicyclo[3.2.1]octane de-
rivatives. Interestingly, switching from a
sulfinyl to a sulfonimidoyl group allows


one to reverse the direction of the
diastereofacial selectivity and thereby
produces oxa-bridged carbocyclic sys-
tems enantiomeric to those obtained
from the sulfinyl precursors. Cleavage


of the oxa-bridge on the desulfurated
adducts yields highly functionalized sev-
en-membered carbocyclic derivatives in
enantiopure form. Alternative cleavage
of the seven-membered carbocycle pro-
vides enantiomerically enriched tetrahy-
drofurans. We have exploited this reac-
tion pathway for the synthesis of the
naturally occurring enantiomer of nem-
orensic acid.


Keywords: asymmetric synthesis ¥
cycloaddition ¥ polycycles ¥
sulfoxides ¥ sulfoximines


Introduction


Modern organic synthesis is increasingly demanding the
development of methods that allow a rapid and efficient
increase in target-relevant molecular complexity while min-
imizing waste.[1] Among the different alternatives to meet this
challenge, cycloaddition reactions, involving the regio- and
stereoselective construction of new rings by simple addition of
two or more molecules, gain a leading position.[2] Until
recently most of the synthetic applications of cycloadditions
have been limited to the construction of six-membered rings
by means of Diels ±Alder-type reactions.[3] The growing
number of bioactive natural products containing larger rings,
and in particular seven-membered carbocycles,[4] makes the
development of cycloaddition routes to assemble these types
of cycles a highly appealing goal. A number of interesting
thermal and metal-catalyzed cycloaddition routes to carbo-
cycles of this size have already been developed.[5] Among
them those that lead to oxa-bridged systems are particularly


attractive since this type of frameworks offers unique
opportunities for the stereoselective introduction of new
functionality into the carbocycle.[6]


Our work in recent years has shown that the intramolecular
thermal [5C�2C] cycloaddition of �-silyloxy-�-pyrones to
alkenes is a very practical method to rapidly assemble highly
functionalized 8-oxabicyclo[3.2.1]octane skeletons from sim-
ple, readily available precursors (Scheme 1).[7] We have
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Scheme 1. Pyrone ± alkene [5C�2C] cycloaddition and possibilities for
elaboration of the resulting oxa-bridged adducts.


already shown that the high functionalization of these adducts
coupled to the stereochemical framework posed by the
oxabicyclic system allows for their divergent and stereo-
selective elaboration into a variety of valuable multifunc-
tional skeletons, from highly substituted cycloheptanes[8] to
tetrahydrofurans.[9]


A major goal in this area consists of the development of
asymmetric versions of the cycloaddition that could allow the
synthesis of the oxabicyclic adducts as single enantiomers.
Recently, several methods to prepare optically active 8-oxa-
bicyclo[3.2.1]octane skeletons have been described, the most
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tives, for the desulfinylation of 24, and for the synthesis of racemic
adducts 11 and 20.
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effective of which are based on the desymmetrization of meso
derivatives[10] and on asymmetric versions of allyl cation ±
furan [4� 3] cycloadditions.[11] Asymmetric versions of [5�2]
cycloaddition of a carbonyl ylide to activated alkynes,[12] and
[5� 2] cycloadditions of pyranylmolybdenum �-complexes to
electron deficient alkenes[13] have also been reported.


We have previously communicated that attaching a p-
tolylsulfinyl or a p-tolylsulfonimidoyl chiral auxiliary at the
trans-terminal position of an alkene accelerates its thermal
[5C� 2C] intramolecular cycloaddition to �-silyloxy-�-py-
rones and leads to excellent levels of stereodifferentia-
tion.[14, 15] Herein we describe more details of this research
and demonstrate the utility of the approach to obtain
enantioenriched, highly functionalized seven-membered car-
bocycles. We also illustrate how the methodology can be used
for the synthesis of enantiopure tetrahydrofurans by reporting
a concise synthesis of (�)-nemorensic acid.


Results and Discussion


Although our initial attempts to induce asymmetry in [5� 2]
pyrone ± alkene cycloadditions used the incorporation of a
chiral sulfoxide unit as part of the tether connecting the
reacting partners, we found that this strategy leads to
moderate levels of diastereofacial selectivity.[16] This result
coupled with the likely difficulty in the preparation of these
type of precursors in enantioselective form led us to
investigate an alternative strategy based on the introduction
of a homochiral sulfoxide unit at the trans-terminal position of
the alkene (Scheme 2). Although vinylsulfoxides have been
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Scheme 2. Sulfinyl-based strategy proposed for asymmetric induction in
[5�2] pyrone ± alkene cycloadditions.


previously used as two carbon partners in intermolecular
cycloadditions to 3-oxidopyridinium ylides they lead to
modest yields and low stereoselectivities.[17] We reasoned that
the intramolecularity of our process and the mandatory endo
approach of the chiral sulfinyl group to the planar pyrone
might induce good levels of dissimilar facial interference. The
assembly of the required precursors in enantiomerically
enriched form was anticipated to be not especially difficult
as a variety of methods for the synthesis of optically pure
alkenylsulfoxides have been described.[18]


We projected the preparation and evaluation of two types
of precursors, one having the alkene and the pyrone
connected through a carbon tether and another bearing a
removable linker, such as a sulfide. Compounds 5a and 5b
were easily synthesized by coupling pyrones 2a or 2b with the
enantiopure mesylate 4 (Scheme 3), a compound which was
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Scheme 3. Synthesis of cycloaddition precursors 5a and 5b.
a) (CO2Et)2CH2, NaH, THF, 0 �C � RT; b) NaH, THF, 0 �C � RT;
c) MsCl, Et3N, 0 �C.


obtained by mesylation of the corresponding alcohol 3. This
alcohol was readily synthesized from (�)-methyl p-tolyl
sulfoxide in three steps (43% overall yield).[19] It is pertinent
to comment that all attempts to transform alcohol 3 into the
corresponding bromide using standard procedures failed or
gave very poor yields.


The synthesis of the mixed sulfide 5c was more problematic
and required a number of trials. Although it could be
prepared by coupling bromide 1 with thiol 6 (THF, Et3N,
75% yield, Scheme 4), this thiol was difficult to obtain. The
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Scheme 4. Attempts to prepare 5c. a) HSAc, Et3N, THF.


best procedure we found consisted of the coupling of mesylate
4 with NaSH in DMF, which provided 6 in a low 25% yield.
Attempts to obtain sulfide 5c from thioacetate 7 by reductive
cleavage and in situ coupling with the bromide 1 led to


Abstract in Spanish: La introduccio¬n de un grupo p-tolilsulfi-
nilo en una posicio¬n adecuada de un alqueno permite llevar a
cabo su cicloadicio¬n intramolecular [5C� 2C] a una �-sililoxi-
�-pirona con una diastereoselectividad elevada. Los cicloa-
ductos resultantes pueden desulfinilarse fa¬cilmente para dar
sistemas 8-oxabiciclo[3.2.1]octa¬nicos. Si se transforma el grupo
sulfinilo en uno sulfonimidoilo es posible invertir la diastereo-
selectividad facial de la reaccio¬n y como consecuencia obtener
sistemas oxabicÌclicos enantiome¬ricos de los obtenidos a partir
de los precursores sulfinÌlicos. Las rotura del puente de oxÌgeno
en los aductos desulfurados produce carbociclos de siete
miembros enantiomericamente puros. Si lo que se fragmenta es
el sistema carbocÌclico de los aductos se obtienen tetrahidro-
furanos enantiomericamente enriquecidos. Esta u¬ltima posibi-
lidad ha permitido sintetizar el enantio¬mero natural del a¬cido
nemore¬nsico.
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complex reaction mixtures. On the other hand, although the
thiopyrone 8 could be efficiently prepared by treatment of
bromide 1 with thioacetic acid and Et3N, we were not able to
induce its coupling with mesylate 4 under a variety of
conditions.[20]


A recent publication describing a method for the formation
of mixed sulfides from epoxides based on the use of
triphenylsilanethiol as sulfur-transfer reagent,[21] led us to test
its applicability in our system. Using the described exper-
imental conditions [1) i) 4, Ph3SiSH, Et3N; ii) TBAF, AcOH,
MeOH; 2) Et3N, 1] we obtained low yields of the desired
sulfide 5c (Scheme 5). However, we found that stirring
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Scheme 5. Synthesis of cycloaddition precursor 5c.


Ph3SiSH with mesylate 4, PPh3 and Cs2CO3 in THF at �5 �C
for 15 min followed by addition of a solution of bromide 1 in
THF provides the desired sulfide 5c in a satisfactory 71%
yield. This one-step procedure is very simple and seems to
provide a mild, practical alternative to other current methods
of synthesizing mixed sulfides.[21, 22]


With the precursors at hand the first cycloaddition assays
were carried out by heating toluene solutions of the pyrone 5a
in a sealed tube for 160 �C, conditions that were previously
used for inducing the cycloaddition of the alkene-unsubsti-
tuted homologue.[7d] Remarkably, while in this last case
complete conversion required heating for more than 12 h,
the cycloaddition of 5a was over in less than 5 h. Indeed, we
found that the reaction could be efficiently carried out by
simple heating in toluene under reflux for 10 h (Table 1). This
was also the case for the diester 5b, where the cycloaddition
required just 3.5 h in refluxing toluene for its completion.
These results indicate that the presence of the sulfinyl
substituent considerably accelerates the process, most prob-
ably by exerting a moderate electron-activating effect.[23] Most


importantly, the diastereoselectivity of the reaction was good
for the case of 5a and excellent for 5b, which fulfilled our
expectations about the facial-differentiating effect of the
endo-placed sulfinyl group. The cycloaddition of sulfide 5c
could also be achieved in refluxing toluene albeit required
prolonged heating than that of 5a or 5b, and proceeded as
well with high facial diastereoselectivity. It can be noted that
the cycloaddition of the sulfinyl-unsubstituted homologue of
5c requires more stringent conditions (160 �C, more than
40 h), which further confirms the accelerating role of the
sulfinyl substituent.


The stereochemical identity of the adducts obtained in the
above cycloadditions was established by comparing their
1H NMR spectra with those of their reduced sulfide deriva-
tives, compounds which were obtained in good yields by
treatment of the sulfoxides with PBr3 in DMF. As shown in the
Table 2, the signals corresponding to the hydrogens of


position 4 for both diastereoisomers appear at higher field
than the homologous signals in the sulfide. On the other hand,
there is a clear deshielding for H-7 in the major diaster-
eoisomer and of the hydrogens of position 5 in the minor.
These data are consistent with the structure 9 for the major
diastereoisomers and 10 for the minor, and with conforma-
tions close to those depicted in Figure 1. The shielding is
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Figure 1. Conformations of 9 and 10 consistent with the NMR data.


caused by the anisotropic effect of the phenyl substituent
while the deshielding is induced by the well-known syn-axial
effect of the sulfinylic oxygen on the 1,3-parallel hydrogen.[24]


The stereochemical outcome of the above reactions could
be rationalized by assuming that the alkenylsulfoxide unit
prefers to adopt an S-trans-type of conformation in order to
avoid repulsive dipole ± dipole interactions with the pyrone.
The approach from the less hindered face of the sulfoxide,
which is that displaying the lone pair, is hence favored
(Figure 2).[25]


That the above cycloadditions occurred without racemiza-
tion at the sulfur was confirmed by checking the optical purity
of the desulfinylated oxabicycles. Although the dinitrile
derivative 9a could not be cleanly desulfurated upon treat-
ment with Raney nickel under different conditions, probably
because there are lateral reductions of the nitriles, treatment


Table 1. Cycloaddition of pyrones 5a ± c.
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Pyrone X Yield[a] 4:5[b] t


1 5a C(CN)2 98% 9a :10a 10 h
(91:9)


2 5b C(CO2Et)2 99% 9b :10b 3.5 h
(97:3)


3 5c S 95% 9c :10c 46 h
(93:7)


[a] Combined isolated yield after chromatography. [b] Ratio determined
by 1H NMR of the crude reaction mixture. In all cases both diastereo-
isomers could be readily separated by simple flash chromatography.


Table 2. ��� � (sulfoxide)� � (sulfide).


H×s 9a 9b 9c 10a 10b 10c


1 H-4 � 0.57 � 0.61 � 0.70 � 0.31 � 0.37 � 0.20
� 0.97 � 0.79 � 0.89 � 0.81 � 0.60 � 0.55


2 H-7 � 0.32 � 0.30 � 0.32 � 0.05 � 0.00 � 0.07
3 H-5 � 0.16 � 0.17 � 0.16 � 0.60 � 0.60 � 0.60
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Figure 2. Qualitative representation of the more favored transition state
for the cycloaddition.


of 9b with Raney nickel in refluxing THF for 4 h led to the
expected oxabicycle 11 in a 85% yield (Scheme 6). Prolonging
the reaction time or carrying out the reduction with H2


induced the concomitant reduction of the enone leading to
the �-silyloxyketone 12 in 66% yield. Analysis of the 1HNMR
spectrum in the presence of Eu(hfc)3 using racemic mixtures
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Scheme 6. Desulfuration of the cycloadducts. a) Raney Ni, THF, 60 �C;
b) Raney Ni, THF, H2, 60 �C.


as reference confirmed that products 11 ([�]20D ��42.6, c� 1
in CHCl3) and 12 ([�]20D ��19.0, c� 1 in CHCl3) are
enantiomerically pure (97% ee).[26] On the other hand,
treatment of sulfoxide 9c with Raney Ni gave 13 in a 69%
yield ([�]20D ��103, c� 1 in CHCl3, 97% ee). If the reaction is
carried out under an atmosphere of hydrogen the optically
active oxabicycle 14 is obtained in a 65% yield ([�]20D ��44.0,
c� 0.25 in CHCl3, 97% ee).


The feasibility of using the above asymmetric strategies to
obtain enantiomerically enriched cycloadducts with comple-
mentary regiochemistry, and therefore of expanding the range
of attainable ring substitution patterns, was also investigated.
As could have been anticipated owing to the existence of a
mismatched electronic arrangement, the cycloaddition of
pyrone 16, readily assembled from the known chloride 15,[7b]


required much more harsh conditions (toluene 160 �C, 50 h,
Scheme 7) than those needed for the reaction of its re-
gioisomer 5b, and even than those for completing the
cycloaddition of its unsubstituted derivative 19 (160 �C,
27 h). In any event the expected cycloadducts 17 and 18 could
be isolated in a modest 51% combined yield and a diaster-
eoisomeric ratio of 89:11.


The structural assignment of the diastereoisomers was
made by comparison of their 1H NMR spectra with those of
the sulfide homologues following the same reasoning as that
used above for the identification of the regioisomeric adducts
(Figure 3).


Reductive removal of the sulfoxide moiety from 17 by
treatment with Raney Ni in refluxing THF gave the expected
tricycle 20 in enantiomerically pure form, as determined by
1H NMR in the presence of Eu(hfc)3 (68% yield, 97% ee,
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Scheme 7. Cycloaddition of regioisomeric precursors. a) (EtO2C)CH2,
NaH, THF, 0 �C � RT; b) NaH, THF, 4, 0 �C � RT; c) toluene, 160 �C.
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Figure 3. Conformations of 17 and 18 consistent with the NMR data. Key
hydrogens for the assignment are marked in bold.


[�]20D ��64, c� 0.5 in CHCl3). The formation of 17 as major
product in the cycloaddition of 16 can be explained by
assuming that, in this case, the alkenylsulfoxide prefers to
adopt an S-cis conformation when approaching the pyrone,
most probably to avoid interactions with the tert-butylsilyloxy
group (Figure 4).
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Figure 4. Qualitative representation of the more favored transition state
for the cycloaddition.


The low yield of the cycloaddition of 16 restricts the
applicability of the above sulfinyl-directed asymmetric cyclo-
addition to obtain enantiomerically enriched adducts with
substitution patterns such as in 20. We envisaged that this
drawback could be overcome if the sulfoxide unit is intro-
duced at the internal instead of the terminal side of the alkene,
so that the alkene might present a favorable electronic
orientation for the cycloaddition. To test this possibility we
prepared the precursor 23 using as alkenylsulfinyl coupling
unit the mesylate 22, itself obtained from the known sulfinyl
alcohol 21 (Scheme 8).[27]


Gratifyingly, the [5� 2] cycloaddition of 23 could be
accomplished by simple refluxing in toluene for 4 h to give
the adduct 24 in 93% yield as the only observed diaster-
eoisomer (Scheme 9). The structural assignment of this cyclo-
adduct was accomplished after removal of the sulfinyl moiety,
a process which was best carried out by sequential reduction
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Scheme 8. Synthesis of cycloaddition precursor 23. a) (EtO2C)CH2, NaH,
THF, 0 �C; b) NaH, THF, 22, 0 �C; c) MsCl, Et3N, 0 �C.


to the sulfide with PBr3 and Et3N followed by desulfurization
with Raney Ni in refluxing THF (55% yield). The spectral
properties and optical rotation of the resulting product
([�]20D ��63.5, c� 1 in CHCl3) are identical to those of
compound 20 that we had previously obtained by desulfiny-
lation of 17 (see Scheme 7). Noteworthy is the fact that
heating of 23 for a longer time induced an in situ pyrolytic �-
elimination of the p-tolylsulfinyl group in the initially formed
cycloadduct (24) to directly provide the optically active
alkene 25, which could be isolated in a 38% yield after 52 h
of heating. This low yield seemed to be caused by side
reactions of the oxatricycle with the p-tolylsulfenic acid
formed in the elimination process. We later found that adding
a small amount of (EtO)3P to the reaction medium, just after
the cycloaddition was complete (approx. 4 h), and keeping the
heat for additional 48 h leads to the alkene 25 in a rather good
yield (78%) and excellent enantioselectivity (97% ee), as
determined by 1H NMR in the presence of Pr(hfc)3 ([�]20D �
�60.0, c� 0.5 in CHCl3). Therefore, simple heating of a
readily available pyronic precursor (three steps from com-
mercially available kojic acid) affords a much more complex
and synthetically valuable product (25) in enantiomerically
pure form (Scheme 9).
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Scheme 9. Cycloaddition of 23. a) Toluene, 110 �C, 4 h; b) toluene, 110 �C,
(EtO)3P, 52 h.


The cycloadditions described above provide a practical
route to a variety of optically pure oxa-bridged polycyclic
systems. However, just like most of chiral auxiliary-based
asymmetric synthesis, obtaining the enantiomeric series of
adducts requires the assembly of precursors bearing the
enantiomeric partner of the chiral auxiliary. We thought that
this drawback could be overcome if we were able to formally
invert the stereochemical configuration of the sulfoxide in the
cycloaddition precursor such that the facial diastereoselectiv-
ity of the cycloaddition could be reversed. We initially
examined the conversion of the sulfoxide into a sulfimide, a
reaction that has been shown to take place in most of the cases
with inversion of configuration.[28] All attempts to transform
the alkenylsulfoxide 5b into the N-tosylsulfimide 26 gave low
yields (less than 20% in the best case), albeit we could isolate
a small amount of the product (Scheme 10). The cycloaddition


O


O


TBSO H


CO2EtEtO2C


OO


TBSO


S
NTsp-Tol


:


CO2EtEtO2C


5b


26


9b
+


(<20%)


a b, c


(45%)


Scheme 10. Preparation and cycloaddition of the sulfimide 26. a) Et3N,
P2O5, p-TsNH2, CH2Cl2, RT; b) toluene, 110 �C; c) Raney Ni, THF, 60 �C
(9b : [�]20D �0).


of this sulfimide could be readily achieved by heating in
refluxing toluene for 3 h, and led to a 9:1 diastereoisomeric
ratio of cycloadducts. Unfortunately, the optical rotation of
the tricycle obtained after desulfuration was nearly zero,
indicating that an almost complete racemization took place at
some point of the process (Scheme 7), most probably during
the thermolysis.[29]


Instead of studying this process further we preferred to turn
our attention to the configurationally more robust sulfoxi-
mines, a type of chiral functional group that has not received
much attention in asymmetric synthesis despite its particular
modulability characteristics owing to the presence of a
nitrogen substituent on the sulfur.[30] Most of the procedures
that have been described for the synthesis of 1-alkenylsulfox-
imines are based on the elaboration of the methyl group of
N-alkylarylmethylsulfoximines.[31] The direct transformation
of dialkylsulfoxides into N-unsubstituted sulfoximines using
O-mesitylsulfonylhydroxylamine (MSH) as aminating agent,
which takes place with retention of configuration at the
sulfur, has also been reported.[32] Although to our knowledge
this last procedure has not been previously used for the
preparation of vinylic sulfoximines we still considered it
worthy to assess its applicability for transforming the alke-
nylsulfoxide 5b into the corresponding sulfoximine. Unfortu-
nately, all attempts to directly aminate this compound by
reaction with MSH in different solvents failed, apparently
because there was a concomitant desilylation of the pyrone
hydroxyl group. In any event, the amination reaction could be
efficiently achieved on the diethylmalonate 27, an immediate
precursor of the cycloaddition substrate, which was readily
prepared by reaction of mesylate 4 with the sodium anion of
diethylmalonate (Scheme 11). We found that the use of


Scheme 11. Preparation and cycloaddition of the sulfoximine 29a. a) KI,
acetone; b) (EtO2C)CH2, NaH, THF, 0 �C � RT; c) MSH, CH3CN;
d) MPA, EDC, DMAP, CH2Cl2; e) NaH, 1, THF, 0 �C � RT; f) toluene,
110 �C.
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CH3CN as solvent is critical for the success of the amination;
other solvents previously used for this type of reaction, such as
CH2Cl2,[32c] gave much poorer yields of the product. To our
knowledge this is the first case reported of the formation of an
optically active N-unsubstituted alkenylsulfoximine from �,�-
unsaturated sulfoxides.


The optical purity of the sulfoximine 28a was confirmed to
be at least 97% by analysis and comparison of the 1H NMR
spectra of theN-methoxyphenylacetyl [(�)-MPA and (� /� )-
MPA] sulfoximines 28 i.[32b] The coupling between the alke-
nylsulfoximine 28a and the bromopyrone 1 proceeded cleanly
to give the expected cycloaddition precursor 29a in 70%
yield. The cycloaddition of this compound took place by
simple heating in toluene under reflux for 2 h, being therefore
over two times faster than that of its sulfinyl analogue. This
acceleration may be related to the stronger electron-with-
drawing character of the sulfonimidoyl group. Although the
yield of the reaction was good (75%), its diastereoselectivity
was almost negligible, a result that was not too surprising
owing to the relatively similar electronic and steric character-
istics of the oxygen and ™free∫ nitrogen sulfur substituents.


We envisaged that introducing suitable substituents at the
nitrogen could induce conformational preferences in the
alkenylsulfoximine that might eventually lead to a diaster-
eofacial selection complementary to that obtained from the
sulfoxide. To prove this point we prepared a variety of
N-substituted pyrone-alkenyl sulfoximines 29b ± h by deriva-
tizing the amine 28a and coupling the resulting sulfoximines
with the bromopyrone 1 (Table 3).[33]


As illustrated in Table 4, cycloadditions of the acyl or
sulfonylsulfoximines 29b ± h gave a reasonable degree of
facial diastereoselectivity which ranged from a modest 58:42
for the p-nitrobenzoyl derivative 29e to a notable 90:10 for
the case of the N-tosyl derivative 29h. In all cases, except
those of the N-tosyl, N-mesyl and N-acetyl derivatives, it was
possible to separate the two diastereoisomeric cycloadducts
by flash chromatography. Most importantly the facial selec-
tivity of the cycloaddition was opposite to that of the


precursor sulfoxides, which confirmed our expectations of
switching the diastereofacial selection of the cycloaddition.


The structures of the major diastereoisomers were un-
equivocally established as the oxabicycles 30b ±h on the basis
of the optical rotation of their desulfinimidoylated derivative
12 which was of opposite sign to that of the same compound
obtained from the desulfuration of stereochemically fully
characterized sulfoxide 9b (Scheme 6). The desulfurization
reaction was achieved with Raney nickel in refluxing THF
(71 ± 83% yields), although it required the use of more excess
of reagent than in the case of the sulfoxide (Scheme 12).
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Scheme 12. Desulfuration of sulfoximinyl cycloadducts; (�)-12 : [�]20D �
�19, c� 1 in CHCl3.


The formation of 30 as major product in the cycloaddition
of 29 can be explained by assuming that the alkenylsulfox-
imine prefers to set the nitrogen substituent in an S-trans
arrangement with respect to the alkene (Figure 5).
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Figure 5. Qualitative representation of the favored transition state for the
cycloaddition of sulfoximines 29b ± h.


The sulfoxide to sulfoximine switch described above
represents a very practical tactic to invert the diastereofacial
selectivity in [5� 2] pyrone ± alkene cycloadditions and hence
provides a straightforward access to oxa-bridged carbocycles


Table 3. Preparation of N-substituted sulfonimidoyl cycloaddition precur-
sors.


Conditions (step b)[a] R 29 (Yield[b])


1 CH3COCl, Et3N, 0 �C COCH3 29b (63%)
2 (CF3CO)2O, Et3N, RT COCF3 29c (67%)
3 PhCOCl, Et3N, DMAP, RT COPh 29d (47%)
4 pNO2C6H5COOH, EDC,DMAP COpNO2Ph 29e (63%)
5 CH3SO2Cl, Et3N, 0 �C SO2CH3 29 f (60%)
6 (CF3SO2)2O, Py, 0 �C SO2CF3 29g (51%)
7 pTolSO2Cl, Py, 0 �C SO2pTol 29h (65%)


[a] All these reactions were carried out in CH2Cl2, except entry 7.
[b] Overall yield for the three steps.


Table 4. Intramolecular [5� 2] thermal cycloadditions.
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Entry Pyrone R 30 :31[a] Yield[b]


1 29b COCH3 65:35 86%
2 29c COCF3 86:14 85%
3 29d COPh 76:24 95%
4 29e COpNO2Ph 58:42 91%
5 29 f SO2CH3 77:23 88%
6 29g SO2CF3 87:13 80%
7 29h SO2pTol 90:10 88%


[a] Diastereoisomeric ratio determined by 1H NMR of the crude reaction
mixture. [b] Combined isolated yield after chromatography.
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enantiomeric to those coming from the sulfoxides. The tactic
avoids the lengthier but otherwise mandatory synthesis of
cycloaddition precursors bearing sulfoxide units of both
configurations, and might be useful in other sulfinyl-mediated
asymmetric processes.


Having developed a practical route to a variety of
enantiomerically pure oxa-bridged carbocyclic systems it
was pertinent to demonstrate that these adducts can indeed
be elaborated into compounds of more immediate synthetic
value such as highly functionalized seven-membered carbo-
cycles. The presence of the sulfinyl substituent in cycloadducts
such as 9 led us first to test whether it might be possible to
induce the opening of the oxa-bridge by generating a
carbanion in � to the bridgehead carbon in the sulfone
32,[34] compound readily obtained by oxidation of 9b with
MCPBA (Scheme 13). However, all assays carried out using
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Scheme 13. Initial attempts to open the oxygen bridge.


LDA or nBuLi as bases in different solvents led to the
recovery of the starting material or formation of mixtures of
unwanted products.


We therefore moved to our recently developed tandem
™push ± pull∫ procedure for opening the oxa-bridge of this
type of oxabicyclic pyrone ± alkene adducts, based on the
combined action of an electron-donating enolate and a strong
Lewis acid.[8] As expected, treatment of enone 13 with MeLi
at �78 �C followed by addition of BF3 ¥OEt2 led to the
methylated ring-opened product 33 in a 72% yield ([�]D�
�14, c� 1 in CHCl3), an optically active seven-membered
carbocycle susceptible of further manipulation (Scheme 14).
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Scheme 14. Addition-bridge opening process. a) i) MeLi, THF, �78 �C;
ii) BF3 ¥OEt2 �78 �C.


Curiously, the attempts to apply this methylation opening
protocol to cleave the oxa-bridge of tricycle 12 failed, with the
only product isolated being the methylated bridged system 34.


Since the bridge-opening of similar tricyclic systems is
feasible,[8] this failure appears to be due to the presence of
the ester groups at that particular position of the five-
membered cycle which are most probably interfering with the
required pulling action of the Lewis acid. Remarkably,
opening of the corresponding regioisomer 20 was successfully
achieved using this method to provide the interesting highly
functionalized bicarbocyclic system 35 in 79% yield and
optically active form ([�]20D ��35.3, c� 0.3 in CHCl3). These
types of 5,7-fused ring systems are found in many natural
products,[4f] and therefore there is a great interest in devel-
oping practical routes for their assembly in enantiomerically
pure form.


Finally, we also wanted to demonstrate the utility of our
methodology for preparing optically active tetrahydrofurans,
synthesizing enantiomerically pure nemorensic acid (36),[35]


the diacid portion of the naturally occurring pyrrolizidine
alkaloid nemorensine.[36] The synthesis was carried out
following a slightly improved route with respect to that
previously used for obtaining the racemic product.[9b] As
illustrated in the Scheme 15 attaching the chiral vinylsulfinyl
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Scheme 15. Synthesis of (�)-nemorensic acid. a) KOH, then PMBCl, KI,
acetone; b) CBr4, PPh3, THF, RT; c) i) 4, Ph3SiSH, Cs2CO3, PPh3, THF;
ii) TFA, CH2Cl2; d) imidazole, TBSCl, CH2Cl2; e) toluene, 160 �C; f) Raney
Ni, THF, 60 �C; g) two steps, ref. [9].


unit to the pyrone was best achieved on the PMB-protected
derivative 38. The formation of the thioether and the change
from PMB to TBS was carried out in a 74% yield without
intermediate purifications. As expected, the presence of the
methyl group in the pyrone slowed down the cycloaddition
reaction, which was carried out best by heating a solution of
40 in toluene in a sealed tube for 12 h. The reaction gave the
expected cycloadducts in an 82% yield and a diastereoiso-
meric ratio of 93:7. Treatment of the major diastereoisomer
with excess of Raney nickel (new bottle) allowed its complete
desulfuration as well as the reduction of the enone system to
give the optically active oxabicycle 41 in a 71% yield, ([�]20D �
�50.4, c� 0.17 in CHCl3). The transformation of this
compound in natural nemorensic acid was accomplished in
two steps as previously described.[9b] The final product
obtained had spectroscopic and optical properties identical
to those previously reported for the natural product [([�]20D �
�87, c� 0.35 in EtOH), lit. : [�]��87, c� 0.35 in EtOH)].
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Overall the synthesis consisted of eleven steps from commer-
cially available kojic acid and provided the target in a 16%
yield, thereby comparing positively with recently published
asymmetric syntheses of this product, which are appreciably
more linear.[35]


Conclusion


In summary, attaching a p-tolylsulfinyl group at an appro-
priate position in the alkene allows one to accelerate its
thermal [5C� 2C] intramolecular cycloaddition to �-silyloxy-
�-pyrones and, most importantly, leads to excellent levels of
diastereodifferentiation. Switching from the sulfinyl to a N-
sulfonylsulfoximine provides a practical tactic to invert the
diastereofacial selectivity of the cycloaddition and thereby of
obtaining enantiomeric adducts. The resulting oxabicyclic
adducts, by virtue of their high functionalization can be
readily converted into stereochemically enriched seven-mem-
bered carbocycles and/or tetrahydrofurans. In particular we
have demonstrated the utility of the methodology by its
application to a concise synthesis of (�)-nemorensic acid.


Experimental Section


General : All dry solvents were freshly distilled under argon from the
appropriate drying agent before use. Toluene and THF were distilled from
sodium/benzophenone. CH2Cl2 was distilled from P2O5. MeOH was
distilled from Mg/I2. All reactions were conducted in dry solvents under
argon atmosphere unless otherwise stated. Thin-layer chromatography
(TLC) was performed on silica gel aluminium plates and components were
visualized by observation under UV light, or by treating the plates with a
phosphomolybdic reagent followed by heating. Flash chromatography was
performed on silica gel (230 ± 400 mesh), unless stated otherwise. The
organic phases were dried with anhydrous Na2SO4. Concentrations were
carried out in a rotary evaporator. 1H and 13C NMR spectra were recorded
in CDCl3, at 250 MHz and 62.9 MHz, respectively, and in some cases at 300
or 500 MHz (75.4 or 125.7 for 13C NMR). Carbon types were determined
fromDEPT 13C NMR experiments. The following abbreviations are used to
indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad. [�]D were measured at 20 �C in CHCl3. The
diastereoisomeric ratio of the cycloadducts was determined by integra-
tion of the signals of the vinylic hydrogen of the two isomers in the
1H NMR spectrum of the crude reaction mixture, unless stated other-
wise. Eu(hfc)3 refers to tris[heptafluoropropylhydroxymethylene)-(�)cam-
phorate]europium (���). Pr(hfc)3 refers to tris[heptafluoropropylhydroxy-
methylene)-(�) camphorate]praseodymium (���).


(2E,RS)-3-p-Tolylsulfinyl-2-propenylmethanesulfonate (4): Methanesul-
fonyl chloride (116 mg, 1.02 mmol) was added dropwise to an ice-water
cooled solution of the alcohol 3[19] [100 mg, 0.50 mmol, 97% ee [�]D��234
(c� 1); lit. : [�]20D ��233 (c� 1, ee� 97%] and Et3N (0.14 mL, 1.02 mmol)
in CH2Cl2 (10 mL). The reaction mixture was warmed to RTand stirred for
1 h. The resulting solution was poured into water, extracted with CH2Cl2,
dried, filtered, and concentrated. The crude residue was purified by flash
chromatography (50 ± 100% EtOAc/hexanes) to afford 4 as a white solid
(133 mg, 95%). Rf� 0.50 (EtOAc); m.p. 58 ± 60 �C; [�]D��249 (c� 1.1);
1H NMR: �� 7.51 (d, J� 7.9 Hz, 2H), 7.33 (d, J� 7.9 Hz, 2H), 6.62 (s, 2H),
4.90 (s, 2H), 3.03 (s, 3H), 2.41 (s, 3H); 13C NMR: �� 142.3 (CH), 139.3 (C),
138.3 (C), 130.2 (CH), 128.3 (CH), 124.8 (CH), 67.0 (CH2), 37.8 (CH3), 21.3
(CH3); LRMS: m/z : 274 (0.04) [M]� , 226 (44), 139 (41), 131 (100), 91 (54),
65 (38); HRMS: calcd for C11H14O4S2: 274.0333, found: 274.0334.


2-[(3-tert-Butyldimethylsilyloxy-4-oxo-4H-2-pyranyl)methyl]-2-[(2E,RS)-
3-p-tolylsulfinyl-2-propenyl]malononitrile (5a): Malononitrile (0.83 g,
12.5 mmol) was added to a �78 �C cooled suspension of NaH (0.5 g,
60% mineral oil, 12.5 mmol) in THF (20 mL). After stirring for 15 min at
RT, the reaction mixture was cooled at �78 �C, and bromide 1 (2 g,


6.27 mmol) was added. The reaction mixture was stirred for 1 h at that
temperature poured into brine, extracted with Et2O, dried, filtered, and
concentrated. The residue was purified by flash chromatography (90%
CH2Cl2/hexanes) to afford 2a as a colorless viscous oil (2.2 g, 75%). Rf�
0.15 (90% CH2Cl2/hexanes); 1H NMR: �� 7.67 (d, J� 5.5 Hz, 1H), 6.35 (d,
J� 5.5 Hz, 1H), 4.26 (t, J� 7.2 Hz, 1H), 3.40 (d, J� 7.2 Hz, 2H), 0.93 (s,
9H), 0.26 (s, 6H); 13C NMR: �� 173.6 (C), 153.7 (CH), 147.6 (C), 144.5 (C),
115.8 (CH), 111.4 (CN), 29.3 (CH2), 26.0 (CH3), 20.1 (CH), 18.6 (C), �3.9
(CH3); LRMS: m/z : 289 (3) [M�CH3]� , 247 (79), 182 (100), 154 (12), 111
(18); HRMS: calcd for C15H20O3N2Si�CH3: 289.1008, found 289.1015.


A solution of compound 2a (200 mg, 0.66 mmol) in THF (2 mL) was added
to an ice-cooled suspension of NaH (26 mg, 0.60 mmol) in THF (10 mL).
After stirring for 15 min at RTa solution of mesylate 4 (163 mg, 0.60 mmol)
in THF (2 mL) was added. The reaction mixture was stirred for 12 h and the
reaction quenched by adding water (3 mL). The solvent was evaporated
and the residue diluted with Et2O, washed with brine, dried, filtered, and
concentrated. The crude was purified by flash chromatography (35%
EtOAc/hexanes) to afford 5a as a brown solid (244 mg, 86%). Rf� 0.30
(50% EtOAc/hexanes); m.p. 147 ± 149 �C; [�]D��160 (c� 0.42);
1H NMR: �� 7.71 (d, J� 5.5 Hz, 1H), 7.53 (d, J� 8.1 Hz, 2H), 7.32 (d,
J� 8.1 Hz, 2H), 6.65 (m, 2H), 6.39 (d, J� 5.5 Hz, 1H), 3.41 (s, 2H), 2.95 (d,
J� 3.6 Hz, 2H), 2.40 (s, 3H), 0.95 (s, 9H), 0.30 (s, 6H); 13C NMR: �� 173.6
(C), 153.6 (CH), 147.0 (C), 145.3 (C), 143.6 (CH),142.4 (C), 139.1(C), 130.3
CH), 125.7 (CH), 125.0 (CH), 115.9 (CH), 113.5 (CN), 39.3 (CH2), 35.3 (C),
34.7 (CH2), 26.1 (CH3), 21.4 (CH3), 18.8 (C), �3.5 (CH3); LRMS: m/z : 425
(42) [M�C4H9]� , 245 (31), 182 (100), 139 (24), 73 (25); HRMS: calcd for
C25H30O4SiSN2�C4H9: 425.0991, found 425.0986.


Diethyl 2-[(3-tert-butyldimethylsilyloxy-4-oxo-4H-2-pyranyl)methyl]-2-
[(2E,RS)-3-p-tolylsulfinyl-2-propenyl]malonate (5b): Diethylmalonate
(2 g, 12.5 mmol) was added to a �78 �C cooled suspension of NaH (0.5 g,
60% mineral oil, 12.5 mmol) in THF (20 mL). After being stirred for
20 min at RT, the reaction mixture was cooled at �78 �C, and bromide 1
(2 g, 6.27 mmol) was added. After being stirred for 2 h the mixture was
poured into brine, extracted with Et2O, dried, filtered, and concentrated.
The crude was purified by flash chromatography (10 ± 25% EtOAc/
hexanes) to afford 2b as a colorless viscous oil (2.2 g, 90%). Rf� 0.15
(10% EtOAc/hexanes); 1H NMR: �� 7.57 (d, J� 5.5 Hz, 1H), 6.3 (d, J�
5.5 Hz, 1H), 4.20 (q, J� 7.1 Hz, 4H), 3.77 (t, J� 7.7 Hz, 1H), 3.31 (d, J�
7.7 Hz, 2H), 1.24 (t, J� 7.1 Hz, 6H), 0.95 (s, 9H), 0.27 (s, 6H); 13C NMR:
�� 174.5 (C), 168.1 (C), 153.3 (C), 152.8 (CH), 143.0 (C), 115.6 (CH), 61.8
(CH2), 48.9 (CH), 27.6 (CH2), 26.0 (CH3), 18.7 (C), 14.0 (CH3),�3.7 (CH3);
LRMS: m/z : 341 (100) [M�C4H9]� , 267 (9), 239 (9), 195 (39), 165 (4);
HRMS: calcd for C19H30O7Si�C4H9: 341.1056, found 341.1054.


A solution of compound 2b (240 mg, 0.60 mmol) in THF (2 mL) was added
to an ice-cooled suspension of NaH (24 mg, 0.60 mmol) in THF (10 mL).
After stirring for 15 min at RTa solution of mesylate 4 (150 mg, 0.55 mmol)
in THF (2 mL) was added. The reaction mixture was stirred at rt for 12 h
and the reaction quenched by adding water (3 mL). The solvent was
evaporated and the residue diluted with Et2O, washed with brine, dried,
filtered, and concentrated. The crude was purified by flash chromatography
(35% EtOAc/hexanes) to afford 5b as a colorless oil (221 mg, 72%). Rf�
0.38 (50% EtOAc/hexanes); [�]D��39 (c� 0.72); 1H NMR: �� 7.50 (d,
J� 4.4 Hz, 1H), 7.41 (d, J� 6.6 Hz, 2H), 7.25 (d, J� 6.6 Hz, 2H), 6.49 (m,
1H), 6.26 (d, J� 5.1 Hz, 1H), 6.20 (d, J� 15.1 Hz, 1H), 4.10 (m, 4H), 3.45
(s, 2H), 2.70 (m, 2H), 2.34 (s, 3H), 1.15 (m, 6H), 0.94 (s, 9H), 0.21 (s, 6H);
13C NMR: �� 173.8 (C), 169.3(C), 169.2 (C), 152.9 (CH), 152.4 (C), 144.1
(C), 141.4 (C), 140.3 (C), 139.5 (CH), 133.2 (CH), 129.9 (CH), 124.5 (CH)
115.5 (CH), 61.9 (CH2), 56.3 (C), 35.9 (CH2), 31.0 (CH2), 25.9 (CH3), 21.2
(CH3), 18.6 (C), 14.8 (CH3), �3.8 (CH3); LRMS/FAB: m/z : 577 (16)
[M�H]� , 519 (8), 249 (27), 239 (19), 182 (100), 179 (41), 173 (74); HRMS:
calcd for C29H41O8SiS: 577.2291, found: 577.2277.


3-tert-Butyldimethylsilyloxy-2-[((2E,RS)-3-p-tolylsulfinyl-2-propenyl)sul-
fanylmethyl]-4H-4-pyranone (5c): Triphenylsilanethiol (187 mg,
0.64 mmol) was added to a solution of mesylate 4 (175 mg, 0.639 mmol),
PPh3 (168 mg, 0.64 mmol) and Cs2CO3 (416 mg, 1.28 mmol) in THF (7 mL),
cooled at �5 �C. After stirring for 15 min, a solution of bromide 1 (510 mg,
1.6 mmol) in THF (2 mL) was added and the reaction mixture stirred for an
additional 10 h at RT. The resulting solution was poured into brine,
extracted with Et2O, dried, filtered, and concentrated. The crude residue
was purified by flash chromatography (30 ± 60% EtOAc/hexanes) to afford
5c as an orange-pale solid (201 mg, 71%). Rf� 0.33 (50% EtOAc/







FULL PAPER J. L. MascareÊas et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0892 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4892


hexanes); m.p. 83 ± 86 �C; [�]D��112 (c� 1.8); 1H NMR: �� 7.60 (d, J�
5.6 Hz, 1H), 7.50 (d, J� 7.9 Hz, 2H), 7.32 (d, J� 7.9 Hz, 2H), 6.45 (m, 1H),
6.30 (d, J� 14.9 Hz, 1H), 6.17 (d, J� 5.6 Hz, 1H), 3.6 (s, 2H), 3.28 (d, J�
6.85 Hz, 2H), 2.30 (s, 3H), 0.9 (s, 9H), 0.05 (s, 6H); 13C NMR: �� 173.5
(C), 153.2 (CH), 149.9 (CH), 142.4 (C), 141.4 (C), 140.0 (C), 137.4 (CH),
132.9 (CH), 129.8 (CH), 124.2 (CH), 115.2 (CH), 32.7 (CH2), 27.6 (CH2),
25.7 (CH3), 21.1 (CH3), 18.4 (C), �3.9 (CH3); LRMS/FAB: m/z : 451 (77)
[M�H]� , 392 (11), 240 (32), 212 (35), 182 (33), 163 (50); HRMS: calcd for
C22H31O4S2Si: 451.1433, found: 451.1429.


Procedure for the thermal cycloadditions


Compound 9a : A solution of pyrone 5a (100 mg, 0.21 mmol) in toluene
(10 mL) was heated under reflux for 10 h. The solvent was evaporated and
the crude purified by flash chomatography (25 ± 50% EtOAc/hexanes) to
afford a 91:9 ratio of diastereoisomers 9a and 10a as colorless oils [98%, Rf


(50% EtOAc/hexanes): 9a� 0.54, 10a� 0.70].


(1R,5S,6R,7R,RS)-9-tert-Butyldimethylsilyloxy-6-[p-tolylsulfinyl-10-oxo-
11-oxatricyclo[5.3.1.01,5]undec-8-ene-3,3-dicarbonitrile (9a): [�]D��108
(c� 0.65); 1H NMR: �� 7.61 (d, J� 8.1 Hz, 2H), 7.42 (d, J� 8.1 Hz, 2H),
6.63 (d, J� 5.0 Hz, 1H), 5.32 (t, J� 4.9 Hz, 1H), 3.73 (m, 1H), 3.13 (d, J�
14.5 Hz, 1H), 2.63 (d, J� 14.7 Hz, 1H), 2.50 (s, 3H), 2.49 (m, 1H), 2.08 (m,
1H), 1.68 (m, 1H), 0.98 (s, 9H), 0.25 (s, 6H); 13C NMR: �� 189.3 (C), 147.5
(C), 143.7 (C), 138.8 (C), 130.8 (CH), 124.5 (CH), 123.8 (CH), 114.6 (CN),
114.3 (CN), 96.7 (C), 77.7 (CH), 76.5 (CH), 44.9 (CH), 41.3 (CH2), 40.4
(CH2), 34.3 (C), 25.4 (CH3), 22.6 (CH3), 18.3 (C),�4.7 (CH3); LRMS/FAB:
m/z : 483 (95) [M�H]� , 426 (16), 425 (56), 371 (100), 281 (29), 257 (16), 239
(23); HRMS: calcd for C25H31O4SiSN2: 483.1773, found 483.1751.


(1S,5R,6S,7S,RS)-9-tert-Butyldimethylsilyloxy-6-[p-tolylsulfinyl-10-oxa-
11-oxatricyclo[5.3.1.01,5]undec-8-en-3,3-dicarbonitrile (10a): [�]D��15.7
(c� 0.37); 1H NMR: �� 7.48 (d, J� 8.1 Hz, 2H), 7.39 (d, J� 8.1 Hz, 2H),
6.27 (d, J� 5.0 Hz, 1H), 5.07 (t, J� 5.3 Hz, 1H), 3.48 (dd, J� 5.8, 6.6 Hz,
1H), 3.29 (m, 1H), 3.03 (d, J� 14.6 Hz, 1H), 2.62 (d, J� 14.6 Hz, 1H), 2.47
(s, 3H), 2.34 (dd, J� 9.9, 14.4 Hz, 1H), 1.75 (m, 1H), 0.97 (s, 9H), 0.22 (s,
6H); 13C NMR: �� 189.5 (C), 147.2 (C), 142.8 (C), 138.6 (C), 130.6 (CH),
123.5 (CH), 123.0 (CH), 115.2 (CN), 114.5 (CN), 96.2 (C), 76.1 (CH), 74.0
(CH), 41.9 (CH2), 41.6 (CH), 40.2 (CH2), 34.1 (C), 25.5 (CH3), 21.5 (CH3),
18.3 (C), �4.7 (CH3); LRMS: m/z : 425 (34) [M�C4H9]� , 335 (4), 285 (58),
182 (71), 139 (100); HRMS: calcd for C25H30O4SiSN2: 425.0991, found:
425.0974.


Diethyl (1R,5S,6R,7R,RS)-9-tert-butyldimethylsilyloxy-6-[p-tolylsulfinyl-
10-oxo-11-oxatricyclo[5.3.1.01,5]undec-8-ene-3,3-dicarboxylate (9b) and
(1S,5R,6S,7S,RS)-9-tert-butyldimethylsilyloxy-6-[p-tolylsulfinyl-10-oxo-11-
oxatricyclo[5.3.1.01,5]-undec-8-ene-3,3-dicarboxylate (10b): The cycloaddi-
tion of 5b gave a 97:3 mixture of diastereoisomers 9b and 10b as colorless
oils [99%, Rf (20% EtOAc/hexanes): 9b� 0.20, 10b� 0.30].


Compund 9b : [�]D��90 (c� 0.6); 1H NMR: �� 7.61 (d, J� 8.1 Hz, 2H),
7.36 (d, J� 8.1 Hz, 2H), 6.60 (d, J� 4.9 Hz, 1H), 5.10 (t, J� 5.3 Hz, 1H),
4.13 (m, 4H), 3.87 (t, J� 5.9 Hz, 1H), 3.0 (d, J� 14.8 Hz, 1H), 2.51 (d, J�
14.8 Hz, 1H), 2.43 (s, 3H), 2.33 (m, 1H), 1.68 (m, 2H), 1.19 (m, 6H), 0.97 (s,
9H), 0.21 (s, 6H); 13C NMR: �� 191.4 (C), 170.4 (C), 170.1 (C), 147.7 (C),
142.7 (C), 139.1 (C), 130.4 (CH), 124.8 (CH), 124.3 (CH), 97.5 (C), 76.9
(CH), 76.3 (CH), 61.9 (CH2), 61.7 (CH2), 61.2 (C), 44.3 (CH), 37.1 (CH2),
36.3 (CH2), 25.5 (CH3), 21.5 (CH3), 18.3 (C), 13.9 (CH3), 13.9 (CH3), �4.7
(CH3); LRMS: m/z : 519 (8) [M�C4H9]� , 380 (21), 333 (11), 233 (25), 173
(46), 139 (40); HRMS: calcd for C29H40O8SiS�C4H9: 519.1509, found:
519.1523.


Compound 10b : [�]D��41 (c� 0.2); 1H NMR: �� 7.52 (d, J� 7.9 Hz,
2H), 7.36 (d, J� 7.9 Hz, 2H), 6.23 (d, J� 5 Hz, 1H), 4.80 (t, J� 5.4 Hz, 1H),
4.13 (m, 4H), 3.74 (t, J� 6.0 Hz, 1H), 3.1 (m, 1H), 3.08 (d, J� 14.85 Hz,
1H), 2.48 (d, J� 14.85 Hz, 1H), 2.43 (s, 3H), 1.92 (m, 2H), 1.21 (m, 6H),
0.96 (s, 9H), 0.22 (s, 6H); 13C NMR: �� 192.2 (C), 171.0 (C), 169.5 (C),
147.2 (C), 142.0 (C), 139.2 (C), 130.3 (CH), 123.7 (CH), 123.5 (CH), 97.2
(C), 75.4 (CH), 73.9 (CH), 61.8 (CH2), 61.7 (CH2), 61.2 (C), 41.7 (CH), 37.5
(CH2), 37.3 (CH2), 25.9 (CH3), 21.8 (CH3), 18.7 (C), 14.3 (CH3), 14.3 (CH3),
�4.2 (CH3); LRMS/FAB: m/z : 577 (79) [M�H]� , 421 (30), 363 (34), 281
(50), 233 (24), 221(66), 173 (100); HRMS: calcd for C29H41O8SiS 577.2291,
found 577.2291.


(1R,5R,6R,7R,RS)-9-tert-Butyldimethylsilyloxy-6-[p-tolylsulfinyl-11-oxa-
3-thiatricyclo[5.3.1.01,5]undec-8-en-10-one (9c) and (1S,5S,6S,7S,RS)-9-tert-
butyldimethylsilyloxy-6-[p-tolylsulfinyl-11-oxa-3-thiatricyclo[5.3.1.01,5]un-
dec-8-en-10-one (10c): The cycloaddition of 5c gave a 93:7 mixture of


diastereoisomers 9c and 10c as colorless oils [95%, Rf (30% EtOAc/
hexanes): 9c� 0.55, 10c� 0.70]. The diastereomeric ratio was determined
by integrating the signals of the H-7 (t) of the two isomers in the 1H NMR
of the crude reaction mixture.


Compound 9c : [�]D��73 (c� 1.9); 1H NMR: �� 7.60 (d, J� 7.9 Hz, 2H),
7.37 (d, J� 7.9 Hz, 2H), 6.63 (d, J� 4.8 Hz, 1H), 5.26 (t, J� 5.03 Hz, 1H),
3.51 (m, 1H), 3.45 (m, 1H), 2.78 (d, J� 12 Hz, 1H), 2.5 (m, 1H), 2.45 (s,
3H), 2.38 (m, 1H), 1.77 (dd, J� 3.2, 8.9 Hz, 1H), 1. 0 (s, 9H), 0.24 (s, 6H);
13C NMR: �� 191.6 (C), 147.7 (C), 143.2 (C), 139.1 (C), 130.4 (CH), 124.8
(CH), 124.2 (CH), 100.2 (C), 77.3 (CH), 75.8 (CH), 49.8 (CH), 35.7 (CH2),
35.2 (CH2), 25.2 (CH3), 23.1 (CH3), 18.4 (C),�4.6 (CH3); LRMS FAB:m/z :
451 (54) [M�H]� , 393 (13), 255 (11), 179 (100), 163 (97); HRMS: calcd for
C22H31O4S2Si: 451.1433, found: 451.1421.


Compound 10c : [�]D��11.5 (c� 0.23); 1H NMR: �� 7.52 (d, J� 7.9 Hz,
2H), 7.37 (d, J� 7.9 Hz, 2H), 6.23 (d, J� 4.9 Hz, 1H), 4.84 (t, J� 5.16 Hz,
1H), 3.46 (d, J� 13.3 Hz, 1H), 3.36 (m, 1H), 3.26 (m, 1H), 2.88 (dd, J� 7.9,
12.5 Hz, 1H), 2.76 (d, J� 13.3 Hz, 1H), 2.43 (s, 3H), 2.11 (d, J� 12.5 Hz,
1H), 0.97 (s, 9H), 0.22 (s, 6H); 13C NMR: �� 192.3 (C), 148.0 (C), 143.1
(C), 139.6 (C), 130.8 (CH), 124.4 (CH), 123.7 (CH), 100.5 (C), 76.1 (CH),
74.1 (CH), 48.2 (CH), 36.7 (CH2), 36.2 (CH2), 26.0 (CH3), 22.0 (CH3), 18.8
(C), �4.3 (CH3); LRMS/FAB: m/z : 451 (61) [M�H]� , 312 (38), 255 (31),
237 (57), 221 (38), 179 (100) 163 (54); HRMS: calcd for C22H31O4S2Si:
451.1433, found: 451.1413.


Diethyl (1R,5R,7S)-9-tert-butyldimethylsilyloxy-10-oxo-11-oxatricyclo-
[5.3.1.01,5]undec-8-ene-3,3-dicarboxylate [(�)-(11)]: A solution of com-
pound 9b (35 mg, 0.06 mmol) in THF (2 mL) was added to a suspension of
activated Raney nickel (300 mg) in THF (4 mL). The reaction mixture was
heated under reflux for 25 min, allowed to cool to RT, filtered, and poured
into water. Extraction with EtOAc, drying and concentration gave a
residue which was purified by flash chromatography (5% EtOAc/hexanes)
to afford 11 as a colorless oil (23 mg, 85%, 97% ee, Rf� 0.33 (10% EtOAc/
hexanes). Enantiomeric excess was determined by 1H NMR in presence of
Eu(hfc)3 (0.3 equiv) by comparison of the split signals of the vinylic proton
with those of racemic 11. [�]D��43 (c� 1); 1H NMR: �� 6.21 (d, J�
4.9 Hz, 1H), 4.81 (dt, J� 4.8, 1.8 Hz, 1H), 4.17 (m, 4H), 3.13 (d, J�
14.7 Hz, 1H), 2.60 (m, 1H), 2.54 (m, 1H), 2.45 (m, 1H), 2.33 (m, 1H),
2.14 (m, 2H), 1.24 (m, 6H), 0.91 (s, 9H), 0.13 (s, 6H); 13C NMR: �� 193.4
(C), 170.9 (C), 145.6 (C), 128.7 (CH), 97.1 (C), 75.6 (CH), 61.9 (C), 61.7
(CH2), 61.5 (CH2), 43.4 (CH), 38.9 (CH2), 37.7 (CH2), 37.0 (CH2), 25.5
(CH3), 18.4 (C), 14.0 (CH3), �4.321 (CH3); LRMS/FAB: m/z : 439 (100)
[M�H]� , 381 (52), 307 (79), 289 (44); HRMS: calcd for C22H35O7Si:
439.2152, found: 439.2133.


Diethyl (1R,5R,7S,10S)-10-tert-butyldimethylsilyloxy-9-oxo-11-oxatricy-
clo[5.3.1.01,5]undec-3,3-dicarboxylate (�)-12 : A solution of compound 9b
(200 mg, 0.10 mmol) in THF (2 mL) was added to a suspension of activated
Raney nickel (1.0 g) in THF (12 mL). The reaction mixture was heated
under reflux for 1 h under atmosphere of H2 (balloon), allowed to cool to
RT, filtered, and poured into water. Extraction with Et2O, drying and
concentration gave a residue which was purified by flash chromatography
(3 ± 20% EtOAc/hexanes) to afford 12 as a colorless oil (107 mg, 66%,
97% ee). [�]D��19 (c� 1.2); Rf� 0.23 (15% EtOAc/hexanes). Enantio-
meric excess was determined by 1H NMR in presence of Eu(hfc)3
(0.3 equiv) by comparison of the split signals of the TBS methyl protons
with those of racemic 12. [�]D��19 (c� 1.1); 1H NMR: �� 4.39 (d, J�
6.1 Hz, 1H), 4.02 (m, 5H), 2.63 (d, J� 14.0 Hz, 1H), 2.51 (m, 3H), 2.28 (d,
J� 13.7 Hz, 1H), 2.12 (d, J� 15.2 Hz, 1H), 2.01 (m, 2H), 1.84 (m, 1H), 1.12
(m, 6H), 0.80 (s, 9H), 0.00 (s, 3H), �0.11 (s, 3H); 13C NMR: �� 205.1 (C),
171.1 (C), 95.7 (C), 78.0 (CH), 76.0 (CH), 61.4 (CH2), 61.2 (CH2), 48.2
(CH2), 41.0 (CH2), 40.6 (CH), 39.5 (CH2), 39.3 (CH2), 25.6 (CH3), 18.3 (C),
13.8 (CH3), �4.4 (CH3), �5.8 (CH3); LRMS: m/z : 383 (100) [M�C4H9]� ,
365 (21), 355 (14), 339 (12), 337 (14), 291 (30), 263 (14), 235 (6), 155 (16),
129 (6), 139 (88), 57 (4); HRMS: calcd for C18H27O7Si: 383.1526, found:
383.1535.


(1R,5S,7R)-3-tert-Butyldimethylsilyloxy-1,7-dimethyl-8-oxabicyclo[3.2.1]-
octan-3-en-2-one [(�)-13]: Raney nickel (300 mg) was washed with THF
(3x5 mL) and heated in THF (4 mL). The compound 9c (30 mg,
0.07 mmol) in THF (2 mL) was added onto the hot suspension and the
reaction mixture was heated under reflux for 2 h. The resulting suspension
was allowed to cool to RT, filtered, and poured into water. Extraction with
EtOAc, drying and concentration gave a residue which was purified by
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flash chromatography (5% EtOAc/hexanes) to afford 13[8] (23 mg, 69%,
97% ee) as a colorless oil. Rf� 0.38 (6% EtOAc/hexanes); [�]D��103
(c� 1).


(1R,2S,5S,7R)-2-tert-Butyldimethylsilyloxy-1,7-dimethyl-8-oxabicyclo-
[3.2.1]octan-3-one [(�)-(14)]: A solution of compound 9c (350 mg,
0.7 mmol) in THF (2 mL) was added to a suspension of activated Raney
nickel (5.0 g) in THF (6 mL) under hydrogen atmosphere (balloon). The
reaction mixture was heated under reflux for 60 min, allowed to cool to
room temperature, filtered, and poured into water. Extraction with EtOAc,
drying and concentration gave a residue which was purified by flash
chromatography (2 ± 7% EtOAc/hexanes) to afford 14[7b] (124 mg, 65%,
97% ee) as a colorless oil. Rf� 0.30 (6% EtOAc/hexanes); [�]D��44 (c�
0.25). Enantiomeric excess was determined by 1H NMR in presence of
Eu(hfc)3 (0.35 equiv) by comparison of the split signals of H-5 with those of
racemic 14. 1H NMR: �� 4.5 (t, J� 6.1 Hz, 1H), 3.9 (s, 1H), 2.75 (dd, J�
5.5, 14.7 Hz, 1H), 2.23 (m, 2H), 1.97 (dd, J� 9.1, 12.8 Hz, 1H), 1.59 (m,
1H), 1.32 (s, 3H), 0.92 (d, 3H), 0.9 (s, 9H), 0.14 (s, 3H), 0.01 (s, 3H).


Diethyl 2-[(5-tert-Butyldimethylsilyloxy-4-oxo-4H-2-pyranyl)methyl]-2-
[(2E,Rs)-3-p-tolylsulfinyl-2-propenyl]malonate (16): Diethylmalonate
(2.3 g, 14.6 mmol) was added to a �78 �C cooled suspension of NaH
(0.483 g, 60% mineral oil, 14.6 mmol) in THF (20 mL). After stirring for
15 min at RT, the reaction mixture was cooled at�78 �C, and chloride 15[7b]


(2 g, 7.30 mmol) and NaI (1.1 g, 7.3 mmol) were added. The mixture was
stirred for 4 h at RT, poured into brine, extracted with Et2O, dried, filtered,
and concentrated. The crude was purified by flash chromatography (5 ±
40% EtOAc/hexanes) to afford the coupling product as a colorless viscous
oil (2.2 g, 75%). Rf� 0.10 (10% EtOAc/hexanes); 1H NMR: �� 7.51 (s,
1H), 6.12 (s, 1H), 4.12 (q, J� 7.15 Hz, 4H), 3.63 (t, J� 7.7 Hz, 1H), 3.01 (d,
J� 7.7 Hz, 2H), 1.16 (t, J� 7.15 Hz, 6H), 0.85 (s, 9H), 0.13 (s, 6H);
13C NMR: �� 174.8 (C), 168.2 (C), 163.6 (C), 144.9 (C), 143.7 (CH), 114.1
(CH), 61.6 (CH2), 49.0 (CH), 31.9 (CH2), 25.1 (CH3), 18.1 (C), 13.8 (CH3),
�4.9 (CH3); LRMS: m/z : 383 (3) [M�CH3]� , 341 (100), 269 (18), 239 (25),
195 (74), 151 (7); HRMS: calcd for C19H30O7Si�CH3: 383.1526, found:
383.1508. The conversion of this product into 16 was carried out following
the same procedure than for the transformation of 2b into 5b. [70%, Rf�
0.35 (50% EtOAc/hexanes), viscous oil]. 16 : [�]D��75 (c� 0.45);
1H NMR: �� 7.50 (s, 1H), 7.47 (d, J� 8.2 Hz, 2H), 7.30 (d, J� 8.2 Hz,
2H), 6.42 (m, 1H), 6.28 (d, J� 15.0 Hz, 1H), 6.10 (s, 1H), 4.15 (m, 4H), 3.12
(s, 2H), 2.76 (d, J� 7.3 Hz, 2H), 2.39 (s, 3H), 1.21 (m, 6H), 0.93 (s, 9H), 0.20
(s, 6H); 13C NMR: �� 174.9 (C), 168.8 (C), 162.5 (C), 145.3 (C), 143.8
(CH), 141.8 (C), 140.1 (C), 139.8 (CH), 131.2 (CH), 130.0 (CH), 124.5 (CH),
116.1 (CH), 62.1 (CH2), 56.6 (C), 36.2 CH2), 34.9 (CH2), 25.4 (CH3), 21.3
(CH3), 18.3 (C), 13.9 (CH3), �4.5 (CH3); LRMS/FAB: m/z : 577 (100)
[M�H]� , 520 (11), 519 (34), 307 (19), 277 (13), 204 (10), 154 (54); HRMS:
calcd for C29H41O8SiS: 577.2291, found: 577.2263.


Diethyl (1R,5R,6S,7S,RS)-9-tert-butyldimethylsilyloxy-8-oxo-6-(p-tolylsul-
finyl)-11-oxatricyclo[5.3.1.01,5]undec-9-ene-3,3-dicarboxylate (17) and di-
ethyl (1S,5S,6R,7R,RS)-9-tert-butyldimethylsilyloxy-8-oxo-6-(p-tolylsulfin-
yl)-11-oxatricyclo[5.3.1.01,5]undec-9-ene-3,3-dicarboxylate (18): A solution
of compound 16 (124 mg, 0.215 mmol) in toluene (20 mL) was heated at
160 �C for 48 h. The solvent was evaporated and the crude purified by flash
chomatography (15 ± 25% EtOAc/hexanes) to afford a 89:11 mixture of
diastereoisomers 17 and 18 as colorless oils [51%, Rf� (20% EtOAc/
hexanes): 17� 0.45, 18� 0.18]. The diastereomeric ratio is based on
isolated products. 17: 1H NMR: �� 7.53 (d, J� 8.1 Hz, 2H), 7.33 (d, J�
8.1 Hz, 2H), 6.44 (s, 1H), 4.70 (d, J� 7.2 Hz, 1H), 4.13 (m, 4H), 3.61 (dd,
J� 5.0, 7.42 Hz, 1H), 3.2 (m, 1H), 2.72 (d, J� 14.4 Hz, 1H), 2.54 (d, J�
14.4 Hz, 1H), 2.41 (s, 3H), 2.1 ± 1.85 (m, 2H), 1.22 (m, 6H), 0.95 (s, 9H),
0.22 (s, 6H); 13C NMR: �� 190.8 (C), 170.6 (C), 170.5 (C), 148.4 (C), 141.6
(C), 139.5 (C), 130.0 (CH), 129.8 (CH), 123.8 (CH), 91.8 (C), 83.8 (CH),
71.6 (CH), 61.9 (CH2), 61.7 (C), 61.7 (CH2), 45.2 (CH), 42.1 (CH2), 38.5
(CH2), 25.6 (CH3), 21.4 (CH3), 18.3 (C), 13.9 (CH3), 13.8 (CH3), �4.6
(CH3); LRMS/FAB: m/z : 577 (100) [M�H]� , 519 (70), 277 (24), 205 (149),
173 (11); HRMS: calcd for C29H41O8SiS: 577.2291, found: 577.2264.


Compound 18 : [�]D��18 (c� 0.23); 1H NMR: �� 7.59 (d, J� 8.0 Hz,
2H), 7.33 (d, J� 8.0 Hz, 2H), 6.43 (s, 1H), 4.88 (d, J� 7.2 Hz, 1H), 4.14 (m,
4H), 3.75 (dd, J� 5.5, 7.1 Hz, 1H), 2.69 (d, J� 14.5 Hz, 1H), 2.50 (d, J�
14.5 Hz, 1H), 2.42 (m, 1H), 2.41 (s, 3H), 2.05 (dd, J� 4.9, 13.7 Hz, 1H),
1.68 (dd, J� 9.8, 13.7 Hz, 1H), 1.21 (m, 6H), 0.95 (s, 9H), 0.23 (s, 6H);
13C NMR: �� 190.0 (C), 170.8 (C), 170.1 (C), 148.2 (C), 142.6 (C), 139.2
(C), 130.3 (CH), 129.9 (CH), 125.2 (CH), 91.7 (C), 84.6 (CH), 71.9 (CH),


62.0 (CH2), 61.9 (C), 61.8 (CH2), 50.7 (CH), 42.3 (CH2), 37.9 (CH2), 25.6
(CH3), 21.5 (CH3), 18.4 (C), 13.9 (CH3), 13.8 (CH3), �4.5 (CH3); LRMS:
m/z : 519 (49) [M�C4H9]� , 395 (0.2), 277 (38), 204 (38), 139 (29), 73 (100).
HRMS: calcd for C29H41O8SiS 577.2291, found 577.2264.


Diethyl (1S,5S,7R)-9-tert-butyldimethylsilyloxy-8-oxo-11-oxatricyclo-
[5.3.1.01,5]-undec-9-ene-3,3-dicarboxylate (20): A solution of compound
17 (36 mg, 0.06 mmol) in THF (1 mL) was added to a suspension of
activated Raney nickel (250 mg) in THF (6 mL). The reaction mixture was
heated under reflux for 35 min, allowed to cool to RT, filtered, and poured
into water. Extraction with EtOAc, drying and concentration gave a
residue which was purified by flash chromatography (2 ± 10% EtOAc/
hexanes) to afford 20 (19 mg, 68%, 97% ee) as a colorless oil. Rf� 0.40
(10% EtOAc/hexanes). Enantiomeric excess was determined by 1H NMR
in presence of Eu(hfc)3 (0.40 equiv) by comparison of the split signals of the
C-2 methylenic protons with those of racemic 20. [�]D��64 (c� 0.5);
1H NMR: �� 6.39 (s, 1H), 4.63 (d, J� 7.9 Hz, 1H), 4.17 (m, 4H), 2.66 (s,
2H), 2.60 (m, 1H), 2.37 (m, 2H), 2.20 (m, 1H), 1.87 (m, 1H), 1.22 (m, 6H),
0.90 (s, 9H), 0.12 (s, 6H); 13C NMR: �� 194.0 (C), 171.7 (C), 170.5 (C),
146.9 (C), 131.0 (CH), 91.5 (C), 83.6 (CH), 62.0 (CH2), 61.8 (CH2), 61.5 (C),
47.8 (CH), 42.0 (CH2), 40.1 (CH2), 33.1 (CH2), 25.5 (CH3), 18.3 (C), 14.1
(CH3), �4.6 (CH3); LRMS: m/z : 381 (58) [M�C4H9]� , 307 (19), 255 (14),
205 (25), 182 (30), 73 (100); HRMS: calcd for C22H34O7Si�C4H9: 381.1369,
found: 381.1357.


Diethyl 2-[(5-tert-Butyldimethylsilyloxy-4-oxo-4H-2-pyranyl)methyl]-2-
[(Rs)-2-p-tolylsulfinyl-2-propenyl]malonate (23): Methanesulfonyl chlor-
ide (0.09 mL, 1.18 mmol) was added dropwise to a solution of (Ss)-2-(p-
tolylsulfinyl)prop-2en-1-ol (21)[27] [58 mg, 0.296 mmol, 97% ee ; [�]D�
�102.0 (c� 0.55, EtOH); lit. : [�]D��103.0 (c� 0.55, ee� 97%)] and
Et3N (0.16 mL, 1.18 mmol) in CH2Cl2 (8 mL) at 0 �C.After the addition, the
reaction mixture was warmed to RT and stirred for 2 h. The mixture was
poured into water, extracted with CH2Cl2, dried, filtered, and concentrated
to afford a residue with 22 as the major product. 1H NMR: �� 7.55 (d, J�
8.0 Hz, 2H), 7.35 (d, J� 8.0 Hz, 2H), 6.41 (s, 1H), 6.08 (s, 1H), 4.8 (d, 1H),
4.6 (d, 1H), 3.0 (s, 3H), 2.41 (s, 3H). This crude residue was dissolved in
THF (2 mL) and added to diethyl-2-[(5-tert-butyldimethylsilyloxy-4-oxo-
4H-2-pyranyl)methyl]malonate (130 mg, 0.33 mmol) and NaH (13 mg,
0.33 mmol) in THF (5 mL). The mixture was stirred at RT for 30 min,
poured into brine, extracted with Et2O, dried, filtered, and concentrated.
The crude was purified by flash chromatography (20 ± 60% EtOAc/
hexanes) to afford 23 as a colorless oil (136 mg, 82% from 21). Rf� 0.15
(40% EtOAc/hexanes); [�]D��61 (c� 0.71); 1H NMR: �� 7.28 (d, J�
8.0 Hz, 2H), 7.06 (d, J� 8.0 Hz, 2H), 6.09 (s, 1H), 5.95 (s, 1H), 5.53 (s, 1H),
3.96 (m, 4H), 3.00 (s, 2H), 2.53 (d, J� 16.4 Hz, 1H), 2.24 (d, J� 16.4 Hz,
1H), 2.18 (s, 3H), 1.04 (m, 6H), 0.72 (s, 9H), 0.00 (s, 6H); 13C NMR: ��
174.8 (C), 170.0 (C), 169.9 (C), 162.4 (C), 149.3 (C) 145.2 (C), 143.7 (CH),
142.3 (C), 138.7 (C), 129.9 (CH), 125.8 (CH), 118.7 (CH2), 116.1 (CH), 62.2
(CH2), 62.1 (CH2), 56.2 (C), 35.9 (CH2), 31.1 (CH2), 25.4 (CH3), 21.3 (CH3),
18.3 (C), 13.7 (CH3), �4.7 (CH3); LRMS: m/z : 519 (100) [M�C4H9]� , 419
(14), 339 (20), 277 (42), 204 (69), 73 (80); HRMS: calcd for C29H40O8SiS�
C4H9: 519.1509, found: 519.1533.


Cycloaddition of 23 : A solution of compound 23 (45 mg, 0.11 mmol) in
toluene (10 mL) was heated at 110 �C for 4 h. The solvent was evaporated
and the crude purified by flash chomatography (2 ± 20% EtOAc/hexanes)
to give 24 [42 mg, 93%, Rf� 0.18 (5% EtOAc/hexanes)].


Compound 24 : [�]D��92 (c� 1.35); 1H NMR: �� 7.47 (d, J� 8.1 Hz,
2H), 7.29 (d, J� 8.1 Hz, 2H), 6.59 (s, 1H), 4.57 (d, J� 7.7 Hz, 1H), 4.19 (m,
4H), 2.91 (d, J� 14.0 Hz, 1H), 2.74 (d, J� 14.4 Hz, 1H), 2.67 (d, J�
14.0 Hz, 1H), 2.41 (s, 3H), 2.37 ± 2.26 (m, 2H), 1.97 (d, J� 14 Hz, 1H),
1.25 (m, 6H), 0.97 (s, 9H), 0.24 (s, 6H); 13C NMR: �� 192.9 (C), 170.6 (C),
169.9 (C), 149.7 (C), 142.3 (C), 136.7 (C), 129.8 (CH), 126.2 (CH), 125.4
(CH), 93.8 (C), 81.9 (CH), 78.0 (C), 61.9 (CH2), 61.7 (CH2), 59.9 (C), 41.7
(CH2), 36.8 (CH2), 35.4 (CH2), 25.5 (CH3), 21.4 (CH3), 18.3 (C), 14.0 (CH3),
13.9 (CH3),�4.53 (CH3),�4.61 (CH3); LRMS: m/z : 519 (55) [M�C4H9]� ,
437 (3), 233 (25), 179 (72), 139 (25), 73 (100); HRMS: calcd for
C29H40O8SiS�C4H9: 519.1508, found: 577.1490.


Diethyl (1S,7R)-9-tert-butyldimethylsilyloxy-8-oxo-11-oxatricyclo[5.3.1.01,5]-
undec-4,9-diene-3,3-dicarboxylate (25): Heating of compound 23 (97 mg,
0.17 mmol) in toluene at 110 �C in presence of P(OEt)3 (56 mg, 0.34 mmol)
for 52 h gave 25 (58 mg, 78%, 97% ee). Rf� 0.48 (5% EtOAc/hexanes).
Enantiomeric excess was determined by 1H NMR in presence of Pr(hfc)3
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(0.3 equiv) by comparison of the split signals of H-7 with those of racemic
25 prepared from racemic 23.


Compound 25 : [�]D��60 (c� 0.5); 1H NMR: �� 6.56 (s, 1H), 5.74 (s,
1H), 4.88 (d, J� 7.6 Hz, 1H), 4.22 (m, 4H), 3.05 (d, J� 13.5 Hz, 1H), 2.96
(m, 1H), 2.34 (d, J� 13.5 Hz, 1H), 2.23 (m, 1H), 1.25 (m, 6H), 0.94 (s, 9H),
0.17 (s, 6H); 13C NMR: �� 193.0 (C), 170.0 (C), 169.8 (C), 149.8 (C), 146.6
(C), 129.7 (CH), 119.3 (CH), 93.2 (C), 86.0 (CH), 71.5 (C), 62.0 (CH2), 61.8
(CH2), 42.4 (CH2), 26.4 (CH2), 25.5 (CH3), 18.4 (C), 14.0 (CH3), �4.63
(CH3),�4.71 (CH3); LRMS:m/z : 379 (34) [M�C4H9]� , 333 (14), 233 (18),
204 (100), 131 (6), 73 (54); HRMS: calcd for C22H32O7Si�C4H9 379.1213,
found: 379.1205.


Diethyl (2E,RS)-3-p-tolylsulfinyl-2-propenylmalonate (27): KI (0.33 g,
2.01 mmol) was added to a solution of mesylate 4 (0.55 g, 2.01 mmol) in
acetone (40 mL). After stirring for 3 h at RT the reaction mixture was
poured into water, extracted with Et2O, dried, filtered and concentrated.
The crude residue was used without further purification in the next
reaction. 1H NMR: �� 7.42 (d, J� 8.1 Hz, 2H), 7.25 (d, J� 8.1 Hz, 2H),
6.64 (m, 1H), 6.29 (d, J� 14.8 Hz, 1H), 3.85 (d, J� 8.1 Hz, 2H), 2.33 (s,
3H).


Diethylmalonate (0.65 g, 4.03 mmol) was added to a cooled (�78 �C)
suspension of NaH (0.16 g, 60% mineral oil, 4.03 mmol) in THF (25 mL).
After being stirred for 20 min at RT, a solution of the above crude iodide
(2.01 mmol) in THF (3 mL) was added. The reaction mixture was stirred
for 20 min at RT, poured into brine, extracted with Et2O, dried, filtered and
concentrated. The crude residue was purified by flash chromatography
(30 ± 40% EtOAc/hexanes) to afford 27 as a colorless oil (537 mg, 79%).
Rf� 0.65 (40% EtOAc/hexanes); [�]D��112 (c� 0.77); 1H NMR: ��
7.31 (d, J� 7.9 Hz, 2H), 7.11 (d, J� 7.9 Hz, 2H), 6.31 (m, 1H), 6.09 (d, J�
15.1 Hz, 1H), 3.92 (m, 4H), 3.27 (t, J� 7.3 Hz, 1H), 2.58 (m, 2H), 2.16 (s,
3H), 0.99 (m, 6H); 13C NMR: �� 168.5 (C), 141.9 (C), 140.8 (C), 138.0
(CH), 134.6 (CH), 130.4 (CH), 125.0 (CH), 62.0 (CH2), 51.0 (CH), 31.1
(CH2), 21.7 (CH3), 14.3 (CH3); LRMS: m/z : 338 (2.42) [M]� , 321 (15), 293
(9), 290 (31), 216 (56), 143 (100); HRMS: calcd for C17H22O5S: 338.1188,
found: 338.1193.


Amination of alkenylsulfoxide 27 with O-mesitylsulfonyl hydroxylamine
(MSH): MSH (412 mg, 1.92 mmol) was added to a 0 �C cooled solution of
alkenylsulfoxide 27 (405 mg, 1.20 mmol) in CH3CN (7 mL). After being
stirred at 0 �C for 2 h the reaction mixture was slowly allowed to reach RT
and stirred further for 18 h. The mixture was diluted in CH2Cl2 (5 mL),
poured into a cold (0 �C) aqueous solution of NaOH (10%, 10 mL), stirred
for 15 min, and extracted with CH2Cl2. The organic phases were dried,
filtered, and concentrated. The resulting crude sulfoximine 28a was used
for the next step without further purification. 1H NMR: �� 7.83 (d, J�
8.3 Hz, 2H), 7.32 (d, J� 8.0 Hz, 2H), 6.85 (m, 1H), 6.50 (d, J� 14.9 Hz,
1H), 4.15 (m, 4H), 3.47 (t, J� 7.3 Hz, 1H), 2.80 (m, 2H), 2.40 (s, 3H), 2.29
(s, 1H), 1.18 (m, 6H).


Preparation of N-substituted sulfoximine derivatives 28b ± i : 28b : Acetyl
chloride (44 mg, 0.57 mmol) was added dropwise to a stirred solution of the
crude alkenylsulfoximine 28a (0.28 mmol) and Et3N (57 mg, 0.57 mmol) in
CH2Cl2 (5 mL) cooled at 0 �C. After being stirred for 30 min at 0 �C the
mixture was poured into brine, extracted with CH2Cl2, dried, filtered and
concentrated. The residue was purified by flash chromatography (30 ± 40%
EtOAc/hexanes) to afford 28b as a colorless oil (93 mg, 82% for two steps).
Rf� 0.15 (40% EtOAc/hexanes); [�]D��15 (c� 0.85); 1H NMR: �� 7.77
(d, J� 8.3 Hz, 2H), 7.31 (d, J� 8.2 Hz, 2H), 6.90 (m, 1H), 6.51 (d, J�
15.0 Hz, 1H), 4.13 (m, 4H), 3.49 (t, J� 7.3 Hz, 1H), 2.83 (m, 2H), 2.43 (s,
3H), 2.14 (s, 3H), 1.23 (m, 6H); 13C NMR: �� 179.6 (C), 167.8 (C), 144.5
(C), 142.2 (CH), 134.9 (C), 131.1 (CH), 130.0 (CH), 127.3 (CH), 61.8 (CH2),
50.0 (CH), 30.2 (CH2), 26.7 (CH3), 21.5 (CH3), 13.8 (CH3); LRMS:m/z : 350
(8.1) [M�C2H5O]� , 308 (5), 247 (39), 215 (10), 201 (14), 139 (100); HRMS:
calcd for C17H20NO5S: 350.1062, found: 350.1066.


Compound 28c : Trifluoroacetic anhydride (196 mg, 0.93 mmol) was added
dropwise to a stirred solution of the crude alkenylsulfoximine 28a
(0.47 mmol) and Et3N (95 mg, 0.93 mmol) in CH2Cl2 (8 mL) at 0 �C. After
being stirred for 30 min at 0 �C the mixture was poured into brine, extracted
with CH2Cl2, dried, filtered and concentrated. The crude was purified by
flash chromatography (20 ± 40% EtOAc/hexanes) to afford 28c as a
colorless oil (151 mg, 72% for two steps). Rf� 0.56 (40%EtOAc/hexanes);
[�]D��14 (c� 1.6); 1H NMR: �� 7.79 (d, J� 8.4 Hz, 2H), 7.40 (d, J�
8.1 Hz, 2H), 7.06 (m, 1H), 6.52 (d, J� 14.0 Hz, 1H), 4.15 (m, 4H), 3.53 (t,


J� 7.2 Hz, 1H), 2.89 (m, 2H), 2.46 (s, 3H), 1.22 (m, 6H); 13C NMR: ��
167.7 (C), 145.9 (C), 144.8 (CH), 133.0 (C), 130.5 (CH), 129.3 (CH), 127.4
(CH), 62.0 (CH2), 49.9 (CH), 30.4 (CH3), 21.6 (CH3), 13.9 (CH3); LRMS:
m/z : 404 (9.1) [M�C2H5O]� , 380 (40), 262 (4), 247 (18), 201 (16), 139
(100); HRMS: calcd for C17H17NO5F3S: 404.0780, found: 404.0789.


Compound 28d : Benzoyl chloride (160 mg, 1.13 mmol) was added drop-
wise to a stirred solution of the crude alkenylsulfoximine 28a (0.57 mmol),
Et3N (115 mg, 1.13 mmol) and DMAP (14 mg, 0.2 mmol) in CH2Cl2
(10 mL) at 0 �C. After being stirred for 10 h at RT the mixture was poured
into brine, extracted with CH2Cl2, dried, filtered and concentrated. The
crude was purified by flash chromatography (20 ± 35% EtOAc/hexanes) to
afford 28d as a colorless oil (155 mg, 60% for two steps). Rf� 0.15 (30%
EtOAc/hexanes); [�]D��6 (c� 2.1); 1H NMR: �� 8.20 (m, 2H), 7.81 (m,
2H), 7.45 (m, 5H), 7.12 (m, 1H), 6.65 (d, J� 15.0 Hz, 1H), 4.15 (m, 4H),
3.52 (t, J� 7.4 Hz, 1H), 2.87 (m, 2H), 2.44 (s, 3H), 1.15 (m, 6H); 13C NMR:
�� 192.5 (C), 175 (C), 167.6 (C), 145 (C), 143.6 (CH), 136 (C), 134.3 (CH),
133.1 (CH), 131.0 (CH), 134.3 (CH), 129.3 (CH), 127.2 (CH), 61.7 (CH2),
49.8 (CH), 30.2 (CH2), 21.3 (CH3), 13.7 (CH3); LRMS: m/z : 412 (16) [M�
C2H5O]� , 380 (2), 351 (8), 258 (6), 247 (100), 201 (17), 173 (19), 139 (62);
HRMS: calcd for C22H22NO5S: 412.1218, found: 412.1229.


Procedure for the synthesis of 28e and 28 i


Compound 28e : A solution of the crude alkenylsulfoximine 28a
(0.620 mmol) in CH2Cl2 (5 mL) was added to a stirred solution of p-
nitrobenzoic acid (130 mg, 0.78 mmol), EDC (179 mg, 0.94 mmol) and
DMAP (15 mg, 0.12 mmol) in CH2Cl2 (10 mL) at RT. After being stirred
for 12 h the reaction was poured into brine, extracted with CH2Cl2, dried,
filtered and concentrated. The crude was purified by flash chromatography
(20% EtOAc/hexanes) to afford 28e as a colorless oil (252 mg, 81% for
two steps). Rf� 0.15 (30% EtOAc/hexanes); [�]D��11 (c� 1.6);
1H NMR: �� 8.20 (d, J� 8.7 Hz, 2H), 8.12 (d, J� 8.6 Hz, 2H), 7.75 (d,
J� 8.4 Hz, 2H), 7.29 (d, J� 8.4 Hz, 2H), 6.97 (m, 1H), 6.57 (d, J� 15.0 Hz,
1H), 4.05 (m, 4H), 3.48 (t, J� 7.4 Hz, 1H), 2.82 (m, 2H), 2.34 (s, 3H), 1.12
(m, 6H); 13C NMR: �� 171.3 (C), 167.6 (C), 149.6 (C), 144.9 (C), 143.1
(CH), 141.0 (C), 134.3 (C), 130.7 (CH), 130.5 (CH), 130.1 (CH), 127.2 (CH),
122.9 (CH), 61.7 (CH2), 49.8 (CH), 30.2 (CH2), 21.3 (CH3), 13.7 (CH3);
LRMS: m/z : 457 (6.2) [M�C2H5O]� , 380 (2), 288 (3), 247 (55), 201 (18),
139 (100); HRMS: calcd for C22H21N2O7S: 457.1069, found: 457.1080.


Compound 28 i : 74% for two steps, colorless oil; Rf� 0.10 (35% EtOAc/
hexanes); 1H NMR: �� 7.52 ± 7.08 (m, 9H), 6.76 (m, 1H), 6.31 (s, 1H), 4.73
(s, 1H), 4.09 (m, 4H), 3.42 (s, 3H), 3.38 (m, 1H), 2.73 (m, 2H), 2.31 (s, 3H),
1.18 (m, 6H); 13C NMR: �� 178.7 (C), 167.8 (C), 144.6 (C), 142.7 (C), 138.0
(CH), 134.7 (CH), 130.7 (CH), 130.0 (CH), 128.3 (CH), 128.1 (C), 127.2
(CH), 125.0 (CH), 85.9 (CH), 61.9 (CH2), 57.4 (CH3), 50.0 (CH), 30.3 (CH2),
21.5 (CH3), 13.9 (CH3); LRMS: m/z : 456 (1.2) [M�C2H5O]� , 380 (100),
290 (1), 234 (5), 121 (32); HRMS: calcd for C26H31NO7S: 501.1821, found:
501.1826.


Compound 28 f : Methanesulfonyl chloride (122 mg, 0.1.08 mmol) was
added dropwise to an ice-water cooled solution of the crude alkenylsulfox-
imine 28a (0.71 mmol) and Et3N (110 mg, 1.08 mmol) in CH2Cl2 (10 mL) at
0 �C. After being stirred for 30 min at 0 �C the mixture was poured into
brine, extracted with CH2Cl2, dried, filtered and concentrated. The crude
was purified by flash chromatography (30 ± 70% EtOAc/hexanes) to afford
28 f as a colorless oil (230 mg, 75% for two steps). Rf� 0.56 (60% EtOAc/
hexanes); [�]D��17 (c� 1.5); 1H NMR: �� 7.79 (d, J� 8.3 Hz, 2H), 7.35
(d, J� 8.3 Hz, 2H), 6.92 (m, 1H), 6.50 (d, J� 14.9 Hz, 1H), 4.14 (m, 4H),
3.48 (t, J� 7.2 Hz, 1H), 3.10 (s, 3H), 2.82 (m, 2H), 2.42 (s, 3H), 1.19 (m,
6H); 13C NMR: �� 167.7 (C), 145.4 (C), 143.2 (CH), 134.4 (C), 131.5 (CH),
130.2 (CH), 127.6 (CH), 61.8 (CH2), 49.8 (CH), 45.2 (CH3), 30.2 (CH2), 21.5
(CH3), 13.8 (CH3); LRMS: m/z : 386 (27) [M�C2H5O]� , 337 (3), 247 (50),
215 (100), 201 (19), 139 (98).


Compound 28g : Trifluoromethanesulfonic anhydride (450 mg, 1.60 mmol)
was added dropwise to a stirred solution of the crude alkenylsulfoximine
28a (1.06 mmol) and pyridine (241 mg, 3.05 mmol) in CH2Cl2 (12 mL) at
0 �C. The resulting bright yellow solution was stirred for 10 min at 0 �C and
poured into water (10 mL). The organic layer was extracted with CH2Cl2,
dried, filtered and concentrated. The crude was purified by flash
chromatography (25 ± 40% EtOAc/hexanes) to afford 28g as a colorless
oil (230 mg, 65% two steps). Rf� 0.76 (40% EtOAc/hexanes); [�]D��16
(c� 1.6); 1H NMR: �� 7.79 (d, J� 8.3 Hz, 2H), 7.39 (d, J� 8.3 Hz, 2H),
7.05 (m, 1H), 6.57 (d, J� 14.9 Hz, 1H), 4.10 (m, 4H), 3.52 (t, J� 7.2 Hz,
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1H), 2.86 (m, 2H), 2.43 (s, 3H), 1.18 (m, 6H); 13C NMR: �� 168.1 (C),
147.1 (C), 146.0 (CH), 134.0 (C), 131.0 (CH), 130.7 (CH), 127.9 (CH), 62.4
(CH2), 50.2 (CH), 30.7 (CH2), 22.0 (CH3), 14.2 (CH3); LRMS: m/z : 486
(100) [M�H]� , 470 (22), 440 (37), 339 (74), 215 (72), 199 (94); HRMS:
calcd for C18H23NO7 F3S2 486.0868, found 486.0876.


Compound 28h : p-Tolylsulfonyl chloride (78 mg, 0.41 mmol) was added to
a stirred solution of the crude alkenylsulfoximine 28a (0.34 mmol) in dry
pyridine at 0 �C. After being stirred at RT for 12 h the mixture was
concentrated. The crude residue was purified by flash chromatography
(15 ± 30% EtOAc/hexanes) to afford 28h as a colorless oil (123 mg, 71%
for two steps). Rf� 0.55 (35% EtOAc/hexanes); [�]D��1 (c� 1.6);
1H NMR: �� 7.68 (m, 4H), 7.21 (d, J� 8.3 Hz, 2H), 7.12 (d, J� 8.1 Hz,
2H), 6.78 (m, 1H), 6.39 (d, J� 14.9 Hz, 1H), 4.02 (m, 4H), 3.36 (t, J�
7.3 Hz, 1H), 2.70 (m, 2H), 2.31 (s, 3H), 2.27 (s, 3H), 1.09 (m, 6H);
13C NMR: �� 168.2 (C), 145.8 (C), 143.6 (CH), 143.1 (C), 142.2 (C), 135.2
(C), 132.1 (CH), 130.6 (CH), 129.6 (CH), 128.2 (CH), 127.0 (CH), 62.3
(CH2), 50.3 (CH), 30.7 (CH2), 22.0 (CH3), 21.9 (CH3), 14.3 (CH3); LRMS:
m/z : 462 (2.08) [M�C2H5O]� , 434 (0.5), 352 (0.5), 292 (9), 247 (19), 139
(100); HRMS: calcd for C24H29O7S2N�C2H5O: 462.1045, found: 462.1040.


Procedure for the synthesis of pyrones 29a ± h


Compound 29h : A solution of compound 28h (105 mg, 0.21 mmol) in THF
(2 mL) was added to an ice-cooled suspension of NaH (8.5 mg, 60%
mineral oil, 0.21 mmol) in THF (5 mL). After stirring for 20 min at RT a
solution of bromide 1 (167 mg, 0.52 mmol) in THF (2 mL) was added. The
reaction mixture was stirred at RT for 1 h and quenched by adding water
(3 mL). The mixture was poured into brine, extracted with Et2O, dried,
filtered and concentrated. The crude was purified by flash chromatography
(30 ± 50% EtOAc/hexanes) to afford pyrone 29h as a colorless oil (142 mg,
91%). Rf� 0.10 (30% EtOAc/hexanes); [�]D��9 (c� 1.6); 1H NMR: ��
7.81 (m, 4H), 7.53 (d, J� 5.5 Hz, 1H), 7.34 (d, J� 8.3 Hz, 2H), 7.23 (d, J�
8.3 Hz, 2H), 6.93 (m, 1H), 6.57 (d, J� 14.8 Hz, 1H), 6.28 (d, J� 5.5 Hz,
1H), 4.07 (m, 4H), 3.44 (s, 2H), 2.75 (d, J� 7.5 Hz, 2H), 2.43 (s, 3H), 2.38
(s, 3H), 1.16 (m, 6H), 0.97 (s, 9H), 0.26 (s, 6H); 13C NMR: �� 173.7 (C),
169.0 (C), 152.9 (CH), 151.8 (C), 145.2 (C), 144.3 (C), 142.6 (C), 142.0 (CH),
140.7 (C), 134.9 (C), 132.6 (CH), 130.1 (CH), 129.1 (CH), 127.7 (CH), 126.5
(CH), 115.6 (CH), 62.1 (CH2), 56.2 (C), 35.2 (CH2), 31.5 (CH2), 25.9 (CH3),
21.5 (CH3), 21.4 (CH3), 18.7 (C), 13.8 (CH3), �3.8 (CH3); LRMS: m/z : 688
(20.3) [M�C4H9]� , 550 (2), 460 (1), 379 (18), 305 (11), 233 (29), 173 (19),
139 (58), 91 (100); HRMS: calcd for C32H38NO10S2Si: 688.1706, found:
688.1728.


Compound 29a : 70%, colorless oil; Rf� 0.15 (55% EtOAc/hexanes);
[�]D��9 (c� 1.0); 1H NMR: �� 7.53 (d, J� 8.0 Hz, 2H), 7.28 (d, J�
5.5 Hz, 1H), 7.03 (d, J� 8.0 Hz, 2H), 6.58 (m, 1H), 6.13 (d, J� 14.8 Hz,
1H), 6.03 (d, J� 5.5 Hz, 1H), 3.85 (m, 4H), 3.17 (s, 2H), 2.45 (d, J� 7.6 Hz,
2H), 2.22 (s, 3H), 0.96 (m, 6H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR: ��
173.3 (C), 169.1 (C), 152.8 (C), 152.0 (CH), 144.2 (C), 143.5 (C), 139.2 (C),
138.6 (CH), 136.2 (CH), 129.6 (CH), 127.8 (CH), 115.5 (CH), 61.9 (CH2),
56.3 (C), 36.3 (CH2), 31.2 (CH2), 25.9 (CH3), 21.3 (CH3), 18.7 (C), 13.8
(CH3),�3.8 (CH3); LRMS:m/z : 534 (100) [M�C4H9]� , 379 (10), 339 (36),
277 (13), 182 (59), 139 (53), 107 (31); HRMS: calcd for C25H32NO8SiS:
534.1618, found: 534.1650.


Compound 29b : 77%, colorless oil: Rf� 0.23 (40% EtOAc/hexanes);
[�]D��5 (c� 1.3); 1H NMR: �� 7.75 (d, J� 8.3 Hz, 2H), 7.53 (d, J�
5.6 Hz, 1H), 7.33 (d, J� 8.3 Hz, 2H), 6.90 (m, 1H), 6.45 (d, J� 14.9 Hz,
1H), 6.29 (d, J� 5.6 Hz, 1H), 4.12 (m, 4H), 3.43 (s, 2H), 2.76 (d, J� 7.6 Hz,
2H), 2.42 (s, 3H), 2.12 (s, 3H), 1.20 (m, 6H), 0.97 (s, 9H), 0.26 (s, 6H);
13C NMR: �� 179.6 (C), 173.8 (C), 169.1 (C), 169.0 (C), 152.9 (CH), 151.9
(C), 144.3 (C), 141.2 (CH), 135.1 (C), 132.1 (CH), 130.1 (CH), 127.3 (CH),
115.6 (CH), 62.1 (CH2), 56.3 (C), 35.3 (CH2), 31.6 (CH2), 26.7 (CH3), 25.9
(CH3), 21.5 (CH3), 18.7 (C), 13.8 (CH3),�3.8 (CH3); LRMS:m/z : 576 (100)
[M�C4H9]� , 534 (19), 428 (2), 379 (12), 339 (36), 277 (13), 233 (37), 182
(59), 139 (57), 107 (31); HRMS: calcd for C27H34NO9SiS: 576.1723, found:
576.1701.


Compound 29c : 93%, colorless oil; Rf� 0.31 (40% EtOAc/hexanes);
[�]D��14 (c� 0.5); 1H NMR: �� 7.80 (d, J� 8.4 Hz, 2H), 7.55 (d, J�
5.5 Hz, 1H), 7.41 (d, J� 8.2 Hz, 2H), 7.15 (m, 1H), 6.49 (d, J� 14.9 Hz,
1H), 6.32 (d, J� 5.5 Hz, 1H), 4.17 (m, 4H), 3.48 (s, 2H), 2.81 (d, J� 7.5 Hz,
2H), 2.47 (s, 3H), 1.25 (m, 6H), 0.99 (s, 9H), 0.28 (s, 6H); 13C NMR: ��
173.8 (C), 169.1 (C), 152.9 (CH), 151.9 (C), 145.8 (C), 144.4 (CH), 144.1 (C),
133.1 (C), 130.5 (CH), 130.1 (CH), 129.0 (C), 128.2 (C), 127.4 (CH), 115.7


(CH), 62.3 (CH2), 56.4 (C), 35.4 (CH2), 31.9 (CH2), 26.0 (CH3), 21.6 (CH3),
18.8 (C), 13.9 (CH3), �3.7 (CH3); LRMS: m/z : 630 (85) [M�C4H9]� , 573
(4), 492 (4), 379 (26), 305 (23), 278 (6), 233 (51), 182 (100), 139 (72), 91 (38);
HRMS: calcd for C27H31NO9F3SiS: 630.1441, found: 630.1463.


Compound 29d : 78%, colorless oil; Rf� 0.21 (40% EtOAc/hexanes);
[�]D��5 (c� 1.5); 1H NMR: �� 8.17 (d, J� 8.1 Hz, 2H), 7.86 (d, J�
8.3 Hz, 2H), 7.47 (d, J� 5.5 Hz, 1H), 7.35 ± 7.45 (m, 5H), 7.05 (m, 1H), 6.58
(d, J� 14.9 Hz, 1H), 6.31 (d, J� 5.5 Hz, 1H), 4.15 (m, 4H), 3.45 (s, 2H),
2.82 (d, J� 7.6 Hz, 2H), 2.42 (s, 3H), 1.23 (m, 6H), 0.99 (s, 9H), 0.28 (s,
6H); 13C NMR: �� 173.8 (C), 173.6 (C), 169.2 (C), 152.9 (CH), 152.0 (C),
144.0 (C), 141.5 (CH), 135.7 (C), 135.3 (C), 132.3 (CH), 132.0 (CH), 130.2
(CH), 129.4 (CH), 127.9 (CH), 127.5 (CH), 115.7 (CH), 62.2 (CH2), 56.5 (C),
35.5 (CH2), 31.7 (CH2), 26.0 (CH3), 21.5 (CH3), 18.8 (C), 13.9 (CH3), �3.7
(CH3); LRMS: m/z : 695 (3.5) [M]� , 650 (10), 639 (42), 638 (100), 379 (28),
316 (29), 278 (10), 233 (60), 182 (98), 139 (56), 105 (99), 77 (16); HRMS:
calcd for C36H45NO9SiS: 695.2539, found: 695.2563.


Compound 29e : 77%, colorless oil; Rf� 0.27 (40% EtOAc/hexanes);
[�]D��5 (c� 0.9); 1H NMR: �� 8.27 (m, 4H), 7.84 (d, J� 8.3 Hz, 2H),
7.56 (d, J� 5.5 Hz, 1H), 7.40 (d, J� 8.2 Hz, 2H), 7.15 (m, 1H), 6.60 (d, J�
14.9 Hz, 1H), 6.32 (d, J� 5.5 Hz, 1H), 4.17 (m, 4H), 3.50 (s, 2H), 2.84 (d,
J� 7.6 Hz, 2H), 2.46 (s, 3H), 1.23 (m, 6H), 0.99 (s, 9H), 0.28 (s, 6H);
13C NMR: �� 173.7 (C), 171.4 (C), 169.1 (C), 152.9 (CH), 151.9 (C), 149.8
(C), 145.0 (C), 144.3 (C), 142.4 (CH), 141.1 (C), 134.6 (C), 131.5 (CH), 130.3
(CH), 128.9 (CH), 127.3 (CH), 123.1 (CH), 115.7 (CH), 62.1 (CH2), 56.3
(C), 35.4 (CH2), 31.7 (CH2), 25.9 (CH3), 21.5 (CH3), 18.7 (C), 13.8 (CH3),
�3.8 (CH3); LRMS: m/z : 683 (33) [M�C4H9]� , 575 (1), 428 (4), 379 (17),
305 (26), 278 (10), 233 (64), 182 (74), 139 (85), 73 (100); HRMS: calcd for
C32H35N2O11SiS: 683.1730, found: 683.1729.


Compound 29 f : 80%, colorless oil; Rf� 0.23 (40% EtOAc/hexanes);
[�]D��5 (c� 2.2); 1H NMR: �� 7.78 (d, J� 8.3 Hz, 2H), 7.51 (d, J�
5.6 Hz, 1H), 7.33 (d, J� 8.2 Hz, 2H), 6.93 (m, 1H), 6.45 (d, J� 14.9 Hz,
1H), 6.27 (d, J� 5.5 Hz, 1H), 4.12 (m, 4H), 3.41 (s, 2H), 3.08 (s, 3H), 2.75
(d, J� 7.5 Hz, 2H), 2.41 (s, 3H), 1.21 (m, 6H), 0.95 (s, 9H), 0.24 (s, 6H);
13C NMR: �� 173.7 (C), 168.9 (C), 152.9 (C), 151.8 (CH), 145.4 (C), 144.3
(C), 142.1 (CH), 134.6 (C), 132.5 (CH), 130.2 (CH), 127.7 (CH), 115.6 (CH),
62.1 (CH2), 56.2 (C), 35.2 (CH2), 31.4 (CH2), 25.9 (CH3), 21.5 (CH3), 18.7
(C), 14.1 (CH3), 13.8 (CH3), �3.8 (CH3); LRMS: m/z : 612 (96) [M�
C4H9]� , 520 (3), 474 (15), 379 (39), 339 (7), 288 (27), 233 (76), 182 (100),
139 (85), 57 (68).


Compound 29g : 76%, colorless oil; Rf� 0.40 (50% EtOAc/hexanes);
[�]D��8 (c� 2.2); 1H NMR: �� 7.81 (d, J� 8.3 Hz, 2H), 7.54 (d, J�
5.5 Hz, 1H), 7.42 (d, J� 8.4 Hz, 2H), 7.10 (m, 1H), 6.48 (d, J� 14.9 Hz,
1H), 6.29 (d, J� 5.5 Hz, 1H), 4.17 (m, 4H), 3.47 (s, 2H), 2.79 (d, J� 6.5 Hz,
2H), 2.46 (s, 3H), 1.22 (m, 6H), 0.98 (s, 9H), 0.26 (s, 6H); 13C NMR: ��
174.2 (C), 169.4 (C), 153.5 (CH), 152.2 (C), 147.0 (C), 144.9 (CH), 144.8 (C),
134.2 (C), 131.4 (CH), 131.1 (CH), 128.0 (CH), 120.1 (CF3), 116.1 (CH),
62.8 (CH2), 56.7 (C), 35.7 (CH2), 32.2 (CH2), 26.4 (CH3), 22.4 (CH3), 19.2
(C), 14.2 (CH3), �3.3 (CH3); LRMS: m/z : 666 (9.6) [M�C4H9]� , 577 (1),
528 (2), 379 (11), 305 (11), 278 (79), 231 (21), 182 (59), 139 (100), 91 (74);
HRMS: calcd for C26H31NO10F3SiS2: 666.1111, found: 666.1131.


Procedure for the thermal cycloadditions of the sulfoximines


Substrate 29h : A solution of pyrone 29h (130 mg, 0.17 mmol) in toluene
(7 mL) was heated under reflux for 1 h. The solvent was evaporated and the
crude purified by flash chromatography (20 ± 30% EtOAc/hexanes) to
afford a 90:10 ratio of an inseparable mixture of diastereoisomers 30h and
31h as a colorless oil (88%). Rf� 0.62 (30%EtOAc/hexanes); [�]D��170
(c� 0.6). The diastereomeric ratio was determined by integrating the
signals of the H-7 (t) of the two isomers in the 1H NMR spectrum of the
crude reaction mixture.


Compounds 30h�31h : 1H NMR: �� 7.87 (d, J� 8.2 Hz, 4H), 7.79 (d, J�
8.2 Hz, 4H), 7.43 (d, J� 8.2 Hz, 4H), 7.24 (d, J� 8.1 Hz, 4H), 5.98 (d, J�
4.8 Hz, 2H), 5.16 (t, J� 5.2 Hz, 2H), 4.65 (t, J� 6.1 Hz, 1H), 4.44 (t, J�
6.1 Hz, 1H), 4.11 (m, 8H), 3.09 (d, J� 14.9 Hz, 1H), 2.97 (d, J� 14.9 Hz,
1H), 2.73 (m, 1H), 2.48 (s, 6H), 2.45 (m, 1H), 2.40 (s, 6H), 1.69 (m, 4H),
1.18 (m, 12H), 0.91 (s, 18H), 0.07 (s, 6H), 0.06 (s, 6H); 13C NMR: �� 191.0
(C), 170.7 (C), 169.7 (C), 147.1 (C), 146.0 (C), 142.8 (C), 140.7 (C), 134.2
(C), 130.8 (CH), 129.3 (CH), 128.1 (CH), 126.5 (CH), 122.5 (CH), 97.9 (C),
75.4 (CH), 73.1 (CH), 62.0 (CH2), 61.0 (C), 44.0 (CH), 36.8 (CH2), 35.7
(CH2), 25.4 (CH3), 21.7 (CH3), 21.5 (CH3), 18.1 (C), 13.9 (CH3), 1.0 (CH3),
�4.9 (CH3); LRMS: m/z : 688 (30.4) [M�C4H9]� , 379 (30), 333 (12), 305







FULL PAPER J. L. MascareÊas et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0896 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4896


(19), 233 (38), 205 (27), 182 (36), 173 (14), 139 (64), 91 (100); HRMS: calcd
for C32H38NO10S2Si: 688.1706, found: 688.1720.


The cycloaddition of 29a afforded a 50:50 mixture of diastereoisomers 30a
and 31a as colorless oils (86%). Rf (40% EtOAc/hexanes): 30a� 0.48,
31a� 0.54].


Compound 30a : [�]D��67 (c� 0.45); 1H NMR: �� 7.81 (d, J� 8.3 Hz,
2H), 7.34 (d, J� 8.3 Hz, 2H), 6.50 (d, J� 4.9 Hz, 1H), 5.13 (m, 1H), 4.23
(m, 1H), 4.13 (m, 4H), 3.01 (d, J� 14.9 Hz, 1H), 2.89 (m, 1H), 2.49 (m,
1H), 2.43 (s, 3H), 2.25 (m, 1H), 1.81 (m, 1H), 1.23 (m, 6H), 0.97 (s, 9H),
0.23 (s, 6H); LRMS: m/z : 591 (33.0) [M]� , 534 (76), 381 (7), 339 (85), 204
(54), 139 (100), 91 (27); HRMS: calcd for C29H41NO8SiS: 591.2322, found:
591.2329.


Compound 31a : [�]D� 38 (c� 0.35); 1H NMR: �� 7.85 (d, J� 8.3 Hz, 2H),
7.37 (d, J� 8.3 Hz, 2H), 6.40 (d, J� 4.9 Hz, 1H), 4.93 (m, 1H), 4.25 (m,
1H), 4.15 (m, 4H), 3.09 (d, J� 14.9 Hz, 1H), 3.04 (m, 1H), 2.51 (m, 1H),
2.47 (s, 3H), 2.15 (m, 1H), 2.03 (m, 1H), 1.23 (m, 6H), 0.97 (s, 9H), 0.23 (s,
6H).


The cycloaddition of 29b afforded a 65:35 mixture of diastereoisomers 30b
and 31b as a colorless oil (86%). Rf� 0.23 (30% EtOAc/hexanes); [�]D�
�31 (c� 1.1).


Compound 30b�31b : 1H NMR: �� 7.76 (d, J� 8.3 Hz, 4H), 7.39 (d, J�
8.1 Hz, 4H), 6.49 (d, J� 4.9 Hz, 1H), 6.18 (d, J� 4.9 Hz, 1H), 5.22 (m, 1H),
4.62 (m, 1H), 4.32 (m, 2H), 4.06 (m, 8H), 3.30 (m, 1H), 3.17 (d, J� 15.0 Hz,
1H), 3.02 (d, J� 15.0 Hz, 1H), 2.85 (m, 1H), 2.62 (m, 1H), 2.51 (m, 1H),
2.48 (s, 3H), 2.46 (s, 3H), 2.17 (s, 3H), 2.04 (s, 3H), 1.65 (m, 4H), 1.23 (m,
12H), 0.94 (s, 18H), 0.19 (s, 12H); 13C NMR: �� 191.3 (C), 179.8 (C), 179.1
(C), 171.1 (C), 171.0 (C), 146.9 (C), 145.0 (C), 134.9 (C), 134.1 (C), 130.7
(CH), 127.5 (CH), 124.0 (CH), 123.6 (CH), 97.8 (C), 97.6 (C), 75.9 (CH),
75.0 (CH), 72.8 (CH), 72.5 (CH), 62.0 (CH2), 61.0 (C), 45.1 (CH), 44.5
(CH), 36.8 (CH2), 35.8 (CH2), 26.6 (CH3), 25.5 (CH3), 21.6 (CH3), 18.3 (C),
13.8 (CH3), �4.7 (CH3); LRMS: m/z : 576 (100) [M�C4H9]� , 534 (39), 516
(7), 428 (3), 379 (16), 339 (39), 305 (30), 277 (25), 233 (76), 182 (68), 139
(88), 107 (45); HRMS: calcd for C27H34NO9SiS: 576.1723, found: 576.1729.


The cycloaddition of 29c afforded a 86:14 mixture of diastereoisomers 30c
and 31c as colorless oils (85%). Rf (30% EtOAc/hexanes): 30c� 0.60,
31c� 0.54]. The diastereomeric ratio was determined integrating the
signals of the the H-7 (t) of the two isomers in the 1H NMR spectrum of the
crude reaction mixture.


Compound 30c : [�]D��115 (c� 2.5); 1H NMR: �� 7.78 (d, J� 8.3 Hz,
2H), 7.47 (d, J� 8.2 Hz, 2H), 6.42 (d, J� 4.9 Hz, 1H), 5.27 (t, J� 5.2 Hz,
1H), 4.42 (t, J� 6.3 Hz, 1H), 4.12 (m, 4H), 3.05 (d, J� 15.0 Hz, 1H), 2.87
(m, 1H), 2.49 (m, 1H), 2.48 (s, 3H), 1.77 (m, 2H), 1.26 (m, 6H), 0.96 (s,
9H), 0.20 (s, 3H); 13C NMR: �� 190.9 (C), 171.1 (C), 169.7 (C), 164.1 (C),
147.3 (C), 146.5 (C), 131.8 (C), 131.2 (CH), 127.4 (CH), 122.8 (CH), 117.1
(C), 97.9 (C), 75.8 (CH), 72.8 (CH), 62.1 (CH2), 61.1 (C), 44.1 (CH), 36.9
(CH2), 35.8 (CH2), 25.5 (CH3), 21.8 (CH3), 18.3 (C), 13.9 (CH3), �4.8
(CH3); LRMS: m/z : 630 (91) [M�C4H9]� , 612 (7), 492 (13), 399 (3), 379
(51), 305 (48), 277 (26), 259 (15), 233 (99), 182 (89), 139 (92), 91 (48), 73
(100); HRMS: calcd for C27H31NO9F3SiS: 630.1441, found: 630.1434.


Compound 31c : [�]D��65 (c� 0.50); 1H NMR: �� 7.78 (d, J� 8.3 Hz,
2H), 7.47 (d, J� 8.2 Hz, 2H), 6.07 (d, J� 4.9 Hz, 1H), 4.59 (t, J� 5.2 Hz,
1H), 4.44 (m, 1H), 4.12 (m, 4H), 3.27 (m, 1H), 3.11 (d, J� 15.0 Hz, 1H),
2.57 (m, 1H), 2.48 (s, 3H), 2.18 (m, 2H), 1.26 (m, 6H), 0.96 (s, 9H), 0.20 (s,
3H).


The cycloaddition of 29d afforded a 76:24 mixture of diastereoisomers 30d
and 31d as colorless oils (95%). Rf (30% EtOAc/hexanes): 30d� 0.62,
31d� 0.58. The diastereomeric ratio was determined integrating the signals
of the the H-7 (t) of the two isomers in the 1H NMR spectrum of the crude
reaction mixture.


Compound 30d : [�]D��106 (c� 1.5); 1H NMR: �� 8.15 (d, J� 8.0 Hz,
2H), 7.83 (d, J� 8.1 Hz, 2H), 7.47 (m, 5H), 6.56 (d, J� 4.9 Hz, 1H), 5.38 (t,
J� 5.3 Hz, 1H), 4.41 (t, J� 6.3 Hz, 1H), 4.15 (m, 4H), 3.07 (d, J� 15.0 Hz,
1H), 2.93 (m, 1H), 2.51 (d, J� 15.0 Hz, 1H), 2.45 (s, 3H), 1.79 (m, 2H), 1.24
(m, 6H), 0.95 (s, 9H), 0.20 (s, 3H); 13C NMR: �� 191.4 (C), 173.8 (C), 171.1
(C), 169.9 (C), 147.0 (C), 145.1 (C), 135.3 (C), 134.1 (C), 132.3 (CH), 130.8
(CH), 129.4 (CH), 128.1 (CH), 127.5 (CH), 123.8 (CH), 97.8 (C), 76.0 (CH),
72.8 (CH), 62.0 (CH2), 61.1 (C), 44.4 (CH), 36.9 (CH2), 36.0 (CH2), 25.5
(CH3), 21.7 (CH3), 18.3 (C), 13.9 (CH3), �4.7 (CH3); LRMS: m/z : 638 (84)


[M�C4H9]� , 379 (20), 316 (53), 278 (12), 233 (68), 182 (59), 139 (51), 105
(100), 77 (11); HRMS: calcd for C32H36NO9SiS: 638.1880, found: 638.1870.


Compound 31d : [�]D��94 (c� 0.5); 1H NMR: �� 8.06 (d, J� 8.3 Hz,
2H), 7.80 (d, J� 8.2 Hz, 2H), 7.42 (m, 5H), 6.28 (d, J� 4.9 Hz, 1H), 4.79 (t,
J� 5.3 Hz, 1H), 4.41 (t, J� 6.3 Hz, 1H), 4.15 (m, 4H), 3.32 (m, 1H), 3.17
(d, J� 15.0 Hz, 1H), 2.48 (d, J� 14.7 Hz, 1H), 2.46 (s, 3H), 2.25 (m, 2H),
1.26 (m, 6H), 0.95 (s, 9H), 0.23 (s, 3H).


The cycloaddition of 29e afforded a 58:42 mixture of diastereoisomers 30e
and 31e as colorless oils (91%). Rf (40% EtOAc/hexanes): 30e� 0.70,
31e� 0.65.


Compound 30e : [�]D��108 (c� 3.5); 1H NMR: �� 8.23 (m, 4H), 7.79 (d,
J� 8.3 Hz, 2H), 7.43 (d, J� 8.2 Hz, 2H), 6.50 (d, J� 4.9 Hz, 1H), 5.36 (t,
J� 5.3 Hz, 1H), 4.47 (t, J� 6.5 Hz, 1H), 4.16 (m, 4H), 3.06 (d, J� 15.0 Hz,
1H), 2.91 (m, 1H), 2.50 (d, J� 15.2 Hz, 1H), 2.46 (s, 3H), 1.78 (m, 2H), 1.22
(m, 6H), 0.94 (s, 9H), 0.19 (s, 3H); 13C NMR: �� 191.1 (C), 171.7 (C), 171.1
(C), 169.7 (C), 150.1 (C), 147.2 (C), 145.6 (C), 140.7 (C), 133.4 (C), 130.9
(CH), 130.4 (CH), 127.4 (CH), 123.4 (CH), 123.3 (CH), 97.7 (C), 76.0 (CH),
72.8 (CH), 62.0 (CH2), 61.1 (C), 44.5 (CH), 36.9 (CH2), 35.9 (CH2), 25.5
(CH3), 21.7 (CH3), 18.3 (C), 13.9 (CH3), �4.7 (CH3); LRMS: m/z : 683 (98)
[M�C4H9]� , 525 (1), 428 (6), 396 (11), 380 (17), 379 (31), 305 (46), 277 (28),
233 (80), 182 (67), 150 (70), 57 (100); HRMS: calcd for C32H35N2O11SiS:
683.1730, found: 683.1737.


Compound 31e : [�]D��82 (c� 3.2); 1H NMR: �� 8.27 (s, 4H), 7.81 (d,
J� 8.3 Hz, 2H), 7.44 (d, J� 8.2 Hz, 2H), 6.23 (d, J� 5.0 Hz, 1H), 4.80 (t,
J� 5.2 Hz, 1H), 4.46 (t, J� 6.1 Hz, 1H), 4.25 (m, 4H), 3.35 (m, 1H), 3.17
(d, J� 15.0 Hz, 1H), 2.54 (d, J� 16.1 Hz, 1H), 2.47 (s, 3H), 2.26 (m, 2H),
1.26 (m, 6H), 0.94 (s, 9H), 0.24 (s, 3H).


The cycloaddition of 29 f afforded a 77:23 mixture of diastereoisomers 30 f
and 31 f as a colorless oil (88%). Rf� 0.41 (40% EtOAc/hexanes); [�]D�
�95 (c� 1.1).


Compound 30 f�31 f : 1H NMR: �� 7.86 (d, J� 8.3 Hz, 4H), 7.43 (d, J�
8.2 Hz, 4H), 6.38 (d, J� 4.9 Hz, 1H), 6.08 (d, J� 4.9 Hz, 1H), 5.23 (t, J�
5.2 Hz, 1H), 4.71 (t, J� 5.2 Hz, 1H), 4.45 (m, 2H), 4.14 (m, 8H), 3.08 (s,
6H), 3.05 (m, 2H), 2.78 (m, 2H), 2.47 (s, 6H), 2.44 (m, 2H), 1.72 (m, 4H),
1.20 (m, 12H), 0.95 (s, 18H), 0.19 (s, 6H), 0.18 (s, 6H); 13C NMR: �� 191.4
(C), 171.3 (C), 170.2 (C), 147.8 (C), 146.7 (C), 134.1 (C), 131.3 (CH), 128.7
(CH), 122.9 (CH), 98.4 (C), 75.7 (CH), 74.9 (CH), 62.5 (CH2), 61.6 (C), 45.5
(CH), 37.2 (CH2), 36.2 (CH2), 25.9 (CH3), 22.2 (CH3), 18.7 (C), 14.4 (CH3),
14.1 (CH3), �4.4 (CH3), �4.9 (CH3); LRMS: m/z : 612 (100) [M�C4H9]� ,
520 (7), 474 (26), 379 (79), 339 (8), 288 (38), 233 (97), 182 (46), 139 (60), 57
(99).


The cycloaddition of 29g afforded a 87:13 mixture of diastereoisomers 30g
and 31g as colorless oils (80%). Rf (30% EtOAc/hexanes): 30g� 0.65,
31g� 0.58].


Compound 30g : [�]D��123 (c� 1.0); 1H NMR: �� 7.90 (d, J� 8.4 Hz,
2H), 7.52 (d, J� 8.2 Hz, 2H), 6.35 (d, J� 4.9 Hz, 1H), 5.24 (t, J� 5.2 Hz,
1H), 4.57 (m, 1H), 4.12 (m, 4H), 3.03 (d, J� 15.0 Hz, 1H), 2.83 (m, 1H),
2.52 (s, 3H), 2.46 (m, 1H), 1.75 (m, 2H), 1.21 (m, 6H), 0.97 (s, 9H), 0.24 (s,
3H), 0.20 (s, 3H); 13C NMR: �� 190.7 (C), 170.9 (C), 169.5 (C), 147.6 (C),
147.4 (C), 133.1 (C), 131.2 (CH), 127.8 (CH), 121.5 (CH), 98.2 (C), 75.4
(CH), 73.7 (CH), 62.2 (CH2), 61.0 (C), 44.0 (CH), 36.8 (CH2), 35.6 (CH2),
25.4 (CH3), 21.9 (CH3), 18.2 (C), 13.8 (CH3), �4.8 (CH3), �4.9 (CH3);
LRMS: m/z : 666 (44.9) [M�C4H9]� , 648 (1), 528 (8), 380 (12) 379 (31), 305
(25), 278 (6), 233 (65), 182 (78), 139 (67), 73 (100); HRMS: calcd for
C26H31NO10F3SiS2: 666.1111, found: 666.1117.


Compound 31g : [�]D��80 (c� 0.50); 1H NMR: �� 7.90 (d, J� 8.4 Hz,
2H), 7.52 (d, J� 8.2 Hz, 2H), 6.07 (d, J� 4.9 Hz, 1H), 4.67 (t, J� 5.2 Hz,
1H), 4.57 (m, 1H), 4.12 (m, 4H), 3.20 (m, 1H), 3.12 (d, J� 15.0 Hz, 1H),
2.59 (m, 1H), 2.52 (s, 3H), 2.20 (m, 2H), 1.21 (m, 6H), 0.97 (s, 9H), 0.24 (s,
3H), 0.20 (s, 3H).


Procedure for the desulfuration of cycloadducts 30


Compound 30c : A solution of compound 30c (60 mg, 0.14 mmol) in THF
(2 mL) was added to a suspension of activated Raney nickel (1.2 g) in THF
(8 mL). The reaction mixture was heated under reflux for 2 h, allowed to
cool to RT, filtered, and poured into water. Extraction with Et2O, drying
and concentration gave a residue which was purified by flash chromatog-
raphy (3 ± 20% EtOAc/hexanes) to afford (�)-12 as a colorless oil (29 mg,
76%, 96% ee). Rf� 0.23 (15% EtOAc/hexanes); [�]D��19 (c� 1.1).
Enantiomeric excess was determined by 1H NMR in presence of Eu(hfc)3
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(0.3 equiv) by comparison of the split signals of the TBS methyl protons
with those of racemic 12. 1H NMR: �� 4.39 (d, J� 6.1 Hz, 1H), 4.02 (m,
5H), 2.63 (d, J� 14.0 Hz, 1H), 2.51 (m, 3H), 2.28 (d, J� 13.7 Hz, 1H), 2.12
(d, J� 15.2 Hz, 1H), 2.01 (m, 2H), 1.84 (m, 1H), 1.12 (m, 6H), 0.80 (s, 9H),
0.00 (s, 3H), �0.11 (s, 3H); 13C NMR: �� 205.1 (C), 171.1 (C), 95.7 (C),
78.0 (CH), 76.0 (CH), 61.4 (CH2), 61.2 (CH2), 48.2 (CH2), 41.0 (CH2), 40.6
(CH), 39.5 (CH2), 39.3 (CH2), 25.6 (CH3), 18.3 (C), 13.8 (CH3),�4.4 (CH3),
�5.8 (CH3); LRMS: m/z : 383 (100) [M�C4H9]� , 365 (21), 355 (14), 339
(12), 337 (14), 291 (30), 263 (14), 235 (6), 155 (16), 129 (6), 139 (88), 57 (4);
HRMS: calcd for C18H27O7Si: 383.1526, found: 383.1535.


The desulfuration of the other sulfoximines 30 was achieved in similar
yields (71 ± 83%) using the same conditions. In the case of the N-acetyl,
mesyl and tosyl derivatives the desulfurization was carried out with the
mixture of diastereoisomers thereby yielding 12 with smaller optical
rotation.


Procedure for opening the oxa-bridge of 20 and 13


Compound 20 : MeLi (0.2 mL, 1.5�) was added to a solution of 20 (110 mg,
0.251 mmol) in THF (10 mL) cooled at �78 �C. The reaction mixture was
stirred at that temperature for 10 min, BF3 ¥OEt2 (0.16 mL, 1.26 mmol) was
added and the resulting solution stirred for 30 min. The mixture was poured
into a saturated ammonium chloride solution, extracted with CH2Cl2,
dried, filtered and concentrated. The crude was purified by flash
chromatography (5 ± 30% EtOAc/hexanes) to afford 35 as a viscous oil
(86 mg, 79%). Rf� 0.20 (10% EtOAc/hexanes); [�]D��35.3 (c� 0.34);
1H NMR: �� 5.91 (s, 1H), 4.18 (m, 4H), 3.76 (dd, J� 3.3, 10.8 Hz), 3.15 (s,
2H), 2.83 (m, 2H), 2.68 (m, 1H), 2.17 (dd, J� 2.8, 11.1 Hz, 1H), 1.88 (m,
2H), 1.35 (s, 3H), 1.24 (s, 6H), 26.2 (s, 9H), �2.48 (s, 3H), �2.68 (s, 3H);
13C NMR: �� 200.9 (C), 170.8 (C), 170.8 (C), 158.6 (C), 121.8 (CH), 85.5
(C), 74.0 (CH),61.8 (CH2), 57.8 (C), 42.5 (CH2), 41.3 (CH2), 40.4 (CH), 35.3
(CH2), 26.3 (CH2), 20.5 (CH3), 18.8 (C), 14.0 (CH3), �2.5 (CH3), �2.7
(CH3); HRMS: calcd for C23H38O7Si: 454.2387, found: 454.2380.


Compound 33 : 72%, colorless oil; Rf� 0.45 (15% EtOAc/hexanes); [�]D�
�14 (c� 1.0); 1H NMR: �� 6.38 (dt, J� 5.2, 12.2 Hz, 1H), 5.94 (dt, J�
12.2, 1.5 Hz, 1H), 2.38 (m, 2H), 2.15 (m, 1H), 2.00 (br s, 1H), 1.40 (s, 3H),
1.20 (s, 3H), 1.06 (d, J� 7.1 Hz, 3H), 0.84 (s, 9H), 0.12 (s, 3H), 0.06 (s, 3H);
13C NMR: �� 203.8 (C), 142.5 (CH), 129.8 (CH), 88.0 (C), 77.6 (C), 40.0
(CH), 34.6 (CH2), 26.2 (CH3), 25.5 (CH3), 23.2 (CH3), 18.8 (C), 17.9 (CH3),
�2.5 (CH3), �2.9 (CH3); LRMS: m/z : 298 (1) [M�H]� , 241 (16) [M�
C4H9]� , 170 (14), 169 (100), 159 (32), 115 (17), 103 (17), 73 (97); HRMS:
calcd for C16H30O3Si: 298.1964, found: 298.1963.


Synthesis of nemorensic acid [(�)-(36)]: Pyrone 37[9b] (500 mg, 3.20 mmol)
was added to a solution of KOH (200 mg, 3.53 mmol) in H2O (10 mL).
After being stirred for 5 min the mixture was concentrated and stored
under vacuum (with P2O5) for 12 h. The residue was dissolved in acetone,
KI (750 mg, 4.81 mmol) and PMBCl (800 mg, 4.81 mmol) were added and
the mixture was heated under reflux for 4 h. After cooling at RT the
mixture was poured into water, extracted with Et2O, dried, filtered and
concentrated. The crude residue was purified by flash chromatography
(50 ± 75% EtOAc/hexanes) to afford the expected PMB protected
derivative as a white solid (726 mg, 82%). Rf� 0.22 (65% EtOAc/
hexanes); 1H NMR: �� 7.27 (d, J� 8.7 Hz, 2H), 6.86 (d, J� 8.5 Hz, 2H),
6.17 (s, 1H), 5.12 (s, 2H), 4.27 (s, 2H), 3.78 (s, 3H), 2.24 (s, 3H); 13C NMR:
�� 176.6(C), 165.5 (C), 160,3 (C), 158.9 (C), 142.3 (C),131.3 (CH), 128.9
(C), 115.2 (CH), 114.3 (CH), 73.7 (CH2), 58.0 (CH2), 55.6 (CH3), 20.0
(CH3); LRMS:m/z : 276 (0.6) [M]� , 121 (100), 101 (4), 78 (6); HRMS: calcd
for C15H16O5: 276.0997, found: 276.0995.


CBr4 (2.60 g, 7.75 mmol) was added to a solution of above alcohol (1.72 g,
6.2 mmol) and PPh3 (2.30 g, 2.90 mmol) in THF (20 mL) at 0 �C. After
stirring for 10 min at room temperature, the resulting mixture was poured
into water, extracted with CH2Cl2, dried, filtered and concentrated. The
crude residue was purified by flash chromatography on alumina (5 ± 20%
EtOAc/hexanes) to afford bromide 38 as a white solid (1.76 g, 84%). Rf�
0.68 (50% EtOAc/hexanes); 1H NMR: �� 7.31 (d, J� 8.6 Hz, 2H), 6.85 (d,
J� 8.6 Hz, 2H), 6.15 (s, 1H), 5.17 (s, 2H), 4.14 (s, 2H), 3.78 (s, 3H), 2.24 (s,
3H); 13C NMR: �� 175.6(C), 164.6 (C), 159,7 (C), 154.9 (C), 142.5
(C),130.6 (CH), 128.4 (C), 114.9 (CH), 113.8 (CH), 73.3 (CH2), 55.1 (CH3),
22.5 (CH2), 19.5 (CH3); LRMS: m/z : 259 (0.20) [M�Br]� , 202 (1), 199 (2),
121 (100), 78 (10), 51 (4); HRMS: calcd for C15H15O4: 259.0970, found:
259.0976.


The conversion of 38 to 39 was carried out following the same procedure
used for the transformation of 1 into 5c. 39 : (95%);Rf� 0.15 (50%EtOAc/
hexanes); [�]D��113 (c� 0.8); 1H NMR: �� 7.38 (d, J� 8.2 Hz, 2H), 7.23
(d, J� 8.1 Hz, 2H), 7.15 (d, J� 6.6 Hz, 2H), 6.78 (d, J� 6.6 Hz, 2H), 6.40
(m, 1H), 6.28 (d, J� 15.0 Hz, 1H), 6.08 (s, 1H), 5.01 (m, 2H) 3.72 (s, 3H),
3.22 (s, 2H), 3.10 (d, J� 6.79 Hz, 2H), 2.32 (s, 3H), 2.16 (s, 3H); 13C NMR:
�� 175.2 (C), 164.3 (C), 159.4 (C), 157.1 (C), 141.5 (C), 141.3 (C), 140.1 (C),
137.4 (CH), 132.6 (CH), 130.5 (CH), 129.7 (CH), 128.0 (C), 124.2 (CH),
114.3 (CH), 113.5 (CH), 73.0 (CH2), 54.8 (CH3), 31.6 (CH2), 26.8 (CH2),
21.0 (CH3), 19.2 (CH3); LRMS: m/z : 349 (0.1) [M�C8H9O]� , 333 (32), 259
(4), 244 (3), 163 (26), 121 (100), 111 (10); HRMS: calcd for C17H17O4S2:
349.0568, found: 349.0579.


To a solution of compound 39 (550 mg, 1,17 mmol) in CH2Cl2 (12 mL) was
added trifluoroacetic acid (0.4 mL). After stirring for 30 min at RT the
mixture was poured into water, extracted with CH2Cl2, dried, filtered, and
concentrated. The crude residue, without further purification, was disolved
in CH2Cl2 (15 mL), and imidazole (125 mg, 1.83 mmol) and TBSCl (250 mg,
1.65 mmol) were added. After stirring for 2 h at RT, the mixture was poured
into brine, extracted with CH2Cl2, dried, filtered and concentrated. The
crude was purified by flash chromatography (50 ± 80% EtOAc/hexanes) to
afford 40 as a viscous oil (422 mg, 78%). Rf� 0.33 (60% EtOAc/hexanes);
[�]D��132 (c� 0.65); 1H NMR: �� 7.55 (d, J� 7.9 Hz, 2H), 7.37 (d, J�
7.9 Hz, 2H), 6.70 (m, 1H), 6.40 (d, J� 14.9 Hz, 1H), 6.10 (s, 1H), 3.72 (s,
2H), 3.41 (d, J� 6.85 Hz, 2H), 2.45 (s, 3H), 2.20 (s, 3H), 0.95 (s, 9H), 0.15
(s, 6H); 13C NMR: �� 174.3 (C), 163.4 (C), 152.2 (C), 141.4 (C), 141.1 (C),
140.1 (C), 137.5 (CH), 133.0 (CH), 129.8 (CH), 124.6 (CH), 112.9 (CH), 32.7
(CH2), 27.7 (CH2), 25.8 (CH3), 21.1 (CH3), 19.3 (CH3), 18.5 (C), �3.9
(CH3); LRMS: m/z : 407 (68) [M�C4H9]� , 391 (1), 269 (5), 227 (100), 196
(62); HRMS: calcd for C19H23O4S2Si: 407.0807, found: 407.0806.


Cycloaddition of 40 : A solution of pyrone 40 (345 mg, 0.743 mmol) in
toluene (35 mL) was heated at 160 �C for 48 h. The solvent was evaporated
and the crude purified by flash chomatography (10 ± 15% EtOAc/hexanes)
to afford a 93:7 ratio of diastereoisomeric adducts as colorless oils (82%; Rf


(20% EtOAc/hexanes): 0.64 and 0.77]. The diastereoisomeric ratio was
determined by integrating the signals of the C2 methylenic protons of the
two isomers in the 1H NMR spectrum of the crude reaction mixture.


Major isomer: [�]D��143 (c� 1.4); 1H NMR: �� 7.58 (d, J� 8.1 Hz, 2H),
7.34 (d, J� 8.1 Hz, 2H), 6.49 (s, 1H), 3.44 (d, J� 12.9 Hz, 1H), 3.00 (d, J�
6.5 Hz, 1H), 2.74 (d, J� 13.0 Hz, 1H), 2.42 (s, 3H), 2.34 (m, 1H), 2.22 (m,
1H), 1.77 (s, 3H), 1.71 (m, 1H), 0.98 (s, 9H), 0.23 (s, 6H); 13C NMR: ��
193.1 (C), 147.3 (C), 143.2 (C), 139.5 (C), 130.4 (CH), 128.5 (CH), 125.0
(CH), 98.1 (C), 85.2 (C), 79.5 (CH), 52.2 (CH), 35.6 (CH2), 35.6 (CH2), 25.5
(CH3), 25.0 (CH3), 21.5 (CH3), 18.4 (C), �4.6 (CH3); LRMS: m/z : 407 (40)
[M�C4H9]� , 268 (38), 193 (78), 179 (65), 139 (29); HRMS: calcd for
C19H23O4S2Si: 407.0807, found: 407.0814.


Minor isomer: [�]D��117.7 (c� 0.70); 1H NMR: �� 7.45 (d, J� 8.1 Hz,
2H), 7.34 (d, J� 8.1 Hz, 2H), 6.14 (s, 1H), 3.43 (d, J� 13.3 Hz, 1H), 3.23
(m, 1H), 2.80 (d, J� 7.0 Hz, 1H),2.71 (d, J� 13.3 Hz, 1H), 2.62 (m, 1H),
2.42 (s, 3H), 1.67 (m, 1H), 1.64 (s, 3H), 0.97 (s, 9H), 0.23 (s, 6H); 13C NMR:
�� 191.8 (C), 146.9 (C), 142.1 (C), 138.7 (C), 130.3 (CH), 127.7 (CH), 123.7
(CH), 98.0 (C), 82.3 (C), 78.1 (CH), 47.5 (CH), 36.08 (CH2) 35.7 (CH2), 25.6
(CH3), 23.5 (CH3), 21.4 (CH3), 18.3 (C), �4.7 (CH3); LRMS: m/z : 407 (18)
[M�C4H9]� , 268 (39), 239 (28), 193 (100), 179 (53), 139 (22); HRMS: calcd
for C19H23O4S2Si: 407.0807, found: 407.0814.


A solution of the above major cycloadduct (100 mg, 0.22 mmol) in THF
(2 mL) was added to a suspension of activated Raney nickel (2.70 g) in
THF (20 mL). The reaction mixture was heated under reflux for 2 h,
allowed to cool to RT, filtered, and poured into water. Extraction with
Et2O, drying and concentration gave a residue which was purified by flash
chromatography (1 ± 5% EtOAc/hexanes) to afford 41 (46 mg, 71%, 97%
ee) as a colorless oil. Rf� 0.52 (5% EtOAc/hexanes). The enantiomeric
excess was determined by 1H NMR in presence of Eu(hfc)3 (0.3 equiv) by
comparation of the split signals of the TBS methyl protons with those of
racemic 41. [�]D��50.4 (c� 1.70); 1H NMR: �� 3.87 (s, 1H), 2.47 (d, J�
14.5 Hz, 1H), 2.21 (m, 2H), 2.12 (m, 1H), 1.33 (s, 3H), 1.25 (s, 3H) 1.21 (m,
1H), 0.90 (d, J� 7.5 Hz, 1H), 0.84 (s, 9H), 0.10 (s, 3H), �0.06 (s, 3H);
13C NMR: �� 206.3 (C), 86.7 (C), 83.0 (CH), 80.0 (C), 53.5 (CH2), 46.7
(CH2), 35.2 (CH), 26.1 (CH3), 25.7 (CH3), 19.5 (CH3), 18.9 (CH3), 18.3 (C),
�4.3 (CH3), �5.2 (CH3); HRMS: calcd for C16H30O3Si: 298.1964, found:
298.1968.
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The transformation of compound 41 into natural nemorensic acid was
accomplished in two steps as previously described. (�)-36 [white solid, m.p.
143 ± 145 �C, [�]D��87 (c� 0.35, EtOH), {lit. : [�]D��87 (c� 0.84,
EtOH)}].
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Anchor Dependency for Non-Glycerol Based Cationic Lipofectins:
Mixed Bag of Regular and Anomalous Transfection Profiles**
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Abstract: Although detailed structure ±
activity, physicochemical and biophysi-
cal investigations in probing the anchor
influence in liposomal gene delivery
have been reported for glycerol-based
transfection lipids, the corresponding
investigation for non-glycerol based sim-
ple monocationic transfection lipids
have not yet been undertaken. Towards
this end, herein, we delineate our struc-
ture ± activity and physicochemical ap-
proach in deciphering the anchor de-
pendency in liposomal gene delivery
using fifteen new structural analogues
(lipids 1 ± 15) of recently reported non-
glycerol based monocationic transfec-
tion lipids. The C14 analogues in both
series 1 (lipids 1 ± 6) and series 2 (lipids


7 ± 15) showed maximum efficiency in
transfecting COS-1 and CHO cells.
However, the C12 analogue of the ether
series (lipid 3) exhibited a seemingly
anomalous behavior compared with its
transfection efficient C10 and C14 ana-
logues (lipids 2 and 4) in being com-
pletely inefficient to transfect both
COS-1 and CHO cells. The present
structure ± activity investigation also
convincingly demonstrates that en-
hancement of transfection efficiencies
through incorporation of membrane re-


organizing unsaturation elements in the
hydrophobic anchor of cationic lipids is
not universal but cell dependent. The
strength of the interaction of lipids 1 ± 15
with DNA was assessed by their ability
to exclude ethidium bromide bound to
the DNA. Cationic lipids with long
hydrophobic tails were found, in gener-
al, to be efficient in excluding EtBr from
DNA. Gel to liquid crystalline transition
temperatures of the lipids was measured
by fluorescence anisotropy measure-
ment technique. In general (lipid 2 being
an exception), transfection efficient lip-
ids were found to have their mid tran-
sition temperatures at or below physio-
logical temperatures (37 �C).


Keywords: amphiphiles ¥ lipids ¥
liposomes ¥ structure ± activity
relationships ¥ transfection


Introduction


Use of efficient transfection vector is a prerequisite for
success in gene therapy. The gene delivery efficiencies of viral


vectors are, in general, superior to non-viral vectors. How-
ever, concern on the safety issues in using viral vectors are
increasingly making the non-viral vectors as the alternative
vector of choice. Among the several existing non-viral
vectors,[1, 2] amphiphilic cationic transfection lipids[3±26] un-
questionably hold promise in non-viral gene therapy. Robust
manufacture, simplicity of handling techniques, least immu-
nogenic response and ability to form stable injectable com-
plexes even with large DNA are some of the distinct
advantages associated with cationic transfection lipids.


Cationic transfection lipids are composed of three seg-
ments: a hydrophobic anchor, a linker and a head group.
Efforts to delineate the contribution of each of these
three segments on overall transfection efficiency is confound-
ed by the complexity of the transfection pathway includ-
ing formation of lipoplex along with the co-lipid, size and
surface properties of the complexes, uptake and subsequent
transport of the DNA into the nucleus. Different cell lines
and plasmid constructs add to the complexity and make
comparison of data obtained from different laboratories
arduous.
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Ever since Felgner et al.[26] pioneered the use of glycerol-
backbone based cationic lipid (DOTMA) mediated gene
delivery in 1987, intense global efforts have been witnessed for
developing newer and more efficient cationic transfection
lipids.[3±30] Interestingly, majority of the subsequently devel-
oped efficient cationic amphiphiles such as, DOTAP,[24]


DMDHP,[10] DMRIE,[22] retained the glycerol backbone of
DOTMA[26] (see Experimental Section for abbreviations) as
the linker between the cationic head group and the hydro-
phobic tail region. Recently, we reported four remarkably
efficient non-glycerol based nontoxic simple monocationic
transfection lipids namely, DHDEAB, MOOHAC, DOM-
HAC and DOHEMAB,[5] in which the hydrophobic n-alkyl or
n-alkenyl tails are covalently linked to the cationic head
groups either directly or through an ester group. The most
efficient one in this series is DHDEAB with two 2-hydroxy-
ethyl head groups and two n-hexadecyl hydrophobic tails
directly attached to the quaternary nitrogen atom. The
transfection efficiency of DHDEAB is better than that of
Lipofectamine, one of the most widely used commercial
transfection agent.


Detailed structure ± activity investigations in lipid mediated
gene delivery using glycerol,[10, 22, 29, 30] polyamine[8, 9] and
cholesterol[27, 28] based cationic transfection lipids with varying
chain lengths hydrophobic tails, ether linker regions, unsatu-
rated hydrophobic tails with membrane reorganizing capa-
bilities have been reported. However, corresponding study
using non-glycerol based cationic transfection lipids have not
yet been undertaken. Towards this end, herein, with a view to
probe the anchor-dependency profile in non-glycerol based
cationic lipid mediated gene delivery, we have synthesized
fifteen new (lipids 1 ± 15) structural analogues of our pre-
viously reported non-glycerol based highly efficient cationic
transfection lipid DHDEAB.[5] The overall yields of the
present DHDEAB structural analogues have been signifi-
cantly improved in the new synthetic methods adopted in the
present work. In the first series, to investigate the role of an
additional ether linkage between the cationic head group and
the hydrophobic anchor in modulating the transfection
efficiencies of non-glycerol monocationic lipids, cationic
amphiphiles 1 ± 6 containing hydrophobic anchors with vary-
ing chain lengths linked to the quaternary nitrogen atom by an
ether linkage were synthesized. In the second series, since
membrane reorganizing ability of the lipoplex formulation is
considered to be advantageous for transfection, chain lengths
and unsaturation properties of the hydrophobic anchor in
DHDEAB analogues were altered (amphiphiles 7 ± 15).


As delineated below, the C14 analogues in both series 1
(lipids 1 ± 6) and series 2 (lipids 7 ± 15) showed maximum
efficiency in transfecting COS-1 and CHO cells. However, the
C12 analogue of the ether series (lipid 3) exhibited a seemingly
anomalous behavior compared with its transfection efficient
C10 and C14 analogues (lipids 2 and 4) in being almost
completely inefficient to transfect both COS-1 and CHO cells.
The present structure ± activity investigation also convincingly
demonstrates that enhancement of transfection efficiencies
through incorporation of membrane reorganizing unsatura-
tion elements in the hydrophobic anchor of cationic lipids is
not universal but cell dependent. The strength of the
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DHDEAB


interaction of lipids 1 ± 15 with DNA was assessed by their
ability to exclude ethidium bromide bound to the DNA.
Cationic lipids with long hydrophobic tails were found, in
general, to be efficient in excluding EtBr from DNA. Gel to
liquid crystalline transition temperatures of the lipids were
measured by fluorescence anisotropy measurement techni-
que. As outlined below, in general (lipid 2 being an
exception), transfection efficient lipids were found to have
their mid transition temperatures at or below physiological
temperatures (37 �C).


Results and Discussion


Chemistry : The detailed synthetic procedures for the new
cationic amphiphiles 1 ± 6 with ether linkers and the new
DHDEAB analogues 7 ± 15 are outlined below in the
Experimental Section. Amphiphiles 1 ± 6 were synthesized
by quaternizing the secondary amines containing the appro-
priate ether linkage (intermediate V, Scheme 1) with alkaline
2-chloroethanol. As outlined in Scheme 1, the necessary
secondary amine intermediates V were synthesized by cou-
pling the appropriate 2-aminoethyl n-alkyl ether (interme-
diate IV, Scheme 1) with the corresponding 2-bromoethyl-n-
alkyl ether (intermediate II, Scheme 1) in presence of base.
2-Aminoethyl n-alkyl ether intermediates IV (Scheme 1)
were conventionally synthesized from the 2-hydroxyethyl n-
alkyl ether (I, Scheme 1) in three steps by converting the
starting primary alcohol (I, Scheme 1) to the corresponding
primary bromide (intermediate II), reaction of the primary
bromide with sodium azide and finally reduction the resulting
primary azides (intermediate III, Scheme 1).
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2: R = n-C10H21
3: R = n-C12H25
4: R = n-C14H29
5: R = n-C16H33
6: R = n-C18H37


Scheme 1. Syntheses of new ether based cationic amphiphiles 1 ± 6.
i) CBr4, PPh3, imidazole, dichloromethane; ii) NaN3, dimethylformamide;
iii) PPh3, H2O, tetrahydrofuran; iv) K2CO3/dimethylsulfoxide; v) excess
chloroethanol, aqueous NaOH.
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Much to our satisfaction, in the present work, we have
succeeded in altering our previous low yield method[5] for
synthesizing the DHDEAB analogues (lipids 7 ± 15). As
outlined in Scheme 2, all the DHDEAB analogues were
synthesized by quaternizing the hydrophobic secondary
amine intermediates (III, Scheme 2) with 2-chloroethanol in
presence of base. The necessary secondary amine intermedi-
ates (III, Scheme 2) were conventionally synthesized in two
steps by coupling the primary amines (I) with the appropriate
aldehydes (II, Scheme 2) followed by sodium borohydride
reduction of the resulting imine.
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  8: R' (= R-CH2CH2-) = n-C10H21
  9: R' (= R-CH2CH2-) = n-C12H25
10: R' (= R-CH2CH2-) = n-C14H29
11: R' (= R-CH2CH2-) = n-C16H33
12: R' (= R-CH2CH2-) = n-C18H37
13: R' (= oleyl, R-CH2CH2-) = n-C18H35/n-C18H37
14: R' (= R-CH2CH2-) = oleyl
15: R' (= R-CH2CH2-) = n-C20H41


+


ii)


Scheme 2. Syntheses of new DHDEAB analogues. i) MgSO4 (1 equiv),
dichloromethane; ii) NaBH4 (2 equiv), dichloromethane/MeOH; ii) excess
chloroethanol/aqueous NaOH.


Transfection studies : To assess the transfection efficiencies of
the amphiphiles 1 ± 15, we have used a plasmid containing �-
galactosidase reporter gene under the control of a CMV
promoter on two cell lines namely COS-1 (Figure 1) and CHO
(Figure 2). Lipoplexes (containing 1:1 mol ratios of lipids and
cholesterol) were prepared at charge ratios (� /� ) ranging
from 0.1 to 9.0 and tested for their transfection efficiency.
Consistent with our previous observation,[5] the auxiliary lipid
DOPE conventionally used in cationic liposome mediated
gene delivery was found to be inefficient for the present
DHDEAB structural analogues too (data not shown). Inter-
estingly, without cholesterol as co-lipid, the present non-
glycerol based lipids were found to be very poor in trans-
fecting cells (as an representative example, the transfection
data for lipids 4 and 10 both in presence and absence of
cholesterol are shown in Figure 3). However, the exact role
played by cholesterol in modulating the transfection efficien-
cies of the present transfection lipids is still an open question
at this stage of investigation. In both COS-1 and CHO cells,
C10 analogue of the ether based lipids (lipid 2, series 1) showed
its optimal transfection efficiency at lipid: DNA charge ratio
of 0.3:1 whereas the equally efficient C14 analogue (lipid 4,
series 1) was most active at charge ratio (� /� ) of 1:1
(Figures 1A and 2A). Surprisingly, the C12 analogue of the
ether based lipid (lipid 3, series 1) did not show any trans-
fection activity in both COS-1 and CHO cells (Figures 1A and
2A).


Although lipids 1 ± 6 (series 1) showed similar transfection
activity profiles in both COS-1 and CHO cells (Figures 1A
and 2A), lipids 7 ± 15 (series 2) showed differential activity
profiles in COS-1 and CHO cells (Figures 1B and 2B). In


Figure 1. Transfection efficiencies of lipids 1 ± 15 on COS-1 cells with
cholesterol as co-lipid. a) Reporter gene activities of lipids 1 ± 6 were
plotted against charge ratios. 1 (�), 2 (�), 3 (�), 4 (�), 5 (�) and 6 (�).
b) Reporter gene activities of lipids 7 ± 15 were plotted against charge
ratios. 7 (�), 8 (�), 9 (�), 10 (�), 11 (�), 12 (�), 13 (�), 14 (�) and 15 (�).
The �-galactosidase activities in each well (�mol of ortho-nitrophenol
produced per hour) was converted to an absolute �-galactosidase milliunits
using standard curve obtained with pure (commercial) �-galactosidase. The
data shown are average values from four independent experiments (n� 4).


Figure 2. Transfection efficiencies of lipids 1 ± 15 on CHO cells with
cholesterol as co-lipid. a) Reporter gene activities of lipids 1 ± 6 were
plotted against charge ratio 1 (�), 2 (�), 3 (�), 4 (�), 5 (�) and 6 (�).
(B) Reporter gene activities of lipids 7 ± 15 were plotted against charge
ratios. 7 (�), 8 (�), 9 (�), 10 (�), 11 (�), 12 (�), 13 (�), 14 (�)and 15
(�).The �-galactosidase activities in each well (�mol of ortho-nitrophenol
produced per hour) was converted to an absolute �-galactosidase milliunits
using standard curve obtained with pure (commercial) �-galactosidase. The
data shown are average values from four independent experiments (n� 4).


both COS-1 and CHO cells, the C14 analogue of DHDEAB[5]


(lipid 10, series 2) showed maximum transfection efficiency at
lipid: DNA charge ratios 0.3:1 and 1:1, respectively (Figures
1B and 2B). However, the chloride counterion analogue of
DHDEAB (lipid 11, series 2) was about threefold more
transfection efficient in COS-1 cells than in CHO cells at a
� /� charge ratio of 1:1 (Figures 1B and 2B). Interestingly,
lipids 13 and 14 (series 2) having one and two unsaturated
double bonds, respectively, in the hydrophobic anchor were
efficient in CHO cells (Figure 2B) while the transfection
efficiencies of both were remarkably reduced in COS-1 cells
(Figure 1B). This result convincingly indicates that the
presence of membrane reorganizing unsaturation elements
in the hydrophobic anchor of cationic lipids need not
necessarily improve the transfection efficiency of cationic
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amphiphiles, the effect is rather cell dependent in in vitro in
liposomal gene delivery.


Transfection efficiencies of the present non-glycerol based
monocationic lipids (lipids 4 and 10) were observed to be
higher than those of commercially available glycerol based
monocationic transfection lipids such as, Lipofectin and
DMRIE. Figure 3 shows a representative comparative data
in COS-1 cells. Both lipids 10 and 4 were more than twofold
and 3 ± 4-fold transfection efficient than DMRIE and Lip-
ofectin, respectively, in presence of cholesterol (not DOPE)
as co-lipid (Figure 3). Pure lipids 10 and 4 (i.e., in absence of
cholesterol) were found to be less efficient. The transfection
efficiencies of lipids 4 and 10 were also observed to be higher
than that of Lipofectamine, one of the most extensively used
commercially available lipopolyamine based transfection
lipids (Figure 3). However, the polycationic head group


Figure 3. Comparison of the transfection efficiencies of lipid 4 and 10 with
and without co-lipids (DOPE and cholesterol) on COS-1 cells. These
efficiences were compared with DMRIE, Lipofectin and Lipofectamine.
DMRIE (�), Lipofectamine (�), Lipofectin (�), pure lipid 4 (�), 4 with
DOPE (�), 4 with cholesterol (�), pure lipid 10 (�), 10 with DOPE (�)
and 10 with cholesterol (�).


nature of Lipofectamine (in contrast to monocationic head
group of the present series) makes this latter comparison less
relevant. Needless to say that the observed low cytotoxicities
of the present lipids (shown below) and the higher in vitro
transfection efficiencies of lipids 4 and 10 compared with
Lipofectin and DMRIE justifies further in-depth structure ±
activity investigations using various new structural analogues
of the present non-glycerol based transfection lipids. The
outcome of such study is likely to add promising new non-
glycerol based cationic amphiphiles to the arsenal of trans-
fection lipids for future use in the area of non-viral gene
therapy.


With a view to characterize the representative particle sizes,
we have determined the particle sizes of the most transfection
active lipoplexes made from lipids 4 and 10 using a dynamic
light scattering spectrophotometer. Interestingly, the sizes of
lipid 4/DNA complexes were observed to be remarkably
smaller than those of the lipid 10/DNA lipoplexes (Table 1).
Given similar transfection efficiences of lipids 4 and 10, the
lipoplex size data suggest that size does not have any
correlation with the transfection efficiency. At this point of
investigation, it is difficult to track the origin of such size
difference. Whether or not, this remarkable size difference
between the lipoplexes formed from lipids 4 and 10 will lead


to any selective biodistributions and/or organ specific trans-
gene expression in in vivo experiments needs to be inves-
tigated.


Toxicity studies : Cytotoxic effects of the lipoplexes made by
the series 1 and 2 lipids were tested on COS-1 cell lines
(Figure 4) using MTT assay.[32] The treatment protocols were
identical for both cytotoxicity and transfection assays. Series 1
lipids are safer on the cells since, except for C8 lipids, rest of
the lipids have �15% loss in viability up to 3:1 charge ratio.
In series 2, lipids with chain lengths less than C12 have
maximal cytotoxic effect, whereas rest of the lipids have
�20% loss of viability up to 3:1 charge ratio. Lipids in either
series with shorter chain lengths may not form suitable
complexes and may behave more as cell lysing detergents,
hence their higher toxicity.


Figure 4. Cytotoxicity of lipids 1 ± 15 on COS-1 cells. Toxicity, measured as
percent viability, was plotted in a) 1 (�), 2 (�), 3 (�), 4 (�), 5 (�) and 6 (�)
and in b) 7 (�), 8 (�), 9 (�), 10 (�), 11 (�), 12 (�), 13 (�), 14 (�) and 15 (�).
The absorption obtained using reduced formazon with cells in the absence
of lipids was taken to be 100. Results were expressed as per cent viability�
[A540(treated cells)� background]/[A540(untreated cells)�background]�
100.


DNA± lipid interactions probed by ethidium bromide bind-
ing : The strength of the interaction of lipids 1 ± 15 with DNA
was assessed by their ability to exclude ethidium bromide


Table 1. Particle sizes (the hydrodynamic diameter, dh) of the representa-
tive liposomes and lipid/DNA complexes.


Lipid/DNA mol ratio dh
[a] [nm]


lipid 4
1:0 43.4� 6.5
3:1 73.4� 11.0
1:1 89.5� 13.4


0.3:1 36.3� 5.45
lipid 10
1:0 229.3� 33.4
3:1 110.3� 16.5
1:1 258.8� 38.8


0.3:1 218.7� 32.8


[a] The DNA/lipid complexes were prepared by adding DNA to the
liposomes at the charge ratios indicated. The particle sizes of pure
liposomes and the lipid/DNA complexes were measured by a dynamic light
scattering spectrophotometer. The concentrations of cationic lipids 4 and
10 and DNA used in size measurement experiments were same as those
used in transfection experiments.
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(EtBr) bound to the DNA. Detail titration curves of all fifteen
lipids with plasmid DNA indicated that ability of a lipid to
interact with the DNA and to exclude EtBr was strongly
dependent on the anchor chain length (Figure 5). Cationic
lipids with long hydrophobic tails were found, in general, to be
efficient in excluding EtBr from DNA. Results shown in
Figure 5 also demonstrate that the EtBr displacement effi-
ciencies of lipids 3 and 4 in series 1 are remarkably compa-
rable to those of lipids 9, 10 and 11 of series 2. Similarly, lipids
5 and 6 in series 1 and lipids 14 and 15 of series 2 exhibited
comparable EtBr displacement (Figure 5). Given that addi-
tional -C�C�O- linkage present in the molecular architec-
tures of lipids 1 ± 6 in series 1 increases their effective anchor
lengths, these results are consistent with anchor chain length
dependent EtBr displacement. However, among all the lipids
1 ± 15 studied in the present work, lipids 12 and 13 of series 2
turned out to be the most efficient in displacing EtBr from
DNA (Figure 5). Thus, in general, presence of saturated
hydrocarbon chain anchors containing 18 or less carbon atoms
significantly enhances the lipid/DNA interactions for non-
glycerol based monocationic transfection lipids containing
dihydroxyethyl head groups.


Figure 5. DNA and lipid interaction assessed by exclusion of ethidium
bromide from DNA: Exclusion of ethidium bromide, monitored as
decrease in fluorescence was plotted against the various charge raios of
lipids 1 ± 6 (a) and 7 ± 15 (b). The order of addition of ethidium bromide or
cationic lipids did not alter the final equilibrium fluorescence value.


Anisotropy measurements : Membrane fluidity of the cationic
liposomes is known to be an advantage in transfection. Fluid
membranes may assist fusion of lipoplexes with the endo-
somes and release the DNA into the cytoplasm efficiently.
With a view to probe the role of membrane fluidity in
modulating the transfection efficiencies, we studied the gel to
liquid crystalline transition temperature of lipids 2 ± 6 and 9 ±
15 by fluorescence anisotropy measurement technique using
DPH as fluorescent probe. Lipids 1, 7 and 8 did not entrap any
DPH to take anisotropy measurements. The shorter chain
lengths of these lipids probably did not allow them to make
vesicles. This is also corroborated by their poor interactions
with DNA (Figure 5). The mid-points of transition for lipids 4,
5 and 6 in series 1 were observed to be 23 �C, 38 �C and 50 �C,
respectively (Figure 6A). Such increase in transition temper-
atures was consistent with the increasing anchor chain lengths
for lipids 4 ± 6 in series 1. Lipids 2 and 3 did not show any
transition in the observed temperature range but their high
anisotropy values indicate that the membrane of these
vesicles is rigid. Lipids 11, 12 and 15 of series 2 showed
transition temperature with mid-point of transition being
22 �C, 52 �C and 53 �C, respectively (Figure 6B). The mid-
point of transition of series 2 lipids were also observed to
increase with their chain length. Lipids 9 ± 10 and 13 ± 14 did
not show any transition and all of them have low anisotropy
values (Figure 6B) indicating the fluid nature of the liposome
membranes made from these lipids across the temperature
range tested. Given that -CH2�CH2�O- spacer for series 1
lipids are part of their hydrophobic tails, the anchor lengths of
lipids 2 and 9 are likely to be close. However, the fluorescence
anisotropy in liposomes made with lipid 2 was found to be
significantly higher than that of lipid 9 (Figure 6A and B).
Similarly, inspite of having similar anchor lengths, the
observed fluorescence anisotropy of liposomes made with
lipid 3 was remarkably higher than that of liposome made
from lipid 10 (Figure 6). Such unexpectedly higher membrane
anisotropy associated with lipids 2 and 3 indicate that the
ether link in lipids 2 and 3 may be involved in additional
interactions to rigidify their liposomal membrane. Unsatu-
rated hydrophobic chains present in lipids 13 and 14 increased
the membrane fluidity as expected.


When compared with the transfection efficiency, lipids that
have transition temperatures at or below physiological
temperatures (37 �C) are efficient. Lipid 2 was an exception
with mid-point of transition well above 37 �C though based on
chain length should have transition temperature below 37 �C.
Probably head-group interactions come to the fore in this
lipid. Our results are comparable to similar study with
analogues of DOTAP[29] in which myristoyl derivatives were
shown to have higher transfection efficiency than lauroyl,
palmitoyl, stearoyl or oleoyl derivatives of DOTAP using
cholesterol as co-lipid. Only myristoyl derivative of DOTAP
alone had mid-point of transition near 37 �C. Our studies
demonstrate that unsaturated chains do not impart any
transfection advantage compared with the saturated chains
(Figure 2). Liposomes in solid gel-like phase would be less
flexible in their interaction with the DNA or with the cell
membranes. Interestingly, liposomes made from lipid 3 did
not exhibit any well defined mid-point of temperature of
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Figure 6. Temperature dependent anisotropy measurements of lipids 2 ± 6
and 9 ± 15 : Parallel and perpendicular fluorescence of pure cationic lipid
vesicles preloaded with DPH was recorded at various temperatures.
Anisotropy was calculated as described in the Experimental Section for
lipids 2 ± 6 (a) and lipids 9 ± 15 (a). Lipids 1, 7 and 8 did not entrap any DPH
to take anisotropy measurements. Temperature in the cuvette was
measured with a precalibrated thermocouple.


transition within the experimental temperature range 10� ±
65 �C (Figure 6) indicating the possible existence of a solid
gel-like membrane for these liposomes. It can not be
determined from the present data whether or not the
complete lack of transfection observed for lipid 3 in both
COS-1 and CHO cell lines (Figures 1 and 2) has its origin to
high membrane rigidity associated with liposomes prepared
using lipid 3.


Conclusion


In summary, the present investigation outlines structure ± ac-
tivity and physicochemical approach in deciphering the
anchor-dependency profile in in vitro liposomal gene delivery
using fifteen new structural analogues (lipids 1 ± 15) of our
recently reported efficient non-glycerol based cationic trans-
fection lipid DHDEAB.[5] Present investigation demonstrate
that quaternization of hydrophobic secondary amines con-
taining the desired alkyl/alkenyl chains with alkaline 2-chlor-
oethanol is a very simple route for synthesizing non-glycerol
based transfection efficient DHDEAB-structural analogues.
The C14 analogues in both series 1 (lipids 1 ± 6) and series 2


(lipids 7 ± 15) showed maximum efficiency in transfecting
COS-1 and CHO cells. However, the C12 analogue of the ether
series (lipid 3) exhibited a seemingly anomalous behavior
compared to its transfection efficient C10 and C14 analogues
(lipids 2 and 4) in being completely inefficient to transfect
both COS-1 and CHO cells. Myristyl anchor containing lipids
were found to be optimal both in interacting with DNA and in
their transfection efficiency. The present structure ± activity
investigation convincingly demonstrates that enhancement of
transfection efficiencies through incorporation of membrane
reorganizing unsaturation elements in the hydrophobic an-
chor of cationic lipids is not universal but cell dependent.
Cationic lipids with long hydrophobic tails were found, in
general, to be efficient in excluding EtBr from DNA. In
general (lipid 2 being an exception), transfection efficient
lipids were found to have their mid transition temperatures at
or below physiological temperatures (37 �C). Lipids 10 and 4,
being more than twofold and 3 ± 4-fold transfection efficient
than DMRIE and Lipofectin, respectively, are two new
promising cationic transfection lipids for future use in the
area of non-viral gene delivery.


Experimental Section


Abbreviations : DHDEAB: N,N-di-n-hexadecyl-N,N-dihydroxyethylam-
monium bromide; DMDHP: (�)-N,N-[Bis(2-hydroxyethyl)]-n-[2,3-bis-
(tetradecanoyloxy)propyl]ammonium chloride; DMRIE: 1,2-dimyristylox-
ypropyl-3-dimethyl-hydroethyl ammonium bromide; DOTAP: 1,2-dio-
leoyloxy-3-(trimethylamino)propane; DOTMA: 1,2-dioleyl-3-N,N,N-tri-
methylaminopropane chloride; DOPE: 1,2-dioleoyl-propyl-3-phosphatidy-
lethanolamine.


General procedures and materials : The high-resolution mass spectrometric
(HRMS) analysis were performed on a Micromass AUTOSPEC-M mass
spectrometer (Manchester, UK) with OPUS V3.1X data system. Data were
acquired by liquid secondary ion mass spectrometry (LSIMS) technique
using meta-nitrobenzyl alcohol as the matrix. LSIMS analysis were
performed in the scan range 100 ± 1000 amu at the rate of 3 scans s�1.
1H NMR spectra were recorded on a Varian FT 200 MHz or Varian Unity
400 MHz. 1-Bromooctane, 1-bromodecane, 1-bromododecane, 1-bromo-
tetradecane, 1-bromohexadecane, 1-bromooctadecane, sodium hydride,
sodium borohydride and carbon tetrabromide were purchased from
Lancaster (Morecambe, England). Unless otherwise stated, all reagents
were purchased from local commercial suppliers and were used without
further purification. Column chromatography was performed with silica gel
(Acme Synthetic Chemicals, India, finer than 200 and 60 ± 120 mesh).
pCMV.SPORT-�-gal, Lipofectamine, cell culture media and fetal calf
serum were purchased from GibcoBRL, Rockville, USA. 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), polyethylene gly-
col 8000, NP-40, antibiotics, agarose, o-nitrophenyl-�-�-galactopyranoside
were purchased from Sigma, St. Louis, USA. DNA molecular weight
markers were purchased from Bangalore Genei, Bangalore, India.
Cholesterol and dioleoyl phosphatidyl ethanolamine (DOPE) were
purchased from Avanti Polar, Alabama, USA. COS-1 cell line (SV 40
transformed African green monkey kidney, ATCCCRL 1650) and CHO
(chinese hamster ovary) was obtained fromATCC,Maryland, USA. Unless
otherwise stated, all reagents were purchased from local commercial
suppliers and were used without further purification.


Syntheses


All the 2-haloethyl n-alkyl ether starting materials used to synthesize the
cationic amphiphiles 1 ± 6 were prepared following the same protocol
outlined in Scheme 1. As a representative example, synthesis of 2-bro-
moethyl n-dodecyl ether is described below in detail.


2-Bromoethyl n-dodecyl ether : 2-Hydroxyethyl n-dodecyl ether (1 g,
4.34 mmol, prepared conventionally by reacting 1-bromododecane with
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ethylene glycol and NaH at 80 �C in dry dimethylformamide under N2 for
2 ± 3 d), triphenylphosphine (2.28 g, 8.69 mmol) and imidazole (591.4 mg,
8.69 mmol) were dissolved in a 50 mL two-necked round-bottomed flask in
dry dichloromethane (3 mL) under nitrogen atmosphere. The solution was
cooled to 0 �C, carbon tetrabromide (2.88 g, 8.69 mmol, dissolved in 2 mL
dry dichloromethane) was added dropwise to the cold solution and the
temperature of the reaction mixture was gradually (1 h) raised to room
temperature. The reaction mixture was then stirred for 20 h at room
temperature, concentrated and column chromatographic purification
(using 60 ± 120 mesh size silica gel and 5 ± 7% ethyl acetate in hexane as
the eluent) of the residue afforded the pure title compound as a colorless
liquid (800 mg, 78.5%). Rf� 0.50 (hexane/ethyl acetate 95:5). 1H NMR
(200 MHz, CDCl3): �� 0.90 [t, 3H, CH3-(CH2)9-], 1.20 ± 1.42 [m, 18H,
-(CH2)9-], 1.50 ± 1.65 [m, 2H, Br-CH2-CH2-O-CH2-CH2-(CH2)8-], 3.35 ±
3.50 [m, 4H, Br-CH2-CH2-O-CH2-], 3.70 [t, 2H, Br-CH2-CH2-O-].


2-Bromoethyl n-octyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90[t, 3H,
CH3-(CH2)5-], 1.20 ± 1.40 [m, 10H, -(CH2)5-], 1.50 ± 1.65 [m, 2H, Br-CH2-
CH2-O-CH2-CH2-], 3.35 ± 3.50 [m, 4H, Br-CH2-CH2-O-CH2-], 3.70 [t, 2H,
Br-CH2-CH2-O-].


2-Bromoethyl n-decyl ether : 1H NMR (200 MHz, CDCl3): �� 0.88 [t, 3H,
CH3-(CH2)7-], 1.15 ± 1.40 [m, 14H, -(CH2)7-], 1.50 ± 1.65 [m, Br-CH2-CH2-
O-CH2-CH2-], 3.35 ± 3.50 [m, 4H, Br-CH2-CH2-O-CH2-], 3.70 [t, 2H, Br-
CH2-CH2-O-].


2-Bromoethyl n-tetradecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)11-], 1.20 ± 1.40 [22H, -(CH2)11-], 1.57 [q, 2H, -O-CH2-CH2-
(CH2)11-], 3.37 ± 3.50 [m, 4H, Br-CH2-CH2-O-CH2-], 3.70 [t, 2H, Br-CH2-
CH2-O-].


2-Bromoethyl n-hexadecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)11-], 1.18 ± 1.40 [m, 26H, -(CH2)13-], 1.50 ± 1.62 [m, 2H,
-O-CH2-CH2-(CH2)11-], 3.38 ± 3.50 [m, 4H, Br-CH2-CH2-O-CH2-], 3.70 [t,
2H, Br-CH2-CH2-O-].


2-Chloroethyl n-octadecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)15-], 1.15 ± 1.40 [m, 30H, -(CH2)15-], 3.47 [t, 2H, Cl-CH2-
CH2-O-CH2-], 3.55 ± 3.70 [m, 4H, Cl-CH2-CH2-O-].


All the 2-azidoethyl-n-alkyl ether intermediates used to synthesize cationic
amphiphiles 1 ± 6 were prepared following the same protocol outlined in
Scheme 1. As a representative example, synthesis of 2-azidoethyl-n-
dodecyl ether is described below in detail.


Synthesis of 2-azidoethyl n-dodecyl ether : In a 15 mL round-bottomed
flask, NaN3 (443.3 mg, 6.82 mmol) was added to 2-bromoethyl n-dodecyl
ether (400 mg, 1.36 mmol) dissolved in dry dimethylformamide (2 mL)
under nitrogen and the temperature of the reaction was raised to 60 �C. The
reaction mixture was kept under stirring at 60 �C for 16 h. The temperature
of the reaction mixture was gradually lowered to room temperature, water
(15 mL) added and the reaction mixture extracted with ethyl acetate (3�
20 mL). The organic phases were then washed with saturated brine solution
(3� 15 mL), dried with anhydrous Na2SO4, filtered and the filtrate was
concentrated on a rotary evaporator. Column chromatographic (using 60 ±
120 mesh size silica and 5 ± 7% (v/v) ethyl acetate in hexane as eluent) of
the residue afforded the pure title compound as a colorless liquid (345 mg,
99%). Rf� 0.40 (hexane/ethyl acetate 95:5). 1H NMR (200 MHz, CDCl3):
�� 0.90 [t, 3H, CH3-(CH2)9-], 1.15 ± 1.40 [m, 18H, -(CH2)9-], 1.50 ± 1.65 [m,
-O-CH2-CH2-CH2-], 3.32 [t, 2H, N3-CH2-CH2-O-CH2-], 3.42 [t, 2H, N3-
CH2-CH2-], 3.55 [t, 2H, N3-CH2-CH2-O-].


2-Azidoethyl octyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 3H,
CH3-(CH2)5-], 1.15 ± 1.45 [m, 10H, -(CH2)-] , 1.50 ± 1.65 [m, 2H, -O-CH2-
CH2-CH2-], 3.35 [t, 2H, N3-CH2-CH2-O-CH2-], 3.45 [t, 2H, N3-CH2-CH2-
O-], 3.60 [t, 2H, N3-CH2-CH2-O-].


2-Azidoethyl decyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 3H,
CH3-(CH2)7-], 1.20 ± 1.50 [m, 14H, -(CH2)7], 1.50 ± 1.70 [m, 2H, -O-CH2-
CH2-CH2-], 3.35 [t, 2H, N3-CH2-CH2-O-CH2-], 3.45 [t, 2H, N3-CH2-CH2-
O-], 3.60 [t, 2H, N3-CH2-CH2-O-].


2-Azidoethyl tetradecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)11-], 1.15 ± 1.40 [m, 22H, -(CH2)11-], 1.50 ± 1.62 [m, 2H, -O-
CH2-CH2-CH2-], 3.32 [t, 2H, N3-CH2-CH2-O-CH2-], 3.45 [t, 2H, N3-CH2-
CH2-O-], 3.58 [t, 2H, N3-CH2-CH2-O-].


2-Azidoethyl hexadecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)13-], 1.201.40 [m, 26H, -(CH2)13-], 1.50 ± 1.65 [m, 2H, -O-


CH2-CH2-CH2-], 3.35 [t, 2H, N3-CH2-CH2-O-CH2-], 3.45 [t, 2H, N3-CH2-
CH2-O-], 3.60 [t, 2H, N3-CH2-CH2-O-].


2-Azidoethyl octadecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 3H,
CH3-(CH2)15-], 1.15 ± 1.40 [m, 30H, -(CH2)15-], 1.50 ± 1.65 [m, 2H, -O-CH2-
CH2-CH2-], 3.35 [t, 2H, N3-CH2-CH2-O-CH2-], 3.45 [t, 2H, N3-CH2-CH2-
O-], 3.60 [t, 2H, N3-CH2-CH2-O-].


All the 2-aminoethyl n-alkyl ether intermediates used to synthesize the
cationic amphiphiles 1 ± 6 were prepared following the same protocol
outlined in Scheme 1. As a representative example, synthesis of 2-amino-
ethyl-n-dodecyl ether is described below in detail.


2-Aminoethyl n-dodecyl ether : In a 25 mL round-bottomed flask, a
mixture of 2-azidoethyl n-dodecyl ether (330 mg, 1.29 mmol) and triphenyl
phosphine (508.7 mg, 1.94 mmol) dissolved in tetrahydrofuran (2 mL) was
stirred at room temperature. Effervescence was observed. After 10 min,
water (three drops) was added and the reaction mixture was kept under
stirring for 38 h. The reaction mixture was then concentrated on a rotary
evaporator and column chromatographic purification of the residue (using
60 ± 120 mesh size silica and 5 ± 10%methanol in chloroform as the eluent)
afforded the pure title compound (280.5 mg, 94.6%) as a pale yellow
colored liquid.Rf� 0.30 (chloroform/methanol 90:10); 1H NMR (200 MHz,
CDCl3): �� 0.90 [t, 3H, CH3-(CH2)9-], 1.15 ± 1.40 [m, 18H, -(CH2)9-], 1.50 ±
1.65 [m, 2H, -O-CH2-CH2-CH2-], 2.90 [t, 2H, NH2-CH2-CH2-], 3.35 ± 3.55
[m, 4H, -CH2-O-CH2-], 3.60 [br s, 2H, NH2-].


2-Aminoethyl n-octyl ether : 1H NMR (200 MHz, CDCl3): �� 0.88 [t, 3H,
CH3-(CH2)5-], 1.15 ± 1.40 [m, 10H, -(CH2)5-], 1.45 ± 1.62 [m, 2H, -O-CH2-
CH2-CH2-], 3.00 [m, 2H, NH2-CH2-CH2-]; 3.45 [t, 2H, NH2-CH2-CH2-O-
CH2-], 3.55 [t, 3H, NH2-CH2-CH2-O-], 4.68 [br s, 2H, NH2-].


2-Aminoethyl n-decyl ether : 1H NMR (200 MHz, CDCl3): �� 0.88 [t, 3H,
CH3-(CH2)7-], 1.15 ± 1.40 [m, 14H, -(CH2)7-], 1.45 ± 1.60 [m, 2H, -O-CH2-
CH2-CH2-], 2.87 [t, 2H, NH2-CH2-CH2-], 3.00 [br s, 2H, NH2-], 3.33 ± 3.45
[m, 4H, -CH2-O-CH2-].


2-Aminoethyl n-tetradecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)11-], 1.15 ± 1.40 [m, 22H, -(CH2)11-], 1.45 ± 1.60 [m, -O-CH2-
CH2-CH2-], 2.90 [br s, 2H, NH2-CH2-CH2-], 3.35 ± 3.50 [m, 4H, -CH2-O-
CH2-], 3.55 [br s, 2H, NH2-].


2-Aminoethyl n-hexadecyl ether : 1H NMR (400 MHz, CDCl3): �� 0.88 [t,
3H, CH3-(CH2)13-], 1.20 ± 1.40 [m, 26H, -(CH2)13-], 1.50 ± 1.62 [m, 2H, -O-
CH2-CH2-CH2-], 2.83 [t, 2H, NH2-CH2-CH2-O-], 3.38 ± 3.45 [m, 4H, -CH2-
O-CH2-].


2-Aminoethyl n-octadecyl ether : 1H NMR (200 MHz, CDCl3): �� 0.90 [t,
3H, CH3-(CH2)15-], 1.15 ± 1.40 [m, 30H, -(CH2)15-], 1.50 ± 1.65 [m, 2H, -O-
CH2-CH2-CH2-], 2.97 [t, 2H, NH2-CH2-CH2-O-], 3.10 [br s, NH2-CH2-],
3.42 ± 3.57 [m, 4H, -CH2-O-CH2-].


The secondary amine intermediates (IV, Scheme 1) in the syntheses of
amphiphiles 1 ± 6 were not isolated as pure compounds. Instead, the crude
secondary amines were subjected to quaternization with alkaline 2-chlor-
oethanol. As a representative example, synthetic details for N,N-di-[2-n-
dodecyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium chloride (amphi-
phile 3, Scheme 1) is outlined below.


N,N-Di-[2-n-dodecyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium chlor-
ide (3, Scheme 1): In a 10 mL round-bottomed flask, a mixture of
2-aminoethyl n-dodecyl ether (240 mg, 1.05 mmol), 2-bromoethyl n-do-
decyl ether (307 mg, 1.05 mmol), and potassium carbonate (173.3 mg,
1.26 mmol) were taken in dimethyl sulfoxide (1 mL) and the reaction
mixture was heated to 65 �C. The reaction mixture was kept under stirring
for 42 h. Saturated brine solution (15 mL) was added to the reaction
mixture and extracted with ethyl acetate (3� 20 mL). The combined
organic phases was dried with anhydrous Na2SO4, filtered and the filtrate
was concentrated on a rotary evaporator. The secondary amine intermedi-
ate, N,N-di-[2-n-dodecyloxyethyl]amine (IV, Scheme 1) was purified fur-
ther from the residue by silica gel column chromatography using 60 ±
120 mesh size silica and 4% methanol in chloroform (v/v) as the eluent.
The combined fractions eluted with 4% methanol in chloroform was
concentrated and the residue (401 mg, pale yellow semisolid) was
quaternized using 2-chloroethanol and NaOH as described below.


A mixture of the residue obtained above (155 mg), chloroethanol (2 mL)
and NaOH (150 mg in 0.5 mL water) in a 5 mL round-bottomed flask was
stirred at 110 �C for 38 h. The unreacted 2-chloroethanol was evaporated
from the reaction mixture as far as possible by raising the temperature to
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130 �C. The residual 2-chloroethanol was removed on a rotary evaporator
by repeated addition of methanol. Column chromatographic purification of
the resulting residue using 60 ± 120 mesh size silica and 8 ± 10%methanolic
chloroform (v/v) as the eluent afforded pure title cationic amphiphile (V,
Scheme 1) as a colorless semi solid (98.4 mg, 49.4%). Rf� 0.30 (chloro-
form/methanol 90:10).


N,N-Di-[2-n-dodecyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium chlor-
ide (3): 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 6H, CH3-(CH2)9-],
1.20 ± 1.45 [m, 36H, -(CH2)9-], 1.45 ± 1.60 [m, 4H, -O-CH2-CH2-(CH2)9-],
3.45 [t, 4H, -O-CH2-(CH2)10-], 3.70 ± 3.95 [m, 12H, (HO-CH2-
CH2)2N�(CH2-CH2-O-)2-], 4.05 ± 4.15 [m, 4H, (HO-CH2-CH2)2N�(CH2-
CH2-O-)2]; HRMS (LSIMS): m/z : calcd for C32H68NO4: 530.5148; found:
530.5160.


N,N-Di-[2-n-octyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium chloride
(1): 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 6H, CH3-(CH2)5-], 1.15 ±
1.40 [m, 20H, -(CH2)5-], 1.45 ± 1.60 [m, 4H, -O-CH2-CH2-(CH2)5-], 3.45 [t,
6H, -O-CH2-(CH2)6-], 3.70 ± 3.90 [m, 12H, (HO-CH2-CH2)2N�(CH2-CH2-
O-)2-], 4.10 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-O-)2-]; HRMS
(LSIMS): m/z : calcd for C24H52NO4: 418.3896; found: 418.3913.


N,N-Di-[2-n-decyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium chloride
(2): 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 6H, CH3-(CH2)7-], 1.15 ±
1.35 [m, 28H, -(CH2)7-], 1.45 ± 1.60 [m, 4H, -O-CH2-CH2-(CH2)7-], 3.42 [t,
4H, -O-CH2-(CH2)8-], 3.65 ± 3.90 [m, 12H, (HO-CH2-CH2)2N�(CH2-CH2-
O-)2-], 4.05 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-O-)2-]; HRMS
(LSIMS): m/z : calcd for C28H60NO4: 474.4522; found: 474.4526.


N,N-Di-[2-n-tetradecyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium
chloride (4): 1H NMR (200 MHz, CDCl3�CD3OD): �� 0.90 [t, 6H, CH3-
(CH2)11-], 1.20 ± 1.45 [m, 44H,-(CH2)11-], 1.50 ± 1.65 [m, 4H, -O-CH2-CH2-
(CH2)11-], 3.45 [t, 4H,-O-CH2-(CH2)12-], 3.60 ± 3.75 [m, 8H, (HO-CH2-
CH2)2N�(CH2-CH2-O-)2-], 3.80 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-O-
)2-], 4.00 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-O-)2-]; HRMS (LSIMS):
m/z : calcd for C36H76NO4: 586.5774; found: 586.5798.


N,N-Di-[2-n-hexadecyloxyethyl]-N,N-di-[2-hydroxyethyl]ammonium
chloride (5): 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 6H, CH3-(CH2)13-],
1.15 ± 1.35 [m, 52H, -(CH2)13-], 1.45 ± 1.60 [m, 4H, -O-CH2-CH2-(CH2)13-],
3.45 [t, 4H, -O-CH2-(CH2)14-], 3.60 ± 4.00 [m, 12H, (HO-CH2-
CH2)2N�(CH2-CH2-O-)2-], 4.10 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-
O-)2-]; HRMS (LSIMS): m/z : calcd for C40H84NO4: 642.6400; found:
642.6418.


N,N-Di-[2-n-octadecyloxyethyl]-N,N-di-[2-hydroxyethyl] ammonium
chloride (6): 1H NMR (200 MHz, CDCl3): �� 0.90 [t, 6H, CH3-(CH2)15-],
1.15 ± 1.40 [m, 60H, -(CH2)15-], 1.45 ± 1.65 [m, 4H, -O-CH2-CH2-(CH2)15-],
3.42 [t, 4H, -O-CH2-(CH2)16-], 3.60 ± 3.87 [m, 12H, (HO-CH2-
CH2)2N�(CH2-CH2-O-)2-], 4.07 [br s, 4H, (HO-CH2-CH2)2N�(CH2-CH2-
O-)2-]; HRMS (LSIMS): m/z : calcd for C44H92NO4: 698.7026; found:
698.7050.


All the dihydroxyethyl head group containing DHDEAB analogues 7 ± 15
were prepared following the same protocol as outlined in Scheme 2. The
necessary starting primary amines I were conventionally synthesized in
three steps from the corresponding primary alcohols namely, conversion of
alcohol to primary azide through the intermediate mesylate followed by
reduction of the primary azides with triphenyl phosphine and water. As a
representative example, synthetic details for N,N-di-n-dodecylamine is
outlined below.


1-Dodecanal : Pyridinium chlorochromate (2.63 g, 12.3 mmol) and Celite
(2.63 g) was taken in dry dichloromethane (13 mL) in a two-necked round-
bottomed flask and to this was added n-dodecyl alcohol (1.52 g, 8.2 mmol)
dissolved in dry dichloromethane (6 mL). The reaction mixture was cooled
to 0 �C and stirring was continued at room temperature under nitrogen for
4 h. Dichloromethane was removed on a rotary evaporator. Column
chromatographic purification of the residue using 60 ± 120 mesh size silica
gel and 10% ethyl acetate in petroleum ether (b.p. 60 ± 80 �C) (v/v) as the
eluent afforded pure title compound as a colorless liquid (1.22 g, 81.5%).


N,N-Di-n-dodecylamine : In a 50 mL round-bottomed flask a mixture of n-
dodecanal (0.28 g, 1.5 mmol), n-dodecylamine (0.28 g, 1.5 mmol) was
dissolved in dry dichloromethane (10 mL) and the solution was cooled to
0 �C. Anhydrous MgSO4 (0.22 g, 1.8 mmol) was added to the cold solution
and the reaction mixture was stirred under N2 overnight during which
period the temperature gradually raised to room temperature. MgSO4 was
filtered off, the precipitate washed with methanol (3� 2 mL) and the


combined filtrate was cooled to 0 �C. NaBH4 (0.11 g, 3.0 mmol) was added
to the cold solution and the mixture was kept under stirring for 4 h at room
temperature. The reaction mixture was then diluted with chloroform
(25 mL), washed with water (3� 25 mL), the chloroform layer dried over
anhydrous Na2SO4 and filtered. Solvents from the filtrate was removed on a
rotary evaporator. Column chromatographic purification of the residue
using silica gel 60 ± 120 mesh size and 4% (v/v) methanol in chloroforn as
eluent afforded the title secondary amine (Rf� 0.5, chloroform/methanol
90:10) as a pale yellowish solid (0.18 g, 33.4%).


N,N-Di-n-dodecylamine : 1H NMR (200 MHz, CDCl3): �� 0.8 [t, 6H, CH3-
(CH2)9-], 1.05 ± 1.4 [m, 18H, CH3-(CH2)9], 1.45 ± 1.7 [m, 4H, NH(CH2-CH2-
)2-], 2.8 [t, 4H, NH(CH2-CH2-)2], 4.0 ± 4.7 [br, NH].


N,N-Di-n-octylamine : 1H NMR (200 MHz, CDCl3): �� 0.8 [t, 6H, CH3-
(CH2)5-], 1.05 ± 1.45 [m, 10H, CH3-(CH2)5], 1.6 ± 1.85 [m, 4H, NH(CH2-
CH2-)2-], 2.8 [t, 4H, NH(CH2-CH2-)2], 5.95 ± 6.4 [br, NH].


N,N-Di-n-decylamine : 1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-
(CH2)7-], 1.1 ± 1.45 [m, 14H, CH3-(CH2)7], 1.45 ± 1.75 [m, 4H, NH(CH2-
CH2-)2-], 2.8 [t, 4H, NH(CH2-CH2-)2], 4.1 ± 4.7 [br, NH].


N,N-Di-n-tetradecylamine : 1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H,
CH3-(CH2)9-], 1.15 ± 1.45 [m, 18H, CH3-(CH2)11], 1.45 ± 1.7 [m, 4H,
NH(CH2-CH2-)2-], 2.55 ± 2.7 [t, 4H, NH(CH2-CH2-)2], 4.0 ± 4.7 [br, NH].


N,N-Di-n-hexadecylamine : 1H NMR (200 MHz, CDCl3): �� 0.85 [t, 6H,
CH3-(CH2)14-], 1.15 ± 1.60 [m, 28H, CH3-(CH2)14], 2.6 [t, 4H, NH(CH2-
CH2-)2].


N,N-Di-n-octadecylamine : 1H NMR (200 MHz, CDCl3): �� 0.85 [t, 6H,
CH3-(CH2)15-], 1.15 ± 1.35 [m, 30H, CH3-(CH2)15], 1.4 ± 1.7 [m, 4H,
NH(CH2-CH2-)2-], 2.6 [t, 4H, NH(CH2-CH2-)2].


N,N-Oleyl-n-octadecylamine : 1H NMR (200 MHz, CDCl3): �� 0.85 ± 1.1
[t, 6H, CH3-(CH2)15-], 1.1 ± 1.5 [m, 18H, CH3-(CH2)15], 1.6 ± 1.85 [m, 4H,
NH(CH2-CH2-)2-], 1.95 ± 2.15 [m, 4H, -CH2-CH�CH-CH2-], 2.9 [t, 4H,
NH(CH2-CH2-)2], 5.3 ± 5.6 [t, 2H, -CH2-CH�CH-CH2-].


N,N-Di-oleylamine : 1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-
(CH2)15-], 1.1 ± 1.5 [m, 18H, CH3-(CH2)15], 1.5 ± 1.75 [m, 4H, NH(CH2-CH2-
)2-], 2.0 [m, 4H, -CH2-CH�CH-CH2-], 2.8 [t, 4H, NH(CH2-CH2-)2], 5.3 [t,
2H, -CH2-CH�CH-CH2-].


N,N-Di-n-archidylamine : 1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-
(CH2)17-], 1.15 ± 1.6 [m, 34H, CH3-(CH2)17], 1.6 ± 1.8 [m, 4H, NH(CH2-CH2-
)2-], 2.95 [t, 4H, NH(CH2-CH2-)2], 4.0 ± 4.7 [br, NH].


All the new DHDEAB analogues were prepared by quaternizing the
appropriate hydrophobic secondary amines with alkaline 2-chloroethanol
as outlined in Scheme 2. As a representative example, the details of the
final quaternization step for the synthesis of N,N-di-n-dodecyl-N,N-di-n-
hydroxyethylammonium chloride (amphiphile 9, Scheme 2) is outlined
below.


N,N-Di-n-dodecyl-N,N-dihydroxyethylammonium chloride (9, Scheme 2):
In a 25 mL round-bottomed flask a mixture of N,N-di-n-dodecylamine
(0.18 g, 0.50 mmol) and 2-chloroethanol (5 mL) was stirred at room
temperature for 15 min. NaOH (0.18 g, 0.46 mmol) dissolved in water
(1.5 mL) was added and the reaction mixture was heated for 36 h at a
temperature of 85 �C. Excess 2-chloroethanol was removed on a rotary
evaporator by repeated addition of methanol. Column chromatographic
purification of the residue using silica gel (60 ± 120 mesh size) and 10%
methanol in chloroform (v/v) as the eluent afforded the title amphiphile
(118.6 mg, 44%) as a colorless liquid (Rf� 0.4 10% methanol in chloro-
form).


N,N-Di-n-dodecylammonium chloride (9): 1H NMR (200 MHz, CDCl3):
�� 0.9 [t, 6H, CH3-(CH2)n-], 1.55 ± 1.9 [m, 4H, (HOCH2-CH2)2N(CH2-
CH2)2-], 3.3 ± 3.5 [m, 4H, (HOCH2-CH2)2N(CH2-(CH2)2], 3.55 ± 3.85 [m,
4H, (HOCH2-CH2)2N(CH2-CH2)2-], 3.95 ± 4.2 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2-)2], 5.20 ± 5.45 [m, 2H, OH]; FABMS (LSIMS): m/z :
442 [M�H]� for C28H60NO2; HRMS(LSIMS): m/z : calcd for C28H60NO2:
442.4624; found: 442.4610.


N,N-Di-n-octyl-N,N-dihydroxyethylammonium chloride (7): 1H NMR
(200 MHz, CDCl3): �� 0.9 [t, 6H, (CH3-CH2)n-], 1.15 ± 1.45 [m, 20H,
-(CH2)5-], 1.5 ± 1.8 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.3 ± 3.5 [m,
4H, (HO-CH2-CH2)2N�(CH2-CH2-)2], 3.50 ± 3.75 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2-)2], 3.95±4.15 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2];
FABMS(LSIMS): m/z : 330 for C20H42NO2; HRMS(LSIMS):m/z : calcd for
C20H42NO2: 330.3372; found: 330.3358.
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N,N-Di-n-decyl-N,N-dihydroxyethylammonium chloride (8): 1H NMR
(200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-(CH2)n-], 1.20 ± 1.45 [m, 28H,
-(CH2)7-], 1.55 ± 1.88 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.3 ± 3.5 [m,
4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.50 ± 3.8 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2)2], 3.95 ± 4.15 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-
)2]; FABMS(LSIMS):m/z : 386 for C24H52NO2; HRMS(LSIMS):m/z : calcd
for C24H52NO2: 386.3998; found: 386.4002.


N,N-Di-n-tetradecylammonium chloride (10): (200 MHz, CDCl3): �� 0.9
[t, 6H, CH3-(CH2)n-], 1.20 ± 1.5 [m, 44H, -(CH2)11-], 1.55 ± 1.9 [m, 4H,
(HOCH2-CH2)2N�(CH2-CH2-)2], 3.3 ± 3.5 [m, 4H, (OHCH2-CH2)2N�(CH2-
CH2-)2], 3.55 ± 3.85 [m, 4H, (OHCH2-CH2)2N�(CH2-CH2-)2], 3.95 ± 4.2 [m,
4H, (OHCH2-CH2)2N�(CH2-CH2-)2], 5.20 ± 5.45 [m, 2H, -OH]; FABMS
(LSIMS):m/z : 498 [M�H]� for C32H68NO2; HRMS(LSIMS):m/z : calcd for
C32H68NO2: 498.5250; found: 498.5274.


N,N-Di-n-hexadecyldihydroxyethylammonium chloride (11): 1H NMR
(200 MHz, CDCl3): �� 0.9 [t, 6H, (CH3-CH2)n-], 1.20 ± 1.5 [m, 52H,
-(CH2)13-], 1.55 ± 1.85 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.35 ± 3.6
[m, 4H, (HOCH2-CH2-)2N�(CH2-CH2-)2], 3.60 ± 3.80 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2-)2], 3.95 ± 4.2 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2];
FABMS (LSIMS): m/z : 555 [M�H]� for C36H76NO2.


N,N-Di-n-octadecyl-N,N-dihydroxyethylammonium chloride (12):
1H NMR (200 MHz, CDCl3): �� 0.9 [t, H, CH3-(CH2)n-], 1.2 ± 1.4 [m,
60H, -(CH2)15-], 1.6 ± 1.85 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.3 ±
3.5 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.6 [m, 4H, HOCH2-
CH2)2N�(CH2-CH2-)2], 4.0 ± 4.1 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2],
5.2 [m, 2H, OH]; FABMS (LSIMS): m/z : 611 [M�H]� for C40H84NO2;
HRMS(LSIMS): m/z : calcd for C40H84NO2: 610.6502; found: 610.6525.


N-Oleyl-n-octadecyl-N,N-dihydroxyethylammonium chloride (13):
1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-(CH2)n], 1.20 ± 1.45 [m,
52H, -(CH2)13-], 1.6 ± 1.8 [br, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 1.90 ±
2.10 (m, -CH2-CH�CH-CH2-); 3.3 ± 3.5 [m, 4H, (HOCH2-CH2)2N�(CH2-
CH2-)2], 3.55 ± 3.8 [m, 4H, (HO-CH2-CH2)2N�(CH2-CH2-)2], 3.95 ± 4.15 [m,
4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 5.28 ± 5.4 [m, 2H, -CH2-CH�CH-
CH2-], 5.45 ± 5.55 [br, 2H, OH]; FABMS(LSIMS): m/z : 609 [M�H]� for
C40H82NO2; HRMS(LSIMS): m/z : calcd for C40H82NO2: 608.6346; found:
608.6354.


N,N-Di-n-oleyl-N,N-dihydroxyethylammonium chloride (14):
1H NMR (200 MHz, CDCl3): �� 0.9 [t, 6H, CH3-(CH2)n], 1.20 ± 1.5 [m,
44H, (-CH2-(CH2)5-CH2-CH�CH-CH2-(CH2)6-CH3)2], 1.60 ± 1.80 [br, 4H,
CH3(HOCH2-CH2)N�(CH2-CH2-)2], 1.90 ± 2.10 [m, 8H, (-CH2-CH�CH-
CH2-)2], 3.3 ± 3.5 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.5 ± 3.7 [m, 4H,
(HO-CH2-CH2)2N�(CH2-CH2-)2], 3.95 ± 4.15 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2-)2], 5.3 [m, 4H, -(-CH2CH�CH-CH2-)2]; FABMS
(LSIMS): m/z : 607 [M�H]� for C40H80NO2.


N,N-Di-n-arachidyl-N,N-dihydroxyethylammonium chloride (15):
1H NMR (200 MHz,CDCl3): �� 0.9 [t, 6H, CH3-(CH2)n-], 1.2 ± 1.4 [m,
68H,-(CH2)34-], 1.45 ± 1.65 [m, 4H, (HOCH2-CH2)2N�(CH2-CH2)2], 3.33.5
[m, 4H, (HOCH2-CH2)2N�(CH2-CH2-)2], 3.53 ± 3.65 [m, 4H
(HOCH2CH2)2N�(CH2CH2)2], 3.95 ± 4.15 [m, 4H, (HOCH2-
CH2)2N�(CH2-CH2-)2]; FABMS (LSIMS): m/z : 667 [M�H]� for
C44H92NO2.


Preparation of liposomes and plasmid DNA : Preparation of liposomes,
isolation of DNA and characterizaton of DNA were done, essentially, as
described in our previous work.[5] Briefly, cationic amphiphiles and
cholesterol were co-dried in chloroform under nitrogen gas and hydrated
in sterile water overnight. The vortexed liposomes were sonicated to clarity.
pCMV �-gal plasmid DNA was prepared by alkaline lysis procedure and
purified by PEG-8000 precipitation according to the published proce-
dures.[31] The plasmid preparations showing a value of A260/A280 more than
1.8 were used.


Transfection of cells : Transfection of the cells were done essentially as
described earlier.[5] Briefly, COS-1 or CHO cells were seeded at a density of
15000 cells per well in a 96-well plate eighteen hours before the
transfection. 0.3 �g of plasmid was complexed with varying amount of
lipid and cholesterol (0.05 ± 4.3 nmol) in plain DMEM medium for 30 min.
The charge ratios were varied from 0.1:1 to 9:1 (� /� ) over this range of
the lipid. The complex was diluted to 100 �L with plain DMEM and added
to the wells. After 3 h of incubation, 100 �L of DMEM with 10% FCS was
added to the cells. The medium was changed to 10% complete medium
after 24 h and the reporter gene activity was assayed after 48 h. Washed


cells were lysed in 50 �L of lysis buffer (0.25� Tris ¥HCl, pH 8.0 and 0.5%
NP40). The �-galactosidase activity per well was estimated by adding 50 �L
of 2� substrate solution (1.33 mgmL�1 ONPG, 0.2� sodium phosphate,
pH 7.15 and 2 m� magnesium chloride) to the lysate in a 96-well plate.
Absorption at 405 nm was converted to �-galactosidase units by using
calibration curve constructed with pure commercial �-galactosidase
enzyme. The values of �-galactosidase units in replicate plates assayed on
the same day varied by less than 30%. The transfection efficiency values
are the average values from four replicate transfection plates assayed on
the same day. Each transfection experiment was repeated three times on
different days and the day-to-day variation in average transfection
efficiency was found to vary within 20 ± 30%. The transfection profiles
obtained on different days were identical.


Dynamic light scattering measurements : Dynamic light scattering (DLS)
measurements were performed using a DLS-700 instrument from Otsuka
Electronics Co. Ltd., Japan, fitted with a 5 mW He/Ne laser operating at
632.8 nm by placing the sample tube in the thermostated chamber of the
goniometer. All measurements were taken at 90� angle. Each sample was
prepared using doubly distilled water filtered several times through a
Millipore 0.22 �mmembrane filter. The DLS intensity data were processed
using the instrumental software to obtain the hydrodynamic diameter (dh).


Exclusion of ethidium bromide (EtBr) from DNA by the cationic lipids :
The extent of EtBr binding to the DNA was monitored by the changes in
the fluorescence. EtBr fluorescence was monitored in Hitachi 4500
fluorimeter by setting the excitation wavelength at 518 nm and emission
wavelength at 585 nm. To 1 mL TE buffer (pH 8.0), 0.78 nmol DNA and
2.5 nmol EtBr were added. The change in fluorescence was monitored after
adding small volumes of lipids 1 ± 15 to the EtBr/DNA complex. Arbitrary
fluorescence values were recorded after allowing sufficient time for
equilibration. The order of addition of EtBr or lipid to DNA did not alter
the final values indicating that the equilibrium does not depend on the
order of addition and reaches in minutes. Percent fluorescence was
calculated considering the fluorescence value in the absence of lipid as 100.


Toxicity assay : Cytotoxicity of lipids 1 ± 15 was assessed using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay as described earlier.[32] The cytotoxicity assay was performed in 96-
well plates by maintaining the ratio of number of cells to amount of cationic
lipid constant as in transfection experiments. MTT was added three hours
after adding the cationic lipid to the cells.


Anisotropy measurements of cationic liposomes : Cationic lipids were
dissolved in chloroform along with DPH at a mol ratio of 300:1 and dried
under N2 gas. The lipid was hydrated in buffer (TrisCl, pH 7.4, 100 m�) for
few hours and then sonicated in a Branson (Model B-50) sonifier at
temperatures above the transition temperatures till clarity. Anisotropy was
calculated by recording the fluorescence values (excitation at 354 nm;
emission at 427 nm) at parallel and perpendicular polariser positions in an
Hitachi F4010 fluorimeter. Anisotropy was calculated according to the
procedure given in Shinitzky and Barenholz (M. Shinitzky, Y. Barenholz,
Biochem. Biophys. Acta 1978, 515, 367 ± 394).
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Efficient and Stereoselective Synthesis of Bicyclo[3.2.1]octan-8-ones:
Synthesis and Palladium-Catalyzed Isomerization of Functionalized
2-Vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofurans


Peter Langer,* Edith Holtz, and Nehad N. R. Saleh[a]


Dedicated to Professor Dr. Lutz F. Tietze on the occasion of his 60th birthday


Abstract: A new C,O-cyclodialkylation of dilithiated cyclic �-keto esters and �-keto
sulfones with 1,4-dibromo-2-butene is reported which results in regio- and
diastereoselective formation of 2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofurans. The
products could be efficiently transformed into functionalized bicyclo[3.2.1]octan-8-
ones by a palladium-catalyzed rearrangement reaction. In case of sulfone derivatives,
this rearrangement proceeds with high stereospecifity to give exclusively the endo-
configured diastereomers. The bicyclo[3.2.1]octane skeleton is present in a large
number of pharmacologically important natural products.


Keywords: dianions ¥ cyclization ¥
diastereoselectivity ¥ palladium ¥
regioselectivity


Introduction


Functionalized bicyclo[3.2.1]octanes are present in a variety
of pharmacologically important natural products[1] including
prominent examples such as aphidicolan,[2] kaurane,[3] and
stemodane diterpenes,[4] hydroazulene,[5] himachalene,[5] �-
cedrane,[5] gymnomitrol, guianin, and grayanotoxin sesquiter-
penes,[5] bridged steroids,[6a] and aconitine-type alkaloids.[6b]


Altough a number of strategies for the synthesis of the
bicyclo[3.2.1]octane skeleton already exist,[7] conceptually
new methods for the construction of functionalized systems
need to be developed.


In the course of our studies related to the development of
domino reactions of dianions and electroneutral dianion
equivalents,[8±10] we have recently reported[11] the cyclization
of 1,3-dicarbonyl dianions[12] with 1,4-dibromo-2-butene.[13]


These reactions allowed a regio- and diastereoselective
synthesis of a variety of 2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-
benzofurans which were efficiently transformed into func-
tionalized bicyclo[3.2.1]octan-8-ones by palladium-catalyzed
isomerizations. Unfortunately, these isomerizations proceed-
ed with low endo/exo-selectivities. Herein, we wish to report,
in full detail, the scope and the limitations of our method-
ology. In addition, the improvement of the stereoselectivity by
extension of our strategy to sulfone derivatives is reported.


Results and Discussion


Synthesis of ester-derived 2-vinyl-hexahydro-2,3-benzofu-
rans : The reaction of the dianion of ethyl cyclohexanone-2-
carboxylate (1a) with dibromide 2 afforded the 2-vinyl-
2,3,3a,4,5,6-hexahydro-2,3-benzofuran 3a in good yield and
with very good regio- and 1,3-diastereoselectivity.[11] The
formation of 3a can be explained by regioselective attack of
the terminal carbon of the dianion onto 2 and subsequent
cyclization via the neighbouring oxygen atom of the dianion
(domino SN/SN� reaction).[14] The employment of a dianion
rather than a monoanion is crucial to induce the desired
regioselectivity. The 1,3-diastereoselectivity can be explained
following a theory of Zhao:[13a] Transition state A is destabi-
lized relative to B, due to a steric interaction between the
tertiary hydrogen atom and the allyl group (Scheme 1). The
use of 1,4-dibromo-2-butene proved mandatory as the reac-
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Scheme 1. Cyclization of the dianion of 1a with 1,4-dibromo-2-butene (2):
a) 1) 2 equiv LDA, 2) 2, �78 �C, THF; b) 2 equiv LDA, 2.
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tion of 1,3-dicarbonyl dianions with 1,4-dichloro-2-
butene was reported to result in formation of mixtures
of open-chain products in low yields.[15]


The reactions of the dianions of methyl, isopropyl
and methoxyethyl cyclohexanone-2-carboxylate af-
forded the 2-vinylhexahydro-2,3-benzofurans 3b ± d
in good yields and with very good diastereoselectivities
(Table 1). Starting with cyclohexanone-2-carbalde-
hyde (1e) and amides 1 f ± g the corresponding prod-
ucts 3e ± g were obtained. The reaction of 2 with the
dianion of spiroketal 1h afforded the 2-vinylhexahy-
dro-2,3-benzofuran 3h. Treatment of 1,4-dibromo-2-
butene (2) with the dianions of ethyl 5-methylcyclo-
hexanone-2-carboxylate (1 i), methyl 5-ethylcyclohex-
anone-2-carboxylate (1 j) and ethyl 5-butylcyclohexa-
none-2-carboxylate (1k) afforded the 2-vinylhexahy-
dro-2,3-benzofurans 3 i ± k in good yields. These
reactions again proceeded with excellent diastereose-
lectivity. The initial attack of the dianion onto the
dielectrophile proceeded with very good 1,2-diaster-
eocontrol. The cyclization step proceeded with very
good 1,3-diastereoselectivity. The stereochemical ef-
fect of a substituent at the 4-position of the cyclo-
hexane moiety was studied next: Reaction of dibro-
mide 2 with dilithiated ethyl 4-phenylcyclohexanone-
2-carboxylate (1 l) afforded 3 l with very good regio-
and 1,3-diastereoselectivity. Starting with the dilithi-
ated cyclohexane-1,3-dione derivatives 1m ±n, the
hexahydro-2,3-benzofurans 3m ±n were prepared.


Then, the effect of the ring size on the stereo-
selectivity was investigated. No cyclization could be
induced starting with the dianion of ethyl cyclopenta-
none-2-carboxylate. Reaction of 1,4-dibromo-2-bu-
tene (2) with the dianions of cycloheptanones 1o ± p
afforded the respective 5,7-bicyclic products 3o ±p in
good yields, but with only moderate stereoselectivities.
Reaction of 1,4-dibromo-2-butene (2) with the dianion
of 1q, which represents a thio analogue of 1a, afforded
heterocycle 3q with a diastereoselectivity of 5:1. For
entropic reasons, the destabilization of intermediateA
is less important in more flexible fused seven-mem-
bered rings or S-heterocycles than in more rigid six-
membered carbacycles. Therefore, the best 1,3-diaster-
eoselectivities were obtained for the formation of the
5,6-bicyclic products 3a ± n.


Our dianion methodology allows the transformation of
unsymmetrical 1,3-dicarbonyl compounds into a variety of
hexahydro-2,3-benzofurans containing a bridgehead hydro-
gen atom. Recently, the K2CO3-mediated cyclization of highly
reactive, symmetrical 1,3,5-tricarbonyl compounds with 1,4-
dibromo-2-butene (2) has been reported by Rodriguez and
co-workers:[13b] For example, the reaction of 2 with diethyl
cyclohexanone-2,6-dicarboxylate (1r) afforded the bicycle 3r.
Cyclizations of unsymmetrical 1,3,5-tricarbonyl compounds
have to our knowledge not yet been studied. The reaction of
dibromide 2 with ethyl 5-acetyl-cyclohexanone-2-carboxylate
(1s) and ethyl 5-propionyl-cyclohexanone-2-carboxylate (1 t)


Abstract in German: Die Cyclisierung von 1,4-Dibrom-2-
buten mit dilithiierten cyclischen �-Ketoestern und �-Ketosul-
fonen erlaubt einen regio- und diastereoselektiven Zugang zu
einer gro˚en Vielfalt von 2-Vinyl-2,3,3a,4,5,6-hexahydro-2,3-
benzofuranen. Diese Verbindungen kˆnnen durch eine neu-
artige Palladium-katalysierte Umlagerung in Bicyclo[3.2.1]oc-
tan-8-one ¸berf¸hrt werden. Im Falle von Sulfon-abgeleiteten
Benzofuranen velaufen diese Isomerisierungen mit sehr guter
Stereospezifit‰t unter Bildung der endo-konfigurierten Diaste-
reomere. Das Bicyclo[3.2.1]octan-Ger¸st tritt in einer Reihe
biologisch relevanter Naturstoffe auf.


Table 1. Synthesis of 2-vinyl-hexahydro-2,3-benzofurans 3a ± v.


1 3 R1 R2 Yield
[%][a]


ds[b]


a OEt ± 73 � 98:2
b OMe ± 65 � 98:2
c O(iPr) ± 71 � 98:2
d O(CH2)2OMe ± 74 � 98:2
e H ± 33 � 98:2
f N(CH2)4 ± 23 � 98:2
g N(CH2)4O ± 20 � 98:2


h ± ± 34 � 98:2


i Me OEt 71 � 98:2
j Et OMe 67 � 98:2


k Bu OMe 35 � 98:2


l ± ± 58 � 98:2


m H ± 38 � 98:2


n Me ± 37 � 98:2


o OEt ± 63 70:30


p tBu ± 44 90:10


q ± ± 20 5:1


r OEt OEt 82[13b] � 98:2
s Me OEt 27 � 98:2
t Et OEt 35 � 98:2
u OEt Ph 49� 10[c] � 98:2


v ± ± 78[13b] 5:1


[a] Isolated yields. [b] Diastereoselectivity in favour of the drawn isomers.
[c] Separated regioisomers.
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diastereoselectively afforded
the hexahydro-2,3-benzofurans
3s and 3 t. The configuration of
3s was proven by NOESY ex-
periments. A strong NOE in-
teraction was observed be-
tween the acetyl group and the
CH- and CH2 hydrogen atoms


of the tetrahydrofuran moiety indicating that the acetyl group
was located at the bridgehead position (Figure 1). The
cyclization of 2 with ethyl 5-benzoyl-cyclohexanone-2-car-
boxylate afforded 3u. The regioisomer containing the ester
group at the bridgehead position was predominantly formed.
The reaction of 2 with diethyl cyclopentanone-2,6-dicarbox-
ylate 1v has been reported to give the 5,5-bicyclic product
3v.[13b]


Synthesis of ester-derived bicyclo[3.2.1]octan-8-ones : The
unique functionality of 2-vinyl-hexahydro-2,3-benzofurans
has been previously used for the synthesis of medium-sized
rings and bicyclo[4.3.1]decan-10-ones by fragmentations[16]


and thermal Claisen rearrangements,[17] respectively. Based
on work by Trost[18] and others[19] related to tetrahydrofuran-
derived �-allyl palladium complexes, we have developed a
palladium-catalyzed rearrangement of 2-vinylhexahydro-2,3-
benzofurans 3 into functionalized bicyclo[3.2.1]octan-8-ones
4. Initial attempts to induce the desired transformation using
Pd(OAc)2/PPh3 or [Pd(PPh3)4] as the catalysts proved un-
successful. A clean rearrangement was eventually observed
when a solution of 3a in DMSO was stirred in the presence of
[Pd(dppe)2] for 6 h at 60 ± 90 �C. The product, bicyclo[3.2.1]oc-
tan-8-one 4a, was isolated in excellent yield as a separable
endo/exo 1.2:1 mixture. The product was formed by initial
ring-opening, formation of a �-allyl palladium complex[18, 19]


and subsequent cyclization by nucleophilic attack of the
carbon atom of the enolate onto the �-allyl palladium
complex (Scheme 2, Table 2). The reaction proceeded with
high regioselectivity; formation of a seven-membered ring
was not observed. The low stereoselectivity can be explained
by a � ±� ±� isomerization of the �-allyl palladium complex.


Rearrangement of the esters 3b ± d afforded the bicy-
clo[3.2.1]octan-8-ones 4b ±d in high yields with very good
regio-, but poor endo/exo-selectivities. The Pd-catalyzed
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Scheme 2. Palladium-catalyzed rearrangement of 2-vinylhexahydro-2,3-
benzofurans 3, 5 mol% [Pd(dppe)2], DMSO, 60 ± 90 �C, 6 ± 24 h. dppe�
1,2-bis(diphenylphosphino)ethane.


rearrangement of 3r and 3s, with an ethoxycarbonyl and
acetyl group at the bridgehead position, gave the bicy-
clo[3.2.1]octan-8-ones 4e and 4 f in good yields, respectively.
The hexahydro-2,3-benzofuran 3 i, containing a methyl group
at the 5-position of the cyclohexane moiety, was transformed
into bicyclo[3.2.1]octan-8-one 4g. Surprisingly, no rearrange-
ment could be induced for the ethyl and butyl substituted
derivatives 3 j and 3k, even under extended reaction times
and higher temperatures.


The palladium-catalyzed isomerization of 5,5-bicyclic tet-
rahydrofuran 3v afforded the bicyclo[2.2.1]heptan-7-one 4h
(Scheme 3). Despite the formation of a relatively pure crude
product (by 1H NMR), the isolated yield of 4h was relatively
low (36%), presumably due to decomposition during silica gel
chromatography.
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Scheme 3. Synthesis of bicyclo[2.2.1]heptan-7-one (4h), 5 mol%
[Pd(dppe)2], DMSO, 60 �C, 6 h, endo/exo� 5:1, 36%.


To improve the stereospecifity of the new palladium-
catalyzed rearrangement, we envisaged that 2-vinyl-hexahy-
dro-2,3-benzofurans containing a better leaving group should
more readily form the �-allyl palladium complex. It was
hoped that, if the reaction proceeds at sufficiently low
temperatures, no � ±� ±� isomerization would occur. There-
fore, we studied the cyclization of �-ketosulfones with 1,4-
dibromo-2-butene (2). The starting materials were prepared
according to a literature procedure by reaction of lithiated
cyclohexanone derivatives with diphenyldisulfide to give the
corresponding thioethers 6.[20] Oxidation of the latter with
mCPBA afforded the corresponding sulfones 7a ±h in gen-
erally good yields.


The dianion of �-ketosulfone 7a was generated by means of
two equivalents of LDA and subsequently treated with 1,4-
dibromo-2-butene (2) to give the sulfone substituted 2-vinyl-
hexahydro-2,3-benzofuran 8a with very good regio- and 1,3-
diastereoselectivity (Scheme 4). The moderate yield can be
explained by the competing formation of the corresponding
open-chain 2:1 product. Starting with �-ketosulfones 7b,c,
containing a methyl and a butyl group at carbon C5,
the hexahydro-2,3-benzofurans 8b,c, containing three
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Figure 1. NOE interactions ob-
served for the acetyl group.


Table 2. Synthesis of bicyclo[3.2.1]octan-8-ones 4.


4 R1 R2 R3 Yield [%][a]


a H H OEt 33�35
b H H OMe 47�31
c H H O(iPr) 92
d H H O(CH2)2OMe 91
e CO2Et H OEt 95
f COMe H OEt 35�33
g H Me OEt 34�17


[a] Isolated yields (diastereomeric mixture or separated diastereomers).
The endo/exo-selectivities are in the range of 1.2:1 to 1.1:1.
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Scheme 4. Cyclization of dilithiated �-ketosulfone 7a with 1,4-dibromo-2-
butene (2), a) 1) 2 equiv LDA, 2) 2, �78 �C, THF.


stereogenic centers, were obtained with very good regio-, 1,2-
and 1,3-diastereoselectivities. Reaction of dibromide 2 with
sulfones 7d,e, containing a phenyl and a tert-butyl group at
carbon C4, afforded the corresponding products 8d,e with
very good 1,3-diastereoselectivities (Table 3).


Starting with the dianion of 7 f, hexahydro-2,3-benzofuran
8 f was obtained. In contrast to 8d ± e, 8 f was formed as a 1:1
diastereomeric mixture, presumably due to the low steric
demand of the methyl group. The heterocyclic sulfone 7g was
prepared in two steps from pyran-4-one. Unfortunately, only
starting materials could be recovered when 7g was reacted
with LDA and 2, presumably due to the �-oxygen effect
operating in the pyran system. Reaction of dibromide 2 with
the dianion of sulfone 7h resulted in formation of the 5,7-
bicyclic tetrahydrofuran 8h with very good regioselectivity.
Similar to the formation of 3o, this compound was formed
with only moderate 1,3-diastereoselectivity.


Much to our satisfaction, the palladium-catalyzed rear-
rangement of 8a proceeded with very good stereospecifity to
give exclusively the endo-configured bicyclo[3.2.1]octan-8-
one 9a in very good yield (Scheme 5). The rearrangement of
2-vinyl-hexahydro-2,3-benzofurans 8b,c afforded the bicy-
clo[3.2.1]octan-8-ones 9b,c with again very good endo-selec-
tivity. The isomerization of the phenyl-substituted derivative
8d was equally successful and gave the endo-configured
bicyclo[3.2.1]octan-8-one 9d. Interestingly, isomerizations
could be successfully induced for substrates containing
relatively large substituents (8c, d, R1�Bu, Ph). In contrast,
only starting materials were recovered in case of the
corresponding ester-derived hexahydro-2,3-benzofurans 3 j-l.
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Scheme 5. Palladium-catalyzed isomerizations of 2-vinylhexahydro-2,3-
benzofurans 8a ±d, 5 mol% [Pd(dppe)2], DMSO, 60 �C, 24 h, endo/exo �


98:2, 9a (R�H): 81%, 9b (R�Me): 77%, 9c (R�Bu): 35%, 9d (R�
Ph): 63%.


The endo-configuration of 9a and 9b was unambigiously
proven by NOESY experiments. NOE interactions were
observed between the vinyl group and the CH2 groups of
the cyclohexanone moiety (Figure 2).
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Figure 2. NOE interactions observed for the vinyl group.


In summary, the combination of our new domino SN/SN�
reaction and the new palladium-catalyzed rearrangement
constitutes a significant expansion of the methods known
today for the synthesis of functionalized bicyclo[3.2.1]octanes
which are of pharmacological relevance and of importance for
natural product syntheses. Further studies related to the
preparative scope and to applications of our methodology are
in progress.


Experimental Section


General comments : All solvents were dried by standard methods and all
reactions were carried out under an inert atmosphere using oven-dried
(150 �C) glassware. THF was freshly distilled from Na, CH2Cl2 from CaH2.
Ether refers to diethyl ether. For the 1H and 13C NMR spectra (1H NMR:
200 or 300 MHz, 13C NMR: 50 or 75 MHz) the deuterated solvents were
used as indicated. The multiplicity of the 13C NMR signals were determined
with the DEPT 135 technique and quoted as: CH3, CH2, CH and C for
primary, secondary, tertiary and quaternary carbon atoms. Isomer ratios
were derived from suitable 1H NMR integrals. Mass spectral data (MS)
were obtained using the electron ionization (70 eV) or the chemical
ionization technique (CI, H2O). For preparative scale chromatography,
silica gel (Merck, 60 ± 200 mesh) was used. Elemental analyses were
performed at the Microanalytical Laboratory of the University of
Gˆttingen. All products were obtained as racemic materials.


Synthesis of methyl 5-ethylcyclohexanone-2-carboxylate (1 i): 3-Ethylcy-
clohexanone (4.23 g, 33.5 mmol, 1.0 equiv) in dimethylcarbonate (25 mL)
was added at 0 �C during 25 min to a suspension of sodium hydride (2.25 g,
94 mmol, 2.8 equiv) in dimethylcarbonate (50 mL). The suspension was
stirred for 70 h at 20 �C and an aqueous solution of acetic acid (10%,
50 mL) was subsequently added. Ether (40 mL) was added, the organic


Table 3. Synthesis of 2-vinylhexahydro-2,3-benzofurans 8.


7 8 R1 Yield [%][a] ds[b]


a H 45 � 98:2
b Me 46 � 98:2
c Bu 40 � 98:2


d Ph 40 � 98:2
e tBu 32 � 98:2
f Me 33 1:1


g ± 0 ±


h ± 48 3:1


[a] Isolated yield. [b] Diastereoselectivity in favour of the isomer given.
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layer was separated and the aqueous layer was extracted with ether (2�
40 mL). The combined organic layers were extracted with saturated
solutions of brine (30 mL) and NaHCO3 (60 mL), dried (MgSO4), filtered,
and the solvent of the filtrate was removed in vacuo. The residue was
purified by chromatography (silica gel, petroleum ether/ether 50:1) to give
1 i (4.37 g, 71%) as a colourless liquid. 1H NMR (250 MHz, CDCl3): ��
0.72 ± 0.85 (m, 1H, CH2), 0.83 (t, 3J� 7 Hz, 3H; CH2CH3), 0.97 ± 1.14 (m,
1H; CH, CH2), 1.16 ± 1.33 (m, 2H; CH2), 1.35 ± 1.53 (m, 1H; CH2), 1.63 ±
1.75 (m, 1H; CH2), 1.74 ± 1.89 (m, 1H; CH2), 1.93 ± 2.12 (m, 1H; CH2),
2.18 ± 2.32 (m, 1H; CH2), 3.66 (s, 3H; O-CH3), 12.02 (s, 1H; OH); 13C NMR
(62.9 MHz, CDCl3): �� 10.98 (CH3), 21.82, 28.03, 28.43, 34.93 (CH2), 34.79
(CH), 50.91 (OCH3), 96.95 (C-2), 171.57, 172.65 (C-1, CO2Me); MS (EI,
70 eV):m/z (%): 184 (1) [M]� , 155 (50), 152 (100), 124 (47), 95 (45), 67 (41).


Synthesis of ethyl cyclohexanone-2-carboxylate (1h): Cyclohexane-1,4-
dione-monoethyleneketal (1.90 g, 12.2 mmol) was dissolved in diethylcar-
bonate (10 mL) and added during 15 min at 0 �C to a suspension of sodium
hydride (900 mg, 37.5 mmol, 3.08 equiv) in diethylcarbonat (18 mL). The
suspension was stirred for 90 h, an aqueous solution of acetic acid (10%,
28 mL) was added and the organic layer was separated. The aqueous layer
was extracted with ether (3� 20 mL), and the combined organic layers
were extracted with saturated aqueous solutions of brine (7 mL) and
NaHCO3 (22 mL), dried (MgSO4), filtered, and the solvent of the filtrate
was removed in vacuo. The residue was purified by chromatography
(petroleum ether/ether 10:1) to give 1h (1.49 g, 54%, keto ± enol tauto-
mers) as a colourless liquid. 1H NMR (250 MHz, CDCl3, enol): �� 1.25 (t,
3J� 7 Hz, 3H; CH3), 1.80 (t, 3J� 7 Hz, 2H; CH2), 2.43 (s, 2H; CH2), partly
overlapped by 2.45 (t, 3J� 7 Hz, 2H; CH2), 3.90 ± 4.00 (m, 4H; O-CH2,
acetal), 4.16 (q, 3J� 7 Hz, 2H; O-CH2, ester), 12.20 (s, 1H; OH); 13C NMR
(62.9 MHz, CDCl3, enol): �� 14.13 (CH3), 27.77, 30.15, 32.60 (CH2), 60.27
(O-CH2, ester), 64.45 (O-CH2, acetal, 2C), 95.17 (C, O-C�C), 107.11 (C,
O-C-O), 170.90, 172.01 (C, CO, O-C�C); MS (EI, 70 eV):m/z (%): 228 (35)
[M]� , 140 (25), 99 (37), 86 (100); HR-MS (EI, 70 eV): calcd for C11H16O5;
found: 228.0997� 2 mD [M]� ; elemental analysis calcd (%) for C11H16O5:
C 57.89, H 7.07; found: C 58.13, H 6.83.


Synthesis of 2-methoxyethyl cyclohexanone-2-carboxylate (1d): Ti(OiPr)4
(3.0 mL, 10.1 mmol) was added to a solution of ethyl cyclohexanone-2-
carboxylate (2.016 g, 11.8 mmol) in 2-methoxyethanol (86 mL) and the
solution was heated under reflux for 14 h. After cooling to ambient a dilute
aqueous solution of HCl (50 mL, 1�) was added and the layers were
separated. The aqueous layer was extracted with petroleum ether (2�
150 mL) and the combined organic layers were extracted with a saturated
aqueous solution of NaHCO3 (30 mL), dried (MgSO4) and filtered. The
solvent and 2-methoxyethanol were removed in vacuo at 60 �C. The residue
was purified by chromatography to give a yellowish liquid (1.19 g, 50%).
1H NMR (250 MHz, CDCl3): �� 1.54 ± 1.76 (m, 4H; CH2), 2.09 ± 2.20 (m,
1H; CH2), 2.21 ± 2.33 (m, 2H; CH2), 2.33 ± 2.43 (m, 1H; CH2), 2.44 ± 2.57
(m, 1H; CH), 3.40 (s, 3H; OCH3), 3.64, 4.30 (2� dd, 3J� 6, 3J� 5 Hz, 2�
2H; CH2O); 13C NMR (50.3 MHz, CDCl3, keto-enol-tautomers): �� 21.72,
22.18, 22.21, 23.18, 26.97, 28.94, 29.81 (CH2), 41.40 (O�CCH2), 56.95 (CH),
58.73, 58.85 (OCH3), 63.08, 63.74, 70.15, 70.32 (CH2O), 87.43 (C-2), 169.83,
172.21, 172.34 (CO2, C-1, enol), 205.86 (C-1, ketone); MS (EI, 70 eV): m/z
(%): 200 (11) [M]� , 125 (51), 124 (54), 68 (100), 59 (74), 55 (56), 45 (54), 43
(44), 41 (80).


Synthesis of isopropyl cyclohexanone-2-carboxylate (1c): The synthesis
was effected following the preceding procedure. Starting with ethyl
cyclohexanone-2-carboxylate (2.02 g, 11.8 mmol), 2-propanol (86 mL)
and Ti(OiPr)4 (3.0 mL), 1c was isolated as an orange oil (877 mg, 40%).
1H NMR (250 MHz, CDCl3): �� 1.19 ± 1.37 (m, 6H; CH3), 1.54 ± 1.77 (m,
4H; CH2), 2.15 ± 2.34 (m, 4H; CH2), 4.13 ± 4.28 (m, 1H; O-CH), 5.00 ± 5.16
(m, 1H; CH); 13C NMR (50.3 MHz, CDCl3): �� 21.63, 21.84 (CH3), 21.87,
22.33, 23.14, 27.03, 29.00, 29.85 (CH2), 41.43 (O�CCH2), 57.19 (CH), 67.35,
68.44 (O-CH), 97.90 (C-2), 169.43, 171.68, 172.27 (CO2, C-1, enol), 206.26
(C-1, ketone); MS (EI, 70 eV): m/z (%): 184 (22) [M]� , 142 (38), 125 (32),
124 (100).


Synthesis of cyclohexanone-2-carboxylic amides : The amides 1 f,g were
prepared according to a literature procedure in 34 ± 48% yields.[21]


Cyclohexanone-2-carboxylic pyrrolidide (1 f): 1H NMR (250 MHz, CDCl3):
�� 1.54 ± 1.76 (m, 2H; CH2), 1.76 ± 2.15 (m, 7H; CH2), 2.15 ± 2.42 (m, 2H;
CH2), 2.52 ± 2.69 (m, 1H; CH2), 3.28 ± 3.64 (m, 5H; CH, NCH2); 13C NMR
(62.9 MHz, CDCl3): �� 22.66, 23.46, 25.21, 26.29, 29.12 (CH2), 41.16, 44.99,


45.56 (O�C-CH2, NCH2), 55.33 (CH), 167.18 (C�O, amide), 206.60 (C�O,
ketone); MS (EI, 70 eV): m/z (%): 195 (54) [M]� , 126 (44), 122 (87), 121
(100), 70 (88).


Cyclohexanone-2-carboxylic morpholide (1g): 1H NMR (250 MHz,
CDCl3): �� 1.58 ± 1.93 (m, 2H; CH2), 1.93 ± 2.41 (m, 5H; CH2), 2.54 (dt,
J� 15, J� 6 Hz, 1H; CH2), 3.31 (t, J� 6 Hz, 2H; NCH2), 3.42 ± 3.60 (m,
2H; NCH2), 3.60 ± 3.76 (m, 4H; OCH2), 3.76 ± 3.10 (m, 1H; CH); 13C NMR
(50.3 MHz, CDCl3): �� 23.55, 27.01, 30.11 (CH2), 41.90 (CH2, O�C-CH2),
42.24, 46.21 (NCH2), 54.05 (CH), 66.54, 66.76 (OCH2), 167.96 (C�O,
amide), 207.22 (C�O, ketone); MS (EI, 70 eV):m/z (%): 211 (100) [M]� , 86
(85).


General procedure for the synthesis of 2-alkylidene-5-vinyltetrahydrofu-
rans (3): A solution of LDA (4.7 mmol) in THFwas prepared by addition of
nBuLi (2 mL, 2.35�, in n-hexane) to a solution of diisopropylamine
(0.65 mL) in THF (40 mL). The solution was stirred for 20 min at 0 �C and
subsequently ethyl cyclohexanone-2-carboxylate (340 mg, 2 mmol) was
added at 0 �C. The solution was stirred for 60 min and subsequently a
solution of 1,4-dibromo-2-butene (2 ; 471 mg, 2.2 mmol) in THF (5 mL) was
added at �78 �C. The application of an inverse addition protocol was
possible. The temperature was allowed to increase during 4 h to 20 �C and
the solution was stirred at 20 �C for 2 h. The solution was poured into an
aqueous solution of HCl (0.1�) and the aqueous layer was extracted with
ether. The combined organic layers were dried (MgSO4), filtered and the
solvent of the filtrate was removed in vacuo. The residue was purified by
chromatography (silica gel, ether/petroleum ether 1:10� 1:3) to give 3a as
a colourless oil.


7-Ethyloxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (3a):
Starting with ethyl cyclohexanone-2-carboxylate (340 mg, 2 mmol), diiso-
propylamine (0.65 mL, 4.6 mmol), nBuLi (2.0 mL, 4.6 mmol, in n-hexane)
and 1,4-dibromo-2-butene (2 ; 471 mg, 2.2 mmol), 3a was isolated as a
colourless oil (325 mg, 73%, ds � 98:2). The purification was effected by
chromatography (silica gel, petroleum ether/ether 4:1). 1H NMR
(250 MHz, CDCl3): �� 1.14 ± 1.28 (m, 1H; CH2), partly overlapped by
1.22 (t, 3J� 6 Hz, 3H; CH3), 1.28 ± 1.49 (m, 2H; CH2), 1.73 ± 1.85 (m, 1H;
CH2), 1.86 ± 2.10 (m, 1H; CH2), 2.12 ± 2.32 (m, 3H; CH2), 2.52 ± 2.69 (m,
1H; 3a-H), 4.14 (q, 3J� 6 Hz, 2H; CH2), 4.68 (ddd, 3J� 3J� 3J� 5 Hz, 1H;
2-H), 5.17 [d, 3J(Z)� 10 Hz, 1H; HC�CH2], 5.34 [d, 3J(E)� 15 Hz, 1H;
HC�CH2], 5.78 [ddd, 3J� 5, 3J(Z)� 10, 3J(E)� 15 Hz, 1H; HC�CH2];
13C NMR (62.9 MHz, CDCl3): �� 13.92 (CH3), 21.73, 23.49, 26.98, 36.78
(CH2), 41.25 (C-3a), 58.80 (O-CH2), 82.93 (C-2), 96.25 (C, O-C�C), 116.60
(CH�CH2), 135.80 (CH�CH2), 166.37, 166.99 (C, CO, O-C�C); MS (EI,
70 eV): m/z (%): 222 (36) [M]� , 177 (35), 168 (100), 122 (71), 55 (40), 46
(46), 41 (38); HR-MS (EI, 70 eV): calcd for C13H18O3; found: 222.1256�
2 mD [M]� .


7-Methyloxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (3b):
Starting with methyl cyclohexanone-2-carboxylate (938 mg, 6.0 mmol),
diisopropylamine (2.0 mL, 13.8 mmol), nBuLi (6.0 mL, 13.8 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 1.41 g, 6.6 mmol), 3b was isolated as
yellow crystals (811 mg, 65%, ds � 98:2). The purification was effected by
chromatography (silica gel, petroleum ether/ether 5:1). 1H NMR
(250 MHz, CDCl3): �� 1.05 ± 1.20 (m, 1H; CH2), 1.23 ± 1.37 (m, 2H;
CH2), 1.75 ± 2.00 (m, 2H; CH2), 2.05 ± 2.29 (m, 3H; CH2), 2.50 ± 2.65 (m,
1H; CH), 3.55 (O-CH3), 4.65 (ddd, 3J� 3J� 5, 3J� 7 Hz, 1H; O-CH), 5.07
(d, 3J(Z)� 10 Hz, 1H; H-HC�CH), 5.26 (d, 3J(E)� 17 Hz, 1H; H-
HC�CH), 5.77 (ddd, 3J� 7, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; CH�CH2);
13C NMR (62.9 MHz, CDCl3): �� 21.80, 23.63, 27.07, 36.84 (CH2), 41.35
(CH), 50.47 (O-CH3), 83.28 (O-CH), 96.12 (C, O-C�C), 117.18 (CH�CH2),
135.84 (CH�CH2), 166.95, 167.21 (C, CO, O-C�C); MS (EI, 70 eV): m/z
(%): 208 (37) [M]� , 177 (27), 154 (100), 122 (59); HR-MS (EI, 70 eV): calcd
for C12H16O3; found: 208.1099� 2 mD [M]� .


7-Isopropyloxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3c): Starting with isopropyl cyclohexanone-2-carboxylate (533 mg,
2.89 mmol), diisopropylamine (0.97 mL, 6.9 mmol), nBuLi (4.48 mL,
6.9 mmol, in n-hexane) and 1,4-dibromo-2-butene (2 ; 708 mg, 3.3 mmol),
3c was isolated as a colourless oil (486 mg, 71%, ds � 98:2). The
purification was effected by chromatography (silica gel, petroleum ether/
ether 5:1). 1H NMR (250 MHz, CDCl3): �� 1.25 (d, 3J� 6 Hz, 6H, CH3),
partly overlapped by 1.26 ± 1.56 (m, 3H; CH2), 1.84 ± 2.14 (m, 2H; CH2),
2.16 ± 2.45 (m, 3H; CH2), 2.60 ± 2.81 (m, 1H; 3a-H), 4.74 ± 4.86 (m, 1H;
2-H), 5.07 [sept, 3J� 6 Hz, 1H; OCH(CH3)2], 5.21 [d, 3J(Z)� 11 Hz, 1H;
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HC�CH2], 5.40 [d, 3J(E)� 17 Hz, 1H; HC�CH2], 5.92 [ddd, 3J� 6, 3J(Z)�
11, 3J(E)� 17 Hz, 1H; HC�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 21.30
(CH3), 21.53, 23.26, 26.75, 36.59 (CH2), 40.99 (C-3a), 65.44 [OCH(CH3)2],
82.49 (C-2), 96.24 (C-7), 116.27 (C�CH2), 135.66 (C�CH-C), 165.57 (C�O),
166.62 (O-C�C); MS (EI, 70 eV): m/z (%): 236 (44) [M]� , 182 (46), 177
(54), 150 (30), 140 (100), 122 (39); HR-MS (EI, 70 eV): calcd for C14H20O3;
found: 236.1412� 2 mD [M]� .


7-(2-Methoxyethyloxycarbonyl)-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzo-
furan (3d): Starting with 2-methoxyethyl cyclohexanone-2-carboxylate
(802 mg, 4 mmol), diisopropylamine (1.3 mL, 9.2 mmol), nBuLi (6.0 mL,
9.2 mmol, in n-hexane) and 1,4-dibromo-2-butene (2 ; 940 mg, 4.4 mmol),
3d was isolated as a yellow oil (745 mg, 74%, ds � 98:2). The purification
was effected by chromatography (silica gel, petroleum ether/ether 2:1).
1H NMR (250 MHz, CDCl3): �� 0.96 ± 1.61 (m, 3H; CH2), 1.69 ± 2.01 (m,
2H; CH2), 2.01 ± 2.38 (m, 3H; CH2), 2.44 ± 2.68 (m, 1H; 3a-H), 3.22 (s, 3H;
CH3), 3.46 (t, 3J� 5 Hz, 2H; CH3OCH2), 4.02 (dt, 3J� 5, 2J� 13 Hz, 1H;
CH2OC�O), 4.15 (dt, 3J� 5, 2J� 13 Hz, 1H; CH2OC�O), 4.57 ± 4.70 (m,
1H; 2-H), 5.05 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.26 (d, 3J(E)� 17 Hz,
1H; HC�CH2], 5.75 (ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz, 1H;HC�CH2);
13C NMR (62.9 MHz, CDCl3): �� 22.07, 23.80, 27.29, 37.11 (CH2), 41.69
(CH, C-3a), 58.78 (CH3), 62.62 (CH2, CH3OCH2), 70.53 (CH2,CH2OC�O),
83.41 (C-2), 96.27 (C-7), 117.10 (C�CH2), 136.12 (C�CH-C), 166.58 (C�O),
167.90 (O-C�C); MS (EI, 70 eV): m/z (%): 252 (48) [M]� , 198 (69), 194
(45), 177 (100), 140 (62), 122 (56), 59 (49); HR-MS (EI, 70 eV): calcd for
C14H20O4; found: 252.1362� 2 mD [M]� .


7-Formyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (3e): Starting with
2-hydroxymethylidene-cyclohexanone (374 mg, 2.96 mmol), diisopropyl-
amine (0.91 mL, 6.4 mmol), nBuLi (6.4 mmol, in n-hexane) and 1,4-
dibromo-2-butene (2 ; 700 mg, 3.27 mmol), 3e was isolated as a colourless
oil (175 mg, 33%, ds � 98:2). The purification was effected by chromatog-
raphy (silica gel, petroleum ether/ether 10:1). 1H NMR (250 MHz, CDCl3):
�� 1.06 ± 1.30 (m, 1H; CH2), 1.30 ± 1.58 (m, 2H; CH2), 1.80 ± 2.18 (m, 3H;
CH2), 2.18 ± 2.55 (m, 2H; CH2), 2.64 ± 2.87 (m, 1H; CH), 4.78 (dt, 2J� 2J�
6 Hz, 1H; O-CH), 5.23 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.35 [d, 3J(E)�
18 Hz, 1H; HC�CH2], 5.88 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 18 Hz, 1H;
HC�CH2], 10.00 (s, 1H; O�CH); 13C NMR (62.9 MHz, CDCl3): �� 19.76,
21.19, 27.19, 37.01 (CH2), 41.39 (C-3a), 84.55 (C-2), 108.80 (C, C-7), 118.28
(CH�CH2), 135.66 (CH�CH2), 174.95 (C, O-C�C), 188.50 (O�CH); MS
(EI, 70 eV):m/z (%): 178 (10) [M]� , 151 (82), 126 (78); HR-MS (EI, 70 eV):
calcd for C11H14O2; found: 178.0994� 2 mD [M]� .


2-Vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran-7-carboxylic N-pyrrolidide
(3 f): Starting with cyclohexanone-2-carboxylic pyrrolidide (398 mg,
2.04 mmol), diisopropylamine (0.64 mL, 4.5 mmol), nBuLi (4.6 mmol, in
n-hexane) and 1,4-dibromo-2-butene (2 ; 476 mg, 2.2 mmol), 3 fwas isolated
as a yellow oil (117 mg, 23%, ds � 98:2). The purification was effected by
chromatography (silica gel, acetone/ether 1:11). 1H NMR (250 MHz,
CDCl3): �� 0.94 ± 1.45 (m, 4H; CH2), 1.45 ± 1.98 (m, 5H; CH2), 1.98 ± 2.28
(m, 3H; CH2), 2.31 ± 2.54 (m, 1H; 3a-H), 3.06 ± 3.46 (m, 4H; NCH2), 4.32 ±
4.52 (m, 1H; 2-H), 4.99 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.12 [d, 3J(E)�
19 Hz, 1H; HC�CH2], 5.63 [ddd, 3J� 7, 3J(Z)� 11, 3J(E)� 19 Hz, 1H;
HC�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 22.05, 24.30, 24.60, 25.68,
27.80, 38.07 (CH2), 39.12 (C-3a), 45.16, 46.85 (NCH2), 82.08 (CH, C�C-O-
CH), 101.01 (C, C�C-C�O), 117.00 (C�CH2), 137.08 (C�CH-C), 154.97,
168.80 (C, C�O, O-C�C); MS (EI, 70 eV):m/z (%): 247 (30) [M]� , 193 (94),
177 (100), 70 (21); HR-MS (EI, 70 eV): calcd for C15H21O2N; found:
247.1572� 2 mD [M]� .


2-Vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran-7-carboxylic N-morpholide
(3g): Starting with cyclohexanone-2-carboxylic N-morpholide (1.26 g,
6.0 mmol), diisopropylamine (1.93 mL, 13.6 mmol), nBuLi (8.97 mL,
13.8 mmol, in n-hexane) and 1,4-dibromo-2-butene (2 ; 1.41g, 6.6 mmol),
3g (314 mg, 20%) was isolated as a slightly yellow oil. The purification was
effected by chromatography (silica gel, ether). 1H NMR (250 MHz,
CDCl3): �� 0.97 ± 1.52 (m, 3H; CH2), 1.73 ± 2.60 (m, 6H; CH2, CH),
3.23 ± 3.83 (m, 8H; NCH2, OCH2), 4.29 ± 4.56 (m, 1H; 2-H), 5.06 [d,
3J(Z)� 10 Hz, 1H; HC�CH2], 5.19 [d, 3J(E)� 16 Hz, 1H; HC�CH2],
5.57 ± 5.77 (m, 1H; H2C�CH); 13C NMR (62.9 MHz, CDCl3): �� 21.84,
24.56, 27.48, 37.77 (CH2), 39.00 (C-3a), 41.85, 47.41 (NCH2), 66.66, 67.41
(OCH2), 82.05 (C-2), 98.23 (C-7), 117.14 (CH�CH2), 136.55 (CH�CH2),
155.15, 168.72 (C, O-C�C, C�O); MS (EI, 70 eV): m/z (%): 263 (21) [M]� ,
209 (47), 177 (75), 58 (40), 43 (100); HR-MS (EI, 70 eV): calcd for
C15H21O3N; found: 263.1521� 2 mD [M]� .


7-Ethoxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran 3h: Start-
ing with 1h (1.16 g, 5.1 mmol), diisopropylamine (2.0 mL, 13.8 mmol),
nBuLi (13.8 mmol, 6.0 mL, in n-hexane) and 1,4-dibromo-2-butene (2 ;
1.19 mg, 5.5 mmol), 3h (487 mg, 34%) was isolated as slightly yellow
needles. The purification was effected by chromatography (silica gel,
petroleum ether/ether 1:2). 1H NMR (250 MHz, CDCl3): �� 1.26 (t, 3J�
7 Hz, 3H; CH3), 1.40 ± 1.70 (m, 2H; CH2), 2.04 (dd, 3J1� 12, 3J2� 5 Hz, 1H;
CH2), 2.34 (ddd, 3J1� 12, 3J2� 7, 3J3� 5 Hz, 1H; CH2), 2.55 (s, 2H, O-C�C-
CH2), 3.05 ± 3.20 (m, 1H; CH), 3.85 ± 4.05 (m, 4H; O-CH2, acetal), partly
overlapped by 4.00 ± 4.25 (m, 1H; O-CH2, ester), 4.87 (ddd, 3J1� 11, 3J2� 6,
3J3� 5 Hz, 1H; O-CH), 5.23 (d, 3J(Z)� 10 Hz, 1H; H-HC�CH), 5.41 (d,
3J(E)� 17 Hz, 1H; H-HC�CH), 5.93 (ddd, 3J� 6, 3J(Z)� 10, 3J(E)�
17 Hz, 1H; CH�CH2); 13C NMR (50.3 MHz, CDCl3): �� 14.39 (CH3),
34.75, 36.36, 36.92 (CH2), 40.31 (CH), 59.65 (O-CH2, ester), 64.34, 64.64 (O-
CH2, acetal), 84.74 (O-CH), 94.43 (C, O-C�C), 107.95 (C, O-C-O), 117.68
(CH�CH2), 135.84 (CH�CH2), 166.12, 166.88 (C, CO, O-C�C); MS (EI,
70 eV): m/z (%): 280 (100) [M]� , 235 (46), 194 (63), 148 (60), 127 (50), 120
(46), 99 (45), 87 (79), 86 (57); HR-MS (EI, 70 eV): calcd for C15H20O5;
found: 280.1310� 2 mD [M]� .


7-Ethoxycarbonyl-4-methyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3 i): Starting with ethyl 5-methylcyclohexanone-2-carboxylate (368 mg,
2.0 mmol), diisopropylamine (0.65 mL, 4.6 mmol), nBuLi (4.6 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 471 mg, 2.2 mmol), 3 i (338 mg,
71%) was isolated as slightly yellow needles. The purification was effected
by chromatography (silica gel, petroleum ether/ether 5:1). 1H NMR
(250 MHz, CDCl3): �� 1.03 (d, 3J� 6 Hz, 3H; CH3), 1.18 (d, 3J� 13 Hz,
1H; CH), 1.21 ± 1.48 (m, 2H; CH2), partly overlapped by 1.28 (t, 3J� 7 Hz,
3H; CH3), 1.82 (ddt, 3J� 6, 3J� 13, 3J� 2 Hz, 1H; CH), 2.21 ± 2.48 (m, 4H;
3a-H, CH2), 4.06 ± 4.31 (m, 2H; OCH2), 4.80 (ddd, 3J� 3J� 3J� 6 Hz, 1H;
2-H), 5.22 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.40 [d, 3J(E)� 18 Hz, 1H;
HC�CH2], 5.92 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 18 Hz, 1H; HC�CH2];
13C NMR (62.9 MHz, CDCl3): �� 14.16, 20.00 (CH3), 24.03, 30.80, 35.79
(CH2), 33.84, 48.44 (CH), 59.17 (OCH2), 83.44 (C-2), 96.33 (C-7), 116.96
(CH�CH2), 136.02 (CH�CH2), 166.60, 166.71 (C, CO, O-C�C); MS (EI,
70 eV):m/z (%): 236 (60) [M]� , 191 (54), 182 (100), 167 (81), 136 (66); HR-
MS (EI, 70 eV): calcd for C14H20O3; found: 236.1412� 2 mD [M]� .


4-Ethyl-7-methoxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3 j): Starting with methyl 5-ethylcyclohexanone-2-carboxylate (745 mg,
4.0 mmol), diisopropylamine (1.30 mL, 9.2 mmol), nBuLi (9.2 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 945 mg, 4.4 mmol), 3 j (642 mg,
67%) was isolated as a slight yellow viscous oil. The purification was
effected by chromatography (silica gel, petroleum ether/ether 5:1).
1H NMR (250 MHz, CDCl3): �� 0.94 (t, 3J� 7 Hz, 3H; CH3), 1.04 ± 1.49
(m, 4H; CH2), 1.49 ± 1.69 (m, 2H; CH2), 1.95 (dd, 3J� 6, 3J� 13 Hz, 1H;
CH2), 2.18 ± 2.53 (m, 3H; CH, CH2), 3.71 (s, 3H; OCH3), 4.73 ± 4.86 (m,
1H; 2-H), 5.23 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.40 [d, 3J(E)� 17 Hz,
1H; HC�CH2], 5.92 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz, 1H;HC�CH2];
13C NMR (62.9 MHz, CDCl3): �� 10.40 (CH3), 23.93, 26.69, 26.92, 35.72
(CH2), 40.02, 46.68 (CH), 50.40 (OCH3), 83.47 (CH, C�C-O-CH), 95.88 (C,
C�C-C�O), 117.03 (C�CH2), 135.85 (C�CH-C), 166.77, 166.86 (C, CO,
O-C�C); MS (EI, 70 eV): m/z (%): 236 (19) [M]� , 153 (100); HR-MS (EI,
70 eV): calcd for C14H20O3; found: 236.1412� 2 mD [M]� .


4-Butyl-7-methoxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3k): Starting with ethyl 5-butylcyclohexanone-2-carboxylate (849 mg,
4.0 mmol), diisopropylamine (1.30 mL, 9.2 mmol), nBuLi (9.2 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 945 mg, 4.4 mmol), 3k (370 mg,
35%) was isolated as a slightly yellow viscous oil. The purification was
effected by chromatography (silica gel, petroleum ether/ether 5:1).
1H NMR (250 MHz, CDCl3): �� 0.89 (t, 3J� 6 Hz, 3H; CH3), 1.04 ± 1.51
(m, 5H; CH, CH2), 1.95 (dd, J� 6, J� 12 Hz, 2H; CH2), 2.15 ± 2.48 (m, 7H,
CH; CH2), 3.72 (s, 3H, OCH3), 4.79 (m, 1H; 2-H), 5.23 [dd, 2J� 1, 3J(Z)�
10 Hz, 1H; HC�CH2], 5.34 (dd, 1H; 2J� 1, 3J(E)� 17 Hz, HC�CH2), 5.92
(ddd, 3J� 6, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; H2C�CH]; 13C NMR
(62.9 MHz, CDCl3): �� 13.82 (CH3), 22.76, 24.21, 27.79, 28.46, 34.13,
36.04 (CH2), 38.79, 47.30 (CH), 50.73 (OCH3), 83.73 (C-2), 96.26 (C, C-7),
117.41 (H2C�CH), 136.08 (H2C�CH), 166.94, 167.20 (C�O, O-C�C); MS
(EI, 70 eV): m/z (%): 264 (27) [M]� , 210 (17), 154 (23), 153 (100); HR-MS
(EI, 70 eV): calcd for C16H24O3; found: 264.1725� 2 mD [M]� .


7-Ethyloxycarbonyl-5-phenyl-2-vinyl-2,3,3a,4,5,6-hexahydrobenzo[b]furan
(3 l): Starting with ethyl 4-phenylcyclohexanone-2-carboxylate (550 mg,
2.0 mmol), diisopropylamine (0.65 mL, 4.6 mmol), nBuLi (4.6 mmol,
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2.0 mL, in n-hexane) and 1,4-dibromo-2-butene (2 ; 473 mg, 2.2 mmol), 3 l
(358 mg, 58%) was isolated by chromatography (petroleum ether/ether
2:1) as a colourless solid. 1H NMR (250 MHz, CD3OD): �� 1.23 (t, 3J�
7 Hz, 3H; CH3), 1.35 ± 1.51 (m, 2H; CH2), 1.76 ± 1.92 (m, 1H; CH2), 1.97 ±
2.36 (m, 2H; CH2), 2.45 (ddd, J� 5, J� 6, J� 11 Hz, 1H; CH2), 2.52 ± 2.68
(m, 1H; CH), 2.81 ± 2.95 (m, 1H; CH), 4.13 (t, 3J� 7 Hz, 2H; O-CH2),
4.79 ± 4.99 (m, 1H; CH), 5.23 (d, 3J(Z)� 11 Hz, 1H; HC�CH-H), 5.44 (d,
3J(E)� 18 Hz, 1H; HC�CH-H), 5.97 (ddd, 3J� 6, 3J(Z)� 11, 3J(E)�
18 Hz, 1H; HC�CH2); 13C NMR (62.9 MHz, CD3OD): �� 14.74 (CH3),
34.49, 35.22, 38.29 (CH2), 41.95, 44.10 (CH), 60.70 (O-CH2), 85.91 (O-CH),
97.19 (O-C�C), 117.74 (CH�CH2), 127.42 (CH, Ph, para), 127.86, 129.56
(CH, Ph, ortho, meta), 137.86 (CH�CH2), 147.06 (C, Ph), 168.75, 170.26 (C,
CO, O-C�C); MS (EI, 70 eV): m/z (%): 298 (1) [M]� , 158 (100), 143 (56),
130 (37), 104 (35); HR-MS (EI, 70 eV): calcd for C19H22O3; found:
298.1569� 2 mD [M]� .


6-Oxo-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (3m): Starting with
1,3-cyclohexanedione (448 mg, 4.0 mmol), hexamethylphosphorous tri-
amide (HMPT) (2.4 mL), diisopropylamine (1.24 mL, 8.8 mmol), nBuLi
(8.8 mmol, in n-hexane) and 1,4-dibromo-2-butene (2 ; 940 mg, 4.4 mmol)
were treated according to the general procedure. The reaction mixture was
warmed during 5 h to 20 �C and was stirred overnight. Water (2 mL) and
ether (40 mL) were added, the organic layer was extracted with an aqueous
solution of HCl (10%, 3� 20 mL) and water (20 mL). The combined
aqueous layers were extracted with ether (5� 30 mL) and the combined
organic layers were washed with a saturated aqueous solution of brine
(20 mL), dried (MgSO4), filtered and the filtrate was concentrated in vacuo.
The purification was effected by chromatography (silica gel, petroleum
ether/ether 5:1) to give 3m as a yellow solid (250 mg, 38%). 1H NMR
(250 MHz, CDCl3): �� 1.57 (ddd, 2J� 3J� 3J� 12 Hz, 1H; 3-H), partly
overlapped by 1.62 ± 1.84 (m, 1H; 3-H), 2.01 ± 2.54 (m, 4H; CH2), 2.96 ± 3.13
(m, 1H; 3a-H), 4.94 (ddd, 3J� 5, 3J� 6, 3J� 12 Hz, 1H; 2-H), 5.32 [d,
3J(Z)� 11 Hz, 1H; HC�CH2], 5,42 (d, 3J(E)� 18 Hz, 1H; HC�CH2),
partly overlapped by 5.45 (s, 1H; 7-H), 5.90 [ddd, 3J� 6, 3J(Z)� 11 Hz,
3J(E)� 18 Hz, 1H; HC�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 27.60,
36.28, 36.97 (CH2), 40.82 (C-3a), 86.31 (C-2), 100.50 (C-7), 119.28
(CH�CH2), 135.03 (CH�CH2), 182.41 (C, O-C�CH), 199.49 (C, CO); MS
(EI, 70 eV): m/z (%): 164 (100) [M]� , 136 (84), 69 (71), 67 (71); HR-MS
(EI, 70 eV): HR-MS (EI, 70 eV): calcd for C10H12O2; found: 164.0837�
2 mD [M]� .


4,4-Dimethyl-6-oxo-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (3n):
Starting with 5,5-dimethyl-1,3-cyclohexanedione (825 mg, 5.9 mmol),
HMPT (3.6 mL in 25 mL THF), diisopropylamine (2.05 mL, 14.0 mmol),
nBuLi (9.0 mL, 14.0 mmol, in n-hexane) and 1,4-dibromo-2-butene (2 ;
1.424 g, 6.66 mmol, in 25 mL THF) in THF (100 mL), 3n (425 mg, 37%)
was isolated as a yellow solid. The purification was effected by chromatog-
raphy (silica gel, petroleum ether/ether 1:2). 1H NMR (250 MHz, CDCl3):
�� 0.93 (s, 3H; CH3), 1.07 (s, 3H; CH3), 1.62 (ddd, 3J� 3J� 3J� 12 Hz, 1H;
CH2), 2.18 ± 2.34 (m, 3H; CH2), 2.99 (dd, 3J� 12, 3J� 7 Hz, 1H; 3a-H), 4.88
(ddd, 3J� 3J� 7, 3J� 12 Hz, 1H; 2-H), 5.30 [d, 3J(Z)� 10 Hz, 1H;
HC�CH2], 5.39 [d, 3J(E)� 17 Hz, 1H; HC�CH2], partly overlapped by
5.42 (s, 1H; 7-H), 5.88 [ddd, 3J� 7, 3J(Z)� 10, 3J(E)� 17 Hz, 1H;
CH�CH2]; 13C NMR (50.3 MHz, CDCl3): �� 19.92, 29.38 (CH3), 30.87
(CH2), 35.01 [C(CH3)2], 51.07 (CH), 52.07 (CH2, O�C-CH2), 85.60 (O-CH),
99.60 (CH, C�CH-C�O), 119.15 (C�CH2), 135.03 (CH�CH2), 180.07 (C,
O-C�C), 198.78 (C, CO); MS (EI, 70 eV): m/z (%): 192 (86) [M]� , 136
(100), 69 (40), 67 (60); HR-MS (EI, 70 eV): calcd for C12H16O2; found:
192.1150� 2 mD [M]� .


6-Ethoxycarbonyl-9-vinyl-8-oxabicyclo[5.3.0]-6-decene (3o): Starting with
ethyl cycloheptanone-2-carboxylate (545 mg, 2.96 mmol), diisopropyl-
amine (0.91 mL, 6.4 mmol), nBuLi (6.4 mmol, in n-hexane) and 1,4-
dibromo-2-butene (2 ; 698 mg, 3.26 mmol), 3o (438 mg, 63%, ds 7:3) was
isolated as a colourless oil. The purification was effected by chromatog-
raphy (silica gel, petroleum ether/ether 5:1). 1H NMR (250 MHz, CDCl3):
�� 1.29 (t, 3J� 8 Hz, 3H; CH3, both isomers), 1.44 ± 1.63 (m, 3H; CH2,
both isomers), 1.68 ± 1.99 (m, 4H; CH2, both isomers), 1.99 ± 2.19 (m, 3H;
CH2, both isomers), 2.78 ± 2.94 (m, 1H; CH2, both isomers), 2.99 ± 3.18 (m,
1H; 3a-H, both isomers), 4.18 (q, 3J� 8 Hz, 2H; OCH2, both isomers), 4.75
(ddd, 3J� 3J� 3J� 8 Hz, 1H; 2-H), 5.02 (ddd, 3J� 3J� 3J� 6 Hz, 1H; 2-H),
5.15 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.20 [d, 3J(Z)� 11 Hz, 1H,
HC�CH2], 5.29 [d, 3J(E)� 16 Hz, 1H; HC�CH2], 5.38 [d, 3J(E)� 16 Hz,
1H; HC�CH2], 5.86 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 16 Hz, 1H;HC�CH2],


5.94 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 16 Hz, 1H; HC�CH2]; 13C NMR
(62.9 MHz, CDCl3): �� 13.94 (CH3), 26.32, 26.66, 29.99, 30.74, 31.63, 32.62,
37.00, 37.65 (CH2), 43.69, 44.23 (CH), 59.16 (O-CH2), 82.94, 82.96 (O-CH),
102.05 (C, O-C�C), 115.80, 116.09 (CH�CH2), 136.23, 136.50 (CH�CH2),
167.13, 167.35, 171.78, 172.25 (C, CO, O-C�C); MS (EI, 70 eV): m/z (%):
236 (35) [M]� , 191 (32), 182 (83), 136 (100); HR-MS (EI, 70 eV): calcd for
C14H20O3; found: 236.1412� 2 mD [M]� .


6-(2,2-Dimethyl-1-oxopropyl)-9-vinyl-8-oxabicyclo[5.3.0]-6-decene (3p):
Starting with 2-(2,2-dimethyl-1-oxopropyl)cycloheptanone (785 mg,
4.0 mmol), diisopropylamine (1.30 mL, 9.2 mmol), nBuLi (9.2 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 948 mg, 4.4 mmol), 3p was isolated
as a colourless oil (430 mg, 44%, ds 9:1). The purification was effected by
chromatography (silica gel, petroleum ether/ether 5:1). 1H NMR
(250 MHz, CDCl3, major isomer): �� 1.18 (s, 9H; CH3), 1.38 ± 1.64 (m,
4H; CH2), 1.71 ± 1.91 (m, 3H; CH2), 1.91 ± 2.13 (m, 2H; CH2), 2.20 (m, 1H;
CH2), 2.86 ± 3.03 (m, 1H; 3a-H), 4.77 (ddd, 3J� 3J� 3J� 6 Hz, 1H; 2-H),
5.12 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.23 [d, 3J(E)� 17 Hz, 1H;
HC�CH2], 5.81 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz, 1H; HC�CH2];
13C NMR (62.9 MHz, CDCl3, major isomer): �� 27.05 (CH3), 27.54, 29.43,
30.69, 32.08, 38.00 (CH2), 41.68 (C-3a), 43.99 [C(CH3)3], 81.25 (C-2), 111.16
(C-8), 115.68 (CH�CH2), 137.10 (CH�CH2), 159.75 (C, O-C�C), 214.75 (C,
CO); MS (EI, 70 eV): m/z (%): 248 (2) [M]� , 191 (100); HR-MS (EI,
70 eV): calcd for C16H24O2; found: 248.1776� 2 mD [M]� .


7-Ethoxycarbonyl-2-vinyl-6-thia-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3q): Starting with ethyl 3-oxothian-2-carboxylate (379 mg, 2.0 mmol),
diisopropylamine (0.65 mL, 4.6 mmol), nBuLi (3.0 mL, 4.6 mmol, in n-
hexane) and 1,4-dibromo-2-butene (2 ; 468 mg, 2.2 mmol), 3q was isolated
as a yellowish oil (100 mg, 20%, ds 5:1). The purification was effected by
chromatography (silica gel, petroleum ether/ether 1:5). 1H NMR
(250 MHz, CDCl3): �� 1.24 (t, 3J� 6 Hz, 3H; CH3), 1.38 ± 1.47 (m, 2H;
CH2), 2.33 ± 2.47 (m, 2H; CH2), 2.65 ± 2.94 (m, 3H, CH2; CH), 4.04 ± 4.27
(m, 2H; OCH2), 4.74 (m, 1H; 2-H), 5.18 [d, 3J(Z)� 11 Hz, 1H; HC�CH2],
5.35 [d, 3J(E)� 17 Hz, 1H; HC�CH2], 5.84 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)�
17 Hz, 1H; HC�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 13.89, 14.07
(CH3), 26.55, 26.69, 28.03, 34.72, 36.84 (CH2), 38.03, 40.74 (C-3a), 60.33
(OCH2), 81.64, 93.92 (C-7), 82.92 (C-2), 116.05, 117.76 (H2C�C), 135.45,
135.64 (C�CH), 161.62, 162.30, 163.68 (CO, C-7a); MS (EI, 70 eV): m/z
(%): 240 (6) [M]� , 155 (100), 95 (36); HR-MS (EI, 70 eV): calcd for
C12H16O3S; found: 240.0820� 2 mD [M]� .


General procedure for the reaction of 1,3,5-tricarbonyl compounds with
1,4-dibromo-2-butene (2): A suspension of K2CO3 (3.0 equiv) and tricar-
bonyl compound (1.0 equiv) in THF (30 mL) was stirred for 15 min at
20 �C. Subsequently 1,4-dibromo-2-butene (2 ; 1.1 equiv, dissolved in 10 mL
THF) was added. The mixture was refluxed until no starting material could
be detected by tlc (ca. 24 h).


3a,7-Bis(ethoxycarbonyl)-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3r): This compound has been previously reported in the literature.[13b]


3a-Acetyl-7-ethoxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(3s): Starting with ethyl 6-acetylcyclohexanone-2-carboxylate (636 mg,
3.0 mmol) and 1,4-dibromo-2-butene (2), 3s was isolated by chromatog-
raphy (214 mg, 27%, ds � 98:2, one regioisomer). 1H NMR (250 MHz,
CDCl3): �� 1.17 ± 1.49 (m, 2H, CH2), partly overlapped by 1.29 (t, 3J�
6 Hz, 3H; CH2CH3), 1.64 (dd, 3J� 11, 3J� 13 Hz, 1H; CH2), 1.75 ± 1.90 (m,
1H; CH2), 2.27 (s, 3H; O�CCH3), 2.34 ± 2.49 (m, 2H; CH2), 2.55 (dd, 3J� 6,
3J� 13 Hz, 2H; CH2), 4.08 ± 4.36 (m, 2H; OCH2), 4.61 ± 4.77 (m, 1H; 2-H),
5.23 [d, 3J(Z)� 11 Hz, 1H; HC�CH2], 5.41 [d, 3J(E)� 18 Hz, 1H;
HC�CH2], 5.86 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 18 Hz, 1H; HC�CH2];
13C NMR (62.9 MHz, CDCl3): �� 14.19 (CH2CH3), 19.31, 23.34, 31.56,
41.30 (CH2), 27.82 (O�CCH3), 59.56 (OCH2), 60.83 (C-3a), 81.41 (C-2),
99.67 (C-7), 117.57 (C�CH2), 135.42 (C�CHC), 164.39, 166.41 (CO2, C-7a),
208.78 (CH3CO); MS (EI, 70 eV): m/z (%): 264 (27) [M]� , 222 (80), 219
(46), 210 (38), 176 (100), 164 (40), 91 (21), 85 (53), 43 (34); HR-MS (EI,
70 eV): calcd for C15H20O4; found: 264.1362� 2 mD [M]� .


7-Ethyloxycarbonyl-3a-propanoyl-2-vinyl-2,3,3a,4,5,6-hexahydrobenzo[b]-
furan (3 t): The reaction of 2-ethoxycarbonyl-5-propanoylcyclohexanone
(1t) (230 mg, 1.01 mmol) with K2CO3 (410 mg, 2.96 mmol) and 1,4-
dibromo-2-butene (2 ; 242 mg, 1.13 mmol) afforded after chromatography
(silica gel, petroleum ether/ether 3.5:1) 3t (97 mg, 35%) as a yellow oil.


Isomer 3t : 1H NMR (250 MHz, CDCl3): �� 1.01 (t, 3J� 7 Hz, 3H; CH3),
1.27 (t, 3J� 7 Hz, 3H; CH3), partly overlapped by 1.20 ± 1.40 (m, 2H; CH2),
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1.60 (dd, 3J� 3J� 12 Hz, 1H; CH2), 1.70 ± 1.90 (m, 1H; CH2), 2.20 ± 2.50 (m,
3H; CH2), partly overlapped by 2.40 ± 2.70 (m, 3H; CH2), 4.10 ± 4.30 (m,
2H; O-CH2), 4.62 (ddd, 3J� 3J� 6, 3J� 11 Hz, 1H; O-CH), 5.20 (d, 3J(Z)�
10 Hz, 1H; H-HC�CH), 5.38 (d, 3J(E)� 17 Hz, 1H; H-HC�CH), 5.83
(ddd, 3J� 6, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; CH�CH2); 13C NMR
(62.9 MHz, CDCl3): �� 7.57, 14.36 (CH3), 19.47, 23.56, 32.16, 34.50, 42.04
(CH2), 59.75 (O-CH2), 60.72 (O�C-CH2), 81.64 (O-CH), 100.04 (C,
O-C�C), 117.69 (CH�CH2), 135.64 (CH�CH2), 164.68, 166.57 (C, CO,
ester, O-C�C), 212.01 (C, CO, ketone); MS (EI, 70 eV): m/z (%): 278 (10)
[M]� , 222 (75), 176 (100); HR-MS (EI, 70 eV): calcd for C16H22O4; found:
278.1518� 2 mD [M]� .


7-Benzoyl-3a-ethoxycarbonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofur-
an and 7-ethoxycarbonyl-3a-benzoyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-
benzofuran (3u): Starting with ethyl 6-benzoylcyclohexanone-2-carboxy-
late (1u ; 1.083 g, 4.13 mmol), K2CO3 (1.624 g, 11.8 mmol) and 1,4-dibromo-
2-butene (2 ; 0.912 g, 4.26 mmol), two isomers of 3u, 3u-1 (675 mg, 49%) as
a colourless viscous oil and 3u-2 (142 mg, 10%) as a yellowish solid, were
isolated by chromatography (silica gel, petroleum ether/ether 5:1).


Isomer 3u-1: 1H NMR (250 MHz, CDCl3): �� 1.12 (t, 3J� 7 Hz, 3H; CH3),
1.18 ± 1.52 (m, 2H; CH2), partly overlapped by 1.43 (dd, 3J� 3J� 13 Hz,
1H; CH2), 1.61 ± 1.77 (m, 1H; CH2), 2.13 (dd, 3J� 6, 2J� 17 Hz, 1H; CH2),
2.28 ± 2.55 (m, 3H; CH2), 4.05 (q, 3J� 7 Hz, 2H; CH2), 4.32 ± 4.46 (m, 1H;
2-H), 4.74 [d, 3J(Z)� 10 Hz, 1H; HC�CH2], partly overlapped by 4.77 [d,
3J(E)� 17 Hz, 1H; HC�CH2], 5.37 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz,
1H;HC�CH2], 7.08 ± 7.23 (m, 3H;m,p-Ph-H), 7.65 (d, 3J� 8 Hz, 2H; o-Ph-
H); 13C NMR (62.9 MHz, CDCl3): �� 13.53 (CH3), 19.01, 24.02, 31.25, 41.48
(CH2), 53.75 (C-3a), 61.02 (OCH2), 80.42 (C-2), 106.25 (C-7), 116.48
(H2C�C), 126.97, 128.30 (o,m-Ph-C), 130.78, 134.76 (p-Ph-C, CH�CH2),
139.32 (Ph-C), 160.48, 172.26 (CO2, C-7a), 195.84 (C, PhC�O); MS (EI,
70 eV): m/z (%): 326 (22) [M]� , 272 (81), 226 (54), 198 (57), 105 (100), 77
(47); elemental analysis calcd (%) for C20H22O4: C 73.60, H 6.79; found: C
73.89, H 6.88.


Isomer 3u-2 : 1H NMR (250 MHz, CDCl3): �� 1.10 ± 1.42 (m, 1H; CH2),
partly overlapped by 1.25 (t, 3J� 7 Hz, 3H; CH3), 1.50 ± 1.80 (m, 2H; CH2),
1.90 (dd, 3J� 3J� 13 Hz, 1H; CH2), 2.22 ± 2.42 (m, 2H; CH2), 2.67 ± 2.82 (m,
1H; CH2), 2.92 (dd, 3J� 4, 3J� 13 Hz, 1H; CH2), 4.05 ± 4.35 (m, 2H;
OCH2), 4.56 ± 4.72 (m, 1H; 2-H), 5.18 [d, 3J(Z)� 10 Hz, 1H; HC�CH2],
5.35 [d, 3J(E)� 17 Hz, 1H; HC�CH2], 5.85 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)�
17 Hz, 1H; HC�CH2], 7.28 ± 7.57 (m, 3H; m,p-Ph-H), 7.88 (d, 3J� 8 Hz,
2H; o-PhH); 13C NMR (62.9 MHz, CDCl3): �� 14.26 (CH3), 19.10, 23.07,
32.86, 42.10 (CH2), 59.52 (OCH2), 60.40 (C-3a), 81.27 (C-2), 99.85 (C-7),
117.67 (H2C�C), 128.38, 128.90 (o,m-Ph-C), 132.69, 135.30 (p-Ph-C,
CH�CH2), 135.07 (Ph-C), 164.74, 166.66 (CO2, C-7a), 200.43 (PhC�O);
MS (EI, 70 eV): m/z (%): 326 (10) [M]� , 176 (42), 105 (100), 77 (27);
elemental analysis calcd (%) for C20H22O4: C 73.60, H 6.79; found: C 73.85,
H 6.94.


4,7-Bis(ethoxycarbonyl)-2-vinyl-1-oxabicyclo[3.3.0]oct-7-ene (3v): The
synthesis of this compound has been previously reported in the litera-
ture.[13b]


General procedure for the synthesis of bicyclo[3.2.1]octan-8-ones (4): A
solution of 3a (200 mg, 0.90 mmol) in DMSO (2.5 mL) was thoroughly
degassed and subsequently treated with [Pd(dppe)2] (40 mg, 5.0 mol%).
The red solution was stirred for 6 ± 24 h at 60 �C. To the mixture was added
ether (20 mL) and the suspension formed was filtered through a pad of
celite which was subsequently washed with ether (200 mL). The filtrate was
concentrated in vacuo and the catalyst was removed by filtration (silica gel,
ether). The product 4a was isolated as a mixture of two diastereomers
(180 mg, 90%, endo/exo� 1.2:1). The purification was effected by chro-
matography (silica gel, petroleum ether/ether 5:1). The diastereomers
could be separated by chromatography (silica gel, ether/petroleum ether
1:20 � 1:3) to give endo-4a (66 mg, 33%) and exo-4a (70 mg, 35%) as
colourless oils.


1-Ethoxycarbonyl-7-vinylbicyclo[3.2.1]octan-8-one (4a): endo-4a :
1H NMR (250 MHz, CDCl3): �� 1.21 (t, 3J� 7 Hz, 3H; CH3), 1.94 ± 2.14
(m, 7H; CH2), 2.35 ± 2.53 (m, 2H; CH2, 5-H), 2.90 (dt, 3J� 6, 3J� 10 Hz,
1H; 7-H), 4.10 (q, 3J� 7 Hz, 2H; OCH2), 4.84 [d, 3J(Z)� 10 Hz, CH�CH2],
4.92 [d, 3J(E)� 16 Hz, CH�CH2], 5.55 [ddd, 3J� 3J(Z)� 10, 3J(E)� 16 Hz,
1H; CH�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 14.02 (CH3), 17.42, 30.44,
36.85, 39.99 (CH2), 46.17, 46.57 (C-5, C-7), 60.41 (OCH2), 60.63 (C-1),
114.24 (CH�CH2), 139.98 (CH�CH2), 169.69 (CO2), 215.01 (C-8); MS (EI,


70 eV):m/z (%): 222 (100) [M]� , 121 (37); elemental analysis calcd (%) for
C13H18O3: C 70.24, H 8.16; found: C 70.36, H 8.10. exo-4a : 1H NMR
(250 MHz, CDCl3): �� 1.22 (t, 3J� 7 Hz, 3H; CH3), 1.48 ± 2.09 (m, 5H;
CH2), 2.09 ± 2.39 (m, 3H; CH2), 2.39 ± 2.61 (m, 1H; 5-H), 3.39 ± 3.55 (m,
1H; 7-H), 4.06 ± 4.27 (m, 2H; O-CH2), 5.06 ± 5.24 (m, 2H; CH�CH2), 5.94
(ddd, 3J� 7, 3J(Z)� 11, 3J(E)� 18 Hz, 1H; CH�CH2); 13C NMR
(62.9 MHz, CDCl3): �� 14.11 (CH3), 17.15, 27.34, 33.82, 36.60 (CH2),
41.47, 46.01 (C-5, C-7), 60.99 (OCH2), 61.61 (C-1), 117.53 (CH�CH2), 135.40
(CH�CH2), 170.63 (CO2), 214.90 (C-8); MS (EI, 70 eV):m/z (%): 222 (100)
[M]� , 193 (99), 177 (67), 176 (94), 147 (46), 79 (53); elemental analysis calcd
(%) for C13H18O3: C 70.24, H 8.16; found: C 70.40, H 8.02.


1-Methoxycarbonyl-7-vinylbicyclo[3.2.1]octan-8-one (4b): Following the
general procedure, 3b (206 mg, 0.987 mmol) was treated with the catalyst
(50 mg, 57 �mol) in DMSO (2.5 mL) at 60 ± 70 �C. The isomers were
separated by chromatography (silica gel, petroleum ether/ether 5:1).


Diastereomer 4b-1 (64 mg, 31%) as a colourless oil. 1H NMR (250 MHz,
CDCl3): �� 1.55 ± 1.85 (m, 3H; CH2), 1.95 ± 2.05 (m, 2H; CH2), 2.18 ± 2.39
(m, 3H; CH2), 2.47 ± 2.55 (m, 1H; CH), 3.50 (ddd, 3J� 6, 3J� 7, 3J� 12 Hz,
1H; CH), 3.73 (s, 3H; CH3), 5.19 (dd, 3J� 1, 3J(Z)� 10 Hz, 1H; HC�CH-
H), partly overlapped by 5.20 (dd, 3J� 1, 3J(E)� 17 Hz, 1H; HC�CH-H),
5.96 (ddd, 3J� 7, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; HC�CH2); 13C NMR
(75.5 MHz, CDCl3): �� 17.23, 27.42, 33.95, 36.67 (CH2), 41.59, 46.05 (CH),
52.25 (O-CH3), 61.88 (C, O�C-C-C�O), 117.72 (CH�CH2), 135.35
(CH�CH2), 171.22 (C, CO, ester), 214.99 (C, CO, ketone); MS (EI,
70 eV): m/z (%): 208 (100) [M]� , 179 (72), 177 (53), 176 (73), 79 (42); HR-
MS (EI, 70 eV): calcd for C12H16O3; found: 208.1099� 2 mD [M]� .


Diastereomer 4b-2 (96 mg, 47%) as a colourless oil. 1H NMR (250 MHz,
CDCl3): �� 1.56 ± 1.85 (m, 3H; CH2), partly overlapped by 1.82 ± 2.21 (m,
4H; CH2), 2.36 ± 2.2.54 (m, 2H; CH, CH2), 2.90 (ddd, 3J1� 3J2� 10, 3J3�
6 Hz, 1H; CH), 3.63 (s, 3H; CH3), 4.87 (d, 3J(Z)� 10 Hz, 1H; HC�CH-H),
partly overlapped by 4.93 (d, 3J(E)� 17 Hz, 1H; HC�CH-H), 5.96 (ddd,
3J� 3J(Z)� 10, 3J(E)� 17 Hz, 1H; HC�CH2); 13C NMR (62.9 MHz,
CDCl3): �� 17.51, 30.52, 36.93, 40.05 (CH2), 46.28, 46.70 (CH), 51.53 (O-
CH3), 61.20 (C, O�C-C-C�O), 114.45 (CH�CH2), 139.95 (CH�CH2),
170.33 (C, CO, ester), 215.08 (C, CO, ketone); MS (EI, 70 eV):m/z (%): 208
(100) [M]� , 121 (46), 120 (34), 79 (46); HR-MS (EI, 70 eV): calcd for
C12H16O3; found: 208.1099� 2 mD [M]� .


1-Isopropoxycarbonyl-7-vinylbicyclo[3.2.1]octan-8-one (4c): A solution of
3c (133 mg, 0.56 mmol) in DMSO (2 mL) was treated with the catalyst
(32 mg, 35 �mol) at 70 ± 80 �C. The product was isolated by chromatog-
raphy as a colourless oil (122 mg, 92%, ds 1.1:1). 1H NMR (250 MHz,
CDCl3): �� 1.08 ± 1.26 (m, 12H; CH3, both isomers), 1.46 ± 1.79 (m, 4H;
CH2, both isomers), 1.79 ± 2.11 (m, 6H; CH2, both isomers), 2.11 ± 2.53 (m,
8H; CH2, 5-H, both isomers), 2.68 (dt, 3J� 5, 3J� 10 Hz, 1H; 7-H), 3.45 (dt,
3J� 13, 3J� 6 Hz, 1H; 7-H), 4.77 ± 5.19 [m, 6H; CH�CH2 , OCH(CH3)2,
both isomers], 5.66 [ddd, 3J� 3J(Z)� 10, 3J(E)� 16 Hz, 1H; CH�CH2],
5.91 [ddd, 3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR
(62.9 MHz, CDCl3): �� 17.18, 17.54 (CH2), 21.68, 21.70, 21.72, 21.78 (CH3),
27.39, 30.59, 33.78, 36.63, 36.97, 40.11 (CH2), 41.53, 46.06, 46.28, 46.66 (CH),
60.37, 61.49 (C-1), 68.07, 68.73 [OCH(CH3)2], 114.22, 117.45 (CH�CH2),
135.50, 140.22 (CH�CH2), 169.21, 170.13 (CO2), 214.88, 215.08 (C-8); MS
(EI, 70 eV): m/z (%): 236 (31) [M]� , 194 (100), 177 (78), 176 (69); HR-MS
(EI, 70 eV): calcd for C14H20O3; found: 236.1412� 2 mD [M]� .


1-Methoxyethoxycarbonyl-7-vinylbicyclo[3.2.1]octan-8-one (4d): Starting
with 3d (378 mg, 1.50 mmol), 4d (344 mg, 91%, ds 1.1:1) was isolated as a
colourless oil. 1H NMR (250 MHz, CDCl3): �� 1.51 ± 1.86 (m, 6H; CH2,
both isomers), 1.86 ± 2.17 (m, 6H; CH2, both isomers), 2.17 ± 2.39 (m, 4H;
CH2, both isomers), 2.39 ± 2.57 (m, 3H; 5-H, both isomers, 7-H, one
isomer), 2.93 (dt, 3J� 6, 3J� 10 Hz, 1H; 7-H), 3.34 (s, 3H; OCH3), 3.35 (s,
3H; OCH3), 3.58 ± 3.65 (m, 4H; CH3OCH2 , both isomers), 4.17 ± 4.39 (m,
4H; O�COCH2, both isomers), 4.87 [d, 3J(Z)� 11 Hz, 1H; CH�CH2], 4.95
[d, 3J(E)� 17 Hz, 1H; CH�CH2], 5.14 ± 5.27 (m, 2H; CH�CH2), 5.71 [ddd,
3J� 3J(Z)� 11, 3J(E)� 17 Hz, 1H; CH�CH2], 5.95 [ddd, 3J� 7, 3J(Z)� 11,
3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 17.00,
17.36, 27.23, 30.39, 33.66, 36.44, 36.74, 39.84 (CH2), 40.56, 41.38, 46.07, 46.50
(C-5, C-7), 58.55, 58.61 (OCH3), 60.71, 61.61 (C-1), 63.28, 63.77 (CH2,
CH3OCH2), 70.00, 70.14 (O�COCH2), 114.31, 117.56 (CH�CH2), 135.17,
139.89 (CH�CH2), 169.53, 170.51 (CO2), 214.50, 214.62 (C-8); MS (EI,
70 eV): m/z (%): 252 (56) [M]� , 194 (47), 177 (46), 176 (45), 59 (100), 58
(46); HR-MS (EI, 70 eV); calcd for C14H20O4; found: 252.1362� 2 mD [M]� .
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1,5-Bis(ethoxycarbonyl)-6-vinylbicyclo[3.2.1]octan-8-one (4e): Following
the general procedure, 3q (240 mg, 0.82 mmol) was treated with the
catalyst (51 mg, 56 �mol) in DMSO (2.0 mL) at 70 ± 80 �C. The product was
purified by filtration through a pad of silica gel to give 4e as a colourless oil
(228 mg, 95%, ds 1.1:1). 1H NMR (250 MHz, CDCl3): �� 1.04 ± 1.31 (m,
12H; CH3, both isomers), 1.49 ± 2.45 (m, 16H; CH2, both isomers), 2.64 ±
2.87 (m, 1H; 6-H, both isomers), 3.52 [dt, 3J� 14, 3J� 7 Hz, 1H; 6-H],
3.90 ± 4.21 [m, 8H; OCH2, both isomers], 4.75 ± 4.96 (m, 2H; CH�CH2),
5.04 ± 5.19 (m, 2H; CH�CH2), 5.54 ± 5.91 (m, 2H; CH�CH2, both isomers);
13C NMR (62.9 MHz, CDCl3): �� 13.79, 13.80, 13.85, 13.86 (CH3), 17.92,
17.93, 31.08, 33.25, 33.87, 38.17, 38.51, 39.53 (CH2), 40.01, 44.56 (C-6), 58.68,
59.27, 61.32, 62.30 (C-1, C-5), 60.44, 60.45, 60.95, 60.96 (OCH2), 114.59,
117.95 (CH�CH2), 134.34, 139.15 (CH�CH2), 168.70, 169.42, 169.85, 169.88
(CO2), 208.23, 208.38 (CO); MS (EI, 70 eV): m/z (%): 294 (100) [M]� , 249
(41), 175 (51); HR-MS (EI, 70 eV); calcd for C16H22O5; found: 294.1467�
2 mD [M]� .


5-Acetyl-1-ethoxycarbonyl-6-vinylbicyclo[3.2.1]octan-8-one (4 f): Follow-
ing the general procedure, 3r (60 mg, 0.23 mmol) was treated with the
catalyst (15 mg, 17 �mol) in DMSO (0.6 mL). The diastereomers were
separated by chromatography (petroleum ether/ether 4:1).


Isomer 4 f-1 (21 mg, 35%). 1H NMR (250 MHz, CDCl3): �� 1.15 ± 1.37 (m,
2H; CH2), partly overlapped by 1.21 (t, 3J� 7 Hz, 3H; CH2-CH3), 1.71 ±
1.99 (m, 2H; CH2), 1.99 ± 2.43 (m, 3H; CH2), partly overlapped by 2.30 (s,
3H; O�CCH3), 2.45 ± 2.58 (m, 1H; CH2), 2.92 (dt, 3J� 6, 3J� 9 Hz, 1H;
7-H), 4.15 (q, 3J� 7 Hz, 2H; OCH2), 4.90 ± 5.07 (m, 2H; CH�CH2), 5.73
[ddd, 3J� 3J(Z)� 10, 3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR (62.9 MHz,
CDCl3): �� 14.20 (CH2CH3), 27.56 (O�CCH3), 17.78, 30.12, 33.96, 39.00
(CH2), 40.40 (C-7), 61.46 (OCH2), 63.07, 64.47 (C-1, C-5), 118.46
(CH�CH2), 134.45 (CH�CH2), 169.84 (CO2), 205.21, 210.96 (CO); MS
(EI, 70 eV):m/z (%): 264 (16) [M]� , 222 (77), 176 (100), 43 (86). Isomer 4 f-
2 (20 mg, 33%). 1H NMR (250 MHz, CDCl3): �� 1.17 ± 1.38 (m, 1H; CH2),
partly overlapped by 1.28 (t, 3J� 7 Hz, 3H; CH2CH3), 1.66 ± 1.93 (m, 3H;
CH2), 2.08 ± 2.36 (m, 3H; CH2), partly overlapped by 2.29 (s, 3H;
O�CCH3), 2.78 (t, 3J� 13 Hz, 1H; CH2), 3.58 (dt, 3J� 13, 3J� 7 Hz, 1H;
7-H), 4.10 ± 4.34 (m, 2H; OCH2), 5.19 ± 5.32 (m, 2H; CH�CH2), 5.96 [ddd,
3J� 7, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR (62.9 MHz,
CDCl3): �� 14.18 (CH2CH3), 27.61 (O�CCH3), 17.76, 33.10, 39.48, 40.30
(CH2), 44.81 (C-7), 60.95 (OCH2), 62.23, 65.01 (C-1, C-5), 115.23
(CH�CH2), 139.24 (CH�CH2), 169.06 (CO2), 205.36, 211.06 (CO); MS
(EI, 70 eV):m/z (%): 264 (100) [M]� , 84 (35), 43 (60); HR-MS (EI, 70 eV):
calcd for C15H20O; found: 264.1362� 2 mD [M]� .


1-Ethoxycarbonyl-4-methyl-7-vinylbicyclo[3.2.1]octan-8-one (4g): Follow-
ing the general procedure, 3h (171 mg, 0.72 mmol) was treated with the
catalyst (49 mg, 54 �mol) in DMSO (2.0 mL) at 60 ± 70 �C. The isomers of
4g were separated by chromatography (silica gel, petroleum ether/ether
5:1).


Isomer 4g-1 (30 mg, 17%) as a colourless solid. 1H NMR (250 MHz,
CDCl3): �� 1.01 (d, 3J� 7 Hz, 3H; CH3), 1.19 ± 1.38 (m, 1H; CH2), partly
overlapped by 1.25 (t, 3J� 7 Hz, 3H; CH3), 1.64 ± 1.79 (m, 1H; CH2), 1.91 ±
2.18 (m, 2H; CH2), 2.22 ± 2.51 (m, 4H; 5-H, CH2), 3.40 ± 3.57 (m, 1H; 7-H),
4.19 (q, 3J� 7 Hz, 2H; OCH2), 5.13 ± 5.29 (m, 2H; CH�CH2), 5.96 [ddd,
3J� 7, 3J(Z)� 10, 3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR (62.9 MHz,
CDCl3): �� 13.92, 17.63 (CH3), 23.20, 28.24, 29.32 (CH2), 40.14, 41.43, 51.59
(CH), 61.00 (C-1), 60.71 (OCH2), 117.27 (CH�CH2), 135.61 (CH�CH2),
170.43 (CO2), 212.26 (CO).


Isomer 4g-2 (59 mg, 34%) as a colourless solid. 1H NMR (250 MHz,
CDCl3): �� 0.96 (d, 3J� 7 Hz, 3H; CH3), 1.20 (t, 3J� 7 Hz, 3H; CH3),
1.27 ± 1.43 (m, 1H; CH2), 1.67 ± 1.81 (m, 1H; CH2), 2.00 ± 2.16 (m, 3H;
CH2), 2.16 ± 2.36 (m, 3H; 5-H, CH2), 2.89 (dt, 3J� 6, 3J� 10 Hz, 1H; 7-H),
4.10 (q, 3J� 7 Hz, 2H; OCH2), 4.84 [d, 3J(Z)� 10 Hz, 1H; CH�CH2], 4.92
[d, 3J(E)� 17 Hz, 1H; CH�CH2], 5.67 [ddd, 3J� 3J(Z)� 10, 3J(E)� 17 Hz,
1H; CH�CH2]; 13C NMR (62.9 MHz, CDCl3): �� 13.92, 17.48 (CH3), 23.51,
31.08, 35.48 (CH2), 41.36, 44.94, 52.07 (CH), 59.89 (C-1), 60.21 (OCH2),
114.04 (CH�CH2), 139.94 (CH�CH2), 169.55 (CO2), 212.03 (CO); MS (EI,
70 eV):m/z (%): 236 (25) [M]� , 207 (100), 191 (21), 161 (29), 134 (39); HR-
MS (EI, 70 eV): calcd for C14H20O3; found: 236.1412� 2 mD [M]� .


1,4-Bis(ethoxycarbonyl)-2-vinylbicyclo[2.2.1]heptan-7-one (4h): Following
the general procedure, 3v (201 mg, 0.72 mmol) was treated with the
catalyst (48 mg, 53 �mol) in DMSO (2.0 mL) at 80 �C. Owing to the
instability of the product during chromatography (silica gel) the crude


product was dissolved in ether (5 mL) and rapidly filtered through a 4 cm
layer of silica gel. The silica gel was washed with ether (120 mL). The
solvent was removed in vacuo to give 4h as a colourless viscous oil (72 mg,
36%) (endo/exo� 5:1). 1H NMR (250 MHz, CDCl3): �� 1.14 ± 1.36 (m,
6H; CH3), 1.70 ± 1.91 (m, 2H; CH2), 1.91 ± 2.17 (m, 1H; CH2), 2.17 ± 2.56
(m, 2H; CH2), 2.56 ± 2.74 (m, 1H; CH2), 3.40 (dt, 3J� 13, 3J� 6 Hz, 1H;
2-H), 4.01 ± 4.34 (m, 4H; OCH2), 5.17 ± 5.31 (m, 2H; CH�CH2), 5.83 [ddd,
3J� 6, 3J(Z)� 11, 3J(E)� 17 Hz, 1H; CH�CH2]; 13C NMR (75.5 MHz,
CDCl3): �� 14.09, 14.14 (CH3), 19.48, 26.93, 30.61 (CH2), 38.55 (C-2), 57.77,
58.10 (C-1, C-4), 61.18, 61.21 (OCH2), 118.48 (CH�CH2), 135.18
(CH�CH2), 168.72, 168.80 (CO2), 201.43 (CO); MS (EI, 70 eV): m/z (%):
280 (20) [M]� ; HR-MS (EI, 70 eV): calcd for C15H20O5; found: 280.1311�
2 mD [M]� .


Synthesis of the 2-phenylthio-cycloalkanones (6a ± h): 2-Phenylthio-cyclo-
alkanones 6 were prepared according to a literature procedure from the
respective cycloalkanones, LDA and diphenyl disulfide (38 ± 66% yield).[20]


2-Phenylthiocyclohexanone (6a):[20] Starting with cyclohexanone (5.88 g,
60.0 mmol), 6a was prepared (5.93 g, 48%). 1H NMR (CDCl3, 250 MHz):
�� 1.65 ± 2.40 (m, 7H; CH2), 2.94 (m, 1H; CH2), 3.82 (t, J� 6 Hz, 1H; CH),
7.20 ± 7.45 (m, 5H; Ph).


2-Phenylthio-5-methylcyclohexanone (6b): Starting with 3-methylcyclo-
hexanone (6.72 g, 60.0 mmol), 6b was prepared (5.94 g, 45%). 1H NMR
(CDCl3, 250 MHz): �� 1.00 (m, 3H; CH3), 1.60 ± 2.30 (m, 6H; CH2), 2.75
(m, 1H), 3.68 (m, 1H; CH), 7.15 ± 7.40 (m, 5H; Ph); 13C NMR (CDCl3,
62.5 MHz, two diastereomers): �� 21.56/22.06, 29.28/32.82, 31.48/33.24,
32.82/34.61, 45.33/49.07, 54.25/62.98, 127.43/127.20, 129.04/128.92, 131.36/
131.21, 132.19/133.81, 207.78/209.46; MS (EI, 70 eV): m/z (%): 220 (32)
[M]� , 236 (100).


2-Phenylthio-5-butylcyclohexanone (6c): Starting with 3-butylcyclohexa-
none (6.16 g, 40.0 mmol), 6cwas prepared (6.91 g, 66%). 1H NMR (CDCl3,
250 MHz): �� 0.75 (m, 3H; CH3), 1.18 (m, 6H; CH2), 1.50 ± 2.30 (m, 6H;
CH, CH2), 2.50 ± 2.70 (m, 1H), 3.60 ± 3.85 (m, 1H; CH), 7.05 ± 7.35 (m, 5H;
Ph); 13C NMR (CDCl3, 62.5 MHz, two diastereomers): �� 13.72, 22.57/
22.61, 25.20/26.81, 28.67/28.77, 31.18/31.40, 38.92/39.49, 41.33/43.48, 47.24/
48.02, 54.50/57.30, 126.96/127.19, 128.78/128.90, 130.92/131.11, 133.90/
134.03, 206.06/207.48.


2-Phenylthio-4-methylcyclohexanone (6 f): Starting with 4-methylcyclo-
hexanone (6.72 g, 60.0 mmol), 6 f was prepared (5.28 g, 40%). 1H NMR
(CDCl3, 250 MHz): �� 0.85, 0.90 (2� d, 3H; CH3), 1.28 (m, 2H; CH2),
1.70 ± 2.30 (m, 4H; CH, CH2), 3.00, 3.60, 3.90 (3�m, 1H), 3.60 ± 3.85 (m,
1H; CH), 7.10 ± 7.30 (m, 5H; Ph); 13C NMR (CDCl3, 62.5 MHz, two
diastereomers, 4:1): �� 20.37/20.51 (CH3), 26.52/30.51 (CH), 34.20/34.47,
35.74/34.78, 40.15/40.21 (CH2), 53.73/56.49 (CH), 126.50/126.79, 128.35/
128.48, 130.53/131.57 (CH), 133.60, 207.23/205.80 (C); MS (EI, 70 eV): m/z
(%): 220 (100) [M]� , 110 (80).


2-Phenylthiopyran-4-one (6g): Starting with pyran-4-one (1.00 g,
10.0 mmol), 6g was prepared (0.85 g, 41%). 1H NMR (CDCl3,
250 MHz): �� 2.48, 2.92 (2�m, 2� 1H; CH2), 3.82 ± 4.05 (m, 4H; CH,
CH2), 4.12 (q, J� 10 Hz, 1H; CH2), 7.25 (m, 3H; Ph), 7.40 (m, 2H; Ph);
13C NMR (CDCl3, 62.5 MHz): �� 40.74 (CH3), 56.22 (CH), 68.09, 72.23
(CH2), 127.46, 128.77, 131.75 (CH), 132.48, 202.22 (C).


2-Phenylthiocycloheptanone (6h): Starting with cycloheptanone (6.72 g,
60.0 mmol), 6h was prepared (6.34 g, 48%). 1H NMR (CDCl3, 250 MHz,
two diastereomers, 8:1): �� 1.20 ± 1.95 (m, 6H; CH2), 2.15, 2.35, 2.39, 2.68
(4�m, 4� 1H; CH, CH2), 3.72, 3.94 (2�m, 1H; CH, cis, trans), 7.10 ± 7.25
(m, 3H; Ph), 7.32 (m, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz, main isomer):
�� 23.93, 25.08, 26.74, 29.53, 39.54 (CH2), 56.83, 127.06, 128.57, 131.36
(CH), 133.51, 208.35 (C); MS (EI, 70 eV): m/z (%): 220 (100) [M]� , 110
(90); a small amount of an unknown impurity could not be separated.


Synthesis of 2-phenylsulfonylcyclohexanones (7a ± h): Sulfones 7 were
prepared from sulfides 6 according to a literature procedure by oxidation
with m-CPBA (75 ± 88%).[20]


2-Phenylsulfonyl-cyclohexanone (7a): Starting with 6a (4.12 g, 20.0 mmol),
7awas prepared (3.62 g, 88%). 1H NMR (CDCl3, 250 MHz): �� 1.65 ± 2.10
(m, 3H; CH2), 2.25 (m, 2H; CH2), 2.35 ± 2.60 (m, 2H; CH2), 2.80 (m, 1H;
CH2), 3.83 (t, J� 6 Hz, 1H; CH), 7.50 ± 7.70 (m, 3H; Ph), 7.90 (d, J� 10 Hz,
2H; Ph); MS (EI, 70 eV): m/z (%): 238 (24) [M]� , 174 (68), 143 (100).


2-Phenylsulfonyl-5-methylcyclohexanone (7b): Starting with 6b (4.40 g,
20.0 mmol), 7b was prepared (4.03 g, 80%). 1H NMR (CDCl3, 250 MHz):
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�� 0.90 ± 1.10 (m, 3H; CH3), 1.75 (m, 1H), 1.80 ± 2.10 (m, 3H; CH2), 2.40 ±
2.80 (m, 3H; CH2), 3.76, 3.92 (2�m, 1H; CH), 7.45 ± 7.65 (m, 3H; Ph), 7.78,
7.95 (2� d, J� 10 Hz, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz, two
diastereomers): �� 21.15/21.72 (CH3), 25.62/25.95 (CH2), 28.93/31.33
(CH2), 33.62/33.71 (CH), 48.90/49.84 (CH2), 71.49/71.81 (CH), 128.21/
128.35, 128.70/129.11, 133.75/134.03 (CH), 137.84/138.08 (C), 201.09/202.22
(CO).


2-Phenylsulfonyl-5-butylcyclohexanone (7c): Starting with 6c (5.24 g,
20.0 mmol), 7c was prepared (4.59 g, 78%). 1H NMR (CDCl3, 250 MHz):
�� 0.90 (m, 3H; CH3), 1.28 (m, 6H; CH2), 1.70 ± 2.25 (m, 4H; CH, CH2),
2.45 ± 2.90 (m, 3H), 3.70 ± 4.30 (m, 1H; CH), 7.50 ± 7.70 (m, 3H; Ph), 7.75 ±
8.00 (m, 2H; Ph); MS (EI, 70 eV): m/z (%): 294 (10) [M]� , 230 (22), 152
(100).


2-Phenylsulfonyl-4-phenylcyclohexanone (7d): Starting with 6d (5.64 g,
20.0 mmol), 7d was prepared (4.71 g, 75%, two diastereomers). 1H NMR
(CDCl3, 250 MHz): �� 1.90 ± 2.35 (m, 3H; CH2), 2.40 ± 2.90 (m, 3H; CH2),
3.05, 3.76 (m, 1H; CH), 3.95, 3.35 (m, 1H; CH), 7.05 ± 7.35 (m, 6H; Ph),
7.45 ± 7.65 (m, 2H; Ph), 7.82, 8.05 (2�d, J� 9 Hz, 2H; Ph); 13C NMR
(CDCl3, 62.5 MHz): �� 29.83/32.44 (CH2), 33.19/33.38 (CH2), 37.23/46.46
(CH), 48.90/49.84 (CH2), 71.49/71.81 (CH), 126.27/126.35, 126.50/126.68,
128.09/128.34, 128.30/128.45, 128.96/129.17, 133.50/133.92 (CH), 137.41/
137.58, 142.54, 143.13 (C), 200.17/201.18 (CO); MS (EI, 70 eV): m/z (%):
314 (16) [M]� , 190 (22), 173 (100).


2-Phenylsulfonyl-4-tert-butylcyclohexanone (7e): Starting with 6e (5.24 g,
20.0 mmol), 7e was prepared (4.23 g, 72%, two diastereomers). 1H NMR
(CDCl3, 250 MHz): �� 0.86, 0.82 (2� s, 2� 9H; tBu), 1.20 ± 3.00 (m, 2�
7H; CH, CH2), 3.75, 3.90 ± 4.30 (m, 2� 1H; CH), 7.40 ± 8.00 (m, 2� 5H;
Ph); MS (EI, 70 eV):m/z (%): 294 (12) [M]� , 279 (18), 230 (20), 153 (100); a
small amount of unknown impurities could not be separated.


2-Phenylsulfonyl-4-methylcyclohexanone (7 f): Starting with 6 f (4.40 g,
20.0 mmol), 7 f was prepared (4.08 g, 81%, two diastereomers). 1H NMR
(CDCl3, 250 MHz): �� 0.95 ± 1.05 (2� d, 3H; CH3), 1.38, 1.70, 1.95 (3�m,
4H; CH2), 2.25 ± 2.75, 2.95 (m, 3H; CH, CH2), 3.75, 4.05 ± 4.25 (m, 1H;
CH), 7.45 ± 7.60 (m, 3H; Ph), 7.75, 7.90 ± 8.05 (2�m, 2� 1H; Ph); 13C NMR
(CDCl3, 62.5 MHz): �� 20.98/21.04, 26.86, 30.67/31.21, 34.70/34.43, 40.37/
41.62, 71.06/72.41, 128.17/128.45, 128.74/129.22, 129.78/130.02, 133.39/
133.83, 201.75/202.80 (CO); MS (EI, 70 eV): m/z (%): 252 (4) [M]� , 156
(100), 139 (81).


2-Phenylsulfonylpyran-4-one (7g): Starting with 6g (832 mg, 5.0 mmol), 7g
was prepared (912 mg, 76%). 1H NMR ([D6]acetone, 250 MHz): �� 2.41
(m, 1H; CH2), 2.90 (m, 1H; CH2), 3.75 ± 4.05 (m, 2H; CH, CH2), 4.15 (m,
2H; CH2), 4.65 (m, 1H; CH2), 7.55 ± 7.90 (m, 5H; Ph); 13C NMR (CDCl3,
62.5 MHz): �� 40.86 (CH2), 56.42 (CH), 68.26, 72.40 (CH2), 127.63, 128.99,
131.96 (CH), 132.25, 202.36 (C); MS (EI, 70 eV):m/z (%): 240 (6) [M]� , 125
(34), 99 (100).


Procedure for the synthesis of 7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexa-
hydro-2,3-benzofurans (8): Hexahydro-2,3-benzofurans 8 were prepared
according to the procedure given for the preparation of hexahydro-2,3-
benzofurans 3.


7-Phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran (8a):
Starting with sulfone 7a (800 mg, 3.36 mmol), 8a was isolated as a
colourless oil (444 mg, 45%). 1H NMR ([D6]acetone, 250 MHz): �� 1.05 ±
1.30 (m, 3H; CH2), 1.55 (m, 1H; CH2), 2.00 (m, 1H; CH2), 2.20 ± 2.60 (m,
3H; CH2), 2.75 (m, 1H; CH2), 4.80 (dt, J� 6 Hz, 1H; 2-H), 5.10 ± 5.40 (m,
2H; �CH2), 5.70 (m, 1H; CH�CH2), 7.50 ± 7.70 (m, 3H; Ph), 7.93 (d, J�
10 Hz, 2H; Ph); 13C NMR ([D6]acetone, 62.5 MHz): �� 22.26, 23.76, 26.82,
37.04, 41.52, 84.57, 105.83, 117.02, 127.08, 128.62, 132.36, 136.46, 143.70,
165.45; IR (KBr): �� � 3444 (br), 3077 (w), 2933 (m), 2854 (m), 1652 (s), 1446
(m), 1334 (m), 1286 (m), 1210 (m), 1147 (s), 1134 (s), 1087 (s), 1022
(m) cm�1; MS (EI, 70 eV): m/z (%): 290 (32) [M]� , 236 (100); elemental
analysis calcd (%) for C16H18O3S (290.4): C 66.18, H 6.25; found: C 65.85, H
6.19.


4-Methyl-7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(8b): Starting with sulfone 7b (562 mg, 2.23 mmol), 8b was isolated as a
colourless oil (312 mg, 46%). 1H NMR (CDCl3, 250 MHz): �� 0.82 (m,
1H; CH2), 0.95 (d, 3H; CH3), 1.10 ± 1.30 (m, 3H; CH, CH2), 1.80 (m, 1H;
CH2), 2.22 ± 2.38 (m, 2H; CH2), 2.57 (m, 1H; CH), 4.75 (m, 1H; 2-H),
5.10 ± 5.30 (m, 2H;�CH2), 5.58 (m, 1H; CH�CH2), 7.35 ± 7.50 (m, 3H; Ph),
7.88 (d, J� 9 Hz, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz): �� 19.66 (CH3),
23.79, 30.78 (CH2), 33.57 (CH), 35.71 (CH2), 48.21 (CH), 84.75 (CH), 105.58


(C), 117.91 (CH2), 127.05, 128.29, 132.26, 135.38 (CH), 142.40, 164.39 (C);
IR (KBr): �� � 3444 (br), 3077 (w), 2933 (m), 2854 (m), 1652 (s), 1446 (m),
1334 (m), 1286 (m), 1210 (m), 1147 (s), 1134 (s), 1087 (s), 1022 (m) cm�1;
MS (EI, 70 eV):m/z (%): 304 (68) [M]� , 250 (100), 235 (60), 163 (62); HR-
MS (EI, 70 eV): calcd for C17H20O3S; found: 304.1133� 2 mD [M]� .


4-Butyl-7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(8c): Starting with sulfone 7c (1.30 g, 4.42 mmol), 8c was isolated as a
colourless oil (610 mg, 40%). 1H NMR (CDCl3, 250 MHz): �� 0.78 (m,
3H; CH3), 1.05 ± 1.30 (m, 8H; CH2), 1.35, 1.90 (2�m, 2� 1H; CH2), 2.20 ±
2.40 (m, 3H; CH, CH2), 2.58 (m, 1H; CH2), 4.69 (m, 1H; 2-H), 5.05 ± 5.25
(m, 2H;�CH2), 5.55 (m, 1H; CH�CH2), 7.30 ± 7.50 (m, 3H; Ph), 7.85 (d, J�
9 Hz, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz): �� 13.62 (CH3), 22.47, 23.69,
27.68, 28.19, 33.52, 35.76 (CH2), 38.23, 46.83, 84.55 (CH), 105.47 (C), 117.63
(CH2), 126.85, 128.12, 132.08, 135.27 (CH), 142.31, 164.42 (C); IR (neat):
�� � 3467 (br), 3065 (w), 2955 (s), 2930 (s), 2860 (m), 1712 (m), 1656 (s), 1447
(s), 1306 (s), 1216 (m), 1147 (s), 1098 (m), 1083 (s) cm�1; MS (EI, 70 eV):
m/z (%): 346 (46) [M]� , 235 (78), 205 (100), 195 (96); HR-MS (EI, 70 eV):
calcd for C20H26O3S; found: 346.1603� 2 mD [M]� .


5-Phenyl-7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(8d): Starting with sulfone 7d (2.214 g, 7.04 mmol), 8d was isolated as a
colourless oil (1.026 g, 40%). 1H NMR (CDCl3, 250 MHz): �� 1.20 ± 1.60
(m, 2H; CH2), 1.80 ± 2.20 (m, 2H; CH2), 2.40 (m, 2H; CH2), 2.85 ± 3.00 (m,
2H; CH, CH2), 4.80 (m, 1H; 2-H), 5.15 ± 5.40 (m, 2H;�CH2), 5.70 (m, 1H;
CH�CH2), 7.10 ± 7.35 (m, 5H; Ph), 7.35 ± 7.60 (m, 3H; Ph), 7.95 (d, J�
10 Hz, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz): �� 27.44, 33.32 (CH2), 36.19
(CH), 36.25 (CH2), 36.37, 84.53 (CH), 104.78 (C), 118.10 (CH2), 126.09,
126.58, 127.04, 128.16, 128.42, 132.42, 135.17 (CH), 142.22, 143.75, 164.90
(C); IR (KBr): �� � 3442 (br), 3025 (w), 2976 (w), 2922 (m), 1722 (m), 1652
(s), 1446 (s), 1304 (s), 1217 (m), 1146 (s), 1133 (s), 1087 (s) (s) cm�1; MS (EI,
70 eV): m/z (%): 366 (100) [M]� , 312 (26), 262 (52), 225 (71); HR-MS (EI,
70 eV): calcd for C22H22O3S; found: 366.1290� 2 mD [M]� .


5-tert-Butyl-7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofu-
ran (8e): Starting with sulfone 7e (1.235 g, 4.20 mmol), 8e was isolated as a
colourless oil (0.465 g, 32%). 1H NMR (CDCl3, 250 MHz): �� 0.91 (s, 9H;
tBu), 1.15 ± 1.55 (m, 3H; CH2), 1.95 ± 2.20 (m, 2H; CH2), 2.30 (m, 1H; CH2),
2.60 ± 2.80 (m, 2H; CH, CH2), 4.75 (m, 1H; 2-H), 5.10 ± 5.30 (m, 2H;
�CH2), 5.55 (m, 1H; CH�CH2), 7.40 ± 7.60 (m, 3H; Ph), 7.96 (d, J� 10 Hz,
2H; Ph); 13C NMR (CDCl3, 62.5 MHz): �� 25.38 (CH2), 27.19 (CH3), 28.35
(CH2), 32.50 (C), 37.16 (CH2), 42.55, 44.60 (CH), 85.10 (CH), 118.04 (CH2),
127.25, 128.41, 132.33, 135.50 (CH), 142.63, 165.01 (C); IR (KBr): �� � 3483
(br), 3066 (w), 2962 (s), 2870 (m), 1719 (m), 1661 (m), 1478 (m), 1447 (m),
1397 (m), 1368 (m), 1306 (s), 1146 (s), 1084 (s) cm�1; MS (EI, 70 eV): m/z
(%): 346 (27) [M]� , 292 (7), 236 (100); HR-MS (EI, 70 eV): calcd for
C20H26O3S; found: 346.1602� 2 mD [M]� .


5-Methyl-7-phenylsulfonyl-2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzofuran
(8 f): Starting with sulfone 7 f (1.360 g, 5.39 mmol), 8 f was isolated as a
colourless oil (540 mg, 33%). 1H NMR (CDCl3, 250 MHz, two diaster-
eomers, 1:1): �� 0.85 ± 1.00 (m, 3H; CH3), 1.15, 1.60 ± 1.95, 2.10 ± 2.30,
2.35 ± 2.80 (4�m, 4� 2H; CH, CH2), 4.72 (m, 1H; 2-H), 5.05 ± 5.25 (m, 2H;
�CH2), 5.53 (m, 1H; CH�CH2), 7.30 ± 7.50 (m, 3H; Ph), 7.85 (m, 2H; Ph);
13C NMR (CDCl3, 62.5 MHz): �� 19.02/21.11 (CH3), 25.98/29.28 (CH),
30.14/31.96, 32.25/34.88, 36.62/36.72 (CH2), 36.14/41.92, 84.44/84.88 (CH),
104.53/105.20 (C), 117.77/117.87 (CH2), 126.82/126.87, 128.09/128.20, 132.17/
132.19, 135.24/135.27 (CH), 142.24/142.29, 164.09/164.99 (C); IR (KBr):
�� � 3463 (br), 2957 (m), 2928 (m), 1719 (m), 1654 (s), 1448 (m), 1323 (m),
1289 (s), 1212 (m), 1148 (s), 1138 (s), 1085 (s) cm�1; MS (EI, 70 eV): m/z
(%): 304 (50) [M]� , 250 (100); HR-MS (EI, 70 eV): calcd for C17H20O3S;
found: 304.1133� 2 mD [M]� .


8-Phenylsulfonyl-2-vinyl-2,3,3a,4,5,6,7-heptahydro-2,3-benzofuran (8h):
Starting with sulfone 7h (1.405 g, 5.57 mmol), 8h was isolated as a
colourless oil (805 mg, 48%). 1H NMR (CDCl3, 250 MHz, two diaster-
eomers, 3:1): �� 1.30 ± 1.50 (m, 2H; CH2), 1.70 ± 2.50 (m, 6H; CH, CH2),
2.90 ± 3.20 (m, 3H; CH, CH2), 3.89, 4.61 (2�m, 1H; 2-H), 4.85 ± 5.15 (m,
2H;�CH2), 5.40 ± 5.70 (m, 1H; CH�CH2), 7.35 ± 7.55 (m, 3H; Ph), 7.90 (d,
J� 10 Hz, 2H; Ph); 13C NMR (CDCl3, 62.5 MHz): �� 26.00/26.17, 26.38/
26.60, 29.11/29.66, 30.90/31.44, 36.14/37.08 (CH2), 43.24/44.20, 83.59/83.92
(CH), 110.59 (C), 115.43/116.17 (CH2), 126.52/126.56, 127.66/127.73, 131.53/
131.57, 135.14/135.48 (CH), 142.81/143.02, 169.46/169.79 (C); IR (KBr): �� �
3455 (br), 3064 (w), 2928 (s), 2856 (m), 1709 (m), 1633 (m), 1447 (s), 1305
(s), 1209 (m), 1143 (s), 1083 (m) cm�1; MS (EI, 70 eV): m/z (%): 304 (52)
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[M]� , 250 (100), 163 (82); HR-MS (EI, 70 eV): calcd for C17H20O3S; found:
304.1133� 2 mD [M]� .


Procedure for the synthesis of 1-phenylsulfonyl-7-vinylbicyclo [3.2.1]octan-
8-ones (9): Compounds 9 were prepared according to the procedure given
for the synthesis of bicyclo[3.2.1]octan-8-ones 4 (T� 60 �C, t� 14 h).


1-Phenylsulfonyl-7-vinylbicyclo[3.2.1]octan-8-one (9a): Starting with 8a
(168 mg, 0.58 mmol), 9a was isolated as a colourless oil (136 mg, 81%).
1H NMR (CDCl3, 250 MHz): �� 1.65 (m, 1H; 3-H), 1.75 (m, 1H; 6-H), 1.95
(m, 2H; 4-H), 2.18 (m, 1H; 3-H), 2.30 (m, 1H; 6-H), 2.45 (m, 1H; 5-H),
2.55 (m, 2H; 2-H), 3.49 (m, 1H; 7-H), 5.35 (dd, J� 14, J� 3 Hz, 2H;
�CH2), 6.32 (m, 1H; CH�CH2), 7.50 ± 7.70 (m, 3H; Ph), 8.02 (d, J� 9 Hz,
2H; Ph); 13C NMR ([D6]acetone, 62.5 MHz): �� 17.13, 26.91, 32.63, 36.09
(CH2), 37.60, 45.32 (CH), 74.06 (C), 117.70 (CH2), 128.44, 130.92, 133.87,
134.67 (CH), 136.43, 210.21 (C); IR (KBr): �� � 3447 (br), 2957 (w), 2928
(w), 1752 (s), 1446 (m), 1306 (s), 1142 (s), 1084 (m) cm�1; MS (EI, 70 eV):
m/z (%): 290 (32) [M]� , 236 (100); elemental analysis calcd (%) for
C16H18O3S (290.4): C 66.18, H 6.25; found: C 65.85, H 6.19.


4-Methyl-1-phenylsulfonyl-7-vinylbicyclo[3.2.1]octan-8-one (9b): Starting
with 8b (236 mg, 0.78 mmol), 9b was isolated as a colourless oil (182 mg,
77%). 1H NMR (CDCl3, 250 MHz): �� 0.85 (d, J� 9 Hz, 3H; CH3), 1.28
(dd, J� 6, J� 14 Hz, 1H; CH2), 1.75 (dd, J� 7, J� 14 Hz, 1H; CH2), 2.00 ±
2.50 (m, 6H; CH2), 3.35 (m, 1H; CH), 5.25 (m, 2H; �CH2), 6.26 (m, 1H;
CH�CH2), 7.45 ± 7.65 (m, 3H; Ph), 7.98 (d, J� 9 Hz, 2H; Ph); 13C NMR
(CDCl3, 62.5 MHz): �� 17.59 (CH3), 23.25, 27.92, 28.25 (CH2), 36.57, 41.13,
51.00 (CH), 73.57 (C), 117.59 (CH2), 128.37, 130.73, 133.80, 134.89 (CH),
136.24, 208.03 (C); IR (KBr): �� � 3475 (br), 3072 (m), 2959 (m), 2936 (m),
2875 (m), 1750 (s), 1448 (m), 1327 (m), 1304 (s), 1290 (s), 1152 (s), 1088
(s) cm�1; MS (EI, 70 eV): m/z (%): 304 (51) [M]� , 275 (100); elemental
analysis calcd (%) for C17H20O3S (304.4): C 67.07, H 6.62; found: C 66.85, H
6.51.


4-Butyl-1-phenylsulfonyl-7-vinylbicyclo[3.2.1]octan-8-one (9c): Starting
with 8c (207 mg, 0.60 mmol), 9c was isolated as a colourless oil (72 mg,
35%). 1H NMR (CDCl3, 250 MHz): �� 0.80 (m, 3H; CH3), 1.10 ± 1.30 (m,
6H; CH2), 1.42, 1.78 (2�m, 2� 1H; CH2), 2.04 (m, 2H; CH, CH2), 2.20 ±
2.50 (m, 4H; CH, CH2), 3.35 (m, 1H; CH), 5.30 (m, 2H;�CH2), 6.35 (m,
1H; CH�CH2), 7.50 ± 7.70 (m, 3H; Ph), 8.05 (d, J� 9 Hz, 2H; Ph); 13CNMR
(CDCl3, 62.5 MHz): �� 13.93 (CH3), 21.66, 22.42, 27.98, 28.60, 29.58, 31.24
(CH2), 36.88, 46.83, 49.23 (CH), 73.92 (C), 117.73 (CH2), 128.53, 130.95,
133.90, 135.04 (CH), 136.80, 208.35 (C); IR (KBr): �� � 3474 (br), 2961 (m),
2927 (m), 1749 (s), 1455 (m), 1300 (m), 1149 (s), 1088 (m) cm�1; MS (EI,
70 eV): m/z (%): 346 (76) [M]� , 317 (98), 289 (100); HR-MS (EI, 70 eV):
calcd for C20H26O3S; found: 346.1603� 2 mD [M]� .


3-Phenyl-1-phenylsulfonyl-7-vinylbicyclo[3.2.1]octan-8-one (9d): Starting
with 8d (146 mg, 0.40 mmol), 9d was isolated as a colourless oil (91 mg,
63%). 1H NMR (CDCl3, 250 MHz, endo/exo� 3.5:1): �� 1.90 ± 2.20 (m,
3H; CH2), 2.25 ± 2.45 (m, 2H; CH2), 2.58, 2.68 (2�m, 2� 1H; CH, CH2),
3.45, 3.58 (2�m, 2� 1H; CH, CH2), 5.20, 5.46 (2�m, 2H; �CH2, exo,
endo), 6.15, 6.45 (2�m, 1H; CH�CH2, exo, endo), 7.08 ± 7.35 (m, 5H; Ph),
7.50 ± 7.70 (m, 3H; Ph), 8.05 (d, J� 9 Hz, 2H; Ph); 13C NMR (CDCl3,
62.5 MHz, endo-isomer): �� 26.80 (CH3), 34.95, 37.24 (CH), 39.06, 42.31
(CH2), 44.82 (CH), 72.96 (C), 117.72 (CH2), 126.63, 126.75, 128.31, 128.36,
130.51, 133.78, 134.24 (CH), 136.27, 141.46, 209.45 (C); IR (KBr): �� � 3477
(br), 3061 (w), 3028 (w), 2951 (m), 2924 (m), 1750 (s), 1637 (m), 1601 (m),
1495 (m), 1446 (s), 1307 (s), 1286 (s), 1145 (s), 1978 (m) cm�1; MS (EI,
70 eV): m/z (%): 366 (80) [M]� , 261 (31), 225 (55), 91 (100); HR-MS (EI,
70 eV): calcd for C22H22O3S; found: 366.1290� 2 mD [M]� .
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Stereocontrolled Synthesis of Angularly Fused Tricyclic Ring Systems by
Means of 1-Metalla-1,3,5-hexatrienes (M�Cr, W)**
He-Ping Wu, Rudolf Aumann,* Roland Frˆhlich,� and Birgit Wibbeling[a]


Abstract: An efficient pathway for the
stereocontrolled synthesis of functional-
ized, angularly fused tricyclic ring sys-
tems from readily available (1-alkynyl)-
carbene complexes [(OC)5M�C(OEt)-
C�CR] (M�Cr, W; R�Ph, c-C6H9) is
described. The synthesis involves the
formation of a 1-metalla-1,3,5-hexa-
triene from the (1-alkynyl)carbene tung-
sten complex [(OC)5W�C(OEt)C�C-
c-C6H9] and a secondary amine, and its


thermally induced �-cyclization to a
tetrahydroindene, which undergoes a
spontaneous isomerization to another
tetrahydroindene. Condensation of
these tetrahydroindenes with pyran-2-
ylidene complexes derived from (1-al-


kynyl)carbene complexes [(OC)5M�C-
(OEt)C�CPh] (M�Cr, W) proceeds
smoothly giving angularly fused tricyclic
ring systems, rearrangement of which
may generate spiro(cyclopentane-1,1-in-
danes) as side products. The synthesis is
highly versatile and can be applied to the
formation of various ring systems, such
as steroid-type ring skeletons.


Keywords: annulation ¥ carbene
ligands ¥ cycloaddition ¥ steroids ¥
tungsten


Introduction


New strategies for the synthesis of angularly fused tricyclic
systems have gained considerable prominence recently as
these frameworks exist in many naturally occurring com-
pounds.[1] We became interested in employing 1-metalla-1,3,5-
hexatrienes for the construction of angularly fused
tri- and polycyclic ring systems. Earlier, we reported
on the application of (1-alkynyl)carbene complexes
[(CO)5M�C(OEt)C�CR] (M�W, Cr; R� aryl, alkenyl) as
stoichiometric reagents in high-yielding transformations of
potential use in organic synthesis.[2] Prominent examples
involve the formation of cyclopentadienes through the �-
cyclization of 1-metalla-1,3,5-hexatrienes,[3, 4] derived from (1-
alkynyl)carbene complexes, for example, by addition of
enamines[5] or various protic nucleophiles NuH (such as
R(R�CO)CH2,[6] R2NH,[7, 8] R2PH,[7] RC(�O)OH and
ROH,[9, 10] RC(�X)SH (X�O, NH, NR),[11] and
RSH[12]).[7, 13] The latter procedure was shown to be well


suited to the generation of highly reactive bicyclic cyclo-
pentadienes, such as tetrahydropentalenes[7, 8] or tetrahydroin-
denes.[8, 9] Additionally, it was found that pyran-2-ylidene
complexes, which are generated by condensation of (1-
alkynyl)carbene complexes with �-CH acidic carbonyl com-
pounds, undergo a cyclohexadiene annelation to electron-rich
alkene groups even under very mild conditions.[14] Keeping
these reactions in mind, we investigated the condensation of
pyran-2-ylidene complexes with tetrahydroindenes as a means
of generating angularly fused tricyclic ring systems.


Results and Discussion


Angularly fused tricyclic ring systems : Reaction of the (1-
alkynyl)carbene tungsten complex 1 with a secondary amine
2a ± 2d and a pyran-2-ylidene complex 3a or 3b affords
angularly fused tricyclic ring systems 4 [Eq. (1); for substitu-
ents and reaction conditions see Tables 1 and 2].
The reaction pathway (Scheme 1) involves addition of 2 to 1


to give a 1-tungsta-1,3,5-hexatriene 5, which undergoes �-
cyclization to a tetrahydroindene tungsten complex 6.[4, 7] A
tetrahydroindene 8 is obtained from 6 by ligand disengage-
ment with pyridine.[15] Tetrahydroindenes 8 have indeed been
trapped by cycloaddition reactions[15] as well as by rearrange-
ments.[8] They are notoriously unstable and readily undergo
isomerization to tetrahydroindenes 7 by 1,5-hydrogen migra-
tion.[15] It was shown by NMR spectroscopy that, for example,
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the tetrahydroindene 7a thus obtained reacts
smoothly with pyran-2-ylidene tungsten 3a to
give an angularly fused cyclohexadiene annela-
tion product 9a, even at 20 �C. The reaction
involves a [4�2] cycloaddition of the pyranyli-
dene unit to the enol ether unit and the
subsequent elimination of M(CO)6 by a retro-
Fischer reaction.[14b, 16] The dienophilic character
of the enol portion of the 1-amino-3-alkoxybu-
tadiene unit of 7a is enhanced by � conjugation
with an enamine moiety. Compound 9a was
detected as a transient intermediate and charac-
terized by NMR spectroscopy. It was found to
eliminate ethanol spontaneously, supposedly to
give an intermediate 10a, from which 4a is
derived by deprotection. Compound 4a was
isolated by chromatography on basic alumina,
without decomposition. Thermolysis of 4a re-
sults in smooth rearrangement by a 1,2-carbon
migration and aromatization to give the spiro
compound 12a. Compound 4a is the only
product if 7a is generated and subsequently
reacts with 3a or 3b at 20 �C; however, 12a may
be obtained as a side product in varying amounts


depending on the amino component and also on the reaction
conditions (Scheme 1).
Compound 4e could be obtained with stereoinduction


under the influence of (2S)-(2-methoxymethylene)pyrroli-
dine. The diastereomers (1S,9S)-4e and (1R,9R)-4e were
formed in a ratio of 4:1 [Eq. (2)]. This ratio corresponds to the
4:1 diastereomeric ratio of 7e under equilibrium conditions.[15]


Compounds 4, 9, 11, and 12 were characterized spectro-
scopically on the basis of DEPT, COSY, HMQC, and HMBC
experiments, and 4a also by a crystal structure analysis
(Figure 1). The bond lengths and bond angles are in line with
expectation.


Table 2. Compounds 4 ± 10, reaction conditions, and yields [see Eq. (1) and
Scheme 1].


4 ± 10 M Conditions[a] NR2 4/12/11[b] 11[c]


a W A NMe2 54/27/0 35
a W B NMe2 83/0/0 ±
a Cr B NMe2 75/0/0 ±
b W A morpholino 0/63/13 65
b W B morpholino 64/14/7 ±
c W A piperidino 28/56/0 ±
c W B piperidino 81/0/0 ±
d W B pyrrolidino 86/0/0 ±
e W B (2S)-MMP[d] 84/0/0 ±


[a] A: compounds 5 were heated with compounds 3 to 65 �C; B:
tetrahydroindenes 7 were generated at 65 �C and compounds 3 were added
subsequently. [b] Chemical yields [%] of products isolated by chromatog-
raphy on basic alumina. [c] Isolated by chromatography on silica gel.
[d] (2S)-MMP� (2S)-(2-methoxymethylene)pyrrolidino.


Scheme 1. Reaction pathway leading to compounds 4.
Table 1. Compounds 2 and 3.


Compound NR2 M


2a NMe2 ±
2b morpholino ±
2c piperidino ±
2d pyrrolidino ±
2e (2S)-MMP[a] ±
3a ± W
3b ± Cr


[a] (2S)-(�)2-(Methoxymethylene)pyrrolidino.
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Figure 1. Molecular structure of 4a. Selected bond lengths [ä] and angles
[o]: C1�C2 1.478(3), C1�C13 1.513(3), C2�C3 1.373(3), C3�C4 1.447(3),
C4�C5 1.355(3), C5�C6 1.418(3), C5�C13 1.518(3), C6�C7 1.368(3),
C7�N18 1.364(3), C7�C8 1.518(3), C8�C9 1.538(3), C8�C13 1.557(3),
C9�C10 1.520(3), C10�C11 1.514(4), C11�C12 1.516(3), C12�C13 1.563(3);
C2-C1-C13 114.31(18), C3-C2-C1 118.9(2), C2-C3-C4 120.7(2), C5-C4-C3
120.3(2), C4-C5-C6 132.2(2), C4-C5-C13 120.0(2), C6-C5-C13 107.8(2), C7-
C6-C5 110.4(2), N18-C7-C6 126.5(2), N18-C7-C8 122.3(2), C6-C7-C8
111.2(2), C7-C8-C9 118.6(2), C7-C8-C13 101.8(2), C9-C8-C13 115.3(2),
C10-C9-C8 115.6(2), C11-C10-C9 110.6(2), C10-C11-C12 109.0(2), C11-
C12-C13 112.9(2), C1-C13-C5 110.2(2), C1-C13-C8 117.4(2), C5-C13-C8
103.42(2), C1-C13-C12 108.9(2), C5-C13-C12 105.6(2), C8-C13-C12
110.7(2).


Steroid-related angularly fused ring systems : The procedure
for generation of angularly fused ring systems requires readily
available starting components. The synthesis is highly versa-
tile and can be applied to the formation of various ring
systems. For example, a hydrobenzo[14,15]-14�-19-norste-
roid[17] skeleton 14 was easily obtained by reaction of 9,10-
dihydro-2H-benzo[d]chromen-2-ylidene complexes 13[14b]


with tetrahydroindenes 7 [Eq. (3) for substituents and reac-
tion conditions, see Table 3]. The reactions at 20 �C of 7b with


13, readily generated from [(OC)5M�C(OEt)C�CPh] (M�
Cr,W) and 2-tetralone, produced 14b, which could be isolated
as crystals because of its poor solubility. Reaction of 5b with


the pyran-2-ylidene complex 13 and
pyridine at 65 �C provides a 1:3 mix-
ture of 14b and 18b. Attempts to
isolate 18b by chromatography on
silica gel resulted in formation of the
ketone 17 (Scheme 2).
Compounds 14, 17, and 18 were


characterized by 1H and 13C NMR
spectra on the basis of DEPT, COSY,
HMQC, and HMBC experiments. The
structure of 17 was confirmed by
crystal structure analysis (Figure 2).


Conclusion


The reaction of 1with 2 and 3 provides
an efficient entry to the generation of
angularly fused tricyclic ring systems 4
from readily available starting compo-
nents. It has also been applied suc-
cessfully to the synthesis of, for exam-
ple, a hydrobenzo[14,15]-14�-19-nor-
steroid skeleton 14 from 1 and 13.


Table 3. Compounds 14 ± 18, conditions and yields [see Eq. (3) and
Scheme 2].


14 ± 18 NR2 Conditions[a] 14/18 17


a NMe2 B [b] ±
b morpholine B 76/0[c] ±
b morpholine A 21/62[c] 58[d]


[a] A: compounds 5 were heated with compounds 3 to 65 �C; B:
tetrahydroindene 7 was formed at 65 �C and reacted subsequently with
compounds 3. [b] A 1:1 ratio of 14a and [W(pyridine)(CO)5] was observed
in the NMR spectra. [c] Chemical yields [%] of products isolated by
chromatography on basic alumina. [d] Isolated by chromatography on silica
gel.


Scheme 2. Diastereoselectivity of the formation of 4e induced by (2S)-(2-methoxymethylene)pyrroli-
dine ((2S)-MMP; 2e).
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Experimental Section


All operations were carried out under an argon atmosphere. All solvents
were dried and distilled before use. All 1H and 13C NMR spectra were
routinely recorded on Bruker ARX300 and AM360 instruments. COSY,
HMQC, HMBC, and NOE experiments were performed on Varian 400 or
600 Hz instruments. IR spectra were recorded on a Biorad Digilab
Division FTS-45 FT-IR spectrophotometer. Elemental analyses were
determined on a Perkin ±Elmer 240 Elemental Analyzer. Analytical
TLC plates, Merck DC-Alufolien Kieselgel 60F240, were viewed by UV
light (254 nm) and stained with iodine. Rf values refer to TLC tests.
Pentacarbonyl(3-cyclohexenyl-1-ethoxy-2-propyn-1-ylidene)tungsten (1)
was prepared according to reference [7]. Pentacarbonyl(5-acetyl-6-meth-
yl-4-phenyl-2H-pyran-2-ylidene)tungsten (3a), -chromium (3b), and pen-
tacarbonyl(4-phenyl-9,10-dihydro-2H-benzo[d]chromen-2-ylidene)tung-
sten (13) were prepared according to reference [16].


3-Acetyl-8-dimethylamino-2-methylene-4-phenyltricyclo[7.4.0.01,6]deca-
3,5,7-triene (4a), 3-acetyl-8-dimethylamino-6-ethoxy-2-methyl-4-phenyl-
tricyclo[7.4.0.01,6]deca-2,4,7-triene (9a), 6-acetyl-2-dimethylamino-7-meth-
yl-5-phenylspiro(cyclopentane-1,1-indane) (12a), and 6-acetyl-7-methyl-5-
phenylspiro[cyclopentane-1,1-indan]-2-one (11): Dimethylamine (2a)
(23 mg, 0.50 mmol) in toluene (1 mL) at 0 �C [corresponding to 1/10 of a
solution of dimethylamine (230 mg) in toluene (10 mL)] was added
dropwise to 1 (243 mg, 0.50 mmol) in toluene (1 mL) in a 2 mL screwtop
vessel. The point of equivalence was indicated by a color change from
brown to yellow. Pyridine (40 mg, 0.50 mmol) was added, and the solution
was stirred at 65 �C for 2 h to give the tetrahydroindene derivative 7a.
Addition of 3a (268 mg, 0.50 mmol) at 20 �C led to precipitation of most of
the [W(CO)6], which was removed after 30 min by centrifugation. 1H NMR


spectroscopy in [D8]toluene immediately after addition of 3a to 7a at 0 �C
showed signals of 4a and 9a in a ratio of approximately 1:1 as the only
detectable products besides [W(pyridine)(CO)5]. Compound 4a was
purified by fast chromatography on basic alumina (column 2� 15 cm).
Elution with n-pentane/dichloromethane (3:1) gave yellow [W(pyridine)-
(CO)5]. Subsequent elution with diethyl ether/dichloromethane (1:1)
afforded 4a (143 mg, 83%, m.p. 115 �C). Compound 9a was not stable
under the chromatographic conditions. Reaction of 7awith 3b as described
above gave a 1:1 mixture of 4a (total yield approximately 75%) and
pentacarbonyl(pyridine)chromium, but, according to the 1H NMR spec-
trum, no other products. Reaction of (3E)-5a (266 mg, 0.50 mmol) with 3a
(268 mg, 0.50 mmol) and pyridine (40 mg, 0.50 mmol) in toluene (2 mL) in
a 2 mL screwtop vessel at 65 �C for 2.5 h gave a 2:1 mixture of 4a and 12a
(140 mg, 81%, 4a/12a� 2:1) together with pentacarbonyl(pyridine)tungs-
ten. The compounds could be separated by chromatography on alumina
(column 2� 10 cm), but chromatography on silica gel with n-pentane/
dichloromethane (2:1) gave 11 {55 mg, 35%, Rf� 0.5 in n-pentane/
dichloromethane (2:1), m.p. 159 �C) by hydrolysis of 12a.


Data for 4a : 1H NMR (400 MHz,
C6D6): �� 7.36 and 7.15 (m, 2:3H;
C6H5), 5.74 (s, 1H; 5-H), 5.54 and
5.23 (s, each 1H; �CH2), 5.22 (s, 1H;
7-H), 2.71 (m, 1H; 9-H), 2.43 (s, 6H;
N(CH3)2), 1.90 (s, 3H; COCH3), 1.87
and 1.70 (m, each 1H), 1.85 and 1.24
(m, each 1H), 1.48 and 1.18 (m, 2H),
1.40 and 1.25 (m, each 1H) (10-CH2 to
13-CH2); 13C NMR (400 Hz, C6D6): �� 204.7 (Cq, C�O), 167.0 (Cq, C8),
161.4 (Cq, C6), 148.6, 142.3, 139.6, and 129.2 (Cq, Ci, C2 ±C4), 128.7, 128.6,
and 127.8 (CH, 2:2:1, C6H5), 110.7 (�CH2), 106.6 (CH, C5), 102.9 (CH, C7),
49.0 (Cq, C1), 47.5 (CH, C9), 40.9 (N(CH3)2), 31.9 (COCH3), 35.4, 24.3, 22.9,
and 18.6 (CH2, C10 ±C13); IR (KBr): �� � 1699.0 cm�1 (100) (C�O); MS
(70 eV): m/z (%): 345 (100) [M]� , 302 (95) [M� 43]� ; elemental analysis
calcd (%) for C24H27NO (345.2): C 83.44, H 7.88, N 4.05; found: C 82.96, H
7.72, N 3.79; X-ray crystal structure analysis: formula C24H27NO, M�
345.47, red crystals 0.25� 0.20� 0.05 mm, a� 13.326(4), b� 8.634(2), c�
16.719(4) ä, �� 98.59(2)�, V� 1902.1(9) ä3, �calcd� 1.206 gcm�3, ��
5.58 cm�1, empirical absorption correction from � scan data (0.873�T�
0.973), Z� 4, monoclinic, space group P21/c (No. 14), 	� 1.54178 ä, T�
223 K, 
/2� scans, 4013 reflections collected (�h, � k, � l), [(sin�)/	]�
0.62 ä�1, 3878 independent (Rint� 0.035) and 2507 observed reflections
[I� 2�(I)], 239 refined parameters, R� 0.053, wR2� 0.146, max/min
residual electron density 0.28/� 0.24 eä�3, hydrogen atoms calculated
and refined as riding atoms.[18]


Data for 12a : 1H NMR (C6D6): ��
7.45 and 7.12 (m, 2:3H; C6H5), 6.92 (s,
1H; 4-H), 5.26 (s, 1H; 3-H), 2.49 (s,
6H; N(CH3)2), 2.32 (s, 3H; 7-CH3),
2.28 ± 1.85 (m, 8H; 2�-CH2 to 5�-CH2),
1.87 (s, 3H; COCH3); 13C NMR
(C6D6): �� 207.0 (Cq, C�O), 167.4
(Cq, C2), 148.5, 145.7, 142.6, 138.2,
136.7, and 127.3 (Cq; Ci, C3a, C7a,
C5 ±C7), 129.4, 128.6, and 127.8 (CH,
2:2:1, C6H5), 117.1 (CH, C4), 100.4 (CH, C3), 60.9 (Cq, C1), 41.8 (N(CH3)2),
32.9 (COCH3), 34.4 and 28.1 (2CH2, C2� ±C5�), 16.1 (7-CH3).


Data for 9a : 1H NMR (400 MHz,
C6D6): �� 7.32 and 7.10 (m, 2:3H;
C6H5), 5.97 (s, 1H; 5-H), 4.16 (s, 1H;
7-H), 3.58 and 3.40 (m, each 1H;
diastereotopic 6-OCH2), 2.75 (dd,
1H; 9-H), 2.45 (s, 6H; N(CH3)2), 1.90
(s, 3H; 2-CH3), 2.04 and 1.54 (m, each
1H), 2.03 and 1.22 (m, each 1H), 1.95
(m, 2H), 1.88 and 1.70 (m, each 1H)
(10-CH2 to 13-CH2), 1.60 (s, 3H; COCH3), 1.14 (t, 3H; OCH2CH3), 0.87 (t,
3H; OCH2CH3); 13C NMR (400 MHz, C6D6): �� 205.3 (Cq, C�O), 162.1
(Cq, C8), 144.1, 142.1, 135.4, and 132.9 (Cq, Ci, C2 ±C4), 128.5, 127.8, and
127.3 (CH, 2:2:1, C6H5), 128.5 (CH, C5), 92.2 (CH, C7), 89.8 (Cq, C6), 56.4
(6-OCH2), 52.8 (Cq, C1), 45.7 (CH, C9), 39.7 (N(CH3)2), 31.1 (COCH3),
30.0, 26.5, 25.2, and 24.9 (CH2, C10 ±C13), 16.1 (OCH2CH3), 15.6 (2-CH3).


Figure 2. Molecular structure of the steroid-related compound 17. Selected
bond lengths [ä] and angles [o]: C1�C2 1.533(2), C1�C5 1.564(2), C2�C3
1.515(3), C3�C4 1.529(2), C4�C5 1.562(2), C5�C21 1.520(2), C5�C6 1.5352,
C6�O1 1.207(2), C6�C7 1.513(2), C7�C8 1.505(2), C8�C9 1.380(2),
C8�C21 1.401(2), C9�C10 1.393(2), C10�C11 1.417(2), C11�C20 1.417(2),
C11�C12 1.493(2), C12�C17 1.408(2), C17�C18 1.506(2), C18�C19
1.530(2), C19�C20 1.513(2), C20�C21 1.395(2); C2-C1-C5 106.3(1), C3-
C2-C1 104.7(1), C2-C3-C4 103.2(1), C3-C4-C5 104.3(1), C21-C5-C6
102.2(1), C21-C5-C4 114.7(1), C6-C5-C4 106.3(1), C21-C5-C1 117.8(1),
C6-C5-C1 111.0(1), C4-C5-C1 104.5(1), O1-C6-C7 124.8(1), O1-C6-C5,
125.1(1), C7-C6-C5 110.1(1), C8-C7-C6 103.4(1), C9-C8-C21 120.6(1), C9-
C8-C7 128.1(1), C21-C8-C7 111.3(1), C8-C9-C10 120.7(1), C9-C10-C11
119.5(1), C10-C11-C20 119.4(1), C10-C11-C12 123.4(1), C20-C11-C12
117.3(1), C17-C12-C11 118.5(1), C12-C17-C18 117.9(1), C17-C18-C19
109.4(1), C20-C19-C18 109.8(1), C21-C20-C11 119.5(1). C21-C20-C19
122.6(1), C11-C20-C19 117.9(1), C20-C21-C8 120.0(1), C20-C21-C5
128.8(1), C8-C21-C5 111.2(1).
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Data for 11: 1H NMR (400 MHz,
C6D6): �� 7.36, 7.16, and 7.11 (m,
2:2:1H; C6H5), 6.75 (s, 1H; 4-H),
3.20 (s, 2H; 3-CH2), 2.14 (s, 3H;
7-CH3), 1.95 and 1.67 (m, each 4H;
2�-CH2 to 5�-CH2), 1.79 (s, 3H;
COCH3); 13C NMR (C6D6): �� 218.7
(Cq, C2), 206.1 (Cq, COCH3); 144.8,
143.0, 140.9, 137.5, and 129.7 (Cq,


1:1:1:2:1, Ci, C3a, C7a, C5 ±C7); 129.7, 128.8, and 127.8 (CH, 2:2:1,
C6H5), 123.8 (CH, C4), 60.6 (Cq, C1), 41.6 (CH2, C3), 32.2 (COCH3), 36.9
and 27.5 (2CH2, C2� ±C5�), 15.7 (7-CH3); IR (KBr): �� � 1741.2, 1694.9 cm�1


(C�O); MS (70 eV): m/z (%): 318 (80) [M]� , 303 (100) [M� 15]� ;
elemental analysis calcd (%) for C22H22O2 (318.4): C 82.99, H 6.96; found:
C 82.72, H 6.84.


3-Acetyl-2-methylene-4-phenyl-8-morpholinotricyclo[7.4.0.01,6]deca-3,5,7-
triene (4b) and 6-acetyl-7-methyl-5-phenyl-2-morpholinospiro(cyclopen-
tane-1,1-indane) (12b): Reaction of 1a (243 mg, 0.50 mmol) with morpho-
line (2b) (44 mg, 0.50 mmol) as described above gave 7b, which reacted
with 3a (268 mg, 0.50 mmol) to give a mixture (approximately 3:1:4) of 4b,
12b, and [W(pyridine)(CO)5] according to an 1H NMR spectrum. Fast
chromatography on basic alumina (column 2� 15 cm) with n-pentane/
dichloromethane (4:1) gave a yellow band of [W(pyridine)(CO)5], a
fraction containing 12b and 11 (38 mg, 21%, 12b/11� 2:1), and finally with
diethyl ether/dichloromethane (1:1) a fraction with 4b (124 mg, 64%, m.p.
128 �C). A 3:1:4 mixture of 4b, 12b, and [W(pyridine)(CO)5] in [D6]ben-
zene at 65 �C for 30h was transformed into a 1:10:10 mixture of 4b, 12b, and
[W(pyridine)(CO)5] as shown by 1H NMR spectra. Compound (3E)-5b
(286 mg, 0.5 mmol), pyran-2-ylidene complex 3a (268 mg, 0.50 mmol), and
pyridine (40 mg, 0.50 mmol) reacted as described above to give a mixture
(approximately 1:20:20) of 4b, 12b, and [W(pyridine)(CO)5] as indicated
by 1HNMR spectra. Chromatography on basic alumina (column 2� 15 cm)
yielded a mixture of 12b and 11 (142 mg, 76%, 12b/11� 5:1), from which
11 (103 mg, 65%) could be isolated by chromatography on silica gel
(column 2� 15 cm) with n-pentane/dichloromethane (2:1).


Data for 4b : 1H NMR (C6D6): �� 7.44 and 7.10 (m, 2:3H; C6H5), 5.93 (s,
1H; 5-H), 5.71 and 5.29 (br s, each 1H;�CH2), 5.25 (s, 1H; 7-H), 3.41 (m,
4H; 2OCH2), 2.66 (dd, J� 3.6, 5.8 Hz, 1H; 9-H), 2.40 (m, 4H; 2NCH2),
1.94 (s, 3H; COCH3); 1.90 (m, 1H), 1.80 (m, 1H), 1.60 (m, 2H), 1.38 (m,
1H), 1.20 (m, 3H) (10-CH2 to 13-CH2); 13C NMR (C6D6): �� 204.5 (Cq,
C�O), 165.3 (Cq, C8), 159.5 (Cq, C6); 148.2, 141.9, 138.2, and 129.5 (Cq, Ci,
C2 ±C4), 128.7 and 127.8 (CH, 4:1, C6H5), 112.0 (�CH2), 109.2 (CH, C5),
105.1 (CH, C7), 66.2 (2OCH2), 50.0 (2NCH2), 48.4 (Cq, C1), 46.8 (CH, C9),
31.9 (COCH3); 34.8, 24.3, 23.4, and 18.5 (CH2, C10 ±C13); IR (KBr): �� �
1698.6 cm�1 (C�O); MS (70 eV): m/z (%): 387 (100) [M]� ; elemental
analysis calcd (%) for C26H29NO2 (387.2): C 80.57, H 7.55, N 3.62; found: C
80.40, H 7.45, N 3.47.


Data for 12b : 1H NMR (400 MHz, C6D6): �� 7.45 and 7.14 (m, 2:3H;
C6H5), 6.99 (s, 1H; 4-H), 5.47 (s, 1H; 3-H), 3.52 (m, 4H; 2OCH2), 2.74 (m,
4H; 2NCH2), 2.33 (s, 3H; 7-CH3), 2.22 and 1.96 (m, each 2H), 1.95 and 1.80
(m, each 2H; 2�-CH2 to 5�-CH2), 1.86 (s, 3H; COCH3); 13C NMR (400 MHz,
C6D6): �� 207.0 (Cq, C�O), 168.3 (Cq, C2), 148.3, 144.5, 142.2, 138.6, 138.0,
and 127.1 (Cq, Ci, C3a, C7a, C5 ±C7); 129.7, 128.7, and 127.5 (CH, 2:2:1,
C6H5), 118.3 (CH, C4), 105.3 (CH, C3), 68.7 (2OCH2), 61.1 (Cq, C1), 51.0
(2NCH2), 32.8 (COCH3), 34.3 and 27.9 (2CH2, C2� ±C5�), 16.0 (7-CH3).


3-Acetyl-2-methylene-4-phenyl-8-piperidinotricyclo[7.4.0.01,6]deca-3,5,7-
triene (4c) and 6-acetyl-7-methyl-5-phenyl-2-piperidinospiro(cyclopen-
tane-1,1-indane) (12c): Tetrahydroindene 7c, which was prepared as
described above from 1a (243 mg, 0.50 mmol) and piperidine (2c)
(42 mg, 0.50 mmol), was treated with 3a (268 mg, 0.50 mmol) to give a
1:1 mixture of 4c with [W(pyridine)(CO)5] according to 1H NMR spectra.
Fast chromatography on alumina (column 2� 15 cm) with n-pentane/
dichloromethane (4:1) gave [W(pyridine)(CO)5], then with diethyl ether/
dichloromethane (1:1) afforded 4c (156 mg, 81%, m.p. 151 �C). Reaction of
(3E)-5c (285 mg, 0.50 mmol) with 3a (268 mg, 0.50 mmol) and pyridine
(40 mg, 0.50 mmol) as described above gave a 1:2:3 mixture of 4c, 12c, and
[W(pyridine)(CO)5] according to 1H NMR spectra. Fast chromatography
on basic alumina (column 2� 10 cm) with n-pentane/dichloromethane/
diethyl ether (1:1:1) gave a mixture of 4c and 12c (156 mg, 83%, 4c/12c�
1:2).


Data for 4c : 1H NMR (C6D6): �� 7.39 and 7.11 (m, 2:3H; C6H5), 5.83 (s,
1H; 5-H), 5.61 and 5.32 (s, each 1H;�CH2), 5.28 (s, 1H; 7-H), 2.70 (m, 1H;
9-H), 2.80 and 2.63 (m, each 2H; 2NCH2), 1.91 (s, 3H; COCH3); 1.85 (m,
2H), 1.67 (m, 1H), 1.51 (m, 2H), 1.32 (m, 9H) (10-CH2 to 13-CH2, 3CH2
piperidino); 13C NMR (C6D6): �� 204.6 (Cq, C�O), 166.5 (Cq, C8), 160.9
(Cq, C6), 148.5, 142.2, 138.9, and 129.6 (Cq, Ci, C2 ±C4), 128.9, 128.6, and
127.8 (CH, 2:2:1, C6H5), 111.4 (�CH2), 107.6 (CH, C5), 104.0 (CH, C7), 50.5
(2NCH2), 48.5 (Cq, C1), 47.2 (CH, C9), 31.9 (COCH3), 35.0, 24.5, 23.4, and
18.7 (CH2, C10 ±C13), 25.6 and 24.3 (2:1CH2, 3CH2 piperidino); IR (KBr):
�� � 1699.0 (C�O), 1699.3 cm�1 (C�O); MS (70 eV): m/z (%): 385.2 (100)
[M]� ; elemental analysis calcd (%) for C27H31NO (385.2): C 84.10, H 8.11,
N 3.63; found: C 83.92, H 7.99, N 3.40.


Data for 12c : 1H NMR (C6D6): �� 7.44 and 7.11 (m, 2:3H; C6H5), 6.95 (s,
1H; 4-H), 5.51 (s, 1H; 3-H), 2.85 (m, 4H; 2NCH2), 2.21 (s, 3H; 7-CH3), 2.21
and 1.95 (m, each 2H), 1.94 and 1.81 (m, each 2H) (2�-CH2 to 5�-CH2), 1.32
(m, 6H; 3CH2 piperidino), 1.85 (s, 3H; COCH3); 13C NMR (C6D6): ��
207.0 (Cq, C�O), 168.9 (Cq, C2), 148.2, 145.2, 142.4, 137.9, and 126.9 (Cq,
1:1:1:2:1, Ci, C3a, C7a, C5 ±C7), 129.5, 128.6, and 127.4 (CH, 2:2:1, C6H5),
117.8 (CH, C4), 103.9 (CH, C3), 61.3 (Cq, C1), 51.2 (2NCH2), 32.8
(COCH3), 34.7 and 28.0 (2CH2, C2� ±C5�), 26.1 and 24.4 (2:1CH2
piperidino), 16.0 (7-CH3).


3-Acetyl-2-methylene-4-phenyl-8-pyrrolidinotricyclo[7.4.0.01,6]deca-3,5,7-
triene (4d) and 6-acetyl-7-methyl-5-phenyl-2-pyrrolidinospiro(cyclopen-
tane-1,1-indane) (12d): Tetrahydroindene 7d, which was prepared as
described above from 1a (243 mg, 0.50 mmol) and pyrrolidine (2d) (36 mg,
0.50 mmol), subsequently reacted with 3a (268 mg, 0.50 mmol) to give a
mixture (approximately 1:1) of 4d with [W(pyridine)(CO)5] as indicated by
1H NMR spectra. Fast chromatography on basic alumina (column 2�
15 cm) gave [W(pyridine)(CO)5] and 4d (159 mg, 86%, m.p. 150 �C).


Data for 4d : 1H NMR (C6D6): �� 7.48 and 7.10 (m, 2:3H; C6H5), 5.84 (s,
1H; 5-H), 5.82 and 5.41 (s, each 1H;�CH2), 5.11 (s, 1H; 7-H), 2.76 (m, 1H;
9-H), 2.78 (m, 4H; 2 NCH2), 1.98 (s, 3H; COCH3), 2.07 (m, 1H), 1.87 (m,
1H), 1.71 (m, 2H), 1.48 (m, 2H), 1.37 (m, 3H) 1.22 (m, 3H) (10-CH2 to 13-
CH2, 2CH2 pyrrolidino); 13C NMR (C6D6): �� 204.0 (Cq, C�O), 163.5 (Cq,
C8), 162.0 (Cq, C6); 148.8, 142.8, 140.7, and 129.3 (Cq, Ci, C2 ±C4), 128.8,
128.5, and 128.3 (CH, 2:2:1, C6H5), 109.8 (�CH2), 105.2 (CH, C5), 99.4 (CH,
C7), 49.8 (2NCH2), 49.2 (Cq, C1), 48.0 (CH,C9), 32.1 (COCH3), 35.3, 24.1, 22.6,
and 18.9 (CH2, C10±C13), 25.6 (2CH2 pyrrolidino); IR (KBr): ��� 1700.4 cm�1;
MS (70 eV): m/z (%): 371 (100) [M]� ; elemental analysis calcd (%) for
C26H29NO (371.2): C 84.06, H 7.87, N 3.77; found: C 84.24, H 7.62, N 3.51.


3-Acetyl-2-methylene-4-phenyl-8-[(2S)-2-(methoxymethyl)pyrrolidino]tri-
cyclo[7.4.0.01,6]deca-3,5,7-triene ((1S,9S)-4e and (1R,9R)-4e): Tetrahy-
droindene 7e, prepared as described above from 1a (243 mg, 0.50 mmol)
and 2e (58 mg, 0.50 mmol), subsequently reacted with complex 3a (268 mg,
0.50 mmol) to give a mixture (approximately 4:1:5) of (1S,9S)-4e, (1R,9R)-
4e, and [W(pyridine)(CO)5] as indicated by 1H NMR spectra. Fast
chromatography on basic alumina (column 2� 15 cm) gave [W(pyridine)-
(CO)5], (1S,9S)-4e, and (1R,9R)-4e (174 mg, 84%).


Data for (1S,9S)-4e {(1R,9R)-4e}: 1H NMR (C6D6): �� 7.46 and 7.12 {7.45
and 7.12} (m, 2:3H; o-,m-, p-H C6H5), 5.77 {5.81} (s, 1H , 5-H), 5.76 and 5.38
{5.76 and 5.38} (s, each 1H;�CH2), 5.26 {5.19} (s, 1H; 7-H), 3.58 {3.74} (m,
1H; NCH), 3.29 and 3.12 {3.29 and 3.13} (m, each 1H; OCH2), 3.07 {3.07}
(m, 2H; NCH2), 3.08 {3.05} (s, 1H; OCH3), 2.81 {2.81} (b, 1H; 9-H), 2.97
{2.97} (m, 1H), 1.95 {1.95} (m, 1H), 1.82 ± 1.62 {1.82 ± 1.62} (m, 1H), 1.55 ±
1.22 {1.55 ± 1.22} (m, 7H) (10-CH2 to 13-CH2, 2CH2 pyrrolidino), 1.95 {1.96}
(s, 3H; COCH3); 13C NMR (C6D6): �� 204.1 {203.9} (Cq, C�O), 163.1
{162.0} (Cq, C8), 161.8 {161.6} (Cq, C6), 148.8 {148.8}, 142.6 {142.8}, 140.2
and 129.1 {140.8 and 129.3} (Cq, Ci, C2 ±C4); 128.8, 128.5, and 127.8 {128.8,
128.5, and 127.8} (2:2:1, o-, m-, p-C C6H5), 110.1 {109.2} (�CH2), 105.9
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{105.5} (CH, C5), 101.1 {100.0} (CH, C7), 73.1 {72.6} (OCH2), 59.9 {60.6}
(NCH), 58.9 {58.8} (OCH3), 50.8 {49.8} (NCH2), 49.0 {49.0} (Cq, C1), 48.7
{47.9} (CH, C9), 32.2 {32.0} (COCH3); 35.5, 24.2, 22.6, and 18.8 {35.2, 23.2,
22.5, and 19.2} (CH2, C10 ±C13), 29.3 and 24.7 {28.7 and 24.3} (2CH2
pyrrolidino); IR (KBr): �� � 1699.8 cm�1 (C�O); MS (70 eV): m/z (%): 415
(100) [M]� ; elemental analysis calcd (%) for C28H33NO2 (415.6): C 80.93, H
8.00, N 3.37; found: C 80.74, H 7.92, N 3.56.


4-Phenyl-1,2(3,3a)-(1-dimethylamino-3a,4,5,6,7,7a-hexahydro-3H-indeno)-
phenanthrene (14a): Tetrahydroindene 7a (0.50 mmol), prepared as
described above, reacted with 13 (291 mg, 0.50 mmol) at 20 �C for 30 min
to give a 1:1 mixture of 14a with [W(pyridine)(CO)5] as indicated by
1H NMR spectra. Fast chromatography on basic alumina (column 2�
15 cm) gave 14a.


Data for 14a : 1H NMR (400 MHz, C6D6): �� 7.40 and 7.10 (m, 2:3H;
C6H5), 7.09 (m, 2H; 5-, 8-H), 6.89 and 6.72 (t, each 1H; 6-, 7-H), 6.05 (m,


1H; 10-H), 5.88 (s, 1H; 3-H), 5.25 (s,
1H; 2�-H), 3.50 (m, 2H; 9-CH2), 2.84
(d, 1H; 7�a-H), 2.39 (m, 6H;
N(CH3)2), 2.00 (m, 1H), 1.71 (m,
1H), 1.45 (m, 2H), 1.15 (m, 4H) (4�-
CH2 to 7�-CH2); 13C NMR (400 MHz,
C6D6): �� 165.2 (Cq, C1�), 158.3 (Cq,
C2); 145.4, 144.5, 136.5, 136.0, and
133.8 (Cq, 1:1:1:1:2, Ci, 4, 4a, 4b, 8a,
10a), 130.0, 128.6, and 127.8 (CH,


2:2:1, C6H5), 129.5 and 126.9 (CH, C6, C7), 125.1 and 125.2 (CH, C5,
C8), 120.4 (CH, C10), 110.8 (CH, C3), 103.9 (CH, C2�), 48.1 (Cq, C1), 47.4
(CH, C7�a), 41.2 (N(CH3)2), 33.3 (CH2, C9), 33.9, 24.4, 23.5, and 19.1 (CH2,
C4� ±C7�); MS (70 eV): m/z (%): 391 (100) [M]� .


4-Phenyl-1,2(3,3a)-(1-morpholino-3a,4,5,6,7,7a-hexahydro-3H-indeno)-
phenanthrene (14b), 4-phenyl-1,2(4,5)-spiro[cyclopentane-1,1-(2-morpho-
lino)cyclopentadieno]phenanthrene (18b), and 4-phenyl-1,2(4,5)-spiro[cy-
clopentane-1,1-(2-oxocyclopenteno)]phenanthrene (17): Tetrahydroin-
dene 7b (0.50 mmol), prepared as described above, reacted with 13
(291 mg, 0.50 mmol) at 20 �C for 30 min. The solvent was removed, and the
residue was washed three times with diethyl ether/n-pentane (1:1) (2 mL
each time), dissolved in dichloromethane (2 mL), and separated by
fast chromatography on basic alumina (column 2� 15 cm) with di-
chloromethane/diethyl ether (1:1) to give 14b (164 mg, 76%, m.p.
194 �C). Reaction of (3E)-5b (286 mg, 0.50 mmol) with 13 (291 mg,
0.50 mmol) and pyridine (40 mg, 0.50 mmol) at 65 �C for 3 h gave a
mixture of 14b and 18b (180 mg, 83%, 14b/18b� 1:3), which was
separated on silica gel with n-pentane/dichloromethane (1:1) to give 17
(105 mg, 58%, m.p. 188 �C).


Data for 14b : 1H NMR (400 MHz, CDCl3): �� 7.24 (m, 5H; C6H5), 7.11,
6.96, and 6.74 (m, 1:1:2H; 5-H ± 8-H), 6.18 (t, J� 4.5 Hz, 1H; 10-H), 5.77 (s,
1H; 3-H), 5.26 (d, J� 1.4 Hz, 1H; 2�-H), 3.78 (m, 4H; 2 OCH2), 3.54 (d, J�
5.0 Hz, 2H; 9-CH2), 3.14 and 2.87 (m, each 2H; 2NCH2), 2.92 (d, J�
5.9 Hz, 1H; 7�a-H), 2.06 and 1.84 (m, each 1H), 1.74 and 1.05 (m, each 1H),
1.58 and 1.20 (m, each 1H) and 1.15 (m, 2H) (4�-CH2 to 7�-CH2); 13C NMR
(400 MHz, C6D6): �� 163.8 (Cq, C1�), 156.8 (Cq, C2), 144.2, 143.5, 135.7,
135.6, 132.6, and 121.0 (Cq; Ci, 4, 4a, 4b, 8a, 10a), 129.5, 128.2, and 126.5
(CH, 2:2:1, C6H5), 129.0 and 127.3 (CH, C6, C7), 125.5 and 124.7 (CH, C5,
C8), 121.1 (CH, C10), 111.9 (CH, C3), 105.1 (CH, C2�), 66.4 (2OCH2), 50.0
(2NCH2), 47.1 (Cq, C1), 46.3 (CH, C7�a), 33.0 (CH2, C9), 32.9, 24.0, 23.3,
and 18.8 (CH2 each, C4� ±C7�); MS (70 eV): m/z (%): 433 (100) [M]� ;
elemental analysis calcd (%) for C31H31NO (433.2): C 85.87, H 7.21, N 3.23;
found: C 85.68, H 7.12, N 3.05.


Data for 18b : 1H NMR (400 MHz,
CDCl3): �� 7.24 (m, 5H; C6H5); 7.10,
6.96, and 6.74 (m, 1:1:2H; 5-H ± 8-H),
7.0 (s, 1H; 3-H), 5.66 (s, 1H; 3�-H), 3.79
(m, 4H; 2OCH2), 3.06 (m, 4H;
2NCH2), 2.80 (m, 4H; 9-H, 10-CH2),
2.10 (m, 8H) (2��-CH2 to 5��-CH2);
13C NMR (400 MHz, C6D6): �� 167.8
(Cq, C2�), 145.9 (Cq, C2), 142.2, 138.9,
138.7, 134.9, 133.4, and 120.5 (Cq; Ci, 4,
4a, 4b, 8a, 10a), 129.7, 128.2, and 126.6
(CH, 2:2:1, C6H5), 130.2 and 128.4


(CH, C6, C7), 125.3 and 125.1 (CH, C5, C8), 126.2 (CH, C3), 105.7 (CH,
C3�), 66.9 (2OCH2), 60.6 (Cq, C1�), 51.0 (2NCH2), 34.8 and 27.7 (2CH2,
C2� ±C5�), 29.6 and 26.3 (CH2, C9, C10).


Data for 17: 1H NMR (400 MHz,
C6D6): �� 7.28, 7.14, and 7.12
(2:2:1H; C6H5); 7.10 (m, 2H; C5,
C8), 6.93 (s, 1H; 3-H), 6.95 and 6.77
(dt, each 1H; 6-H, 7-H), 3.26 (s, 2H;
3�-H), 2.65 and 2.51 (m, each 2H; 9-H,
10-CH2), 2.02 and 1.76 (m, each 4H;
2��-CH2 to 5��-CH2), 13C NMR
(400 MHz, C6D6): �� 219.1 (Cq,
C2�), 144.0 (Cq, C2), 143.1, 139.6,
139.2, 136.4, 135.8, 134.6, and 133.7
(Cq, Ci, C1, C4, C4a, C4b, C8a, C10a), 130.0, 128.7, and 127.3 (CH, 2:2:1,
C6H5), 126.5 (CH, C3), 60.5 (Cq, C1�), 41.6 (CH2, C3�), 37.2 and 27.6 (2CH2,
C2� ±C5�), 29.8 and 26.5 (CH2, C9, C10); IR (KBr): �� � 1741.6 cm�1; MS
(70 eV):m/z (%): 364 (100) [M]� ; elemental analysis calcd (%) for C27H24O
(364.2): C 88.97, H 6.64; found: C 88.79, H 6.51; X-ray crystal structure
analysis: formula C27H24O, M� 364.46, light yellow crystal 0.15� 0.15�
0.15 mm, a� 8.389(1), b� 12.283(1), c� 18.895(1) ä, �� 97.08(1)�, V�
1932.1(3) ä3, �calcd� 1.253 gcm�3, �� 0.74 cm�1, empirical absorption cor-
rection by SORTAV (0.989�T� 0.989), Z� 4, monoclinic, space group
P21/c (No. 14), 	� 0.71073 ä, T� 198 K, 
 and  scans, 8482 reflections
collected (�h, � k, � l), [(sin�)/	]� 0.68 ä�1, 4844 independent (Rint�
0.038) and 3614 observed reflections [I� 2�(I)], 253 refined parameters,
R� 0.055, wR2� 0.120, max/min residual electron density 0.22/
� 0.19 eä�3, hydrogen atoms calculated and refined as riding atoms.[18]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-166191 and
CCDC-166192. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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ACuboctahedral Supramolecular Capsule by 4:4 Self-Assembly of
Tris(ZnII-cyclen) and Trianionic Trithiocyanurate in Aqueous Solution at
Neutral pH (Cyclen� 1,4,7,10-Tetraazacyclododecane)
Shin Aoki,[a] Motoo Shiro,[b] and Eiichi Kimura*[a]


Abstract: A 1:1 mixture of a tris(ZnII-
cyclen) (1: [Zn3L1], L1� 1,3,5-tris-
(1,4,7,10-tetraazacyclododecan-1-ylmeth-
yl)benzene) and trithiocyanuric acid
(TCA) yielded a 4:4 self-assembly com-
plex [(Zn3L1)4-(TCA3�)4] (6) through
the formation of ZnII�S� coordination
bonds and hydrogen bonds between
1,3,5-triazine N and cyclen NH (cy-
clen� 1,4,7,10-tetraazacyclododecane);
the supramolecular capsule structure
was revealed by X-ray crystal structure
analysis. The capsule exterior represents
a twisted cuboctahedral framework con-
taining a nanoscale truncated tetrahe-
dral cavity. The crystal data: for-
mula C144H308N72O58S12Zn12 (6[NO3]12 ¥
22H2O), Mr� 5145.75, cubic, space
group F432 (No. 209), a� 39.182(1) ä,
V� 60153(3) ä3, Z� 8, R� 0.100, Rw�
0.259. Lipophilic organic molecules with
the matching sizes, for example, ([D4]-
2,2,3,3)-3-(trimethylsilyl)propionic acid
(TSP), 1-adamantanecarboxylic acid,
2,4-dinitrophenol (2,4-DNP), adaman-


tane (ADM), or the tetra-n-propylam-
monium (TPA) cation, are encapsulated
in the inner cavity, as revealed by
remarkable upfield shifts of the
1H NMR signals of these guest mole-
cules. The encapsulation of ADM was
confirmed by X-ray crystal structure
analysis. Crystal data of the ADM-
encapsulating complex: formula
C154H334N72O63S12Zn12 (6-ADM[NO3]12 ¥
27H2O), Mr� 5372.06, cubic, space
group F432 (No. 209), a� 39.061(1) ä,
V� 59599(3) ä3, Z� 8, R� 0.103, Rw�
0.263. The 4:4 self-assembly was stabi-
lized by incorporation of one of these
guest molecules. The apparent 4:4
self-assembly constants for 6 in the
presence of an excess amount of a
guest TPA, logKapp (Kapp� [6-TPA]/


[1]4[TCA]4) (��7)), were determined to
be 34.0� 2.0 and 35.5� 3.0 by potentio-
metric pH and UV spectrophotometric
titrations, respectively. An apparent en-
capsulation constant for 2,4-DNP,
logKenc (Kenc� [6-2,4-DNP]/[6][2,4-
DNP] (��1)), was 6.0� 0.1 at pH 7.0
(50m� HEPES with I� 0.1 (NaNO3)),
as determined by UV titrations. The
lipophilicity of the inner cavity was close
to that of 2-propanol, as a quantum yield
(�) of 0.24� 0.1 for the fluorescent
emission of 7-diethylaminocoumarin-1-
carboxylic acid (20��) in the capsule
was close to the � of 0.22 found for
2-propanol. Encapsulation properties of
the present ZnII-containing cage have
been compared with those of cyclodex-
trins and Fujita×s PdII-containing supra-
molecular cage. The exterior chirality of
the 4:4 complex was controlled from
within by an encapsulated chiral guest
molecule, 2,10-camphorsultam, as indi-
cated by Cotton effects in the circular
dichroism spectra.


Keywords: host ± guest systems ¥
molecular recognition ¥ nanostruc-
tures ¥ supramolecular chemistry ¥
zinc


Introduction


Supramolecular architectures formed by artificial self-assem-
bly of small molecules under equilibrium conditions have


great potential for selective guest inclusion, involving molec-
ular recognition, or for new organic reaction sites.[1] While
supramolecular chemistry in aprotic media is common and
well developed, self-assembly in aqueous solution is not so
extensively exploited except for a few cases in which metal ±
ligand coordination bonds are exploited.[2±4] Furthermore,
quantitative evaluations of supramolecular complexation and
recognition mechanisms, particularly in aqueous solution,
have been almost nonexistent.


We have found that bonding between imide anions and the
fifth coordination sites of ZnII ± cyclen complexes (cyclen�
macrocyclic tetraamine 1,4,7,10-tetraazacyclododecane) is a
new effective method to construct reversible and yet stable
supramolecular complexes in aqueous solution.[5±7] Very
recently, we observed that a trimeric ZnII ± cyclen complex
linked with a 1,3,5-trimethylbenzene spacer (1: [Zn3L1], L1�
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dures for isolation of 6-3-NP, 6-(4-NP)�, 6-(2,4-DNP)�, and 6-
((1S,2R,4R)-CST) complexes; and 1H spectra (aromatic region) of 6-
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1,3,5-tris(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene)[8]


quantitatively bound cyanuric acid (CA) to form a 2:3
sandwich-like supramolecular complex (2 : [(Zn3L1)2-
(CA2�)3]) at neutral pH and a 4:4 cage complex (3 :
[(Zn3L1)4-(CA3�)4]) at basic pH, as determined by X-ray
crystallography (Scheme 1).[7] The potentiometric pH titra-
tion supported the deprotonation of the two NHs from CA
and stability of the resulting complex 2 with its speciation of
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�98%, when 1 (�1.0m�) and CA (�1.5m�) were mixed
aqueous solution at pH 6. At higher pH (�11), further
deprotonation from the third imide NH apparently occurred
to yield the novel 4:4 supramolecular complex 3. The exterior
framework of 3 can be schematically represented as a
cuboctahedron 4, which is composed of two types of triangles,
tetrahedrally facing, linked together through four rectangular
spaces with the twelve ZnII locating at twelve vertices. Inside
is a hollow, which can be visualized as a highly symmetrical
truncated tetrahedron 5 and was thought to offer a good guest
inclusion site. However, it was found that the isolated 3
collapsed into 2 and 1 in aqueous solution at neutral pH.


For construction of a more robust supramolecular cage in
practical conditions, we now have replaced CA with trithio-
cyanuric acid (TCA) (Scheme 2). A possible advantage of
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TCA over CA is that its three deprotonation constants (pKa)
are lower than those for CA, so that the anionic TCA3�


species could be attained at lower pH.[9] Another advantage
would be that once formed TCA3� tends to aromatize to a
1,3,5-triazine structure and the anions localize on the exocy-
clic sulfur atoms; this permits strong ZnII-S� interactions.[10]


Herein we present a new and interesting supramolecular
capsule 6 formed by self-assembly of four molecules each of 1
and TCA3� reversibly encapsulating a variety of hydrophobic
and cavity-size-matched guest molecules in neutral aqueous
solution.[11]


Results and Discussion


Deprotonation constants of trithiocyanuric acid (TCA): The
three deprotonation constants of TCA at 25 �C and I� 0.1
(NaNO3), defined by Equations (1) ± (3), were determined to
be 5.12� 0.05 (pK1), 8.24� 0.05 (pK2), and 11.69� 0.05 (pK3)
by our potentiometric pH titrations under the reaction
conditions for the following supramolecular complexation.[9]


These values are lower than those found for CA (pK1� 6.85,
pK2� 10.91, and pK3� 12).[7]


TCA�TCA��H� K1� [TCA�]aH�/[TCA] (1)


TCA��TCA2��H� K2� [TCA2�]aH�/[TCA�] (2)


TCA2��TCA3��H� K3� [TCA3�]aH�/[TCA2�] (3)


Isolation and structure of the 4:4 supramolecular cage 6 :
Slow evaporation of a solution of 1[NO3]6 ¥H2O ¥ 0.5EtOH,[8]


TCA, and NaNO3 in aqueous solution (pH 8.0 adjusted by
NaOH) yielded fine colorless prisms. The elemental analysis
was consistent with a 1:1 stoichiometry of 1 and TCA3� with
3NO3


� counteranions.
The 4:4 complex structure 6 was determined by X-ray


crystal structure analysis. The crystal data are summarized in
the Experimetnal Section. Figures 1a and b are space-filling
drawings of 6 viewed along the C3 and C2 symmetry axes,
respectively. Four molecules of 1 are displayed in light green,
green, light blue, and blue. The 1,3,5-triazine rings of TCA3�


are orange with yellow exocyclic sulfur anions. The exterior
diameter of 6 is 2.4 ± 2.5 nm. The coordination mode around
TCA3� is shown in Figures 1c and d. Each triangular TCA3�


links to three ZnII ± cyclen moieties through ZnII�S� coordi-
nation bonds (average length is 2.3 ä) and N ¥¥¥H�N hydro-
gen bonds (average length between two nitrogens is 2.9 ä).
Since the three C-S-ZnII bonds around all of the four TCA3�


units in 6 are bent by 100� in a clockwise fashion or in a
counterclockwise fashion, 6 is a chiral supermolecule. The red
dot in Figure 1d indicates one of the C3 axes perpendicular to
the center of 1,3,5-triazine ring of TCA3� unit; this axis
coincides with one of four C3 axes of 6.


The exterior frame of 6 may be visualized as a twisted (to
right or left) cuboctahedon 7.[7, 12] In Figure 1e, four tetrahe-
drally placed pink triangles represent 1 (pink balls at three
triangle vertices are three ZnII ions in 1) and another
tetrahedral set of four yellow triangles represent TCA3�. In
between, there are four rectangular planes. Cage 6 (or 7)
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Figure 1. a, b) Space-filling drawings of the three-dimensional supramo-
lecular complex 6 formed by 4:4 self-assembly of 1 and TCA and viewed
a) along a C3-symmetry axis and b) along a C2-symmetry axis. The four
molecules of 1 are light green, green, light blue, and blue, the 1,3,5-triazine
rings of TCA3� are orange, and the sulfur ions are yellow. All NO3


� and
H2O are omitted; c, d) Ball and stick and graphical representation of
bonding mode around TCA3� in 6 ; e) The exterior framework of 6 is
represented as a twisted cuboctahedron 7made of four triangular faces of 1
(purple triangles) and four triangular faces of TCA3� units (yellow
triangles). For clarity, cyclen rings are omitted. A green framework 8 is
the inner cavity of 6, as presented by a twisted truncated tetrahedron.


contains a distinct inner space, which is separated from the
outer space by the four phenyl rings and four TCA3�. The
framework of the inner cavity is represented as a green
polyhedron 8 (Figure 1e); this polyhedron is screwed clock-
wise at the four small triangles with respect to 5. The interior
space is about 12 äwide and about 9 ä high.[13] There are four
rectangular pores (2� 1 ä) at each edge of the tetrahedral
framework.


Encapsulation of guests in the supramolecular cage 6 : An
interesting property of 6 is the encapsulation of organic guest
compounds; we coincidentally discovered this property while
measuring the 1H NMR spectrum of 6 in the presence of
([D4]-2,2,3,3)-3-(trimethylsilyl)propionic acid (TSP, for its
structure, see Figure 3 later) as an internal standard reference


in D2O (at pD 7.0� 0.2 and 35 �C). Figure 2a shows a very
broad singlet for aromatic protons (all equivalent) of 1
(1.0m�) at �� 7.45 with a TSP peak at �� 0.00 in solution at
pD 7.0. A solution of crystalline 6 in D2O (1.0m�) in the
absence of TSP gave a 1H NMR spectrum in which upfield


Figure 2. 1H NMR spectral changes in D2O at 35 �C; a) 1.0m� 1 � 1.0m�
internal TSP at pD 7.0, b) 1.0m� 6 at pD 7.0, c) 1.0m� 6 � 2.0m� internal
TSP at pD 7.0, d) 0.5m� ADCA at pD 7.0, e) 0.5m� ADCA � 0.5m� 6 at
pD 7.0, f) spectrum obtrained by addition of 0.5m� TSP to the solution
used to obtain the spectrum e, g) 1.0m� ADM in CDCl3, h) 1.0m� 6
encapsulating equimolar ADM in D2O at pD 7.0.


shifts for the aromatic protons to a multiplet at �� 7.1 ± 7.2
were observed (Figure 2b); this might indicate several 1:1
(1:TCA) stoichiometric complex species equilibrating in
aqueous solution. Addition of two equivalents of TSP
(2.0m�) rendered these multiplet aromatic protons to a
sharp singlet at �� 7.11 (Figure 2c), indicating convergence to
a sole 4:4 species 6. In Figure 2c, half of the protons (9H) of
TSP dramatically shift upfield to ���1.97, a fact that
suggests that one equimolar TSP was encapsulated in the
inner cavity of 6 and is shielded from magnetic field by the
surrounding aromatic rings. The remaining nine protons (as
free TSP) stayed at the original �� 0.0. These facts together
imply that the 4:4 assembly 6 becomes thermodynamically
stable by inclusion of an equimolar amount of guest TSP.[14]


Moreover, the observation that the 1H singlet of the free TSP
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and that of the encapsulated TSP appear as two distinct peaks
indicates that the TSP-encapsulated complex is kinetically
inert at least on the NMR timescale (400 or 500 MHz).[7, 15±17]


The cavity 8 can also accommodate a molecule of 1-ada-
mantanecarboxylic acid (ADCA) at pD 7.0; this was shown by
an analogous upfield shift from �� 1.7 ± 2.1 for free ADCA
(Figure 2d) to ���0.63 ± 0.11 for the included species (Fig-
ure 2e). To see competition of ADCA and TSP for the cavity
8, an equimolar amount of TSP was added to the solution that
was used to obtain the psectrum shown in Figure 2e. The
spectral change (Figure 2f) indicated that about half of the
included ADCA was freed and that half of TSP went into 8 ;
this fact implyies that the inclusion of ADCA and TSP is
reversible, with both guests having similar inclusion affinities.
We observed similar upfield shifts�� for adamantane (ADM)
(see Figure 2g and h), 3-nitrophenol (3-NP), 4-nitrophenol (4-
NP), 2,4-dinitrophenol (2,4-DNP), 2,4,6-collidine (2,4,6-
CLD), 7-diethylaminocoumarin-3-carboxylic acid (DEACC),
(S)-ibuprofen ((S)-IBP), [D]camphor ([D]CP), (1S,2R,4R)-
2,10-camphorsultam ((1S,2R,4R)-CST),[18] congressane (di-
adamantane, CGS),[19] (1R,2S,5S)-(�)-menthoxyacetic acid
((1R,2S,5S)-MAA), the tetraethylammonium (TEA) cation,
and the tetra-n-propylammonium (TPA) cation in D2O at
pD 7.0� 0.2 and 35 �C (for structures and �� values, see
Figure 3).[20, 21] On the other hand, amantadine (AMT, 1-ami-
noadamantane), (1S)-camphorsulfonic acid ((1S)-CSA), the
tetramethylammonium (TMA) cation, and the tetra-n-butyl-
ammonium (TBA) cation did not show such 1H upfield shifts,
indicating that these were not included.


To account for the requirements for these guests in 8, we
tested partition of the potential guest molecules (2.0m�) from
a D2O solution (pD 7.0� 0.2) into 1-octanol (D2O:1-
octanol� 1:1 (v/v)). As summarized in Table 1, the non-
guests AMT,[22] (1S)-CSA, and TMA remained more in
aqueous phase, while the guest molecules were better
partitioned into the organic phase. Judging from the pKa


values for the acid ± base functions of the organic molecules
tested (Figure 3), the guests are either anionic (�CO2


�) or
neutral, while the non-guests are cationic (�NH3


�). The
lipophilic tetra-n-butylammonium (TBA) cation and tetra-
phenylborate (TPB) anion were not encapsulated, possibly
because of their steric bulkiness. Therefore, it was concluded
that the supramolecular capsule 6 with cationic exterior
accommodates neutral or anionic hydrophobic molecules or
size-matched quartenary ammonium molecules.[23]


Crystal structure of the 6 ± adamantane (6-ADM) inclusion
complex : The 1:1 6-ADM complex was crystallized out from
the mixed solution at pH 8.0. The single-crystal X-ray
structure has proven the encapsulation of ADM in the
matching size of the inner cavity 8. The crystal data are
summarized in the Experimental Section.[24] Figure 4a is a
space-filling drawing of the central core of the 6-ADM
complex. The guest ADM (red) is surrounded by the four
phenyl rings of 1 (light green, green, light blue, and blue) from
one set of triangular tetrahedral faces and by the four TCA3�


aromatic rings (orange) from the other set of tetrahedral
faces. As shown in Figure 4b (a blue phenyl ring from the front
is omitted for clarity), the four cyclohexane rings framing


Figure 3. Organic guest molecules with the �� values (ppm) upon
encapsulation in D2O at pD 7.0� 0.2 and 35 �C. ([a] The � values are
compared with those of free guests in CDCl3. [b] Approximate �� values
are listed due to difficult assignment of peaks or broadening peaks of the
included guests).


Table 1. The encapsulation of organic molecules in 6 (� inner cavity 8).


organic molecule encapsulation
in 6[a,d]


logKenc
[b,d] partition to


1-octanol (%)[c,d]


TSP yes 5.7[e] 34
ADCA yes 5.5[e] 35
AMT no ± negligible
ADM yes n.d.[f] n.d.
4-NP yes 5.2[g] n.d.
2,4-DNP yes 6.0[g] 21
DEACC yes 6.1[g] n.d.
2,4,6-CLD yes n.d. 17
TMA no ± negligible
TEA yes n.d. 15 (13)[h]


TPA yes 5.4[e] 11 (12)[h]


TBA no ± 12
(1S,2R,4R)-CST yes n.d. � 97
(1S)-CSA no ± negligible


[a] Determined by 1H NMR experiments in D2O at pD 7.0� 0.2. [b] De-
termined by UV titrations in D2O at pD 7.0 (50m� HEPES with I� 0.1
(NaNO3)) and 25 �C. For definition, see the text and ref. [30]. [c] Partition
yields from D2O solution (initial concentration of compounds were 2m�
and initial pD×s were 7.0� 0.2) into 1-octanol (D2O:1-octanol� 1:1 (v/v)).
Experimental errors are� 3%. [d] The experiments were repeated twice or
three times. [e] Experimental errors are� 0.3. [f] n.d.� not determined.
[g] Experimental errors are� 0.1. [h] Values in parentheses are partition
yields in the presence of 200m� NaCl.
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Figure 4. a) Space-filling drawing of central core of the 6-ADM complex,
showing ADM in red surrounded by four (light blue, blue, light green, and
green) phenyl rings from the cyclen ligand ™tetrahedron∫ and more
remotely by the four TCA3� rings; b) Each of four cyclohexane rings that
constitute the ADM molecule face a phenyl ring (the forefront phenyl ring
is omitted for clarity).


ADM squarely face the tetrahedrally surrounding phenyl
rings.


An interesting finding of the 6-ADM complex was that
ADM, unlike ADCA, was not liberated from the cavity upon
addition of two equivalents TSP in D2O at pD 7.0 and 35 �C.[25]


Alternatively, when the 6-TSP complex was stirred with
excess ADM (added as insoluble solids) at pD 7.0 and 35 �C,
the encapsulated TSP was completely displaced by ADM. It
was concluded that the 6-ADM complex is kinetically and/or
thermodynamically more stable than the 6-TSP complex.[26]


Determination of the 4:4 self-assembly constants by poten-
tiometric pH and UV spectrophotometric titrations : We
examined the pH-dependent self-assembly of 1 (1.0m�) with
TCA (1.0m�) by potentiometric pH titrations in the presence
of excess tetra-n-propylammonium (TPA) bromide[27] at 25 �C
with I� 0.1 (NaNO3). Figure 5a shows the titration curves for
1, TCA, and 1 � TCA in the absence and presence of TPA.
The last titration curve (curve d) indicates that all the three
protons of TCA were deprotonated by pH 6. Note that the
complete deprotonation of TCA alone required pH� 12 (see
Scheme 2). Analysis of the last pH titration curve with the
program BEST[28] gave a fit to the 4:4 complexation scheme
with a log Kapp value [defined by Eqs. (4) ± (6)] of 34.0� 2.0 at
pH 7.0. In the absence of TPA, the third deprotonation of
TCA occurred as well, but analysis for the 4:4 complex
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Figure 5. a) The pH titration curves for a) 1.0m� 1, b) 1.0m� TCA,
c) 1.0m� 1� 1.0m� TCA, and d) 1.0m� 1 � 1.0m� TCA � 1.0m� TPA
at 25 �C with I� 0.10 (NaNO3); b) Speciation diagram calculated for 1.0m�
1/1.0m� TCA/1.0m� TPA mixture as a function of pH at 25 �C with I�
0.10 (NaNO3). For clarity, the species less than 5% were omitted.


scenario was not successful. Figure 5b is a pH-dependent
speciation diagram for a mixture of 1 (1.0m�) and TCA
(1.0m�) in the presence of TPA (1.0m�) and demonstrates
that the 4:4 supramolecular capsule 6 (including a TPA guest)
is formed in over 95% yield at 6.3� pH� 8.7.


Kapp� [6-TPA]/[1]4[TCA]4 (��7) (4)


[1]� [1 ¥ (H2O)3]free� [1 ¥ (H2O)2(HO�)]free
� [1 ¥ (H2O)(HO�)2]free� [1 ¥ (HO�)3]free


(5)


[TCA]� [TCA]free� [TCA�]free� [TCA2�]free� [TCA3�]free (6)


The UV spectrophotometric titration of TCA (30�� ;
�max� 283 nm, �� 4.1� 104��1 cm�1 and �max� 323 nm, ��
2.8� 104��1 cm�1 at pH 7.0) with 1 was conducted in the
presence of TPA (0.1m�) in HEPES[29] (50m�, pH 7.0 with
I� 0.1 (NaNO3) at 25 �C, as shown in Figure 6. The inset is the
decreasing �323 with increasing 1 (where equiv(1) is the
number of equivalents of 1 against TCA) from which log Kapp


was calculated to be 35.5� 3.0, which is close to the value
determined by the above potentiometric pH titration.


Determination of the encapsulation constants of guest
molecules : The UV spectrophotometric titrations of 4-NP,
2,4-DNP, 2,4,6-TNP, and DEACC (all 50��) with 6 at pH 7.0
(50m� HEPES with I� 0.1 (NaNO3)) and 25 �C were carried
out to determine the 1:1 host ± guest complexation constants.
Figure 7 represents the titration of 2,4-DNP (50��) with 6,
which was prepared in situ by adding TCA (0 ± 0.1m�) to a
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Figure 6. UVabsorption spectral change of TCA (30��) upon addition of
1 in the presence of TPA (0.1m�) in HEPES (50m�, pH 7.0 with I� 0.1
(NaNO3) at 25 �C. The inset shows decreasing absorbances at 323 nm (�323)
upon addition of 1.


Figure 7. The UV titration of 2,4-DNP (50��) with 6 in aqueous solution
at pH 7.0 (50m� HEPES with I� 0.1 (NaNO3)) and 25 �C. The inset is
increasing absorbance at 445 nm (�445) by addition of 6, from which the
encapsulation constant, Kenc, of 2,4-DNP with 6 was calculated.


large excess of 1 (1.0m�) (so that 6 is formed almost
quantitatively). From the increasing curve of �445 as shown
in the inset, the apparent encapsulation constant, logKenc


[defined by Eq. (7)[30]] of 2,4-DNP in 6 was calculated to be
6.0� 0.1. The host 6 had negligible UV absorption above
400 nm. Similarly, the logKenc values of 4-NP, 2,4,6-TNP, and
DEACC were determined and are summarized in Table 1.


Kenc� [6-guest]/[6][guest] (��1) (7)


An unexpected finding was that the UV absorption
spectrum of the encapsulated 2,4-DNP showed a 22 ± 27 nm
bathochromic (red) shift with respect to that of the free 2,4-
DNP. It is suspected that 2,4-DNP, which has highly electron-
deficient moieties, may form � ±� stacks with the aromatic
groups of 6 or may be somehow in a more conjugated form.
The encapsulation constants of TSP, ADCA, and TPA in 6
were estimated by the competitive displacement of 2,4-DNP
by these guests at pH 7.0 (50m� HEPES with I� 0.1
(NaNO3)) and 25 �C. The results are listed in Table 1.[31]


Measurement of hydrophobicity of the inner cavity 8 : On the
basis of the guest molecular recognition properties of 6, we
concluded that the inner cavity 8 should be hydrophobic. Its
hydrophobicity was qualitatively measured by the fluores-


cence intensity of the encapsulated fluorophore 7-diethyl-
aminocoumarin-1-carboxylic (DEACC, 20��) at pH 7.0
(10m� HEPES with I� 0.1 (NaNO3)) and 25 �C. Empirically,
the emission intensity of DEACC increases in more hydro-
phobic environment.[32] The excitation of free DEACC (see
Figure 3 for structure) at 374 nm (the isosbestic absorption
point determined by UV titration) gave the quantum yields
(�) of 0.04� 0.01 in H2O (emission maxima at 472 nm),
0.17� 0.01 in methanol, 0.22� 0.01 in 2-propanol, 0.23� 0.01
in 85:15 (v/v) 1,4-dioxane/H2O, 0.60� 0.01 in 1-octanol, and
0.69� 0.01 in 1,4-dioxane (emission maxima at 456 nm)
(Figure 8). Since DEACC in the cage cavity 8 gave ��
0.24� 0.01, we estimate the hydrophobicity of the inner cavity
8 to be close to that of 2-propanol or 85:15 (v/v) 1,4-dioxane/
H2O.[33]


Figure 8. Fluorescence emission spectra of 20�� DEACC a) in HEPES
(10m�, pH 7.0 with I� 0.1 (NaNO3), b) in 2-propanol, and c) in 1,4-
dioxane. The emission of DEACC (20��) encapsulated in 6 gave a curve d,
whose quantum yield (�) is 0.24.


Comparison of encapsulation properties of 6 with other host
molecules : Encapsulation of hydrophobic guests by 6 were
compared with those of cyclodextrins (CDs)[34] and Fujita×s
supramolecular cage 9 ([Pd6L2


4]), which is composed of four
2,4,6-tri(4-pyridyl)-1,3,5-triazine (L2) units and six palladi-
um(��) ions.[35] Both CDs and 9 can include common guests
such as ADCA.
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The calculated apparent encapsulation constant, logKenc, of
5.2� 0.1 for 6-4-NP is greater than the reported logKenc


values for �-CD-4-NP complex (2.6 at pH 3.5 and 3.6 at
pH 11).[36] . The aromatic proton signals of 4-NP in the 6-4-NP
complex (1m�) did not change upon addition of �-CD (1m�)
at pD 7.0 in D2O. On the other hand, upon addition of
equivalent amount of 6 to the �-CD-4-NP complex, most of
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4-NP went into 6, a fact supporting the much higher
thermodynamic stability of 6-4-NP. When �-CD (100m�)
was added to the 6-4-NP complex (1m�), about a half of 4-NP
moved into the inner cavity of �-CD, as suggested from the
logKenc constants.


The complexation constant (logKenc) of 4.8 was reported for
�-CD-ADCA in aqueous solution at pH 7.2.[37] The 1H NMR
spectrum of ADCA (1.0m�) in D2O at pD 7.0� 0.1 and 35 �C
in the presence of �-CD (1.0m�) showed the averaged 1H
signals of free ADCA and encapsulated ADCA in �-CD with
downfield shifts of �� 0.11 ± 0.14; this indicates that the �-
CD-ADCA complex is kinetically labile on the 1H NMR
timescale. This was in sharp contrast to the inert complex
between 6 and ADCA.


Fujita×s supramolecular cage 9 was reported to encapsulate
four molecules of ADCA in aqueous solution,[35] but the
encapsulation constants of 9 were not reported. Direct
comparison of the ADCA affinities of 9 with those of 6 was
not possible, due to the formation of yellow precipitates when
the 9-(ADCA)4 was mixed with four equivalents 6 in D2O at
pD 7.0. Instead, four equivalents of �-CD were added to the 9-
(ADCA)4 complex (1m�) in D2O at pD 7.0, and we found
that only about 15% of the ADCAwas removed to the inner
cavity of �-CD. On the other hand, upon addition of �-CD
(1m�) to the 6-ADCA complex (1m�) in D2O at pD 7.0,
approximately 33% of ADCA moved into the �-CD.[38, 39]


Therefore, we assume that the ADCA inclusion affinity order
is 9-(ADCA)4� 6-ADCA� �-CD-ADCA.


Our assumption of the encapsulation mode of CDs and the
supramolecular cage 6 is illustrated in Scheme 3. Equilibria of
the CD± guest complexes are fast on the 1H NMR timescale,


Scheme 3.


because of the wide ™entrance∫ of CD. On the other hand, the
entrance of 6 is too narrow (see the X-ray crystal structure
results) to let a guest molecule out. However, during slow (on
the 1H NMR timescale) equilibration of 6 between a mixture
of components and 4:4 self assembly, a hydrophobic and size-
matched guest is encapsulated and released.


The deprotonation constants of encapsulated acids in the
inner cavity 8 : We measured the pKa values of 4-NP in the
relatively hydrophobic cavity 8 under the conditions for which
4-NP is almost completely encapsulated in 6, as known from
the previous Kenc values. The typical titration curve of 4-NP
(0.5m�, pKa� 7.04� 0.05 in unencapsulated state) in the
presence of 6 (0.25m�) at 25 �C with I� 0.1 (NaNO3)
revealed two pKa values; the lower value of 7.0� 0.1 for the
free unencapsulated 4-NP and the higher value of 8.2� 0.1 for
the encapsulated 4-NP. The result led us to conclude that 4-NP
prefers to remain neutral by raising the pKa value in the
aprotic environment in 8. The weak base 2,4,6-CLD (pKa�
7.55� 0.05) became weaker in 8 with the pKa value of 6.6�
0.1, because it also prefers to stay neutral in aprotic 8. These
results support that the nonionic, neutral forms of guest
molecules are more stabilized in the hydrophobic 8.[40, 41]


Encapsulated complexes of neutral 3-NP, anionic 4-NP�, and
2,4-DNP� were isolated as crystals from an aqueous solutions
at pH 7 ± 8 (see the Supporting Information).


Circular dichroism spectra of the supermolecule 6 with
encapsulated chiral guests : As discribed above, 6 is a chiral
supermolecule due to the asymmetric arrangement of ZnII ±
cyclen units around TCA3� (Figure 1c and d). The X-ray
analysis showed that each crystal of 6 and 6-ADM contained
either of two enantiomers, indicating that crystals as a whole
are racemic mixture (conglomerate).[42] It was interesting to
see if the supramolecular chirality is influenced by a chiral
guest molecule. From the 1H NMR study, we found
(1S,2R,4R)-(�)-camphorsultam ((1S,2R,4R)-(�)-CST) to be
an appropriate guest molecule. The circular dichroism spec-
trum of 6 (0.2m�) in aqueous solution at pH 7.0� 0.1 and
25 �C gave a negative Cotton effect at 262 nm (���
�24��1 cm�1) and a positive Cotton effect at 224 nm (���
�24) upon addition of (1S,2R,4R)-(�)-CST (0.2m� ; curve a
in Figure 9, amplitude��48). An exact mirror image was
obtained by addition of the (1R,2S,4S)-(�)-CST enantiomer
(0.2m�, curve b). Addition of racemic CSTyielded negligible
Cotton effects (curve c). The Cotton effects disappeared upon
decomposition of 6 by addition of OH�. These facts together
indicate that an inner chiral guest can control the exterior
chirality of 6.[43] Curves d and e are circular dichroism spectra


Figure 9. Circular dichroism spectra of 6 (0.2m�) in the presence of an
equimolar amount of a) (1S,2R,4R)-(�)-CST, b) (1R,2S,4S)-(�)-CST,
c) racemic CST, d) (�)-MAA, and e) (�)-MAA in H2O (pH 7.0� 0.1) at
25 �C.
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of 6 (0.2m�) in the presence of (1R,2S,5S)-(�)-menthoxy-
acetic acid ((1R,2S,5S)-(�)-MAA) and its enantiomer
(1S,2R,5R)-(�)-MAA (0.2m�). The Cotton effects at
262 nm are less significant with respect to those of curves a
and b, probably because of less rigid host ± guest interaction.
The extent of an enantiomeric excess and absolute config-
uration of 6 induced by the chiral guests remains to be
studied.[44, 45]


Conclusion


We have discovered a novel 4:4 self-assembly of tris(ZnII-
cyclen) complex 1 and tri-deprotonated trithiocyanuric acid
(TCA3�) in neutral aqueous solution. The resulting super-
molecule 6 was isolated and characterized by X-ray crystal
structure analysis, pH-metric and UV spectrophotometric
titrations, and 1H NMR spectroscopy. The new cage complex
6 has unique properties:
1) It is thermodynamically stable and forms quantitatively


through the formation Zn2��S�(exocyclic) bonds at [1]�
[TCA]� 1.0m� in the presence of a guest molecule in
aqueous solution at neutral pH.


2) The three-dimensional exterior may be viewed as a
cuboctahedral architecture 7.


3) It has a discrete nanoscale inner hollow (truncated
tetrahedral cage) 8 separated from exterior by four phenyl
rings of 1 and four 1,3,5-triazine rings of TCA3�. The inner
cavity 8 encapsulates hydrophobic and size-matching
organic guests such as TSP, ADCA, 3-NP, 4-NP, 2,4-DNP,
ADM, TEA, or TPA [with Kd (�1/Kenc) values of ��
order].


4) The self-assembled 6 and its guest-including complexes are
kinetically stable (on the NMR timescale); however, the
guest molecules in 8 can be exchanged (except for ADM).


5) The polarity of the inner space 8 is estimated to be near to
that of 2-propanol by means of fluorescence measure-
ments of the encapsulated DEACC.


6) The ADCA inclusion affinity of 6-ADCA is between those
of 9-(ADCA)4 and �-CD-ADCA in aqueous solution.


7) In the hydrophobic cavity 8, 4-NP and 2,4,6-CLD prefer to
take neutral forms, resulting in higher pKa values for 4-NP
and a lower pKa value for 2,4,6-CLD ¥H�.


8) The exterior superstructure is chiral. Cage 6 is optically
inactive when it encapsulates achiral guests; however,
enantiomeric 6 was attained from within by encapsulation
of enantiomeric guests.
The present new construction method of a supramolecular


capsule with a unique inner cavity should be versatile and
useful for molecular recognition or reaction phases in aqueous
solution.


Experimental Section


General information : TSP sodium salt, ADCA, AMT, CGS, DEACC,
[D]CP, (S)-IBP, (1S)-CSA, (1S,2R,4R)-(�)-CST, (1R,2S,4S)-(�)-CST,
(1R,2S,5S)-(�)-MAA, (1S,2R,5R)-(�)-MAA, TMA chloride, TEA chlor-
ide, TPA bromide, TBA bromide, and sodium TPB were of the highest
commercial quality and used without further purification. TCA, ADM,


3-NP, 4-NP, 2,4-DNP, and 2,4,6-CLD ¥HCl (prepared from 2,4,6-CLD and
aq. HCl) were recrystallized and their purity was determined by potentio-
metric pH titration. The supramolecular cage 9 ([Pd6L2


4]) was kindly
provided by Professor Makoto Fujita, Nagoya University. All aqueous
solutions were prepared with using deionized and redistilled water. The
HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, pKa�
7.6 at 25 �C) buffer was purchased from Dojindo Laboratories and used
without further purification. Melting points were measured on Yanaco
melting-point apparatus and listed without correlation. IR spectra were
recorded on a Horiba Fourier transform infrared spectrometer FT-710. 1H
and 13C NMR spectra were recorded on a JEOL Alpha (400 MHz) or
Lambda (500 MHz) spectrometer. TSP in D2O and 1,4-dioxane were used
as external references of 1H NMR and 13C NMR experiments, respectively,
except when TSP was added as a guest molecule. The pD values in D2O
were corrected for a deuterium isotope effect using pD� pH � 0.40.
Elemental analysis was performed on a Perkin ±Elmer CHN Analyzer
2400. UV spectra and fluorescence emission spectra were recorded on a
Hitachi U-3500 spectrophotometer and a Hitachi F-4500 fluorescence
spectrophotometer, respectively, at 25.0� 0.1 �C. The obtained data from
UV titrations were analyzed for apparent complexation constants (Kapp)
and encapsulation constants (Kenc) by using the program Bind Works
(Calorimetry Sciences). Quantum yields of fluorescence emission were
determined by comparison of the integrated corrected emission spectrum
of a standard quinine (excitation at 335 nm was used for quinine in 0.10�
H2SO4, whose quantum yield was 0.54). Circular dichroism spectra were
recorded on a JASCO J-720 spectropolarimeter.


Isolation of 6[NO3]12 ¥ 22H2O : Complex 1[NO3]6 ¥ 3H2O ¥ 0.5EtOH[8]


(385 mg, 0.30 mmol), trithiocyanuric acid (53 mg, 0.30 mmol), and NaNO3


(0.25 g, 30m�) were dissolved in H2O (30 mL), and the pH was adjusted to
pH 8.0 by addition of aquesous NaOH. The whole mixture was filtered and
concentrated slowly in vacuo for a week, and colorless prisms of 6[NO3]12 ¥
22H2O (270 mg, 70% yield) were obtained. M.p. �250 �C; 1H NMR
(400 MHz, CD3CN/D2O (10/90), 35 �C, external TSP): �� 2.63 ± 3.20 (m,
168H, CH2 of cyclen rings), 3.33 ± 3.45 (m, 24H, CH2 of cyclen rings), 4.06
(br s, 24H, ArCH2), 4.20 (br, NH), 7.19 (br s, 12H, ArH); 13C NMR
(125 MHz, CD3CN/D2O (10/90), 35 �C, external 1,4-dioxane): �� 43.42,
45.08, 45.52, 50.09, 56.28, 133.42, 134.27, 184.64; IR (KBr): �� � 3788, 3460,
3223, 2924, 2875, 1630, 1430, 1384, 1229 cm�1; elemental analysis calcd (%)
for C144H308N72O58S12Zn12: C 33.61, H 6.03, N 19.60; found: C 33.64, H 6.31,
N 19.33.


Isolation of 6-ADM[NO3]12 ¥ 27H2O : Complex 6[NO3]12 ¥ 22H2O (129 mg,
0.025 mmol) and NaNO3 (0.34 g, 4.0m�) were dissolved in H2O (30 mL), to
which adamantane (32 mg, 0.23 mmol) was added, and the resulting
mixture was vigorously stirred at 40 �C overnight. The whole mixture was
filtered and concentrated slowly in vacuo. The resulting colorless powders
were recrystallized from H2O and dried in vacuo at room temperature to
give colorless prisms of 6-ADM[NO3]12 ¥ 27H2O (110 mg, 82% yield). M.p.
�250 �C; 1H NMR (400 MHz, D2O, 35 �C, external TSP): ���0.60 (m,
12H, CH2 of ADM), �0.33 (m, 4H, CH of ADM), 2.65 ± 3.62 (m, 192H,
CH2 of cyclen rings), 3.97 (br s, 24H, ArCH2), 4.15 (br s, 12H, NH), 7.13
(br s, 12H, ArH); 13C NMR (125 MHz, D2O, 35 �C, external 1,4-dioxane):
�� 26.06, 33.67, 41.87, 42.24, 43.46, 43.75, 44.17, 48.86, 132.11, 133.16,
182.75; IR (KBr): �� � 3433, 3261, 2927, 2879, 2424, 2360, 1635, 1437, 1383,
1232, 1090, 970, 845 cm�1; elemental analysis calcd (%) for
C154H330N72O63S12Zn12: C 34.46, H 6.20, N 18.79. found: C 34.16, H 6.15,
N 19.11.


Crystallographic study of 6[NO3]12 ¥ 22H2O : A colorless prismatic crystal of
6[NO3]12 ¥ 22H2O (C144H308N72O56S12Zn12, Mr.� 5145.75) with approximate
dimensions of 0.35� 0.20� 0.10 mm was mounted in a loop. Intensity data
were collected on a Rigaku RAXIS-RAPID imaging-plate diffractometer
with MoK� radiation at a temperature of�160� 1 �C. Cell constants and an
orientation matrix for data collection corresponded to F-centered cubic cell
(Laue class : m3m) with dimensions: a� 39.182(1) ä, V� 60153(3) ä3. For
Z� 8 and Mr� 5107.71, the calculated density (	calcd) is 1.14 gcm�3. Based
on the systematic absence of: hkl : h� k, k� lm, h� l�2n, packing
considerations, a statistical analysis of intensity distribution, and the
successful solution and refinement of the structure, the space group was
determined to be F432 (No. 209). A total of 108 images, corresponding to
220.0� oscillation angles, were collected with two different goniometer
settings. Data were processed by the PROCESS-AUTO program package.
Of the 93056 reflections which were collected, 1883 were unique (Rint�
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0.018); equivalent reflections were merged. The linear absorption coef-
ficient, 
, for MoK� radiation was 10.9 cm�1. A symmetry-related absorption
correction using the program ABSCOR was applied; this resulted in
transmission factors ranging from 0.59 to 0.90. The structure was solved by
direct methods (SHELXS-86) and expanded by means of Fourier
techniques (DIRDIF-94). The reflections in the range of 2� between
15.0� and 45.0� were used for the structure refinement: the spots recorded
at the lower angles were overlapped by those diffracted from adhered
crystalline particles. The atoms of the cation were located and refined as
usual, but the O atoms of NO3 anions, apart from those of three of a total
twelve anions, were not located. The final cycle of full-matrix least-squares
refinement (SHELXL-97) was based on 1121 observed reflections [I�
2�(I)] and 154 variable parameters and converged (largest parameter shift
was �0.01 times its esd) with unweighted and weighted agreement factors
of: R��(F 2


o �F 2
c �/�F 2


o �� 0.100. Rw� [�w(F 2
o �F 2


c �2/�w(F 2
o �2]0.5� 0.259.


The standard deviation of an observation of unit weight was 1.20. The
maximum and minimum peaks on the final difference Fourier map
corresponded to 0.55 and �0.53 eä�3, respectively. All calculations were
performed with the teXsan crystallographic software package of the
Molecular Structure Corporation (1985, 1999).


Crystallographic study of 6-ADM[NO3]12 ¥ 27H2O : A colorless prismatic
crystal of 6-ADM[NO3]12 ¥ 27H2O (C154H334N72O63S12Zn12, Mr.� 5372.06)
with approximate dimensions of 0.50� 0.50� 0.25 mm was mounted in a
loop. Intensity data were collected on a Rigaku RAXIS-RAPID imaging
plate diffractometer with MoK� radiation at a temperature of �150� 1 �C.
Indexing was performed from two oscillations which were exposed for
8.0 minutes. Cell constants and an orientation matrix for data collection
corresponded to an F-centered cubic cell (Laue class: m3m) with
dimensions: a� 39.061(1) ä, V� 59599(3) ä3. For Z� 8 and Mr�
5372.06, the calculated density (	calcd) was 1.20 gcm�3. Based on the
systematic absence of: hkl : h� k, k� l, h� l�2n, packing considerations, a
statistical analysis of intensity distribution, and the successful solution and
refinement of the structure, the space group was determined to be: F432
(No. 209). A total of 110 images, corresponding to 220.0 K oscillations
angles, were collected with two different goniometer settings. Data were
processed by the PROCESS-AUTO program package. Of the 96683
reflections which were collected, 1331 were unique (Rint� 0.077); equiv-
alent reflections were merged. The linear absorption coefficient, 
 forMoK�


radiation was 11.0 cm�1. A symmetry-related absorption correction using
the program ABSCOR was applied which resulted in transmission factors
ranging from 0.62 to 0.76. The data were corrected for Lorentz and
polarization effects. The structure was solved by direct methods
(SHELXS86) and expanded by means of Fourier techniques (DIRDIF
94). The reflections in the range of 2� between 15.0� and 40.0�were used for
the structure refinement: the spots recorded at the lower angles were
overlapped by those diffracted from adhered crystalline particles. The
atoms of the cation were located and refined as usual, but the O atoms of
NO3 ions, apart from those of three of a total twelve anions, were not
located. This is probably due to disordered structures exhibited by the
anions in which the N atoms lie on symmetry elements in the crystal. The
final cycle of full-matrix least-squares refinement (SHELXL-97) was based
on 752 observed reflections [I� 2�(I)] and 156 variable parameters and
converged (largest parameter shift was �0.01 times its esd) with
unweighted and weighted agreement factors of: R��(F 2


o �F 2
c �/�F 2


o��
0.103. Rw� [�w(F 2


o �F 2
c �2/�w(F 2


o�2]0.5� 0.263. The standard deviation of
an observation of unit weight was 1.30. The maximum and minimum peaks
on the final difference Fourier map corresponded to 0.33 and �0.26 eä�3,
respectively.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-170091 (6)
and CCDC-170092 (6-ADM). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Potentiometric pH titrations : The preparation of the test solutions and the
calibration method of the electrode system [Potentiometric Automatic
Titrator AT-400 and Auto Piston Buret APB-410 (Kyoto Electronics
Manufacturing,) with Orion Research Ross Combination pH Electrode
8102BN] were described earlier.[6±8, 15] All the test solutions (50 mL) were
kept under an argon (�99.999% purity) atmosphere. The potentiometric
pH titrations were carried out with I� 0.10 (NaNO3) at 25.0� 0.1 �C (0.1�


NaOH was used as a base), and at least two independent titrations were
performed. Deprotonation constants of Zn2�-bound water K�2� [HO�-
bound species][H�]/[H2O-bound species] (pKa values of three Zn2�-bound
waters in 1 ¥ (H2O)3 are 6.08, 7.25, and 8.63, respectively)[8] and apparent
affinity constants Kapp� [6]/[1]4[TCA]4 (��7) were determined by means of
the program BEST.[28] All the sigma fit values defined in the program are
smaller than 0.05. The KW� aH� ¥ aOH� , K�W� [H�][OH�], and fH� values
used at 25 �C were 10�14.00, 10�13.79, and 0.825, respectively. The correspond-
ing mixed constants, K2� [HO�-bound species]aH�/[H2O-bound species],
were derived from [H�]� aH�/fH� . The species distribution values (%)
against pH� (� log [H�]� 0.084) were obtained using the program SPE.[28]


Partition experiments of organic guest molecules : A 1:1 (v/v) mixture of an
organic guest molecule (2.0m�) in D2O at pD 7.0 and 1-octanol (saturated
with D2O in advance) was vigorously stirred at room temperature for
30 min. The resulting solution was centrifuged (3000 rpm for 20 min), and
an aliquot of the D2O phase was removed, to which a determined amount
of a solution of a reference compound (benzene sulfonate and/or TSP) in
D2O was added. The concentration of the guest molecule in D2O was
calculated with respect to the concentration of reference compounds
(benzene sulfonate and/or TSP).
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(1S)-CSA (1m�, an anionic non-guest) in D2O. However, diastereo-
meric proton peaks were not observed.


[45] We also isolated the 6-(3-NP) (colorless prisms), 6-(4-NP)� (yellow
prisms), 6-(2,4-DNP)� (yellow prisms), and 6-((1S,2R,4R)-(�)-CST)
(colorless prisms) complexes and carried out electrospray mass
spectrometry (ESI-MS) experiments (� mode) of these complexes.
Among them, the 3� , 4� , 5� , 6� , and 7� species with mass-to-
charge ratios (m/z) were observed for 6-(3-NP) and 6-((1S,2R,4R)-
(�)-CST) complexes (see the Supporting Information).
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The Interaction of Water and Dibromine in the Gas Phase:
An Investigation of the Complex H2O ¥¥¥ Br2 by Rotational Spectroscopy and
Ab Initio Calculations


Anthony C. Legon,*[a] Jennifer M. A. Thumwood,[a] and
Eric R. Waclawik[a, b]


Abstract: The ground-state rotational
spectra of eight isotopomers of a com-
plex formed by water and dibromine in
the gas phase were observed by pulsed-
jet, Fourier transform microwave spec-
troscopy. The spectroscopic constants
B0 , C0 , �J, �JK, �aa(Brx) (x� i for inner,
o for outer), {�bb(Brx)� �cc(Brx)} and
Mbb(Brx) were determined for H2O ¥¥¥
79Br79Br, H2O ¥¥¥ 81Br79Br, H2O ¥¥¥
79Br81Br, H2O ¥¥¥ 81Br81Br, D2O ¥¥¥
79Br81Br and D2O ¥¥¥ 81Br81Br. For
the isotopomers HDO ¥¥¥ 79Br81Br and
HDO ¥¥¥ 81Br81Br, only (B0 � C0)/2, �J,
the �aa(Brx) and Mbb(Brx) were determi-
nable. The spectroscopic constants were
interpreted on the basis of several mod-
els of the complex to give information
about its geometry, binding strength and
the extent of electronic rearrangement


on complex formation. The molecule
H2O ¥¥¥ Br2 has Cs symmetry with a
pyramidal configuration at O. The
zero-point effective quantities r(O ¥¥¥
Bri)� 2.8506(1) ä and �0� 46.8(1)�,
where � is the angle between the C2


axis of H2O and the O ¥¥¥ Br ±Br inter-
nuclear axis, were obtained under the
assumption of monomer geometries un-
changed by complexation. Ab initio
calculations, carried out at the aug-cc-
pVDZ/MP2 level of theory, gave the
equilibrium values re(O ¥¥ ¥ Bri)�
2.7908 ä and �e� 45.7� and confirmed


the collinearity of the O ¥¥¥ Br�Br nuclei.
The potential energy function V(�), also
determined ab initio, showed that the
wavenumber required for inversion of
the configuration at O in the zero-point
state is only 9 cm�1. By interpreting the
Br nuclear quadrupole coupling con-
stants, the fractions �(O�Bri)�
0.004(5) and � (Bri�Bro)� 0.050(2) of
an electron were determined to be
transferred from O to Bri and Bri to
Bro, respectively, when the complex is
formed. The complex is relatively weak,
as indicated by the small value k��
9.8(2) Nm�1 of the intermolecular
stretching force constant obtained from
�J. A comparison of the properties,
similarly determined, of H2O ¥¥¥ F2,
H2O ¥¥¥ Cl2, H2O ¥¥¥ Br2, H2O ¥¥¥ BrCl,
H2O ¥¥¥ ClF and H2O ¥¥¥ ICl is presented.


Keywords: ab initio calculations ¥
dibromine ¥ donor ± acceptor sys-
tems ¥ rotational spectroscopy ¥
water


Introduction


Herein we report a characterisation of the complex H2O ¥¥¥
Br2 in the gas phase. The rotational spectra of eight
isotopomers were observed by means of a pulsed-jet, Four-
ier-transform microwave spectrometer and the spectroscopic
constants determined therefrom were interpreted to give
various properties of H2O ¥¥¥ Br2 in isolation, including its


geometry, strength of binding and the extents of inter- and
intramolecular electron transfer on complex formation. Ab
initio calculations were used to confirm the interpretations of
experimental results.


There are several reasons for our interest in the interaction
of H2O and Br2, the first two of which centre on the reaction
given in Equation (1).


Br2�H2O �� HOBr�HBr (1)


Bromine water is a familiar chemical reagent. Investiga-
tions of saturated solutions of Br2 in water show that although
the equilibrium lies to the left-hand side at 25 �C it is achieved
rapidly.[1] It seems likely that an initial complex H2O ¥¥¥ Br2 is
involved at some point in the mechanism for this reaction.


A second interest in H2O ¥¥¥ Br2 lies in the role of
reaction (1) in atmospheric ozone destruction. The reverse
reaction can proceed on the surface of solid ice in the winter
darkness of the polar regions and can thereby convert the
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photochemically inactive bromine reservoir compounds
HOBr and HBr into Br2.[2, 3] In the spring, Br2 then undergoes
photolysis to give Br atoms, which are about 50 times more
efficient in ozone destruction in the lower stratosphere than
Cl atoms. A characterisation of the H2O ¥¥¥ Br2 interaction
would contribute background understanding to this process
also.


In addition to its atmospheric and chemical relevance
outlined, H2O ¥¥¥ Br2 is of interest as a member of an extended
series H2O ¥¥¥ XY, where XY is a homo- or heteronuclear
dihalogen molecule. We have been systematically investigat-
ing this series by means of both rotational spectroscopy and ab
initio calculations, with the aim of testing a recent hypothesis
that there exists[4, 5] a halogen-bond analogue B ¥¥¥ XY of the
more familiar hydrogen bond B ¥¥¥HX. So far, comparisons of
the properties of the two series for a range of Lewis bases B
have revealed a parallelism that suggests it is appropriate to
describe this interaction B ¥¥¥ XY as a halogen bond. In the
specific series H2O ¥¥¥ XY, the examples where XY is F2,[6, 7]


ClF,[7, 8] Cl2,[9] BrCl[10] and ICl[11] have already been examined
by our combined experimental/computational approach. The
present results for H2O ¥¥¥ Br2 allow us, in particular, to look
for trends in the properties not only in the series H2O ¥¥¥ F2,
H2O ¥¥¥ Cl2 and H2O ¥¥¥ Br2 involving a homonuclear dihalogen
but also invite a comparison with the corresponding series
H2O ¥¥¥ ClF, H2O ¥¥¥ BrCl and H2O ¥¥¥ ICl in which the Lewis
acid is a heteronuclear dihalogen. A question of fundamental
interest concerns the extent of electron transfer from H2O to
XY when H2O ¥¥¥ XY is formed. How does this vary with atom
X and how does it vary when X is held constant and Y is
changed? These, and other, questions can be answered as a
result of the gas-phase experiments reported here. The only
earlier work on H2O ¥¥¥ Br2 of which we are aware is infrared
spectroscopy of the species isolated in cryogenic matrices
carried out by Engdahl and Nelander.[12]


Results


Spectroscopic constants : The rotational spectra observed
when isotopically normal samples of H2O and Br2 were used
with the fast-mixing nozzle[13] in our pulsed-nozzle, Fourier-
transform microwave spectrometer[14] were characteristic of
the vibrational ground state of four nearly prolate, asymmet-
ric-top isotopomers H2O ¥¥¥ 79Br79Br, H2O ¥¥¥ 81Br79Br, H2O ¥¥¥
79Br81Br and H2O ¥¥¥ 81Br81Br of essentially equal abundance
and each having a very large value of the rotational constant
A0 . Thus, each isotopomer exhibits �a , R-branch transitions of
the general type (J� 1)K�1K�1� JK�1K��


1
but with transitions


having K�1� 2 absent, no doubt as a result of effective
depopulation of K�1� 2 rotational energy levels during the
supersonic expansion. A more detailed discussion of rota-
tional state cooling is given in the next section.


As a consequence of the small difference B0�C0 in
each isotopomer, compared with B0 � C0, the transitions
(J� 1)1,J�1� J1,J and (J� 1)1,J� J1,J�1 are separated from the
corresponding (J� 1)0,J�1� J0,J transition by only a few MHz.
Moreover, each of these transitions carries a rich nuclear
quadrupole hyperfine structure arising from the presence of


the two I� 3³2 bromine nuclei and extending with observable
intensity over a few tens of MHz. As a result, the hyperfine
components of the K�1� 0 and 1 transitions of a given J
overlap, so complicating the assignment problem. Another
layer of complication is added by the fact that the inner Br
atom is very close to the centre of mass of the complex. A
given set of (J� 1� J) transitions of the pair of isotopomers
H2O ¥¥¥ 79Br79Br and H2O ¥¥¥ 81Br79Br are therefore nearly
coincident. The same applies to the isotopic pair H2O ¥¥¥
79Br81Br and H2O ¥¥¥ 81Br81Br, although the transitions of this
pair are well separated from those of the H2O ¥¥¥ 79Br79Br/
H2O ¥¥¥ 81Br79Br pair. The complexity of observed spectra that
results from these properties of H2O ¥¥¥ Br2 may be seen by
inspection of Table 1, which gives the observed frequencies
and their assignments for the isotopomers of the complex
based on H2O.


The observed frequencies of nuclear quadrupole hyperfine
components in transitions of the isotopomers D2O ¥¥¥ 79Br81Br,
D2O ¥¥¥ 81Br81Br, HDO ¥¥¥ 79Br81Br and HDO ¥¥¥ 81Br81Br are
recorded in Table 2. Transitions (J� 1)1K�1� J1K��1 were not
observed for the HDO-based isotopomers because they were
too weak. The absence of such transitions for these iso-
topomers, but not for those involving H2O or D2O, provides
evidence about the nature of the geometry of H2O ¥¥¥ Br2 and
will be discussed in the next section.


Nuclear quadrupole hyperfine frequencies of the observed
transitions for each isotopomer were fitted in an iterative,
nonlinear least squares procedure to give ground-state
spectroscopic constants. These are recorded in Table 3 for
the four isotopomers based on H2O while the corresponding
quantities for the D2O and HDO isotopomers are given in
Table 4.


The fit was conducted using the computer program written
and distributed by Pickett.[15] The Hamiltonian employed was
of the form shown in Equation (2).


H�HR� 1³6Q(Bri):�E (Bri)� 1³6Q (Bro):�E (Bro)


�IBriM (Bri)J�IBroM (Bro)J
(2)


In Equation (2), HR is the Hamiltonian for the semi-rigid
asymmetric rotor in the Watson A reduction[16] and the Ir


representation. Centrifugal distortion terms involving greater
than the fourth power in the angular momentum operators
were not necessary for a good fit and of the quartic terms only
those multiplying the coefficients �J and �JK were determi-
nable from the observed transition set. In the fits, the
rotational constant A0 for each isotopomer was fixed at its
value calculated from the final geometry of the complex (see
next section) since observed frequencies did not depend
significantly on this quantity. For the HDO isotopomers, the
absence of K�1� 1 transitions meant that only (B � C)/2 and
�J were determinable, as seen in Table 4 which gives the
experimental spectroscopic constants determined in the final
cycles of the least-squares fits for the D2O and HDO
isotopomers of the water ± bromine complex.


The second and third terms of Equation (2) are energy
operators associated with the interaction of the electric
quadrupole moments Q (Bri) and Q (Bro) of the inner (i)
and outer (o) bromine nuclei with the electric field gradients
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Table 1. Observed and calculated rotational transition frequencies of H2O¥ ¥ ¥ 79Br79Br, H2O¥ ¥ ¥ 81Br79Br, H2O¥ ¥ ¥ 81Br81Br and H2O¥ ¥ ¥ 79Br81Br.


H2O ¥¥¥ 79Br79Br H2O ¥¥¥ 81Br79Br H2O ¥¥¥ 81Br81Br H2O ¥¥¥ 79Br81Br


J�K�1K1
� J��K�1K1


F1� F � � F1�� F �� �obs ��[a] �obs ��[a] �obs ��[a] �obs ��[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


404 � 303 5/2 4 1/2 3 8601.8453 0.0 8580.0453 � 0.9 8494.6120 0.1 8516.6876 5.0
7/2 3 5/2 2 8596.1742 2.4 ± ± 8489.9782 � 1.2 8509.0259 1.0
7/2 4 5/2 3 8636.3180 � 0.6 8613.7795 0.8 ± ± 8546.3212 1.2
7/2 5 5/2 4 8598.0959 2.2 8585.4615 0.1 ± ± 8514.5317 � 1.5
9/2 3 7/2 2 ± ± ± ± 8491.4726 0.3 ± ±
9/2 4 7/2 3 8594.4551 � 2.1 8575.4537 � 0.8 8488.4347 � 0.2 8507.9473 � 1.8
9/2 5 7/2 4 8596.0865 � 1.6 8576.9845 � 1.0 8489.8635 � 1.3 8509.3455 � 0.3
9/2 6 7/2 5 8573.6577 0.9 8556.4074 2.7 8470.9910 � 1.7 8489.6990 � 1.2


11/2 4 9/2 3 8599.4822 � 1.1 8582.2133 � 1.2 8492.6365 1.2 8510.9537 � 0.4
11/2 5 9/2 4 8605.2884 4.4 8578.7914 5.0 8497.6750 0.0 8514.9785 0.8
11/2 6 9/2 5 8597.3276 � 2.1 8578.0587 0.9 8490.7977 � 0.3 8509.6803 � 0.5
11/2 7 9/2 6 8585.8130 0.7 8567.4994 � 0.8 8481.1215 � 2.1 8499.9699 3.0


413 � 312 5/2 4 1/2 3 ± ± 8566.3756 3.6 8481.2055 0.9 8500.0168 � 0.1
7/2 4 5/2 3 8645.7152 1.1 8622.8098 � 1.4 ± ± ± ±
7/2 5 5/2 4 8604.1493 0.8 8587.3635 � 0.3 8497.1968 � 1.2 8520.4245 � 1.8
9/2 4 7/2 3 8620.7199 1.4 8599.9125 0.8 8511.1499 � 7.1 8532.5497 4.0
9/2 5 7/2 4 8626.5350 � 0.9 8605.2017 1.1 8515.9738 0.9 8537.6806 � 4.2
9/2 6 7/2 5 8594.3985 � 0.4 8575.9468 � 1.7 8489.2955 � 0.9 8509.4424 � 1.8


11/2 4 9/2 3 8584.0920 1.1 8567.1901 3.1 8480.5682 0.6 8498.2638 � 0.1
11/2 5 9/2 4 8607.0705 1.0 8584.8180 � 1.6 8499.8270 1.9 8516.8250 � 1.2
11/2 6 9/2 5 8602.6429 2.2 8583.3393 � 0.8 8496.0102 2.4 8514.6935 � 1.1
11/2 7 9/2 6 8580.3610 � 1.6 8562.9123 � 2.2 8477.2597 0.8 8495.2342 1.8


414 � 313 5/2 4 1/2 3 8573.5493 0.0 8555.1473 � 2.2 8470.2195 0.0 8489.0126 � 1.6
7/2 4 5/2 3 8634.5717 1.3 ± ± ± ± 8544.4080 0.1
7/2 5 5/2 4 8592.9309 � 0.3 8576.2185 1.3 8486.2362 � 0.1 8509.4424 � 2.3
9/2 4 7/2 3 8609.3556 � 2.7 8588.6025 � 0.9 8500.0776 1.8 8521.4140 1.5
9/2 5 7/2 4 8615.1797 � 0.2 8593.9008 � 0.9 8504.8928 � 2.7 8526.5483 � 1.9
9/2 6 7/2 5 8582.9563 � 3.5 8564.5328 � 1.0 8478.1482 0.8 8498.2638 � 3.7


11/2 4 9/2 3 8572.6778 � 3.0 8555.8343 � 3.0 8469.4433 � 2.5 8487.0760 � 0.8
11/2 5 9/2 4 8595.6475 1.0 8573.4090 0.4 8488.6917 � 0.8 8505.6319 1.9
11/2 6 9/2 5 8591.2637 � 0.3 8572.0560 � 0.5 8484.9150 1.2 8503.5152 � 0.5
11/2 7 9/2 6 8568.9533 0.0 8551.5660 1.5 8466.1367 0.4 8484.0556 2.6


505 � 404 7/2 3 5/2 2 10783.7693 0.0 ± ± 10644.5906 � 3.8 ± ±
7/2 4 5/2 3 10769.8775 0.5 ± ± 10632.9654 � 2.2 10656.2932 � 0.3
7/2 5 5/2 4 10748.4370 � 1.0 10723.1361 3.6 10615.0380 1.3 10641.0239 � 0.3
9/2 3 7/2 2 10744.9350 1.8 10721.1378 � 3.1 10612.2977 � 1.2 ± ±
9/2 4 7/2 3 10750.4585 2.2 10726.1103 � 1.6 10616.7866 1.7 10641.4859 1.6
9/2 5 7/2 4 10765.2144 � 3.8 10739.6130 � 0.5 10629.1365 5.5 10655.2858 � 2.3
9/2 6 7/2 5 ± ± 10725.9137 0.5 10614.0611 � 6.0 10640.7567 0.6


11/2 4 9/2 3 10747.4396 � 2.9 ± ± 10614.2052 1.6 10642.6669 4.5
11/2 5 9/2 4 ± ± 10721.1069 1.4 10612.1837 6.9 ± ±
11/2 6 9/2 5 10742.9735 0.3 10719.2376 � 2.5 10610.4777 � 1.1 10634.8192 0.1
11/2 7 9/2 6 10730.1475 � 0.5 10707.4803 1.0 10599.6992 0.5 10623.8756 � 4.5
13/2 5 11/2 4 ± ± 10724.2329 � 0.6 10614.0330 1.6 10637.8122 � 0.8
13/2 6 11/2 5 10750.2343 0.0 10723.1764 � 0.7 10616.6176 4.0 10639.7434 � 1.2
13/2 7 11/2 6 10746.4587 2.5 10722.3930 � 2.6 10613.3403 � 2.2 10637.2184 � 3.6
13/2 8 11/2 7 10738.4751 � 1.8 10715.0864 1.1 10606.6450 � 1.2 10630.7051 2.2


514 � 413 7/2 3 5/2 2 10777.5052 3.0 ± ± 10640.3937 0.8 ± ±
7/2 4 5/2 3 10769.9459 � 5.1 10729.3115 � 0.5 10634.1326 � 2.5 10656.5422 0.1
7/2 5 5/2 4 10744.4955 1.4 10720.5785 � 0.9 10612.7122 0.4 ± ±
9/2 3 7/2 2 10752.2377 1.4 10728.3475 � 0.8 10619.2835 0.5 10644.9153 1.2
9/2 4 7/2 3 10764.2613 � 2.2 10739.2583 4.4 10629.2333 1.9 10654.6324 2.8
9/2 5 7/2 4 10777.3515 0.9 10751.2320 � 0.4 10640.1768 � 1.6 10666.8415 � 1.4
9/2 6 7/2 5 10754.3555 � 0.5 10731.5425 � 0.7 10620.8832 2.0 10647.8987 � 0.7


11/2 4 9/2 3 ± ± 10744.4157 0.7 10620.0504 0.5 10648.6378 � 0.3
11/2 5 9/2 4 10762.0541 � 3.3 10737.2238 � 4.9 10627.3630 � 0.7 10652.8740 � 0.6
11/2 6 9/2 5 10762.2013 � 1.9 10737.3650 0.5 10627.4922 0.6 10652.9285 � 4.6
11/2 7 9/2 6 10743.4592 0.6 10720.2617 0.5 10611.8514 1.0 ± ±
13/2 5 11/2 4 10743.8895 � 1.5 10721.2373 0.9 10612.1842 � 2.6 10635.5757 � 0.4
13/2 6 11/2 5 10755.9212 1.6 10730.2600 0.2 10622.2700 � 0.1 10645.1127 2.6
13/2 7 11/2 6 10753.1923 1.2 10729.0855 � 0.7 10619.9267 1.7 10643.7054 3.5
13/2 8 11/2 7 10739.1445 0.7 10716.2246 1.1 10608.1186 � 0.7 10631.7025 1.5
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Table 1. (Continued).


H2O ¥¥¥ 79Br79Br H2O ¥¥¥ 81Br79Br H2O ¥¥¥ 81Br81Br H2O ¥¥¥ 79Br81Br


J�K�1K1
� J��K�1K1


F1� F �� F1�� F �� �obs ��[a] �obs ��[a] �obs ��[a] �obs ��[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


515 � 414 7/2 3 5/2 2 10763.4768 � 0.1 10737.4602 0.3 10626.6919 1.0 10652.2994 1.6
7/2 4 5/2 3 10755.7351 � 1.3 10715.0488 � 2.5 10620.2732 � 0.9 10642.6341 � 3.6
7/2 5 5/2 4 ± ± 10706.5008 0.6 10598.9230 1.6 10623.4604 0.7
9/2 3 7/2 2 10738.0719 1.3 10714.2017 0.9 10605.4597 � 1.5 ± ±
9/2 4 7/2 3 10750.0898 � 0.9 10725.1591 4.3 10615.4066 2.8 10640.7247 � 0.7
9/2 5 7/2 4 10763.2607 1.2 10737.1973 4.7 10626.4219 2.3 10653.0320 2.0
9/2 6 7/2 5 10740.2767 3.0 10717.5270 � 0.8 10607.1317 2.1 10634.0751 2.6


11/2 4 9/2 3 ± ± 10730.5249 � 2.4 10606.3430 � 2.4 10634.8805 � 4.3
11/2 5 9/2 4 10747.8612 � 1.2 10723.0982 0.2 10613.5168 � 0.3 10638.9690 5.7
11/2 6 9/2 5 10747.9956 � 0.6 10723.2244 � 1.3 10613.6375 2.5 10639.0053 � 3.9
11/2 7 9/2 6 10729.2158 3.9 10706.0494 0.1 10597.9614 2.1 10622.7777 1.0
13/2 5 11/2 4 10729.6585 � 0.1 10707.0735 � 0.8 10598.3083 � 1.4 10621.6263 � 2.9
13/2 6 11/2 5 10741.6529 1.1 10716.0442 0.0 10608.3596 � 3.0 10631.1578 � 1.2
13/2 7 11/2 6 10738.9780 1.0 10714.9761 � 0.2 10606.0638 0.8 10629.7499 2.0
13/2 8 11/2 7 10724.9117 � 1.1 10702.0636 1.4 10594.2428 0.5 10617.7577 1.5


606 � 505 13/2 8 11/2 7 ± ± ± ± 12725.9205 � 2.0 ± ±
15/2 9 13/2 8 ± ± ± ± 12730.9764 1.0 ± ±


616 � 515 9/2 3 7/2 2 ± ± ± ± 12729.8340 � 1.9 ± ±
9/2 6 7/2 5 ± ± ± ± 12723.1905 � 1.7 ± ±


11/2 4 9/2 3 ± ± ± ± 12726.8258 1.4 ± ±
11/2 7 9/2 6 ± ± ± ± 12728.0625 1.4 ± ±
13/2 5 11/2 4 ± ± ± ± 12727.8773 � 2.1 ± ±
13/2 6 11/2 5 ± ± ± ± 12731.4125 3.6 ± ±
13/2 7 11/2 6 ± ± ± ± 12730.1046 � 0.8 ± ±
13/2 8 11/2 7 ± ± ± ± 12719.9839 0.1 ± ±
15/2 6 13/2 5 ± ± ± ± 12722.7154 � 0.8 ± ±
15/2 7 13/2 6 ± ± ± ± 12728.5622 1.5 ± ±
15/2 8 13/2 7 ± ± ± ± 12727.1733 � 0.6 ± ±
15/2 9 13/2 8 ± ± ± ± 12719.1029 � 3.9 ± ±


[a] ��� �obs� �calcd.


Table 2. Observed and calculated rotational transition frequencies of D2O¥ ¥ ¥ 79Br81Br, D2O¥ ¥ ¥ 81Br81Br, HDO¥ ¥ ¥ 79Br81Br and HDO¥ ¥ ¥ 81Br81Br.


D2O ¥¥¥ 79Br81Br D2O ¥¥¥ 81Br81Br HDO ¥¥¥ 79Br81Br HDO ¥¥¥ 81Br81Br


J�K�1K1
� J��K�1K1


F1� F � � F1�� F �� �obs ��[a] �obs ��[a] �obs ��[a] �obs ��[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


404� 303 5/2 4 3/2 3 ± ± ± ± 8232.3882 1.8 8212.7201 3.5
7/2 3 5/2 2 ± ± ± ± 8224.6994 � 0.9 8208.0507 � 1.6
7/2 4 5/2 3 ± ± ± ± 8261.9822 1.4 8241.5786 6.0
7/2 5 5/2 4 ± ± ± ± 8230.2357 � 0.1 8209.5856 � 5.8
9/2 3 7/2 2 ± ± ± ± ± ± 8209.5846 � 2.8
9/2 4 7/2 3 ± ± ± ± 8223.6523 1.4 ± ±
9/2 5 7/2 4 ± ± ± ± 8225.0312 � 1.0 8207.9492 1.9
9/2 6 7/2 5 ± ± ± ± 8205.4300 � 1.0 8189.1087 � 2.4


11/2 4 9/2 3 ± ± ± ± 8226.6518 0.8 8210.7241 5.0
11/2 5 9/2 4 ± ± ± ± 8230.6296 � 0.5 8215.7072 � 3.8
11/2 6 9/2 5 ± ± ± ± 8225.3856 � 0.6 8208.8953 � 1.3
11/2 7 9/2 6 ± ± ± ± 8215.6928 � 1.4 8199.2403 1.3


505� 404 7/2 3 5/2 2 ± ± ± ± ± ± 10292.1956 2.4
7/2 4 5/2 3 ± ± ± ± ± ± 10280.5579 2.1
7/2 5 5/2 4 9957.5629 � 0.9 9937.1767 1.0 10285.6475 0.4 10262.6612 � 4.3
9/2 3 7/2 2 ± ± ± ± ± ± 10259.8863 � 3.1
9/2 4 7/2 3 9957.9951 2.8 9938.8901 � 0.8 10286.0880 � 1.1 10264.3890 � 3.9
9/2 5 7/2 4 9971.7810 2.2 9951.2228 � 2.9 10299.8775 � 6.8 10276.7298 � 2.5
9/2 5 9/2 5 ± ± ± ± ± ± 10195.9868 � 2.1
9/2 6 7/2 5 9957.2895 1.6 9936.2171 � 2.0 10285.3791 2.8 ± ±
9/2 6 11/2 6 ± ± ± ± ± ± 10265.5579 4.8


11/2 4 9/2 3 ± ± 9936.3641 � 0.4 10287.2924 � 0.9 ± ±
11/2 5 9/2 4 9953.2848 � 1.2 ± ± 10281.3704 2.3 ± ±
11/2 6 9/2 5 9951.3549 0.6 9932.6080 � 1.2 10279.4416 1.1 10258.1019 1.9
11/2 7 9/2 6 9940.4605 1.1 9921.8644 1.0 10268.5244 � 1.9 10247.3387 � 0.9
11/2 7 11/2 7 ± ± ± ± ± ± 10460.0194 � 2.4
13/2 5 11/2 4 9954.3516 � 0.3 9936.1595 0.6 10282.4358 1.0 10261.6518 4.4
13/2 6 11/2 5 9956.2523 0.9 9938.6961 � 0.6 10284.3516 1.3 10264.2080 4.7
13/2 7 11/2 6 9953.7690 0.6 9935.4854 0.7 10281.8503 1.6 10260.9689 0.9
13/2 8 11/2 7 9947.2752 0.7 9928.8070 0.0 10275.3448 0.2 10254.2811 � 2.0
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� E (Bri) and � E (Bro) at the respective
nuclei, in the usual way. Likewise, the two
remaining terms describe the corresponding
magnetic coupling of the nuclear spin
vectors IBri and IBro to the rotational angular
momentum vector J, where M (Bri) and M
(Bro) are the nuclear spin-rotation coupling
tensors.


The matrix of the Hamiltonian H defined
in Equation (2) was constructed in the
coupled symmetric-rotor basis IBri� J�F1,
F1 � IBro� F and each F block diagonalised
independently. For the H2O- and D2O-
based isotopomers of the complex, only
the diagonal elements �aa(Brx) and
{�bb(Brx� �cc(Brx)} (x� i or o) of the nuclear
quadrupole coupling tensor ���(Brx)�
� (eQ/h)V��, where V�����2V/���� and
�, �� a, b or c, were necessary to give fits
with a standard deviation � (see Tables 3
and 4) of a magnitude similar to, or smaller
than, the estimated accuracy of frequency
measurement (ca. 2 kHz). The off-diagonal
elements were therefore assumed to be
zero. Similarly, only the diagonal elements
Mbb (Brx) and Mcc (Brx) of the Br spin-
rotation coupling tensors contributed sig-
nificantly to the observed frequencies.
However, these small quantities were not
independently determinable and, in view of
the smallness of {�bb(Brx)� �cc(Brx)} (see
Tables 3 and 4) and of the fact thatMbb (Brx)
and Mcc (Brx) are very small, we set Mbb


(Brx) equal to Mcc (Brx). For HDO-based
isotopomers, only the components �aa (Brx)
of the Br nuclear quadrupole coupling
tensor were determinable from the K�1� 0
transitions observed.


Geometry of H2O ¥ ¥ ¥ Br2 : All observations
concerned with the ground-state rotational
spectra of the eight isotopomers are con-
sistent with an equilibrium geometry for the
complex of the general type shown in
Figure 1, that is one of Cs symmetry in
which the nuclei of O, Bri and Bro lie in the
plane of symmetry, with the angle �� 0�, or
one of C2V symmetry (�� 0�). In either
case, the two H atoms are equidistant from
a symmetry plane and necessarily the rota-
tional constant 1³2(B0 � C0) of HDO ¥¥¥ Br2
will lie very close to the mean value of this
constant for the corresponding H2O ¥¥¥ Br2
and D2O ¥¥¥ Br2 isotopomers. This is found
to be so experimentally. For example,
the mean value of 1³2(B0 � C0) for
H2O ¥¥¥ 81Br79Br and D2O ¥¥¥ 81Br79Br is
1029.636 MHz, while 1³2(B0 � C0)�
1028.272 MHz for HDO ¥¥¥ 81Br79Br. It is


Table 2. (Continued).


D2O ¥¥¥ 79Br81Br D2O ¥¥¥ 81Br81Br


J�K�1K1
� J��K�1K1


F1� F � � F1�� F �� �obs ��[a] �obs ��[a]


[MHz] [kHz] [MHz] [kHz]


514� 413 7/2 5 5/2 4 9958.3165 � 0.8 9939.3243 3.2
9/2 6 7/2 5 9968.9518 2.1 9947.5258 � 0.2


11/2 5 9/2 4 9973.9012 3.5 9953.9652 � 3.0
11/2 6 9/2 5 9973.9508 � 1.8 9954.0939 1.0
11/2 7 9/2 6 9957.7409 � 0.9 9938.4590 2.0
13/2 5 11/2 4 9956.6158 0.5 9938.7958 � 0.7
13/2 6 11/2 5 9966.1230 0.3 9948.8460 � 0.2
13/2 7 11/2 6 9964.7358 1.2 9946.5420 2.0
13/2 8 11/2 7 9952.7807 � 1.0 9934.7707 � 0.1


515� 414 7/2 5 5/2 4 9935.7300 � 5.4 9916.8168 0.6
9/2 5 7/2 4 ± ± 9944.2843 � 0.2
9/2 6 7/2 5 9946.3785 � 0.7 9925.0612 0.6


11/2 5 9/2 4 ± ± 9931.4048 � 2.6
11/2 6 9/2 5 9951.2880 � 0.6 9931.5237 0.6
11/2 7 9/2 6 9935.0657 � 1.7 9915.8561 1.1
13/2 5 11/2 4 9933.9292 1.0 9916.2029 � 1.3
13/2 6 11/2 5 9943.4292 � 2.9 9926.2247 1.6
13/2 7 11/2 6 9942.0418 � 0.3 9923.9653 0.6
13/2 8 11/2 7 9930.0969 � 0.8 9912.1816 � 0.2


606� 505 9/2 3 7/2 2 11956.0050 � 2.5 11932.1305 1.2
9/2 4 7/2 3 11966.2374 � 0.5 11942.2403 0.4
9/2 5 7/2 4 11953.8522 � 3.7 11931.8544 0.5
9/2 6 7/2 5 ± ± 11923.4004 0.5


11/2 4 9/2 3 11945.5776 � 3.4 11921.8635 � 0.5
11/2 5 9/2 4 11949.7182 � 0.4 11926.5572 0.4
11/2 6 9/2 5 11955.0058 0.2 11931.2723 0.2
11/2 7 9/2 6 11947.2627 0.4 11923.1261 0.9
13/2 5 11/2 4 11948.3846 0.1
13/2 6 11/2 5 11944.6311 6.2 11921.7859 0.4
13/2 7 11/2 6 ± ± 11919.4884 0.1
13/2 8 11/2 7 11935.2202 1.3 11912.5096 0.6
15/2 6 13/2 5 11945.0423 � 0.1 11922.7461 � 1.1
15/2 7 13/2 6 11946.1381 0.8 11924.1869 � 0.6
15/2 8 13/2 7 11944.5958 � 6.0 11922.4420 � 1.0
15/2 9 13/2 8 11940.0087 0.8 11917.5591 2.0


615� 514 9/2 4 7/2 3 11974.1825 2.9 11950.6923 1.
9/2 5 7/2 4 11964.6702 � 3.4 11943.2053 � 0.2
9/2 6 7/2 5 11954.7554 2.2


11/2 4 9/2 3 11959.1674 0.7
11/2 5 9/2 4 11966.8618 � 2.2 11943.2610 � 2.2
11/2 6 9/2 5 11972.0162 � 1.4 11947.8852 3.6
11/2 7 9/2 6 11961.0206 0.2 11936.5536 � 8.7
13/2 5 11/2 4 11961.6520 � 1.9 11936.3205 3.7
13/2 6 11/2 5 11963.3674 0.1
13/2 7 11/2 6 11961.9049 � 1.2 11938.6627 0.7
13/2 8 11/2 7 11951.6822 � 0.3 11928.5664 � 3.4
15/2 6 13/2 5 11953.3581 0.3
15/2 7 13/2 6 11958.8876 2.9 11937.1327 � 3.4
15/2 8 13/2 7 11957.8679 0.8 11935.7455 3.0
15/2 9 13/2 8 11949.8974 � 2.2 11927.7071 2.0


616� 515 9/2 3 7/2 2 11934.3778 7.4
9/2 4 7/2 3 ± ± 11923.7020 2.4
9/2 5 7/2 4 11937.5094 1.4 11916.0777 � 2.2
9/2 6 7/2 5 11927.6189 0.3 11904.6721 0.1


11/2 4 9/2 3 11932.0439 0.1
11/2 5 9/2 4 ± ± 11916.2155 1.4
11/2 6 9/2 5 11944.8907 � 0.3 11920.8575 0.4
11/2 7 9/2 6 11933.8940 2.3 11909.5598 � 0.2
13/2 5 11/2 4 11934.5370 � 2.2 11909.3610 � 0.7
13/2 6 11/2 5 11936.1829 � 4.4 11912.8857 1.2
13/2 7 11/2 6 11934.7146 1.6 11911.5812 1.1
13/2 8 11/2 7 11924.4937 1.4 11901.4700 � 2.5
15/2 6 13/2 5 11926.1500 � 3.5 11904.1916 � 2.1
15/2 7 13/2 6 11931.6823 2.4 11910.0169 � 0.1
15/2 8 13/2 7 11930.6490 � 1.7 11908.6563 0.0
15/2 9 13/2 8 11922.7008 4.8 11900.6139 0.7


[a] ��� �obs� �calcd.
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Figure 1. The geometry of the complex H2O ¥¥¥ Br2, drawn to scale, in its
principal inertia axis system. The ab principal inertia plane is a plane of
symmetry. The angle � is the angle between the O ¥¥¥ Bri internuclear axis
and the C2 axis of H2O. Zero-point values of � and r(O ¥¥¥ Bri) are given in
the text.


shown below that the changes in the rotational constants B0


andC0 on isotopic substitution at H, Bri and Bro lead to a zero-
point value �0� 46.8(1)�, a result in agreement with that from
ab initio calculations (see the next section), which confirm
that the complex is pyramidal at equilibrium.


Given these conclusions, it remains to establish whether the
potential energy barrier to inversion of the configuration at O
in the zero-point state (�0 � ��0) is low enough that the
vibrational wavefunctions have C2V symmetry, even though
the equilibrium geometry is of Cs symmetry. If this is the case,
the complex is referred to as effectively planar. In fact, there is
evidence from nuclear spin statistical weight effects in the


observed spectra of the various isotopomers of H2O ¥¥¥ Br2
which demonstrates conclusively that the complex is either
planar at equilibrium or effectively planar in the sense
defined.


An effectively planar (�e� 0, low barrier) or planar (�e� 0)
geometry of the type shown in Figure 1 has the consequence
that the operation Ca


2 (a two-fold rotation about the a axis of
the complex) exchanges a pair of equivalent protons in H2O ¥¥
¥ Br2 isotopomers and a pair of equivalent deuterons in D2O ¥¥
¥ Br2 isotopomers. In the former case, the total wavefunction
must be antisymmetric with respect to the operation because
protons are I� 1³2 Fermions, while in the latter case the
wavefunction must be symmetric for exchange of equivalent
I� 1 Bosons. The usual arguments for the vibrational ground
state of a close shell molecule lead to the conclusion that in
H2O ¥¥¥ Br2 rotational energy levels having K�1� 1 are asso-
ciated with a nuclear spin statistical weight of 3 relative to a
weight of 1 for K�1� 0 levels. For D2O ¥¥¥ Br2, the ratio is 2:1
for K�1� 0 relative to K�1� 1 levels.


Experimental observations confirm qualitatively that such
nuclear spin statistical weight effects are indeed present. The
transitions (J � 1)1, J�1� J1, J and (J � 1)1, J� J1, J�1 were
certainly more intense than the associated (J � 1)0, J�1� J0, J


transition, although a quantitative measurement of the
intensity ratio with a pulsed-jet, Fourier transform microwave
spectrometer is unreliable. Given that the K�1� 1 transitions


Table 3. Ground-state spectroscopic constants of four isotopomers of H2O ¥¥¥ Br2.


Spectroscopic constant Isotopomer
H2O ¥¥¥ 79Br79Br H2O ¥¥¥ 81Br79Br H2O ¥¥¥ 81Br81Br H2O ¥¥¥ 79Br81Br


B [MHz] 1076.0652(2) 1073.6556(2) 1062.7243(1) 1065.2002(2)
C [MHz] 1073.2268(2) 1070.8300(2) 1059.9556(1) 1062.4187(2)
�J [kHz] 0.298(3) 0.289(3) 0.288(2) 0.295(3)
�JK [kHz] 30.02(6) 30.26(6) 29.54(5) 29.42(6)
�aa(Bri) [MHz] 833.331(25) 696.225(18) 696.232(26) 833.391(27)
�aa(Bro) [MHz] 761.811(18) 761.826(25) 636.436(17) 636.412(18)
{�bb(Bri)� �cc(Bri)} [MHz] 6.800(50) 5.626(37) 5.740(52) 6.712(60)
{�bb(Bro)� �cc(Bro)} [MHz] 0.922(35) 0.924(53) 0.836(37) 0.748(32)
Mbb(Bri)�Mcc(Bri) [kHz][a] 2.6(4) 3.2(3) 3.4(3) 3.0(4)
Mbb(Bro)�Mcc(Bro) [kHz][a] 2.6(4) 2.9(4) 2.7(3) 2.5(4)
N[b] 69 70 87 68
� [kHz][c] 1.8 1.9 2.1 2.3


[a] Assumed equality, as suggested by the small values of {�bb(Br)� �cc(Br)}. [b] Number of transitions in fit. [c] Standard deviation of fit.


Table 4. .Ground-state spectroscopic constants of four deuterium containing isotopomers of H2O ¥¥¥ Br2.


Spectroscopic constant Isotopomer
D2O ¥¥¥ 79Br81Br D2O ¥¥¥ 81Br81Br HDO ¥¥¥ 79Br81Br HDO ¥¥¥ 81Br81Br


B [MHz] 997.7275(2) 995.8085(2) ± ±
C [MHz] 993.1981(2) 991.2972(2) ± ±
(B�C)/2 [MHz] ± ± 1028.2720(3) 1026.1006
�J [kHz] 0.281(2) 0.276(2) 0.299(6) 0.255(6)
�JK [kHz] 17.43(5) 17.72(5) ± ±
�aa(Bri) [MHz] 833.428(53) 696.339(42) 833.391(57) 696.391(18)
�aa(Bro) [MHz] 635.529(30) 635.565(30) 635.851(37) 635.761(19)
{�bb(Bri)� �cc(Bri)} [MHz] 6.509(37) 5.589(76) ± ±
{�bb(Bro)� �cc(Bro)} [MHz] 0.704(66) 0.656(56) ± ±
Mbb(Bri)�Mcc(Bri) [kHz][a] 2.0(4) 3.0(4) 3.4(8) 3.0(4)
Mbb(Bro)�Mcc(Bro) [kHz][a] 2.0(3) 2.1(3) 2.8(6) 2.7(5)
N[b] 71 70 23 26
� [kHz][c] 2.3 1.9 1.9 3.3


[a] Assumed equality, as suggested by the small values of {�bb(Br)� �cc(Br)}. [b] Number of transitions in fit. [c] Standard deviation of fit.
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have a smaller line strength than the K�1� 0 transition of the
same J and that a depletion of population of K�1� 1 levels
should accompany the supersonic expansion because they are
higher in wavenumber by ch(A�B)� 30 cm�1 than K�1� 0
levels, this observation confirms the presence of the nuclear
spin statistical weight effect. On the other hand, the K�1� 1
transitions of D2O ¥¥¥ Br2 are weaker than the corresponding
K�1� 0 transition, a result consistent with the required 1:2
nuclear spin statistical weight ratio.


It is clear from the foregoing that cooling of K�1� 1 states
during supersonic expansion of the H2O/Br2/Ar gas mixture is
ineffective and that they retain essentially their room temper-
ature population, even though the expected temperature of
the expansion is�1 K. This result can be readily understood if
transfer of population between triplet and singlet nuclear spin
states of H2O is forbidden by a collisional propensity rule.[17]


No such rule forbids collisional transfer between K�1� 2 and
K�1� 0 states, so the former achieve a very low effective
temperature and transitions involving K�1� 2 levels are too
weak to observe. In HDO ¥¥¥ Br2 isotopomers, the nuclear spin
statistical weight effects are absent and hence collisional
transfer of population from K�1� 1 to K�1� 0 levels is not
forbidden. This is why K�1� 1 transitions were not observed
for HDO ¥¥¥ Br2.


A high potential energy barrier to the planar conformation
of H2O ¥¥¥ Br2 can now be ruled out. In the limit of high
barrier, the v� 0 and v� 1 levels (which have opposite parity)
become degenerate. Nuclear spin statistical weight differ-
ences between K�1� 0 and K�1� 1 rotational energy levels
then disappear. Moreover, collisional transfer of population
between K�1� 1 and K�1� 0 levels would not be forbidden
and K�1� 1 transitions would be too weak to detect. Both of
these consequences of a high barrier are contrary to obser-
vation.


The ground-state effective moments of inertia I0b and
I0c of the isotopomers H2O ¥¥¥ 79Br79Br, H2O ¥¥¥ 81Br79Br,
H2O ¥¥¥ 79Br81Br, H2O ¥¥¥ 81Br81Br, D2O ¥¥¥ 79Br81Br and
D2O ¥¥¥ 81Br81Br were then fitted to give quantitative details
of the geometry shown in Figure 1, the qualitative form of
which was established above. The ab initio calculations
described in the next section show that the geometries of
H2O and Br2 change only slightly on complex formation and
that the O ¥¥¥ Bri�Bro nuclei deviate insignificantly from
collinearity. Accordingly, in the least-squares fit of the
experimental moments of inertia, the monomer geome-


tries[18±20] were assumed unchanged from the r0 values given
in Table 5 and a collinear O ¥¥¥ Bri�Bro arrangement was
assumed. Then the two parameters that completely define the
geometry were determined to be r(O ¥¥¥ Bri)� 2.8496(19) ä
and �� 45.9(17)�.


It has been demonstrated elsewhere[21] that a better
determination of geometry is possible in such cases by a
least-squares fit of (�h/�) (B0 � C0)� I0b � I0c . The results
obtained by fitting the same group of isotopomers are r(O ¥¥¥
Bri)� 2.8506(1) ä and �� 46.8(1)�. They are indeed more
precise but agree within experimental error with those from
fits of I0b and I0c .


Ab initio calculations on H2O ¥ ¥ ¥ Br2 : The geometry deter-
mined in the preceding section is a zero-point quantity
because it was obtained by fitting ground-state moments of
inertia. It has been shown elsewhere[21] that the angle �0 that
results from fitting I0


b and I0
c in such complexes is an effective


value defined by �0� cos�1 	cos2�
1/20,0 . The aim of the
present section is to obtain an equilibrium value �e of the
angle using ab initio calculations and to determine how the
potential energy of H2O ¥¥¥ Br2 varies with �. We shall then use
this potential energy function to find a value of 	cos�
 and
show that cos�1	cos�
 is close to �0 evaluated from the
principal moments of inertia.


Ab initio calculations for H2O ¥¥¥ Br2 were carried out with
the GAMESS package[22] and employed the aug-cc-pVDZ
basis set.[23, 24] Electron correlation was taken into account at
the MP2 level of perturbation theory.[25] Full optimizations
were carried out for angles in the range �� 0 to �90�, but the
geometry was always constrained to have Cs symmetry and
the order of the atoms shown in Figure 1. Energies at each
point were corrected for basis set superposition error by
applying the Boys ±Bernardi counterpoise correction proce-
dure.[26] The resulting energies are shown in Figure 2 as a
function of the angle �. The full equilibrium ab initio
geometry of H2O ¥¥¥ Br2, under the constraint of Cs symmetry
and atoms in the order H2O ¥¥¥ Br�Br, is given in Table 6,
where it is compared with the experimental, zero-point
version obtained in the preceding section. We note that,
given the comparison is of quantities of slightly different
definitions, the values �e� 45.8� and re(O ¥¥ ¥ Bri)� 2.7908 ä
are in satisfactory agreement with the zero-point quantities
�0� 46.8(1)� and r(O ¥¥¥ Bri)� 2.8506(1) ä. An earlier


Table 5. Properties of some isotopomers of the monomers H2O and Br2.


B0 [MHz] C0 [MHz] �(79(Br) [MHz] �(81Br) [MHz] r0 [ä] Angle � [�]


H2O[a] 435357.7 276138.7 ± ± 0.9650[b] 104.8[b]


HDO[a] 272912.6 192055.3 ± ± ± ±
D2O[c] 218038.2 145258.0 ± ± ± ±
79Br2 2456.7[d] 2456.7[d] 810.0(5)[e] - 2.28326[f] ±
79Br81Br 2426.4[g] 2426.4[g] 810.0(5) 676.7(4)[h] ± ±
81Br2 2396.1[g] 2396.1[g] ± 676.7(4) ± ±
79Br atom ± ± 769.76[i] ± ± ±
81Br atom ± ± ± 643.03[i] ± ±


[a] Ref. [18]. [b] The r0 geometry of H2O/D2O is the mean of three determined in ref. [18] by using the three possible combinations of principal moments of
inertia (Ia , Ib), (Ia , Ic) and (Ib, Ic). [c] Ref. [19]. [d] Ref. [20]. [e] Ref. [35]. [f] Calculated from B0 for 79Br2 using r0� (h/8�2�B0)1/2. [g] Calculated from B


0� {h/8�2�r02} by using r0 for 79Br2. [h] Calculated from the 79Br2 value by using the ratio 81Q/79Q of the Br nuclear electric quadrupole moments. [i] Ref. [36].
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Figure 2. The variation of the potential energy V(�) of H2O ¥¥¥ Br2 with the
angle � as obtained by ab initio calculations at the aug-cc-pVDZ/MP2 level
of theory (see text for discussion). The solid dots are the energies obtained
at angles in the range 0� to �90� from the ab initio calculations. The solid
line is the function V(�)���4� ��2 obtained by a least-squares fit to the
ab initio points. The horizontal lines are vibrational energy levels obtained
by solving the one-dimensional oscillator energy eigenvalue problem in the
reduced dimensionless coordinate z (see text for details).


ab initio calculation at the 6-311��G**/MP2 level of theory
due to Alkorta et al.[27] yielded re(O ¥¥¥ Bri)� 2.823 ä, also in
good agreement with experiment. No value of �e is quoted in
reference [27].


It is possible to represent the ab initio pairs of points {�,
V(�)} by means of the familiar simple functional form given in
Equation (3), which has found much success in describing the
observed vibrational spectra associated with ring-puckering
and ring-bending modes of four- and five-membered ring
molecules.[28]


V (�)���4 � ��2 (3)


It has also been applied to account for the variation of the
rotational constants and the electric dipole moment of H2O ¥¥¥
HF with the low frequency, out-of-plane intermolecular


bending quantum number.[29] A least squares fit of the ab
initio points {�, V(�)} to Equation (3) gave the values ��
97.1(17) cm�1 and �� -162.4(34)cm�1. This corresponds to a
function with �e� 52.4� and a potential energy barrier
V(�e)�V(�� 0)� 68.0 cm�1.


To find values of the vibrational energy levels associated
with motion described by the angle �, which corresponds to
the low-frequency intermolecular bending mode, it was first
necessary to re-express V(�) in terms of the familiar one-
dimensional reduced coordinate z. The form of V(z) is then[28]


that given in Equation (4), where the equations relating � and
� to the coefficients a and b are[29] those in Equations (5) and
(6).


V(z)� a (z4� bz2) (4)


a��1/3{(rcos1³2�)4 (2�/�h2)2}�3 (5)


b� �a�2(rcos1³2�)�2 (2�/�h2)�1 (6)


In Equations (5) and (6), r is the distance O�H, � is the
angle H-O-H and � is the reduced mass for the motion defined
by the angle �. The reduced mass can be expressed in terms of
the atomic masses and interatomic distances of the complex
by means of a simple model of the motion, using an expression
given elsewhere[29] for H2O ¥¥¥HF. The values a� 42.15 cm�1


and b��2.54 were obtained in this way. The solution of the
energy eigenvalue problem for a one-dimensional oscillator
governed by a function defined by Equation (4) and these
values of a and b was effected by means of the program
ANHARM.[30] The basis set employed consisted of 50
harmonic oscillator functions. The resulting values of Ev for
v� 0,1, 2 and 3, expressed as wavenumbers, are shown drawn
to scale in Figure 2. The v� 0 level lies only 9 cm�1 below the
top of the potential energy barrier, thereby confirming that,
even though it is pyramidal at equilibrium, H2O ¥¥¥ Br2 is
effectively planar in the zero-point state according to the
definition made in the preceding section.


The quantity �0� cos�1 	cos2�
1/20,0 � 46.2(1)� was deter-
mined by fitting zero-point moments of inertia. Does the one-
dimensional potential energy function V(�) determined ab
initio allow a theoretical prediction of �0? It is straight
forward to obtain a value of 	cos�
0,0 by first expanding it as a
Maclaurin series to give Equation (7).


	cos�
0,0� 1� 1³2	�2
0,0 � 1³24	�4
0,0 - . . . (7)


The transformation expressions (5) and (6) give the
required relation �� 0.81173z and the ANHARM program
provides values of the averages 	z2
0,0 and 	z4
0,0 . It is then
straight forward to use Equation (7) to obtain 	cos�
0,0�
0.7790. Under the approximation that 	cos2�
0,0�	cos�
20,0 ,
we obtain �0� cos�1 	cos�
0,0� 38.8�, which is in reasonable
agreement with the experimental quantity �0� 46.2(1)�.


Electron transfer on formation of H2O ¥ ¥ ¥ Br2 : In view of the
definition �gg(Brx)� eqgg(Brx)Q(Brx), where x� i (inner) or o
(outer), �qgg(Brx) is the electric field gradient at nucleus x
along the principal inertial axis g and Q(Brx) is the magnitude
of the electric quadrupole moment of the nucleus Brx, it


Table 6. Experimental and ab initio geometries of H2O, Br2 and the
complex H2O ¥¥¥ Br2.


Molecule Geometry
ab initio calculation[a] experiment[b]


Br2 r(Br�Br)[ä] 2.32383 2.28326[c]


H2O r(O�H)[ä] 0.9658 0.9650[d]


� H-O-H [�] 103.670 104.8[d]


H2O ¥¥¥ Br2 r(O ±H)[ä] 0.9672 ±
� H-O-H [�] 104.99 ±
� [�] 45.75[e] 46.8(1)
� [�] 0.8[f] 0.0 (assumed)
r(O ¥¥¥ Br)[ä] 2.7908 2.8506(1)


[a] Ab initio geometries are equilibrium quantities. [b] Experimental
geometries are r0-quantities. Values for H2O ¥¥¥ Br2 were determined by
fitting values of Ib � Ic for eight isotopomers of the complex. [c] Ref. [20].
[d] Ref. [18]. See Table 5 and footnote [b] for method of determination.
[e] � is the angle between the C2 axis of H2O and the O ¥¥¥ Br internuclear
axis, as defined in Figure 1. [f] � is the angular deviation of the nuclei
O ¥¥¥ Bri�Bro from collinearity.
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follows that the experimentally determined principal axis
nuclear quadrupole coupling constants �gg(Brx) carry infor-
mation about the electric charge distribution in Br2 within
H2O ¥¥¥ Br2.


It has been shown elsewhere that the Townes ±Dailey
model[31, 32] for interpreting nuclear quadrupole coupling
constants provides a very simple relation between the values
�e
zz(Brx) (x� i or o) of the coupling constants along the Br2


internuclear axis, z, in the hypothetical equilibrium geometry
of complexes such as H2O ¥¥¥ Br2 and the nuclear quadrupole
coupling constants �0(Brx) of free Br2 and �A(Brx) of the free
Br atom. If a fraction �(O�Bri) of an electron is transferred
from O to the 4pz orbital of Bri, while a fraction �(Bri�Bro)
is transferred from 4pz of Bri to 4pz of Bro, the net increases in
population of the respective 4pz orbitals are those shown in
Equations (8) and (9), respectively.


�(Bri)� �(O�Bri)��(Bri �� Bro) (8)


�(Bro)� �(Bri �� Bro) (9)


Application of the Townes ±Dailey model in its simplest
form provides the following general Equation (10) relating
�(Brx) (x� i or o) to �e


zz(Brx), �0(Brx) and �A(Brx).


�e
zz(Brx)� �0(Brx)� �(Brx)�A(Brx) (10)


In good approximation, the equilibrium coupling constant
�e
zz(Brx) and the zero-point value �aa(Brx) in H2O ¥¥¥ Br2 are


related according to Equation (11).


�aa(Brx)� �e
zz(Brx) 	P2(cos�)
 (11)


In Equation (11), � is the instantaneous angle between the a
inertia axis and the Br2 internuclear axis z, P2 is the second
Legendre coefficient and the average is over the zero-point
motion of the complex. The use of an exact equality in
Equation (11) implies the assumption that the �(Brx) defined
in Equations (8) and (9) are independent of the angle � (see
Figure 1).


By combining Equations (10) and (11), Equation (12)
results.


�(Brx)� {�0(Brx)/�A(Brx)}� {�aa(Brx)/�A(Brx)}	P2(cos�)
�1 (12)


It is clear that if 	P2(cos�)
 is known, Equation (12) will give
�(Bri) and �(Bro) and thence, from Equations (8) and (9), the
fractions �(O�Bri) and �(Bri�Bro) of inter- and intra-
molecular electron transfer on formation of the complex.


An estimate of 	P2(cos�)
 is available as follows. Ab initio
calculations for various complexes B ¥¥ ¥ Br2 have shown[33] that
when these complexes are formed from the components the
resulting redistribution of charge leads to values of �e


zz(Bri)
and �e


zz(Bro) increased and decreased in magnitude relative to
�0(Br) of the free Br2 molecule by almost equal amounts, so
that Equation (13) results.


�e
zz(Bri) � �e


zz(Bro)� 2�0(Br) (13)


Combining Equations (11) and (13), we have Equation (14)
for B ¥¥ ¥ 79Br2, for example.


�aa(Bri) � �aa(Bro)� �0(Br) 	3cos2� ±1
 (14)


It has been shown elsewhere[34] for OC ¥¥¥ 79Br2 that
application of Equation (14) leads to �av� cos�1	cos2�
1/2�
6.12�. The result for H2O ¥¥¥ 79Br2 obtained by using the
appropriate nuclear quadrupole coupling constants from
Table 3 and �0(79Br) from Table 5 gives �av� 5.81�. The
smaller value for the H2O complex than OC ¥¥¥ 79Br2 is
consistent with the weaker binding (as indicated by the
smaller value of the intermolecular stretching force constant
k�) in the latter case and therefore smaller angular oscillations
of the Br2 subunit. We shall use the value �av� 5.5(5)� in
H2O ¥¥¥ Br2 with some confidence that the true value lies some
where in the range �0.5�.


Values of �(O ¥¥¥ Bri) and �(Bri�Bro) determined by use of
Equation (12), (8) and (9) together with appropriate values of
the nuclear quadrupole coupling constants �aa(Brx), �0(Brx)[35]


and �A(Brx)[36] from Tables 3 ± 5 are recorded in Table 7. The
errors in the fractions of electron transferred are those
propagated from the assumed range in �av and are fortunately
small. We note from Table 7 that the fraction of an electron
�(O ¥¥¥ Bri) transferred from H2O to Bri is almost negligibly
small while the fraction simultaneously transferred from Bri
to Bro (i.e. , a polarisation of Br2) is considerably larger. Thus,
the net change in electron population at Bri is predominantly
the result of intramolecular redistribution within Br2.


Intermolecular stretching force constant k� : The strength of
the intermolecular binding in H2O ¥¥¥ Br2 may be gauged from
the magnitude of the quadratic intermolecular stretching
force constant k�. This quantity is proportional to the energy
required for a unit infinitesimal displacement along the O ¥¥¥
Bri direction. Millen[37] showed that, in the approximation of
rigid subunits B and XY and when contributions from cubic
and higher force constants are ignored, k� is related to the
centrifugal distortion constant �J for a planar asymmetric
rotor complex B ¥¥¥ XY of C2V symmetry through Equa-
tion (15).


k�� (8�2�c/�J) {B3(1�b)�C3(1�c)� 1³4(B�C)2 (B�C) (2�b�c)} (15)


Table 7. Values of �(O�Bri) and �(Bri�Bri) determined from Br
nuclear quadrupole coupling constants[a] and k� determined from the
centrifugal distortion constant �J.[b]


Isotopomer �(O�Bri) �(Bri�Bri) k� [Nm�1]


H2O ¥¥¥ 79Br79Br 0.004(5) 0.050(2) 9.9(1)
H2O ¥¥¥ 81Br79Br 0.004(5) 0.050(2) 10.1(1)
H2O ¥¥¥ 79Br81Br 0.003(5) 0.049(2) 9.7(1)
H2O ¥¥¥ 81Br81Br 0.003(5) 0.049(2) 9.8(1)
D2O ¥¥¥ 79Br81Br 0.005(5) 0.050(2) 9.6(1)
D2O ¥¥¥ 81Br81Br 0.004(5) 0.050(2) 9.6(1)
HDO ¥¥¥ 79Br81Br 0.004(5) 0.050(2) 9.2(2)
HDO ¥¥¥ 81Br81Br 0.004(5) 0.050(2) 10.7(3)


[a] �(O�Bri) and �(Bri�Bri) are the fractions of an electronic charge
transferred from O to Bri and from Bri to Bro, respectively, on complex
formation, as determined by the method discussed in the text. [b] k�


determined by use of �J in Equation (15).
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In Equation (15), B and C are rotational constants of the
complex, �c�mBmXY/(mB�mXY) is the reduced mass associ-
ated with stretching of the intermolecular bond, b� (B/BB) �
(B/BXY) and c is the corresponding quantity defined in
terms of the rotational constants C, CB and CXY of the
complex, the Lewis base B and the dihalogen molecule XY,
respectively. Although H2O ¥¥¥ XY has a pyramidal equilibri-
um configuration at O, in the zero-point state the complex is
effectively planar (see preceding sections) and, of the
available expressions, that given by Equation (15) is the most
appropriate.


Values of k� calculated from the �J, B0 , C0 values of the
complex (Tables 3 and 4) and the appropriate zero-point
rotational constants of H2O[18, 19] and Br2[20] (given in Table 5)
are shown in Table 7 for each of the isotopomers investigated.
The errors quoted are those propagated from the experimen-
tal errors in �J, which are predominant. Systematic errors in
the model are presumably responsible for an isotopic
variation in k� that exceeds the range implied by the
experimental errors.


Discussion


The ground-state rotational spectra of eight isotopomers of
the complex H2O ¥¥¥ Br2 have been recorded by using a pulsed-
jet, Fourier-transform microwave spectrometer in conjunction
with a fast-mixing nozzle. Spectroscopic constants determined
by fitting assigned spectra have been interpreted with the aid
of models of the complex to yield a number of its properties.
Thus, it has been established that H2O ¥¥¥ Br2 has a geometry
of Cs symmetry at equilibrium with a pyramidal arrangement
of the two H atoms and the atom Bri around the oxygen atom.
Ab initio calculations conducted at the aug-cc-pVDZ/MP2
level of theory give predictions for the distance r(O ¥¥¥ Bri) and
the angle � (as defined in Figure 1) that are in reasonable
agreement with the zero-point values of these quantities
obtained by fitting experimental ground-state moments of
inertia. The intermolecular charge transfer on formation of
H2O ¥¥¥ Br2 is almost negligible. This is indicated by the
quantity �(O�Bri)� 0.004(5), which is the fraction of an
electron transferred from O to Bri, as estimated from the Br
nuclear quadrupole coupling
constants using an interpreta-
tion based on the Townes ±
Dailey model for relating elec-
tric field gradients and elec-
tronic structure. The interaction
of H2O and Br2 in the complex
is weak, as shown by the value
k�� 9.8(2) Nm�1 of the inter-
molecular stretching force con-
stant determined from the cen-
trifugal distortion constant. The
resistance to inversion of the
configuration is also small in
view of the fact that, according
to the ab initio calculations, the
zero-point energy level lies only


a few cm�1 below the top of the potential energy barrier at the
planar C2V form of the complex.


A similar approach to that described in the preceding
paragraph has now been applied to six complexes of the type
H2O ¥¥¥ XY, namely those in which XY is F2,[6, 7] Cl2,[9] Br2,
BrCl,[10] ClF[7, 8] and ICl.[11] It is timely to compare the
properties of the complexes determined in this way. Collected
in Table 8 are the experimental zero-point quantities
r(O ¥¥¥ X) and �0, the equilibrium angle �e and the potential
energy barrier {V(�e)�V(�� 0)} from ab initio calculations,
the fractions �(O�X) and �(X�Y) of an electron trans-
ferred inter- and intramolecularly on complex formation, and
the intermolecular stretching force constants k�. The values of
{V(�e)�V(�� 0)} and �e for H2O ¥¥¥ ICl are not strictly
comparable with those for the other members of the series
because a different type of basis function was used in its ab
initio calculation[11] and because the geometry was not
optimised at each angle �, but instead the experimental
H2O and ICl geometries were assumed and were taken to be
independent of �.


Several conclusions of interest may be drawn from the
comparisons in Table 8. Firstly, the strength of the interaction,
as defined by k�, increases in the order F2�Cl2�Br2�
BrCl�ClF� ICl. In the case of the nonpolar dihalogens, this
is the order of their electric quadrupole moments which have
the values 2.8� 10�40, 10.8(5)� 10�40 and 17.5� 10�40 Cm2 for
F2, Cl2 and Br2, respectively.[38, 39] The complexes in which the
dihalogen is polar are all more strongly bound than those
involving nonpolar species and the order is the order of the
electric dipole moments of the halogen, namely BrCl[40]�
ClF[41]� ICl.[42]


Secondly, with the exception of H2O ¥¥¥ ICl, the order of the
potential energy barrier V(�e)�V(�� 0) follows the order of
the binding strength. It seems likely that a more sophisticated
ab initio calculation for H2O ¥¥¥ ICl will lead to a result in
excess of 174 cm�1, therefore.


Thirdly, the extent of intermolecular electron transfer
�(O�X) is almost negligible across the series, rising to only
one hundredth of an electron in H2O ¥¥¥ ICl. Such a small
electron transfer is consistent with a high ionization energy
IH2O� 12.61(6) eVof the H2O molecule.[43] On the other hand,
the intramolecular electron transfer is more significant and


Table 8. Comparison of some properties of complexes H2O ¥¥¥ XY, where XY�F2, Cl2, Br2, BrCl, ClFand ICl, as
determined by rotational spectroscopy and ab initio calculations.


Property Complex
H2O ¥¥¥ F2


[a] H2O ¥¥¥ Cl2[b] H2O ¥¥¥ Br2[c] H2O ¥¥¥ BrCl[d] H2O ¥¥¥ ClF[a] H2O ¥¥¥ ICl[e]


r(O ¥¥¥ X)[ä][f] 2.748(3) 2.8479(3) 2.8506(1) 2.7809(3) 2.608(2) 2.6109(6)
�0 [�][f] 48.5(20) 43.4(3) 46.8(1) 47.9(2) 58.9(2) 60.8(4)
�e [�][g] 41.7 47.7 45.7 54.6 55.8 � 45�
{V(�e)�V(�� 0)}[cm�1][g] 7 42 68 99 174 � 100
�(O�X)[h] ¥ ¥ ¥ 0.005(5) 0.005(5) 0.009(5) ¥¥ ¥ 0.010(4)
�(X�Y)[h] ¥ ¥ ¥ 0.034(3) 0.050(2) 0.053(3) ¥¥ ¥ 0.065(1)
k� [Nm�1][i] 3.7(1) 8.0(1) 9.8(2) 12.1(1) 14.2(1) 15.7(3)


[a] Ref. [7]. [b] Ref. [9]. [c] This work. [d] Ref. [10]. [e] Ref. [11]. [f] Zero-point quantities estimated by fitting
I0b� I0c as described here and in appropriate references. [g] Equilibrium values of � and the barrier height in the
potential energy function determined by ab initio methods described in the text. For H2O ¥¥¥ ICl a different type of
basis set was used and the experimental geometry was used at each point. Hence these values should be treated
with caution. [h] Fractions of electron transferred from O to X or X to Y (see text for definition). These quantities
are not available for H2O ¥¥¥ F2 and H2O ¥¥¥ ClF. [i] As determined using �J in Equation (15).
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appears to increase as the polarizability of the front end atom
increases, with order Cl2�Br2BrCl� ICl.


Finally, we note the result that all complexes, even
H2O ¥¥¥ F2,[7] have a pyramidal configuration at O and Cs


symmetry at the equilibrium geometry. This makes it clear
that all of these complexes obey the rule originally put
forward to account for the observed geometries of hydrogen-
bonded complexes B ¥¥ ¥HX[44, 45] and recently extended[4, 5] to
include complexes B ¥¥¥ XY involving dihalogen molecules.
The rules require that the nucleophilic end ��H of HX or ��X
of XY seeks the axis of a nonbonding or �-bonding electron
pair carried by the electron-donor atom of B. In the case of
H2O, the angle between the nonbonding electron pairs is�
109�, so that �e should be� 50� in these complexes, as indeed
it is. Similar conclusions have been reached for H2O ¥¥¥HF[29]


and H2O ¥¥¥HCl,[21] strengthening the case for the halogen
bond in B ¥¥¥ XY complexes, as recently postulated.[4, 5]


Experimental Section


The ground-state rotational spectra of eight isotopomers of H2O ¥¥¥ Br2
were observed with a pulsed-jet, Fourier-transform microwave spectrom-
eter. The design of the instrument was based on the prototype described by
Balle and Flygare[46] but with two sets of modifications, as discussed
elsewhere.[14, 10] To avoid any possibility of a reaction between H2O and Br2
a fast-mixing nozzle[13] was employed in the spectrometer as the source of
complexes. The vapour from above a room-temperature sample of water
was flowed continuously through the central, 0.3 mm internal diameter
glass capillary of this device into the evacuated Fabry ± Pe¬rot cavity of the
spectrometer. A gas mixture composed of 2% bromine (Aldrich) and 98%
argon was pulsed, from a stagnation vessel held at a total pressure of 3 bar,
down the outer tube of the nozzle at a rate of 3 ± 5 Hz. The pulses were of
about 1 ms in length and were produced by a Series 9 solenoid valve
(Parker Hannifin). Complexes formed at the cylindrical interface of the
two gas flows as they expanded from the concentric inner and outer tubes
of the mixing nozzle into the Fabry ± Pe¬rot cavity perpendicular to its axis
were rotationally polarised by 1 �s pulses of microwave radiation. The
subsequent free induction decay at rotational transition frequencies of the
complexes was detected and processed in the usual manner. The full width
at half height of individual Br nuclear quadrupole hyperfine components in
the spectrum of H2O ¥¥¥ Br2 observed in this way was about 20 kHz and led
to an accuracy of frequency measurement estimated to be 2 kHz.
Rotational spectra of D2O ¥¥¥ Br2 and HDO ¥¥¥ Br2 isotopomers were
observed by flowing either D2O (Appollo Scientific Ltd., 99.8%D) or an
equimolar mixture of D2O and H2O, respectively, through the mixing
nozzle.
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Supramolecular Assemblies of a Bis(terpyridine) Ligand and of its [2� 2]
Grid-type ZnII and CoII Complexes on Highly Ordered Pyrolytic Graphite


Ulrich Ziener,[a, b] Jean-Marie Lehn,*[a] Ahmed Mourran,[b] and Martin Mˆller*[b]


Abstract: The synthesis and characterisation of bis(terpyridine)-derived ligands
which are capable of forming [2� 2] grid-like complexes is presented. Additional
pyridine substituents on these ligands do not interfere with the complexation process.
Adsorbing one of the pure ligands on highly ordered pyrolytic graphite (HOPG)
shows a highly ordered structure stabilised by additional weak intermolecular
C�H ¥¥¥N hydrogen bonds partially through the extra-pyridines as could be shown by
scanning tunneling microscopy (STM) investigations. Similar adsorption experiments
with one of the corresponding [2� 2] CoII grid-type complexes on graphite, led also
to a well-organised structure with interdigitation of the extra-pyridine moieties.


Keywords: cobalt ¥ coordination
chemistry ¥ scanning probe micros-
copy ¥ supramolecular chemistry ¥
zinc


Introduction


Molecular self-organisation and self-assembly to supramolec-
ular structures is the basis for the construction of new
functional materials and nanoobjects in a bottom-up strat-
egy.[1] Coordinating tailor-made ligands to appropriate metal
atoms opens a wide range of structural variations of such
entities which manifests itself in a vast number of investiga-
tions in this field. Helices, cages, ladders and grids are
examples of designed sophisticated molecular structures. The
metal atoms present in these complexes can confer special
(e.g., magnetic or electronic) properties to them.[2, 3] Gaining
technological advantage by building up devices from these
compounds requires the assembly of such supramolecular
tectons in a sequential, hierarchical fashion to generate even
more complex nanostructures. A rational approach to such
functional supramolecular nanostructures requires mastering
the multiple and competing interactions, for example van der
Waals forces, ionic interactions, hydrogen and coordinative


bonding. The latter are especially useful for this purpose as
they exhibit strong directionality and selectivity.[4, 5] In addi-
tion, entropic effects also provide a significant contribution in
structure formation, for example hydrophobic (or solvopho-
bic) effects, depletion forces, and configurational entropy.
Adsorption and two-dimensional (2D) ordering of a molec-
ular monolayer on a structurally defined substrate provides
unique insight into the interaction of different components in
bulk assemblies. Scanning tunneling microscopy (STM) is an
appropriate tool to investigate such structures arranged on
surfaces on atomic size scale. In a previous paper we reported
on a [2� 2] bis(bipyridine)pyrimidine grid complex, in which
STM allowed us to observe how a variation in the molecular
structure can effect the molecular orientation towards the
substrate within the regular arrangement.[6]


Herein we describe the synthesis of tailored bis(terpyr-
idine)-derived ligands containing two coordination subunits
which self-assemble with ZnII and CoII ions to give [2� 2]
grid-like complexes, as shown earlier for the ™parent∫
complexes.[7] The ligands have been substituted with extra-
pyridines for second-level interactions with further metal ions.
Additionally, they are able to form weak intermolecular
C�H ¥¥¥N hydrogen bonds. One of these ligands was adsorbed
on graphite and investigated by STM and showed highly
ordered two-dimensional arrays. The [2� 2] grid-like Co
complex formed by this ligand was adsorbed on graphite, too,
and yielded also a quite well arranged two-dimensional
structure. Such arrays may help in the development of new
approaches for storage devices for molecular electronics
based on addressable single components in a highly ordered
superstructure.
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Results and Discussion


Synthesis


The ligands 5a, b were synthesised by a ring-closure reaction
corresponding to the Krˆhnke synthesis (Scheme 1).[8] Stille
coupling of 1 with (1-ethoxy)vinyltributylstannane and hy-
drolysis of the divinyl ether led to the diketone 2, which could
be easily converted to the bispyridinium salt 3. The synthesis
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Scheme 1. Syntheses of the ligands 5a and 5b, a) (1-ethoxy)vinyltributyl-
stannane, [Pd(PPh3)2Cl2], DMF, b) acetone, HCl, c) pyridine, iodine,
d) MeOH, NH4OAc. The numbering relates to the assignment of the
signals in the 1H NMR spectra (the numbers in parentheses refer to 5b).


of the unsaturated ketones 4a, b by a Knoevenagel conden-
sation of 3- and 4-pyridine carbaldehyde, respectively, with
2-acetyl pyridine has been described previously.[9] The double
Michael addition of 3 to 4a and 4b, respectively, followed by
cyclisation and aromatisation gave the bis(terpyridine) deriv-
atives 5a and 5b in good yields.
The corresponding grid-like complexes 6 and 7 were


obtained by reacting the ligands 5a, b with ZnII and CoII


salts, respectively (Scheme 2).
1H NMR spectroscopy of 6a and 6b is consistent with the


proposed structure of the complexes. The spectra of the
ligands 5a, b show signals between about �� 7.4 and 9.8 and
are rather complicated due to superposition of several groups
of signals. Complexation with ZnII leads to a spreading out of
the peaks and to the appearance of five new signals at
relatively high field up to about �� 5.5. They can be assigned


Scheme 2. Formation of the tetranuclear grid-like complexes 6 and 7,
a) MZ2, acetonitrile (M�Zn2�, Co2� ; Z�BF4


�, OTf�).


to the five phenyl protons,[7] indicating that the free rotation of
a phenyl group is frozen and the ring plane is perpendicular to
the plane of the terpyridine groups of the two orthogonal
ligands (see Scheme 2, 6a, b). These spectral features are
similar to those observed earlier for the corresponding
™parent∫ complexes, whose structure had also been confirmed
by X-ray crystallography.[7, 10] The strong high-field shift of the
phenyl protons is caused by the influence of the ring current of
the parallel aligned terpyridine units on the phenyl protons.
Furthermore, the number of signals is indicative for the
maintenance of the C2v symmetry of the ligands 5a, b in 6a
and 6b, respectively. The formation of a linear polymeric
structure is excluded by electrospray (ES) mass spectrometry
which shows only signals of the tetranuclear complex with
different numbers of anions.
The 1H NMR spectra of the Co complexes 7a, b are quite


different from the previous spectra. The spectrum of 7a shows
fourteen singlets covering a range of almost 350 ppm, which is
related to the paramagnetism of CoII. Like in the case of 6a, b
the five protons of the phenyl ring are discriminated. From the
number of the signals it can be again concluded that the C2v


symmetry of the ligands 5a, b is maintained. The strongly
high-field shifted signals can be assigned to the phenyl protons
by comparison with the spectral data of related complexes.[7, 11]


The 1H NMR spectrum of 7b is similar to that for 7a.
According to the proposed structure, sixteen 1H NMR signals
are expected to be resolved, but only fifteen signals are
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observed. Integration indicates that the signal at �� 16.6 is
caused by two different protons.
The unsatisfying elemental analysis data are not unusual for


metal complexes and incomplete combustion.[12] Further-
more, it must be expected that some complexes may contain
water bound to the non-coordinated N atoms of the pyridine
rings as it is assumed for 7a (see Experimental Section).


Investigations by scanning tunneling microscopy (STM)


In situ adsorption of the ligand 5a on highly ordered pyrolytic
graphite (HOPG) surface : Figure 1a depicts a typical large
scan area STM image of a monofilm of ligand 5a adsorbed on
a HOPG surface.


Figure 1. Fourier-filtered STM image of 5a on graphite: a) large scan area,
b) magnified detail with a model of the ligand showing the geometric
agreement between model and experimental results.


The enlargement in Figure 1b shows well-resolved details
of the highly ordered rectangular structure with ellipsoidal
directionally alternating voids. The repeating motif is formed
by discrete light spots with a diameter of about 3 to 4 ä. The
two-dimensional unit cell is of square symmetry (plane group
p4), containing four molecules. The lattice constants were
determined to be A� 20� 2 ä. A model of the molecular
arrangement of 5a on HOPG derived from the STM pictures
is depicted in Scheme 3, where the molecule is represented in
its lowest energy form, having all NC ±CN rotamers in N,N-
transoid orientation. The size of an individual molecule
measured by STM is in agreement with the dimensions
determined by single-crystal X-ray analysis of similar com-
pounds.[7, 13]
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Scheme 3. Ligand 5a in the transoid NC±CN conformation with weak
intramolecular C�H ¥¥¥ N hydrogen bonds (dashed lines).


Several arguments support our model, 1) the graphite
surface favors the planar arrangement of the (hetero)aro-
matic moieties;[14] 2) oligopyridines and related compounds
adopt in solution as well as in the solid state a NC±CN
transoid conformation due to repulsive forces of the lone pairs
of the nitrogen atoms and weak intramolecular hydrogen
bonds (Scheme 3);[15, 16] 3) this transoid conformation allows
the formation of eight weak intermolecular hydrogen bonds
per molecule which provide the stability of the 2D assembly
(Scheme 4). Thus, the ellipsoidal voids in the monomolecular
assembly of the ligand 5a on HOPG appear as a consequence
of the intra- and intermolecular interaction of the ligand in the
vicinity of the HOPG surface.


2D assembly of the [2� 2] grid-like CoII complex 7a on
HOPG : Figure 2a shows a representative STM image of the
CoII complex 7a on HOPG. The large scan image depicts
boundaries between different domains. The angle between
domain directions is 120� 3�, corresponding to the hexagonal
graphite symmetry. The poor resolution of the image is due to
the low adherence of the complex on the HOPG surface.
Indeed, the molecules were easily removed from the scanning
area after two to four scans. Yet, the images were well
reproducible. The analysis of the STM images has been done
by taking into account the effects discussed above.
The structure of the monolayer of complex 7a on HOPG


(Figure 2b) is manifestly distinct from that of ligand 5a
(Figure 1). The lattice constants of the 2D structure of 7a
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Scheme 4. Proposed model for the arrangement of 5a on a graphite
surface stabilised by weak intermolecular hydrogen bonds (dashed lines).


were determined to be A� 16 �2 ä, B� 27� 2 ä and ��
68� 3�.
Based on the X-ray analysis of the similar bis(bipyridine)


pyrimidine complexes, without the extra pyridine moieties
sticking out at the top and bottom of the complex, we assume
an approximately cubic shape with edges of 18 ä for 7a
(Figure 3).[2, 7] This is not obviously consistent with the STM
data. So far the poor resolution of the STM images of 7a does
not allow a rigorous interpretation. Some features may be
explained qualitatively as follows: STM investigations of
similar grid complexes on graphite[6] indicated that the square
grid complexes were either ™sitting∫ with the C2 axis
perpendicular or ™lying∫ with the C2 axis parallel to the
substrate surface depending on the substituents at the ligands.
In both cases the directions of the main periodicities in the
STM images were orthogonal.[6] The deviation from ortho-
gonality found for the 2D lattice in Figure 2 might either arise
from an unlikely distortion of the complexes themselves or
from intercalation from adjacent complexes. Distortion of the
complex would imply a strong local distortion of the
octahedral coordination sphere of the Co ions. Intercalation
of neighboring complexes decreases the periodicity in one
direction consistent with the 16 ä period. Such intercalative
insertion is compatible with the thickness of the ligand units
and their distances in the grids. Insertion of benzene solvent
molecules between ligands in grid-type complexes has been
observed.[17] The 27 ä period in the other direction must then
be constituted by couples of two complexes. Based on this
consideration we suggest the structural arrangement of 7a on
graphite shown in Figure 4. Though the periodicities (ca. 17
and 31 ä) are somewhat too large, the angle (ca. 67�) between


Figure 2. Fourier-filtered STM image of 7a on graphite: a) large scan area,
b) detailed view.


Figure 3. Proposed structure for a single molecule of 7a, (left) side view;
(right) top view. The sizes of the spheres are 2/3 of the correct van-der-
Waals radii for clarity reasons. The dimensions are deduced from single-
crystal X-ray structures of related complexes.[7]


the two main axes of this monofilm structure fits well the STM
results. Packing of the complexes as depicted in Figure 4 will
gain from weak intramolecular N ¥¥¥ H�C hydrogen bonds as
well as from edge-to-face and face-to-face interactions of the
aromatic rings which are well known for the solid-state
structures of bis(terpyridine) complexes.[18] In the proposed
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Figure 4. Suggested model for the arrangement of 7a on a graphite
surface. The sizes of the spheres are 2/3 of the correct van-der-Waals radii
for clarity reasons.


arrangement the mirror planes of the complexes are parallel
to the substrate. An inclination of these planes with respect to
the surface would allow an even stronger intercalation of the
complexes and so decrease the distances, but such details
cannot be deduced from the image.


Conclusion


Two new ligands containing two terpyridine-type coordina-
tion subunits and each substituted by an additional pyridine
unit have been synthesised and studied. One of them was
adsorbed as a monofilm on HOPG and found to yield a well-
defined rather peculiar 2D structure involving intra- and
inter-molecular C�H ¥¥¥N interactions of the molecules.
The distinct changes of the monofilm structure that were


observed by STM after complexation of ZnII and CoII ions, are
in agreement with the expected formation of [2� 2] grid-like
complexes. STM experiments on one of the Co complexes
revealed a weaker adsorption onHOPG than observed earlier
for the corresponding parent complex.[6] In the case of the
pure organic ligand a coplanar arrangement of the aromatic
rings and the graphite surface stabilises the structure, whereas
the orthogonal coordination of the metal ion in the complexes
does not allow the face-on � bonding of the aromatic rings on
the graphite surface. In this case the adsorption is facilitated
by the interaction of the N atoms of the exo pyridine rings
with the graphite. For metallic surfaces like gold or silver, it is
expected that an attractive interaction would enhance the
stability and binding to the surface. Experiments on the
adsorption of the present complexes on gold are underway.
The ability to control and manipulate such arrangements
could provide approaches to locally addressable, inorganic
storage devices for molecular electronics.


Experimental Section


General : 2-Phenyl-4,6-dichloropyrimidine (1),[19] (1-ethoxy)vinyltributyl-
stannane,[20] and the ketones 4a and 4b[9] were prepared according to the
literature. If water-free solvents were used, they were dried according to
reference [21]. The other reagents and solvents were used without further
purification. The NMR data were obtained on a Bruker AC 200
spectrometer at 200.1 MHz (1H) and 50.2 MHz (13C), respectively, cali-
brated against the solvent signal (CDCl3): 1H NMR: �� 7.26; 13C NMR:
�� 77.0; [D6]DMSO: 1H NMR: �� 2.50; 13C NMR: �� 39.9; [D3]acetoni-
trile: 1H NMR: �� 1.94) and are given in ppm. Fast atom bombardment
(FAB) mass spectrometry was performed on a ZAB-HF VG spectrometer
with m-nitrobenzyl alcohol as the matrix and electrospray (ES) mass
spectra were recorded on a triple quadrupole mass spectrometer Quattro II
(Micromass).


STM investigations : STM measurements were carried out at ambient
conditions with a low-current RHK 1000 control system. STM imaging of
the ad-layers was performed at the internal interface between HOPG and a
concentrated solution of the ligand 5a dissolved in 1,2,4-trichlorobenzene.
A drop of solution was placed on a freshly cleaved HOPG surface, while
the surface had already been scanned by STM under conditions that
allowed atomic resolution of the graphite surface structure. A potential of
U�� 1 V was applied to the substrate. The scan rate was varied between
0.2 and 0.6 �ms�1. The tunneling current set point was 8 ± 20 pA. All images
presented were obtained at constant current mode using a Pt/Ir (90/10) tip,
which was mechanically sharpened.


The Co complex 7a was dissolved in acetonitrile at a concentration less
than 1 wt%. A droplet of the solution was deposited on a freshly cleaved
surface of graphite. The substrates were dried in the presence of
acetonitrile vapor over 1 h (in a covered Petri dish with a few mL of
acetonitrile aside the sample). Then the sample was taken out of the Petri
dish and dried fully under ambient conditions. The molecular structure of
the layer was probed by STM under atmospheric conditions.


2-Phenyl-4,6-diacetylpyrimidine (1): 2-Phenyl-4,6-dichloropyrimidine
(1.00 g, 4.4 mmol) was mixed with (1-ethoxy)vinyltributylstannane
(3.61 g, 10 mmol) and [Pd(PPh3)2Cl2] (290 mg, 0.4 mmol), dissolved in dry
DMF, and degassed with argon. The solution was stirred at 80 �C for 19 h
during which time it turned black. After the solution had been cooled to
ambient temperature it was poured into a mixture of KF (1 g) in water and
diethyl ether. The slurry was stirred for 15 min and the off-white solid
filtered and washed with diethyl ether. The aqueous phase was separated
from the organic phase and extracted three times with diethyl ether. The
combined organic phases were dried (MgSO4) and the solvent removed.
The resulting crude brown solid of 2-phenyl-4,6-bis(1-ethoxyvinyl)pyrimi-
dine (1.30 g 4.4 mmol) was dissolved in a mixture of acetone (15 mL) and
2� HCl (2 mL) and stirred at room temperature for 20 h. The bulky off-
white precipitate formed was filtered, washed with a little acetone, and
dried in vacuo. Yield: 895 mg (85% over two steps). M.p. 133 �C. 1H NMR
(200 MHz, CDCl3): �� 8.60 ± 8.55 (m, 2H; Hortho), 8.27 (s, 1H; H5), 7.58 ±
7.51 (m, 3H; Hmeta,para), 2.83 (s, 6H; 2CH3); 13C NMR (50.2 MHz, CDCl3):
�� 198.7, 165.0, 161.2, 136.0, 131.7, 128.7, 128.3, 110.6, 25.5; MS (FAB):m/z :
241 [M�H�]; elemental analysis calcd (%) for C14H12N2O2 (240.3): C 69.99,
H 5.03, N 11.66; found: C 70.15, H 4.80, N 11.68.


Bispyridinium salt 3 : Iodine (1.056 g, 4.16 mmol) in dry pyridine (3.5 mL)
was added to a solution of 2-phenyl-4,6-diacetylpyrimidine (1) (500 mg,
2.08 mmol) in dry pyridine (2.5 mL), and the deeply coloured mixture was
stirred at 100 �C for 4 h. It was cooled to room temperature and stirred
overnight. The golden-brown precipitate was filtered and washed with dry
EtOH until the liquid became colourless. The golden-brown solid was dried
in vacuo. Yield: 1.047 g (77%). M.p. above 210 �C darkening, above 220 �C
melting with decomposition. 1H NMR (200 MHz, [D6]DMSO): �� 9.03 (d,
J� 6 Hz, 4H; H2�,6�), 8.83 ± 8.73 (m, 4H; H4�,ortho), 8.34 (t, J� 7 Hz, 4H;
H3�,5�), 8.16 (s, 1H; H5), 7.77 ± 7.73 (m, 3H; Hmeta,para), 6.75 (s, 4H; 2CH2);
13C NMR (50.2 MHz, [D6]DMSO): �� 190.5, 164.1, 159.5, 146.6, 146.2,
134.7, 132.6, 129.2, 128.4, 127.8, 110.3, 66.4; MS (FAB): m/z : 523 [M� I]� ,
395 [M� 2I�H]� , 317 [M� 2I� pyridine]� ; elemental analysis calcd (%)
for C24H20N4O2I2 (650.3): C 44.33, H 3.10, N 8.62; found: C 44.57, H 3.21, N
8.67.


Ligand 5a : Bispyridinium salt 3 (356 mg, 0.55 mmol), ketone 4a (230 mg,
1.09 mmol) and NH4OAc (2.0 g, 26 mmol) in MeOH (10 mL) were heated
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under reflux. The mixture formed readily a homogeneous solution and
after 1 min an off-white precipitate. The suspension was kept under reflux
for 1 h and after the mixture had been cooled, the solid was filtered, washed
two times with MeOH and dried in vacuo. Yield: 242 mg (71%). M.p.
above 275 �C slow decomposition. 1H NMR (200 MHz, CDCl3):[22] �� 9.66
(s, 1H; H5), 8.89 (d, J� 2 Hz, 2H; H3�), 8.82 ± 8.66 (m, 12H; Hortho,5�,3��,6��,2���,6���),
7.85 (td, J� 8, 2 Hz, 2H; H4��), 7.79 (dd, A part of AB system, J� 4, 2 Hz,
4H; H3���,5���), 7.60 ± 7.53 (m, 3H; Hmeta,para), 7.39 (ddd, J� 7, 5, 1 Hz, 2H; H5��);
13C NMR (50.2 MHz, CDCl3): �� 163.6, 163.0, 155.9, 155.0, 154.0, 150.5,
149.0, 146.8, 145.2, 137.1, 136.3, 130.8, 128.4, 128.2, 124.0, 121.4, 121.0, 119.6,
118.5, 111.3; high-resolution MS (FAB): calcd (m/z) for C40H27N8 [M�H]�:
619.235868; found: 619.235501


Ligand 5b : Bispyridinium salt 3 (350 mg, 0.54 mmol), ketone 4b (226 mg,
1.08 mmol) and NH4OAc (2.0 g, 26 mmol) in MeOH (8 mL) were heated
under reflux. The homogeneous solution formed an off-white precipitate
after 15 min. The suspension was kept under reflux for 16 h and after the
mixture had been cooled, the solid was filtered, washed two times with
MeOH and dried in vacuo. Yield: 233 mg (70%). M.p. above 275 �C
darkening, 295 ± 305 �C melting. 1H NMR (200 MHz, CDCl3):[22] �� 9.77 (s,
1H; H5), 9.20 (d, J� 2 Hz, 2H; H2���), 9.01 (d, J� 2 Hz, 2H; H3�), 8.90 ± 8.74
(m, 10H; Hortho,5�,3��,6��,6���), 8.23 (ddd, J� 8, 2, 2 Hz, 2H; H4���), 7.93 (td, J� 7,
2 Hz, 2H; H4��), 7.62 ± 7.57 (m, 3H; Hmeta,para), 7.52 (dd, J� 8, 5 Hz, 2H; H5���),
7.43 (ddd, J� 7, 5, 1 Hz, 2H; H5��); 13C NMR: too insoluble; high-resolution
MS (FAB): calcd (m/z) for C40H27N8 [M�H]�: 619.235868; found:
619.235197


Zinc(��) complex 6a : Ligand 5a (18.5 mg, 30 �mol) and Zn(BF4)2 ¥ 6H2O
(10.4 mg, 30 �mol) were mixed in acetonitrile (5 mL), and refluxed for
5 min. This led to a pinkish solution which was stirred at room temperature
for 2 h. Diethyl ether was added to precipitate the desired compound as a
brownish powder which was collected by centrifugation and dried in vacuo.
Yield: 17.6 mg (69%). 1H NMR (200 MHz, [D3]acetonitrile):[22] �� 9.70 (s,
4H; H5), 9.33 (s, 8H; H3� or H5�), 9.05 (d, J� 5 Hz, 16H; H2���,6��� or H3���,5���), 8.81
(s, 8H; H3� or H5�), 8.42 (d, J� 8 Hz, 8H; H3��), 8.19 (d, J� 6 Hz, 16H; H2���,6���


or H3���,5���), 7.98 (td, J� 8, 2 Hz, 8H; H4��), 7.32 (t, J� 8 Hz, 4H; H3����o), 7.17
(dd, J� 7, 5, Hz, 8H; H5��), 7.00 (d, J� 4 Hz, 8H; H6��), 6.87 (t, J� 7 Hz, 4H;
H4����), 6.34 (t, J� 7 Hz, 4H; H3����i), 5.95 (d, J� 8 Hz, 4H; H2����o), 5.50 (d, J�
7 Hz, 4H; H2����i) ; MS (ES):m/z : 3258 [M� 2BF4]� , 3170 [M� 3BF4]� , 3084
[M� 4BF4]� ; elemental analysis calcd (%) for C160H104N32B8F32Zn4
(3430.8): C 51.36, H 2.67, N 11.41; found: C 51.12, H 2.89, N 11.36.


Zinc(��) complex 6b : Ligand 5b (8.4 mg, 13.6 �mol) and Zn(OTf)2 (5.0 mg,
13.6 �mol) were mixed in acetonitrile (1 mL) and refluxed for 5 min. This
led to a pinkish solution which was stirred at room temperature for 2 h.
When diethyl ether was added, almost no precipitation was observed. The
solution became just slightly opaque. The solvent was removed and the
brownish residue dried in vacuo. Yield: 8.1 mg (61%). 1H NMR (200 MHz,
[D3]acetonitrile):[22] �� 9.76 (s, 4H; H5), 9.46 (d, J� 2 Hz, 8H; H2���), 9.36 (s,
8H; H3� or H5�), 8.96 (dd, J� 5, 2 Hz 8H; H6���), 8.81 (s, 8H; H3� or H5�), 8.68
(dd, J� 8, 2 Hz, 8H; H4���), 8.44 (d, J� 8 Hz, 8H; H3��), 7.97 (td, J� 8, 2 Hz,
8H; H4��), 7.78 (dd, J� 7, 2 Hz, 8H; H5��or5���), 7.55 (t, J� 8 Hz, 4H; H3����o), 7.16
(dd, J� 7, 5 Hz, 8H; H5��or5���), 7.00 (d, J� 4 Hz, 8H; H6��), 6.93 (t, J� 7 Hz,
4H; H4����), 6.40 (t, J� 7 Hz, 4H; H3����i), 5.97 (d, J� 8 Hz, 4H; H2����o), 5.47 (d,
J� 7 Hz, 8H; H2����i) ; MS (ES): m/z : 3780 [M�OTf]� , 3631 [M� 2OTf]� ,
3481 [M� 3OTf]� , 3331 [M� 4OTf]� , 3184 [M� 5OTf]� ; elemental
analysis calcd (%) for C168H104N32F24O24S8Zn4 (3928.8): C 51.36, H 2.67, N
11.41; found: C 53.19, H 2.78, N 11.53.


Cobalt(��) complex 7a : Ligand 5a (50.0 mg, 81 �mol) and Co(BF4)2 ¥ 6H20
(27.5 mg, 81 �mol) were mixed in acetonitrile (8 mL) to give a brown
solution which was stirred at room temperature for one day. Diethyl ether
was added to precipitate the desired complex as a brown powder which was
collected by centrifugation and dried in vacuo. Yield: 63.0 mg (92%).
1H NMR (200 MHz, [D3]acetonitrile): �� 231.9, 160.3, 130.2, 69.0, 52.9,
46.8, 23.0, 17.4, 13.2, 6.2, �16.5, �23.7,�107.1,�112.2; MS (ES):m/z : 3232
[M� 2BF4]� , 3145 [M� 3BF4]� , 3058 [M� 4BF4]� , 2970 [M� 5BF4]� ,
2884 [M� 6BF4]� ; elemental analysis calcd (%) for C160H104N32B8Co4F32 ¥
8H2O (3549.1): C 54.15, H 3.41, N 12.63; found: C 54.07, H 3.29, N 12.46.


Cobalt(��) complex 7b : Ligand 5b (6.9 mg, 11 �mol) and Co(BF4)2 ¥ 6H20
(3.8 mg, 11 �mol) were mixed in acetonitrile (1 mL) and refluxed for 5 min.
This led to a brown solution which was stirred at room temperature for 2 h.
Diethyl ether was added to precipitate the desired complex as a brown
powder which was collected by centrifugation and dried in vacuo. Yield:


8.5 mg (89%). 1H NMR (200 MHz, [D3]acetonitrile): �� 228.9, 160.6,
131.9, 70.3, 52.8, 45.3, 24.9, 24.3, 16.6, 15.0, 7.3, �16.7, �22.1, �108.8,
�114.7; MS (ES): m/z : 3318 [M�BF4]� , 3231 [M� 2BF4]� , 3145 [M�
3BF4]� , 3058 [M� 4BF4]� , 2970 [M� 5BF4]� ; elemental analysis calcd
(%) for C160H104N32B8Co4F32 (3405.0): C 56.44, H 3.08, N 13.16; found: C
57.26, H 3.32, N 13.46.
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Strain and Reactivity: Electrophilic Addition of Bromine and
Tribromide Salts to Cyclic Allenes


Cinzia Chiappe,*[a] Antonietta De Rubertis,[a] Heiner Detert,[b] Dieter Lenoir,*[c]
Chaitanya S. Wannere,[d] and Paul von R. Schleyer*[d]


Abstract: The kinetics and the products
of the bromination of several cyclic
allenes, from C9 to C13 (1a ± e), with
tetrabutylammonium tribromide
(TBAT) and Br2 have been investigated
in 1,2-dichloroethane (DCE) and meth-
anol. The first product of the interaction
between the allene and Br2 is a 1:1 �


complex. The stability constant of this
complex, determined at 25 �C for allene
1a, is 7.4 ��1. The comparison of this
value with those reported for several
alkenes and alkynes further support the
hypothesis of the existence of sizeable
structural effects on the stability of these
complexes. The negative values of the
apparent activation energy for the reac-
tion of allenes 1a ± e with Br2 in DCE
demonstrate the involvement of these
complexes as essential intermediates
along the reaction coordinate. Different
stereochemical behavior was observed
in the bromine addition on going from


the strained 1,2-cyclononadiene to the
larger compounds. Furthermore, a sol-
vent-dependent stereochemistry has
been observed for each compound. The
kinetic and product distribution data
have been interpreted in terms of the
influence of the strain on the nature of
the intermediate and by considering the
competition between pre-association
and ion-pair pathways on going from
aprotic to nuclophilic solvents or when
nucleophilic bromide ions are added. Ab
initio (MP2/6-311�G**) and density
functional (B3LYP/6-311�G**) com-
putations of 1:1 Br2 complexes showed
that the association energies of allene ¥
Br2 and ethene ¥ Br2 complexes are near-


ly the same but are greater than that of
acetylene ¥ Br2 complexes. Allene ¥ 2Br2
complexes are more stable than their
ethene ¥ 2Br2 counterparts. Br2 ¥ allene ¥
Br2 structures, in which the bromine
molecules interact either with a single
allene double bond or individually with
both double bonds, are not preferred
significantly over alternatives with
Br2 ¥ ¥ ¥ Br2 interactions. As a result of
the entropy, the association of bromine
with unsaturated hydrocarbons is usual-
ly unfavorable in the gas phase (except
at extremely low temperatures); com-
plexes are observed in solution (under
ambient conditions), since the entropy
loss is reduced as a result of restricted
translation and rotation and possible
association to the solvent. The 1,2-cyclo-
heptadiene ¥ Br2 � 1,2-cyclononadiene ¥
Br2 � 1,3-dimethylallene ¥ Br2 associa-
tion energies increase with ring strain.


Keywords: allenes ¥ bromination ¥
charge-transfer complex ¥ electro-
philic addition ¥ reaction mecha-
nisms ¥ steric strain


Introduction


The relationship between steric strain and chemical reactivity
has been an important theme throughout chemistry. Strain
often manifests itself with increased chemical reactivity.[1]


However, despite the importance of strain in organic and
biological chemistry, the quantitative relationship to chemical
reactivity is only beginning to be understood.[1, 2]


The incorporation of multiple bonds into small cyclic
compounds produces substantial strain energy. The limiting
size in trans-cycloalkenes is seven carbon atoms[3] and,
although for simple cis-cycloalkenes there is not a limiting
ring size, cyclobutene and cyclopropene have high angle-
strain energies. In contrast, no experimental proof for the
intermediary existence of cyclobutyne has been found,[3a] and
ab initio calculations revealed that cyclopropyne does not
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even possess a minimum on the energy hypersurface.[3b] As a
result of the angle strain, simple cycloalkynes become isolable
for rings with eight or more ring atoms. Though cyclic allenes
with less than eleven carbon atoms are less strained than the
isomeric acetylenes, the smallest isolable unsubstituted cyclic
allene is 1,2-cyclononadiene. In consequence of the ring
strain, a cis bending of the C�C�C angles in cycloalkynes is
observed, whereas strain in cycloallenes bends the cumulated
double bond system (��180�) and/or twists (��90�) the two
plains containing the double bonds.[4]


Recent work on bromine addition to alkenes showed that
steric strain markedly affects the reactivity of the double
bond.[5] The aim of the present study, therefore, was to


quantitatively evaluate the ki-
netic and thermodynamic con-
sequences of strain in cyclic
allenes. Several cyclic allenes
1a ± e have been prepared and
their bromination rates, both
with bromine and a tribromide
salt, have been measured.
During the 1970s, the addi-


tion of bromine to allenes was
studied intensively. On the ba-


sis of stereochemical results, a mechanism was proposed that
was similar, at the time, to the mechanism reported for
electrophilic bromination to olefins.[6] However, more recent
studies on the electrophilic bromination of ethylenic com-
pounds have shown that the bromine addition to double
bonds is a more complex process than generally reported in
organic text books. Important features about the early steps of
the reaction, the formation of bromine ¥ olefin complexes, the
structure of the ionic intermediates, the role of the solvent,
and the lifetime of the ionic intermediates have since been
reported.[7±11]


In light of these newer aspects related to the bromine
addition to isolated double bonds, taking into account our
initial project aim, that is, the study of the correlation between
steric strain and reactivity, we have reinvestigated the
bromination of 1,3-disubstituted allenes. The relationship
between steric strain and reactivity has been discussed in light
of the mechanisms more recently proposed for Br2 and Br3�


addition to double and triple bonds.


Results and Discussion


Formation of a charge transfer complex between bromine and
allene 1a : Compounds 1a ± e react quickly with Br2 in 1,2-
dichloroethane (DCE). In spite of this, the early stages of the
reaction could be investigated when diluted solutions of Br2
(around 1� 10�4�) were mixed with an excess of unsaturated
compounds in a stopped-flow apparatus. Under these con-
ditions the spectrum of the solutions at 25 �C showed, beyond
the allene absorption region, a large differential absorption
with respect to the reagents alone, interpreted as a charge-
transfer band. The absorbances measured for the Br2 absorp-
tion minimum (300 ± 350 nm) immediately after mixing in-
creased, at constant [Br2], with increasing unsaturated com-


pound concentration. Unfortunately, the strong absorbances
of all the unsaturated compounds examined, probably owing
to small amounts of impurities at least in some cases, did not
allow us to establish the absorption maximum of the newly
formed species and markedly reduced the chance to deter-
mine the formation constants and molar absorption coeffi-
cients of these complexes using Scott plots[12] or a multi-
wavelength fitting procedure.
Reliable spectrometric data for the evaluation of the


formation constant and molar coefficient of the newly formed
transient species were obtained only for 1a ; the moderate
absorption above 320 nm allowed us to use an appropriate
excess of allene. The initial absorbance-reagent concentration
data measured at 25 �C and 320 nm were fitted to the Scott
equation for 1:1 complexes. A satisfactory fitting (r� 0.998)
was obtained, giving Kf� 7.4(1)��1 and �320� 2985��1cm�1


for the � complex at 25 �C.
It is noteworthy that although no data about the formation


constant of charge transfer complexes between bromine and
allenes have been reported, the value found in this work for
the disubstituted allene 1a is quite high, at least when it is
compared with the values found for a disubstituted cyclic
unstrained alkene (cyclohexene: Kf� 0.47��1)[13] and a dis-
ubstituted cyclic unstrained alkyne (cyclododecyne: Kf�
0.40(0.05)��1),[14] suggesting that the presence of the cumu-
lated double bond and/or that the strain may affect the
stability of these transient species. Structural data for 1,2-
cyclononadiene predict[4] that the allene will be bent from
linearity by 10� and that this bending, which will destroy the
degeneracy of � and �* orbitals and affect the HOMO and
LUMO energies, may influence the stability of the first-
formed � complex. A very high stability constant for the �


complex between bromine and an isolated double bond,
which has been attributed to the steric strain present in the
alkene, has been recently observed in the case of trans-(1-
methyl-2-adamatylidene)-1-methyladamantane.[5b]


Kinetic measurements : The rates of bromination of com-
pounds 1a ± e with Br2 were first determined in DCE, the
solvent in which the � complex had been investigated. For
these measurements solutions of the reagents were mixed in a
stopped-flow apparatus, both at identical concentrations and
with a large excess of allene, while the disappearance of Br2 at
the visible absorption band was monitored. A third-order rate
law [Eq. (1)] was always obeyed for at least two half-lives, as
usually found for alkene[15] and alkyne[16] bromination in low-
polar aprotic solvents, showing that two bromine molecules
were involved in the rate determining step of the overall
reaction.


� [Br2]/dt� k3[Br2]2[Al] (1)


To determine the activation parameters, the kinetics were
measured at three temperatures. The average third-order rate
constants are reported in Table 1 together with the activation
parameters obtained from the Arrhenius plots.
Rate constants for bromine addition to allenes have also


been determined in methanol using a stopped-flow apparatus.
At the Br2 concentrations employed the reactions obeyed, up
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to at least 80% conversion, the second-order rate law of
Equation (2), as usually observed in bromine addition to
isolated double bonds in this solvent.[7] Although the tribro-
mide concentration[17] was not controlled by the addition of
external bromide ions [Eq. (3)], Equation (2) was always
followed, showing that the kinetic term related to bromide
concentration [Eq. (4)] was not significant under these
experimental conditions.[18]


� [Br2]/dt� k2[Br2][Al] (2)


Br2�Br� � Br3� (3)


kexp(1�K[Br�])� k�KkBr3
�[Br�] (4)


The average second-order rate constants and the activation
parameters are reported in Table 2
It is noteworthy that negative values for the apparent


activation energy were found for bromine addition to allenes
1a ± e in DCE, while positive values characterized the
reactions of the same allenes in methanol. As it has been
previously emphasized,[13, 16] a negative value of the apparent
activation energy is considered to be conclusive evidence of
the involvement of at least one complex between bromine and
the unsaturated system on the reaction coordinate. Therefore,
considering the above-reported results related to the forma-
tion of a charge-transfer complex, the reaction of allenes with
Br2 in chlorinated solvent is surely characterized by the initial
formation of a 1:1 bromine- allene � complex. This behavior is
in agreement with the proposed mechanism of bromine
addition to isolated double bonds.[7±9] The positive activation
parameters found for the reaction in methanol give no
indication about the involvement of a � complex on the
reaction coordinate; however, it is highly probable that, in
analogy with isolated double bonds, a 1:1 � complex is
involved even in this medium.
It is noteworthy that an increase in the relative rates of


bromination on going from the cycloallenes 1b ± e to 1a has
been observed in the bromine addition both in DCE and


methanol. Although this increase is moderate, at least in
methanol, it can be ascribed to the higher strain energy of 1a[4]


and suggests that, in the strained 1,2-cyclononadiene, the re-
hybridization which occurs on going from reagents to
products results in a partial strain relief in the rate-determin-
ing transition state. Analysis of the activation parameters
gives further information about the transition state. For the
reactions carried out in DCE the apparent activation energies
(Ea(app)) vary uniformly. That is, on going from 1e to 1a, the
apparent activation energies become more negative, while the
entropy of activation (�S�) have little variation for allenes
1b ± e, �S�values range from �44 to �47, while allene 1a has
a slightly lower �S�. Entropy differences between bromina-
tion of 1a and those of the other allenes probably reflect
greater ring flexibility in the transition state of 1a, which may
be related to the different nature of the intermediate having a
more carbocation character (see below). A lower activation
energy, as well as an entropy of activation, has been found also
in the bromination of 1a in methanol. In this case however, no
trend was observed and the differences in the activation
energies between 1a and 1b ± e were lower than in DCE. This
behavior may be related to the involvement of pre-association
phenomena in the nucleophilic methanol in the reactions of
1b ± e, but not in that of 1a. The relatively high values of
activation entropies for these allenes in methanol were also in
agreement with a pre-association mechanism for the reactions
of 1b ± e. They are very similar to those found in DCE, a
solvent in which bromination occurs through a termolecular
transition state.
Finally, rate constants for the tetrabutylammonium tribro-


mide (TBAT) addition to allenes 1a ± e in DCE were
measured at three different temperatures. The reactions,
monitored with a conventional spectrophotometer, followed
the overall second-order rate law of Equation (5) (the kinetic
constants and the activation parameters are reported in
Table 3), which is similar to the rate law found for Br3�


addition to alkenes[20] and alkynes.[16]


� [Br3�]/dt� k2[Br3�][Al] (5)


Table 1. Kinetic constants and apparent activation parameters for the
reaction of Br2 with allenes 1a ± e in DCE.


T [�C] k3 [��2s�1] Ea(app)


[kcalmol�1]
�H�


[kcalmol�1]
�S�


[eu]
krel[a]


1a 8 4.30 (0.3)� 107
21 3.35 (0.3)� 107
39 2.10 (0.2)� 107 � 4.4 (0.4) � 5.0 � 41 (1) 200


1b 10 8.0 (0.3)� 105
25 5.8 (0.2)� 105
40 4.2 (0.2)� 105 � 3.8 (0.3) � 4.4 � 47 (2) 1.1


1c 10 3.5 (0.2)� 105
25 2.5 (0.2)� 105
40 2.1 (0.2)� 105 � 3.3 (0.2) � 3.9 � 46 (1) 0.5


1d 10 4.4 (0.2)� 105
25 3.3 (0.2)� 105
40 2.7 (0.2)� 105 � 2.7 (0.2) � 3.3 � 44 (1) 0.65


1e 10 5.95 (0.2)� 105
25 5.1 (0.3)� 105
40 3.8 (0.2)� 105 � 2.6 (0.2) � 3.2 � 44 (1) 1


[a] Relative rates of bromination of allenes at 25 �C.


Table 2. Kinetic constants and activation parameters for the reaction of
Br2 with allenes 1a ± e in methanol.


T [�C] k2 ���1s�1] Ea


[kcalmol�1]
�H�


[kcalmol�1]
�S�


[eu]
krel[a]


1a 5 1.77(0.05)� 104
25 2.60(0.05)� 104
40 3.68(0.05)� 104 3.55 (0.3) 2.95 � 28.2 (1) 11


1b 10 1.41(0.02)� 103
25 2.12(0.02)� 103
40 2.95(0.03)� 103 4.33 (0.15) 3.72 � 31 (1) 0.9


1c 10 7.20(0.20)� 102
25 1.17(0.02)� 103
40 1.84(0.10)� 103 4.45 (0.10) 3.86 � 37 (1) 0.5


1d 10 1.73(0.08)� 103
25 2.51(0.05)� 103
40 3.50(0.08)� 103 4.15 (0.15) 3.55 � 39 (1) 1.1


1e 10 1.77(0.08)� 103
25 2.34(0.10)� 103
40 2.75(0.10)� 103 4.59 (0.15) 3.99 � 36 (1) 1


[a] Relative rates of bromination of allenes at 25 �C.
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Moreover, in analogy with the addition to isolated double
or triple bonds, the reaction of Br3� with allenes is charac-
terized, in contrast with the Br2 addition in the same solvent,
by a positive activation energy.[20]


It is noteworthy that, at variance with bromine addition,
there is practically no correlation between the strain energy
and reactivity in this reaction. 1,2-Cyclononadiene reacts at
the same rate as all the other allenes and the activation
parameters found for the bromination of 1a with TBAT are
very similar to those of other unstrained cycloallenes, showing
that the strain energy present in the starting 1,2-diene is
maintained in the transition state (TS).


Product analysis : (E)-2,3-Dibromocycloalkenes 2 or mixtures
of (E)- and (Z)-2,3-dibromocycloalkenes 2 and 3 were
obtained by reaction of allenes 1a ± e with TBAT in DCE.
All compounds were identified by the NMR spectra of the
reaction mixtures, from which the product distribution was
also obtained (Table 4). The relative configurations of the two
dibromo adducts were established for 2a ± c, 2e, 3b, 3c and 3e
by comparison of the 1H NMR signals with the reported
data,[21±24] while for 2d and 3d it was assigned on the basis the


allyl and vinylic hydrogen chemical shifts conforming to
trends of the analogous dibromo adducts 2b, 2c, 2e and 3b,
3c, 3e.


The addition of bromine to allenes 1a ± e was carried out at
0 �C in DCE and in methanol with allene and Br2 concen-
trations of 10�2�. When the bromine addition to allenes was
carried out in methanol to avoid possible solvolysis reactions,
the reaction mixtures were diluted with water and the
products were extracted with dichloromethane immediately
after the end of the brominations. The (E)- and (Z)-methoxy
bromides 5 and 6 were obtained by reaction of allenes 1a ± e
with Br2 in methanol. All compounds were identified by the
NMR spectra of the reaction mixtures. The configurations of
the methoxy bromides were assigned, for 5a, 5b, 5e and 6e,
by comparison of the 1H NMR signals with the reported
data,[25, 26] while for 5c, 5d and 6c assignments were made on
the basis the allyl and vinylic hydrogen chemical shifts taking
into account the observed trend in the analogous adducts. The
formation of the 1,4-dibromo or 1,4-bromomethoxy adduct,
arising by way of a transannular 1,5-hydride shift,[6] was
observed only in the case of 1a. Nevertheless, bromine
addition in DCE to allenes 1b ± e always gave the two
isomeric dibromo adducts 2 and 3 as the main products (80%)
and one or more byproducts.
The distribution of dibromides and methoxy bromides


found for all allenes 1a ± e are reported in Tables 4 and 5.


Stereochemistry and chemoselectivity


Br2 addition : The electrophilic addition of a reagent (EN) to
allenes can occur through three different pathways to give a
larger number of intermediates: a) electrophilic attack at the
terminal carbon atom leading to a vinylic carbocation (I)
which subsequently provides an anti-Markovnikov (AM)
addition product; b) electrophilic attack at the central carbon
atom leading to a non-planar ethylenic carbocation (III) that
is able, through isomerization to the corresponding allylic
carbocation after a 90� rotation around the single C�C bond,


Table 3. Kinetic constants and activation parameters for the reaction of
TBATwith allenes 1a ± e in DCE.


T [�C] K2 [��1s�1] Ea


[kcalmol�1]
�H�


[kcalmol�1]
�S�


[eu]


1a 10 0.17 (0.01)
25 0.32 (0.02)
40 0.53 (0.05) 6.73 (0.3) 6.13 � 40 (1)


1b 10 0.58 (0.05)
25 0.99 (0.08)
40 1.69 (0.10) 6.26 (0.3) 5.67 � 39.5 (1)


1c 10 0.06 (0.005)
25 0.16 (0.02)
40 0.26 (0.02) 8.63 (1.5) 8.05 � 35.5 (1)


1d 10 0.15 (0.01)
25 0.28 (0.02)
40 0.45 (0.05) 6.33 (0.3) 5.74 � 42 (1)


1e 10 0.06 (0.005)
25 0.15 (0.01)
40 0.30 (0.02) 9.45 (0.5) 8.85 � 33 (1)


Table 4. Product distribution for the bromination (Br2 or TBAT) of allenes
1a ± e in DCE.


Products [%]
2 3 4


1a TBAT 100
Br2 30 70


1b TBAT 100
Br2[a] 45 35


1c TBAT 23 77
Br2[a] 36 47


1d TBAT 100
Br2[a] 50 30


1e TBAT 22 78
Br2[a] 33 57


[a] Dibromides 2 and 3 were formed besides smaller amount of byproducts.


Table 5. Product distribution for Br2 addition to allenes 1a ± e in MeOH.


Products [%]
5 6 7


1a 30 70
1b 100
1c 10 90
1d 100
1e 20 80
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to form Markovnikov (M) syn and anti addition products;
c) electrophilic attack at both carbons producing an onium
species (II) from which the attack of the nucleophile must
occur from the backside to give a Markovnikov anti-addition
product. The species II may be a fully bridged (II) or a weakly
bridged intermediate (IIa or IIb), as shown in Scheme 1. It is
also noteworthy that, according to the nature of the reagents
and solvent, a spectrum of intermediates between complete
onium ion II (no rotation) and open carbocation (I or III) may
exist (Scheme 1).


Scheme 1.


The stereochemical course of bromine addition to 1,3-
disubstituted allenes was studied both in carbon tetrachloride
and in methanol.[6, 27] On the basis of the anti stereoselectivity
observed during the bromination of chiral 1,3-disubstituted
allenes in both these solvents, the involvement of bridged
bromonium ions was proposed.[27] Furthermore, on the basis
of the mechanism reported in Scheme 1 the Z stereoselectiv-
ity which characterized the bromination and iodination
reactions of acyclic 1,3-disubstituted allenes was explained
on the basis of a reversible formation of these ionic
intermediates.[6, 28] The nucleophilic attack by Y� should be
rate controlling and as it should occurs from the least hindered
side of the double bond, should lead to the Z adduct
(Scheme 2).


Scheme 2.


In contrast, the 100% E stereoselectivity encountered in
the halogenation of 1,2-cyclonona- and 1,2-cyclodecadiene
was attributed to the fact that in this case the electrophile
enters from the less crowded face of the reacting double bond
(Scheme 3).[6]


However, a more recent study using enantiomerically pure
1,3-dimethylallene has shown that at least for the addition of
bromine in water, a significant loss in enantiomeric excess
during the formation of the corresponding adducts occurs.[29]


Open achiral cationic intermediates, formed either compet-


Scheme 3.


itively with the chiral onium ion formation or by the partial
opening of the initially formed onium ion intermediates, have
therefore been invoked.[29]


On the basis of these data, kinetic measurements carried
out in this work, and taking into account the product
distribution, the following reaction scheme for bromine
addition to allenes 1a ± e can be proposed. The reaction
occurs through the initial formation of a 1:1 bromine allene �
complex. Although direct evidence for its formation and
involvement on the reaction coordinate have been obtained
only in DCE, it is highly probable that the same complex is
involved also in methanol. The initially formed complex (i or
i�, in Scheme 4) evolves to the corresponding ionic intermedi-


Scheme 4.


ate and, in agreement with the reaction rate law, the ionization
is electrophilically assisted by the solvent in the protic
methanol (second-order reaction, first-order in bromine)
and by a second molecule of bromine in DCE (third-order
reaction, second-order in bromine). If bridged intermediates
are involved, the formation of the E and Z adducts should
arise exclusively by the anti collapse of the related intermedi-
ates ii and ii�. The stereochemical behavior of the reaction
should be affected by steric and electronic factors during the
electrophilic step if the formation of the ionic intermediate is
an irreversible process, or during the electrophilic and
nucleophilic steps when the ionic intermediates are able to
return to reagents. However, if the reaction occurs through
the formation of unsymmetrically bridged or open intermedi-
ates, represented as weakly bridged intermediates (ii or ii�) in
Scheme 4, the product stereoselectivity is also affected by the
rate of isomerization of the two intermediates ii and ii�
through the delocalized allylic cation iii, and, when rotation is
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rapid, the product distribution is determined by the relative
rate of collapse of these intermediates to products. The
involvement of an intermediate having a considerable carbe-
nium character has been suggested for bromine addition to
1a.[6] In contrast with oxymercuration and sulfenylation,
bromination of 1a gives transannular addition as the main
reaction pathway.[27b] This process, requiring a methylene
hydrogen at C-5 (or C-8) of 1a to be transferred to C-1 in a
1,5-shift, is probably favored by the development of positive
charge at C-1. Nevertheless nucleophilic attack at C-5 (or C-8)
to give the product may be synchronous or subsequent to the
hydride-transfer step (Scheme 3). It is noteworthy that the
formation of an intermediate having more carbenium char-
acter may remove, at least partially, the steric strain present in
the starting allene. Furthermore, considering the recently
reported stereochemical results on the bromination of 1,3-
dimethylallene in water[29] and the low stereoselectivity
observed in this work in the bromine addition to allenes
1b ± e, which always occurs with formation of byproducts, it is
highly probable that at least partially bridged intermediates
are involved in the bromination of these allenes in DCE. The
moderate selectivity towards the Z isomer, observed in the
reaction of 1c and 1e, but not in the case of 1d, is not,
therefore, to be interpreted in terms of reversible or
irreversible formation of the bromonium ion intermediate,
but, more likely, should be explained in terms of equilibration
between open (or partially open) cationic intermediates and
the rate of collapse to products.
Finally, the different stereoselectivity observed for bromine


addition to allenes 1b ± e in DCE and methanol, which in
principle may be related to the involvement of different
intermediates, is probably due to different lifetimes of the
same intermediates. On the basis of a recent kinetic and
product study for stilbene bromination it was shown that, in
contrast to the widely accepted postulate, bromine bridging,
at least in alkenes, is not the sole stereochemistry-determining
factor.[11] The stereochemical outcome is controlled also by
the association of the ionic intermediate with its nucleophilic
partners and its lifetime. A pre-association mechanism, of the
type reported in Scheme 5, has been proposed to explain anti
stereoselectivity observed for the bromine addition in meth-
anol, but not in DCE, to some para-substituted stilbenes.[11] A
pre-association mechanism of this type, depending on allene
structure, could easily explain the high stereoselectivity and
the absence of byproducts observed in the reaction of allenes
1b ± e in methanol, while the product distribution data for 1a
in the same solvent strongly suggest the involvement of the
ion-pairs pathways, reported in Scheme 3.


TBAT addition : It is known that in chlorinated solvents in the
presence of added bromide salts, which in these media bind


Br2 as a highly stable Br3� ion, or when preformed Br3� salts
are used as brominating agents, the bromination of alkenes
proceeds through rate- and product-determining nucleophilic
attack by Br� on the 1:1 alkene ¥ Br2 � complex.[20] The same
mechanism has been more recently proposed for the bromi-
nation of alkynes[30] and, on the basis of the presently reported
kinetic and stereochemical results, it may be applied to the
bromination of allenes. In agreement with a mechanism not
involving ionic intermediates, only 1,2-addition products have
been obtained from all allenes, including 1a.
A mechanism of the type reported in Scheme 6 can be


therefore proposed and, taking into account that under the
reaction conditions the two � complexes (i and i�) are in rapid


Scheme 6.


equilibrium, the product distribution should depend–con-
forming to the Curtin ±Hammett principle–exclusively on
the rate of collapse of each complex to product. The energy of
the two transition states should be, under these conditions, the
factor determining the reaction stereoselectivity, and this is
probably also affected by conformational features related to
the ring size. It is noteworthy that the product stereoselectiv-
ity of this reaction (for compounds 1b ± e) is very similar to
that observed for the methanolic bromination and is in
agreement with a concerted mechanism for both reactions.


Theoretical investigation of charge transfer complexes :
The total energies[31] of the optimized complexes are


compiled in Table 6: the association energies with and without
zero-point energy (ZPE) corrections, the entropy change on
complex formation, and the free-energy change of various
complexes in the gas phase. The ZPE[32] correction changes
the association energy (�EZPE) for the 1:1 complexes only to a


small extent, whereas the cor-
rection is about 1.1 ± 1.2 kcal
mol�1 for the 2:1 complexes.
Table 6 also gives the BSSE-
corrected (BSSE� basis-set
superposition effects) complex-
ation energies (�EZPE�BSSE).Scheme 5.
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Note that the BSSE corrections, as expected,[33] are much
smaller for the B3LYP (0.2 ± 0.5 kcalmol�1) than for the
MP2 calculations (1.61 ± 3.6 kcalmol�1). Although the uncor-
rected association energies, �E in Table 6, for all the
complexes are larger for MP2 than for B3LYP, the BSSE-
and ZPE-corrected interaction energies (�EZPE�BSSE) are in
close agreement. This documents the validity of both meth-
ods. Note that the complexation energies for 8 and 9 are
different to those reported earlier,[10, 16] since a larger basis set
was used here.
As seen from Figure 1, the Br�Br bond lengths in all the


structures are shorter at MP2 than at B3LYP. The multiple
carbon ± carbon bonds in ethyne and ethene change very little
on Br2 complexation: 0.002 ä for ethyne and 0.005 ä for
ethene. This difference is shown internally by comparison of
the two C�C bonds in allene ¥ Br2 complex 10, in Figure 1.
Legon et al. have investigated experimentally the complex


of ethylene with bromine by using nozzle expansion meth-
ods.[34] They reported a 3.068 ä separation of the nearest Br
from the center of the C�C, r(* ¥¥¥ Bri). This distance agrees
with our theoretical structures of ethylene ¥ Br2 complex 9 in
Figure 1. If we constrain r(* ¥¥¥ Bri) to 3.068 ä and re-optimize
the structures, the changes in the association energies are
0.00 kcalmol�1 at MP2/6-311�G** and 0.09 kcalmol�1 at
B3LYP/6-311�G**. This documents the flatness of the
potential-energy surfaces for these complexes.
Table 6 also summarizes the changes in entropy, �(�S), and


free energy, �(�G), on complexation. �(�S) and �(�G) for
the 2:1 associations are almost double those of the 1:1
complexes. The large negative entropies and positive free
energies indicate that these complexes would not be bound in
the gas phase at room temperature. However, under the
experimental conditions (liquid phase) the entropy loss would
be less. Typical reductions in entropy on going from the gas to
the liquid phase are around 40% (�(�S) is 22.29 calmol�1K�1


for Br2 and 24.27 calmol�1K�1 for ethylene)[35] as a result of


the more restricted translational and rotational motions.
Similar corrections, if applied to the entropies of complexes
under investigation, would reduce the magnitude of �(�S) of
association considerably. Moreover, specific solvent interac-
tions (e.g., the hydrogen bonding of protic solvents to the
olefin or charge transfer solvent ¥ Br2 interactions) in solution
will decrease the entropy and influence the free energies. As
explicit computation of free energies in the solvents employed
in the experimental work is beyond the scope of the methods
available to us and since the computed free energies for the
gas phase are misleading, we shall only discuss the interaction
(association) energies, (�EZPE�BSSE) in the text.
The most stable form of the 1:1 complex of allene with


bromine, structure 10, with Br2 perpendicular to a C�C bond,
is similar to the 1:1 bromine complexes of ethene (9) and
acetylene (8) investigated previously.[10, 16, 34] Our stability
order of the 1:1 complexes (Table 6), 9� 10� 8, can be
attributed to decreasing Lewis basicity [as reflected by the IPs
of allene (9.96 eV), ethene (10.51 eV) and acetylene
(11.40 eV)].[36] The most stable structures of the 2:1 complexes
of allene with bromine are 11 (C2) and 14 (C2v), but their
preferences over 12 and 13 are small. In structure 11, both the
double bonds interact with two bromine molecules individu-
ally, whereas in 14 only one allene double bond interacts with
both bromine molecules.
Table 6 also compares the stability of various possible 2:1


complexes. Earlier work found that complexes like 13 for
ethylene and acetylene were slightly more stable than 2:1
complexes like 14.[10, 16] Vibrational frequency analysis of the
weakly bound complexes, 12 and 13, indicated almost free
rotation of the second bromine molecule around the approx-
imate axis described by the midpoint of C�C and the first
bromine molecule.
Since the energies of 11 through 14 are almost the same at


the levels of theory employed (Table 6), all are suitable
candidates for the allene ¥ 2Br2 complex. Table 6 shows that


Table 6. Total energies (E [au]), association energies (�E), ZPE-corrected association energies (�EZPE[kcalmol�1]), BSSE correction computed by counter
(CP) method (BSSECP [kcalmol�1]), ZPE and BSSE corrected association energies (�EZPE�BSSE [kcalmol�1]), entropy changes on complexation (�(�S)
[kcalmol�1K�1]), and free-energy changes (�(�G) [kcalmol�1]) of acetylene ¥ Br2 complex 8, ethylene ¥ Br2 complex 9, allene ¥ Br2 complex 10, and different
allene ¥ 2Br2 complexes 11 ± 14 computed using ab initio (MP2) and density functional theory (B3LYP).


Method Symmetry E[a] �E[a] �EZPE
[b] BSSECP[c] �EZPE�BSSE[d] �(�S)[e] �(�G)[f]


8 MP2 C2v � 5222.09006 � 2.80 � 2.49 1.11 � 1.38 � 18.72 4.44
B3LYP C2v � 5225.64494 � 2.16 � 1.68 0.14 � 1.54 � 21.56 5.01


9 MP2 C2v � 5223.32436 � 3.57 � 2.92 1.33 � 1.59 � 22.48 5.36
B3LYP C2v � 5226.90543 � 3.18 � 2.35 0.21 � 2.14 � 24.65 5.37


10 MP2 Cs � 5261.28689 � 3.97 � 3.37 1.61 � 1.75 � 23.38 5.49
B3LYP Cs � 5264.98477 � 2.87 � 2.16 0.23 � 1.93 � 23.75 5.37


11 MP2 C2 � 10406.26608 � 8.25 � 7.18 3.58 � 3.57 � 52.46 12.75
B3LYP C2 � 10413.27229 � 4.70 � 3.53 0.47 � 3.06 � 46.78 13.05


12 MP2 Cs � 10406.26393 � 6.90 � 5.79 3.39 � 2.37 � 51.81 13.77
B3LYP Cs � 10413.27212 � 4.44 � 3.24 0.34 � 2.90 � 51.77 13.19


13 MP2 C1 � 10406.26278 � 6.18 � 5.31 2.73 � 2.55 � 41.48 10.69
B3LYP C1 � 10413.27212 � 4.44 � 3.39 0.40 � 2.99 � 46.32 11.60


14 MP2 C2v � 10406.26543 � 7.85 � 6.90 3.24 � 3.63 � 49.85 12.01
B3LYP C2v � 10413.27253 � 4.55 � 3.54 0.43 � 3.11 � 51.20 11.49


[a] MP2/6 ± 311�G** and B3LYP/6 ± 311�G**. [b] MP2/6 ± 311�G**� ZPE (at MP2/6 ± 31G*, 0.97 scaling factor) and B3LYP/6 ± 311�G**� ZPE
(B3LYP/6 ± 31G*, unscaled). [c] Counterpoise corrected at MP2/6 ± 311�G** and B3LYP/6 ± 311�G**. [d] Counterpoise corrected at MP2/6 ± 311�
G**� ZPE (scaled by 0.97) and B3LYP/6 ± 311�G**� ZPE (unscaled). [e] MP2/6 ± 31G* and B3LYP/6 ± 31G* at 298.15 K. [f] �E (MP2/6 ± 311�G* *
and B3LYP/6 ± 311�G**)�BSSE corrections (MP2/6 ± 311�G** and B3LYP/6 ± 311�G**)� thermal corrections (MP2/6 ± 31G* and B3LYP/6 ± 31G*).
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the formation of the 1:1 com-
plex 10 is exothermic by
�1.7 kcalmol�1 (MP2), where-
as the exothermicity of 2:1
complex formation, �3.6 kcal
mol�1 for both 11 and 14, is
almost twice as large. The same
is true for free-energy changes,
�(�G), for allene ¥ bromine
(5.5 kcalmol�1) and allene ¥
2Br2 (12.7 kcalmol�1). The first
Br2 association does not influ-
ence the second olefinic � bond
appreciably, as shown by the
geometries of 10 and 11 (Fig-
ure 1). Note that although MP2
complexation energies (Ta-
ble 6) are in favor of 11 and
14, by around 1 ± 1.2 kcalmol�1,
B3LYP complexation energies
for all the allene ¥ 2Br2 com-
plexes 11 ± 14 are in the same
range.
Table 7 and Figure 2 docu-


ment that the association ener-
gies (�EZPE) of Br2 complex-
ation with 1,2-cycloheptadiene
(15� 15a), 1,2-cyclononadiene
(16� 16a/16b), and 1,3-dimeth-
ylallene (17� 17a) decreases
along this series. Figure 2 shows
that there are two isomeric
1,2-cyclononadiene ¥ Br2 com-
plexes, 16a and 16b, which
differ in Br2 placement. Com-
plex 16a is 1.5 kcalmol�1 more
stable than the later (Table 7).
As shown in Figure 2, 16a is a
™� complex∫ with the Br�Br
axis perpendicular to a C�C
bond. However, in the other
isomer 16b, the Br�Br axis is
displaced sideways (twisted
with respect to C�C; note the
side views of 16a� and 16b� in
Figure 2) with respect to allene
double bond. The 1,2-cyclohep-
tadiene ¥ Br2 complex prefers
this twist form, owing to the
strain in the cycloheptadiene
ring, whereas 1,3-dimethyl alle-
ne ¥ Br2 favors a structure of
type 16a. An extensive search
on the potential-energy surface
showed that such a twisted
isomer does not exist for the
allene ¥ Br2 complex.[37] Greater
ring strain not only increases
the complexation energies, but


Figure 1. Geometries (at MP2/6 ± 311�G**) and complexation energies (at MP2/6 ± 311�G**, corrected for
ZPE and BSSE) of 1:1 complexes of Br2 with acetylene (8), ethylene (9), and allene (10), as well as the 2:1
complexes of bromine with allene (11, 12, 13, and 14). Data in parentheses show the corresponding values at
B3LYP/6 ± 311�G**. All the bond lengths are in ä. Data in italics denote the natural charges on the Br atoms
from NBO analysis.
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Figure 2. Geometries and energies (at B3LYP/6 ± 311�G**, corrected for ZPE) of 1:1 complexes of Br2 with 1,2-cycloheptadiene (15), 1,2-cylononadiene
(16), and 1,3-dimethylallene (17) yielding 15a, 16 (a and b) and 17a respectively. All bond lengths are in ä.
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the natural charges on the Br2 moieties also become more
negative. Thus the extent of charge transfer and the degree of
carbocationic character of the allene increase with the ring
strain.
Our computations on complexes of Br2 with the parent


allene and with the cyclic allenes give estimates of the
association energies in the gas phase. Note that only the �E
and �EZPE data in Tables 6 and 7 can be compared directly,
since the other energies for the cyclic allenes are not BSSE-
corrected. Computations on Br2 complexes with two cyclic
allenes, 1,2-cyclononadiene, 1,2-cycloheptadiene, and with
unstrained allene, 1,3-dimethylallene, give an estimate of the
difference in the complexation energies as a result of strain.
Note that the structures of the type 11 ± 14 are also probable
candidates for the 2:1 complexes of cyclic allene ¥ 2Br2
complexes.
The computations on the cyclohexene ¥Br2 complex gave an


association energy (�EZPE, Table 7) of �4.3 kcalmol�1. The
higher experimental formation constant of 1,2-cyclonona-
diene ¥Br2 (7.4��1) than cyclohexene ¥ Br2 (0.47��1) is not,
therefore, reflected by our computed association energies
(�3.9 kcalmol�1 for 1,2-cyclononadiene ¥ Br2, Table 7).


Conclusion


Several conclusions arise from the present investigation. First,
the steric strain affects the reactivity of cumulated double
bonds. A significant increase in the bromine addition rate has
been observed both in DCE and methanol on going from 1b ±
e to 1a. This effect, which is more moderate in methanol, may
be related to the higher strain energy present in the smaller
isolable cyclic allene, 1,2-cyclononadiene. Kinetic measure-
ments and product distribution data show that, in analogy
with the previously observed behavior of alkenes in bromine
addition, the steric strain affects the reactivity by mainly
changing the nature of the ionic intermediate which shifts
from a partially bridged �,�-ethylenic carbocation to an open
intermediate.
Secondly, the UV detection of a 1:1 complex of Br2 and 1,2-


cyclononadiene and the negative values of the apparent


activation energy for the reaction of allenes 1a ± e with Br2 in
DCE have provided the first experimental evidence for the
involvement of � complexes along the reaction coordinate for
bromine addition to allenes, showing that the pre-equilibrium
formation of these complexes among unsaturated compounds
(alkenes, alkynes and allenes) and Br2 is a general phenom-
enon. Furthermore, the value of the stability constant, Kf�
7.4��1 in DCE at 25 �C, found for the Br2 ¥ 1a � complex and
the comparison with the stability constants found for other 1:1
� complexes between Br2 and an unsaturated compound
(cyclohexene and cyclododecyne) in the same solvent, further
support the hypothesis of the existence of sizable structural
effects on the stability of these complexes.
The 2:1 bromine ¥ allene complex has a gas-phase associa-


tion energy (�EZPE�BSSE) around �2.4 to �3.6 kcalmol�1
(Table 6) and may be formed with higher concentrations of
bromine in solution. The association energy (�1.7 kcalmol�1)
of 1:1 complex 10 of allene (C3H4) with bromine, is almost the
same as the ethene ¥ bromine complex (�1.6 kcalmol�1) 9,
whereas the 2:1 allene ¥ 2Br2 complexes are more stable than
those of the ethylene ¥ 2Br2 analogues (not shown).[10] How-
ever, the much larger experimental formation constant of 1,2-
cyclononadiene ¥Br2 (7.4��1; see above) than cyclohexene ¥
Br2 (0.47��1) is not reflected by the computed association
energies (�EZPE) for these species (�4.3 kcalmol�1 for cyclo-
hexene ¥Br2 and�3.9 kcalmol�1 for 1,2-cyclononadiene ¥Br2).
All the B3LYP structures of the allene ¥ 2Br2 complex have
nearly the same energies and free energies; however, MP2
predicts structures 14 and 11 to be somewhat more favorable.
Although the entropies and hence the free energies do not
favor complexation in the gas phase, these complexes might
be formed under ambient experimental conditions in solution
as a result of restricted translations and rotations as well as
possible solvent associations. The stability order for the
allenes, 1,2-cycloheptadiene ¥Br2� 1,2-cyclononadiene ¥
Br2� 1,3-dimethylallene ¥ Br2, indicates the degree to which
the strain of the cyclic allene affects the association energies.
Finally, the comparison of the kinetic and stereochemical


behavior of bromine addition to allenes 1a ± e in DCE with
that observed in methanol, as well as with the stereochemical
behavior of the TBATreaction, strongly suggests the involve-
ment of a pre-association mechanism in the reaction of allenes
1b ± ewith bromine in methanol showing that the competition
among pre-association, free-ion, and ion-pair pathways is a
general feature of the electrophilic bromination of unsatu-
rated compounds.


Experimental Section


Instruments and materials : 1H and 13C NMR spectra were recorded in
CDCl3 with a Bruker AC200 instrument containing TMS as the internal
reference. Kinetic measurements were performed with a Cary2200
spectrophotometer or with a Tri-Tech stopped-flow instrument equipped
with a diode-array detector. Bromine (1 mL sealed ampules, C.Erba
�99.5%) and 1,2-dichloroethane (Fluka �99.5%) were used as supplied,
methanol was treated as previously reported.[11]


1,2-Cyclononadiene, 1,2-cyclodecadiene, and 1,2-cycloundecadiene (1a ± c)
were synthesized in two steps, by dibromocarbene addition[24] and reaction
with n-butyl lithium at �78 �C.[38] Allenes 1a and 1b were purified by
distillation in vacuo and identified from IR and NMR data.[38] Allene 1c


Table 7. Total energies (E [au]), association energies (�E [kcalmol�1]),
ZPE-corrected association energies (�EZPE [kcalmol�1]), entropy changes
on complexation, (�(�S) [kcalmol�1K�1]), and free-energy changes
(�(�G) [kcalmol�1]) of 1,2-cycloheptadiene ¥ Br2 complex 15a, 1,2-cyclo-
nonadiene ¥ Br2 complexes 16a and 16b, and 1,3-dimethylallene ¥ Br2
complex 17a computed using density functional theory (B3LYP).


Sym-
metry


E[a] �E[a] �EZPE
[b] �(�S)[c] �(�G)[c]


15a C1 � 5421.05247 � 5.90 � 5.40 � 25.69 2.73
16a C1 � 5499.71215 � 4.44 � 3.86 � 27.07 4.65
16b C1 � 5499.70966 � 2.88 � 2.32 � 23.04 5.06
17a C1 � 5343.64231 � 3.77 � 3.16 � 27.04 5.27
cyclohexene ¥ Br2 C1 � 5383.00587 � 4.94 � 4.26 � 28.31 4.51


[a] B3LYP/6 ± 311�G**. [b] B3LYP/6 ± 311�G**�ZPE (B3LYP/6 ±
31G*, unscaled). [c] Electronic energies at B3LYP/6 ± 311�G**� ther-
mal corrections to free energies at B3LYP/6 ± 31G* at 298.15 K.
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was purified by column chromatography on silica gel using pentane as
eluent. MS (EI): m/z (%): 150 (1) [M]� , 135 (6) [M�CH3]� , 121 (8) [M�
C2H5]� , 107 (12) [M�C3H7]� , 93 (36) [M�C4H9]� , 79 (98) [M�C5H11]� ,
67 (100) [M�C5H7]� . 1,2-Cyclotridecadiene (1e) was prepared in 68%
yield following the Nozaki procedure[39] without adding sparteine to the
reaction mixture. The product was identified on the basis of the 1H NMR
spectrum.[40]


Bromination procedure :


� Complex stability constants determination and kinetic measurements :
Solutions of Br2 in DCE or methanol were prepared shortly before use and
were adjusted to twice the desired initial concentrations in the kinetic runs
and protected from daylight. The same applied to solutions of TBAT in
DCE. Aliquots of these solutions, thermostated at the temperatures
reported in Tables 1, 2, and 3, were mixed with equal volumes of pre-
thermostated solutions of allenes 1a ± e of suitable concentrations. The
kinetic measurements for bromine addition in DCE and methanol were
performed with a stopped-flow apparatus. All the kinetics of bromination
with TBAT were achieved in the conventional spectrophotometer. The
kinetic constants were calculated at several wavelengths on the basis of the
disappearance of the free bromine absorption band in the 350 ± 450 nm
interval. The absorbance/time data were fitted to the appropriate third-
order (pseudo second-order) rate equation or second-order (pseudo first-
order) rate equation. All reactions were carried out at least in triplicate.
The apparent activation parameters, reported in Tables 1, 2, and 3, were
obtained from Arrhenius plots.


The measurements of Kf for the 1:1 � complex between 1a and Br2 were
carried out by mixing in the stopped-flow apparatus solutions of Br2 (2 ±
2.4� 10�4�) with equal volumes of solution of 1a (6� 10�2 ± 1.0�) in the
same solvent at 25 �C; the A0 values were registered at 320 nm. Three
independent determinations were carried out at each reagent concentra-
tion and the absorbance data were used to fit the Scott equation.[12]


Product distribution : Solutions (ca. 2� 10�2�) of Br2 in DCE or methanol
were rapidly mixed with equal volumes of solutions (ca. 2� 10�2�) of
compounds 1a ± e in the same solvent and the reaction mixtures were then
stored in the dark at 25 or 0 �C. At the end of the reactions the mixtures
were washed with water (when carried out in DCE) or diluted with water
and repeatedly extracted with dichloromethane (when carried out in
methanol). After solvent removal in vacuo the reaction mixtures were
analyzed by NMR spectroscopy. Each compound was also treated with
TBAT by using the same procedure. TheZ :E ratios were determined on the
basis of the vinyl and/or allylic signals in the 1H NMR spectra. All reactions
were carried out at least in duplicate. The ratios reported in Tables 4 and 5
were reproducible within	2%. All product ratios were independent of the
degree of conversion. The stability of the reaction products in the presence
of halogen was checked by exposing the reaction mixtures to Br2 under
conditions identical to those employed in the bromination reactions,
followed by NMR analysis.


(E)-1,4-Dibromocyclononene (4a): 1H NMR:[22] �� 5.83 (t, 3J(H,H)�
8.5 Hz, 1H), 4.10 (m, 1H), 2.9 ± 1.4 (m, 12H).


(E)-2,3-Dibromocyclononene (2a): 1H NMR:[21] �� 6.21 (t, 3J(H,H)�
9 Hz, 1H), 5.23 (dd, 3J(H,H)� 5, 12 Hz, 1H), 2.5 ± 1.2 (m, 12H);
13C NMR: �� 135.4 (C�), 50.74 (CHBr), 43.44, 37.75, 30.24, 28.89, 26.58,
25.86, 24.90.


(E)-2,3-Dibromocyclodecene (2b): 1H NMR:[23] �� 5.88 (dd, 3J(H,H)�
5.8, 12 Hz, 1H), 5.44 (dd, 3J(H,H)� 5.1, 12 Hz, 1H), 2.5 ± 1.2 (m, 14H);
13C NMR: �� 135.8 (C�), 127.89 (�CBr), 50.78 (CHBr), 39.96, 28.14, 27.52,
25.31, 24.42, 22.80, 21.23.


(Z)-2,3-Dibromocyclodecene (3b): 1H NMR:[23] �� 6.35 (t, 3J(H,H)�
7.5 Hz, 1H), 4.6 (t, 3J(H,H)� 7.5 Hz, 1H), 2.5 ± 1.2 (m, 14H).


(E)-2,3-Dibromocycloundecene (2c): 1H NMR:[24] �� 6.05 (dd, 3J(H,H)�
5.5, 11 Hz, 1H), 5.20 (dd, 3J(H,H)� 4.6, 11 Hz, 1H), 2.6 ± 1.2 (m, 16H);
13C NMR: �� 138.5 (C�), 49.21 (CHBr).
(Z)-2,3-Dibromocycloundecene (3c): 1H NMR:[24] �� 6.25 (dd, 3J(H,H)�
5.6, 10 Hz, 1H), 4.68 (dd, 3J(H,H)� 5, 10Hz, 1H), 2.5 ± 1.2 (m, 16H);
13C NMR: �� 133.3 (C�), 59.21 (CHBr).
(E)-2,3-Dibromocyclododecene (2d): 1H NMR: �� 5.9 (dd, 3J(H,H)� 6,
12 Hz, 1H), 5.38 (dd, 3J(H,H)� 4.6, 12 Hz, 1H), 2.6 ± 1.2 (m, 18H);
13C NMR: �� 135.2 (C�), 127.2 (�CBr), 50.1 (CHBr), 39.26, 27.44, 26.81,
24.61, 23.72, 22.10, 20.53.


(Z)-2,3-Dibromocyclododecene (3d): 1H NMR: �� 6.25 (t, 3J(H,H)�
7.5 Hz, 1H), 4.68 (t, 3J(H,H)� 7.5 Hz, 1H), 2.5 ± 1.2 (m, 18H); 13C NMR:
�� 133.3 (C�), 57.21 (CHBr).
(E)-2,3-Dibromocyclotridecene (2e): 1H NMR:[24] �� 5.90 (dd, 3J(H,H)�
5, 11 Hz, 1H), 5.10 (dd, 3J(H,H)� 5.0, 10 Hz, 1H), 2.5 ± 1.2 (m, 20H);
13C NMR: �� 138.7 (C�), 49.4 (CHBr).
(Z)-2,3-Dibromocyclotridecene (3e): 1H NMR:[24] �� 6.10 (dd, 3J(H,H)�
5, 10 Hz, 1H), 4.70 (dd, 3J(H,H)� 4.5, 12 Hz, 1H), 2.5 ± 1.2 (m, 20H);
13C NMR: �� 135.6 (C�), 58.16 (CHBr).
(E)-1-Bromo-4-methoxycyclononene (7a): 1H NMR:[25] �� 5.85 (t,
3J(H,H)� 9 Hz, 1H), 3.22 (s, OCH3), 3.2 (m, CH), 2.7 ± 1.4 (m, 12H).
(E)-2-Bromo-3-methoxycyclononene (5a): 1H NMR:[25] �� 6.25 (t,
3J(H,H)� 9 Hz, 1H), 4.2 (dd, 3J(H,H)� 4.5, 9 Hz, 1H), 3.12 (s, 3H,
OCH3), 2.5 ± 1.2 (m, 12H).


(E)-2-Bromo-3-methoxycyclodecene (5b): 1H NMR:[21] �� 6.10 (dd,
1H,J� 5.6, 12.6 Hz), 4.34 (m, 1H), 3.25 (s, 3H, OCH3), 2.5 ± 1.2 (m,
14H); 13C NMR: �� 136.6 (C�), 127.53 (�CBr), 77.37 (CHO), 55.80
(OCH3).


(E)-2-Bromo-3-methoxycycloundecene (5c): 1H NMR: �� 6.25 (dd, 1H),
4.15 (dd, 3J(H,H)� 6, 12 Hz, 1H), 3.29 (s, 3H, OCH3), 2.5 ± 1.2 (m, 16H).
(Z)-2-Bromo-3-methoxycycloundecene (6c): 1H NMR: �� 6.18 (dd,
3J(H,H)� 5.6, 9.5 Hz, 1H), 3.61 (dd, 3J(H,H)� 4.8, 8.7 Hz, 1H), 3.28 (s,
3H, OCH3), 2.5 ± 1.2 (m, 16H); 13C NMR: �� 133.5 (C�), 87.37 (CHO),
55.80 (OCH3).


(E)-2-Bromo-3-methoxycyclododecene (5d): 1H NMR: �� 6.14 (dd,
3J(H,H)� 5.8, 12.5 Hz, 1H), 4.35 (dd, 3J(H,H)� 5, 10.7 Hz, 1H), 3.25 (s,
3H, OCH3), 2.6 ± 1.2 (m, 18H); 13C NMR: �� 136.6 (C�),127.53 (�CBr),
77.37 (CHO), 55.80 (OCH3).


(E)-2-Bromo-3-methoxycyclotridecene (5e): 1H NMR: �� 6.18 (dd,
3J(H,H)� 4, 10 Hz, 1H), 4.05 (dd, 3J(H,H)� 5, 12 Hz, 1H), 3.25 (s, 3H,
OCH3), 2.5 ± 1.2 (m, 20H).


(Z)-2-Bromo-3-methoxycyclotridecene (6e): 1H NMR:[26] �� 6.00 (dd,
3J(H,H)� 5, 9.5 Hz, 1H), 3.58 (dd, 3J(H,H)� 4.4, 10 Hz, 1H), 3.23 (s, 3H,
OCH3), 2.5 ± 1.2 (m, 20H); 13C NMR: �� 134.5 (C�H), 85.7 (CHO), 55.80
(OCH3).


Computational methodology : Theoretical investigations on the isomeric
1:1 allene ¥ Br2, and 1:2 allene ¥ 2Br2 complexes provide details of the
structure and bonding. While the preferred orientation of the former, as
expected, is that of a � complex, different spatial arrangements are possible
for complexation of two Br2 molecules with allene. Exhaustive searches of
the potential-energy surfaces were performed at the ab initio (MP2) and
density functional theory (B3LYP) levels with the Gaussian 98[41] program.
The nature of stationary points (minima or transition states) were
confirmed by computing the vibrational frequencies at both MP2/6 ±
31G* and B3LYP/6 ± 31G* levels. The minima were then re-optimized at
MP2/6 ± 311�G** and B3LYP/6 ± 311�G** with the larger basis set for all
the atoms as implemented in Gaussian 98. Zero-point energy corrections
(ZPE, with 0.97 scaling for MP2[42] and no scaling for B3LYP) from the
frequency calculations were applied. The entropies in the isolated state
were computed at 298.15 K by using the 6 ± 31G* basis set data. The 6 ±
311�G** MP2 and B3LYP complexation energies were corrected for
basis-set superposition effects (BSSE) by the counterpoise method (CP).[43]


For 2:1 complexes, the BSSE corrections were applied by considering each
monomeric unit as a separate identity.[44] The free energies were based on
the higher level BSSE-corrected electronic energies (MP2/6 ± 311�G**
and B3LYP/6 ± 311�G**) and applying lower level thermal corrections
(MP2/6 ± 31G* and B3LYP/6 ± 31G*). B3LYP/6 ± 311�G** computations
of the 1:1 Br2 complexes of 1,2-cycloheptadiene (15) 1,2-cyclononadiene
(1a ; 16), and 1,3-dimethylallene (17) probed the effects of strain on the
association energies. Natural charges on the atoms at B3LYP/6 ± 311�G**
were computed using natural bond orbital analysis (NBO).[45]
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(NEt4)2[Fe(CN)2(CO)(�S3�)]: An Iron Thiolate Complex Modeling the
[Fe(CN)2(CO)(S�Cys)2] Site of [NiFe] Hydrogenase Centers**
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Dedicated to Professor Lothar Beyer on the occasion of his 65th birthday


Abstract: In the search for complexes
modeling the [Fe(CN)2(CO)(cyste-
inate)2] cores of the active centers of
[NiFe] hydrogenases, the complex
(NEt4)2[Fe(CN)2(CO)(�S3�)] (4) was
found (�S3�2�� bis(2-mercaptophenyl)-
sulfide(2� )). Starting complex for the
synthesis of 4 was [Fe(CO)2(�S3�)]2 (1).
Complex 1 formed from [Fe(CO)3-
(PhCH�CHCOMe)] and neutral
�S3��H2. Reactions of 1 with PCy3
or DPPE (1,2-bis(diphenylphosphino)-
ethane) yielded diastereoselectively
[Fe(CO)2(PCy3)(�S3�)] (2) and [Fe(CO)-
(dppe)(�S3�)] (3). The diastereoselective
formation of 2 and 3 is rationalized by
the trans influence of the �S3�2� thiolate
and thioether S atoms which act as
� donors and � acceptors, respectively.
The trans influence of the �S3�2� sulfur
donors also rationalizes the diastereose-
lective formation of the C1 symmetrical
anion of 4, when 1 is treated with four


equivalents of NEt4CN. The molecular
structures of 1, 3 ¥ 0.5C7H8, and
(AsPh4)2[Fe(CN)2(CO)(�S3�)] ¥ acetone
(4a ¥C3H6O) were determined by X-ray
structure analyses. Complex 4 is the first
complex that models the unusual 2:1
cyano/carbonyl and dithiolate coordina-
tion of the [NiFe] hydrogenase iron site.
Complex 4 can be reversibly oxidized
electrochemically; chemical oxidation
of 4 by [Fe(Cp)2PF6], however, led to
loss of the CO ligand and yielded only
products, which could not be character-
ized. When dissolved in solvents of
increasing proton activity (from CH3CN
to buffered H2O), complex 4 exhibits
drastic �(CO) blue shifts of up to
44 cm�1, and relatively small �(CN) red


shifts of approximately 10 cm�1. The
�(CO) frequency of 4 in H2O
(1973 cm�1) is higher than that of any
hydrogenase state (1952 cm�1). In addi-
tion, the �(CO) frequency shift of 4 in
various solvents is larger than that of
[NiFe] hydrogenase in its most reduced
or oxidized state. These results demon-
strate that complexes modeling properly
the �(CO) frequencies of [NiFe] hydrog-
enase probably need a [Ni(thiolate)2]
unit. The results also demonstrate that
the �(CO) frequency of [Fe(CN)2(CO)-
(thiolate)2] complexes is more signifi-
cantly shifted by changing the solvent
than the �(CO) frequency of [NiFe]
hydrogenases by coupled-proton and
electron-transfer reactions. The ™iron-
wheel∫ complex [Fe6{Fe(�S3�)2}6] (6) re-
sulting as a minor by-product from the
recrystallization of 2 in boiling toluene
could be characterized by X-ray struc-
ture analysis.


Keywords: carbonyl ligands ¥
cyanide ligands ¥ hydrogenases ¥
iron ¥ S ligands


Introduction


Hydrogenases are enzymes that are indispensable for the
biological energy metabolism by means of catalysis of the
reversible redox reaction H2� 2H�� 2e�.[1] [NiFe] hydrog-
enases are the most common type of these enzymes.[2] X-ray
structure determinations[3, 4] in conjunction with IR studies[5, 6]


of [NiFe] hydrogenases from several sources have revealed
that they contain heterobimetallic active centers in which


nickel is linked through two cysteinate bridges to a [Fe(CN)2-
(CO)] unit. Scheme 1 depicts the active center of D. gigas.


Scheme 1. Schematic structure of the active center in [NiFe] hydrogenase
from oxidized D. gigas (X�O2� or OH�).[3]


It is to be noted that the nature of the additional X bridge
has not been identified with certainty. For the D. gigas
enzyme, it has been suggested to be a �-oxo or �-hydroxo
bridge;[3] in the hydrogenases fromD. vulgarisMiyazakiF[7] or
D. desulfuricansATCC27774,[8] X possibly is a sulfur atom.


[a] Prof. Dr. D. Sellmann, Dr. F. Geipel, Dr. F. W. Heinemann
Institut f¸r Anorganische Chemie der Universit‰t Erlangen-N¸rnberg
Egerlandstrasse1, 91058 Erlangen (Germany)
Fax: (�49)9131-8527367
E-mail : sellmann@anorganik.chemie.uni-erlangen.de


[**] Transition Metal Complexes with Sulfur Ligands, Part 152; for
Part 151 see: D. Sellmann, N. Blum, F. W. Heinemann, Z.Naturforsch.
B 2001, 56 (7), 581.
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The X bridges are assumed to be present only in the (aerobic)
deactivated state of the enzymes.
EPR and IR studies ofD. gigas hydrogenase further showed


that the enzyme can exist in numerous different redox states
designated, for example, by Ni-A, Ni-B, Ni-SU, Ni-SI, Ni-C,
and Ni-R.[5, 9] Each state can be labeled by a different �(CO)
frequency. The �(CO) frequencies range from 1952 to
1914 cm�1 and sometimes differ by only three wavenumbers
for two directly related redox states such as Ni-SU
(1950 cm�1) and Ni-A (1947 cm�1).[10]


The EPR studies indicated the nickel site as a redox center
and an oxidation state of � II for the iron site in all individual
redox states of the enzyme. The �(CO) frequencies, on the
other hand, clearly demonstrated an electronic coupling
between the nickel and iron sites. However, a relationship
between the redox states and �(CO) frequencies in the sense
that a more reduced state should give rise to lower �(CO)
frequencies does not exist, probably because electron-transfer
steps are coupled with proton-transfer steps. Thus low-
molecular-weight compounds modeling the binuclear struc-
ture of [NiFe] hydrogenases and enabling the study of the
effects of electron- and proton-transfer steps in a detailed way
are of considerable interest. Such compounds remain un-
known in spite of considerable efforts.[11]


Even complexes modeling structure and reactivity features
of either the nickel or the iron site are extremely rare. For
example, the complex [Ni(NHPnPr3)(�S3�)] (�S3�2�� bis-
(2-mercaptophenyl)sulfide(2� )) is the only nickel complex
that models the distorted sulfur coordination sphere of the
nickel site and catalyzes the heterolysis of H2.[12] Just as rare
are complexes with [Fe(CN)2(CO)] cores. Cyano carbonyl
iron complexes with various CN:CO ratios have been known
for a considerable time[13] and were recently discovered also in
[FeFe] hydrogenase centers;[14] however, the structural motif
of two cyano and one carbon monoxide ligand binding to one
iron center, is not only without precedence in living matter,
but has been found until now in only two complexes. These
are [Fe(Cp)(CN)2(CO)]�[15] (Cp� �5-cyclopentadienyl) and
[Fe(Me3TACN)(CN)2(CO)] (Me3TACN� trimethyltriazacy-
clononane),[16] and M. Darensbourg et al. could demonstrate
that K[Fe(Cp)(CN)2(CO)] and some of its derivatives model
remarkably well certain IR spectroscopic features of [NiFe]
hydrogenases.[17]


[Fe(CN)2(CO)] complexes with ancillary sulfur ligands
have remained unknown. There are a few iron complexes
which contain cyano, carbonyl, and sulfur ligands, for
example, [Fe(PS3)(CO)(CN)]2� (PS3�H3� tris(2-phenyl-
thiol)phosphane),[18] [Fe(CO)2(CN)(S2C6H4)]22�,[19] and
[Fe2II(S2C3H6)(CO)4(CN)2]2�[20] and are described as models
for the active centers of [FeFe] hydrogenases. However, these
compounds lack the 2:1 ratio of cyano and carbonyl ligands. In
addition the very limited number of these complexes signals
the considerable difficulties to synthesize complexes with
[Fe(CN)2(CO)(Sn)] cores. Here we want to report (NEt4)2-


[Fe(CN)2(CO)(�S3�)], which is
the first example of such a com-
plex and resulted from our stud-
ies on the coordination chemis-
try of the [Fe(�S3�)] fragment.


Results


Synthesis and structure of [Fe(CO)2(�S3�)]2 (1): All attempts to
synthesize characterizable CO complexes with [Fe(�S3�)] frag-
ments directly from FeCl2 ¥ 4H2O, �S3�2�, and CO were
unsuccessful. In the case of tetra- and pentadentate thiolate
thioether ligands, for example, �S4�2�� 1,2-bis((2-mer-
captophenyl)thio)ethanato(2� ) and �S5�2�� 2,2�-bis(2-mer-
captophenylthio)diethylsulfide(2� ), this method of prepara-
tion yielded the corresponding [Fe(CO)2(�S4�)] or [Fe(CO)-
(�S5�)] complexes in straightforward reactions.[21] However,
when solutions of FeCl2 ¥ 4H2O in THF or MeOH were
treated with �S3�2� in the presence of CO, immediately black-
brown precipitates formed, which were insoluble in all
common solvents. These precipitates probably represent
polynuclear species related to the ™iron-wheel∫ complex
[Fe6{Fe(�S3�)2}6], which is described below.
In the search for [Fe(CO)n(�S3�)] complexes (n� 2 or 3) we


finally found [Fe(CO)2(�S3�)]2 (1). Black-brown crystals of
analytically pure [Fe(CO)2(�S3�)]2 (1) formed in a slow
reaction according to Equation (1), when �S3��H2 and [Fe-
(CO)3(MeCOCH�CHPh)] were combined in THFand stored
for approximately one week without stirring under ambient
conditions. The formation of 1 can be rationalized by a series
of reaction steps that include dissociation of the Me-
COCH�CHPh ligand, oxidative addition of �S3��H2 to the
resultant [Fe(CO)3] fragment, reductive elimination of hy-
dride ligands as H2, and release of CO to give [Fe(CO)2(�S3�)]
fragments, which dimerize yielding 1.


�1�


Complex 1 crystallized from the reaction solution in about
60% yield. The crystals proved stable in air and extremely
sparingly soluble in common organic solvents such that no
solution NMR spectra could be recorded. The �(CO) region
of the IR(KBr) spectrum of 1 exhibited only two intensive
�(CO) bands at 2031 and 1991 cm�1, and the number of �(CO)
bands indicated that only one diastereomer had formed when
the chiral [Fe(CO)2(�S3�)] fragments dimerized. This was
corroborated by X-ray structure crystallography. Figure 1
depicts the molecular structure of 1 and lists selected distances
and angles.
Complex 1 possesses crystallographically required centro-


symmetry. In 1, two enantiomeric [Fe(CO)2(�S3�)] fragments
are bridged by thiolate donors of the �S3� ligand such that the
meso-diastereomer of [Fe(CO)2(�S3�)]2 results. Distances and
angles show no anomalies. The Fe�S distances lie in the range
typical of low-spin FeII thiolate thioether complexes.[22] It is
only to be noted that the Fe�S(thioether) distances
(228.0(2) pm) are slightly shorter than the Fe�S(thiolate)
distances within one [Fe(CO)2(�S3�)] fragment (230.3(2) pm;
231.3(2) pm), and that the Fe1�S1a and Fe1a�S1 bridge







FULL PAPER D. Sellmann et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0960 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4960


Figure 1. Molecular structure of [Fe(CO)2(�S3�)]2 (1) (hydrogen atoms
omitted). Selected distances [pm] and angles [�]: Fe1�S1 230.3(2), Fe1�S2
228.0(2), Fe1�S3 231.3(2), Fe1�S1a 233.6(2), Fe1�C1 178.8(6), Fe1�C2
179.8(6), Fe1�Fe1a 345.1(1), S1�S1a 310.1(3), C1�O1 113.2(7), C2�O2
112.6(7), S1�Fe1�C1 177.0(2), S2�Fe1�C2 173.9(2), S3�Fe1�S1a 174.05(6),
Fe1�C1�O1 179.7(5), Fe1�C2�O2 178.4(5), S1�Fe1�S1a 83.89(6),
S1�Fe1�S2 88.14(6), S1�Fe1�S3 91.82(7), S1�Fe1�C2 91.0(2),
C1�Fe1�S1a 93.3(2), C1�Fe1�S2 91.0(2), C1�Fe1�S3 91.0(2), C1�Fe1�C2
90.2(3), S2�Fe1�S3 85.73(6), S2�Fe1�S1a 90.00(6), C2�Fe1�S1a 95.9(2),
C2�Fe1�S3 88.2(2), Fe1�S1�Fe1a 96.11(6), a: symmetry code �x� 1, �y,
�z� 1.


distances are slightly elongated (233.6(2) pm). The most
important structural feature of 1 is the facial coordination of
the �S3� ligands. The facial �S3� coordination results in thiolate
donors binding in the cis-position to the iron centers, and it
contrasts with the �S3� coordination in distorted planar
[M(L)(�S3�)] complexes (M�Ni, Pd, Pt, L�monodentate
ligands), which have trans-S(thiolate) donors.[23] The crystal
structure of a second polymorph (1a) of 1 has been
determined. The corresponding molecular dimensions are in
good agreement with those of 1.


Reactions of [Fe(CO)2(�S3�)]2 with PCy3, DPPE, and CN� : In
spite of its insolubility, [Fe(CO)2(�S3�)]2 (1) proved reactive
towards nucleophiles such as PCy3, DPPE, and NEt4CN and
yielded mononuclear complexes of the [Fe(�S3�)] fragment. In
the course of the respective reactions, black-brown suspen-
sions of 1 in THF slowly turned into dark-red solutions that
contained the mononuclear complexes [Fe(CO)2(PCy3)(�S3�)]
(2), [Fe(CO)(dppe)(�S3�)] (3), and (NEt4)2[Fe(CN)2(CO)(�S3�)]
(4) (Scheme 2). These reactions could be monitored by IR
solution spectroscopy.
Treatment of 1with two equivalents of PCy3 in THF yielded


[Fe(CO)2(PCy3)(�S3�)] (2). Complex 2, isolated as red-brown
microcrystals, is diamagnetic and proved soluble in THF,
CH2Cl2, acetone, and toluene. The IR spectrum of the
reaction solution as well as that of isolated 2 redissolved in
THF exhibited in the �(CO) region only two strong �(CO)
bands at 2015 and 1966 cm�1. The number of �(CO) bands
indicated again that stereoselectively only one out of two
possible stereoisomers had formed. This could be corrobo-
rated by the 1H and 13C NMR spectra of 2. The 13C NMR


Scheme 2. Syntheses and reactions of [Fe(L)(L�)2(�S3�)] complexes (L, L��
CO, CN�, PR3).


spectrum also enabled us to establish CS symmetry for 2 as
indicated in Scheme 2, because it exhibited only six 13C signals
for the twelve aromatic C atoms. Accordingly, the PCy3 ligand
adopts the position trans to the thioether S donor, and the CO
ligands both are trans to the thiolate S donors. This arrange-
ment of ligands can be rationalized by their �-acceptor or �-
donor character: the strong �-acceptor CO ligands prefer
positions trans to the �-donor thiolates. Dissociation of 1 into
two five-coordinate [Fe(CO)2(�S3�)] fragments and their
isomerization via square-pyramids and trigonal bipyramids
according to Equation (2) enables the CO and L ligands to
adopt their favored positions.


�2�


Treatment of 1 with one equivalent of DPPE yielded
[Fe(CO)(dppe)(�S3�)] (3). In this case, cleavage of the
dinuclear 1 is accompanied by CO substitution. Complex 3,
too, is red-brown, diamagnetic, soluble in solvents such as
THF, CH2Cl2, CH3CN, toluene, or acetone, and is produced in
a diastereomerically pure form. This was indicated by the IR
spectrum showing only one �(CO) band (1957 cm�1 in THF).
The C1 symmetry of 3 could be concluded from its 1H, 13C, and
31P NMR spectra and was corroborated by the X-ray structure
analysis of the toluene solvate 3 ¥ 0.5C7H8 grown from
solutions in toluene. The stereoselective formation of 3 can
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be rationalized in the same terms as that of 2 : the strong �-
acceptor CO ligand prefers a position trans to a �-donor
thiolate and thus determines the positions left for the two
phosphane donors. Figure 2 depicts the molecular structure of
3 ¥ 0.5C7H8 and lists selected distances and angles.
As in complex 1, the �S3� ligand facially coordinates the Fe


center, and the Fe�S distances lie in the usual range.
However, it is remarkable that, in spite of different trans
ligands such as CO and phosphane, the two Fe�S(thiolate)
distances (232.9(1), 233.3(1) pm) are identical within the 3�
criterion. The same holds true for the two Fe�P distances. This
demonstrates that the [Fe(�S3�)] entity exhibits a considerable
structural rigidity towards the electronic influence of different
trans ligands, although such an influence is evident from the
stereoselectivity of the reactions discussed above. As in all
complexes with [M(�S3�)] fragments, the Fe�S(thioether)
distance (224.5(1) pm) is the shortest Fe�S distance. This
can be traced back to the steric requirements of the �S3�
ligand.[23]


The diastereoselectivity of the reactions leading to 1 as well
as to 2 and 3 prompted us to investigate also the reaction of 1
with cyanide ions in order to obtain the [Fe(CN)2(CO)(�S3�)]2�


anion. This anion would model the 2:1 ratio of CN� and CO
and the coordination of two cysteine thiolate donors found for
the iron site in [NiFe] hydrogenases.
For this purpose, a suspension of 1 in CH3CN was treated


with four equivalents of NEt4CN at room temperature. In the
course of one to two hours, the brown suspension turned into
an orange solution. Monitoring the reaction by IR spectros-
copy showed that the solution exhibited three �(CN) bands at
2106, 2084, and 2074 cm�1 and three �(CO) bands at 2033


Figure 2. Molecular structure of [Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥
0.5C7H8) (50% probability ellipsoids; hydrogen atoms and solvent
molecules omitted; phenyl rings of DPPE are dashed). Selected distances
[pm] and angles [�]: Fe1�S1 232.9(1), Fe1�S2 224.5(1), Fe1�S3 233.3(1),
Fe1�P1 223.6(1), Fe1�P2 223.7(1), Fe1�C1 175.2(3), C1�O1 115.2(4),
S1�Fe1�P1 175.98(3), S2�Fe1�P2 173.58(3), S3�Fe1�C1 173.6(1),
S1�Fe1�S2 89.23(3), S1�Fe1�S3 90.36(3), S2�Fe1�S3 88.17(3),
S1�Fe1�C1 85.1(1), S1�Fe1�P2 93.02(3), S2�Fe1�C1 87.3(1), S3�Fe1�P1
87.03(3), S2�Fe1�P1 93.74(3), P1�Fe1�P2 83.75(3), P1�Fe1�C1 97.7(1),
P2�Fe1�C1 98.9(1).


,1982, and 1929 cm�1 (Figure 3a). These bands could be traced
back to the formation of a mixture of the two anions
[Fe(CN)(CO)2(�S3�)]� (designated by �), which forms initially
by cleavage of 1, and [Fe(CN)2(CO)(�S3�)]2� (designated by *),
which results from subsequent CO/CN� exchange. In line with
this, gently heating the solution to 60 �C quickly drove the
reaction to completion. Then the IR spectrum of the reaction
solution exhibited only the �(CN) and �(CO) bands of the
[Fe(CN)2(CO)(�S3�)]2� anion (Figure 3b).


Figure 3. IR monitoring of the reaction between [Fe(CO)2(�S3�)]2 (1) and
four equivalents of NEt4CN in CH3CN at room temperature: a) reaction
solution after 40 min containing [Fe(CN)(CO)2(�S3�)]� (�) and
[Fe(CN)2(CO)(�S3�)]2� (*); b) complete formation of [Fe(CN)2(CO)(�S3�)]2�


(*) after heating to 60 �C.


Workup yielded yellow (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) in
approximately 80% yield. Complex 4 was completely char-
acterized by elemental analysis and the common spectro-
scopic techniques. One �(CO) IR band and, in particular,
seventeen 13C signals in the 13C{1H} NMR spectrum of 4
arising from one CO, two CN�, twelve aromatic, and two
aliphatic C atoms, indicated that the anion of 4 had formed in
diastereomerically pure form with C1 symmetry. This could be
corroborated by the X-ray structure of (AsPh4)2[Fe(CN)2-
(CO)(�S3�)] ¥ acetone (4a ¥C3H6O), which was obtained by a
metathesis from 4 and AsPh4Cl in acetone. Figure 4 depicts
the molecular structure of the [Fe(CN)2(CO)(�S3�)]2� anion in
4a ¥C3H6O and lists selected distances and angles.
The crystal lattice of 4a ¥C3H6O consists of discrete cations,


anions, and acetone solvate molecules. There are no contacts
shorter than the van der Waals radii between the acetone
solvate molecules and cations or anions. The C atoms of CO
and CN� ligands and the �S3� sulfur donors surround the Fe
center pseudo-octahedrally. The thiolate S donors adopt cis
positions, and the CO ligand is trans to one of them. In line
with the discussion of the structures of 1 and 3, the distances
and angles of the [Fe(�S3�)] fragment show no anomalies.
Although the Fe�CN distances (193.3(9) and 191.2(8) pm) are
significantly longer than the Fe�CO distance (177.5(9) pm), in
4, too, the Fe�S(thiolate) distances trans to either a CO or a
CN� ligand (233.5(2) vs. 235.7(2) pm) do not significantly
differ and do not reflect a structural trans influence of the CO
ligand. It is noted that the Fe�CN and Fe�CO distances in
[Fe(CN)2(CO)(�S3�)]2� are very similar to those found in
[NiFe] hydrogenases isolated from D. gigas (Fe�CN (1.9 ä),
Fe�CO (1.7 ä), Fe�S (Cys68) (2.2 ä), and Fe�S (Cys533)
(2.2 ä)),[3b] D. vulgaris MiyazakiF (Fe�CO (1.84 ± 1.93 ä),







FULL PAPER D. Sellmann et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0804-0962 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 4962


Figure 4. Molecular structure of [Fe(CN)2(CO)(�S3�)]2� in 4a ¥ acetone
(50% probability ellipsoids; hydrogen atoms omitted). Selected distances
[pm] and angles [�]: Fe1�S1 233.5(2), Fe1�S2 226.1(2), Fe1�S3 234.7(2),
Fe1�C1 193.3(9), Fe1�C2 191.2(8), Fe1�C3 177.5(9), C1�N1 111.6(9),
C2�N2 115.3(9), C3�O1 115.9(9), S1�Fe1�C1 176.1(2), S2�Fe1�C2
174.5(2), S3�Fe1�C3 177.6(3), S1�Fe1�S2 87.3(1), S1�Fe1�S3 92.3(1),
S2�Fe1�S3 88.3(1), S1�Fe1�C3 87.3(3), S1�Fe1�C2 89.6(2), S2�Fe1�C1
93.1(3), S2�Fe1�C3 94.0(3), S3�Fe1�C1 91.6(2), S3�Fe1�C2 87.3(2),
C1�Fe1�C2 90.3(3), C1�Fe1�C3 88.8(3), C2�Fe1�C3 90.4(3), Fe1�C1�N1
177.8(7), Fe1�C2�N2 177.7(8), Fe1�C3�O1 176.3(8).


Fe�S (Cys84) (2.29 ä), and Fe�S (Cys549) (2.36 ä)),[4] andD.
baculatum (Fe�CN (1.9 ä), Fe�CO (1.9 ä), Fe�S (Cys68)
(2.3 ä), and Fe�S (Cys490) (2.3 ä)).[7]


Chemical properties of (NEt4)2[Fe(CN)2(CO)(�S3�)]: In the
solid state, complex 4 is relatively stable in air, in solution,
however, it is rapidly oxidized by air and decomposes with loss
of CO. The solutions of 4 then turn from yellow to dark green.
Attempts to oxidize 4with [(Cp)2Fe]PF6 in order to determine
a redox dependency of the �(CO) frequency remained
unsuccessful and yielded decomposition products only that
did not exhibit any �(CO) bands.
The cyclic voltammogram (CV) of 4 in CH3CN (Figure 5a)


shows two anodic redox processes at �98 mV and �489 mV
(vs. NHE). These redox processes are largely irreversible and


Figure 5. Cyclic voltammogram of (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) in
CH3CN (0.1� [nBu4N][PF6]): a) in the range from �1.0 to �2.5 V at
250 mVs�1; b) from �0.10 to �0.25 V at 100 mVs�1.


thus correspond with the results obtained by the chemical
oxidation of 4. However, the redox process at �98 mV
becomes quasireversible when the current is reversed at
100 mV (Figure 5b). This redox wave can be assigned to a FeII/
FeIII redox reaction yielding the 17 valence electron complex
[Fe(CN)2(CO)(�S3�)]� . Cathodic redox waves could not be
observed down to the solvent window (�2.5 V for CH3CN).[24]


The good solubility of 4 in CH3CN,MeOH, EtOH, andH2O
permitted the study of the solvent shift of its �(CO) and �(CN)
bands in different solvents. Table 1 shows that this solvent
shift is extremely large for the �(CO) band which is blue-


shifted by 44 cm�1 when CH3CN is replaced by H2O. The
�(CN) bands are much less shifted and they are rather red-
shifted decreasing from 2085/2076 cm�1 in CH3CN to 2074/
2065 cm�1 in H2O.
These shifts can be traced back to the formation of


hydrogen bridge bonds between solvent protons and Br˘nst-
ed-basic thiolate donors in the [Fe(CN)2(CO)(�S3�)]2� anion
(Scheme 3). Their strength increases with increasing solvent
acidity. The slight red shift of the �(CN) bands in water
indicates that this solvent is
also able to form hydrogen
bridges to the cyano ligands.
When cyano ligands are proto-
nated they acquire isonitrile
character, and isonitriles are
good � acceptors. Thus, the
O�H ¥¥¥ NC bridges can be ex-
pected to withdraw also elec-
tron density from the iron cen-
ters, and this explains the par-
ticularly large �(CO) blue shift
of 4 in water.
This interpretation is in line with previous results, which


demonstrate that protonation of iron thiolate complexes such
as [Fe(CO)(�NHS4�)] (�NHS4�2�� 2,2�-bis(2-mercaptophenyl-


Table 1. Comparison of �(CO)/�(CN) frequencies [cm�1] of (NEt4)2-
[Fe(CN)2(CO)(�S3�)] (4), NEt4[Fe(CN)2(CO)(�S3��H)] (5), K[Fe(Cp)(CN)2-
(CO)], and H[Fe(Cp)(CN)2(CO)] in different solvents.


complex solvent �(CO) �(CN)


(NEt4)2[Fe(CN)2(CO)(�S3�)] (4) KBr 1924 2074
CH3CN 1929 2085, 2076
EtOH 1959 2083, 2072
MeOH 1960 2085, 2073
H2O (pH 7) 1973 2074, 2065


NEt4[Fe(CN)2(CO)(�S3��H)] (5) KBr 1960 2099
K[Fe(�5-C5H5)(CN)2(CO)][17] KBr 1954, 1973 2085, 2095


CH3CN 1949 2088, 2094
H2O 1979 2068, 2083


H[Fe(�5-C5H5)(CN)2(CO)][17] KBr 1991 2106, 2135
CH3CN 1988 2096, 2107
H2O 1979 2068, 2083


Scheme 3. Strong S ¥¥¥ H�X
and weak CN ¥¥¥H�X hydrogen
bridge bonds between
[Fe(CN)2(CO)(�S3�)]2� and sol-
vent protons (X�OEt, OMe,
OH).
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thio)diethylamine(2� ))[25] and related species blue shifts
their �(CO) frequencies by approximately 40 cm�1 per step of
protonation.
In order to corroborate this interpretation we treated a


solution of 4 in ethanol with one equivalent of HBF4 in Et2O.
Instantaneously a green solid precipitated from the solution. It
proved too insoluble for purification by recrystallization; its
elemental analysis, however, was compatible with the forma-
tion of (NEt4)[Fe(CN)2(CO)(�S3��H)] (5), exhibiting one NEt4�
cation less than 4 and a [�S3��H]� ligand as the monoprotonated
form of �S3�2�. Complex 5 could be further characterized by its
IR(KBr) spectrum showing a band of medium intensity at
2383 cm�1, which is assignable to a �(SH) band. The �(CO) and
�(CN) bands of 5 appeared at 1960 and 2099 cm�1, that is, they
both were blue-shifted by 36 and 25 cm�1 in comparison with
the respective bands of 4 in KBr (1924, 2074 cm�1).
The general IR spectroscopic trends observed for 4 in


different solvents are very similar to those observed by M.
Darensbourg et al. for K[Fe(Cp)(CN)2(CO)] and the respec-
tive proton derivative H[Fe(Cp)(CN)2(CO)].[17] For example,
4 as well as K[Fe(Cp)(CN)2(CO)] experience a com-
parably large �(CO) shift to higher frequencies when
KBr is replaced by CH3CN or H2O. This is remarkable
in so far as in K[Fe(Cp)(CN)2(CO)] only the terminal N
atoms of the cyano ligands can act as Br˘nsted bases, whereas
4 has additional thiolate donors. The most significant differ-
ence between 4 and K[Fe(Cp)(CN)2(CO)] certainly is that the
�(CO) frequency always appears approximately 20 cm�1


lower in 4 than in K[Fe(Cp)(CN)2(CO)] with one exception:
when water is the solvent, the �(CO) frequencies differ by
6 cm�1 only. These effects are certainly due to the different
electron-donating capacities of the C5H5


� and �S3�2� ligands,
and they also show that water can level electronic differences
probably by forming hydrogen bridges of varying numbers
and strength with different complexes.


Formation and molecular structure of [Fe6{Fe(�S3�)2}6] ¥ 8 tol-
uene (6 ¥ 8C7H8): The molecular structure of 1 demonstrates
the stabilization of coordinatively unsaturated [Fe(CO)2(�S3�)]
fragments by formation of Fe�S�Fe bridges. Such bridges are
also present in [Fe6{Fe(�S3�)2}6] ¥ 8 toluene (6 ¥ 8C7H8). This
complex formed as a minor by-product when [Fe(CO)2-
(PCy3)(�S3�)] (2) was recrystallized from boiling toluene.
Complex 6 had not been a target molecule of our investiga-
tions, and for this reason, we did not search for a deliberate
synthesis. However, the structure of 6, representing a twelve
nuclear ™iron wheel∫, is so unusual that it merits description
here. The formation of 6 can be rationalized by a complete
dissociation of [Fe(CO)2(PCy3)(�S3�)] under harsher condi-
tions (in boiling toluene), in the course of which [Fe(�S3�)2]2�


and Fe2� ions result which combine to give complex 6.
Figure 6a depicts the molecular structure of 6 ¥ 8C7H8


and lists selected distances and angles. Figure 6b depicts one
of the six [Fe{Fe(�S3�)2}] building units of 6 ¥ 8C7H8 showing
that a four-coordinate FeII atom binds to two thiolate donors
of one [Fe(�S3�)2]2� unit containing a six-coordinate FeII center.
This motif is repeated six times in which four- and six-
coordinate FeII centers alternate leading to the ring structure
of 6.
Three particular points are to be noted.


1) The four-coordinate FeII centers each bridge two enantio-
meric [Fe(�S3�)2]2� units.


2) All Fe�S distances lie in the range of Fe�S distances
observed in diamagnetic FeII complexes of polydentate
thioether thiolate ligands, for example, [Fe(CO)(�NHS4�)]
or [Fe(CO)(�S5�)] (vide supra).[26]


3) The Fe�S(thioether) distances in the [Fe(�S3�)2] units are
particulary short (221 pm). The shortness of these dis-
tances is due to the steric requirements of the �S3� ligands
and is typical for all [M(�S3�)] complexes (vide supra and
refs. [12b] and [23]).


Figure 6. a) Molecular ™iron wheel∫ structure of [Fe6{Fe(�S3�)2}6] in 6 ¥ 8C7H8 (thermal ellipsoids at 50% probability level, hydrogen atoms omitted, phenyl
rings lined). Distances [pm]: Fe�S(thiolate) 230.3 ± 233.4, Fe�S(thioether) 221.2 ± 223.6, Fe�Fe 297.5 ± 306.4. Bond angles [�]: trans S�FeO�S 172.9 ± 177.6, cis
S�FeO�S 84.6 ± 97.7, S�FeT�S 96.3 ± 117.9, FeO�S�FeT 79.7 ± 97.4; b) One of the six [Fe{Fe(�S3�)2}] units in 6 ¥ 8C7H8. Distances [pm]: Fe1�S1 230.5(2), Fe1�S2
221.5(2), Fe1�S3 231.7(2), Fe1�S4 233.4(2), Fe1�S5 221.2(2), Fe1�S6 231.1(2), Fe2�S4 232.3(2), Fe2�S6 231.5(2), Fe2�S7 231.5(2), Fe2�S9 232.2(2).
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Conclusion


In the search for complexes that model the coordination
sphere of the iron centers in [NiFe] hydrogenases, in
particular the CN:CO ratio of 2:1 and the thiolate coordina-
tion, the complex (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) was found.
Entry to the coordination chemistry of [Fe(�S3�)] complexes
was afforded by the synthesis of [Fe(CO)2(�S3�)]2 (1). Treat-
ment of 1 with four equivalents of NEt4CN yielded 4. The
controlled cleavage of the dinuclear [Fe(CO)2(�S3�)]2 and
substitution of exactly one CO group per iron center by
NEt4CN can be traced back to the trans influence of thiolate
and thioether donors in the [Fe(�S3�)] fragment. Such an
influence is evidenced by the diastereoselective formation of
[Fe(CO)2(PCy3)(�S3�)] (2) and [Fe(CO)(dppe)(�S3�)] (3) when
1 is treated with mono- or bidentate phosphanes. It is
rationalized by the �-donor and �-acceptor properties of
thiolate versus thioether ligands. (NEt4)2[Fe(CN)2(CO)(�S3�)]
(4) is, to the best of our knowledge, the first synthetic complex
that duplicates the [Fe(CN)2(CO)(thiolate)2] coordination of
the iron centers in [NiFe] hydrogenases. The third sulfur
donor coordinating the Fe center in 4 can be considered to
model the oxygen �X� bridge inD.gigas [NiFe] hydrogenases[3]


and the sulfur �X� bridge in hydrogenases from D.vulgaris
MiyazakiF,[7] or D.desulfuricansATCC27774.[8]


After the characterization of 4, a question of major
importance was how the �(CO) and �(CN) frequencies of
model complexes such as 4 can be used for identifying
oxidation states of the enzyme metal centers and redox states
of the holoenzymes. The numerous different redox states of
D.gigas hydrogenase each can be labeled by an individual
�(CO) frequency.[10] However, there is no simple relationship
that more reduced states give rise to lower �(CO) frequencies,
probably because in many reaction steps electron- and
proton-transfer steps are coupled.
The results obtained with 4 permit the following conclu-


sions.
1) The �(CO) band of 4 is strongly blue-shifted up to 44 cm�1


when 4 is dissolved in solvents of increasing proton activity.
The �(CN) bands are considerably less affected. They are
slightly red-shifted, and their red shift is significant only in
water (11 cm�1).


2) The trends of �(CO) and �(CN) shifts of 4 are identical to
those observed by M. Darensbourg et al. for
K[Fe(Cp)(CN)2(CO)].[17] However, all three respective
bands of 4 appear at lower frequencies than in
K[Fe(Cp)(CN)2(CO)]. Most notable is the �(CO) fre-
quency. In 4, it is usually 20 cm�1 lower than in
K[Fe(Cp)(CN)2(CO)]. This �(CO) difference between 4
and K[Fe(Cp)(CN)2(CO)] is reduced to only 6 cm�1 in
H2O, and this indicates that water can strongly level
electronic differences in complexes because it is able to
form the strongest hydrogen bridges and probably also the
largest number of these complex ± solvent interactions.


3) The �(CO) and �(CN) bands of 4 in KBr (1924, 2074 cm�1)
or CH3CN (1929, 2074, 2084 cm�1) compare with the
frequencies of the Ni-SIa enzyme state (1932, 2074,
2086 cm�1). The Ni-SIa state is EPR silent, activates H2,
and is assumed to exhibit the oxidation state � �� for the Ni


as well as the Fe center. However, such a comparison is of
limited value only because the �(CO) and �(CN) frequen-
cies shift to 1973, 2065, and 2074 cm�1, when 4 is dissolved
in buffered (pH 7) water. In water, the �(CO) frequency of
4 lies higher than the highest �(CO) frequency observed
for any enzyme state (Ni�C: �(CO) 1952 cm�1).
The �(CN) frequencies of 4 in H2O could be correlated best


to the Ni-R state of the enzyme (�(CN): 2059, 2073 cm�1). The
Ni-R state is the most reduced enzyme state, however, it
shows a �(CO) band at 1936 cm�1. Evidently there are no
simple relationships between �(CO) and �(CN) frequencies.
4) The �(CO) shift of 44 cm�1 of 4 observed when CH3CN
(1929 cm�1) is replaced by H2O (1973 cm�1) is larger than
that observed for most different enzyme states judging by
their different �(CO) frequencies. These are the Ni-SI
(�(CO): 1914 cm�1) and Ni-C states (�(CO): 1952 cm�1).
The interconversion of these states requires proton- and
electron-transfer reactions. In conclusion, the solvent-
dependent �(CO) shifts of 4 demonstrate that varying
exclusively the solvent exerts a larger effect upon the
�(CO) frequencies than coupled electron-proton transfer
reactions of the enzyme.
It also has to be stated that investigations of mononuclear


iron complexes do not yet suffice to determine unambiguously
the different enzyme states with respect to the metal oxidation
and protonation states of the active centers, even if these
complexes exhibit [Fe(CN)2(CO)(S�thiolate)2] cores, which
are nearly identical to the iron site in [NiFe] hydrogenases.
Evidently, model complexes are needed which practically
copy the structure of the active centers. In this context a
question of major concern is how binding a [Ni(SR)2] entity to
[Fe(CN)2(CO)(�S3�)]2� cores will affect the �(CO) frequency.
This is part of our current research.


Experimental Section


General methods : Unless noted otherwise, all reactions and spectroscopic
measurements were carried out at room temperature under nitrogen by
using standard Schlenk techniques. Solvents were dried and distilled before
use. As far as possible, reactions were monitored by IR spectroscopy.
Buffered H2O solutions (phosphate buffer, pH 7) were used for recording
the IR spectra of aqueous solutions of 4. Spectra were recorded on the
following instruments: IR (KBr discs or CaF2 cuvettes with compensation
of the solvent bands): Perkin Elmer983, 1620FT IR; NMR: JEOL-JNM-
GX270, EX270, and Lambda LA400 with the residual protio-solvent
signal used as an internal reference. Chemical shifts are quoted on the
� scale (downfield shifts are positive) relative to tetramethylsilane (1H,
13C{1H} NMR) or 85% H3PO4 (31P{1H} NMR); mass spectra: JEOL
MSTATION700 spectrometer; elemental analyses: Carlo Erba EA1106 or
1108 analyzer; cyclic voltammetry: DEA-332 electrochemical analyzer,
utilizing a glassy carbon working electrode, platinum reference electrode,
and platinum auxiliary electrode. Cyclic voltammograms were obtained
from 1.5 m� analyte concentration in CH3CN by using 0.1� [nBu4N][PF6]
supporting electrolyte. All potentials were scaled to NHE by using
ferrocene (E1/2� 400 mV in CH3CN) as internal standard. NEt4CN and
HBF4 (54% in Et2O) were purchased from Fluka and Aldrich. �S3��H2�
Bis(2-mercapto-phenyl)sulfide,[23a] [Fe(CO)3(MeCOCH�CHPh)],[27]
Ph2PCH2CH2PPh2�DPPE,[28] and PCy3[29] were prepared by literature
methods.


Syntheses
[Fe(CO)2(�S3�)]2 (1): Without stirring, a dark green solution of �S3��H2


(1.02 g, 3.78 mmol) and [Fe(CO)3(MeCOCH�CHPh)] (1.08 g, 3.78 mmol)
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in THF (50 mL) was stored for one week in a Schlenk tube connected to a
gas valve for removing liberated CO and H2. Black-brown crystals of 1
precipitated, were separated, washed with THF, and dried in vacuo. Yield:
905 mg (66%); IR (KBr): �� � 2031, 1991 cm�1 (CO); elemental analysis
calcd (%) for C28H16Fe2O4S6 (720.49): C 46.68, H 2.24, S 26.70; found: C
46.81, H 2.26, S 26.63.


[Fe(CO)2(PCy3)(�S3�)] (2): [Fe(CO)2(�S3�)]2 (1) (428 mg, 0.59 mmol) and
PCy3 (333 mg, 1.18 mmol) were combined in THF (15 mL). The resulting
brown suspension was stirred at room temperature for 24 h to give a dark
red solution. It was filtered, and n-hexane (ca. 80 mL) was added dropwise.
A red-brown solid precipitated, which was separated, washed with n-
hexane, and dried in vacuo. Yield: 462 mg (61%); 1H NMR (269.7 MHz,
CD2Cl2): �� 7.56 (d, J� 7.8 Hz, 2H; C6H4), 7.50 (d, J� 7.8 Hz, 2H; C6H4),
7.02 (m, 2H; C6H4), 6.89 (m, 2H; C6H4), 2.40 ± -1.24 (m, 33H; PC6H11);
13C{1H} NMR (67.8 MHz, CD2Cl2): �� 211.3 (d, 2JPC� 20.1 Hz, CO), 154.0
(d, 3JPC� 7.8 Hz), 136.9, 130.5, 129.6, 129.1, 122.3 (C6H4), 37.1 (d, 1JPC�
16.8 Hz), 30.0, 27.9 (d, 2JPC� 10.1 Hz), 26.5 (C6H11); 31P{1H} NMR
(161.7 MHz, CD2Cl2): �� 56.71 (PC6H11); IR (KBr): �� � 2012, 1965 cm�1


(CO); MS (FD, CD2Cl2): m/z (%): 640 [Fe(CO)2(PCy3)(�S3�)]� ; elemental
analysis calcd (%) for C32H41FeO2PS3 (640.68): C 59.99, H 6.45, S 15.01;
found: C 59.59, H 7.02, S 14.73.


[Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8): [Fe(CO)2(�S3�)]2 (1)
(260 mg, 0.36 mmol) and DPPE (287 mg, 0.72 mmol) were combined in
THF (10 mL). The resulting brown suspension was stirred and heated to
60 �C for 1 ± 2 h to give a red solution. The solution was cooled to room
temperature and filtered. All volatile components were removed in vacuo
to give a red-brown residue. It was redissolved in warm toluene (60 �C, ca.
20 mL) to obtain a saturated solution, which was filtered while warm and
stored at room temperature for 24 h and �30 �C for one week. Dark red
single crystals formed, which were separated, washed with MeOH, and
dried in vacuo. Yield: 358 mg (64%); 1H NMR (399.7 MHz, CD3CN): ��
7.84 ± 6.40 (m, C6H5, C6H4), 3.34 ± -2.35 (m, 4H; Ph2PC2H4PPh2), 2.24 (s,
H3CC6H5); 13C{1H} NMR (100.4 MHz, CD3CN): �� 215.6 (dd, 2JPC�
23.1 Hz, 2JPC� 21.5 Hz, CO), 155.9 (d, JPC� 10.6 Hz), 154.4 (d, JPC�
12.3 Hz), 140.1 (d, JPC� 18.2 Hz), 138.7, 138.2, 135.7 (d, 1JPC� 43.4 Hz),
134.7 (d, 1JPC� 33.0 Hz), 133.0 ± 128.3, 127.8, 126.8 (d, JPC� 9.1 Hz), 125.6,
121.6, 121.2 (C6H5, C6H4), 26.3 (dd, 1JPC� 30.1 Hz, 2JPC� 12.8 Hz), 24.7 (dd,
1JPC� 33.8 Hz, 2JPC� 9.9 Hz) (Ph2PCH2CH2PPh2), 20.8 (CH3C6H5); 31P{1H}
NMR (161.7 MHz, CD3CN): �� 73.4, 64.6 (d, 2JPC� 23.0 Hz,
Ph2PC2H4PPh2); IR (KBr): �� � 1944 cm�1 (CO); IR (CH3CN): �� �
1952 cm�1 (CO); MS (FD, THF): m/z (%): 730 [Fe(CO)(dppe)(�S3�)]� ;


elemental analysis calcd (%) for 3 ¥ 0.5C7H8 C42.5H36FeOP2S3 (776.68): C
65.72, H 4.67, S 12.38; found: C 64.65, H 4.61, S 11.97.


(NEt4)2[Fe(CN)2(CO)(�S3�)] (4): [Fe(CO)2(�S3�)]2 (1) (718 mg, 1.00 mmol)
and NEt4CN (638 mg, 4.08 mmol) were combined in acetonitrile (40 mL).
The resulting brown suspension was stirred and heated to 60 �C for 4 h to
give a clear orange solution. Removal of all volatile components in vacuo
gave a greenish brown residue, which was extracted with acetone (ca.
60 mL) to yield 4 as a yellow residue. This residue was separated, washed
with acetone, and dried in vacuo. Yield: 1.06 g (82%); 1H NMR
(269.7 MHz, CD3CN): �� 7.36 (m, 2H; C6H4), 7.15 (m, 2H; C6H4), 6.62
(m, 2H; C6H4), 6.47 (m, 2H; C6H4), 3.05 (m, 16H; NCH2), 1.05 (t, 24H;
NCH2CH3); 13C{1H} NMR (67.8 MHz, CD3CN): �� 220.2 (CO), 162.0,
161.5 (C6H4), 155.6, 149.6 (CN), 142.1, 141.4, 131.8, 131.5, 129.8, 129.6, 127.9,
127.6, 119.8, 119.3 (C6H4), 53.6 (NCH2), 8.3 (NCH2CH3); IR (KBr): �� �
2074 cm�1 (CN), 1924 cm�1 (CO); IR (CH3CN): �� � 2085, 2074 cm�1 (CN),
1929 cm�1 (CO); elemental analysis calcd (%) for C31H48FeN4OS3 (644.79):
C 57.55, H 7.50, N 8.69, S 14.92; found: C 56.94, H 8.30, N 8.90, S 13.78.


(NEt4)[Fe(CN)2(CO)(�S3��H)] (5): HBF4 (50 �L, 363 �mol, in Et2O) was
added to a yellow solution (25 mL) of (NEt4)2[Fe(CN)2(CO)(�S3�)] (4)
(234 mg, 363 �mol) in EtOH. Instantaneously, a green precipitate formed,
and the solution discolored completely. The green precipitate was
separated, washed with ethanol, and dried in vacuo. It proved insoluble
in all common solvents and could not be recrystallized. The elemental
analyses were not satisfactory, however, they clearly indicated the
formation of the 1:1 salt. Yield: 180 mg (96%); IR (KBr): �� � 2383 (SH),
2099 cm�1 (CN), 1960 cm�1 (CO); elemental analysis calcd (%) for
C23H29FeN3OS3 (515.23): C 53.59, H 5.67, N 8.15, S 18.66; found: C 52.06,
H 6.13, N 7.79, S 17.45.


Crystal structure determinations of [Fe(CO)2(�S3�)]2 (1), [Fe(CO)(dppe)-
(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8), (AsPh4)2[Fe(CN)2(CO)(�S3�)]2 ¥ acetone
(4a ¥ C3H6O), and [Fe6{Fe(�S3�)2}6] ¥ 8 toluene (6 ¥ 8C7H8): Black-brown
rhombs of 1 and dark red blocks of 3 ¥ 0.5C7H8 were obtained directly
from the respective reaction solutions. Brown single crystals of 4a ¥C3H6O
were grown by layering a solution of 4 in acetone with a saturated solution
of AsPh4Cl in acetone at �4 �C. Complex 6 ¥ 8C7H8 was obtained from a
saturated solution of [Fe(CO)2(PCy3)(�S3�)]2 in toluene (2), which had been
heated to reflux for one to three minutes and stored for three weeks at
room temperature. Complex 2 remained in solution, and black blocks of 6 ¥
8C7H8 crystallized in a yield of approximately 5%. Suitable single crystals
were sealed in glass capillaries under N2. Data were collected on the
following diffractometers: SiemensP4 (1, 3 ¥ 0.5C7H8, 4a ¥C2H6O) and


Table 2. Selected crystallographic data for [Fe(CO)2(�S3�)]2 (1), [Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8), (AsPh4)2[Fe(CN)2(CO)(�S3�)]2 ¥ acetone (4a ¥
C3H6O), and [Fe6{Fe(�S3�)2}6] ¥ 8toluene (6 ¥ 8C7H8).


1 3 ¥ 0.5C7H8 4a ¥C2H6O 6 ¥ 8C7H8


formula C28H16Fe2O4S6 C42.5H36FeOP2S3 C66H54As2FeN2O2S3 C200H160Fe12S36
Mr [gmol�1] 720.49 776.68 1208.98 4387.64
T [K] 295(2) 200(2) 210(2) 173(2)
crystal system triclinic monoclinic triclinic triclinic
space group P1≈ C2/c P1≈ P1≈


a [pm] 767.8(3) 2843.6(6) 1018.7(1) 1709.1(1)
b [pm] 780.7(2) 1445.7(3) 1245.5(2) 1823.1(1)
c [pm] 1236.2(3) 2215.6(3) 2304.8(5) 1881.0(1)
� [�] 79.99(2) 90 79.73(2) 111.245(3)
� [�] 80.82(3) 125.61(1) 81.31(2) 115.088(2)
� [�] 72.36(2) 90 78.71(1) 96.527(3)
V [nm3] 0.6909(4) 7.41(1) 2.8012(8) 4.6926(5)
Z 1 8 2 1
	calcd [gcm�3] 1.732 1.393 1.433 1.553
� [mm�1] 1.539 0.697 1.601 1.352
crystal size [mm] 0.24� 0.12� 0.10 0.52� 0.44� 0.40 0.30� 0.20� 0.18 0.42� 0.18� 0.10
Tmin/Tmax 0.654/0.788 ± 0.398/0.487 ±
2
 range [�] 5.5 ± 54.0 3.5 ± 54.0 3.5 ± 50.0 4.6 ± 49.5
measured ref. 3697 9286 11645 27554
unique ref. 3011 8097 9824 15701
observed ref. 1935 5715 5345 10273
parameters 206 545 699 1127
R1[a] ; wR2 [%] 5.58; 14.23 4.54; 11.24 6.70; 14.86 6.49; 19.07


[a] [I� 2�(I)].
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Nonius Kappa CCD (6 ¥ 8C7H8),[30] by using MoK� radiation (��
71.073 pm), a graphite monochromator, and -scan technique. Selected
crystallographic data are listed in Table 2.[31] The crystallographic data of a
second polymorph of 1 are not included in Table 2 but have been deposited
with the CCDC-168523 (1a).[31] For 1 and 4a ¥C3H6O, an absorption
correction was applied on the basis of� scans. All structures were solved by
direct methods and refined by full-matrix least-squares procedures on
F 2.[32] All non-hydrogen atoms were refined anisotropically. The positions
of the hydrogen atoms in 1, 3 ¥ 0.5C7H8, and 4a ¥C3H6O were taken from a
difference Fourier synthesis. For 1 and 3 ¥ 0.5C7H8, their positional
parameters were refined with fixed common isotropic displacement
parameters. For 4a ¥C3H6O both the positional parameters and a common
isotropic displacement parameter were kept fixed during the refinement.
The hydrogen atoms in 6 ¥ 8C7H8 and of the solvent molecule in 3 ¥ 0.5C7H8


were geometrically positioned with isotropic displacement parameters
fixed at 1.2 or 1.5 times the U(eq) of the adjacent carbon atom. No
hydrogen atoms were introduced for the disordered solvate molecule in
4a ¥C3H6O. In the structure of 6 ¥ 8C7H8 two of the eight toluene molecules
are disordered.
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Abstract: For the first time several Th-
symmetrical hexakisadducts of C60 bear-
ing up to six electro- and photoactive o-
phenylene diamine or 9,10-dialkoxyan-
thracene moieties were synthesized and
subjected to photoinduced electron/en-
ergy-transfer studies. Both donors form
a densely packed �-donor shell sur-
rounding the fullerene core. In these
novel core ± shell ensembles (7 and 19),
either an efficient energy transfer from
the dialkoxyanthracene periphery, or an
electron transfer from the o-phenylene


diamine periphery transduces the flow
of excited-state energy or electrons,
respectively, to the fullerene moiety,
which resides in the central core. Due
to the relatively high reduction potential
of the fullerene core, which is anodically
shifted by�0.7 V, compared with that of
pristine C60, the outcome of these intra-


molecular reactions depends mainly on
the donor ability of the peripheral
system. Interestingly, the charge-sepa-
rated state in the o-phenylene diamine
heptad (7; �� 2380 ns in benzonitrile) is
stabilized by a factor of 20 relative to the
corresponding o-phenylene diamine dy-
ad (6 ; �� 120 ns in benzonitrile), an
effect that points unequivocally to the
optimized storage of charges in this
highly functionalized fullerene ensem-
ble.


Keywords: donor ± acceptor systems
¥ electron transfer ¥ fullerenes ¥
nanostructures


Introduction


Ever since the discovery of C60, its aesthetically pleasing
structure with perfect icosahedral symmetry, has held a deep
fascination for chemists who construct architectures of higher
complexity (i.e., core ± shell structures, dendrimers, etc.).[1]


Furthermore, the electron- and energy-acceptor properties
of fullerenes stimulated a remarkable growth, which has led to
a seemingly disparate field of studies. The delocalization of
charges–electrons or holes–within the giant, spherical
carbon framework (diameter �7.5 ä) together with the rigid,
confined structure of the aromatic �-sphere offer unique
opportunities for stabilizing charged entities.[2] An impressive
demonstration of this is the 24% efficient charge separation
within a C60-based molecular tetrad.[3] The lifetime of the
spatially separated (�49 ä) radical pair, a product of a
sequence of energy- and electron-transfer reactions, reaches
well beyond milliseconds (0.38 s) into a time domain which


has never been accomplished so far in an artificial photo-
synthetic reaction center.


Consequently, the utilization of C60-based materials in
nanostructured devices, such as photoelectrochemical cells,
that gives rise to efficient photocurrent generation, is
currently at the forefront of intense investigation.[4] As far
as injection of electrons into semiconducting electrodes is
concerned, however, certain limitations of choosing this
acceptor emerge. One of the biggest shortcomings is the low
first one-electron reduction potential (� � 0.9 V versus
ferrocene) which, although rendering them good electron
acceptors, limits the energy for injection into the electrode in
molecular devices.[5] Ultimately, this limits the energy stored
in the charge-separated state.


In the search for fullerene structures that enable us to
address these issues (vide supra), we now report on the design
of two novel Th-hexakisadducts (7 and 19). The highly
symmetric Th-tecton facilitates loading of the fullerene core
with a shell of up to six electron-donor moieties, which makes
these systems particularly appealing for photoconversion
processes. Although considerable attention has focused on
the hexa-addition of fullerenes,[1, 6] addition of electron donors
and/or chromophores and, thereby, the design of highly
functional donor ± acceptor model systems is rare so far.
Placing six chromophores at the fullerene periphery enhances,
for example, the light-collection and light-transduction fea-
tures of the resulting core ± shell ensembles. Ultimately this
can lead to high solar energy conversion efficiencies, com-
parable with those seen in dendrimer structures.
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3-Dimensional core ± shell architectures are typically de-
signed to bear an electro- and/or photoactive interior core, a
sterically crowded, closed-packed shell, and a highly func-
tional surface. Some of their most fascinating features extend
to light-harvesting arrays and electron-transfer relays of
different complexities (i.e., enhancing the molecular function
with increasing generation).[7]


For the present study, o-phenylene diamine (E1/2�
�0.232 V versus ferrocene) and 9,10-dialkoxyanthracene
(E1/2��0.620 V versus ferrocene) were chosen as electron-
donating addends,[8] since the difference in their one-electron
oxidation potentials helps to modulate the free energy
changes, ��Go


ET. Both o-phenylene diamine and 9,10-di-
alkoxyanthracene create shells of densely packed �-donors
surrounding the fullerene core, and thereby shield it quite well
from the environment. In this paper, a detailed account of the
photophysical properties is given, with particular focus on the
electron- and energy-transduction processes.


Results and Discussion


Syntheses : The design of a hexakisadduct containing six o-
phenylenediamine addends is based on the fact that a sixfold
addition of malonates by using the template mediation
technique that we developed previously leads to adducts with
a pseudo-octahedral Th-symmetrical addition pattern with
good yields and regioselectivities.[9] This approach requires
the symmetrical incorporation of the o-phenylenediamine
moiety into a cyclic malonate, since otherwise the overall
symmetry of the resulting hexakisadduct would be lower than
Th, and a mixture of constitutional isomers would be obtained
that would be difficult to separate. We therefore selected the
cyclic malonate 1 as a suitable target addend, which was
obtained by transformation of the dimethyl-o-phenylenedi-
amine 2[10] into the diol 3[11] and subsequent coupling with
malonyl dichloride (Scheme 1). The last step was carried out
using very dilute solutions of the starting materials in order to
prevent polymerization. For this purpose, a solution of
malonyl dichloride in methylene chloride (8 m�) was slowly
added (30 drops per min) to 3 (4 m�) in methylene chloride.
In addition to the [1�1] macrocycle 1 the [2�2] and [3�3]
rings 4 and 5 were formed simultaneously. The three cyclic
malonates 1, 4, and 5 were formed in a 10:8:1 ratio with an
overall yield of 30%. After isolation by preparative HPLC all
three macrocycles were completely characterized. As expect-
ed, the NMR spectra of 1, 4, and 5 are qualitatively the same,
since the cyclic oligomers contain the same number of
magnetically inequivalent sets of H and C atoms.


To test whether the monomalonate 1 was suitable for
nucleophilic cyclopropanations, we first synthesized the
monoadduct 6 by allowing 1 to react with C60 in the presence
of CBr4 and DBU (diazabicycloundecane, Scheme 2). After
purification by flash chromatography using a mixture of
toluene and triethylamine as eluent, 6 was obtained in 23%
yield. The spectroscopic characterization of monoadduct 6 is
consistent with the depicted structure.


Subsequently, hexakisadduct 7 was synthesized in 12%
isolated yield using the reversible template mediation meth-


Scheme 1. Formation of cyclic malonate 1 by transformation of the
dimethyl-o-phenylenediamine 2 into the diol 3 followed by coupling with
malonyl dichloride.


odology (Scheme 3). For this purpose, C60 was treated with a
tenfold excess of malonate 1 in the presence of 9,10-dimethyl-
anthracene (DMA) and CBr4/DBU. Isolation of 7 was
accomplished by flash chromatography followed by prepara-
tive HPLC. Compound 7 has the typical spectroscopic fea-


Scheme 2. Synthesis of the monoadduct 6 by the reaction of 1 with C60 in
the presence of CBr4 and DBU.
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Scheme 3. Synthesis of hexakisadduct 7 by using the reversible template
mediation methodology.


tures commonly observed for Th-symmetrical hexakisadducts.
For example, in the 13C NMR spectrum only two signals
appear for the sp2- and one signal for the sp3-C atoms of the
fullerene cage at �� 140.9, 145.7, and 69.0, respectively. The
FAB mass spectrum displays the molecular ion peak at m/z�
2630, and the UV/Vis spectrum of the yellow compound 7
shows the typical structure, with the most intensive absorp-
tions at �max� 239 and 270 nm.


In order to synthesize new donor± acceptor systems, we
decided to use the anthracene moiety, which is more difficult
to oxidize than the o-phenylene diamine unit. As starting
material we used anthraquinone, which was reduced, and
subsequently hydroxyalkylated to give the diol 8 (Scheme 4).
In analogy to diol 3, which we have also previously trans-
formed into a bismalonate by allowing it to react with methyl
malonyl chloride,[12] we used 8 to synthesize both the cyclic
monomalonate 9 and the open chain bismalonate 11
(Scheme 4).[13] As in the o-phenylenediamine case, the
formation of the [1�1] macrocycle 9 is accompanied by that
of the [2�2] ring 10, even though the reaction was carried out
under high dilution conditions. Compounds 9 and 10 were
formed in a 3:2 ratio in an overall yield of 23%. Isolation was
achieved by flash chromatography using a toluene/ethyl
acetate mixture as eluent.


Scheme 4. Formation of diol 8 and compounds 9 and 10.


The bifunctional donor 11 should be a suitable addend for a
tether functionalization of C60. The corresponding cyclopro-
panation reaction afforded a mixture of the monoadduct 12,
the bisadducts 13 ± 15, and the dimer 16 in yields of 23%, 5%,
9%, 3%, and 3%, respectively (Scheme 5). The purification
of 12 was achieved by flash chromatography. The bisadducts
and the dimer were subsequently isolated by preparative
HPLC. Whereas the characterization of the monoadduct 12
and the dimer 16 was straightforward, the structure assign-
ment of the bisadducts 13 ± 15 required careful evaluation of
the spectroscopic and computational data and comparison of
their electronic absorption spectra with those reported for
related regioisomeric bisadducts.[1a, 14] In principle, over and
above to the seven bisaddition patterns (cis-2, cis-3, e, trans-4,
trans-3, trans-2, trans-1) that can be achieved by two malonate
addends, ™in ± out∫ geometrical isomers of the resulting
cyclopropane rings also have to be considered. However,
due to steric restrictions only out ± out isomers are possible.
As a consequence, since 14 has C1 symmetry (NMR), it must
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be the e-isomer. The 13C NMR spectra of the bisadducts 13
and 15 reveal C2 symmetry. Evaluation of the UV/Vis spectra
as well as energy calculations (PM3) allow 13 to be assigned as
the cis-3 isomer and 15 as the trans-3 isomer.


Although anthracene derivatives are known to undergo
[4�2] cycloadditions with the [6,6]-bonds of C60 no indication
for the formation of the corresponding side products is found.
This is very likely to be due to the fact that here the [4�2]
cycloaddition is highly reversible, and that the retro-reaction
occurs under the conditions of the purification.


Treatment of 9 with C60 under typical monocyclopropana-
tion conditions afforded the monoadduct 17 in 32% yield
(Scheme 6). Subsequent addition of five diethylmalonyl
addends to the octahedral sites by using the template
mediation method led to the mixed hexakisadduct 18 in
23% yield (Scheme 6). The unambiguous structural assign-
ment of these dyads was accomplished by NMR, IR, and UV/
Vis spectroscopy, and FAB mass spectrometry.


The synthesis of the hexakisadduct 19 was again carried out
starting directly from C60 and using the reversible template
mediation methodology (Scheme 7). The poor solubility of
this interesting fullerene derivative, which carries covalently
bound addends that completely cover the spherical core with


the unsaturated �-systems of
the planar anthracene building
blocks, makes the workup more
difficult than in the case of 7.
However, we succeeded in the
isolation of 19 by applying a
pre-purification using flash
chromatography, through
which a mixture of pentakis-
and hexakisadducts was ob-
tained. After preparative
HPLC over a Nucleosil station-
ary phase using a mixture of
methylene chloride and 0.3%
ethanol, 19 was obtained in 9%
yield. Due to the poor solubility
of 19, NMR spectroscopy had
to be carried out in tetrachloro-
ethane at 80 �C. The 13C NMR
spectrum shows the typical res-
onances at �� 69.5 for the
magnetically equivalent sp3-C
atoms of the fullerene cage
and at �� 140.3 and 144.6 for
the two types of cluster sp2-C
atoms. Because the absorption
spectra of the dyads are simple
superpositions of those of the
individual units, the UV/Vis
spectrum of hexakisadduct 19
is dominated by the six anthra-
cene units. It shows a strong
absorption at �max� 264 nm and
a triple absorption at �max� 370,
389, and 411 nm, which is typ-
ical for the anthracene moiety.


Photophysics : Two important features of Th-hexakisadducts,
which are expected to have a major effect on the electron-
transfer dynamics in core ± shell structures 7, 18, and 19,
should be discussed with reference to the well-studied full-
erene monoadducts (see for example 6, 12, and 17). First, the
reduction potential shifts anodically from about �1.1 V for
the monoadduct to �1.69 V (versus ferrocene) in the
corresponding Th-hexakisadduct.[5, 15] In addition, the one-
electron reduction step is accompanied by an inherent loss of
reversibility. The second feature is the fullerene singlet
excited-state energy, which is altered in favor of an electron
transfer (vide infra). The corresponding energies result in a
strong blue shift from 1.76 to 1.89 eV in the mono- versus the
hexakisadduct.


In the donor± acceptor ensemble 19 the absorption features
of the anthracenoid moieties, with a 6:1 molecular ratio, direct
the 410 nm excitation exclusively to the periphery.[16] The
anthracene fluorescence, which has a quantum yield (�) of
0.87, is subject to a quantitative emission quenching
(�� 1.1� 10�3) in toluene (Figure 1a). In addition to the
460 nm anthracene emission, the familiar fullerene fluo-
rescence was found with a *0 ± 0 emission at 660 nm


Scheme 5. Cyclopropanation to give a mixture of the monoadduct 12, the bisadducts 13 ± 15, and the dimer 16.
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Scheme 6. Reaction of 9 with C60 to produce monoadduct 17.


(Figure 1b). This occurs, despite the near exclusive excitation
at 410 nm of the anthracenoid moieties. It is important to note
that the emission pattern of the anthracenoid units remains
unchanged and is not affected by the presence of the fullerene
core. To probe the mechanism of producing the fullerene
emission, an excitation spectrum of the 660 nm emission was
taken (Figure 1a). In fact, the excitation spectrum of 19 is an
excellent match with that of a 9,10-dialkoxy-anthracene
model (9) and it also resembles the 411 nm ground-state
maximum of 9. This serves as sound support for the hypothesis
that the origin of the excited-state energy is the anthracenoid
systems. By employing reference Th-C66(COOEt)12 (��
1.09� 10�3), with matching absorption at the 411 nm excita-
tion wavelength, the fullerene fluorescence quantum yields
were determined for core ± shell ensemble 19 : in toluene, a �


value of 5.5� 10�4 corresponds to only 51% of that measured
for reference Th-C66(COOEt)12.


From the fluorescence quantum yield (�) and the fluo-
rescence lifetime (�� 14.7 ns) of reference 9, the rate constant
(k� 5.4� 1010 s�1) of the intramolecular singlet ± singlet en-
ergy transfer in 19 was derived according to the following
expression [Eq. (1)].


k� [�(9)��(19)]/[�(9) �(19)] (1)


Scheme 7. Synthesis of the hexakisadduct 19 from C60 by using the
reversible template mediation methodology.


Since the results of the emission studies along with the
thermodynamic calculations (vide infra) suggest that an
intramolecular singlet ± singlet energy transfer occurs from
the outer shell to the inner core, further examination of this
fullerene-based hybrid was deemed necessary. This led us to
characterize the photophysics of 19 by means of time-resolved
transient absorption spectroscopy. Following the initial trans-
fer of singlet excited-state energy, which is completed within
the first 20 ps (i.e. , instrumental resolution), the fullerene
singlet ± singlet transitions were seen with �max at 530, 780, and
860 nm (Figure 2a; 50 ps time delay). The fullerene singlet
excited state deactivates by means of a spin-forbidden
intersystem crossing[2e, 17] with a rate of 5.7� 108 s�1 (Fig-
ure 2b) to produce the corresponding triplet manifold.


The differential absorption changes, recorded immediately
after an 8 ns pulse, showed the same spectral features of the
fullerene triplet excited state as observed at the end of the
picosecond experiments (Figure 2a; 5000 ps time delay). To
be precise, a maximum located at 590 nm (Figure 3) was
observed in good agreement with the features recorded for
Th-C66(COOEt)12, and the fullerene triplet lifetime was
estimated to be �85 �s. Similar to the fluorescence measure-
ments (vide supra), the relative triplet quantum yield of 19 is
�48%, compared with Th-C66(COOEt)12. Thus, our analysis
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shows the photosensitization effect of the anthracenoid
chromophores, which act as an antenna shell and transmit
their excited-state energy to the central fullerene core.


A conceivable rationale for the moderate transfer efficien-
cy of �50% is that the chromophore units at the periphery
may be subject to interchromophore deactivations, and that,
therefore, some of the excitation energy fails to reach the
central fullerene core. To further substantiate this working
hypothesis, the efficiency of another hexakisadduct (18),
which carries only a single anthracenoid moiety, was exam-
ined and compared with that of 19. In this case, the
anthracenoid emission is further quenched (�� 4.1� 10�4).
Most significantly, the fullerene emission quantum yield in 18
(�� 1.04� 10�3) matches that seen for fullerene reference Th-
C66(COOEt)12 (�� 1.09� 10�3, Figure 1b).


The conclusion of the photophysical experiments, conduct-
ed with 18 and 19, infers that an efficient intramolecular
transfer of singlet excited-state energy from the periphery to
the core prevails. This relates predominantly to the fact that
the largest energy gap opens between the two singlet excited
states (��Go


ENT �0.8 eV), namely, that of the anthracenoid


and that of the fullerene. In
turn, the endothermic electron
transfer (��Go


ET � � 0.2 eV)
plays, at the very best, a minor
role. To activate an intramolec-
ular electron transfer in a C60-
based core ± shell system rather
than an energy transfer, it was
deemed necessary to select a
better electron donor and/or to
excite the fullerene core. These
requisites are given in donor ±
acceptor ensemble 7 employing
an o-phenylene diamine donor.


As a suitable model system
for 7 we investigated first mono-
adduct 6. Relative to the fluo-
rescence of a C61(COOEt)2 ref-
erence (�max� 700 nm; ��
6.0� 10�4),[2e, 17] the fullerene
emission in 6 is markedly
quenched and, more important-
ly, subject to solvent depen-
dence. In particular, a notice-
able decrease of the fluores-
cence–from n-chlorobutane
(�� 7.39) to DMF (�� 36.7)–
is deduced from the data sum-
marized in Table 1 and Fig-
ure 4.[18] The observed trend
can be interpreted as a first
indication of an electron-trans-
fer mechanism being responsi-
ble for the rapid deactivation of
the fullerene singlet excited
state. An alternative mecha-
nism, namely, an intramolecu-
lar energy transfer from the


fullerene singlet excited state (Esinglet� 1.76 eV) to the o-
phenylene diamine moiety (Esinglet� 3.97 eV; Etriplet�
3.08 eV)[19] can be ruled out, based on the unfavorable
thermodynamics.


To unravel the mechanism by which the fullerene singlet
excited state in dyad 6 is deactivated, the transient absorption
changes were recorded with several time delays after a short
18 ps laser pulse (355 nm). At short times (i.e. , 50 ± 100 ps),
they are practically identical to those of a monoadduct
reference (C61(COOEt)2) with a singlet ± singlet absorption
around 900 nm (Figure 5a). It is not the slow intersystem
crossing dynamics (7.4� 108 s�1),[2e, 17] which govern the life-
time of the singlet excited state, but a rapid intramolecular
decay of the singlet ± singlet transition (THF: 1.3� 109 s�1;
Figure 5b). Here, the singlet lifetimes are strongly reduced,
especially in solvents of high polarity. An illustration is given
in Table 1, which displays the most relevant photophysical
properties of 6.


The transient absorption changes, recorded at the conclu-
sion of this fast deactivation, are not superimposable with
those recorded for the fullerene model (C61(COOEt)2), that is,


Figure 1. a) Emission spectra of 9 (solid line) and 19 (dashed line) in toluene with matching absorption at the
410 nm excitation wavelength (i.e., OD410 nm� 0.7) monitoring the anthracenoid moieties emission at 460 nm.
Excitation spectra (normalized to exhibit matching signals �400 nm) of 9 (solid line; 460 nm emission) and 19
(dashed line; 660 nm emission) in toluene; b) Emission spectra of Th-C66(COOEt)12 reference, 18, and 19 in
toluene with matching absorption at the 410 nm excitation wavelength (i.e., OD410 nm� 0.7) monitoring the
fullerene emission at 660 nm.
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Figure 2. Differential absorption spectra obtained upon picosecond flash
photolysis (355 nm) of �1.0� 10�5� solutions of 19 in nitrogen-saturated
toluene with a time delay of a) � 50 ps, 50 ps, and 5000 ps; b) Time-
absorption profiles at 860 nm monitoring the fullerene ISC dynamics in 19.


the fullerene triplet excited state (see Figure 5a; 4000 ps time
delay). The fullerene triplet reveals two maxima: one in the
visible region around 380 nm and one in the near-infrared
region at 720 nm. Instead, the newly formed species shows a
sharp peak around 1030 nm, the characteristic fingerprint of
the one-electron reduced fullerene �-radical anion (Fig-
ure 6).[2e, 17] As far as the o-phenylene diamine moiety is
concerned, a transient maximum in the visible region around
500 nm corroborates the oxidation of the donor and com-
pletes the characterization of the charge-separated radical
pair.


Figure 3. Differential absorption spectra (UV/Visible and near-infrared)
obtained upon nanosecond flash photolysis (337 nm) of �1.0� 10�5�
solutions of 19 in nitrogen-saturated toluene with a time delay of 50 ns at
room temperature.


Figure 4. Emission spectra of C61(COOEt)2 reference in toluene and
dyad 6 in different solvents with matching absorption at the 310 nm
excitation wavelength (i.e., OD310 nm� 0.8).


Both fingerprints (i.e., 500 and 1030 nm) were employed as
reliable probes to determine the lifetime of the associated
charge-separated state and the overall quantum yield of the
charge-separation process (see Table 1). The decay curves
closely fit a single exponential decay component. In partic-
ular, lifetimes of the order of 100 nanoseconds were derived
from the decay curves of the oxidized donor and reduced
acceptor absorption at 500 nm and 1030 nm, respectively.
Additional evidence for an intramolecular charge recombi-
nation comes from a set of experiments conducted with
different laser power and different dyad concentrations:


Table 1. Some selected photophysical properties of dyad 6.


Solvent � �GS


[eV][a]
��Go


ET


[eV][a]
��Go


BET


[eV][a]
Lifetime (�);
Singlet Excited
State [ns]


Quantum
Yield (�);
Fluorescence


Lifetime (�);
Fluorescence
[ns]


Lifetime (�);
Radical Pair
[ns]


Quantum Yield (�);
Radical Pair[b]


n-chlorobutane 7.39 � 0.2 0.45 1.3 0.81 1.5� 10�4 0.85 0.71
THF 7.6 � 0.21 0.65 1.1 0.76 1.3� 10�4 0.81 89
dichlorobenzene 9.98 � 0.33 0.75 1.0 0.54 1.2� 10�4 0.67 105 0.78
benzonitrile 24.8 � 0.55 0.97 0.79 0.43 1.0� 10�4 0.53 120 0.86
DMF 36.7 � 0.59 1.02 0.74 0.25 0.85� 10�4 0.34 130 0.49


[a] See for details reference [24]. R� (radius acceptor)� 3.6 ä; R� (radius donor)� 1.85 ä; RDA (donor± acceptor separation)� 5.8 ä. [b] Measured by the
comparative technique using the fullerene triplet characteristics as reference.
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Figure 5. Differential absorption spectra obtained upon picosecond flash
photolysis (355 nm) of�1.0� 10�5� solutions ofC61(COOEt)2 reference in
nitrogen-saturated toluene with a time delay of a) � 50 ps, 100 ps, and
4000 ps; b) Time-absorption profiles at 900 nm of C61(COOEt)2 reference
in toluene and dyad 6 in THF and DMF monitoring the fullerene singlet ±
singlet decay. decreasing the radical-pair concentration in various incre-
ments by up to 65% failed to lead to any notable changes in the charge-
recombination kinetics.


The choice of the strong o-phenylene diamine donor (E1/2�
�0.232 V versus ferrocene) led in dyad 6 to the activation of
an electron transfer. Encouraged by this observation, we
focussed on core ± shell ensemble 7. In toluene, n-chlorobu-
tane, and THF, the endothermic and marginally exothermic
free energy changes for an intramolecular electron transfer
(��Go


ET �0.04 eV) suggest the absence of an efficient
electron transfer in photoexcited 7. Indeed, the features
linked to the fullerene singlet excited state clearly lack any
solvent dependence in their decay (Table 2). Furthermore, in


Figure 6. Differential absorption spectra (UV/Visible and near-infrared)
obtained upon nanosecond flash photolysis (337 nm) of �1.0� 10�5�
solutions of dyad 6 in nitrogen-saturated benzonitrile with a time delay
of 50 ns at room temperature.


the nanosecond experiments, just the long-lived triplet ± trip-
let characteristics (�max� 590 nm) were found to a reasonably
high extent (similar to Figure 2). In comparison with dyad 6,
the lack of electron transfer relates mainly to the anodically
shifted reduction potential of the fullerene core (vide supra).


Different behavior was observed in more polar solvents:
the choice of benzonitrile or DMF results in a much stronger
exothermicity of the electron transfer (i.e. , ��Go


ET values
�0.5 eV). The fluorescence properties of 7, that is, fluores-
cence quantum yield and fluorescence lifetime, now reveal
quenching with a marked solvent dependence that starts with
THFand ranges to DMF (Table 2). From these characteristics
we infer that an intramolecular electron transfer in core ± shell
ensemble 7 is, indeed, activated in benzonitrile and likewise in
DMF.


Definitive evidence in support of this hypothesis was found
in transient absorption spectroscopy. On the 50 ps timescale,
the typical fullerene singlet ± singlet absorption with maxima
at 530, 780, and 860 nm can still be seen (similar to Figure 2;
50 ps time delay). Instead of the slow intersystem crossing
dynamics (5.7� 108 s�1) and the concomitant increase of the
triplet ± triplet absorption �590 nm, a rapid decay of the
singlet ± singlet absorption was noticed. More important is the
fact that the differential absorption changes of 7 in benzoni-
trile, noted at the end of the singlet excited-state decay, are
strikingly different from the triplet excited-state features
(compare Figure 7 and Figure 3). Additional pulse radiolytic
reduction experiments allowed us to attribute the newly
formed transient to a charge-separated state with a fullerene


Table 2. Some selected photophysical properties of core ± shell ensemble 7.


Solvent � �GS


[eV][a]
��Go


ET


[eV][a]
��Go


BET


[eV][a]
Lifetime (�);
Singlet Excited State
[ns]


Quantum Yield (�);
Fluorescence


Lifetime (�);
Fluorescence
[ns]


Product Lifetime (�);
Radical Pair
[ns]


toluene 2.39 1.2 � 1.14 0.64 3.1� 10�4 1.14 triplet
n-chlorobutane 7.39 � 0.2 0.03 0.62 3.9� 10�4 1.02 triplet
THF 7.6 � 0.21 0.04 0.62 3.9� 10�4 0.98 triplet
benzonitrile 24.8 � 0.55 0.45 1.44 0.36 2.1� 10�4 0.36 radical pair 2380
DMF 36.7 � 0.59 0.51 1.39 0.27 1.7� 10�4 0.27 radical pair 1050


[a] See for details reference [24]. R� (radius acceptor)� 3.6 ä; R� (radius donor)� 1.85 ä; RDA (donor± acceptor separation)� 5.8 ä.
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Figure 7. Differential absorption spectra (UV/Visible and near-infrared)
obtained upon nanosecond flash photolysis (337 nm) of �1.0� 10�5�
solutions of 7 in nitrogen-saturated benzonitrile with a time delay of
50 ns at room temperature.


�-radical anion absorption (�900 nm).[20] Complementary
nanosecond experiments give rise to lifetimes (�) of 2.38 �s
and 1.05 �s in benzonitrile and DMF, respectively. The charge
recombination processes obey in both cases a first-order rate
law and lead to a complete recovery of the singlet ground
state.


The lifetimes of the charge-separated states can be corre-
lated with the solvent polarity. The dependence of kBET (��
1/kBET) versus free energy changes (Table 2) indicates stabi-
lizing effects for the charge-separated state at higher ��Go


BET


values in core ± shell ensemble 7. These are clear attributes of
the ™Marcus-inverted∫ region, the highly exergonic region
(��Go� �), where the electron-transfer rates start to de-
crease with increasing free energy changes.[21] In contrast, the
lifetime of the radical pair in dyad 6 grows gradually from the
moderately to the strongly polar solvents, and this indicates
that these rates are in the ™Marcus-normal∫ region (Table 1).
In general, the driving forces of the charge-recombination
processes in 7 (�1.4 eV) are markedly larger than those in 6
(0.74 ± 1.1 eV), which support the above assignment regarding
the charge-recombination kinetics being either in the ™Mar-
cus-inverted∫ or ™Marcus-normal∫ region.


To quantify the driving-force dependence on the rate
constants (kET), the semi-classical Marcus equation was
employed.[22] Figure 8 shows the log kBET versus ��Go


BET plot
for the different donor ± acceptor ensembles. From the best
fits of the driving-force dependence on ETrates, the following
values for the reorganization energies (�) and electronic
couplings (V) were derived: �� 0.89 eV and V� 0.22 cm�1.
The reorganization energy is smaller than those reported
previously for porphyrin ± quinone and zinc porphyrin ± free-
base porphyrin-linked systems, which are typically in the
range between 0.8 and 1.2 eV,[22] but larger than in a zinc
tetraphenylporphyrin ± fullerene dyad (0.67 eV).[23]


Conclusion


In summary, we demonstrated that core ± shell ensembles 7
and 19 function as energy- and electron-transducer systems,


Figure 8. Driving-force (��Go
BET� dependence of intramolecular charge-


recombination rate constants in dyad 6 (white circles) and in 7 (black
circles). The line represents the best fit (�� 0.89 eV and V� 0.22 cm�1).


transmitting electrons and singlet excited-state energy, respec-
tively, to the redox- and photoactive Th-hexakisadduct core.


Photoinduced electron transfer, in the core shell ensem-
ble 7, generates a remarkably long-lived charge-separated
state (�� 2380 ns in benzonitrile). Its energy (1.44 eV) is
notably higher than that in the analogous mono- and bis-
adducts (0.79 eV).[12] This shifts the back electron transfer in 7
far into the ™Marcus-inverted∫ region, which, at least in part,
decelerates the energy-wasting charge recombination. Of
apparently equal importance is the interruption of the full-
erene �-system that leaves only isolated benzene subunits
behind for stabilization of the electron on the fullerene (i.e.,
pristine C60 versus hexakisadduct). In terms of storing excited-
state energy, the high-lying level of the fullerene �-radical
anion in Th-hexakisadducts implies a net gain of nearly 0.7 eV
in comparison with the monoadduct.


Based on the chemistry of the terminal groups and the
highly symmetric three-dimensional architectures, even high-
er generation dendrimers derived from 7 and 19 can be
envisioned. Since the core retains some of C60×s electron- and
energy-acceptor features and is also sufficiently shielded from
the surrounding medium, several useful features might be
realized, such as energy collection/transduction and amplifi-
cation of electron transfer. For example, while evidence for
dialkoxyanthracene moieties in 19 can be seen sufficiently in
the UV and near-visible part of the spectrum, further
extension into the visible and near-infrared section will
constitute the next design step. Furthermore, their ability to
function as hosts for a range of ions and molecules points to its
unique versatility for practical applications: � ±� association
with the fullerene core and weak van der Waals forces are
realistic possibilities for facilitating trapping or encapsulating
suitable guests within the interior of the higher generation
systems. Currently, we are intensifying our research to explore
these issues.


Experimental Section


General : Picosecond laser flash photolysis experiments were carried out
with 355 nm laser pulses from a mode-locked, Q-switched QuantelYG-501
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DP Nd:YAG laser system (pulse width 18 ps, 2 ± 3 mJpulse�1). Nanosecond
laser studies were performed with laser pulses from a Molectron UV-400
nitrogen laser system (337.1 nm, 8 ns pulse width, 1 mJpulse�1). The
photomultiplier output was digitized with a Tektronix7912AD program-
mable digitizer.


Pulse radiolysis experiments were performed by utilizing 50 ns pulses of
8 MeV electrons from a ModelTB-8/16-1S Electron Linear Accelerator.
Dosimetry was based on the oxidation of SCN� to (SCN)2


.� , which in
aqueous, N2O-saturated solutions takes place with G� 0.6 �� per joule of
absorbed energy. The radical concentration generated per pulse amounted
to (1 ± 3) �� for all the systems investigated in this study.


Fluorescence lifetimes were measured with a Laser Strope Fluorescence
Lifetime Spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of the
Laser Strobe systems are described on the manufacturer×s web site,
http://www.pti-nj.com.


Emission spectra were recorded with a SLM8100 Spectrofluorometer. The
experiments were performed at room temperature. Each spectrum
represents an average of at least five individual scans, and appropriate
corrections were applied whenever necessary.
1H NMR and 13C NMR: JeolJNMEX400 and JeolJNMGX400; MS:
Varian Mat311A (EI) and Finnigan MAT900 (FAB); FT IR: Bruker
Vector22; UV/Vis: Shimadzu UV3102PC; analytical HPLC: Shimadsu
Sil 10A, SPD10A, CBM10A, LC10 ATFRC 10A; preparative HPLC:
Shimadsu Sil 10A, SPD10A, CBM10A, LC8A, FRC10A; TLC: Macher-
ey-Nagel, Alugram SilG/UV254. Reagents used were commercially
available reagent grade and were purified according to standard proce-
dures.


Cyclic malonates 1, 4, and 5 : A solution of diol 3 (1.14 g, 4.5 m�) in dry
dichloromethane (300 mL) was stirred, and a solution of malonyl dichlo-
ride (650 mg, 4.5 m�) was added dropwise over 16 hours under a nitrogen
atmosphere. Afterwards the solvent was removed under reduced pressure.
Separation and purification of the products were achieved by flash
chromatography (toluene/triethylamine 19:1) followed by preparative
HPLC (Gromsil-Amino-Phase, toluene).


Yields : 1: 150 mg (0.47 m�, 10%) colorless oil; 4 : 250 mg (0.39 m�, 16%),
colorless oil; 5 : 50 mg (0.05 m�, 3%), slightly yellow oil.


Compound 1: 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.83 (m, 4H; CH2),
2.70 (s, 6H; CH3), 3.24 (t, J� 6.9 Hz, 4H; CH2), 3.28 (s, 2H; CH2), 4.11 (t,
J� 5.4 Hz, 4H; CH2), 6.92 (s, 4H; CH); 13C NMR (100.50 MHz, CDCl3,
25 �C): �� 25.52 (2C; CH2), 39.46 (2C; CH3), 42.32 (1C; O�CCH2C�O),
49.32 (2C; CH2), 63.21 (2C; CH2), 119.84 (2C; CH), 122.46 (2C; CH),
145.57 (2C; C), 166.36 (2C; C�O); MS (FAB): m/z (%): 320 [M]� ; IR
(film): �� � 3057, 2958, 2845, 2798, 1733, 1590, 1495, 1452, 1415, 1382, 1304,
1266, 1185, 1128, 1064, 1035, 988, 960, 887, 751, 683 cm�1; UV/Vis (CH2Cl2):
�max (�)� 239 (33000), 267 nm (5700).


Compound 4 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.83 (m, 8H; CH2),
2.71 (s, 12H; CH3), 3.14 (t, J� 7.2 Hz, 8H; CH2), 3.32 (s, 4H; CH2), 4.14 (t,
J� 6.5 Hz, 8H; CH2), 6.92 (s, 8H; CH); 13C NMR (100.50 MHz, CDCl3,
25 �C): �� 26.01 (4C; CH2), 39.73 (4C; CH3), 41.41 (2C; O�CCH2C�O),
50.33 (4C; CH2), 63.99 (4C; CH2), 119.60 (4C; CH), 122.40 (4C; CH),
145.40 (4C; C), 166.56 (4C; C�O); MS (FAB): m/z (%): 642 [M�H]� ; IR
(film): �� � 3057, 2956, 2844, 2799, 1733, 1590, 1495, 1452, 1413, 1385, 1334,
1272, 1185, 1098, 1056, 1037, 958, 887, 752 cm�1; UV/Vis (CH2Cl2):
�max (�)� 238 nm (24000), 268 (12000).


Compound 5 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 1.81 (m, 12H; CH2),
2.72 (s, 18H; CH3), 3.14 (t, J� 7.1 Hz, 12H; CH2), 3.32 (s, 6H; CH2), 4.14 (t,
J� 6.6 Hz, 12H; CH2), 6.91 (s, 12H; CH); 13C NMR (100.50 MHz, CDCl3,
25 �C): �� 26.03 (6C; CH2), 39.74 (6C; CH3), 41.39 (3C; O�CCH2C�O),
50.16 (6C; CH2), 63.98 (6C; CH2), 119.59 (6C; CH), 122.36 (6C; CH),
145.24 (6C; C), 166.50 (6C; C�O); MS (FAB): m/z (%): 962 [M�H]� ; IR
(film): �� � 3057, 2957, 2845, 2800, 1733, 1590, 1495, 1455, 1413, 1385, 1272,
1185, 1098, 1037, 957, 752, 687 cm�1; UV/Vis (CH2Cl2): �max (�)� 238
(33000), 268 nm (17000).


Monoadduct 6 : The diamine 1 (110 mg, 0.34 m�), tetrabromomethane
(115 mg, 0.34 m�), and DBU (65 mg, 0.42 m�) were added to a solution of
C60 (190 mg, 0.26 m�) in pure toluene (130 mL) under a nitrogen
atmosphere. After stirring overnight the mixture was filtered, and the


product was separated by flash chromatography (toluene/ethyl acetate
16:1). Yield: 60 mg (0.06 m�, 23%), red brownish solid.
1H NMR (400 MHz, CDCl3, 25 �C): �� 2.05 (m, 4H; CH2), 2.81 (s, 6H;
CH3), 3.45 (t, J� 6.6 Hz, 4H; CH2), 4.44 (t, J� 5.4 Hz, 4H; CH2), 6.99 (m,
4H; CH); 13C NMR (100.50 MHz, CDCl3, 25 �C): �� 25.41 (2C; CH2),
39.69 (2C; CH3), 49.18 (2C; CH2), 51.95 (1C; bh; bridge head�C), 65.09
(2C; CH2), 71.50 (2C; sp3-C60 C), 119.99 (2C; CH), 122.77 (2C; CH),
139.06, 140.94, 141.93, 142.20, 143.01, 143.06, 143.89, 144.60, 144.69, 144.87,
145.16, 145.26, 145.49 (sp2 C), 163.53 (2C; C�O); MS (FAB):m/z (%): 1039
[M]� ; IR (KBr): �� � 3059, 2951, 2925, 2841, 2794, 1744, 1494, 1449, 1428,
1267, 1232, 1203, 1186, 1056, 906, 803, 730 cm�1; UV/Vis (CH2Cl2): �max


(�)� 258 (115000), 326 (33000), 426 (2200), 486 nm (1400).


Hexakisadduct 7: Compound 9,10-dimethylanthracene (86 mg, 0.42 m�)
was added to a solution of C60 (30 mg, 0.042 m�) in pure toluene (50 mL)
under a nitrogen atmosphere, and the mixture was stirred for three hours.
Then diamine 1 (133 mg, 0.42 m�), tetrabromomethane (138 mg, 0.42 m�),
and DBU (84 mg, 0.55 m�) were added. After stirring over night the
mixture was filtered. Separation and purification of the product was
achieved by flash chromatography (toluene/triethylamine 19:1) followed
by preparative HPLC (Gromsil-Amino-Phase, toluene). Yield: 13 mg
(0.005 m�, 12%), yellow solid.
1H NMR (400 MHz, CDCl3, 25 �C): �� 1.90 (m, 24H; CH2), 2.72 (s, 36H;
CH3), 3.29 (t, J� 6.2 Hz, 24H; CH3), 4.16 (t, J� 5.2 Hz, 24H; CH2), 6.93
(m, 24H; CH); 13C NMR (100.50 MHz, CDCl3, 25 �C): �� 25.33 (12C;
CH2), 39.73 (12C; CH3), 45.21 (6C; Bk�C), 49.21 (12C; CH2), 64.78 (12C;
CH2), 68.96 (12C; sp3-C60 C), 119.93 (12C; CH), 122.66 (12C; CH), 140.94
(24C; sp2 C), 145.49 (12C; C), 145.70 (24C; sp2-C), 163.62 (12C; C�O);MS
(FAB): m/z (%): 2630 [M]� , 1316; IR (KBr): �� � 3056, 2956, 2844, 2797,
1746, 1590, 1495, 1451, 1265, 1210, 1125, 1062, 750, 715 cm�1; UV/Vis
(CH2Cl2): �max (�)� 240 (141000), 270 (92000), 334 nm (34000).


9,10-Bis(3-hydroxypropoxy)anthracene 8 : Nitrogen-saturated water
(200 mL) and pure dichloromethane (200 mL) were added to a mixture
of 9,10-anthraquinone (4.16 g, 20 m�), sodium dithionite (85%, 8.2 g,
40 m�), and Adogen 464 (methyltrialkyl (C8-C10) ammonium chloride)
(7.4 g, 16 mmol), and the mixture was stirred for 5 minutes. Then sodium
hydroxide (8.0 g, 200 m�) was added, and stirring was continued for
10 minutes, and the mixture turned dark red. Compound 3-iodopropanol
(18.2 g, 100 m�) was added dropwise, and the mixture was stirred for
16 hours at room temperature. The phases were separated, and the aqueous
phase was washed with dichloromethane (2� 200 mL). The organic phases
were combined, washed with water (2� 100 mL), and dried over magne-
sium sulfate. The filtrate was reduced to 100 mL, and the product was
precipitated at �25 �C. Further purification of the crude product was
achieved by flash chromatography (silica gel, dichloromethane/ethyl
acetate 3:1). Yield: 2.1 g (6.4 m�, 32%), yellow solid, melting point 148 �C.
1H NMR (400 MHz, [D6]DMSO, 25 �C): �� 2.12 (m, 2H; CH2), 3.78 (q, J�
5.5 Hz, 2H; OCH2), 4.19 (t, J� 6.3 Hz, 2H; OCH2), 4.66 (t, J� 5.2 Hz, 2H;
OH), 7.54 (m, 4H; CH), 8.27 (m, 4H; CH); 13C NMR (100 MHz,
[D6]DMSO, 25 �C): �� 33.23 (2C; CH2), 57.43 (2C; OCH2), 72.82 (2C;
OCH2), 122.41 (4C; arom. C), 124.53 (4C; arom. C), 125.58 (4C; arom. C),
146.80 (2C; arom. C); MS (FAB): m/z (%): 326 [M]� , 267, 209, 152; IR
(KBr): �� � 3313, 3068, 3053, 3038, 2927, 2875, 1654, 1522, 1518, 1434, 1424,
1402, 1368, 1344, 1169, 1091, 1067, 973, 936, 778, 754, 676, 608 cm�1; UV/Vis
(CH2Cl2): �max (�)� 262 (82000), 366 (3700), 384 (5500), 406 nm (4800).


Cyclic malonates 9 and 10 : Diol 8 (1.2 g, 3.7 m�) was dissolved in dry
dichloromethane (500 mL) under a nitrogen atmosphere. A solution of
malonyl dichloride (540 mg, 3.7 m�) in dry dichloromethane (300 mL) was
added dropwise over 24 hours. The reaction was controlled by TLC
(dichloromethane/ethyl acetate 19:1). Separation of the products was
achieved by flash chromatography with gradient elution (silica gel,
dichloromethane/ethyl acetate 19:1 ± 9:1). The separated products were
washed with pentane and dried in a vacuum.


Yields : 9 : 50 mg (0.38 m�, 10%), yellow solid, melting point 288 �C; 10 :
200 mg (0.25 m�, 13%), yellow solid, melting point: 193 �C.


Compound 9 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.06 (m, 4H; CH2),
2.53 (s, 2H; OCCH2CO), 3.83 (t, J� 6.0 Hz, 4H; CH2OC�O), 4.54 (t, J�
6.0 Hz, 4H; OCH2), 7.44 (m, 4H; arom. H), 8.25 (m, 4H; arom. H);
13C NMR (100 MHz, CDCl3, 25 �C): �� 29.63 (2C; CH2), 40.68 (1C;
OCCH2CO), 61.74 (2C; CH2OC�O), 72.23 (2C; OCH2), 122.80 (4C; CH),
124.46 (4C; C), 125.05 (4C; CH), 147.65 (2C; C), 165.44 (2C; C�O); MS
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(FAB): m/z (%): 394 [M]� ; IR (KBr): �� � 3065, 3049, 2960, 2894, 1743,
1676, 1618, 1462, 1436, 1407, 1380, 1361, 1348, 1331, 1283, 1187, 1171, 1154,
1129, 1084, 1059, 995, 930, 781, 689 cm�1; UV/Vis (CH2Cl2): �max (�)� 264
(106000), 372 (5000), 390 (5900), 410 (5000).


Compound 10 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.13 (m, 8H; CH2),
3.50 (s, 4H; OCCH2CO), 3.87 (t, J� 6.1 Hz, 8H; CH2OC�O), 4.43 (t, J�
6.2 Hz, 8H; OCH2), 7.32 (m, 8H; arom. CH), 8.01 (m, 8H; arom. CH);
13C NMR (100 MHz, CDCl3, 25 �C): �� 29.42 (4C; CH2), 42.01 (2C;
OCCH2CO), 62.58 (4C; CH2OC�O), 71.54 (4C; OCH2), 122.27 (8C; CH),
124.78 (8C; C), 125.34 (8C; CH), 146.92 (4C; C), 166.30 (4C; C�O); MS
(FAB):m/z (%): 788 [M]� ; IR (KBr): �� � 3069, 2966, 2928, 2881, 1758, 1729,
1620, 1476, 1458, 1436, 1407, 1387, 1364, 1348, 1324, 1304, 1275, 1223, 1215,
1160, 1109, 1087, 1069, 1044, 1018, 980, 940, 892, 861, 853, 779, 764,
752 cm�1; UV/Vis (CH2Cl2): �max (�)� 254 (145000), 262 (173000), 350
(5100), 366 (10000), 384 (14900), 406 nm (12700).


1-{3-[(10-{3-[(3-Methoxy-3-oxopropanoyl)oxy]propoxy}-9-anthryl)oxy]-
propyl}3-methylmalonate 11: Methyl malonyl chloride (169 mg, 1.22 m�)
was added dropwise to a solution of diol 8 (200 mg, 0.61 m�) and pyridine
(100 mg, 1.22 m�) in dry dichloromethane (100 mL) under a nitrogen
atmosphere. The mixture was stirred at room temperature for two hours,
and the progress of the reaction was monitored by TLC. The product was
isolated by flash chromatography (silica gel, dichloromethane/ethyl acetate
19:1) and dried in a vacuum. Yield: 230 mg, (0.44 m�, 72%), yellow solid,
melting point 79 �C.
1H NMR (400 MHz, CDCl3, 25 �C): �� 2.39 (m, J� 6.4 Hz, 4H; CH2), 3.46
(s, 4H; CH2), 3.69 (s, 6H; CH3), 4.24 (t, J� 6.4 Hz, 4H; CH2), 4.63 (t, J�
6.4 Hz, 4H; CH2), 7.49 (m, 4H; CH), 8.23 (m, 4H; CH); 13C NMR
(100 MHz, CDCl3, 25 �C): �� 29.63 (2C; CH2), 41.40 (2C; O�CCH2C�O),
52.53 (2C; CH3), 62.56 (2C; CH2OC�O), 71.78 (2C; OCH2), 122.46 (4C;
CH), 125.02 (4C; C), 125.46 (4C; CH), 147.15 (2C; Ph�C�O), 166.53 (2C;
C�O), 166.90 (2C; C�O); MS (FAB): m/z (%): 526 [M]� ; IR (KBr): �� �
3062, 2996, 2961, 2936, 2884, 1753, 1677, 1617, 1437, 1407, 1347, 1286, 1194,
1155, 1066, 1018, 942, 784, 753, 676 cm�1; UV/Vis (CH2Cl2): �max (�)� 262
(94000), 348 (2400), 364 (4100), 384 (6100), 405 nm (5300).


Monoadduct 12 : DBU (29 mg, 0.19 m�) was added dropwise to a solution
of C60 (122 mg, 0.17 m�), bismalonate 11 (90 mg, 0.17 m�), and tetrabro-
momethane (57 mg, 0.17 m�) in dry toluene (100 mL) under a nitrogen
atmosphere. The mixture was stirred at room temperature for 16 hours, and
the progress of the reaction was monitored by TLC. The product was
isolated by flash chromatography (silica gel, toluene/ethyl acetate 19:1).
Finally, the product was washed with pentane, dried in a vacuum, and
stored under nitrogen. Yield: 45 mg (0.036 m�, 21%), red brownish solid.
1H NMR (400 MHz, CDCl3, 25 �C): �� 2.39 (m, 2H; CH2), 2.60 (m, 2H;
CH2), 3.46 (s, 2H; OCCH2CO), 3.70 (s, 3H; CH3), 3.96 (s, 3H; CH3), 4.24 (t,
J� 6.2 Hz, 2H; OCH2), 4.35 (t, J� 6.4 Hz, 2H; OCH2), 4.63 (t, J� 6.3 Hz,
2H; OCH2), 4.98 (t, J� 6.2 Hz, 2H; OCH2), 7.50 (m, 4H; CH), 8.22 (m,
2H; CH), 8.30 (m, 2H; CH); 13C NMR (100 MHz, CDCl3, 25 �C): �� 29.63
(1C; CH2), 29.81 (1C; CH2), 41.37 (1C; OCCH2CO), 52.02 (1C; Bk�C),
52.52 (1C; CH3), 53.98 (1C; CH3), 62.53 (1C; CH2OC�O), 64.56 (1C;
CH2OC�O), 71.43, 71.81, 72.07 (OCH2�C60-sp3-C), 122.44 (2C; arom.
CH), 122.49 (2C; arom. CH), 125.03 (4C; arom. C), 125.49 (2C; arom.
CH), 125.65 (2C; arom. CH), 138.84, 139.08, 140.85, 140.89, 141.77, 141.90,
142.13, 142.17, 142.94, 142.99, 143.05, 143.80, 143.85, 144.52, 144.62, 144.65,
144.87, 144.98, 145.07, 145.11, 145.16, 145.20, 145.26 (C60-sp2-C), 147.10 (1C;
ArC�O), 147.27 (1C; ArC�O), 163.58 (1C; C�O), 164.00 (1C; C�O),
166.50 (1C; C�O), 166.87 (1C; C�O);MS (FAB):m/z (%): 1244 [M]� , 720;
IR (KBr): �� � 2960, 1744, 1433, 1406, 1347, 1266, 1234, 1066, 803, 774, 702,
609 cm�1; UV/Vis (CH2Cl2): �max (�)� 262 (199000), 326 (34000), 382
(12600), 405 (8500), 426 (2800), 489 (1800), 688 nm (400).


Fullerene adducts 13, 14, 15, and 16 : [60]Fullerene (720 mg, 1.0 m�) was
dissolved in pure toluene (400 mL) under a nitrogen atmosphere and under
exclusion of light. Then, malonate 11 (526 mg, 1.0 m�) and tetrabromo-
methane (663 mg, 2.0 m�) were added. DBU (335 mg, 2.2 m�) was added
slowly over 5 hours. The mixture was stirred for 20 hours, and the course of
the reaction was monitored by TLC (silica gel, toluene/ethyl acetate 19:1).
The mixture was reduced to 100 mL, and it was preselected by flash
chromatography (silica gel, toluene/ethyl acetate 19:1). The separation of
the products was achieved by preparative HPLC (nucleosil, toluene/ethyl
acetate 99:1). The products were washed with pentane, dried in a vacuum,
and stored under nitrogen.


Yields : 16 : 55 mg (0.028 m�, 3%, TR� 2.3 min), red brownish solid; 13 :
62 mg (0.048 m�, 5%, TR� 6.0 min), red brownish solid; 14 : 112 mg
(0.090 m�, 9%, TR� 7.3 min), red brownish solid; 15 : 34 mg (0.027 m�,
3%, TR� 8.4 min), red brownish solid.


Compound 16 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.59 (m, 4H; CH2),
3.97 (s, 6H; CH3), 4.33 (t, J� 6.2 Hz, 4H; OCH2), 4.96 (t, J� 6.0 Hz, 4H;
OCH2), 7.52 (m, 4H; CH), 8.27 (m, 4H; CH); 13C NMR (100 MHz, CDCl3,
25 �C): �� 29.58 (2C; CH2), 51.78 (2C; Bk�C), 54.02 (2C; CH3), 64.42 (2C;
CH2OC�O), 71.16 (4C; C60-sp3-C), 71.98 (2C; OCH2), 122.22 (4C; arom.
CH), 124.74 (4C; arom. C), 125.62 (4C; arom. CH), 138.48, 138.85, 140.57,
141.48, 141.59, 141.85, 142.63, 142.70, 142.78, 143.51, 143.58, 144.24, 144.31,
144.37, 144.59, 144.68, 144.75, 144.81, 144.84, 144.88 (C60-sp2-C), 146.91 (2C;
ArC�O), 163.39 (2C; C�O), 163.81 (2C; C�O); MS (FAB): m/z (%): 1964
[M�H]� , 720; IR (KBr): �� � 2924, 1744, 1636, 1430, 1266, 1235, 1186, 1062,
948, 888, 744, 704 cm�1; UV/Vis (CH2Cl2): �max (�)� 262 (182000), 325
(46000), 403 (8800), 426 nm (4700).


Compound 13 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.53 (m, 4H; CH2),
3.92 (m, 2H; OCH2), 4.10 (m, 2H; OCH2), 4.16 (s, 6H; CH3), 4.47 (m, 2H;
OCH2), 4.97 (m, 2H; OCH2), 7.26 (m, 2H; CH), 7.48 (m, 2H; CH), 7.93 (d,
J� 8.8 Hz, 2H; CH), 8.42 (d, J� 8.8 Hz, 2H; CH); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 29.14 (2C; CH2), 51.39 (2C; Bk�C), 54.06 (2C; CH3),
64.61 (2C; CH2OC�O), 70.79 (2C; C60-sp3-C), 71.17 (2C; C60-sp3-C), 74.36
(OCH2), 122.19 (2C; arom. CH), 122.66 (2C; arom. CH), 124.59 (2C;
arom. C), 124.84 (2C; arom. C), 125.48 (2C; arom. CH), 125.80 (2C; arom.
CH), 137.32, 137.72, 139.30, 141.21, 141.51, 141.69, 142.18, 142.33, 142.45,
142.97, 143.21, 143.32, 143.67, 143.82, 144.26, 144.46, 144.84, 144.94, 145.32,
145.46, 145.56, 145.94, 146.14, 146.31, 146.38, 146.52, 146.73, 147.11 (C60-sp2-
C), 148.01 (2C; ArC�O), 162.87 (2C; C�O), 163.90 (2C; C�O); MS
(FAB): m/z (%): 1243 [M�H]� , 720; IR (KBr): �� � 3065, 2960, 1748, 1435,
1366, 1349, 1260, 1228, 1102, 1063, 1031, 803, 757, 708 cm�1; UV/Vis
(CH2Cl2): �max (�)� 254 (117000), 262 (118000), 408 (5700), 488 nm (2300).


Compound 14 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.51 (m, 2H; CH2),
2.62 (m, 1H; CH2), 2.76 (m, 1H; CH2), 3.76 (m, 1H; OCH2), 3.96 (m, 1H;
OCH2), 4.09 (s, 3H; CH3), 4.12 (s, 3H; CH3), 4.17 (m, 1H; OCH2), 4.33 (m,
1H; OCH2), 4.42 (m, 1H; OCH2), 4.63 (m, 1H; OCH2), 4.90 (m, 1H;
OCH2), 5.17 (m, 1H; OCH2), 7.23 (m, 2H; CH), 7.34 (m, 1H; CH), 7.47 (m,
1H; CH), 7.94 (d, J� 8.8 Hz, 1H; CH), 8.02 (d, J� 8.1 Hz, 1H; CH), 8.10
(d, J� 8.1 Hz, 1H; CH), 8.58 (d, J� 8.8 Hz, 1H; CH); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 29.19 (1C; CH2), 29.42 (1C; CH2), 51.51 (2C; bridge-
head-C), 54.05 (2C; CH3), 64.65 (1C; CH2OC�O), 65.33 (1C; CH2OC�O),
70.79, 70.88, 70.95 (C60-sp3-C), 73.16 (1C; OCH2), 74.64 (1C; OCH2),
122.07, 122.27, 123.20, 124.21, 124.85, 125.45, 125.54, 126.04 (arom. C),
136.56, 136.60, 137.95, 138.59, 140.05, 140.72, 140.82, 141.33, 141.64, 141.68,
141.77, 142.26, 142.81, 142.90, 143.19, 143.26, 143.37, 143.56, 143.72, 143.78,
143.85, 144.01, 144.14, 144.31, 144.54, 145.07, 145.18, 145.68, 145.73, 146.02,
146.13, 146.33, 146.41, 146.54, 146.86, 147.01, 147.12 (C60-sp2-C), 147.56,
147.61 (ArC�O), 162.67, 163.82, 163.96 (C�O); MS (FAB): m/z (%): 1243
[M�H]� , 720; IR (KBr): �� � 3065, 2950, 2881, 1747, 1433, 1364, 1349, 1234,
1104, 1062, 1032, 756, 731, 708, 671 cm�1; UV/Vis (CH2Cl2): �max (�)� 254
(139000), 262 (139000), 408 (6900), 486 nm (2600).


Compound 15 : 1H NMR (400 MHz, CDCl3, 25 �C): �� 2.63 (m, 2H; CH2),
2.74 (m, 2H; CH2), 3.94 (m, 2H; OCH2), 4.23 (s, 6H; CH3), 4.26 (m, 2H;
OCH2), 4.57 (m, 2H; OCH2), 4.91 (m, 2H; OCH2), 7.33 (m, 4H; CH), 8.06
(m, 2H; CH), 8.16 (m, 2H; CH); 13C NMR (100 MHz, CDCl3, 25 �C): ��
29.49 (2C; CH2), 50.24 (2C; bridgehead-C), 54.25 (2C; CH3), 65.27 (2C;
CH2OC�O), 70.62 (2C; C60-sp3-C), 71.29 (2C; C60-sp3-C), 74.36 (2C;
OCH2), 122.55 (4C; arom. CH), 124.53 (2C; arom. C), 124.98 (2C; arom.
C), 125.42 (2C; arom. CH), 125.76 (2C; arom. CH), 135.39, 135.61, 139.99,
140.86, 141.48, 141.63, 141.77, 142.07, 142.19, 142.50, 142.88, 143.14, 143.20,
143.47, 143.53, 143.91, 144.06, 144.29, 144.44, 144.68, 144.79, 145.09, 145.35,
145.43, 146.00, 146.26, 146.78, 146.88 (C60-sp2-C), 147.26 (2C; ArC�O),
164.26 (2C; C�O), 164.54 (2C; C�O); MS (FAB):m/z (%): 1243 [M�H]� ,
720; IR (KBr): �� � 3062, 3022, 2950, 2924, 2877, 1747, 1434, 1362, 1238, 1107,
1062, 1030, 776, 736, 702, 668 cm�1; UV/Vis (CH2Cl2): �max (�)� 262
(150000), 383 (11900), 405 (7400), 430 (3100), 486 nm (2100).


Monoadduct 17: DBU (30 mg, 0.2 m�) was added dropwise to a solution of
[60]fullerene (100 mg, 0.14 m�), malonate 9 (65 mg, 0.16 m�), and tetra-
bromomethane (55 mg, 0.16 m�) in pure toluene (100 mL) under a
nitrogen atmosphere. The mixture was stirred for 16 hours, and the course
of the reaction was monitored by TLC (silica gel, toluene/ethyl acetate
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19:1). The product was isolated by flash chromatography (silica gel,
toluene/ethyl acetate, 24:1), washed with pentane, and dried in a vacuum.
Yield: 50 mg (0.045 m�, 32%), red brownish solid.
1H NMR (400 MHz, CDCl3, 25 �C): �� 2.19 (m, 4H; CH2), 4.20 (t, J�
6.0 Hz, 4H; CH2OC�O), 4.63 (t, J� 5.9 Hz, 4H; OCH2), 7.44 (m, 4H;
arom. H), 8.30 (m, 4H; arom. H); 13C NMR (100 MHz, CDCl3, 25 �C): ��
29.96 (2C; CH2), 52.17 (1C; Bk�C), 63.35 (2C; CH2OC�O), 71.10 (C60-sp3-
C), 72.01 (2C; OCH2), 122.75 (4C; CH), 124.52 (4C; C), 125.49 (4C; CH),
138.26, 140.74, 141.73, 142.13, 142.86, 143.01, 143.80, 144.49, 144.54, 144.65,
144.84, 145.04, 145.18, 145.26 (C60-sp2-C), 147.92 (2C; ArC�O), 162.52 (2C;
C�O); MS (FAB):m/z (%): 1112 [M]� , 720; IR (KBr): �� � 3047, 2962, 1745,
1617, 1461, 1428, 1405, 1348, 1264, 1227, 1204, 1187, 1096, 1060, 928, 802, 780,
729, 684, 668 cm�1; UV/Vis (CH2Cl2): �max (�)� 264 (176000), 326 (31000),
425 (3800), 494 (1300), 580 nm (600).


Hexakisadduct 18 : Compound 9,10-dimethylanthracene (93 mg, 0.45 m�)
was added to a solution of monoadduct 17 (50 mg, 0.045 m�) in pure
toluene (50 mL) under a nitrogen atmosphere, and the mixture was stirred
for 3 hours. Diethyl bromomalonate (107 mg, 0.45 m�) and DBU (68 mg,
0.45 m�) were then added. The mixture was stirred for 24 hours at room
temperature, and the course of the reaction was monitored by analytical
HPLC (nucleosil, toluene/ethyl acetate 19:1). The product was achieved by
flash chromatography with gradient elution (silica gel, toluene/ethylacetate
19:1/9:1). It was washed with pentane and dried in a vacuum. Yield: 20 mg
(0.011 m�, 23%), yellow orange solid.
1H NMR (400 MHz, CDCl3, 25 �C): �� 1.29 (m, 30H; CH3), 1.92 (m, 4C;
CH2), 3.70 (t, J� 6.3 Hz, 4H; OCH2), 4.29 (m, 20H; OCH2), 4.52 (t, J�
5.8 Hz, 4H; OCH2), 7.47 (m, 4H; arom. H), 8.27 (m, 4H; arom. H);
13C NMR (100 MHz, CDCl3, 25 �C): �� 13.86, 13.96, 14.07, 14.17 (CH3),
29.43 (2C; CH2), 45.02, 45.26 (Bk�C), 62.61, 62.82, 63.04, 63.35 (OCH2),
68.73, 68.92, 68.96, 69.03 (C60-sp3-C), 71.73 (2C; OCH2), 122.55, 122.63,
124.80, 125.44 (arom. C), 140.78, 140.96, 141.02, 141.07, 145.29, 145.61,
145.64, 145.68 (C60-sp2-C), 147.23, (2C; ArC�O), 162.66, 163.64, 163.75
(C�O); MS (FAB): m/z (%): 1901 [M]� ; IR (KBr): �� � 3065, 2979, 2937,
2905, 1745, 1465, 1368, 1350, 1219, 1079, 1018, 856, 715 cm�1; UV/Vis
(CH2Cl2): �max (�)� 246 (113000), 264 (165000), 281 (76000), 312 (47000),
334 (37000), 386 nm (10100).


Hexakisadduct 19 : Compound 9,10-dimethylanthracene (79 mg, 0.38 m�)
was added to a solution of C60 (27 mg, 0.038 m�) in pure toluene (50 mL)
under a nitrogen atmosphere, and the mixture was stirred for 3 hours.
Malonate 9 (150 mg, 0.38 m�), tetrabromomethane (126 mg, 0.38 m�), and
DBU (73 mg, 0.48 m�) were then added. The mixture was stirred for
48 hours at room temperature, and the course of the reaction was
monitored by TLC (nucleosil, toluene/ethyl acetate 19:1). The product
was obtained by flash chromatography (silica gel, toluene/ethylacetate
19:1) followed by preparative HPLC (nucleosil, dichloromethane/ethanol,
99.7:0.3). It was then washed with pentane and dried in a vacuum. Yield:
10 mg (0.003 m�, 9%), yellow solid.
1H NMR (400 MHz, C2D2Cl4, 80 �C): �� 1.83 (br s, 24H; CH2), 3.59 (br s,
24H; OCCH2CO), 4.47 (br s, 24H; OCH2), 7.48 (m, 24H; arom. H), 8.26
(m, 24H; arom. H); 13C NMR (100 MHz, C2D2Cl4, 80 �C): �� 29.07 (12C;
CH2), 44.92 (6C; Bk�C), 63.54 (12C; OCCH2CO), 68.48 (12C; C60-sp3-C),
71.23 (12C; OCH2), 122.35 (24C; CH), 124.75 (24C; C), 125.31 (24C; CH),
140.26 (24C; C60-sp2-C), 144.60 (24C; C60-sp2-C), 146.72 (12C; ArC�O),
162.11 (12C; C�O); MS (FAB): m/z (%): 3073 [M]� ; IR (KBr): �� � 3065,
2959, 1745, 1618, 1406, 1349, 1263, 1212, 1053, 781, 715, 687, 665 cm�1; UV/
Vis (CH2Cl2): �max (�)� 264 (198000), 370 (10200), 389 (11000), 411 (8800),
524 nm (900).
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